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Abstract 

Magma-rich margins are characterised by thick sequences of seaward dipping 

reflectors (SDRs), which consist of basalts interbedded with variable amounts of 

clastic and volcaniclastic material. The processes responsible for the 

emplacement and tilting of SDRs remain uncertain, as does the composition of 

the crust that they overlie. In this thesis, novel insights into SDR emplacement 

are gained through analysing new seismic reflection data from the Orange 

Basin, offshore South Africa and Namibia.  

It is demonstrated that a series of abandoned sites of SDR emplacement are 

embedded within the Orange Basin SDRs. Analysis of their 3D structure 

indicates that these features record rift-jumps resulting from the interaction 

between separate magmatic segments.  

Abandoned sites of SDR emplacement record the syn-emplacement geometry 

of SDRs, providing new constraints on models of SDR formation. The stratal 

geometries observed were compared to predictions from numerical and 

conceptual models. This analysis indicates that the dips within SDRs result from 

magmatic-loading. It also suggests that SDRs are emplaced subaerially as the 

uppermost part of an entirely magmatic crust.  

Magnetic lineations were then correlated from within oceanic crust to within 

SDR-bearing magmatic crust, providing new insights into the lateral variability of 

spreading dynamics. The along-strike continuity of these lineations suggest 

that, during South Atlantic opening, magmatic spreading occurred along a 

continuous axial zone, part of which was submarine and part of which was 

subaerial. This organised spreading centre was not segmented by transfer 

zones active earlier in the rifting process. This provides an example of 

magmatic process overprinting structural segmentation present earlier in the 

rifting process.  

Finally, the processes accommodating asymmetric SDR emplacement were 

analysed. In contrast to previous studies, here it is demonstrated that three 

processes control asymmetry: asymmetric magmatic spreading; rift-jumps; and 

asymmetric continental stretching. The dominance of each of these processes 

varies both spatially and temporally.  
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Chapter 1 Introduction 

1.1 Rationale 

Observations from active (e.g. Ebinger and Casey, 2001; Wolfenden et al., 

2005; Wright et al., 2006) and ancient (e.g. Hinz, 1981; White and McKenzie, 

1989; Skogseid, 2001) rifts indicate that rifting is often accompanied by 

magmatism. However, the ways in which magmatism influences the rifting 

process remain ambiguous, standing in contrast to our increasingly refined 

understanding of rifting in the absence of magmatic activity (e.g. Whitmarsh et 

al., 2001; Manatschal, 2004; Reston, 2005; Jagoutz et al., 2007; Péron-Pinvidic 

and Manatschal, 2008; Mohn et al., 2012; Lymer et al., 2019). 

From rift-initiation to the onset of seafloor spreading, rifted margins contain a 

detailed record of the rifting process. They are commonly classified via the 

amount of magmatic material they contain relative to predictions of rifting above 

a normal asthenosphere, which is considered as undepleted and having a 

potential temperature of 1300±30°C (e.g. McKenzie and Bickle, 1988; White 

and McKenzie, 1989). The majority of present-day rifted margins are classified 

as either ‘magma-rich’ (‘magma-dominated’) or ‘magma-poor’ (‘magma-starved’; 

Sawyer et al., 2007; Reston, 2009; Doré and Lundin, 2015), although there are 

also margins containing ‘moderate’ amounts of magmatic material (Larsen et 

al., 2018).  

Magma-rich margins, the focus of this thesis, provide the opportunity to study 

the interaction between tectonic and magmatic processes during rifting. 

Globally, these margins are characterised by two features (Figure 1.1): high-

velocity lower crust (White et al., 1987; Eldhom, 1991; Eldhom and Grue, 1994; 

Gladczenko et al., 1997; White et al., 2008); and seaward dipping reflectors 

(Hinz, 1981; Mutter et al., 1982; Planke and Eldhom, 1994; Planke et al., 2000). 

The composition and structure of the crust situated vertically between these two 

features (labelled with question marks in Figure 1.1) is uncertain and subject to 

much ongoing debate (Pindell et al., 2014; Quirk et al., 2014; McDermott et al., 

2015; Clerc et al., 2015; Geoffroy et al., 2015; Nemčok and Rybár., 2017; Paton 

et al., 2017; Collier et al., 2017; Reuber, 2017; McDermott et al., 2018; Senkans 

et al., 2018).  
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High-velocity lower crust (HVLC) was first identified in seismic refraction data 

(White et al., 1987) and is commonly interpreted as either underplated igneous 

material (Autin et al., 2016) or highly intruded continental crust (White et al., 

2008). Seaward dipping reflectors (SDRs) occur in the uppermost crust and 

were originally identified in seismic reflection data (Hinz, 1981). Drilling from 

offshore Norway (Mutter et al., 1982; Planke and Eldhom, 1994), SE Greenland 

(Hopper et al., 2003), the U.K. (Roberts et al., 1984), and Namibia (Wickens 

and McLachlan, 1990; Jackson et al., 2000) has shown that SDRs consist of 

tholeiitic flood basalts interbedded with variable amounts of volcaniclastic and 

clastic material. SDRs often occur in sequences that are over 100 km wide 

(margin-perpendicular extent) and up to 2500 km long (margin-parallel extent; 

e.g. McDermott et al., 2018). Globally, the vertical thickness of SDRs is typically 

between 2 and 6 km (Morgan and Watts, 2018), although in places thicknesses 

can exceed 10 km (Stica et al., 2014; Reuber et al., 2016; Reuber, 2017). The 

dip of the reflectors is generally between 5-15°, with extremes of 30° 

occasionally being reached (Morgan and Watts, 2018).  

Understanding the mechanisms responsible for the emplacement and tilting of 

SDRs is essential for understanding how lithospheric extension is 

accommodated in a magma-rich setting. However, the process of SDR 

emplacement is highly debated, with discussion focusing on the relative roles of 

faulting (Geoffroy, 2005; Quirk et al., 2014; Clerc et al., 2015; Geoffroy et al., 

2015; Nemčok and Rybár., 2017; Senkans et al., 2018; Guan et al., 2019) and 

magmatic loading (Mutter et al., 1982; Corti et al., 2015; Paton et al., 2017; 

Buck, 2017; Morgan and Watts, 2018; Tian and Buck, 2019) in producing their 

characteristic geometry. This debate also has implications for understanding the 

structure and composition of the sub-SDR crust (Figure 1.1), with different 

models of SDR emplacement suggesting that it is either stretched continental 

crust (Clerc et al., 2015; Geoffroy et al., 2015; Nemčok and Rybár., 2017; 

Senkans et al., 2018) or entirely new magmatic crust (Mutter et al., 1982; Paton 

et al., 2017).  

Given the occurrence of magma-rich margins worldwide (Hinz, 1981; Mutter et 

al., 1982; Austin and Uchupi, 1982; Oh et al., 1995; Gladczenko et al., 1997; 

Larsen and Saunders, 1998; Skogseid, 2001; Calvès et al., 2011; Senkans et 

al., 2018), and the presence of SDRs on each of them, these ambiguities are of 
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fundamental importance to understanding the rifting process. As such, it is the 

primary aim of this thesis use data from the South Atlantic to provide new 

constraints on the processes accommodating the emplacement and tilting of 

SDRs. 

Figure 1.1. The archetypal architecture of a magma-rich margin, namely: 
seaward dipping reflectors (SDRs); and high velocity lower crust (HVLC). 
The nature of the crust between the SDRs and the HVLC is disputed and 
here is annotated with question marks. Modified from Franke, 2013. 

1.2 Research questions 

In order to provide new insights into SDR emplacement and magma-rich margin 

evolution, four specific research questions were addressed, each of which is 

presented below. To answer these questions seismic reflection data from the 

South Atlantic conjugate magma-rich margins were analysed. The primary 

study area for this thesis is the Orange Basin, which is located offshore South 

Africa and Namibia. An overview of this basin and the dataset used to study it 

area provided in section 1.3.  

Research question 1: Do jumps of the rift-axis occur during SDR emplacement? 

Models of magma-rich margin evolution indicate that conjugate wedges of 

SDRs were emplaced either side of a central axial zone (Mutter et al., 1982; 

Quirk et al., 2014; Paton et al., 2017; Buck, 2017; McDermott et al., 2018; 

Morgan and Watts, 2018). This axial zone can be referred to as the rift-axis 

(Figure 1.2). Recent analytical models of SDR emplacement have incorporated 

jumps of the rift-axis, or ‘rift-jumps’ (Buck, 2017), to explain two defining 

features of magma-rich margins (Figure 1.2): firstly, that SDRs often occur in a 

series of seaward stepping wedges (e.g. Franke et al., 2007; Koopmann et al., 

2013; McDermott et al., 2018); and secondly, that conjugate SDR sequences 
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are often asymmetrical, meaning that one margin will contain a wider sequence 

of SDRs than the other (Becker et al., 2016).  

The occurrence of such rift-jumps has not yet been investigated through 

detailed seismic interpretation, meaning that the applicability of these numerical 

models is uncertain. Here two seismic surveys were used to investigate a newly 

identified volcano-stratigraphic package embedded within the Orange Basin 

SDRs (Chapter 5). This package is interpreted as an abandoned site of SDR 

emplacement resulting from a rift-jump. Through analysing its 3D structure, the 

processes driving this rift-jump were assessed. The results of this detailed study 

were then used to explain features that are observed across the Orange Basin 

(Chapter 6).  

Figure 1.2. Three stage model showing the occurrence of two rift-jumps 
during SDR emplacement (modified from Buck, 2017). Here, the geometry 
SDRs results from magmatic loading either side of the rift-axis (Buck, 
2017). However rift-jumps could also occur during fault-controlled SDR 
emplacement (e.g. Quirk et al., 2015). 
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Figure 1.3. Two different models of SDR emplacement. a) fault-controlled 
SDR emplacement, here the SDRs entirely overlie continental crust 
(modified from Geoffroy, 2005). b) magmatic-loading model of SDR 
emplacement, here the SDRs are emplaced as the uppermost part of 
thickened oceanic crust (modified from Buck, 2017). 
 

Research question 2: What are the roles of faulting and loading in generating 

the dips displayed by SDRs? 

Models of SDR emplacement can be separated into two categories: those 

where SDRs are considered as fault-controlled features (Figure 1.3a); and 

those where SDRs are considered as loading-controlled features (Figure 1.3b). 

These two sets of models assume fundamentally different extension 

mechanisms and crustal compositions. In the former set of models, it is 

assumed that SDRs were emplaced during continental stretching and that 

extension was accommodated primarily by faulting (Geoffroy, 2005; Quirk et al., 

2014; Geoffroy et al., 2015; Clerc et al., 2015; Nemčok and Rybár., 2017; 

Senkans et al., 2018; Guan et al., 2019). In the latter set of models, SDRs are 

interpreted to have formed as part of an entirely magmatic crust (Mutter et al., 

1982; Eldhom and Grue, 1994; Gladczenko et al., 1998; Hopper et al., 2003; 

McDermott et al., 2015; Paton et al., 2017; Collier et al., 2017) within which 

extension was accommodated by axial igneous accretion (Mutter et al., 1982; 

Buck, 2017; Paton et al., 2017; Morgan and Watts, 2018; McDermott et al., 

2018; Tian and Buck, 2019). Hence being able to distinguish between these 
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models is vital for understanding the structure and evolution of magma-rich 

margins (Tugend et al., 2018).  

Here, new insights into this debate were gained through studying a number of 

abandoned sites of SDR emplacement. These features provide constraints on 

the syn-emplacement geometry of SDRs; something that is lacking in fully 

developed SDR sequences. In order to answer the question posed above, 

observations and interpretations from these features were compared to the 

predictions of fault-controlled and loading-controlled models of SDR 

emplacement (Chapter 6).  

Research question 3: What were the spatial and temporal relationships between 

subaerial and submarine magmatic spreading during South Atlantic opening? 

In the magma-rich portion of the South Atlantic there is a growing consensus 

that the outermost SDRs were emplaced as the uppermost part of an entirely 

magmatic crust (Figure 1.4a; Gladczenko et al., 1998; Bauer et al., 2000; 

McDermott et al., 2015; Paton et al., 2016; Collier et al., 2017; McDermott et al., 

2018). This magmatic crust differs from oceanic crust in two ways: firstly, it has 

thicknesses exceeding those typical of oceanic crust (White et al., 1992); 

secondly its uppermost layer consists not of pillow-lavas but of subaerially 

erupted flood basalts (SDRs; Paton et al., 2017; Collier et al., 2017; McDermott 

et al., 2018). Following the emplacement of this SDR-bearing magmatic crust 

the spreading axis subsided below sea-level (Figure 1.4b), leading to the 

emplacement of oceanic crust (Mutter et al., 1982; Planke et al., 2000; 

McDermott et al., 2015; Paton et al., 2017; Collier et al., 2017; McDermott et al., 

2018). This spreading-axis subsidence is well documented in two-dimensions 

(Mutter et al., 1982; Planke et al., 2000; Hopper et al., 2003; Paton et al., 2017) 

but its three-dimensionality is less well understood.  

The South Atlantic opened from south to north (Jackson et al., 2000; Moulin et 

al., 2010; Heine et al., 2013; Collier et al., 2017), meaning that both spreading 

styles were active coevally but along different parts of the evolving basin. In 

Chapter 7, new constrains are provided on the spatial and temporal relationship 

between subaerial and submarine spreading. This was accomplished by 

coupling the interpretation of seismic reflection data with that of a total magnetic 

anomaly grid. Linear magnetic anomalies, representative of magmatic 

spreading, were correlated from within oceanic crust to within magmatic crust. 
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This provides new insights into the lateral variability of spreading dynamics 

during ocean opening.  

 

Figure 1.4. Subsidence of a magmatic spreading system during magma-
rich margin formation. a) subaerial SDR emplacement as the uppermost 
part of an entirely magmatic crust. b) submarine oceanic crust generation 
along the same spreading axis that was present in a).  
 

Research question 4: What are the mechanisms and causes of asymmetric 

SDR emplacement? 

Conjugate SDR sequences worldwide are asymmetric (Hopper et al., 2003; 

Blaich et al., 2009; Misra et al., 2015; Becker et al., 2016; Horni et al., 2017; 

Buck, 2017), meaning that one margin contains a wider and/or thicker SDR 

sequence than the other. This is problematic as the majority of models 

explaining SDR emplacement consider a symmetrical system (Mutter et al., 

1982; Quirk et al., 2014; Geoffroy et al., 2015; Paton et al., 2017; Buck, 2017; 

Morgan and Watts, 2018; McDermott et al., 2018). Furthermore, the models that 

do address asymmetry have failed to reach a consensus, with three 

mechanisms being proposed (Figure 1.5): asymmetrical magmatic spreading 

(Figure 1.5a; Hopper et al., 2003); rift-jumps resulting in the transfer of material 
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from one side of the basin to the other (Figure 1.5b; Buck, 2017); and, different 

emplacement mechanisms operating on either side of the basin (Figure 1.5c; 

Becker et al., 2016). 

Each of these models makes predictions concerning the geometry, thickness 

and width of the conjugate SDR belts. Here, three conjugate pairs of seismic 

lines from the South Africa-Argentina and Namibia-Uruguay conjugate margins 

were selected to test these models (Chapter 8). The model predictions were 

compared, qualitatively and quantitatively, with observations and interpretations 

from seismic data, thus constraining the mechanisms and causes of asymmetric 

SDR emplacement.  

 

Figure 1.5. Three models of asymmetric SDR emplacement: a) asymmetric 
magmatic spreading (modified from Hopper et al., 2003). b) rift-jumps 
resulting in the transfer of material from one side of the rift to the other 
(modified from Buck, 2017). c) different emplacement mechanisms 
operating either sides of the rift-axis (modified from Becker et al., 2014). In 
c) SDRs are fault-controlled (Fig 1.4a) on the left-hand-side of the rift-axis 
and loading controlled (Fig. 1.4b) on the right-hand-side of the rift-axis.  
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Figure 1.6. a) regional map of the South Atlantic with several geological 
features labelled: seaward dipping reflectors; large igneous provinces; 
the Mid-Atlantic Ridge; and prominent transform faults (see key for 
colours). On both the South American and African margins, the presence 
of seaward dipping reflectors demarks the location of a magma-rich 
margin. On the African margin, the sedimentary basins south of the 
Walvis Ridge are annotated. b) map of the study area showing the location 
of seismic lines from two surveys, one of which is located offshore 
Namibia and the other offshore South Africa. The location of b) is shown 
as an inset on a). 

1.3 Study area and data 

The primary study area is the Orange Basin, which is located offshore South 

Africa and Namibia. It is the southernmost sedimentary basin along the 1800 

km long magma-rich portion of the African Atlantic margin (Figure 1.6a). This 

margin, alongside its conjugate offshore South America (Figure 1.1a), has been 

instrumental in developing our understanding of the architecture and evolution 

of magma-rich margins (Hinz, 1981; Austin and Uchupi, 1982; Gladczenko et 

al., 1997; Gladczenko et al., 1998; Bauer et al., 2000; Franke et al., 2007; 

Koopmann et al., 2013; Stica et al., 2014; McDermott et al., 2015; Clerc et al., 

2015; Geoffroy et al., 2015; Paton et al., 2017; McDermott et al., 2018).  

This thesis is based primarily on the interpretation of two seismic reflection 

surveys from the Orange Basin (Figure 1.6b). One of these surveys, SCOB12, 

is located over the Namibian side of the basin (Figure 1.6b), and the other, 

SPOB12, is located over the South African side of the basin (Figure 1.6b). The 

South African dataset has a total length of 10,460 km, whilst the Namibian 

dataset has a length of 8,156 km. Both datasets were acquired by Spectrum 

Geo in 2012 and utilised long-recording times (10 s) and long-streamers (10.05 

km) to image rifted-margin structure. Both surveys were also pre-stack time 
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migrated (PSTM) and pre-stack depth migrated (PSDM). Together, they provide 

the opportunity to study the along-strike variability of a magma-rich margin at an 

unprecedented resolution. The datasets are fully described in Chapter 4.  

In addition to these two newly acquired datasets, two additional vintage surveys 

were used to facilitate along-strike correlations and produce 3D structure maps 

(Chapter 5, Chapter 6). As these surveys are only used in specific parts of this 

thesis, they will be introduced accordingly.  

In areas with limited seismic coverage, a regional total magnetic anomaly grid 

was used to correlate features between 2D seismic lines. It was also used to 

map magnetic chrons identified in earlier studies (Koopmann et al., 2014b; 

Collier et al., 2017).  

Chapter 8 addresses margin asymmetry in the South Atlantic and utilises three 

2D seismic reflection lines over the South American margin. Again, the dataset 

containing these lines will be described in the relevant part of this thesis. 

1.4 Thesis outline 

In this thesis, Chapters 1-4 provide geological and methodological background, 

Chapters 5-8 focus on results and analysis, and Chapter 9 summarises the 

conclusions from earlier chapters. Each of the results-based chapters (5-8) are 

relatively self-contained and include: a brief summary of the relevant literature; 

a description of the specific methodology; and, a contextualised discussion of 

the results. A brief summary of each chapter is given below.  

Chapter 2 provides an overview of the architecture and evolution of magma-rich 

margins. The first part of the chapter focuses on the causes of magmatism 

during lithospheric extension. The second part then addresses our current 

understanding of SDR emplacement.  

Chapter 3 summarises the tectono-magmatic evolution of the South Atlantic 

magma-rich margins. It also describes the architecture of the Orange Basin and 

juxtaposes previous interpretations of stratal geometry and crustal type.  

Chapter 4 describes the data and methods used throughout this thesis. It 

introduces methods of seismic stratigraphy and demonstrates how they have 

been applied to the dataset.  
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Chapter 5 is modified from a publication in Earth and Planetary Science Letters 

(Norcliffe et al., 2018) and addresses the first research question presented 

above: Do jumps of the rift-axis occur during SDR emplacement? Within this 

chapter, data from a small part of the South African Orange Basin are used to 

characterise a newly identified volcano-stratigraphic package. Through the 

interpretation of stratal geometry and seismic velocities, it is demonstrated that 

this package results from a rift-jump during SDR emplacement. Through 

mapping its 3D structure, the processes driving intra-SDR emplacement rift-

jumps are determined.  

Chapter 6 addresses the second research question posed above (section 1.2): 

What are the roles of faulting and loading in generating the dips displayed by 

SDRs? To answer this question, the findings from the previous chapter are 

used to identify five separate abandoned sites of SDR emplacement within the 

Orange Basin. Each of these features records the syn-emplacement geometry 

of SDRs, which is not recorded in fully developed SDR sequences. These 

stratal geometries are compared with the predictions made by conceptual and 

numerical models of SDR emplacement. It is demonstrated that during SDR 

emplacement large amounts of axial subsidence is generated without faulting. 

This supports magmatic-loading models of SDR emplacement and suggests 

that SDRs constitute the uppermost part of an entirely magmatic crust.  

Chapter 7 focuses on the third research question posed in section 1.2: What 

were the spatial and temporal relationships between subaerial and submarine 

magmatic spreading during South Atlantic opening? This chapter uses findings 

from Chapter 6 to map the distribution of different crustal types across the 

Orange Basin. This crustal framework is then used to constrain the 

interpretation of linear magnetic anomalies. It is shown that magnetic lineations 

within the oceanic crust can be correlated within the SDRs. These results are 

then used to investiage the along-strike variability of spreading-dynamics during 

South Atlantic opening.  

Chapter 8 addresses the fourth question posed in section 1.2: What are the 

mechanisms and causes of asymmetrical SDR emplacement? Here, data from 

the conjugate magma-rich margins of the South Atlantic are uses to test, 

qualitatively and quantitatively, different models of asymmetric SDR 
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emplacement. In particular this chapter focuses on the role of rift-jumps in 

producing the asymmetry observed in the present day.    

Chapter 9 provides a summary of how the central four research questions 

(section 1.2) have been addressed. Future directions in rift-related research are 

considered also considered
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Chapter 2 The architecture and evolution of magma-rich rifted 
margins 

2.1 Introduction 

This chapter evaluates our current understanding of magmatism during rifting. It 

covers both the processes responsible for magmatism and the consequences 

magmatism may have on an evolving rift basin. A significant portion of this 

chapter is also given to describing the architecture of SDRs (section 2.3.1) and 

discussing different models for their evolution (section 2.3.2). The regional 

setting for the study will be outlined in Chapter 3.  

2.2 The occurrence of magmatism during rifting 

Here, the fundamentals of melt-production during rifting are revisited. The 

models presented in this section act as a benchmark for the more recent 

observations and models described in subsequent sections (sections 2.2.3) and 

Chapters (chapter 8).  

2.2.1 Reference model for melt-generation during rifting 

Classic models of melt-generation during lithospheric stretching (Figure 2.1a) 

make several assumptions: firstly, that the lithosphere thins via pure shear; 

secondly, that the temperature at the base of the plate remains constant; thirdly, 

that the asthenosphere is isothermal; and fourthly, that in order to maintain 

isostatic equilibrium the asthenosphere rises passively during lithospheric 

thinning (McKenzie, 1978; McKenzie, 1984; McKenzie and Bickle, 1988; White 

and McKenzie, 1989). 

Under these conditions, the lithospheric stretching factor, β, can be used to 

calculate the amount of lithospheric thinning (Chappell and Kusznir, 2008). As β 

increases the asthenosphere decompresses, a consequence of which can 

eventually be adiabatic partial melting (Figure 2.1b). Following melt generation, 

it is assumed that all of the melt is extracted from matrix and moves vertically 

upwards, where it is emplaced intrusively (within the lithosphere) or extrusively 

(at the surface; McKenzie and Bickle, 1988; White and McKenzie, 1989). If we 

assume a normal asthenosphere, then initial melt generation occurs where β is 
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between 2.2-3.8 (Figure 2.1b). A normal asthenosphere is considered as 

undepleted and as having a potential temperature of 1300±30 °C (White and 

McKenzie, 1989; Chappell and Kusznir, 2008). In this situation, the amount of 

melt generated will then increase with increasing β (Figure 2.1b). Given that 

rifted margins worldwide record β factors in excess of 2.2-3.8, it follows that 

they should all contain magmatic additions. 

 

Figure 2.1. Models of lithospheric stretching and melt production. a) 
Schematic diagram demonstrating the pure shear stretching of the 
continental lithosphere, (modified from McKenzie, 1978; and Allen and 
Allen, 2013). b) Melt thickness during lithospheric extension, as a function 
of β (McKenzie and Bickle, 1988). Curves are shown for three initial 
lithospheric thicknesses (70 km, 100 km, and 130 km). The potential 
temperature of the asthenosphere is 1280 °C, which is considered normal. 
Graph is modified from Chappell and Kusznir (2008). 

2.2.2 Global observations of rift-related magmatism 

The model presented above (section 2.2.1) predicts that magmatic material 

should be common in highly stretched rift basins, and ubiquitous in places 

where rifting culminated in continental breakup (McKenzie and Bickle, 1988; 

White and McKenzie, 1989). This model can be tested against observations 

from rift-systems worldwide.  

The process of rifting can be studied in three settings: active rift basins (e.g. 

Ebinger and Casey, 2001; Corti, 2009; Keir et al., 2013); present-day rifted 

margins and failed-rifts (e.g. Reston, 2009; Péron-Pinvidic et al., 2013; Franke, 
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2013); and fossil rift systems (e.g. Manatschal, 2004; Mohn et al., 2012; 

Abdelmalak et al., 2015). Rifted margins define the transition from unstretched 

continental crust (β = 0) to oceanic crust (β ≈ ∞). Hence they provide an ideal 

setting to test the model presented above (section 2.2.1), where the amount of 

melt is a result of β (Figure 2.1b). Data from rifted-margins indicate that the 

amount of magmatic material can vary greatly both between (e.g. Sawyer et al., 

2007; Franke, 2013) and along (Shillington et al., 2009; Koopmann et al., 2013; 

Gouiza and Paton, 2019) margins. This indicates that factors other than β are 

influencing magma production during rifting (White and McKenzie, 1989; 

Nielsen and Hopper, 2002; Armitage et al., 2010; Koopmann et al., 2014a; 

Taposeea et al., 2016). 

The interpretation of present-day rifted margins and fossil rift-systems 

worldwide, has led to them being classified as either ‘magma-rich’ (also known 

as ‘magma-dominated’) or ‘magma-poor’ (also known as ‘magma-starved’; 

Sawyer et al., 2007; Péron-Pinvidic and Manatschal, 2008; Reston, 2009). This 

classification can also be extended to active rifts (Ebinger and Casey, 2001; 

Wright et al., 2006). These terms, magma-rich and magma-poor, refer to the 

amount of magmatic material observed relative to that predicted by lithospheric 

extension above a normal asthenosphere (White and McKenzie, 1989). Hence 

it appears that rifting is often accompanied by either more or less magmatism 

than predicted by base-case scenario presented above (section 2.2.1).  

There are several well-constrained examples of magma-rich and magma-poor 

margins, namely the NE Atlantic magma-rich margin (e.g. Mutter et al., 1982; 

Planke and Eldhom, 1994; Eldhom and Grue, 1994; Skogseid, 2000; White et 

al., 2008) and the Iberian magma-poor margin (Boillot et al., 1980; Whitmarsh et 

al., 2001; Reston, 2005; Pérez-Gussinyé et al., 2008). In these cases both 

margin-architecture and the distribution of magmatic material are well-

constrained by seismic reflection, seismic refraction, borehole and potential 

fields data. Elsewhere, rifted-margins are classified by their architecture as 

compared to these well-defined examples from the North Atlantic. These 

archetypal margin geometries are described in detail below (sections 2.2.2.1 

and 2.2.2.2). 

Prior to describing the characteristics of these end-members, it is worth noting 

that the data available over rifted margins do not adequately resolve moderate 
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amounts of magmatic material (Reston, 2009). Hence some margins currently 

classified as magma-poor may actually contain more magmatic material than is 

appreciated. For example, the architecture of the South China Sea margins are 

indicative of a magma-poor environment, however recent drilling indicates that 

rifting was accompanied by a normal (White and McKenzie, 1989) amount of 

magmatic material (Larsen et al., 2018)  

 

Figure 2.2. Archetypal architecture of rifted margins, modified from Franke 
(2013). a) magma-poor margin characterised by seaward dipping 
detachment faults, hyperextended continental crust, exhumed mantle, and 
oceanic crust. b) magma-rich margin characterised by the occurrence of 
seaward dipping reflectors (SDRs) and high-velocity lower crust (HVLC). 
The composition of the sub-SDR crust is uncertain and is annotated with 
question marks.  

2.2.2.1 Magma-poor margins 

Magma-poor margins (Figure 2.2a) consist of a series of seaward stepping 

domains, each of which contains distinct structural features (Péron-Pinvidic et 

al., 2013; Franke, 2013; Tugend et al., 2015; Doré and Lundin, 2015). As the 

process of rifting progressives, strain localises towards the rift-axis resulting a 
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narrowing of the zone affected by deformation (Whitmarsh et al., 2001; Péron-

Pinvidic et al., 2013; Naliboff et al., 2017). A consequence of this strain 

localisation is that each of the seaward-stepping domains observed in the 

present-day records a distinct phase of the rifting process (Péron-Pinvidic et al., 

2013).  

The landward-most part of a magma-poor margin contains isolated half-grabens 

that overlie relatively unthinned crust (Péron-Pinvidic et al., 2013; Franke, 2013; 

Tugend et al., 2015). The faults controlling these half-grabens often overlie 

basement heterogeneities (e.g. Osmundsen et al., 2002), leading to the 

interpretation that structural inheritance controlled early basin evolution 

(Manatschal et al., 2015). This innermost part of a rifted margin is often named 

the proximal domain (Péron-Pinvidic et al., 2013). 

Moving seawards, large seaward dipping detachment faults (Figure 2.2a) offset 

the top-basement surface (e.g. Osmundsen and Ebbing, 2008; Osmundsen and 

Péron-Pinvidic, 2018). These faults overlie a zone of major crustal thinning 

(Whitmarsh et al., 2001; Osmundsen and Ebbing, 2008; Péron-Pinvidic and 

Manatschal, 2008; Mohn et al., 2012), leading to this area often being named 

the necking domain/zone (Péron-Pinvidic and Manatschal, 2008; Péron-Pinvidic 

et al., 2013).  

Seawards of the necking domain, the seaward-dipping detachment faults cross-

cut the entire crust (Figure 2.2a). This signifies that the entire crust was brittle, 

or hyperextended, during their formation (Reston, 2005; Péron-Pinvidic et al., 

2013; Tugend et al., 2015). Clear examples of hyperextended crust have been 

documented in both geophysical data (e.g. Reston, 2005; Reston, 2009; Lymer 

et al., 2019) and in outcrop (Manatschal, 2004).  

A zone of exhumed and serpentinised mantle may be present seawards of this 

hyperextended crust (e.g. Boillot et al., 1980; Boillot et al., 1987; Manatschal, 

2004). The occurrence of serpentinite signifies that the mantle was exposed at 

the seafloor during extension (Boillot et al., 1987). In seismic reflection and 

refraction data, the occurrence of exhumed mantle is evident from the merging 

of the top-basement and Moho at the edge of the hyperextended crust (e.g. 

Gillard et al., 2015). Recent studies have demonstrated that the exhumed 

mantle itself may contain several generations of detachment faults (Gillard et 

al., 2015; Gillard et al., 2016). Magmatic additions may be also be present 
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within this zone, where they result from pulses of magmatism that did not 

culminate in magmatic spreading (Jagoutz et al., 2007; Gillard et al., 2016; 

Gillard et al., 2017). 

Oceanic crust is present seawards of the exhumed mantle (Figure 2.2a), 

although in these settings the earliest oceanic crust may be ‘magma-starved’ 

(Jagoutz et al., 2007). In these situations, the presence of oceanic crust is 

defined by the occurrence of mid-ocean ridge basalt (MORB) magmatism 

(Jagoutz et al., 2007).  

2.2.2.2 Magma-rich margins 

Magma-rich margins (Figure 2.2b) worldwide are characterised by two features 

(Menzies and Klemperer, 2002; Franke, 2013): high velocity lower crust 

(HVLC), and seaward dipping reflectors (SDRs). HVLS is defined by P-wave 

velocities of ≥7.2 km/s (White et al., 2008) and is identifiable in seismic 

refraction data. Integrated studies of seismic refraction and gravimetric data 

indicate that these high-velocities correspond to high-densities (e.g. Hirsch et 

al., 2009; Maystrenko et al., 2013). Accordingly these features are sometimes 

referred to as high-density lower crustal bodies (Autin et al., 2016). In seismic 

reflection data, reflections have been recorded from the boundaries of the 

HVLC (Gernigon et al., 2004; Abdelmalak et al., 2017) and from within the 

crustal body itself (White et al., 2008; Quirk et al., 2014; Geoffroy et al., 2015; 

Clerc et al., 2015). Despite its widespread occurrence, the nature of HVLC 

remains disputed (Hopper et al., 2003; Gernigon et al., 2004; White et al., 2008; 

Abdelmalak et al., 2017). Its velocities are typical of mafic igneous material 

generated via the melting of a hotter-than-normal asthenosphere (White et al., 

2008). However, studies diverge on whether HVLC consists of entirely new 

magmatic material, (an underplate; Eldhom and Grue, 1994; Hopper et al., 

2003) or highly intruded continental crust (White et al., 2008). 

Seaward dipping reflectors (SDRs) are the second diagnostic feature of 

magma-rich margins (Figure 2.2b). Drilling from the offshore Norway (Mutter et 

al., 1982; Planke and Eldhom, 1994), the U.K. (Roberts et al., 1984), SE 

Greenland (Larsen and Saunders, 1998), and Namibia (Wickens and 

McLachlan, 1990; Jackson et al., 2000) demonstrate that SDRs consist of basic 

volcanics interbedded with variable amounts of clastic material. SDRs partially 
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overlie the HVLC and are located between unequivocal continental crust and 

unequivocal oceanic crust (Figure 2.2b). They are generally considered as the 

extrusive counterpart to the intrusive lower crustal bodies (e.g. Eldhom and 

Grue, 1994; Gladczenko et al., 1998; White et al., 2008). The processes 

responsible for the seaward tilting of SDRs remain contentious (Mutter et al., 

1982; Pindell et al., 2014; Quirk et al., 2014; Clerc et al., 2015; Geoffroy et al., 

2015; Paton et al., 2017; Buck, 2017; McDermott et al., 2018; Morgan and 

Watts, 2018). Given that this debate is the main focus of this thesis, a detailed 

description of our current understanding of SDR emplacement is provided in 

section 2.3.  

The nature of the crust located vertically between the SDRs and the HVLC is 

interpreted either as intruded continental crust (White et al., 2008; Clerc et al., 

2015; Geoffroy et al., 2015) or as entirely new magmatic crust (Mutter et al., 

1982; Hopper et al., 2003; Paton et al., 2017). Again, debates concerning this 

issue are described in detail in subsequent sections (sections 2.3.2).  

Immediately seawards of the SDRs is normal oceanic crust (Figure 2.2b), which 

is identifiable by its seismic character (McDermott et al., 2015; Paton et al., 

2017) and velocity structure (White et al., 2008; Hirsch et al., 2009; Taposeea et 

al., 2016). It also often contains alternating magnetic anomalies, indicating the 

occurrence of organised seafloor spreading (Koopmann et al., 2014b; Collier et 

al., 2017). The oceanic crust located adjacent to the SDRs is typically thicker 

(Franke, 2013; Taposeea et al., 2016) than the global average of 7.1±0.8 km 

(White et al., 1992). However, with increasing distance seaward, the crustal 

thickness decreases towards the global average (Franke, 2013). Accompanying 

this seaward decrease in thickness, there is often a change in the morphology 

(Elliott and Parson, 2008; McDermott et al., 2015; Geissler et al., 2017). 

Adjacent to the SDRs, the top of the oceanic crust is relatively smooth and flat-

lying (Figure 2.2b). However, with distance seawards this surface becomes 

increasingly disrupted by seaward dipping normal faults (Figure 2.2b), giving a 

classic ‘abyssal hills’ geometry (Elliott and Parson, 2008; McDermott et al., 

2015).  

Landwards of the SDRs is unequivocal continental crust, which shows marked 

variability between different rifted margins. Along the Norwegian margin, the 

SDRs sit outboard of a wide zone of stretched continental crust that is often 
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over 200 km wide (e.g. Skogseid, 2000; Osmundsen and Ebbing, 2008; 

Gernigon et al., 2015). This region formed in response to multiple periods of 

magma-poor rifting, and is possibly floored by hyperextended continental crust 

(Osmundsen and Ebbing, 2008; Gernigon et al., 2015). This contrasts examples 

from offshore Namibia and Brazil (Stica et al., 2014; Clerc et al., 2015; Geoffroy 

et al., 2015; Reuber, 2017; McDermott et al., 2018), where the crust inboard of 

the SDRs is only moderately thinned (as is the case in Figure 2.2b).  

 

Figure 2.3. The generation of melt during lithospheric stretching (White 
and McKenzie, 1989), redrawn from Chappell and Kusznir, 2011. Three 
asthenospheric potential temperatures are shown, 1280 °C (ambient), 1380 
°C, and 1480 °C. For each of these potential temperatures, the initial 
thickness of the lithosphere is also modified (curves show starting 
thicknesses of 70 km, 100, km, and 130 km). It is demonstrated that, for 
the same value of β, increases in temperature result in a greater melt 
thickness. 

2.2.3 Causes of variable amounts of magmatism during rifting  

The variable amounts of magmatic material contained on margins worldwide 

suggest that melt volumes are not solely controlled by the amount of 

lithospheric extension (section 2.1.1). Deficits in magmatism during rifting can 

be attributed to depth-dependent stretching (Minshull et al., 2008), slow 

extension-rates (Pérez-Gussinyé et al., 2006), a depleted or sub-depleted 
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asthenosphere (Pérez-Gussinyé et al., 2008; Gouiza and Paton, 2019), and/or 

cool asthenospheric temperatures (Reston and Morgan, 2004). Meanwhile, 

normal amounts of magmatism may result from fast extension above an already 

thin lithosphere (Larsen et al., 2018). Magma-rich margins are commonly 

attributed to a hotter-than-normal asthenosphere (White and McKenzie, 1989; 

Nielsen and Hopper, 2002; Armitage and Collier, 2017) alongside several other 

factors (Nielsen et al., 2002; Armitage et al., 2010; Koopmann, et al., 2014a; 

Taposeea et al., 2016). Given that magma-rich margins are the focus of this 

thesis, each of the factors influencing excessive melt volumes are described 

below.  

2.2.3.1 Causes of excessive amounts of magmatic activity during rifting 

During lithospheric extension, excessive amounts of magmatism can be 

attributed to the presence of an underlying thermal anomaly (White and 

McKenzie, 1989). Such anomalies occur where mantle plumes impinge on the 

base of the lithosphere (White and McKenzie, 1989). Theoretical models 

suggest that, for any one value of β, a greater melt thickness will be produced 

by an increase of asthenospheric potential temperature above ambient (Figure 

2.3).  

Magma-rich margins often correlate, spatially and temporally (White and 

McKenzie, 1989), with the occurrence of mantle plumes and onshore large 

igneous provinces (LIPs): the magma-rich margins of the North Atlantic are 

associated with the Iceland Plume and the North Atlantic Igneous Province 

(NAIP) LIP (White et al., 1987; Skogseid, 2000; Nielsen et al., 2002; Smallwood 

and White, 2012); the magma-rich margins of the South Atlantic are associated 

with the Tristan plume and the Parána-Etendeka LIP (Gladczenko et al., 1997; 

Taposeea et al., 2016; Collier et al., 2017); the GOP rift in the NE Indian Ocean 

is associated with the Reunion plume and the Deccan LIP (Collier et al., 2009; 

Armitage et al., 2010; Corfield et al., 2010; Misra et al., 2015); and, the less well 

studied magma-rich margins of the Central Atlantic are associated with the 

Central Atlantic Magmatic Province (CAMP) LIP. Additionally, the active 

magmatic rifts of northern Ethiopia are also associated with a hotter-than-

normal asthenosphere (Armitage and Collier, 2017). These spatio-temporal 

relationships support a causal link between magma-rich rifting and mantle 

plumes (White and McKenzie, 1989). 
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However, at a finer scale, complexities arise with a simple relationship between 

rifting and asthenospheric temperature (Nielsen et al., 2002; Armitage et al., 

2010; Franke, 2013; Koopmann et al., 2014a). One such complication is related 

to mantle dynamics during rifting. The model of White and McKenzie (1989) 

assumes a passive asthenosphere. That is, an asthenosphere that passively 

rises and melts in response to lithospheric thinning. It has been suggested that 

the active upwelling of asthenospheric material, at rate faster than plate 

separation, may generate excessive amounts of melt without excess 

temperatures (Mutter et al., 1988). In these models, active upwelling takes the 

form of small-scale convection that is triggered by either the rifting process 

(Mutter et al., 1988; van Wijk et al., 2001) or changes in the thickness of the 

pre-rift lithosphere (King and Anderson, 1998). Dynamic models of melt 

generation demonstrate that small-scale convection does indeed increase the 

amount of asthenospheric melting (Nielsen and Hopper, 2002). However, they 

also demonstrate that this convection alone does not produce the amounts of 

melt typical of a magma-rich margin and instead emphasise the need for 

anomalously high temperatures in the asthenosphere (Nielsen and Hopper, 

2002).  

A second complication of the model of White and McKenzie (1989) is related to 

the amount of magmatic material generated through time. Interpretations of 

seismic refraction and reflection data indicate that magma-rich margins record a 

transient pulse of magmatic activity (Mutter et al., 1982; Eldhom and Grue, 

1994; Hopper et al., 2003; Paton et al., 2017; McDermott et al., 2018). This 

interpretation is based primarily on two observations: that SDRs and HVLC 

record excess amounts of asthenospheric melting, yet they transition seawards 

into oceanic crust with ‘normal’ thickness. This relationship indicates that the 

magma-budget decreased through time (Mutter et al., 1982; Eldhom and Grue, 

1994; Hopper et al., 2003). The transient pulse of excess magmatism has been 

reproduced through modelling an exhaustible ‘hot layer’ in the uppermost 

asthenosphere (Keen and Boutilier, 2000; Nielsen and Hopper, 2002; Armitage 

et al., 2010; Taposeea et al., 2016; Armitage and Collier, 2017), a scenario 

consistent with rifts that overlie a laterally extensive plume head (Hopper et al., 

2003).  
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Several studies have also elucidated the relationship between pre-existing 

structures in the lithosphere and thermal anomalies (Nielsen and Hopper, 2002; 

Armitage et al., 2010; Taposeea et al., 2016). In the North Atlantic, the Iceland 

plume impinged the base a lithosphere that had already been thinned by rifting 

(Skogseid, 2000; Nielsen et al., 2002; Armitage et al., 2010). Prior to continental 

breakup the plume was centred beneath the unthinned Greenland craton 

(Figure 2.4; Nielsen et al., 2002). It is suggested that the plume head was then 

channelled towards areas of thinner lithosphere (Nielsen et al., 2002). This flow 

of plume material is only possible prior to melting, after which its viscosity 

increases due to dehydration and cooling, preventing further lateral flow 

(Nielsen et al., 2002). The distribution of rift-related magmatic material in the 

South Atlantic provides further insights into the relationship between 

asthenospheric thermal anomalies and 3D lithospheric structure (Taposeea et 

al., 2016). However, this will be discussed in more detail in the Chapter 3, which 

focuses on the magma-rich margins of the South Atlantic.  

In conclusion, observations and models suggest that asthenospheric 

temperatures are the primary control on excessive melt-volumes during rifting 

(White and McKenzie, 1989). However, it is also clear that the pre-existing 

structure of the lithosphere controls when and where melting occurs (White and 

McKenzie, 1989; Nielsen and Hopper, 2002; Taposeea et al., 2016; Armitage 

and Collier, 2017).  

Figure 2.4. Conceptual 
model (modified from 
Nielsen et al., 2002) 
showing the channeling 
of plume material by 
changes in lithospheric 
thickness. Here, the 
plume impinged the 
lithosphere beneath the 
Greenland craton. Plume 
material was then 
channelled towards the 
zones of thinned 
lithosphere (the rifts of 
the North Atlantic and 
the Davis Strait). 
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Figure 2.5. Schematic diagram showing the archetypal geometry of SDRs 
(Mutter et al., 1982) based on data from the Vøring margin, offshore 
Norway. Redrawn from Mutter et al. (1982) and Jackson et al. (2000). 

2.3 The architecture and evolution of seaward dipping 
reflectors 

Now that the processes controlling magma-rich margin formation have been 

addressed, our current understanding of SDR architecture (section 2.3.1) and 

emplacement (section 2.3.2) will be discussed. It is demonstrated that in order 

to understand the evolution of magma-rich margins, it is crucial to understand 

the processes controlling the emplacement and tilting of SDRs.  

2.3.1 The architecture and lithology of SDRs 

In seismic reflection data SDRs have been identified on margins worldwide 

(Hinz, 1981; Austin and Uchupi, 1982; Mutter et al., 1982; Gladczenko et al., 

1997; Hopper et al., 2003; Collier et al., 2009; Calvès et al., 2011; Norton et al., 

2015; Senkans et al., 2018; Gouiza and Paton, 2019). They have also been 

observed in outcrop in SE Greenland (Karson and Brooks, 1999), W Greenland 

(Geoffroy et al., 2001), and NE Norway (Abdelmalak et al., 2015). 

A dominantly volcanic SDR-lithology was confirmed by Ocean Drilling Program 

(ODP) campaigns on the Norwegian Vøring margin (Mutter et al., 1982; Planke 

and Eldhom, 1994), the SE Greenland margin (Larsen and Saunders, 1998), 

and the Rockall margin (Roberts et al., 1984). In each of these locations the 

SDRs consist of tholeiitic flood basalts interbedded with variable amounts of 

sediment and volcaniclastic material (Mutter et al., 1982; Roberts et al., 1984; 

Planke and Eldhom, 1994; Larsen and Saunders, 1998). Dykes and sills were 

also encountered in several wells (Planke and Eldhom, 1994; Larsen and 
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Saunders, 1998). In addition to these ODP boreholes, SDRs have been 

encountered by several industry wells on the Namibian margin (Wickens and 

McLachlan, 1990; Jackson et al., 2000) where again they have a dominantly 

volcanic lithology.  

The Kudu gas field wells, offshore Namibia, encountered flood basalts 

intercalated with fluvial sediments and aeolian sandstones, indicating  that 

SDRs were emplaced in a subaerial environment (Wickens and McLachlan, 

1990). A similar conclusion is supported by data from the North Atlantic, where 

the erosion and alteration of recovered flow tops indicate subaerial exposure 

(Planke and Eldhom, 1994; Larsen and Saunders, 1998). In seismic reflection 

data, SDRs are defined by a diagnostic reflector configuration (Figure 2.5), 

whereby all of the reflectors: dip seawards; have an arcuate geometry; increase 

in dip angle with depth, diverge downdip; show no evidence of bottomsets; and, 

offlap seawards (Mutter et al., 1982). In this context, the term ‘offlap’ refers to 

the seaward migration of the updip SDR-terminations (Figure 2.5).  

 

Figure 2.6. The structure and geophysical characteristics of lava flows 
(modified from Nelson et al., 2009). a) outcrop example of a basaltic lava 
flow, alongside the petrophysical properties of a lava flow from the Lopra-
1 borehole (note scale difference between outcrop and wireline log data). 
Vp = p-wave velocity (km/s), RHOB = density log. b) P-wave velocity data 
through lava flows encountered in the Glyvursnes-1 borehole. Note 
velocity lows resulting from both the presence of interbedded sediments 
and lava flow tops.  
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Individual SDR-reflectors are highly variable in terms of amplitude and 

continuity (Planke and Eldhom, 1994). This variability is a result of the range of 

geological scenarios that can produce reflectivity. Borehole constrained 

synthetic seismograms demonstrate that SDR-reflections often result from 

tuning effects from numerous basalt flow-sediment interfaces (Planke and 

Eldhom, 1994). However, continuous reflections can also be generated from 

particularly thick and extensive lava flows (Planke and Eldhom, 1994). Field and 

laboratory studies demonstrate that the uppermost part of a lava flow, the ‘flow 

crust’ has a relatively low p-wave velocity due to its highly vesicular and 

weathered nature (Figure 2.6; Nelson et al., 2009). Velocity then increases with 

depth towards the higher-density flow centre (Nelson et al., 2009). These intra-

lava flow density/velocity variations are sufficient to generate reflections, 

meaning that intercalated sediments are not a requisite for reflectivity. Two 

dimensional seismic forward modelling also demonstrates that SDR reflectivity 

can also result from interbedded lava flows and volcaniclastics (Morgan and 

Watts, 2018).  

The dimensions of SDR sequences vary both along (Koopmann et al., 2013; 

McDermott et al., 2018) and between (e.g. Mutter et al., 1982; Stica et al., 2014) 

margins. They are characterised by widths (margin-perpendicular distance) 

between 30-500 km (Norton et al., 2015; McDermott et al., 2018), with the 

greater widths often being associated with hotspot tracks (McDermott et al., 

2018). Regionally, they can be continuous along-strike for over 2000 km 

although they may be locally disrupted by transfer zones (Koopmann et al., 

2013; McDermott et al., 2018). Vertical thicknesses of 3-6 km are common 

(Morgan and Watts, 2018) but extremes of >15 km have been reported, which 

again are associated with hot-spot tracks (McDermott et al., 2018). On average, 

SDRs dip between 5-15° (Morgan and Watts, 2018). However given that dip 

angle increase with depth, greater than average dips are common (as will be 

evident in subsequent chapters).  

2.3.1.1 Different types of SDRs  

The geometrical description presented above (Mutter et al., 1982) should hold 

for the large majority of reflectors within a succession/sequence of SDRs. 

Within this framework, many studies have demonstrated that SDR sequences 

can sub-divided into a series of packages (Planke et al., 1999; Bauer et al., 
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2000; Planke et al., 2000; Franke et al., 2007; Elliott and Parson, 2008; Rey et 

al., 2008; Calvès et al., 2011; Koopmann et al., 2013; McDermott et al., 2015; 

Geissler et al., 2017; Horni et al., 2017; McDermott et al., 2018) via changes in: 

seismic character (Planke et al., 2000; Elliott and Parson, 2008; Calvès et al., 

2011; McDermott et al., 2018); reflector dimensions (Planke et al., 2000; Calvès 

et al., 2011; McDermott et al., 2018); downdip termination character (Paton et 

al., 2017; McDermott et al., 2018); and, the type of crust that they overlie (Elliott 

and Parson, 2008; McDermott et al., 2015; Paton et al., 2017).  

The most common way of categorising SDRs is to separate them into Inner 

SDRs and Outer SDRs (Planke et al., 1999; Bauer et al., 2000; Planke et al., 

2000; Calvès et al., 2011; McDermott et al., 2015; Paton et al., 2017; Horni et 

al., 2017; Geissler et al., 2017). In these scenarios, the Inner SDRs are always 

located landwards of the Outer SDRs (Figure 2.7).  

 

Figure 2.7. Seismic volcano-stratigraphic classification of a magma-rich 
margins, modified from Planke et al. (2000). Each of the separate seismic 
facies units is annotated, as are the interpreted emplacement 
environments.) 
Interpretations of Inner SDRs and Outer SDRs are based on the seismic 

volcano-stratigraphic classification established by Planke et al. (2000). This 

classification system is explained in Chapter 4 and relies on defining different 

seismic facies units via consistent changes in parameters such as reflector 

configuration, reflector continuity, reflector amplitude and interval velocity 

(Planke et al., 2000). In addition to Inner and Outer SDRs this generic seismic 

volcano-stratigraphic classification (Figure 2.7) contains several seismic facies 

units (i.e. landward flows, lava deltas, and flat-lying flows) that are not the focus 

of this thesis (Planke et al., 2000).  
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Interestingly, the definitions of Inner SDRs and Outer SDRs are near identical 

(Table 2.1). Both seismic facies units are ‘wedge shaped’ and contain ‘divergent 

arcuate reflectors’ with ‘non-systematic truncations’ (Planke et al., 2000). The 

distinguishing characteristics of Outer SDRs are that they have lower 

amplitudes (Table 2.1) and are typically thinner than the Inner SDRs (Figure 

2.7), they also sometimes contain planar reflectors that are interpreted as sills 

(Planke et al., 2000). 

In this original classification, the two sets of SDRs were separated by a 

hyaloclastic mound known as the Outer High (Planke et al., 2000). The Outer 

High is interpreted to have been emplaced in shallow water, as the basin 

subsided to below sea-level (Planke et al., 2000). This lead to a model where 

the Inner SDRs, which pre-date the Outer High, were emplaced subaerially 

(Table 2.1). Whilst the Outer SDRs, which post-date the Outer High, were 

emplaced in a submarine environment (Table 2.1; Planke et al., 2000).  

Table 2.1. Characteristics of the main extrusive seismic facies units on 
magma-rich margins, modified from Planke et al. (1999).  
This model was based on the Norwegian margin, where the Outer High is a 

regional feature. However, such basement highs are not ubiquitous across 

magma-rich margins worldwide and in their absence the Outer SDRs directly 

overlie the Inner SDRs (e.g. Franke et al., 2007; Koopmann et al., 2013; 

McDermott et al., 2015; Geoffroy et al., 2015; Paton et al., 2017; Horni et al., 

2017; Geissler et al., 2017). This has implications for understanding the 

emplacement environment of SDRs: If an Outer High records the subsidence of 
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the basin below sea-level then its absence may indicate that Inner SDRs and 

Outer SDRs do not record different emplacement environments. In the absence 

of an Outer High, several recent studies have instead classified Inner SDRs and 

Outer SDRs via their structural position on the margin and the nature of their 

downdip terminations (McDermott et al., 2015; Paton et al., 2017; McDermott et 

al., 2018). These classifications are discussed in the underlying section 

(2.3.2.3).  

Figure 2.8. Three stage model for the emplacement and tilting of seaward 
dipping reflectors (Mutter et al., 1982). The ‘Initial Phase’ and ‘Middle 
Phase’ diagrams (top and middle) show a subaerial spreading axis where 

lava flows flow away from the axis and load the surrounding crust. This 
loading results in the subsidence of older lava flows and dykes. In the 
‘Late Phase’ diagram (bottom) the spreading axis has subsided to the 
normal depth of a mid-ocean ridge. 
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2.3.2 The emplacement and tilting of SDRs 

Despite ongoing research, the tectonic and magmatic processes responsible for 

the emplacement and tilting of SDRs remain contentious (Mutter et al., 1982; 

Quirk et al., 2014; Clerc et al., 2015; Geoffroy et al., 2015; Paton et al., 2017; 

Buck, 2017; Morgan and Watts, 2018; McDermott et al., 2018) . Many of these 

models can be categorised as to whether subsidence and rotation is driven by 

magmatic-loading (section 2.3.2.1; Mutter et al., 1982; Buck, 2017; Paton et al., 

2017; Morgan and Watts, 2018) or by normal faulting (section 2.3.2.2; Quirk et 

al., 2014; Geoffroy et al., 2015; Clerc et al., 2015). These different models 

assume different composition of the sub-SDR crust, leading to contrasting 

interpretation of continent-ocean boundaries worldwide (Mutter et al., 1982; 

Larsen and Saunders, 1998; Stica et al., 2014; Clerc et al., 2015; Geoffroy et 

al., 2015; Norton et al., 2015; Paton et al., 2017; Nemčok and Rybár., 2017; 

McDermott et al., 2018; Senkans et al., 2018). Composite models (section 

2.3.2.3) have also have been proposed, where both faulting and magmatic-

loading control SDR emplacement occur but during different phases of basin 

evolution (Paton et al., 2017; McDermott et al., 2018). Below, an overview of 

each of these models is provided.  

2.3.2.1 Magmatic-loading models of SDR emplacement 

Models within this category interpret the geometry of SDRs to result from the 

magmatic loading of the thin and weak lithosphere (Mutter et al., 1982; Paton et 

al., 2017; Buck, 2017; Morgan and Watts, 2018; McDermott et al., 2018). By 

analogy with the regional architecture of lava-flows in Iceland, Mutter et al. 

(1982) presented the first detailed model of loading-driven SDR emplacement. 

SDRs were considered to be emplaced above a subaerial magmatic spreading 

system (Figure 2.8). Due to the subaerial environment and the high-extrusion 

rates, lavas erupted at the spreading centre flow km’s away from the axial zone 

(early phase in Figure 2.8). Continuous axial dyke intrusion (middle phase in 

Figure 2.8) results in the splitting of older dykes and lava flows (Mutter et al., 

1982). The emplacement of new lava flows results in the subsidence of the 

older lava flows and dykes (Mutter et al., 1982). Hence during emplacement, 

this models predict two sub-surface wedges of axially dipping lava flows located 

either side of the spreading axis (Figure 2.8). Through time, magma-supply is 

interpreted to decrease due to the waning of the underlying thermal anomaly 
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(Mutter et al., 1982), resulting in shorter flow lengths and the subsidence of the 

spreading centre below sea level (Figure 2.8). This leads to the generation of 

normal oceanic crust at the spreading centre (Mutter et al., 1982), resulting in 

the preservation of SDRs at the rifted margins (Figure 2.8). This model was 

proposed via comparison with the present-day geometry of Iceland, where lava 

flows dip regionally towards the spreading axes (Bodvarsson and Walker, 1964; 

Pálmason, 1973; Palmason and Saemundsson, 1974).  

Recent analytical models have examined several variations from the model 

presented above (Corti et al., 2015; Buck, 2017; Morgan and Watts, 2018). The 

model of Mutter et al. (1982) assumes Airy isostasy, where loads are 

accommodated locally within a lithosphere with no flexural strength. Recent 

models have instead considered a system operating under flexural isostasy, 

whereby loads are accommodated by the regional bending of the elastic 

lithosphere (Corti et al., 2015; Buck, 2017; Morgan and Watts, 2018). Through 

comparison with Afar, Corti et al. (2015) demonstrated that regional flexure 

within a basin can result from axial magma-intrusion. The magnitude and 

wavelength of axial subsidence results both from the strength of the plate and 

the nature of the load (Corti et al., 2015). This initial flexural subsidence can be 

increased via the infilling of accommodation space with extrusive material (Corti 

et al., 2015). 

Buck (2017) applied a variation of this model to explain the kinematic evolution 

of SDRs (Figure 2.9a). An infinitely thin fluid dyke was modelled as being 

permanently present at a spreading axis (Figure 2.9a). As older dykes move 

away from the spreading axis they instantaneously cool, resulting in a density 

increase. This density increase drives flexural subsidence (Figure 2.9a), the 

magnitude of which increases with distance from the spreading axis (Buck, 

2017). The geometry of SDRs can then be produced through sequentially 

infilling the accommodation space generated by dyke solidification (Buck, 

2017).  

Morgan and Watts (2018) modelled a slightly different scenario to that 

described above (Buck, 2017). Instead of modelling a permanent fluid dyke at 

the rift-axis, they instead considered dyke emplacement to be episodic (Figure 

2.9b). The geometry of SDRs was generated by iterations of the following 

process: a fluid dyke is emplaced at the rift-axis and the top of the dyke 
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reaching the surface; the instantaneous solidification of this dyke causes 

flexural subsidence that is infilled and amplified by volcanics; a new fluid dyke 

splits this volcanic mini-basin; once again this dyke solidifies and subsides, 

leading to volcanic infilling of the mini-basin; this mini-basin is split via an axial 

dyke, etc (Morgan and Watts, 2018).  

These analytical models assume that the dimensions of the axially emplaced 

intrusive material remain constant through time (Buck, 2017; Morgan and Watts, 

2018). However, geophysical data from margins worldwide indicate that the 

crust beneath the SDRs thins with distance seawards (e.g. Quirk et al., 2014; 

Geoffroy et al., 2015; Clerc et al., 2016; Paton et al., 2017; Reuber, 2017; 

Nemčok and Rybár., 2017; McDermott et al., 2018). Such thinning would result 

in continual subsidence of the spreading centre (Paton et al., 2017), potentially 

resulting in the formation of a thick mini-basin at the axial zone (Figure 2.9c). 

Figure 2.9. Three models of loading-driven SDR emplacement. a) loading 
results from the cooling of dykes as they move away from a spreading 
axis characterised by a permanent ‘fluid dyke’ (Buck, 2017). b) loading 
results from episodic axial dyke emplacement (Morgan and Watts, 2018). 
c) in addition to axial magmatic loading, decreasing crustal thickness also 
drives axial subsidence (Paton et al., 2017).  
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Models of magmatic loading have gained support from the interpretation of 

modern long-recording time long-offset seismic reflection data. In the South 

Atlantic the downdip termination of many of the SDRs is diffuse and sub-

horizontal (McDermott et al., 2015; Paton et al., 2017; McDermott et al., 2018). 

This has been interpreted as evidence of an SDR-sheeted dyke contact as 

opposed to an SDR-faulted basement contact (McDermott et al., 2015; Paton et 

al., 2017; McDermott et al., 2018).  

Magmatic-loading models of SDR emplacement assume, implicitly (Buck, 2017; 

Morgan and Watts, 2018) or explicitly (Mutter et al., 1982; Paton et al., 2017; 

McDermott et al., 2018), that SDRs are emplaced as the uppermost part of 

thickened oceanic crust. In these cases, the sub-SDR crust is often referred to 

as magmatic crust (Paton et al., 2017; McDermott et al., 2018; Morgan and 

Watts, 2018). Within these models, the continent-ocean boundary can be 

defined as the downdip termination of the landward most SDR (Skogseid, 1994; 

Gladczenko et al., 1998; Bauer et al., 2000; Hopper et al., 2003).  

These models also assume that, during SDR emplacement, extension was 

accommodated primarily by magma-intrusion along a narrow axial zone (Mutter 

et al., 1982; Corti et al., 2015; Buck, 2017; Paton et al., 2017; Morgan and 

Watts, 2018). Specifically, extension in the brittle upper crust would have been 

accommodated by dyke intrusion (Mutter et al., 1982; Paton et al., 2017; Buck, 

2017; Morgan and Watts, 2018) whilst in the lower crust it would be 

accommodated by gabbroic accretion (Paton et al., 2017; McDermott et al., 

2018). These models have the advantage of being analogous with present-day 

high-magma supply extensional settings. In both northern Ethiopia (Ebinger and 

Casey, 2001; Wright et al., 2006) and Iceland (Mutter et al., 1982; Wright et al., 

2012), extension is accommodated primarily through magma-intrusion, with 

faulting being a second-order process (see section 1.3.3).  

2.3.2.2 Fault-controlled models of SDR emplacement  

In these models (Figure 2.10), the SDR-dips result from the emplacement of 

lava-flows into half-grabens controlled by continent-dipping normal faults 

(Geoffroy, 2005; Stica et al., 2014; Quirk et al., 2014; Clerc et al., 2015; 

Geoffroy et al., 2015; Nemčok and Rybár., 2017; Senkans et al., 2018; Guan et 

al., 2019). These normal faults are interpreted to detach against a ductile lower 
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crust (Quirk et al., 2014; Clerc et al., 2015; Geoffroy et al., 2015), that is 

typically considered as intruded continental crust (Clerc et al., 2015; Geoffroy et 

al., 2015). However there are also suggestions that this lower crust is 

dominantly magmatic and contains only slithers of continental material (Figure 

2.11; Quirk et al., 2014).  

Fault-controlled model of SDR emplacement (modified from Guan et al. 2019, 

and Geoffroy et al., 2015). The SDRs are controlled by continent-dipping normal 

faults that young axial-ward, thus implying that the axial horst block narrows 

with time. The faults detach against a ductile and highly intruded lower crust 

(Figure 2.10). 

The generation of SDRs in this manner requires the presence of an axial horst 

block during their emplacement (Quirk et al., 2014; Geoffroy et al., 2015; Clerc 

et al., 2016). This horst block would have separated the conjugate sequences of 

SDRs located either side of it (Figure 2.10, Figure 2.11). To produce the 

seaward-younging faults invoked in these models, this axial horst block would 

have narrowed through time with new faults successively nucleating within it 

(Quirk et al., 2014; Geoffroy et al., 2015; Clerc et al., 2016).  

Several studies have also proposed that sub-SDR landward dipping faults 

exhume the lower crust in their footwalls (Clerc et al., 2015; Geoffroy et al., 

2015). A consequence of this scenario is that, in the present day, the crust 

located immediately seawards of SDRs would consist of exhumed lower 

continental crust not oceanic crust (Senkans et al., 2018). 

Figure 2.10. Fault-controlled model of SDR emplacement (modified from 
Guan et al. 2019 and Geoffroy et al., 2015). The SDRs are controlled by 
continent-dipping normal faults that young axial-ward, thus implying that 
the axial horst block narrows with time. The faults detach against a ductile 
and highly intruded lower crust.  
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Figure 2.11. Fault-controlled model of SDR emplacement (modified Quirk 
et al., 2014). Here the SDRs are emplaced from a magma-chamber beneath 
the axial horst block. The sub-SDR crust consists mainly of new magmatic 
material but also contain slices of continental crust that have been shed 
off the axial horst block, according this axial horst narrows through time 
as new faults nucleate within it. 
Many fault-controlled models of SDR emplacement are based on the 

interpretation of long recording time long offset seismic reflection data (Stica et 

al., 2014; Quirk et al., 2014; Geoffroy et al., 2015; Clerc et al., 2015; Nemčok 

and Rybár., 2017; Senkans et al., 2018). Undulations in the basal SDR surface 

are interpreted as landward-dipping normal faults. Lower crustal reflectivity can 

also be interpreted as shear zones with kinematics matching that of the 

overlying landward-dipping normal faults (Clerc et al., 2015; Geoffroy et al., 

2015). Fault-controlled SDR emplacement is also supported by outcrop data in 

west Greenland. Here, outcrops of seaward dipping volcanics are cross-cut by 

landward dipping normal faults (Geoffroy, 2001). These volcanics however have 

dips of up to 60°, which is far steeper than is observed in offshore SDR 

sequences (Morgan and Watts, 2018).  

Fault-controlled models of SDR emplacement suggest that, during magma-rich 

rifting, extension is accommodated primarily through the generation of large-

throw normal faults. This is strikingly different to a scenario where strain is 

accommodated via magma-intrusion in a narrow axial zone (section 2.3.2.1). 

The majority of these models also assume that SDRs were emplaced during the 

stretching of the continental lithosphere, as opposed to during the accretion of 

new oceanic lithosphere (section 2.3.2.1). Hence many of these models place 

the location of the earliest oceanic crust seaward of the SDRs (Stica et al., 

2014; Quirk et al., 2014; Clerc et al., 2015; Geoffroy et al., 2015; Nemčok and 

Rybár., 2017; Senkans et al., 2018).  
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Figure 2.12. Composite model of SDR emplacement, modified from 
McDermott et al. (2018). The earliest SDRs (Type I SDRs/Inner SDRs) are 
fault controlled whereas the latest SDRs (Type II SDRs/Outer SDRs) are 
loading controlled. 

2.3.2.3 Composite models of SDR emplacement 

Recent models have suggested that both fault and loading models may apply, 

but during different phases of basin evolution (McDermott et al., 2015; Paton et 

al., 2017; McDermott et al., 2018). It is suggested that the innermost SDRs are 

fault-controlled (Figure 2.12) and formed during the extension of the continental 

lithosphere. The outermost SDRs meanwhile are interpreted as magmatic-

loading controlled features (Figure 2.12) that formed during oceanic accretion 

(McDermott et al., 2015; Paton et al., 2017; McDermott et al., 2018). 

Temporally, the boundary between these two sets of SDRs records the 

transition from extension being accommodated by tectonic to magmatic 

processes (Figure 2.12; McDermott et al., 2015; Paton et al., 2017; McDermott 

et al., 2018). Spatially, this boundary represents the transition from stretched 

continental crust to new magmatic crust (McDermott et al., 2015; Paton et al., 

2017; McDermott et al., 2018). Whilst this model has gained support from 

several studies, the terminology used to define these two sets of SDRs is 

contentious. McDermott et al. (2018) define the fault-controlled and loading-

controlled SDRs as Type I SDRs and Type II SDRs respectively. Other authors 

instead define the fault-controlled SDRs as Inner SDRs and the loading-

controlled SDRs as Outer SDRs (McDermott et al., 2015; Paton et al., 2017).  
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These models are based primarily on the interpretation of seismic reflection 

data. With reference to the South Atlantic magma-rich margins, it is noted that 

the innermost SDRs often terminate downdip against landward dipping 

interfaces interpreted as normal faults (McDermott et al., 2018). The outermost 

SDRs meanwhile terminate downdip against a diffuse sub-horizontal surface 

interpreted as an SDR-sheeted dyke contact (Paton et al., 2017; McDermott et 

al., 2018). These outermost SDRs are coincident with linear magnetic 

anomalies, indicating that they were emplaced from an organised magmatic 

spreading centre (Collier et al., 2017). 

Composite models of SDR emplacement also draw support from petrological 

data from the SE Greenland margin. Here, the geochemistry of the innermost 

SDRs suggests that the melt rose through continental crust, whilst that of the 

outermost SDRs is more typical of melt generated as a seafloor spreading 

centre (Larsen and Saunders, 1998).  

2.3.3 Extension mechanisms in active magmatic systems 

Both Iceland (Mutter et al., 1982; McDermott et al., 2018) and the northernmost 

parts of East African Rift System (EARS; Wolfenden et al., 2005; Bastow and 

Keir, 2011; Corti et al., 2015; Paton et al., 2017) have been proposed as 

modern analogues for SDR emplacement. Both regions have similarities to 

magma-rich margins: extension is occurring above asthenospheric thermal 

anomalies (White and McKenzie, 1989; Corti, 2009; Smallwood and White, 

2012; Keir et al., 2013; Armitage and Collier, 2017); more magmatism is 

observed than predicted by models of extension above a normal asthenosphere 

(White and McKenzie, 1989; Armitage and Collier, 2017); lava flows dip towards 

the rift-axis (Bodvarsson and Walker, 1964; Mutter et al., 1982; Corti et al., 

2015); flexural deformation is observed at the flanks of the magmatic systems 

(Karson and Brooks, 1999; Wolfenden et al., 2005). The tectonic setting of both 

active systems may also be analogous to different stages of SDR emplacement: 

The northernmost segments of the EARS, comprising the Main Ethiopian Rift 

and the Afar depression, capture the transition from continental rifting to 

incipient seafloor spreading (Hayward and Ebinger, 1996; Ebinger and Casey, 

2001; Corti, 2009; Corti et al., 2015; Paton et al., 2017); Iceland, meanwhile is 

an example of oceanic accretion above a mantle plume (e.g. White et al., 1995; 

Smallwood and White, 2012).  
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Both settings provide insights into the roles of tectonic and magmatic processes 

in accommodating deformation where magma-supply is high (Ebinger and 

Casey, 2001; Wright et al., 2012; Corti et al., 2015). Upper-crustal deformation 

in both regions is accommodated in narrow zones characterised by both active 

faulting and magmatism (e.g. Wright et al., 2012). Geodetic and seismological 

data demonstrate that the majority of extension is accommodated through dyke 

injection (Wright et al., 2006; Wright et al., 2012), with individual dykes 

propagating along strike for 10’s km. The faulting observed in these settings is a 

result of dyke propagation at depth (Wright et al., 2012; Sigmundsson et al., 

2014). These dyke-induced faults have low displacements in comparison to 

those that form purely in response to lithospheric extension (Paton et al., 2017). 

Extrusive material in both regions is fed from both volcanoes and fissure-

eruption (Mutter et al., 1982; Ebinger and Casey, 2001; Corti, 2009; Keir et al., 

2013). 

Figure 2.13. Model of continental breakup from Ebinger and Casey (2001). 
a) cross-section through the Main Ethiopian rift with seismic velocities 
shown. b) conceptual model where border faults have been abandoned in 
favour of an axial magmatic system. c) continued axial magmatic 
accretion results in the formation of transitional oceanic crust.  
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In both the Main Ethiopian Rift and Afar depression, the dating of volcanic rocks 

indicates that magma-maintained rifting commenced in the Quaternary 

(Hayward and Ebinger, 1996; Ebinger and Casey, 2001; Wolfenden et al., 

2005). Prior to this, extension was accommodated through the formation of 

large-displacement normal faults (Ebinger and Casey, 2001; Wolfenden et al., 

2005; Corti, 2009; Keir et al., 2013). The scarps of these basin-bounding normal 

faults still exist in the present-day, although they are now largely inactive 

(Ebinger and Casey, 2001). This has lead to a rifting model whereby extension 

is initially accommodated through tectonic processes (Figure 2.13a) but that 

magmatic processes come to dominate (Figure 2.13b and c) once the 

lithosphere has been thinned sufficiently for the asthenosphere to melt 

(Hayward and Ebinger, 1996; Ebinger and Casey, 2001). This interpretation is 

supported by numerical models indicating that dyke emplacement can occur 

under lower effective stresses than faulting (Buck, 2004; Bialas et al., 2010; 

Rivalta et al., 2015). This concept is also supported by observations and models 

of extension mechanisms at mid-ocean ridges (e.g. Morgan and Chen, 1993).  

  



40 
 
 



41 
 

Chapter 3 Regional setting: magma-rich margins in the South 
Atlantic 

3.1 Introduction 

This thesis aims to provide new constraints on the processes involved in 

magma-rich margin formation. Primarily it does this through analysing data from 

the Orange Basin, located offshore South Africa and Namibia (Chapters 5-7). 

However, in order to assess margin asymmetry data from the conjugate 

portions of the Argentinian and Uruguayan margins are also interpreted 

(Chapter 8). Here, the regional setting of these conjugate margins is provided, 

with emphasis being placed on the processes controlling magma-rich margin 

occurrence and variability (section 3.2). An overview of the architecture and 

evolution of the Orange Basin is also given (section 3.3), providing a framework 

for the results presented in subsequent chapters.  

3.2 Regional setting 

3.2.1 Distribution of rifted margin end-members in the South 
Atlantic 

The conjugate margins of the South Atlantic consist of magma-rich (Gladczenko 

et al., 1997; Blaich et al., 2009; Koopmann et al., 2014b; McDermott et al., 

2015; Collier et al., 2017; McDermott et al., 2018), magma-poor (Unternehr et 

al., 2010; Péron-Pinvidic et al., 2015), and transform conjugate pairs (Figure 

3.1).  

Transform margins are located in the northernmost and southernmost South 

Atlantic (Heine et al., 2013). To the north (Figure 3.1), they are located offshore 

equatorial Africa and South America (Mercier de Lépinay et al., 2016).  To the 

south (Figure 3.1), they are bounded by the Agulhas-Falkland Fracture Zone 

and are located offshore Argentina and South Africa (Koopmann et al., 2013; 

Mercier de Lépinay et al., 2016).  

The rifted margins that occur between these sets of transform-pairs, formed 

under near-orthogonal extension (Heine et al., 2013). The architecture and end-

member classification of these margins vary either side of two conjugate 
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aseismic ridges (Figure 3.1): the Walvis Ridge on the African plate, and the Rio 

Grande Rise on the South American plate (O’Connor and Duncan, 1990). Both 

of these features are associated with the Tristan plume, which in the present-

day is located beneath the island of Tristan Da Cunha (O’Connor and Duncan, 

1990). Northwards of these two aseismic ridges are the salt-bearing rifted 

margins (Figure 3.1) of Brazil, Angola, Democratic Republic of the Congo, 

Congo, and Gabon (Jackson et al., 2000; Karner and Gambôa, 2007; Davison, 

2007; Lentini et al., 2010; Quirk and Hertle, 2013). Several studies have 

suggested that the distal parts of these margins are floored by hyperextended 

crust and possibly even exhumed mantle, leading to them being classified as 

magma-poor (Unternehr et al., 1988; Péron-Pinvidic et al., 2015). However, it 

also sometimes suggested that they are situated between the extremes of 

either magma-rich or magma-poor (Quirk and Hertle, 2013; Norton et al., 2015). 

 

Figure 3.1. Regional map of the South Atlantic, with key geological 
features and sedimentary basins annotated. C.B. = Colorado Basin, S.B. = 
Salado Basin, P.B. = Pelotas Basin, W.B. = Walvis Basin, L.B. = Luderitz 
Basin, O.B. = Orange Basin, Cape SB = Cape Segment Boundary.  
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To the south of the Walvis Ridge and Rio Grande Rise (Figure 3.1), the 

conjugate rifted margins of the South Atlantic are magma-rich (Gladczenko et 

al., 1997; Gladczenko et al., 1998; Blaich et al., 2009; McDermott et al., 2015; 

Paton et al., 2017; McDermott et al., 2018). Both conjugates are defined by the 

occurrence of SDRs (Hinz, 1981; Austin and Uchupi, 1982; Gladczenko et al., 

1997; Clemson et al., 1997; Corner et al., 2002; Franke et al., 2010; Koopmann 

et al., 2014b; McDermott et al., 2015; Paton et al., 2017; McDermott et al., 

2018) and high-velocity lower crust (HVLC; Bauer et al., 2000; Stewart et al., 

2000; Hirsch et al., 2009; Maystrenko et al., 2013; Becker et al., 2014; Autin et 

al., 2016). Given that this thesis focuses solely on the magma-rich parts of the 

South Atlantic, their architecture and evolution are described in detail below.  

3.2.2 Magma-rich margins of the South Atlantic 

The magma-rich segments of the South Atlantic (Figure 3.1) are located 

offshore Brazil (Pelotas Basin), Uruguay, Argentina, Namibia (Walvis, Luderitz 

and Orange Basins), and South Africa (Orange Basin.). The extent of these 

margins is demonstrated by the regional distribution of SDRs (Figure 3.1), 

which have been mapped using seismic reflection and magnetic anomaly data 

(Gladczenko et al., 1998; Franke et al., 2007; Koopmann et al., 2013; Stica et 

al., 2014; McDermott et al., 2015; Collier et al., 2017; McDermott et al., 2018).   

On the South American margin, SDRs are present between the Rio Grande 

Rise in the north and the Agulhas-Falkland Fracture Zone in the south (Franke 

et al., 2007; Franke et al., 2010; Stica et al., 2014; McDermott et al., 2018). 

Along this margin the SDRs show pronounced variations in width (where width 

is measured as margin-perpendicular distance): In the Pelotas basin they reach 

widths in excess of 500 km (Stica et al., 2014; McDermott et al., 2018) whereas 

south of this widths are in the range of 60-180 km (Figure 3.1; Franke et al., 

2007; Franke et al., 2010; McDermott et al., 2018). On the African margin the 

SDRs extend between the Walvis Ridge in the north and the Cape Segment 

Boundary in the south (Gladczenko et al., 1998; Koopmann et al., 2013). The 

mapped width of the SDRs on this margin varies between 115-225 km 

(Koopmann et al., 2013). On the African margin the SDRs have been 

encountered by several industry boreholes: one in the Walvis Basin (Jackson et 

al., 2000) and several offshore southern Namibia (Wickens and McLachlan, 

1990). All of these wells reveal the SDRs to have a dominantly volcanic 
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lithology (more detail is given in section 3.2 and in Chapter 2). The A-C1 

borehole offshore South Africa (see Fig. 3.4 in section 3.1 for location) also 

penetrated c. 690 m of basic volcanics prior to reaching crystalline basement 

(Gerrard and Smith, 1982). Given its location it is likely that this borehole too 

encountered the landward pinchout of the SDRs.  

Analysis of refraction profiles indicate that the African SDRs overlie high 

velocity/density lower crustal bodies (Bauer et al., 2000; Hirsch et al., 2009) 

which have been interpreted as the intrusive counterpart to the SDRs. Using 

constraints from seismic refraction profiles, gravity data has been inverted to 

demonstrate that these high-velocity bodies are continuous along the SW 

African margin, with their trend matching that of the SDRs (Maystrenko et al., 

2013). Similar methods have been used to demonstrate that high 

density/velocity bodies underlie the South American SDRs, where they too 

trend-margin parallel (Autin et al., 2016).  

Along both margins, the SDRs are cross-cut by basement heterogeneities 

known as segment boundaries (Figure 3.1; Clemson et al., 1997; Koopmann et 

al., 2013) and/or transfer zones (Franke et al., 2007; Collier et al., 2017; 

McDermott et al., 2018). These features often correlate with along-strike 

variations in the width of the SDRs and rift-related features (Clemson et al., 

1997; Koopmann et al., 2013; Stica et al., 2014; McDermott et al., 2018). This 

has led to the interpretation that they segmented the rift from its initiation to its 

breakup (Clemson et al., 1997; Franke et al., 2010; Stica et al., 2014; 

Koopmann et al., 2014b). Regional variations in the thickness of ‘syn-rift’ 

packages further support this conclusion (Clemson et al., 1997).  

On the African margin, the trend of rift-related features is similar to that of the 

Pan-African fold-belts mapped onshore (Clemson et al., 1997). Similarly, half-

grabens on the proximal part of the margin overlie intra-basement reflectors 

interpreted as Pan-African thrust-faults (Clemson et al., 1999; Mohammed et 

al., 2016; Paton et al., 2016). These relationships suggest that structural 

inheritance controlled both rift-initiation and subsequent strain localisation. It is 

also notable that the segment boundaries/transfer zones identified offshore 

correlate with features mapped onshore (Clemson et al., 1997). In these cases, 

segment boundaries correlate with onshore features that segmented or cross-

cut the margin-parallel fold-belts. Hence the location of segment boundaries 
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demonstrates an additional way that structural inheritance shaped the rifted 

margin (Clemson et al., 1997). Although less well documented, the structure 

and segmentation of the South American margin is also often attributed to 

structural inheritance (Pángaro and Ramos, 2012; Reuber, 2017).  

Offshore Argentina and Uruguay there are a series of failed rifts located inboard 

of the SDRs (Soto et al., 2011; Heine et al., 2013; Autin et al., 2016). These 

failed rifts are named the Salado and Colorado basins and are highly oblique to 

the margin-parallel trend of the SDRs (Fig. 3.1). Potential fields modelling and 

seismic interpretation suggest that the crust is as thin as 15 km beneath part of 

the Colorado basin (Autin et al., 2016). The presence of these failed rifts on the 

South American margin results in marked asymmetry when compared to the 

African conjugate, which contains no comparable features (Autin et al., 2016).  

3.2.3 Contrasting interpretations of the South Atlantic magma-rich 
margins 

The nature of the sub-SDR crust in the South Atlantic is a topic of ongoing 

debate (Stica et al., 2014; Clerc et al., 2015; Geoffroy et al., 2015; Paton et al., 

2017; Reuber, 2017; McDermott et al., 2018). Here this is demonstrated by 

showing different interpretations of a seismic line from offshore Argentina 

(Figure 3.2a). Two of the interpretations shown (Figure 3.2b and c) are taken 

directly from previous studies (Paton et al., 2017; McDermott et al., 2018), 

whilst the others (Figure 3.2a and d) are extrapolated from studies elsewhere 

along the South American (Clerc et al., 2015) or the African margin (Bauer et 

al., 2000; Reuber, 2017).  

Several authors interpret all of the SDRs to have formed as the uppermost part 

of thickened oceanic crust (Bauer et al., 2000; Reuber, 2017). This sub-SDR 

crust is often termed magmatic crust (McDermott et al., 2015; Paton et al., 

2017; McDermott et al., 2018), however in this section the term oceanic crust is 

used for simplicity. This interpretation is based on velocities from seismic 

refraction data (Bauer et al., 2000) and conceptual models from other margins 

(e.g. Mutter et al., 1982). These interpretations place the boundary/transition 

between continental and oceanic crust at the first downdip termination of the 

oldest SDR (Figure 3.2a).   
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Figure 3.2. Three interpretations of the South American magma-rich 
margin (line location is shown in Figure 3.1). a) all SDRs are interpreted as 
loading controlled (based on the interpretations of Bauer et al., 2000 and 
Reuber, 2017). b) composite interpretation of the SDRs, modified from 
Paton et al. (2017). c) composite interpretation of the SDRs, modified from 
McDermott et al. (2018). d) all of the SDRs are interpreted as fault-
controlled (based on the interpretation presented in Clerc et al., 2015).  
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Alternatively, several authors favour a composite model of SDR emplacement 

(section 2.2.2.3), wherein the innermost SDRs were emplaced during 

continental thinning and the outermost SDRs were emplaced during magmatic 

accretion (McDermott et al., 2015; Paton et al., 2017; Collier et al., 2017; 

McDermott et al., 2018). In these models the innermost SDRs are interpreted as 

fault-controlled, whilst the outermost SDRs are interpreted as loading-controlled 

(McDermott et al., 2015; Paton et al., 2017; McDermott et al., 2018). The 

transition from continental to oceanic crust hence occurs at the transition 

between these two SDR-types (McDermott et al., 2015; Paton et al., 2017; 

Collier et al., 2017; McDermott et al., 2018). However, different interpretations 

of the same seismic reflection line place this boundary in markedly different 

locations (Figure 3.2b and c; Paton et al., 2017; McDermott et al., 2018).  

Finally, several authors interpret all of the SDRs to have been emplaced during 

the thinning of the continental lithosphere (Clerc et al., 2015; Geoffroy et al., 

2015). Accordingly the SDRs are interpreted as fault-controlled features that 

overlie thinned and intruded continental crust (Clerc et al., 2015; Geoffroy et al., 

2015). These models place the boundary between the continental crust and 

oceanic crust at the seaward extent of the SDRs (Figure 3.2d). This places the 

boundary between continental and oceanic crust up to ≤95 km seawards of the 

models presented above (Figure 3.2). 

Hence, whilst the occurrence and architecture of magma-rich margins in the 

South Atlantic is well documented, our understanding of crustal structure and 

composition remains contentious. This leads to large uncertainties in calculating 

the amount of magmatic material emplaced during and immediately after 

breakup (Tugend et al., 2018). It also leads to uncertainties in our 

understanding of magma-rich margin evolution.   

3.2.4 Opening of the South Atlantic  

The South Atlantic opened from south to north, with a time difference of up to 

15 Ma between the earliest (Valanginian) and latest (Barremian) breakup 

(Heine et al., 2013). This section focuses on the opening of the magma-rich 

portion of the South Atlantic, which opened across a shorter amount of time 

(Heine et al., 2013).  
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The magma-rich margins of the South Atlantic are a result of Atlantic rifting, that 

is, the phase of rifting that resulted in the opening of the South Atlantic (Austin 

and Uchupi, 1982; Gladczenko et al., 1997; Clemson et al., 1997; Autin et al., 

2016; Paton et al., 2016). The margin-parallel trend of the SDRs and other rift-

related features indicate that Atlantic Rifting responded to ENE-WSW extension 

(Blaich et al., 2011; Heine et al., 2013; Franke, 2013). This regional 

interpretation is supported by recent plate reconstructions indicating a very low 

angle of obliquity between the modelled extension direction and local rift trend 

(Brune et al., 2018).   

It has been speculated that Atlantic rifting was preceded by earlier phases of 

extension (Maslanyj et al., 1992; Light et al., 1993; Clemson et al., 1997; 

Gladczenko et al., 1998; Autin et al., 2016; Paton et al., 2016). The most 

convincing evidence for this is the presence of the two failed-rifts offshore 

Uruguay and Argentina (Soto et al., 2011; Autin et al., 2016). The trend of these 

basins (Figure 3.2) indicate a phase of NNE-SSW oriented extension that 

preceded the NNE-SSW oriented Atlantic rifting (Autin et al., 2016).  

On the African margin, a phase of either Triassic-Mid Jurassic (Clemson et al., 

1997) or Permo-Triassic (Gladczenko et al., 1998) rifting has been speculated 

via the presence of unconformites within rift-related seismic stratigraphy. The 

trend of this potential earlier rift matches that of the Atlantic rift (Clemson et al., 

1997; Gladczenko et al., 1998) and hence indicates a similar extension 

direction. However, due to a lack of borehole data, the timing and existence of 

these events remains speculative.  

In the southernmost South Atlantic, Atlantic rifting began in the Late Jurassic as 

has been constrained via offshore drilling (Gerrard and Smith, 1982). In the 

northern part of the South Atlantic magma-rich margin, rifting is instead thought 

to have began in the Early Cretaceous (Jackson et al., 2000; Franke, 2013), 

demonstrating regional diachroneity.  

The identification of seafloor spreading anomalies allow for the regional dating 

of the earliest normal oceanic crust (Koopmann, et al., 2014b; Collier et al., 

2017). Here, normal oceanic crust is defined as crust with a velocity structure 

and thickness typical of oceanic crust emplaced in a submarine environment. 

The earliest magnetic chrons within this normal oceanic crust young with 

distance northwards (Figure 3.1), supporting a model of northward oceanic 
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propagation (Koopmann, et al., 2014b; Collier et al., 2017). A recent study 

indicates that the oldest chron identified in southernmost South Atlantic is M10r, 

corresponding to an age of 134.2 Ma. Meanwhile, the oldest chron in the 

northernmost part of the magma-rich South Atlantic is M3, corresponding to an 

age of 129.3 Ma (Collier et al., 2017). 

Depending on the interpretation of the sub-SDR crust (Figure 3.2), it is 

debatable whether the age of the earliest normal oceanic crust is representative 

of the age of continental breakup (Collier et al., 2017). Given these 

uncertainties, these chrons can be considered as providing an estimate of the 

latest possible breakup age in any one location.  

3.2.5 An example of plume influenced rifting?  

In Chapter 2 (section 2.2.3.1), the role of mantle plumes in generating magma-

rich margins was discussed with emphasis on the North Atlantic (e.g. Nielsen et 

al., 2002; Hopper et al., 2003). The rift-history of the South Atlantic also 

provides insights into the relationship between rifting and asthenospheric 

thermal anomalies. This is explained in the underlying text, which also provides 

context for the discussion on margin asymmetry in Chapter 8.  

The occurrence of magma-rich margins in the South Atlantic is commonly 

attributed to the presence of the Tristan plume (White and McKenzie, 1989; 

Gladczenko et al., 1997; Bauer et al., 2000; McDermott et al., 2015; Taposeea 

et al., 2016; Paton et al., 2017; Collier et al., 2017; McDermott et al., 2018). The 

post-breakup influence of the Tristan Plume on the African and South American 

plates is evident through the presence of the Walvis Ridge and the Rio Grande 

Rise (O’Connor and Duncan, 1990). These conjugate aseismic ridges are 

asymmetric either side of the Mid-Atlantic Ridge, with the Walvis Ridge being 

longer than the Rio Grande Rise (Figure 3.1). This asymmetry is attributed to 

the plume migrating from beneath the Mid-Atlantic Ridge to beneath the African 

plate at c. 70 Ma (O’Connor and Duncan, 1990). Up to the present-day, the 

plume has remained beneath the African plate, where it is currently centred 

beneath the volcanic island of Tristan da Cunha (O’Connor and Duncan, 1990).  

Recent studies of seafloor spreading anomalies suggest that the diachronous 

breakup of the South Atlantic was coeval with the emplacement of the onshore 

Paraná-Etendeka flood basalts, which are also a product of the Tristan Plume 
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(Collier et al., 2017). This supports a long-held notion that the magmatic 

material contained by the offshore rifted margins should be considered part of 

the Paraná-Etendeka large igneous province (Gladczenko et al., 1998). 

Despite the temporal and spatial link between the South Atlantic magma-rich 

margins and the Tristan plume, there are several problems with applying a 

classic plume model in this region (Blaich et al., 2009; Franke, 2013; 

Koopmann, et al., 2014b). Based on observations of present-day seafloor 

swells, plume heads can be considered as having a diameter of c. 2000 km 

(White and McKenzie, 1989). Within this diameter the potential temperature of 

the asthenosphere is greatest in the centre, where the narrow (c. 200 km, 

Fromm et al., 2015) plume stem is located. With increasing distance away from 

this central point, the potential temperature of the plume head decreases until 

ambient temperatures are reached after 1000 km (White and McKenzie, 1989).  

Prior to flood basalt emplacement (Figure 3.3a), the Tristan plume was centred 

beneath the conjugate Pelotas and Walvis Basins (Fig. 3.1 shows the location 

of these basins prior their separation onto conjugate plates, O’Connor and 

Duncan, 1990; Heine et al., 2013; Fromm et al., 2015; Taposeea et al., 2016; 

McDermott et al., 2018). This position suggests that there should be a 

progressive decrease in the amount of magmatic material along the rifted 

margins to the north and south of these basins. Contrary to this prediction, the 

margins located directly north of the Walvis Ridge and the Rio Grande Rise are 

generally classified as magma-poor (Unternehr et al., 2010; Péron-Pinvidic et 

al., 2015) or ‘intermediate’ (Reston, 2009; Quirk and Hertle, 2013). Southwards 

of these conjugate aseismic ridges, magma-rich margins extend for > 2000 km 

on the African and South American plates (Figure 3.3a). Hence on both margins 

rift-related magmatic material extends significantly farther than would be 

expected if the Tristan plume had a diameter of 2000 km (Figure 3.3a).  

This distribution has resulted in previous authors questioning the role of a plume 

in controlling excessive melt-volumes in the South Atlantic (Koopmann et al., 

2013; Franke, 2013). Instead it has been suggested that the along-strike 

segmentation of the rift was the primary control on magmatic activity 

(Koopmann et al., 2013; Franke, 2013; Koopmann et al., 2014b).  
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Figure 3.3. Reconstruction of the South Atlantic at 133 Ma. The 
reconstructed position of the SDRs, present-day onshore areas, oceanic 
crust, onshore flood basalt provinces, and the centre of the Tristan plume 
are from Heine et al. (2013). The distribution of thinned continental 
lithosphere is inferred from the distribution of rift basins in Heine et al. 
(2013). a) shows a plume with a radius of 2000 km, after White and 
McKenzie (1989). b) shows a plume that has been channelled southwards 
by the distribution of thinned continental lithosphere (after Taposeea et al. 
2016, and McDermott et al. (2018). 
However, studies of the regional distribution of SDRs (McDermott et al., 2018) 

and oceanic crust (Taposeea et al., 2016; Collier et al., 2017) are supportive of 

a plume-model, just one that has a different geometry to suggested in White 

and McKenzie (1989). When studying mantle plumes in the present day, it is 

simplest to study their influence on oceanic lithosphere (e.g. White and 

McKenzie, 1989; White et al., 1995; Smallwood and White, 2012). Indeed, it is 

residual depth anomalies within oceanic crust that indicate plumes have 

diameters of ≤2000 km (White and McKenzie, 1989). In these settings the 

plume is impinging against the base of a relatively uniform lithosphere, which 

contrasts a scenario of impingement against the base of the continental 

lithosphere (as was mentioned in section 2.2.3.1; Nielsen et al., 2002). In the 

South Atlantic, both rift-propagation and craton-distribution may have affected 

lithospheric thickness at the time of plume impingement. Rifting propagated 
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northwards in the South Atlantic (Jackson et al., 2000) and at the time of plume 

impingement the area to the south had already undergone thinning (Franke, 

2013; Taposeea et al., 2016; Collier et al., 2017). Meanwhile, the lithosphere to 

the north was relatively thick due to two factors: the presence of the Congo 

Craton; and, limited lithospheric thinning (Taposeea et al., 2016). Hence it has 

been proposed that the plume head was channelled southwards (Figure 3.3b), 

resulting in a sheet of hot asthenosphere beneath the area currently occupied 

by the conjugate magma-rich margins (Taposeea et al., 2016). Continued 

extension above this hot-layer would have resulted in igneous bodies observed 

in the present day (Taposeea et al., 2016).  

The main conclusions to be drawn from the distribution of magma-rich margins 

in the South Atlantic are similar to those presented in Chapter 2 (section 

2.2.3.1): that thermal anomalies are required to explain the distribution of 

magma-rich margins (Nielsen and Hopper, 2002; Armitage and Collier, 2017), 

but that the distribution observed cannot be explained by a classic plume 

model.  

3.3 The architecture and evolution of the Orange Basin  

Now that the regional framework has been provided, our current understanding 

of the architecture and evolution of the Orange Basin will be discussed. In the 

present-day this basin is fed by the Orange River, which also marks the 

westernmost boundary between South African and Namibia (Séranne and 

Anka, 2005). The basin extends along the SW African margin for approximately 

750 km, and is located offshore South Africa and Namibia (Figure 3.4a). As a 

result of its geographic location, previous studies have tended to focus on either 

the Namibian (Light et al., 1993; Clemson et al., 1997; Gladczenko et al., 1998; 

Bauer et al., 2000; Corner et al., 2002; McDermott et al., 2015; Mohammed et 

al., 2016) or the South African (Muntingh and Brown, 1993; Jungslager, 1999; 

Blaich et al., 2009; Paton et al., 2016) side of the basin. As a result of this, and 

despite several cross-border studies (Austin and Uchupi, 1982; Gerrard and 

Smith, 1982; Blaich et al., 2013; Koopmann et al., 2013), a detailed 

understanding of regional along-strike variability is lacking.  
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Figure 3.4. a) map showing the approximate outline of the Orange Basin 
(red-dashed line) and figure locations. b) map showing key regional 
features and figure locations. c) total magnetic intensity map showing the 
Large Magnetic Anomaly (LMA) and magnetic chrons (Collier et al., 2017). 
Symbols, line styles and colours and explained in the key.  
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3.3.1 Basin architecture  

The architecture of the Orange Basin is illustrated on a regional cross section 

(Figure 3.5a). This cross-section is located through the Namibian Orange Basin  

and is modified from a seismic reflection profile presented in Mohammed et al. 

(2016, see line location in Fig. 3.4). The Moho location was correlated onto the 

line-of-section from a nearby long-recording time long-offset seismic section 

(Reuber, 2017). The close proximity of the cross-section (Mohammed et al., 

2016) and the seismic line (Reuber, 2017) validate this along-strike correlation 

(Figure 3.4a).  

The packages deposited during regional thermal subsidence are separated 

from those deposited/emplaced during rifting and oceanic accretion via a 

regional unconformity known as either: seismic horizon R (Gerrard and Smith, 

1982); AII (Austin and Uchupi, 1982); 6At1 (Muntingh and Brown, 1993), Top 

Basalt (Gladczenko et al., 1998); the Early Cretaceous rift unconformity 

(Gladczenko et al., 1998); or, the Breakup Unconformity (Granado et al., 2009; 

Franke, 2013). The use of these latter terms, Breakup Unconformity and Early 

Cretaceous rift unconformity can lead to debate as to what process/processes 

the unconformity records. Here the term seismic horizon R (Gerrard and Smith, 

1982) is used as it is both objective and regionally applicable. 

Throughout this section, the term basement is used to describe the crust 

underlying the packages that were deposited and/or emplaced during rifting and 

subsequent seafloor spreading (Figure 3.5a). A regionally extensive margin-

parallel basement high partitions the rift (Figure 3.5a) and is known either as the 

Hinge Zone (Austin and Uchupi, 1982), the Medial Hinge Zone (Jungslager, 

1999) or the Kudu Basement Ridge (Mohammed et al., 2016). In this chapter 

the former of these terms is used due to its regional applicability (Figure 3.5a). 

Landwards of the Hinge Zone are a series of isolated half-grabens (Figure 3.5a) 

that are bounded by seaward dipping normal faults (Gerrard and Smith, 1982; 

Light et al., 1993; Jungslager, 1999; Mohammed et al., 2016). Long-offset long-

recording seismic reflection data demonstrate that there is significant seaward 

crustal thinning beneath these isolated half-grabens (Figure 3.5; McDermott et 

al., 2015; Reuber, 2017). Offshore South Africa, drilling of one such half-

grabens (AJ-1; Figure 3.5a) has revealed that the basin fill consists of 

continental ‘red-beds’ and lacustrine shales (Jungslager, 1999).



55 
 

Figure 3.5. Regional cross-section through the Namibian Orange Basin demonstrating the key features of basin architecture, modified from Mohammed et al. (2016) and Reuber 
(2017). a) regional section (location shown in Fig. 3.4a) displaying crustal structure (Reuber, 2017; Mohammed et al., 2016) and key stratal relationships (Mohammed et al., 2016). 
b) different interpretations of the crustal structure shown in a). c) key for the horizons, and crustal types and seismic stratigraphy shown in a). Different interpretations of the rift-
related stratigraphy are also annotated.  
  



56 
 

 
 



57 
 
Seawards of the Hinge Zone (Figure 3.5a) is a wedge of seaward-younging 

packages (Austin and Uchupi, 1982; Clemson et al., 1997; Gladczenko et al., 

1998; Bauer et al., 2000; McDermott et al., 2015; Mohammed et al., 2016; 

Paton et al., 2016; Reuber, 2017) that overlie a zone of major seaward crustal 

thinning (Bauer et al., 2000; Hirsch et al., 2009; Maystrenko et al., 2013; 

McDermott et al., 2015; Reuber, 2017). The landward pinchout of this wedge is 

often referred to as the Hinge Line (Figure 3.5a) and has been mapped across 

the basin in several previous studies (Figure 3.4b; Gerrard and Smith, 1982; 

Clemson et al., 1997; Koopmann et al., 2013). The packages comprising this 

wedge often contain horizons that dip seawards and diverge downdip (Gerrard 

and Smith, 1982; Austin and Uchupi, 1982; Clemson et al., 1997; Gladczenko et 

al., 1998; Corner et al., 2002; Koopmann et al., 2013; Mohammed et al., 2016), 

although relatively flat-lying and landward dipping reflectors have also been 

identified (Gladczenko et al., 1998; Bauer et al., 2000; Mohammed et al., 2016). 

Seawards this wedge pinches against crust that is consistently interpreted as 

oceanic crust (see below; Figure 3.5a and b). The seaward-most extent of this 

wedge has also been mapped across the region (Gladczenko et al., 1998; 

Koopmann et al., 2013) and trends approximately margin-parallel (Figure 3.4b). 

A margin-parallel positive magnetic anomaly, the Large Marginal Anomaly 

(LMA; Moulin et al., 2010), correlates closely with this wedge and demonstrates 

that, in places, it has a margin-perpendicular width of over 200 km (Figure 3.4b 

and c; Koopmann et al., 2013; Collier et al., 2017).  

In the Namibian Orange Basin, the rift-related wedge situated seaward of the 

Hinge Line has been encountered by the Kudu gas field wells (Figure 3.4b). 

These wells penetrated the uppermost part of the succession, showing it to 

consist of terrestrial flood basalts, and volcaniclastic and clastic sediments 

(Wickens and McLachlan, 1990). In the South African side of the basin (Figure 

3.4b) the A-C1 borehole, situated slightly seawards of the Hinge Line, 

encountered c. 690 m of basaltic lava flows interbedded with sediments and 

pyroclastic layers (Gerrard and Smith, 1982). The wedge was also drilled further 

north along the Namibian margin, where again a dominantly volcanic 

succession was encountered (Jackson et al., 2000; McDermott et al., 2015).  

Seawards of this wedge, seismic horizon R is flat-lying and defines the top of a 

new crustal type characterised by thicknesses of ≤7.5 km (Figure 3.5a). In 
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seismic reflection data this crust has been described as largely featureless 

(Gladczenko et al., 1997). Seismic horizon R is occasionally offset by normal 

faults, the occurrence of which becomes more common with distance seawards 

(McDermott et al., 2015). The analysis of seismic refraction (Bauer et al., 2000; 

Hirsch et al., 2009) and potential fields (Hirsch et al., 2009; Maystrenko et al., 

2013; Collier et al., 2017) data indicate that this is oceanic crust (Figure 3.5a 

and b). That landward most limit of this unequivocal oceanic crust is often 

referred as the LoOC (limit of oceanic crust).  

3.3.2 Previous interpretations of margin structure 

Previous interpretations of the Orange Basin rift-structure have been juxtaposed 

onto the regional cross-section (Figure 3.5b and c). These interpretations were 

correlated onto the cross-section from published maps (Gladczenko et al., 

1998; Koopmann et al., 2013), interpreted seismic sections (Gladczenko et al., 

1998; McDermott et al., 2015; Reuber, 2017), and regional cross-sections 

(Gladczenko et al., 1998; Jungslager, 1999).  

Interpretations of the zone of isolated half-grabens lying inboard of the Hinge 

Zone have remained relatively consistent across different studies (Figure 3.5b 

and c). They are interpreted as forming early during the rifting process (Gerrard 

and Smith, 1982; Jungslager, 1999; Mohammed et al., 2016; Paton et al., 2016) 

and here are annotated as early rift half-grabens (Figure 3.5c). The normal 

faults controlling these half-grabens overlie basement heterogeneities (Figure 

3.5a) interpreted as pre-rift compressional features (Light et al., 1993; 

Mohammed et al., 2016; Paton et al., 2016; Reuber, 2017). This suggests that 

during the early stages of rifting, extension was accommodated by the 

reactivation of pre-existing structures (Mohammed et al., 2016; Paton et al., 

2016; Reuber, 2017). 

The interpretation of the rift-related wedge located seawards of the Hinge Zone 

is more contentious (Figure 3.5c). This wedge of reflectors is consistently 

separated into a series of seaward-stepping and seaward-younging packages 

(Light et al., 1993; Clemson et al., 1997; Gladczenko et al., 1998; Bauer et al., 

2000; McDermott et al., 2015; Mohammed et al., 2016; Paton et al., 2016). 

Whilst the structural position of these different packages remains relatively 
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consistent across different studies (Figure 3.5a), they have been interpreted in a 

number of different ways (Figure 3.5c).  

The bulk lithology of the wedge, as can be constrained by geological and 

geophysical data, can be used to constrain these different interpretations. As is 

mentioned above, drilling has consistently encountered successions that consist 

mainly of basic volcanics (Wickens and McLachlan, 1990; Jungslager, 1999). A 

dominantly volcanic lithology is also supported by the interpretation of regional 

magnetic grids. The spatial correlation between the LMA and this wedge (Figure 

3.4c) suggests that their composition is, at least in part, responsible for this 

positive magnetic anomaly. Several authors have used geometries picked from 

seismic reflection data to forward-model the LMA (Bauer et al., 2000; Corner et 

al., 2002; Koopmann, et al., 2014b; Collier et al., 2017). Two of these studies 

have used profiles from further north along the Namibian magma-rich margin 

(Bauer et al., 2000; Corner et al., 2002), however given the regional continuity 

of these features (Gladczenko et al., 1998; Corner et al., 2002; Moulin et al., 

2010; Koopmann et al., 2013; Koopmann et al., 2014b; Collier et al., 2017) the 

findings are still applicable to the Orange Basin. 

The LMA consists of a long-wavelength high-amplitude positive magnetic 

anomaly, and a series of shorter-wavelength anomalies that are superimposed 

on this (Collier et al., 2017). Collier et al. (2017) use several profiles from the 

SW African magma-rich margin to demonstrate that the amplitude and 

wavelength of the LMA can be reproduced via a uniformly magnetised wedge of 

basalt, the geometry of this wedge was constrained by seismic reflection data. It 

was also demonstrated that the influence of basement dykes on the LMA would 

be relatively minor in comparison that from the overlying volcanics (Collier et al., 

2017), suggesting that the anomaly is not the result of a deeper ‘crustal’ 

magnetic source. In Collier et al. (2017) it proved difficult to match the shorter 

wavelength anomalies, and other studies produced a closer match by modelling 

changes of magnetic polarity within the volcanics (Bauer et al., 2000; 

Koopmann, et al., 2014b). Failures to exactly match these short wavelength 

anomalies may also be explained by the presence of intercalated sediments 

(Corner et al., 2002) or basement dykes (Collier et al., 2017). However, the 

importance of these studies lies not in obtaining a precise match, but in showing 

that the long wavelength component of the LMA requires these packages to 
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consist predominantly of basic volcanics. This does not rule out the possibility 

that certain parts of the succession, spatially and/or temporally, may be more 

clastic-dominated, but it does provide a regional context within which 

interpretations should be grounded. Several early studies of the Namibian 

Margin (Maslanyj et al., 1992; Light et al., 1993) interpreted the packages 

comprising this wedge to consist almost entirely of clastic material (i.e. the 

packages coloured light blue, dark blue, and orange in Fig. 3.5a), with only the 

uppermost layers (the package coloured red in Fig. 3.5a) being volcanic. 

Interpretations such as this are problematic in light of the evidence presented 

above.  

Interpretations that do account for the volcanic nature the succession located 

seaward of Hinge Zone fall into three categories (Figure 3.5c). Firstly (see 

previous interpretations of seismic stratigraphy 1 in Figure 3.5c), the innermost 

packages are interpreted as syn-rift, and the outer as SDRs (Gladczenko et al., 

1998; Mohammed et al., 2016; Paton et al., 2016). These interpretations 

suggest that the innermost packages, the syn-rift, terminate downip against 

landward dipping normal faults (annotated on Figure 3.5a). The SDRs 

meanwhile are interpreted as loading related features. In the second 

interpretation category (see previous interpretations of seismic stratigraphy 2, in 

Figure 3.5c, the wedge is divided into syn-rift, Inner SDRs and Outer SDRs 

(Bauer et al., 2000; Blaich et al., 2011; McDermott et al., 2015). In these 

models, the Inner SDRs are interpreted as fault-controlled and the Outer SDRs 

as loading controlled (McDermott et al., 2015). It has also been suggested that 

the Inner SDRs are more clastic-rich than the Outer SDRs (McDermott et al., 

2015). In the third interpretation category (see previous interpretations of 

seismic stratigraphy 3 in Figure 3.5), the entire succession is interpreted as 

SDRs (Granado et al., 2009; Koopmann et al., 2013; Franke, 2013; Becker et 

al., 2014; Koopmann et al., 2014; Reuber, 2017).  

These contrasting interpretations of stratal geometry correlate with differing 

interpretations of crustal structure (Figure 3.5b). Models assuming that the 

entire succession consists of SDRs interpret the underlying crust as new 

oceanic crust (Reuber, 2017), often named magmatic crust (Figure 3.5b, 

Reuber, 2017; Paton et al., 2017). Meanwhile, interpretations including syn-rift 

packages assume that they overlie stretched continental crust (Figure 3.5b), 
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resulting in a narrower zone of oceanic/magmatic crust (Gladczenko et al., 

1998; McDermott et al., 2015). 

3.3.3 Timing constraints 

In the Orange Basin the onset Atlantic rifting is highly uncertain (Heine et al., 

2013). This is because the boreholes that penetrate the rift-related succession 

either do not reach its base (Wickens and McLachlan, 1990; Jungslager, 1999) 

or were unable to date the volcanic rocks encountered (Gerrard and Smith, 

1982). In the absence of these constraints, the onset of rifting is generally 

considered as occurring between 160-140 Ma, during the Late Jurassic 

(Jackson et al., 2000; Franke, 2013).  

As was described above, the earliest normal oceanic crust can be dated by the 

interpretation of linear magnetic anomalies (Koopmann et al., 2014b; Collier et 

al., 2017). This oceanic crust is located immediately seawards of the SDRs, 

which may also overlie oceanic/magmatic crust (Gladczenko et al., 1998; 

McDermott et al., 2015; Collier et al., 2017). Regardless of the nature of the 

sub-SDR crust, the date of the earliest normal oceanic crust also records the 

end-of SDR emplacement. In the southernmost part of the Orange Basin, 

forward modelling of a 2D ship-track line suggests that the oldest chron present 

is M10r, giving an age of 134.2 Ma (Collier et al., 2017). In the northern part of 

the Orange Basin the oldest chron is M4, giving an age of 130.6 Ma (Collier et 

al., 2017). 

Hence the Orange Basin syn-rift succession and SDRs can be considered as 

forming between 160-140 Ma (Jackson et al., 2000) and 134.2-130.6 Ma 

(Collier et al., 2017). The time at which SDR emplacement began within this 

broad time-range is uncertain.  
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Chapter 4 Data and methods 
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Chapter 9 Discussion and conclusions 

9.1 Introduction 

At the beginning of this thesis, four research questions were posed (Chapter 1, 

section 1.2). Here, the ways in which each of these questions have been 

answered are specified (section 9.2). The results presented throughout this 

thesis also point to several future areas of study, each of which is discussed 

below (section 9.3). Finally, the main conclusions drawn from this thesis are 

summarised (section 9.4).  

9.2 Research questions 

Research question 1: Do jumps of the rift-axis occur during SDR emplacement? 

Recent models of SDR emplacement have included jumps of the rift-axis to 

explain the asymmetry observed between conjugate magma-rich margins 

(Buck, 2017; Morgan and Watts, 2018). However, these analytical models were 

not constrained by observations from high-quality seismic reflection data, thus 

limiting their applicability.  

In this thesis it has been demonstrated that a series of Abandoned Sites of SDR 

Emplacement are embedded within the Orange Basin SDR sequence (Chapter 

5, Chapter 6). When analysed in 2D dip-parallel seismic reflection profiles, 

many of these features record intra-SDR emplacement rift-jumps. That is, the 

abandonment of one rift-axis and the subsequent development of another. 

Hence these results support the inclusion of rift-jumps in numerical models of 

SDR emplacement (Buck, 2017). 

The processes driving rift-axis jumps were investigated across a range of 

scales, from the local (Chapter 5) to the regional (Chapter 8). At the local scale, 

a 2D seismic grid in South African Orange Basin was used to map an 

Abandoned Site of SDR Emplacement in three dimensions. Through analysing 

thickness maps it was suggested that the abandonment of individual rift-axes 

was driven by along-strike interactions between separate magmatic segments. 

As such, the rift-jumps observed in 2D may in fact result from out-of-plane rift 

propagations. A similar phenomenon is observed at mid-ocean ridges, where 
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2D offsets of a spreading axis, as observed along a flow-line, may result from 

the lateral propagation of another ridge segment (Macdonald et al., 1988). The 

3D maps presented in Chapter 5 indicate that the abandonment of individual 

rift-axes results in the development of a laterally continuous magmatic system. 

Accordingly, this process results in a loss of the along-strike segmentation 

present during earlier stages of SDR emplacement (Chapter 5; Norcliffe et al., 

2018).  

At the regional scale, it is possible that variations in spreading-rate control this 

process. Across the 800 km long Orange Basin there are significant along-strike 

variations in the width of the Outer SDRs, indicating lateral variations in 

spreading velocity during their emplacement (Chapter 8). Abandoned Sites of 

SDR Emplacement are often located in places where the Outer SDRs are 

relatively narrow, indicating slower spreading velocities. It is hence possible 

that, at the regional scale, relocations of the rift-axis are responding to 

variations in spreading velocity. For example, it is possible that the faster 

spreading segments propagated along-strike shortcutting areas of slower 

spreading velocity.  

The results presented in this thesis are mainly from the SW African margin, 

however it is likely that they are representative of other magma-rich margins. It 

is notable that previous studies (Clemson et al., 1997; Gladczenko et al., 1998; 

Koopmann et al., 2013; Koopmann et al., 2014b; McDermott et al., 2015; 

Mohammed et al., 2016) in this region did not identify any of the five Abandoned 

Sites of SDR Emplacement mapped here. All of these studies were based on 

datasets that lacked the resolution and/or the coverage of those available for 

this study. Hence, as higher quality and more densely spaced seismic reflection 

data become available over magma-rich margins worldwide, it is possible that 

more of these features will be identified. Indeed, recent studies of the eastern 

margin of the U.S. have reported packages of landward dipping reflectors 

embedded in the SDR sequence (Davis et al., 2018b). Similar successions 

have also been identified in the Pelotas Basin, offshore Brazil (Stica et al., 

2014; McDermott et al., 2018). Hence the processes described in this thesis 

may be common during magma-rich margin evolution.  
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Research question 2: What are the roles of faulting and loading in generating 

the dips displayed by SDRs?  

The geometry of SDRs can be explained by either: lava-flow extrusion into the 

hanging-wall of landward-dipping normal faults (Geoffroy, 2005; Quirk et al., 

2014; Clerc et al., 2015; Geoffroy et al., 2015; Nemčok and Rybár., 2017; Guan 

et al., 2019); or, magmatic loading of a thinned and weakened lithosphere 

(Mutter et al., 1982; Buck, 2017; Paton et al., 2017; Morgan and Watts, 2018; 

Tian and Buck, 2019). These different models assume fundamentally different 

crustal compositions and deformation mechanisms. In fault-controlled models, 

extension is accommodated via the generation of large normal faults and the 

crust is interpreted as stretched and intruded continental crust (Geoffroy, 2005; 

Clerc et al., 2015; Geoffroy et al., 2015; Nemčok and Rybár., 2017; Senkans et 

al., 2018; Guan et al., 2019). In loading-controlled models, extension is 

accommodated via axial magmatic accretion (Mutter et al., 1982; Buck, 2017; 

Paton et al., 2017; Morgan and Watts, 2018) and the crust is interpreted as 

coevally emplaced magmatic crust (Mutter et al., 1982; Eldhom and Grue, 1994; 

Gladczenko et al., 1998; Skogseid, 2000; Hopper et al., 2003; Paton et al., 

2017; Collier et al., 2017; Tian and Buck, 2019).   

These models are based on differing interpretations of the basal SDR-surface. 

In Chapter 6 it is demonstrated that seismic interpretations of this surface are 

inherently non-unique, giving rise to the competing models described above.  

In Chapters 5 and 6 new insights into this debate have been gained through 

studying Abandoned Sites of SDR Emplacement, which record the syn-

emplacement geometry of SDRs. These features contain thick (c. 2 km) 

unfaulted seismic facies units named Laterally Confined Volcanic Successions 

(LCVSs; Norcliffe et al., 2018). This seismic facies unit has a lens-shaped 

geometry where thickness is greatest above the abandoned rift-axis. Their 

unfaulted nature indicates that during SDR emplacement subsidence was 

driven by isostatic processes. Hence, interpretations from these systems 

supports magmatic-loading models of SDR emplacement (Mutter et al., 1982; 

Paton et al., 2017; Buck, 2017; Morgan and Watts, 2018; Tian and Buck, 2019). 

Their association with densely spaced upper-crustal reflectors, interpreted as 

dykes, further supports this conclusion.  



258 
 

 

Interpretations from Abandoned Sites of SDR Emplacement were then used to 

refine our understanding of loading-driven SDR emplacement. LCVS-geometry 

indicates that, during SDR emplacement, the rift-axis was characterised by a 

thick unfaulted volcanic mini-basin. To investigate the processes controlling the 

formation of this mini-basin, the observed geometries were compared to 

predictions from numerical and conceptual SDR emplacement models (Buck, 

2017; Paton et al., 2017; Morgan and Watts, 2018). It was shown that the axial 

subsidence required could be generated through dyke emplacement (Morgan 

and Watts, 2018) and reductions in crustal thickness (Paton et al., 2017) due to 

waning magma-production. The geometry of SDRs is then produced through 

the splitting, via magma-intrusion, and stacking of these intra-LCVS reflectors. 

Throughout this process the mini-basin was continually filled at the surface via 

magma-extrusion.  

The Orange Basin SDR sequence is often divided into Inner SDRs and Outer 

SDRs (Bauer et al., 2000; Blaich et al., 2010; McDermott et al., 2015). The 

Abandoned Sites of SDR Emplacement formed coevally with Outer SDRs. 

Hence they provide a snapshot of Outer SDR emplacement. The results 

presented above therefore support models whereby Outer SDRs form via 

magmatic-loading as the uppermost part of an entirely magmatic crust (Bauer et 

al., 2000; McDermott et al., 2015; Reuber, 2017). 

The emplacement history of the Inner SDRs is less certain. On both the SW 

African margin and its conjugates offshore South America, these SDRs have 

been interpreted as fault-controlled features (McDermott et al., 2015; Paton et 

al., 2017; McDermott et al., 2018). Data presented in this thesis reveal that the 

in the Orange Basin, wedges of Inner SDRs terminate downdip against 

landward dipping surfaces. This supports interpretations of Inner SDRs as fault-

controlled volcanics that were emplaced during continental stretching. However, 

as was noted above, interpretations of the basal-SDR surface is inherently non-

unique. The identification of Abandoned Sites of SDR Emplacement within the 

Inner SDRs would help resolve this uncertainty.   

Research question 3: What were the spatial and temporal relationships between 

subaerial and submarine magmatic spreading during South Atlantic opening? 

The outermost SDRs along the South Atlantic magma-rich margins are often 

considered as the uppermost part of subaerially emplaced magmatic crust 
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(Gladczenko et al., 1998; McDermott et al., 2015; Collier et al., 2017; Paton et 

al., 2017; McDermott et al., 2018). This is a conclusion supported by the 

analyses presented in Chapters 5 and 6. Seaward of this SDR-bearing 

magmatic crust is normal oceanic crust (Gladczenko et al., 1998), which has 

thicknesses only slightly greater than global averages (Taposeea et al., 2016). 

In a 2D seismic section, the juxtaposition of these two crustal types record the 

subsidence of the margin below sea-level: during SDR emplacement, magmatic 

spreading was subaerial; during subsequent oceanic crust generation, the 

spreading centre was submarine (Mutter et al., 1982; Planke et al., 2000; 

McDermott et al., 2015; Paton et al., 2017; Collier et al., 2017).   

The South Atlantic opened from south to north (Jackson et al., 2000; Moulin et 

al., 2010; Heine et al., 2013; Collier et al., 2017), indicating that the lateral 

transition from subaerial to submarine magmatic spreading was diachronous 

along the margin (Collier et al., 2017). In Chapter 7 new constraints were 

provided on the temporal and spatial relationship between subaerial and 

submarine magmatic spreading. Magnetic lineations, resulting from organised 

igneous accretion, were correlated from within the oceanic crust to within the 

SDR-bearing magmatic crust. These magnetic lineations are only present 

beneath the outermost SDRs, which is attributed to the reduced thickness of the 

SDRs in these areas. The continuity of magmatic spreading anomalies beneath 

both of these crustal types indicates that subaerial and submarine spreading 

were occurring coevally along the same organised axial system. The trend of 

this axial system is unaffected by a major transfer zone that segmented the 

basin during earlier stages of rifting and magmatism. Hence this presents an 

example of magmatic processes overprinting structural segmentation present 

earlier in the rifting process. 

Regionally, it has been suggested that the northward younging of chrons within 

the oceanic crust can be used to date the northward propagation of continental 

breakup (Koopmann et al., 2013; Koopmann et al., 2014b). The results 

presented here instead indicate that these chrons record the northward 

transition from subaerial to submarine magmatic spreading.  
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Research question 4: What are the mechanisms and causes of asymmetric 

SDR emplacement? 

As shown in Chapter 7, many of world’s conjugate SDR sequences are 

asymmetric (Hopper et al., 2003; Blaich et al., 2009; Becker et al., 2014; Misra 

et al., 2015; Becker et al., 2016; Horni et al., 2017). This is problematic as the 

majority of SDR emplacement models assume a symmetrical system (Mutter et 

al., 1982; Geoffroy, 2005; Quirk et al., 2014; Paton et al., 2017; McDermott et 

al., 2018; Morgan and Watts, 2018; Tian and Buck, 2019). Here seismic 

reflection data from the Orange Basin and the conjugate portion of the South 

American margin were used to test models of asymmetric magma-rich margin 

evolution (Hopper et al., 2003; Becker et al., 2016; Buck, 2017).  

The Abandoned Sites of SDR Emplacement embedded within the SW African 

SDR Sequence are absent on the conjugate South American margin (Franke et 

al., 2007; Franke et al., 2010; McDermott et al., 2018). In two dimensions, these 

abandoned magmatic systems can be considered to result from a jump of the 

rift-axis (see research question 1). Each of these jumps would have resulted in 

material from the South American side of the rift being transferred to the African 

side, thus contributing to asymmetry. The amount of asymmetry resulting from 

rift-jumps was calculated across three pairs of conjugate seismic reflection 

lines. In some places rift-jumps account for almost all of the asymmetry 

observed whereas elsewhere they fail to explain observations.  

During Outer SDR emplacement it is suggested that two mechanisms 

accommodated asymmetry: symmetric magmatic spreading punctuated by rift-

jumps (Buck, 2017); and, asymmetric magmatic spreading (Hopper et al., 

2003). It is likely that both mechanisms were responding to the same 

geodynamic process. By analogy with the North Atlantic (Hopper et al., 2003), it 

is proposed that regional asymmetric magmatic accretion was driven by rift-axis 

migration towards South American side of the basin, which was characterised 

by thinner and warmer lithosphere (Autin et al., 2016).  

The asymmetry of the Inner SDRs is not fully explained by either asymmetric 

magmatic spreading or by rift-jumps. These Inner SDRs at least partially overlie 

stretched continental crust and are often interpreted as fault-controlled features 

(McDermott et al., 2015; Paton et al., 2017; McDermott et al., 2018). Their 
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asymmetry therefore may result from the differential generation of 

accommodation space during continental stretching.  

9.3 Future directions in magma-rich margin research 

The results presented in this thesis point to several future areas of research, 

each of which is described below.  

Analytical modelling of loading-driven SDR emplacement 

In Chapter 6 a refined model of loading-driven SDR emplacement was 

presented. This model integrated new constraints on the syn-emplacement 

geometry of SDRs. It was proposed that during SDR emplacement, axial 

subsidence is driven by both dyke intrusion (Buck, 2017; Morgan and Watts, 

2018; Tian and Buck, 2019) and reductions in crustal thickness (Paton et al., 

2017). Two dimensional flexural models could be used to constrain the relative 

roles of each of these processes in producing the geometries observed. This 

would advance the results of previous numerical studies where crustal 

thickness was modelled as remaining constant through time (Buck, 2017; 

Morgan and Watts, 2018; Tian and Buck, 2019). These models could also 

address the subsidence of the evolving margin from a subaerial to a submarine 

environment.  

Lithospheric necking in a magma-rich setting 

As was demonstrated in Chapters 6 and 7, the innermost SDRs on the African 

margin overlie a zone of major crustal attenuation that is comparable to the 

necking zone identified across the Atlantic rifted margins (Péron-Pinvidic et al., 

2013). It is possible that this necking zone formed coevally with the overlying 

Inner SDRs. This scenario suggests that the Inner SDRs are controlled by 

landward dipping normal faults (McDermott et al., 2015; Paton et al., 2017; 

McDermott et al., 2018). If this is the case, then the parameters controlling the 

generation of landward dipping normal faults need to be investigated. This is 

important as current simulations of continental extension predict the 

development of seaward dipping normal faults (e.g. Naliboff et al., 2017). 

Alternatively this necking zone could have formed prior to SDR emplacement 

via the same mechanisms as on a magma-poor margin (Mohn et al., 2012). 

Determining the mechanisms of lithospheric necking on magma-rich margins is 

unlikely to be solved by further interpretation of seismic reflection data. Rather, 
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field analogues (Geoffroy et al., 2001; Abdelmalak et al., 2015) and seismic 

refraction data could be used to better characterise this area of major crustal 

attenuation.    

Segmentation from rift to drift 

A number of studies suggest that the transfer zones segmenting early-stage rift 

basins (e.g. Morley et al., 1990) are present throughout the entire rifting process 

(Clemson et al., 1997; Franke et al., 2010; Koopmann et al., 2013; Koopmann 

et al., 2014b). Following breakup these transfer zones are then thought to 

control the nucleation of oceanic transform faults (Clemson et al., 1997; Stica et 

al., 2014). Evidence of these long-lived transfer zones have been found along 

rifted margins (Clemson et al., 1997; Koopmann et al., 2013; Stica et al., 2014; 

Koopmann et al., 2014b; Collier et al., 2017; McDermott et al., 2018) and in 

active rifts (Illsley‐Kemp et al., 2018).  

In Chapter 5 it was demonstrated that small-scale segmentation can be erased 

during the later stages of SDR emplacement. Then, in Chapter 7 it was shown 

that regional-scale segmentation associated with a large transfer zone can also 

become overprinted during this stage of basin evolution. These results contrast 

studies from elsewhere along this margin, which demonstrate the occurrence of 

segmentation from rift-initiation to seafloor spreading (Clemson et al., 1997; 

Koopmann et al., 2013; Collier et al., 2017).  

Future work should address the question: what factors control the preservation 

of structural segmentation from rift-drift? In part this problem can be addressed 

via the regional characterisation of different transfer zones. However, 3D 

thermo-mechanical modelling would be useful in determining the parameters 

that control the longevity of structural segmentation.  

The geodynamic processes driving asymmetric SDR emplacement 

SDR sequences worldwide are asymmetric, however it is uncertain whether the 

processes controlling asymmetry are consistent along and between different rift-

systems. In the North Atlantic, asymmetric SDR emplacement is thought to 

result from lithospheric heterogeneity (Hopper et al., 2003). By analogy with 

models of mid-ocean ridge accretion, it was suggested that asymmetry was 

driven by rift-axis migration towards the side of the rift characterised by thinner 

and warmer lithosphere (Hopper et al., 2003). A similar model can be used to 
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explain much of the asymmetry observed between the Orange Basin SDR 

sequence and its conjugates offshore Uruguay and Argentina (Chapter 8).  

However, in parts of the South Atlantic (Reuber, 2017) and the NE Arabian Sea 

(Misra et al., 2015) plume motion may also have influenced asymmetric SDR 

emplacement. This process is also responsible for the rift-jumps observed in 

Iceland, an environment considered analogous to that recorded by SDRs 

(Mutter et al., 1982; Buck, 2017; McDermott et al., 2018).  

Hence at least two factors influence asymmetric SDR emplacement: 

lithospheric heterogeneity and plume motion. To clarify the role of each of these 

factors, they need to be tested across a range of settings. Using published data, 

a database could be produced that constrains the distribution of SDRs, seafloor 

spreading anomalies, plumes, and failed rifts across the conjugate magma-rich 

margins of: the North Atlantic (Nielsen and Hopper, 2002; Hopper et al., 2003); 

the Central Atlantic (Oh et al., 1995; Klingelhoefer et al., 2016b; Davis et al., 

2018a); the South Atlantic (Koopmann et al., 2014b; McDermott et al., 2015; 

Collier et al., 2017; McDermott et al., 2018); and the NE Arabian Sea (Corfield 

et al., 2010; Calvès et al., 2011; Misra et al., 2015). This would demonstrate 

what, if any, factors are consistent across all systems. For example, is the 

plume stem always located beneath the plate with the narrower SDR sequence, 

thus favouring the role of plume-motion in controlling asymmetry? Or, had the 

lithosphere always been asymmetrically thinned prior to SDR emplacement, 

thus favouring the role of lithospheric heterogeneity? 

9.4 Conclusions 

Within this thesis a series of Abandoned Sites of SDR Emplacement were 

identified within the Orange Basin SDR sequence. The occurrence of these 

features required the update of both regional (Bauer et al., 2000; McDermott et 

al., 2015) and generic (Planke et al., 1999; Planke et al., 2000) seismic-

volcanostratigraphic frameworks.  

In two dimensions, the majority of Abandoned Sites of SDR Emplacement can 

be considered a result of rift-jumps, such as have been included in recent 

numerical models (Buck, 2017). The processes driving these rift-jumps were 

investigated through the 3D characterisation of one such abandoned magmatic 

system. Results suggest that the abandonment of individual rift-axes are driven 
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by along-strike interactions between separate magmatic segments. A result of 

individual axis-abandonment is the establishment of a laterally continuous axial 

zone. Hence, the structural segmentation present in earlier stages of SDR 

emplacement becomes overprinted.  

Abandoned Sites of SDR Emplacement also provide constraints on the syn-

emplacement geometry of SDRs. They consistently demonstrate that during the 

later stages of SDR emplacement the rift-axis was characterised by a thick 

unfaulted package of volcanics named the Laterally Confined Volcanic 

Succession (LCVS). The architecture of LCVSs support magmatic-loading 

models of SDR emplacement (Mutter et al., 1982; Paton et al., 2017; Buck, 

2017; Morgan and Watts, 2018; McDermott et al., 2018; Tian and Buck, 2019). 

Specifically, they indicate that during SDR emplacement, subsidence and 

rotation are driven by magma-intrusion (Buck, 2017; Morgan and Watts, 2018; 

Tian and Buck, 2019) and changes in crustal thickness (Paton et al., 2017). 

These results support regional models where the Outer SDRs are interpreted as 

the uppermost part of an entirely magmatic crust (McDermott et al., 2015; 

Collier et al., 2017).  

The distribution of Abandoned Sites of SDR Emplacement and Outer SDRs 

were then used to map the extent of magmatic crust beneath the Orange Basin. 

This interpretation was then coupled with that of a regional total magnetic 

anomaly grid. It was demonstrated that linear magnetic anomalies, previously 

considered as seafloor spreading lineation (Koopmann et al., 2013; Collier et 

al., 2017), extend across both oceanic crust and SDR-bearing magmatic crust. 

This suggests that submarine and subaerial magmatic accretion were occurring 

coevally along the same organised spreading axis. Therefore, the northward 

younging of chrons in the South Atlantic is not indicative of the propagation of 

continental breakup (Koopmann et al., 2013), but of the northward younging of 

submarine seafloor spreading.  

Finally, the scale of analysis was increases to encompass the conjugate 

magma-rich margins of South Africa-Argentina and Namibia-Uruguay. In both 

cases the African SDR Sequence is significantly wider than the South 

American. A forward model was used to test precisely how much asymmetry 

can be attributed to rift-jumps towards the South American plate. Whilst these 

jumps of the rift-axis explain the asymmetry observed in certain parts of the 
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SDR sequence, they fail to do so elsewhere. Instead the mechanisms 

controlling SDR emplacement are shown to vary spatially and temporally. In the 

early stages of magma-rich rifting, asymmetry is thought to result from the 

asymmetric stretching of the continental lithosphere, leading to the generation 

of differential accommodation space. In the later stages of SDR emplacement, 

asymmetry is a result of asymmetrical magmatic spreading and rift-jumps. It is 

suggested that both of these mechanisms were controlled by asymmetric 

lithosphere structure (Hopper et al., 2003) which lead to rift-axis migration 

towards the South American plate.  
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Appendix A 

A.1. Seismic velocity analysis 

Interval velocity can be a distinguishing feature of a seismic facies unit 

(Mitchum et al., 1977). Here, semblance analysis was used to estimate the 

velocity-depth profiles of several seismic facies units. Below an overview of the 

technique is provided, alongside a description of how the raw seismic data were 

prepared for analysis.  

 

  

Figure A.1. a) Reflected raypaths from source (S) to receivers (R). 
Rays are reflected off the base of a horizontal layer with velocity 
(V). The depth of the basal surface is located at depth z. Both 
receivers are offset from the source by distance x. b) graph 
showing travel time (t) vs offset (x) for reflections off the base of a 
single layer with uniform velocity and thickness. ‘Travel time’ is 
the time taken for the reflected ray to travel from the source to the 
receiver. Figure is modified from Kearey et al. (2002).  
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A.1. The velocity of a single horizontal layer  

The time taken for a wave to travel from source to receiver is known as travel 

time (t). If we consider a horizontal layer (Figure A.1a) with constant velocity 

(V), then the travel time of a ray reflected off its base can be calculated by:  

Equation A.1 

𝑡 =
(𝑥2 + 4𝑧2)1/2

𝑉
 

Where x is the offset between the source and the receiver and z is the depth to 

the base of the layer (Figure A.1a).  

In a typical seismic reflection survey, both V and z are unknown, meaning data 

from a single source-receiver pair are insufficient to solve this equation. 

However, seismic data are commonly acquired across a range of offsets. A 

consequence of this is that we can analyse variations in travel time with offset to 

statistically estimate V and z. As source-receiver offset increases, travel time 

also increases (Figure A.1b), resulting in a relationship known as moveout. The 

amount of moveout recorded can be used to estimate the velocity of a layer.  

At zero-offset, the ray travels vertically from source to receiver and hence travel 

time (t0) can be calculated via:  

Equation A.2 

t0 =
2𝑧
𝑉

 

It follows that where x is greater than 0, the travel time will be greater than t0. At 

the offsets typical in seismic reflection surveying, moveout is approximately 

hyperbolic (Figure A.1b). Therefore, travel time at offset x (tx) can be calculated 

by the following truncated binomial equation:  

Equation A.3 

𝑡𝑥 ≈ 𝑡0 +
𝑥2

2𝑉2𝑡0
 

Normal moveout (ΔT), or NMO, is defined as the difference between the travel 

time at offset x (tx) and zero-offset (t0): 
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Equation A.4 

∆T = 𝑡𝑥 − 𝑡𝑜 ≈
𝑥2

2𝑉2𝑡0
 

Given that x, t0, and ΔT are known, this equation can be re-arranged to 

calculate velocity:  

Equation A.5 

𝑉 ≈
𝑥

(2𝑡0∆𝑇)1/2
 

A.2. velocities in a multi-layered subsurface 

The equations shown above are valid for a single layer with a homogeneous 

velocity. In practise, the rays recorded at a receiver will have travelled through 

many layers with varying velocities. Hence these relationships have to be 

adapted for reflections from the nth layer in a multi-layered subsurface (Figure 

A.2).  

Inter-layer variations in velocity will cause the ray path to diffract at interfaces. 

These diffractions lead to markedly different raypaths (Figure A.2) than those 

characterising a single homogeneous layer (Figure A.1a), resulting in a 

breakdown of the simple NMO relationship presented above.  

In order to estimate NMO in a multi-layered subsurface, the homogeneous 

velocity V should be replaced with an average velocity (Vav) of all of the layers 

that the ray has travelled through. In general, velocity increases with depth and 

hence Vav should be weighted towards these higher velocities. The Root-Mean-

Square Velocity (Vrms) offers one such weighted average: 

Equation A.6 

𝑉𝑟𝑚𝑠 = √
∑ 𝑣𝑖2𝑛
𝑖=1 𝑡𝑖
∑ 𝑡𝑖𝑛
𝑖=1

 

Vrms can then be used to calculate travel time at offset x for reflections from the 

nth layer: 

Equation A.7 

𝑡𝑛 ≈ 𝑡0 +
𝑥2

2𝑉𝑟𝑚𝑠
2 𝑡0

 



294 
 

 

Through adapting the equations shown in section A.1, it follows that NMO at the 

nth reflector (ΔTn) can also be calculated:  

Equation A.8 

∆T𝑛 =
𝑥2

2𝑉𝑟𝑚𝑠
2 𝑡0

 

If Vrms is calculated for the top (n-1) and base (n) of a layer then the interval 

velocity of the layer (Vn) can be calculated using the Dix equation (Dix, 1955): 

Equation A.9 

𝑉𝑛 = √
𝑉𝑟𝑚𝑠,𝑛
2 𝑡𝑛 − 𝑉𝑟𝑚𝑠,𝑛−1

2 𝑡𝑛−1
2𝑉2𝑡0

 

Where tn is the travel time for the ray reflected off the base of layer n, and tn-1 is 

the travel time for that reflected off the base of layer n-1 (which is also the top of 

layer n).  

The interval velocity resulting from this calculation is itself an average of the 

velocity field across a specified interval. Depending on the resolution of the 

study, this interval can consist of one or many seismically resolved layers.  

 

  

Figure A.2. Ray path from source 
(S) to receiver (R) through a multi-
layered subsurface. Each layer has 
a uniform velocity, V. The raypath 
refracts at layer interfaces due to 
velocity variations between layers. 
Here, the reflected raypath to the 
base of the nth layer is shown. 

Modified from Kearey et al. (2002).  
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A.3. Velocity analysis 

Multichannel seismic reflection surveying is characterised by one source and 

many receivers (Figure A.3). After each shot the entire array is moved a 

specified distance, meaning that reflections from the same subsurface location 

are recorded across a range of source-receiver offsets (Figure A.3). Raw 

seismic reflection data are commonly stored in common shot gathers, meaning 

all of the traces recording one shot are stored together. For processing 

purposes, these common shot gathers are often re-sorted into common mid-

point (CMP) gathers, each of which contains all of the traces recorded from a 

common source-receiver midpoint. This midpoint is calculated geographically as 

a point either on the seabed, at sea-level, or on the land-surface (Figure A.3). 

Assuming near-horizontal layering, each trace within a CMP gather will contain 

reflections from all of the interfaces located vertically beneath the midpoint. As 

offset increases, reflections from the same subsurface interface will show 

moveout. If a CMP gather is ordered such that TWTT is shown on the Y-axis, 

and source-receiver offset on the x-axis, then this moveout should be visually 

evident (Figure A.4). 

The technique of semblance analysis was developed to enable the stacking of 

reflections within a CMP gather. Stacking refers to the addition of reflections 

from the same subsurface location that are recorded across a range of offsets. 

Figure A.3. Schematic 
representation of a 2D marine 
seismic reflection survey. After 
each shot the entire array is 
moved a specified distance. A 
consequence is that several 
source-receiver pairs share a 
common mid-point. Modified from 
Kearey et al. (2002).  
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This process is undertaken in order to boost the amplitude of primary reflections 

and decrease the prevalence of coherent and incoherent noise. In order to 

stack reflections from the same subsurface location, the amount of moveout 

must be calculated, which is reliant on velocity estimation. 

Semblance analysis is one such method of estimating subsurface velocities. 

During this procedure the NMO equation for a multi-layered subsurface is 

solved using a range of velocities and at a set t0-interval within a CMP gather 

(Figure A.4). The hyperbolas resulting from these calculations are plotted onto 

the gather, where they intersect the reflections recorded across a range of 

offsets (Figure A.4). A measurement of similarity, known as semblance, is made 

between the reflections a hyperbola intersects. Where semblance is high, all of 

the reflections intersected by the hyperbola are similar (e.g. V2 in Figure A.4). 

An inference of this situation is that all of these reflections are from the same 

subsurface interface. Conversely, where semblance is low, the hyperbola is 

considered to intersect reflections from different interfaces (e.g. Va and V2 in 

Figure A.4).  

Figure A.4. Schematic representation of a CMP gather containing one reflection 
recorded across numerous offsets. For the t0 of this reflection, the NMO equation 
has been solved with three different velocities (V1, V2, V3). The hyperbolas 
resulting from these calculations are plotted onto the gather (red dashed lines). 
The hyperbola produced by V2 provides the best match to the observed moveout, 

this is a case where semblance is high.  
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Appendix D  

Details of publication which chapter 5 is based on:  

Norcliffe, J.R., Paton, D.A., Mortimer, E.J., McCaig, A.M., Nicholls, H., 

Rodriguez, K., Hodgson, N. and Van Der Spuy, D. 2018. Laterally Confined 

Volcanic Successions (LCVS); recording rift-jumps during the formation of 

magma-rich margins. Earth and Planetary Science Letters. 504,pp.53–63. 

10.1016/j.epsl.2018.09.033 

 

 


