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Summary 

This thesis reports on over 27 sills and 213 associated vents. The sills and 

vents were investigated using 3D seismic data, in a ~1000 km2 area, 

offshore Norway between the Møre and Vøring Basins (the Edvarda 

survey).  

A wide range of sill geometries are observed which are interpreted to be the 

result of five different processes acting on the sills. Three of these 

processes relate to how the host deforms. If sill intrusion causes 

deformation of the seafloor, creating folds, or the sills interact with folds 

created by neighbouring sills, sills are found to cross bedding (transgress) 

abruptly. Alternatively, if deformation is interpreted to be local, then 

continuously increasing Young’s Modulus with depth is interpreted to 

result in sills which transgress continuously upwards, akin to smooth 

‘bowls’. At shallow depths the host is interpreted to fluidise, leading to 

limited transgression or in some cases multiple bowls. The seismic 

amplitude responses of shallow sills include flow related features such as 

channels and lobes. The other two processes interpreted to affect sill 

propagation stem from structures in the host: abrupt changes in lithology 

and pre-existing faults.  Multiple sills are found to terminate, and in some 

cases form, at sand rich units in the otherwise mudstone dominated host. 

Additionally, some sills are interpreted to have intruded into a host with 

pre-existing polygonal faults, which led to angular sill geometries.  

Vents are found to occur directly above sills, often along the margins of 

sills, but in some cases over sill interiors, especially where the sills are 

locally shallower. Additionally, a cluster of 98, relatively small vents occur 

above the shallowest sill. Differential compaction and slumping are found 

to affect some larger vent morphologies. Overall, vent size is found to 

closely follow a power-law such that smaller vents are significantly more 

numerous than larger vents. 
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Chapter 1: 
Introduction 

This short chapter introduces the most important topics that this thesis considers. 

Additionally, it sets out the primary objectives of the investigation. Topics are discussed 

at much greater length in subsequent chapters, while this chapter aims to give a brief 

overview. 

 

 Fig. 1.1 Schematic image illustrating key aspects of magmatism in basins, including sills and 

vents which this thesis focusses on. Image created by Volcanic Basin Petroleum Research 

(VBPR), Oslo, Norway (e.g. Planke et al. 2015); image relabelled. 

Fig 1.1 illustrates intrusive magmatic activity in a sedimentary basin setting. In 

particular, it shows two types of tabular intrusions: sills and dykes. Tabular intrusions, 

are those which are geometrically similar to ‘tablets’, i.e. they are significantly thinner 

than they are wide. The differing definitions of what a sill ‘is’, is discussed at the start 

of the next chapter (section 2.1). Briefly, in this thesis a ‘sill’ is considered to be a 

tabular intrusion which is broadly parallel to stratigraphy, but in places may ascend or 

descend crossing stratigraphy. In fig. 1.1, as in nature, sills often cross stratigraphy 
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more towards their margins, this is often called ‘saucer-shaped’. Although, the 

representations in the figure are not exactly as in nature.  

Dykes on the other hand, spelled ‘dikes’ in American English, are steeper tabular 

intrusions, which often ascend at high angles close to vertical (fig. 1.1). Because dykes 

are steeper and thinner than sills they are not imaged in the seismic data used for this 

thesis. Therefore, they can only be considered indirectly. Dykes are significant, in that 

they can be the source of magma for the creation of sills. 

The primary other features to note in the fig. 1.1, are vents associated with sills. As the 

figure shows, ‘vents’ are near vertical features, which widen as they reach the surface 

and are associated with the ejection of material. Below the vents are ‘vent conduits’ 

which connect to the sills below. Around the sill are altered areas known as ‘aureoles’ 

(fig. 1.1). The heat of the magma can alter the host it intrudes, changing its composition, 

leading to the release of fluids. These fluids become localised and vent at the surface. 

These aspects are considered further in chapter 5. Additionally, whether vents contain a 

magmatic component (rather than just hydrothermal fluids from the host), is considered 

in chapter 5.   

The aim of the thesis is: 

To make a contribution towards a better understanding of the processes that control the 

propagation of sills and associated venting 

Sills and vents are mostly considered separately in this thesis, though they are 

intrinsically related, in that venting is caused by sills. Venting processes also give 

insight into how the sills propagated (an aspect considered in chapter 6, the discussion). 

The data used in this study is reflection seismic data which creates a remote image of 

the sills. To understand how the sills propagated, their three-dimensional forms are 

considered, i.e. their ‘geometries’. Of particular interest, is how and where they cross 

stratigraphy. Two terms are used in this context. Sills, and intrusions more generally, 

which remain parallel to bedding are termed ‘concordant’, and those which cross 

bedding are termed ‘transgressive’ (fig. 1.2). 
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Fig. 1.2 Schematic sketch of concordant and transgressive sills. Sills in red. Bedding in the host 

is shown as horizontal. 

In order to understand the propagation of sills, through the investigation of sill 

geometries, requires: 

Characterising sill transgression and concordancy in the study area 

As there are many sills in the study area, and because sill geometries have been 

described before, an important aspect is to categorise sill transgression into particular 

types, ultimately so that: 

Types of sill transgression can be identified, so that each type can be understood 

mechanically 

In the thesis, chapters 2, 3 and 4 focus on sill geometries. Chapter 2 reviews the prior 

literature to identify specific aspects to investigate in the study area. Chapter 3 describes 

the methods used to identify and map sills, and discusses how sills are imaged in 

seismic data. Chapter 4 is predominantly descriptive, describing the study area first, and 

then the sills within it. In the discussion (chapter 6), which considers both sills and 

vents, the observed geometries of sills are interpreted using models introduced in 

chapter 2. The models are also developed in relation to the observations made in the 

study area. 
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It is worth noting at this stage, that the sills focussed on are considered to be exclusively 

basaltic (based on analogues and a well sample). ‘Basaltic’ is a compositional term 

meaning the magmas have a relatively low silica content (45-52 weight percent of 

SiO2), and are relatively unaltered melts from the mantle (e.g. Winter, 2010). Terms 

relating to crystal size are avoided mostly in this thesis because crystal size is not 

known, as the sills are only observed using seismic data. Such terms include ‘basalt’ 

(fine grained), ‘dolerite’ (medium grained), ‘diabase’ (medium grained, American 

English) and ‘gabbro’ (coarse grained). 

Vents are described primarily in chapter 5. The chapter starts (section 5.1) with a 

literature review of vents associated with basaltic sills. The chapter also contains 

method sections both relating to how vents are identified and described. In chapter 6 the 

vents are discussed further. 

Three aspects are considered in particular. First: 

The vent and conduit morphologies and seismic characteristics 

Second: 

The spatial locations of vents relative to the underlying sills 

This gives information about which sill feeds each vent, i.e. from around which sill do 

the fluids come from for each vent. This sill is termed the ‘feeder sill’. 

Third: 

The relationships between three quantitative measurements related to vents: first, their 

sizes, second, the spacing (distance) between vents, and third, the depth to the 

underlying feeder sill below each vent 

These factors aim to improve the understanding of: 

Vent development and associated fluid movement 

The sills and vents investigated in this thesis occur in a 3D seismic survey named: 

Edvarda. The survey area is situated ~210 km off the coast of Norway, across the 

transition between the Møre and Vøring Basins (fig. 1.3). The area of interest is 

approximately 1000 km2 in area. 
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Fig. 1.3 Location of the study area, offshore Norway (marked with a blue star). 
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Chapter 2:  
Characterising Basaltic Sill Geometries: A 

Review and Synthesis 

This chapter aims to first, identify and review the most important findings on sills 

geometries in prior literature, and second, identify remaining challenges which can be 

resolved using the seismic data used in this thesis. The chapter divides into two main 

sections (2.2 and 2.3). Section 2.2 focusses primarily on observation based studies made 

in the field and using seismic data. Section 2.3 focusses primarily on mechanical and 

analogue studies. To my knowledge a review of this kind has not been produced before.   

Sill geometries have been studied for over one hundred years based on fieldwork and 

over 25 years using seismic data. Associated with these observation based studies have 

been proposed a wide range of mechanistic models, which aid in understanding the sill 

geometries observed. These models in some cases contradict each other, and 

determining which mechanisms are significant is a challenge that this thesis aims to 

resolve.  

In many cases, mechanistic models have been developed using experimental, numerical, 

analytical and field studies. The use of 3D seismic data has the unique advantage that 

sills can be imaged in 3D, throughout large volumes and therefore is able to test these 

mechanistic models on real intrusions without being limited by outcrop dimensions. 

This is achieved by comparing the observed sill geometries with predicted geometries. 

In the cases where the mechanisms have been developed using seismic data, new 

observations presented in chapter 4 build on these studies and help to place them within 

a wider context. 

This chapter aims to bring a greater understanding of the processes which act to create 

distinctive sill geometries in basins around the world, and also to bring a greater 

recognition to the fundamentally transgressive nature of sills.   

2.1   Defining a ‘Sill’ 

Transgressive sills, i.e. sills which cross stratigraphy, have been studied since the 

beginning of the 20th century and yet in the wider literature there remains a lack of 

recognition of the transgressive nature of sills. The first studies on transgressive sills 

occurred in the Karoo, South Africa (Rogers, 1905), and the Northeastern United States 
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(Stose and Lewis, 1916). A great variety of sill geometries have since been observed, 

particularly with the advent of 3D seismic data. These observations have made the 19th 

century definition of a sill: a tabular intrusion which always follows bedding planes, 

seem both outdated and misleading. Yet this definition remains popular in many 

textbooks and specialist dictionaries (e.g. Keary, 2001; Blatt et al. 2006; Allaby, 2008; 

Winter, 2010; Philpotts and Ague, 2010), though not in all (e.g. Best, 2003; Gill, 2010; 

Jerram and Petford, 2011).    

In this thesis, sills are viewed as approximately tabular intrusions which for the most 

part are close to bedding parallel (termed concordant), but importantly, often contain 

sections which are transgressive. Mechanically, sills are tabular intrusions which 

primarily move the overburden vertically, to create space, as opposed to dykes which 

move the host horizontally, or fill space generated through horizontal extensional 

tectonics. As this thesis considers host rocks which have undergone only minor 

deformation, i.e. they are not foliated nor sheared significantly; intrusion-foliation 

relationships are not considered in this thesis.   

2.2   Field and Seismic Studies on Transgressive Sills 

In this section it is shown that similar geometrical forms occur in many basins 

indicating that the forms characterised in this chapter are not basin specific and are 

expected to occur globally, under appropriate conditions. This section is divided into 

two. First field localities are described. Second, seismic studies are described. A 

summary of key observations concludes the section. 

2.2.1   Field Studies     

Field examples of sills have been known before the time of written Geology. For 

instance the Romans used the Whin Sill, in Northern England as a natural defensive 

structure to build Hadrian’s Wall on to, similarly medieval castles in the North of 

Britain were built on to sills, such as at Bamburgh and Stirling. The term itself is also 

thought to originate in the North of Britain. Coal miners would encounter hard rocks, 

some igneous, and some just hard sedimentary beds, and refer to them as ‘sills’, in a 

similar way to the common English usage, as a slab of stone below a doorway or 

window (Dunham, 1990). As sills are relatively common in the geological record, not 

all examples can be mentioned here. Instead a few areas are focussed on that have 

exceptionally good exposure.  
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The study of sill geometries arguably started when the transgressive nature of sills was 

first noted; independently it appears in the Karoo Basin, South Africa (Rogers, 1905) 

and in the Northeastern United States (Stose and Lewis, 1916). Early studies discovered 

that the transgressive nature of sills could only be determined where sills were exposed 

for long distances as the angle of transgression is generally small. Du Toit (1920) went 

as far as to say working in the very well exposed rocks of the Karoo that “transgression 

across stratification may be so gradual as to be imperceptible except over a long 

distance”. It is not surprising therefore, that sills were considered concordant originally 

before detailed investigations. 

2.2.1.1   ‘Bowl’ Shaped Sills 

The bowl/basin/saucer-like geometries of sills only really became apparent once maps 

were made and interpreted. Most noticeable was that in little deformed rocks, sills 

appeared as circular features dipping inwards everywhere, Du Toit (1920) termed the 

sill geometries as “basin-shaped”. Hotz (1952) working in the Northeastern United 

States was one of the first to note the very close similarity between intrusion geometries 

found in the Karoo and in his own area of southeastern Pennsylvania (fig. 2.1 A, B), 

which is now termed the Newark-Gettysburg-Culpeper rift zone (Schlische, 2003). 

Circular sill geometries in map view can also be seen in the Siberian Traps (Ivanov et 

al. 2009) (fig. 2.1 C), though literature on sill geometries within the Siberian Traps 

proved very difficult to find; this is perhaps because sill outcrops are limited in areal 

extent there, and much of our knowledge on the sills in this area comes from boreholes 

which give little geometrical information individually (Ivanov et al. 2008).  

Sills, being in some cases significantly harder than the surrounding host, often stand out 

as clear bowl-like topographic features, ubiquitously in the Karoo (Polteau et al. 2008a) 

and more rarely in the eastern Deccan Traps, Central India (Sheth et al. 2009) (fig. 2.2). 

Variable topography, independent of the sills, can also allow bowl-like geometries to be 

observed in the field as in the Faroe Islands (Passey, 2008; Hansen et al. 2011), in 

Southern Nevada, USA (Valentine and Krogh, 2006), as well as in the western Deccan 

Traps (Duraiswami and Shaikh, 2013).   
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Fig. 2.1 Caption follows after part C. 
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Fig. 2.1. Three areas which show circular and subcircular sill geometries in map view. A: Karoo 

Basin sills around Queenstown, Eastern Cape, South Africa; after Walker and Poldervaart 

(1949) and references there in. Circular sills are found to be ‘basin-shaped’ and dip inwards 

towards their centres. B: Newark-Gettysburg-Culpeper sills of Pennsylvania, USA; after Hotz 

(1952) and references there in. Sills are interpreted as ‘basin-like’. C: Sills of part of the 

Siberian Traps magmatic province, specifically the Angara-Taseevskaya Syncline, Irkutskaya-

Krasnoyarsk Krai, Siberia, Russia; after Ivanov et al. (2009) and references there in. Circular 

sills, some of which are marked by rectangles, are noted to be similar to those found elsewhere. 

On subsequent page:  

Fig. 2.2. A: The sill in front is known as the Golden Valley Sill, the outcrop is ~20 km long and 

~11 km wide. The sill is located in the Karoo Basin, Eastern Cape Province, South Africa, 31° 

54’ S 26° 15’ E. The image is 3 times vertically exaggerated. The image is orientated so that it 

heads –6°; the viewing angle is tilted at 67° from vertical. Image made using Google Earth™. 

Sill is described in e.g. Polteau et al. (2008a) and Schofield et al. (2010). B: The sill outcrop is 

~7.6 km long and ~3.3 km wide. The sill is located in Madhya Pradesh, Northern India, 22° 33’ 

N 78° 38’ E. The image is 3 times vertically exaggerated. The image is orientated so that it 

heads 78°; the viewing angle is tilted at 68° from vertical. Image made using Google Earth™. 

Sill is described in Sheth et al. (2009).      
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Fig. 2.2. Figure caption on preceding page.  
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2.2.1.2   Abruptly Transgressive Sills 

In the field it is clear however, that not all sills are bowl-shaped, i.e. so that they have 

continuously increasing angle of transgression. Instead some sills transgress abruptly, so 

that they are in part concordant (i.e. they intrude parallel to bedding planes), but then 

abruptly become dyke-like. The dyke-like form propagating upwards. The Palisades Sill 

which outcrops within and near New York City, USA (Walker, 1969; Ratcliffe, 1988), 

the Whin Sill, North East England (Francis, 1982) and a sill near Lajitas, Texas (Barker, 

2000) have such geometries.  

The Palisades Sill is concordant around its centre, including along the Hudson River. In 

the south it is discordant in places; however, more significantly it is steeply 

transgressive in the north, more akin to a ‘cone sheet’ (Walker, 1969; Ratcliff, 1988). 

Walker (1969) notes that the sill outcrops alone are not enough to determine the true 

geometry of the sill and suggests a geophysical investigation would be required to 

determine the true geometry. 

The Carboniferous Whin Sill is highly unusual in that it intrudes an area that was mined 

extensively for coal. This has meant that the sill has been bored through numerous 

times, been observed in mining shafts and also mapped at the surface where it outcrops. 

The sill covers an area of ~5000 km2 and potentially more if it occurs under the North 

Sea (Francis, 1982). The sill intrudes a sequence of limestones, shales and sandstones 

(Dunham, 1990; Johnson and Dunham, 2001). Francis combines the observations to 

map the sill underground. The map is then corrected for post-intrusion deformation by 

mapping the distance between the sill and a boundary, which is considered to be close 

to the ground surface at the time of intrusion. By drawing a straight cross-section across 

the sill (fig. 2.3), it becomes apparent the sill is approximately concordant over its 

central area. However, along part of its western margin it abruptly transgresses upwards.  

2.2.1.3   Sill Steps and Bridges 

The Whin Sill is geometrically complex as the sill changes in depth abruptly in the form 

of irregularly spaced ‘steps’ (e.g. Francis, 1982; Johnson and Dunham, 2001). Francis 

(1982) considers that these steps could have formed in two different ways, depending 

on whether the steps occur perpendicular or parallel to direction which the magma 

propagates in.  
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Fig. 2.3. Profile of the Whin Sill, northeast England, based on the depth contoured map of 

Francis (1982). The contours drawn represent the depth of the sill to the Westphalian B/C 

boundary. The B/C boundary is estimated to be ~500 m from the paleo-seafloor at the time of 

sill emplacement. The profile was drawn to take this into account.    

The sill is relatively flat, with an abruptly transgressive margin in the west. Notes: The western 

margin of the sill is not very well constrained as the sill changes depth over a small area, it is 

therefore unclear whether the transgressive margin flattens of steepens. The eastern side is also 

rather poorly constrained as the sill is interpreted to split into multiple leaves: two then three 

going east (not shown), a recent borehole in central Newcastle (Younger, 2013) constrains this 

splitting further. While both Francis (1982) and Younger (2013) interpret the sill to have split 

into leaves, it may be that the ‘leaves’ are in fact close sills.   
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Fig. 2.4 Conceptual diagrams of bridge and step structures in sills. A: after Knox (1954) B: from 

Schofield et al. (2012b), lower part of figure is various conceptual cross-sections through a sill.  
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The first model proposes that the steps occur perpendicular to the direction of magma 

propagation, so that the magma ascends or descends abruptly. The resulting sill 

geometry would be akin to a staircase, and as such, the geometry has been termed a 

‘step-and stair’ geometry by Francis (1982) based on observations made by Knox 

(1954) regarding similar sills in Fife, Scotland (fig. 2.4 A).  

The second model proposes that the steps are parallel to the direction of magma 

propagation. In this model the sill changes its angle of propagation gradually, with the 

angle of propagation changing laterally along the sill margin. If profiles were to be cut 

through the sill in a direction approximately perpendicular to the propagation direction 

then one would observe the sill at two different levels (fig. 2.4 B). If the two levels of 

the sill are close enough, a ‘step’ would be observed. If the gap between the two parts of 

the sill is larger then a ‘bridge’ of host would connect the host above the sill and the 

host below (fig. 2.5 B). In some cases the sill will inflate causing the bridge to ‘break’ 

creating a ‘broken bridge structure’ (Nicholson and Pollard, 1985) (fig. 2.5 D). Adjacent 

crack tips often interact with each other as the cracks alter each others local stress fields; 

this causes the cracks to rotate towards each other (Pollard et al. 1982; Nicholson and 

Pollard, 1985; cf. Escher et al. 1976) (fig. 2.5 C). Broken bridge structures have the 

potential to determine long-distance magma propagation directions because they are 

aligned with the magma propagation direction (Schofield et al. 2012b).  

Very similar structures are commonly observed for dykes where the dykes split into en 

echelon segments (parallel offset segments) (e.g. Pollard et al. 1975; Delaney and 

Pollard, 1981; Fink, 1985; Bussell, 1989; Weinberger et al. 2000; Gudmundsson, 2002). 

Steps, bridge and broken bridge structures have been more rarely documented for sills 

(Schofield et al. 2012a). However, particularly clear examples occur in the Theron 

Mountains, Antarctica (Hutton, 2009). The sills in the Theron Mountains have bent 

broken bridges of sediment which jut into the sills (Hutton, 2009); in some cases the 

bridge is interpreted to become completely detached forming a ‘xenolith’. On the other 

side of Antarctica, in the Allan Hills, sills of a similar age are shown to have en echelon 

geometries towards their margins (Grapes et al. 1974). A sill near Lajitas, Texas has a 

single step observed at two localities, unusually this sill has a xenolith rich layer which 

rises continuously with the step (Barker, 2000). The xenolith layer indicates magma was 

emplaced on both sides of the step coevally so as to preserve the continuity of the layer. 

Schofield et al. (2012b) interpret bridge and step structures to be indicative of intrusion 

into host which deforms in a brittle fashion during intrusion.  
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Fig. 2.5 Formation of bridge and broken bridge structures after Nicholson and Pollard (1985). 

Magma shown in red, host rock in buff. Magma propagates into plane. A: shows in dashed lines 

the propagation paths of the magma immediately prior to the cracks filling with magma. B: 

limited inflation of the cracks leads to bridges of country rock. C: Interaction of the cracks can 

lead to curved crack tips D: additional expansion leads to the bridges breaking, leading to the 

formation of broken bridge structures.      

2.2.2   Seismic Studies on Transgressive Sills 

The following table (table 2.1) briefly summarises sixty published seismic studies on 

transgressive sills and one thesis (Skogly, 1998). To the best of my knowledge no table 

of this kind has been collated previously. The table covers the years 1988-2014 and 

aims to be as comprehensive as possible until early 2014. Google Scholar citation tools 

were used extensively to find sources. After the table, is a global map showing the 

locations of the basins which are described in the sources (fig. 2.6). This table contains 

no images; however, the reader is encouraged to view the appendix, a print out of a 

PowerPoint presentation with key figures from the sources listed. The PowerPoint was 

created during an internship at Volcanic Basin Petroleum Research (VBPR), Oslo, 

Norway, during the summer of 2013. The PowerPoint has been updated subsequently. 
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No. Year Location Data Sill Geometries Reference 

01 1988 Faroe-
Shetland 
Basin 

2D Transgressive – few details Gibb and 
Kanaris-
Sotiriou, 1988 

02 1988 NE Rockall 
Trough 

2D Transgressive – few details Wood and 
Doody, 1988 

03 1990 Siljan Ring, 
Central 
Sweden 

2D Transgressive - image quality 
low (Precambrian host) 

Juhlin, 1990 

04 1990 Rockall 
Trough 

2D Describes sills as ‘saucer-
shaped’: relatively flat bases 
with transgressive margins  

Joppen and 
White, 1990 

05 1992 Vøring 
Basin 

2D Transgression increases at the 
margins of the sills 

Skogseid et al. 
1992 

06 1992 Scoresby 
Sund, East 
Greenland 

2D Transgressive – image quality 
low 

Larsen and 
Marcussen, 
1992 

07 1998 Western 
Australia 

2D One sill has a flat base and 
transgressive margins, with 
flattening at margin edge, in 
another case the angle of 
transgression increases 
continuously. A potential 
feeding relationship is shown 

Symonds et al. 
1998 

08 1998 Vøring 
Basin 

3D + 
2D 

Concave upward, fingered 
sheets 

Skogly, 1998 

09 1999 Møre and 
Vøring 
Basin 

2D Transgressive sills Planke et al. 
1999 

10 2000 Vøring 
Basin 

2D Concave upward sills. Sills 
flatten at margins 

Berndt et al. 
2000 

11 2002 Faroe-
Shetland 
Basin 

3D Variety of morphologies 4 sills 
described in detail: 3 sills have 
flat bases with abrupt 
transgressive margins which 
flatten. 2 of these are only 
transgressive on one side. 
Described as “dish” or “half 
trumpet shaped”. The other sill 
is continuously concave 
upwards and lobate. This sill 
has steps which are either 
caused by post emplacement 
faults, propagation along faults 
(unclear) or are broken bridges  

Smallwood and 
Maresh, 2002 
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No. Year Location Data Sill Geometries Reference 

12 2002 Faroe-
Shetland 
Basin 

3D Sills described as “saucer 
shaped” and “spoon shaped”. 
Sills are continuously upward 
transgressive, but in places 
rather complex with sills 
potentially connecting. 

Bell and 
Butcher, 2002 

13 2002 Faroe-
Shetland 
Basin 

3D Various forms, but many sills 
have continuous upward 
transgression. Connect 
together to form a ‘sill 
complex’. 

Davies et al. 
2002 

14 2003 Faroe-
Shetland 
Basin 

3D Sills described as “saucer-
shaped”. Some sills are 
abruptly transgressive, others 
continuously. Sills jack up 
sediments creating ‘forced 
folds’. Sediment onlaps on to 
these folds meaning the folds 
can be used to date the sills. 

Trude et al. 
2003 

15 2004 Vøring 
Basin 

3D Deeper sills are described as 
“laterally continuous”. Some 
sills change from being “sub-
horizontal” (parallel to 
reflectors corresponding to 
bedding) to “synclinal” and 
“inverted cone”-like forms. 
Some sills are stepped, and 
some fault planes are 
particularly bright reflections 
which are interpreted as having 
been intruded.   

Corfield et al. 
2004 

16 2004 Faroe-
Shetland 
Basin 

3D A range of sill geometries from 
concordant sheets to ‘circular 
saucer-shapes’ and ‘elongated 
trough shapes’. Sills have 
relatively continuous upward 
transgression. Some sills have 
ridges connecting bowls. 
Connections between sills are 
described as either being 
feeding or abutting 
relationships, forming 
“compound sills” or “sill 
complexes” 

Hansen et al. 
2004 
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No. Year Location Data Sill Geometries Reference 

17 2004 Faroe-
Shetland 
Basin 

3D Focusses on a shallow ridged 
sill. It intruded at an estimated 
depth of 340-610 m. The 
outline of the sill is lobate with 
a finger like protrusion in one 
direction. The surface has 
arcuate ridges. The sill is 
significantly less transgressive 
than those below which are 
“concave”. The ridges of the 
shallow sill are interpreted to 
indicate a feeding point which 
overlies a deeper sill, which is 
interpreted as a probable 
feeder sill. 

Trude, 2004 

18 2004 Vøring and 
Møre Basins 

3D + 
2D 

“saucer-shaped” sills dominate 
undeformed parts of the Basins 

Malthe-
Sørenssen et al. 
2004 

19 2004 North 
Rockall 
Trough 

3D 2 dominant types of sills noted. 
Firstly sills which consist of “a 
saucer-like flat inner sill at the 
base with an arcuate inclined 
sheet connecting it to a gently 
inclined outer rim” i.e. 
abruptly transgressive sills. 
Secondly sills which are 
“concave-upward troughs” i.e. 
continuously transgressive 
sills. The first kind is found to 
be primarily radially 
symmetric, while the second 
kind, bilaterally symmetric. 
Sills are interpreted to consist 
of a dendritic pattern of 
feeding channels based on 
their amplitude response.       

Thomson, 2004 

20 2004 North 
Rockall 
Trough 

3D [Same data set as No. 19.] 
Discusses further sill-sill 
abutting relationships. 
Particularly where sill tips abut 
against each other forming 
‘antiformal’ and ‘inclined 
junctions’. Dendritic channels 
are noted to propagate 
outwards from close to the sill 
centres.   

Thomson and 
Hutton, 2004 
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No. Year Location Data Sill Geometries Reference 

21 2005 Vøring and 
Møre Basins 

3D + 
2D 

9 different sill ‘facies’ 
described consisting of 10 
geometries: ‘shallow saucer-
shaped’, ‘shallow layer 
parallel’ – peperitic, ‘saucer-
shaped’, ‘climbing saucer-
shaped’ – asymmetric sills, 
‘layer parallel rough’ – 
predominantly layer parallel 
but with locally transgressive 
segments, ‘planar 
transgressive’ – no change in 
transgression angle (similar to 
dykes), ‘slightly saucer-
shaped’ – dominantly layer 
parallel with minor 
transgression at tips, ‘fault 
block’ – sills following fault 
planes or within fault blocks, 
‘smooth layer parallel’ – deep 
layer parallel, and ‘basin-
parallel’ – similar to layer 
parallel except intrudes into 
synclinal structures producing 
saucer-shaped forms. Saucer 
shaped sills are most common 
for shallow-intermediate 
depths (up to ~4 s below 
paleosurface). Saucers become 
larger with increasing depth.     
The deepest parts of the Basins 
are dominated by layer parallel 
sills (~1.5-5 s below 
paleosurface). Sill geometries 
are strongly affected by fault 
blocks, layering and deformed 
strata.  

Planke et al. 
2005 

22 2005 Faroe-
Shetland 
Channel 

3D Continuous upward 
transgressive sills 

Smallwood and 
Kirk, 2005 

23 2006 Northern 
South 
Yellow Sea 
Basin 

2D Layer parallel, not found to be 
saucer-shaped. Often confined 
to fault blocks, in some cases 
not.  

Lee et al. 2006 
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No. Year Location Data Sill Geometries Reference 

24 2006  NE Rockall 
Trough 

3D Focus on 4 shallow sills 
intruded within 1 km of the 
paleo-seabed. The sills are 
“saucer-shaped bodies” with 
“smooth concave upward 
shapes”. At least one sill is 
slightly elongated. Clear 
forced folds above sills. 
Numerous normal faults occur 
within the folds. 
 
Note: There was some 
discussion as to whether these 
features were sills with forced 
folds or small volcanoes 
(Thomson 2005a,b, Thomson 
2007a, Hansen and Cartwright 
2007). The arguments made in 
Hansen and Cartwright’s 
papers are found to be 
convincing in that some of the 
apparent lavas are most 
probably polygonally faulted 
mudstones and that the 
volcano model does not 
adequately explain the sill-like 
reflections. Subsequently, 
Thomson and Schofield (2008) 
cite the forced fold model 
without criticism. 

Hansen and 
Cartwright, 
2006a 
 

25 2006 Møre Basin 3D A shallow sill (~150-550 m 
below the paleosurface) named 
the Solsikke Sill is described. 
It is interpreted to consist of 
multiple sill intrusions creating 
a ‘compound sill’. Many of the 
segments have symmetrical 
concave-upward geometries 
which vary in width (200-1000 
m) and relief (10-100 m). The 
geometry of the sill is lobate.    

Hansen and 
Cartwright, 
2006b 

26 2006 Møre and 
Vøring 
Basins (2 
surveys)  

3D Sill networks are proposed 
with sills feeding each other 
close to their deepest points. 
Some networks contain well 
over ten sills.  

Cartwright and 
Hansen, 2006 
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No. Year Location Data Sill Geometries Reference 

27 2007 Faroe-
Shetland 
Basin 

3D Sills are predominantly 
concave upwards with 
relatively flat ‘inner saucers’ 
which become more inclined, 
terminating with flat rims. In 
some cases inclined portions 
exploit normal faults.  

Thomson, 
2007b 

28 2007 Senegal 
Basin 

2D Saucer-shaped sills with 
uplifted seafloor above them. 
Less commonly sills have a 
step-like form, interpreted to 
be fingers from a ‘parent sill’, 
not visible due to the 2D 
nature of the data. 

Rocchi et al. 
2007 

29 2008 Senegal 
Basin 

2D [Same data as No. 28.] 
Concave upward geometries, 
some transgress in only one 
direction, other are primarily 
‘flat-lying’. Folds above sills, 
with sedimentary onlap on to 
the folds. 

Hansen et al. 
2008 

30 2008 Bight Basin, 
southern 
Australia 

2D Sills are most commonly 
sheets, saucer-shaped sills are 
also observed. Many sills have 
‘forced folds’ above them.  

Schofield and 
Totterdell, 2008 

31 2008 Multiple 
basins 
(comparison 
study) 

3D Paper concludes that sills 
observed in seismic data and 
those observed in the field are 
very similar, and sill 
geometries are relatively 
constant globally. Also notes 
mafic sills have similar 
geometries to sandstone 
intrusions. By comparing 
multiple areas and 
experimental results finds a 
linear relationship between 
inner sill diameter and 
emplacement depth. The inner 
sill, being the relatively flat 
central part of the sill 
surrounded by the 
transgressive margin.       

Polteau et al. 
2008b 

32 2008 Faroe-
Shetland 
Basin and 
Rockall 

3D Concave upward saucer-
shaped. Some have multiple 
saucers. Tubular features 
radiate from the sill centre, 
interpreted as magma-flow-
channels. Sills exploit faults. 

Thomson and 
Schofield, 2008 
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No. Year Location Data Sill Geometries Reference 

33 2009 Faroe-
Shetland 
Basin 

3D Two sills, both of which are 
concave up, saucer-shaped. 
Have jack-up structures 
creating four-way dip closures. 
Confirmed with well. 

Moy and Imber, 
2009 

34 2009 Faroe-
Shetland 
Basin 

3D ‘Shamrock’ shaped sill with 
three deeper areas. Considered 
a ‘compound sill’. 

Smallwood and 
Harding, 2009 

35 2009 Faroe-
Shetland 
Basin 

3D [Same dataset as No. 34]. 
Describes the shamrock shaped 
sill described in Smallwood 
and Harding (2009) [No. 34] 
further. Sill interpreted to 
thicken inwards. Acoustic 
impedance inversion is used to 
improve imaging. 

Smallwood, 
2009 

36 2009 South 
Vietnamese 
Margin  

2D Saucer-shaped sill with 
overlying fold 

Fyhn et al. 
2009 

37 2010 Møre-Vøring 
Basin 

3D [Same dataset as used in this 
thesis]. A group of high 
amplitude branching lobate 
sheets. The sheets are 
separated by steps of up to 50 
m. Considered similar to the 
shallow compound sill 
described by Hansen and 
Cartwright, 2006b [No. 26]. 
Meandering channel features 
precede some of the lobes, one 
of which terminates in a form 
similar to a ‘bird-foot delta’. 
Interpreted to intrude ‘highly 
porous sediments’.  

Miles and 
Cartwright 
2010 

38 2010 Adare Basin, 
Antarctica 

2D Saucer-shaped sills with folds 
above 

Granot et al. 
2010 

39 2010 Huanghua 
Basin, Bohai 
Bay, East 
China 

3D Concave upward intrusions, 
some with steps 

Wu et al. 2010 

40 2010 Newfoundla-
nd Margin  

2D Multiple reflections interpreted 
as sills, as confirmed by ODP 
well 1276. Only minor 
transgression. Parts of the sills 
are locally shallower. These 
are interpreted as potential 
injection points. 

Peron-Pinvidic 
et al. 2010 
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No. Year Location Data Sill Geometries Reference 

41 2010 Domi, Jeju 
and Socotra 
Basins, East 
China Sea 

2D 4 types of sill described: 
concordant, bowl shaped 
concave up, bowl shaped 
concave down and saucer 
shaped – concordant base with 
transgressive margins. Sills 
described also as ‘cup-shaped’. 
It is worth noting that the 
reflections interpreted as 
concave down sills are 
geometrically very unusual, 
being stacked on top of each 
other with close to equal 
width, and at least one of the 
three appearing to have a 
negative (i.e. soft) reflection. 
To the best of my knowledge 
‘sills’ of this type have not 
been observed elsewhere and 
are reminiscent of venting 
structures.   

Cukur et al. 
2010 

42 2011 Yermak 
Plateau, N. 
of Svalbard 

2D Transgressive sills Geissler et al. 
2011 

43 2011 Subei Basin, 
East China 
Sea 

3D Transgressive sills including a 
sill which has a concordant 
base and then abruptly 
transgresses upwards  

Zuo and Fan, 
2011 

44 2011 Guaymas 
Basin, Gulf 
of California 

2D ‘Cuspate’ sills with folds 
above 

Lizarralde et al. 
2011 

45 2011 NW Indian 
Ocean 

2D A saucer-shaped sill Calvès et al. 
2011 

46 2012 Faroe-
Shetland 
Basin 

3D Clear description of broken 
bridge structures using 3D 
seismic data. These occur 
where a sill propagates as a 
continuous sheet, where steps 
occur parallel to the direction 
of propagation. The saucer-
shaped sill focussed on has a 
lobate morphology. The actual 
bridge structures were not 
observed directly, but rather 
inferred based on the stepping 
geometry of the sill. Sill is 
relatively deep > 1500 m 
below the paleosurface.     

Schofield et al. 
2012a 
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No. Year Location Data Sill Geometries Reference 

47 2012 Southern 
Australian 
margin 

3D + 
2D 

Saucer-shaped sills, some of 
which have flat inner saucers 
with inclined sheets. Sill-sill 
junctions also observed. A 
shallow sill has a clear lobate 
geometry with steps between 
lobes which are very clearly 
picked out using the amplitude 
attribute. The lobate geometry 
can be used to infer the 
direction the sill propagated in. 
A sill or lava flow similar to 
Miles and Cartwright, 2010 
[No. 37] was observed, 
however, it was not possible to 
determine if it was extrusive or 
intrusive. Some sills appear to 
exploit thrust faults 

Holford et al. 
2012 

48 2012 Capel and 
Faust Basins, 
offshore 
eastern 
Australia 

2D Up to 150 m high forced folds 
found above sills which are 
associated with venting 
structures. Sills are concave 
upwards  

Rollet et al. 
2012 

49 2013 Exmouth 
Sub-basin, 
W. Australia 

3D Saucer-shaped sill propagation 
affected by pre-existing faults. 
The sill has both steps related 
to the magma exploiting the 
pre-existing fault planes, as 
well as steps related to magma 
propagation as in Schofield et 
al. (2012a) [No. 46]. The latter 
type of step indicates magma 
propagated outward from the 
sill centre as observed by 
Thomson and Hutton (2004) 
[No. 20].    

Magee et al. 
2013a 

50 2013 Faroe-
Shetland 
Basin 

3D Saucer-shaped sills, paper 
primarily focussed on 
implications. 

Rateau et al. 
2013 

51 2013 Exmouth 
Sub-basin, 
W. Australia 

3D One saucer-shaped sill is 
focussed on, with a strata 
concordant inner sill and 
transgressive margin. The sill 
has a step-like feature going 
across it. Above the sill is a 
dome shaped fold, though in 
places the sill extends beyond 
the fold by a few hundred 
meters and vice-versa. Several 
normal faults occur within the 
fold.  

Magee et al. 
2013b 
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No. Year Location Data Sill Geometries Reference 

52 2013 Bight Basin, 
S. Australia 

2D As well as laccoliths, 4 types 
of sill are described: ‘strata 
concordant’ – tabular with 
blunt terminations, ‘weakly 
strata discordant’ – step up 
stratigraphically, ‘saucer-
shaped’ – thicker in centre and 
taper towards tips, and 
‘hybrids’ of the 3 other types 
of sill. The sills are overlain by 
dome-shaped folds up to 17 
km wide, with up to 210 m of 
relief. Forced folds are found 
to have smaller amplitudes 
than interpreted sill 
thicknesses. Proposed reasons 
for this relationship could be 
collapse or erosion of the 
folds, host deformation other 
than elastic bending, 3D 
affects not visible in 2D 
seismic data, miscalculations 
resulting from data 
uncertainties. Additionally, 
neither differential compaction 
nor a relationship to intrusion 
diameter is interpreted as the 
cause. The preferred 
explanation is sub-seismic 
non-elastic deformation such 
as fluidisation and compaction.   

Jackson et al. 
2013 

53 2013 Exmouth 
Plateau, W. 
Australia 

3D + 
2D 

Sills are oval to sub-circular in 
shape and transgressive at low 
angles. Sills frequently 
crosscut fault planes without 
being offset. Potentially minor 
downward propagation is 
observed. 

Rohrman, 2013 

54 2013 Gulf of 
Alaska 

2D Discontinuous high amplitude 
reflections 

Reece et al. 
2013 

55 2013 Falkland 
Islands 

2D Saucer-shaped seismic 
anomalies 

Richards et al. 
2013 

56 2013 Jiaojiang 
Sag, East 
China Sea 

3D + 
2D 

Sub-circular saucer shaped 
sills at greater depth. Shallow 
sills are flatter and lobate, have 
channels and fingers, and 
interpretable propagation 
directions. 

Rui et al. 2013 
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No. Year Location Data Sill Geometries Reference 

57 2014 Irish Rockall 
Basin 

3D Five types of sill geometry 
identified based on Planke et 
al.’s (2005) [No. 21] 
classification: 27 (33%) are 
‘saucer-shaped’ – strata-
concordant inner sheets with 
upward transgressive margins 
that are either radially or 
bilaterally symmetric, 19 
(23%) are ‘climbing saucers’ – 
similar to the first type except 
shorter inner sheet length, 33 
(40%) are ‘planar 
transgressive’ – inclined sheets 
which occasionally connect to 
strata-concordant basal sheets, 
3 (4%) are ‘layer-parallel’ – 
strata-concordant. The first and 
fourth types generally occur at 
shallower levels than the other 
types. Many of the saucer-
shaped sills have inner ridges. 
Some sills are segmented with 
abrupt steps separating 
segments which are not related 
to faulting. Forced folds are 
observed above some sills with 
sedimentary onlap, other sills 
do not have forced folds. Some 
‘J-type’ junctions occur, where 
an inclined transgressive 
margin feeds a relatively 
concordant sill base of a higher 
sill forming a ‘J’ shape. Radial 
magma fingers typically 
radiate from central areas of 
the sills, and in at least one 
case radiate away from the J-
type junction, strongly 
indicating a feeding 
relationship.   

Magee et al. 
2014a 

58 2014 Pearl River 
Mouth 
Basin, South 
China Sea 

3D + 
2D 

‘Tabular’ to segmented saucer-
shaped sills, consisting of both 
parallel and discordant 
elements. Sills often terminate 
against normal faults.  

Zhao et al. 
2014 

59 2014 Guaymas 
Basin, Gulf 
of California 

2D Transgressive sills Kluesner et al. 
2014 
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No. Year Location Data Sill Geometries Reference 

60 2014 Faroe-
Shetland 
Basin 

3D Concave up sills with jack-up 
folds above them. Turbidite 
sediments onlap and downlap 
on to the folds 

Egbeni et al. 
2014 

61 2014 Pearl River 
Mouth 
Basin, South 
China Sea 

3D 4 categories of sills described: 
‘saucers’, ‘lensoid’ – concave 
bases and convex tops with 
chaotic seismic facies in their 
cores, ‘stacked’ – several high 
amplitude events, and 
‘composites’ – two or more of 
the other types together. 
Saucer-shaped sills are in some 
cases linked together. Lensoid 
sills are sub-circular in plan. 
Sill geometries are found to be 
independent of the polygonal 
faults in the host. Domal folds 
occur above sills. Shallow 
intrusions are associated with 
chaotic reflections.      

Sun et al. 2014 

 

Table 2.1: Summary of significant prior studies on sills which used seismic data. See text for 

details.  

 

 

Fig. 2.6. Approximate locations of basins where sills have been described using seismic data. 

Numbers correspond to table 2.1. Base map is in the public domain: 

http://commons.wikimedia.org/wiki/File:BlankMap-World-large.png    
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2.2.3   Summary of Key Geometrical Features of Sills and 

Remaining Challenges 

2.2.3.1   Transgression 

Some sills are observed to propagate parallel to bedding (i.e. they are concordant), 

however, most research and emphasis has been placed on sills which are transgressive. 

In particular sills which are observed to have concave upward forms. Various terms 

have been used to describe such geometries e.g. “basin-shaped” (du Toit, 1920), 

“saucer-shaped” (e.g. Joppen and White, 1990), like a “dish” (Smallwood and Maresh, 

2002), “spoon shaped” (Bell and Butcher, 2002), “trough shaped” (Hansen et al. 2004), 

having a “deep synclinal geometry” (Corfield et al. 2004), and “cup-shaped” (Cukur et 

al. 2010). Clearly all these terms describe a similar universal geometry of sills, which 

are relatively layer parallel in their centres, but for which the angle of transgression 

increases outwards from the centre. The angle of transgression is the angle of the sill 

relative to bedding parallel (approximately horizontal). Also, it seems to be that in 

almost all cases the outer margins of the sills are above the sill base. Cukur et al. (2010) 

does describe the reverse but their observations are unlike sills observed elsewhere, in 

terms of how they are stacked and their seismic response. Recently some minor 

examples of margins which ascend and then descend may have been observed (e.g. 

Rohrman, 2013), but such sills appear to be rare and descent relatively minor. 

The most commonly used term is ‘saucer-shaped’ which by some definitions consists of 

three parts: an ‘inner sill’ which is relative concordant, an ‘inclined sheet’ around the 

inner sill and beyond the inclined sheet an ‘outer sill’ (fig. 2.7 A). These concepts were 

based on observations made in the Karoo (Chevallier and Woodford, 1999) and used 

again for seismic (and numerical) studies by Malthe-Sørenssen et al. (2004). However, 

the term ‘saucer-shaped’ has also been applied to sills which do not have these three 

clear parts, but rather the margins of the sill appear to steepen gradually (e.g. Planke et 

al. 2005) (fig. 2.7 B). With these conflicting definitions the overall impression is the 

term ‘saucer-shaped sill’ has come to be a ‘catch-all’ term for all sills which are 

transgressive and broadly concave upward.  
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Fig. 2.7 Variations in the geometry described as “saucer-shaped”. A: Sketch of a “saucer-

shaped” sill from Malthe-Sørenssen et al. (2004), after Chevallier and Woodford (1999). Sketch 

based on observations made in the Karoo, South Africa. The main sill has three distinct parts a 

concordant ‘inner sill’, a transgressive ‘inclined sheet’ and a concordant ‘outer sill’. B: Seismic 

image of a “saucer-shaped” sill from Planke et al. (2005). The sill does not visually appear to 

have three distinct parts and instead transgresses continuously.     
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Variation in sill transgression has been discussed by some prior authors. In particular 

Planke et al. (2005) devised a ten part seismic facies classification scheme which was 

further developed by Magee et al. (2014a). Two issues with this classification scheme 

are highlighted. First, the large number of geometries mean that some types are rather 

similar to each other e.g. ‘narrow saucer-shaped’, ‘saucer-shaped rough’, ‘climbing 

saucer-shaped’ and ‘slightly saucer-shaped’ are not particularly easy to distinguish. 

Second, the classification scheme is explicitly based on observation rather than 

mechanical differences. I would argue that a better classification scheme would have 

categories, where each category is defined by a fundamentally different process or 

cause, with each process leading to identifiable differences in final sill geometry.  

Other simpler classification schemes have been proposed. Thomson (2004) identifies 

two dominant types of sill: those with “a saucer-like flat inner sill at the base with an 

arcuate inclined sheet” and those which are “concave-upward troughs”. This 

classification distinguishes between those sills which increase in transgression angle 

abruptly and those where the angle of transgression increases continuously. Cukur et al. 

(2010) also distinguishes “bowl-shaped” sills which are continuously transgressive and 

“saucer-shaped” sills which have flat bases and abruptly transgressive margins. 

Gudmundsson and Løtveit (2012) uses a similar classification to Cukur et al. (2010) 

partially based on that paper. In the field, sills which appear to have continuous 

transgressive geometries (section 2.2.1.1) and abruptly transgressive geometries (section 

2.2.1.2) have also been described.  

Even though there has been some recognition of two types of sill geometry: 

continuously transgressive and abruptly transgressive, it has been rarely highlighted in 

prior studies either in the field or using seismic data. In the mechanics section (section 

2.3) these two sill types are interpreted to occur due to fundamentally different 

processes. By classifying sills in this way, sill geometries can be understood better. 

There has also been very little, to no discussion (to my knowledge) of what factors 

control whether sill transgression is continuous or abrupt.       

2.2.3.2   Shallow Sills 

Many studies find that shallow sills are distinctive to deeper sills. Field examples will 

be discussed later in terms of sub-seismic processes observed in the field (section 2.3.6), 

but focussing on seismic studies, there is a clear pattern that shallow sills have unusual 

geometrical features. Trude (2004) describes a shallow sill with a very distinctive ridged 
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geometry with a lobate outline. The sill is also significantly less transgressive than other 

sills which were deeper. Planke et al. (2005) also noted that some shallow sills show 

very little transgression. Hansen and Cartwright (2006b) describe a shallow lobate sill 

consisting of a large number of segments, many of which are concave-up. Miles and 

Cartwright (2010), using the same data as in this thesis, describe the most shallow sill in 

the survey and its highly lobate form, and identify channels and even a ‘bird-foot delta’-

like form. These features could be observed most clearly using the seismic amplitude 

attribute, a measure of sill thickness and acoustic properties. The sill had very little 

overall transgression. A similar sill may have been observed by Holford et al. (2012) 

though it could not be confirmed as a sill and may have been a lava flow. Rui et al. 

(2013) noted deeper sills were sub-circular while shallower sills are flatter and lobate. 

Sun et al. (2014) noted shallow sills were associated with chaotic reflections.   

Shallow sills appear to be geometrically distinct from deeper sills, having more lobate 

forms, minimal transgression and relatively complex seismic reflections revealing 

ridges, channels and even delta-like forms. Shallow sills are observed to be highly 

variable, and it remains a challenge to understand their formation. 

2.2.3.3   Steps, Segmentation and Broken Bridges  

Steps, en echelon segmentation and broken bridge structures are all indicators of a 

single sill propagating at various depths. Recent studies find that magma does not 

propagate up or down the stepping structures but rather propagates into the plane 

perpendicular to the stepping structures (e.g. Schofield et al. 2012a).  

Such structures have yet to be observed directly in prior seismic studies (cf. Schofield et 

al. 2012a), because the bridges of host rock have been too thin to have been imaged 

directly. Instead, studies such as Schofield et al. (2012a) image sill segments which are 

very close and at marginally different depths. Based on analogues such as in Antarctica 

(Hutton, 2009) these segments are interpreted as broke-bridge structures. Steps have 

also been observed in other seismic studies (e.g. Holford et al. 2012; Magee et al. 

2013a; Magee et al. 2014a). Unlike the step-and-stair relationships interpreted by Knox 

(1954) these structures increase in displacement towards the sill margin.  

2.2.3.4   Sills Exploiting Pre-existing Faults  

Another type of stepping occurs where sills exploit pre-existing faults (Corfield et al. 

2004; Planke et al. 2005; Thomson and Schofield, 2008; Magee et al. 2013a), though in 
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some case sills are found to be unaffected by fault planes (Rohrman, 2013; Sun et al. 

2014). Zhao et al. (2014) found sills to terminate against faults. The effect of pre-

existing faults on sill propagation is discussed further in section 2.3.4.2. 

Field studies have also found sills to exploit faults. The Whin Sill, of northeast England 

could be observed at Barrasford Quarry (near the village of Barrasford, 

Northumberland) to exploit fractures with slickenlines in a limestone host (Randall, 

1959). The slickenlines suggest the fractures are faults. It is my understanding that the 

quarry has been expanded so the locality is no longer present (Randall, 1959). The 

Franklin sills of Victoria Island, Canada are interpreted to exploit faults as well (Bédard 

et al. 2012). The Franklin sills are observed to connect to dykes which appear to exploit 

fault planes as they are associated with breccias and magnetic lineations which are 

offset like normal faults. Nonetheless, they were unable to “unambiguously correlate a 

sill from one fault block to another”. Again the host is a limestone. Bédard et al. (2012) 

suggest the faults may have been active during sill intrusion; the process of fault 

reactivation as a consequence of intrusion is discussed more generally by Magee et al. 

(2014b).              

Sills have been observed to both propagate along pre-existing faults and not be affected 

by them. There has been little consideration of whether host rock properties control 

whether sills utilise pre-existing faults. Furthermore, while polygonal faults are 

commonly observed in seismic data (e.g. Cartwright et al. 2003), no prior study to my 

knowledge has shown a sill exploiting a polygonal fault network. 

2.2.3.5   Sill Fingers 

In 3D seismic data, some sill intrusions exhibit apparent changes in thickness. The 

thicker portions form dendritic networks, and are often termed ‘fingers’ (Skogly, 1998; 

Thomson, 2004; Thomson and Hutton, 2004; Thomson and Schofield, 2008). These 

structures are best observed using the amplitude seismic attribute often in combination 

with volume rendering where the sill and surrounding host are visualised in 3D, but 

only high amplitude reflections are visualised making the sills opaque in a transparent 

host. 

In the field similar structures have been observed for basaltic sills in the Karoo 

(Schofield et al. 2010). The sill margins are found to undulate with chilled margins and 

vestiges of country rock in the troughs, indicating the undulations are not erosive 

features. These undulations are interpreted as fingers with bulbous terminations. 
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However, it is unclear if these structure are the same ‘fingers’ imaged in the seismic 

studies as the seismic resolution is likely to be too coarse for fingers of the width 

observed in the Karoo to be observed in seismic data (Schofield et al. 2012b). 

The propagation of fingers appears to require both the host and the magma to act like 

fluids or alternatively in a ductile manner (Pollard et al. 1975). This can easily happen at 

shallow levels where the host is unconsolidated and very weak as discussed in section 

2.3.6 (Schofield et al. 2012b), but can also occur deeper at a localised scale (fig. 2.8). At 

the very well exposed Golden Valley Sill in the Karoo, sill margins are fluidised where 

the interpreted sill fingers occur, indicating host fluidisation enabled sill fingers to form 

(Schofield et al. 2010).  

Host rock lithology is also very significant. On Ardnamurchan, Scotland, dolerite, 

Paleogene cone-sheets occur. These sheets change from having tabular forms to 

elliptical outcrops (similar to fingers) as they cross from Neoproterozoic metasediments 

to much younger Paleocene volcaniclastic rocks, of a similar age to the cone-sheets 

(Schofield et al. 2012b). The volcaniclastic sediments are interpreted to have been 

poorly consolidated, unlike the much older basement rocks, allowing the younger 

volcaniclastic rocks to deform easily (Schofield et al. 2012b).  

Dolerite sills intruding coal seams also possess finger-like elliptical forms at outcrop 

and produce peperitic textures (Schofield et al. 2012b). Peperitic textures occur where 

the host rock and magma intermingle (e.g. Skilling et al. 2002). High temperatures 

cause some coals to become plastic and soften (Gerjarusak et al. 1993), therefore, 

during intrusion sill fingers can form (Schofield et al. 2012b).  

Intrusion of basaltic magma into carnallite, hydrated potassium chloride KMgCl3·6H2O 

(a type of salt), also results in peperitic sill-like forms (Schofield et al. 2014). The sills 

have irregular bulbous contacts. The high temperature of the magma chemically alters 

(decomposes) the carnallite to anhydrous sylvite (KCl) and a MgCl2 and H2O solution 

(Emons et al. 1984) in effect fluidising the host. Anhydrous halite (NaCl) was found not 

to be intruded in this manner (Schofield et al. 2014). Vertical, and in plan-view linear, 

seismic disturbances within salt in the North Sea have been interpreted as dykes (Wall 

et al. 2009; Underhill, 2009).  
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Fig. 2.8 Various intrusions with fingers or bridge structures from Schofield et al. (2012b). When 

the host deforms in brittle manner during sill intrusion, broken bridges rather than sill fingers 

form (Schofield et al. 2012b).  

Host rock composition appears to not be the only cause of finger-like or bulbous 

intrusions rather magma composition can also be factor determining whether fingers 

form. Finger-like intrusions also occur when more evolved viscous magma (relative to 

basalt) intrudes. A classic example of a fingered intrusion is the Shonkin Sag laccolith, 

in Montana where the intrusion margin has fingers 0.5 to 1.2 m thick (Pollard et al. 

1975). The laccolith composition is varied but is dominated by syenites (Kendrick and 

Edmond, 1981). The Trachyte Mesa intrusion in the Henry Mountains, Utah has tongue-

like sheets (Morgan et al. 2008); Johnson and Pollard (1973) noted grooves on the top 

of surfaces of the intrusion which are interpreted as the remnants of coalesced fingers. 

Its composition is a dacitic porphyry (Morgan et al. 2008). A geographically close 

intrusion of similar composition, the Maiden Creek sill also has finger-like lobes 

(Horsman et al. 2005). Monzonite porphyry sills near Pando, Colorado are highly 

irregular with sudden bulging and pinching (Tweto, 1951). Pegmatitic leucogranites are 

also bulbous and irregular and form complex networks (Howard et al. 2011). Even in 

these cases magma composition may not have been the only factor leading to finger 

formation, rather how the host deformed (a factor relating partially to the composition 

of the host) may also be significant.  
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2.2.3.6   Sill Junctions and Feeding Relationships  

Hansen et al. (2004) described three different possible types of relationship between two 

sills which appear to be in contact (fig. 2.9). These planes of contact were termed 

‘junctions’: Class A junctions consist of two sill tips which are in contact, Class B 

junctions consist of a sill tip in contact with the base of another sill, and Class C 

junctions consist of two sills which cross-cut each other. A group of sills which are in 

contact with each other, with multiple junctions was termed a ‘sill complex’ or 

‘compound sill’ depending on the size of the group. If the group extends in depth more 

than 1.5 km, the group is considered a sill complex, if less than 1.5 km, a compound sill.  

While Class C junctions can only plausibly form by a sill propagating through a pre-

existing sill, Classes A and B could form either due to a single batch of magma or two 

separate batches (Hansen et al. 2004). A Class A junction could result from a 

propagating sill terminating against the tip of a pre-existing sill, a single sill changing 

direction abruptly, or be the result of where a dyke becomes a sill which propagates 

downwards from the junction in both directions (fig. 2.9). A Class B junction could 

result from a propagating sill terminating at the base of a pre-existing sill, a single sill 

diverging into two different sheets at different depths, or be the result of the creation of 

a new sill sheet which diverges in both directions from a prior sill (fig. 2.9). 

Thomson and Hutton (2004) developed a different terminology which described similar 

junctions also in 2004. Class A junctions of the type described in Hansen et al. (2004), 

where two sill tips come into contact, were termed by Thomson and Hutton (2004) to be 

either ‘inclined’ or ‘antiformal’ junctions, depending on whether the seismic reflections 

of the two sills are displaced or merge respectively. Thomson and Hutton (2004) 

considered these junctions to form as the result of two separate sills propagating into 

each other. Class B junctions of the type described in Hansen et al. (2004), where a sill 

tip comes into contact with a sill base, were termed either: type ‘T’ or type ‘F’ 

junctions, by Thomson and Hutton (2004) (fig. 2.10). The types having similar forms to 

the respective capital letters. A type ‘T’ junction occurs where the shallower of the two 

sills is horizontal at the contact, while a type ‘F’ junction occurs where the shallower of 

the two sills at the contact is not horizontal. Magee et al. (2014a) identifies similar 

junctions to Thomson and Hutton (2004) but appears to term type ‘T’ junctions as type 

‘J’ junctions.  
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Fig. 2.9 Class A, B and C sill junctions as defined by Hansen et al. (2004). Figure parts all from 

Hansen et al. (2004). Below, or on the right, of every junction are proposed mechanisms by 

which the junctions could form as proposed by Hansen et al. (2004).  
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Fig. 2.10 Type ‘F’ and type ‘T’ junctions as defined by Thomson and Hutton (2004). Image 

from Thomson and Hutton (2004). Note that these are subtypes of the Class B junctions defined 

by Hansen et al. (2004).   

Peron-Pinvidic et al. (2010) identify abrupt local ‘peaks’ in otherwise close to 

concordant sills similar to the antiformal junctions described by Thomson and Hutton 

(2004). As the data was 2D, it is unclear if the peaks are linear or point-like features. 

Peron-Pinvidic et al. (2010) interpret them as feeding points in a similar way to how 

Hansen et al. (2004) proposed Class A junctions could form with underlying dykes. 

However, unlike Hansen et al. (2004), Peron-Pinvidic et al. (2010) considered the sill to 

originally intrude concordantly, with subsidence then causing the sill to sag between the 

newly formed peaks, which are interpreted to be supported by underlying feeder dykes, 

or alternatively supported by basement highs. 

An alternative way of considering junctions is by determining whether the two sills are 

formed in one continuous intrusive event, i.e. does one sill feed the other, or do they 

form as two separate intrusive events, with the propagating molten sill abutting or cross-

cutting a pre-existing and solidified intrusion. Two end members can be considered 

(Galerne et al. 2008). The first is that all observed sill junctions are feeding 

relationships; the alternative end member is that all distinct sill units are fed by 

individual dykes and the sills do not feed each other. 

Cartwright and Hansen (2006) were one of the first to use 3D seismic data to argue for 

large scale feeding relationships between sills. Using two survey areas four networks of 

sills were identified, consisting of in two cases 26 sills, once 12 sills and once 6 sills. 
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While seismic data cannot categorically determine if two sills are feeding each other, 

location based arguments were used to justify the feeding relationships. A great 

example of such an interpreted feeding relationship was interpreted by Trude (2004). 

Trude (2004) showed a relatively deep sill with a transgressive margin connecting to a 

shallower sill at a deep point (fig. 2.11). Ridges on the shallower sill indicate that 

magma propagated away from this feeding point. Thomson and Schofield (2008) also 

propose large numbers of sills feeding each other, one example described, consisted of 6 

interconnected sills. Perhaps the most complex sill networks occur at shallower levels. 

Hansen and Cartwright (2006b) describe a sill (called the Solsikke Sill) which consists 

of more than 40 interlinked sill segments, whether these segments feed each other or are 

fed individually is discussed in Hansen and Cartwright (2006b), and there is evidence 

for both scenarios. More recently, Magee et al. (2014a) interpreted seismic amplitude 

lineations radiating from a sill centre, as evidence for magma propagation away from a 

potential central ‘feeder zone’, which overlies the tip of a deeper sill. The two sills form 

a ‘J’ type junction. 

 

Fig. 2.11 Interpreted sill feeding relationship from Trude (2004). Note the position of the lower 

sill immediately below a deep central point of an upper sill marked X1. Mapping the ridges on 

the upper sill further indicates outward flow from X1 (see Trude, 2004). 

Inspired by seismic studies which indicate large sill feeding networks, fieldwork was 

undertaken to determine whether such networks could be identified in the field (Galerne 

et al. 2011). In particular to answer the question: if two sills are in contact or appear to 

be based on seismic data (which has a finite resolution) did they form from the same 

magma batch or independent batches?   
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Supposing a sill is fed from its deepest point, observing the feeding point is intrinsically 

difficult. If the sill has yet to be eroded then the feeding point is obscured by the 

overlying sill itself. If the underlying feeder sill or dyke is visible, then the overlying fed 

sill will often have been eroded away, so that it is no longer present. Determining if a 

dyke or sill fed another sill, which has been eroded away is either impossible or very 

difficult.  

Instead, geochemical markers can be used to determine whether close or touching sills 

form from the same batch or different batches of magma. Galerne et al. (2008) and 

Galerne et al. (2011) used the concentrations of 46 major and trace elements to 

determine the subtle geochemical differences and similarities between sills and dykes 

near and including the Golden Valley Sill, in the Karoo, South Africa. The study found 

two very close interconnected ‘saucer-shaped’ sills formed from the same batch, and 

also that those two (the Golden Valley and MV Sills) formed from the same batch as a 

close but not visually connected sill (the Glen Sill). However, not all sills in contact 

form from the same batch. A neighbouring sill (the Morning Sun Sill) is not part of the 

above geochemical group even though it occurs immediately below the western flank of 

the Golden Valley Sill. In some places there is a thin chilled margin between the sills, in 

others not. Significant dykes in the region were also geochemically distinct and 

therefore, not feeders for these sills. In all 6 different magma batches were identified.  

The study of Galerne et al. (2011) found a relatively thin (1 m thick) dyke with the same 

geochemistry as the Golden Valley Sill. This dyke has the same strike as the Golden 

Valley Sill, which is itself elongated, and the dyke occurs below the sill where the sill 

has been eroded away at its margins. The orientation, location and geochemistry of the 

dyke all indicate it could be the feeder dyke for the sill (Galerne et al. 2011). 

Experiments were undertaken, and found to support the proposition that the thin dyke 

could have been the feeder, and that the linear nature of the feeder could have been the 

cause of the elongated nature of the sill (Galerne et al. 2011).     

Other techniques have also been used to determine magma propagation directions in 

sills. These techniques rely on anisotropy created in the sill due to magma propagation. 

At a larger scale, are ropy structures in large vesicles (5 cm – 1.5 m long) up to a few 

centimetres from the sill contact (Liss et al. 2002). The vesicles are thought to form 

from repeated pressure drops with the ropy structures forming as the result of magma 

movement. Alternatively at a smaller scale, AMS (anisotropic magnetic susceptibility) 
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can be used. AMS can be used to measure the anisotropy of elongated magnetic 

minerals (e.g. magnetite) in a sill. The elongated minerals are thought to align to the 

flow direction of the magma (e.g. Manga, 1998) and therefore, are interpreted to create 

measureable magnetic lineations. In the Karoo, ropy structures and AMS both indicate 

outward flow of magma for the Golden Valley Sill and its neighbours (Polteau et al. 

2008a), indicating the sills are fed from central feeders, with the magma propagating 

outwards radially. However, the use of AMS to determine magma sources in intrusions 

has not always been successful; AMS results for Ferrar Dolerite sheets in Antarctica, 

could not determine a magma source and in some cases were found to be ‘somewhat 

chaotic’ (Airoldi et al. 2012).  

As there has been more recently work on sill feeding relationships in the field it is worth 

reassessing feeding relationships observed in seismic data. In particular to identify sills 

which are in contact and are formed from the same batch of magma and which are not. 

Furthermore, seismic studies have rarely explicitly identified why a feeding relationship 

occurs and it is worth investigating factors which control the transition.                                   

2.3   Mechanics of Sill Intrusion  

The following section reviews the mechanics of sill intrusion, with an emphasis on 

processes which cause or prevent sill transgression. The section starts with the 

fundamentals of crack propagation, applicable to sills as well as dykes. Mechanical 

models are described starting with a variety of ‘classical’ models. These models are 

based on concepts including neutral buoyancy, compensation surfaces, hydrostatic 

equilibrium, and basin-wide stress-reorientation. These models are shown to have some 

difficulties in explaining the sill geometries commonly observed, so instead a different 

approach is taken with the emphasis on lithological boundaries, host deformation and 

pre-existing faults.  

After, these ‘classical’ models are described, the role of lithological boundaries is 

considered. In particular, how sills terminate at lithological boundaries, or become sills 

at such boundaries, from dykes or underlying sills. Lithological changes can be 

observed and correlated to changes in sill geometry using seismic data.    

Two types of transgression are considered next. First: abrupt, where the sill is broadly 

concordant and then abruptly transgresses in a similar fashion to a dyke. Second: 

continuous, where the sill transgresses gradually, without an abrupt transition from 
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concordant to transgressive. Sills of both types have been described previously in the 

literature as discussed in section 2.2.3.1, however so far, this distinction has received 

limited emphasis. Hansen et al. (2011) notes for sills on the Faroe Islands that their 

‘gently upward curving geometries’ cannot be explained using abrupt transgression 

models, because they rely on folding of the overburden, which was not observed in the 

Faroe Islands. Hansen et al. (2011) nonetheless considered it to be an ‘open question’ 

whether models that can explain abrupt transgression, are also able to explain 

continuous transgression. This thesis aims to highlight these two distinctive geometries 

much more clearly than prior studies and show the implications of these two 

mechanisms beyond just the two the geometrical forms, which has not been attempted 

before, to the best of my knowledge.  

After the abrupt transgression section, sills which exploit faults are discussed, as a sill 

exploiting a fault also occurs abruptly. The Norwegian study area used in this thesis 

does not have large scale tectonic faults at the level of the sills; however, there are 

ubiquitous polygonal faults. To best of my knowledge, no prior study has shown a 

magmatic sill exploiting a polygonal fault set.     

In some cases, after transgression occurs, sill margins flatten. The controls on this 

process are discussed next. Two mechanisms are considered, one involving continuous 

flattening, the other an abrupt process. This distinction has only very recently been 

recognised mechanically and this thesis aims to distinguish them. 

The last section considers shallow sills, which as discussed in section 2.2.3.2 are 

observed to be geometrically very different to deeper sills. While this observation is 

relatively well know, this chapter aims to further emphasise the distinction, based on the 

different mechanical processes which occur as sills intrude at different depths.   

2.3.1   Fundamental Mechanics of Fluid Filled Crack 

Propagation Applicable to Dykes and Sills 

This section considers the fundamental mechanical processes that cause both dykes and 

sills to propagate. 

Fractures will propagate if, firstly, the process of fracture propagation decreases the 

potential energy of the system, and secondly, there is enough potential energy within the 

system to overcome the resistance to fracturing (Griffith, 1921). The potential energy is 
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the sum of gravitational potential energy and releasable elastic strain energy of the host. 

Considering the problem directly through energetic considerations, however, proves 

difficult, and instead it has become apparent that it is more helpful to consider fracture 

propagation in terms of the fluid pressures and the stresses required for fracturing. This 

leads to the formulation of Linear Elastic Fracture Mechanics (LEFM) (Rubin, 1995). 

LEFM suggests that for a sill or dyke to propagate, the sill or dyke must have a ‘driving 

pressure’ (similar concepts are ‘overpressure’ and ‘excess pressure’) (Rubin and 

Pollard, 1987). The driving pressure is the difference between the absolute pressure of 

the magma and the remote stress exerted normal to the sill or dyke boundaries. The 

driving pressure can be considered as the potential energy of the intrusion per unit 

volume of magma. Contributions to the remote stress include the lithostatic load, plate 

tectonic forces, topographic loads, slip along faults at depth, and synchronous or prior 

intrusions (Rubin and Pollard, 1987). Primarily, the driving magma pressure is 

generated by the weight of the overburden where the magma is generated, as the 

crystalline crust is significantly denser than the liquid magma (Lister and Kerr, 1991). 

The density difference between the magma and the host is known as the ‘buoyancy’ of 

the magma. The driving pressure is a sum of the buoyancy of the magma, excess 

pressure generated at source and gradients of tectonic stresses normal to the dyke plane 

(Rubin, 1995).  

As well as requiring a driving pressure, magma will only propagate if it can overcome 

the fracture toughness of the host rock. The dyke or sill produces a ‘stress intensity’ at 

its tip due to its driving pressure; the largest stress intensity the rock can withstand 

before it fractures is the fracture toughness (Rubin and Pollard, 1987). Fracture 

toughness is partially a material property of the host; however, it is also affected by a 

‘process zone’ at the dyke or sill tip. Modelling a dyke or sill as being in a purely elastic 

solid is the foundation of LEFM; however, treating the host as a universally elastic solid 

leads to an unrealistic consequence close to the intrusion tip where the host is required 

to be able to withstand infinitely large elastic stresses. Because it is not feasible for 

infinitely large elastic stresses to exist, there must be a plastic deformation ‘process 

zone’ close to the intrusion tip (Rubin, 1993). This is not to say LEFM is invalid as a 

realistic model, because the process zone volume is considered small in comparison to 

the host volume.  
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Predicting the properties of the process zone is very difficult because the controls on 

plastic deformation are highly variable, depending on: the intrusion depth, ambient 

stress, magma supply rate, magma viscosity, magma chemistry, volatile exsolution, 

ambient pore fluid pressure, and pore fluid viscosity (Rubin, 1993). Even if the fracture 

toughness can be approximated, the equations that govern fracture propagation are 

‘notoriously difficult’ to construct, because: fluid flow is non-linear, fluid pressure is 

variable along the fracture, the fracture speed is unknown and varies with time, and 

furthermore, processes operating at the fracture tip, affect the response of the host rock 

along the whole length of the fracture, not just at the fracture tip (Detourney, 2004). The 

fracture toughness also changes with time, because fracture toughness depends on the 

fracture width (Rubin, 1993). 

An additional complication arises as the crust does not in all cases deform in an elastic 

manner. Evidence includes finger-like intrusive forms as described in section 2.2.3.5, 

and also detailed studies of dykes. Dyke trajectories at large scales (1000’s of km) can 

be well modelled, by modelling the lithosphere as a elastic brittle plate (Hou et al. 

2010), however, at the meter-scale dyke thicknesses are found to be poorly described by 

predictions made by LEFM (Kavanagh and Sparks, 2011; Daniels et al. 2012). 

Measured dyke thicknesses are highly variable and scattered along strike unlike the 

predicted elliptical or tear-drop shaped profiles expected for LEFM (Kavanagh and 

Sparks, 2011; Daniels et al. 2012), additionally dykes are systematically thicker at the 

edges and thinner in the middle than expected (Daniels et al. 2012), and furthermore, 

predicted overpressures are unrealistically large in comparison to independently 

measured host rock strengths (Valentine and Krogh, 2006; Kavanagh and Sparks, 2011; 

Daniels et al. 2012).  

Valentine and Krogh (2006) list four reasons why the calculated magma pressures based 

on the dyke geometries did not match the values expected through elastic theory. First, 

there is evidence the host deformed plastically close to the dykes, with the host (a tuff) 

becoming welded close to the contact, losing the majority of its pore-space. Second, 

wall rock erosion has caused local pinching and swelling of the dyke on only one side, 

indicating the current thickness is not the result of only of elastic deformation. Third, 

transient phenomena related to eruptions could have temporarily increased the magma 

pressure. Fourth, structural extension may have made space for intrusion, in particular 

co-magmatic fault slip for which there is some evidence in the mixing of fault breccia 

and basalt clasts. Kavanagh and Sparks (2011) observations indicate intense fracturing 
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and hydrothermal alteration at the dyke margins may have locally decreased the 

stiffness of the host-rock, i.e. reducing the Young’s modulus and thus the required 

driving pressure. Additionally, cooling and solidification of the magma within the dyke 

would have caused the dyke to widen as the flow became focussed (Kavanagh and 

Sparks, 2011).  

In practice if one attempts to apply LEFM concepts to real seismic data, significant 

issues arise. First, LEFM is mathematically complex due to the dynamic nature of 

deformation and fracturing. Second, the fundamental underlying principle that the crust 

deforms purely elastically, except at the intrusion tip, is not supported by observations 

in the field (see above). This means there is significant ductile deformation, which is 

difficult to model. Third, there is uncertainty regarding how the host deformed at the 

time of intrusion. Fourth, and perhaps the most important reason is that the main 

testable predictions of LEFM involve intrusion thicknesses (and how they vary), which 

are difficult to measure.  

As will be discussed in section 3.1.1, the seismic responses of the sills studied for this 

thesis are ‘tuned’. This means that the acoustic reflections created from the tops and 

bottoms of the sills arrive so close together in time that they are indistinguishable. 

Instead the top and bottom reflections interfere and merge to become one ‘tuned’ 

reflection. Because, the responses are not discrete, it is not possible to measure the gap 

between the responses to determine a sill thickness. In theory, reflection amplitude (i.e. 

the amount of constructive interference) can be used to determine sill thickness (e.g. 

Smallwood and Maresh, 2002); however, reflection amplitude is dependent on many 

factors as well as sill thickness, such as processing of the data and the acoustic 

properties of the host and the sills. In practice, determining how much sill thicknesses 

vary from the sill centres to the margins is very difficult to do accurately.   

Using LEFM concepts alone therefore proves to be difficult, and hence a different 

approach is taken to understand sill formation, that involves considering less the 

thickness of the intrusion or its propagation velocity, but rather considers why the 

fracture changes orientation.  

2.3.2   Classical Models 

Many early ideas on the controls on sill geometries used concepts that considered the 

whole basin and its tectonic stresses as the primary controls. The earliest concept to be 
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proposed was that sills intrude at a ‘level of neutral buoyancy’ (LNB), meaning that 

magma propagates upwards while it remains less dense the surrounding host rock, and 

then propagates horizontally, forming a sill at the level where the magma becomes 

denser than the host (Gilbert, 1877). Lister and Kerr (1990, 1991) developed the level of 

neutral buoyancy model further by considering quantitatively the fracture mechanics of 

an intrusion crossing the LNB, concluding that magmatic ascent and emplacement is 

governed by the local density difference between the host and the magma. 

Lister and Kerr (1990, 1991) also conducted experiments to support the LNB model 

using a weak gel as a crustal analogue, made of a set (hardened) aqueous agar and sugar 

solution, and dyed glycerol (a viscous liquid) as a magma analogue (Lister and Kerr 

1990, 1991). The composition of the gel was varied by altering the quantities of agar 

and sugar such that the gel had a linear gradient in density, in the vertical direction, but 

nearly uniform elastic properties. The experiment was conducted ‘upside-down’ such 

that the density of the gel increased with increasing depth. The glycerol was injected at 

the top of the gel and propagated downwards until it spread out as a sill along the LNB.         

Following the predictions of the LNB model one would expect magmas of equal density 

to follow a single horizon throughout a basin. An example of such a horizon would be a 

lithological change from a high to low density host, relative to the magma density (fig. 

2.12). However, transgressive sills are found at many levels in the host (even though 

their compositions are similar) and actively cross lithological boundaries (i.e. bedding). 

Furthermore, transgressive sills cross-cut each other (section 2.2.3.6), a finding difficult 

to reconcile with a single change in lithology.     
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Fig. 2.12 A series of schematic plots for the lithological profile on the left based on similar plots 

in Lister and Kerr (1991) and Smallwood and Maresh (2002), similar plots are also described in 

Bradley (1965), Gretener (1969) and Einsele (1982). The profile on the left shows a dyke (in 

red) forming from magma generated by the mantle melting. The dyke then extends through two 

types of crust: a denser basement which is perhaps metamorphic or igneous, and a less dense 

sedimentary sequence. The density profile shows this abrupt change (values from Lister and 

Kerr, 1991), although the values should be treated as approximations. The pressure plot shows 

the pressure generated due to the force of gravity. The magma is modelled as encountering no 

resistance and as being in equilibrium with its deep source (values from Smallwood and 

Maresh, 2002). Overpressure is the difference between the magma pressure and lithostatic 

pressure. The compensation surface, as defined by Bradley (1965) occurs where the 

overpressure becomes zero in the upper crust. LNB stands for ‘level of neutral buoyancy’, the 

level where the magma density is intermediate to the density of the host above and below. 

An alternative approach, proposed by Bradley (1965) had the superficial advantage that 

it was able to explain the bowl-like sills of the Karoo Basin, South Africa. Bradley 

(1969) proposed that sills would intrude at a ‘compensation surface’ which he defined 

as “an ideal surface which… joins all points having equal vertical rock pressure and 

magmatic pressure.” Therefore, he proposed sills would intrude at a level of zero 

overpressure, or in other words, the maximum height of the hydrostatic head. 

Overpressure is the difference between the pressure of the magma and the lithostatic 

pressure at any given point (fig. 2.12). The hydrostatic head is the maximum height of 

liquid that an overpressure can generate if it encounters no resistance and is in 
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equilibrium. This compensation surface varies with topography or bathymetry and 

forms an exaggerated mirror image of the seafloor bathymetry; this is because 

bathymetric highs exert greater vertical lithostatic stresses than bathymetric lows. Under 

bathymetric highs, where the lithostatic pressure is greater, the length of the hydrostatic 

head is reduced, causing the compensation surface to descend. Hence, this model 

predicts bowl-shaped sills to form under bathymetric highs and ‘sill-domes’ under 

bathymetric lows. ‘Sill-domes’ in the sense envisaged by Bradley (1965), have not been 

observed, to my knowledge. In seismic data, sills are not observed to mirror the paleo-

bathymetry, where the paleosurface and the sills can be observed together.  

Einsele (1982) and Smallwood and Maresh (2002) develop Bradley’s (1965) model 

further, by considering surfaces parallel to the compensation surface, offset by terms 

representing the overpressure required to overcome the tensile strength of the rock. 

Additionally, Smallwood and Maresh (2002) predict that sills will be intruded higher 

over basement highs, because the thicker basement exerts a greater lithostatic stress on 

the underlying magma source, and therefore increases the length of the hydrostatic head, 

causing the compensation surface to ascend. Einsele (1982, 1985) also considered sill-

sill interactions arguing sills may build up, on top of each other. Taking into account 

tensile strength and changes in basement thickness is an improvement on Bradley’s 

model; however, it fails to resolve the expected mirror imaging of the paleosurface. Sill-

sill interaction may impact sill transgression, but it appears to not be the only or even 

primary factor, as many transgressive sills appear to be relatively isolated.      

Hydrostatic equilibrium has also been proposed as a method to achieve bowl-shaped sill 

geometries through downward propagation of magma followed by upward propagation 

of magma (Francis, 1982; Goulty, 2005). It is argued that magma could reach 

equilibrium, in a similar fashion to fluid reaching equilibrium across a U-shaped siphon, 

the siphon being formed as a result of the synclinal structure of the basin. It is difficult 

to reconcile this model with bowl-shaped sills in basins, where there are few major 

synclinal structures, and where the synclines present have much greater diameters than 

any nearby sills. 

The relationship between tectonic stresses and lithostatic stress has also been proposed 

as a control on sill level (Gretner, 1969; Roberts, 1970; cf. Anderson, 1951). It is 

proposed that as magma rises, the principal stress direction (σ1) will re-orientate itself 

from vertical at greater depths, to horizontal at shallow levels, because the lithostatic 
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stress is interpreted to be greater than compressional tectonic stresses at greater depths. 

Sills will intrude planes that are perpendicular to the minimum stress direction (σ3), as 

that requires the least amount of pressure and energy. As the principle stress directions 

are perpendicular to each other, sills will intrude into the plane containing the maximum 

(σ1) and intermediate (σ2) principal stress directions. Therefore, a rotation of σ1 from 

vertical to horizontal with decreasing depth is interpreted to cause or favour sill 

formation at shallower levels.       

In continental arc settings, uppermost magma chambers are found to be significantly 

deeper where the upper crust is in compression rather than in extension or strike-slip 

(Chaussard and Amelung, 2014). This finding supports the stress re-orientation model, 

because in compressional settings the stress re-orientation of σ1 from vertical to 

horizontal occurs at a greater depth, therefore, sills, or in this case magma chambers, 

would be expected to form at greater depths. Nonetheless, magma is able to overcome 

these compressive stresses, as volcanoes are common in these compressive arcs, such as 

in the central Andes.  

The stress re-orientation model predicts there will be a single level where this stress re-

orientation occurs and therefore sills are expected to be emplaced at this level. This 

stress change will be basin wide varying in depth due to changes in tectonic forces, 

crustal density and the bathymetry of the seafloor. Sills transgress over short distances, 

and neither seismic nor field studies indicate dramatic changes in any of these three 

quantities where the sills transgress. Furthermore, cross-cutting transgressive sills are 

difficult to reconcile with this model. This is not to say that changes in stress direction 

are not important, and they may be important to determine the approximate depths of 

sills, as found by Chaussard and Amelung (2014), but as will be argued later it is local 

and dynamical changes in stress, rather than basin wide changes in stress that have a 

very significant impact on sill formation and transgression.  

A change in principal stress direction is also expected to occur if the crust is heavily 

intruded by dykes over a short time period (Vigneresse et al. 1999). Dyke intrusion 

without equal or greater crustal extension, causes stresses in the horizontal direction to 

increase, so that horizontal stresses may exceed the lithostatic stress (i.e. causing a 

rotation of σ1 from vertical to horizontal). When this occurs, sill emplacement is 

expected to be favoured. Though, the sill would still need to be fed by a dyke or a 

transgressive sill segment which can overcome the horizontal stresses. Field evidence 
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suggests extensive dyke intrusion is not the primary cause of sill transgression, though it 

may have some impact. For example, dykes are very rare in Ferrar Igneous Province, 

Antarctica even though transgressive sills are present (Hutton, 2009).     

Gretner (1969) considers the effect of compression in more detail, in particular, how 

different host rocks will react to the same strain. The strain being a measure of the 

amount of compression, defined mathematically as the ratio between the change in 

length caused deformation, over the original length before deformation. Compressing a 

rock horizontally, which cannot expand (the model considered by Gretner, 1969), 

causes a stress to develop within the rock, in both of the horizontal principal stress 

directions (see Gretner, 1969 for details). The amount of stress generated is a function 

of the material properties of the rock, its Young’s modulus and Poisson’s ratio (defined 

as the ratio of stress over strain, and the ratio of strains in perpendicular directions 

respectively). As these properties vary for different rock types, stresses will also vary 

between the rock types. 

Considering that sills are expected to intrude at different levels depending on the 

direction of σ1, the variation in stresses caused by a compressional strain, is expected to 

cause different host rocks to favour sills over dykes. More incompressible rocks will 

have larger Young’s moduli and Poisson’s ratios and therefore, the stresses within them 

will be greater, preventing dykes to form and therefore, encouraging the formation of 

sills. The model, however, does not consider the causes of sill transgression.          

The problem with the classical models described above is that they fail to explain sill 

transgression in approximately homogenous rocks because the models require 

significant structural controls, undulating lithological transitions, varying bathymetry of 

the seafloor, or significant interaction with prior intrusions to explain sill transgression. 

They also struggle to explain why sills appear at many levels, and have feeding 

relationships between each other as well as cross-cutting relationships as described in 

section 2.2.3.6. Furthermore, the total lack of sill domes (i.e. inverted bowls) is near 

impossible to explain using these models alone. Therefore, an alternative approach is 

required to explain sill location and sill transgression. The alternative approach put 

forward here, is that the primary controls on sill locations and geometries are the 

lithology of the host, its structural heterogeneities (including faults), and the local and 

dynamical stress regime within the host.  



51 
 

2.3.3   The Role of Lithological Boundaries 

Lithological boundaries can cause dykes to abruptly deflect into sills, if it is easier for 

the magma to change propagation direction rather than to continue propagating 

upwards. A dyke reaching a boundary between two units will deflect either because the 

unit above is too stiff to intrude or because the boundary itself is weak and relatively 

easy to intrude (Pollard, 1973) (fig. 2.13).       

 

Fig. 2.13 Asymmetrical sill formation after Pollard (1973) based on analogue experiments. The 

figure combines two causes of dyke deflection into sills, which can occur independently or 

together: a dyke encountering a change in lithological strength to a harder/stiffer unit, or a dyke 

encountering a weakly bonded interface. E refers to the Young's modulus of the material, the 

ratio of stress over strain. The figure shows the dyke approaching the interface at an angle; this 

causes the sill to form asymmetrically, away from the dyke. If the dyke approached the interface 

at 90° to the interface, the sill would be expected to form symmetrically, about the feeder point 

(Pollard, 1973).     

Experiments in layered gelatine have shown sills form below stiffer units (Pollard, 

1973; Rivalta et al. 2005; Kavanagh et al. 2006); similar observations have also been 

made in the field (Mudge, 1968; Burchardt, 2008) and numerically (Zhang et al. 2007). 

Not only do stiffer units act as barriers to further upward propagation, but the boundary 

between lithological units is often weaker than the surrounding host (Youash, 1969; 

Kwaśniewski, 2009) and therefore can aid, or be the cause of sill formation (Pollard, 

1973; Gudmundsson, 2009; Maccaferri et al. 2011). Sill formation is further aided if the 

unit above the incipient sill has a high pore fluid overpressure (Gressier et al. 2010). 

Sills, therefore, often form at lithological boundaries or abut against them (fig. 2.14 D). 

Sills form perpendicular to the minimum principal stress direction (σ3), therefore a 

lithological boundary causing a dyke to rotate into a sill, is equivalent to a local change 

in the principal stress directions, similar to the larger scale concepts of stress re-

orientation, as discussed in section 2.3.2 (Anderson, 1951; Gretner, 1969; Roberts, 
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1970; Vigneresse et al. 1999). Menand’s (2011) review argues that rigidity contrasts are 

the only viable mechanism for the propagation direction of a dyke or transgressive sill 

margin to abruptly rotate, creating a sill at a higher level.  

Dyke deflection into sills will not always occur symmetrically. If a dyke approaches a 

lithological boundary at an angle of less than 90° to the boundary, the sill is likely to 

only form on the opposite side to the dyke, making an obtuse angle to the dyke (Pollard, 

1973; Kavanagh et al. 2006; Burchardt, 2008; Maccaferri et al. 2011; Barnett and 

Gudmundsson, 2014) (fig. 2.13).  

Sill formation may not always occur at boundaries below tougher units. In a recent 

study Kavanagh and Pavier (2014) found that the interface between siltstone and 

sandstone had the same fracture toughness within one standard deviation error as the 

weaker of the two units or was even slightly tougher. If a dyke encounters a tough 

interface with a tougher unit above, it is expected to be mechanically easier for the dyke 

to propagate along the interface as a dyke, perpendicular to the interface, rather than 

rotate into a sill (Kavanagh et al. 2010), though in some cases such dykes later become 

sills (Kavanagh et al. 2006). This has important implications for determining the effect 

of lithological units on magma propagation using seismic data, as while sills forming at 

lithological boundaries can be observed using seismic data, much more poorly imaged 

dykes, which may be terminating against lithological boundaries, will not be observed.  
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Fig. 2.14 Five primary forms of sills resulting from different processes which affect sill 

transgression. These processes are described in this section (2.3). Forms are schematic, 

simplified and not to scale. A: Shallow level peperitic sills which intrude unconsolidated 

sediments, B: Continuously transgressive sills, C: Abruptly transgressive sills, D: Sills which 

form at, or are affected by lithological boundaries, E: Sills which exploit, or are affected by pre-

existing faults. Sills may have features of multiple categories.      

2.3.4   Transgression 

Two types of sill transgression have been observed in seismic and field observations as 

described in sections 2.2.1.1, 2.2.1.2 and 2.2.3.1. These are abrupt and continuous 

transgression. This section first considers two causes of abrupt sill transgression. First, 

abrupt transgression due to stresses created in the overburden during sill formation and 

second abrupt transgression caused by sills exploiting pre-existing fault networks. The 

section then describes sill transgression which is continuous.   
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2.3.4.1   Abrupt Transgression 

Sill formation along a lithological boundary, followed by abrupt upward transgression 

has been modelled recently in analogue experiments (Galland et al. 2009; Galerne et al. 

2011; Galland, 2012). Silica flour was used as a crustal analogue with molten vegetable 

oil representing magma. Importantly, saucer-shaped sills were found to only form under 

a flexible net, a lithological boundary analogue. Transgression is found to be closely 

linked to the deformation of the overburden (Galland, 2012). 

These experiments were designed such that 1 cm in the experiments equates to 

approximately 1 km for real magmatic intrusions, by ensuring that key parameters scale 

correctly or remain the same. In particular the angle of internal friction and the ratios: 

intrusion thickness/length, intrusion depth/length, gravitational stress/cohesion and 

viscous stress/cohesion remain very similar for both experiment and magmatic 

examples; only the ratios of inertial/viscous forces and magma/host rock density are 

significantly different (Galland et al. 2009). The authors argue that viscosity effects are 

negligible compared to the stresses required to fracture the rock, and that the effect of 

buoyancy is expected to be very small (Galland et al. 2009).  

Experiments with a different setup found similar upward propagating ‘wing’ fractures 

(Bureau et al. 2014). The study was aimed to emulate clastic intrusions which relatively 

rarely also have sub-horizontal bases with abruptly upward-transgressive margins (e.g. 

Huuse et al. 2004; Cartwright et al. 2008). In the experiments conducted by Bureau et 

al. (2014), water was injected into a two component host rock analogue consisting of a 

sand reservoir analogue at the base (made of glass microspheres 0-50 μm across) and a 

clay-rich sediment analogue above (made of a mixture of gelatine and sand). The 

experiment was conduced in a Hele-Shaw cell (5 cm thick). The sand was found to be 

mobilised above the reservoir sand body, when the water was injected, first propagating 

sub-horizontally and then abruptly upwards once the fracture reached the reservoir 

periphery. The overburden was uplifted a small amount.         

The results of these analogue experiments are similar to those found in analytical and 

numerical studies (Pollard and Holzhausen, 1979; Fialko, 2001; Malthe-Sørenssen et al. 

2004; Goulty and Schofield, 2008). Pollard and Holzhausen (1979) model sill 

transgression based on LEFM. As was discussed in section 2.3.1 a fracture will 

propagate if it overcomes the fracture toughness of the host. As was described, the 

fracture toughness is a rather complex concept depending on the exact properties of the 
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process zone at the fracture tip. However, one can theoretically consider a stress 

distribution to exist near the fracture tip. This is known as the ‘stress intensity’. The 

contention of LEFM is that if the stress intensity increases to become equal to the 

fracture toughness, the fracture will propagate (e.g. Pollard and Holzhausen, 1979). 

Stress intensities, and similarly fracture toughnesses exist in three different ‘modes’ 

called I, II and III. The modes represent three different types of movement of the 

fracture. Mode I represents the opening of the fracture, but the fracture does not change 

direction. Mode II represents an in-plane shear, for the case of a horizontal fracture that 

would be a rotation of the plane up or down. Mode III represents an out-of-plane shear, 

for the case of horizontal fracture this is a rotation around the axis of propagation. As 

this chapter primarily considers sill transgression, it is the mode II and mode III 

components that are the most significant.    

For sill transgression to occur from a horizontal plane so that it rises, requires the mode 

II stress intensity at the sill tip to be equal to the mode II fracture toughness. Pollard and 

Holzhausen (1979) calculated the mode II stress intensity as a result of deformation of 

the seafloor (fig. 2.15). They modelled the crust to act elastically in an infinite region 

with a horizontal free-surface as an analogue for the seafloor. As sill intrusion occurs, 

the mode II stress intensity increases at the sill tip, as the sill propagates horizontally, 

this eventually causes sill transgression (fig. 2.15). One can also consider the increase in 

mode II stress intensity to be the result of the principal stress directions rotating due to 

the deformation of the seafloor. 

Fialko (2001) shows that sill transgression is likely to be asymmetrical, with the longer 

sill margin ‘winning-out’, and preferentially intruding towards the surface. Disrupting 

bedding planes through host fluidisation may aid sill transgression, because bedding is 

likely to act against sill transgression, as it requires more energy for a fracture to cross 

bedding planes than to intrude parallel to them (Schofield et al. 2010).     
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Fig. 2.15 Relationship between sill radius/intrusion depth and mode II stress intensity factor, re-

plotted from Pollard and Holzhausen (1979) their fig. 5 (x-axis ratio inverted). Mode II stress 

intensity is normalised with respect to the mode I stress intensity factor, at infinity, in the 

horizontal plane, as described in Pollard and Holzhausen (1979). The positive stress intensities 

shown cause upward transgression. As the sill radius increases, the mode II stress intensity 

factor increases. When the stress intensity factor is large enough, sill transgression occurs. The 

effect is greater for shallower intrusions.   

Bunger et al. (2008) extended these studies by considering the effect of a compressional 

stress field acting on a fracture. In these studies mixtures of water and glycerine, or 

mixtures of water and glucose, were pumped into transparent blocks of material, upon 

which a compressive horizontal stress was exerted. Two materials were used: glass and 

PMMA (a plastic); these had different values of fracture toughness. As the horizontal 

stress was increased relative to the vertical stress (which was kept constant) the 

fractures curved up less. It is unfavourable for the fracture to open against the most 

compressive stress direction and therefore, the fracture plane remains closer to 

horizontal. Later, a numerical model was developed as a comparison to these types of 

experiments and a strong match between the model and the experiments was found 

(Bunger et al. 2013). Bunger et al. (2008) postulated that if the horizontal stresses were 

unequal (unlike in the experiments) the curvature of the sill would vary, and the sill 

would become elongated.           

Therefore, to summarise, one would expect a dyke to be deflected at a lithological 

boundary and propagate horizontally as a sill below the boundary. As this occurs the 

overburden is deformed, which creates a significant mode II stress intensity. At a 
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critical point, this stress intensity will be great enough to cause an abrupt sill 

transgression, normally asymmetrically (fig. 2.14 C). Horizontal in situ stresses may 

alter the curvature of the sill margin.     

2.3.4.2   Sills Exploiting Faults 

Faults are not required for abrupt sill transgression but if faults are present, sills have 

been found to intrude preferentially along them in some cases (Randall, 1959; 

Thomson, 2007b; Thomson and Schofield, 2008; Bédard et al. 2012; Magee et al. 

2013a) (see section 2.2.3.4) (fig. 2.14 E). Faults can act as planes of weakness which 

allow sills to transgress upwards without needing to break through the units above them. 

Clastic intrusions, which are considered similar to igneous sills (Polteau et al. 2008b), 

are found to follow polygonal faults in some cases, while in other cases they cross-cut 

faults or abut against them (Shoulders and Cartwright, 2004; Huuse et al. 2004; Bureau 

et al. 2013). Bureau et al. (2013) found that of 400 intrusions in the Faroe-Shetland 

Basin, 33% followed faults, with the primary control being the limb orientation of the 

intrusion. It is interpreted that limbs intrude in the direction of the minimum horizontal 

stress.  

Studies on dykes indicate that they exploit faults as well, especially if the plane of the 

fault is similar to that of the dyke (Gudmundsson, 1983; Ziv et al. 2000; Gaffney et al. 

2007; Le Corvec et al. 2013).  

It is noted that potentially sills may also exploit other pre-existing structures, in 

particular folds; however, as the data used here, does not have good examples of sills 

exploiting folded bedding planes, such sills are not discussed further.  

2.3.4.3   Continuous Transgression 

So far, sills which transgress abruptly have been discussed, either because they 

encounter a fault or because mode II stress intensities created by deforming the 

overburden, are enough to overcome resistance to transgression. However, not all sills 

transgress in this way; instead many sills transgress continuously so as to form smoother 

bowl shapes as described in sections 2.2.1.1 and 2.2.3.1 (fig. 2.14 B). The abrupt 

transgression mechanism described in section 2.3.4.1 only produces significant mode II 

stress intensities once the diameter of the sill is quite large (see fig. 2.15); therefore, in 

order to explain transgression which begins at the sill centre, requires a different 

mechanism. 
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An alternative method to rotate the path of a propagating fracture is for the fracture to 

cross from a stiffer unit with a high Young’s modulus (defined as the ratio of the stress 

over strain for a material) to a less stiff unit with a smaller Young’s modulus. This 

transition causes an upward ‘refraction’ of the fracture. This is a similar process to the 

refraction of slate cleavage, analytically modelled by Treagus (1983, 1988). More 

recently numerical, experimental and field studies have shown its relevance to dykes 

(Maccaferri et al. 2010, 2011) and sills (Hansen et al. 2011). 

The fracture will refract because of the differences in strain either side of a fracture. 

Consider a planar fracture crossing a horizontal lithological boundary, where the unit 

above and below have different Young’s moduli. Unless a fracture is perfectly vertical, 

a planar fracture will have a top surface and bottom surface, with the fluid between 

these surfaces. Of the two surfaces, more of the top surface of the fracture will be within 

the upper lithological unit, than the bottom surface is within the upper lithological unit. 

In the most extreme case: a horizontal fracture at the lithological boundary, the entire 

top surface is in contact with the upper unit, and the entire bottom surface is in contact 

with the lower unit. 

The magma pressure exerts a close to equal stress on the top and bottom of the fracture 

(supposing the fracture is thin and gravitational and other effects are negligible). 

However, as the Young’s moduli are different for the top and bottom surfaces of the 

fracture, the strains will be unequal. The strain will be greater for the lithological unit 

with the smaller Young’s modulus. As the strain is greater on one side of the fracture 

than the other, the plane of the fracture will rotate in the direction of the greater stain. 

For a decrease in Young’s modulus upwards, this will be a rotation towards vertical.          

Young’s modulus increases with depth as the host becomes more compacted and 

lithified, and therefore, the host requires a greater stress to be deformed at depth 

(Schultz et al. 2006) (fig. 2.16). Where the host is approximately homogeneous, one 

would expect an approximately continuous increase in Young’s modulus with depth. 

Because this change is approximately continuous, one would also expect the angle of 

transgression to increase continuously, to give bowl shapes (Hansen et al. 2011) (fig. 

2.14 B). As sills within one unit experience similar changes in Young’s modulus, their 

curvatures are expected to be approximately the same.  
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Fig. 2.16: Relationship between Young's modulus and depth re-plotted from Schultz et al. 

(2006) and Hansen et al. (2011) their fig. 3 and fig. 11 respectively. Young's modulus increases 

with depth.   

2.3.5   Flattening after Transgression 

It is found that some sills transgress upwards and then flatten as they go up toward their 

final terminations (e.g. Symonds et al. 1998; Chevallier and Woodford, 1999; Thomson, 

2004; Thomson and Hutton, 2004; Thomson, 2007b; Polteau et al. 2008b; Thomson and 

Schofield, 2008) (fig. 2.17). This flattening of the transgressive margins has been 

explained in various ways. Thomson (2007b) suggests, for situations where the 

flattening is abrupt, that the cause is, the transgressive margin of the sill encountering an 

appropriate (sub-horizontal) lithological boundary and then intruding along it (fig. 2.17 

A). Numerical modelling (Barnett and Gudmundsson, 2014) shows that when an 

upward propagating, transgressive portion of a sill reaches a lithological boundary it 

will encounter an asymmetrical stress regime. In some cases the sill will propagate 

beyond the boundary, but in other cases the sill will propagate along the boundary 

asymmetrically, such that it propagates away from the transgressive portion of the sill, 

and hence the centre of the sill. This is a similar process to how sills form from dykes, if 

they form at lithological boundaries (Pollard, 1973; Kavanagh et al. 2006; Burchardt, 

2008; Maccaferri et al. 2011; Barnett and Gudmundsson, 2014).      

Continuous flattening of the transgressive margins (fig. 2.17 B) on the other hand has 

been described as a response to pressure loss, as a result of a sill rising above the level 
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of neutral buoyancy (Malthe-Sørenssen et al. 2004) and alternatively as a response to 

flexure of the overburden (O. Galland pers. comm., Nov. 2012). As a sill intrudes it may 

substantially deform the overburden, creating an area of high stress above it and beyond 

its margins (Galland and Scheibert, 2013). This stress exerts itself more on the sill side 

of the transgressive margin. This stress deflects the path of the transgressive margin 

away from the centre of the sill causing the margin to flatten (fig. 2.17 B). In analogue 

experiments where there is no lithological layering, but where there is deformation of 

the overburden, continuous flattening of the transgressive margin is observed, indicating 

that flattening is not always a result of lithological boundaries (Galland et al. 2009). 

It is hypothesised in this thesis, that if Galland’s model is correct it would only apply to 

those sills which deform the overburden significantly, i.e. abruptly transgressive sills 

(fig. 2.14 C). Continuously transgressive sills are not affected by the deformation of the 

overburden, in the simplest cases, but rather by local compression induced by the sill to 

make space for itself. Therefore, because continuous flattening is expected to be the 

result of the overburden being deformed significantly, continuously transgressive sills 

are not expected to continuously flatten towards their margins; in fact as described in 

section 2.3.4.3 they are expected to steepen. 

On the other hand Thomson’s (2007b) model of sill margin flattening, regarding sills 

which reach suitable lithological boundaries, should be applicable to all transgressive 

sills, whether they are continuously transgressive or abruptly transgressive. A flat sill 

margin may develop into a new sill at a higher stratigraphic level, in which case a sill 

feeding relationship occurs (Thomson, 2007b) (fig. 2.17 A).  
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Fig. 2.17 Transgressive margins of sills flattening either abruptly A) or continuously B) 

according to different models. In A) the sill margin flattens abruptly because it reaches a 

suitable lithological boundary. In the case of B) the sill margin flattens as it is directed away 

from the area of high stress above the centre of the sill. Part A: modified from Thomson (2007b) 

– the author’s fig. 14i, modified to take into account asymmetrical propagation (e.g. Barnett and 

Gudmundsson, 2014). Part B: is based on the average sill profile of Galland et al. 2009 (their 

fig. 4d) with additional interpretation based on pers. comm. O. Galland (Nov. 2009) and 

Galland and Scheibert (2013). 

2.3.6   Shallow Sills  

Shallow sills generally cover large areas with minimal transgression and exhibit flow 

related features such lobes, channels and fingers (Trude 2004, Miles and Cartwright 

2010, Rui et al. 2013) as described in section 2.2.3.2. Field studies indicate that at very 

shallow levels, magma intermingles with the surrounding host sediments to form rocks 
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known as peperites (e.g. Skilling et al. 2002). As magma intrudes wet, unconsolidated 

sediments it heats pore fluid. This heat causes the pore fluid to become a vapour; as this 

occurs the fluid violently expands, causing the host to brecciate or fluidize (Kokelaar, 

1982). In such situations, magma often forms bulbous protrusions, tongues and globular 

masses (Schmincke, 1967; Kano, 1989), and even at very shallow levels, pillows (Kano, 

1991). As the magma propagates, it deforms the rock ‘chaotically’ causing tight folds as 

well as meter-scale thrust faults (Duffield et al. 1986). These irregular processes can 

lead to shallow intrusions to have complex geometries built up of multiple seismic 

reflections (Sun et al. 2014). Intrusion into hydrated evaporite salts can also produce 

similar bulbous, peperitic forms (Schofield et al. 2014).    

Even though peperite margins themselves are often discordant (Skilling et al. 2002), the 

sills themselves are unlikely to show much transgression (fig. 2.14 A). This is because 

fluidisation and brittle fracturing limit the elastic stresses required for transgression as 

described in sections 2.3.4.1 and 2.3.4.3. 

2.4   Aims and Challenges  

Even though much work has been done on understanding sill geometries, challenges 

remain. 3D seismic data can be uniquely utilised to resolve the challenges identified 

below because of the ability to visualise sills in 3D and their relationships to the host 

rock.  

Three themes of challenges are focussed on when describing the sill geometries 

observed in the study area. The three themes are: (1) sill transgression, (2) the role of 

lithological boundaries and feeding relationships, and (3) sills exploiting pre-existing 

faults. 

Sill Transgression 

The aim is to show how sill transgression changes, and to identify factors which control 

this change. Both large scale features which describe the overall geometries of the sills, 

as well as smaller-scale features are considered. These smaller scale features include: 

identifying bridge and broken bridge structures, determining if sill margins flatten 

continuously or abruptly, and also identifying propagation features such as channels, 

lobes and fingers. These features can then be combined to determine the propagation 
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histories of the sills, and conclusions can be drawn about what mechanical processes 

were dominant when the sills formed. 

The Role of Lithological Boundaries and Feeding Relationships 

Changes in lithology have been proposed as a major factor in determining where sills 

form (section 2.3.3). Yet, few seismic studies have identified particular lithological 

changes which can be inferred to affect sill propagation. The aim is to identify 

lithological features associated with changes in sill geometry, in particular where the 

margins of sills can be observed to change propagation direction, creating new higher 

level sills, at such lithological changes. An additional aim is to determine the extent of 

such feeding networks. 

Sills Exploiting Pre-existing Faults 

A set of sills is identified with very unusual geometries. It is shown that their 

geometries can be best understood as a series of sills exploiting a polygonally faulted 

lithological unit. No prior study I am aware of has shown a sill exploiting a polygonally 

faulted host.   
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Chapter 3: 
Methods: Sill Identification and Mapping 

The methods used for sill identification and mapping are based on Hansen et al. (2004) 

and Planke et al. (2005), the broader literature and my own experiences.  

3.1 Sill Identification 

Four key characteristics are used to identify sills in seismic data: 

· High amplitude positive reflections 

· Abrupt ends to reflections 

· Characteristic transgressive forms 

In some cases, only some of these features may be present.  

3.1.1 High Amplitude Reflections 

Seismic waves will only be reflected if a change in acoustic impedance (Z) occurs in the 

host. Acoustic impedance is defined as: 

 

where ρ is the density of the host and VP is the P-wave velocity. At a boundary, the 

fraction of energy reflected back up, is determined by the reflection coefficient (R). For 

the case of a seismic wave reflecting perpendicularly off a boundary the reflection 

coefficient is: 

 

where Z1 is the acoustic impedance of the upper unit, and Z2 is the acoustic impedance 

of the lower unit. It is important to note that R can be positive or negative depending on 

whether the change in acoustic impedance is from a lower acoustic impedance to a 

higher acoustic impedance, or the inverse. If the acoustic impedance contrast is from 

lower to higher the reflection is considered positive, if the inverse, then negative. In this 

thesis positive reflections are defined as red and negative reflections as black in seismic 

profiles (fig. 3.1). 
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Fig. 3.1 Colour convention used in this thesis for seismic profiles 

Magmatic sills which intrude sedimentary basins almost always have a greater acoustic 

impedance (Z) than their neighbouring host as basalt both has a higher P-wave velocity 

(VP) (e.g. Planke et al. 1999) and higher density (ρ) than most sedimentary rocks (e.g. 

Berndt et al. 2000) (fig. 3.2). 

 

Fig. 3.2. P-wave velocity (A) and density (B) logs for two different basaltic sills, with a 

metamorphic aureole (MA). Part A is from Planke et al. 1999; well 208/17-1 from the Faroe-

Shetland Basin. Part B is from Berndt et al. 2000; well 6607/5-2 from the Utgard High, Vøring 

Basin.    

As sills have large acoustic impedance contrasts relative to the host, one would naively 

think that sills would be normally identified by a strong positive reflection from their 

tops, followed by a strong negative reflection from their bases, where the acoustic 

impedance contrast is reversed. Very rarely this is observed, though not in the study 

area used for this thesis (fig. 3.3).  
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Fig. 3.3. An example of a sill with a clear positive upper reflection, and a clear negative 

reflection from the Faroe-Shetland Basin. From Rateau et al. (2013).   

Unless the data is very high resolution (high frequency) or the sill is very thick, sill 

reflections are tuned. This means that the top and bottom reflections interfere with each 

other to produce a single reflection. Examples from the study area used in this thesis are 

shown in fig 3.4. 

 

Fig. 3.4. Examples of tuned sill reflections from Edvarda, the Norwegian Sea survey. Vertical 

exaggeration is ~2.1 based on a representative seismic velocity of 3000 ms-1. 

Tuning is the result of the top and bottom reflections coming to the receivers with a 

very short time delay, such that the waves are not separated but rather combine to form 

a single wave. Theoretically, in the case of a zero thickness sill the top and bottom 

reflections would perfectly destructively interfere, and so the sill would produce no 
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reflection. In reality, sills have non-zero thicknesses and therefore, the waves only 

partially interfere. As sill thickness increases, the destructive interference decreases 

causing the sill reflections to have greater seismic amplitudes (fig. 3.5).  

High amplitude anomalies are flanked by anomalies of the opposite sign (top left fig. 

3.3). This means that with increasing sill thickness the top and bottom reflections 

separate to the extent that the waves go into phase. When waves go into phase, the 

combined wave has a greater amplitude than either of the waves individually, this is 

known as constructive interference (fig. 3.5). This means that when the top and bottom 

reflections are separate they can have lower amplitudes than when tuned (fig. 3.5 B). 

This phenomenon can be seen in fig. 3.3, where the reflection amplitude at the sill tips 

is greater than in the sill centre (Rateau et al. 2013).  

 

Fig. 3.5 A: Synthetic 1D seismograms of sills of varying thicknesses from Planke et al. (2015) 

using the following parameters: 20 Hz zero-phase Ricker wavelet, perfectly migrated, no 

transmission loss, host rock and sill seismic velocities and densities are 3000 ms-1, 2.5 Mg m-3, 

and 5500 ms-1, 2.9 Mg m-3 respectively. Top (positive) and bottom (negative) reflections are 

shown with the orange dashed lines. B: Relative seismic amplitude to sill thickness plot from 

Smallwood and Maresh (2002) based on a 26 Hz Ricker wavelet. In this case a tuned maximum 

amplitude occurs for a 60 m thick sill. Parts A and B do not align exactly, due to the different 

seismic frequencies of the inputted waves.   
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Determining the point at which a sill thickness is too thin to be recognised is difficult. 

Some prior studies have used a fraction of the wavelength as a ‘rule of thumb’ to 

determine when a sill is unresolvable, however, as the plots show there is no distinctive 

cut off at which point the amplitude decreases to zero (fig. 3.5). Instead using real 

seismic data, the detection limit occurs when the ratio of signal to noise becomes too 

small (Planke et al. in press). 

3.1.2 Issues with Seismic Imaging 

It is always worth remembering when using seismic data that what is observed is a 

representation of the subsurface rather than a true image of it. There are, therefore, some 

differences between what is observed on a seismic workstation and what exists in the 

subsurface.  

The most obvious difference, perhaps, is that the seismic images are in two-way-time 

(TWT) rather than depth i.e. the data has not been depth converted. Converting from 

TWT to depth is intrinsically uncertain as the seismic velocity of the subsurface is not 

known exactly. For the Norwegian data set, the seismic velocities can be estimated 

based on well 6403/6-1. For the level of the sills and associated venting structures, the 

host rock P-wave velocities vary from approximately 2000 ms-1 to 3000 ms-1. P-wave 

velocities within basaltic sills are expected to be significantly greater and vary from 

approximately 5600 ms-1 to 6800 ms-1 (based on values for ‘diabase’ in Turcotte and 

Schubert, 2002).  

Nearly all seismic profiles in this thesis are vertically exaggerated so as to show sill 

transgression and other features as clearly as possible. In this thesis, figure captions 

indicate what velocity has been used for the scale bars, based on the primary feature 

shown in each figure. However, the scale bars are representative, and the vertical 

exaggeration will vary within figures, generally increasing towards the top of the image. 

Vertical exaggeration varies from approximately 2.1x for a seismic P-wave velocity of 

3000 ms-1 to 3.1x for a seismic velocity of 2000 ms-1 in seismic profiles. As an example, 

a vertical exaggeration of 2.1x means that a horizontal distance of some set amount (e.g. 

1 km) would be 2.1 times greater in the vertical direction than in the horizontal 

direction. 3D visualisations are exaggerated a little differently, and the vertical 

exaggeration used is indicated in the respective figure captions. 
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Seismic velocity variation within the host can cause the seismic data to become 

distorted relative to the true geological structure. This particularly occurs where the host 

changes its lithology horizontally, for example, changing from a bedded mudstone to a 

mass transport deposit with a chaotic internal structure. The compositions and pore 

structures of these two hosts will differ, meaning they will most likely have different 

seismic velocities. It will take less time for seismic waves to travel through the 

seismically faster host, and therefore, the fast unit will appear to be thinner than the unit 

with the slower seismic velocity, if they have the same true thicknesses (in meters). This 

effect will continue below these two units. If for example there is a horizon which is 

horizontal below these two units, it will be ‘pulled-up’ below the fast unit and ‘pushed-

down’ below the slow unit. An example of this is shown in fig. 3.6 from the Norwegian 

data set, however, it is worth noting that fortuitously such effects appear to be rare 

where the sills occur. 

 

Fig. 3.6. A change in lithology and change in seabed depth causes a distortion to the seismic 

data. The chaotic lithological unit appears to have a faster seismic velocity pulling-up the 

seismic data below it. Vertical exaggeration is ~3.1 based on a representative seismic velocity of 

2000 ms-1. 

Another type of issue occurs due to the way the data is processed and the creation of 

apparent seismic reflections which appear to be spurious. When seismic data is 

collected after being acquired at sea, the data comes in a form which can not be 

immediately visualised and needs to be processed to be viewed in the form presented in 
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this thesis or viewed on a workstation. The data was processed before it became 

available to be used for this thesis. While overall the processing appears to be of very 

high quality, a few types of ‘seismic artefact’ are worth highlighting. A seismic artefact 

is a feature observed in seismic data, which does not correspond to a geological feature. 

A significant part of processing is an aspect known as ‘migration’. Migration is the 

process that moves seismic data so as to be in the correct subsurface location, making 

seismic data easier and more accurate to interpret. Two primary affects are corrected 

with migration: first, reflections created from structures which consist of dipping 

reflectors (e.g. synclines), and second, reflectors which diffract waves (Gray et al. 

2001). Diffraction occurs when a wave spreads after encountering an obstacle. A visual 

example would be planar water waves propagating up to a wall with a thin gap. The 

waves propagate through the gap, but are no longer planar, and instead radiate away 

from the gap as approximately semi-circular waves. Abrupt changes in rock type are 

common diffractors, for example faults, unconformities and abrupt changes from one 

lithology to another (e.g. the edge of a carbonate reef or sill). Migration attempts to 

undo these wave-propagation effects to produce a more realistic image (Gray et al. 

2001). 

Migration requires making an estimate of the seismic velocity field of the data. If the 

velocity field chosen is too fast or two slow, migration artefacts are imaged (Zhu et al. 

1998). From point-like diffractors these are shaped like hyperbolas, concave-up are 

called ‘smiles’, if they are concave-down they are called ‘frowns’ (Zhu et al. 1998). 

Smiles occur when the estimate of the seismic velocity field is too high, and frowns 

occur when the velocity field is too low, if the velocity is estimated correctly the 

diffractors become point-like (Zhu et al. 1998). The hyperbolic form of these features 

makes them recognisable in seismic data. Fig. 3.7 shows an example of a smile from the 

Norwegian data set, though it is worth noting smiles occur rarely in the seismic data and 

frowns were not identified.  
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Fig. 3.7 A sill reflection, with a migration error causing a ‘smile’ to appear. The hyperbolic 

geometry makes them relatively easy to recognise. Vertical exaggeration is ~2.1 based on a 

representative seismic velocity of 3000 ms-1. 

 

Fig. 3.8 Examples of interpreted reverberations below a sill in the Norwegian survey area. 

Vertical exaggeration is ~2.5 based on a representative seismic velocity of 2500 ms-1. 

Another imaging issue occurs below sills. Because, of the large acoustic impedance 

contrast between the sills and the host, significant quantities of seismic energy gets 

reflected within the sill multiple times, creating a ‘reverberation’. The term ‘ringing’ is 

also used. These additional reflections mean that the sill does not produce a single 

discrete reflection but rather a diminishing amplitude response with time. This is similar 

to the creation of ‘multiples’, where an echo of a reflection is observed after a time 

delay. However, unlike simpler multiples, reverberations occur so soon after the 

primary (first) reflection that there is not a significant gap in time between signals. An 
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additional complication is that when seismic waves reflect they will generally produce 

both P-wave and S-wave reflections. This means that the original P-wave could reflect 

into an S-wave, which then after another reflection converts back into a P-wave. As P-

waves and S-waves travel at different velocities this converted P-wave response will be 

delayed relative to the unconverted P-wave created through the same reflection 

sequence. Similar issues also occur when imaging below thick basalt lava sequences, 

which contain both basaltic lavas and sedimentary beds (e.g. Pujol et al. 1989; Planke et 

al. 2000; Fliedner and White, 2001; Maresh et al. 2006). The effect is generally much 

more significant for thick basaltic lava sequences than for sills.  

An example of reverberations below a sill is shown in fig. 3.8 from the Norwegian data 

set. They appear as areas of high amplitude, below the primary seismic reflection of the 

sill.  

3.2 Sill Mapping and Visualisation 

Two different methods have primarily been used to visualise sills. In both cases the 

ultimate aim is often to represent the sills in 3D. These two methods are only applicable 

if 3D rather than 2D seismic data is interpreted. The two primary methods are ‘opacity 

rendering’ and ‘picking’.  

The opacity rendering technique visualises sills directly in 3D. A volume of data is 

loaded into a 3D seismic interpretation software package. The sills have higher 

amplitude responses than the surrounding host (section 3.1.1); by altering the opacity of 

the volume to be dependent on seismic amplitude, high amplitude responses can be 

made opaque while leaving the low amplitude responses transparent. This means in 

practice the seismic response of the sills can be visualised within a transparent host. 

Various studies have used this method or very similar techniques including: Skogly 

(1998), Bell and Butcher (2002), Smallwood and Maresh (2002), Thomson (2004), 

Thomson and Hutton (2004), Thomson (2007b), Thomson and Schofield (2008), 

Schofield et al. (2012a), and Rohrman (2013).  

The picking technique does not visualise the seismic data directly but instead visualises 

an interpretation made using 2D profiles through the 3D seismic data volume. These 

interpretations are then viewed either as maps, generally with varying colours 

representing depth or TWT, or in 3D as surfaces. These maps or surfaces can also show 

seismic attributes. Examples of studies which have used the picking method include: 
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Hansen et al. (2004), Trude (2004), Malthe-Sørenssen et al. (2004), Corfield et al. 

(2004), Hansen and Cartwright (2006a,b), Cartwright and Hansen (2006), Polteau et al. 

(2008b), Moy and Imber (2009), Miles and Cartwright (2010), Holford et al. (2012), 

Magee et al. (2013a,b), Magee et al. (2014a).  

More rarely other methods have been used including ‘autotracking on the impedance 

inversion volume’ and ‘geobody extraction from the impedance volume’ (Smallwood 

and Harding, 2009; Smallwood, 2009). These techniques do not use the 3D seismic data 

directly but rather use a volume where the values of the data are the acoustic 

impedances of the rock. This is created by processing the original seismic data. Because 

sills have higher acoustic impedance values than the host, the sills can be identified and 

isolated. Because acoustic impedance volumes were not available for this thesis, these 

methods were not considered further.     

3.2.1 The Picking Method 

The picking method was primarily used for interpreting sills for this thesis so is 

described at greater length.  

Picking is a manual technique where the interpreter selects a reflection (in this case a 

sill) and in effect clicks along the reflection using a computer mouse, creating a series of 

points. The exact position of the point is determined to be the maximum amplitude close 

to the point of clicking (there are variable options but this is the most common 

technique). The computer program then connects these points through a process called 

‘autotracking’ by following the maximum amplitude between the two points (again 

there are alternative options but this is the most common) (fig. 3.9) 

Errors do occur, either due to human error where the interpreter does not click in the 

correct location or due to programming error, where the program chooses the wrong 

high amplitude response (fig. 3.9). This particularly occurs where the reflection is offset 

(e.g. by a fault) or where the reflection is steep. In rare cases where autotracking 

produces too many errors, autotracking may be effectively turned off and the sill 

interpreted manually, though this is much more time consuming.  
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Fig. 3.9 Seismic interpretation of a sill (in blue) with errors. Part A shows the original picked 

points; part B shows the ultimate interpretation after tracking. Two errors are shown, on the left 

a human error caused by picking the sill incorrectly and on the right a tracking error caused by 

the large distance between points and the steep geometry of the reflection. The interpretation 

shown here, is used only for this figure. Vertical exaggeration is ~2.1 based on a representative 

seismic velocity of 3000 ms-1. 

Once an interpretation is made, then another profile is chosen through the seismic data. 

The new profile is chosen to cross prior interpretations so that the same reflection can 

be identified. It is unnecessary to map every seismic line and instead a grid is produced 

of interpreted lines. In some cases these lines are perpendicular to each other, following 

the axes of the data: the ‘in-lines’ and ‘cross-lines’, however, sills have complex 

geometries and so it is often beneficial to map the sill using ‘arbitrary’ lines which are 

at an angle to the in- and cross-lines. An example of such a grid is shown in fig. 3.10 A. 
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Fig. 3.10. A: A grid produced by manually mapping a sill using the picking method. Note: the 

radial pattern in the southern half to gain a broad outline of the sill extent; the much denser 

interpretation at the sill margin; and the high density mapping where the sill geometry is 

complex (such as where the sill margin curves inwards). B: shows the final map made using 

ASAP and more rarely interpolation. The east margin of the sill map is straight as it is the edge 

of the data. The angular features close to the NE and SE corners of the map, are areas where the 

seismic data deteriorates in quality and the sill cannot be mapped.     
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Once a grid is produced a software module called Automatic Seismic Area Picker 

(ASAP) is used to fill the gaps between lines. Like autotracking, ASAP uses the seismic 

data to find the high amplitude reflection which is being mapped. ASAP is also prone to 

errors, where it maps a reflection not as intended. Generally speaking closer interpreted 

lines produce fewer errors. Particular issues occur where the sill changes depth abruptly, 

or a sill splits, or two sills cross-cut each other. Generally, in these cases ASAP is 

unable to determine which reflection is intended to be mapped. In these cases the first 

plan of action is to reduce the spacing between interpreted lines. In the most extreme 

cases, line by line mapping is required. Rarely interpolation is used, which unlike ASAP 

just makes a flat plane between two lines (the direction of the interpolation can be 

chosen). The final result is a surface called a ‘horizon’ which is a continuous 

representation of the interpretation (e.g. of a sill) (fig. 3.10 B).  

ASAP also has an issue at the sill margins, as it is unable to determine accurately the 

location of the edge of the sill reflector. In order to get an accurate representation of the 

sill margin, the sill is mapped with many more lines towards the margin. It is generally 

easiest to map the margin with lines perpendicular to the margin, so arbitrary lines are 

used often in these areas.  

What geologically the margin of the interpreted sill represents is difficult to say. In 

some cases the sill will be thick and abruptly come to an end, in which case the seismic 

interpretation of the sill margin will be a true geological representation of the sill 

margin. However, in some cases sill margins may taper so as to become thinner. In 

these cases the interpreter must determine, by eye, at what point the seismic response of 

the sill becomes indistinguishable from that of the host. The margins of the sills shown 

in this thesis (and other seismic studies) are therefore, often not the true geological 

margins of the sills. What is therefore observed is the thicker portion of the sill which is 

presumably the central region of the sill.  

Determining the difference between the outline of a sill in seismic data as compared to 

in reality is an interesting question that is not possible to answer with seismic data 

alone. An example of this discrepancy occurs where a small sample of basalt was 

acquired in well 6403/6-1. The sample was acquired at a similar stratigraphic level as a 

nearby high amplitude reflection interpreted as a sill, but the sample was acquired ~650 

m away from the apparent sill termination (fig. 3.11).  
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Fig. 3.11 Basalt sample location, relative to the nearest sill. The seismic reflection terminates 

well before where a basalt sample was obtained in vertical well 6403/6-1. Vertical exaggeration 

is ~3.1 based on a representative seismic velocity of 2000 ms-1. Figure shows part of cross-line 

4342. 

3.2.2 Comparison of Picking and Opacity Rendering Methods    

Both the picking and opacity rendering methods have advantages and disadvantages.  

Advantages of the Opacity Rendering Method: 

· Faster than picking, because no mapping is required, though seismic profiles 

need to be used to identify the volume to be visualised. 

· Can deal with multiple intrusions without needing to map them individually a 

process which has some difficulties using the picking method. 

· Very little bias in the final representation. As described above, the picking 

method requires human choices to be made. However, even using the opacity 

rendering method, a little bias is created through the choice of the opacity 

parameters. 

Disadvantages of the Opacity Rendering Method: 

· High amplitude reflections are visualised even if they are not sills 

o Seismic artefacts and noise 

o Other geological features 

o Shallow sediments are often visualised because they have a high 

amplitude response, because amplitude generally decreases with depth, 

due to energy loss with penetration depth. These shallow high 

amplitude layers can obscure deeper sills 

· Lower amplitude parts of sills are not visualised.  
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o A low amplitude response that extends or connects to higher amplitude 

responses of a sill can be mapped using the picking method, but not 

with opacity rendering 

· Difficult to focus on an individual sill or a set of sills, especially if they are 

close together 

· Computer memory and processing may limit opacity rendering to volumes 

smaller than the extent of the seismic data    

      

Advantages of the Picking Method: 

· Sill horizons are produced. Horizons can be used to identify features which are 

easier to miss when interpreting the amplitude response alone. 

· Sill horizons can be easily plotted in terms of TWT 

· Seismic attributes such as dip (the angle of slope) and dip azimuth (the 

direction of slope) can be mapped.  

· Amplitude can be mapped rather than observed purely as a variation in opacity 

or in some cases colour  

· Individual sills can be visualised easily in 3D and relationships between sills 

can be observed clearly, without being obscured by other high amplitude 

responses 

· Maps can be compared to other geological structures which cannot be observed 

using opacity rendering. In this thesis, sill geometries are compared to faults, 

vents and changes in lithology, none of which show up well using opacity 

rendering methods alone.   

· Sill margins are better defined, because they are determined by eye 

· Seismic artefacts and resonances can be identified and not mapped 

 Disadvantages of the Picking Method: 

· More time consuming generally, however, as sills are relatively small in area as 

compared to some lithological structures and relatively easy to identify due to 

their high amplitudes, picking is not too time consuming. Also the quality of 

the maps produced can be varied depending on the need.  

· Potential for human bias. This is true, but by mapping in many directions, and 

by visualising in 3D, human bias can be reduced to be less significant. Due to 
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the nature of seismic data uncertainty will always be present and can only be 

minimised.    

A comparison of the two different techniques is shown below for two cross cutting sills 

in the Norwegian data set (fig. 3.12). The upper two images use the same virtual 

viewing position. In fig. 3.12 A, two picked ‘horizons’ are shown in yellow and red. 

The horizons are shown as reflective ‘metallic’ sheets which reflect virtual light sources 

(in this case from vertically above and below) to aid in visualising the 3D geometry.  

In fig. 3.12 B, a volume which exactly encompasses the two sills is shown (the volume 

has a green outline). The opacity is varied following the function shown in fig. 3.12 C. 

The opacity is greatest for higher amplitude responses (both positive and negative 

amplitude). Low amplitude responses which form the majority of the volume are 

rendered transparent (zero percent opacity). To emphasise the variation in amplitude 

further, a colour scheme was chosen so that the highest amplitude areas are red 

decreasing through yellow to white. Both the colour scheme and opacity function are 

symmetric.  

Even though the opacity function was optimised, I would suggest the image created 

through the picking method (fig. 3.12 A) is much clearer than the one created through 

the opacity rendering method (fig. 3.12 B). The lighting and discreteness of the horizons 

representing the sills makes them much easier to interpret. The opacity rendered image 

is much more difficult to interpret. The sills can be identified, but parts of them are 

rendered transparent due to having low amplitudes. Lower amplitudes can be made 

opaque or translucent to counter this, however, this causes the host which is not 

intruded, to become opaque or translucent, making the figure ‘foggy’. Structures like 

the cross-cutting relationship are much less clear. Additionally, there are many high 

amplitude responses unrelated to the two sills focussed on. In most cases these are other 

sills. Their presence is distracting and volumes with many sills become difficult to 

interpret. Furthermore, it is more difficult to visualise the opacity rendered image when 

printed on a page, because the lack of clear surfaces makes interpreting the 3D 

perspective of the image more difficult. 

Perhaps it is finally worth mentioning that while the picked interpretation is clearer, it 

does take significantly longer to create. The opacity rendered image could be created in 

matter of hours while the picked image would take days to weeks to produce from 

scratch. Though recent software advances may be able to reduce the time taken.  
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Fig. 3.12 See figure caption on next page. 
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On previous page: Fig. 3.12 Comparison between the picking (part A) and opacity rendering 

(part B) methods to visualise and interpret sills. The opacity function used for the opacity 

rendered image is shown in part C, with the corresponding colour scheme below. The virtual 

viewing positions are identical for both images and are looking NNW; the vertical exaggeration 

is approximately x2.5 for a representative seismic velocity of 3000 ms-1. The volume shown for 

opacity rendering (which is the same as the volume in which the sill horizons are present) is ~25 

km wide and ~43 km long and 1050 ms TWT deep. For a representative seismic velocity of 

3000 ms-1, 1050 ms equates to ~1.8 km. The box is from in-line 1968 to 4000, cross-line 1860 

to 5310 and TWT 4050 ms to 5100 ms.
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Chapter 4: 
Sill Geometries within the Edvarda Survey, 

Offshore Norway 

This chapter aims to describe the sill geometries within the Norwegian study area 

(Edvarda), and to identify features which indicate how the sills propagated. Relevant 

stratigraphic and structural features of the survey are also described. The focus of this 

chapter is primarily on the sills as individual features, while the discussion chapter (6) 

takes a more holistic approach to discussing the geometries of the sills and their 

propagation histories.  

4.1 Location and Data 

The Norwegian survey, named Edvarda, is situated ~210 km offshore Norway, NW 

from the province of Møre og Romsdal, Norway. The survey is situated in the 

Norwegian Sea, the northeast portion of the Atlantic Ocean. The area of the data where 

the seismic data is present and high enough quality to map, is bounded approximately 

by a quadrilateral with the following co-ordinates: 64° 51’ N 03° 27’ E, 64° 54’ N 03° 

58’ E, 64° 21’ N 04° 13’ E, 64° 22’ N 03° 40’ E (fig. 4.1).  

The seismic data was acquired by PGS using the vessel Ramform Valiant in 2002 with 

the original name of MC3D-MGS2002. The total survey area is 1843 km2. Two 3090 

cubic inch air guns were used as sources and ten streamers of 6000 m length were used 

for receivers. The streamer separation was 100 m. The shot interval was 25 m (the 

distance between successive ‘shots’ from the sources as the ship moves forward). The 

sampling rate was 2.0 ms (the discrete time gap between successive samples of the 

seismic response). The record length was 8192 ms (the time period over which the data 

was recorded). The data has a seismic line spacing of 25 m (in both the inline and 

crossline directions). Only the final time-migrated cube was available for this study. 

Migration was done by PGS using PSTM (pre-stack time migration) gathers. 

The seismic frequency of the data varies, decreasing with depth. At the level of the 

vents (the most shallow features investigated in detail for this thesis) the dominant 

frequency is ~40 Hz with an approximate range of 22-62 Hz. Deeper, where the sills are 

present the dominant frequency is ~11 Hz, with an approximate range of 5-23 Hz. The 

data was determined to be approximately zero phase, because the seabed reflection is 
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very close to symmetrical. The area which can be interpreted accurately is smaller than 

the area where seismic lines are nominally present, because either the data is not 

available or is distorted significantly as at the survey margins. An outline of the 

interpretable survey area is shown in fig. 4.1. 

The frequency of the data gives an indication of the vertical resolution of the data. 

Brown (2004) defines two limits. The wider limit is the ‘limit of separability’ defined as 

“the bed thickness corresponding to the closest separation of two wavelets of a given 

bandwidth” this is equals the wavelength divided by four (Brown, 2004). The thinner 

limit is the ‘limit of visibility’ which is defined as being reached “when the reflection 

signal becomes obscured by the background noise” (Brown, 2004). Unlike, the limit of 

separability which is purely dependent on the wavelength of the data, the limit of 

visibility is dependent on the acoustic contrast between the formation and the 

surrounding host, random and systematic noise in the data, the phase of the data and the 

shape of seismic wavelet (Brown, 2004). Sills have very large acoustic contrasts 

meaning their visibility will be high. The wavelength divided 20 or 30 is used as 

common ‘rule of thumb’ for the limit of visibility in good quality data (e.g. Brown, 

2004; Simm and Bacon, 2014).  

Based on velocities calculated using well 6403/6-1 in the study area (described later) the 

seismic velocity at the level of the vents is approximately 2000 ms-1 and the seismic 

velocity where deeper sills are present is approximately 3000 ms-1. The following table 

(table 4.1) summarises the resolution of the data.    

Depth Dominant 
Frequency 

Velocity 
(approximate) 

Wavelength 
(λ) 

Limit of 
Separability 
(λ/4) 

Limit of 
Visibility 
(~λ/30) 

Level of 
Vents 

40 Hz 2000 ms-1 50 m 12.5 m ~1.7 m 

Deeper Sills 11 Hz 3000 ms-1 270 m 68 m ~9 m 

 

Table 4.1 Table showing the values of the seismic resolution of the data and the values used to 

calculate the seismic resolutions at the depths of interest. 
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Fig 4.1 Interpretable survey area relative to the inlines and crosslines of the survey area.  
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4.1.1 Geological Setting 

The sills are associated with North Atlantic breakup between Norway and Greenland, 

which resulted in large amounts of magmatism creating the ‘North Atlantic Igneous 

Province’ (e.g. Saunders et al. 1997; Faleide et al. 2008). Two sills which are 

interpreted to be of approximately the same age as the sills investigated in this thesis, 

were dated to be 55.6 ± 0.3 Ma and 56.3 ± 0.4 Ma using U-Pb ratios in zircon crystals 

(Svensen et al. 2010a). Svensen et al. (2010a) sampled core from the 6607/5-2 borehole 

drilled by Esso in 1991. The samples were enriched using heavy liquid and magnetic 

separation, zircon and baddeleyite crystals were chosen for dating by hand picking. 

Detrital crystals were avoided. The uncertainties of the ages represent two standard 

deviations. Svensen et al. (2010a) consider the method more reliable than the more 

widely applied 40Ar/39Ar method using plagioclase. 

The age derived by Svensen et al. (2010a) coincides with the Paleocene-Eocene 

transition. At the transition, was a major climatic event involving an increase in global 

temperatures by ~5 °C for ~200 kyrs, which has been associated with venting associated 

with sills in the North Atlantic (Svensen et al. 2004). 

The structure of the Norwegian Margin is described in detail in Brekke (2000), a 

summary of which is given here. From east to west the Norwegian Margin has four 

distinct regions (fig. 4.2). Furthest east is the Norwegian basement which constitutes the 

majority of the bedrock of central Norway. Offshore, going west, Jurassic and Triassic 

units remain relatively shallow in a region known as the Trøndelag Platform; the 

westernmost part is known as the Halten Terrace (fig. 4.2). Further west, Jurassic units 

are either much deeper or absent, and Cretaceous units are much thicker, this region 

constitutes most of the Møre and Vøring Basins. The Møre and Vøring Basins are 

separated by the Jan Mayen Lineament, a linear extension of the Jan Mayen Fracture 

Zone which occurs in the oceanic crust and extends to the island of Jan Mayen in the 

North Atlantic.  The study area occurs over the Jan Mayen lineament, i.e. at the 

transition between the Møre and Vøring Basins. The Møre and Vøring Basins are folded 

(discussed further below), the study area is situated where the Modgunn Arch is (fig. 

4.2). The most western region of the Norwegian Margin is the transition to oceanic 

crust, and associated lavas (fig. 4.2). 

The transition between continental crust and oceanic crust was in part investigated 

through Ocean Drilling Program (ODP) leg 104 (Eldholm et al. 1989). Seaward dipping 
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reflector sequences were focussed on. A minimum age of 54.5 Ma was determined for 

the extrusion of the uppermost flows, based on celadonite, a late alteration product 

(LeHurray and Johnson, 1989). The age was determined using Rb-Sr ratios. A similar 

age (~55 Ma) was determined more recently using 40Ar/39Ar of a tuff at site 642 of the 

same ODP leg (Sinton et al. 1998). The ages are similar to those calculated for two sills 

in the Vøring Basin described earlier (Svensen et al. 2010a). Oceanic crust formation is 

likely to begin marginally earlier however, during the middle part of Chron 24.2R (57-

57.5 Ma), with partial melting of the mantle beginning even earlier in the Paleocene 

(Eldholm et al. 1989).    
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Fig. 4.2 Geoseismic line through the survey area (marked approximately) from Brekke (2000) 

with map below also from Brekke (2000) showing the profile line. 
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4.2 Seafloor 

The Vøring Plateau is an extensive region of shallower ocean offshore Norway (fig. 

4.3). The seafloor was mapped and shallows towards the Vøring Plateau (fig. 4.4). Sills 

are not observed to impact the seafloor directly or indirectly. The angular margin of the 

seafloor map (fig. 4.4) is the result of only mapping the portions of the data which are of 

high quality and not significantly distorted.  

 

 

Fig. 4.3 Location of interpretable survey area on a topographic and bathymetric map created by 

the United States National Oceanic Atmospheric Administration (NOAA) called ETOPO1 

(Amante and Eakins, 2009). Elevation scale shown on the right is in meters from mean sea 

level. 
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Fig. 4.4 Seafloor map, with latitude and longitude axes. Map in two-way-time (TWT). Below 

map is a representative profile following the line shown on the map. Location of well 6403/6-1 

shown. 
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4.3 Stratigraphy and Structure 

A well drilled for Statoil, 6403/6-1, was drilled in the study area (see fig. 4.4 for 

location). The coordinates of the well are: 64° 36’ 30.1’’ N 03° 43’ 09.3’’ E. The 

following table summarises the stratigraphy from the well report (table 4.2). The final 

column summarises the key stratigraphic relationships to the sills, I have observed. 

After the table is a summary of the well log, with the lithologies determined through the 

cutting analysis.  

Depth of 
Formation 
Top from 
Mean Sea 
Level (m) 

Group/ 
Formation 

or 
Member   

Age of 
Formation 

Rock 
Description 

Depositional 
Environment 

Relationship 
to Sills 

1721 Nordland/ 
Naust 
Formation  

Pleistocene - 
Holocene 

Soft clays and 
at greater 
depths 
glaciomarine 
clays, no 
boulders 
encountered  

Bathyal (deep 
marine 
immediately 
beyond the 
continental 
shelf), 
glaciomarine  

No visible 
features 
related to 
sills at 
present day 
seafloor.  
 
At depth, 
folds created 
through 
differential 
compaction 
can be 
observed to 
extend above 
vents. The 
vents are 
created by 
underlying 
sills.  

1761 Nordland/ 
Kai 
Formation 

Miocene - 
Oligocene 

Claystone and 
siliceous ooze 

Bathyal (?) 

1881 Hordaland
/Brygge 
Formation 

Oligocene – 
Lower 
Eocene 

Claystone and 
siliceous 
oozes. Opal 
A/CT 
transition at 
1990 m. 

Bathyal (?) 

2115 Rogaland/
Tare 
Formation 

Lower 
Eocene – 
Upper 
Paleocene 

Claystones and 
varicoloured 
tuffaceous 
claystones  
 

Bathyal (?) 

2231 Rogaland/ 
Tang 
Formation 

Paleocene Claystones, 
tuffaceous 
claystones and 
minor amounts 
of basalt and 
rhyolite. 
Traces of thin 
limestones. 
Rhyolite 
consisted of 
white specs 
and stringers. 
It appeared to 
be a tuff.   

Bathyal  Tare-Tang 
formation 
boundary is 
the 
stratigraphic 
boundary 
where vents 
occur and is 
therefore 
considered 
the paleo-
seafloor at 
the time of 
sill 
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formation. 
 
 
A small 
sample of 
basalt was 
recovered at 
a depth of 
2378 m from 
mean sea 
level. I 
interpret this 
as part of a 
sill (fig. 3.11) 
– see below 
for further 
details.  

2413.5 Shetland/ 
Springar 
Formation 

Maastrichtian 
– Campanian 

Dominated by 
claystones 
with minor 
amounts of 
limestone and 
a few grains of 
sand. 
Occasionally 
silty intervals 
grading into 
very fine 
sandstones 

Marine: 
continental 
shelf – upper 
bathyal  

First sill 
reflections 
are observed 
at the 
Springar-
Tang 
formation 
boundary and 
continue to 
occur 
throughout 
the deeper 
successions.  
 
The top of 
the Nise 
Formation 
can be 
observed in 
the seismic 
data as a 
predominant-
ly neg-ative 
reflection. 
Changes in 
sill geometry 
are found to 
be associated 
with the 
boundary.   

3022.5 Shetland/
Nise 
Formation 

Campanian Consists 
mainly of 
claystone with 
minor amounts 
of limestone, 
sandstone and 
dolomite. 
Often 
laminated.  
 
A predicted 
sandstone 
reservoir at the 
top of the Nise 
Formation 
contained 
significantly 
less sandstone 
than expected.  
Sandstones 
were only 
observed as 
traces (5%). 

Continental 
shelf – upper 
bathyal 
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Sandstones 
consist of very 
fine to fine 
grained, sub-
rounded, well 
sorted loose 
quartz. 
Occasionally 
some weakly 
cemented 
aggregates 
occur. 

3450 Shetland/
Kvitnos 
Formation 

Santonian - 
Coniacian 

Consists 
mainly of 
claystones 
interbedded 
with silty 
sandstone and 
siltstone with 
minor stringers 
of limestone.  

Continental 
shelf – upper 
to middle 
bathyal. 
Lower part 
resembles a 
turbidite 
sequence  

3993 Shetland/ 
Lysing 
Member 

Coniacian Consists 
mainly of 
claystones 
interbedded 
with and 
grading into 
sandstones and 
siltstones 

Continental 
shelf – upper 
to middle 
bathyal 

4094.5 Final 
Depth 

N/A N/A N/A N/A 

      

Table 4.2 Summary of the stratigraphy based on the 6403/6-1 well report (Statoil, 2007) (first 

five columns) and relationship to sills as observed by myself primarily (final column).  

Fig. 4.5 shows the gamma ray, sonic log and resistivity logs of well 6403/6-1. The three 

logs are broadly speaking more variable in the Tertiary Formations (Tang and younger 

than in the Cretaceous Formations (Springar and older). The well report (Statoil, 2007) 

notes some significant changes in the log responses (fig. 4.6). These include: the Opal 

A/CT boundary as a sharp increase in gamma-ray, resistivity and sonic data; the Tare 

Formation increases gradually in both sonic and resistivity logs; the top of the Tang 

Formation is marked by a decrease in resistivity and sonic data; the top of the Springar 

Formation is identified as a slight increase in resistivity; the top of the Nise Formation is 

identified by a slight increase in resistivity and slight drops in gamma and sonic; Top 

Lysing is identified by a decrease in gamma-ray and increase in resistivity. The Kvitnos 
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Formation was identified biostratigraphically as the Santonian-Campanian boundary 

rather than using the log responses. 

 

On next page: Fig 4.5 Well logs from well 6403/6-1 (available on the Norwegian Petroleum 

Directorate webpage and well report). From left to right: The first column is the total vertical 

depth from sea level (sub sea) in meters; the second and third columns are the interpreted 

lithological groups and formations respectively based on cutting analysis and geophysical 

responses; the third, fourth and fifth columns are the gamma ray, sonic and deep resistivity logs 

respectively; the seventh column is the lithological summary from the well report, the key to 

which is at the bottom of figure; the final columns refer to the interpreted geological time 

periods. 
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Fig. 4.5 See figure caption on previous page.  
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Fig. 4.6 Well tie to well 6403/6-1 modified from the well report (Statoil, 2007). Figure specific 

colour bar shown below. Along the well in red is the gamma ray, blue the resistivity and yellow 

the seismic trace. An expanded version of this profile – crossline 4342 (with a different vertical 

exaggeration) is shown in fig. 4.7 profile Y-Y’.  
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As mentioned in table 4.2, the well report briefly describes a small basalt sample 

(cutting). In the well site sample description it is described as: black to dark grey in 

colour, very hard, bulky and microcrystalline. There were no additional remarks, for 

example regarding the vesicularity of the sample nor was the weight of the sample 

given. At the same depth (2378-2379 m below mean sea level), the drilling summary 

describes an approximately one meter interval as a “hard stringer with tuffaceous 

claystone interbedded with basalt” In the lithostratigraphic description summarising the 

lithologies in the well the sample is interpreted to be an ‘extrusive’.  

Millet et al. (2014) argue cuttings from intrusive facies have the following features: that 

they are blocky, crystalline, are generally fresh, vesicles are not excluded but are less 

common at depth, may be coarser grained and or differentiated. Based on these 

characteristics one may tend to support an intrusive origin because the cutting was 

described as ‘blocky’, weathering was not mentioned and nor were vesicles or glass, 

however, parts of lava flows would also have these features (Millet et al. 2014) and as 

Millet et al. (2014) notes, intrusive facies may be “indistinguishable from [lava] 

flow[s]”. The small crystals could be interpreted to be the result of the magma cooling 

fast, because the intrusion would be very thin where the sample was gathered (below 

seismic resolvability as described in section 3.2.1 – fig. 3.11). Therefore, based on the 

features of the well report alone, it is considered impossible to confidently determine 

whether the sample was from an intrusion or extrusion. However, as described in 

section 3.2.1 the sample appears close to the termination of a high amplitude reflection 

which is resolved ~650 m away from the well. This high amplitude reflection is 

interpreted to be a sill as described later in section 4.4.4.1; therefore, the sample too is 

interpreted to come from that sill (called ShalSill). 

The claystones of the Tare and Tang Formations contain ash. The Tare formation has a 

tuff content which is correlated to the Balder Formation (which also contains tuff) in the 

North Sea and Faroe-Shetland Basin (Dalland et al. 1988). The Balder Formation is 

composed of varicoloured, fissile claystones with interbedded grey, green or buff tuffs 

(Mudge and Copestake, 1992). They tuffs are equivalent in age to the ash bearing Mo 

Clay of Denmark (Mudge and Copestake, 1992). The regional distribution of the ash 

deposits indicates they are not likely to be sourced locally. 
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Sills are observed to occur in units deeper than that penetrated by the well. The seismic 

data quality decreases with depth, and no clear cut-off was observed beyond which sills 

do not occur. Sills can confidently be identified at depths of approximately 5000 ms, 

and potentially up to depths of approximately 6000 ms, about 5.5 km and 7.5 km below 

mean sea level respectively. There is no visually observable indication of the basement, 

occurring at these depths. The sills are interpreted to be basaltic in the study area 

because they are geometrically similar to sills with tied wells which are found to be 

basaltic (e.g. Planke et al. 1999; Berndt et al. 2000; Bell and Butcher, 2002; Moy and 

Imber, 2009; Neumann et al. 2013), and the sill geometries observed are similar to other 

sills known to be basaltic from field investigations (e.g. Hotz, 1952; Francis, 1982; 

Polteau et al. 2008a; Hansen et al. 2011), as well as the fact that the well sample was 

basaltic. 

The stratigraphic observations of well 6403/6-1 are broadly inline with findings made at 

other wells in the vicinity of well 6403/6-1 (Dalland et al. 1988; Peltonen et al. 2008; 

Norwegian Petroleum Directorate FactPages, online resource), that the Cenozoic and 

Cretaceous successions are mudstone dominated, though sandstones do occur to a 

limited extent, particularly in the upper Nise Formation and within the Lysing Member. 

These sandstones often contain interbedded claystones and siltstones. Minor amounts of 

carbonates also occur.  

Two horizons were mapped in detail. The higher horizon called HorizonV is defined as 

the first positive reflection over vents associated with sills below. The reflection was 

correlated to the Tare-Tang transition in well 6403/6-1. Because vents occur at the level 

of HorizonV it is interpreted as the paleo-seafloor at the time of sill intrusion.  

A lower horizon called HorizonL is defined as a distinct negative reflection and could 

be correlated to a series of fine sands at the top of the Nise Formation. Figure 4.7 shows 

two perpendicular profiles through the data with and without these interpretations. 

Figure 4.5 shows the TWT (two-way-time) map of HorizonV and figure 4.9 shows the 

TWT map of HorizonL. 

HorizonL was in part mapped by R. Christina Neagu (formerly of Cardiff University) in 

the area indicated in figure 4.9 (cf. Neagu, 2011). The map was then extended and 

modified by myself. It is the only map in this thesis partly (or wholly) mapped by 

another researcher. 
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Fig. 4.7 Page 1 of 2. Figure caption follows on next page. 
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Fig. 4.7 Page 2 of 2. Important stratigraphic reflections and well location. The lower profiles are 

interpreted. The positive reflection associated with the Tare-Tang formation boundary is termed 

HorizonV and the shallowest negative reflection associated with the top of the Nise Formation 

is termed HorizonL. Profiles Y-Y’ and Z-Z’ are perpendicular to each other, and intersect at the 

location of the well 6403/6-1. For profile locations see figs. 4.8 and 4.9. Note the antiformal 

geometry of all three interpreted horizons in profile Y-Y’.  
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Fig. 4.8 HorizonV mapped in TWT and profile locations used in fig. 4.7. HorizonV is 

interpreted to be the Tare-Tang formation boundary. Note the broadly antiformal geometry of 

the horizon and also note the difference to the seafloor geometry (fig. 4.4). The location of well 

6403/6-1 is the point of intersection between the profiles.  
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 Fig. 4.9 HorizonL mapped in TWT and profile locations used in fig. 4.7. HorizonL is 

interpreted to be the top of the Nise Formation. The horizon was in part mapped by R. Christina 

Neagu. The areas previously mapped are bounded by dashed lines. The extent of the mappable 

survey area is bounded by a solid navy blue line. The reflection was in part difficult to map due 

to its varying and relatively low amplitude, and because in part it is obscured by sills and 

distorted due to vent conduits. The intersection of the profile lines is the location of well 

6403/6-1.  
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What the maps of HorizonV and HorizonL show is that the host is folded at depth (figs. 

4.8 and 4.9). This is very different to the geometry of the seafloor (fig. 4.4). The 

structure is named the Modgunn Arch (Blystad et al. 1995). The Modgunn Arch is in 

close proximity (and probably related) to the nearby and larger Helland Hansen Arch 

(fig. 4.10).  

Cenozoic contractional deformation is widespread along much of the north western 

European margin from the Barents Sea through the Møre and Vøring Basins to the 

Faroe-Shetland Basin and Rockall Basin to even further west of the British Isles (Doré 

and Lundin, 1996; Vågnes et al. 1998). The observed structures related to ‘mild basin 

inversion’ are: steep, reverse and inverted extensional faults, trains of anticlines, 

synclines and monoclines, inverted centres of deposition as well as uplifted axes of sub-

basins (Vågnes et al. 1998). The contraction of the Norwegian Margin is considered to 

be relatively minor, not exceeding 2-3% (Vågnes et al. 1998). The Modgunn Arch 

formed later than some of the other compressional features along the Norwegian Margin 

in the Early Miocene 15-20 Ma (Doré et al. 2008), i.e. well after the emplacement of the 

sills ~55 Ma (section 4.1.1). Various mechanisms have been proposed as the cause of 

the post-breakup domal structures, including far-field orogenic stresses related to the 

Alps, reactivation of basement lineaments, topographic body forces such as ridge push 

from the thermally elevated spreading ridge, mantle drag and sedimentary flank loading 

with associated differential compaction (Doré et al. 2008).        
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Fig. 4.10 The geological setting of the interpretable survey is outlined in green in the right 

image, a geological map simplified from Blystad et al. (1995). Note how the Modgunn Arch 

structure extends to the north of the survey. Note also how the survey is located just east of the 

lava flows associated with the transition to oceanic crust. The left image shows the location of 

the geological map outlined as a black rectangle, with an approximate location of the survey 

marked with a blue star. 

The folding which created the Modgunn Arch structure also impacted the sills, changing 

their dip relative to how they were originally emplaced. Figure 4.11 shows a selection 

of interpreted sills in the survey area. As the figure shows, there is a broadly antiformal 

form to them. This corresponds to the deformation of the Modgunn Arch structure. 

Because the Tare-Tang formation boundary is considered the seafloor at the time of sill 

intrusion, and is itself folded (fig. 4.8), it is interpreted that the sills have been folded, 

rather than that the sills intruded through previously folded bedding planes and 

exploited the pre-existing structure. 
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Fig. 4.11 A selection of interpretations of sills for the study area. The sills have individually 

rather complex geometries, but overall there is a trend which follows the folding of the strata. 

The image is vertically exaggerated significantly (approximately five times for a representative 

velocity of 3000 ms-1). The image is orientated to be inline with the fold axis which is also the 

approximate orientation of the in-lines, NNW. 

4.4 Sills 

In this chapter selected sills are shown. These sills represent some of the most 

interesting and best imaged sills in the survey area. Sills are described broadly from 

deep to shallow, though the exact order does deviate somewhat, so that sills which are 

considered similar are described together. The naming of sills is also relatively arbitrary 

though similar sills often have the same letter to start with e.g. D1sill, D2sill, D3sill… 

are all in close proximity and similar to each other. 
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4.4.1 Deep Sills 

   

Fig. 4.12 Outlines of selected deep sills. The outermost navy outline is the interpretable survey 

area shown in fig. 4.1. 
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The deep sills shown in fig. 4.12 have depths ranging from just under 4000 ms to ~5500 

ms (from sea level). Deeper sills also occur but are poorly imaged. Deep sills generally 

have large areas and irregular outlines. 

4.4.1.1 D1sill 

D1sill is one of the largest sills in the study area (> 470 km2 ~40 km long and ~13 km 

wide) (fig. 4.13). The margin of the data cuts the full extent of the sill (fig. 4.13). The 

sill is characterised by two areas, a relatively flat inner portion, with minor transgression 

(in the map coloured in purple and greens) and a margin which becomes shallower (in 

the map coloured in reds and yellows). The sill is tilted marginally by the Modgunn 

Arch structure, making the sill marginally deeper in the east as opposed to the west (fig. 

4.13). In profile A-A’ (fig. 4.14) one can see that the sill is relatively concordant (i.e. 

crosses stratigraphy only a little), and then going towards the west the sill abruptly 

steepens. The margin then flattens as it rises in a continuous fashion.  

Further details of the sill geometry can be observed in Profile B-B’-B’’ (split into two 

images due to its length) (fig. 4.14). Again, like in profile A-A’ (fig 4.14) the sill margin 

is abruptly transgressive, in the case of the northern termination, a cross-cutting 

relationship is interpreted with D2sill which is discussed further in section 4.4.1.2. One 

of the significant features of the relatively concordant part of the sill is a ‘canyon-like’ 

feature with steps on either side (figs. 4.13 and 4.14). Much of the south of the sill is 

underlain by high amplitude reflections, interpreted as a complex network of sills. One 

of these sills is described later (D4sill). 

Another interesting geometrical feature of D1sill are areas which are locally shallower 

than most of the relatively concordant base of D1sill (fig. 4.15). The two most 

significant locally shallower areas occur towards the eastern margin of the sill (the 

northern area is shown in profiles C-C’ and D-D’, and the southern area is shown in 

profile E-E’ of fig. 4.15). These are in part not that well imaged and seismic smiles are 

interpreted to occur (fig 4.15 profile D-D’). Their location, close to the margin of the 

data makes their interpretation more difficult. They are overlain by venting structures 

and the possibility of the vents causing the sill to be pulled-up artificially in the seismic 

image was considered. However, the sill reflection does appear to truncate the stratal 

reflections (e.g. fig. 4.15 profile E-E’), and additionally other vents do not pull up the 

sill. Vents are common along the sill margin for instance, and the sill margin does not 
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ascend and descend below them, indicating those vents have negligible pull-up or push-

down effects. The locally shallower areas are therefore interpreted as genuine features.  

 

Fig. 4.13 Two-way-time (TWT) map of D1sill with labelled features, for location see fig. 4.12.  
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Fig. 4.14 Representative profiles through D1sill, for profile locations see fig. 4.13. Profile B’-

B’’ extends from profile B-B’ linearly. Vertical exaggeration is ~2.1 based on a representative 

seismic velocity of 3000 ms-1. 
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Fig. 4.15 Profiles cross-cutting locally shallower areas of D1sill. For profile locations see fig. 

4.13. Vertical exaggeration is ~2.1 based on a representative seismic velocity of 3000 ms-1. 
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One of the most complex areas of D1sill is the area surrounding an indentation along 

the sill margin. Figure 4.16 illustrates a series of parallel profiles (F-F’ to J-J’) through 

the indentation of D1sill (see fig. 4.17 for a close up TWT map and profile locations). 

The margin of D1sill north of the indentation and south of the indentation has a 

complex relationship. Profiles perpendicular to the feature show that the two margins 

are very similar away from the sill interior (fig. 4.16 profile F-F’), but coming closer to 

the sill interior, the northern portion of the sill margin overlies (right in fig. 4.16) the 

southern portion of the sill margin (fig. 4.16 profiles G-G’, H-H’ and I-I’). In 3D it can 

be seen that the northern portion of the margin continues south while the southern 

portion of the margin does not continue north beyond the indentation (fig. 4.17 B and 

C). Further still towards the sill interior the sill becomes relatively continuous though 

stepped (fig. 4.16 profile J-J’). In some profiles it can appear as if the northern portion 

of the sill margin, where the overlapping occurs, is aligned to polygonal faults in the 

host, however, this appears to be an effect of parallax. Other parts of the sill margin also 

appear not to be aligned with faults. 

The seismic attributes dip (the slope of the seismic reflection) and amplitude (the 

strength of the seismic reflection) can be used to observe features which are not clear in 

the TWT map (fig. 4.18). In particular linear structures (lineations) can be mapped, 

most of which correspond to small steps or discontinuities in the sill. In sections 2.2.1.3 

and 2.2.3.3 prior studies on sill steps were discussed. A consensus has grown that 

suggests the strike of step and segment boundaries occur parallel to the direction the 

magma propagated in, both for dykes (e.g. Pollard et al. 1975; Pollard et al. 1982; 

Nicholson and Pollard, 1985; Delaney and Pollard, 1981; Fink, 1985; Bussell, 1989; 

Weinberger et al. 2000; Gudmundsson, 2002) and sills (e.g. Grapes et al. 1974; Hutton, 

2009; Schofield et al. 2012a,b; Holford et al. 2012; Magee et al. 2013a; Magee et al. 

2014a), as opposed to perpendicular to the direction of propagation as has also been 

proposed (Knox, 1954; Francis 1982). It is worth noting these lineations are different 

from ‘sill fingers’ which were discussed in section 2.2.3.5 (Skogly, 1988; Thomson, 

2004; Thomson and Hutton, 2004; Thomson and Schofield, 2008) which are high 

amplitude features interpreted to correspond to thicker portions of the sills, as opposed 

to what is observed here, which are low amplitude lineations associated with steps and 

discontinuities.    

The lineations appear to originate in the northeast of the sill, indicating the sill was fed 

in the northeast beyond the edge of the data, with lineations going southeast. The 
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lineations then turn towards the south indicating a change in propagation direction and 

in the south the lineations appear to radiate outwards, towards the margin of the sill (fig. 

4.18). This interpretation of the directions the sill propagated in, also aids in 

understanding the indentation of the sill (fig. 4.17), because the indentation occurs 

where the more northerly and southern portions of the sill margin cross-cut each other. 

Indicating they propagated as two separate sheets which could be considered to be 

‘lobes’.  
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Fig. 4.16 Five parallel profiles through the indentation in the D1sill margin. For location of the 

profiles see fig. 4.17. Vertical exaggeration is ~2.1 based on a seismic velocity of 3000 ms-1. 
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Fig. 4.17. Close up TWT map (part A), 3D visualisation (part B) and schematic sketch of where 

D1sill has an indentation (for location see fig. 4.13, on the western margin of the sill). Part A 

illustrates a portion of D1sill, with the locations of the parallel profiles shown in fig. 4.16. Part 

B is a 3D visualisation of the same area with the overlapping part of the sill mapped separately 

in blue, looking approximately downwards. The vertical exaggeration is ~3x. Part C is a 

schematic sketch of the indentation, the arrows represent the downward direction of the margin 

(not to scale).     
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Fig. 4.18 Page 1 of 2. Figure caption follows on next page. 
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Fig. 4.18 Page 2 of 2. Dip and amplitude maps of D1sill, with and without interpretation. 

Arrows are inferred propagation directions. See fig. 4.13 for TWT map and fig. 4.12 for sill 

location. 
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The next two sections (4.4.1.2 and 4.4.1.3) consider sills which cross-cut D1sill: D2sill 

and D3sill, these sills cross-cut D1sill in the north and southwest respectively (fig. 

4.12). 

4.4.1.2 D2sill and Northern D1sill 

The relationship between D2sill and D1sill is one of the most interesting in the study 

area. D2sill is not fully observed, because a significant portion of the sill is expected to 

extend beyond the limits of the survey area. D2sill is relatively concordant in the north 

and then becomes progressively more transgressive towards the south (fig. 4.19). Much, 

though not all of the transgressive margin flattens continuously as it rises (fig. 4.20). 

In fig. 4.19 a series of profiles are shown, which show how the two sills (D1sill and 

D2sill) are interpreted to cross-cut each other. Cross-cutting relationships are relatively 

difficult to interpret as the seismic responses are weakened and altered by the close 

proximity of the sills. Also it is my understanding that the computer algorithms used for 

seismic processing are not specifically designed with cross-cutting structures in mind. 

As one moves south, the two sills clearly separate (fig. 4.21). 

Giving confidence to the interpretation of the cross-cutting relationship, is how the 

margin of D1sill appears to be relatively continuous ‘through’ D2sill where the two sills 

cross-cut each other. The margin of D1sill is relatively continuous along almost the 

whole margin of D1sill, however, where D1sill and D2sill cross-cut each other the 

margin segments, with two offset segments directly north of the main body of D1sill 

separated from the rest of the margin (figs. 4.13 and 4.22). Unlike D1sill, D2sill seems 

to be not affected by the cross-cutting relationship (figs. 4.19 and 4.22).    

The 3D visualisation of the margin of D1sill shows that the segments are not straight 

but rather are bent (fig. 4.22). This is reminiscent of the segmentation of dykes (e.g. 

Escher et al. 1976; Delaney and Pollard, 1981; Pollard et al. 1982; Gudmundsson, 2002) 

and sills observed in the field (Grapes et al. 1974; Hutton, 2009) as discussed in section 

2.2.1.3. Though, unlike the dyke segments, the segments do not appear to bend towards 

each other. This would indicate that the bending of the segments is not caused by 

interaction between segments, but rather another process. To the best of my knowledge, 

sill margin segmentation of this kind has not been reported before using seismic data. 

The two northern sill segments begin to abruptly transgress as well as terminate 

approximately 950 m apart from each other, in the horizontal direction, making this 

example of intrusion segmentation the largest I am aware of.  
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Fig. 4.19. TWT map of D2sill with the outline of D1sill superimposed. For location of sill see 

fig. 4.12.  

 

On next page: Fig. 4.20. Four profiles through D2sill and D1sill, illustrating the interpreted 

cross-cutting relationship between the sills. For location of profiles see fig. 4.19. On the right 

are the interpretations of the sills based on the profiles on the left, with the same scales. Vertical 

exaggeration is ~2.1 based on a representative seismic velocity of 3000 ms-1. It is worth noting 

that the thicknesses of the interpreted sill reflections do not correspond to the actual sill 

thicknesses.    
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 Fig. 4.20. Figure caption on previous page. 
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Fig. 4.21 Profile illustrating the relationship between D1sill and D2sill, south of the cross-

cutting relationship, with the interpretation below. For profile location see fig. 4.19. The 

abruptly transgressive western margin of D2sill is also labelled. A minor intrusion is also 

interpreted in the vicinity of the two other sills (see also profile K-K’ in fig. 4.20). Vertical 

exaggeration is ~2.1 based on a representative seismic velocity of 3000 ms-1. 
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Fig. 4.22 3D visualisations of the interpretations of D1sill (green) and D2sill (red) to show the 

cross-cutting relationship between the sills and the segmentation of the northern D1sill margin. 

The vertical exaggeration is ~3x. The images are viewed towards (v) and lit from (l) 

respectively: A: v:SSE l:close to vertical – slightly SE, B: v:SW l:close to vertical – slightly SE, 

C: v: SSE l:directly above, D: v:E l:NE. For scale D1sill is ~39 km long (N-S) and D2sill is ~10 

km wide (E-W).  
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4.4.1.3 D3sill 

D3sill is also interpreted to cross-cut D1sill, but in this case in the southwest. D3sill is 

relatively concordant for much of its area, and then in the east, the sill transgresses 

abruptly close to where it cross-cuts D1sill (figs. 4.23 and 4.24). Below D3sill are 

numerous deeper sills (fig. 4.24). These sills are difficult to map in 3D as they form a 

complex network.  

An interesting feature of D3sill is a locally shallower area along the southern margin of 

the sill, where it is otherwise approximately concordant (fig. 4.23). This locally 

shallower area is somewhat alike to the locally shallower areas of D1sill, except that the 

locally shallower area of D3sill is along the margin of the sill, unlike the locally 

shallower areas of D1sill (fig. 4.13). Like the locally shallower areas of D1sill, there is a 

vent above the area, nonetheless the structure appears to be genuine as sedimentary 

stratal reflections appear to be not distorted (fig. 4.25). The locally shallower area looks 

visually similar to an abruptly transgressive margin in some profiles (fig. 4.25, profile 

T-T’). 

Perhaps the most significant feature of D3sill is its cross-cutting relationship with D1sill 

(fig. 4.26). The margin of the sill bends inwards towards D1sill (fig. 4.23). Interpreting 

the cross-cutting relationship was challenging, because the seismic data becomes 

distorted where the two sills cross each other. The data decreases in seismic amplitude 

and false reflections reminiscent of smiles are interpreted to occur (fig. 4.26 profile V-

V’). Both sill margins flatten upwards continuously from the cross-cutting relationship 

(fig. 4.26), away from the interiors of both sills. D3sill is above D1sill east of the cross-

cutting relationship, and is approximately parallel to D1sill, except where the margin of 

D3sill rises up (fig. 4.27). The cross-cutting relationship between the sills can also be 

visualised in 3D (fig. 4.28). 
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Fig. 4.23 TWT map of D3sill with the outline of D1sill as well as labelled features and profiles. 

For location of sill see fig. 4.12. 

 

  



123 
 

 

Fig. 4.24 Profiles of D3sill as well as other deeper sills. Profile locations shown in fig. 4.23. 

Vertical exaggeration is ~2.1 based on a representative seismic velocity of 3000 ms-1. 
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Fig. 4.25 Perpendicular profiles of a locally shallower area along the D3sill margin. Shallower 

Csill is described in section 4.4.2.1. For profile locations see fig. 4.23. Vertical exaggeration is 

~2.1 based on a representative seismic velocity of 3000 ms-1. 
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Fig. 4.26 See figure caption on next page. 
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Above on this page: Fig. 4.27 Profile through D3sill and D1sill showing the form of the sills on 

the eastern side of the cross-cutting relationship. Below the seismic profile, is the interpretation 

of the sills to the same scale. For the profile location see fig. 4.23. Vertical exaggeration is ~2.1 

based on a representative seismic velocity of 3000 ms-1. 

 

On previous page: Fig. 4.26 Profiles through D3sill and D1sill. Below each profile is the 

interpretation of the sills to the same scale. The profiles show how the seismic data is distorted 

close to the cross-cutting relationship. Note: the thicknesses of the interpretations are not 

geologically significant. For profile locations see fig. 4.23. Vertical exaggeration is ~2.1 based 

on a representative seismic velocity of 3000 ms-1. 
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   Fig. 4.28 3D visualisations of the interpretations of D3sill (gold) and D1sill (green), 

illustrating the cross-cutting relationship between the sills. Part A is looking NNW and part B is 

looking NE. Both parts of the figure are artificially lit from the south. The vertical exaggeration 

is approximately 3x for a representative seismic velocity of 3000 ms-1. For scale, D1sill is ~39 

km long (N-S). D3sill has a distance of ~25 km between its SW corner (bottom left) and NE 

corner (top right).   
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4.4.1.4 D4sill 

D4sill is interpreted to intrude mainly below D1sill, with a small abruptly transgressive 

margin (figs. 4.29 and 4.30). The sill otherwise is close to concordant, rising a small 

amount westwards, following approximately the close to concordant base of D1sill and 

the trend of the Modgunn Arch structure. D4sill is therefore similar to the other abruptly 

transgressive sills, D1sill and D3sill, which are also broadly concordant and then 

abruptly transgress (fig. 4.30). D2sill may also be abruptly transgressive but the data 

margin occurs too close to the transgressive margin of the sill to be sure.  

There is some uncertainty to the northern margin of D4sill, close to where the sill 

transgresses abruptly. A small step was used to define the termination of the sill, but 

based on the seismic data alone it is difficult to ascertain the significance of the step 

(fig. 4.31). When mapping the sill it became very difficult to map confidently the 

reflections north of the mapped area because in the east-west direction the reflections 

form what appears be a cross-cutting network of sills (fig. 4.14 profile B’-B’’). 

Additionally some of the these reflections extend under the portion of D4sill which was 

mapped, making the interpretation difficult to visualise, because the software package 

(GeoFrame™) does not allow a single horizon to have multiple depth values. 
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Fig. 4.29. TWT map of D4sill with outlines of D1sill and D3sill and labelled features. For sill 

location see fig. 4.12. 
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  Fig. 4.30. Seismic profile showing D4sill, D1sill and D3sill and their geometries as well as an 

interpretation below. For the location of the profile see fig. 4.29. The profile Y-Y’ bends in two 

locations marked ‘a’ and ‘b’. Vertical exaggeration is ~2.1 based on a representative seismic 

velocity of 3000 ms-1. 
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Fig. 4.31 Profile of D4sill illustrating the difficulty in interpreting some deep sills. The 

interpretation of D4sill terminates where a step occurs, however, there remains some uncertainty 

as to whether the sill continues north (left). As can be observed in the figure, many deep 

reflections do not have clear terminations. Vertical exaggeration is ~2.1 based on a 

representative seismic velocity of 3000 ms-1. 

4.4.1.5 Esill 

Esill like many of the other deeper sills is broadly concordant over much of its area (fig. 

4.32, 4.33 profile A-A’). Unlike D1sill, D2sill, D3sill and D4sill, Esill does not have a 

highly transgressive margin (fig. 4.33 profile A-A’). In this regard Esill appears to be 

similar to many deeper sills, most of which are not described here to constrain the 

length of the chapter. Like many deeper sills, Esill has an irregular margin as well as 

having many steps (fig. 4.32). Esill does have some minor continuous transgression 

towards the NE (fig. 4.33 profile B-B’), a rarer feature for deeper sills.  

One of the more interesting features of Esill is a locally shallower area in the central 

western portion of the sill which is intersected by profile A-A’ (fig. 4.33). The locally 

shallower area is similar in form to other locally shallower areas described previously 

for D1sill (fig. 4.15) and D3sill (fig. 4.25). Though, unlike the locally shallower area of 

D3sill (fig. 4.25), the locally shallower area is within the sill and not at the margin, and 

instead is more akin to the locally shallower areas of D1sill (fig. 4.15). Another locally 

shallower area occurs to the northeast of the one intersected by the profile. This area is 

more complex, and is where Esill connects to the shallower E2sill, described in the next 

section (4.4.1.6). 
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Fig 4.32. TWT map of Esill with labelled features and profiles. Note profile A-A’ has two bends 

marked ‘a’ and ‘b’. The profile line A-A’ is cut so as to not obscure the locally shallower area.  
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  Fig. 4.33 Profiles through Esill. Profile A-A’ is not straight and has corners marked ‘a’ and ‘b’. 

Below profile A-A’ is an interpretation of the profile. The locations of both profiles are shown 

in fig. 4.32. Vertical exaggeration is ~2.1 based on a seismic velocity of 3000 ms-1. 

4.4.1.6 E2sill 

E2sill is a relatively small sill which occurs above E1sill and appears to be in contact 

with it. As was discussed in section 2.2.3.6, sills which appear to be in contact with each 
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other can be the result of two different processes. The first is that two independent sills 

came into close proximity or abutted against one another. The second possibility is that 

molten magma of one sill propagated to create another sill, this is termed a ‘feeding 

relationship’.  

Using seismic data alone it is impossible to be certain a feeding relationship occurs (see 

section 2.2.3.6). The limits of seismic resolution mean that two sills which appear to be 

in contact may in fact be separated. Nonetheless some factors have been used to infer 

feeding relationships using seismic data, in particular, that the lower sill feeds at a deep 

point relative to the shallower sill, and second, amplitude features related to the sill 

geometry appear to indicate the magma propagated away from the feeding point (e.g. 

Trude, 2004; Magee et al. 2014a). 

E2sill is relatively concordant, though irregular (fig. 4.34). E2sill is in contact with Esill 

along two lines shown in fig. 4.34. Though there remains some uncertainty to the exact 

locations of the contacts. Profiles show how Esill bends up towards E2sill from both the 

north and south (fig. 4.35). 

In the profiles it can be seen that E2sill is at the same level as a negative amplitude 

(black) reflection within the host (fig. 4.35). By extending profile E-E’ of fig. 4.35, one 

can observe that this stratal (i.e. sedimentary) negative reflection is extensive across the 

whole study area (fig. 4.36) and can be correlated to the Lysing Member, a series of 

sandstones within the Shetland Group (section 4.3).  

Finally, looking at the dip and amplitude attributes of the E2sill interpretation (fig. 

4.37), one can make out a broadly radial pattern, which originates from close to the sill 

centre. Admittedly, there is some uncertainty to this interpretation. The radial pattern 

would indicate a central feeder and magma propagating outwards from the western end 

of the southern contact with Esill. 

Two different hypotheses can be put forward for how E2sill formed. First, that the 

location of E2sill is independent of the propagation of Esill or second, that E2sill 

formed from the same magma as Esill. The position of E2sill relative to Esill, in 

particular, that the junctions occur close the centre of E2sill would be unlikely to have 

occurred by chance alone. Sills similar to E2sill, at a similar stratigraphic level, were 

not identified. Further support for a feeding relationship comes from the radial steps 

which can be observed to radiate away from the centre of the sill (fig. 4.37).  
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But perhaps the best argument for a feeding relationship comes from a mechanical 

perspective. Sills have been suggested to form at changes in lithology either because the 

unit above is harder and difficult to intrude or because the interface between units is 

weak and easy to intrude (section 2.3.3). The Lysing Member sands may in effect have 

acted as a weak ‘interface’ between harder to intrude claystones above and below, 

causing the sill to intrude into the sands. Few seismic studies have previously shown 

that sills form at changes in lithology. 
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Fig. 4.34 TWT map of E2sill with outline of E1sill. Contacts with Esill are marked as orange 

and red lines, though there is some uncertainty to the exact positions of the contacts. For sill 

location see fig. 4.12. 
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Fig. 4.35 Profiles through Esill and E2sill. Profile locations in fig. 4.34. Profile D-D’ shows in 

particular how Esill has junctions with E2sill in two different locations. The stratal Lysing 

Member reflection is also labelled. Vertical exaggeration is ~2.1 based on a representative 

seismic velocity of 3000 ms-1. 
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Fig. 4.36 An extension and wider view of profile E-E’ shown in fig. 4.35, inline 3674 (fig. 4.1). As the figure illustrates the negative reflection interpreted as the 

Lysing Member, extends well beyond the area where the sill is present. There is a short gap in the reflection where it is distorted by a shallower sill. As a side remark 

it is worth noting the difference in reflection strength of the sills (bright positive, i.e. red reflections) and the stratal reflections. Therefore, it requires high quality 

seismic data to identify the relationship between sills and stratal reflections.  
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Fig. 4.37 Dip and amplitude attribute maps of E2sill. TWT map shown in fig. 4.34 and sill 

location in fig. 4.12. Green circles indicate the position from which the structures appear to 

radiate.  



140 
 

4.4.1.7 Fsill 

Fsill is the final deep sill to be described in this chapter. It was chosen as a well imaged 

example of a close to concordant sill without any significant departure from that 

geometry (figs. 4.38 and 4.39). It has no locally shallower areas and only slight 

transgression. The sill has many steps (fig. 4.38). The sill also illustrates the difficulty in 

interpreting some sills with very large areas because they can extend across the data set 

completely (fig. 4.39 profile H-H’). In this situation a sill might be misinterpreted as a 

basement or sedimentary reflector.  

     

Fig. 4.38 TWT map of Fsill. For sill location see fig. 4.12. The sill map is truncated on both 

sides by the edge of the data. 
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Fig. 4.39 Profiles through Fsill. For profile locations see fig. 4.38. Vertical exaggeration is ~2.1 

based on a representative seismic velocity of 3000 ms-1. 
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4.4.2 Intermediate Depth Sills 

    

Fig. 4.40 Outlines of selected intermediate depth sills. The outermost navy outline is the 

interpretable survey area shown in fig. 4.1. 
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Intermediate depth sills vary in depth from 3280-4364 ms TWT below mean sea level. 

They have noticeably smaller areas as compared to the deep sills (fig. 4.12). 

Intermediate depth sills have outlines which are much more circular than the more 

irregular outlines of the deeper sills. 

4.4.2.1 Csill and C2sill 

Csill is one of the largest of the intermediate depth sills and yet is significantly smaller 

in area than many of the deep sills. Csill is broadly circular with a deeper, broadly 

concordant central area and a rising transgressive margin around this central area (fig. 

4.41); though towards the west it rises significantly less (figs. 4.41 and 4.42 profile J-

J’). An unusual feature of Csill is that it exhibits both continuous transgression, where 

the angle of transgression increases continuously (fig. 4.42 profile I-I’), and abrupt 

transgression, where the sill begins transgressing at a large angle over a short distance 

(fig. 4.42 profiles J-J’ and K-K’).  

At the margin of Csill is a small irregular, but approximately concordant high amplitude 

reflection interpreted as a small sill associated with Csill, called C2sill (fig. 4.43). The 

location of C2sill immediately above the margin of Csill (figs. 4.43, 4.44 and 4.45) 

would seem too unlikely to be the result of chance. No similar reflection occurs in the 

vicinity of C2sill. C2sill is therefore interpreted to be fed by the much larger Csill.     

The role of changes of lithology altering sill geometries was discussed earlier for E2sill 

(section 4.4.1.6). Intermediate depth sills also appear to be affected by such changes, but 

for intermediate depth sills the lithological change is not the deeper Lysing Member 

sands as for Esill and E2sill, but rather the shallower sands at the top of the Nise 

Formation (section 4.3).  

In the case of Csill, the top of the sill margin terminates at a negative reflection 

interpreted to be the top of the Nise Formation (fig. 4.46), this was mapped as HorizonL 

as described in section 4.3. While the reflection varies in seismic character and imaging 

quality it does extend across much of the study area (fig. 4.9).  

C2sill appears to follow the level of the reflection (fig. 4.46), indicating, as in the case 

of E2sill, the larger Csill intruded until it reached the change in lithology, at which point 

a change in propagation direction occurred and the shallower C2sill formed. Above 

Csill the negative amplitude reflection rises indicating the horizon has been jacked-up 

above Csill (a topic which will be discussed further in section 4.5.2). 
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Fig 4.41 TWT map of Csill. For sill location see fig. 4.40. 
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Fig. 4.42 Profiles through Csill illustrating how Csill transgresses. Vertical exaggeration is ~2.1 

based on a representative seismic velocity of 3000 ms-1. Profile locations in fig. 4.41. 

 

Fig. 4.43. Profiles through Csill and C2sill. Vertical exaggeration is ~2.1 based on a 

representative seismic velocity of 3000 ms-1. Profile locations in fig. 4.44. 
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Fig. 4.44 TWT map of C2sill overlain over the TWT map of Csill. For sill locations see fig. 

4.40. Note profile N-N’ is significantly longer than shown.   

 

 Fig. 4.45 3D visualisation of Csill and C2sill viewed from the N and lit from the NNE. Vertical 

exaggeration is approximately x3 for a seismic velocity of 3000 ms-1. 
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Fig. 4.46 See Figure Caption on next page. 
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On previous page: Fig. 4.46. Profile showing the relationship between Csill, C2sill and the Top 

Nise negative (black) reflection. Lysing Member reflection also shown. Profile location shown 

in fig. 4.44.   

 

4.4.2.2 Bsill 

Bsill is unusual for intermediate depth sills in that it is highly elongated, with an aspect 

ratio of approximately 2.3 for the middle width of the sill (fig. 4.47). In profiles 

perpendicular to the long axis of the sill, the sill has a ‘bowl’ shape with a continuously 

increasing angle of transgression (fig. 4.48 profiles O-O’ and P-P’). Along the long axis 

of the sill, the sill transgresses upwards, but less than in perpendicular profiles (fig. 4.48 

profile Q-Q’). Along part of the northern margin of Bsill, the sill divides into two 

braches (fig. 4.48 profile O-O’). Like Csill, Bsill terminates at the top of the Nise 

Formation (fig. 4.48 P-P’).  

Perhaps the most interesting feature of Bsill occurs along its southern margin where the 

sill splits into two offset sheets which overlie each other (fig. 4.49). The top and bottom 

sheets could not be displayed together in plan view as a TWT map, because where the 

sill overlies itself it would have two TWT values for each spatial point. A choice was 

taken to make what I considered to be the clearest overall TWT map; this has an abrupt 

change in TWT (fig. 4.47).  

The area where the two sheets overlie each other is most interesting when viewed in a 

perpendicular direction to the structure. A series of parallel profiles show how the two 

sheets diverge from the continuous portion of the sill (fig. 4.50). In the sill interior the 

sill is continuous (fig. 4.50 profile S-S’), going outwards towards the sill periphery the 

sill splits a little (fig. 4.50 profile T-T’) and then more significantly (fig. 4.50 profile U-

U’). The two sill sheets bend towards each other (fig. 4.50 profile U-U’). Further out 

from the sill interior the lower sheet, in particular, bends further upwards towards the 

upper sheet until the two sheets come into contact or become so close that the gap 

between the sheets cannot be resolved (fig. 4.50 profiles V-V’ and W-W’).  

Between these two sheets is the host rock i.e. a ‘bridge’. The bridge structure can be 

observed most clearly in fig. 4.50 profile U-U’. In this profile the height of the bridge 

(from positive reflection maximum to positive reflection maximum) is 150 ms TWT, 

which equates to approximately 230 m using a seismic velocity of 3000 ms-1. While 

bridge (and broken bridge) structures have been previously inferred using seismic data 
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(e.g. Schofield et al. 2012a), to my knowledge, this is the first time a bridge structure 

has been resolved and identified using seismic data. Similarly, a bridge structure where 

the two sheets bend towards each other has not been identified before using seismic 

data, to my knowledge.  

It is worth noting that this structure is unlikely to be a broken bridge structure, as that 

would imply the sill has inflated to break the bridge (as described in section 2.2.1.3). 

The size of the bridge structure would also imply it would require a lot of inflation to 

break. The low seismic amplitude response between the sheets indicates the sill is not 

present there. However, further towards the sill periphery the sill sheets bend further 

and the sill sheets may once again become in contact with each other, which in a sense 

could be considered as ‘breaking the structure’.   

Pollard et al. (1982) and Nicholson and Pollard (1985) interpret similar structures where 

two intrusive sheets diverge from a continuous sheet and then bend towards each other 

as described in section 2.2.1.3. They interpret these structures to result from the two 

sheets of the intrusion interacting with each other. As the sheets propagate they alter 

each others stress fields causing the sheets to propagate towards each other. Towards the 

sill periphery, it appears the sill sheets may again come into contact but not as a 

continuous feature. This could be considered as the bridge being broken, however, it is 

worth emphasising that this ‘breaking’ would be primarily caused by the lower sheet 

propagating towards the shallower sheet, rather than as a result of sill inflation causing 

the sediment bridge to ‘break’ as is normally meant by the term ‘broken bridge’ (section 

2.2.1.3).  

The bridge structure along the southern margin of Bsill, as well as the branching of the 

sill along the northern margin, are very strong indicators that the sill propagated 

upwards, from the sill axis rather than downwards from the sill periphery as has been 

proposed by some prior authors, with regards to other sills (e.g. Francis, 1982).  
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Fig. 4.47 TWT map of Bsill. The linear discontinuity marked as an interpreted bridge structure 

represents where the sill overlies itself, see text and figs. 4.49 and 4.50. For sill location see fig. 

4.40. 
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Fig. 4.48 Profiles through Bsill. For profile locations see fig. 4.47. Top Nise Formation is 

interpreted as the shallowest high amplitude negative reflection as observed elsewhere (e.g. figs. 

4.4 and 4.9). Vertical exaggeration is ~2.1 based on a seismic velocity of 3000 ms-1. 
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Fig. 4.49 TWT map of Bsill with additional profile locations to illustrate an interpreted bridge 

structure with profile R-R’ which is approximately parallel to the structure. Profile vertical 

exaggeration is ~2.1 based on a representative seismic velocity of 3000 ms-1. 

 

On next page: Fig. 4.50 A series of parallel profiles through Bsill illustrating how the sill 

periphery develops towards the south (top to bottom). For details on interpretation see text. The 

profiles are perpendicular to profile R-R’. For profile locations see fig. 4.49. Vertical 

exaggeration is ~2.1 based on a representative seismic velocity of 3000 ms-1.   
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Fig. 4.50 See figure caption on preceding page. 
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4.4.2.3 Gsill and G2sill 

Gsill is rather irregular, but broadly transgresses upwards with a continuously 

increasing angle of transgression (figs. 4.51 and 4.52). Gsill is poorly imaged towards 

the northwest (fig. 4.52).  

The most interesting feature of Gsill is its relationship to another sill: G2sill, which it 

appears to feed. G2sill occurs above the southeast corner of Gsill (fig. 4.53). The form 

of G2sill indicates that it extends from Gsill. The ‘v’ form of G2sill, with the apex 

connecting to the top of Gsill, would appear to be too unlikely to occur by chance (fig. 

4.53 profile A-A’). Visualising the sills also highlights the similarity of the relationship 

between G2sill to Gsill (fig. 4.54) to the relationship between C2sill and Csill (fig. 

4.45).  

    

Fig. 4.51 TWT map of Gsill. For sill location see fig. 4.40. 
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Fig. 4.52 Profiles through Gsill. For profile locations see fig. 4.51. Vertical exaggeration is ~2.5 

based on a representative seismic velocity of 2500 ms-1. 

On the next page: Fig. 4.53. Profiles through Gsill and G2sill, as well as the TWT map of G2sill 

overlain on the TWT map of Gsill. The geometry of the relationship between the sills clearly 

indicates a feeding relationship. Profile vertical exaggeration is ~2.5 based on a representative 

seismic velocity of 2500 ms-1. 
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Fig. 4.53 Figure caption on preceding page. 
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Fig. 4.54 Figure caption on next page. 
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On the previous page: Fig. 4.54 3D visualisations of the relationship between G2sill and Gsill. 

The vertical exaggeration is approximately 3.6x for a representative seismic velocity of 2500 

ms-1. In part A the sills are viewed from the SSE and lit from the SE. In part B the sills are 

viewed from the NW and lit from the SW. For scale, Gsill and G2sill have long axes of 3.7 km 

and 1.5 km respectively.   

 

4.4.2.4 Hsill 

Hsill is small, near circular sill in plan view (fig. 4.55). It shallows progressively away 

from its centre continuously (fig. 4.55 profile C-C’). The sill appears to terminate at a 

relatively minor seismic reflection (unnamed) which occurs above the Nise Formation, 

within the Springar Formation (fig. 4.55). This indicates some lithological control on 

the extent of the sill. 

 

On the next page: Fig 4.55 TWT map of Hsill and two representative profiles through the sill. 

For sill location see fig. 4.40. Profile vertical exaggeration is ~2.5 based on a representative 

seismic velocity of 2500 ms-1.      
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Fig. 4.55 Figure caption on preceding page. 
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4.4.2.5 Isill 

Isill is not fully imaged as it is cut by the edge of the data. What can be observed is that 

it has a deep central area and then rises continuously from the centre (fig. 4.56). It 

appears to be clear that Isill is asymmetrical with the deepest portion of the sill 

positioned much closer to the southern margin than the northern margin (fig. 4.56). An 

interesting aspect of Isill is that depending on the angle of the profile, the margin of Isill 

can appear to steepen away from the deeper portion of the sill (fig. 4.56 profile E-E’) or 

flatten (fig. 4.56 profile F-F’), in both cases continuously. While there is some 

uncertainty as the sill is not fully imaged, it appears that the sill rises in a ‘bowl’ shape, 

but then flattens towards the north. This flattening coincides with the top of the Nise 

Formation indicating that the sill may have been deflected by the change in lithology. 

The sill also terminates at the boundary.  

 

On next page: Fig. 4.56 TWT map of Isill with three representative profiles. The top of the Nise 

Formation is identified as the series of negative reflections which extend across many of the 

figures. Profile vertical exaggeration is ~2.1 based on a representative seismic velocity of 3000 

ms-1. 
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      Fig. 4.56 Figure caption on preceding page. 
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4.4.2.6 Jsill 

Jsill has similarities to Isill in that it is also not observed fully due to the edge of the data 

and also appears to flatten towards the top of the Nise Formation at which point the sill 

terminates (fig. 4.57). Jsill has a rather unusual ‘v-shaped’ geometry, but because of the 

edge of the data it is unclear how far the geometry extends. The geometry may be the 

result of the sill flattening towards the top of the Nise Formation (fig. 4.57 profiles H-H’ 

and I-I’).  

 

On next page: Fig. 4.57 TWT map of Jsill, with the top of the Nise Formation also labelled. 

Representative profiles also shown. Profile vertical exaggeration is ~2.1 based on a 

representative seismic velocity of 3000 ms-1. 
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Fig. 4.57 Figure caption on preceding page.  
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4.4.2.7 Ksill 

Ksill is also not fully imaged and its geometry is in effect cut by the edge of the data. 

The quality of the seismic data deteriorates towards the northern margin of the data set, 

and Ksill is only mapped where the data quality is of high enough quality to be reliable. 

Ksill has an irregular geometry with a steep portion (fig. 4.58). The sill may have 

propagated up the steep portion or alternatively risen continuously and bent round. Like 

many of the other sills described, Ksill also terminates at the top of the Nise Formation 

and flattens towards the boundary (fig. 4.58 profile J-J’). The deeper part of the sill 

steepens relatively continuously, leading to a change in the sign of curvature going 

upwards. The sill also has some irregularities to its geometry as it both rises and 

descends (fig. 4.58 profile K-K’). 

 

On the next page: Fig. 4.58 TWT map of Ksill with labelled representative profiles. The map of 

Ksill is not continued to its northern corner as the data quality was too low to map the sill 

accurately. For the sill location see fig. 4.40. Profile vertical exaggeration is ~2.1 based on a 

representative seismic velocity of 3000 ms-1. 
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Fig. 4.58 Figure caption on preceding page.  
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4.4.2.8 Lsill 

So far the intermediate depth sills described in this section have had a deep area from 

which the sill rises in all directions (Csill and Hsill), or most directions (Bsill, Gsill, 

G2sill and Ksill). Isill and Jsill are not observed in their entirety but also appear to be 

similar. Lsill is different in this regard in that it rises only in one direction (fig. 4.59). 

Lsill is deeper in the north and northeast and shallower in the south and southwest. This 

change in depth is relatively continuous, and therefore, the sill is an example of a 

continuously transgressive sill (fig. 4.59 profile L-L’), such sills were discussed in 

section 2.3.4.3. Like many of the intermediate depth sills described so far the sill 

terminates at the top of the Nise Formation (fig. 4.59 profile L-L’). 

Perhaps the most interesting feature of Lsill is where it overlies itself in the western 

portion of the sill (fig. 4.59 profile M-M’). This leads to a mapping issue in that only 

one depth value can be mapped per spatial point using the seismic interpretation 

software available. Like with Bsill, a straight boundary was drawn to be indicative of 

this relationship for the TWT map (fig. 4.59).  

To understand how this overlapping could have occurred one must consider how the 

magma may have propagated. As described in sections 2.3.4 and 2.3.5 many mechanical 

models suggest that magma rises during sill propagation, so that the sill starts deep and 

becomes shallower. However, for Lsill some profiles can make it appear that Lsill splits 

such that it has two deep branches that become one at a shallower level (fig. 4.60 profile 

N-N’). If one only considers magma propagation in the plane of the profile shown in 

fig. 4.60 (profile N-N’) it is difficult to consider how one batch of magma, from one 

source, could have created the sill without propagating downwards somewhere. 

However, by considering the sill in its entirety there is no major discontinuity across the 

whole sill, indicating that Lsill is not formed from two magma batches sourced from 

different places (fig. 4.59). Additionally, the lower and upper reflections are mostly 

distinct indicating that it is likely there is a separation between the upper and lower parts 

of the sill.  

Sill propagation will be discussed further in the discussion (chapter 6), but at this stage 

it is worth showing that it is possible for the overlapping geometry of Lsill to be 

explained without inferring downward propagation. As will be shown the geometry of 

Lsill can be understood to be the result of two different sill propagation paths, sourced 

from the same area, overlapping each other in 3D.  



167 
 

At the top of fig. 4.61 two versions of the TWT map of Lsill are shown. The left hand 

map shows the map of Lsill with the lower part of the sill prioritised and the right hand 

map shows the upper part of the sill prioritised, such that the prioritised parts of the sill 

are shown in the TWT maps. Below the maps are two profiles, which both intersect the 

same area where the sill overlaps itself (shown approximately with dashed circles on the 

maps). Both profiles originate at the deepest portion of the sill. In the case of profile O-

O’ (fig. 4.61), the profile is straight. For profile O-O’, the lower part of the sill appears 

to be a continuation of the deeper portion of the sill, while the upper part appears to be 

separate. In the case of profile P-P’ (fig. 4.61), the profile bends round to make a ‘U’-

turn. For profile P-P’ the upper part of the sill appears to be a continuation of the deeper 

portion of the sill (left of figure) and the lower part of the sill (on the right of figure) 

appears to be separate. This is the opposite of what is observed in profile O-O’ (fig. 

4.61).  

These findings strongly indicate that the upper and lower parts of the sill propagated 

from different directions where they overlap. The profile paths are, therefore, 

interpreted as approximate propagation paths of the lower and upper parts of the sill, 

though the actual propagation paths are likely to be less angular. Why the propagation 

path of the upper part of the sill rotated remains unclear, there is no visible lithological 

change which could explain the phenomena, though perhaps a small change in 

lithology, which was not imaged may have been involved.  

Ksill also has a very steep portion (fig. 4.58). The steep portion is similar to the portion 

of Lsill where it overlies itself. In a similar sense to Lsill, the steep portion of Ksill 

could have resulted from the propagation path of the magma rotating round, so as to 

avoid the apparent steep section.  

Finally, it is worth noting that had 2D profiles only been available, the overlapping 

portion of the Lsill could have been very easily misinterpreted as two separate sills or 

the result of a different propagation history. 
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Fig. 4.59 See figure caption on next page.    
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Fig. 4.60 (Directly above) Profile through Lsill, illustrating how it can appear to split at its 

deeper end. Vertical exaggeration is ~2.1 based on a seismic velocity of 3000 ms-1. See fig. 4.59 

for profile location. 

 

On preceding page: 

 Fig. 4.59 TWT map of Lsill and representative profiles through Lsill, illustrating continuous 

transgression in profile L-L’, and where the sill overlaps itself in profile M-M’. The abrupt 

change in depth, labelled as where the sill overlaps itself in the TWT map, is rather arbitrary and 

was chosen to produce the most representative map (see also fig. 4.61). For sill location see fig. 

4.40. Profile vertical exaggeration is ~2.1 based on a seismic velocity of 3000 ms-1. 

 

On next page: 

Fig. 4.61 TWT maps of Lsill, prioritising either the upper or lower parts of the sill with profiles 

below. The prioritised parts of the sill are shown in the respective maps, where overlapping 

occurs. Blue dashed arrows in the profiles indicate the interpreted propagation paths of the 

magma (see text for details). Note that the profile P-P’ is bent at the locations shown in the map 

and with solid lines in the profile. Profile vertical exaggeration is ~2.1 based on a representative 

seismic velocity of 3000 ms-1. 
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Fig. 4.61 See figure caption on preceding page. 
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4.4.2.9 Msill 

Msill is rather similar to Lsill in that it also shallows only in one direction, in this case 

northeast (fig. 4.62). However, unlike Lsill which gradually steepens, Msill does not, 

and in some profiles flattens going upwards (fig. 4.62 profile Q-Q’). Msill is also 

interesting in that it appears to start from the top of the Nise Formation (if fed, so that 

the sill propagates upwards) (fig. 4.62 profile Q-Q’). Like many of the other sills Msill 

has small irregularities in the form of steps (fig. 4.62 profile R-R’). 
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Fig 4.62 TWT map of Msill and profiles. For sill location see fig. 4.40. Profile vertical 

exaggeration is ~2.5 based on a representative seismic velocity of 2500 ms-1. 
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4.4.3 Asills 

Three sills, termed the Asills (A1sill, A2sill and A3sill) occur in approximately the 

centre of the depth range of the intermediate depth sills (section 4.4.2) between 3440-

3875 ms TWT below sea level. The Asills are located, stacked over each other, in the 

northwest corner of the mappable data set (fig. 4.63). The Asills are highly exceptional, 

to the other intermediate depth sills. In particular they transgress far less (C2sill and 

G2sill excepted), have more irregular outlines and have unlike the other intermediate 

depth sills angular geometries in profile view.  

The top of the Nise Formation (a series of sands – see section 4.3) has been shown to be 

very important in affecting sill geometries. Csill, Isill, Jsill, Ksill and Lsill all terminate 

at the top of the Nise Formation. C2sill is interpreted to form from Csill at the top of the 

Nise Formation and Msill appears to propagate up from it (supposing upward 

propagation). No sill crosses the boundary unaffected (Gsill and Hsill occur above the 

Nise Formation). In a somewhat similar fashion to C2sill, the Asills are interpreted to 

have formed within the top of the Nise Formation, fed from below by Bsill.  

The top of the Nise Formation is polygonally faulted. Polygonal faults are tier bound 

arrays of normal faults, with diverse ranges of strikes (Cartwright et al. 2003). They 

generally occur in fine grained sediments, or more rarely in courser grained sediments if 

close to polygonally faulted fine grained sediments (Cartwright et al. 2003). The Asills 

are interpreted to exploit these faults creating their angular appearance.  
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Fig. 4.63 Location of the Asills (A1sill, A2sill and A3sill) relative to the mappable survey area 

(navy outline) shown in fig. 4.1. 
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4.4.3.1 A1sill 

The Asills appear to be relatively irregular in profile view and are stacked close together 

(fig. 4.64). A1sill is the deepest of the Asills. A1sill has two distinct portions divided by 

a ridge feature (fig. 4.65). The eastern portion of the sill is broadly circular, with a 

locally deep area close to the centre of the portion, but offset towards the west. The 

western portion of the sill is more elongated and divides into two and then three ‘limbs’. 

The sill appears to deepen significantly towards the west; however, this is mainly the 

result of the sill being tilted towards the west by the Modgunn Arch structure.  

A1sill is very close to the high amplitude stratal reflectors associated with the top of the 

Nise Formation, though towards the east, the sill rises above them (fig. 4.66). The top of 

the Nise Formation reflectors cannot be observed where the sill is present or below the 

sill, except for a short distance below the sill in the east (fig. 4.66). The loss of stratal 

reflections is in part caused by the high amplitude of A1sill, and reverberations created 

by the sill which obscure and alter the seismic data.    

The eastern portion of A1sill has a very angular geometry along its eastern and southern 

margins (fig. 4.66). The western and central area of the eastern portion of A1sill, is 

however much smoother (fig. 4.67), including where the sill is locally deeper (fig. 4.67). 

 

On next page: Fig. 4.64 Profiles through the Asills, with interpretations below. The profiles 

extend across A1sill for the southern and northern limbs (profile S-S’ and T-T’ respectively). 

Fig. 4.65 shows the locations of the profiles. In particular the profiles illustrate that A2sill is 

very close to A1sill and for a short distance the reflections merge. The Asills are more irregular 

than many of the other sills described in other sections. Neither continuous nor abrupt 

transgression is particularly evident from the profiles alone. Vertical exaggeration is ~2.5 based 

on a representative seismic velocity of 2500 ms-1.
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Fig 4.64 

Caption on 

preceding 

page.
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Fig. 4.65 TWT map of A1sill with labels and annotation above and without below. The sill is 

divided into two portions separated by a ridge (emphasised by a dot and dash line extending 

from the ridge). For sill location see fig. 4.63.  
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Fig. 4.66 Profiles through the eastern margin of A1sill illustrating only the eastern portion of the 

sill. See fig. 4.65 for profile locations. The profiles illustrate how the sill has an angular 

geometry towards its eastern margin. Because the seismic data is disrupted it is not immediately 

apparent from the profiles, the cause of the sill angularity. The series of high amplitude negative 

reflections associated with the top of the Nise Formation are also labelled. Vertical exaggeration 

is ~2.5 based on a representative seismic velocity of 2500 ms-1. 
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Fig. 4.67 Profile through the west of the eastern portion of A1sill and a short section through the 

western portion of A1sill beyond the ridge structure. For profile location see fig. 4.65. The 

profile illustrates how the eastern portion of A1sill is much smoother (less angular) in the west 

than in the east (cf. fig. 4.66). The profile also crosses the locally deep area of the eastern 

portion of A1sill. Additionally, the profile intersects the ridge structure of the sill. The figure 

also shows A2sill and the top of the Nise Formation. Vertical exaggeration is ~2.5 based on a 

representative seismic velocity of 2500 ms-1. 

4.4.3.2 Relationship of A1sill to Bsill as well as to A2sill, and 

Implications for How the Sills Propagated 

In sections 4.4.1.6, 4.4.2.1 and 4.4.2.3 interpreted feeding relationships have been 

described between Esill and E2sill, Csill and C2sill and Gsill and G2sill respectively. In 

two of those cases a change in lithology was observed to be correlated to the feeding 

relationships. For Esill and E2sill, the Lysing Member occurs at the transition, and for 

Csill and C2sill the Top Nise Formation sands are interpreted to occur at the transition.  

The relationship between Bsill and A1sill is in this regard similar to those between Esill 

and E2sill as well as between Csill and C2sill, in that the transition between the sills 

also occurs at a lithological change, the top of the Nise Formation, as for Csill and 

C2sill (fig. 4.68). The seismic data below A1sill is distorted and dominated by 

reverberations (see section 3.1.2), and therefore, how far Bsill extends below A1sill 

remains uncertain. However, one can infer that Bsill extends into the zone of 

reverberations below A1sill, where it could have a junction with A1sill, close to the 

deepest area of the eastern portion of A1sill (fig. 4.68). 
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If fed from Bsill, A1sill can be interpreted to propagate upwards from the deepest area 

of its eastern portion, towards its shallower margins. The western portion of A1sill can 

then be interpreted as having been fed from the eastern portion of A1sill, with its 

elongated and limbed form being the result of how A1sill propagated westwards. The 

sill forming multiple branches or limbs as it propagated west.  

It is important to note that while the eastern portion of A1sill appears similar to many 

other intermediate depth sills in that it is deepest close to the centre and rises gradually 

towards the margins, A1sill is much closer to being concordant than many of the other 

intermediate sills. The eastern portion of A1sill has a TWT range between 3500 ms and 

3741 ms, i.e. a difference of 241 ms. In comparison, Bsill and Lsill have TWT 

differences of ~610 and ~605 ms respectively, though some are less e.g. Csill has TWT 

difference of ~305 ms. The much smaller Hsill has a TWT difference of only ~165 ms. 

The large area and small amount of transgression would suggest that the propagation of 

A1sill was constricted differently to other intermediate depth sills. Also the extended 

portion of A1sill to the west is unique for intermediate depth sills, again suggesting the 

formation of A1sill was unusual.                          

Looking up from A1sill is a contact to A2sill, a marginally weaker reflection (fig. 4.68). 

There is less reverberation from A2sill, so the junction between the sills can be more 

easily observed. Though, as discussed in section 2.2.3.6, two sills which appear to be in 

contact with each other in seismic data, may not be in contact with each other in reality. 

Even if they are in contact with each other, they may not feed each other. However, the 

uniqueness of the Asills and their very close proximity to each other, as well as the 

inferred mechanical effect of the top of the Nise Formation sands, would all suggest the 

sills feed each other.  

It should be noted that while in some profiles the junction between A1sill and A2sill 

appears to be point-like (fig. 4.68 profile X-X’), the relationship between the sills is 

more complex as the profiles S-S’ and T-T’, in fig. 4.64 illustrate.  
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Fig. 4.68 Page 1 of 2. Profile illustrating the potential junctions between Bsill (section 4.4.2.2), 

A1sill and A2sill. Profile locations shown on sill TWT maps on second page. The dashed 

continuation of the Bsill interpretation is inferred from the high amplitude response below 

A1sill, but is uncertain. The second page shows the TWT maps of A1sill with the outlines of 

Bsill (above) and A2sill (below). For Bsill location see fig. 4.40. The lower TWT map has also 

profiles S-S’ and T-T’ as shown previously in figs. 4.64 and 4.65. Vertical exaggeration is ~2.5 

based on a representative seismic velocity of 2500 ms-1. 
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Fig. 4.68 Page 2 of 2. See figure caption on preceding page.  

 



183 
 

4.4.3.3 A2sill 

A2sill is similar to A1sill in that it has a portion which is approximately circular and has 

a similar, though smaller, extension towards the west in the north (fig. 4.69). A2sill is 

even more angular than A1sill. Over much of its southern area it overlies A1sill (fig. 

4.69 profile Y-Y’), though in other areas it extends far from A1sill (fig. 4.69 profile Z-

Z’).  
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Fig. 4.69 TWT map of A2sill and representative profiles through A2sill. For sill location see fig. 

4.63. Profile vertical exaggeration is ~2.5 based on a seismic velocity of 2500 ms-1. 
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4.4.3.4 A3sill and the Network of Asills 

A3sill is the least well imaged of the Asills. It occurs broadly speaking between A1sill 

which is below, and A2sill which is above. A3sill extends from the other Asills towards 

the northwest and beyond the edge of the data. A3sill is in close proximity to A2sill 

along its eastern margin, where it appears to have a junction (fig. 4.70 profile A-A’). It 

is also in close proximity with A1sill over much of its eastern area (fig. 4.70 profile B-

B’). Whether these junctions or areas where the sills are close together are feeding 

relationships remains unclear. However, the similar geometries and positions of the sills 

would suggest that a feeding relationship is plausible. If as suggested, Bsill, A1sill and 

A2sill also feed each other then this would be the largest feeding relationship network 

observed in this data set. In fact, without A3sill it would still be the largest.  

3D visualisations of the sills show the relationships between the Asills clearly (fig. 

4.71). The mottled area in the centre of A2sill occurs where the reflections (and 

interpretations) of A1sill and A2sill coincide (fig. 4.71). The area where A1sill and 

A2sill coincide is close to the centre of A2sill, indicating that A2sill could be centrally 

fed by A1sill.  

It is worth noting that a network of four sills is far smaller than the networks interpreted 

in Cartwright and Hansen (2006) which reached up to 26 sills (twice) or Thomson and 

Schofield (2008) which reached (at least) six. 

 

On next page: Fig. 4.70 TWT map of A3sill and representative profiles. Holes in the TWT map 

of A3sill occur where A1sill rises upwards. For sill location see fig. 4.63. Profile vertical 

exaggeration is ~2.5 based on a representative seismic velocity of 2500 ms-1. 

 

On page after next: Fig. 4.71 3D visualisations of the Asills and in part C with Bsill as well. The 

sills are colour coded as labelled with the mottled area occurring where the interpretations of 

A1sill and A2sill coincide. The image is approximately 3.6x vertically exaggerated based on a 

seismic velocity of 2500 ms-1. For scale, the long axis of A1sill (light blue) is approximately 12 

km. Part A is lit from the south, and viewed from the south, part B is lit from the west and 

viewed from the west, and part C is lit from the northeast and viewed from the north.       
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Fig. 4.70 Figure caption on preceding page. 
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Fig. 4.71 Figure caption two pages back. 
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4.4.3.5 The Relationship between the Asills and the Top Nise 

Formation 

One of the most interesting features of A1sill and A2sill are their angular geometries. 

This can be observed clearly in the 3D visualisations of the sills (fig. 4.71), the TWT 

maps (figs. 4.65 and 4.69) and in some profiles, in particular, the eastern margin of 

A1sill (fig. 4.66), and more generally for A2sill (e.g. fig. 4.69). The angular geometries 

of A1sill and A2sill are unique for this study area, and to my knowledge, sills with a 

similar type of angularity have not been observed elsewhere either. The less well 

imaged A3sill is also not as angular (fig. 4.70).   

Mechanically speaking it is hard to envisage a sill changing depth abruptly and so often 

without any factor acting on the sill to make it occur. Understanding what this factor is, 

is not immediately obvious because the seismic data is affected very strongly by the 

presence of the sills, meaning that structures in the host, lithological or otherwise, can 

not be observed where the sills are present.  

However, what can be observed is that the sills extend from the top of the Nise 

Formation high amplitude negative reflections (e.g. figs. 4.66, 4.67, 4.68 and 4.69). As 

suggested in section 4.4.3.2, A1sill is interpreted to have formed as a result of Bsill 

reaching the sands of the top of the Nise Formation and then the magma propagated 

much more concordantly at the boundary creating A1sill and then A2sill just above.  

Mechanically, a few different mechanisms could cause the transgressive portion of a sill 

to start propagating at an interface; these mechanisms were described in more detail in 

section 2.3.3. Intrusion at the interface could be the result of: the host above the 

interface being hard and therefore difficult to intrude (Mudge, 1968; Pollard, 1973; 

Rivalta et al. 2005; Kavanagh et al. 2006; Zhang et al. 2007; Burchardt, 2008), or the 

interface itself being weak and therefore easier to intrude (Pollard, 1973; Gudmundsson, 

2009; Maccaferri et al. 2011), or because the host above the interface has a high pore 

fluid overpressure (Gressier et al. 2010). These factors could act theoretically alone or 

together. 

Determining the properties of the top of the Nise Formation is difficult based on the 

data available. It may be that the sands (found in well 6403/6-1 and elsewhere – section 

4.3) are hard, and therefore, act as a barrier to further sill intrusion, or alternatively they 

may be weak and poorly cemented, and therefore, require less energy to intrude. The 
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weak sands would in this case act in a similar fashion to an interface between harder 

claystones above and below the top of the Nise Formation. Additionally, it would not be 

surprising if, with the change in lithologies, there was also a change in pore fluid 

overpressure.  

Whatever the mechanism, if the sill is following the lithological change or changes, then 

the sill would also be expected to be affected by significant changes in the lithological 

unit or units. In this case, how the lithological unit or units is faulted is of particular 

interest. To understand these processes one needs to consider the top of the Nise 

Formation further.  

4.4.3.5.1  Polygonal Faults and the Top Nise Formation 

The top of the Nise Formation was introduced in section 4.3. A horizon was mapped 

called HorizonL defined as the top negative reflection of a series of high amplitude 

reflections (fig. 4.7). As was shown in fig. 4.6, the horizon was mapped jointly by 

myself and R. Christina Neagu. What is clear from the TWT map (fig. 4.6) and profiles 

(e.g. fig. 4.7) is that HorizonL is very angular and ‘stepped’.  

Using the dip attribute (the gradient of the slope) of HorizonL, one can observe where 

the horizon is relatively flat and where it is much steeper (fig. 4.72). The steep portions 

(in some cases discontinuities) are visualised as black lines. The black lines form a 

series of polygons. The clarity of the seismic reflection varies, leading to some variation 

in the quality of the horizon interpretation. Perpendicular profiles indicate that the steps 

are caused by pervasive normal faults (i.e. extensional faults), in all directions (fig. 

4.73). Identifying normal faults in perpendicular profiles is a standard method for 

identifying polygonal faults (Cartwright et al. 2003).  

Polygonal faults occur predominately in fine grained sediments, though neighbouring 

courser grained sediments can also be polygonally faulted (Cartwright et al. 2003). For 

the case of the top of the Nise Formation, the faults are predominantly in the fine 

grained claystones of the Nise Formation, but also extend into the courser grained sands 

at the top of the Formation. The change from claystone to sandstone can be interpreted 

by the change in seismic character, i.e. the higher amplitude reflections at the top of the 

Nise Formation (fig. 4.73). Polygonal faults are also commonly layer bound (Cartwright 

et al. 2003). The Nise Formation faults do not extend throughout the data set vertically 

and in fact many different polygonal patterns have been identified at various depths. 

Polygonal faults have not been observed to occur in active settings; rather they occur in 
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passive margin settings and within cratonic basins (Cartwright et al. 2003). The data set 

is situated along the Norwegian (Atlantic) passive margin. For these reasons the Nise 

Formation is interpreted to be polygonally faulted. 

 

Fig. 4.72 Dip map of HorizonL (Top Nise Formation), see TWT map and location in fig. 4.6.
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Fig. 4.73 Figure 

caption on next page. 
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On previous page: Fig. 4.73 Perpendicular profiles illustrating the polygonal faulting of 

HorizonL (Top Nise Formation). Profiles are repeated with and without interpretation. The 

violet line is HorizonL (re-drawn for figure). Interpreted faults are marked as dark green lines. 

Faults are identified based on the offset between neighbouring reflections, and as linear 

amplitude anomalies. Profile locations are shown in fig. 4.72. Vertical exaggeration is ~2.5 

based on a representative seismic velocity of 2500 ms-1. 

4.4.3.5.2  Comparison between the Geometries of the Asills and HorizonL 

Looking at the dip attribute maps of the interpretations of A1sill and A2sill illustrates 

that like HorizonL they also have steeper areas and flatter areas (fig. 4.74). A3sill is 

generally flatter and has a less distinctive geometry than the other two sills (fig. 4.74) 

and so is not considered further here. 

Overlaying the dip map of A1sill over the dip map of HorizonL (fig. 4.75), one can 

observe the similarity between the two maps. In fact, one can go further and note that 

the fault trends in the host (black and dark lines) extend into the sill (fig. 4.75). The 

observation that two different rock types: a dolerite and a sequence of sandstone and 

claystone, share such a similar geometry is somewhat remarkable. Overlaying the dip 

map of A2sill over HorizonL, one can again observe that the geometries of the two 

horizons are very similar, and again fault trends extend into the sill from the host (fig. 

4.76). The fault trends observed in A1sill do not overlay closely with the fault trends in 

A2sill. Why this is remains somewhat unclear, but it may be the result of the sills being 

at different depths. Nonetheless the geometry of the angular features in A2sill and 

A1sill are very similar (fig. 4.76). 

Similar observations can be made by comparing the dip azimuth (direction of dip) 

attributes of the sills and HorizonL. Once again features with similar dip azimuths 

extend from the host (HorizonL) into both A1sill (fig. 4.77) and A2sill (fig. 4.78).  

The dip and azimuth attributes can also be combined to form a single attribute using the 

graphic design software CorelDRAW™ (figs. 4.79, 4.80 and 4.81). Here, the dip 

attribute is converted so as to have variable opacity such that areas of high dip are more 

transparent than areas of low dip. Areas with no dip values (i.e. beyond the sills or 

HorizonL) are fully opaque (black). The dip attribute maps with varying opacity are 

then overlain over the azimuth attribute maps. The result is that areas of high dip are 

more saturated (i.e. ‘colourful’) than flatter area, highlighting the azimuth data of the 

fault planes and similar steeper parts of the sills. It is clear that steep structures from the 

host extend into the sills with similar orientations (figs. 4.79 and 4.80). In fig. 4.81 the 
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maps of A1sill and A2sill are overlain over each other (as if looking from above) which 

are in turn overlain over HorizonL. Some structures appear to extend from sill to sill as 

well as from the host. 
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Fig. 4.74 TWT dip maps of the Asills. For sill locations see fig. 4.63. For TWT maps of the sills 

see the following figures: A1sill – fig. 4.65, A2sill – fig. 4.69, A3sill – fig. 4.70. All maps are 

based on the same distance and colour scales. Dip scale used: 0 to 0.00045 seconds/meter.  
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Fig. 4.75 Dip map of A1sill overlain over the HorizonL dip map. In the top image the sill 

outline is indicated with an orange dashed line. In the bottom image selected faults and steep 

portions of A1sill are highlighted with red lines.  
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Fig. 4.76 Dip map of A2sill overlain over the HorizonL dip map. In the top image the outline of 

A2sill is shown with an orange dashed line. In the bottom image selected faults and steep 

portions of A2sill are highlighted with violet lines. Red lines associated with A1sill are 

transferred from fig. 4.75, except those which overlapped with A3sill.   
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Fig. 4.77 A1sill azimuth map overlain over the HorizonL dip azimuth map. The green dashed 

line in the top figure indicates the sill location and solid green lines in the lower figure highlight 

some of the linear features. 
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Fig. 4.78 A2sill azimuth map overlain over the HorizonL dip azimuth map. The green dashed 

line in the top figure indicates the sill location and solid green lines in the lower figure highlight 

some of the linear features. 
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Fig. 4.79 Multiple attribute figure combining the dip and dip azimuth attributes. A1sill overlain 

over HorizonL. White dashed outline around A1sill. See rectangle below for colour scheme 

used in figure, with increasing dip represented by an increase in saturation (‘colour strength’) 

and dip azimuth represented by a spectrum of colours.  
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Fig. 4.80 Multiple attribute figure combining the dip and dip azimuth attributes. A2sill overlain 

over HorizonL. Yellow dashed outline around A2sill. See rectangle below for colour scheme 

used in figure, with increasing dip represented by an increase in saturation (‘colour strength’) 

and dip azimuth represented by a spectrum of colours.  
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 Fig. 4.81 Multiple attribute figure combining the dip and dip azimuth attributes. A2sill overlain 

over A1sill which are both overlain over HorizonL. Yellow dashed outline around A2sill and 

white dashed outline around A1sill. See rectangle below for colour scheme used in figure, with 

increasing dip represented by an increase in saturation (‘colour strength’) and dip azimuth 

represented by a spectrum of colours.  
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4.4.3.5.3  Interpreting the Relationship between A1sill and A2sill, and the 

Top of the Nise Formation   

The previous section 4.4.3.5.2 illustrated that the geometry of A1sill and A2sill and the 

faulting of the Top Nise Formation as mapped as HorizonL are very closely linked. 

First, the general pattern of steeper and flatter portions of the sills resembles closely the 

steeper fault planes of the host and flatter sedimentary beds between the faults. Second, 

many of the fault trends extend into the sills maintaining approximately their orientation 

and dip. To an extent these trends extend between A1sill and A2sill as well. 

Clearly then, there is a correlation between the faults in the host and the steeper portions 

of A1sill and A2sill. One can consider four different possible explanations for this 

correlation. 

· Correlation does not equal causation i.e. the similarity is a coincidence 

· The sills acquired the ‘faulted geometry’ from the host as they were emplaced 

i.e. the sills exploited pre-existing fault planes as they intruded 

· The sills were emplaced without their ‘faulted geometry’ and intruded a host 

which was not faulted. Faulting occurred after emplacement, faulting both the 

host and the sills 

· Faulting and sill emplacement occurred synchronously 

The first explanation that the correlation is a coincidence seems too unlikely. The trends 

of the faults into the sills would appear to be (near) impossible to occur by chance. The 

unique geometry of these two sills indicates that what has occurred is unusual and 

related to where the sills have been emplaced.  

The final explanation that sill emplacement and faulting occurred synchronously also 

appears unlikely. If this occurred one might expect sill intrusion to effect or even cause 

the polygonal faulting of the host, and yet faulting extends well beyond the extent of the 

sills (fig. 4.72), indicating faulting occurred independently of sill emplacement. The 

pattern of faulting also does not appear to be significantly altered close to where the 

Asills are present indicating the faulting was not affected by sill intrusion (fig. 4.72).  

To consider whether the sills exploit faults or have been faulted (the second and third 

explanations respectively); one needs to consider the sill geometries. In a schematic 

sketch shown in fig. 4.82, the two possibilities are outlined. The key differences are 

first, that if a sill exploits a series of faults then the fault planes will be intruded, while 
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in the faulted case the fault planes will not. The second key difference is that in the 

faulted case the offset between flatter portions of the sill will be offset by the same 

amount as the fault offsets, in the case where the sill intrudes into the fault planes the 

offsets could be different.   

 

Fig. 4.82. Schematic sketches of the geometrical differences between an intrusion that 

has been faulted post emplacement and a sill exploiting pre-existing fault planes. The 

diagram is not to scale.  

Profiles and maps of A1sill (e.g. figs. 4.64, 4.65 and 4.66) and A2sill (e.g. fig. 4.69) 

indicate that the sills are not offset. This appears not to be a result of the resolution limit 

of the seismic data because faults can clearly be identified in the host (fig. 4.73). 

Additionally, the vertical displacement of the sills is marginally larger than that of the 

faults. Vertical displacement measurements gave mean averages of approximately 59 
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ms for A1sill and A2sill (sample size 20 for each sill), while nearby the host gave a 

mean average of 47 ms (sample size 20). Most significantly, the largest displacements 

of the sills reached approximately 100 ms. Such large displacements were not matched 

in the host.  

An alternative approach is to consider the problem mechanically. The mechanics of 

polygonal faulting remains an area of active research and the mechanics of polygonal 

faulting remains debated (e.g. Cartwright et al. 2003; Cartwright, 2014). However, it 

appears that the mechanism must relate to the nature of the fine grained sediments they 

occur in as well as their stress state. In comparison to much larger tectonic driven 

normal faulting (e.g. in rifts) the forces must be much less. In this sense, it is 

questionable whether the stresses generated during polygonal faulting would be strong 

enough to polygonally fault dolerite sills, even if weathering, fracturing and jointing 

could potentially weaken the sills. 

In the field, sills have been interpreted to exploit fault planes (Randall, 1959; Bédard et 

al. 2012) and also in seismic data, as most notably shown by Magee et al. (2013a) as 

described in section 2.2.3.4. Dykes are also interpreted to exploit fault planes based on 

field, analytical and experimental studies (Gudmundsson, 1983; Ziv et al. 2000; 

Gaffney et al. 2007; Le Corvec et al. 2013). Clastic intrusions have also been identified 

to exploit fault planes (Shoulders and Cartwright, 2004; Huuse et al. 2004; Bureau et al. 

2013). See also section 2.3.4.2. Therefore, mechanically sills are expected to exploit 

fault planes. 

For these reasons A1sill and A2sill are interpreted to intrude a polygonally faulted host 

and propagated to an extent along fault planes. Propagation may have occurred in the 

direction of maximum dip on the fault planes but may have also occurred obliquely. To 

my knowledge this is the first time that sills have been shown to exploit a polygonal 

fault network. This finding has implications regarding to timing the polygonal faults as 

they must have formed prior to sill emplacement. However, it is not unexpected that 

within 20 million years (the time difference between sill emplacement and the 

deposition of the Nise Formation sediments) that polygonal faulting could have 

occurred as more recent polygonal faults have been observed relative to the present (e.g. 

Cartwright, 2014).  

Finally, we can consider again an observation made in section 4.4.3.1 that A1sill is 

more angular towards its margin. As described, the eastern portion of A1sill is more 
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angular in the east, than west or centre (compare fig. 4.66 to fig. 4.67), this can also be 

observed in the dip map of A1sill (fig. 4.74) and the 3D visualisations of the sill (fig. 

4.71). This less angular region occurs above where A1sill is interpreted to be fed by 

Bsill as described in section 4.4.3.2. The change in angularity is unlikely to be result of 

changes in the polygonal faults which remain relatively uniform (fig. 4.72). Instead, the 

change in angularity is interpreted to result from the feeding relationship. 

Where the sill is fed, the sill is expected to be most inflated. Towards the margins, the 

sill is expected to taper, becoming thinner as discussed in section 2.3.1. As the sill 

inflates the steps created by the sill exploiting the polygonal faults may diminish as the 

sill inflates. This would lead to a less angular interior to the sill, relative to the margins 

as observed. The change in angularity of A1sill, therefore, also supports the feeding 

relationship from Bsill, as previously interpreted in section 4.4.3.2.      
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4.4.4 Shallow Sills 

The final group of sills to be described are the shallowest sills in the survey area. A 

selection of shallow sills has been chosen, based on their geometries and amplitude 

features. Also sills were chosen based on the extent that could be observed, rather than 

those which are truncated significantly by the survey edge.  

The largest of the shallow sills is termed here ShalSill and is shown separately (fig. 

4.83). It was described previously by Miles and Cartwright (2010). Five other shallow 

sills are also described which have not been described before, to my knowledge (fig. 

4.84). 

These sills have distinctive geometries; unlike any of the sill groups described so far. 

The sills have margins which are more ‘bulbous’ than those previously described. Their 

geometries and amplitude responses appear to be related to how the sills propagated. 

These factors make the sills appear to propagate in a fashion akin to how a fluid 

propagates within other fluids, rather than how fluid-filled brittle fractures propagate.  
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Fig. 4.83 Outline of ShalSill. Areas where ShalSill is not visibly present are shaded in grey for 

emphasis. The outermost navy outline is the interpretable survey area shown in fig. 4.1. 
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Fig. 4.84 Outlines of additional shallow sills (additional to ShalSill). The outermost navy 

outline is the interpretable survey area shown in fig. 4.1. 
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4.4.4.1 ShalSill 

ShalSill is one of the most extensive and significant sills in the study area. It was 

described by Miles and Cartwright (2010). For comparison to other sills and for the 

discussion, I briefly summarise their findings and also describe new aspects of the sill 

which were not previously described.  

I remapped ShalSill, slightly differently to Miles and Cartwright (2010), in that I only 

mapped the sill (where it could be identified) as opposed to mapping both the sill and 

surrounding host. Broadly the maps are very similar, the most significant difference is 

perhaps after remapping, a southern lobe is rounder (called here ‘Lobe B’). It is worth 

noting, as discussed in section 3.2.1 and shown in fig. 3.11, that the sill is interpreted 

based on a sample derived from well 6403/6-1, to extend beyond what can be 

determined using seismic data alone. The margins of the sill are therefore somewhat 

uncertain, and were mapped to be where the seismic amplitude response of the sill 

became indistinguishable from that of the host, in some cases this was abrupt, and in 

other cases it was more gradual.   

The TWT map of ShalSill indicates that the sill changes depth significantly (fig. 4.85). 

In fact, the change in depth is nearly entirely caused by folding of the Modgunn Arch 

structure. The sill is in fact nearly concordant with small amounts of upward 

transgression in places (fig. 4.86). The transgressive geometry of the interpreted sill is a 

clear indicator that ShalSill is in fact a sill and not an extrusive lava flow. The sill 

follows the Tang-Springar formation boundary though the basalt sample in well  

6403/6-1 indicates the sill rises marginally above the Springar Formation into the Tang 

Formation as described in section 3.2.1.    

As Miles and Cartwright (2010) suggest the sill is broadly “doughnut shaped” based on 

the large area in the centre of the sill where the sill is not mapped. In fact multiple 

‘holes’ of this kind are identified of various sizes and shapes (fig. 4.85). When one 

considers that the sill is truncated by the edge of the data in four different places, in both 

the east and west, it is quite conceivable that the area observed is a small fraction of the 

total area of the sill. The sill is in some places offset, as identified by Miles and 

Cartwright (2010) (figs. 4.85 and 4.87), indicating the sill may have been fed from 

multiple sources and is again a clear indicator that that ShalSill is not a lava flow as it 

intruded at multiple depths, while a lava flow would be expected to only occur at one 

depth. 
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The seismic amplitude map of the sill is one of the most significant aspects of the sill 

(fig. 4.88). The sill varies in amplitude a lot with abrupt changes (fig. 4.88), which are 

generally unrelated to changes in depth (fig. 4.89). As Miles and Cartwright (2010) 

identified, the sill outline and the amplitude features are highly lobate (fig. 4.88). I find 

these features to be unique to shallow sills in this study area. Miles and Cartwright 

(2010) use these structures to infer propagation direction supposing that the lobes 

spread out away from where they are fed. These structures are so large (~10 km long) 

they are more reminiscent of ‘flows’ than traditional ‘lobes’. The largest and most 

significant of these is named the ‘Major Flow’, for this thesis. As will be discussed in 

the chapter on vents (chapter 5), 98 small vents are identified to occur above the Major 

Flow, another feature supporting that interpretation that ShalSill is a sill and not an 

extrusive lava flow. These vents were not previously identified, although some vents 

associated with other sills were briefly described in Miles and Cartwright (2010). 

The coherency attribute measures the lateral change in seismic response between 

individual seismic traces (Bahorich and Farmer, 1995). In effect, it highlights and 

combines changes of amplitude as well as dip to produce a single attribute. Using the 

coherency attribute some propagation features can be identified more clearly than using 

the amplitude attribute alone as had previously been done by Miles and Cartwright 

(2010). Lobe ‘B’ towards the south of the sill is particularly clear with a distinct outline 

and low coherency linear features which diverge from what appears to be a single 

source point (fig. 4.90). 

One of the most significant observations made in Miles and Cartwright (2010) are high 

amplitude, narrow, meandering seismic amplitude anomalies (fig. 4.88). The amplitude 

anomalies are very minor features and would be very difficult or impossible to identify 

in seismic profiles alone (fig. 4.91). These are interpreted to be magma tubes and are 

very much reminiscent of river channels. One of the channels terminates in a ‘delta-like’ 

form, reminiscent of river deltas such as the delta of the Mississippi River in the United 

States (Miles and Cartwright, 2010). Such deltas are described as ‘bird-foot deltas’ 

based on their geometries. These amplitude anomalies can be used to determine the 

direction of magma propagation, such that the magma propagates towards the lobate 

features. Miles and Cartwright (2010) were the first to identify these kinds of amplitude 

anomalies and to my knowledge similar features have not yet been identified in other 

study areas.  
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Fig. 4.85 TWT map of ShalSill. For sill location see fig. 4.83. 
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Fig. 4.86 ShalSill profile. For profile location see fig. 4.85. ShalSill is very close to concordant, 

though tilted by the Modgunn Arch structure. The sill does exhibit minor transgression such at 

the eastern (right) termination shown. Some terminations, such as in the east (right) are abrupt, 

others such as in the west (left) are less abrupt. Scale bar based on a representative seismic 

velocity of 2000 ms-1. 

 

Fig. 4.87 Profile of ShalSill. For profile location see fig. 4.85. Again the concordancy of 

ShalSill is evident; the crest of the Modgunn Arch structure is in approximately the centre of the 

image. ShalSill is not in all places a continuous sheet and areas where the sill is offset do occur. 

Vertical exaggeration is ~3.1 based on a representative seismic velocity of 2000 ms-1. 
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Fig. 4.88 Seismic positive amplitude map of ShalSill. Key features such as lobes and 

meandering amplitude anomalies are labelled. Profile lines shown with dashed lines. For sill 

location see fig. 4.83 and sill TWT map in fig. 4.85. 
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Fig. 4.89 Profile showing amplitude change in ShalSill. For profile location see fig. 4.88. The 

amplitude map shows a very clear and abrupt change in the amplitude response of the sill (fig. 

4.88). The location of the change in amplitude response is marked by two black lines above and 

below the sill. Note also the increase in reverberations (apparent higher amplitude responses 

below the sill) where the sill has a higher amplitude response. Vertical exaggeration is ~3.1 

based on a representative seismic velocity of 2000 ms-1. 

 

Fig. 4.90 A coherency volume slice at 3444 ms illustrating Lobe ‘B’. The position of the Lobe 

is labelled in figs. 4.85 and 4.88. The colour bar is at the figure base.  
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Fig. 4.91 Profile through a high amplitude linear anomaly marked by an arrow above and 

below. While the feature is very clear when the sill is presented as a map (fig. 4.88), in profile 

view the feature is very minor, though a small increase in amplitude can be observed. For 

profile location see fig. 4.88. Vertical exaggeration is ~3.1 based on a representative seismic 

velocity of 2000 ms-1.  
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4.4.4.2 Nsill 

Nsill like the other shallow sills described in this section (4.4.4) has not been described 

before. Nsill broadly occurs a little deeper than ShalSill and has a more complex 

geometry and varies in depth (fig. 4.92 profile I-I’). The sill extends significantly north 

to south. Along its length, it widens and thins in plan view (fig. 4.92). These wider 

portions of the sills are somewhat ‘bowl’ or ‘trough’ shaped in profile view (fig. 4.92 

profiles J-J’, K-K’ and L-L’). The sill descends somewhat towards the south (fig. 4.92 

profile I-I’).  

As with ShalSill, the most interesting features can be visualised using the amplitude 

attribute. Towards the south, three wider portions of the sill, in plan view, have 

predominantly higher seismic amplitudes than the thinner portions of the sill between 

them (fig. 4.93). The shapes and structures of the amplitude anomalies appear to 

indicate that the magma propagated from the north to produce bulbous protrusions. 

Between each of these high amplitude areas are lower amplitude areas with linear 

meandering amplitude anomalies, very similar to those observed for ShalSill (fig. 4.93, 

cf. fig. 4.88). Like for ShalSill the amplitude anomalies appear to be very minor in 

profile view (fig. 4.93 profile M-M’, cf. fig. 4.91).  

When one considers the sill geometry with the amplitude anomalies, it becomes clear 

the sill propagated in pulses, with each pulse having a bowl-shaped geometry. Broadly 

the sill propagated downwards, a rare occurrence (fig. 4.92).  
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Fig. 4.92 TWT map of Nsill with representative profiles. Note that profile I-I’ bends at point ‘a’ 

shown on the map. Green and blue arrows mark Nsill and ShalSill respectively. For Nsill 

location see fig. 4.84. Profile vertical exaggeration is ~3.1 based on a representative seismic 

velocity of 2000 ms-1.     
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Fig. 4.93 Seismic amplitude map of Nsill and representative profile of a linear amplitude 

anomaly. TWT map of the sill shown in fig. 4.92 and sill location in fig. 4.84. Vertical 

exaggeration of the profile is ~3.1 based on a representative seismic velocity of 2000 ms-1. The 

pixilation of the amplitude map is due to each pixel representing a single trace (i.e. the 

maximum resolution possible). 
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4.4.4.3 Osill 

Osill like Nsill is also marginally deeper than ShalSill. Overall Osill is relatively 

elongated, but at a smaller scale the margin is bulbous and rounded (fig. 4.94). In parts, 

the sill is relatively concordant where it shallows just below ShalSill (fig. 4.94 profile 

N-N’). In both the north and south the sill has bowl-like geometries. The south is 

particularly complex with multiple bowls (fig. 4.94 profile O-O’).  

Unlike either ShalSill or Nsill the amplitude map has less distinctive features related to 

sill propagation (fig. 4.95). The overall pattern is of a highly variable amplitude 

response from the sill.  
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Fig. 4.94 TWT map of Osill and representative profiles. For sill location see fig. 4.84. Note that 

profile N-N’ bends at the point marked with an ‘a’. Profile vertical exaggeration is ~3.1 based 

on a representative seismic velocity of 2000 ms-1. 
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Fig. 4.95 Amplitude attribute map of Osill. For sill location see fig. 4.84 and for TWT map see 

fig. 4.94. 

4.4.4.4 Psill 

Psill is a small sill which is marginally deeper than ShalSill (fig. 4.96). It was noted that 

both Nsill and Osill have bulbous forms. Psill appears to consist of only one of these 

bulbous structures. It occurs as a bowl with a shallower tail. The shape of the sill is 

closely reminiscent to the most southerly portion of Nsill, both of which have ‘teardrop’ 

geometries (fig. 4.96 cf. fig. 4.92). The amplitude response of Psill is similar to the 

amplitude response of Nsill, in that the tail is lower amplitude and the centre has a 

higher amplitude response (fig. 4.97 cf. fig. 4.93).  
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Fig. 4.96 TWT map of Psill and representative profiles. For sill location see fig. 4.84. Profile 

vertical exaggeration is ~3.1 based on a representative seismic velocity of 2000 ms-1. 
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Fig. 4.97 Amplitude attribute map of Psill. For sill location see fig. 4.84 and TWT map in fig. 

4.96. 

4.4.4.5 Qsill 

Qsill is also just below ShalSill (fig. 4.98). It has a bowl-like form in the southwest and 

another deeper area in the northwest. Towards the east, the sill becomes much more 

concordant paralleling ShalSill above (fig. 4.98 profile R-R’). The amplitude map of the 

sill has discontinuities (fig. 4.99), these correspond to small steps in the sill (fig. 4.98 

profile S-S’). Additionally, there are holes in the sill map where the sill is not 

identifiable (fig. 4.98).  

By considering the amplitude discontinuities, steps and holes, it appears that the eastern 

portion of the sill could have formed from two separately propagating sheets, at 

approximately the same depth. The sheets are interpreted to have propagated 

approximately parallel to each other, though perhaps not at the same time. Between the 

two sheets were left holes and discontinuities (fig. 4.99). There are additional steps 

towards the northeast, which appear to diverge from the more northerly sheet (figs. 4.98 

and 4.99). These additional steps could indicate that the sheet divided as it propagated 
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towards its termination. Together, these features indicate the sill could have propagated 

in part, northeast away from the bowl-like portion of the sill (fig. 4.99).  

 

Fig. 4.98 TWT map of Qsill and representative profiles. Note profile R-R’ is bent at point ‘a’ 

shown. For sill location see fig. 4.84. Profile vertical exaggeration is ~3.1 based on a 

representative seismic velocity of 2000 ms-1. 
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Fig. 4.99 Seismic amplitude maps of Qsill, with labelled features above, and interpreted 

propagation paths below. For sill location see fig. 4.84 and TWT map in fig. 4.98.  
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4.4.4.6 Rsill 

Rsill has both bowl-like and relatively concordant portions (fig. 4.100 profile T-T’). In 

the southwest there are two bowl-like features (fig. 4.100 profile U-U’), while in the 

northeast the sill becomes closer to concordant (fig. 4.100 profile T-T’). The concordant 

structure has a ‘tail-like’ form extending away from the rounder bowl-like areas. The 

amplitude map did not show significant features.   
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Fig. 4.100 TWT map and representative profiles of Rsill. Note that profile T-T’ is bent at point 

‘a’ shown on the map. For sill location see fig. 4.84. Profile vertical exaggeration is ~3.1 based 

on a representative seismic velocity of 2000 ms-1. 
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4.4.4.7 ‘Western Shallow Sills’ 

At the start of this section (4.4.4) it was mentioned that the sills described so far are a 

selection of those which are imaged. At the far western margin of the data set (fig. 

4.101), there are a series of shallow sills termed the ‘Western Shallow Sills’. Most of 

these sills extend only a short distance into the survey and are therefore difficult to 

interpret accurately. Those sills which do extend further such as Nsill and ShalSill have 

been described (see above). The proximity to the edge of the data also brings some 

concerns to how they have been imaged as the data quality deteriorates towards the 

margins of the data. The Western Shallow Sills are significant in that they are associated 

with vents. 

Portions of Nsill, Osill, Psill, Qsill and Rsill all have bowl-like forms. Some of the 

Western Shallow Sills also have bowl-like forms, often with ‘ridge’ structures between 

the bowls (fig. 4.101). Interpreting how these bowls formed and the significance of 

these ridges is difficult as the sills are not observed in their entirety, though they are 

somewhat reminiscent of the multiple bowls of Osill (fig. 4.94 profile O-O’).  

 

On next page: Fig. 4.101 Profile at the western margin of the interpretable survey area (see map 

below). Sills which are described previously are indicated with arrows (ShalSill and Nsill). 

Profile also shows previously undescribed sills. Profile position shown on the map below, the 

navy outline shows the interpretable survey area as shown in fig. 4.1. Profile vertical 

exaggeration is ~3.1 based on a representative seismic velocity of 2000 ms-1 where sills are 

present. 
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Fig. 4.101 See previous page for figure caption. 
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4.5 Folding above Sills 

Folding above sills is now commonly recognised above sills after first being identified 

in seismic data by Trude (2003). Seismic studies which describe and interpret such 

folding above sills, which are listed in section 2.2.2, include: Trude et al. (2003), 

Hansen and Cartwright (2006a), Rocchi et al. (2007), Schofield and Totterdell (2008), 

Hansen et al. (2008), Fyhn et al. (2009), Moy and Imber (2009), Cukur et al. (2010), 

Granot et al. (2010), Lizarralde et al. (2011), Rollet et al. (2012), Jackson et al. (2013), 

Magee et al. (2013b), Sun et al. (2014), Magee et al. (2014a), Kluesner et al. (2014) and 

Egbeni et al. (2014).  

Folding, or in a more general sense deformation, above sills is a critical component to 

models which aim to describe abrupt transgression of sills as described in section 

2.3.4.1 (e.g. Pollard and Holzhausen, 1979; Fialko, 2001; Malthe-Sørenssen et al. 2004; 

Goulty and Schofield, 2008; Bunger et al. 2008; Galland et al. 2009; Gallerne et al. 

2011, Galland, 2012; Bunger et al. 2013; Bureau et al. 2014). However, models which 

can be used to describe continuous transgression of sills do not require deformation or 

folding of the overburden, as described in section 2.3.4.3 (Hansen et al. 2011). 

Therefore, the presence or absence of folds above sills has very important implications 

for the mechanics of sill emplacement.  

However, folding above sills can also plausibly be caused by differential compaction 

(e.g. Hansen and Cartwright, 2006a; Magee et al. 2014a). In that after sill intrusion the 

sills could compact less than the surrounding host leading to the sediments above the 

sills to descend less, as result of compaction, than neighbouring sediments, leading to 

the formation of folds above the sills, unrelated to deformation during sill intrusion. The 

clearest feature to distinguish ‘forced folds’, i.e. those folds which result from the uplift 

of sediments during intrusion, from ‘differential compaction folds’ is onlap on to the 

folded seafloor at the time of sill intrusion (Trude, 2003). This is because onlap on to a 

fold is the result of the sedimentation being affected by the feature at that time, if the 

folding occurs after intrusion then sedimentation would not be affected at the time of 

intrusion. Additionally, folding as a result of differential compaction, unlike that caused 

by forced folding, decreases gradually upwards to the seabed (Hansen and Cartwright, 

2006b). 
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A significant difficulty in distinguishing between the two folding mechanisms however 

is the effect of ‘drape’. Drape is where sedimentation is not necessarily horizontal, but 

rather where a fold is present, the sediments are deposited with approximately constant 

thickness over the fold (in the most extreme end member scenario) (e.g. Cartwright et 

al. 1993). This means the post-folding sediments do not pinch-out at the fold margins 

(i.e. there would be no onlap), and the fold morphology would extend into younger 

sediments than those which were physically bent by the intrusion. Therefore, where 

onlap is not present there is significant uncertainty as to whether the folds are forced 

folds.           

4.5.1 Identifying Folds 

In section 4.3 and fig. 4.8, the TWT map of HorizonV is shown. HorizonV is defined as 

the first positive reflection over the vents in the survey area. This stratigraphically 

corresponds to the Tare-Tang formation boundary shown in fig. 4.7. This horizon is 

described in much more detail in the chapter on venting associated with the sills 

(Chapter 5), this horizon is interpreted to be the, or very close to, the paleo-seafloor at 

the time of sill formation, because vents are interpreted to form at the seafloor during 

sill emplacement. It was found that the most effective way to identify folds was to use 

the dip attribute of HorizonV (fig. 4.102). Folds are more difficult (though not 

impossible) to identify in the TWT attribute directly, because the Modgunn Arch 

structure dominates over deformation created by the sills (fig. 4.8). 

Four clear folds are identified in the study area. These are associated with D1sill, D2sill, 

Csill and ShalSill. For the case of ShalSill, the fold is associated with a particular high 

amplitude ‘flow’ or ‘lobe’ termed the ‘Major Flow’, which was described in section 

4.4.4.1 (fig. 4.88). In fig. 4.102 the outlines of the folds are superimposed on the dip 

attribute map. As well as folds, other features can be identified, in particular, vents 

which are the broadly circular features, and faults which are nearly all of the thin linear 

features. Often between vents one can observe relatively minor changes in dip which are 

significantly wider than the abrupt faults. These are the margins of folds as the 

following section shows (section 4.5.2). These fold margins are observed to correlate 

almost perfectly to the underlying sills below, the outlines of which are shown (fig. 

4.102). It is notable that of the twenty seven sills described in detail in this chapter only 

four have clear folds, as will be shown in section 4.5.3 many do not have visible folds.  
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On the next page: Fig. 4.102. Dip attribute maps of HorizonV with fold outlines. HorizonV 

corresponds to the Tang-Tare formation boundary (see fig. 4.7). For the TWT map and the 

geographical location of the horizon see fig. 4.8. On the left of the figure is the dip attribute map 

without outlines, and on the right with outlines. The coloured outlines shown correspond to 

D1sill (figs. 4.13 and 4.12), D2sill (figs. 4.19 and 4.12), Csill (figs. 4.41 and 4.40) and the 

Major Flow of ShalSill (figs. 4.88, 4.85 and 4.83). In the map without outlines, the margins of 

the folds can be identified as areas of increased dip (darker). Black rectangles with the labels A 

to E refer to enlarged maps shown with profiles A-A’ to E-E’ respectively, in figs. 4.103 to 

4.106.     
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Fig. 4.102 Figure 

caption on 

previous page.  
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4.5.2 Sills with Folds 

D1sill has the largest fold, extending beyond the survey edge. The fold extends more 

than 45 km (length following the fold) making it the largest fold above a sill I am aware 

of for any study. The fold is an anticlinal or monoclinal structure lifting up both deeper 

stratigraphy (such as the Top Nise Formation units), and shallower stratigraphy, up to 

HorizonV the Tare-Tang formation boundary (fig. 4.103). Folding begins marginally 

beyond the sill termination, reaching its maximum amplitude approximately where the 

sill terminates.  

At HorizonV the shallower stratal reflection of the Tare Formation abuts against the 

fold, a relationship of this kind is termed as ‘onlap’. Onlap indicates that the fold was 

present before further sedimentation occurred, because it is an indicator that 

sedimentation was affected by the fold structure with greater sedimentation occurring 

around rather than on the antiformal fold. The presence of onlap means that D1sill 

created a forced fold (see start of section 4.5).   

Interestingly, ShalSill appears to be folded with the sedimentary succession (fig. 4.103 

profile B-B’). As ShalSill is close to concordant following the Tang-Springar formation 

boundary it may be that the sill propagated following pre-existing folded sediments, 

however, there is no indication that the sill attempted to propagate into the fold (either 

in terms of amplitude response or as observed in profiles). If ShalSill is folded, it would 

indicate the deeper D1sill formed before the shallower ShalSill. 

D2sill also has a fold, though it is not as clear as the fold of D1sill. The fold occurs both 

in deeper sediments and at the level of HorizonV (fig. 4.104). It is unclear how far the 

fold extends beyond the edge of the data. The lack of clear onlap on to the fold above 

D2sill makes characterising the fold difficult; however, a clear change in fold geometry 

below and above HorizonV (the interpreted paleo-seafloor) would suggest the fold is 

not a result of differential compaction alone. 

Csill has a very distinctive circular fold, with a circumference very similar to that of the 

sill (fig. 4.102). The Top Nise Formation sediments are folded above the sill (fig. 

4.105), the same level at which the sill terminates (section 4.4.2.1 – fig. 4.46). The fold 

extends up to HorizonV and also extends beyond the horizon. ShalSill also appears to 

be folded. Onlap is not observed on the fold of Csill and the continuation of the folding 

well above HorizonV are strong indicators that the folding could be a result of 
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differential compaction, however, alternatively the effect could be drape or a product of 

both.   

Part of ShalSill also has a fold. The fold is indented in plan view corresponding to the 

geometry of the sill below (fig. 4.102). The portion of the sill where the fold occurs 

corresponds to the eastern margin of a distinctive amplitude feature of ShalSill termed 

the ‘Major Flow’ (fig. 4.88). The fold itself is relatively small (fig. 4.106). Onlap is not 

observed and because of the small size of the fold, it is difficult to distinguish whether 

the fold is a result of differential compaction or folding during intrusion.  
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Fig. 4.103 Profiles through D1sill and its associated fold. Maps show profile locations. For map 

locations see fig. 4.102.  
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Fig. 4.104 Profiles through D2sill and its associated fold. Map below shows profile location. 

For map location see fig. 4.102.  
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Fig. 4.105 Profiles through Csill and its associated fold. Map below shows profile location. For 

map location see fig. 4.102.  
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Fig. 4.106 Profiles through ShalSill and its associated fold. Map below shows profile location. 

For map location see fig. 4.102.  
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4.5.3 Sills without Visible Folds 

While folds can be observed to occur above some sills (section 4.5.2) a large majority of 

the sills do not have visible folds above them. This is perhaps most significant for 

abruptly transgressive sills because abruptly transgressive sills are associated with 

models which involve folding (e.g. Pollard and Holzhausen, 1979; Fialko, 2001; 

Malthe-Sørenssen et al. 2004; Goulty and Schofield, 2008; Bunger et al. 2008; Galland 

et al. 2009; Galerne et al. 2011, Galland, 2012; Bunger et al. 2013; Bureau et al. 2014).  

D1sill as described in section 4.5.2 does have a fold above it, but D3sill which cross-

cuts D1sill does not have a visible fold (fig. 4.107). D4sill also does not have a fold 

directly above it (fig. 4.108). The lack of folding at either the shallower HorizonV 

depth, or at the Top Nise Formation depth, for both sills, would indicate that the lack of 

folding is not an imaging issue but rather a genuine feature. The implications of these 

findings are discussed in the discussion on sill geometries (chapter 6).  

Intermediate depth sills with the exception of Csill (as described in section 4.5.2) also 

do not have visible folds above them. Fig. 4.109 shows a profile with numerous 

intermediate depth sills where one can observe a lack of folding of either the top of the 

Nise Formation or HorizonV. With the exception of Csill which has a visible fold; 

intermediate depth sills do not transgress abruptly like D1sill, D3sill or D4sill. The lack 

of folding above sills which transgress continuously fits the model proposed by Hansen 

et al. (2011), which was proposed in part due to the lack of folding observed in the 

Faroe Islands, where continuously transgressive sills are present. Others have 

considered similar processes though not in the context of sills (e.g. Treagus, 1983, 1988; 

Maccaferri et al. 2010, 2011). These findings are discussed further in the discussion on 

sill geometries (chapter 6) 

 

On the next page: Fig. 4.107. Figure illustrating folding above D1sill and the lack of visible 

folding above D3sill. For profile location see fig. 4.110. HorizonV marked as a turquoise 

dashed line. Both sills are abruptly transgressive.   
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Fig. 4.107 Figure caption on previous page. 
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Fig. 4.108 

Figure 

caption 

on next 

page. 
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Above on this page: Fig. 4.109 Profile illustrating the lack of folding above many intermediate depth sills. Folding is not observed to occur at either the Top Nise 

Formation or at HorizonV. For profile location see fig. 4.110.  

 

On previous page: Fig. 4.108 Profile illustrating folding above D1sill and the lack of visible folding directly above D4sill. For profile location see fig. 4.110. 
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Fig. 4.110 Repeat of dip attribute map of HorizonV as shown in fig. 4.102, showing the locations of 

the profiles shown in figs 4.107, 4.108 and 4.109. For more details on the dip attribute map, see the 

figure caption for fig. 4.10. 
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Chapter 5: 
Characterising Venting within the Edvarda 

Survey, Offshore Norway 

Basaltic sills at high temperatures often vent violently hydrothermal fluids sourced from 

the surrounding host rock and in some cases also magmatic material. 213 vents from the 

Norwegian Margin, created during continental break-up 55 Ma, are mapped using high 

resolution 3D seismic data covering an area of ~1000 km2, utilising the seismic 

attributes: dip, amplitude and coherency.  

The chapter has four aims: first, to describe the distinctive morphologies and the 

seismic characteristics of the vents and their underlying conduits; second, to map the 

vents; third, to determine the spatial relationship between the vents and the underlying 

sills; and fourth, to analyse quantitatively the relationship between: vent diameter, the 

spacing between vents and the depth to the underlying sills below the vents. The chapter 

begins with a literature review of venting processes and previously studied vents. 

5.1 Introduction 

Vents form when magma intrudes sedimentary sequences and heats the sediments of the 

host causing fluids to be expelled through diatreme-like (conical) conduits to erupt at 

the seafloor (e.g. Jamtveit et al. 2004). While rising, the fluids brecciate or fluidise the 

host creating a vent conduit. The ‘vent’ is defined here as the surface feature created due 

to the expulsion of these fluids. The ‘vent conduit’ is defined here as the feature through 

which the fluids moved to reach the vent. Similar structures can be associated with 

sedimentary processes (e.g. Cartwright, 2007); however, the venting structures 

discussed in this chapter are all associated with sills and are therefore interpreted to 

have formed ultimately due to sill intrusion. 

Vent sizes vary, but can reach over 10 km across (Planke et al. 2005). In some cases 

vents are known to be purely hydrothermal i.e. they are ‘phreatic’, whilst others contain 

a significant molten magmatic component i.e. they are ‘phreatomagmatic’. Vents form 

an integral part of many magmatic systems, and have been proposed to be the cause of 

significant global climate change (e.g. Svensen et al. 2004; Svensen et al. 2009). 

Additionally, vents conduits can act as preferential routes for fluids, causing 

hydrocarbon leakage from some reservoirs (Svensen et al. 2003; Cartwright et al. 2007). 
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Vents were first identified in the study area by Miles and Cartwright (2010). This study 

builds on these preliminary observations.   

Vents associated with sills are identified in seismic data as disrupted chimneys topped 

with mounds or craters, or in some cases both producing an ‘eye-shape’. They have 

commonly been identified along the North East Atlantic Margin (Vøring, Møre, Faroe-

Shetland and Rockall Basins) (e.g. Skogseid et al. 1992; Davies et al. 2002; Planke et al. 

2005; Hansen, 2006; Magee et al. 2014a) as well as elsewhere, e.g. the Yellow Sea (Lee 

et al. 2006), Senegal Basin, West Africa (Rocchi et al. 2007; Hansen et al. 2008) and 

offshore Australia (e.g. Jackson, 2012; Magee et al. 2013b).  

Studies utilising seismic data find that vents are generally confined to a single 

stratigraphic level (Davies et al. 2002; Planke et al. 2005; Hansen et al. 2008), although 

this does not apply when multiple intrusive phases have occurred (Planke et al. 2005; 

Hansen, 2006). Vents are mostly located above the tips of sills, or where the sills are 

locally higher than elsewhere (Davies et al. 2002; Bell and Butcher, 2002; Corfield et al. 

2004; Jamtveit et al. 2004; Planke et al. 2005; Hansen, 2006; Thomson, 2007b; Hansen 

et al. 2008; Magee et al. 2013b; Magee et al. 2013c; Magee et al. 2014a). 

The seismic study of Planke et al. (2005) found vent size to be dependent on: sill 

geometry, vent position (with larger vents occurring near the basin centres), and sill 

depth (with larger vents associated with deeper sills). However, because the data was 

primarily 2D, there remained some uncertainty regarding the relationship between sill 

depth and vent size, and a quantitative relationship between sill depth and vent size was 

not calculated. 

5.1.1 Vent and Conduit Composition 

Determining the composition of vents and their conduits is difficult as no vents or 

conduits have been penetrated by wells in this study area, therefore, indirect methods 

and analogue studies give insight. Seismic characteristics may be used to infer the 

composition of vents. Magmatic material would be expected to reflect seismic waves 

more significantly than sediments. However, hydrothermally hardened sediments may 

also be highly reflective. These similar seismic properties make distinguishing between 

igneous material and hydrothermally mineralised material difficult. A single sill may 

have vents with starkly different seismic characteristics (Rollet et al. 2012). Polygonal 

faulting, a characteristic feature of mudstones, is not known, nor expected to occur in 
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igneous rocks as they are too strong (Cartwright et al. 2003). Therefore, vents which are 

intersected by polygonal faults have been inferred to be made of sediments (Hansen, 

2006). Many vents associated with sills observed in seismic studies are considered to be 

purely hydrothermal, however, many may have a magmatic component, some may even 

be predominantly magmatic (e.g. Davies et al. 2002; Jackson, 2012; Magee et al. 2013c; 

Zhao et al. 2014). 

Problematically, very few vents have been sampled through drilling, even though vents 

are observed to be highly variable. Two examples are well 6607/12-1, drilled in 1986 in 

the Vøring Basin (Svensen et al. 2003), and 214/28-1, drilled in 1984 in the Faroe-

Shetland Basin (Grove, 2013). In the latter case, the mound of the vent is intersected, 

and found to be a remobilised sediment deposit, made of angular grains, indicating a 

local ‘vent’ source. Mafic crystalline fragments are interpreted to have broken off the 

feeder sill and been transported to the surface. No evidence was found to indicate 

molten magma was vented. 

Vents and conduits associated with dolerite sills are also found at outcrop. In the Karoo, 

South Africa, 325 vents have been identified in an area of ~42,000 km2 (Svensen et al. 

2006). The vents are highly variable in composition ranging from those dominated by 

fractured sandstones, to others which are muddy, while some are dominated by igneous 

rocks (Gevers, 1928). Studies focusing on non-magmatic Karoo vents (Jamtveit et al. 

2004; Svensen et al. 2006; Lock and Robey, 2007), find the vents to be surrounded by 

inward dipping beds, with the vents themselves composed of sedimentary breccias as 

well as massive sandstones, intersected by sandstone dykes and pipes, with zeolite 

mineralisation indicating a hydrothermal influence. Thousands of similar cylindrical 

structures termed ‘breccia pipes’ are also found much deeper in the stratigraphy, though 

none in the intermediate range. They consist of brecciated and metamorphosed shale 

with sulphide mineralisation, and occur in clusters (Svensen et al. 2007).  

Vents from the Siberian Traps, Russia are found to consist of brecciated sedimentary 

material, from the root zones of the vents, collapsed wall rocks and glassy magmatic 

material (Svensen et al. 2009). The quenched, glassy magmatic material indicates that 

the vent formed contemporaneously to the intrusion in an explosive phreatomagmatic 

event, which also precipitated hydrothermal minerals.  
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Antarctic vents, associated with the Ferrar Igneous Province are found to be non-

magmatic and consist of shattered sedimentary rocks, with some clasts up to 2 m long, 

with cross-cutting sedimentary dykes (Elliot and Grimes, 2011).  

Vents associated with sills in the Franklin Large Igneous Province, Arctic Canada 

consist of intensely brecciated gabbro-dolerites and host sediments, with greater degrees 

of disruption towards the centres of the vents (Jefferson et al. 1994).    

5.1.2 Mechanics of Venting 

Phreatic vents form as the result of the expulsion of fluids created within the 

metamorphic aureoles around the sills and are by definition purely hydrothermal with 

no magmatic component. The fluids created in the metamorphic aureoles are likely to be 

a mixture of different compositions depending on the temperature and pressure 

dependent reactions which occur in the host rock (Aarnes et al. 2011a). In the study area 

investigated for this chapter, the host is mudstone dominated, based on the well report 

of well 6403/6-1 (Statoil, 2007; see also section 4.3). Because the host consists 

predominantly of mudstone, water is expected to have been generated through the 

breakdown of minerals, as the temperature of the host increased, when the sills intruded; 

the minerals which breakdown are, in order from lowest to highest temperature: zeolite, 

K-feldspar, chlorite, white mica and biotite (Aarnes et al. 2010). Water occurring in 

pore-spaces will also be mobilised (Jamtveit et al. 2004).  

Additionally, methane may enter the fluid as organic matter in the host breaks down. 

Longer chain hydrocarbons (i.e. oil) may also occur in the fluid, but are likely to break 

into smaller molecules due to the high temperatures in the metamorphic aureoles 

(Aarnes et al. 2010). The amount of methane produced will depend on the total organic 

carbon content of the host. Additionally, some decarbonation reactions will release 

carbon dioxide, however, the fluids are expected to be methane dominated due to the 

lack of free oxygen within the host (its low oxygen fugacity) (Aarnes et al. 2010). The 

amount of fluid created is expected to be primarily controlled by the aureole thicknesses 

(Aarnes et al. 2010). The thicknesses of the aureoles are expected to be primarily 

dependent on the initial temperature of the host (a proxy for depth if following the 

ambient geothermal gradient), as well as the thicknesses of the sills and their initial 

magma temperatures (Aarnes et al. 2010).  
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Vents are conical and therefore fed from relatively small root zones. In the case of 

phreatic vents, fluids must travel to these root zones for venting to take place. Fluids 

created in the metamorphic aureoles will be buoyant relative to both the meteoric water 

further from the sill, and the solid component of the host. The fluids will be buoyant 

because of thermal expansion and their compositions, because in some cases the fluids 

will have a high methane content (Iyer et al. 2013). These confined high pressure fluids 

will therefore tend to rise. 

High pressures can lead to hydrofracturing (e.g. Flekkøy et al. 2002). Hydrofracturing 

can create horizontal fractures which increase horizontal fluid transport (Aarnes et al. 

2011b). Boiling of fluids and metamorphic reactions could extenuate the fracturing 

process (Svensen et al. 2006). Outcrop studies of sills find fractures at the boundaries of 

sills, both within the sill itself and the neighbouring host rock (van Wyk, 1963; Matter 

et al. 2006; Senger et al. 2015). In some cases the host is fluidised and intrudes into the 

sills in the form of clastic dykes (Walton and O’Sullivan, 1950; Curtis and Riley, 2003; 

Svensen et al. 2010b). Svensen et al. (2010b) interpreted the clastic dykes to form prior 

to the development of columnar jointing, indicating the sills were still hot (though solid) 

when these dykes intruded. Curtis and Riley (2003), noting some exploitation of 

fractures, interpreted the intrusion to occur coevally with fracturing. Cooling fractures 

themselves also act as conduits for fluids. Fluid movement leads to quenching of the 

magma (Long and Wood, 1986) and additional fracturing (DeGraff and Aydin, 1987).  

As sills generally increase in inclination towards their margins, fluids will rise following 

the sills (Iyer et al. 2013). The fluids are likely to be channelized as they rise (Jamtveit 

et al. 2004). Schofield et al. (2010, 2012b) observed fluidised host rocks with cavities, 

filled with hydrothermal minerals adjacent to sill margins in both the Karoo and 

adjacent to the Whin Sill, Northern England, illustrating the effect of fluid movement. 

Hydrothermal mineralisation and host rock alteration associated with some basaltic 

intrusions attest to meteoric water being advected while the intrusions are still hot 

(Anenburg et al. 2014).       

Vents form as the result of the abrupt release of pressurised fluid (liquid or gas) at depth 

(Nermoen et al. 2010). Larger surface craters form as more energy is released (Ross et 

al. 2013). If the flux rate of the fluid remains low, the fluid will permeate into the 

granular sediments, potentially creating minor fracturing and pores, but not continuous 

conduits to the surface (Mörz et al. 2007). Under these circumstances where the flux 
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rate remains low, the flux rate will follow Darcy’s Law so that the pressure gradient 

remains proportional to the flux rate (the proportionality constant depending on the 

permeability of the host, and the viscosity of the fluid) (Mörz et al. 2007). If the fluid 

generated is greater than the flux rate, the pressure will build up, until a critical point is 

reached, when a continuous conduit forms displacing the host violently as if it were a 

fluid. In such circumstances, Darcy’s Law breaks down and the flux rate increases 

exponentially with respect to the pressure gradient (Mörz et al. 2007).  

Some vents may be phreatomagmatic; in these cases venting will be triggered by the 

explosive reaction of high temperature magma with liquid water in the host 

(Zimanowski et al. 1991). Vents, whether they are phreatic, phreatomagmatic or 

magmatic, are considered to be governed by similar explosive processes, even though 

they form because of different geological triggers, and are made of different 

constituents (Galland et al. 2014). 

After the initial explosive venting event, the vent conduit can remain a preferential route 

for fluids. Some of the clearest venting structures which have long histories of fluid 

transport occur over the Gjallar Ridge, NW Vøring Basin, offshore Norway. 50 of these 

structures were identified (Hansen et al. 2005) and were originally considered, by some, 

to be mud diapirs (Corfield et al. 2004). Localised high amplitude reflections and 

‘Christmas tree’-like geometries indicate that multiple fluid movement events occurred 

(Corfield et al. 2004). More recently these structures have been interpreted as venting 

structures which were re-used episodically and extended, up to the present day seafloor 

(Gay et al. 2012), with fluids derived from multiple sources and of differing 

compositions (Dumke et al. 2014).  

Seep carbonates above a vent structure drilled in the Vøring Basin, well 6607/12-1, are 

interpreted to be related to post-venting fluid flow (Svensen et al. 2003). Additional 

evidence for post-venting fluid flow comes from the nitrogen isotopic signatures of 

diagenetic minerals in a vent in the Karoo, South Africa (Svensen et al. 2008). There, 

the isotopic signatures indicate that the precipitating fluids are sourced from the 

metamorphic aureole of the underlying sill rather than from more shallow levels, 

indicating the fluids which caused post-venting mineralisation, exploited the vent 

conduit.  
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5.1.3 Regional Implications of Venting on Climate Change 

Regional 2D line studies of the Møre and Vøring Basins (~80,000 km2) (Svensen et al. 

2004, Planke et al. 2005), indicate that hydrothermal vents are widespread throughout 

the Basins where sills are present. These regional studies identified 735 vents, 

estimating that the Basins have reasonably 2000-3000 vents, and potentially up to 7500 

(Planke et al. 2005). In the study area used for this study, the density (per unit area) of 

vents is found to be 5.7 times greater than the upper end of their ‘reasonable’ estimate, 

most likely as the result of the higher resolution and 3D nature of the data used.  

The vents of this study area are dated based on chronostratigraphy to be late Paleocene 

to Early Eocene (~55 Ma) based on Statoil well 6403/6-1 drilled within the study area. 

The well intersects the level of the vents (the Tare-Tang formation boundary) at a depth 

of 2256 m below mean sea level (seabed at 1721 m). The vents are interpreted to be the 

same age as elsewhere in the North East Atlantic (Hansen, 2006; Svensen et al. 2010a).  

The timing coincides with the final lithospheric break-up of northern Pangaea when the 

Atlantic oceanic crust began to form (Faleide et al. 2008) and the second phase of 

magmatism of the North Atlantic Igneous Province (Saunders et al. 1997). Sill 

emplacement and venting also coincides with the Paleocene-Eocene thermal maximum, 

a ~5 °C rise in global temperatures for 200 kyrs, believed to be caused by the release of 

>1500 gigatons of 13C depleted carbon, either in the form of carbon dioxide or methane 

(Svensen et al. 2004; Storey et al. 2007). The cause has been suggested to be the result 

sill intrusion in the NE Atlantic, causing, due to their high temperatures, the rapid 

maturation of organic matter in the host, ultimately leading to methane being vented 

(e.g. Svensen et al. 2004; Aarnes et al. 2010; Iyer et al. 2013). Though, other 

independent hypotheses have also been suggested to explain the release of large 

quantities of depleted carbon (e.g. Eldholm and Thomas, 1993; Dickens et al. 1995; 

Kurtz et al. 2003; Higgins and Schrag, 2006).  
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5.2 Vent Identification 

The methods used for the identification of vents are based on Davies et al. (2002) and 

Planke et al. (2005). Vents are identified as having the following characteristics (fig. 

5.1): 

· Crater or dome-like form. In some cases both, producing a characteristic ‘eye-

shape’.  

· They are associated with sills, often with a very clear relationship to the 

underlying sill geometry. 

· Unusual seismic response within the crater or dome (deflected beds, changes in 

amplitude, disrupted reflections). 

· Disturbed seismic response below the vents (anomalous amplitudes, disrupted 

stratal reflections). 

· The disturbed zone is vertical and limited in length. 

· The disturbed zone does not extend above the vent. 

o Note 1: this is because there is very little post-venting flow of fluids in 

this study area. Geometries of the vents are significantly more complex if 

this is not the case, as in the Gjallar Ridge area of the Vøring Basin (e.g. 

Corfield et al. 2004; Cartwright et al. 2007; Dumke et al. 2014). 

o Note 2: beds may be bent over the vents due to sedimentary drape over 

the vents or differential compaction (discussed further below).  
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5.3 Vent and Conduit Morphologies and Seismic 

Characteristics  

5.3.1 Vent Morphologies and the Interiors of the Vents 

  

Fig. 5.1 See figure caption on next page. 
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Fig. 5.1 A variety of vent profiles showing the variety of sizes, geometries and seismic 

characteristics of vents in the study area. On the left is the dip attribute map of HorizonV 

(described in Chapter 4 and additionally below in section 5.4.1). The vertical exaggeration of 

the profiles is ~3.1 as the seismic velocity is approximately 2000 ms-1 at the level of the vents. 

HorizonV is shown in turquois in the profiles. Seismic profile locations for figs. 5.2, 5.3 and 5.4 

are also shown. Small features which are interpreted as vents are labelled as V1 and V2 in 

profile D-D’. In section 5.4 vents are numbered, for the purposes of cross referencing the vents 

are numbered as follows for the following profiles: A-A’ – V060, B-B’ – V026, C-C’ – V043, 

D-D’ – V1 is V082 & V2 is V086, E-E’ – V029, F-F’ – V006, and G-G’ – VA208.  

Vents are characterised as having three parts: above a dome or mound-like upper 

surface, in the centre a distinct fill, and below a crater or depression (fig. 5.1). In some 

cases there is both a clear dome and crater or depression (fig. 5.1 profile A-A’). In other 

cases the domal upper surface is the principal feature (fig. 5.1 profile F-F’); this is 

especially true for the very smallest vents, which are imaged purely as domal features 

(fig. 5.1 profile D-D’). In other cases the crater or depression is the principal feature 

(fig. 5.1 profile G-G’).     

Seismic characteristics of vents are highly variable. In most cases, the interior of the 

vent has an exceptionally low reflectivity relative to the surrounding host and lacks 

internal structure (e.g. fig. 5.1 profile B-B’). Furthermore, there is also a lack of either 

significant positive or negative amplitude anomalies at the top or bottom of low 

reflectivity vents. The lack of large negative or positive amplitude anomalies indicates 

that there are not large changes of acoustic impedance (the product of density and P-

wave velocity – see section 3.1.1) from the host to the material within the vents.   

The lack of large changes in acoustic impedance within low reflectivity vents is 

evidence that the acoustic properties of the host and the vent fill are similar. Ideally, 

well information could confirm this, however, the only well present in the survey area 

(6403/6-1) did not intersect a vent. Field and well data from other areas suggests that 

vents can have similar compositions to their hosts, all be it that the material is 

remobilised (section 5.1.1). The alternative is that the vent consists of magmatic 

material, however, due to its higher density and higher P-wave velocities, relative to the 

host, large quantities would be anticipated to cause a distinct change in acoustic 

properties. Therefore, the low reflectivity vents are interpreted to be formed of 

remobilised sediments with only a minor quantity of magmatic material or none at all.       

The lack of distinct reflections within the interiors of many low reflectivity vents is 

most probably caused by the complex internal structure of the vent interiors (see section 
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5.1.1). The irregular interiors of many vents will scatter waves, as the internal structures 

will be smaller than the seismic resolution of the data. The scattering of waves will 

mean coherent waves will not be produced. The lack of coherent waves would lead to a 

lack of coherent reflections. Coherent reflections are not observed in low reflectivity 

vents, hence their low reflectivity.  

More rarely the interior of a vent is more reflective than the surrounding host (fig. 5.1 

profile C-C’), indicating that not all vents are compositionally the same. The high 

reflectivity of these vent interiors indicate that there are large changes in acoustic 

impedance within these vents. This indicates that the material within high reflectivity 

vents is not the same compositionally as that of the host.    

The changes in acoustic impedance may be the result of parts of the vent interior having 

greater degrees of hydrothermal mineralisation than the surrounding host. Vents 

elsewhere are found to be often associated with hydrothermal mineralisation (section 

5.1.1). Mineral rich fluids could alter the vent material soon after the initial venting 

event, or as a result of late-stage fluid flow utilising the vent conduit (section 5.1.2). 

Hydrothermal mineralisation would lead to the vent material becoming cemented 

causing a change in acoustic impedance.  

A potential analogue for hydrothermal mineralisation of claystones is the change of 

mineralogy of clays from smectite to illite which occurs due to changes in temperature 

and depth (normally not related to magmatic activity). This process leads to the 

precipitation of a quartz cement within the micro-pores of the clay matrix (Peltonen et 

al. 2009; Thyberg et al. 2010). This cement stiffens the ‘grain-framework’ leading to 

increases in both density and P-wave velocity (Peltonen et al. 2009; Thyberg et al. 

2010). Hydrothermal mineralisation may have a similar effect, though the processes will 

not be identical.       

An alternative reason for varying acoustic properties of the vent material relative to the 

host would be the inclusion of igneous material in the vent. Some vents elsewhere have 

been found to contain significant quantities of igneous material (section 5.1.1), perhaps 

most notably with regards to the vents associated with the sills in the Siberian Traps, 

Russia (Svensen et al. 2009). This igneous material could have been transported cool as 

fractured pieces, or hot as fluid magma. Basalts have significantly higher P-wave 

velocities and densities than the claystone host (section 3.1.1) (e.g. Berndt et al. 2000). 
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5.3.2 Vent Conduits  

 

 

Fig. 5.2 Vent conduit from a deeper sill (named D1sill – section 4.4.1.1), which can not be 

observed to continue to the sill. For figure location see fig. 5.1. For cross referencing, the vent is 

numbered V019. 
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Fig. 5.3 Vent conduits that can be observed from the sills to the paleo-seafloor (interpreted as 

HorizonV). For the location of the profile see fig. 5.1. Two sills are shown here named A1sill 

and A2sill (section 4.4.3). For cross referencing, the vents are numbered: V049, V037, left and 

right respectively.     

A vent conduit is defined here as the disrupted, brecciated or altered host through which 

fluids travel from their inferred source at the sill to the paleo-seafloor. Vent conduits are 

observed in this study area as a series of anomalously high amplitude reflections, below 

the surface features of the vents (figs. 5.1, 5.2 and 5.3). The vent conduit disrupts or 

effectively removes the seismic characteristics of the host, stratal reflections and faults. 

Vent conduits are quite variable, some are conical so that they thin downwards (fig. 5.1 

profile E-E’), while others are approximately cylindrical (fig. 5.1 profile F-F’). Some of 

the vent conduits contain high amplitude discrete reflections (fig. 5.1 profile A-A’). 

Interpreting the origin of these discrete high amplitude reflections is difficult but they 

may be displaced blocks, magmatic bodies, or a consequence of localised fluid 

precipitation. At depth, the vent conduits do not appear to follow fault planes, nor are 

vents systematically cut by faults. 

In the majority of cases (especially where the sill is deeper) the response of the conduit 

does not extend all the way to the sill (fig. 5.2). Though rarely, the seismic response of 

the conduit does extend all the way to the sill (fig. 5.3). To my knowledge, vent 

conduits which are as clearly resolvable in seismic data all the way to the sill, have not 

been reported on before in prior studies.  
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In the cases where the extent and nature of the vent conduit is uncertain, it may be that 

the vent conduit extends to the sills, but is too thin to be seismically resolvable. 

Alternatively, there may be a two stage process, where fluid rises relatively passively, 

and then due to changes in pressure and lithology, the fluids may rise much more 

violently creating a brecciated host which is seismically resolvable.  

In the Karoo Basin, South Africa, no hydrothermal vent conduits are found in a 

particular lithological interval (the mid-Beaufort Group, e.g. Svensen et al. 2007). 

Though venting structures are observed above (within the Stromberg Group) and also 

below as ‘breccia pipes’ (within the Ecca Group and the lowermost Beaufort Group, e.g. 

Svensen et al. 2007). A similar process could be occurring here, such that conduits only 

occur at shallower depths, although in this study area there is not a single lithological 

unit above which vent conduits become abruptly resolvable, and the resolvability of 

vent conduits is highly variable.  

Outcrop examples indicate that vent conduits are complex structures (section 5.1), and 

will contain structures well below seismic resolution (e.g. clastic dykes), therefore, 

interpreting how the conduits formed based on the limited seismic responses of the 

conduits remains difficult and uncertainties remain.  
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5.3.3 Inward Dipping Beds towards Vents 

 

Fig. 5.4 Inward dipping beds either side of a vent (numbered V213). Vertical exaggeration is 

~3.1 based on a representative seismic velocity of 2000 ms-1. For location see fig. 5.1. HorizonV 

is shown in turquoise. 

Beds in the surrounding host often dip towards the centre of the vents (fig. 5.4). This is 

generally clearest for the largest vents. Similar structures have been observed in 

outcrops in the Karoo, South Africa (Jamtveit et al. 2004; Svensen et al. 2006). 

To form the inward dipping strata, requires material to move or compact in order to 

conserve matter. However, this process is uncertain and at least three different 

mechanisms could explain the phenomenon.  

In the field there is often evidence for some material moving upwards in venting 

structures. Some venting structures contain magmatic igneous material interpreted to 

come from underlying intrusions (Jefferson et al. 1994; Svensen et al. 2006; Svensen et 

al. 2009; Grove, 2013). Additionally, fluids are generated at depth and vented to the 

surface (e.g. Aarnes et al. 2010). These features indicate that some material moves 

upwards and so potentially there is a volume reduction at depth, which causes the upper 

sediments to collapse downwards creating the inward dipping beds.  

However, this neglects that even if some material moves up, other material may move 

downwards in a circular motion reminiscent of a convection current. Analogue 

experiments find that venting involves violent circulation (Walters et al. 2006; Nermoen 

et al. 2010). In these venting experiments ‘convective’ currents form, with material 

moving up in the centre of the venting structures and material moving down at the sides 
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of the venting structures, collapsing down in ‘avalanches’. In these experiments 

collapsing sediments form the inward dipping beds (Walters et al. 2006; Nermoen et al. 

2010). 

Additionally, some venting structures, especially those associated with felsic stocks, 

exhibit significant downward motion (up to 160 m) (Sillitoe, 1985). In this case, venting 

is most likely to be associated with: material collapsing into the underlying magma 

chamber, or the result of shrinkage of the magma during cooling, or magma withdrawal 

or volatile loss (Sillitoe, 1985). It is unclear if mafic sills can collapse in a similar way 

to felsic stocks because they are geometrically and compositionally different. It is worth 

noting that in the study area there is no evidence for felsic stocks, which have been 

imaged and well calibrated elsewhere (Cuker et al. 2010).  

5.3.4 Discussion on Vent Formation Models   

Vents are defined here as the surface feature created due to venting, a feature created 

through both the initial explosive event and later modification. The vast majority of 

vents observed in this study area consist of dome structures (e.g. fig. 5.1). Two different 

models are discussed to describe how these structures form: the differential compaction 

model and the mound formation model, which are schematically shown in fig. 5.5.  
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Fig. 5.5: Two different models to explain the apparent mound-like geometry of vents. In the 

first model (A-C), termed here the differential compaction model, the vent originally starts as an 

excavated crater or depression caused by underlying collapse (A), which with continued 

sedimentation fills (B), these sediments may be hardened by mineral-rich, post-venting 

hydrothermal fluids. When continued sedimentation occurs, the hardened material within the 

vent (shown in yellow), compacts less than the surrounding host (shown in green), causing the 

material within the vent to invert, so that the vent has a domed top only after a sufficiently thick 

sediment load is deposited over it (C).  

In the alternative model (D-E), the mound formation model, the mound is an original feature on 

the seafloor at the time of venting, built up of material ejected from the vent. This material is 

either remobilised sediments or igneous material (D). These mounds can collapse at their 

margins (E). 

Differential compaction occurs in inhomogeneous deposits where the material 

compressibility is variable (e.g. Einsele, 1992). All units compact due to gravitational 
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stresses applied by later sedimentation, but variations in compressibility cause some 

areas to compact more than others. The net result is that geological structures may 

change geometrically as they are compacted. 

The process of differential compaction affecting vent morphologies was briefly 

considered by Skogseid et al. (1992) and Davies et al. (2002). Planke et al. (2005) 

described the process more thoroughly considering the vent fill to compact less than the 

surrounding strata causing the dome morphology. More recently the sediments above 

vents have been described as being folded due to differential compaction (e.g. Miles and 

Cartwright, 2010; Jackson, 2012; Zhao et al. 2014), but the alteration of the vent 

morphology itself was not mentioned explicitly in these three more recent papers. 

Because of the high resolution of the data in this survey area the effect of differential 

compaction on vent morphology can be considered in more detail than has been done in 

previous studies to my knowledge.   

In terms of what can be imaged within the vent, the vent numbered V060 is probably 

the best imaged (fig. 5.6 A). Inside the vent are continuous reflections which are traced 

in fig. 5.6 B. The majority of these reflections are interpreted as stratal reflections (i.e. 

related to bedding) which are truncated at the vent crater or depression margin. The 

interpreted stratal reflections are antiformal, forming domes in three-dimensions. The 

folding is unlikely to be due to original deposition, or due to compression from the vent 

sides, as there is no folding at that scale in the host. Instead, the most plausible 

explanation for the folding within the vent is that it is the result of differential 

compaction (fig. 5.5). 

The material within the vent would be expected to be less compressible than the 

surrounding host due to being mineralised by hydrothermal fluids, or because the vent 

contains magmatic material. Therefore, the host around the vent is expected to compact 

more than the material within the vent. Some vents may begin as craters, emptied of 

material through the explosive action of venting, or begin as depressions due to the 

collapse of the host during venting (fig. 5.5 A). The craters or depressions as negative 

bathymetric features, fill with sediment more rapidly than the surrounding host, and 

eventually become full (fig. 5.5 B). Hydrothermal fluids may continue to utilise the 

venting structure, mineralising the material within the vent. Sedimentation continues 

over the filled craters or depressions as well as the neighbouring host, acting as a 

compressive gravitational load. The load compacts the sediments but not equally, this 
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differential compaction ‘inverts’ the geometry of the vents from being filled-craters or 

depressions with approximately flat tops, to flattened craters or depressions with domes 

above (fig. 5.5 C).  

 

Fig. 5.6 See figure caption on next page. 
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On previous page: Fig. 5.6 Internal characteristics of the vent numbered V060. Profile location 

shown in part C on the dip map of HorizonV (close to the NW corner of the mappable survey 

area – see also section 5.4.1). Part A: Profile of vent V060. Part B: Traced positive and negative 

reflections in the profile shown in part A. Traces are coloured coded depending on their position 

relative to the vent. Vertical exaggeration is ~3.1 based on a representative seismic velocity of 

2000 ms-1. 

A similar vent in the Capel Basin, offshore eastern Australia described by Rollet et al. 

(2012) is interpreted as an analogue of vent V060 before it was altered by differential 

compaction (fig. 5.7). In the profile shown in fig. 5.7, two structures occur above the 

tips of a sill. Using the terminology of this thesis these would be described as ‘vents’. 

First, it is worth noting that the two vents have very different seismic characteristics, 

with one of the vents having been interpreted to be dominated by volcanics while the 

other is interpreted to be dominated by sediments, in the SE and NW respectively.  

Focussing on the vent in the NW, termed a “mega-pockmark” in the paper (Rollet et al. 

2012), the authors noted the vent to be infilled with undeformed sediments (fig. 5.7 B). 

The Capel Basin vents and underlying sills are interpreted to be Early Pliocene in age 

(~4 Ma), based on cross-correlation to the Deep Sea Drilling Project (DSDP) well 208. 

This age is significantly younger than the ~55 Ma vents of the Norwegian Sea described 

in this thesis.  

The NW vent shown in fig. 5.7 has a very a similar morphology to the artificially 

flattened profile of vent V060 described in this chapter (fig. 5.8 D, E). The vents in the 

Capel Basin have yet to be covered by significant quantities of later sediments unlike 

the vents in the Norwegian Sea. Therefore, the vents of the Capel Basin are interpreted, 

in this chapter, to be analogues for the early stages of vent formation in the Norwegian 

Sea. It is also worth noting that vents appear to be significantly flatter once the vertical 

exaggeration has been minimised (fig. 5.8 F).  

  



265 
 

 

       

Fig. 5.7: Figure from Rollet et al. (2012), their figure 7. Vents are considered to be analogous to 

the early stages of vent formation in the Norwegian Sea. Figure from the Capel Basin, offshore 

eastern Australia. NW and SE vents labelled by myself (using the ‘vent’ terminology of this 

thesis).  
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Fig. 5.8 Altered versions of the profile of vent V060 shown in fig. 5.6. Part D: Profile of vent 

V060 artificially flattened relative to HorizonV. Some vertical artefacts are created in this 

process, which are marked with arrows. Part E: Flattened profile with its vertical exaggeration 

minimised. Part F: Original profile of vent V060 shown in fig. 5.6 with its vertical exaggeration 

minimised. For profile location see fig. 5.6, part C. A vertical exaggeration of x3.1, based on a 

representative seismic velocity of 2000 ms-1, was used to minimise the vertical exaggeration. 
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Not all vents are interpreted to have become mound-like due to differential compaction. 

Instead some vents are interpreted as having been positive bathymetric features at the 

time of initial vent formation, the mound forming from ejected material from the vent 

conduit (fig. 5.5 D). This mound could be made of remobilised sedimentary material, or 

a mixture of igneous and sedimentary material. In many prior studies of vents, mounds 

have been confirmed using onlap relationships, where sedimentation occurs around the 

mound but not on it, leading to sedimentary layers pinching out (Davies et al. 2002; 

Hansen et al. 2005; Hansen, 2006; Hansen et al. 2008; Jackson, 2012; Magee et al. 

2013c; Grove, 2013; Zhao et al. 2014). However, clear onlap relationships are not found 

in this study area. The lack of clear onlap relationships is most likely the result of the 

depositional regime causing the sediments to drape over the mounds. An additional 

complication is that many of the vents form along the margins of forced folds which 

some of the sills create (sections 4.5.2 and 5.4.1.1). Some of these folds have small 

amounts of onlap, and therefore, onlap on to a vent which is situated along a forced 

fold, may be the result of onlap on to the fold rather than the vent itself.  

Even though onlap relationships were not found on the vents, there is evidence some of 

the vents were mounds at the time when they formed. Some vents lack a clear crater or 

depression, and visually appear to be mounds of material on relatively unaltered stratal 

reflections (fig. 5.1 profile B-B’). Potentially, these vents could have been inverted so 

that the original craters are now horizontal, but there is little evidence for incision as 

expected for a crater, also the process of differential compaction is unlikely to perfectly 

flatten a crater or depression.  

Additional evidence for vents being positive bathymetric features comes from what 

appears to be collapse structures on the margins of some vents (fig. 5.9 A). These 

structures appear as altered areas beside the vents; for the case of the vent numbered 

V006, shown in fig. 5.9, the alteration is represented by very small ridges (fig. 5.9 B). If 

these are collapse structures, as interpreted here, then these vents must have had positive 

reliefs relative to the surrounding seafloor (fig. 5.5 E), and therefore, their mound-like 

morphologies could not have formed as the result of differential compaction. However, 

it is worth noting that even if the vent mound formed in this way, differential 

compaction could still have occurred amplifying the mound morphology.  

To my knowledge this is one of the first collapse structures off a vent to be interpreted. 

Though, similar lobate structures were interpreted by Grove (2013) using seismic data 



268 
 

in the Faroe-Shetland Basin. The lobate structures were interpreted as gravity-driven, 

collapse structures from the mound top. The interpretation of Grove (2013) was 

supported by ‘remarkably well’ preserved lithic particles with mafic compositions 

recovered from well 214/28-1, which intersected the vent. The preservation of the lithic 

fragments indicates that the sediments had not been transported for a long-distance; 

otherwise the lithic fragments would have been eroded more significantly. The lack of 

erosion indicated the sediments were remobilised vent material.  
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Fig. 5.9: An interpreted collapse structure, beside a vent, with small ridges. Part A: Dip map of 

a selected area of HorizonV, focussing on the vent numbered V006 with a disrupted area on its 

eastern margin, interpreted as a collapse structure (for location see immediate area around 

profile F-F’ in fig. 5.1). Part B: The profile of the vent and interpreted collapse structure. The 

ridges, while small in height are extensive indicating they are genuine geological features. 

HorizonV is shown as a turquoise line in the profile. Profile vertical exaggeration is ~3.1 based 

on a representative seismic velocity of 2000 ms-1. 
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5.4 Vent Mapping 

Vents were mapped using 3 different seismic attributes (explained below): dip, 

amplitude and coherency.  

5.4.1 Horizon Mapping and Utilising the Dip Attribute 

Vents were mapped by choosing the first positive reflection over the vents (fig. 5.10). 

This reflection is termed: HorizonV (fig. 5.10). It is very similar to the ‘Top Vent 

reflection’ mapped elsewhere in Hansen (2006). Because vents occur at the seafloor, 

and venting is considered to act quickly relative to sedimentation, HorizonV is 

interpreted to be a paleo-seafloor, very close to the time of sill intrusion (e.g. Svensen et 

al. 2004; Hansen, 2006).  

The seismic reflection used to map HorizonV has the advantage that it is almost 

continuous across the whole study area. Although, in some cases the positive reflection 

is disrupted within the vents and the horizon needs to be mapped manually using the 

neighbouring reflections.  

Most of the identified vents (133 out of 213) can be imaged clearly using the dip 

attribute of HorizonV. The dip attribute, is the gradient of the slope of the horizon. 

Vents appear in the dip map as dark circles due to their steep sides, with lighter areas in 

their centres where they are flatter (fig. 5.11). Most vents are approximately circular, 

though a few are more elongated or irregular. The dip attribute is used to map the 

outlines of those vents which are clearly imaged using the dip attribute. Vents which 

were mapped using the dip attribute primarily are numbered such that they start with 

‘V’ alone e.g. ‘V060’. 

HorizonV has been folded as part of the Modgunn Arch structure (fig. 5.10, see also 

section 4.3 for more details). The wavelength of the fold is much greater than the 

diameters of the vents; therefore, the fold has a negligible impact on the geometries of 

the vents. Geometries of sills (which are much wider) are affected noticeably by the 

folding (Chapter 4).  

5.4.1.1 Additional Features of HorizonV

Almost all steep discontinuities on HorizonV are normal faults (fig. 5.12 C). They share 

many features of polygonal faults because they occur in mudstones in passive margin 

settings, have normal displacements with relatively small offsets, and occur at many 
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levels (tiers) with each tier-bound array having a unique pattern (e.g. Cartwright et al. 

2003). The polygonal faults are aligned in some areas. While many vents are cut by 

faults, this is not a systematic feature, and at depth vent conduits do not appear to follow 

faults.  

Additionally, one similar discontinuity outlined in yellow (fig. 5.12 B) is interpreted to 

be a seismic artefact caused by a shallow seismically fast unit artificially pulling-up the 

data (section 3.1.2 – fig. 3.6). The shallow unit is interpreted to be a mass transport 

deposit (MTD) characterised as a chaotic interval with a clear basal surface which is 

predominantly acoustically transparent (fig. 5.12 B) (Embley, 1980; Bull et al. 2009).  

Interpreted forced folds associated with sills are outlined in red (fig. 5.12 A). In the dip 

map these are darker strips between some vents (fig. 5.11). As sills intrude, some 

deform the seafloor above them, creating antiformal folds (e.g. Pollard and Holzhausen, 

1979; Trude et al. 2003; Hansen and Cartwright, 2006; Schofield and Totterdell, 2008; 

Jackson et al. 2013; Magee et al. 2013b and Egbeni et al. 2014). See also section 4.5. 

 

On next page: Fig. 5.10 The structure of HorizonV in two-way-time (TWT). Part A: The TWT 

map of HorizonV, the scale is measured from mean sea level. The Modgunn Arch structure can 

be clearly seen coming from the north towards the southeast. The location of the profile in part 

B is shown, as well as the approximate viewing direction for part C as a solid arrow. The 

position of well 6403/6-1 is also shown. Part B: A profile across part of the survey area showing 

the seabed, HorizonV in turquoise and vents which are shaded. Part C: A 3D visualisation of 

HorizonV artificially lit from the west. Vents are observed as domes, the undulating ridge 

(light) extending from the near centre to the far centre is interpreted as a forced fold over a sill 

(D1sill). Lineations are primarily normal faults. The vertical exaggeration of the 3D image is 

approximately x4.2, based on a representative 2000 ms-1 seismic velocity. 
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Fig. 5.10 See figure caption on previous page. 
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Fig. 5.11 The dip map of HorizonV. Vents (circular features) and faults (most of the black lines) 

are clearly visible. 
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Fig. 5.12 Key features of HorizonV, additional to the vents (forced folds, seismic pull-up and 

normal faults). HorizonV is shown in turquoise in the profiles. Red dashed lines on the dip 

attribute map outline forced folds above sills. Forced folds are associated with sills, named from 

south to north: Csill, D1sill (the longest), ShalSill (centre, connected to the D1sill fold) and 

D2sill (section 4.5.2). Profile A-A’ shows a representative forced fold in profile view. The 

yellow dashed line outlines an interpreted seismic pull-up artefact caused by a mass transport 

deposit (MTD). Profile B-B’ illustrates the artefact in profile. The vast majority of the other 

black lines on the dip map are normal faults as shown in profile C-C’ (faults highlighted in royal 

blue).  

5.4.2 Deeper Vents and Utilising the Amplitude Attribute 

Four vents are exceptional in that they do not have domes and only consist of craters or 

depressions. Because the vents do not have domes, they do not affect HorizonV 

noticeably (figs. 5.13 and 5.14). This means that they cannot be mapped using the dip 

attribute. 
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A horizon immediately below HorizonV was mapped over selected areas (fig. 5.13). 

The two-way-time (TWT) difference between the deeper horizon used to map these 

vents and HorizonV varies between 40-70 ms. A root-mean-square (RMS) average 

amplitude was calculated for a 50 ms window below this deeper horizon (fig. 5.13). The 

RMS amplitude anomalies are used to determine the outlines of these vents. Vents 

mapped using the RMS amplitude attribute are numbered starting with ‘VA’ e.g. 

‘VA208’. 

 

On next page: Fig. 5.13 Two areas where the RMS (root-mean-square) amplitude was extracted 

to determine vent locations. The locations of the two areas above are shown in fig. 5.17, and 

have been brought together for this figure. To create the figure a horizon lower than HorizonV 

was mapped as shown in the seismic profile in the top right corner of the figure. Black lines 

around the vents are interpreted to be polygonal faults. The vents shown are numbered from 

north to south in the upper figure (more northerly area) VA208 and VA209 respectively, and in 

the lower figure again from north to south VA212, VA211 and V210. V210 was identified using 

the dip attribute unlike the other four. The profile A-A’ is shown within the figure, profile B-B’ 

is shown in figure 5.14. Profile vertical exaggeration is ~3.1 based on a representative seismic 

velocity of 2000 ms-1. 
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Fig 5.13 See figure caption on previous page. 
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Fig. 5.14 Interpreted vent numbered VA211. For location see fig. 5.13. The vent is interpreted 

to be sourced from the underlying sill shown below. The sill is approximately 2050 m below the 

vent (based on seismic velocities in well 6403/6-1, discussed later in section 5.6.1.2). 
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5.4.3 Small Vents and Utilising the Coherency Attribute 

The coherency attribute measures the lateral change in seismic response between 

individual seismic traces (Bahorich and Farmer, 1995). In effect it highlights and 

combines changes of amplitude as well as structural and depositional dip to produce a 

single attribute. It has a significant advantage over dip of being an attribute, not on a 

mapped surface, but rather is calculated directly from the seismic data throughout a 3D 

volume. Coherency has the disadvantage, compared to dip, of not giving an indication 

of vent morphology, rather only suggesting where the seismic data is disrupted or 

anomalous. 

The coherency attribute was found to be particularly useful in imaging very small 

structures, interpreted as vents, over part of ShalSill. ShalSill is the shallowest of the 

sills in the study area and was described in section 4.4.4.1. ShalSill was also described 

before by Miles and Cartwright (2010), although the structures associated with ShalSill 

interpreted in this chapter as vents were not previously described.  

ShalSill is distinctive due to its variation in seismic amplitude (see section 4.4.4.1 as 

well as Miles and Cartwright, 2010). One particularly distinctive feature is a ~10 km 

long high amplitude ‘lobe’ which due to its size and geometry was termed in this thesis 

as the ‘Major Flow’ (fig. 5.15 A).    

Visualising the coherency attribute volume directly is difficult so instead an extraction 

is used. In this case the arithmetic mean of the coherency attribute was extracted 

(coherency has values greater than zero) from a 160 ms window below HorizonV (fig. 

5.15). As the sill is very shallow here, a deeper extraction would have been impacted 

more by the reflection of the sill, obscuring the effect of the structures.  

Directly above the Major Flow are numerous circular features in the coherency attribute 

extraction (fig. 5.15 B). In profile view these are small domal features (fig. 5.16). While 

there remains some uncertainty to their exact origin, because of their small size, the 

domal nature of the features is strongly reminiscent of the domal geometries of the 

majority of larger vents (section 5.3). They are also exclusively found above the sill, 

indicating they are not a feature of the host. For these reasons the features are 

interpreted as small (~100-300 m across) vents. 98 vents of this kind were identified. To 

my knowledge, vents of this kind have not been identified before using seismic data or 

at outcrop.   
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Some of the largest of these vents were mapped initially using the dip attribute, but the 

smaller ones were mapped using the coherency attribute extraction. For consistency, all 

vents associated with the Major Flow were mapped using the coherency attribute 

ultimately. Those vents which were mapped using the coherency attribute extraction 

alone are numbered to start with ‘VC’ e.g. ‘VC080’. Vents were checked carefully 

using seismic profiles, as rarely coherency attribute changes occurred due to features 

not domal in form, and therefore, were not interpreted as vents. These features were 

generally related to faults.      

 

On next page: Fig. 5.15 Small vents associated with ShalSill. Part A: Shows the amplitude map 

of ShalSill, the Major Flow is outlined with a green dashed line (see also section 4.4.4.1). Part 

B: Shows coherency attribute extraction anomalies associated with the Major Flow (outlined in 

red). The circular features were interpreted to be in the majority of cases small vents, though in 

some cases not, and were caused by other features such as faults. Some features were too small 

to be accurately classified. For the location of the Major Flow relative to the other vents of 

HorizonV, see fig. 5.17 which follows shortly, for labelled vents identified as fed by the Major 

Flow, see fig. 5.18 which also follows shortly.  
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Fig 5.15 See figure caption on previous page.  
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Fig. 5.16 Profile across the Major Flow of ShalSill, illustrating features interpreted as small 

vents. In the profile, ShalSill is the high amplitude reflection at depth. Above it are four domal 

anomalies interpreted as vents and labelled with their numbers. The positive (red) reflection 

interpreted as HorizonV is marked by the blue downward pointing arrows. Below, there is a 

map based on the coherency attribute extraction shown in fig. 5.15. The dark circular anomalies 

which are interpreted as vents are labelled as they are numbered. The outline of the Major Flow 

is indicated with a red dashed line. Profile vertical exaggeration is ~3.1 based on a 

representative seismic velocity of 2000 ms-1.     
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5.4.4 Vent Maps 

Figure 5.17 illustrates the vent map produced of all the vents in the study area. In total 

213 vents were identified and mapped. The vents associated with the Major Flow of 

ShalSill (section 5.4.3) are marked as dots in fig. 5.17. In fig. 5.18 this area is expanded 

illustrating the relationship between these small vents and the Major Flow of ShalSill.  

To my knowledge this is the largest number of vents identified and mapped in a 3D 

seismic survey. To my knowledge, the Gjallar Ridge seismic survey has the next largest 

number at 50 (Hansen et al. 2005). For comparison, the largest number of vents to be 

identified in a single study remains, to my knowledge, the 735 vents, identified using 

both 2D seismic lines and the 3D Gjallar Ridge survey (Svensen et al. 2004; Planke et 

al. 2005). The latter study, however, covers a much larger area as compared to this 

study. 

The vents are numbered from 001 to 213. As described above (section 5.4), if the prefix 

is ‘V’ alone then the vent was identified using the dip attribute primarily, if the prefix is 

‘VA’ then the vent was identified using the RMS amplitude attribute primarily, and if 

the prefix is ‘VC’ then the vent was primarily identified using the coherency attribute. 

The vent numbering order is primarily determined by which sills the vents are 

interpreted to be fed from (section 5.5) and then secondly by the vent position.  
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Fig. 5.17 See figure caption on next page. 
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Above on this page: Fig. 5.18 The locations of small vents associated with the Major Flow 

(outlined in red). For the location of the area relative to the other vents of the study area see fig. 

5.17.  

 

On previous page: Fig. 5.17 The locations of the vents identified in this study. Vents associated 

with the Major Flow of ShalSill, which is outlined with a green dashed line, are shown as dots 

of equal size (see fig. 5.18 for close-up). The red dashed lines are around areas where the vents 

were mapped using a horizon marginally below HorizonV and an RMS amplitude extraction 

(section 5.4.2 and fig. 5.13).  
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5.5 Spatial Relationship between Sills and Vents 

In Chapter 4 twenty seven sills were named individually and described. In this section 

and the remainder of the chapter, ten sills are primarily focussed on. These sills have 

some of the clearest relationships between the sills and the vents. These sills are: 

ShalSill, A1sill, A2sill, A3sill, Bsill, Csill, D1sill, D2sill, D3sill and Esill described 

geometrically in sections 4.4.4.1, 4.4.3.1, 4.4.3.3, 4.4.3.4, 4.4.2.2, 4.4.2.1, 4.4.1.1, 

4.4.1.2, 4.4.1.3 and 4.4.1.5 respectively. These sills were chosen to be representative of 

the sills in the study area, covering the range of depths within which sills are present 

and well imaged.  

Of the 213 vents identified, the Major Flow of ShalSill contributes 98. The rest of 

ShalSill contributes another 15. The other nine sills focussed on contribute 61 in total. 

Because of their very distinctive geometries, these sills are of particularly interest. This 

leaves 39 vents associated with other sills. Of these 20 are associated with ‘Western 

Shallow Sills’ a term which in this chapter encompasses all shallow sills which occur in 

the west of the survey area including some of the named ‘Shallow Sills’ of Chapter 4, 

except for ShalSill. The Western Shallow Sills were introduced in section 4.4.4.7. The 

remaining 19 miscellaneous vents are associated with a variety of sills at various depths. 

These vents have generally the least certain relationships to the underlying sills and are 

therefore focused on less. No vents, or vent-like structures were identified which 

appeared to be unrelated to the sills present in the survey area.    

All the vents identified are associated with one or more sills. As vents are interpreted to 

form due to the formation of the sills (section 5.1), the vents can be considered to be 

sourced from fluids generated by the sills. Each vent, therefore, has one of more sills 

from which the fluids appear to be sourced from. This is termed a ‘feeding’ relationship, 

with the underlying sill interpreted as the ‘feeder’ for the vent. 

It is worth remembering at this stage that vent conduits can only rarely be observed to 

extend all the way to the underlying sills (section 5.3.2). Therefore, some inference is 

required to determine where and which sills each vent is fed from. In some cases the 

length of the visible vent conduit is much shorter than the depth of the interpreted sill 

(e.g. figs. 5.2 and 5.14). The length of the visible conduit is a factor of seismic imaging 

(which deteriorates with depth) as well as geology and is therefore difficult to interpret.   
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5.5.1 Vent Position Relative to the Geometries of the 

Underlying Sills   

The vents associated with the Major Flow of ShalSill have already been discussed in 

sections 5.4.3 and 5.4.4. These vents are unique in that they cover a very distinctive unit 

of a sill. Some of the vents are at the sill margins (fig. 5.18), but most are over the sill 

interior. This makes the Major Flow unique for this study area and to my knowledge a 

vent distribution of this type, above a sill has not been identified before in the field or 

using seismic data. The other vents of ShalSill occur at isolated points. Distinctive other 

‘flows’ or ‘lobes’ like Lobe ‘B’, which was discussed in section 4.4.4.1, are not 

associated with large numbers of vents. Though, it is plausible that there may be more 

vents which are not resolvable.  

When it comes to sills which are deeper, it is very common to find vents which occur 

above the terminations and highest points of sills; these often coincide because of the 

upward transgressive nature of sill geometries (Joppen and White, 1990; Skogseid et al. 

1992; Bell and Butcher, 2002; Davies et al. 2002; Jamtveit et al. 2004; Svensen et al. 

2004; Planke et al. 2005; Corfield et al. 2004; Hansen, 2006; Thomson, 2007b; Rocchi 

et al. 2007; Hansen et al. 2008; Moy and Imber, 2009; Rollet et al. 2012; Magee et al. 

2013b; Magee et al. 2013c; Magee et al. 2014a). Because of the large number of vents 

and the excellent imaging of the sills in this study area, this relationship can be 

considered further than before. 

Fig. 5.19 shows the relationship between the TWT maps of nine of the sills focussed on 

in this chapter (A1sill, A2sill, A3sill, Bsill, Csill, D1sill, D2sill, D3sill and Esill) and 

the locations of the vents interpreted to be fed by each of the sills. Each vent is 

numbered as in fig. 5.17. Unlike in Chapter 4, the TWT maps of the sills are adjusted so 

as to be measured from a modified version of HorizonV, rather than the zero datum 

(mean sea level). This is done to remove the effect of the Modgunn Arch structure 

which tilts and bends the sills. HorizonV is modified so that the mound morphologies of 

the vents are removed so that vent morphologies do not alter the TWT maps of the sills 

(this process is described in more detail in section 5.6.1.2). The figure also contains 

unaltered 3D visualisations of the sills to aid the reader to visualise the relevant 

geometries of the sills.      
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Fig. 5.19 Page 1 of 3  
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Fig. 5.19: Page 2 of 3  
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Fig. 5.19 Page 3 of 3. See figure caption on next page. 
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Fig. 5.19 The locations of vents relative to the sills which are focussed on in this chapter 

(excluding ShalSill). The maps shown are relative to the modified version of HorizonV (see 

section 5.6.1.2 for more details) in order to present the sills as closely as possible to their 

original geometries, by removing the effect of the post-venting Modgunn Arch structure. 

However, during this process some minor alterations to the true sill geometries are created due 

to faults and artefacts on HorizonV. Note the different scale bars which are measured in two-

way-time (TWT). Straight margins of sills are the result of the edge of the data. The linear (N-S) 

discontinuity in the south of Bsill is the result of the sill overlying itself (section 4.4.2.2). 

Outlines of vents are shown: black if associated with only one sill, navy if associated with two 

sills (i.e. a shared vent, see section 5.5.2). Three profiles are shown of D1sill, showing the 

relationship of the vents to the geometry of the sill below the vents: a margin in profile A-A’, a 

step in profile B-B’, and a locally shallower area in profile C-C’.  

3D visualisations are shown to aid interpretation and show sill relationships, these are not 

modified with respect to HorizonV. Visualisations were made using Schlumberger GeoViz™ 

software. An in-program vertical exaggeration factor (z) of 3 was used, this equates closely to a 

3.6x vertical exaggeration for a seismic velocity of 2500 ms-1. Shallower sills are more 

vertically exaggerated, deeper ones less so. Note the crosscutting Dsills, which also produce 

crosscutting venting patterns (figs. 5.11 and 5.17). The 3D visualisations are viewed from the 

following directions (v) and lit from the following directions (l): Csill: v:W l:W, Bsill: v:W l:W, 

D2sill: v:W l:NW, D3sill v:SW l:W, Asills v:S l:S, Esill v:S l:SE, Dsills v:NE l: directly above. 

 

Superimposing the locations of the vents relative to the TWT maps of the underlying 

sills, which feed them, shows a clear relationship between the geometry of the 

underlying sills and the locations of the vents (fig. 5.19). Most vents are found along the 

margins of the sills. For the sills: Csill, Bsill, D2sill, D3sill, A1sill and A3sill, all their 

vents follow the margins of the sills and in the cases of A2sill and D1sill a significant 

majority do (~80%). Sills are commonly observed to be shallower along their margins 

in comparison to their interiors; however, as can be observed from the examples shown, 

margin depth is quite variable. Vents along sill margins are not exclusively found where 

the margin is particularly shallow e.g. the Bsill vents (fig. 5.19).     

Not all vents follow the margins of sills though. Some form over where the sill is 

interpreted to be locally shallower (the clearest examples are vent V060 associated with 

Esill as well as V024 and V026 associated with D1sill shown in fig. 5.19, and profile C-

C’ in fig. 5.19). Some vents are similar to these but do occur along the margins of sills. 

In these cases the sill is indented so that the sill deepens away from the vent in most 

directions (clear examples are: V041 associated with D3sill and V038 associated with 
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A1sill shown in fig. 5.19). Both of these types of vent are larger than the other vents 

associated with the sills (fig. 5.19), some of them are the largest in the study area. 

Nonetheless other factors such as the depth of the sill and the spacing between vents are 

also significant as will be discussed in section 5.6.  

It is worth noting that these locally shallower areas are not interpreted to be caused by 

seismic pull-up effects produced by the acoustic properties of the overlying vents. If the 

vents systematically distorted the underlying sill reflections, then vents along the 

margins of sills would also be expected to cause distortions, these distortions do not 

occur. Also, analysis of the sill geometries relative to stratal reflections appears to show 

the geometries are genuine (see also sections 4.4.1.1, 4.4.1.3 and 4.4.1.5 for profiles and 

interpretations of these locally shallower areas).   

Other changes in sill geometry are also significant. Vents are found to be associated 

with positions where the sill changes in depth abruptly (a step or potentially a 

discontinuity). The clearest example of this is V023 which occurs above a step in D1sill 

(fig. 5.19 profile B-B’). However, not all changes in underlying sill geometry are 

associated with vents. For example the step associated with vent V023 extends well 

beyond the vent (fig. 5.19).  

5.5.2 Shared Vents  

Not all vents are shown only once in fig. 5.19 with some vents shown more than once. 

In fig. 5.19 these vents are highlighted by having navy rather than black outlines. These 

vents are interpreted to have formed from fluids generated by two sills. They are termed 

here ‘shared’ vents. To my knowledge this is the first time such vents have been 

discussed.   

Due to the limited visible lengths of vent conduits, it is difficult to be certain whether a 

vent is fed by two or more sills or just one of the sills. An example of this, is vent V041, 

which occurs along the margin of both D3sill and Csill (fig. 5.19). In neither case does 

the vent appear to be out of place (fig. 5.19). In profile, both sills rise up and terminate 

directly below the vent (fig. 5.20). 

If one of the sills was not present (either one), there would be little ambiguity as to 

whether the vent was fed by the present sill. But with two sills, the situation is less 

clear. It may be that the vent is fed from only one of the sills, but to make that decision 

would entail changing the vent position maps, which for both D3sill and Csill, as well 
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as A1sill and A2sill, would appear to disrupt the relatively systematic vent position 

patterns (the spacing between vents is considered further in section 5.6).  

It is also worth noting that shared vents have often complex internal seismic 

characteristics, for example vent V041 has both high and low reflectivity parts (fig. 

5.20). Shared vents can also have relatively complex geometries in plan view (e.g. fig. 

5.20). 

Vent V213, one of largest identified, has below it two sills at an intermediate depth: 

Lsill and Msill, which are described in sections 4.4.2.8 and 4.4.2.9 respectively (fig. 

5.21). Additionally, the vent is underlain by a series of deep rather poorly imaged 

reflections. At such depths it is difficult to interpret these features definitively, however, 

their geometries and high amplitudes (for such depths) indicate they are sill-like and are 

potential feeders. Vent V213, therefore, could be fed by three or more sills from various 

depths.  

 

 

Fig 5.20 See figure caption on next page. 
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On previous page: Fig. 5.20 An example of an interpreted shared vent V041 (see fig. 5.17 for 

vent location and fig. 5.19 for vent position relative to D3sill and Csill). This vent is above both 

D3sill and Csill and is probably fed by both sills, leading to the complex geometry of the vent 

and varying internal seismic character. A deeper sill marked, may also have some influence on 

the vent, but is less clear. HorizonV is shown in turquoise. See inset map for the location of the 

profile.  

 

 

Fig. 5.21 Interpreted shared vent: V213. Below the vent are a series of high amplitude 

reflections. Some of these have been interpreted definitively as sills and are labelled as such. 

However, some other high amplitude reflections also occur below these sills. It is difficult to 

definitively interpret these as sills or otherwise. Note that the profile is bent where the vertical 

black line occurs in the profile. HorizonV is shown as a turquoise line. For profile location see 

the map in the bottom right of the figure, relative to the vent outline. The vent position is shown 

in fig. 5.17.  
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5.5.3 Discussion on the Spatial Relationship between Vents and 

Sills 

The observation that venting so commonly occurs above particular sill geometries 

directly below vents, indicates a causative relationship between the position of the vents 

and the geometry of the underlying sills. It is worth considering which way this 

relationship occurs. The first possibility is that the geometries of the sills change as the 

result of venting, such that sill terminations and changes in the geometries of the sills 

are the result of venting altering how the sills propagate. Mechanically, this can be 

understood, that if hydrothermal fluids are involved in the propagation of sills, then the 

loss of fluids in a venting process could alter how the sills propagate, or even lead to the 

sills to stop propagating at locations where venting occurs. The second possibility is that 

particular geometries of stationary sills may focus fluids; therefore, causing venting to 

occur above characteristic sill geometries.  

Rock fracturing during the propagation of sills could be affected by volatile release 

from the magma or the host rock. However, creating the quantities of volatiles required 

to explosively break through hundreds of meters to kilometres of rock would be 

expected to require long periods of heating. The generation of gasses is likely to take 

~1000 to ~10,000 years (Aarnes et al. 2011a), but if the sills propagate at rates similar 

to modern day mafic analogues at ~0.1 to ~0.01 ms-1, which have been determined by 

monitoring seismic events (e.g. Rubin et al. 1998; Bohnenstiehl et al. 2004; Dziak et al. 

2007) as well as using ground deformation (Peltier et al. 2005; Currenti et al. 2011), 

even sills which are tens of kilometres long are likely to form within tens of days. It is 

unclear how long these rates are maintained, and the role of pulses of magma is an 

additional complication, evidence for which is found in petrographic and geochemical 

studies of mafic sills (e.g. Husch, 1990; Gibb and Henderson, 2006; Egorova and 

Latypov, 2013). 

The evidence of quenched, glassy basalt in some vents indicates that in some cases 

venting occurs before the magma has fully solidified (Svensen et al. 2009), which takes 

tens to hundreds of years depending on sill thickness amongst other factors (Jaeger, 

1968; Holness et al. 2012). During the period before the sill is fully solidified, explosive 

venting triggered by aureole fluids could cause the release of molten magma. 

Alternatively, such vents may not be driven by volatiles from the contact aureole, but 

rather are driven by the magma pressure directly, perhaps in connection to the volatile 
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content of the magma. Overall, it appears the speed of volatile release and the 

propagation of magma occur on orders of magnitude different time scales indicating 

they are unlikely to affect each other.    

Instead, fluid generated in the sill aureole is likely to follow the bases of already formed 

sills and their upper surfaces (Iyer et al. 2013). When a sill margin, internal 

discontinuity or change in geometry is reached, fluid may become localised, aided by 

how the rock is fractured during sill formation, such that venting requires less 

overpressure to occur, leading to venting above these distinctive geometries. Margins 

particularly focus fluids, because both fluids from below the sill and above the sill 

converge. Potentially, other geometries of sills allow leakage through the sill creating 

vents. The unusually large vents associated with locally shallower areas can be 

explained as the result of fluid being localised from many directions towards these 

areas, leading to unusually active venting systems, and therefore, larger vents. Steps and 

locally shallower areas may also not be continuous structures and may allow fluids to 

rise from below the sills. While venting does occur along many sill margins not all the 

margins of sills are associated with venting for example the northern margin of D1sill 

only has one vent (fig. 5.19 – V001), this indicates that venting is not required to form 

these geometries.  

It is worth noting that the mechanism, by which fluids generated in the aureole 

propagate to the points where the vents are fed from, is poorly understood. Fluids are 

likely to be transported in fractures in both the host and sill (e.g. van Wyk, 1963; Long 

and Wood, 1986; DeGraff and Aydin, 1987; Svensen et al. 2006; Aarnes et al. 2011b). 

In some cases the fluids may become transported with fluidised sediments (Schofield et 

al. 2010, 2012b), and in some cases form clastic dykes (e.g. Walton and O’Sullivan, 

1950; Curtis and Riley, 2003; Svensen et al. 2011). Jamtveit et al. (2004) suggests that 

the fluids are likely to become channelized, however, to my knowledge such ‘channels’ 

have yet to be identified in the field or using seismic data. Understanding fully how 

these fluids are transported over long distances (potentially up to tens of kilometres) 

would require further field investigation as the ‘channel’ features are likely to be at a 

scale too small to be resolved in seismic data. 
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5.6 Quantitative Analysis of Vents  

This section considers three different vent related measurements and the relationships 

between them. The three measurements are related to vent size, the depths to the 

underlying feeder sills, and the spacing between vents. 

The objective of this analysis is to determine which factors control vent size and the 

spacing between vents. Identifying these factors ultimately helps to understand how 

fluids migrate to where vents form, and how fluid is generated.  

5.6.1 Quantitative Methods 

Figure 5.22 describes graphically the three measurements and their definitions. The 

three measurements are: (1) vent size, (2) depth to the underlying feeder sill and (3) the 

characteristic spacing between vents.  
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 Fig. 5.22: Quantitative methods for determining the sizes of vents, the characteristic spacing 

between vents and the depths to the interpreted underlying feeder sills. The maps in two-way-

time are measured from mean sea level. The bottom right two-way-time maps indicate the 

process of creating the modified version of HorizonV. See text for additional details. 
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5.6.1.1 Vent Size 

Size, is defined as the maximum diameter of the vents (fig. 5.22). While HorizonV 

attributes (section 5.4) are used to determine the approximate locations of the widest 

diameters of the vents, 2D profiles are used to calculate the distance so as to remove 

mapping bias. Vents at the margins of the data were assigned sizes based on what could 

be observed. All vents could be assigned sizes, in total 213 values.    

5.6.1.2 Depth to Underlying Feeder Sill  

The depth to the underlying feeder sill which feeds the vents is calculated by first 

determining which sill each vent is fed by. This is not always clear because a single vent 

may be formed from fluid expulsion from two or more sills (section 5.5.2). It was 

considered important not to double count the vents and so each vent was assigned one 

sill for the quantitative analysis.  

In some ‘shared vent’ cases the two sills have very similar depths to each other, so 

deciding which sill fed the vent had little impact on the final result. Examples of such 

vents include the shared vents between A1sill and A2sill (V038 and V039, fig. 5.19). 

As section 4.4.3.3 described, for much of the southern area of A2sill, it overlies directly 

above A1sill. In some cases the difference in depth is greater, in some cases 

significantly so (section 5.5.2). In these cases a decision was made on a variety of 

factors. First, the vent properties (e.g. ShalSill was associated exclusively with much 

smaller vents than D1sill). Second, the positions and underlying geometries of the sill or 

sills (vents are generally associated with sill margins or changes in sill geometry as was 

described in section 5.5). In some cases the decision was difficult for shared vents as 

both sills seemed to be similarly important. A particularly difficult choice was assigning 

the shared vents of Csill and D3sill, these vents were assigned to Csill, and the 

reasoning behind this decision with regards to vent spacing is given below in the next 

section (section 5.6.1.3). D3sill is also considered further in the discussion chapter 

(chapter 6). In one case the uncertainty was so great and a choice either way so 

significant that the vent was not assigned. This vent was V213, shown in fig. 5.21. The 

vent may be fed by relatively shallow intermediate depth sills or much more poorly 

imaged deep sills (or as is considered probable, both). In total, 212 ‘depth to underlying 

feeder sill’ values were calculated.        

Underlying feeder sill depths were calculated such that they were relative to the paleo-

seafloor. This required removing the effect of the Modgunn Arch structure (described in 
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sections 5.4.1 and 4.3). This was achieved by the measuring the depths to the 

underlying feeder sills, from a modified version of HorizonV, vertically downwards 

(fig. 5.22). A challenge was dealing with the vent morphologies on HorizonV, as these 

were created after the initial venting event, either due to material being deposited on the 

seafloor or as a result of differential compaction (section 5.3.4). The relief of the vents 

was therefore removed by cutting the areas out of HorizonV, where the vents altered the 

original interpretation.  

Linear interpolation functions within the seismic interpretation software (Schlumberger 

GeoFrame™) were then used to produce a new flatter horizon, representing the form of 

the horizon ‘before venting’. This can be considered as a form of ‘flattening’. The 

marginally deeper vents which do not affect HorizonV, had depths measured from the 

marginally deeper horizon described in section 5.4.2 and shown in figs. 5.13, 5.14 and 

5.17; otherwise their depths were calculated in the same way.     

The data used in this study is in two-way-time (TWT) (measured in milliseconds) rather 

than ‘depth’ (measured in meters) (section 3.1.2). To get a more geological appropriate 

measurement, the TWT distances (measured in milliseconds) were converted into 

depths (measured in meters), based on values obtained in well 6403/6-1 within the study 

area (for well location see fig. 5.10). HorizonV was taken as the Tare-Tang formation 

boundary (as described in section 4.3) and required no modification at the location of 

the well, as it did not intersect a vent. The modified version of HorizonV was set to 

have a depth of zero.  

The well report of well 6403/6-1 (Statoil, 2007) contains a list of depths and associated 

TWT values, the values of interest below HorizonV were plotted in fig. 5.23 A, and 

converted into local average velocities in fig. 5.23 B. The local velocities were 

calculated by taking the ratio of the distance between each depth value, and the TWT 

difference between each depth value. This ratio was multiplied by two (because it is 

two-way-time). These values were assigned to the middle of each depth range. The 

values in fig. 5.23 B have been used to identify representative velocities to determine 

the approximate vertical exaggerations of figures throughout the thesis.  
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To convert between measured TWT values and depth, the original TWT values (rather 

than the calculated velocity values) were used. A quadratic equation was used to model 

the change in velocity with depth. The derived equation was:       

 

where D is depth in meters and T is two-way-time in milliseconds. The equation has a 

near perfect fit to the data (linear coefficient of determination R2 = 0.999992) (fig. 5.23 

A). 

There are some imperfections regarding the use of this formula. First, while the formula 

models well the effect of changing lithology, it does not take into account the folding of 

the Modgunn Arch structure. Where HorizonV is deeper the velocities will be expected 

to be greater. Ideally, a full depth conversion of the data set would have been used, 

however, with the resources available, this was not possible. There is also perhaps some 

effect on velocity due to changes in lithology across the study area. However, this effect 

is likely to be minor, as the lithological units vary only a small amount across the survey 

area (section 4.3).   

Finally, there is an issue of compaction. Compaction of mudstones is likely to have 

been significant in this study area over the last 55 Ma since the vents formed. 

Compaction is not taken into account as it is difficult to quantify accurately and will 

change depth values in a relatively systematic way. Although, areas where HorizonV is 

deeper, will be more compacted, meaning that compaction is not constant across the 

study area. Additionally, the geometry of the seafloor will have some impact on 

compaction. Ideally, the data could be decompacted to the state 55 Ma, however with 

the time and resources available, this was considered beyond the scope of the project 

and could be considered further in future studies. 

In conclusion, I am confident that the data is not too distorted regionally, the large range 

of sill depths to an extent mitigates such effects. Sill geometries also appear not to be 

too altered by seismic artefacts or compaction effects and appear to have relatively 

genuine geometries (as described in Chapter 4).       
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Fig. 5.23: The relationships between depth and TWT, as well as depth and seismic velocity. Part 

A: The relationship between TWT and depth based on well 6403/6-1. Part B: The relationship 

between local average P-wave velocity and depth based on well 6403/6-1. The plots only show 

values below HorizonV. 

5.6.1.3 Characteristic Spacing between Vents 

As was described in section 5.5 vents can be associated with particular sills. The 

‘characteristic spacing’ between vents is a value which quantifies the distance between 

neighbouring vents associated with the same sill. Any close vents which are not 

associated with the specific sill are not considered.  
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Characteristic spacing values were measured for sills associated with large numbers of 

vents. The sills for which characteristic spacing values were calculated for are: D1sill, 

D2sill, A1sill, Csill and ShalSill. Most of the vents associated with ShalSill were 

associated with the Major Flow (sections 5.4.3 and 5.5.1), so this area was focussed on. 

An issue mentioned in section 5.5.2 is that some vents are ‘shared’ between more than 

one sill. To avoid double counting vents in the quantitative analysis, a choice was taken 

to associate the shared vents of D3sill and A2sill, with Csill and A1sill respectively.  

The pattern of vents associated with D3sill appears to be (at least) bimodal, with vents 

V040, V055, V056 and V057 very close together and then long gaps to V058 and V059 

(fig. 5.19). This unusual (anomalous) behaviour (in comparison to the other sills) will 

be discussed further in the discussion chapter, with regards to sill emplacement (section 

6.2.1), and therefore, D3sill is considered less in this section (5.6).  

The deep and intermediate depth sills are all associated with vents along the margins of 

the sills (D1sill, D2sill, A1sill and Csill). D1sill also has some vents not associated with 

the margin of the sill, and these vents, are therefore, considered to be different. These 

vents are either associated with interior areas of the sill where the sill is locally 

shallower, or are close to such areas (V024, V025, V026, V027 and V028), or where the 

sill is stepped (V023) (fig. 5.19). These vents are not considered further in the spacing 

analysis.  

The most northerly vent of D1sill is also considered to be anomalous, as it occurs where 

the margin of D1sill segments (fig. 5.19 and section 4.4.1.2). Additionally, vent V001 is 

considerably further from its nearest neighbour than the spacing between other vents 

associated with D1sill. While vent V001 will not be considered further in this section 

(5.6), it will be considered with the vents of D3sill, in the discussion chapter (section 

6.2.1).  

The spacing between vents has not been considered before quantitatively in prior 

literature on vents, to my knowledge, so there is no precedent to follow. Some research 

was undertaken to find possible analogues, but an appropriate method was not 

identified. Therefore, a method was devised to analyse vent spacing quantitatively so as 

to have a series of necessary characteristics. First, the method was required to generate 

values for individual vents; i.e. the value of the ‘characteristic spacing’ for a particular 

vent needed to be able to be compared to the size of that vent and the depth to the 

underlying feeder sill below that vent. Second, the method needed to focus on the local 
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area around each vent. This is because venting is related to fluid flow, and therefore, a 

vent on the other side of a sill, tens of kilometres away, is expected to influence a vent 

less than the neighbours of that vent. Third, the method needed to be easy to reproduce, 

unambiguous and not specific to an individual sill or finite set of sills. This was so that 

the method could be reproduced for many sills, and so that the same methods can be 

used in the future and the results easily compared. Fourth, the method was designed to 

generate values which were intuitive and in expected units (of distance), so that the 

values of ‘characteristic spacing’ would be close conceptually to the ‘distances between 

the vents’. Fifth, for practical reasons and ease of use, the method needed to be quick 

and simple to implement. 

A primary objective of the spacing analysis was to consider the impact of sill depth. The 

chosen sills cover the whole range of well imaged sills from deep (D1sill and D2sill), to 

intermediate (Csill and A1sill) to shallow (the Major Flow of ShalSill). However, the 

vent distribution above the Major Flow of ShalSill is different from that of the other 

four sills. The vents of the Major Flow of ShalSill are distributed over a region, while 

the vents of the other four sills occur along the margins of the sills (the excluded vents 

of the interior areas of D1sill excepted) (figs. 5.18 and 5.19). Because vents associated 

with ShalSill are different from the vents associated with the other four sills, it could be 

argued that the vents associated with ShalSill should be excluded from the spacing 

analysis of the other four sills. However, by doing so, one would exclude the only 

shallow sill example with a large number of vents. Additionally, conceptually the vents 

associated with the Major Flow of ShalSill are still ‘spaced’, there is still conceptually a 

‘characteristic spacing’ between the vents. Therefore, it was considered advantageous to 

compare simultaneously, the characteristic spacing values for deep and intermediate 

sills as well as the Major Flow of ShalSill, even if the characteristic spacing values 

needed to be defined slightly differently. It is clear, in such a situation, that the two 

different methods should produce values which are as similar as possible.    

The characteristic spacing between vents which occur along sill margins is defined as 

the average of the distances between the vent and its two nearest neighbours, either side 

of it, from vent centre to vent centre, in a straight line (fig. 5.22). Vents which occur 

along sill margins form lines of vents. The vents at the ends of these lines do not have 

two neighbours, and therefore, this method does not work for them. These vents may 

also source fluids differently to mid-sequence vents. In the case of vent V022 which 

occurs at the edge of the data (figs. 5.17 and 5.19), the properties of its potential 
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neighbour beyond the edge of the data are unknown. For these reasons, characteristic 

spacing values were not calculated for: V002 (D1sill), V022 (D1sill), V029 (A1sill), 

V039 (A1sill), V045 (D2sill) and V048 (D2sill) (fig. 5.19). The vents of Csill are all 

included as they form a ring and therefore all have neighbours (fig. 5.19). In summary, 

D1sill contributes 19 characteristic spacing values, A1sill: 9 values, Csill: 5 values and 

D2sill: 2 values, in total, 35 characteristic spacing values. 

The characteristic spacing between vents which are regionally distributed, is defined as 

the average distance between the vent and its three nearest neighbours, in any direction, 

from vent centre to vent centre, in a straight line (fig. 5.22). The addition of one extra 

vent as compared to the two used for determining the characteristic spacing values for 

vents along sill margins, is to take into account the increase in the number of 

dimensions being considered. For vents positioned along a sill margin, they occur along 

a one dimensional line, for vents distributed over a region, they occur over a two 

dimensional plane. Consider a vent along a margin; it is positioned such that it is in 

between its neighbours on either side. In two dimensions, a vent will often (though not 

always) be positioned so that it is within a triangle created by its three nearest 

neighbours. The exception, to this, is if all three of the neighbouring vents all occur on 

one side of the vent, which is most likely to occur along the margins of the area where 

the distributed vents occur. This method produces characteristic spacing values for 

distributed vents that are similar to those generated for vents along a sill margin. 

Therefore, the two sets of characteristic spacing values are considered to be comparable. 

In total, the Major Flow of ShalSill contributes 98 characteristic spacing values. Using 

both methods a total of 133 characteristic spacing values were derived.            
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5.6.2 Quantitative Measurements of Vents  

The following table lists the 213 vents identified in this study (Table 5.1). Figures 5.17 

and 5.18 show the locations of the vents and their outlines (section 5.4.4). The table 

consists of the following headers:  

· Vent Number: vents are numbered ‘VQxxx’ where the ‘xxx’ is a unique three 

digit number and ‘Q’ gives some additional information on how the vent was 

mapped primarily, as described in section 5.4. If ‘Q’ is absent it was mapped 

primarily using the dip attribute (section 5.4.1), if ‘Q’ is ‘A’ it was mapped 

primarily using the amplitude attribute (see section 5.4.2), and if ‘Q’ is ‘C’ the 

coherency attribute was primarily used (see section 5.4.3)  

· Associated Sill Name: ten sills, of particular interest are named (section 5.5.). 

One group of sills the Western Shallow Sills are also shown in the table. This 

group of sills was introduced in section 4.4.4.7. For this table the group consists 

of all of the shallow sills in the western portion of the survey area with the 

exception of ShalSill, including some of the shallow sills which were named in 

Chapter 4.  

· Vent Size: the maximum diameter of the vents (see section 5.6.1.1) 

· Two-Way-Time (TWT) to Associated Sill: this is the two-way-time difference 

between the sill and the vent (see section 5.6.1.2)  

· Depth to the Associated Sill: the approximate depth from the vent to the sill is 

calculated by converting the TWT differences to depths (see section 5.6.1.2)  

· The next three columns are the raw values for calculating the characteristic 

spacing values for the vents. For vents for which a characteristic spacing value 

was calculated (section 5.6.1.3), either the first two columns or all three columns 

are filled. For vents which occur along a sill margin both columns will be filled, 

these correspond to the distance to the vent immediately above and below in the 

table (the first and second columns respectively) i.e. the neighbours of the vent 

(except for two of the vents associated with Csill, see note 7). For vents which 

are regionally distributed the three columns are the distances to the three nearest 

vents in order from nearest to furthest. In this case the vent order is not 

significant.  

· The Characteristic Spacing is calculated from the prior three columns as 

described in section 5.6.1.3. 

· Notes: see foot of table 
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Vent 
No. 

Associated 
Sill Name or 
Group of Sills 

Vent 
Size 
(m) 

TWT 
to sill 
(ms) 

Depth 
to sill 
(m) 

1st 
Dist. 
(m) 

2nd 
Dist. 
(m) 

3rd 
Dist. 
(m) 

Char. 
Spac. 
(m) 

Notes 

V001 D1sill 1000 1305 1579     1 
V002 D1sill 800 1274 1530      
V003 D1sill 500 1263 1513 2200 1100  1650  
V004 D1sill 1100 1272 1527 1100 2700  1900  
V005 D1sill 300 1205 1425 2700 1500  2100  
V006 D1sill 1200 1140 1328 1500 3400  2450  
V007 D1sill 800 1109 1283 3400 800  2100  
V008 D1sill 700 1085 1248 800 5000  2900  
V009 D1sill 1200 1155 1350 5000 2200  3600  
V010 D1sill 1100 1202 1420 2200 5000  3600  
V011 D1sill 1700 1120 1299 5000 1400  3200  
V012 D1sill 900 1243 1483 1400 1600  1500  
V013 D1sill 1200 1152 1346 1600 3000  2300  
V014 D1sill 800 1076 1235 3000 900  1950  
V015 D1sill 1300 1075 1233 900 1200  1050  
V016 D1sill 1100 1015 1148 1200 4900  3050  
V017 D1sill 1000 1156 1352 4900 3300  4100  
V018 D1sill 900 1155 1350 3300 2900  3100  
V019 D1sill 1200 1032 1172 2900 2000  2450  
V020 D1sill 800 1031 1171 2000 1200  1600  
V021 D1sill 1000 1017 1151 1200 2100  1650  
V022 D1sill 800 1050 1198     2 
V023 D1sill 1400 1622 2101     3 
V024 D1sill 1600 1452 1814     4 
V025 D1sill 800 1636 2126      
V026 D1sill 1700 1150 1343     4 
V027 D1sill 500 1349 1648      
V028 D1sill 1800 1348 1646      
V029 A1sill 700 753 798      
V030 A1sill 200 731 771 1100 550  825  
V031 A1sill 400 647 667 550 600  575  
V032 A1sill 700 660 683 600 1250  925  
V033 A1sill 300 632 649 1250 1600  1425  
V034 A1sill 800 607 619 1600 1550  1575  
V035 A1sill 400 593 603 1550 1100  1325  
V036 A1sill 500 604 616 1100 700  900  
V037 A1sill 600 617 631 700 2050  1375  
V038 A1sill 900 636 654 2050 1750  1900 5 
V039 A1sill 300 698 730     5 
V040 Csill 1000 783 836 2400 3750  3075 6,7 
V041 Csill 2100 879 962 3750 3250  3500 6 
V042 Csill 2100 733 773 3250 2850  3050 6 
V043 Csill 500 785 839 2850 2750  2800  
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Vent 
No. 

Associated 
Sill Name or 
Group of Sills 

Vent 
Size 
(m) 

TWT 
to sill 
(ms) 

Depth 
to sill 
(m) 

1st 
Dist. 
(m) 

2nd 
Dist. 
(m) 

3rd 
Dist. 
(m) 

Char. 
Spac. 
(m) 

Notes 

V044 Csill 1200 698 730 2750 2400  2575 7 
V045 D2sill 600 1170 1372      
V046 D2sill 800 941 1045 1700 1100  1400  
V047 D2sill 900 1129 1312 1100 800  950  
V048 D2sill 700 1070 1226      
V049 A2sill 600 543 545      
V050 A2sill 600 619 634      
V051 A2sill 600 667 692      
V052 A3sill 400 661 684      
V053 Bsill 300 936 1039      
V054 Bsill 100 1019 1154      
V055 D3sill 400 1150 1343      
V056 D3sill 800 1165 1365      
V057 D3sill 600 1143 1332      
V058 D3sill 800 1055 1205      
V059 D3sill 500 1037 1179      
V060 Esill 2800 1407 1741     4 
V061 Esill 1100 1352 1653      
VC062 ShalSill 

Major Flow 
270 173 156 450 530 730 570  

VC063 ShalSill 
Major Flow 

130 180 163 230 420 440 363  

V064 ShalSill 
Major Flow 

260 179 162 250 390 460 367  

VC065 ShalSill 
Major Flow 

90 191 173 370 380 390 380  

VC066 ShalSill 
Major Flow 

110 171 154 240 370 380 330  

VC067 ShalSill 
Major Flow 

170 174 157 240 240 460 313  

VC068 ShalSill 
Major Flow 

100 169 152 240 380 400 340  

V069 ShalSill 
Major Flow 

310 156 140 430 440 520 463  

VC070 ShalSill 
Major Flow 

180 157 141 390 530 640 520  

VC071 ShalSill 
Major Flow 

150 165 149 210 320 460 330  

VC072 ShalSill 
Major Flow 

180 163 147 240 390 490 373  

VC073 ShalSill 
Major Flow 

200 162 146 510 550 620 560  

VC074 ShalSill 
Major Flow 

150 161 145 240 250 360 283  

VC075 ShalSill 
Major Flow 

220 165 149 230 270 350 283  
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Vent 
No. 

Associated 
Sill Name or 
Group of Sills 

Vent 
Size 
(m) 

TWT 
to sill 
(ms) 

Depth 
to sill 
(m) 

1st 
Dist. 
(m) 

2nd 
Dist. 
(m) 

3rd 
Dist. 
(m) 

Char. 
Spac. 
(m) 

Notes 

VC076 ShalSill 
Major Flow 

90 176 159 440 450 510 467  

VC077 ShalSill 
Major Flow 

150 165 149 310 330 400 347  

VC078 ShalSill 
Major Flow 

130 153 137 160 310 460 310  

VC079 ShalSill 
Major Flow 

150 151 135 160 320 420 300  

VC080 ShalSill 
Major Flow 

160 146 131 230 620 630 493  

VC081 ShalSill 
Major Flow 

180 151 135 230 490 490 403  

V082 ShalSill 
Major Flow 

170 147 132 230 340 390 320  

VC083 ShalSill 
Major Flow 

120 155 139 240 240 510 330  

VC084 ShalSill 
Major Flow 

190 158 142 230 320 400 317  

VC085 ShalSill 
Major Flow 

220 164 148 320 320 440 360  

V086 ShalSill 
Major Flow 

260 130 116 520 610 610 580  

V087 ShalSill 
Major Flow 

210 156 140 220 320 360 300  

VC088 ShalSill 
Major Flow 

150 159 143 190 200 470 287  

VC089 ShalSill 
Major Flow 

160 141 126 260 510 530 433  

VC090 ShalSill 
Major Flow 

120 159 143 180 370 390 313  

VC091 ShalSill 
Major Flow 

130 149 134 250 290 420 320  

VC092 ShalSill 
Major Flow 

110 147 132 290 370 510 390  

V093 ShalSill 
Major Flow 

390 133 119 350 420 450 407  

V094 ShalSill 
Major Flow 

390 139 124 380 420 450 417  

VC095 ShalSill 
Major Flow 

180 156 140 250 460 630 447  

VC096 ShalSill 
Major Flow 

170 149 134 230 380 590 400  

V097 ShalSill 
Major Flow 

360 143 128 350 530 540 473  

V098 ShalSill 
Major Flow 

210 135 120 370 450 610 477  

VC099 ShalSill 
Major Flow 

160 177 160 340 410 450 400  
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Vent 
No. 

Associated 
Sill Name or 
Group of Sills 

Vent 
Size 
(m) 

TWT 
to sill 
(ms) 

Depth 
to sill 
(m) 

1st 
Dist. 
(m) 

2nd 
Dist. 
(m) 

3rd 
Dist. 
(m) 

Char. 
Spac. 
(m) 

Notes 

VC100 ShalSill 
Major Flow 

160 162 146 230 370 520 373  

V101 ShalSill 
Major Flow 

160 150 134 640 730 740 703  

VC102 ShalSill 
Major Flow 

200 158 142 250 400 490 380  

VC103 ShalSill 
Major Flow 

200 160 144 250 280 520 350  

VC104 ShalSill 
Major Flow 

180 166 150 410 580 600 530  

VC105 ShalSill 
Major Flow 

170 156 140 280 400 520 400  

VC106 ShalSill 
Major Flow 

240 160 144 330 540 690 520  

VC107 ShalSill 
Major Flow 

150 131 117 350 420 500 423  

VC108 ShalSill 
Major Flow 

230 151 135 280 430 500 403  

VC109 ShalSill 
Major Flow 

180 154 138 420 440 530 463  

VC110 ShalSill 
Major Flow 

180 166 150 250 270 480 333  

VC111 ShalSill 
Major Flow 

130 162 146 240 490 520 417  

VC112 ShalSill 
Major Flow 

160 161 145 310 640 670 540  

VC113 ShalSill 
Major Flow 

150 165 149 310 460 490 420  

V114 ShalSill 
Major Flow 

220 156 140 340 430 480 417  

VC115 ShalSill 
Major Flow 

160 165 149 360 370 440 390  

VC116 ShalSill 
Major Flow 

140 169 152 180 370 370 307  

VC117 ShalSill 
Major Flow 

170 163 147 200 360 490 350  

V118 ShalSill 
Major Flow 

190 178 161 480 630 690 600  

VC119 ShalSill 
Major Flow 

200 169 152 370 370 440 393  

VC120 ShalSill 
Major Flow 

180 167 151 160 220 360 247  

V121 ShalSill 
Major Flow 

220 160 144 330 390 410 377  

VC122 ShalSill 
Major Flow 

220 166 150 350 410 510 423  

V123 ShalSill 
Major Flow 

160 148 133 400 660 700 587  
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Vent 
No. 

Associated 
Sill Name or 
Group of Sills 

Vent 
Size 
(m) 

TWT 
to sill 
(ms) 

Depth 
to sill 
(m) 

1st 
Dist. 
(m) 

2nd 
Dist. 
(m) 

3rd 
Dist. 
(m) 

Char. 
Spac. 
(m) 

Notes 

VC124 ShalSill 
Major Flow 

180 177 160 340 340 350 343  

V125 ShalSill 
Major Flow 

180 171 154 330 400 610 447  

VC126 ShalSill 
Major Flow 

120 174 157 330 340 410 360  

VC127 ShalSill 
Major Flow 

170 173 156 170 200 370 247  

VC128 ShalSill 
Major Flow 

180 163 147 190 330 360 293  

VC129 ShalSill 
Major Flow 

150 177 160 270 330 460 353  

VC130 ShalSill 
Major Flow 

170 174 157 240 550 670 487  

VC131 ShalSill 
Major Flow 

330 152 136 440 440 770 550  

VC132 ShalSill 
Major Flow 

190 187 170 850 910 940 900  

V133 ShalSill 
Major Flow 

330 184 167 400 440 440 427  

VC134 ShalSill 
Major Flow 

130 170 153 390 460 490 447  

VC135 ShalSill 
Major Flow 

140 164 148 330 460 660 483  

V136 ShalSill 
Major Flow 

190 147 132 370 440 450 420  

VC137 ShalSill 
Major Flow 

280 179 162 620 730 780 710  

V138 ShalSill 
Major Flow 

180 165 149 360 640 710 570  

V139 ShalSill 
Major Flow 

240 146 131 360 480 560 467  

V140 ShalSill 
Major Flow 

340 135 120 460 470 480 470  

VC141 ShalSill 
Major Flow 

220 173 156 410 460 530 467  

VC142 ShalSill 
Major Flow 

190 181 164 460 780 800 680  

VC143 ShalSill 
Major Flow 

190 171 154 210 410 500 373  

VC144 ShalSill 
Major Flow 

210 186 169 210 300 550 353  

VC145 ShalSill 
Major Flow 

180 179 162 300 430 480 403  

VC146 ShalSill 
Major Flow 

110 188 171 340 580 640 520  

VC147 ShalSill 
Major Flow 

140 193 175 330 350 430 370  
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Vent 
No. 

Associated 
Sill Name or 
Group of Sills 

Vent 
Size 
(m) 

TWT 
to sill 
(ms) 

Depth 
to sill 
(m) 

1st 
Dist. 
(m) 

2nd 
Dist. 
(m) 

3rd 
Dist. 
(m) 

Char. 
Spac. 
(m) 

Notes 

VC148 ShalSill 
Major Flow 

220 165 149 210 320 590 373  

VC149 ShalSill 
Major Flow 

170 168 151 220 440 560 407  

V150 ShalSill 
Major Flow 

230 192 174 560 600 740 633  

VC151 ShalSill 
Major Flow 

180 154 138 310 340 420 357  

VC152 ShalSill 
Major Flow 

180 158 142 440 490 520 483  

VC153 ShalSill 
Major Flow 

150 188 171 380 440 470 430  

VC154 ShalSill 
Major Flow 

200 188 171 760 990 1320 1023  

VC155 ShalSill 
Major Flow 

200 190 172 590 710 1000 767  

V156 ShalSill 
Major Flow 

250 182 165 580 590 750 640  

VC157 ShalSill 
Major Flow 

300 185 168 580 600 890 690  

VC158 ShalSill 
Major Flow 

150 196 178 330 660 990 660  

VC159 ShalSill 
Major Flow 

190 188 171 340 970 1220 843  

V160 ShalSill 300 174 157      
V161 ShalSill 400 152 136      
V162 ShalSill 1000 212 194      
V163 ShalSill 200 154 138      
V164 ShalSill 200 206 188      
V165 ShalSill 100 168 151      
V166 ShalSill 400 162 146      
V167 ShalSill 250 172 155      
V168 ShalSill 400 206 188      
V169 ShalSill 500 188 171      
V170 ShalSill 450 200 182      
V171 ShalSill 250 216 198      
V172 ShalSill 350 162 146      
V173 ShalSill 400 184 167      
V174 ShalSill 400 186 169      
V175 Western 

Shallow Sills 

300 186 169      

V176 Western 

Shallow Sills 

800 184 167      

V177 Western 

Shallow Sills 

300 200 182      
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Vent 
No. 

Associated 
Sill Name or 
Group of Sills 

Vent 
Size 
(m) 

TWT 
to sill 
(ms) 

Depth 
to sill 
(m) 

1st 
Dist. 
(m) 

2nd 
Dist. 
(m) 

3rd 
Dist. 
(m) 

Char. 
Spac. 
(m) 

Notes 

V178 Western 

Shallow Sills 

400 192 174      

V179 Western 

Shallow Sills 

600 276 257      

V180 Western 

Shallow Sills 

400 146 131      

V181 Western 

Shallow Sills 

300 320 302      

V182 Western 

Shallow Sills 

200 296 277      

V183 Western 

Shallow Sills 

400 358 341      

V184 Western 

Shallow Sills 

300 368 352     2 

V185 Western 

Shallow Sills 

300 196 178      

V186 Western 

Shallow Sills 

600 258 239      

V187 Western 

Shallow Sills 

400 238 219      

V188 Western 

Shallow Sills 

600 182 165      

V189 Western 

Shallow Sills 

900 242 223      

V190 Western 

Shallow Sills 

200 294 275      

V191 Western 

Shallow Sills 

350 246 227      

V192 Western 

Shallow Sills 

300 408 394      

V193 Western 

Shallow Sills 

450 342 324     2 

V194 Western 

Shallow Sills 

550 340 322     2 

V195 Others 200 450 440      
V196 Others 200 490 485      
V197 Others 100 468 460      
V198 Others 2200 740 782     2 
V199 Others 400 1028 1166      
V200 Others 200 1320 1602      
V201 Others 300 1350 1649      
V202 Others 500 1208 1430      
V203 Others 700 1340 1634      
V204 Others 700 1544 1968      
V205 Others 600 1716 2267      
V206 Others 1600 1814 2445      
V207 Others 700 1860 2530      
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Vent 
No. 

Associated 
Sill Name or 
Group of Sills 

Vent 
Size 
(m) 

TWT 
to sill 
(ms) 

Depth 
to sill 
(m) 

1st 
Dist. 
(m) 

2nd 
Dist. 
(m) 

3rd 
Dist. 
(m) 

Char. 
Spac. 
(m) 

Notes 

VA208 Others 1700 1650 2150     8 
VA209 Others 1700 1582 2032     8 
V210 Others 750 1528 1941      
VA211 Others 1700 1596 2056     8 
VA212 Others 1600 1588 2043     8 
V213 Others 2200       9 

 

Table 5.1: List of vents identified in this chapter, for the explanation of the columns see 

immediately above the table.  

Notes: 1: The sill margin is not continuous between vents V001 and V002 and therefore the 

spacing (6500 m) is considered anomalous. 2: Vents are cut by the survey edge (vent sizes are 

determined for the area which is visible). 3: Example vent associated with where the sill is 

stepped (see section 5.5.1). 4: Example vents associated with areas where the underlying sill is 

locally shallower (see section 5.5.1). 5: Vents V038-39 can be considered as shared vents 

between A1sill and A2sill (section 5.5.2). 6: Vents V040-42 can be considered as shared vents 

between Csill and D3sill (section 5.5.2). 7: Csill vents form a ring; therefore all its vents have 

characteristic spacing values. The vents V040 and V044 neighbour each other. The first distance 

measurement for V040 is the distance to V044, and the second distance measurement for V044 

is the distance to V040. 8: These vents do not affect HorizonV noticeably; their depths are 

measured from a horizon just below HorizonV (see sections 5.2 and 5.6.1.2). 9: Determining the 

dominant sill which fed vent V213 was not possible and is most probably fed by many sills. 

Deep reflections at 4800 ms possibly indicate a significant feeding sill or sills, but the image 

quality at these depths was too low to map these potential sills confidently (section 5.5.2).          
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5.6.3 Quantitative Results 

The following three sections (5.6.3.1, 5.6.3.2 and 5.6.3.3) describe three different 

quantitative analyses. The first section considers the vent size distribution independently 

of the other factors; the second section considers the relationship between vent size and 

underlying feeder sill depth; and the third section considers the relationship between 

characteristic vent spacing and vent size, as well as the relationship between 

characteristic vent spacing and feeder sill depth. Each section concludes with a 

interpretation and discussion on the potential causes and implications of the acquired 

results.    

5.6.3.1 Vent Size Distribution  

 

Fig. 5.24: A histogram of vent sizes in 100 m bins. Best fit line in red. Larger vents are less 

common than smaller vents. The sample size is 213 vents. 

All 213 identified vents were used to determine the distribution of vent sizes (fig. 5.24). 

Small vents are found to be much more numerous than larger vents. A best fit power 

law was derived, where N is the number of vents, B is the size of the bins (in meters) 

and S is the size of the vents (in meters midway through each bin). 

 

A linear coefficient of determination (R2) was calculated as 0.944 (1 = perfect fit, 0 = no 

correlation) for all bins except for the first which is clearly anomalous. The fit is very 

good for most of the bins with the smallest vents, which have diameters of less than 200 
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m, being under-represented. This is likely to be the result of reaching the resolution 

limit of the seismic data. There will also be at some point a mechanical breakdown, as 

having an infinite number of infinitely small vents is intrinsically impossible. The 

processes involved in small-scale venting are likely to be mechanically different to 

larger-scale venting processes and potentially the observation that smaller vents are less 

numerous than expected may hint at a change in venting mechanisms. 

5.6.3.1.1  Discussion on Vent Size Distribution  

A few points should be made for future comparison. First, this equation is specific to the 

study area. If one considers as a future initial hypothesis that the distribution of vents 

determined for this study area is the same as other similar study areas, then, for example 

if the new study area was twice as large as the study area used in this thesis, then the 

number of vents would also be expected to double. The area where vents are present in 

this study area is approximately 1000 km2 or 109 m2 (to use the same units as the vent 

diameters). The relationship determined above can, therefore, be altered to take into 

account the area of the study area.   

 

where A is the area where vents are present in square meters. However, as can be clearly 

observed in the map of the vents (fig. 5.17), the vents are not close to being uniformly 

distributed. Therefore, caution needs to be applied if this equation is to be applied to any 

other study areas, in particular any ‘small’ study areas. 

This, leads to another question, which is: how representative is this study area in 

comparison to the basin as a whole? In the predominantly 2D seismic study of Planke et 

al. (2005) of the wider region (Møre and Vøring Basins), larger vents were 

predominantly found towards the basin centres. The size distribution of the vents is 

therefore expected to change across the Basins.  

A question that remains to be answered is: that even if vent size increases towards the 

basin centres, or even if the number of vents per unit area changes regionally, will the 

ratio of the number of large vents to the number of small vents remain constant? Or 

more precisely put, will the power law factor remain constant as found here as -1.5 (-

3/2) or will it change? The closeness of fit definitely gives confidence that the function 

fits the data very well.  
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The only comparative study I am aware of that collected and published similar data is 

Planke et al. (2005). They divided the 734 vents they identified into three bins of 

diameters from 0.4 to 2 km, 2 to 5 km and 5 to 11 km and found the following 

frequencies respectively: 456, 255 and 23. Like here, the number of large vents is far 

smaller than the number of ‘small vents’, however, the sizes of the vents they identify 

are on the whole much larger. Only five vents were identified in this study area which 

exceeded 2 km (of 213), and the largest of those (V060 associated with Esill) is ‘only’ 

2.8 km across. This strongly supports the contention that vent size varies across the two 

Basins. With only three data points from Planke et al.’s 2005 study and significant 

uncertainty due to sampling bias (from the locations of the 2D lines and the 3D survey), 

a serious quantitative comparison was not possible to make here.           

Another point to consider, for future comparison, is to consider the impact better 

seismic resolution would have. This would be unlikely to impact the number of large 

vents identified because it is unlikely they have been missed, instead more small vents 

would be expected to be identified which are currently below the limits of the seismic 

resolution. Higher resolution data would improve the understanding of the size 

distribution of smaller vents. 

5.6.3.2 Vent Size Dependence on Feeder Sill Depth   

 

Fig. 5.25: The apparent dependence of vent size, related to feeder sill depth at the point where 

the sill is interpreted to feed the vent. Named sills and a group of similar sills (Western Shallow 

Sills) are colour coded. Best fit line plotted through all points. The sample size is 212 vents.   
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The sizes of the vents are weakly correlated to depths to the underlying feeder sills (fig. 

5.25). A linear best fit relationship was derived where S is the size of the vents and D is 

the depth to the underlying feeder sills (2 s.f.). 

 

A quite small R2 value was calculated to be 0.497, which reflects the weakness of the 

correlation, nonetheless a correlation is present. The large number of data points (which 

does not affect the R2 value by definition) gives confidence that the correlation is not a 

result of noise (i.e. an effect of randomness). An interesting feature of this relationship 

is that the diameters of the vents are approximately half the conduit lengths. The fact 

that seismic data is generally best viewed vertically exaggerated, can give the 

impression that vent conduits are significantly longer than vent diameters. Also, it is 

very noticeable that the vents are grouped. Similar sill groups like the Shallow Sills 

Asills, Dsills (reds, blues and greens respectively) are at similar depths and produce 

similar sized vents; therefore, the data points are close together in the plot (fig. 5.25).  

The spread of the data is likely to be the result of both geological factors as well as the 

way the values were calculated. Vents along the edge of the data, are more difficult to 

interpret. The shape of the vents also has an impact, because elongated vents and ones 

with unusual geometries have maximum diameters which are disproportionately large. 

Another issue are vents which are shared by multiple sills (discussed in section 5.5.2), 

which are also unusually large. Choosing the underlying sill, and therefore its depth, is 

rather arbitrary, this is especially true for the apparently anomalously larger Csill vents. 

At the other end of the spectrum, small vents associated with deep sills have the greatest 

uncertainties attached to them, and in general determining accurately the diameters of 

small vents is difficult. Vents associated with deeper parts of sills seem to be 

particularly anomalous (e.g. the Bsill vents). Finally, it is possible some vents are fed by 

unresolvable intrusions e.g. dykes, and therefore their feeding depths would be 

measured incorrectly.   

Surprisingly perhaps, large and small vents are nonetheless a feature of venting from 

sills of many depths in this study area. The existence of relatively small vents being 

sourced from deep parts of sills indicates relatively small amounts of fluid can rise more 

than two kilometres.  
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5.6.3.2.1  Discussion on Vent Size Dependence on Feeder Sill Depth  

Fracturing greater distances through the crust requires greater amounts of energy (all 

else being equal), in the form of either a greater fluid overpressure (e.g. Planke et al. 

2005) or a greater volume of pressurised fluid. An increase in fluid generation would 

also increase the pressure of any pre-existing fluid, if it is unable to move or diffuse. 

Therefore, one would expect venting events which traverse further distances through the 

host to involve greater amounts of fluid and energy, which in turn would be expected to 

lead to larger vents at the seafloor (Ross et al. 2013). To an extent, the vent size 

dependence on feeder sill depth (fig. 5.25) does show this, but as the weak correlation 

implies, the vent sizes do not follow this expected relationship closely.   

The only study I am aware of that collected similar data is Planke et al. (2005). Table 

5.2 summarises their results. What the table suggests is that their results are broadly 

similar to those found in this study. They found larger vents do occur, on average, 

above deeper sills. Additionally, the largest vents were only found above the deepest 

sills, and the smallest vents were only found above the shallowest sills. However, like in 

this study the range of vent sizes which occur above sills of similar depths are very 

large and overlap significantly. 

 

Table 5.2 Vent diameter and underlying sill depth data from Planke et al. (2005), their table 3. 

TWT measurements of Planke et al. (2005) were converted into depths from Planke et al. 

(2005), using a seismic velocity of 3000 ms-1, based on the typical velocity range of the 

Cretaceous sequence 3000-4000 ms-1 (Planke et al. 2005).  

This implies that while feeder sill depth is a factor in controlling vent size it is not the 

only factor. Planke et al. (2005) suggests that sill geometry may be a factor, but as 

described in Chapter 4, sill geometry is controlled significantly by the depth at which 

Vent Diameter 
(km) 

Depth of 
Sills 
(seconds 
TWT) 

Depth of 
Sills 
(km) 

Mean 
Depth of 
Sills 
(seconds 
TWT) 

Mean 
Depth of 
Sills (km) 

Comments [from Planke 
et al. (2005), with 
additions in square 
brackets] 

<2 (Small) 0.2-3.74 0.3-5.61 1.17 1.76 Nearly 75% in 0.4-1.6 s 
range [0.6-2.4 km range] 

2-5  
(Intermediate) 

0.46-
3.79 

0.69-5.69 1.52 2.28 Most abundant in the 0.8-
1.2 s range [1.2-1.8 km] 

>5 (Large) 0.9-4.33 1.35-6.50 2.42 3.63 Approximately 75% in 
the 1.6-3.2 s range [2.4-
4.8 km] 
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the sills were emplaced (considered further in chapter 6). To an extent, this was also 

noted by Planke et al. (2005) and other authors (see chapter 2). Therefore, 

distinguishing the effect of sill geometry from depth, in this study area is very difficult. 

What is striking though, is that similar sills produce similar sized vents (vents 

associated with Csill are exceptional perhaps due to the larger vents being associated 

with two sills). This would indicate sill specific factors, other than depth, are significant 

in determining the sizes of the vents associated with the sills. Many of these factors are 

in effect ‘hidden’ in that they cannot be observed or quantified. These factors include 

the properties of the sills such as their thicknesses and temperatures. Other factors such 

as magma volatile content and composition may also affect how the sills fracture the 

host. Another major factor is how much fluid the host will generate. This is a function 

of the initial volume of pore fluid as well as the volume of the fluid that can be liberated 

in metamorphic reactions. The compositions of the fluids may also vary and be a factor. 

Furthermore, if prior venting has occurred, there may be less fluid available for future 

venting. A further complication would be if any of these factors are themselves depth 

dependent.  

5.6.3.3 Vent Spacing Relationships 

A factor, which to my knowledge, has not been considered before to affect vent size is 

the spacing between vents. If vents are close together, one might expect there to be less 

fluid for each vent, and therefore, the vents would be expected to be smaller. The 

inverse would also be true, larger vents would be expected to source fluids from a larger 

volume of host (if the fluids are sourced from the host) or a larger volume of magma (if 

the fluids are sourced from the magma itself). 

As was described in section 5.6.1.3, significantly fewer vents and sills could be used for 

the spacing analysis, than the other analyses. In total, 133 vents, associated with five 

sills.       
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Fig. 5.26: The relationship between characteristic vent spacing and vent size for selected sills. 

Best fit line plotted through all points. The sample size is 133 vents. 

The sizes of the vents are found to be well correlated to the spacing between the vents 

(fig. 5.26). A linear best fit relationship was derived where S is vent size and C is the 

characteristic spacing between vents as defined in section 5.6.1.3 (2 s.f.).  

 

Larger vents are found to be more widely spaced. A R2 value of 0.736 was calculated, 

indicating the close fit between the parameters.  

As in the vent size dependence on feeder sill depth plot (fig. 5.25) vents form groups 

but unlike in the previous plot (fig. 5.25), this is not directly related to sill geometry or 

depth and therefore strengthens the case that sills have characteristic venting properties.  
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Fig. 5.27: The relationship between characteristic spacing between vents and the depths to the 

interpreted underlying feeder sills, for selected sills. This plot is not independent of the plots 

shown in figs. 5.25 and 5.26. The sample size is 133 vents.  

In fig. 5.25 it was shown that vent size is correlated to feeder sill depth, and in fig. 5.26 

it was shown that vent size is correlated to the characteristic spacing between vents. It 

therefore, follows mathematically, that characteristic spacing will be correlated to feeder 

sill depth because they are both correlated to vent size. In this sense, the plot in fig. 5.27 

is not independent of the plots shown in figs. 5.25 and 5.26.  

In fig. 5.27 the characteristic spacing between the vents is plotted against the interpreted 

feeder sill depths. A linear best fit relationship was determined where C is the 

characteristic spacing between the vents and D is the depth to the underlying feeder sills 

(2 s.f.).  

 

A R2 value of 0.721 was calculated, showing the close correlation between the 

parameters. However, the high R2 value is dominated by the group of vents related to 

the Major Flow associated with ShalSill.  

In this plot, the sills form the clearest individual groups (fig. 5.27). For the Major Flow 

of ShalSill the depth to the underlying feeder sill is simply the depth to the sill, but for 

the other sills (A1sill, Csill, D1sill and D2sill), the depth to the underlying feeder sill is 

the depth to the sill margin (because in the case of D1sill, other vents were not 

considered for the spacing analysis, and all the other vents are associated with the sill 



322 
 

margins – see section 5.6.1.3). The groups of vents, therefore, show that sills can clearly 

be characterised if both the spacing between the vents and the depth of the sill or its 

margin are considered, but much less so, if only one of these parameters is considered 

(fig. 5.27).  

5.6.3.3.1  Discussion on Vent Spacing Relationships 

The plot shown in fig. 5.26 is interesting in that it does not include a factor related to the 

underlying sill geometries (i.e. feeder sill depth). Yet, even though sill geometry is not 

explicitly considered, the vents form groups depending on which sill they came from. 

This is a clear indication that sills vent in particular ways. However, even clearer is that 

vents are grouped if the sill geometries are also considered, especially when considered 

with vent spacing (fig. 5.27). 

The plot shown in fig. 5.26 also illustrates that larger vents are more widely spaced. 

This is somewhat expected (though not certain) as larger vents occur less often in the 

study area (fig. 5.24). This could also be taken as an indication that larger vents are 

more separated because they require greater regions to source fluids from. Because, to 

my knowledge, these are the first quantitative results of their kind, in that they consider 

vent spacing explicitly, a comparison to other areas is not yet possible. 
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Chapter 6: 
Discussion 

6.1 Sill Geometries 

Sill transgression has been recognised since at least the beginning of the 20th century 

(Rogers, 1905). Since then, clear field evidence for sill transgression has been observed 

around the world. The Karoo Basin in South Africa has received particular attention, but 

significant transgressive sills have also been described in the Northeastern US, Texas, 

Nevada, the Faroe Islands, north eastern Britain, Antarctica as well as associated with 

the Deccan and Siberian Traps in India and Russia respectively (section 2.2.1). At the 

time of writing, approximately sixty publications using seismic data, include 

descriptions of transgressive sills, observed in their study areas (section 2.2.2). Even 

though sill geometries have been widely described, there has been a lack of a 

framework to describe sill geometries and sill transgression systematically, based on a 

set of mechanical principles. 

There have been previous classifications of sills (section 2.2.3.1). Most notably, shallow 

sills have been noted to be different to deeper sills (section 2.2.3.2). But the difference 

between continuous transgression and abrupt transgression has only received limited 

emphasis. Terms which could denote the way sills transgress such as ‘saucer-shaped’, 

have been used in so many contexts, such that their meanings have become imprecise. 

In section 2.3 and in particular the subsections 2.3.3 to 2.3.6 a series of mechanical 

processes were described. These were summarised schematically in fig. 2.14, repeated 

here as fig. 6.1. Five principle processes were identified. Together, these five processes 

are considered in this chapter as a ‘framework’, which can be used to interpret the 

various sill geometries observed in the Norwegian study area, which are described in 

Chapter 4. It is envisaged that this novel framework will also be applicable for 

describing basaltic sill geometries in other areas.   

The framework proposed in this thesis is novel in that it combines systematically 

processes which can be shown to affect sill geometries. The processes themselves have 

been to an extent discussed before in prior literature, but generally in a different context 

to the seismic data used in this thesis. The framework distinguishes itself from previous, 

so called ‘classical models’ described in section 2.3.2, which attempt to describe sill 
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geometries using a single process. Rather, the framework was developed through the 

realisation that sills are affected by multiple processes. ‘Classical models’ are 

considered again in section 6.1.3.  

 

 

 

Fig. 6.1 A novel framework developed to describe the processes leading to distinctive sill 

geometries, repeated from Chapter 2, fig. 2.14. The framework schematically depicts five 

different processes and the associated resultant sill geometries. Part A: The effect of shallow 

sediments becoming fluidised due to the heat of the sills; sills are broadly concordant and 

exhibit ‘flow’ related features. Part B: The effect of local deformation on sills which intrude 

relatively compositionally homogenous hosts; sills are continuously transgressive. Part C: The 

effect of asymmetrical deformation of the overburden caused by folding above sills; sills are 

abruptly transgressive, with the margins flattening away from the sill centres. Part D: The effect 

of significant changes in host lithology; sills can terminate at such boundaries and in some cases 

feeding relationships occur, leading to shallower sills. Part E: The effect of pre-existing 

structures (particularly faults); sills can in some cases exploit fault planes.          
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6.1.1 Sill Geometry Framework 

The novel framework proposed in this thesis consists of five categories, each 

representing a different process. These processes are discussed at greater length in the 

following section (6.1.2), but are succinctly described here. The five categories of the 

framework principally relate to how the intrusions interact with the host they intrude. 

The categories divide into two groups. The first three (A, B and C fig. 6.1) relate to how 

the host deforms. The second group (D and E fig. 6.1) relate to how the host varies (i.e. 

how it is inhomogeneous). Categories are not exclusive, such that a sill can have 

features of multiple categories, depending on the processes which impact the sill.   

The first category ‘A’ relates to intrusions which intrude hosts which do not behave 

fully as solids. At shallow levels, close to the seafloor, the host is poorly consolidated. 

Intrusions heat up fluids in the host causing the host to breakdown and become 

fluidised. The textures created by sills intruding into fluidised hosts are known as 

‘peperites’ as described in section 2.3.6 (e.g. Skilling et al. 2002). Shallow sills in some 

cases exhibit little to no transgression (e.g. Trude, 2004; Planke et al. 2005; Miles and 

Cartwright, 2010; Rui et al. 2013).   

The second category ‘B’ relates to intrusions which deform the host locally, but without 

(significant) doming above the sills. Hosts will normally deform less (i.e. have lower 

strains) at depth, than at shallower levels, when the same stress is applied (e.g. Schultz 

et al. 2006; Hansen et al. 2011). This is because deeper sediments are already 

compacted due to having greater overburden weights above them. Therefore, it requires 

greater stresses to compact them further (for a given amount of strain). This anisotropy 

in the amount of strain around some intrusions causes these intrusions to bend upwards 

i.e. transgress, as described in section 2.3.4.3 (Hansen et al. 2011). If the change in 

Young’s modulus in the host (the ratio of applied stress over strain) is approximately 

continuous, the sill will also transgress approximately continuously. 

The third category ‘C’ relates to intrusions which deform the seabed or land surface. In 

some cases deformation occurs throughout a large volume around an intrusion reaching 

the seafloor or land surface, creating a ‘forced fold’. This folding leads to the creation of 

an asymmetry in the deformation around the intrusion. This is because the crust is much 

thinner above the intrusion than below, meaning, in some cases it requires less stress to 

deform the overburden, than the host below the sill. This asymmetry can lead to a 

horizontal intrusion propagating upwards (e.g. Pollard and Holzhausen, 1979; Fialko, 
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2001; Malthe-Sørenssen et al. 2004; Goulty and Schofield, 2008; Bunger et al. 2008; 

Galland et al. 2009; Galerne et al. 2011; Galland, 2012; Bunger et al. 2013; Bureau et 

al. 2014). A critical aspect of this model is that upward propagation will only occur 

once the intrusion has intruded a significant distance in the horizontal direction as 

described in section 2.3.4.1 (e.g. Pollard and Holzhausen, 1979). Deformation of this 

type leads to abrupt transgression, because the intrusion must propagate a significant 

distance before transgression occurs.  

The fourth category ‘D’ encompasses the effect variations in lithology have on sill 

propagation. Significant variations in lithology have been interpreted to cause 

alterations to the directions that intrusions propagate in, as described in section 2.3.3 

(e.g. Pollard, 1973; Rivalta et al. 2005; Kavanagh et al. 2006). This can be the result of 

the host above the intrusion being harder than the host which the intrusion has already 

intruded, impeding upward propagation. Alternatively, the interfaces between different 

lithological units can be weakly bonded, therefore, encouraging propagation into the 

interface. Changes in pore fluid pressure can also have an impact (Gressier et al. 2010). 

The result can be that a transgressive intrusion begins to intrude horizontally, at the 

interface between two lithological units, creating a sill. When a sill feeds another sill at 

a shallower level it can be considered a ‘feeding relationship’ (e.g. Trude, 2004; 

Cartwright and Hansen, 2006; Thomson and Schofield, 2008; Magee et al. 2014).   

The fifth category ‘E’ encompasses the effect of pre-existing structures in the host on 

sill intrusion. Faults are focussed on in this thesis (as in the much of the literature), but 

the effect of folding remains an area of interest not tackled here. Intrusions are known to 

exploit faults (e.g. Randall, 1959; Thomson and Schofield, 2008; Bédard et al. 2012; 

Magee et al. 2013a), as described in section 2.3.4.2. This is because in some cases it 

requires less energy for an intrusion to exploit pre-existing faults, than fracture through 

unaltered host (e.g. Gaffney et al. 2007; Le Corvec et al. 2013).   

6.1.2 Comparison of the Framework to Sill Geometries in the 

Norwegian Study Area (Edvarda) 

The sills described in Chapter 4 are discussed in this section, in relation to the 

framework described above. To aid in comparison of the sills, the sills are described 

first in terms of abrupt transgression (category ‘C’), then continuous transgression 
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(category ‘B’), followed by shallow sills (category ‘A’), next lithological control 

(category ‘D’) and finally sills exploiting pre-existing faults (category ‘E’). 

6.1.2.1 Abruptly Transgressive Sills 

D1sill is an archetypal abruptly transgressive sill in the study area (described in section 

4.4.1.1). It is broadly concordant over much of its area, with an abruptly transgressive 

margin around its perimeter. The margin was found to have no relationship to the 

polygonal faults in the host.    

Directly above D1sill is a fold described in section 4.5.2. Onlap on to the fold at the 

level of HorizonV, indicates the fold affected the deposition of sediments at the time of 

sill formation and therefore is clearly a forced fold. HorizonV can be interpreted as 

approximately the paleo-seafloor during sill intrusion because vents occur at that 

horizon, and they are interpreted as eruptive features which form relatively soon after 

sill intrusion (e.g. Hansen, 2006).  

The broadly concordant inner portion of D1sill has some features, including small steps, 

which can be interpreted as broken bridge structures in a similar fashion to Schofield et 

al. (2012a), based on clear analogues in the Theron Mountains, Antarctica (Hutton, 

2009) (section 2.2.1.3). The steps and interpreted broken bridge structures are indicative 

that D1sill intruded into a host which deformed in a brittle rather than ductile fashion 

(Schofield et al. 2012b). These linear features, as well as a larger ‘canyon-like’ feature 

were used to interpret how D1sill propagated, as was described in section 4.4.1.1 (fig. 

4.18). Seismically resolvable linear features have been previously used to interpret sill 

propagation (e.g. Skogly, 1998; Thomson, 2004; Thomson and Hutton, 2004; Thomson 

and Schofield, 2008; Schofield et al. 2012a; Holford et al. 2012; Magee et al. 2013a; 

Magee et al. 2014a).  

Using these linear features D1sill was interpreted to originally propagate from the NE 

towards the SW, but then changed propagation direction towards the S. The cross-

cutting sill margins, where D1sill has an indentation, supports this conclusion, as being 

the result of the margin propagating as two separate sheets. These features strongly 

suggest that the sill propagated from its relatively concordant base and then up the 

transgressive margins of the sill.  

D2sill, D3sill and D4sill which all intruded at a similar depth to D1sill also have deep 

concordant portions and abruptly transgressive margins. D2sill is not observed fully due 
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to the edge of the data, and there is, therefore, some uncertainty attached to the sill. 

These sills are described in sections 4.4.1.2 – 4.4.1.4. D2sill has an identifiable fold 

above it; however, D3sill and D4sill do not as described in section 4.5.3. Shallower 

Csill (described in section 4.4.2.1) also exhibits abrupt transgression (as well as more 

continuous transgression depending on the location) and is associated with a fold 

directly above it. D2sill and Csill have folds above but no clear onlap on to the folds, 

however, in the case of D2sill the fold geometry changes abruptly at HorizonV (fig. 

4.104), suggesting the fold is a ‘forced fold’ (see section 4.5.2), while the origin of the 

fold above Csill is less clear, and it could have a significant component related to 

differential compaction.    

Sill transgression associated with deeper sills is not just associated with the margins of 

the sills. Instead, some transgression leads to locally shallower areas. D1sill is 

associated with two such areas and so is Esill, which does not have a transgressive 

margin at all. Esill is described in section 4.4.1.5. The more northerly locally shallower 

area of Esill is directly below where it is interpreted to feed E2sill (described in section 

4.4.1.6). D3sill has a very similar locally shallower area along its southern margin, and 

is nearly surrounded by the rest of the sill, although a gap of ~90° remains, as described 

in section 4.4.1.3.  

Locally shallower areas are themselves generally abruptly transgressive, rising up 

abruptly, in some cases almost to a point (fig. 6.2). This would indicate that locally 

shallower areas may form through a similar process as that which causes abruptly 

transgressive sill margins to form.  

Another feature observed is that many abruptly transgressive sill margins flatten as they 

ascend (e.g. figs. 4.14, 4.20, 4.24, 4.27, 4.30). This is apparently unrelated to 

lithological boundaries, and the flattening does not occur abruptly. Two different 

models to describe sill margin flattening were discussed in section 2.3.5: abrupt (related 

to changes in lithology), and continuous (as the result of the stress regime created 

during folding of the overburden). The flattening of the sill margins exhibited by deeper 

sills is unlike the abrupt flattening discussed by Thomson (2007b), but rather occurs 

continuously. The flattening can be understood to be the result of the stress field 

generated by deforming the overburden (Galland and Scheibert, 2013). The stress field 

above the sill would be expected to deflect the transgressive margin away from the fold 

created above the sill (O. Galland pers. comm., Nov. 2012). 
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Fig. 6.2 Locally shallower areas associated with three sills: D1sill (top), D3sill (middle) and 

Esill (bottom). Locally shallower areas are somewhat akin geometrically to abruptly 

transgressive margins. Figures are repeated with minor modifications from figs. 4.15, 4.25 and 

4.33 (see respective captions for further details). 
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6.1.2.1.1  Developing the Abrupt Transgression Model 

The theory of abrupt transgression has been developed previously in various ways: 

analytically by Pollard and Holzhausen (1979) and Goulty and Schofield (2008), using 

numerical models by Fialko (2001), Malthe-Sørenssen et al. (2004) and Bunger et al. 

(2013), as well as using analogue experiments by Bunger et al. (2008), Galland et al. 

(2009), Galerne et al. (2011), Galland (2012), Bunger et al. (2013) and Bureau et al. 

(2014). However, it is felt it may benefit some readers to describe the mechanism more 

graphically. 

The most important aspect to appreciate in models which aim to describe transgression 

is why the stress regime, which acts on the sill, rotates, so as to create a shear stress 

which causes the sill to start propagating upwards. In this case, a ‘mode II’ in-plane 

shear stress (described further in section 2.3.4.1).  

Gravity, as is clear, acts always towards the centre of the Earth i.e. vertically. However, 

within real structures the weight (by definition the force due to gravity) can be deflected 

so as to not act downwards. Perhaps, the most extreme case of this would be an arch or 

bridge. When one stands under a bridge there is a weight above, and yet one does not 

experience the burden, the weight is deflected around the person to where the bridge is 

in contact with the ground. A more relevant case would be that created by a domal 

structure. A clear man-made example would be an ancient pyramid (fig. 6.3). In the case 

of an ancient pyramid, the materials would not have had the structural strength to 

support a tower of that height, with equal width. Instead, a pyramid is designed such 

that the whole base supports the highest stones and the stones below it. 
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Fig. 6.3 A pyramid is used as an easy to visualise analogue for folding above some sills. The 

weight of the top of the pyramid does not act directly downwards, rather the weight is 

distributed over the base of the pyramid. Photo on left was taken by Wikipedia Commons user: 

Kallerna, and is licensed under: Creative Commons Attribution-Share Alike 3.0 Unported (as is 

the whole of fig. 6.3) http://commons.wikimedia.org/wiki/File:Great_Pyramid_of_Giza.jpg.     

The fold above a sill acts in a similar way. The domal geometry of the fold means that 

the weight of the overburden does not act vertically, but rather the weight is deflected 

away from the fold centre. Like with the pyramid, the greatest deflection occurs at the 

margins of the fold (directly above the margins of the underlying sill). In reality, the 

fold has within it a stress vector field, such that at every point within the fold there is a 

value for the stress magnitude and direction it acts in. Visualising this stress field 

directly is difficult, requiring either using advanced mathematical techniques (Pollard 

and Holzhausen, 1979) or some kind of modelling (see references above).  

As an alternative, one can simply consider the net force generated by the fold acting on 

the sill as it deforms the overburden (fig. 6.4). The fold geometry distributes the weight 

of the fold (shown as blue arrows representing vectors of the force fig. 6.4 A). The 

magma pressure within the sill exerts a force which acts perpendicularly to the sill 

surface where it meets the host. The force generated by the sill, therefore, acts in an 

approximately vertical direction, because the sill is approximately horizontal and tabular 

(fig. 6.4 B).  

One can consider the magnitude of the force generated by the magma pressure relative 

to the reactive force generated by the host. If the force generated by the host was 

greater, in magnitude, than the force generated by the magma, the sill would contract 

and deflate. However, as the sill is propagating, the sill will in fact be inflating, meaning 

the magnitude of the force generated by the magma is greater than the magnitude of the 
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reactive force generated by the host. For the sake of simplicity, the diagram is drawn 

such that the forces are in equilibrium (fig. 6.4).  

Below the sill, in the simplest models, the host is modelled not to deform at all (e.g. 

Pollard and Holzhausen, 1979; Goulty and Schofield, 2008). This means that below the 

sill the reactive force generated by the host equals and cancels the force generated by 

the magma pressure (fig. 6.4 B). However, above the sill the forces do not cancel and 

using standard vector addition (where the magnitudes of the vectors are represented by 

the arrow lengths) leads to a net force, shown as a green arrow (fig. 6.4 C). This is 

because even though the reactive force generated by the host has an equal (or smaller) 

magnitude than the force generated by the magma pressure, the reactive force acts 

downwards at an angle to vertical, due to the domal geometry of the fold. This is unlike 

the force generated by the magma pressure which acts upwards in a vertical direction, 

perpendicular to the upper surface of the sill. 

As the sill propagates horizontally, the angle of the force generated by the sill (blue 

arrow), will deviate further from vertical, meaning that the net force (green arrow) will 

increase in magnitude and angle from horizontal. The net result is that as the sill 

propagates horizontally, a net force will be generated, which acts close to the sill tip, 

which when sufficiently great leads to sill transgression (fig. 6.4 D).  
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Fig. 6.4 Forces associated with forced folding shown schematically so as to show why forced 

folding leads to upward sill transgression. Arrows represent vectors. Not to scale. See text for 

details. 

From this simple analysis it is perhaps difficult to discern why sill transgression occurs 

as abruptly as is observed in the study area. This can be understood by considering the 

quantitative results of Pollard and Holzhausen (1979), which show that the shear stress 
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generated increases only very gradually until the intrusion has propagated a significant 

distance (fig. 6.5, repeated from fig. 2.15). Pollard and Holzhausen (1979) deduce that 

until the sill radius is approximately half the depth of emplacement, the upward 

propagation will be “negligible”. However, as the plot shows (fig. 6.5), this is not an 

exact point and is more a statement of broadly when abrupt sill transgression is 

expected. 

 

Fig. 6.5 Re-plotted graph from Pollard and Holzhausen (1979) repeated from fig. 2.15. The 

graphs shows how the mode II stress intensity factor, a measure of shear stress acting on the 

intrusion tip, increases as the radius of the sill increases as it propagates. This is supposing a 

fold forms above the sill. The graph shows that the mode II stress intensity factor increases in a 

non-linear way, rapidly increasing when the intrusion has propagated to have a radius of 

approximately half the depth of emplacement. For additional details see the figure caption of 

fig. 2.15 and the text in section 2.3.4.1.    

Another reason why such transgression may be abrupt is that the host is not 

homogenous. A factor only considered briefly by Pollard and Holzhausen (1979), 

primarily in the context of fractures in granite quarries. Most significant is that real 

rocks are generally layered horizontally, unless they have been deformed significantly. 

Horizontal layering is partially the result of deposition which leads to generally 

horizontal beds, but it is also caused by compression from the load above. The weight of 

the overburden can be significant enough that mineral grains can become aligned 

perpendicular to the maximum stress direction (e.g. Ho et al. 1999; Fawad et al. 2010). 

For these reasons, it may be easier for an intrusion to propagate horizontally, than to 
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propagate at an angle, because that requires propagating through the horizontal layers in 

the host.  

Galland et al. (2009) and Galland (2012) modelled abruptly transgressive sills using 

silica flour as a crustal analogue and molten vegetable oil as an analogue for magma. It 

was found that in ‘homogenous cases’ where only these two components were used, 

that sills did not form when the vegetable oil was injected. Rather, ‘v’-shaped cone 

sheets formed which flattened as they rose. Only when a horizontal flexible net was 

added to the set-up did the oil propagate as a sheet along the net, and then after a critical 

distance propagate upwards abruptly. The upward propagation was independent of the 

net boundaries. The net was added as an analogue for layering in the host. The findings 

of these experiments (Galland et al. 2009, Galland, 2012) indicate that without 

lithological layering abruptly transgressive sills might not be able to form.  

There is also a side remark to this, that ‘v’-shaped intrusions were notably absent in the 

data set. The closest example perhaps is Jsill (fig. 4.57), but Jsill is strongly affected by 

the top of the Nise Formation above it and is not observed in full because the sill is 

truncated by the edge of the data. More broadly, I am not aware of ‘v’-shaped basaltic 

sill intrusions in other study areas. This is different to sandstone intrusions which are 

more commonly ‘v’-shaped rather than ‘saucer-shaped’ (e.g. Cartwright et al. 2008). 

This geometrical difference has been noted before (e.g. Polteau et al. 2008b). However, 

why there is this geometrical difference is poorly understood, although, it may relate to 

how magma and fluidised sediments interact differently to lithological changes in the 

host. 

6.1.2.1.2  Multiple Abruptly Transgressive Sills 

Sills often intrude in close proximity to each other, and as discussed above, deformation 

caused by the intrusions is interpreted to cause transgression. What has to my 

knowledge not been considered before is how deformation caused by earlier sills can 

influence sill transgression associated with later sills. 

The reason for considering this topic, is that some of the sills observed in the study area 

are very clearly abruptly transgressive and yet do not have visible folds associated with 

them. The sills of particular interest are D3sill and D4sill, which are described in 

sections 4.4.1.3, 4.4.1.4 and 4.5.3. In comparison, D1sill, D2sill and Csill have 

significant folds above them and are also all abruptly transgressive. The only other sill, 

for which a clear forced fold was observed, was the Major Flow of ShalSill, which 
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exhibits very little transgression; however, as it intrudes at such a shallow level it is 

rather exceptional and may be the result of differential compaction. Therefore, at least 

in this study area, folding is always associated with abrupt transgression for deep and 

intermediate depth sills, but not all abruptly transgressive sills are associated with folds.  

The mechanical processes described above in section 6.1.2.1.1 would suggest that the 

abrupt transgression of Csill is caused by the fold above it, which would suggest the 

fold is not entirely the result of differential compaction but rather a fold formed during 

sill intrusion. This may have been extended and modified by later differential 

compaction in a similar sense to some vent morphologies (section 5.3.4).  

I will argue that to understand the abrupt transgression of D3sill and D4sill requires 

interpreting them in the context of their close neighbour: D1sill, and its associated 

forced fold. However, to begin, it is worth considering the interaction between D1sill 

and D2sill. 

In section 4.4.1.2 it was interpreted that D1sill and D2sill have a cross-cutting 

relationship between each other. Where the cross-cutting relationship occurs, D2sill has 

the more significant fold (e.g. fig. 4.102). It is very noticeable that D2sill does not 

change geometrically where the cross-cutting relationship occurs, while the margin of 

D1sill changes dramatically (e.g. fig. 4.22 modified here as fig. 6.6). The margin of 

D1sill is continuous around almost the entirety of the sill except where the cross-cutting 

relationship occurs with D2sill (fig. 6.6 A). Admittedly, where there is an indentation in 

the margin of D1sill, the margin is more complex as described in section 4.4.1.1, 

however the margin remains continuous (in fact it overlaps itself).  

The offset margins of D1sill, where the cross-cutting relationship occurs, appear to be 

twisted in plan view (fig. 6.6 B). Offset intrusions have been described to result from 

mode III stresses (i.e. out of plane shear stresses) (Pollard et al. 1982). This is not 

expected to be generated by simple forced folding, as described above in section 

6.1.2.1.1; instead the process must be more complex. Nor is this geometry likely to be 

the result of the offset segments interacting with each other significantly, as this 

generally leads to the segments bending towards each other (Pollard et al. 1982; 

Nicholson and Pollard, 1985; cf. Escher et al. 1976).  
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Fig. 6.6 3D visualisations of the cross-cutting relationship between D1sill (green) and D2sill 

(red). The vertical exaggeration is ~3x. Repeated with modifications from fig. 4.22, for more 

details see the figure caption for fig. 4.22.   

It is proposed here that the reason for this segmentation is that D1sill interacted with the 

pre-existing forced fold of D2sill. This interaction is interpreted to have generated the 

mode III stresses required to segment the sill margin, and twist the segments. This also 

explains the observation that D2sill is unaffected where the cross-cutting relationship 

occurs. It is interpreted that the forced fold of D1sill was simply not present when 

D2sill intruded, because D1sill is interpreted to have intruded after D2sill. Hence, D2sill 
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did not interact with the fold of D1sill. Determining quantitatively the effect of the 

forced fold of D2sill on D1sill is beyond the scope of this project, but it would be 

interesting to investigate in the future models which consider two or more intrusions 

rather than a single intrusion, as has been considered so far. 

The relationship between D3sill and D1sill can be considered in a similar fashion. As 

was shown in section 4.5.3, D3sill has no visible fold (fig. 4.107). Therefore, 

theoretically the sill would not exhibit abrupt transgression if the sill had been emplaced 

on its own. Unlike in the case of the D1sill-D2sill cross-cutting relationship there is no 

segmentation, however, D3sill is very unusual in that it bends sharply in plan view. This 

bending coincides with where D3sill comes into close proximity with D1sill (fig. 6.7). 

D1sill is apparently unaffected by the cross-cutting relationship, rather its geometry 

seems to be the result of how magma propagated south as described in section 4.4.1.1 

(fig. 4.18).  

One can therefore interpret that the propagation of D3sill was affected by the presence 

of D1sill. As magma is interpreted to rise up the transgressive margins of the sill, a 

potential source point for the magma is in the west (fig. 6.7). The magma propagation 

direction would then have rotated between 50° and 90°, in plan view, towards the north 

(fig. 6.7). This rotation is interpreted to be caused by mode III stresses generated by 

intruding into the volume deformed by D1sill. The amplitude map of D3sill was too 

variable to have visible lineations relating to the propagation direction, which could 

have confirmed this interpretation.  
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Fig. 6.7 TWT map of D3sill relative to sea level (from fig. 4.23). D3sill bends at a significant 

angle, in plan view, where the sill cross-cuts D1sill; the outline of which is shown. In the text it 

is interpreted that this bend is the result of the propagation direction of the sill changing as a 

result of the sill interacting with the forced fold of D1sill. Navy arrows show the approximate, 

interpreted propagation directions of the sill.   

D4sill may also transgress for a similar reason. D4sill remains below D1sill over much 

of its area, as described in section 4.4.1.4, but within a small area, it transgresses 

abruptly upwards, further than D1sill itself (fig. 4.30). The low amplitude of the 

transgressive portion of the sill is an indicator that the sill is thin. There appears to be a 

strong likelihood that the sill was affected by the forced fold of D1sill, causing the sill 

to ascend.  
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To summarise, D2sill is interpreted to have intruded first of the Dsills, followed by 

D1sill, then D3sill or D4sill, the order of which could not be determined.   

These interpretations are important in that they represent a new way of dating sills using 

seismic data. Sills imaged in seismic data have been dated previously using stratigraphic 

methods, either using onlap on to folds (e.g. Trude et al. 2003) or using the stratigraphic 

level at which vents occur (e.g. Svensen et al. 2004; Hansen, 2006). Stratigraphic 

horizons can be regionally correlated to wells, giving biostratigraphic ages based on the 

fossil assemblages present. Alternatively, sills can be aged directly using radiometric 

methods, for example using the ratio of uranium to lead within zircon crystals (Svensen 

et al. 2010a). This is only possible if core samples are available.  

However, these methods are only able to determine ages within broad ranges. The time 

gap between sills in the study area is too short to distinguish different forced fold depths 

or venting depths. Large enough basalt samples for radiometric dating are not available 

for this study area, but even where available, radiometric methods also have quite 

considerable errors (hundreds of thousands of years, Svensen et al. 2010a). The 

advantage of using sill geometries to determine sill intrusion order is that it is possible 

to give relative ages between sills, even if the time gaps between intrusive events are too 

short for absolute age differences to be calculated. 

Sills which do not transgress significantly such as Fsill (described in section 4.4.1.7) are 

interpreted to be the result of the sills not producing significant forced folds or 

interacting with prior forced folds. 

6.1.2.1.3  Locally Shallower Areas of Deep Sills 

A topic which remains uncertain is how locally shallower areas form. They are 

geometrically similar to abruptly transgressive sill margins (fig. 6.2). However, folding 

is associated with sill margins not point-like structures. Although locally shallower 

areas are not the same as ridges between sill portions, or separate sills; in a 2D profile, a 

locally shallower area is equivalent to a Class A junction described by Hansen et al. 

(2004), discussed in section 2.2.3.6 (fig. 2.9). In that paper three different mechanisms 

were proposed to how the junction could have formed. The first mechanism involves 

two sheets from opposite directions joining at the top of the junction. The second 

mechanism involves a single sheet ascending and then descending over the junction. 

The third mechanism involves two sheets descending from a central dyke.  
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In the case of D1sill where propagation direction can be inferred using lineations in the 

seismic attributes of dip and amplitude (fig. 4.18); the observed locally shallower areas 

are not interpreted as feeding points as they do not coincide with where the sill is 

interpreted to be fed from (fig. 4.13). Additionally, the sill has two locally shallower 

areas (fig. 4.13), and there is no indication that these represent separate feeding points. 

Therefore, the mechanism that locally shallower areas represent feeding points is not 

favoured. The other two mechanisms are difficult to distinguish, but it is unclear 

mechanically why a sill would ascend significantly and then descend significantly so 

abruptly. The remaining mechanism is that the locally shallower areas represent points 

where different parts of the sill have propagated up together. The locally shallower area 

on the southern margin of D3sill (fig. 6.7) may represent an example of a sill 

propagating up towards a locally shallower area, but before the locally shallower area 

fully developed, the sill stopped propagating, meaning the locally shallower area is not 

fully surrounded by the sill. Nonetheless, the mechanics of why locally shallower areas 

are so localised remains poorly understood. 

The formation of locally shallower areas may have important implications for venting. 

Some of the largest vents are associated with the locally shallower areas of D1sill, Esill 

and D3sill (vents numbered: V024, V026, V060 and V041 – fig. 5.19). It may be that 

because the sills have propagated together at locally shallower areas, the sills are not 

fully connected. Alternatively, the sills may thin towards their tips, and are therefore, 

thinner where the locally shallower areas occur. In either case, locally shallower areas 

may be sufficiently fractured and effectively permeable, so that fluids are able to rise 

from below the sill within these areas. The large volumes of host below locally 

shallower areas may explain why such vents are so large. These areas, therefore, may be 

significant pathways also for later fluids (such as hydrocarbons). Hence, locally 

shallower areas may have important implications for hydrocarbon migration if large 

sills are present above hydrocarbon generating source rocks.      

 

6.1.2.2 Continuously Transgressive Sills 

The mechanism of sill interaction with deformation in the form of folds appears to be an 

effective method to explain the formation of sills which have broadly concordant bases 

and then abruptly transgressive margins. However, not all transgression is of this kind. 
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In fact most of the transgressive sills described for the study area, do not transgress in 

this way. 

The other and more common type of transgression is that which is continuous. It occurs 

for deep sills e.g. Esill (fig. 4.33 profile B-B’), but is most dominant for sills in the 

intermediate to shallow depth range. Intermediate sills often consist of a bowl shape, 

where the sill rises in all directions from the centre (Hsill), or partial bowl shapes, where 

the sill rises in some directions but not all directions (Bsill, Gsill, Ksill and Lsill). Isill 

and Jsill are observed partially, but appear to have similar geometries. Csill exhibits 

both abrupt transgression and continuous transgression (fig. 4.42). Additionally, unlike 

deeper sills which cover larger areas and have in general more irregular outlines, Csill is 

like other intermediate depth sills in that it is broadly circular and limited in extent. 

A1sill, while having, a complex geometry, the geometry of which is interpreted to be 

related to the host it intrudes and pre-existing faults within it (section 4.4.3.5.3), is a 

shallow bowl-shape in its eastern portion (fig. 4.65).   

Other sills also exhibit bowl-like geometries at shallower levels. At these shallow levels 

a sill can have a single bowl-shape (Psill, Qsill), but many consist of multiple bowls 

(Nsill, Osill and Rsill as well as many of the ‘Western Shallow Sills’).  

Both, Lsill and Ksill have discontinuities in some profiles which are interpreted to 

indicate that magma can change direction significantly while propagating upwards (fig. 

4.61 and fig. 4.58 respectively), discussed in section 4.4.2.8. For Ksill this is interpreted 

to be the result of the sill propagating approximately concordantly within the top of the 

Nise Formation, but for Lsill the cause is less clear. 

The shallow Solsikke Sill described by Hansen and Cartwright (2006a), further south in 

the Møre Basin from the study area used in this thesis, consists of multiple bowls. One 

part alone, named ‘Saucer Y’ consists of more than 40 interlinked lobes, most of which 

are bowl-shaped. The organisation and junctions between lobes indicates that each lobe 

does not have an independent feeder. In the study area investigated for this thesis it is 

hard to envisage that the sills with multiple bowls (Nsill, Osill and Rsill) formed from 

separate feeders, with each sill, merging by coincidence. In fact, for Nsill, linear 

amplitude anomalies can be observed connecting the bowls (a feature not observed 

before). The Solsikke Sill has significantly more bowls than any sill in this study area, 

but geometrically, can be considered as an extreme version of a sill with multiple bowls. 
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The shallowest sill in this study area (ShalSill) interestingly does not have clear bowl-

like portions.  

6.1.2.2.1  Developing the Continuous Transgression Model 

Continuous transgression of sills has relatively recently been associated with changes in 

Young’s modulus in the host (Hansen et al. 2011). The term ‘continuous transgression’ 

is my own. Sills in the Faroe Islands described by Hansen et al. (2011) were found to 

have no “detectable transition zone(s) between inner and outer sections” such that “any 

prevailing angles of sill transgression cannot be determined because of the gradual 

changes in inclination”. This, as the paper notes, is distinctly different to the 

geometrical forms which would be expected if the sills transgress because of interaction 

with the surface and the associated asymmetrical stress field generated by such 

deformation. Sills which interact with folding are expected to have relatively concordant 

inner portions and transgressive margins just as D1sill, D3sill and D4sill clearly have 

(as described in section 6.1.2.1). The relatively ‘standard representation’ of such 

abruptly transgressive sills is shown in Chapter 2 (fig. 2.7 A). The continuously 

transgressive sills described above in section 6.1.2.2, like the sills in the Faroe Islands, 

do not have distinct changes in transgression angle (with the exception of Csill which 

does in part). 

Hansen et al. (2011) does not explicitly state that models which rely on overburden 

deformation, cannot explain continuous transgression, rather considering it an “open 

question” whether they can. However, the paper argues that because “no crustal uplift 

has been detected in the overburdens above the thin basal parts of … [three] sills, their 

saucer-shaped geometries… cannot be explained by a mechanism where wholesale 

uplift or folding… [is] necessary for sill climbing to occur”. The same can be said in 

this survey area, where folds above continuously transgressive sills are absent as 

described in section 4.5.3 (fig. 4.109). Nonetheless, I would go further than Hansen et 

al. (2011), and argue that models based on folding cannot explain continuous 

transgression as shown by the calculations of Pollard and Holzhausen (1979) (fig. 6.5), 

and the lack of continuously transgressive sills created in analogue models (e.g. 

Galland, 2012) (section 2.3.4.1).   

The alternative mechanism proposed by Hansen et al. (2011) involves considering a 

change in Young’s modulus with depth. Young’s modulus is defined as the ratio 

between the stress exerted on a material and the strain the material undergoes when this 
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stress is applied. Stress is defined as the force per unit area acting on a material. Strain 

is defined as the ratio between the change in length of the material due to the applied 

stress, and the original length. Therefore, host rocks, with larger Young’s moduli will 

deform less than host rocks with smaller Young’s moduli, for the same stress.  

Young’s modulus is expected to increase with depth for hosts with relatively 

homogenous lithologies. In this study area, the host is composed of mudstones; in the 

Faroe Islands, the host is predominantly basaltic lavas. Deeper host rocks are under 

compression from the host above. This stress generated by the gravitational load already 

causes deformation, meaning that additional stress causes less deformation, therefore, 

increasing the effective Young’s modulus. 

The mechanism which causes intrusions to change propagation angle, is related to how 

inflation on either side of an intrusion will be different, if the host above and below 

have different Young’s moduli (Hansen et al. 2011). However, the way the mechanism 

was presented I feel can be simplified and made easier to understand. Ultimately, to 

understand continuous transgression, one needs to consider a continuous change in 

Young’s modulus. However, to start, it is easier to consider the effect of an abrupt 

change, where an intrusion propagates from a higher Young’s modulus material to a 

lower Young’s modulus material. This process has been considered for dykes 

(Maccaferri et al. 2010, 2011) and earlier, a similar process regarding slate cleavage was 

considered using Mohr’s circles (Treagus, 1983, 1988).  

Maccaferri et al. (2010) considered how a dyke would respond to an abrupt change in 

rigidity between materials. The modulus of rigidity is defined as being twice the 

Young’s modulus of the material, multiplied by one plus the Poisson’s Ratio of the 

material. It was found that dykes would bend upwards when they went into less rigid 

rocks i.e. those with smaller Young’s moduli (fig. 6.8). This was shown both 

numerically (fig. 6.8 A) and using a gelatine experiment with air as an analogue for 

magma and varying rigidity gelatine as an analogue for the host (fig. 6.8 B). 

In part C of fig. 6.8, I present a simplified sketch describing the mechanism which 

causes upward propagation. In the diagram, the initial intrusion, shown in red, crosses 

from a more rigid host, with a high Young’s modulus, to a less rigid host, with a low 

Young’s modulus. The magma pressure exerts approximately equal stresses on the 

upper and lower boundaries of the intrusion (as is standard for fluids, if gravitational 

and viscous effects are neglected). Because the shallower host has a lower Young’s 
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modulus, the upper boundary of the intrusion undergoes a greater strain as the intrusion 

inflates. This causes the intrusion to inflate asymmetrically around the initial location of 

the intrusion, in effect, causing the trajectory of the intrusion to rise upwards. 
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Fig. 6.8 Diagrams showing the effect of an abrupt change in Young’s modulus has on sill 

transgression. Decreases in Young’s modulus upwards have been shown to cause fractures to 

increase their angle of transgression when rising, both using numerical analogues (part A, from 

Maccaferri et al. 2010) and experiments using gelatine and air (part B, image enhanced and 

relabelled from Maccaferri et al. 2010). Lower image (part C) is my own, so as to show 

schematically the cause of upward transgression; not to scale. Green arrows show unequal 

strains on either side of the intrusion, causing the intrusion to inflate asymmetrically (black 

outline), and bend upwards (dashed red arrow).    
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However, Maccaferri et al. (2010) do not explicitly note how the model is applicable to 

continuously transgressive sills. In the models shown in fig. 6.8, the change in rigidity 

or Young’s modulus occurs abruptly. Young’s modulus is expected to increase with 

depth due to gravitational compression, generated due to the overburden, but in 

homogenous sediments such a change will not be abrupt, but rather continuous. A 

continuous change in Young’s modulus would be expected to cause a continuous 

change in transgression angle.  

While it is beyond the scope of this project to determine how the angle of transgression 

will change quantitatively, partially because the required Young’s modulus data is not 

available for the study area. Mathematically, the process to model continuously 

transgressive sills would be very similar to how differentiation is generally first 

introduced when studying calculus. In calculus, the gradient of a function is taken to its 

infinitesimal limit such that it defines the ‘differential’ of the function. Similarly, a 

continuously transgressive sill can potentially be considered to consist of an infinite 

number of infinitely small discrete angular changes, due to an infinite number of 

infinitely small discrete changes in Young’s modulus. The mathematical ‘limit’ of such 

a process would lead to a smooth curve, akin to the geometries of the sills. This problem 

could be solved analytically or numerically, depending on how the Young’s modulus of 

the host is measured or modelled to change with depth.  

6.1.2.2.2  The Geometry of Bsill 

Bsill described in section 4.4.2.2 is particularly interesting for two reasons: first, its 

large interpreted bridge structure along its southern margin, a feature unique for sills in 

the study area, and to my knowledge not described before using seismic data elsewhere; 

second, the elongated geometry of the sill, also a unique feature of the sill for the study 

area. 

The bridge structure occurs because the margin of Bsill changes its angle of 

propagation, such that it transgresses more steeply in the east, than the west (fig. 6.9). 

Therefore, a ‘bridge’ of host divides the sill margin between where the margin is steeper 

and less steep. Hence this structure is termed a ‘bridge structure’ (e.g. Nicholson and 

Pollard, 1985; Hutton, 2009; Schofield et al. 2012), and is to my knowledge the first to 

be described using seismic data, although, similar structures have been previously 

inferred, based on the stepping geometries of some sills (e.g. Schofield et al. 2012). 
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Perhaps the most interesting aspect of the bridge structure is how the two parts of the 

sill margin bend towards each other (fig. 6.9). This is expected for bridge structures 

(e.g. Pollard et al. 1982; Nicholson and Pollard, 1985; cf. Escher et al. 1976). An 

idealised version of such a bridge structure is sketched at the base of fig. 6.9, though the 

actual structure observed is more complex as described in section 4.4.2.2. 
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Fig. 6.9 Bridge structures and Bsill. Part A is a modified TWT map of Bsill relative to the 

modified version of HorizonV, so as to remove the effect of the Modgunn Arch structure (see 

section 5.6.1.2 for details). Part B: Profile U-U’ is repeated with minor modifications from fig. 

4.50. In the profile, the bridge structure can be clearly observed, with the sill portions bending 

towards each other. Part C: An idealised sketch of a bridge structure, simplified from the 

geometry of Bsill (and elsewhere); sketch not to scale.  
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Intrusion will occur so as to minimise the stress required to displace the host. This 

means, in effect, that intrusions inflate in the direction perpendicular to the minimum 

principal stress direction (σ3) (Gretner, 1969; Roberts, 1970; cf. Anderson, 1951). The 

principal stress directions are perpendicular to each other; this means the plane of the 

intrusion will propagate in the plane that contains the maximum and intermediate stress 

directions (σ1 and σ2 respectively). The stress regime around an intrusion is rather 

complex, when one considers the effect of large scale and regional stresses acting on the 

intrusion, but locally the stress generated by the intrusion itself dominates the stress 

field (Pollard, 1973). One can consider the local maximum stress directions (σ1) 

generated by the intrusion to occur in perpendicular directions to the intrusion boundary 

surfaces. This occurs because the magma pressure exerts a stress perpendicular to the 

intrusion boundaries which is locally significant (e.g. Roberts, 1970; Pollard, 1973). 

Therefore, as fig. 6.10 shows, close intrusions will bend towards the local σ1 stress 

directions generated by the other intrusion, which in turn, connect perpendicularly to the 

intrusion boundaries. This causes the intrusions to propagate towards each other (fig. 

6.10), as observed for Bsill (fig. 6.9). 

 

Fig. 6.10 Theoretical model describing the cause of the sheets propagating towards each other. 

Not to scale. The black lines represent the local maximum stress directions (σ1), close to the 

intrusions, which are orientated perpendicular to the intrusions because the magma pressure 

within the intrusions exerts stresses normal to the boundaries of the intrusions. As the text 

describes, intrusions will propagate into the planes containing σ1, which are perpendicular to the 

minimum stress direction (σ3). Therefore, the intrusions will bend towards each other (red 

arrows). For a more detailed analysis see e.g. Pollard, 1973 (including the author’s figs. 11 and 

18).   
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There is another aspect to the geometry of the bridge structure of Bsill. Both planes of 

the bridge structure are continuously transgressive away from the sill axis. The sill 

transgresses more steeply in the east than in the west, around the bridge structure (fig. 

6.9). Following the theoretical model for continuous transgression described above in 

section 6.1.2.2.1, this would imply that the sill experiences a different change of 

Young’s modulus with depth in the east rather than west. The model would predict a 

greater decrease in Young’s modulus with depth in the east, as it transgresses more 

steeply in the east. This implies that the Young’s modulus is not constant in the 

horizontal direction, in the direction of the sill axis. Generally speaking Young’s 

modulus is considered not to change horizontally significantly (e.g. Hansen et al. 2011); 

however, this need not be the case, and in fact values of Young’s modulus can be 

direction dependent if the host is not ‘isotropic’ (e.g. Turcotte and Schubert, 2002). This 

change in material properties of the host could potentially be related to some subtle 

change in lithology. These differences in Young’s moduli could cause the sill to 

transgress less in one direction than another as observed for Bsill. 

There are potentially some alternative explanations for the elongation of Bsill. Bunger 

(2008) suggested variation in horizontal stress could lead to sill elongation. However, 

Bsill is unique in elongation relative to other intermediate depth sills, and it is difficult 

to envisage a mechanism that could have created such a localised abnormal stress field.  

Another alternative approach to potentially explain the elongated geometry of Bsill is 

that it has below it a long linear feeder (Goulty and Schofield, 2008; Galerne et al. 

2011). In the experiments of Galerne et al. (2011), a similar set-up was used to 

investigate sills as used by Galland et al. (2009); except instead of using a point source 

of fluid, a linear fluid source was used. This resulted in a much more elongated sill than 

the closer to circular sills created by Galland et al. (2009).  

This approach was taken to explain the elongated geometry of the Golden Valley Sill 

(GVS) in the Karoo, South Africa feeder (Goulty and Schofield, 2008; Galerne et al. 

2011). A Google Earth™ image of which is shown in fig. 2.2 A. The GVS is one of the 

most studied sills of the last decade. It is worth comparing Bsill and the GVS. Bsill is 

approximately 7 km long and 3 km wide, while the GVS is significantly larger being 

approximately 20 km long and 11 km wide. The GVS has an aspect ratio of 

approximately 1.8; Bsill has an aspect ratio of approximately 2.3. Perhaps, most notably 

Bsill and the GVS are exceptionally elongated relative to other sills in their vicinity (for 
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a geological map of the sills in the Karoo see e.g. Svensen et al. 2012). The GVS is not 

associated with a bridge structure. 

The central portion of the analogue sill, generated with the linear feeder, was relatively 

symmetric as for Bsill (Galerne et al. 2011). However, the transgression observed in the 

experiment was unlike that of Bsill. In particular, the central area was close to 

concordant; the transgressive margin was abrupt, limited in extent and on only one side 

of the sill. Additionally, no bridge structure was observed (as for the GVS). However, it 

is worth noting the experiment modelled transgression related to overburden 

deformation, and hence the experiment created an abruptly transgressive sill geometry. 

Perhaps with modification, the continuous transgressive nature of Bsill could be 

modelled, however, to explain the bridge structure would presumably still need a 

horizontal variation in Young’s modulus. 

An additional concern is that if one was to hypothesise that Bsill is fed in an unusual 

manner, it is unclear why this would occur. Using seismic data, unless a sill can be 

observed to be fed by another sill, the sill must be fed by a dyke. Dykes are generally 

impossible to observe in seismic data, as they are both steep and relatively thin (cf. Wall 

et al. 2009; Underhill, 2009). No feeder sill for Bsill is observed, therefore, it must be 

fed by a dyke, the orientation and length of which are unknown. However, many sills do 

not have observed feeder sills, and yet their geometries are not elongated like Bsill. The 

question then is, if sills are commonly fed by dykes, why did the dyke that fed Bsill 

behave differently to the other dykes?         

As the alternative models (in their current forms), are unable to describe the 

continuously transgressive nature of Bsill, or its bridge structure, the preferred 

explanation for the elongation of Bsill, is that it intruded a volume of host with unusual 

lithological characteristics, which had an unusual horizontal change in Young’s 

modulus. It is worth also noting that Bsill is unusual in that it feeds the Asills, the only 

sills which intrude significantly into the sediments at the top of the Nise Formation 

(C2sill does intrude these sediments, but to a much lesser extent). Why the Asills occur 

where they do, may result from unusual lithological properties of the host. This has 

potentially quite significant implications more generally, such that sill positions and sill 

geometries can be used as indicators of host rock properties.     
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6.1.2.2.3  Depth Control on Transgression Mechanism 

While variation in sill transgression has been discussed in a limited way in previous 

studies (e.g. Thomson, 2004; Planke et al. 2005; Cukur et al. 2010; Gudmundsson and 

Løtveit, 2012; Magee et al. 2014a), however, the emphasis between continuous 

transgression and abrupt transgression has received only limited emphasis (see section 

2.2.3.1). In the study area, abruptly transgressive sills are found to occur deeper than 

continuously transgressive sills. This to my knowledge has not been noted before. 

Additionally in the study area, continuously transgressive intermediate depth sills 

extend over smaller areas and have generally more circular geometries in plan view than 

deep sills (compare figs. 4.12 and 4.40). 

In the study area there are some exceptions to this general trend: Esill exhibits 

continuous transgression in some areas (fig. 4.33), and Csill exhibits abrupt 

transgression in some areas (fig. 4.42). Additionally, not all deep sills exhibit significant 

transgression (e.g. the Fsill); as was discussed in section 6.1.2.1.2 these sills are 

interpreted to not interact with forced folds. The geometries of such sills are similar to 

the concordant portions of abruptly transgressive sills, in terms of their irregular 

outlines, large extents, steps as well as limited transgression. In this sense, deep sills 

whether they are abruptly transgressive or not are geometrically similar. Most 

intermediate depths sills are continuously transgressive, the only exception being the 

Asills, which are interpreted to intrude an unusual host (the sand units at the top of the 

Nise Formation). None the less, the eastern portion of A1sill is a shallow bowl-shape 

(fig. 4.65). 

The cause of the general changes in geometry with depth is not entirely clear, and would 

benefit from further investigation. It may have to do with the fact that deeper and more 

compacted mudstones develop layering, which is absent or less substantial at 

intermediate depths. Sills which are deeper may be constrained by this layering, causing 

them to have more concordant geometries.  

Another factor which may play a role is magma supply. The thicknesses of the sills are 

very difficult to estimate accurately, because sills are only imaged in the data set as 

single tuned reflections (section 3.1.1). Even so, it remains very difficult to envisage 

that any of the intermediate depth sills have volumes as large as some of the deep sills 

such as D1sill. This may indicate that magma supply for deeper sills occurs in a 
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different manner to shallower sills, though this would require further investigation to 

confirm. 

 

6.1.2.3 Shallow Sills 

ShalSill is unusual in that it exhibits little to no transgression. But, marginally deeper 

shallow sills such as Nsill, Osill, Psill, Qsill and Rsill, have bowl or multiple bowl-like 

forms. 

Nsill is to my knowledge the first sill to be described that has both clear seismic 

amplitude features which can be used to interpret propagation direction as well as 

multiple bowls (fig. 6.11). The most interesting aspect of Nsill is that it has three deeper 

areas broadly in a N-S line, which are made clearer by mapping the sill relative to the 

modified version of HorizonV (section 5.6.1.2). HorizonV is considered close to the 

paleosurface, so by measuring the TWT depths relative to it, one can remove the effect 

of the Modgunn Arch structure; although some minor artefacts are created in this 

process. The three deeper areas are labelled in fig. 6.11. In the amplitude attribute map 

the deeper areas have predominantly high amplitudes, each of which appear to spread 

from linear high amplitude anomalies which connect the deeper areas. These high 

amplitude anomalies are interpreted to be ‘channel-like’ in a similar sense to those 

identified by Miles and Cartwright (2010) for the neighbouring sill, named ShalSill in 

this thesis (section 4.4.4.1). 

These amplitude anomalies and the geometry of Nsill (such as the ‘tear-drop’ geometry 

at its southern end) are very strong indicators that the sill propagated south. This has 

two primary implications. First, a single source of magma can produce multiple bowls 

in succession, and second, in some rare cases magma can propagate downwards. 

Osill and Rsill both have multiple bowls and relatively bulbous forms in plan view (figs. 

4.94 and 4.100 respectively). Psill has a single bowl shape (fig. 4.96). Like the southern 

end of Nsill, Psill has a ‘tail-like’ form with a high amplitude centre (fig. 4.97). Rsill 

also has a similar tail-like form (fig. 4.100). Qsill has a single clear bowl, but 

additionally becomes deeper towards the northwest (fig. 4.98). Qsill is interpreted to 

have propagated towards the northeast, remaining relatively concordant under ShalSill 

(figs. 4.98 and 4.99). Osill also has a relatively concordant section below ShalSill in its 

centre, with deeper areas either side. Osill, Psill, Qsill and Rsill are somewhat 
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geometrically similar to Nsill, but do not have as clear amplitude lineations, so their 

propagation histories are less certain.   

 

Fig. 6.11 See figure caption on next page.   
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On previous page: Fig. 6.11 Attribute maps and profile of Nsill. In top left, is the TWT map of 

Nsill relative to the modified version of HorizonV to remove the effect of the Modgunn Arch 

structure (see section 5.6.1.2 for details), equivalent unaltered map in fig. 4.92. In top right, is 

the amplitude attribute map of Nsill to the same scale repeated from fig. 4.93. Below, is a 

profile of the sill repeated from fig. 4.92. Deeper bowl-like areas of the sill are associated with 

high amplitudes which diverge from the north (pulses), and shallower areas are associated with 

lower amplitudes with thin, linear high amplitude anomalies. The sill is interpreted to propagate 

from north to south and becomes deeper towards the south. In the lower profile image, the 

difference between HorizonV and its modified version is negligible. 

Hansen and Cartwright (2006b) interpreted a sill called the Solsikke Sill, which is 

somewhat similar to the shallow sills, with bowl-like forms, observed in the study area 

used for this thesis. However, the Solsikke Sill consists of many more lobes, which 

often have bowl-like forms. The Solsikke Sill also intruded at a shallow level. The 

relationships between lobes and discontinuities were used to interpret that the lobes 

were connected and magma propagated from lobe to lobe (in some cases). However, 

because the Solsikke Sill has an “almost uniform” seismic character, amplitude 

anomalies could not be used to independently confirm such a feeding relationship 

(unlike for Nsill).  

Shallow sills, with multiple interconnected bowls, have been observed on a relatively 

small-scale in the study area used for this thesis. However, the Solsikke Sill indicates 

that sills with such geometries can be significantly more extensive and consist of 

significantly more bowl-like forms, than is observed for sills identified in this thesis. 

These types of sill have previously received little emphasis (except for Hansen and 

Cartwright, 2006b). In the next section, the mechanics of magma propagating to 

produce multiple bowls, with crests in between, sourced from a single feeder (as 

interpreted to occur for Nsill and perhaps similarly for other shallow sills with multiple 

bowls) is considered further than has been done before in prior studies, to my 

knowledge.    

6.1.2.3.1  Interpreting the Downward Propagation of Nsill  

Downward propagation, as interpreted to occur in the case of Nsill, has been proposed 

before, in particular by Francis (1982) and Chevallier and Woodford (1999). In the case 

of Chevallier and Woodford (1999), saucer-shaped sills were considered to be part of 

larger trumpet-shaped structures, however, such structures have not been observed as 

expected in the field or using seismic data. Francis (1982) proposed that fluid may form 

saucer-shapes if the basin acts akin to a siphon so that hydrostatic equilibrium can be 
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reached across a basin (fig. 6.12). However, in general cracks will not propagate to 

maintain ‘hydrostatic equilibrium’, but rather propagate to decrease the potential energy 

of the system (Griffith, 1921). Another way to consider this is that if the boundaries of 

the siphon were not present or ‘leaked’ the fluid would never form such a ‘U’ shape 

(fig. 6.12). In fact, a siphon only works if the boundaries are both strong enough, and 

impermeable enough for the fluid not to escape. It is unclear if host rocks are ever 

strong enough to act effectively as siphon boundaries for magma. More specifically, 

without pre-existing ‘U’-shaped structures in the study area, the model, as envisaged by 

Francis (1982) cannot explain the saucer-shaped sill geometries observed in the study 

area. For instance, no such pre-existing ‘U’-shaped structures exist to explain the 

geometry of Nsill. 

 

Fig. 6.12 Schematic sketch of a siphon and the level of hydrostatic equilibrium (dashed line). 

An alternative approach to consider downward propagation is to consider again the 

continuous transgression model described in section 6.1.2.2.1. An interesting aspect, of 

the model is that it is reversible; in the sense the result is relatively similar whether the 

intrusion was to propagate upwards or downwards. Were an intrusion to propagate 

downwards, the asymmetrical strains would cause the intrusion to flatten and perhaps 

eventually propagate upwards again. What the model could not explain would be sill 

domes, unless the host became continuously more rigid upwards, which would be 

expected to be unlikely. As a side note, the host may become abruptly more rigid, due to 

for example, an abrupt change in lithology, but that would not lead to a dome, but rather 

a sudden flattening of the intrusion (e.g. Maccaferri et al. 2010).  

The lack of domes is also a key feature observed for the sills described in the study area. 

For example Osill consists of multiple bowls, but no domes between (fig. 4.94 profile 
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O-O’). Similarly, the Solsikke Sill consists of multiple segments with often symmetrical 

concave upward-forms separated by sharp ‘crests’ (Hansen and Cartwright, 2006b). 

Crest-shaped sill ‘junctions’ were also discussed in detail by Thomson and Hutton 

(2004), naming such structures ‘inclined’ or ‘antiformal’ depending on their seismic 

characteristics.  

The contention proposed in this thesis, is not that all such crest-shaped junctions are the 

result of single source of magma propagating. Some of such junctions may form from 

two magmatic sheets conjoining from different directions. Rather, the contention is, as 

the amplitude lineations of Nsill indicate, that such junctions can result from a single 

batch of magma propagating to produce both bowls and crests.  

What the continuous transgression model does not directly explain is why magma 

would suddenly start to propagate downwards, and why this appears to occur most often 

(perhaps even always) at shallow levels. First, it is worth remembering at the shallowest 

levels, the sills are the most vertically exaggerated. In this study area, based on a 

representative velocity of 2000 ms-1, the vertical exaggeration is approximately 3.1x. 

Therefore, the sills are significantly flatter than they appear in the profiles. A possible 

explanation for the multiple bowls, relates to how the host changes when shallow levels 

are reached.  

At very shallow levels where the host is fluid rich and poorly consolidated, the magma 

can vaporise the fluid around the magma, causing the host to fluidise or brecciate (e.g. 

Kokelaar, 1982). Such sediment-magma mixtures are termed peperites (e.g. Skilling et 

al. 2002). At such shallow levels, sills stop propagating as simple brittle fractures, rather 

becoming bulbous (e.g. Schmincke, 1967; Kano, 1989; Schofield et al. 2012b) and can 

deform the host chaotically (e.g. Duffield et al. 1986). Without elastic forces the sills are 

not expected to transgress significantly, remaining concordant, because as described in 

sections 6.1.2.1.1 and 6.1.2.2.1 both abrupt and continuous transgression are interpreted 

to be caused by elastic stresses. ShalSill, which shows little transgression, is therefore, 

interpreted to form in unconsolidated sediments, which fluidised when ShalSill 

intruded. ShalSill, is therefore, expected to be associated with peperites.   

The marginally deeper sills, though, are interpreted to be affected by elastic forces, 

which cause their bowl-like forms as described in section 6.1.2.2.1. Fluids, unlike 

solids, cannot maintain elastic forces for any length of time, indicating bowl-shaped 

sills such as Nsill did not propagate into fully fluidised hosts. However, perhaps when 
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the sills reached shallower levels, the sills started interacting with the host differently, 

perhaps even with an abrupt change. This may ultimately result in sills propagating 

downwards. The processes operating on an intrusion at the elastic host-fluidised host 

transition has only been considered before to a limited extent (cf. Schofield et al. 2012b 

– fig. 2.8) and, to my knowledge, never with regard to formation of multiple bowls. 

Shallow sills also appear to be the most variable type of sill, with some of the most 

interesting features (particularly in terms of amplitude responses). Therefore, further 

study of shallow sills from other areas would help to understand these types of sill more 

thoroughly.   

 

6.1.2.4 Lithological Control on Sill Geometries 

Fig. 6.13 compiles prior figures showing the effect of changes in lithology on the sills in 

the study area. Thirteen sills are shown in fig. 6.13 to be in someway associated with a 

change in lithology (Bsill, A1sill, A2sill, Lsill, Isill, Ksill, Csill, C2sill, Jsill, Msill, 

Esill, E2sill and ShalSill). Many sills (seven) are found to terminate at lithological 

boundaries (Bsill, Lsill, Isill, Ksill, Csill, Jsill and Esill) (fig. 6.13 A-F, H). Other sills 

are interpreted to be fed from an underlying sill at a lithological boundary (A2sill from 

A1sill, A1sill from Bsill, C2sill from Csill, E2sill from Esill) (fig. 6.13 A, E, H). These 

fed sills are interpreted to have preferentially intruded these lithological boundaries. The 

interpreted feeding relationship between Gsill and G2sill may be similar but a 

lithological change was not identified (figs. 4.53 and 4.54). ShalSill, also propagates at 

a lithological boundary: the Tare-Springar formation boundary (fig. 6.13 I); although a 

sample in well 6403/6-1 indicates it may propagate marginally higher in places (fig. 

3.11). Msill is unusual in that it propagates upwards, transgressing significantly from a 

lithological boundary (fig. 6.13 G). Lithological control, to my knowledge, has not been 

shown before to occur either as often or as clearly, in prior studies using seismic data.  

In the case of E2sill, radiating steps, which can be also observed using the amplitude 

attribute, are interpreted as an independent indicator that E2sill is fed centrally from 

Esill directly below it (fig. 4.37). This is similar to the observations made by Magee et 

al. (2014a), where radiating amplitude anomalies above an inferred feeding relationship 

could be observed.   
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Fig. 6.13 Page 1 of 2.  
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Fig. 6.13 Page 2 of 2. Compilation of profiles showing the effect of changes in lithology to sill 

geometries in the study area and how they relate to interpreted feeding relationships. For more 

details on the profiles see the original figure captions: Part A: fig. 4.68; Part B: 4.59; Part C: 

4.56; Part D: 4.58; Part E: 4.46; Part F: 4.57; Part G: 4.62; Part H: 4.35; Part I: 4.89.   
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With the exceptions of ShalSill, Esill and E2sill, all the cases of sills being affected by 

lithological changes are associated with the top of the Nise Formation, a series of sands 

within mudstones (section 4.3). The Esill to E2sill feeding relationship is also 

interpreted to occur where there are sands, in this case the deeper Lysing Member. This 

has significant implications, because these sand units were the reservoir targets that well 

6403/6-1 drilled to reach (Statoil, 2007). In both cases, there was less sand than 

expected, affecting the quality of the reservoirs. But even if the lithologies of the 

reservoirs had been as anticipated (i.e. with more sand), what would the effect of the 

intrusions have been on fluid flow and maturation? Especially, considering that vent 

structures intersect and in some cases rise from the top of the Nise Formation (e.g. fig. 

5.2). 

Intrusions will only change their propagation direction, if the stress field that acts upon 

them changes. Experiments have been undertaken to model the effect of changes in 

lithology. Using two layers of gelatine, with a ‘lubricated’ boundary between, to 

represent the boundary between two lithological units, and grease as a magma analogue, 

Pollard (1973) found that the grease would intrude the lubricated boundary if injected 

from below, through the lower gelatine layer. This indicates that if it is preferential, 

magma will intrude lithological boundaries. However, it should not be assumed that 

lithological boundaries are weaker than the host itself (Kavanagh and Pavier, 2014). In 

this study area, the sands within the top of the Nise Formation and the Lysing Member 

may be thin enough to act in a similar way as a weak interface, causing some of the sills 

to intrude preferentially into these units.  

This argument may be best made for those sills which intrude extensively into these 

sand units, in particular the Asills and E2sill (C2sill is by comparison much smaller). 

A1sill has diverging limbs in its western portion (fig. 4.65) and A2sill is broadly 

circular but has also an extension (fig. 4.69). Like A1sill and A2sill, A3sill is also 

relatively concordant, extends significantly, and has a relatively irregular outline (fig. 

4.70). These features are more similar to features expected for shallow sills which are 

interpreted to intrude weak unconsolidated sediments. The geometries of the Asills are 

therefore, interpreted to be the result of the sills intruding into weak sediments, which 

otherwise do not occur in this study area at such depths. There is an added complication 

in that these sand rich units are unlikely to be uniform (Statoil, 2007); rather they are 

likely to consist of mudstone and sandstone. The implications of this layering are 

difficult to interpret.  
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The main alternative model proposed is that rather than the interface being weak, the 

change in lithology acts as a barrier to further propagation. Pollard (1973) conducted 

additional experiments, using again gelatine and grease, but this time changed the 

Young’s moduli of the layers, increasing the Young’s modulus of the shallowest layer 

to be ten times greater than the layer below. In this experiment the interfaces between 

the layers were bonded rather than lubricated. Because the shallowest layer had such a 

high Young’s modulus, relative to the layer below, it required more stress to intrude the 

shallowest layer than propagate below it. Therefore, as in the lubricated boundary 

experiment, the intrusion propagated at the interface.  

For this study area that would imply, the sands instead of acting as a weak unit to 

intrude, would act in the opposite way, acting as a stiff unit which is difficult to intrude. 

More recent experiments using gelatine and this time air as a magma analogue found 

again sills to form below stiffer gelatine layers, if two layers are used and air is injected 

at the bottom of the tank (Rivalta et al. 2005), similar results are found, if the magma 

analogue is dyed water (Kavanagh et al. 2006). Similar results are found additionally in 

numerical models (Maccaferri et al. 2010, 2011).  

Gressier et al. (2010) propose an alternative mechanism by which dykes may convert 

into sills. It is argued that ascending dykes will rotate into sills if they encounter 

sufficiently overpressured sediments above. This occurs because the overpressured 

sediments change the stress regime of the host favouring sill emplacement (Gressier et 

al. 2010). Following this model, the sand units in the study area would need to have 

been overpressured, to cause the feeding relationships observed.  

It is worth remembering that most lithological control on sill intrusions relates not to 

feeding relationships, but rather to sill terminations (fig. 6.13). Additionally, some sills 

are observed to flatten before they reach the lithological transition (e.g. fig. 6.13 C); 

indicating a stress effect occurs beyond the transition itself. If the interface below a rigid 

lithological unit requires a greater stress to intrude than a less rigid unit below, then this 

would be expected to lead to the fracture to terminate at the interface and propagate 

laterally as a ‘dyke’ (Kavanagh and Pavier, 2014). It could easily be that the top of the 

Nise Formation varies in terms of its lithology, in some places favourable for sill 

intrusion in other areas favourable for sill termination.  

Recently, it has been shown using analogue experiments that early magma solidification 

may inhibit sill formation, preventing the magma to spread out as a sill (Chanceaux and 
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Menand, 2014). Larger flux rates can mitigate this effect however (Chanceaux and 

Menand, 2014). It would be interesting to consider further how magma flux, magma 

volume, and sill thickness impact sill formation, when magma interacts with changes in 

lithology.  

 

6.1.2.5 Exploiting Pre-Existing Faults                                  

Interestingly, the only sills found to exploit pre-existing faults were A1sill and A2sill. 

The exploitation of polygonal faults in the host could be best observed by combining 

the dip and azimuth attributes of both the sill interpretations as well as the interpretation 

of the host at the same stratigraphic level (HorizonL). By overlaying the attribute maps, 

steep fault planes can be observed to extend into the sills, without changing orientation 

significantly (fig. 6.14). This is strong evidence that the angular geometry of the sills is 

connected to the faults. As discussed in section 4.4.3.5.3, the sills are not interpreted to 

be faulted because they are continuous (i.e. not broken by the faults), and have larger 

offsets than the faults in the host. Sills exploiting polygonal faults, to my knowledge, 

have not been described before.  

The fact that A1sill intruded into a polygonally faulted host, appears to have affected its 

inflation. The sill is much smoother in its centre and northwest, above where it is 

inferred to be fed by Bsill (figs. 4.67, 4.68 and 4.74).     

Other sills which intrude faulted mudstones deeper or shallower than the top of the Nise 

Formation appear not to exploit faults. It may be that polygonal faults within the 

mudstones are so similar in character to the mudstones themselves, that they are not 

exploited. In fact, it is worth questioning even in the Asills case, whether the reason for 

the sills exploiting the fault planes is more closely related to the weakness of the fault 

planes themselves, or rather the weakness of the faulted sandstones interpreted to be 

within the top of the Nise Formation.  
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Fig. 6.14 Sills exploiting pre-existing faults. Part A: 3D representation of Asills (repeated from 

fig. 4.71. Vertical exaggeration ~3.6x. Part B: Combined attribute maps of dip and azimuth, 

overlain over each other of both sills and host (A2sill above A1sill above HorizonL) (repeated 

with modifications from fig. 4.81. Part C: Colour scale bar for part B. Part D: Outlines of sills. 
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6.1.3 Consideration of ‘Classical Models’  

In section 2.3.2 a series of models which were termed in this thesis as ‘classical models’ 

were described. These models rely on different, single physical principles to describe 

where sills will form and their transgression. The simplicity of these models, have made 

them appealing and are often cited. These models have been criticised in the past as not 

explaining sill geometries well. In particular, the large range of depths at which sills 

occur at, the cross-cutting nature of sills and the lack of external factors (e.g. seafloor 

topography, complex lithological structures or variable stress regimes) to explain the 

very distinctive sill geometries observed. Additionally, the lack of ‘sill domes’, the 

inverse of saucer-shaped sills, is very difficult, or impossible to explain using these 

classical models. Additionally, as was shown in the prior section (6.1.2), sill geometries 

can be satisfactorily explained by considering primarily host rock deformation and host 

rock heterogeneity, in the sense of the framework proposed in section 6.1.1. Also, it is 

considered that sill geometries observed elsewhere, can also be understood in terms of 

these processes and the framework (see section 2.2 and see also the appendix for 

descriptions of sill geometries observed elsewhere). The classical models are 

reconsidered in this section to highlight their mechanical weaknesses and to show that 

they are too simplistic to accurately describe the sill geometries observed in the study 

area. 

Four particularly influential classical models are considered in this section. It is noted 

that all these models were proposed well before the advent of modern 3D seismic data. 

The earliest of these models, was the level of neutral buoyancy (LNB) model, proposed 

originally by G.K. Gilbert in 1877 for laccoliths (then called ‘laccolites’) (Gilbert, 

1877). The model was considered further since, in particular by Lister and Kerr (1990, 

1991) using experiments and quantitative arguments. According to the model, intrusions 

would be expected to occur at a depth where the magma density is intermediate to the 

density of the host above and below the intrusion. This surface is defined as the ‘level of 

neutral buoyancy’. 

Bradley (1965) proposed a model based on the geometries of saucer-shaped sills in the 

Karoo, South Africa. According to the model, sills would intrude at a ‘compensation 

surface’. This surface was defined as the depth at which magma would have a zero 

overpressure when intruding into less dense rocks, if pressure loss due to propagation is 

not considered.   
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Following the concepts proposed by Anderson (1951); Gretner (1969) and Roberts 

(1970) proposed a model by which magma would intrude into planes containing the 

maximum and intermediate principal stress directions (σ1 and σ2 respectively), which 

are perpendicular to the minimum principal stress direction (σ3). According to the 

model, at depth, lithostatic stresses were interpreted to be greater than horizontal 

stresses (which would now be understood as tectonic stresses). The contention was that 

horizontal stresses would remain approximately constant throughout the upper crust; 

however, lithostatic stress increases with depth, starting at zero at the surface. In 

compressional environments, this would mean that at shallow depths, the lithostatic 

stress would be less than the horizontal stress, while at greater depths, the inverse would 

be the case. According to the model, sills would be expected to intrude where this 

transition occurs, i.e. where the maximum principal stress direction (σ1) reorientates 

from vertical to horizontal, rising upwards. It is important to emphasise that the authors 

considered this reorientation of stress directions to occur ‘regionally’, over ‘very large 

areas’. 

Francis (1982) proposed that sills may propagate within synclines, such that hydrostatic 

equilibrium is attained. This is a similar process to how a siphon with fluid behaves. 

According to this model, bowl-shaped sills would be expected to propagate within 

synclines and reach an equal depth either side of the synclines, forming bowl-shapes. 

6.1.3.1 Evaluation of Hydrostatic Equilibrium and Compensation 

Surface Models 

The hydrostatic equilibrium model of Francis (1982) was criticised earlier in section 

6.1.2.3.1 on two grounds. First, such synclines are not present where the sills are saucer-

shaped. Second, fractures propagate to decrease the potential energy of the system 

(Griffith, 1921), which does not necessarily lead to hydrostatic equilibrium between 

different parts of a magmatic system. 

The compensation surface model proposed by Bradley (1965) is also interpreted to be 

invalid. This can be shown by considering again the potential energy of the magma. 

According to the model, magma would first rise until it reaches the level of neutral 

buoyancy (LNB). This is where the magma has its minimum potential energy, if only 

buoyancy is considered. The energy can be considered a minimum, because magma 

below the LNB is less dense than the host, and so magma below the LNB is expected to 

rise, and above the LNB the magma is denser than the host and so magma is potentially 
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expected to descend towards the LNB (this is considered further shortly). However, 

instead of the magma propagating at this (apparent) point of minimum potential energy; 

Bradley (1965), proposes that the magma continues propagating upwards against the 

effect of gravity, until, instead of minimising its potential energy, it gains potential 

energy, such that where it intrudes as a sill, it has the same potential energy as when it 

started to propagate in the deep crust. 

This is not too dissimilar to expecting a pendulum held high, and then let go, reaching 

the same height as when it started on the other side of the pivot, as well as suddenly 

stopping at this maximum point. This analogy helps highlight two primary issues with 

the model. First, if the magma is above where it is neutrally buoyant (and so far only 

buoyancy has been considered), what is stopping the magma descending again (just as a 

pendulum would swing back)? Second, just as a real pendulum will never reach the 

same height as where it started because energy is lost due to air resistance and 

vibrations in the string etc.; is it feasible to model a dyke crossing the crust and then 

propagating later as a sill, such that the magma loses no energy on the way? Is it right, 

to model fracturing of the crust to require a “minute fraction” of the energy related to 

the magma pressure? Bradley (1965), considers propagation to be “passive” 

“throughout the intrusive process”, except perhaps where the intrusion initiates, and that 

resistance to fracturing is “very small”. 

This second aspect, regarding the energy required to propagate, has been considered 

further by Einsele (1982) and Smallwood and Maresh (2002), modifying the model of 

Bradley (1965). In both cases a constant factor was added to the formula to take into 

account the strength of the host. However, this addition still does not resolve the first 

issue, which is in effect: what is driving the magma above the level of neutral buoyancy, 

if that is not energetically favourable? (This is considered again in section 6.1.3.2.1). 

Secondly, using a single factor to describe all deformation and fracturing in the crust is 

rather too simplistic, and cannot at least in the current form, represent such aspects as 

local deformation and the effect of lithological boundaries and faults. 

6.1.3.2 Evaluation of the Level of Neutral Buoyancy Model 

Based on energetic arguments given above (section 6.1.3.1) it may appear at this stage 

that the LNB model is appropriate for describing sill geometries accurately. After all, if 

only buoyancy is considered, then the LNB is the level at which the magma has the 

lowest potential energy.  
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The first aspect to consider is: where in relation to the LNB was the magma at the time 

of sill intrusion, for the study area. This requires knowing the density of the magma and 

the density of the host at the time of sill intrusion. Neither of these would be the same as 

the current values. The magma has cooled, solidified and contracted (e.g. resulting in 

the formation of columnar joints). The host will also have a different density now 

compared to at the time of sill intrusion. Compaction over time will have increased the 

density of the host and expelled less dense water. 

To estimate the magma density, theoretical equations and measured experimental values 

can be used (Lange and Carmichael, 1987). The closest analogue Lange and Carmichael 

(1987) considered is Mid-Ocean Ridge Basalt which has a similar petrology to basalts 

associated with basaltic continental (flood) magmatism (e.g. Winter, 2010). The density 

of the magma will range from approximately 2.6-2.7 g/cm3 (Lange and Carmichael, 

1987; fig. 6.15 A).  

Mudstone density can be estimated approximately using current mudstone densities 

from nearby wells (Peltonen et al. 2008). While these wells were drilled through the 

current stratigraphy, rather than the stratigraphy at the time of sill intrusion, they can be 

considered to be broadly analogous, in the sense that both the sediments of the present 

and the time of sill intrusion (c. 55 Ma) are mudstone dominated. Host densities were 

plotted for five wells: 6704/12-1, 6706/11-1, 6505/10-1, 6405/7-1, 6305/1-1 all from 

deep water portions of the Møre and Vøring Basins, based on wireline bulk density 

values (RHOB). Mudstone densities vary from ~1.6-2.4 g/cm3 at depths of 

approximately a kilometre or shallower, and at greater depths (2-3 km) from ~2.4 g/cm3, 

up to approximately 2.7 g/cm3 (Peltonen et al. 2008; fig. 6.15 B).  
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Fig. 6.15 Derived basalt densities and mudstone densities in the Norwegian Sea. Part A: 

Modified from Lange and Carmichael (1987) their fig. 2. Part B: Modified from Peltonen et al. 

(2008) their fig. 7. See text for details.   

These values could potentially mean at deeper depths the magma is approximately 

neutrally buoyant, but at shallow depths (e.g. ShalSill) the sills will be only a few 

hundred meters from the seafloor and well above their level of neutral buoyancy. The 

concept of the level of neutral buoyancy is also challenged by the relatively continuous 

change of mudstone density values (Peltonen et al. 2008). There is no sudden change in 

density within the relatively homogenous host and, therefore, there is no particular level 

of neutral buoyancy at which sills would be expected to intrude.  

Lister and Kerr (1991) argue based on theoretical arguments and experiments that 

magma propagation is dominated by the hydrostatic pressure and buoyancy of the 

magma to suggest the level of neutral buoyancy model is valid. Other factors considered 

such as fracture toughness, elasticity and tectonic forces were considered to have only a 

minor influence (and therefore are argued to be negligible in most situations). 

In the experiments a set aqueous agar and sugar solution was used as a host analogue, 

and dyed glycerol (a viscous liquid) as a magma analogue. In the experiments 

conducted, it was found that the expected factors were not dominant, even though the 

paper argues ultimately that the expected factors are in fact dominant, in particular that 

“the resistance of the host rock to fracture only plays a role during the nucleation of a 

new dyke”. In fact, in their own analogue experiments, “the internal pressure required 

for the propagation of a magma fracture” “swamped” viscous effects by “several orders 



371 
 

of magnitude”, meaning that the fracture toughness was not negligible, as they 

ultimately conclude. This was using even the “the weakest gels… [they] could obtain”. 

They argue that actually they could have modelled the crust and magma better by using 

“very viscous fluids”. Another point to consider, unlike all other experiments I am 

aware of that model magma propagation, the experiments were conducted upside-down, 

such that the magma analogue propagated downwards and then spread at the LNB. This 

was argued to be simply a matter of “convenience”, however, it is worth questioning if 

the “weakest gels” would have had the structural strength to accurately model crustal 

rocks, had the magma analogue been injected to propagate upwards as in reality.  

In summary, Lister and Kerr (1991) argue that magma intruding into the crust can be 

best modelled by considering the crust and magma to both act as “viscous fluids”. These 

results however, have been contradicted by more recent analogue experiments 

(Kavanagh et al. 2006). Kavanagh et al. (2006) used a similar set-up to Lister and Kerr 

(1990, 1991) using a dyed water and salt solution as the magma analogue (rather than 

glycerol) and again gelatine of two different densities as the host. The density of the 

fluid was prepared to have an intermediate density to the densities of the two layers of 

gelatine. The magma analogue was injected upwards into the gelatine at the base the 

experiment. It was found that the interface was “insufficient to induce experimental sill 

formation”. Furthermore, more recent numerical and analytical analysis predicts magma 

in dykes will ‘overshoot’ the LNB considerably (Chen et al. 2011).  

There is also additional evidence against the LNB hypothesis; earthquakes are generated 

when magma propagates through the crust (e.g. Rubin et al. 1998; Bohnenstiehl et al. 

2004; Dziak et al. 2007), earthquakes are not generated in materials which behave as 

fluids, therefore, the occurrence of earthquakes is very difficult to reconcile with a 

model which supposes the magma is effectively propagating through a fluid.  

The LNB model also fails to model the sills well in the study area. It has already been 

mentioned, that in the study area, sills are found to be above the LNB, and that there is 

no evidence that the saucer-shapes are the result of the magma following the LNB. Also 

by considering only one LNB one cannot explain how two sills cross-cut each other 

(e.g. D1sill and D3sill).  

In fact more generally, the idea that fracture toughness is negligible, contradicts studies 

which regard fracture toughness as an important control on the propagation of magma, 

just as was found in Lister and Kerr’s own experiments, these studies are ones which 
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study linear elastic fracture mechanics (LEFM) such as Rubin and Pollard (1987), 

Rubin (1993), Rubin (1995), Detournay (2004), and were described in greater length in 

section 2.3.1. Rubin (1993) concluded that “there is no firm foundation that fracture 

energy [the energy consumed by rock fracture] of dikes larger than a certain 

(geologically small) size may be neglected”. 

6.1.3.2.1  Consideration of Host Rock Deformation and Elasticity as a 

Means to Raise Magma above the Level of Neutral Buoyancy  

Another significant issue with the LNB model is that it neglects to consider elastic 

stresses in detail. As was discussed in section 6.1.2.1 with regards to abrupt 

transgression and section 6.1.2.2 with regards to continuous transgression, considering 

deformation is essential to understand sill geometries. Furthermore, as is argued next, 

variation in the energy required to deform the host with depth, is interpreted to be a 

significant factor for making it energetically favourable for magma to rise above the 

LNB. 

Consider the mechanism that was proposed by Hansen et al. (2011) to describe what is 

termed in this thesis ‘the continuous transgression of sills’. In the model, proposed by 

Hansen et al. (2011), sills ascend because the Young’s modulus of the host is 

interpreted to decrease upwards. Consider two possible intrusions: one at depth, within 

a host with a large Young’s modulus, the other within shallower sediments with a lower 

Young’s modulus. For simplicity, suppose the intrusions have equal volumes and 

geometries. In order for the geometries and volumes of the intrusions to be the same, the 

same strain must have been applied to the host. However, because the deeper host has a 

greater Young’s modulus, it requires a greater stress to create the same strain. This 

means that the deeper intrusion must have a greater overpressure, because the magma 

overpressure is the source of the stress that generates the strain. The greater 

overpressure means that it is energetically favourable for the intrusion to rise above the 

LNB, if this effect is greater than the effect caused by buoyancy.  

There is also a dependence on intrusion depth if one considers horizontal intrusions 

which deform the overburden. In order to model overburden deformation (with regards 

to laccoliths) Pollard and Johnson (1973) supposed that all deformation would occur 

above the intrusion and that the overburden could be modelled as a ‘thin’ elastic plate. 

Laccoliths are considered to be relatively analogous to sills which also create significant 

forced folds. The resulting equation describes the expected form of intrusions following 
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their model (fig. 6.16). The theoretical intrusion geometries are reminiscent of the 

geometries of laccoliths observed in the Henry Mountains, Utah (Pollard and Johnson, 

1973).  

 

Fig. 6.16 2D representation of a laccolith, with horizontal axis: ‘x’ and vertical axis ‘w’. 

Distance ‘a’ is also shown, which is the distance from the laccolith centre to its margin. 

Modified from Pollard and Johnson (1973), their fig. 3. 

In the figure the horizontal x-axis and vertical w-axis are shown. Additionally, the half-

length of the intrusion ‘a’ is shown. In the simplest case, considered by Pollard and 

Johnson (1973), the intrusion is considered to extend infinitely far in the third direction 

(i.e. perpendicularly out of the page). The equation that models the form of the intrusion 

(Pollard and Johnson, 1973) is: 

 

where ‘w’ is the height of the intrusion for a given ‘x’, ‘Pd’ is the driving pressure of the 

magma (the difference between the absolute pressure of the magma and the lithostatic 

pressure, also known as the overpressure), ‘R’ is the flexural rigidity of the host above 

the intrusion (defined below), and ‘a’ is the half-length of the intrusion (fig. 6.16). The 

derivation of this formula requires multiple steps and is described clearly in e.g. 

Turcotte and Schubert (2002). The above equation can also be modified to model 

circular intrusions (Pollard and Johnson, 1973; Goulty and Schofield, 2008).  

The flexural rigidity of the overburden, for a ‘thin plate’, is defined as (e.g. Pollard and 

Johnson, 1973): 
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where ‘E’ is Young’s modulus of the overburden, ‘t’ is the thickness of the overburden 

and ‘ν’ is the Poisson’s ratio of the overburden. Again the reasoning behind this formula 

is explained clearly in e.g. Turcotte and Schubert (2002).  

To consider the relationship between the driving pressure ‘Pd’ of the magma and the 

overburden thickness of the intrusion ‘t’, one needs to consider the volume of the 

intrusion. As the formula represents a two-dimensional intrusion, one can just consider 

the area ‘A’ of the intrusion by calculating the integral: 

 

to be 

 

rearranged and with ‘R’ substituted in 

 

The important part to note of this final formula is that the driving pressure is 

proportional to Et
3 (the elastic modulus of the host multiplied by the cube of the 

thickness of the overburden), if the volume of the magma (in effect ‘A’) and the 

geometry of the intrusion (a) are not considered to be depth dependent and the effect of 

changing Poisson’s ratio is also not considered. Et
3 increases with depth significantly 

(because both E and t increase with depth), meaning significantly larger driving 

pressures are required to intrude (and deform the overburden) at greater depths. The 

requirement of greater driving pressures to intrude at depth, means it is energetically 

favourable to intrude at shallower levels, meaning that it is often energetically 

favourable for the magma to intrude above the LNB.   

Admittedly, this formula is simplistic. The 3D geometry of intrusions has not been 

taken into account (Pollard and Johnson, 1973; Goulty and Schofield, 2008), nor has 
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brittle deformation, as observed in the Henry Mountains, been considered (e.g. Johnson 

and Pollard, 1973; Jackson and Pollard, 1988, Jackson and Pollard, 1990). Additionally, 

hosts are layered due to stratigraphic changes and there may be slip between layers 

lowering the effective flexural rigidity of the overburden (Pollard and Johnson, 1973), 

more generally, when thick overburdens are considered, the ‘thin plate’ model becomes 

less accurate; although considering ‘thick plates’, is mathematically much harder and 

does not lead to analytical solutions (e.g. Lim and Reddy, 2003). Furthermore, the 

relationship between lateral propagation and inflation has not been considered in detail 

(Kerr and Pollard, 1988; Michaut, 2011; Bunger and Cruden, 2011), and deformation 

can occur beyond the margins of intrusions (Galland and Scheibert, 2013), which is 

again not considered. 

For these reasons, the relationship between driving pressure and overburden thickness 

should be treated with caution and thought of as an approximation. However, it is 

considered feasible that magma is driven upwards because it requires less energy to 

deform the host at shallower levels than at depth. This is, therefore, an energetic 

argument for magma rising above the LNB, and for sills to feed each other in 

succession.  

The lack of elasticity at very shallow levels, due to the formation of peperites and 

fluidisation, may mean buoyancy becomes more significant at shallow levels. This may 

partially explain the downward propagation of Nsill and other similar sills consisting of 

multiple bowls. 

6.1.3.3 Evaluation of the Stress Reorientation Model 

The final classical model of Gretner (1969) and Roberts (1970), that intrusion occurs 

where the minimum stress direction reorientates, is in some sense interpreted to be 

correct. But what was missing from their analysis was how the stress regime can change 

locally (rather than purely regionally), both due to the deformation created by the 

intrusions themselves, as well as local effects like lithological barriers. Local changes in 

the stress regime rather than regional changes in the stress regime are interpreted to 

dominate the propagation of sills and ultimately their geometries.  

6.1.4 Conclusion of Sill Geometry Discussion 

In conclusion, sill geometries in the Edvarda survey area can be described well using 

the novel framework schematically shown in fig. 6.1. This framework consists of five 
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processes. The first three relate to the deformation of the host, whether the host is 

fluidised, or the deformation is local and elastic, or affects the seafloor. The other two 

relate to heterogeneities in the host, principally, the effect of changes in lithology, and 

the presence of pre-existing faults. Classical models, while apparently simpler to 

describe theoretically, fail to describe the observed sill geometries satisfactorily, and are 

based on physical principles that have been superseded.  

Finally, it is worth considering one other factor: magma and host composition. This 

thesis has studied basaltic sills exclusively (almost certainly). However, not all 

magmatic intrusions are sill-like (far from it) and not all sills form from magma (e.g. 

clastic intrusions). Additionally, only the host in the study area was considered which is 

predominantly mudstone. If one broadens the question to understand all intrusive 

geometries, in all hosts, of all fluid compositions, factors not listed in the ‘framework’ 

will certainly come into play. Perhaps ultimately, in the future, a framework could be 

developed which considers all factors which control all geological intrusive geometries.  

6.2 Vents and Venting 

Vents were discussed already to an extent in Chapter 5, so are discussed here less. One 

of the most notable aspects of vents in the study area are their variability, even though 

all the venting structures identified appeared to be related to sills.  

The first results section of Chapter 5 (section 5.3) considered vent morphology and 

seismic characteristics. Vents were mostly domal, but others did not have domes. Some 

of the domal vent structures were interpreted to have positive reliefs when they formed, 

evidence came from the interpreted collapse structures at the margin of vent V006 

(section 5.3.4). Others appeared to have domal morphologies principally as the result of 

post-venting differential compaction, inverting the structures (section 5.3.4).  

In terms of seismic characteristics, most vent fills had low amplitudes, interpreted to be 

an indicator that such vents are composed of remobilised sediments, but others 

contained material producing a higher amplitude response, interpreted to indicate 

hydrothermal mineralisation or a magmatic component in such vents (section 5.3.1). It 

is likely, based on field analogues in areas such as the Karoo, that the vents were driven 

in part by hydrothermal fluids in the host, however, whether there is any magmatic 

component remains uncertain, though it is a significant possibility. 
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Vent conduits were visualised under most vents, and this is one of the first studies to 

visualise vent conduits from the sill tips all the way to the paleo-surface (fig. 5.3). 

However, in most cases vent conduits are not observed to extend that far, and were only 

observed at shallower depths (e.g. fig. 5.2). Conduits were difficult to interpret because 

internal structures within the conduits could not be observed, or were difficult to 

interpret (such as the high amplitude object within vent V060 – fig. 5.1 profile A-A’). 

Inward dipping beds towards some conduits are very well imaged (e.g. fig. 5.4), but 

multiple hypotheses are discussed which could explain their formation (section 5.3.3).  

While vents vary in morphology, size and seismic characteristics, their locations are 

relatively systematic. Small vents associated with the Major Flow of ShalSill are found 

to be distributed across the sill interior, but deeper, larger vents generally occur above 

distinctive sill geometries (section 5.5). In particular, vents occur above sill margins, but 

also areas which are locally shallower, and more rarely above abrupt changes in sill 

geometry such as a step (fig. 5.19). This has been noted for vents worldwide (section 

5.5.1), and is clearly one of the most characteristic features of vents associated with 

sills.  

As was discussed in section 5.5.3, based on the speed at which sills are expected to 

propagate, and the expected time taken for fluid generation, venting is interpreted to 

occur above distinctive geometries, once the sills have stopped propagating. One of the 

most mysterious aspects of vent formation is how fluids become localised at these 

distinctive positions. To understand this process further, more investigation would be 

needed to understand: the length of the vent conduits, how fluids move around the sills, 

how fluid generation is regionalised (or not), and to what extent fluids from above and 

below the sills converge. A particularly complex aspect is the formation of shared vents, 

where more than one sill appears to use the same vent conduit (section 5.5.2).  

As an alternative to attempting to understand vents individually, the last part of Chapter 

5 considered quantitative measurements of the vents and the relationships between these 

quantitative measurements (section 5.6). The clearest relationship was the vent size 

distribution, which fits a power law very well as discussed in section 5.6.3.1 (fig. 5.24) 

repeated here as fig. 6.17. The derived power law for the study area was: 
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where N is the number of vents, B is the size of the bins (in meters) and S is the size of 

the vents (in meters midway through each bin). An R2 of 0.944 was calculated for vent 

diameters greater than 100 m, vents were divided into 100 m wide bins.   

 

Fig. 6.17: A histogram of vent sizes (maximum diameters) in 100 m bins. Best fit line in red. 

Larger vents are less common than smaller vents. The sample size is 213 vents. Repeated from 

fig. 5.24. 

The multiplicative factor of the power law is likely to change between study areas, as 

discussed in section 5.6.3.1.1; but whether the exponent factor changes, is of much 

greater interest. If the factor is constant, it would have important implications relating to 

how vents form and whether fluids are sourced from distinct regions of varying volume. 

Furthermore, because vent size is also dependent on the sills present in the study area 

(including their depths), the value of the exponent may also give an indication about the 

spatial distribution of sills within the study area. As a result, if the exponent remains 

constant between study areas, it could have important implications, not just for venting, 

but for also how sills are distributed within basins.  

There is not yet a theory to explain the distribution of vent sizes, and with a similar 

result derived by Planke et al. (2005) (section 5.6.3.1.1), it would be interesting to 

consider this distribution further. The fact that the exponent is a simple fraction: -3/2, is 

perhaps physically significant. However, it should be emphasised that this factor may 

change between study areas, and until further investigation is done in other study areas, 

significant uncertainties remain regarding vent size distributions.  
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The weaker correlations between vent size and feeder sill depth, and vent size and vent 

spacing, perhaps hint at how fluids are sourced and generated (sections 5.6.3.2 and 

5.6.3.3). However, it remains somewhat unclear where fluids are sourced from, or even 

what the compositions of the fluids are (see also sections 5.1.1 and 5.1.2). Deeper sills 

produce larger, more widely spaced vents, but there is a lot of variation from the best fit 

lines (figs. 5.25, 5.26 and 5.27).  

A similar result that larger vents occur above deeper sills, also with a wide spread of 

values, was reported by Planke et al. (2005), indicates that the result, regarding the 

relationship between vent size and feeder sill depth, derived in this study area, is not 

spurious (section 5.6.3.2.1). Approximately 950 vents were investigated in the two 

studies together, although a small number of large vents may have been counted twice, 

because a small number of 2D lines used in Planke et al.’s (2005) study cross the survey 

area used in this thesis. No study, I am aware of, has considered vent spacing 

quantitatively before, so a comparison to other areas is not possible at the time of 

writing.  

6.2.1 Sill Order and Venting 

In section 6.1.2.1.2, a novel relativistic dating method for sills was described based on 

sill geometries. D2sill is interpreted to be older than D1sill, because the margin of 

D1sill is segmented where the two sills cross-cut each other, while D2sill is not 

noticeably affected by the cross-cutting relationship. D3sill is interpreted to be younger 

than D1sill, because its abruptly transgressive geometry indicates it must have 

interacted with a forced fold and it does not have a visible forced fold. Additionally, 

D3sill turns nearly a right angle in the region where the cross-cutting relationship 

occurs.  

Venting appears to be also affected by these cross-cutting relationships. In the case of 

the cross-cutting relationship between D1sill and D2sill there is only one vent 

associated with D1sill in the area where the two sills cross-cut each other (fig. 6.18): 

V001. The gap between V001 and V002, from vent centre to vent centre in a straight 

line, is 6500 m, which is significantly further than the gaps between the other vents 

(next furthest gaps for D1sill are 5000 m). For this reason, vent V001 was considered 

anomalous and was not included in the quantitative analysis of the vents. 
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Fig. 6.18 See figure caption on next page. 
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On previous page: Fig. 6.18 TWT map of D1sill relative to the modified version of HorizonV 

(section 5.6.1.2). Outline of D2sill is also shown in orange. Vents associated with D1sill are 

labelled and outlined in black, vents associated with D2sill are labelled and outlined in dark red, 

vents associated with other sills, close to where the sills cross-cut, are shown in indigo. Vent 

V199 is associated with a small intrusion above D1sill and D2sill (figs. 4.20 profile K-K’ and 

4.21). Vent V195 is associated with a poorly imaged shallow sill, which can be seen in the top 

right of fig. 4.104. V001 is the only vent along the margin of D1sill where the sills cross-cut, 

and is further from its nearest neighbour (V002), than the distance between other vents 

associated with the margin of D1sill.   

D3sill is associated with eight vents (fig. 6.19). Of these, three are shared vents with 

Csill, a topic previously discussed in section 5.5.2 (V042, V041 and V040). The next 

three vents as well as V040 are very closely spaced (V040, V055, V056 and V057). 

However, once the sill goes beyond D1sill, the next vent associated with D3sill is much 

further (V058), and the most eastern vent (V059) also has a long gap to V058. For these 

reasons the vents of D3sill were considered rather complex and were not considered for 

the quantitative analysis of vent spacing.  

 

On next page: Fig. 6.19 TWT map of D3sill relative to the modified version of HorizonV 

(section 5.6.1.2). The outline of D1sill is shown in magenta. Vents associated with only D3sill 

are outlined and labelled in black. Vents associated with both D3sill and Csill are outlined in 

navy, these are considered ‘shared vents’ (section 5.5.2). Vents associated with D1sill are 

outlined and labelled in maroon. Vents associated with D4sill are outlined and labelled in 

indigo.    
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Fig. 6.19 See figure caption on previous page. 

For both of the cross-cutting relationships, the vents associated with the sill which is 

interpreted to be younger (based on their geometries), have significantly altered venting 

patterns. The vents within the areas associated with the cross-cutting relationships are 

further apart from other vents, than in areas not associated with cross-cutting 

relationships. This can be understood that the earlier sills, D2sill relative to D1sill and 

D1sill relative to D3sill, produced vents which depleted the host from material which 

could make further vents. The lack of fluids, or the lack of host rock which could be 

altered further to release more fluids, meant the later sills could only produce more 

widely spaced vents.  
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This has some important implications. First, that venting patterns can be used to date 

sills and their associated vents relative to each other. Although, this method is likely to 

work best if the underlying sill geometries have also been considered.  

Second, this gives some indication as to how long it takes between individual sill 

intrusions. It means that one cannot just consider a two stage magmatic event affecting 

the basin; where first intrusion occurs, and then after a time delay venting occurs. 

Instead, a six part sequence of magmatic activity is identified: starting with the intrusion 

of D2sill, followed by the creation of vents associated with D2sill, then the intrusion of 

D1sill, followed by further venting associated with D1sill, then the intrusion of D3sill, 

followed by venting associated with D3sill. While marginally speculative, the fact that 

Csill appears to share a vent conduit with the deeper D3sill indicates that Csill may have 

intruded after D3sill. While it is beyond the scope of this project to consider in detail 

timing, it is worth considering in the future what the maximum amount of time sill 

intrusion could have taken to occur without being noticeable in other ways, for instance 

being identifiable by multiple vent depths (e.g. Hansen, 2006), or via radiometric 

means, if samples are available. Ultimately, this may help to constrain how long it takes 

between sill intrusion and associated venting.  

Third, that venting is strongly dependant on the host rock. The fact that venting is 

affected by prior venting associated with sills which intruded earlier, means that the 

host is altered by the prior venting. It appears, therefore, more generally, that alterations 

in the host rock have a strong influence on venting. It should be considered that not all 

such changes will be related to prior venting, but rather may relate to the host 

composition as originally deposited, or how it has been altered over time. As some 

fluids associated with venting are hydrocarbons, this may have important implications 

for hydrocarbon generation and transport, in basins altered by magmatism. 

6.2.2 Conclusion on Vent Discussion 

Some aspects of vents are highly variable, such as their sizes, the spacing between 

vents, their seismic characteristics, their conduits and morphologies, and yet other 

factors show patterns, when many vents are considered. Individual sills have distinctive 

vents, often with similar sizes and spacings between vents. When one considers all the 

vents together some strong relationships appear, most clearly that the vent sizes follow a 

power law. Less clear is that larger vents are associated with deeper sills (all be it with a 

large spread around the best fit line). Additionally, larger vents are found to be more 
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widely spaced, but it would be interesting to investigate whether this result holds for 

other areas.  

Ultimately, the biggest uncertainties revolve around how and where fluids are generated 

and how the fluids are transported. These factors almost certainly affect vent size, the 

spacing between vents and their seismic characteristics. Additionally, it is unclear how 

factors related to the sills, other than sill depth, affect venting. Significant factors could 

include: sill thickness, sill composition, the volatile content of the magma, and the 

processes involved during sill intrusion. 

Understanding venting better, is also envisaged to improve the understanding of the 

climatic implications of venting (section 5.1.3 – e.g. Svensen et al. 2004). Points of 

interest, such as the number of vents per unit area, the depth of vent conduits and vent 

compositions, may have significant implications for modelling the generation of gasses 

such as methane, which can cause significant climate change. Additionally, vent 

conduits are interpreted to act as preferential pathways for fluids, including for 

hydrocarbons (Cartwright et al. 2007). Understanding the properties of venting 

structures (and the associated sills) may, therefore, have important implications for 

hydrocarbon exploration in basins affected by magmatism.  

The study of vents associated with sills is an old subject (e.g. Gevers, 1928), but has 

gained a much greater interest since their discovery in seismic data (Skogseid et al. 

1992, cf. Joppen and White, 1990). In this sense, the study of vents feels like a young 

subject, and like with sills, it is envisaged that with further investigation using multiple 

methods: field, analogue, mathematical and further seismic investigation, vent processes 

will be understood much more thoroughly in the future.  
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Chapter 7: 
Conclusions 

This chapter summarises the most significant findings presented and discussed in the 

thesis. 

A framework was developed to describe basaltic sill geometries. The framework 

consists of five mechanisms interpreted and observed to be significant in controlling sill 

geometries. They are: 

A: Host fluidisation. Occurring at shallow levels, where the host is poorly consolidated, 

due to the high temperature of the sills. 

· Leads to sills which exhibit little transgression and flow related features such as 

lobes and variable seismic amplitude responses 

o Linear and diverging features observed using seismic attributes such as 

amplitude and coherency can be used to interpret sill propagation 

directions 

B: Local deformation, and continuously decreasing Young’s modulus with depth 

· Leads to sills which are continuously transgressive which have ‘bowl-like’ 

forms 

o Horizontal changes in Young’s modulus are interpreted to cause bridge 

structures and sill elongation 

§ Bridge structures can be used to interpret that sills propagate up 

transgressive sill margins 

o At shallow levels where the host is interpreted to become fluidised, sills 

with multiple bowls can form 

§ Such sills have often bulbous and tear drop geometries 

§ Interpreted to result in upward and downward propagation 

· Linear amplitude anomalies, which are interpreted to 

indicate propagation directions, connect bowls 

· Local deformation is not associated with folding above the sills 

C: Folding above sills (asymmetrical deformation) 

· Four sills were identified to have associated folds 
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· Most sills are not associated with visible folds    

· At depth, forced folding is interpreted to lead to sills which are abruptly 

transgressive, with relatively concordant central areas 

o Some deep sills are geometrically similar to the concordant areas of 

abruptly transgressive sills but exhibit little transgression 

o Abrupt transgression is interpreted to be caused by the interaction 

between sills and the forced folds above them 

§ Sills are observed to interact with pre-existing forced folds, 

created by earlier sills, leading to abrupt sill transgression 

· Leads to cross-cutting relationships between sills 

· Leads to sill segmentation 

· Leads sills to change the direction they propagate in 

· Can be used in some cases to date sills, relative to each 

other, based on their geometries 

o Deep sills had in some cases locally shallower areas, which are 

somewhat geometrically similar to abruptly transgressive margins, but 

are much more localised (approximately five such areas were identified)  

§ These locally shallower areas are not interpreted as feeding points 

for the sills 

· Some abruptly transgressive margins flatten continuously away from the sill 

interiors 

· Generally speaking abrupt transgression occurred more at deeper levels than 

continuous transgression 

· One sill was observed to exhibit both abrupt and continuous transgression 

· Transgression, whether abrupt or continuous, is generally asymmetrical. Sills 

rarely transgress in all directions around their centres 

Deeper sills had larger areas and more irregular outlines. Intermediate depth sills 

generally had smaller areas and were rounder in plan view. The shallowest sill covered 

a large area.  

Deeper sills had more steps, which are interpreted as broken bridge structures below the 

resolution of the data (an indicator of emplacement into a host which deforms in a 

brittle fashion).  
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· Steps could be used determine the directions sills propagated in (this was best 

visualised using the seismic attributes of dip and amplitude) 

At deep, intermediate and shallow depths, in some cases, sill propagation direction was 

interpreted to change as the sills propagated. 

D: Variable lithology was found to affect sills 

· Sills were commonly found to terminate where the lithology changed 

· In some cases sills fed shallower sills, where the lithology changed 

o The largest feeding network consisted of three or four sills. Three other 

networks consisted of two sills each. Of these four, three could be 

associated with distinct changes in lithology, where the feeding 

relationships occurred 

· One sill was found to propagate directly upwards from a change in lithology 

o Interpreted to be fed by a dyke affected by the change in lithology 

E: Sills were found to exploit pre-existing faults  

· Found to be best visualised by overlaying the sill and host interpretations and 

then combining the dip and dip azimuth attributes 

o Fault planes could be clearly observed to extend from the sills into the 

host 

· Two sills were observed to exploit pre-existing faults in a sand rich unit 

o  These sills had unique angular geometries 

§ Sill inflation is interpreted to smooth the angularity of one of the 

sills above where it is interpreted to be fed 

· Many sills were found to not be affected by pre-existing faults 

o Whether sills exploit polygonal faults appears to be related to the host 

lithology. In close to homogenous mudstones, sills were not found to 

exploit faults. The sills which exploited faults occurred in a sand rich 

unit 

Sills which exploited these sand rich units (three sills) exhibited less overall 

transgression than other sills at a similar intermediate depth 

· One such sill had a shallow bowl-like form in one portion 
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· These sills propagate close to concordantly and can have limbs and portions 

which extend from the sill interior 

o These features are more reminiscent of shallower intrusions 

Vents were found to be variable in terms of: 

· Seismic reflectivity and internal structure 

o Most vents had low reflectivity, but others were more reflective. Others 

were more variable 

§ Interpreted to be caused by varying vent composition 

o Within some vents, stratal reflections could be interpreted 

o Some vent conduits could be observed to extend to the interpreted feeder 

sills, others could not be visualised to do so   

 

· Morphology 

o Some vents had mound morphologies, others consisted of craters or 

depressions, in some cases both producing an ‘eye’-shape 

o Some vents were interpreted to be mound shaped when they first formed 

§ One clear collapse structure was interpreted beside a vent 

o Some vents with mound-like forms are interpreted to have been inverted 

due to differential compaction 

o Some vents had clear inward dipping beds towards their vent conduits 

 

· Size 

o Vents followed a power law with a very close fit 

§ All 213 vents were used for this analysis  

§ Smaller vents were significantly more numerous than larger vents 

§ The exponent of the power-law was found to be -1.5 

o Larger vents were associated with deeper sills, but only weakly, and 

there was significant scatter around the best fit line 

 

· Position 

o A lot of the vents are associated with sill margins of the deep and 

intermediate depth sills 

§ But a significant number of vents are associated with locally 

shallower areas 
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§ More rarely, vents are associated with changes in underlying sill 

geometry, such as a ‘step’ 

o Vents associated with the shallowest sill were found to be small (~100-

300 m in diameter) and distributed over the sill interior, with the majority 

of the vents associated with a particular ‘flow’, which could be clearly 

observed using the amplitude attribute of the sill. 

o Some vents appear to have formed as a result of two or more sills 

‘sharing’ the same vent conduit  

Vent position is interpreted to be related to fluid generation in the host and fluid 

localisation 

o Vent spacing (a measure of the distance between vents) was found to be 

correlated to both vent size and the depths to the sills interpreted to feed 

the vents 

§ There was some spread around both best fit lines 

o Where sills cross-cut each other, the interpreted later sill, based on sill 

geometries, had more widely spaced vents, where the cross-cutting 

relationship occurred (observed to occur twice) 

§ This indicates that the prior sills altered the host, so that the later 

sills caused less venting 

· Vent patterns with sill geometries can be used to date sills 

relative to one another  
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Appendix 

 
The appendix consists of the slides from a PowerPoint presentation, with 
key figures from selected prior studies on sills using seismic data, which 
are summarised in table 2.1, in section 2.2.2, pages 17-28.  

 

The PowerPoint was originally made during an internship, in the summer 
of 2013, at VBPR, Oslo, Norway. The selection of figures and notes are my 
own; however, the formatting of the presentation was developed with 
others. The presentation has been modified significantly subsequently.  

 

The presentation is envisaged to set the results presented in this thesis in a 
wider context.      

 

 

 

 



Sills in Seismic Data 

Key Case Studies 

Ben Manton 



West of Shetland 

• 2D seismic  

• boreholes – no ties 

Very early seismic example of saucer 

shaped sills.  

Drilled sills in wells 219/20-1,  208/21-1 

GSL 1988 



Rockall Trough 

• 2D seismic 

Very early seismic example of saucer 

shaped sills. 

GSL 1988 



Borehole tie to sills – Gravberg 1 

Siljan Ring, Sweden 

• 2D seismic  

• borehole 

Tecto 1990 



Rockall Trough 

• 2D seismic 

Very early images of vents, though not 

identified as such 

 

One of first to call sills in a seismic study 

saucer shaped after Francis, 1982 

vent 

JGR 1990 



Vøring  Basin 

• 2D seismic (grid) 

Very early paper to identify hydrothermal 

vents 

Very early paper to identify hydrotherm

vents

GSL 1992 



1992 

East Greenland 

• 2D seismic  

Very early seismic paper for E. Greenland 

GSL 1992 



Western Australia 

• 2D seismic  

Early paper on sills from the 

Indian Ocean (Western 

Australia). Sill feeding 

relationship clear 

PESA 1998 

Sill highlighted 



Vøring basin 

• 3D + 2D seismic  

Very early interpretation of sills in 3D 

seismic data. Sills look like ‘native copper’ 

i.e. like fingered sheets 

  

O Thes 1998 

Seismic Characterization and Emplacement of 
Intrusions in the Vøring Basin  Odd P. Skogly  



Vøring basin 

• 2D seismic 

• Well log 

• Comparison to W. Australia   

Description of seismic responses of sills and flood 

basalts with wells. For sills well 208/17-1 shown  

LeE 1999 



Vøring Basin 

• 2D Seismic  

• Comparison to sonic log  

Sonic log  and well comparison 6607/5-2 

JGR 2000 



West of Shetland 

• 3D seismic   

• well-tie 

GSL 2002 

Very Early 3D seismic visualization and 

well-ties and well comparisons 219/20-1, 

214/27-1, 205/10-2b, 208/21-1, 206/13-1, 

207/1a-4 



West of Shetland 

• 3D Seismic 

• well-tie 

GSL 2002 

Very early 3D seismic visualization and 

well-tie 219/28-2/2Z 



West of Shetland 

• 3D Seismic  

• well-tie 

Sill 

complex 

Geo 2002 

Sill complex,  extrusive mounds 



West of Shetland 

• 3D seismic 

• well-tie 

Dating sills – forced folds 

Geo 2003 



Gjallar Ridge (Vøring Basin) 

• 3D seismic  

GSL 2004 

Sills associated with mud diapirs (vents) 



West of Shetland 

• 3D seismic  

Sill junctions, sill 3D visualization 

GSL 2004 



West of Shetland 

• 3D seismic  

Sill junctions, sill 3D visualization 

GSL 2004 



West of Shetland 

• 3D seismic  

• well-tie 

GSL 2004 

Sill feeding relationships and ridged  

shallow sill 



Vøring Basin 

• 3D seismic 

• Comparison to Karoo and W. Australia  

GSL 2004 

Sill modeling and visualization  



Rockall 

• 3D seismic  

Magma tubes, sill 3D visualization 

GSL 2004 



Rockall 

• 3D seismic  

BVo 2004 

Sill abutting relationships (antiformal 

junctions) sill visualization 



fig. 2 

Vøring and Møre Basins 

• Regional 2D dataset 

• 3D seismic 

• Well tie 
GSL 2005 

Sills, description of sill geometries, 

hydrothermal vents (well penetration -

6607/12-1), well tie 6607/5-2, wells 

6406/3-2, 6406/6-1, 6406/11-1,6506/11-2 

and 6507/2-1 used for calibration 
fig. 3 

fig. 6 



Vøring and Møre Basins 

• Regional 2D dataset 

• 3D seismic 

• Well tie 
GSL 2005 

Sills, description of sill geometries, hydrothermal 

vents (well penetration -6607/12-1), well tie 

6607/5-2, wells 6406/3-2, 6406/6-1, 6406/11-

1,6506/11-2 and 6507/2-1 used for calibration 



Faroe-Shetland 

• 3D seismic 

 

GSL 2005 

Discusses briefly a rarer felsite  intrusion 

in well 205/10-5. Images of sills  



Northern South Yellow Sea Basin 

• 2D seismic  

 

Sills – though not saucer shaped. 

Additionally, other intrusions: stocks, 

laccoliths and dykes. Also hydrothermal 

vents and volcanics   

MPet 2006 



Rockall Trough 

• 3D seismic 

 

JSG 2006a 

Forced folds over shallow sills. 

 

There was a significant discussion on this paper as to whether the forced folds are in fact folds or small volcanoes. In 2 prior papers 

(Thomson 2005a,b) and a response to this paper (Thomson 2006) it is argued the features are volcanoes. However, we are more 

convinced by Hansen and Cartwright’s (2007) reply, in that they show the features are sufficiently fold like, the sill-like features are 

hard to explain as anything other than sills, and that at least one fold seems to be hosted in a polygonally faulted mudstone rather 

than a lava flow. When the papers were written forced folds had rarely been observed, they are now seen more often. 



Møre Basin 

• 3D seismic  

 

Segmented/Compound sill named the 

Solsikke Sill 

JGS 2006b 



Møre and Vøring Basins 

• 3D seismic (2 surveys) 

 

Potential sill interconnectivity and long 

distance magma transport 

Geo 2006 

Diagrams showing potential long distance sill interconnectivity 



Faroe-Shetland Basin 

• 3D seismic  

 

Sill propagation 

 

This paper was 

commented on in 

Smallwood 2008, 

commenting the 

emplacement model 

may not always be 

applicable. Ken 

Thomson sadly 

passed away in 2007 

and so a reply was 

not published.   

BVo 2007b 



Offshore Senegal 

• 2D seismic (grid) 

• Gravity data 

• Magnetic data 

 
Folds above sills (forced folds?), vents, gravity and magnetic 

inversion of data  

TNo 2007 



Offshore Senegal 

• 2D seismic  

 

Reverse polarity sills: 

As discussed in the text, the saucer-shaped features found in the 

survey have many of the characteristics of magmatic sills: 

localized, approximately circular,  intrusive, associated with vents, 

cover 10’s of km, not as steep as sandstone intrusions. But 

confusingly have a negative polarity in comparison to the seafloor, 

indicating they are ‘soft’ rather than hard as expected.   

 

Possible explanations given are: seabed imaged incorrectly, phase 

rotation of seismic wavelet, tuning effects when imaging thin sills, 

stacking pattern of sills, silicic or highly vesicular composition   

 

Also forced folds and vents 

MPG 2008 



South Australia - Australian Bite - primarily  

Ceduna Sub-Basin 

• 2D seismic 

• Comparison to dredging and drilling 

 
Sills, volcanoes, tectonic controls on 

magmatism, affects on hydrocarbons 

GeoAus 2008 

Potential base 

reflection – 

laccolith like sill 



 Multiple basins (comparison study) 

• 3D seismic vizulisation 

• Comparsion to other areas 

 

Global comparison of sills. Comparison to 

sandstone intrusions. sandstone 

EPSL 2008 

Møre Basin 



West of Shetland and Rockall 

• Three 3D seismic surveys  

 

Potential sill feeding relationships, sill 

propagation 

GSL 2008 



Faroe-Shetland Basin 

• 3D seismic survey of regional extent 

• well tie  

 

Forced folds from neighboring sills Sills 

Forced folds 

GSL 2009 

3D form of sills 



Faroe-Shetland Basin 

• 3D seismic 

• Well tie (possibly 2)  

 

Sill geometries and visualization techniques. Sill has lobes at 

margin as well as 3 locally deep areas 

 

Well tie to near by sill or sill apophysis 6004/15-1z and 

potentially also 6005/15-1 but preferred interpretation is that 

it intruded lavas.  

 

FIExCon 

2009 



Faroe-Shetland Basin 

• 3D seismic 

• Well tie (possibly 2)  

 

Acoustic impedance inversion is used to 

produce a more ‘physically relevant’ 

image of the sills and surrounding host  

Pet Geo 2009 



South China Sea (Vietnam) 

• 2D seismic 

Saucer shaped sill 

TPhys 2009 



Møre Basin 

• 3D seismic survey 

 

Geo 2010 

Amplitude maps of sills Shallow sills – flow related features 



Adare Basin, Antarctica 

• 2D seismic 

Saucer-shaped sills from Antarctica 

G3 2010 



Qikou Depression, Huanghua Basin, 

Bohai Bay, East China  

• 3D seismic 

• Multiple wells (at least 8) 

Wells have encountered oil related to two 

sills: 9.06 t/day from the upper contact 

aureole and 18 t/day from another sill 

(does not say exactly where from). Also 

hydrocarbons found in associated 

extrusive rocks with middle-low yield 

GJI 2010 

Metamorphosed diabase drill core sample, 

more significantly altered on right 



Newfoundland 

• 2D seismic survey 

• ODP borehole tie to 2 sills 

 

Continuous non transgressive sills 

associated with local highs 

 

Sills are compositionally hawaiites (a type 

of basalt) and intrude shales as 

determined by ODP site 1276, leg 210. 

 

Deemer et al. 2010 used same data to 

estimate sill thickness using frequency 

data associated with seismic tuning. In a 

process known as spectral decomposition  

GJI 2010 

Local 

highs 

See also, on same data set, using frequency data to estimate sill thickness: 

TecPhys 2010 



East China Sea 

• 2D seismic survey 

• 2 Well logs 

 

Apparent concave down sills? 

MGR 2010 

Negative reflection 

Seabed has a positive reflection 

Venting structure? 

or a seismic 

shadow? 



Yermak Plateau - NW of Svalbard 

• 2D seismic 

 

 

Sills observed North West of Svalbard 

GJI 2011 

Deep bright reflections are interpreted as sills  



Subei Basin, Yellow Sea, offshore(?) 

Jiangsu Province, China 

• 3D seismic 

• Wells (in Chinese)  

 

 Various sill geometries 

AAPG Search&Disc 2011 

Abruptly transgressive sill – seismic inversion 



Guaymas Basin, Gulf Of California, 

Mexico 

• 2D seismic  

• 3 DSDP wells nearby (not shown)     

 

 

a, Time-migrated MCS section 

with the amplitude coloured for 

large values, which tend to 

indicate sills, gas or turbiditic 

strata. The dim traces at 

−12 km are due to reduced 

source strength. The green 

rectangles indicate the bottom 

panels of depth-migrated 

detail. b, 1.5–2.4 km, sills with 

overlying disturbed region 

(green), lateral termination of 

disturbed region, thickness of 

post-intrusion sediments, and 

onlap onto the post-intrusion 

sea floor indicated. c, 1.6–

2.5 km, shallow gas above 

interpreted young sill; a 

seafloor community is located 

above this feature (Fig. 3c). d, 

1.65–2.55 km, sills beneath 

mound within axial graben. e, 

1.75–2.65 km, saucer-shaped 

sills beneath turbiditic 

sediments. 

Saucer shaped sills, forced folds. Wells 

not shown 

Nat Geo 2011 



NW Indian Ocean  

• 2D seismic    

 

 

Saucer shaped sill and a variety of 

volcanics 

JGR 2011 



Faroe-Shetland Basin 

• 3D seismic survey 

 

 

Broken bridge structures – steps parallel 

to magma propagation direction 

JGS 2012 



South East  Australian Margin - Eyre, 

Ceduna, Otway, Torquay, Bass, 

Gippsland, Sorell Basins and Sub-Basins 

• 2D and 3D seismic surveys + wells 

 

 Petroleum implications, propagation indicators (lobes), 

fault control. Regional summary 

APPEA 2012 



Capel and Faust Basins, Lord Howe Rise 

(continental fragment), Tasman Sea, 

Offshore Australia,  

• 2D seismic  

 
Sills, volcanics and venting structures 

MPetGeo 2012 

Local 

highs 

amagmatic 

vent 

magmatic 

vent (?) 



Western Australia 

• 3D seismic survey 

 

 

Sill propagating along normal faults 

JGS 2013 



West of Shetland 

• Regional 3D seismic 

• 11 wells + 3 cores (13 total) 

 

 
Sills, including inverted polarity base of 

sill, observed tuning effects. Hydrocarbon 

migration 

PetGeo 2013 

Inverted 

polarity base 

sill reflection 

Potentially 

unusual sill 

geometry, 

hard to 

interpret with 

this line alone 

Sill amplitude 

increases as 

tuning effects 

occur 



Exmouth Sub-basin, NW Australia  

• 3D Seismic 

 

Focus on one sill with a 

rather unusual geometry. 

Forced fold amplitude 

found to be 

asymmetrical and less 

than sill thickness 

JGS 2013 



Great Australian Bite, southern Australia 

• 2D Seismic 

 

Attempts to compare sill thickness based 

on primarily tuned reflection amplitudes 

and forced fold displacements. Found that 

there is a weak correlation so that thicker 

sills produce greater amplitude folds, but 

found no expected depth dependencies.  

 

This discrepancy is argued to be caused 

by lithological effects (which are 

interpreted to be below seismic scale so 

could not be imaged).  

JPG 2013 

Laccolith 

rather than 

sill 



Exmouth Plateau, NW Australia  

• 3D + 2D Seismic 

 

Sills in 3D, 

potentially some 

indications of 

small amounts 

of downward 

propagation 

JGR 2013 



Gulf of Alaska 

• 2D seismic 

 

 

Sills in Gulf of Alaska. Seismic is quite 

recent (2008-2011) but quality is not 

highest 

JGR 2013 



Offshore Falkland islands 

• 2D seismic data  

• Potential well 

 

Sills from Falkland islands.  

 

Well 61/5-1 drilled into 60m of basalt, 

unsure if sill. 

 

Knowledge of the magmatic province’s 

history remains limited 

JPG 2013 



Jiaojiang Sag, East China Sea (N. of 

Taiwan) 

• 3D Seismic (2 surveys) + 2D seismic 

• 3 wells encountered igneous rocks 

 
AGS 2013 

Saucer shaped sills at greater depth. 

Shallow sills are flatter and lobate, have 

channels and fingers, and interpretable 

propagation directions.  

 

 

  

Note how sills in shallowest units, outlined in red, have completely different geometries to those that are deeper (green 

and yellow). Shallow sills are lobate/fingered with interpreted propagation directions, deeper sills are approximately 

circular and saucer-shaped.  



Irish Rockall Basin 

• 3D Seismic 

• Well intersects quite thin sill, not tied 

 

Sills and sill junctions. Mentions of vents and 

forced folding. Well 12/2-1 intersects a 13m 

thick basaltic sill in an area of high amplitude 

anomalies, not tied to an individual reflection. 

BasRes 2014 

Sill feeding relationship, with amplitude lineations and sill directly below  



Irish Rockall Basin 

• 3D Seismic 

• Well intersects quite thin sill, not tied 

 

Sills and sill junctions. Mentions of vents and 

forced folding. Well 12/2-1 intersects a 13m 

thick basaltic sill in an area of high amplitude 

anomalies, not tied to an individual reflection. 

BasRes 2014 



Pearl River Mouth Basin, South China 

Sea 

• 3D + 2D Seismic 

 

Paper is primarily on mounded structures 

above sills. Sills described as having both 

transgressive and concordant elements 

and are often found to abut against 

normal faults.   

MG 2014 



Guaymas Basin, Gulf of California 

• 2D Seismic 

 

MG 2014 

Sills associated with Gulf of California 

rifting. DSDP site 478 well shown 



Faroe-Shetland Basin 

• 3D Seismic 

• Wells mentioned but don’t seem to 

intersect sill 

 
Forced folds and a couple of hydrothermal 

vents (not that well imaged).Onlap and 

downlap onto forced folds is particularly 

clear   

GS 2014 



Baiyun Sag, Pearl River Mouth Basin, 

north South China Sea  

• 3D Seismic 

 

Irregular intrusions, with multiple 

reflections at the most shallow levels, 

interpreted as peperitic intrusions. Slightly 

deeper are small saucer shaped 

intrusions. Shallow gas at higher levels 

MarPet 2014 


