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Abstract 

Traditionally, research on oblique extension has primarily focused on pure strike-

slip systems and well-known pull-apart basins, with an emphasis on 

characterising strike-slip tectonics mainly within contractional tectonic settings. 

Oblique deformation, induced by the movement of tectonic plates, is a common 

occurrence at both plate boundaries and intracontinental systems in divergent 

zones. In recent years, an increasing number of studies have turned their 

attention to characterising oblique extension to gain a better understanding of rifts 

and rifted systems that were previously assumed to have orthogonal extension. 

Recognising the varying degrees of obliquity in divergent systems is crucial for 

enhancing the reliability of plate tectonic models, resource exploration, and the 

identification of natural hazards.  

This thesis adopts a multi-disciplinary, multi-scale approach, utilising offshore 2D 

seismic reflection data accompanied by gravity data, and onshore field data. The 

methodology is applied to various case studies with different degrees of obliquity 

to investigate the evolution of different divergent systems. The combination of 

seismic reflection data and field data is chosen for their complementary strengths: 

seismic reflection data provide insights at the crustal scale, while field data 

focuses on elements within the basin.  

Despite the degree of obliquity in the system, the findings reveal spatial 

alternation in the stress regimes within the oblique rifts and rifted margins. These 

stress alternations are reflected in syn-kinematic growth strata, allowing the 

differentiation between oblique and orthogonal stress regimes. The findings 

encompass the role of pre-existing structures on the evolution of the oblique 

systems. Furthermore, oblique systems often exhibit magmatic intrusions through 

strike-slip, transfer, or continental transform faults, typically located at plate 

boundaries or the core of the rift system. At the crustal scale, intrusions through 

transform faults are capable of forming a transitional crust, which disproves the 

previous notion of the absence of continental-oceanic transitional crust in 

transform margins.  

In conclusion, this study contributes to the refinement of the strike-slip tectonics 

model, traditionally centred on contractional settings by providing additional 

insights into divergent strike-slip systems, and displays the implications on the 
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Pangaea break-up. The findings not only enhance our understanding of these 

settings but also suggest potential directions for further research in this dynamic 

field.  
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principal displacement zone (e.g., Burchfiel and Stewart, 1966; Crowell, 

1974; Mann et al., 1983; Christie-Blick and Biddle, 1985; Woodcock and 

Fischer, 1986; Sylvester, 1988; Mann, 2007; Wu et al., 2009; Corti et al., 

2020; Farangitakis et al., 2020). 
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(Fossen et al., 2013). 
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(Figure i.e; Peacock and Sanderson, 1995). 

f) Marginal Ridge: In transform margins, a marginal ridge may be 

associated with the transform fault, and underlines a sharp constrast at the 

oceanic-continental boundary (Basile et al., 1993). Vertical displacements 

along the transform faults may explain their formation (Basile, 2015). 

These may have been developed due to transportation of thick continental 
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crust within the transform fault (Le Pichon & Fox, 1971), or crustal 

thickening due to transpression (Attoh et al., 2004; Huguen et al., 2001) or 

due to lateral heat transfer from the oceanic crust to the continental across 

the transform fault (Basile, 2015). 

 

(a) Riedel structures (after Riedel, 1929; Sylvester, 1988). (b) Duplexes and 

horsetail splays (after Woodcock and Fischer, 1986). (c) Pure strike-slip pull-apart 

basin and transtensional pull-apart basin with the identical extensional sidewall 

faults (after Wu et al., 2009). (d) Oblique folding under a transtensional regime 

(after Fossen et al., 2013), and (e) relay ramps formed under a strike-slip regime 

(Peacock & Sanderson, 1995).  

Chapter 1 – Introduction   
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1.1 Motivation  

Understanding the tectonic processes related to the continent formation can 

provide insights on Earth’s history. A part of the continents’ elements are the rifts 

and rifted systems, which influence the geomorphology, the climate, the 

biodiversity, and the economy, and provide insights on the natural hazards, and 

the processes related to the formation of oceanic basins (e.g., Judd et al., 2002; 

Minshull, 2002; Donnadieu et al., 2016; Brune, 2016).  

Various models have been developed to explain the formation of rifts and oceanic 

basins (Biari et al., 2021) however, the majority of them assume orthogonal 

extension with little consideration for the role of obliquity (Brune et al., 2018), 

even though it is common to many continental and oceanic regions and it is 

associated with divergent plate boundaries worldwide. Divergent margins can be 

categorised into two main types: “rifted” or “passive”, and “transform” margins 

(Figure 1.1). Rifted margins are further classified based on magma supply into 

“magma-poor” or “magma-rich” categories, each displaying different processes, 

features, and transitional crusts.  

1.1.1 Rifted margins 

In magma-rich margins, the magma supply is sufficient to form a magmatic 

transitional crust, known as Seaward Dipping Reflectors (SDR; e.g., Paton et al., 

2017). In contrast, magma-poor margins exhibit different processes. Rifting is 

slower than in magma-rich margins, allowing for continental hyperextension, 

possible transitional crust with mantle exhumation, and the development of 

thinner oceanic crust (Figure 1.1A; e.g., Doré & Lundin, 2015; Franke, 2013; 

Peron-Pinvidic et al., 2013; Sutra & Manatschal, 2012). While, in transform 

margins, there is direct contact between the continental and oceanic crusts 

(Figure 1.1B; e.g., Loncke et al., 2020; Mercier de Lépinay et al., 2016) with an 

uncertain presence of transitional crusts. 
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Figure 1.1: Indicative cross-sections with the rifted (Aa-b) and transform (B) 
margins (Doré & Lundin, 2015; Franke, 2013; Lister et al., 1991; Loncke et al., 2020; 
Mercier de Lépinay et al., 2016; Peron-Pinvidic et al., 2013; Planke & Eldholm, 1994; 
Sutra & Manatschal, 2012). 

 

1.1.2 Oblique divergent systems 

The initial consideration of strike-slip faults can be tracked back to Wegener's 

continental drift theory in the 1912, and was introduced as an official term by Reid 

et al. (1913). Since then a series of various studies focused on the oceanic 

domain and the oceanic transform faults (Heezen, 1960; Heezen, Bunce, et al., 

1964; Heezen, Gerard, et al., 1964; Heezen & Tharp, 1965), as well as the 

context of sheared margins (Mascle, 1976; Scrutton, 1979; Wilson, 1965).  

Mascle (1976) and Scrutton (1979) introduced the term “transform margin” as an 

alternative to continental margin, as the shear observed did not conform to the 

established margin distinction of Atlantic (passive continental) and Pacific (active 

continental-subduction) classifications. These types of margins accommodate at 
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some point during their evolution strike-slip motion through transform faults at the 

plate boundaries (Mascle, 1976; Scrutton, 1979).  

A few approaches to distinguish the strike-slip faults were adopted by Woodcock 

(1986) and Sylvester (1988). Woodcock’s classification of strike-slip faults 

outlines four distinct categories based on the structures they connect at the plate 

boundaries (Figure 1.2). Woodcock’s classification primarily concentrates on 

convergent plate boundaries, assuming that strikes-slip faults in divergent 

boundaries are well understood:  

1. Ridge transforms: These strike-slip faults link spreading ridges and appear 

at the boundaries of oceanic-oceanic crusts (e.g., Owen, Romanche, 

Charlie Gibbs fracture zones), but can also be active during early rifting. 

2. Boundary transforms: Occurring at continental-continental, continental-

oceanic, and rarely at oceanic-oceanic boundaries, these strike-slip faults 

form integral components of plate boundaries (e.g., San Andreas, Alpine 

fault).  

3. Trench-linked strike-slip faults: Found within plates at oblique subduction 

zones, these faults are associated with local arc intrusions and volcanic 

rocks (e.g., Semanko, Median Tectonic line). 

4. Indent-linked strike-slip faults: Similarly to the previous category, these 

faults emerge within the continental domain and are associated with intra-

continental shortening.  

 

 

Figure 1.2: Schematic sketch of strike-slip faults at the plate boundaries, the 

cratonic continental and oceanic crusts (after Woodcock, 1986; Mann, 2007). 
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In addition to Woodcock’s classification, Mann (2007) incorporated cratonic 

continental strike-slip faults, encompassing pre-existing crustal faults. While, 

Sylvester (1988) introduced the terms of “transtension” and “transpression”, 

introducing the concept of obliquity into the systems.  

Only recently more studies (Basile, 2015; Brune, 2014; de Souza Rodrigues et 

al., 2023; Farangitakis et al., 2019; Loncke et al., 2020; Markwick et al., 2022; 

Mercier de Lépinay et al., 2016; Nemčok, Rybár, et al., 2016; Nemčok et al., 

2023; Philippon & Corti, 2016; Yassin et al., 2017; Ye et al., 2017; Zwaan et al., 

2016) have been focusing on the oblique divergent tectonic settings due to the 

oilfield discoveries of Ghana and Guyana (Dailly et al., 2017; Maia de Almeida, 

Alves, Filho, Freire, de Souza, Leopoldino Oliveira, et al., 2020; Maia de Almeida, 

Alves, Filho, Freire, de Souza, Normando, et al., 2020; Tetteh, 2016). Due to their 

complexity, strike-slip influenced divergent systems lack of the structures 

evolution, and their influence on the crusts’ under the tectonic regime, in contrast 

to the convergent systems, where the strike-slip framework development is better 

studied (Figure 1.2; Woodcock, 1986; McClay and Massimo, 2001; Noda, 2013).  
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Figure 1.3: Transform margins and onshore strike-slip setting across the world 

(after Chorowicz, 2005; Mann, 2007; Mercier de Lépinay et al., 2016). Fracture 

zones from Müller et al. (2008) and Matthews et al. (2011), and Continental-Oceanic 

Boundary (COB) from Exxon World Mapping Project (1985). High Atlas – 

discussed in Chapters 2 and 5; Florida margin – discussed in Chapters 3 and 5; 

and Ghanaian margin – discussed in Chapters 4-5. 

Globally (Figure 1.3), one-third of the margins are activated with low obliquity, 

ranging from 0° to 30°, another third with moderate obliquity (30° to 60°), and 

40% of the margins accommodate high obliquity, falling between 60° and 90° 

(Philippon & Corti, 2016) and 16% of the continental margins are classified as 

transform margins (Mercier de Lépinay et al., 2016). Jeanniot and Buiter (2018) 

re-evaluated these number and proposed that 26 major conjugate rift systems 

that they studied worldwide have experienced obliquity, while Brune et al. (2018) 

proposed that 70% of the rift systems involved obliquity higher than 20°, and the 

global average in terms of rift obliquity is 34°. Examples of present day oblique 

active rift systems include the Ethiopian Rift (Corti, 2008) and the Gulf of 

California (Bennett & Oskin, 2014; Lizarralde et al., 2007). Passive transform 

margins include the conjugate margins of the Agulhas Bank and Falklands 

Plateau (Ben-Avraham et al., 1993) in South Atlantic, the Equatorial Atlantic’s 

conjugate margins (Basile, 2015), the East African-Madagascar-Antarctica 

(Marks & Tikku, 2001), the Antarctica-Australia conjugate margins (Dalziel, 
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1991), the Gulf of Aden (e.g. Beydoun, 1970) and the Red Sea (Daggett et al., 

1986). 

While extensive information exists regarding contractional strike-slip settings, the 

principal objective of this study is to deepen our understanding of strike-slip 

deformation in divergent settings. This project is a contribution to the current 

knowledge base of strike-slip extensional settings by focusing on the role of 

strike-slip faults in rifts and rifted margins, examining their interaction with the 

various crustal types, and investigating the tectonostratigraphic relationship 

within oblique systems. 
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1.2 Research questions 

This piece of research aims to address the following questions: 

1. How do strike-slip faults influence the tectono-stratigraphy in oblique 

extensional settings and what are the key differences with orthogonal 

extension?  

2. How does the stress regime vary locally during oblique extension? 

3. What is the relationship between magmatism and strike-slip tectonics? 

4. How do pre-existing structures influence the evolution of the oblique 

extensional systems? 

5. Do the identified findings encompass generic strike-slip characteristics 

that can be applied to other divergent oblique settings? 

6. What are the differences between rifted and transform margins? 

7.  

1.3 Approach – Study localities 

In order to examine the tectono-stratigraphic, crustal and stress variation 

characteristics that appear in strike-slip extensional settings, the study 

investigates three localities (Figure 1.3), each using a different approach: 

1. High Atlas, Morocco. The field-based case study focuses on the inverted 

aborted rift system of Atlas in NW Africa, with a specific emphasis on 

investigating the proposed transtensional tectonic event and the former 

orthogonal rifting (Ellouz et al., 2003; Escosa et al., 2021; Fernandez, 

2019). 

2. Florida margin, Eastern Gulf of Mexico. The study area explores the 

presence of strike-slip fault activity during rifting, previously characterized 

as a transform margin (Figure 1.3; Pindell and Kennan, 2009; Pindell et 

al., 2021) by utilising 2D seismic reflection and gravity data. 

3. Ghanaian margin, Equatorial Atlantic. Ghanaian margin represents a 

stereotypical transform margin (Antobreh et al., 2009; Basile et al., 1998; 

Mascle & Blarez, 1987; Sage et al., 2000). The study utilises 2D seismic 

reflection and gravity data. 

 

  



9 
 

1.4 Thesis structure 

The thesis is structured in five chapters. Three of these compromise result 

chapters, structured as a series of “journal-style” research papers due to the 

different study areas, approach, and their individual geological backgrounds. 

Chapter 2 discusses the structural framework, the tectono-stratigraphy and 

paleostress analysis during the orthogonal extension and subsequent 

transtensional tectonic events. Lastly, this chapter explores the role of pre-

existing structures in the evolution of the rift system. Chapter 3 investigates the 

presence of strike-slip fault activity during the rifting in the Florida margin. Chapter 

4 focuses on discussing the crustal architecture, tectonic framework, and the 

tectonic processes of the Ghanaian transform margin, which comprises 

orthogonal, oblique extension and oblique contraction. This analysis is conducted 

in alignment with the conjugate NE Brazilian margin. Chapter 5 encompasses the 

thesis discussion and summarises the findings from the three different result 

chapters. It presents an updated conceptual 3D model of strike-slip tectonics 

(Figure 1.2), tectono-stratigraphic characteristics that can be found in strike-slip 

tectonic settings. It describes the differences between rifted and transform 

margins, and integrates the research areas interpretation on the Pangaea’s 

break-up. Additionally, it addresses the research questions posed in Section 1.2. 

Lastly, it suggests future work on strike-slip extensional systems, and it outlines 

the key finding.  

As stated in the declaration, Chapter 3 has been published in the Journal of the 

Basin Research and subsequently incorporated in the thesis by adding a further 

discussion.   
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Chapter 2 – Moroccan High Atlas: The case study on 

strike-slip influenced rifted systems   

 

Summary 

The failed Atlas rift system in NW Africa formed during the Mesozoic Pangaea 

break-up and experienced inversion during the Cenozoic Alpine orogeny. Despite 

the well-studied inversion, the Late Triassic-Jurassic rifting remains poorly 

understood. The rifting, synchronous with the Atlantic and Tethyan opening, 

reactivated pre-existing Hercynian structures. Reconstruction of the Atlantic-

Tethyan triple junction suggests orthogonal extension in the early stages and 

sinistral transtension in the Middle Jurassic. The well-exposed stratigraphy of the 

High Atlas, weakly deformed by the Alpine orogeny, offers an ideal opportunity to 

study extensional systems influenced by strike-slip tectonics.   

This study utilised field data focusing on metre-to-kilometre scale outcrops in the 

Central and Eastern High Atlas, examining structures and sediment-structure 

relationships across the failed rift. It investigates the degree of obliquity in the 

Early and Middle Jurassic sequences and analyses the reactivation of pre-

existing structures and the development of new ones, along with strain variations 

along the system.  

Results indicate that extension was orthogonal during the Triassic to Early 

Jurassic, transitioning to oblique extension in the Middle Jurassic, with an 

uncertain cessation time. Paleostress analyses indicate a consistent stress 

regime during the orthogonal extension, but lateral stress variation during the 

oblique extension, leading to localised orthogonal extension, transtension, and 

strike-slip with contractional features. Lastly, the results unveil the reactivation of 

Hercynian structures in both phases, the reactivation of normal faults as strike-

slip faults, and the development of minor structures during the later extensional 

phase.  
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2.1 Introduction  

The evolution of divergent margins has traditionally been examined along 

regional 2D profiles enabling the understanding of margin architecture and fault 

development during the rifting process (e.g., McKenzie, 1978; White, 1993; 

Whitmarsh, Manatschal and Minshull, 2001; Ranero and Pérez-Gussinyé, 2010; 

Peron-Pinvidic, Manatschal and Osmundsen, 2013; Brune et al., 2017; Naliboff 

et al., 2017). This approach emphasised the role of orthogonal extension at the 

expense of the oblique component. However, over the last few years, research 

has stressed the importance of obliquity, which is almost always present in rifts 

and rifted margins (e.g., Brune et al., 2018), due to the relative oblique motion of 

tectonic plates and the irregularities in plate boundaries (Díaz-Azpiroz et al., 

2016; Philippon & Corti, 2016). Thus, it is essential to recognise the role of 

obliquity during the different rifting phases, identify the stress pattern laterally, 

and understand the impact of both pre-existing and newly formed features on the 

final structural architecture.  

Acknowledging the changing view of rift margins with a growing focus on 

obliquity, this study specifically delves into this aspect. The High Atlas, located in 

NW Africa, is an intracontinental fold and thrust belt extending from Morocco to 

Tunisia (Figure 2.1A). It is an aborted Triassic to Jurassic rift that was inverted 

during the Cenozoic Alpine orogeny (Ellero et al., 2020; Ellouz et al., 2003; 

Escosa et al., 2021; Frizon de Lamotte et al., 2008, 2009; Leprêtre et al., 2018). 

The High Atlas presents a unique opportunity to study extensional systems 

influenced by strike-slip tectonics, as the well-exposed syn-rift basins in this 

region are still well preserved and have experienced relatively weak deformation 

during their inversion (Ellouz et al., 2003; Frizon de Lamotte et al., 2008; Laville 

et al., 2004; Piqué et al., 2002).  

The Atlas rifted system formed during the Mesozoic breakup of Pangaea and was 

subsequently inverted during the Alpine Orogeny (Ellero et al., 2020; Ellouz et 

al., 2003; Escosa et al., 2021; Frizon de Lamotte et al., 2008; 2009; Leprêtre et 

al., 2018). While the inversion and the orogeny build-up have been extensively 

studied (e.g., Frizon de Lamotte et al., 2008, 2009, 2011; Leprêtre et al., 2015, 

2018; Fekkak et al., 2018), the Late Triassic to Jurassic rifting, which coincided 

with the opening of the Atlantic and the Tethys Oceans, remains ambiguous. 

Previous studies propose that true orthogonal rifting occurred in the Late Triassic 
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to Early Jurassic, followed by a prolonged phase of oblique extension (Biddle & 

Christie-Blick, 1985; El Kochri & Chorowicz, 1996; Ellouz et al., 2003; Escosa et 

al., 2021; Frizon de Lamotte et al., 2008; Laville, 1985; Laville et al., 2004; Laville 

& Petit, 1984; Mattauer et al., 1977). A few tectonic reconstruction models (e.g., 

Ellouz et al., 2003; Fernandez, 2019; Escosa et al., 2021) suggest that NE-SW 

and ENE-WSW Hercynian faults were reactivated under sinistral transtensional 

tectonics (Laville et al., 2004) driven by the movement between Africa and Iberia 

in the Middle Jurassic. Despite various analyses and models, little is known (El 

Kochri & Chorowicz, 1996) about the regional-scale influences on the rift system 

during this transtensional event. 

This study focuses on the Central and Eastern High Atlas of Morocco (Figure 

2.1A) and aims to characterise the orthogonal and the oblique extensional phases 

that shaped the Atlas system during the Mesozoic. To achieve this, the study’s 

objectives are as follows: 

1. Evaluate stratigraphic architectures to identify evidence of active rifting 

and characterize the geometry of structures developed during the Late 

Triassic to Early Jurassic extensional phase. 

2. Investigate the hypothesis of an oblique extensional phase during the 

Middle Jurassic and explore the kinematics and the geometry of structures 

active during this phase, while also examining any stress variations along 

the Atlas system’s length.  

3. Determine how pre-existing orthogonal rift-related structures influenced 

Middle Jurassic deformation, by analysing structural, kinematic, and 

stratigraphic data. 

4. Develop an updated tectonic model that incorporates field observations for 

both orthogonal and oblique extensional phases. 
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Figure 2.1: A. Schematic regional geological map of Morocco, NW Africa, which displays the main units and structures, and the outcrop localities in the Central and Eastern High Atlas. SAF: South 

Atlas Fault; NAF: North Atlas Fault (modified from Hafid et al., 2006). Geological maps of the Central and Eastern High Atlas with the selected outcrops of key localities 1-4 in B, locality 5 in C, and 

locality 6 in D and their equivalent cross-sections; bold black transects (I-IV) (after Rolley and Etienne, 1978; Monbaron, 1985; Jenny, 1988; Jossen, 1988; Du Dresnay et al., 1997; Milhi, 1997; Fadile, 

2003; Baidder et al., 2018). Green transects indicate cross-sections based on fieldwork measurements and geological maps, whilst red transects are only based on geological maps. (F) indicates 

the studied faults on the cross-sections in figures 2.7 and 2.9. 



15 
 

2.2 Background 

The High Atlas Mountains have a complex geological history shaped by multiple 

tectonic phases (Figure 2.2). Three significant tectonic events have marked the 

region:  

(1) The Late Palaeozoic Hercynian orogeny (Figure 2.2A-a), occurred from the 

Cambrian to the Carboniferous, led to the formation of NE-SW and ENE-WSW 

trending structures, and formed the structural template for the Atlas rift system 

(Beauchamp, 1988; Frizon de Lamotte et al., 2015; Laville & Petit, 1984; Laville 

& Piqué, 1992; Michard et al., 2008; Piqué et al., 2002). During this phase, the 

lithospheric zone of Atlas (ASZ; Figure 2.2A-a) was developed, which later 

marked the southern boundary of the Moroccan microplate (Ellero et al., 2020; 

Kroner & Romer, 2013; Labails et al., 2010; Michard et al., 2010; Muttoni et al., 

2003; Schettino & Turco, 2009, 2011). 

(2) The Atlas rift system evolved through two main stages. The first stage might 

have started as early as late Permian to Early Triassic (Figure 2.2B; dotted blue 

line), but it mainly influenced the region during the Late Triassic – Early Jurassic 

(Ellouz et al., 2003; Fernandez, 2019; Frizon de Lamotte et al., 2008; Lachkar et 

al., 2009). This rifting phase was a result of the simultaneous opening of the 

Central Atlantic and the Tethys, in the west and the north, respectively (Figure 

2.2A-b; Laville and Piqué, 1991; Charriere, 1996; Ellouz et al., 2003; Frizon de 

Lamotte et al., 2008; Fernandez, 2019). This resulted in the reactivation of the 

pre-existing NE-SW and N-S Hercynian structures (Ellouz et al., 2003; Frizon de 

Lamotte et al., 2008, 2011, 2015). The co-existence of Tethyan and Central 

Atlantic rifting makes it challenging to identify the temporal and spatial influences 

on the Atlas domain (Ellouz et al., 2003; Huon et al., 1993). During the rifting, the 

Atlas system accumulated interbedded Central Atlantic Magmatic Province 

(CAMP) sequences with Triassic evaporites and Lower Jurassic carbonates 

(CAMP, Figure 2.2B; e.g., Marzoli et al., 2019; Escosa et al., 2021). 

In the Early Jurassic, despite ongoing Central Atlantic opening, it has been 

suggested that the Atlas rifting was aborted, and thermal subsidence led to the 

formation of a carbonate platform during the Toarcian (upper Early Jurassic; e.g., 

Ellouz et al., 2003; Laville et al., 2004; Hafid et al., 2006; Frizon de Lamotte et 

al., 2008, 2009, 2011; Moragas et al., 2018). This post-rift phase of the Atlas rift 
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system was characterised by the continuous separation of Africa from America 

and the Tethyan opening and Africa’s plate movement towards the south, which 

eventually ceased in the Early Cretaceous (Fernandez, 2019; Laville et al., 2004). 

This movement triggered a transtensional tectonic regime in the Atlas system, 

involving sinistral motion along pre-existing NE-SW and ENE-WSW structures 

(Ait Brahim et al., 2002; El Kochri & Chorowicz, 1996; Ellouz et al., 2003; Laville, 

1985; Laville & Piqué, 1991; Laville et al., 2004; Piqué et al., 2002; Schwarz & 

Wigger, 1988). These sinistral strike-slip faults would have accommodated 

transtension and contributed to the development of pull-apart basins (Laville, 

1988; Laville & Piqué, 1992; Mattauer et al., 1977; Schaer & Rodgers, 1987).  

The later event of potential transtension has been associated with Middle 

Jurassic to Cretaceous magmatism (Calvín et al., 2018; Laville, 1988; Laville et 

al., 2004), linked to mantle upwelling (Allouban et al., 2021; Bensalah et al., 2013; 

Essaifi & Zayane, 2018; Moratti et al., 2018) and the formation of lava flows, sills 

and dykes, and it is considered to have implications on the geodynamic model of 

the Atlas evolution. The magmatism could either be related to the extensional 

regime (Bensalah et al., 2013; Laville et al., 1994) or to mantle upwelling 

(Bensalah et al., 2013; Frizon de Lamotte et al., 2009; Moratti et al., 2018). In 

addition, they might be related to the reactivation of pre-existing structures 

(Bensalah et al., 2013), where mantle upwelling formed antiform ridges (Laville 

and Piqué, 1991, 1992; Ellouz et al., 2003). The age of the magmatic event is 

poorly constrained and still debated. Geochemical, structural, and paleomagnetic 

data suggest a Middle-Late Jurassic age (Armando, 1999; Bensalah et al., 2013; 

Calvín et al., 2017; Charriére et al., 2005; Essaifi & Zayane, 2018; Hailwood & 

Mitchell, 1971) or Early Cretaceous in age (Bensalah et al., 2013; Moratti et al., 

2018). In the case of the Early Cretaceous activity, the antiform ridges observed 

in sediments (Laville and Piqué, 1991, 1992; Ellouz et al., 2003) are likely to be 

related to either salt tectonics (Calvín et al., 2018; Martín-Martín et al., 2017; 

Moratti et al., 2018; Saura et al., 2014; Vergés et al., 2017) or the local stress that 

influenced the NE-SW trending strike-slip faults with step-over geometries (e.g., 

Laville, 1985; Laville and Piqué, 1992; Piqué et al., 2002; Laville et al., 2004). 

(3) The final phase involved the counter-clockwise rotation of the African plate 

and its collision with the Iberian-European plate (Figure 2.2A-c), resulting in the 

progressive closure of Tethys and inversion of the Atlas system (e.g., Frizon de 
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Lamotte et al., 2000, 2009; Teixell et al., 2003). The inversion phase began in the 

Late Cretaceous and extended into the present. The major shortening events 

occurred in the Oligocene-Miocene with the Alpine orogenic event, leading to a 

complex transpressional system with dextral movement in the Atlas region (e.g., 

Ait Brahim et al., 2002; Ellero et al., 2012, 2020).  

 

Figure 2.2: A. Main tectonic events during the evolution of the Atlas region, with 
Pangaea formation (a) and break-up (b), followed by the convergence of Africa and 
Eurasia (c) (modified from Arthaud and Matte, 1977; Muttoni et al., 2003; Schettino 
and Turco, 2011; Kroner and Romer, 2013; Ellero et al., 2020). ASZ: Atlas Shear 
Zone; CIFZ: Canary Islands Fracture Zone. B. Tectonostratigraphic column 
capturing the main tectonic events in the High Atlas, Morocco (modified from 
Ellouz et al., 2003; Walker et al., 2018; Escosa et al., 2021). 
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2.3 Methodology 

This study utilises field data, which were collected during two field seasons in 

2021 and 2022, and published geological maps of Morocco with map scales 

ranging from 1/50,000 to 1/200,000 (Figure 2.1B-D; Rolley and Etienne, 1978; 

Monbaron, 1985; Jenny, 1988; Jossen, 1988; Du Dresnay et al., 1997; Milhi, 

1997; Fadile, 2003; Baidder et al., 2018). Most of the outcrop areas have been 

mapped at the 1/100,000 scale.  

Here, detailed field observations from six localities are presented to illustrate their 

structural configuration, tectonic evolution, and implications for the wider 

kinematics of the Central and the Eastern High Atlas. These localities are, from 

west to east (Figure 2.1B-D):  

1. the Aït Attab syncline;  

2. the Ouaouizaght syncline; 

3. the Zawyat - Ahancal region; 

4. the Timedouine ridge in the Agoudal region; 

5. the Azzag basin, in the Er-Rich region; and 

6. the region of Bou Annane. 

The studied localities include Triassic and Jurassic sequences which have 

previously been interpreted as being deposited during the extensional phase 

(e.g., Ellouz et al., 2003) in the Atlas evolution. They illustrate the relationship 

between the Lower and the Middle Jurassic, as well as any possible relationship 

with pre-existing Paleozoic basement structures. In the localities, the upper part 

of the Lower Jurassic is distinguished, when thermal relaxation is proposed to 

have occurred (e.g., Ellouz et al., 2003; Laville et al., 2004; Hafid et al., 2006; 

Frizon de Lamotte et al., 2008, 2009, 2011; Moragas et al., 2018) and different 

structures have been identified. Outcrops were also selected to assess whether 

there is an associated magmatic activity in the Central High Atlas during the 

transtensional event, and aiming to identify any relationship with the strike-slip 

faults.  

For each locality, analysis on the sediment-structure interaction was performed 

for the Lower and/or Middle Jurassic beds to identify if they got influenced by any 

orthogonal or oblique extension, identified in growth strata against structures. 

This occurred on both mesoscopic and megascopic scales, encompassing both 
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outcrop-level and kilometre-scale perspectives. The Triassic sequence was 

excluded due to the nature of pillow lavas and altered red lacustrine beds, which 

did not provide any information. Due to the reactivation of the regional scale faults 

along with the nature of the beds, in the Central High Atlas, they usually appear 

as geomorphic valleys, where there is a stratigraphic and structural variability in 

the opposite flanks of these valleys.  

Due to the lack of physical regional scale faults, observations and measurements 

were mostly focused on mesoscopic scale faults and their kinematic 

characteristics of fault-slip data and slickensides, Riedel structures identified in 

bedding, and growth strata. The tectonic measurements were then integrated to 

distinguish the tectonic regime for each sequence. In addition, paleostress 

analysis was carried out using Win-Tensor software (Delvaux & Sperner, 2003) 

and the Angelier (1984) method from multiple waypoints laterally distributed for 

each locality.  

Due to the multi-phase history of the High Atlas, faults were divided based on 

their characteristics (trends, kinematics), even if not fully consistent due to 

different deformation along the study area. The differentiation between normal 

fault, pure strike-slip fault, and strike-slip with dip-slip in the field (Table 2-1) relies 

on several distinct characteristics. These include kinematic indicators and 

sediments-structure relationship. Normal faults show typical wedge geometry 

growth strata, while strike-slip faults show thickness variation on the either side 

of the fault. Strike-slip faults demonstrate limited formation of the typical growth 

strata, which appear more sub-horizontal in nature (Wu et al., 2009). Flower 

structures and splays that feature a central strike-slip fault surrounded by normal 

sidewall faults (refer to terminology list), and lastly the shear plunge in the fault 

plane where present. If the faults are lacking the previous characteristics, were 

interpreted based on the consistency in the interpreted faults. The 

aforementioned bedding and structures were restored based on an average 

bedding measurement of the locality’s youngest unit, which is usually Cretaceous 

or Middle Jurassic. Each locality’s interpretation is based on the field data, metre-

to-kilometre-scale cross-sections and their restored sections, and the 

interpretation of the laterally distributed structures in space and time. The 

measurement format presented here is dip direction (azimuth) and dip. 
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Furthermore, during the interpretation, the structures associated with the 

orogenic event were ignored, emphasising the presentation of primarily pre-

orogenic features. Indicative features are presented in the Ouaouizaght region 

(Figure 2.4b-c). Typically, the orogenic related structures appear undeformed, 

constituting the most recent generation in cross-cut tension gashes, Riedel 

structures often indicating dextral movement along NNW-SSE trending 

structures, aligning with the regional NW-SE trend of contraction (Figure 2.2A-c). 

A paleostress analysis using Win-Tensor was conducted to clarify the 

contractional stress regime controlling these structures.  

Table 2-1: Differences between dip-slip (normal) and strike-slip faults (Barnett et 
al., 1987; Diabat et al., 2004; Elliott, 1976; Jackson & McKenzie, 1983; Sylvester, 
1988; Walsh & Watterson, 1991; Watterson, 1986; Wu et al., 2009). 

 Dip-slip faults Strike-slip faults 

Fault geometry 

Upward or listric; 

dip of 45°-60° or 

greater 

Upward; dip between 

65°-90°  

Kinematics Extensional, dip-slip  
Extensional/contractional; 

strike-slip  

Growth strata  

Maximum 

displacement in the 

middle of the fault; 

against the footwall.   

Central depocenter 

Subsidiary fractures - Riedel shears 

 

Here, it is worth noting the two main uncertainties that arose by following the 

abovementioned methodology. Firstly, by restoring the sequences based on the 

youngest unit for each locality. Due to the erosion, some sequences cannot be 

restored based on the main contractional events that influenced the areas 

individually. Secondly, the regional scale structures and half-grabens are 

associated with the Triassic basalts commonly co-exist with the Triassic 

evaporites. The main structures and the surrounding area may have been 

influenced by halokinesis, and more attention is required for the interpretation 

and the paleostress analysis in such regions. 
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2.4 Results - Key Outcrops  

Observations and interpretations for each key kilometre-scale outcrop in the 

Central and Eastern High Atlas are presented from west to east in Figures 2.3 to 

2.9.  

2.4.1 Aït Attab 

2.4.1.1 Area overview 

The Aït Attab syncline (Figure 2.1B) is located in the Central High Atlas. The 

youngest exposed sequence consists of continental red beds, Cretaceous in age, 

while, the Middle and Lower Jurassic sequences consist of alternating shallow 

marine carbonates and marls (Figure 2.1B; Ellouz et al., 2003; Fedan, 1989; 

Frizon de Lamotte et al., 2008; Ghorbal et al., 2007). An unconformity between 

the Middle Jurassic and Lower Cretaceous marks the contact between the two 

sequences, indicating the absence of the Upper Jurassic sequence. The syncline 

is bounded by main NE-SW and ENE-WSW structures. It is associated with the 

presence of Middle Jurassic to Lower Cretaceous lava, sills and dykes 

(Haddoumi et al., 2010; Charrière et al., 2011; Bensalah et al., 2013). The 

structures’ geometries, time activity, and the sediment-structure interaction are 

identified within Lower Jurassic, Middle Jurassic, and Cretaceous sequences. 

These will be integrated to calculate the stress regime. 

Based on the sediment-structure interaction analysis, the Middle Jurassic 

sequence is 2km and 2.5km thick towards the NW and SE, respectively. The 

thickness of Lower Jurassic and Cretaceous strata cannot be calculated due to 

erosion, and the lack of exposure of the older Triassic sequence, thus, growth 

strata in these sequences cannot be identified.  

2.4.1.2 Field observations 

In the Early Jurassic, NE-SW and ENE-WSW regional scale faults were identified 

as geomorphic valleys. In the Middle Jurassic carbonates and continental beds, 

NNW-SSE, NW-SE, NE-SW, and E-W (Figures 2.3a and 2.3c-d) faults are 

present along the Aït Attab region. These faults are 60-85° steep, they lack 

slickensides, due to the nature of the continental beds, and show thickness 

variations on either side of the faults (Figure 2.3c-d). In Figure 2.3c, the observed 

strike-slip fault is possibly associated with a regional scale fault, evident from the 
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salt diapirism. In both cases of Figures 2.3a and 2.3c-d, the faults are situated 

metres apart, indicating steep strike-slip (Figure 2.3c) and oblique-slip (Figure 

2.3a) faults surrounded by dip-slip faults featuring growth strata (Figures 2.3a & 

2.3d). However, the formation of growth strata is primarily attributed to tectonic 

activity rather than salt deformation, given that growth strata are formed in areas 

where evaporites are absent (Figures 2.3a & 2.3d). 

In the late Lower Jurassic (Figure 2.3e) beds, dominant M and P Riedel structures 

of NE-SW to ENE-WSW trend and sinistral movement were found, while in the 

Middle Jurassic various orientations were observed in different localities. In 

Figure 2.3f tension gashes are mostly oriented NE-SW, and the main (M) and 

primary (P) structures are NW-SE oriented, while in Figure 2.3b, the main 

structures are NE-SW oriented. However, in the Middle Jurassic, the most 

dominant main structures (M, P and R) are NW-SE trending and tension gashes 

are oriented ENE-WSW, which contradicts the dominant trend of the Early 

Jurassic Riedel structures. This indicates their formation occurred during a 

different timing and tectonic event.  

The age classification of these structures was determined based on the 

geological background of the Atlas system (Figure 2.2). Structures consistent 

with inversion were excluded, while those form the Early and Middle Jurassic 

periods were grouped according to their overall orientation and their interactions. 

Age allocation relied on the consistency of the geological history. It is important 

to note the possibility of deformation during the Late Jurassic, which is not 

represented in the stratigraphic sequence.    

2.4.1.3 Interpretation 

In the Early Jurassic, NE-SW and ENE-WSW regional scale faults and Riedel 

structures are identified. These were possibly reactivated during the Middle 

Jurassic, based on structures of similar trend identified in the Middle Jurassic 

sequences, and newly formed NNW-SSE and NW-SE faults were activated with 

a normal displacement and syn-extensional growth strata (Figures 2.3a and 2.3c-

d). The pre-existing and the newly formed structures interacted and formed either 

negative flower structures (Figure 2.3c-d) at the southern part, or a strike-slip fault 

splay (Figure 2.3a) in the eastern part of the Aït Attab region, respectively. The 
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paleostress analysis indicates that σ3 remained NW-SE during both phases, and 

σ1 was sub-vertical during the Middle Jurassic (Figure 2.3g).  

 

Figure 2.3: Representative photos and interpretation of Aït Attab region, whose 

localities are presented in Figure 2.1B. (a) Middle Jurassic fault slay that consists 

of strike-slip and normal faults, and (b) Riedel structures in the eastern limit of the 

anticline. (c) Inherited structure reactivated as a strike slip and (d) normal faults 
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with growth strata, form a negative flower structure, south of the Aït Attab region. 

(e) Lower Jurassic, potentially Toarcian in age and (f) Middle Jurassic Riedel 

structures at the northern limb of the anticline. (g) Paleostress results. MJ: Middle 

Jurassic. Field data are presented in appendix Tables A-1 to A-4. 

 

2.4.2 Ouaouizaght 

2.4.2.1 Area overview 

Ouaouizaght (Figure 2.1B) is situated in the Central High Atlas, a few kilometres 

to the east of the Aït Attab syncline. The region displays NE-SW and NW-SE 

regional scale trending faults, and it features Lower Jurassic to Cretaceous 

stratigraphy. This combination forms an ideal location to investigate the 

relationship between the Early and Middle Jurassic, and the degree of obliquity 

in these sequences. Similar to the Aït Attab region, the Cretaceous continental 

red beds here have a consistent dip (30°S or 30°N) that corresponds with the 

upper Middle Jurassic continental red beds sequence, despite the regional 

unconformity between Middle Jurassic and Cretaceous. This uniformity in dip and 

lithology presents a challenge for field-based differentiation, and corresponds to 

a stable state depositional environment. The lower Middle Jurassic sequence 

primarily comprises carbonates, while the Lower Jurassic alternates between 

carbonates and marls, both of shallow marine environment (Figure 2.1B; Ellouz 

et al., 2003; Fedan, 1989; Frizon de Lamotte et al., 2008; Ghorbal et al., 2007; 

Guezal et al., 2014). In Ouaouizaght, the objective align closely with those of the 

Aït Attab region. Fieldwork involved conducting a sediment-structure analysis in 

the Middle Jurassic strata, revealing fanning towards the SE, with some local 

variations towards the NW. The Middle Jurassic sequence can reach a thickness 

of nearly 3km. However, the thickness of the Lower Jurassic layer remains 

uncertain due to erosion in the faults hanging wall, which prevents the 

identification of growth strata, and therefore, the faults time activity.  

2.4.2.2 Field observations  

Magmatic rocks and sills (Figure 2.1B) were observed, along the NE-SW and 

NW-SE regional scale trending faults. Some of these faults show slickensides in 

different stratigraphic units. Notably, the NE-SW trending regional-scale faults in 

the region have distinct characteristics, varying between the northern and 
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southern parts of Ouaouizaght. Both of these structures are bounded by the 

Lower Jurassic sequence, with the Middle Jurassic nearby. The northern 

structure encompasses a wide fracture zone with unidentifiable distinct tectonic 

features of slickensides. However, a few metres to the south, two sets of faults 

are potentially related to the main structure (Figure 2.4a). One set of NE-SW to 

ENE-WSW faults displays extensional growth strata, which have been inverted 

afterwards, while another set consists of NNW-SSE trending normal faults without 

any growth strata (Figure 2.4a).  

The southern regional-scale structure (Figure 2.1B-A.1) is likely linked to 

magmatic intrusions of uncertain age, spanning from the Middle Jurassic to the 

Early Cretaceous, as well as to the Triassic evaporites (Jossen et al., 1985). 

Vertical beds characterize the surrounding stratigraphy, likely influenced by both 

evaporites and magmatic activity. These beds are faulted by NE-SW trending 

normal faults (Figures A.1 in appendix, and 2.4a, as indicated by the green trend 

on the rose diagram). The faults may appear horizontal, but when restored, they 

exhibit characteristics of normal faults with minor normal displacement, without 

growth strata. Their trend aligns with that NE-SW trending northern structures, 

and they could be associated with the same event, despite the halokinesis that 

caused the vertical beds. 

The primary NW-SE trending regional scale structure (Figures 2.1B-d and 2.4d) 

exhibits dextral slip and is accompanied by ~E-W trending oblique-slip 

extensional faults (Figure 2.4e) of approximately 70° angle within the youngest 

Middle Jurassic sequence. These latter oblique-slip faults indicate normal 

displacement and display growth strata, with thickening in the hanging wall.  

Lastly, in the region of Ouaouizaght, well-developed tectonic features are the only 

structures presented in this chapter that are associated with the orogeny, and 

they are used as a guidance to withdrawn similar structures from the paleostress 

analysis. NNW-SSE sinistral strike-slip faults (Figure 2.4b) and the equivalent 

tension gashes and stylolites (Figure 2.4c) were found in the oldest Middle 

Jurassic sequence. These structures are undeformed, and indicate a NW-SE 

orientation for σ1 and a NE-SW orientation for σ3, which reflect to the orogenic 

event. Similar structures were identified in most of the outcrops, with varying 

degrees of prominence, though they were not included in the kinematic analysis. 
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In the Ouaouizaght region, the classification of structures was more 

straightforward due to the well-developed features related to the orogeny (Figure 

2.4b-c) and the absence of complex deformation within the Lower and Middle 

Jurassic sequences (Figure 2.4d-e), although the approach remains similar to the 

Aït Attab region.  

2.4.2.3 Interpretation 

In the Lower Jurassic strata, there are reactivated NE-SW inverted normal faults 

(Figure 2.4a) and their inversion is related to a later tectonic event. While the NW-

SE trending normal faults (Figure 2.4a) and NE-SW (Figure A.1 in appendix) that 

lack growth strata are more likely to be related to the thermal subsidence, due to 

minor normal displacement. During the Early Jurassic, the presence of NE-SW 

and ENE-WSW trending faults and growth strata, suggest NW-SE orientation of 

σ3, and σ1 had an oblique orientation along the NW-SE axis. In contrast, when 

examining the Middle Jurassic strata after restoring the beds, stress analysis of 

tension gashes and faults (Figure 2.4d-e) indicates a shift in the orientation of σ3 

towards the ENE-WSW, with σ1 being oblique along the NE-SW axis (Figure 

2.4f).  
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Figure 2.4: Ouaouizaght representative photos whose localities are presented in 
Figure 2.1B. (a) Early Jurassic faults in the northern NE-SW trending regional scale 
fault. In the rose diagram, blue indicates faults in locality (a) and green indicates 
the faults in the southern NE-SW main structure in locality (A.1; Figures 2.1B and 
A.1 in appendix). (b) Contractional related sinistral strike slip fault and shear 
structures (c) within the Middle Jurassic sequence; faults - red stereonet and rose 
diagram; shear structures - black stereonet. (d) Late Middle Jurassic dextral NW-
SE regional scale fault and (e) late Middle Jurassic E-W trending transtensional 
fault. (g) Paleostress analysis. TG: tension gashes. Field data are presented in 
appendix Tables A-5 to A.8. 
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2.4.3 Zawyat-Ahancal 

2.4.3.1 Area overview 

Zawyat-Ahancal (Figure 2.1B) is located in the Central High Atlas, to the south of 

the Ouaouizaght region. This area is characterised by the presence of Toarcian 

carbonates-shales alternation, Lower Jurassic carbonates, and Triassic 

evaporites. The carbonate sequences in Zawyat-Ahancal alternate from shallow 

to deeper marine depositional environments (Figure 2.1B; Ellouz et al., 2003; 

Fedan, 1989; Frizon de Lamotte et al., 2008; Saura et al., 2014) with some local 

unconformities (e.g., Figure 2.5a). The ENE-WSW and NW-SE trending regional 

scale faults are linked with evaporite-filled half grabens (Jossen et al., 1990). 

These regional structures are visible as geomorphic valleys, prompting 

stratigraphic and tectonic analysis of the surrounding units.  Therefore, the 

primary objective in Zawyat-Ahancal is to uncover the tectonostratigraphic 

relationship within the Lower Jurassic beds, and recognise the degree of obliquity 

during the extension.  

2.4.3.2 Field observations 

Sediment-structure analysis was conducted in proximity to and away from the 

Triassic evaporites, focusing on the Lower Jurassic (Figures 2.1B and 2.5a) and 

Toarcian sequences (green trace, Figure 2.1B), respectively. Figure 2.5a 

presents Triassic basalts with evaporites in the background, which are 

stratigraphic below the pre-kinematic and syn-kinematic Lower Jurassic 

sequences in the foreground. These are divided by a ~E-W trending Triassic 

structure (Figure 2.5a; black dashed line) that reactivated during the orogeny. 

The results from the stratigraphic analysis in both localities reveal growth strata 

towards the north or south along ENE-WSW trending faults (Figure 2.5a).  

In addition to the regional scale faults, there are NE-SW and NW-SE to NNW-

SSE trending faults in the Lower Jurassic sequence, mostly exhibiting an 

approximately 80° steep angle with mostly dextral slip, with a few exceptions 

showing sinistral slip. The NNW-SSE faults accommodate extensional growth 

strata, which were reactivated and formed positive flower structures (Figure 2.5b), 

however, the reactivation timing is ambiguous. The NW-SE faults show calcite 

mineralisation on the fault surface (Figure A.2 in appendix), but the lack of 

hanging wall and erosion prevent the observation of growth strata. Meanwhile, 
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extensional faults with minor growth strata are found in the Toarcian sequence, 

including ENE-WSW and NE-SW trending faults (Figure 2.5c). 

The Lower Jurassic carbonates are characterised by the presence of well-

developed tension gashes. Two sets of trends, NW-SE and ENE-WSW (Figure 

2.5d), are observed, with the NW-SE ones (purple; Figure 2.5d) forming 

conjugate tension gashes, while the second trend (green; Figure 2.5d), locally 

cross-cuts the previously mentioned set. The conjugate tension gashes, when 

restored, provide insights into the stress regime. The bedding hosting the tension 

gashes has been restored according to the dip direction (Figure 2.5e), either NW 

or NE, with an average dip of 40°.  

2.4.3.3 Interpretation 

The Zawyat-Ahancal region was affected by one observed extensional phase. 

Growth strata in the Early Jurassic are primarily associated with the ENE-WSW 

trending faults (Figure 2.5a; black dash line). Additionally, more faults of NE-SW 

and NNW-SSE trend (Figures 2.5a-c) show extensional features. The NNW-SSE 

faults show minor syn-tectonic growth during the Early Jurassic and were inverted 

at a later stage, likely to be post-Toarcian. While the NE-SW trending faults 

suggest a Toarcian to post-Toarcian activity. The timing of the conjugate set of 

tension gashes activity (Figure 2.5d-e) aligns with the previously mentioned Early 

Jurassic growth strata, with paleostress analysis indicating σ1 to be vertical, and 

σ3 oriented WNW-ESE (Figure 2.5f).  

It is important to note that halokinesis might play a crucial role, as previously 

suggested by Saura et al. (2014) in a neighboring area of Zawyar-Ahancal. 

However, the tectonic features and observations indicate synchronous tectonic 

activity, which will be further discussed. 
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Figure 2.5: Zawyat-Ahancal representative photos and interpretations, whose 
localities are presented in Figure 2.1B. (a) Lower Jurassic to Toarcian units in 
contact with Triassic evaporites-basalt placed in the background. The dashed 
lines indicate ENE-WSW trending reactivated structures, on which growth strata 
are developed. Bedding poles along the green cross-section (indicated in Figure 
3.1B). (b) Lower Jurassic sequence with a reactivated positive flower structure. (c) 
Toarcian ENE-WSW normal faults with growth strata. (d) A conjugate set of tension 
gashes in Lower Jurassic carbonates and their schematic stress interpretation 
posterior to the unfolding. (e) Stress interpretation based on the faults and the 
tension gashes. (f) Paleostress analysis. TG: tension gashes. Field data are 
presented in appendix Table A-9. 
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2.4.4 Agoudal 

2.4.4.1 Area overview 

In the eastern part of the Central High Atlas, prominent NE-SW to ENE-WSW 

trending wide ridges (Figure 2.1B) are associated with dykes of Triassic basalts 

and evaporites, penetrated by Middle Jurassic to Cretaceous magmatic rocks 

(Milhi, 1997; Fadile, 2003; Charrière et al., 2011). Timedouine ridge, situated to 

the west of Agoudal (Figure 2.1B), was previously interpreted as a salt wall (e.g., 

Saura et al., 2014). This ridge is characterised by Triassic red siliciclastic and 

basalts at its core, overlain by Lower Jurassic carbonates of shallow to deep 

marine environment (Ellouz et al., 2003; Fedan, 1989; Frizon de Lamotte et al., 

2008; Milhi et al., 2002; Pierre et al., 2010). Middle Jurassic to Cretaceous gabbro 

outcrops can be observed at the north-eastern part of the ridge (Figure 2.6e). The 

Lower Jurassic unit within the core of the ridge appears highly deformed, while 

the Middle Jurassic carbonates exhibit gentle fanning away from the ridge 

(Figures 2.6b and 2.6e). The primary objective in this region is to investigate the 

potential relationship between the volcanics and the Middle Jurassic sediments, 

identify structural features, and calculate the paleostress regime within the area.  

2.4.4.2 Field observations 

Lower Jurassic carbonates are found on the top of the dyke core and at higher 

elevations, where three extensional structure sets can be identified (Agoudal; 

Figures 2.1B and 2.6a), i.e., tension gashes and veins. The oldest Early Jurassic 

extensional structures are marked by sub-vertical NW-SE trending tension 

gashes (purple; Figure 2.6a), subsequently crosscut by a younger stage of NNE-

SSW trending sub-horizontal tension gashes (light blue; Figure 2.6a). Finally, a 

set of WNW-ESE trending tension gashes and veins can be observed in the 

Lower Jurassic (orange; Figure 2.6a), are locally highly fragmented and are also 

cross-cut by the NNE-SSW dilational structures (Figure A.3 in appendix). I 

classified the tensional structures within the Lower Jurassic sequence by 

grouping them into syn- and post-Middle Jurassic categories (Figure 2.6a; 

stereonets). This classification was based on trends and deformation criteria, 

considering both known patterns of structural evolution and the presence of 

previously unrecorded ones.  
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In the Middle Jurassic, comprehensive stratigraphic and structural analyses were 

conducted at two distinct localities: one situated to the west (Figure 2.6b-c) and 

the other to the east (Figure 2.6e) of the dyke. In the western locality (Figures 

2.6b and 2.6c), Middle Jurassic carbonates are gently folded (Figure 2.6c) along 

the ridge, with beds fanning towards the southeast (Figure 2.6b), having dips of 

65° close to the ridge core and gradually shallowing to 15°. The Middle Jurassic 

carbonates also exhibit gentle folding, with bedding dipping approximately 05° 

towards the northwest (Figure 2.6c). In the valley, where the stratigraphic analysis 

was conducted, various structural features were observed, including NW-SE and 

NE-SW strike-slip faults, various sets of tension gashes, and NW-SE trending 

veins and joints. Two trends of tension gashes (Figure 2.6d) indicate two distinct 

tectonic events. The first set of WNW-ESE tension gashes, concurrent with NE-

SW trending stylolites implies an E-W orientation for σ1 and an approximate N-S 

orientation for σ3. The presence of fault (Figure 2.6d) in conjunction with the 

aforementioned structural features suggests a stress regime characterised by 

strike-slip movement. The second set of NE-SW trending tension gashes and 

veins showing dextral shear intersect the WNW-ESE tension gashes (Figure 

2.6d), indicating a post-Middle Jurassic deformation event likely linked to the 

orogeny.  

The eastern locality of the Timedouine ridge (Figure 2.6b) has similar 

stratigraphic characteristics to the western locality (Figure 2.6b-c), including the 

presence of Middle Jurassic to Cretaceous gabbro. Here, the magmatic 

sequence comprises gabbro embedded within the Middle Jurassic. Four E-W 

trending stratigraphic sections were analysed, revealing growth strata towards 

the southeast. Similar to the western locality (Figure 2.6b-c), the Middle Jurassic 

carbonates are gently folded. However, in areas where gabbro intrusions are 

present, the Middle Jurassic carbonates are tightly folded, forming an overturned 

anticline with bedding dipping towards the southwest (Figure 2.6e).  

2.4.4.3 Interpretation 

In summary, the Agoudal region exhibits pronounced deformation in the Lower 

Jurassic carbonates and gentler deformation in the Middle Jurassic. This 

variation suggests relatively mild tectonic deformation during the Middle Jurassic 

period. The deformation of the Middle Jurassic beds varies in proximity to the 

ridge core. Due to the limited presence of structures within the Middle Jurassic 
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carbonates and the observation of growth strata in the outcrops, these sequences 

are interpreted as having been deformed by the Middle Jurassic to Cretaceous 

magmatic rocks and evaporites. Consequently, I believe that the gabbro 

upwelling combined with the pre-existing evaporites, triggers the fanning in the 

Middle Jurassic beds (Figure 2.6) and played a role in gently deforming the 

bedding in the west, and an abrupt deformation in the east. In this case, the 

gabbro is determined to be Middle Jurassic in age for this region in the Central 

High Atlas. Finally, based on the two distinct deformation phases identified in the 

tension gashes (Figure 2.6a and 2.6d), the stress regime during the Middle 

Jurassic in the Agoudal region is characterised by σ1 oriented WNW-ESE and 

σ3 oriented NNE-SSW, with a gentle tectonic deformation (syn-MJ; Figure 2.6a 

and 2.6d) compared to the orogenic events (post-MJ; Figure 2.6a and 2.6d). 
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Figure 2.6: Agoudal representative photos and interpretations, whose localities 
are presented in Figure 2.1B. (a) Lower Jurassic carbonates with two tension 
gashes generations. (b) N-S and (c) NW-SE perspective of Middle Jurassic 
carbonates, showing syn-contractional growth strata and an open anticline, 
respectively. (d) Representative structures identified along the Middle Jurassic 
carbonates, showing two different phases. (e) Middle Jurassic growth strata with 
overturned bedding caused by Middle Jurassic – Cretaceous gabbro. (f) 
Paleostress analysis. TG: tension gashes; MJ: Middle Jurassic; LJ: Lower 
Jurassic. Field data are presented in appendix Tables A-10 to A-12. 
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2.4.5 Er-Rich 

2.4.5.1 Area overview 

In the transitional area between the Central and Eastern High Atlas, we find the 

Azag mini basin (Figure 2.1C) located in the Er-Rich region. The landscape 

features an open Middle Jurassic syncline, surrounded by adjacent E-W and NE-

SW trending faults. The primary focus was on two key localities within the Er-Rich 

region: the basin (Figure 2.1C-a) and an antiform (Figure 2.1C-d) located 

southeast of the basin. The goal was to conduct comprehensive stratigraphic and 

tectonic analyses within the Middle Jurassic beds, with the objective of 

understanding the interplay between these structures and determining the 

paleostress regime. The Middle Jurassic sequences consists mainly of shallow 

to deep water shales and sandstones (Figure 2.1C; Evans et al., 1974; Teixell et 

al., 2017; Warme, 1988), which exhibit significant fragmentation.  

2.4.5.2 Field observations 

Within the basin, three cross-sections were built, two of which relied on field 

measurements (Figure 2.1C and 2.7a; sections BB’ and CC’), while one was 

based solely on the geological map (Figures 2.1C and 2.7a; section AA’). The 

sections reveal three main N-dipping faults and two dextral strike-slip faults. Both 

faults F1 and F2 accommodate deformed Triassic to Middle Jurassic beds 

(Figures 2.1C, 2.7a and 2.8a), with fault F2 also accommodating  rocks Middle 

Jurassic to Cretaceous in age. Faults F1 and F2 are likely to have formed during 

the early stages of rifting in the Atlas system. Fault F3 indicates a more complex 

fault forming a splay deforming beds of consistent thickness. The remaining faults 

in the region are associated with the orogenic event, which is the last deformation 

imprinted on the maps. 

Cross-sections were restored (Figure 2.7b) under the assumption that the 

youngest Middle Jurassic sequence deposited flat, not considering the oblique 

movement observed on the map (Figure 2.1C) for simplicity. It is important to 

acknowledge that uncertainties may arise in the restored sections due to the 

observed lateral motions. These sections reveal growth strata within the Middle 

Jurassic (Figure 2.7) and Triassic beds, dipping towards the east and southeast, 

and juxtaposing against adjacent NE-SW (F1) and ENE-WSW (F2) trending 

normal faults (Figure 2.1C and 2.7b). It is worth noting that the basin was 
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previously interpreted as a salt basin (Teixell et al., 2017). Although the influence 

of evaporites cannot be ruled out, the syn-tectonic growth observed in the field 

(Figure 2.8a) and illustrated in the cross-sections (Figure 2.7), coupled with the 

tectonic features identified on-site along the main fracture zones (Figure 2.1C), 

suggests a fault controlled activity.  

 

Figure 2.7: Er-Rich region cross-sections (a), whose localities are imaged in Figure 

2.1C, and their restoration (b).  

A series of tectonic measurements were gathered throughout the Middle Jurassic 

sequence along the basin. The identified faults exhibit ENE-WSW, NE-SW, NW-

SE, and N-S strike-slip orientations. Sinistral slip is more predominant, with some 

instances of dextral slip (Figure 2.8a-c; Stereonet Syn-MJ faults). Given the lack 

of slickensides, the majority of the faults’ kinematics were inferred and correlated 

with the associated tension gashes and stylolites. Additionally, two sets of tension 

gashes from different tectonic events were recognised (Figure 2.8b-c; stereonet). 

The first generation includes ENE-WSW to NE-SW trending tension gashes (red; 

Figure 2.8c), later deformed by NW-SE to NNW-SSE trending tension gashes 

(black; Figure 2.8c). The associated structural features of tension gashes and 

stylolites in Figure 2.8b, imply an WNW-ESE orientation for σ1 and an NNE-SSW 

orientation for σ3. After correlating the faults with the associated tension gashes 

and recognising different generations of the latter dilational structures (Figure 

2.8c), I distinguished the faults into generations based on the deformation criteria 

of both predicted and previously unrecorded structures. An older set of ENE-

WSW, NE-SW, and NW-SE trending faults, and a younger set of NNW-SSE to 
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NW-SE faults were delineated (stereonets; Figure 2.8a-c). The older set is 

characterised by a dense population of structures exhibiting shear with significant 

presence of stylolites (Figure 2.8b), indicating a more contractional deformation, 

akin to the shear structures in the Ouaouizaght region (Figure 2.4b-c). Therefore, 

the older set was likely active the earliest in the Middle Jurassic, as it was 

discovered within the Middle Jurassic, while the younger set is likely associated 

with the later orogenic event.  

Southeast of the basin (Figure 2.1C-d and 2.8d), a Middle Jurassic antiform 

trending NNW-SSE displays syn-contractional growth strata oriented towards the 

south. This observation is based on three N-S sections, east and west of the 

anticline’s axial plane. While minor structures are present in proximity to the 

antiform, they have a limited impact on the overall area and align with the 

previously mentioned youngest strike-slip fault in the basin (Figure 2.8d; Post-MJ 

faults). It is important to mention that meter-scale veins were identified within the 

antiform, exhibiting consistent development with the deformed bedding, 

indicating their synchronous formation (Figure 2.8d; veins).  

2.4.5.3 Interpretation 

I interpret the Er-Rich region as a reactivated breached relay ramp that originated 

during the early stages of rifting, based on the Triassic growth strata observed in 

the cross-sections (Figure 2.8). In the Middle Jurassic, regional scale NE-SW and 

ENE-WSW trending faults evolved in this complex structural zone. Growth strata 

formed mainly in relation to the ENE-WSW faults. The coexistence of coeval 

extensional faults and folding in the Middle Jurassic of the Er-Rich region 

suggests a likely strike-slip stress regime, with principal stresses σ1 and σ3 

trending WSW-ENE and NNW-SSE (Figure 2.8e), respectively. Additionally, a 

later tectonic event activated NNW-SSE strike-slip faults, characterised by a NW-

SE σ1 and a NE-SW σ3, based on the faults kinematics, stylolites and tension 

gashes identified in both basin and antiform (Figure 2.8) and along the main 

structures (Figure 2.1C). Triassic evaporites in the basin could have played a 

crucial role in the interaction between faults and sediments; this aspect will be 

further discussed below.  
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Figure 2.8: Er-Rich region localities presented in Figure 2.1C. (a) Panoramic view 

of the syncline, and restored bedding poles that show fanning towards the SE. (b) 

Representative Middle Jurassic shear zone with dominant contractional shear, (c) 

an older (red) tension gash deformed by younger tension gashes (black). (d) 

Middle Jurassic antiform with syn-kinematic bedding, and the bedding poles that 

indicate fanning towards the south. (e) Paleostress analysis in the Middle 

Jurassic. TG: tension gashes; MJ: Middle Jurassic. Field data are presented in 

appendix Tables A-13 and A-14. 
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2.4.6 Bou Annane 

2.4.6.1 Area overview 

The Bou Annane region (Figures 2.1D and 2.9a) is located in the Eastern High 

Atlas, distinct from the Central High Atlas due to frequent exposures of the 

Paleozoic basement. This region, located at the southern boundary of the High 

Atlas, is characterised by regional scale ENE-WSW trending faults (Figure 2.1D). 

Stratigraphic analysis was performed from north to south to unravel sediment-

structure interaction, understand the interaction between the pre-existing 

basement structures and younger sequences, and determine the paleostress 

regime that prevailed in this region. Due to limited access to Middle Jurassic 

sequences, four additional cross-sections (Figures 2.1D and 2.9d) were 

constructed, to characterise the Paleozoic basement to Lower Jurassic 

stratigraphic and structural configurations.  

2.4.6.2 Field observations 

The Paleozoic basement is marked by deformed schists and quartzite, with minor 

pre-existing Hercynian thrusts that have not been reactivated during the later 

stages of the Atlas system’s evolution. In contrast, the regional scale faults 

associated with the basement exhibit brittle deformation and have shaped 

geomorphic valleys due to multiple phases of activity (Figure 2.9a). The Triassic 

sequence consists of pillow lavas and is unconformably overlying the basement, 

along with the shallow water Lower Jurassic carbonates (Figure 2.9a; Ellouz et 

al., 2003; Fedan, 1989; Frizon de Lamotte et al., 2008; Milhi et al., 2002; Pierre 

et al., 2010). The Triassic and Lower Jurassic sequences are several metres 

thick, while the Middle Jurassic exhibits thicker growth strata (Figure 2.9d) based 

on the cross-sections. Field observations and cross-section analyses indicate 

that the Triassic pillow lavas can reach a thickness of 300 metres, while the Lower 

Jurassic carbonates have a minimum thickness of 100 metres but could extend 

up to 270 metres, as suggested by growth strata in the lower layers of the 

sequence. However, the early Lower Jurassic, which is deposited on the 

basement, maintains a consistent thickness (Figure 2.9a), and the Middle 

Jurassic carbonates conformably overlie the Lower Jurassic carbonates. 

Stratigraphic analysis, cross-sections, and restored sections suggest that the 

Triassic, Lower, and Middle Jurassic sequences are accommodated by 
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reactivated regional-scale faults, which appear as zones of brittle deformation 

(i.e., F1, F2, and F3; Figure 2.9d). As previously noted, uncertainties exist in the 

restored sections due to the observed strike-slip movement depicted on the maps 

(Figure 2.1D). 

Within the Lower-to-Middle Jurassic carbonates, two sets of tension gashes were 

observed (Figure 2.9b), one sub-perpendicular to bedding and the other sub-

parallel to bedding. The sub-perpendicular tension gashes, trending NE-SW, 

indicate sinistral shear, while the ~E-W sub-parallel tension gashes, which align 

with bedding, demonstrate dextral shear. In the field, I did not recognise any 

interaction between these two sets of tensions gashes. The first set of NE-SW 

(green; Figure 2.9b) indicate approximately an E-W orientation for σ3, and a N-S 

orientation for σ1, which could correspond to the Alpine orogeny. The second set 

of tension gashes (purple; Figure 2.9b), when restored, their corresponding 

paleostress regime suggests orthogonal-influenced extension, with σ3 oriented 

NNW-SSE (Figure 2.9c) and inclined σ1.  

2.4.6.3 Interpretation  

Based on the aforementioned observations, it appears that there was a period of 

tectonic quiescence during the Early Jurassic when constant thickness sediments  

were deposited on the basement (Figure 2.9a) in Bou Annane. Orthogonal 

extension likely initiated the earliest during the later stages of the Early Jurassic 

(Figure 2.9a), although the duration of this activity remains uncertain.  
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Figure 2.9: (a) Panoramic view of the basement and the rifting sequences of 

Triassic and Lower Jurassic in Bou Annane. Middle Jurassic in the background 

towards the N. (b) NE-SW and ~E-W trends of tension gashes within the Lower 

Jurassic carbonates, which are sub-perpendicular and sub-parallel to the bedding, 

respectively. (c) Paleostress analysis. d. Cross-sections and schematic cross-

section restorations in the Bou Annane region that cover the basement exposure 
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(Figure 2.1D). LJ: Lower Jurassic; TG: tension gashes. Field data are presented in 

appendix Table A-15. 

 

2.5 Discussion  

The Atlas system underwent different phases of extension from the Triassic 

onwards (Ellouz et al., 2003; Frizon de Lamotte et al., 2008; Laville et al., 2004). 

This was due to the synchronous opening of the Atlantic and the Tethys Oceans. 

In this section, the extensional events in the Atlas rifting are classified based on 

their timing and characteristics. Then, these are distinguished as orthogonal 

extension, the true rifting with pure shear, and oblique extension. In summary: 

• Early Jurassic: fault-driven growth strata towards the north or the 

south 

• Upper Early Jurassic (Toarcian): simple shear observed on the 

bedding; extensional faults without any growth strata 

• Middle Jurassic: extensional growth strata; extensional dip-slip, 

oblique-slip, and strike-slip faults; sheared involved inherited structures; 

magmatic-related growth strata; syn- and post-Middle Jurassic volcanism.  

• Cretaceous: Gently folded beds. No structures were identified within 

this sequence. 

2.5.1  Orthogonal extension 

During the Late Triassic to Early Jurassic, the Atlas system underwent rifting 

processes due to the break-up of Pangaea and the opening of the Atlantic Ocean 

(Ellouz et al., 2003; Fernandez, 2019; Frizon de Lamotte et al., 2008; Lachkar et 

al., 2009). Previous studies have proposed that the deformation mechanism 

during the later stages of this rifting, in the Early Jurassic, was primarily 

associated with Triassic evaporites movement (Bouchouata et al., 1995; Ettaki et 

al., 2007; Moragas et al., 2018; Saura et al., 2014; Teixell et al., 2003, 2017; 

Vergés et al., 2017). This halokinesis may partially explain the development of 

Early and Middle Jurassic growth strata. However, the exposed outcrops in 

Ouaouizaght (Figure 2.4a), Zawyat-Ahancal (Figure 2.5a), and Bou Annane 

(Figure 2.9) reveal characteristics of tectonic driven extension during both the 

Triassic and Early Jurassic, despite the presence of evaporites in the regions. 

These observations have been integrated to investigate the paleostress and carry 
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a kinematic analysis (Figure 2.10) at each of these localities in the Central and 

Eastern High Atlas. The aim is to assess the degree of obliquity during extension, 

the role of reactivation of pre-existing structures, and the formation of growth 

strata during the Triassic and the Early Jurassic (Laville et al., 2004).  

The Triassic basalts are well-exposed in the Bou Annane region of the Eastern 

High Atlas, where the Paleozoic basement is present (Figures 2.1D and 2.9a). 

These Triassic sequences are associated with pillow lavas and notably lack 

evaporites due to the transgression from the Tethys during the Late Triassic – 

Early Jurassic boundary (Laville et al., 2004), indicating lithological variations 

along the Atlas system during the Triassic. The Triassic sequence of the Bou 

Annane region is deposited in half-grabens controlled by ENE-WSW trending 

faults in the basement (Figure 2.9a). Similarly, in Zawyat-Ahancal and 

Ouaouizaght, Early Jurassic growth strata are observed along NE-SW (e.g., 

Laville and Harmand, 1982; Figure 2.4a) or ENE-WSW (Figure 2.5a) trending 

faults. While the Early Jurassic growth strata may have been influenced by salt 

tectonics (Martín-Martín et al., 2017; Moragas et al., 2018; Saura et al., 2014; 

Teixell et al., 2017; Vergés et al., 2017), the sediment-structure interaction 

analyses conducted both near and away from the evaporitic exposures (Zawyat-

Ahancal; Figure 2.1B) support a fault-controlled driving mechanism in the Central 

High Atlas (Figure 2.5a) and the Eastern High Atlas (Figure 2.9), where Early 

Jurassic analysis was possible.  

A series of tension gashes as compelling evidence observed in the Zawyat-

Ahancal (Figure 2.5d) and Bou Annane (Figure 2.9a-b) regions, supports the idea 

of orthogonal extension that dominated during the Late Triassic to Early Jurassic. 

In this context, σ1 is oriented vertically or sub-vertically, while σ3 exhibited an 

NW-SE orientation (Figure 2.10). This timeframe aligns with the Atlantic opening 

and the reactivation of NE-SW and ENE-WSW Hercynian regional scale faults in 

the mentioned regions,  including Aït Attab (Aït Attab; Figure 2.1B), Ouaouizaght 

(Figure 2.4a), and throughout the broader Atlas system (Figure 2.1A; Laville and 

Piqué, 1991; Charriere, 1996; Ellouz et al., 2003; Laville et al., 2004; Frizon de 

Lamotte et al., 2008, 2011, 2015; Fernandez, 2019). The reactivation of pre-

existing faults resulted in the formation of grabens, half-grabens, and both hard 

and soft-linked relay ramps (e.g., Ouaouizaght; Figures 2.1B and 2.10-2), where 
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Triassic and Early Jurassic growth strata developed against these faults (Figures 

2.5a and 2.9d).  

However, in Bou Annane, the tension gashes and potential orthogonal extension 

appear during the transition from the upper Early to Middle Jurassic, indicating a 

different timing of orthogonal extension along the Atlas system.  Thus, there was 

a shift of the orthogonal extension towards the east (Figures 2.9a and 2.10-6), 

resembling the proposed model by Escosa et al. (2021), which suggests rift 

migration in the Atlas system during this age. It is worth noting that Triassic and 

Lower Jurassic sequences are thinner in the Bou Annane region (Figure 2.1D) 

compared to the outcrops in the Central High Atlas outcrops (Figure 2.1B), 

suggesting that the Central Atlantic Opening predominantly influenced the 

Triassic and Jurassic sequences in the Central High Atlas without significantly 

affecting the Eastern Atlas system. Lastly, following the cessation of the 

orthogonal rifting, the formation of the carbonate platform took place (e.g., Ellouz 

et al., 2003; Laville et al., 2004; Hafid et al., 2006; Frizon de Lamotte et al., 2008, 

2009, 2011; Moragas et al., 2018), which, based on the field data is suggested to 

be pre-Toarcian in age. 

2.5.2 Oblique extension 

During the syn-to-post-kinematic phase of the Atlas system, oblique extension 

with sinistral slip has been inferred to have been active in the Atlas system based 

on subsidence analysis (Fernandez, 2019; Gouiza et al., 2010; Laville et al., 

2004; Moragas et al., 2018) and plate reconstruction models (Fernandez, 2019; 

Labails et al., 2010). This oblique extension occurred during the Middle Jurassic 

and left its imprint in the Toarcian. The Atlas system experienced the effects of 

oblique motion, with Africa exhibiting ongoing separation from America and 

relative movement with respect to Iberia (Charriere, 1996; El Kochri & Chorowicz, 

1996; Ellouz et al., 2003; Fernandez, 2019; Frizon de Lamotte et al., 2008; 

Labails et al., 2010; Laville, 1985; Laville & Piqué, 1991; Piqué et al., 2002; 

Schwarz & Wigger, 1988). This motion led to the reactivation of pre-existing rift 

structures, creating a transtensional stress regime within the basin during the 

Middle Jurassic (Mattauer et al., 1977; Laville and Petit, 1984; Laville, 1985; 

Laville and Piqué, 1991; Laville et al., 2004). 
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2.5.2.1 Thin vs thick-skinned deformation 

This study reveals that in the regions of the Central High Atlas (Figure 2.1B-2.1D), 

both the Toarcian (Figures 2.3e and 2.5c; Laville et al., 2004) and the Middle 

Jurassic sequences (Figures 2.3-2.8) exhibit a distinct sheared deformation 

pattern characterised by the presence of extensional faults. While minor growth 

strata were identified within the Toarcian, the Middle Jurassic sequence displays 

growth strata at both mesoscopic and megascopic scales. The normal faults are 

associated with strike-slip faults featuring extensional component (Figures 2.3a, 

2.4d-e, and 2.6), and locally, they show signs of contractional strike-slip 

deformation (Figure 2.8). The interpreted local stresses (Figures 2.3g, 2.4f, 2.6f, 

2.8e) correspond to a different tectonic phase, distinct from the previously 

mentioned orthogonal phase (Figures 2.5, 2.10-2.11) and the latter orogenic 

event, whose regional stress was NW-SE (e.g., Frizon de Lamotte et al., 2000; 

Ait Brahim et al., 2002; Ellouz et al., 2003; Teixell et al., 2003; Ellero et al., 2020). 

It is important to highlight that the field data indicate that this event had a relatively 

limited impact on the overall Atlas system, given the sparse network of faults and 

structures compared to the orogenic event.  

Cross-sections (Rolley & Etienne, 1978) along the Aït Attab syncline suggest thin-

skinned tectonics involving evaporites at the decollement (Figure 2.1-II1); 

however, the faults identified in the region (Figure 2.3a-d) may indicate 

reactivation and involvement of pre-existing thick-skinned NE-SW and ENE-

WSW structures. South of the Aït Attab region, the structures in Figure 2.3c-d 

feature a principal displacement zone (Figure 2.11-1), with the strike-slip fault 

(Figure 2.3c) in the centre of the zone, and extensional sidewalls (Figure 2.3d). 

This structural arrangement is reminiscent of previous models of pull-apart 

basins, resulting from the reactivation of NE-SW trending extensional faults into 

strike-slip faults surrounded by extensional faults (e.g., Woodcock and Fischer, 

1986; Sylvester, 1988; Mann, 2007), and it involves minor halokinesis (Figure 

2.3c). The extensional faults (Figures 2.3c and 2.11-1) are either hard or soft-

linked to the main strike-slip fault in accordance with prior 4D analogue modelling 

on transtensional basins (Wu et al., 2009). However, the precise nature of the 

fault linkage is unclear due to erosion. Similarly, the bounding fault in Aït Attab in 

Figures 2.1B, 2.3a, and 2.11-1, represents a pre-existing en-echelon structure 

that has evolved into an extensional oblique-slip horsetail termination as 
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previously suggested in transtensional basins in California (John C Crowell, 

1974) with extensional sidewalls.  

2.5.2.2 Relay ramps and folding 

Field data (e.g., Peacock and Sanderson, 1995; Fodor, 2007; Rotevatn and 

Peacock, 2018) and analogue modelling (Wu et al., 2009) have proposed the 

formation of breached relay ramps under a transtensional stress regime. In 

contrast, relay ramps under transpression would result in areas of uplift, 

contractional deformation, and a network of faults that accommodate shortening 

within the relay ramp or the fault bends (e.g., Peacock and Sanderson, 1995; 

Rotevatn and Peacock, 2018). In Ouaouizaght, oblique-slip faults with 

extensional component of approximately E-W trend (Figure 2.4e), which are 

oblique to the NW-SE fault (Ouaouizaght; Figures 2.1B and 2.4d), were found 

within the relay ramp of the NE-SW trending faults (Ouaouizaght; Figures 2.1B 

and 2.1B-A.1). The E-W oblique-slip faults possibly intersect the NW-SE normal 

fault (Figure 2.4d-e), suggesting the formation of a relay ramp during the 

orthogonal rifting (Figure 2.10-2) and its reactivation during the oblique extension 

and the formation of E-W structures (Figure 2.11-2). Whereas, the NW-SE 

trending fault (Figure 2.4d) may act as a transfer fault.  

Extensional and contractional structures have previously been documented in 

tectonic settings involving oblique divergence (Fossen et al., 2013; Harding, 

1974; Kristensen et al., 2018; Sanderson & Marchini, 1984; Venkat-Ramani & 

Tikoff, 2002), where folding can develop obliquely to direction of extension (e.g., 

Fossen et al., 2013). In the Agoudal and Er-Rich regions, the Middle Jurassic 

sequence exhibits extensional and contractional features, with synchronous syn-

extensional and syn-contractional growth strata associated with the activity of 

ENE-WSW and NE-SW inherited structures. Some of the tension gashes and 

faults observed and analysed in the Middle Jurassic (post-Middle Jurassic faults 

and tension gashes; Figures 2.6 and 2.8) exhibit consistency to the Cenozoic 

orogenic stress field and do not show any subsequent deformation. The 

structures and the syn-kinematic growth strata related to the oblique extension, 

with the contractional or partly contractional deformation would result in σ1 

trending WNW-ESE (Figure 2.6f) and ENE-WSW (Figure 2.8e) in the Middle 

Jurassic, for the regions of Agoudal (Figure 2.11-4) and Er-Rich (Figure 2.11-5), 

respectively. Additionally, in the Er-Rich region, field data (Figure 2.8) and the 
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restored sections (Figure 2.7) suggest concurrent extensional and contractional 

features. As a result, the stress regime is more likely to be transtensional (Figure 

2.11-5), where local open transtensional folding can occur (Figure 2.8d; e.g., 

Fossen et al., 2013). In contrast, the Agoudal region appears to display pure 

strike-slip or contractional strike-slip (Figure 2.11-4) in the Middle Jurassic, due 

to the lack of extensional growth strata.  

2.5.2.3 Magmatism 

The Agoudal and Er-Rich regions have been associated with coeval passive salt 

mobility, causing salt diapirism and welding in the Middle Jurassic, at which point 

rift-related extension ceased (Bouchouata et al., 1995; Calvín et al., 2018; Ettaki 

et al., 2007; Martín-Martín et al., 2017; Moragas et al., 2018; Saura et al., 2014; 

Teixell et al., 2017; Torres-López et al., 2016; Vergés et al., 2017). Consequently, 

the growth strata were interpreted as salt-driven. In Er-Rich, I believe the 

evaporites is a key factor for the Middle Jurassic sequence development, which 

was laterally stretched based on the tectonic regime, and formed a diapir 

consistent with the transtensional folding. In Agoudal, the strike-slip event may 

be linked to the Middle Jurassic magmatic intrusions (Laville & Piqué, 1992), 

which interacted with the evaporites (Bouchouata et al., 1995; Calvín et al., 2018; 

Ettaki et al., 2007; Saura et al., 2014; Teixell et al., 2017; Torres-López et al., 

2016; Vergés et al., 2017) and produced magmatic diapirism (He et al., 2009). 

The interpretation presented here may be summarised as a synchronous activity 

of mild tectonism, halokinesis, and potential magmatism along the ENE-WSW 

faults, similar to the Eastern High Atlas (Allouban et al., 2021). 

The Middle Jurassic to Cretaceous magmatic intrusions occur mostly in the 

Central High Atlas (Armando, 1999), and they are transitional, moderately to 

purely alkaline (Armando, 1999; Bensalah et al., 2013; Essaifi & Zayane, 2018; 

Moratti et al., 2018). Their emplacement is believed to have happened during the 

oblique extensional event (Laville, 1988; Laville & Piqué, 1992). Radiometric 

dating of the Jurassic to Cretaceous magmatic rocks in the Central High Atlas 

has given two age ranges of 175-155±5Ma (Toarcian to Kimmeridgian) and 135-

110±5Ma (Early Cretaceous) (e.g., Armando, 1999; Frizon de Lamotte et al., 

2008). Recent dating of basalts from the southern Central High Atlas using 40Ar -

39Ar (Moratti et al., 2018) yielded an age of 120Ma, which is similar to ages from 

the northern border of the Central High Atlas (e.g., Armando, 1999). However, 
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the magmatic activity in the core of the Central High Atlas might have occurred 

during the Middle to Late Jurassic eruption, which triggered halokinesis and 

diapirism (Figures 2.6b-c and 2.6e; Calvín et al., 2017). This scenario suggests 

that magmatic activity likely commenced during the Middle to Late Jurassic within 

the core of the Atlas, and subsequently this volcanism migrated towards the 

southern and northern borders, manifesting itself through thick-skinned faults 

during the Early Cretaceous.  

On the other hand, if, indeed, the magmatic rocks in the Central Atlas are Early 

Cretaceous in age, as found in the northern and southern borders of the High 

Atlas (Armando, 1999; Moratti et al., 2018), they could mark the end of the 

transtensional event, as previously have been observed in multiple transtensional 

settings (e.g., Aydin and Nur, 1982; Ngako et al., 2003; Mann, 2007; Fu et al., 

2012). Although this determination is uncertain due to the lack of dating in these 

rocks, and the erosion of the younger sequences, which prevents direct 

observations (Figure 2.2B). Hence, if the age of magmatic rocks is consistently 

attributed to the Early Cretaceous, the deformation observed in Agoudal (Figure 

2.6) would be predominantly linked to halokinesis. 

2.5.2.4 Deformation and stress variation along the Atlas in the Middle 

Jurassic 

The Middle Jurassic sequence reveals features indicative of a tectonic event 

during this period. The paleostress analysis suggests a regional transtensional 

tectonic regime (Figure 2.11), where σ1 exhibits an NE-SW orientation and σ3 

shows a NW-SE orientation, indicating a sinistral movement in the Atlas system. 

However, variation in the lateral stress field was observed in the Agoudal, Er-

Rich, and Bou Annane regions, suggesting complexity at a local scale. The 

western part of the Central Atlas system experienced transtension (Figures 2.11-

1 and 2.11-2), leading to the reactivation of pre-existing troughs (Figure 2.10-1) 

and relay ramps (Figure 2.10-2) resulting in horsetail terminations (Figure 2.3a) 

and negative flower structures (Figure 2.3c-d; Mattauer et al., 1977; Schaer and 

Rodgers, 1987; Laville, 1988; Laville and Piqué, 1992). The core of the Central 

Atlas experienced strike-slip stress regime, synchronously associated with salt 

tectonics (Martín-Martín et al., 2017; Moragas et al., 2018; Saura et al., 2014; 

Teixell et al., 2017; Vergés et al., 2017) and the potential Middle Jurassic 

volcanism (Figures 2.6 and 2.11-4) that formed open synclines and overturned 
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anticlines. While, towards the east of the system, the stress regime changes to 

transtensional with local folding (Figures 2.7 and 2.11-5). Finally, orthogonal 

extension occurred in the Bou Annane region (Figure 2.10-6), which as earlier 

mentioned suggests rift migration to the east (Escosa et al., 2021). Finally, the 

oblique extension ceased during the late stages of the Middle Jurassic to 

Cretaceous, followed by multiple phases of dextral transpression since the 

Cretaceous, leading to the inversion of the Atlas system (e.g., Frizon de Lamotte 

et al., 2009).  
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Figure 2.10: Schematic 3D tectonic model of the Atlas rift system during the 

orthogonal phase in the Late Triassic to late Early Jurassic. Detailed 

representation of the outcrops where orthogonal extension was observed and 

their calculated local stress. 1. Aït Attab; the orthogonal extension occurred 

mostly in the Triassic than Jurassic and produced grabens.  2. Ouaouizaght; the 

orthogonal extension influenced both Upper Triassic to Lower Jurassic 

sequences and formed a soft or hard-linked relay ramp. 3. Zawyat – Ahancal; the 

orthogonal extension occurred during the Late Triassic to Early Jurassic, which 

reactivated ENE-WSW faults and developed half grabens. 6. Bou Annane; Two 

distinct orthogonal extensional events occurred during the Late Triassic and Early 

Jurassic to Middle Jurassic boundary. The stereonet refers to the latest 

orthogonal event. 

 



52 
 

 



53 
 

Figure 2.11: : Schematic 3D tectonic model of the Atlas rift system during the 

oblique extensional phase in the late Early Jurassic to Middle Jurassic. Detailed 

representation of the outcrops where oblique extension was identified, and their 

calculated local stress. 1. Aït Attab; the oblique extension reactivated the 

structures and evolved the structures to strike-slip splays and negative flower 

structure, which involved halokinesis. 2. Ouaouizaght; the oblique extension 

reactivated the pre-existing structures and developed the core of the hard-linked 

relay ramp with ENE-WSW extensional oblique-slip faults. Magmatism might have 

been occurred in the southern fault. 4. Agoudal; gentle oblique transpression 

associated with evaporites and potential magmatic activity in the ridge.  5. Er-Rich; 

the oblique extension reactivated the pre-existing normal faults, and developed 

open folding. 
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2.6 Conclusion 

The Moroccan High Atlas Mountains is an aborted rift system that underwent 

different phases of extension during the Mesozoic. The extensional phases are 

related to the coeval Central Atlantic and Tethyan opening; and the relative left-

lateral oblique movement between Africa and Iberia.  

Field data in the Central and Eastern High Atlas focuses on the structural and 

stratigraphic development within the rifted basin, and identified a phase of Late 

Triassic to Early Jurassic orthogonal extension and a phase of Middle Jurassic 

oblique extension. The results of the field analyses can be summarised as follow: 

• Late Triassic- Early Jurassic:  

o Orthogonal extension reactivated mostly ENE-WSW and 

NE-SW pre-existing Hercynian structures,  

o The regional stress regime was extensional, with σ3 

exhibiting NW-SE orientation and the σ1 axis predominantly 

vertical to inclined. Consequently, the influence of the Atlantic 

opening was more dominant than that of the Tethyan opening.  

o Orthogonal extension formed half-grabens and troughs 

along ENE-WSW and NE-SW faults. Pre-existing structures 

were locally reactivated as oblique-slip features, resulting in relay 

ramps.  

• Middle Jurassic (- Early Cretaceous?):  

o The regional stress regime became an oblique extension in 

the Central Atlas system, with σ1 and σ3 exhibiting orientations 

of NE-SW and NW-SE, respectively. The deformation recorded 

in the Middle Jurassic was limited in response to the rift-related 

processes.  

o The oblique extension developed a stress variation 

lengthwise in the Atlas system involving the pre-existing 

structures.  

o In the western Central High Atlas, the paleostress regime 

remained similar to the orthogonal phase, with a slight change in 

the inclination of the σ1 axis. This alteration led to the formation 

of oblique-slip and strike-slip features in pre-existing structures, 
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characterised by the development of horsetail terminations, 

transtensional flower structures, and NW-SE transfer faults. 

o The core of the Central High Atlas, experienced pure or 

contractional strike-slip deformation, with the synchronous 

halokinesis and possibly Middle Jurassic volcanism, that led to 

contractional features (e.g., Agoudal). 

o In the Central to Eastern High Atlas transition, the 

transtensional structures (e.g., Er-Rich) coincided with 

transtensional folding. 

o In the Middle Jurassic, the potential for magmatic activity 

within fault zones coinciding with halokinesis at the core of the 

central Atlas system is present. This magmatic activity could 

have migrated from the core to the borders of the Atlas system 

over time. The occurrence of volcanism is linked to the oblique 

extension, either synchronous taking place in the Middle Jurassic 

or indicating the end of the regional oblique extension in the Atlas 

system in the Early Cretaceous. 
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Chapter 3 - Florida margin, Eastern Gulf of Mexico: 

Identifying strike-slip activity during rifting 
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Summary  

The Gulf of Mexico is an intraplate oceanic basin where rifting commenced in the 

Late Triassic, leading to drifting and ensuing oceanic accretion by Middle-Late 

Jurassic, which ceased by the Early Cretaceous. Its tectonic evolution 

encompasses multiple rifting phases dominated by orthogonal extension, 

variable magmatism, and salt deposition. This complex tectonic history is 

recorded within the rifted margins of the Gulf of Mexico, including along the 

eastern part of the basin, where considerable uncertainty remains regarding the 

tectonic evolution and resulting crustal configuration. 

This chapter presents new insights into the crustal types and an updated tectonic 

framework for the Florida margin. An integrated analysis of seismic and potential 

field data allows to characterise the nature of the crust, which shows wide zones 

of hyperextended continental crust, seaward dipping reflection (SDR) packages, 

exhumed mantle and magmatic crust.  

The results propose elements that could improve the plate model of the Gulf of 

Mexico, by accounting for the polyphase nature of rifting, the counter-clockwise 

rotation of the Yucatan block, and the observed increase in magmatic supply.     
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3.1 Introduction  

The Gulf of Mexico (GOM) is an oceanic basin located within the southern part of 

the North American plate and bound to the south by the Caribbean plate. The 

GOM is a tectonically complex basin that formed during the Mesozoic due to the 

break-up of Pangaea and the counter-clockwise rotation of the Yucatan block in 

the south (Marton & Buffler, 1994; Marton & Buffler, 1999; Pindell, 1985; Pindell 

& Kennan, 2009; Pindell & Dewey, 1982; Pindell & Kennan, 2001). In the past 

two decades, a number of adjustments to the rotational tectonic model have been 

proposed for the evolution of the GOM margin (e.g., Pindell and Kennan, 2001; 

Bird et al., 2005; Kneller and Johnson, 2011; Hudec, Norton, et al., 2013; Eddy 

et al., 2014; Minguez et al., 2020; Pindell et al., 2021; Izquierdo-Llavall et al., 

2022; Pindell and Heyn, 2022; Filina and Beutel, 2022). These models provide 

some constraints on the crustal architecture and the timing of salt deposition and 

its subsequent mobility. However, it is only recently that the margin’s rift to drift 

evolution and subsequent crustal configuration has begun to be better 

understood (Filina et al., 2022; Filina & Beutel, 2022; Filina & Hartford, 2021; 

Izquierdo-Llavall et al., 2022; Pindell et al., 2011).  

Some efforts to better understand the region were made with the Gulf of Mexico 

Basin Opening (GUMBO) project, in which four regional refraction sections were 

undertaken in the GOM. Two GUMBO sections, Lines 3 and 4 (Figure 3.1) are 

located within the eastern Gulf of Mexico (EGOM) and were analysed by 

Christeson et al. (2014) and Eddy et al. (2014) to gain further insights into the 

margin’s evolution. The GUMBO Lines in the Florida margin reveal different 

crustal types within the transitional domain with interpreted SDRs in Line 3 (Eddy 

et al., 2014) and attenuated continental crust in Line 4 (Christeson et al., 2014). 

The crustal and magmatic variability from the northern to southern province of 

Florida has also been supported by seismic reflection data (Curry et al., 2018; 

Eddy et al., 2014; Izquierdo-Llavall et al., 2022; Liu et al., 2019; Pindell et al., 

2011). In addition, aeromagnetic data analysis suggests the presence of 

hyperextended continental crust and exhumed mantle along the Florida margin 

(Curry et al., 2018; Minguez et al., 2020; Pindell et al., 2016). However, despite 

the different approaches the nature of the crust in the distal domain of the margin 

remains controversial. 
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The location of the inner limit of the oceanic crust (ILOC) and the nature of the 

continent-ocean transition are usually difficult to image in seismic data due to 

their equivocal seismic characteristics, the presence of salt, and magmatic 

additions (Erlich & Pindell, 2020; Heatherington & Mueller, 1999, 2003). Different 

interpretations of the continent-ocean boundary and extinct spreading ridges 

have been proposed (Figure 3.1) using plate reconstructions, seismic data, 

gravity data, and/or magnetic data (e.g., Bird et al., 2005; Pindell and Kennan, 

2009; Kneller and Johnson, 2011; Hudec, Norton, et al., 2013; Eddy et al., 2014; 

Sandwell et al., 2014; Nguyen and Mann, 2016; Pindell et al., 2016; Deighton et 

al., 2017; Lundin and Doré, 2017; Filina et al., 2020; Minguez et al., 2020; 

Izquierdo-Llavall et al., 2022; Filina and Beutel, 2022).  

Here, we use good resolution regional seismic reflection profiles (Figure 3.1) and 

potential field data (Sandwell et al., 2014; Meyer et al., 2017) to unravel the 

tectono-stratigraphic architecture of the EGOM. We interpret the different crustal 

types across the EGOM, map these crustal domains, and then use these 

interpretations to constrain forward gravity modelling to quantify the deep crustal 

structure and validate the different crustal types invoked across the margin. 

These new crustal and structural interpretations are integrated to propose further 

adjustments to the tectonic model for the evolution of the EGOM. 
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Figure 3.1: Bathymetry map (Smith & Sandwell, 1997) in the Florida margin, 

Eastern Gulf of Mexico, which includes: the transparent orange and white zones 

that correspond to the geographic range of the inner limit of the oceanic crust 

(ILOC) and the extinct spreading ridges, respectively, previously interpreted in the 

EGOM (Bird et al., 2005; Pindell and Kennan, 2009; Kneller and Johnson, 2011; 

Hudec, et al., 2013; Christeson et al., 2014; Sandwell et al., 2014; Nguyen and Mann, 

2016; Pindell et al., 2016; Deighton et al., 2017; Lundin and Doré, 2017; Filina et al., 

2020; Minguez et al., 2020; Izquierdo-Llavall et al., 2022; Filina and Beutel, 2022); 

black dotted/dashed line traces represent formerly proposed NW-SE trending 

transfer fault (FTZ: Florida Transfer Zone; Pindell, 1985); yellow dashed line traces 

are the GUMBO refraction lines 3 and 4; seismic lines used in this study are shown 

in white, with portion of interest displayed in Figures 3.4-3.7 highlighted in orange, 

and black dashed traces indicating the 2-D gravity models presented in Figure 3.9. 

The location of the well 224-A #1-C (Babcock, 1970) in the north, and the DSDP 

Leg 77, site 535 (Schlager, 1984;  Buffler et al., 1984) in the south which were used 

to further analyse the age and nature of volcanism, and the top of syn-rift 

sequence. Seismic data courtesy of TGS. 
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3.2 Geological Background 

The Gulf of Mexico formed due to two phases of rifting, the first of which is related 

to the breakup of Pangea and separation of North America from Africa, initiating 

in the Late Triassic and continuing until the Middle Jurassic (Pindell and Dewey, 

1982; Pindell, 1985; Marton and Buffler, 1994; Pindell and Kennan, 2009; Kneller 

and Johnson, 2011; Hudec, et al., 2013; Eddy et al., 2014; Nguyen and Mann, 

2016). Extension was oriented NW-SE (Figure 3.2a) and resulted in NE-SW 

trending rift basins, which were filled by fluvio-lacustrine sediments (Bird et al., 

2005; Buffler & Sawyer, 1985; Curry et al., 2018; Eddy et al., 2014; MacRae & 

Watkins, 1996; Pindell & Kennan, 2001; Rowan, 2014; Salvador, 1987; Steier & 

Mann, 2019). Houston Magnetic Anomaly (HMA), Florida Magnetic Anomaly  

(FMA) and the Campeche Magnetic Anomaly (CMA; Figure 3.2b) are major 

magnetic anomalies that formed in relation to the emplacement of volcanic flows 

(i.e., seaward dipping reflections – SDRs) in the EGOM (Eddy et al., 2014; Filina 

& Beutel, 2022; Hall, 1990; Imbert & Philippe, 2005; Kneller & Johnson, 2011; Liu 

et al., 2019; Mickus et al., 2009; Pindell et al., 2011; Rowan, 2014; Steier & Mann, 

2019). Salt deposition also occurred at the end of this phase of continental rifting. 

The salt deposits were initially assumed to be Callovian (Salvador, 1991), 

however, strontium isotope records (e.g., Posey et al., 1987) and a recent isotope 

analysis (Snedden and Galloway, 2019; Pulham et al., 2019; Pindell et al., 2019) 

suggest an older Bajocian age, but could be Bathonian and possibly Callovian in 

the younger salt sequences.  

Counter-clockwise rotation of the Yucatan block initiated at the end of this first 

rifting phase leading to a secoznd extensional phase oriented NE-SW locally in 

the north-east Gulf of Mexico and roughly NNE-SSW in the central and southern 

parts of the Gulf (Eddy et al., 2014; Pindell & Kennan, 2001). However, due to 

the continuous separation of North America from Africa, the regional extension 

remained WNW during the second phase of rifting (Müller et al., 2019). This 

eventually led to oceanic spreading between Yucatan and North America (Hudec 

et al., 2013; Sandwell et al., 2014). By the Berriasian, the Yucatan block had 

rotated along the Western Main Transform (Figure 3.2d) fault to the SW of the 

GOM (Marton & Buffler, 1994; Pindell, 1985). Yucatan’s rotation could have been 

accommodated by the sinistral system of the parallel North Oaxaca and Florida-

Bahamas Transfer Faults to the SW and the NE of the GOM, respectively (Pindell 
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et al., 2021). The rotation was  about ca. 42° around a pole that migrated 

southwards, relative to North America, along the western margin of Florida into 

the Florida Straits or even south of Cuba (Bird et al., 2005; Buffler & Sawyer, 

1985; Marton & Buffler, 2016; Pindell, 1985; Pindell et al., 2016, 2021; Salvador, 

1987). The age of seafloor spreading is also uncertain, and could have 

commenced either in the Bathonian-Oxfordian or Kimmeridgian  (Hudec et al., 

2013; Eddy et al., 2014; Pindell et al., 2020b). Spreading ceased either in the 

Late Jurassic (Kneller & Johnson, 2011) or in the Early Cretaceous, between the 

Berriasian and Valanginian (Pindell, 1985; Marton and Buffler, 1994; Bird et al., 

2005; Eddy et al., 2014). 

In addition to the orthogonal structures formed during the NW-SE and NE-SW 

extensional phases, strike-slip structures have been suggested to be active 

during the rifting by several authors (e.g., Klitgord et al., 1984; Pindell, 1985; 

MacRae and Watkins, 1996; Pindell and Kennan, 2009). The most significant and 

well-studied transfer fault in the NE GOM is the sinistral Florida-Bahamas 

Transfer Zone (FTZ; Figures 3.1 and 3.2a), which accommodated 300 to 400 km 

of displacement during the first phase of rifting (Erlich & Pindell, 2020; Pindell, 

1985; Pindell & Kennan, 2009; Pindell et al., 2021) and allowed the south-

eastward motion of the Florida Straits. 
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Figure 3.2: (a-d) Tectonic evolution of the Gulf of Mexico (modified from Steier and 

Mann, 2019; Pindell et al., 2020a; Pindell and Heyn, 2022). (a) Initiation of 

Pangaea’s breakup with North America plate WNW synchronous motion (Müller et 

al., 2019; red arrow). The first phase of rifting was NW-SE with sinistral slip of the 

Florida-Bahamas Transfer Zone (FTZ). (b) Middle Jurassic continental extension, 

formation of Houston Magnetic Anomaly (HMA), Florida Magnetic Anomaly and 

Campeche Magnetic Anomaly (CMA) (Pindell et al., 2016) and deposition of Middle 

Jurassic salt. Green arrows indicate the local orientation of extensional between 

North America plate and Yucatan Block. (c) Yucatan’s counter-clockwise rotation 

and oceanic seafloor spreading during the Late Jurassic. (d) End of seafloor 

spreading in the Early Cretaceous. Green lines indicate the Cretaceous shelf in 

Florida and Yucatan margins.  
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3.3 Data and Approach 

3.3.1 Data 

This study utilises a suite of nine 2D seismic reflection profiles (Figure 3.1) 

provided by TGS in two-way travel time (twt) recorded to 14 s. They are oriented 

NE-SW, E-W and NW-SE with lengths ranging from 500km to 1,500km. These 

seismic lines partially image the Moho discontinuity; while the basement, syn-rift 

and post-rift sequences are well imaged, where evaporites are not present. Our 

seismic data were complemented by integrating published seismic interpretations 

and well data (Buffler et al., 1984; Marton and Buffler, 1999; 2016) from DSDP 

leg 77 (site 353; Figure 3.1). These data are located to the southeast of our study 

area and were used to correlate the top syn-rift sequence previously identified in 

DSDP leg 77, site 535 (Buffler et al., 1984; Marton and Buffler, 1999; 2016) into 

our seismic reflection lines and construct the structural framework at the south-

western part of the Florida margin.  

Public domain satellite free air gravity (Figure 3.3a; Sandwell et al., 2014), 

residual gravity (Figure 3.3b), its vertical gradient (Figure 3.3c) and Earth 

Magnetic Anomaly Grid (Figure 3.3d; EMAG2v3; Meyer et al., 2017) were used 

alongside the seismic profiles to refine our structural and crustal interpretations. 

The residual gravity map was calculated from the free air gravity by removing the 

effect of the water column, to enhance the anomalies related to crustal 

boundaries in the deep offshore. It was calculated assuming a water density of 

1.03 g/cm3 and an average rock density of 2.67 g/cm3. The magnetic data were 

primarily used to identify the extent of the oceanic crust and rift-related 

magmatism. Nevertheless, magnetic anomalies in the Eastern Gulf of Mexico are 

not all rift-related (Babcock, 1970; Heatherington & Mueller, 1991, 2003). 

Onshore and offshore drillhole sample analysis in the Florida region suggests 

that some magnetic anomalies could be related to Gondwanan or Pan-African 

Palaeozoic magmatic activity, the Central Atlantic Magmatic Province (CAMP), 

and/or the diachronous magmatic activity of the Suwannee terrane (Erlich & 

Pindell, 2020; Heatherington & Mueller, 2003) and should therefore be treated 

with some caution.  
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Figure 3.3: (a) Free Air Gravity Anomaly (FAA; Sandwell et al., 2014); (b) Residual 

gravity anomaly; (c) Vertical gradient of Residual gravity anomaly with structures 

trends, and (d) Earth Magnetic Anomaly Grid (EMAG; Meyer et al., 2017) in the 

Eastern Gulf of Mexico. Seismic data courtesy of TGS. 

3.3.2 Approach 

Sedimentary sequences and crustal types were interpreted along the seismic 

reflection profiles primarily based upon their seismic character. We identify key 

seismic reflections from stratal terminations, internal reflection geometry (e.g., 

divergence and thickening of syn-rift sequences) and seismic facies (i.e., 

reflection amplitudes and continuity) that enables us to define distinct packages: 

post-rift and syn-rift sedimentary sequences, a salt unit, and a post rift carbonate 

platform.  

 Due to the lack of publicly available well data, the age of the interpreted seismic 

horizons and packages was inferred from published literature. The age of the 

transition from syn-rift to post-rift remains ambiguous, as different well data along 

the margin indicate either Berriasian (Figure 3.1, DSDP 535, SE GOM; Marton 

and Buffler, 1999; 2016) or Tithonian (Hudec, Norton, et al., 2013) ages. 

However, in this study, due to the diachronous breakup along the Gulf of Mexico, 

the younging direction of rifting and drifting towards the south (Deighton et al., 
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2017; Filina & Beutel, 2022; Lundin & Doré, 2017; Minguez et al., 2020; Nguyen 

& Mann, 2016; Pindell & Heyn, 2022; Sandwell et al., 2014), and the lack of 

published well data in the Florida margin, we interpreted the syn- to post-rift 

transition to be Tithonian (Late Jurassic) in age, based on the unpublished well 

data of (Hudec, Norton, et al., 2013), which is located in the NE GOM.  

The different crustal types were interpreted in the 2D seismic data based on their 

seismic facies, and are further addressed in the following section. Crust types 

were then used to create a crustal domain map. High amplitude reflections 

imaged at -10 to -12 s (twt) in the majority of the 2D seismic data were interpreted 

as Moho reflections. Despite the good coverage of the seismic data, the wide 

spacing between sections requires an extrapolation of crustal types across tens 

of kilometres, something that is of particular importance when considering the 

mapping of crustal boundaries. To assist with this, and reduce this uncertainty, 

potential field data were used to characterise these boundaries and aid their 

interpolation throughout the study area.  

The presence of salt and thick carbonates on the shelf reduces the seismic 

imaging quality of the underlying sediments and basement and increases the 

uncertainty in our interpretation. In addition, the interpretation of the salt bodies 

could vary, due to the low seismic resolution where salt is present.  

 

3.4 Stratigraphic and Crustal Architecture 

Representative sections showing the interpreted stratigraphic and crustal 

architecture of the basin are presented in Figures 3.4-3.7. We first consider the 

main sedimentary packages before examining the underlying Moho and crustal 

structure.  

3.4.1 Rift to drift sedimentary sequences 

The pre-rift sequence is identified only in the shelf domain at the northern part of 

the Florida margin. We distinguish this sequence by high amplitude reflections 

with consistent original thickness, which are tilted and truncated (Figure 3.4; see 

also Pindell et al., 2011; Liu et al., 2019; Izquierdo-Llavall et al., 2022). This 

sequence has previously been interpreted as a syn-rift volcaniclastic sequence 

(Liu et al., 2019; Menzies et al., 2002), but could also be Appalachian deformed 
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section (Eddy et al., 2014). Furthermore, well 224-A #1-C (Figure 3.1), located 

close to this volcanic sequence, encounters Triassic volcanic material (Babcock, 

1970; Heatherington & Mueller, 2003); and recent zircon analysis (Erlich & 

Pindell, 2020) supports igneous activity offshore North Florida and the western 

Bahamas in the Middle Triassic that expanded to the onshore of North Florida 

and South Georgia in Late Triassic to Early Jurassic. We believe that this 

sequence is likely to be related to a pre-rift magmatic event or local volcanism 

before or during the earliest stages of rifting. This pre-rift sequence is not 

observed in the southern part of the shelf domain.  

Due to the lack of well data and poor subsalt seismic imaging, there is high degree 

of uncertainty within the syn-rift sequence. The syn-rift sequence exhibits variable 

seismic characteristics, with either chaotic low amplitude reflections (Figure 3.4, 

3.6a and 3.7a) or more continuous high amplitude reflections (Figure 3.7). It is 

capped by downlap terminations and can be recognized by the presence of 

growth strata. It is, however, difficult to image where salt deposits are present. 

The syn-rift is interpreted to be thin within the shelf domain with chaotic but high 

amplitude reflections and no apparent growth strata. The lack of syn-rift growth 

geometry could be related to the orientation of the seismic lines, which are 

perpendicular to the NW-SE Late Triassic extension. Within the syn-rift sequence, 

the Middle Jurassic Bajocian salt (Figure 3.6 and 3.7a) is characterised by chaotic 

and low amplitude reflections and shows an irregular geometry due to 

halokinesis. In the south of the margin, salt was deposited onto the basement, 

and the growth strata above the salt are well imaged (Figure 3.7a). In the north, 

where salt deposits are considerable and have been extensively mobilised, syn-

rift sediments are less well imaged and are difficult to interpret with confidence 

(Figure 3.7a). The salt is primarily autochthonous, with major salt diapirs in the 

NW and minor local salt diapirs and pillows in the SE. Local allochthonous salt 

appears to be fault controlled and is observed primarily south of seismic line F 

(see location on Figure 3.1) along the shelf (Figure 3.6).  

The post-rift package comprises a thick carbonate sequence (thickness between 

2.3 and 3.5 s twt) in the shelf domain and siliciclastic sequences in the deep basin 

(Dobson & Buffler, 1997; Snedden et al., 2014). The carbonate platform forms a 

continuous package of high amplitude reflections (Figure 3.4 and 3.6b), whereas 

the post-rift siliciclastics increase in thickness in the NW and are affected by the 
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post-rift salt movement. In contrast, the siliciclastic post-rift sequences in the 

south are relatively undisturbed. The thickness of the carbonate platform 

increases from NW to SE between seismic lines B-C and E-F, which could be 

related to the first rift-phase related NE-SW trending horsts of the continental 

crust. 

3.4.2 Structural configuration  

Faults were identified in the shelf domain and in the deep oceanic basin with a 

variety of dip angles and orientation. Seismic data show that the basement in the 

shelf domain is affected by NW-SE trending extensional faults (Figure 3.4). Other 

faults orientation, i.e., parallel to the directions of the seismic lines, may exist, but 

would not be clearly imaged in the 2D data. Oceanward and landward dipping 

normal faults have previously been identified at the hinge of the carbonate 

platform (Izquierdo-Llavall et al., 2022; Pindell et al., 2011), however, we 

interpreted these faults with low confidence on our seismic data (Figure 3.6; 

dashed extensional faults).  

In the deep basin, listric normal faults are identified dipping SW, in seismic line E 

(Figure 3.6a), and W, in seismic line F (Figure 3.6b). In both cases, the faults 

reach a deep high amplitude reflection, which could be mid-crustal detachment 

level or the Moho. In seismic line E (Figure 3.6a), tilted blocks bounded by normal 

faults are well imaged and define half-grabens with syn-rift infill. The dip direction 

of these normal faults was established using the syn-rift growth strata geometry. 

Most seismic lines show SW-dipping normal faults; however, in seismic line D 

(Figure 3.7a) the dip-direction changes locally to the NE. It is worth noting that 

due to the 2D nature of the seismic data, the imaged dip direction of faults is the 

apparent dip.  
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Figure 3.4: High amplitude eroded pre-rift sequence in the shelf domain, which is 

placed between syn-rift sediments and continental crust. Full seismic line of high 

resolution is provided in Appendix (Figure B.1). Seismic data courtesy of TGS. 

3.4.3 Crustal Types 

The Moho is partly imaged in the data as a high amplitude reflection occurring at 

depths between -10 and -12 s (twt). Different crustal types were identified 

between top basement and the Moho, based on their distinct seismic characters.  

Oceanic crust (Figure 3.5a and 3.5b) is presented in the distal domain of the 

margin. It is defined by high amplitude reflections at the top, a relatively well 

imaged high amplitude Moho at the base, and a fairly consistent thickness (~2.5-

3.0 s twt), typical for oceanic crust (Hoggard et al., 2017; Paton et al., 2017). 

Extinct spreading ridges are imaged along the southern edge of the study area, 

and can be up to 30 km wide, forming trough geometries filled with post-spreading 
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sediments and underlain by thinner oceanic crust (Figure 3.5a). Variable scale 

medium to high amplitude geometries are found close to the spreading ridge 

segments, with Moho reflection pull-up underneath them. These geometries are 

up to 10km wide and are likely to be submarine volcanoes (Figure 3.5a; Lin et al., 

2019) due to their amplitude reflectivity, the pull-up seismic imaging beneath 

them, and the onlaps on both their sides. High amplitude reflections offset the 

oceanic crust and Moho (Figure 3.5b) and could indicate either faults or dykes 

(Ding et al., 2018). Faults are mainly imaged close to the spreading ridge (Figure 

3.5a and 3.5b), while dykes are imaged cutting the oceanic crust from the base 

(i.e., Moho) to the middle of the crust (Figure 3.5a).   

Continental crust is presented in both the proximal and distal domains of the 

margin (Figures 3.6 and 3.7a). In the proximal domain, continental crust is imaged 

beneath the carbonate platform (Figure 3.4 and 3.6) with seismic facies 

characterised by parallel to sub-parallel reflections of low to medium amplitude 

and discontinuous high amplitude reflections at depth in some locations. The 

underlying continental Moho is poorly imaged and was picked (with low 

confidence) around -12 s (twt), along beneath sets of deep and discontinuous 

high amplitude reflections (Figure 3.6). Irregular high amplitude reflections are 

imaged within the continental crust along the shelf in both proximal and distal 

domains. In the proximal shelf, the high amplitude reflections are located in the 

lower continental crust and could represent magmatic intrusions and/or ductile 

shear within the lower continental crust (e.g., Harry and Sawyer, 1992); however, 

these are not imaged in all seismic reflection lines. Consequently, the upper and 

lower continental crust are difficult to distinguish. In the deep domain of the 

margin, continental crust is characterised by more chaotic, high amplitude 

reflections, while the Moho exhibits a weak seismic signature. Moho is difficult to 

pick in places where there is salt in the overlying basin (Figure 3.7a), whereas its 

depth is uncertain under the more prominent high amplitude reflection of faults 

detachment (Figure 3.6). In seismic lines E and F, strong and discontinuous 

reflections are found beneath the high amplitude reflection (Figure 3.6), which 

could indicate the existence of a lower crustal layer, magmatic intrusions, or partly 

serprentinized mantle, which will be further examined in the gravity analysis 

section. Overall, regardless of the Moho depth, the imaged and identified 

continental crust in the deep margin predominantly consists of listric normal fault-
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bounded tilted blocks between 1.0 and 2.5 s (twt) (Figures 3.6 and 3.7a). Lastly, 

the geometry of the faults in seismic line D (Figure 3.7a) indicate a trough 

geometry, which juxtaposes against the oceanic crust, and could be interpreted 

as an outer marginal trough (Curry et al., 2018; Hudec, Jackson, et al., 2013; 

Hudec & Norton, 2019; Pindell et al., 2014).  

An undifferentiated crustal domain is observed along the margin, where the 

nature of the crust (i.e., continental vs. oceanic) remains ambiguous. The crust in 

this domain can be divided into two unknown types with different seismic 

characteristics, which juxtapose the thin continental crust of the distal domain in 

different seismic lines (Figure 3.6). For simplicity, we will refer to them as crust 

type I and crust type II. Crust type I (Figures 3.6b and 3.7b) consists of a zone of 

chaotic, medium amplitude reflections that juxtaposes the continental crust. It is 

found beneath a small number of salt deposits, and is bound by continental crust, 

crust type II, and a sequence of high amplitude dipping reflection that will be 

examined below. SW of the hinge and the carbonate platform, the top of crust 

type I is almost a second (twt) shallower than the continental crust (Figure 3.6b), 

which could indicate potential exhumed mantle. Crust type II (Figure 3.6) is 

located between continental and oceanic crust. This crust has a consistent 

thickness of 2.4 s (twt), but thickens closer to the continental crust, locally thins, 

and is faulted in its upper part (Figure 3.6). The transition between crust type II 

and the continental crust is equivocal, and different interpretations are possible. 

The Moho is partly imaged beneath crust type II, it is shallower close to the 

oceanic crust and deeper close to the continental domain. Top crust type II is 

characterized by low amplitude reflections with medium amplitude small 

geometries similar to the oceanic crust (Figure 3.5a). Within and close to the top 

of the crust, high amplitude reflections are frequent, dipping both oceanward and 

continent-ward, and high amplitude reflections penetrate the crust close to the 

continental crust (Figure 3.6a). These characteristics suggest that this crust is 

different from the true oceanic crust and from the unambiguous continental crust. 

Some high amplitude reflections, shown in Figure 3.7b, are bound by continental 

crust and crust types I and II. Their geometry, seismic characteristics, associated 

high magnetic anomaly (Figure 3.3d), and deep nature (between -6.5 s and -11.5 

s (twt)) suggest that these reflections could be SDRs. Low amplitude reflections 

observed beneath these in seismic line C (Figure 3.7b) could potentially 
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correspond to the Moho or the continental basement. The interpreted SDRs in 

seismic lines C and H are dipping to the SSW. High amplitude reflections with 

geometries, similar to volcanoes interpreted before, are located on the SDRs; 

which we interpret these as post-SDR volcanic edifices (e.g., Norcliffe et al., 

2018). The presence of Moho or potential continental crust beneath the SDRs is 

questionable and further investigation is required. A distinct boundary between 

the SDRs and the surrounding crust cannot be distinguished due to poor imaging, 

which is partly related to the overlying salt deposits.  

North-east of the SDRs, we identified some tilted high amplitude reflections in 

seismic lines A and B (Figure 3.4) in the shelf, which have a high magnetic 

anomaly (Figure 3.3d) similar to the SDRs south of the shelf. However, as 

mentioned above, they have consistent thickness, without a wedge geometry. 

Based on these characteristics, we interpret them as pre-rift features, possibly 

composed of volcanic rocks, deposited on the continental crust prior to rifting. 
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Figure 3.5: Representative seismic lines and interpretation of oceanic crust. 

Oceanic crust characteristics with a smaller (a) and a bigger scale (b) spreading 

ridge (post-spreading basin), interpreted volcanoes on the top crust and, faults 

and dykes influence the crust. Full seismic lines of high resolution are provided in 

Appendix (Figures B.3-B.4). Seismic data courtesy of TGS. 
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Figure 3.6: (a) Representative seismic line and interpretation of thinned 

continental crust at the proximal domain and an uncertain crust type II with intra-

basement magmatism. (b) Representative seismic line and interpretation image 

the continental crust and the two different uncertain crustal domains.  Uncertain 

crust type I (right) and uncertain crust type II (left). Full seismic line E of high 

resolution is provided in Appendix (Figure B.4). Seismic data courtesy of TGS.  
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Figure 3.7: (a) Representative seismic line and interpretation of sedimentary 

sequences and ambiguous continental crust beneath the salt deposits that 

juxtapose to the oceanic crust, and (b) Possible Seaward Dipping Reflections 

(SDRs) overlaying by post-SDR volcanoes and surrounded by the uncertain crust 

type I and continental crust with uncertain depth of Moho. Full seismic lines of 

high resolution are provided in Appendix (Figures B.2-B.3 & B.5). Seismic data 

courtesy of TGS.  

 

  



79 
 

3.5 Gravity analysis 

A crustal map (Figure 3.8) was produced from the seismic analysis of the different 

crustal types. These consist of the proximal to distal continental domain of the 

Florida margin and the deep oceanic domain up to the mid-oceanic ridge. In 

between lies a region of basement of uncertain nature but where SDR packages 

were identified at the intersection of lines C and H. This undifferentiated domain 

extends along the margin slope and widens toward the west where salt deposits 

are predominant. To address this area of uncertainty we conducted 2D gravity 

modelling along the seismic lines to test different crustal scenarios (Figure 3.9). 

Furthermore, we calculated the vertical gradient of residual gravity anomaly to 

support the structural trends (Figure 3.3c).  

 

Figure 3.8: Crustal domains map based on the seismic characteristics. Yellow and 

brown traces show the location of the gravity models in Figure 3.9 and Figure 3.10, 

respectively. Seismic data courtesy of TGS. 
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3.5.1 Methodology 

To validate the crustal types, better define their limits and improve the constraint 

of the Moho depth, we carried out forward 2D gravity modelling in Geosoft Oasis 

Montaj (GM-SYS profile modelling; Pouliquen et al., 2017) along interpreted 

seismic lines. First, a time-to-depth conversion was performed using constant 

interval velocities (Table 3-1). Average interval velocities were calculated from 

stacking velocities using Dix’s equation (Dix, 1955): 

vint = [(t2*vRMS2
2 – t1*vRMS1

2) / (t2 – t1)] ½ 

where vint is the interval velocity, t1 & t2 are the top and the base respectively (in 

twt) for each interval, and vRMS1 & vRMS2 are root-mean-square velocity at the top 

and the base respectively.  

For the gravity modelling, average density values (Table 3-1) for the sedimentary 

sequences were calculated using Gardner’s equation (Gardner et al., 1974): 

ρ=0.23*VP
0.25 km/m3 

where VP is the average interval velocity.  

 

Table 3-1: Velocity model with the average interval velocities and densities 

used in this study for the depth conversion and the gravity models, 

respectively, and the GUMBO lines 3 and 4 velocity models derived by 

refraction data (Christeson et al., 2014; Eddy et al., 2014). 

 

Average 

interval 

velocity model 

(km/s) 

Density 

(g/cm3) 

GUMBO Line 

3 velocity model 

(km/s) 

GUMBO 

Line 4 

velocity 

model (km/s) 

Water 1.50 1.03 ≤ 1.6 ≤ 1.6 

Sediments on 

the shelf 
2.36-4.77 

2.45-

2.54 
1.8-4.5 3.0-5.5 

Sediments in 

the deep ocean 

basin 

2.3-4.0 
2.40-

2.57 
2.0-4.5 2.1-4.5 

Salt 5.0 2.175 2.0-4.5 - 

Continental 

crust 
6.19 - 5.5-7.5 6.1-7.1 

Oceanic crust 6.26 - ~ 8.0 ~7.0 
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SDRs 6.11 - 6.0-7.5 - 

Undifferentiated 6.14 - - - 

 

The post-rift and syn-rift clastic sequences in the deep basin, SW of the shelf, 

have an average density of 2.40 and 2.57 g/cm3, respectively. Whereas on the 

shelf, the carbonates and syn-rift sediments have an average density of 2.45 and 

2.54 g/cm3, respectively. The obtained salt density ranges between 2.1 and 2.9 

g/cm3, with an average of 2.61 g/cm3. This wide range could highlight the 

uncertainty in the interpretation of the salt base, or variable salt composition (e.g., 

anhydrite - Alger and Crain, 1966; Dobson and Buffler, 1997; Snedden and 

Galloway, 2019). A low-end salt density of 2.175 g/cm3 was assumed due to its 

mobility and Bird's et al. (2005) interpretation of salt density in the western Gulf 

of Mexico. Standard density values were used for continental crust (2.75-2.9 

g/cm3), oceanic crust (2.9-3.0 g/cm3), SDRs (2.65-2.75 g/cm3), magmatic 

underplating (2.9-3.0 g/cm3), serpentinized mantle (2.7-3.2 g/cm3), and mantle 

(3.3 g/cm3) (Bassetto et al., 2000; Holbrook et al., 1994; Mjelde, Raum, Myhren, 

et al., 2005). In the Eastern Gulf of Mexico, a gravity model was previously 

applied on the seismic line coincident with the GUMBO line 3 (Liu et al., 2019) 

using continental crust densities based on the DSDP well Site 537, located on a 

structural high close to Campeche Escarpment (Buffler et al., 1984). In this study, 

we used density values of 2.75 g/cm3 and 2.85 g/cm3 for the attenuated and 

thicker continental crust, respectively. The value of 2.85 g/cm3 describes the 

average density of the upper and lower continental crust as they were difficult to 

distinguish within the seismic reflection data. Similar values have previously been 

used for gravity models in the GOM (Bird et al., 2005; Nguyen and Mann, 2016; 

Lin et al., 2019). The remainder of the crust in the gravity profiles has an average 

density value or the best-fit value from the previously mentioned crustal density 

ranges.  

The validity of our gravity models relies on the depth-conversion velocity model 

and the assigned density values. Dix’s equation, used to calculate interval 

velocities, tends to underestimate velocities in deep layers, which has minor 

impact on the interpreted crustal boundaries, but can result in an overestimation 

of the crustal thickness. The densities of the sedimentary layers are relatively well 

constrained using Gardner’s empirical equation. Those assigned to the different 
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crustal layers are based on a range of values, previously mentioned, and are 

consistent with densities derived from seismic refraction (Christensen & Mooney, 

1995; Christeson et al., 2014; Eddy et al., 2014; McDermott et al., 2019). Density, 

however, remains the main source of uncertainty, especially when differentiating 

between SDRs and serpentinized mantle, whose density depends on the 

sediment-volcanics ratio and the degree of mantle hydration, and can vary 

laterally. Overall, gravity models are non-unique and reflect our interpretation of 

the seismic data within the context of a valid geological model.  

3.5.2 Gravity Modelling Results 

In our gravity modelling, we consider different scenarios to test the nature of the 

crust in the uncertain domain for each profile. In Figure 3.9, we show the different 

models that were tested for seismic lines C and E; whereas in Figure 3.10, we 

display only the best-fit models.  

Three possible scenarios were considered in both sections. First, a transitional 

domain of high-density crust of 3.0 g/cm3 (Scenario 1; Figure 3.9), due to the wide 

range of ILOC (Figure 3.1) and the presence of thick undifferentiated crust that is 

similar to oceanic crust (Figure 3.6a). In section C, we applied a thick high-density 

crust as the Moho is not imaged in the seismic data, which is extended beneath 

the SDRs. Previous gravity models have proposed a high-density of 2.9 g/cm3 

beneath SDRs (e.g., Paton et al., 2017). In section E, the thickness is fixed in 

accordance with the seismic interpretation (Figure 3.6a) and the depth-converted 

Moho (Figure 3.9). In both sections, there is a significant misfit between the 

calculated and observed gravity. For this reason, in the second scenario (Figure 

3.9b), we applied a low and an average-density crust considering their seismic 

characteristics.  

In scenario 2 for section C (Figure 3.9a.2), we applied a density of 2.75 g/cm3, 

and a thinner crust, which does not extend beneath the SDRs. Therefore, we 

retained a 3.3 g/cm3 mantle density beneath the SDRs and only evaluated the 

transitional crust between the SDRs and oceanic crust. Here, the misfit between 

the calculated and the observed gravity is less than in the first scenario, although 

it is still significant. In scenario 2 for section E (Figure 3.9b.2), we applied an 

average density of 2.85 g/cm3, which produces the best fit between calculated 

and observed gravity in the uncertain domain. Hence, the transitional domain 
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between continental crust and oceanic crust consists of an average density of 

2.85 g/cm3 with similar thickness to the oceanic crust (6 km).  

In the second scenario, both models minimised the misfit by applying a lower 

density crust. However, both sections also exhibit a major misfit between the 

oceanic and the thick continental crust. In section C, the misfit occurs along the 

thin continental crust, the SDRs and the low-density crust (Figure 3.9a.2). In 

section E, the misfit is mainly along the thin continental crust (Figure 3.9b.2), 

where we identified the low amplitude reflections (uncertain layer; Figure 3.6) and 

the uncertain crust (Figure 3.6a). This could only be corrected with a high-density 

layer of 3.0 g/cm3 at depth (Figure 3.9a.3 and 3.9b.3), which is not imaged in the 

seismic reflection data. Our preferred scenario is the third one (Figure 3.9; 

Scenario 3), which has a low density crust (2.75 g/cm3) in the north (Section C; 

Figure 3. 8) and an average density crust (2.85 g/cm3) in the south (section E; 

Figure 3.8).  

We used the same density and crustal configuration as scenario 3 when 

modelling the uncertain domain in the other sections (Figure 3.10). The uncertain 

domain in section A (Figure 3.10a) consists of a 2.75 g/cm3 low density thin crust 

underlain by the 3.0 g/cm3 high density layer. Section I (Figure 3.10e) located in 

the southernmost part of the margin has similar crust densities, with the exception 

that the deep high-density domain is extended underneath the thin continental 

crust and partly underneath the low-density crust. In section H (Figure 3.10d), the 

deep high-density layer is located underneath the SDRs and the low density 

crust, similar to section C (Figure 3.10a.3).
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Figure 3.9: Gravity modelling of the depth converted profiles C and E, whose 

locations are presented on Figures 3.1 and 3.3c. In the first scenario, high density 

was applied in the uncertain domain. In the second scenario, different low 

densities were applied for each section best fit in the model. In section C, dashed 

line represents the uncertain crust beneath the SDRs. Scenario three, proposes 

an extra high-density sequence (marked with dashed uncertain domain), which is 

partly detectable in the seismic reflection data.  

In the centre of the margin the uncertain domain shows a more complex 

configuration, with a 2.85 g/cm3 average density crust in sections B, F and H 

(Figure 3.10b-d). In section B (Figure 3.10b), it is located between thin continental 

crust and oceanic crust, similarly to seismic line E (Figure 3.9b.3). In sections F 

and H (Figures 3.10c and 3.10d), the uncertain domain is located between thin 

continental crusts. 

 

 

Figure 3.10: Gravity modelling results along the uncertain crustal domain. 

Line locations are presented in Figure 3.8. The uncertain domains identified 

in the seismic reflection data are marked with solid black line, while dashed 

line highlights the misfit of observed and calculated gravity anomaly, which 

was corrected with the 3.0 g/cm3 high density layer.  
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3.6 Proposed crustal model for the Eastern Gulf of Mexico  

The integration of seismic reflection, potential field data and gravity modelling has 

enabled us to produce a new and refined structural and tectonic map for the 

Eastern Gulf of Mexico (Figure 3.11a) in which several crustal domains have 

been identified and mapped across the area. Our crustal model illustrates the 

crustal configuration of the Florida side only, as we have not examined data from 

the conjugate side. In Figure 3.11b, we present representative cross-sections of 

depth-converted seismic lines C and E, which integrate the seismic interpretation 

(Figures 3.5-3.7) and the gravity modelling (Figure 3.9). These sections illustrate 

the crusts’ geometry from NW to SE, and in depth.  

The continental crust has been divided into stretched continental crust, with a 

thickness of ~ 25 km, and hyperextended continental crust, which is less than 10 

km thick. Both continental domains are NW-SE trending. The first phase of 

normal faults formed NE-SW basins along the shelf (Pindell and Kennan, 2001; 

Pindell and Kennan, 2009). The NE-SW faults (in blue in Figure 3.11a) are based 

on Pindell et al. (2020a) and were partly identified in seismic lines C and F. The 

second phase of NW-SE trending normal faults are restricted to the 

hyperextended continental crust. These are developed in the upper part of the 

continental crust and form tilted blocks (e.g., Figures 3.6a and 3.7a).  



87 
 

  

Figure 3.11: (a) Crustal and tectonic map of the NE Gulf of Mexico. The arrow on 

the SDRs shows the dip direction. FTZ: Florida-Bahamas Transfer Zone. Seismic 

data courtesy of TGS. (b) Representative regional scale cross-sections of seismic 

lines C and E. 
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Hyperextended continental crust is mapped between stretched continental crust, 

the magmatic crust, and the oceanic crust. However, in the gravity modelling, 

scenario 3 (Figure 3.9) suggests the presence of a high density layer (3.0 g/cm3) 

beneath low density continental crust. Therefore, the high amplitude reflections 

interpreted with bold lines in Figures 3.6 and 3.7a, are more likely to be a 

detachment for the titled blocks (e.g., Pindell et al., 2011; Izquierdo-Llavall et al., 

2022), which separate the upper and lower continental crusts. The lower crust is 

poorly imaged in Figures 3.6 and 3.7a, and the continental Moho could only be 

inferred from the gravity models (Figures 3.9b.3 and 3.10c). Therefore, the high 

density layer is inferred to be a continental crust towards the southeast of the 

margin. 

Hyperextended continental crust is affected by NW-SE trending normal faults in 

the north and almost N-S trending normal faults in the south of the study area. 

The presence of salt on the hyperextended continental crust and the lack of first 

phase syn-rift sediments in the south support the eastern migration of rifting 

(Izquierdo-Llavall et al., 2022; Pindell & Heyn, 2022). In seismic lines E and F 

(Figure 3.6), the occurrence of Middle Jurassic salt, growth strata on the tilted 

continental blocks (Izquierdo-Llavall et al., 2022; Pindell & Heyn, 2022), and the 

lack of pre-salt sediments indicates that either there was no accommodation (the 

continental crust was above sea level, (Pindell & Heyn, 2022)) or they have been 

eroded or that poor imaging beneath salt has obscured thin pre-salt sediments 

such that they cannot be seismically resolved. Finally, a 10 km thick package of 

SDRs, which extends for approximately 100 km along the shelf (Imbert, 2005; 

Pindell et al., 2014; Pindell et al., 2011), is placed on the hyperextended 

continental crust. 

Our interpreted ILOC is comparable with the one proposed by Izquierdo-Llavall 

et al. (2022) especially in the south of the study area. Geometrically, the oceanic 

crust is narrow in the southeast and widens in the northwest. Towards the 

southwest, it appears un-faulted (Figure 3.5a) across the region; and overlain by 

volcanoes of different sizes, with the majority of them occurring close to the 

extinct spreading segments. The Florida margin has at least four segments of 

NW-SE trending extinct spreading ridges that are segmented by NE-SW trending 

transform faults. The oceanic crust thickness is typical to thin ranging between 7 
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and 3 km (Figure 3.9 and 3.10). The thin oceanic crust portions are found where 

the extinct spreading ridges are located (Figure 3.5a).  

Based on the seismic characteristics and gravity modelling, we can provide an 

interpretation for the two uncertain crustal types. Uncertain crust type I could be 

exhumed mantle or continental crust due to its low density, which is consistent 

with known hyperextended continental crust (Figures 3.6, 3.7a and 3.8). In 

seismic line H (Figure 3.7b), uncertain type I is more likely to be a low density 

continental crust than exhumed mantle, due to the presence of the SDRs NW of 

the crust, and its inboard position.  Uncertain crust type II is considered to be a 

magmatic crust, which has an average thickness of 8.5 km with local variations 

(i.e., 5 to 10 km thick). Its upper portion can be locally affected by normal faults 

(Figure 3.6). This magmatic domain is only found in the central part of the margin, 

bounded by hyperextended continental crust and/or exhumed mantle to the SE 

and NW, and by oceanic crust to the S and W.  

 Gravity modelling suggests the presence of a deep high-density layer (i.e., 3.0 

g/cm3; Figures 3.9a.3, 3.9b.3 and 3.10) beneath the hyperextended continental 

crust that extends up to the shelf. Three different scenarios could explain its 

occurrence  beneath the seismic Moho  (e.g., Figure 3.6a): (i) magmatic 

underplating of a mafic layer located close to the Moho, consistent with the 

presence of the SDRs in the northern part of the margin, and typical of magma-

rich rifted margins (Franke, 2013; White & McKenzie, 1989); (ii) (partially) 

serpentinized mantle beneath the attenuated continental crust (Eddy et al., 2014; 

Filina et al., 2020; Hudec, Norton, et al., 2013; Nguyen & Mann, 2016), which is 

consistent with possible mantle exhumation identified in seismic line F (crustal 

type I; Figure 3.6b) and seismic line D (Figure 3.7a), and typical of magma-poor 

rifted margins (e.g., Peron-Pinvidic et al., 2013a); or (iii) thicker continental crust, 

as previously suggested for seismic lines E and F. We interpret the high density 

layer beneath the hyperextended continental crust in the majority of the lines 

(Figures 3.9 and 3.10) as a deeper continental crust in the proximal domain or 

partly serpentinized (i.e. 3.0 g/cm3) mantle in the distal domain, which locally 

could be exhumed in the “outer trough” (Minguez et al., 2020; Pindell et al., 2016; 

van Avendonk et al., 2015) and close to the magmatic and the oceanic crusts 

(Figure 3.11a). The tilted blocks (Figure 3.7a) could correspond to stretched 

continental crust remnants on the potential exhumed mantle. 
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Our analysis highlights that the Florida margin changes character considerably 

from east to west. Hyperextended continental crust appears to occupy most of 

the distal domain between the ~25 km thick stretched continental crust and 

unambiguous oceanic crust. A restricted transitional domain in the central part of 

the margin exhibits a narrow area of magmatic crust and a potential exhumed 

mantle. A restricted domain with SDRs is also found in the north-western part of 

the margin. Their emplacement before salt deposition might indicate their 

formation prior to Yucatan’s rotation and the transition from NW-SE to NE-SW 

extension.  

 

3.7 Discussion  

The Florida margin does not appear to fit the well-defined end-members of 

magma-poor or magma-rich margins (Franke, 2013; Peron-Pinvidic et al., 2013). 

The presence of hyperextended continental crust with different trends in 

structures, limited serpentinized exhumed mantle, SDRs, and  magmatic crust 

suggest that the Florida margin is a non-typical magma-rich margin in the early 

stages of Yucatan’s rotation, and is affected by amagmatic tectonics prior to the 

breakup (Rowan et al., 2012; Pindell et al., 2014; 2016; Curry et al., 2018; Liu et 

al., 2019; Minguez et al., 2020; Filina et al., 2022; Filina and Beutel, 2022).  

3.7.1 Structural evolution 

In the Florida margin, we recognise different fault trends in the shelf domain and 

the deeper basin that could be active at different stages of the margin evolution.  

It is clear that the NE-SW trending faults (Figure 3.11a) in the shelf domain were 

active during the first, NW-SE oriented, phase of rifting associated with the 

Atlantic opening.  

In the deeper basin, the activity of faults becomes more complex due to their 

different orientations (WNW-ESE in the west and NNW-SSE in the east), the SDR 

formation, and the salt deposits. If we assume a synchronous salt (Bajocian) 

along the margin, then we could use the salt as a temporal marker to classify the 

timing of faults activity in the deeper basin. In the west, seismic lines C, D, and H 

(Figure 3.7a) indicate that the faults were active mostly prior to and during salt 

deposition and less active during the Middle Jurassic. The WNW-ESE trending 



91 
 

faults that were active prior to the salt deposition are not related to the first NW-

SE extension, and therefore we propose an Early Jurassic extensional phase 2, 

with a local extensional stress regime oriented approximately N-S. While in the 

east, seismic line E (Figure 3.6a) shows faults were active during and after salt 

deposition, with significant post-salt growth strata against faulted tilted blocks. 

Based on the observations in these seismic lines (Figures 3.6 and 3.7a), strain 

migrated from west to east in the Florida margin (Christeson et al., 2014; Kneller 

& Johnson, 2011; Marton & Buffler, 1994; Pindell & Heyn, 2022) from the Early 

Jurassic to Middle-Late Jurassic. 

3.7.2 SDRs 

The presence of subaerial SDRs within the EGOM has been debated. Seismic 

reflection and refraction data, potential field data, and seismic velocity analysis 

have been previously used to investigate the presence of SDRs or interbedded 

igneous and sedimentary sequences at the northern part of the Florida margin 

and the Yucatan conjugate margin (Christeson et al., 2014; Curry et al., 2018; 

Filina & Hartford, 2021; Imbert, 2005; Imbert & Philippe, 2005; Izquierdo-Llavall 

et al., 2022; Liu et al., 2019; Pindell et al., 2014; Pindell et al., 2011; Rowan, 2014; 

Rowan, 2018; Steier & Mann, 2019).  

In the Florida margin, two seaward dipping reflection sequences were identified 

along seismic line A, which is coincident with GUMBO line 3 (Figure 3.1, Eddy et 

al., 2014). We recognised the northern sequence of these high amplitude 

seaward dipping reflections, which we interpret as a pre-rift sequence at the 

north-eastern part of seismic lines A and B (Figure 3.4) in the Apalachicola basin 

beneath the carbonate platform. The northern magmatic sequence located within 

the Apalachicola basin is approximately 100 km to the north of our interpreted 

SDRs (Figure 3.11) under the intermediate to high magnetic anomaly (Figure 

3.3d).  

Eddy et al. (2014) identified a questionable southern sequence of SDRs in 

FUGRO seismic line 533 (Seismic line A; Figure 3.1). Our interpretation instead 

invokes continental crust, which is overlain by salt, similar to that observed in 

seismic line D (Figure 3.7a). However, further to the south-east, we identified a 

sequence of SDRs (Figures 3.7b, 3.9a and 3.10d), which has an associated high 

magnetic anomaly (e.g., Paton et al., 2017), but is bound by hyperextended 
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continental crust south-west of the hinge line (Curry et al., 2018; Pindell et al., 

2011). We interpret this sequence as SDRs (Filina & Beutel, 2022; Filina & 

Hartford, 2021; Imbert, 2005; Imbert & Philippe, 2005; Liu et al., 2019; Pindell et 

al., 2014; Pindell et al., 2011) instead of sediments (Curry et al., 2018; Minguez 

et al., 2020; Rowan, 2018), based on their high amplitude reflectivity (Figure 

3.7b), their dip direction towards the SSW, the occurrence of volcanic edifices on 

top (e.g., Norcliffe et al., 2018), the density derived from the gravity model (2.68 

g/cm3, Figures 3.9a and 3.10d), and the referred SDR in the northern Yucatan 

margin (Filina et al., 2022). Typically, SDR formation models suggest an 

oceanward emplacement on continental crust and/or on magmatic material and 

juxtapose the oceanic or embryonic oceanic crust. Since the first extensional 

phase was NW-SE and the second NE-SW, they are likely to coincide with the 

transition between the two rifting phases with approximately N-S trend, which was 

associated with Yucatan’s counter-clockwise rotation. However, the 

autochthonous salt observed on top of the SDRs (Figure 3.7b) indicates that the 

N-S extensional phase was active prior to the Yucatan rotation, and the 

deposition of salt in Bajocian time, thus SDRs can be inferred to be older than 

Bajocian. 

The SDRs do not juxtapose the oceanic crust or any magmatic transitional crust 

as seen in typical magma-rich margins and their accepted conceptual model 

(e.g., Franke, 2013), but they are surrounded by continental crust. Gravity 

modelling results suggest that the SDRs are emplaced partly on the continental 

crust and partly on a high-density crust (3.0 g/cm3; Figures 3.9a.3 and 3.10d, 

respectively). We interpreted the latter as a highly intruded lower continental 

crust. SDRs could be generated by a small volume of mafic magma (Eddy et al., 

2014) trapped underneath the NW of the Florida margin and local sills intruded in 

the continental crust (e.g., North Atlantic margins; White et al., 2008; Thybo and 

Artemieva, 2013), or by a plume that migrated eastwards to the Florida-Bahamas 

region (e.g., Burke and Torsvik, 2004; Dale, 2013; Basile et al., 2020; Pindell and 

Heyn, 2022). However, the hotspot activity in the Demerara plateau has been 

reported to be active during Aalenian (173.4 Ma; Basile et al., 2020), which could 

be the latest possible time formation of the SDRs in the Florida margin (Figure 

3.7b). Therefore, the activity of the plume and its movement towards the east 

should be older than 173.4 Ma, and the SDR formation is possibly not related to 
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the plume activity. The formation of the SDRs on the continental crust could be 

an incipient breakup that was subsequently aborted due to the strain migration to 

the east, when interbedded volcanics and sediments placed within a half-graben, 

due to the lack of the full SDR system in the Florida margin.  

3.7.3 Magmatic crust   

Our model (Figure 3.11) suggests the formation of a magmatic crust with an 

average density of 2.85 g/cm3 (Figure 3.9b.3), a high volume of magmatic 

intrusions, and variable thickness (5-10km; Figures 3.6a, 3.9 and 3.11) averaging 

~7 km. Similar seismic reflection characteristics were interpreted in the East 

Indian margin (Nemčok, Sinha, et al., 2013), in Iberia-Newfoundland (Structural 

Comparison of Archetypal Atlantic Rifted Margins: A Review of Observations and 

Concepts, 2013), the Eastern US Atlantic margin (Bécel et al., 2020), the 

Australia-Antarctica conjugate margins (Gillard et al., 2015) and SE India-East 

Antarctica (Tugend et al., 2018). The oceanward and continentward dipping 

reflections, volcanic domes overlying volcano-clastic sediments, and elevated 

Moho reflection marking the transition to unambiguous oceanic crust (Figure 

3.6a; Gillard et al., 2016) are key characteristics identified in the Florida margin.  

Seismic data from the south margin (e.g., Izquierdo-Llavall et al., 2022) also show 

elevated Moho reflection (Figure 3.6a) between the magmatic and the oceanic 

crust, which was interpreted to be the ILOC against continental crust. However, 

the characteristics of our unknown crust type II, namely, its discontinuous nature, 

variable thickness (Figures 3.9 and 3.10), the presence of faults in the upper 

portion (Figure 3.6) without growth strata, and the presence of oceanward and 

continent-ward reflections (Figure 3.6a), are consistent with an unstable magma 

supply prior to the steady state oceanic crust formation (e.g., Nemčok et al., 2013; 

Gillard et al., 2015). Alternatively, it could be the continuation of the continental 

crust (Izquierdo-Llavall et al., 2022) and/or exhumed mantle (Curry et al., 2018; 

Minguez et al., 2020; Pindell et al., 2016), which were highly intruded (e.g., 

Tugend et al., 2018) prior to the seafloor spreading.   

3.7.4 Serpentinized subcontinental mantle  

Previous studies supported by gravity and magnetic data identified a narrow zone 

of uncertain basement along the north-western and north-eastern Gulf of Mexico. 

This zone may represent hyperextension along an Alleghenian lower crustal 
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decollement surface and exhumed mantle with or without magmatic intrusions  

(Curry et al., 2018; Marton & Buffler, 1994; Pindell et al., 2016, 2021). Further 

studies of seismic refraction data from the north-western Gulf of Mexico, offshore 

Texas, have interpreted zones of exhumed mantle and highly stretched 

continental crust (GUMBO Line 1 (van Avendonk et al., 2015); GUMBO Line 2 

(Eddy et al., 2018)). However, in the Eastern Gulf of Mexico, GUMBO lines 3 and 

4 (Figure 3.1; Christeson et al., 2014; Eddy et al., 2014) indicate the presence of 

high velocity crustal bodies (van Avendonk et al., 2015). The high velocities in 

GUMBO line 3 suggest high velocity lower crust (HVLC) which could represent 

intrusions into the middle and lower continental crust (Eddy et al., 2014; Holbrook 

& Kelemen, 1993; White & McKenzie, 1989), or mafic underplating formed due 

to high mantle temperature during rifting (Franke, 2013; Menzies et al., 2002). 

The HVLC is imaged above low mantle velocities (i.e., 7.6 km/s; Eddy et al., 2014) 

that could be explained by partial serpentinization of the mantle, facilitated by 

deep seated crustal faults which reach the upper mantle.  

Exhumed mantle (e.g., Pindell et al., 2016; Curry et al., 2018; Minguez et al., 

2020), continental crust (Eddy et al., 2014; Filina et al., 2020; Hudec, Norton, et 

al., 2013; Nguyen & Mann, 2016) or even an exhumation of lower continental 

crust (Filina & Beutel, 2022) has previously been interpreted in this domain of the 

northern part of the Florida margin. Even though we recognised hyperextended 

continental crust (Figures 3.6-3.7 and 3.11) in the distal domain, it is very hard to 

discern if there is mantle exhumation. We could interpret a ~10-15 km wide zone 

of exhumed mantle on seismic lines C, and D (Figures 3.7a and 3.11, outer 

trough; Pindell et al., 2014; Curry et al., 2018) between the hyperextended 

continental crust and oceanic crust, where we identified a low-density basement 

(2.75 g/cm3, Figure 3.9c), which caps the high-density layer (3.0 g/cm3). In 

addition, we could interpret local mantle exhumation in seismic line F (crustal type 

I; Figure 3.6b), where top basement is shallower than top continental crust with a 

low-density of 2.75 g/cm3 (Figure 3.10c). If there is mantle exhumation, then the 

high-density layer (3.0 g/cm3, Figures 3.9a.3 and 3.10) in the northern margin, 

could be either continental crust, which is not imaged in the seismic lines or 

serpentinized mantle, with a lower degree of hydration (e.g., Toft et al., 1990). 

Whilst, the same high density layer could be continental crust beneath the SDRs 

(Figures 3.9a.3 and 3.10d), and low density continental crust in the more proximal 
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domain (Figure 3.9b.3), where continental crust is not imaged on seismic (Figure 

3.6a).  
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3.7.5 Evolutionary model for the EGOM 

Based on our findings, we propose further adjustments to the rotational tectonic 

model (e.g., Pindell, 1985) for the Florida margin in the Eastern Gulf of Mexico 

that captures different phases of extension, Yucatan’s counter-clockwise rotation, 

and the varying crustal nature in the continent-ocean transitional domain (Figure 

3.12).  

During the Late Triassic-Early Jurassic (Figure 3.12a), the Florida margin 

underwent sub-orthogonal NW-SE extension, accommodated by NE-SW 

trending normal faults, structural highs and grabens. In addition, the NW-SE 

Florida-Bahamas Transfer zone, accommodated 300-400 km of displacement 

during this first phase of rifting (Pindell, 1985; Pindell & Kennan, 2009; Pindell et 

al., 2021). In the Early Jurassic (Figure 3.12b), the local extension orientation 

shifted from NW-SE to approximately NE-SW in the Eastern Gulf of Mexico, prior 

to the Yucatan’s rotation and separation from South America. The northern part 

of the Florida margin accommodated syn-rift volcanism (SDRs) during the late 

Early Jurassic, prior to the salt deposition. The SDR sequences emplaced on 

continental crust (Type I; e.g., McDermott et al., 2018), volcanism was shut down, 

probably due to eastward strain migration (Figure 3a; post-salt fault activity).   

During the Middle Jurassic, i.e., Bajocian, rotation of the Yucatan commenced, 

SDRs were aborted, and the continental crust underwent hyperextension. Mantle 

exhumed synchronously with salt deposition (Figure 3.12c) as the rifting 

propagated to the south-east. Hyperextension of the continental crust continued 

after salt deposition had ceased, evident by the presence of salt on faulted tilted 

blocks, overlain by younger growth strata (Figure 3.6a). Prior to the seafloor 

spreading, unstable magma supply overprinted the hyperextended continental 

crust and possibly exhumed mantle, which formed the ocean-like magmatic crust 

(Figure 3.12d). Finally, the magma supply stabilized during the Late Jurassic, 

leading the emplacement of a proper mid-oceanic ridge and marking the onset of 

true steady-state oceanic accretion (Figure 3.12e).  
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Figure 3.12: Tectonic evolution focusing on the Florida margin, Eastern Gulf of 

Mexico (modified from Steier and Mann, 2019; Pindell et al., 2021; Pindell and 

Heyn, 2022). a) Late Triassic-Early Jurassic phase of rifting with NW-SE extension. 

b) SDR formation in the continental domain of the northern Florida margin during 

the transition from NW-SE phase to Yucatan’s rotation. Arrow on the SDR 

indicates the dip direction, parallel to the local extension. Yellow arrow indicates 

that the rotation pole of North America is further north (see Pindell, Villagómez, et 

al., 2020). c) Initiation of Yucatan’s rotation in the Middle Jurassic, salt deposition, 

continuous extension of the continental crust and possible mantle exhumation. d) 

Late Jurassic post-salt formation of magmatic crust and continental break-up. e) 

Early Cretaceous cessation of seafloor spreading. FTF: Florida Transfer Fault; 

HMA: Houston Magnetic Anomaly; FMA: Florida Magnetic Anomaly; CMA: 

Campeche Magnetic anomaly; NSE: Northern Cretaceous shelf edge; YSE: 

Yucatan shelf edge. Red arrow indicates the regional WNW-ESE extension from 

the America and Africa separation. Green arrows indicate the local extension in 

the conjugate margins of Florida and Yucatan at the Eastern Gulf of Mexico.   

3.7.6 Further discussion 

The Gulf of Mexico has been characterised as a strike-slip influenced margin, a 

conclusion drawn from plate reconstruction models (Pindell & Kennan, 2009; 

Pindell et al., 2021). The classification is rooted in the sinistral movement of the 

Florida Transfer Fault and North Oaxaca Transfer, situated at the boundaries of 

Yucatan microplate, which induced a counter-clockwise rotation of the microplate 

(Pindell et al., 2021).  

In the Eastern Gulf of Mexico, the presence of the Florida Transfer fault can be 

observed in magnetic data, yet elusive in seismic reflection data, particularly in 

the distal domain where the seismic reflection data have a greater resolution. 

Notably, the overall interpretation and the tectonic model for the Eastern Gulf of 

Mexico do not support the notion of any strike-slip or transfer faults. Even though 

later stages of rifting do not support the activity of strike-slip faults, it is important 

to focus on the Florida Transfer Zone and the nearby strike-slip faults at the failed 

rift system of South Georgia. 

The South Georgia rift system, preceding the late Triassic rifting of Florida 

Transfer Zone, was once active but later ceased, and capped by CAMP basalts 

around ~200Ma (Marzoli et al., 1999; McBride, 1991). Subsequently, the Florida 

Transfer Zone became active, following the South Georgia rift activity, as the 

Florida Straits block migrated southward approximately 400km (Erlich & Pindell, 

2020; Pindell, 1985; Pindell & Kennan, 2009; Pindell et al., 2021).  



99 
 

It is possible that minor strike-slip faults emerged south of the Florida Transfer 

Zone, and got aborted before the onset of the Gulf of Mexico rifting, akin to the 

South Georgia rift system. These strike-slip faults may have been either 

overprinted by the multiphase extension in the Florida margin, potentially evolving 

into normal faults as previously suggested in models indicating the development 

of oblique normal faults from strike-slip faults (Farangitakis et al., 2019). 

Alternatively, they could have been obscured concealed by the magmatic 

intrusions affecting the region during and after the rifting (Erlich & Pindell, 2020; 

Heatherington & Mueller, 1999, 2003). Furthermore, if the strike-slip faults did 

exist in the eastern Gulf of Mexico, they could form migration paths for magma 

supply, potentially explaining the formation of SDRs in a half-graben and the high 

volume of magma within the continental crust, as observed in the gravity and 

magnetic data.  

3.8 Conclusion 

The nature of the EGOM margin has long been debated, in particular the 

presence of exhumed mantle or SDRs, and the continent-ocean transition 

location. Previously, the margin has been interpreted to have either or both SDRs 

and exhumed mantle (e.g., Hudec, Norton, et al., 2013; Eddy et al., 2014; Nguyen 

and Mann, 2016; Pindell et al., 2016; Rowan, 2018; Liu et al., 2019; Minguez et 

al., 2020; Filina and Beutel, 2022). 

Our integrated study of seismic reflection and potential field data, supported by 

2D gravity modelling, introduces new insights into the crustal architecture of the 

margin. Our analysis reveals that the margin underwent different tectonic phases, 

which in a chronological order, resulted in:  

(i) stretched continental crust, which was influenced by the NW-SE 

Triassic-Jurassic phase and accommodates NE-SW trending normal 

faults;  

(ii) aborted SDRs, which are placed on the continental crust, formed by a 

magmatic activity during the transition of NW-SE to NE-SW extensional 

phases; 

(iii) hyperextended continental crust SW of the hinge line, which was 

influenced by different orientations of local stresses during the 
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Yucatan’s counter-clockwise rotation, and imprints the strain migration 

to the east;  

(iv) serpentinized exhumed mantle formed prior to the breakup;  

(v) a magmatic crust overprinted the hyperextended continental crust and 

the possible exhumed mantle; and  

(vi) an oceanic crust, which formed during different states of magma supply.  

The margin’s characteristics suggest that: 

(vii) the transitional crust of the Florida margin comprising SDR and 

exhumed mantle, indicates the transition from magma-rich to magma-

poor margin, and  

(viii) the geometry and the formation timing of pre-salt SDRs, and syn-to-

post salt mantle exhumation, indicate the strain migration towards the 

east, where post-salt extension is observed. 
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Chapter 4 – The transform margin of Ghana   

 

Summary 

The Ghanaian margin, a prominent transform margin in the Equatorial Africa 

plate, experienced oblique rifting during the Cretaceous due to the progressive 

rifting from the South Atlantic. Previous plate reconstructions and analogue 

modelling have utilised the Ghanaian margin as a case study, contributing to 

conceptual models for a global understanding of transform margins development 

and the Mesozoic Equatorial Atlantic opening. Despite these extensive studies, 

the structural architecture and crustal nature along the margin remain poorly 

understood.  

This study employs an extensive survey of 2D seismic reflection data, 

complemented by free air anomaly gravity data, to discern the characteristics of 

the Ghanaian transform margin. The investigation aims to understanding the 

crustal nature, crust-structure interactions, and the relationships between 

structures and sediments occurring during the multiple deformation events 

associated with rifting.  

The results reveal a margin influenced by diverse stress regimes in various 

segments, evident in both the sedimentary sequences and the crustal 

configuration. Additionally, the study sheds light on the implications of magmatic 

supply, contributing to the formation of a transitional crust in the outer corner of 

the margin. Lastly, a conceptual reconstruction model is presented with respect 

to the conjugate side, integrating the key results of this work.    
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4.1 Introduction  

Transform margins have received relatively less attention when compared to their 

rifted counterparts, despite their recognition nearly half a century ago (Mascle, 

1976). This can be attributed to the challenges associated with the seismic 

reflection imaging, due to the sharp changes along the margin, (Basile, 2015; 

Sage et al., 2000), the structural complexity of strike-slip faults formed along the 

tectonic plates that cannot be understood by sparse 2D data (Basile, 2015). 

However, the study of transform margins holds significant implications for both 

academic research, due to the key role of transform margins in plate tectonics, 

and industry, since the discovery of the Jubilee oil field offshore Ghana in 2007 

and the Liza oil field offshore Guyana in 2015. The last few years have witnessed 

an increased focus on these regions, particularly since the conceptual model of 

Mascle & Blarez (1987) improved by Basile (2015), including the key elements of 

the transform margins (Figure 4.2B; fault activity, thermal uplift and subsidence, 

and the characteristics of inner and outer corners), and the review of Mercier de 

Lépinay et al. (2016) that summarised the transform margins worldwide, and the 

improvement in seismic reflection data quality. In recent years, notable 

contributions to this area of research have been made (e.g., Antobreh et al., 2009; 

Attoh et al., 2004; Markwick et al., 2022; Nemčok et al., 2013; Nemčok, Rybár, et 

al., 2016; Nemčok et al., 2022, 2023; Paton et al., 2023; Polteau et al., 2020; 

Roche et al., 2023; Tavares et al., 2020, 2022). These studies focus on identifying 

the processes involved in oblique separation of plate boundaries, differences 

observed on various transform margins, the role of inherited structures on the 

transform margins’ development, and the underlying crustal nature and 

geometries.    

The Ghanaian margin, situated in West Africa and the east Equatorial Atlantic, 

has been a focal point of research aimed at enhancing our understanding of the 

tectonic processes during the opening of transform margins (Antobreh et al., 

2009; Attoh et al., 2004; Basile et al., 1993; Basile et al., 1998; Edwards et al., 

1997; Mascle & Blarez, 1987; Nemčok et al., 2013, 2023; Nemčok et al., 2022; 

Sage et al., 2000). Nevertheless, the majority of published data are found in the 

Côte d’Ivoire and the Côte d’Ivoire-Ghana Ridge (Mascle and Blarez, 1987; 

Blarez and Mascle, 1988; Basile et al., 1993; Mascle et al., 1996; Edwards et al., 

1997; Clift et al., 1997; Bouillin et al., 1998; Clift and Lorenzo, 1999; Sage et al., 
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2000; Tari, 2006; Scarselli et al., 2020), while limited research has focused 

specifically on the Ghanaian transform margin and its characteristics (Antobreh 

et al., 2009; Attoh et al., 2004; Attoh & Brown, 2008; Nemčok et al., 2022; 2023). 

 

Figure 4.1: A. Equatorial Atlantic with plotted major fracture zones, spreading 
ridges, and key areas of the Ghanaian margin (B.), the conjugate basins of 
Barreirinhas and Ceará, and the Côte  d’Ivoire basin (modified from Matthews et 
al., 2011; Müller et al., 2008). RFZ: Romanche Fracture Zone. B. Onshore 
topography (Sandwell & Smith, 1997) of the Ghanaian Margin, West Africa, which 
includes: TGS offshore seismic reflection data in black traces; the location of the 
onshore exploration wells (Attoh et al., 2004) and offshore wells (Adda, et al., 2015; 
IHS, 2010); white dashed lines as the oceanic transform faults based on FAA 
(Sandwell et al., 2014). Seismic data courtesy of TGS.  

 

Even though there is a tectonic model dedicated to transform margins (Mascle & 

Blarez, 1987), the current study focuses on refining our understanding of the 

crustal architecture and tectonic framework of the Ghanaian margin (Figure 4.1), 

which records a series of deformation events during the Equatorial Atlantic 

opening, and investigates the relationship between crustal types and structures 

over time in accordance with the conjugate Brazilian margin. The study places a 
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specific emphasis on the role of magmatic material and its implications along the 

margin’s transform zone during the syn-to-post transform phases (Antobreh et 

al., 2009; Nemčok et al., 2023; Nemčok, Henk, et al., 2016). It explores the 

presence of unknown nature transitional crustal types and underplating (Antobreh 

et al., 2009), and the distinct role of structures in each type of crust. The findings 

are presented in the form of a comprehensive tectonic model for the Equatorial 

Atlantic margins of Ghana and Barreirinhas-Ceará. 2D regional scale seismic 

reflection data, integrated with velocity and gravity analysis indicate a transform 

margin with a complex tectonic background. In summary, along the margin, the 

continental crust juxtaposes the oceanic crust in most of the studied area, while 

transitional magmatic crust can be found in the south-western part and along the 

main transform zone. Lastly, the continental faults and the main transform zone 

of Ghana, the Romanche Fracture Zone (RFZ) that appears segmented, show 

both extension and contraction related to multiple phases of deformation. 
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4.2 Geological Background 

In the Ghanaian margin, pre-rift structures, inherited from the Pan African 

Orogeny (Tidjani et al., 1997) and observed onshore (Trompette, 1994), played 

a major role in the margin’s evolution. NE-SW and NNE-SSW fold belts and 

strike-slip faults were formed during the Pan African orogeny under dextral shear 

(Affaton et al., 1980; Attoh et al., 1997; Tidjani et al., 1997; Trompette, 1994) and 

formed the template for the Mesozoic rifting.  

The opening of the Equatorial Atlantic is considered to have begun in the Early 

Cretaceous when West Africa and South America started to separate (Mascle et 

al., 1988; Mascle & Blarez, 1987). This resulted from the northward propagation 

of the South Atlantic seafloor spreading (e.g., Rabinowitz and Labrecque, 1979; 

Nürnberg and Müller, 1991; Eagles, 2007; Pérez-Díaz and Eagles, 2014) and the 

NW-SE spreading between the African plate and the North America (e.g., 

Nürnberg & Müller, 1991).  

The Ghanaian margin has been classified as a transform margin, which evolution 

was described by four diachronous stages (Mascle and Blarez, 1987; Mascle et 

al., 1988; Sage et al., 2000; Basile, 2015). These stages are described using 

different terms, either based on (i) the type of crustal contact across the basin: 

”continental-continental”, ”active continental-continental”, ”continental-oceanic”, 

and ”oceanic-oceanic” (Antobreh et al., 2009; Mascle & Blarez, 1987; Sage et al., 

2000) or (ii) the tectonic context: “intracontinental rifting”, “continental transform”,  

“syn-transform”, and “post-transform” (Figure 4.2A; Attoh et al., 2004; Basile, 

2015; Mercier de Lépinay et al., 2016; Tavares et al., 2020). .  

In the Ghanaian margin, the first stage, continental-continental or intracontinental 

rifting (Figure 4.2Aa), was controlled by the E-W trending transform zone of the 

Romanche Fracture Zone (RFZ; Mascle and Blarez, 1987). This phase began in 

the Early Cretaceous, and it is believed to have started specifically in the early 

Aptian (Tavares et al., 2020; Trosdtorf et al., 2007) and continued through the 

early Albian (Antobreh et al., 2009; Attoh et al., 2004; Tavares et al., 2020; Zalán, 

2004). During this phase, it is proposed that the inherited structures of NE-SW 

trend were reactivated and controlled the margin’s geometry (Antobreh et al., 

2009; Attoh et al., 2004). These structures experienced a dextral transtensional 

regime, leading to the development of pull-apart basins and transtensional 
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splays, and the rifting of the continental crust (Harding et al., 1985; Mascle and 

Blarez, 1987; Attoh et al., 2004; Antobreh et al., 2009).  

In the second stage, active continental-continental or continental-transform 

(Figure 4.2Ab), the continental crust started thinning, while the African and South 

American plates remained connected. This period lasted for approximately 10 Ma 

(Basile et al., 1998; Klitgord & Schouten, 1986; Nürnberg & Müller, 1991; Tavares 

et al., 2020). Although the onset of continental break-up cannot be distinguished 

by the magnetic anomalies due to the mid-Cretaceous magnetic quiet zone 

(Campan, 1995), the initiation of the continental-oceanic or syn-transform phase 

is estimated to have occurred at around 110 Ma (Antobreh et al., 2009; Bigot-

Cormier et al., 2005; Nemčok, Rybár, et al., 2016; Sage et al., 2000; Soares 

Júnior et al., 2008; Tavares et al., 2020). This age is based on erosional 

unconformities at ODP Leg 159 sites 959 and 960, as well as apatite fission-track 

analysis, which yielded similar ages as those identified in the ODP Leg 159 

(Basile et al., 1998; Bouillin et al., 1998; Clift et al., 1998; Clift and Lorenzo, 1999; 

Nemčok et al., 2013).  The aforementioned alternative methods of dating were 

used due to the lack of magnetic anomalies, which are usually used to date the 

early break-up (Campan, 1995) and the difficulty of directly dating the oceanic 

crust due to the thick sediments on the crust (Clift et al., 1998). 
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Figure 4.2: A. Plate reconstruction of the Equatorial Atlantic opening (modified 
after Mascle et al., 1988; Antobreh et al., 2009). Arrows indicate the direction of 
movement for Africa plate. (a) Stage 1: “continental-continental” or 
“intracontinental rifting”; (b) Stage 2: “active continental-continental” or 
“continental transform”; (c) Stage 3: “continental-oceanic” or “syn-transform”; (d) 
Stage 4: “oceanic-oceanic” or “post-transform”. RFZ: Romanche Fracture Zone. 
B. Three stage model for transform margin formation with key elements of active 
and passive transform faults, thermal uplift and subsidence, and inner and outer 
corners during the (a) intra-continental and active continental-continental, (b) 
continental-oceanic and (c) passive margin stages (after Basile, 2015; Lorenzo, 
1997; Mascle & Blarez, 1987). 

 

The third stage, of continental-oceanic or syn-transform deformation (Figure 

4.2Ac), involves the juxtaposition of continental and oceanic crusts along the 
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transform fault of Romanche Fracture Zone (e.g., Mascle and Blarez, 1987). 

During this phase, the direction of movement of the African plate shifted to ENE-

WSW (Davison et al., 2016; Klitgord & Schouten, 1986; Zalan et al., 1985). This 

change led to a dextral transpressional regime with respect to pre-existing 

structures, and along the Romanche Fracture Zone (Antobreh et al., 2009; Attoh 

et al., 2004; Basile et al., 2005; Davison et al., 2016; Huguen et al., 2001; Nemčok 

et al., 2013; Tavares et al., 2022; Ye et al., 2017). The transpressional regime 

and the thermal uplift on the continental side (Figure 4.2Bb) inverted the 

sediments from the intracontinental and continental-transform stages, which 

resulted in an erosional unconformity (Clift & Lorenzo, 1999; Clift et al., 1998; 

Lorenzo, 1997; Mascle & Blarez, 1987; Nemčok et al., 2022). Thus, in the deeper 

basin, the spreading ridges shifted to a more N-S strike direction, becoming more 

orthogonal to the main transform zones (i.e., RFZ; Tavares et al., 2020). A 

continental sliver or an exotic block is also believed to have been located in the 

RFZ and the plates contact (Davison et al., 2016; Gasperini et al., 2001) prior to 

the break-up, which migrated during the Equatorial Atlantic opening towards the 

west. 

The final stage, oceanic-oceanic or post-transform (Figure 4.2Ad), occurred when 

the oceanic crusts along the E-W trending sheared fractures were juxtaposed 

against each other. This sheared segment is active only within the oceanic crust, 

without influencing the continental crust (Blarez & Mascle, 1988; Mascle & Blarez, 

1987). The passive stage of the Ghanaian margin has previously been dated to 

start at 80 Ma, based on various plate reconstructions (Antobreh et al., 2009; 

Attoh et al., 2004; Basile et al., 1998; Huguen et al., 2001; Klitgord & Schouten, 

1986; Nemčok, Rybár, et al., 2016; Nürnberg & Müller, 1991). Thermal 

subsidence occurred during this stage on both continental and oceanic crusts at 

the passive transform fault (Figure 4.2Bc; Lorenzo, 1997; Mascle & Blarez, 1987).  

The aforementioned stages are applicable to any transform margin. However, the 

presence of transitional crusts in the transform and divergent parts of the margin, 

the structures activity and role influencing the various crusts still remains 

ambiguous.  
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4.3 Data and Methodology 

4.3.1  Data 

This study utilises 66 2D seismic reflection profiles (Figures 4.1 and 4.3) along 

the Ghanaian margin, courtesy of TGS. The acquisition parameters are as 

follows: (1) airgun volume: 3200 cu; (2) gun depth: 7m; (3) SP interval: 37.5m; 

(4) fold: 106; (7) group interval: 12.5m; (8) streamer length: 7950m; (9) streamer 

depth: 8m±1m; and (10) sample rate: 2ms. The seismic reflection data have 

undergone Kirchhoff post-stack time migration. Both time and depth migrated 

profiles were provided by TGS, along with their respective migration velocities. 

The two-way-travel time (twt) lines extend down to 14s, while the depth migration 

was carried out down to a depth of 18 km only, without capturing all the reflections 

observed in time. Thus, the seismic interpretation was carried out in the twt lines. 

The migration velocities were used to create a velocity model for the depth 

conversion. The seismic lines predominantly run in north-south (N-S) and north-

northwest to south-southeast (NNW-SSE), east-west (E-W) and east-northeast 

to west-southwest (ENE-WSW) orientations. The dip lines (i.e., N-S to NNW-

SSE) vary in length from 80 km to 250 km, while the strike lines (i.e., E-W to ENE-

WSW) range from 54 km to 290 km. In the seismic survey, the spacing between 

seismic lines falls within the range of 120 to 200 km. This spacing significantly 

affects the correlation and interpretation of faults and crustal features. The 

varying line spacing highlights the uncertainty, particularly in fault correlations, 

which influences the imaging the relationship of neighbouring fault segments.  

To enhance the value of the provided seismic reflection data, they were 

integrated with onshore exploration (Attoh et al., 2004) and offshore wells from 

the Ghana National Petroleum Corporation (GNPC; IHS, 2010; Adda et al., 2015). 

The exploration well data are situated in the northern and the eastern parts of the 

margin, while the offshore wells are found in the western region. Whenever 

possible, the wells were tied to the seismic lines to identify the different seismo-

stratigraphic units (Figure 4.3). 

Public domain satellite free air gravity (Figure 4.4a; Sandwell et al., 2014) was 

utilised alongside the seismic data to constrain the interpretation of the crustal 

domains and the structural features. It transpires that magnetic data (Figure 4.4b) 

is not useful for identifying crustal nature and contacts due to the magnetic 
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quiescence (e.g., Campan, 1995) during the Cretaceous, which coincided with 

the margin’s evolution. Magnetic quiescence refers to a period that lacks 

magnetic anomalies, which provide insights into the age of the oceanic crust (e.g., 

Eagles, 2007).   

 

 

Figure 4.3: Seismic-well-tie at the offshore wells Takoradi 11-1 (a) and 13-A7 (b) in 

depth and time and the correspondent reflections of top syn-rift and top post-rift. 
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Figure 4.4: Onshore topography (Smith & Sandwell, 1997) with offshore a) Free 
Air Anomaly (Sandwell et al., 2014) and b) Earth Magnetic Anomaly Grid (EMAG; 
Meyer et al., 2017) along the Ghanaian region. 

 

4.3.2 Methodology 

The interpretation of seismo-stratigraphic units, crustal types, and structures was 

carried out in the time domain. Well data (Figures 4.1 and 4.3) were utilized to 

identify the seismo-stratigraphic sequences in the depth lines, which were then 

aligned with their corresponding reflection in the time lines (Figure 4.3). The wells 

presented in Figure 4.3, are located on structural highs, therefore the correlation 

of the stratigraphic sequences are based on similar seismic characteristics. The 

seismo-stratigraphic units were divided into three sequences of post-rift, syn-rift, 

and pre-rift, and their correlation away from the wells was based on stratal 

terminations and seismic facies (i.e., reflection amplitude and continuity). Ghana 

experienced multiple deformation events, and for simplicity, the pre-, syn-, and 

post-rift seismo-stratigraphic units are defined in line with earlier studies 

(Antobreh et al., 2009; Attoh et al., 2004). The ages of the mega-sequences are 

as follows: a) Devonian to Carboniferous, with Jurassic volcanics in places pre-

rift; b) Aptian to Albian syn-rift, and c) Campanian to Holocene post-rift (Adda et 

al., 2015; Antobreh et al., 2009; Attoh et al., 2004; IHS, 2010).   

Table 4-1: Sequence’s depth based on published wells in the Ghanaian margin 
(Attoh et al., 2004; IHS, 2010; Adda et al., 2015). 

Wells 
(tops) 

Takoradi 
11-1 

Komenda 
12-1X 

13-
A7 

16.1 19.1 DZ 

Syn-
rift (m) 

160  591 664 166 528 861 

Pre-rift 
(m) 

2,851 1,877 1,759 3,055 1,944 3,361 
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The well data show that the top of the pre-rift sequence lies at depth between 

1,759 and 3,361 m, while the top syn-rift sequence can be found at depths 

between 160 and 861 m (Table 4-1). The correlation of the sequences is treated 

with highly confidence in close proximity to the wells and towards the western 

part of the margin, where the sequences seem continuous. On the other hand, 

the correlation becomes less confident towards the east, either due to the wells 

being situated significantly distant from the seismic lines or changes in the 

seismic characteristics of the sequence, leading to increased discontinuities.     

Fault interpretation occurred utilising the aforementioned seismo-stratigraphic 

sequences and the discontinuities observed within them. Faults were classified 

according to pre-rift deformed sediments, syn-extensional sediments, locally 

inverted, and discontinuities flanking the faults. As previously noted, uncertainties 

in fault arise from the spacing between the seismic lines. In this study, I correlated 

the faults on the map using the simplest interpretation, given the dense 

distribution and varied orientations of the faults.  

The identification of different crustal types was accomplished using seismic facies 

in the 2D seismic data, as further addressed in the following section. These 

crustal types were then used to create a map of interpreted crustal domains. The 

reflection of the Moho is clearly imaged in the deep basin as a high amplitude 

continuous reflection or a zone of chaotic discontinuous reflections around -11.5 

s (twt), which is approximately 17.5 km in the depth domain. In the proximal 

domain, the Moho reflection is generally not imaged in most of the seismic 

reflection data. However, it could be imaged as a high amplitude reflection at -

13.8 s (twt) towards the east of the margin. Typically, this reflection is too deep 

and not imaged in the depth migrated seismic data. 

Lastly, based on variations in the margin’s geometry and the lateral distinct 

characteristics identified in faults and crusts, the margin was divided into western, 

central, and eastern segments (Figure 4.1), in addition to the proximal domain 

and the deeper basin. 
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Figure 4.5: Key seismic lines illustrating the structural features and seismo-stratigraphic sequences along the margin. RFZ: Romanche Fracture Zone. Seismic data courtesy of TGS.    
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4.4 Seismic Analysis 

In this section, the stratigraphic, structural and crustal architectures of the margin 

are presented, which are based on the interpretation and analysis of seismic and 

well data. Figure 4.5 illustrates fully interpreted key seismic lines focusing on the 

seismo-stratigraphic and structural characteristics along the Ghanaian margins. 

4.4.1 Seismo-stratigraphic sequences 

The pre-, syn-, and post-rift seismo-stratigraphic units were primarily identified 

using well data (Figure 4.3 and Table 4-1), and they are presented from shallow 

to deeper depths.  

4.4.1.1 Post-rift 

The post-rift sequence (Figures 4.5-4.6) consists of variable thickness 

carbonates (Figures 4.5-4.6a) in the shelf domain and marine shales to turbiditic 

sandstones in the deep basin (Figure 4.5-4.6b; MacGregor et al., 2003). In both 

proximal and distal domains, both turbidites and carbonates can be identified by 

continuous high amplitude reflections. In the proximal domain, the base of the 

post-rift is marked by onlaps, underlain by an unconformity with the syn-rift 

sequence (Figures 4.5, 4.6a and 4.7). In the eastern segment of the margin and 

the deeper basin, the post-rift sequence is characterised by a series of 

unconformities, while high amplitude reflections could correspond to post-rift 

intrusions (Figures 4.5a). In the deeper basin, the post-rift sequence overlies the 

basement directly. Notably, the thickness of the post-rift (Figure 4.6c) decreases 

towards the west (ranging between 0.0 and 0.2 s twt) and increases towards the 

east (ranging between 2.94 and 4.87 s twt), while remains relatively constant (3.5-

4 s twt) in the deeper basin. 

4.4.1.2 Syn-rift 

The syn-rift sequence (Figures 4.5- 4.7) is characterised by consistent mid to high 

amplitude reflections. These reflections are primarily marked by toplap 

terminations, indicating a truncation unconformity at the top of the syn-rift 

sequence, which is upper Albian to Turonian of age (~110 - 89.8 Ma; Zalan et al., 

1985; Blarez and Mascle, 1988; Mascle et al., 1988; Strand, 1988; Basile et al., 

1993; Attoh et al., 2004; Antobreh et al., 2009; Basile, 2015; Mercier de Lépinay 
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et al., 2016). The syn-rift sediments appear sub-horizontal (Figures 4.3b, 4.7c 

and 4.8a) without the typical geometry of growth strata (Figure 4.7c-d), therefore 

the interpretation of the base and top syn-rift was based on the published well 

data (Table 4-1; Adda et al., 2015; IHS, 2010). However, locally in the western 

and eastern segments of the margin, some growth strata can locally be observed, 

reaching a time-thickness of 0.8 s twt (1.3 km) and juxtaposing against regional-

scale continental faults (Figure 4.7a and 4.7c). On average, the syn-rift sediments 

have a thickness of 7.5 km, but can reach up to 10 km in the western segment of 

the margin based on the provided depth-converted seismic lines. 

 

 

Figure 4.6: Representative seismic lines and interpretation of sedimentary 
sequences, focusing on the post-rift sequence in the proximal (a) and the distal 
domain (b). (c) Post-rift distribution and thickness map in time (twt). Seismic data 
courtesy of TGS. 
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Figure 4.7: (a-c) Representative seismic lines and interpretation of sedimentary 
sequences in the western and eastern segments, focusing on the syn-rift 
sequence. Regional scale (a) extensional fault with growth strata, (b) positive 
flower structure in the syn-rift sequence in the western segment. (d) Minor syn-rift 
growth strata in the eastern segment. (e) Syn-rift sequence distribution and 
thickness map in time (twt) with the major faults influencing the syn-rift sediments. 
Seismic data courtesy of TGS.  
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4.4.1.3 Pre-rift 

The pre-rift sequence exhibits two prominent spatial variations, which differ in 

their pre-rift deformation. The first one (Figures 4.5, 4.7-4.8) has consistent 

seismic facies and thickness similar to the aforementioned syn-rift sequence. In 

the western segment, a continuous, high amplitude reflection marks the contact 

between the pre- and syn-rift. In the well data, Jurassic volcanics with variable 

thickness of up to 100 m form the boundary between the pre- and syn-rift 

sediments (Attoh et al., 2004; IHS, 2010). This boundary can be identified as a 

single high amplitude reflection in the seismic lines. This reflection is either 

disrupted by contractional deformation (Figure 4.8a) or thins towards the central 

and eastern segments of the margin, where it is not observed.  In the western 

segment, the pre-rift sequence has a time-thickness of 1.0 s twt, approximately 

equivalent to 1.7 km thickness in depth converted seismic data. In the central 

segment, the pre-rift sequence (Figure 4.8a) is characterised by pre-rift deformed 

sediments forming a series of antiforms by NNE-SSW trending thrust faults, and 

can reach time-thickness of 2 s twt (Figure 4.8c). This sequence forms a 

topographic high and could be related to the syn-rift sediments’ inconsistent 

distribution between western and eastern segments (Figures 4.7d and 4.8c). 

Northwest of the thrusts, steep extensional normal faults can be imaged, which 

are primarily trending ENE-WSW (Antobreh et al., 2009; Nemčok et al., 2013). In 

the pre-rift sequence, salt has also been identified at the southwest edge of the 

western segment (Figure 4.8b). However, the influence of salt tectonics on the 

margin’s formation history is minimal and is not further discussed. Distribution 

maps and thickness profiles of the post-, syn-, and pre-rift sequences in time are 

displayed in Figures 4.6-4.8. 
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Figure 4.8: (a-c) Representative seismic lines and interpretation of sedimentary 
sequences, focusing on the pre-rift sequence. (a) Pre-rift sequence of antiforms, 
which are related to pre-rift orogeny, and (b) pre-rift salt identified in the western 
region. (c) Post-rift sequence distribution and thickness map in time (twt). Seismic 
data courtesy of TGS. 
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4.4.2 Faults 

Faults have been identified in both the shelf domain and the deeper basin. In the 

depth-converted seismic lines (e.g., Figure 4.3), where the structural geometry is 

accurately portrayed, various fault types can be differentiated. The western 

segment of the margin stands out for its two NW-SE trending basins, which 

formed due to continental NW-SE extensional normal faults, resulting in the 

development of extensional growth strata (Figure 4.7a). These faults cut through 

the upper and lower continental crust, if not down to the Moho, exhibit thick-

skinned faults, and form the largest accommodation space for the syn-rift 

sediments with significant growth strata (Figure 4.7a,e). The western segment of 

the basin reveals a system of vertical to sub-vertical contractional strike-slip faults 

and gentle folds, forming a positive flower structure (Figure 4.76b; Basile et al., 

1993; Attoh et al., 2004; Antobreh et al., 2009; Mercier de Lépinay et al., 2016). 

Observing the syn-rift sediments (Figure 4.7a) exhibiting continuity from the 

extensional fault to the positive flower structure, it seems that the contraction 

occurred after the extension in the Ghanaian margin.  

In the eastern segment of the margin, ENE-WSW extensional normal faults 

dipping towards the deeper basin are imaged, alongside vertical to sub-vertical 

extensional and contractional faults. These latter faults form negative flower 

structures at the eastern edge of the data (Figure 4.5a). Similar to the western 

segment of the margin, NW-SE trending normal faults are observed (Figure 

4.5b,c), with less extensional deformation than the eastern segment faults. These 

faults are positioned between the ENE-WSW trending faults.  

Between the shelf domain and the deeper basin, a series of faults trending ENE-

WSW could potentially correspond to the Romanche Fracture Zone (Figure 4.5, 

RFZ; Mascle and Blarez, 1987; Basile et al., 1993; Attoh et al., 2004; Antobreh 

et al., 2009; Nemčok et al., 2013; Davison et al., 2016; Andrade et al., 2018). The 

RFZ displays varying characteristics along the margin. In the western segment, 

it is characterised by south-dipping extensional and vertical to sub-vertical faults 

(RFZ; Figure 4.5d), which transition into contractional strike-slip faults towards 

the central segment (RFZ; Figure 4.5a), forming positive flower structures. In the 

eastern segment, the RFZ displays extensional or strike-slip and contractional 

deformation (RFZ; Figure 4.5b). The western segment shows less contractional 



121 
 

deformation than the eastern and the central segments. It is important to note 

that due to the 2D nature of the seismic data, the imaged dip direction represents 

the apparent dip. However, the proximity of the seismic lines to one another 

allows fault correlation based on similarities in sediments and fault geometries. 

The inversion, which was described mostly by the positive flower structures 

observed in the sediments (Figure 4.6b) and along the Romanche Fracture Zone 

(Figure 4.5a), postdates the extension and the breakup. It caused deformation in 

the syn-rift sediments (e.g., Figure 4.7c) and persists during the post-rift phase, 

as illustrated in the post-rift sequence (Figure 4.5a).  

In the deeper basin, two distinct groups of faults can be recognized. The first set 

trends NE-SW (Figure 4.5b), showing contraction towards the northwest and 

extension towards the southeast of the deeper basin. The second set of faults 

trends NW-SE to NNW-SSE (e.g., Figure 4.5c), showing extensional deformation 

in the upper crust. These faults will be further analysed in the crustal analysis.   

4.4.3 Crustal types 

In the seismic data, the Moho discontinuity is imaged as a single high amplitude 

reflection or a zone of discontinuous high amplitude reflections. It is observed at 

time-depths between -10 and -12 s twt (Figures 4.9a and 4.10a) in the deeper 

basin. In contrast, in the shelf domain, the Moho is rarely and partly imaged at -

13.8 s twt (Figures 4.9a, 4.10b and 4.11) in the eastern segment of the margin. 

Even though it is partly imaged, the Moho’s depth at the shelf domain is 

consistent, with a minor variation in the western segment, where it was 

interpreted shallower at approximately -7.5 s twt (Figures 4.9a and 4.12a).  

 

Figure 4.9: (a) Depth in time (twt) of the interpreted Moho, and (b) isochron map 
between the top crusts and Moho. 
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Between the basement and the observed Moho, different crustal types were 

recognised based on their seismic characteristics (Tables 4-2 and 4-3) and their 

isochron observed in the seismic reflection data (Figure 4.9b). The distinction 

between the continental and oceanic crust was based on the stratigraphy, the 

presence or lack of syn-rift and pre-rift sediments, and their seismic 

characteristics. I distinguished the oceanic crust based on the presence of high 

amplitude reflections, the consistent thickness and the lack of rift-related faults. 

The continental crust was mostly identified based on the sediments. However, 

these are absent towards the eastern segment (Figure 4.7) and the interpretation 

of the continental crust was based on the thickness and the seismic facies. In the 

western segment, an additional crustal type was interpreted, where the distinction 

between the continental and oceanic crust was ambiguous.  

Four different configurations of oceanic crust (Table 4-2 and Figures 4.10-4.13) 

can be differentiated in the seismic data, which can be distinguished based on 

their seismic characteristics. From the proximal towards the distal domain:  

i) Oceanic crust type-1 (1.Oc; Table 4-2 and Figure 4.11a), which is the 

closest to the RFZ, appears as a two layered crust. Moho is imaged as a 

single high amplitude reflection between -11.5 and -10.8 s (twt). The top 

crust was interpreted between -9 and -7.0 s (twt). The crust layers are 

divided by a zone of continuous high amplitude reflections, which has a 

consistent depth between approximately -8.0 and -9.0 s (twt).  

ii) Oceanic crust type-2 (2-3.Oc; Table 4.2 and Figures 4.10-4.12) is the 

thinnest type (Figure 4.8b; purple). Here, the Moho is imaged as a 

continuous high amplitude reflection between -10 and -11 s (twt), and the 

top crust between -9.0 and -7.5 s (twt) with chaotic low to high amplitude 

reflections. In the eastern segment (Figure 4.13a), the oceanic crust type-

2 changes seismic characteristics with dipping reflections reminiscent of 

seawards dipping reflections in the upper part of the crust, which are 

dipping towards the west, and an additional high amplitude reflection 

imaged between -10.5 s and -12.5 s (twt). The latter reflection (3.Oc-

purple; Table 4-2 and Figure 4.13a), is imaged at a greater depth than the 

adjacent oceanic Moho, exhibiting local variations in depth, forming steep 

geometries, and occasionally merging with the surrounding oceanic Moho. 
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These features contradict the typical oceanic crust characteristics 

identified in this region. The nature of this reflection will be further analysed 

with gravity. For both oceanic crusts type-1 and type-2, the top basement 

was interpreted based on the stratal terminations, where the top crust is 

imaged as chaotic with low amplitude reflection characteristics. 

iii) Oceanic crust type-3 (4.Oc; Table 4-2 and Figure 4.10a) has a Moho at 

depths from -9.2 down to -10.5 s (twt) as a zone of chaotic, high amplitude 

reflections. The basement of oceanic crust type-3 has chaotic low 

amplitude seismic characteristics. This type of seismic characteristics is 

continuous down to the Moho, but some high amplitude, partly continuous 

reflections can be locally imaged.  

iv) Oceanic crust type-4 (5.Oc; Table 4-2 and Figure 4.10a) is made of three 

layers. The Moho consists of a zone of high amplitude discontinuous 

reflections from -10 to -11.8 s (twt). The top crust is characterised by 

continuous to discontinuous high amplitude reflections from -8.2 to -9.0 s 

(twt), while the mid crust consists of a chaotic low amplitude zone.  

The different layers in the oceanic crust could indicate changes in composition 

(e.g., Pirajno, 2000), while the high amplitude dipping reflections observed within 

the crust could be interpreted as dykes. Usually, the oceanic crustal types are 

divided by NE-SW trending faults (Figure 4.10), which cut the crust from 

basement to Moho, and sometimes show contractional deformation and flexural 

uplift interpreted to have  been induced by thermal conduction (e.g., Figure 4.11a; 

Basile & Allemand, 2002; Bonatti et al., 2005). However, locally there is a smooth 

transition between the oceanic crustal types. Lastly, NW-SE to NNW-SSE 

trending faults can be observed. These faults have been developed within the 

upper oceanic crust, forming localised growth strata, indicating synchronous 

activity with the oceanic crust formation. These features are illustrated as having 

high amplitude reflections (Figure 4.12c). 

In the proximal domain of the margin, the seismic reflection data provides clear 

imaging of the continental crust. The seismic characteristics of the continental 

crust vary from the western to the eastern segment. In the western and central 

segments, a shallow surface of continental basement at approximately -1.5 s (twt) 

could be interpreted as the marginal ridge (refer to the terminology list and Figure 
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C1 in appendix) of the Ghanaian margin (Figure 4.12a; e.g., Blarez and Mascle, 

1988; Basile et al., 1993; Sage et al., 1997). This ridge marks a sharp transition 

between the crusts, and its orientation aligns with the NE-SW trend of the RFZ. 

The seismic characteristics of the marginal ridge are marked by chaotic 

continuous high amplitude reflections, which can be attributed to acoustic noise 

due to their “smile” geometry (3.Cc; Table 4-3), due to the high density of strike-

slip faults in the basement (Figure 4.12a). In the western segment, a post-rift 

sequence is observed at the top of the marginal ridge, which is flanked by 

extensional structures dipping towards the distal domain (Figure 4.12a), forming 

faulted tilted blocks towards the south. The marginal ridge does not appear in the 

central and eastern segments, indicating significant variations along the margin. 
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Table 4-2: Key seismic facies and reflection relationships for the crustal type 
“Oceanic crust” (Oc) and “Magmatic crust” (Mc). Highlighted in red indicates the 
specific reflections of interest. Highlighted in blue indicates the reflections that 
are not directly linked to the oceanic crustal type. 
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Table 4-3: Key seismic facies and reflection relationships for the crustal type 
“Continental crust” (Cc). Highlighted in red indicates the high amplitude 
reflections in the crust. Highlighted in grey indicates the low amplitude reflections 
in the crust. 
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Figure 4.10: The seismic line A (a) and B (b) illustrate representative seismic characteristics of the different oceanic crustal types, the continental crust, and the uncertain crustal type, and the 

Romanche Fracture Zone (RFZ) at the eastern segment of the margin. Seismic data courtesy of TGS.
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In the western segment, northwest of the marginal ridge, the continental crust is 

imaged with low amplitude and chaotic reflectivity. It is affected by a series of 

faults which form several half-graben basins (Figures 4.7b and 4.12a). The top 

basement is imaged at -7.5 s (twt) with high amplitude reflections, though the 

continental Moho remains elusive in the seismic reflection data (4.Cc; Table 4-3 

and Figure 4.11a). In the central segment, the top basement is imaged 

consistently at approximately -4.5 s (twt; Figure 4.11a). Here, the seismic 

characteristics of the continental crust change compared to the previous 

segment. From the top basement up to -7.0 s (twt), the crust appears with very 

low amplitude, akin to what is observed in the western segment. However, at 

depths exceeding -7.0 s (twt), the crust exhibits discontinuous high amplitude 

reflections (2.Cc; Table 4-3). The base of these high amplitude reflections could 

signify the Moho discontinuity, and the difference in the seismic facies between 

low and high amplitude could mark the boundary between the upper and lower 

continental crust.  

In the eastern segment, the crust maintains the low amplitude seismic character, 

similar to the western segment. However, a high amplitude reflection is imaged 

at -8.0 s (twt; 1.Cc; Table 4-3 and Figures 4.10 and 4.12a) which could potentially 

indicate the contact between the upper and the lower crust. As previously 

mentioned, a high amplitude reflection of the Moho can be seen at -13.8 s (twt; 

Figure 4.10b). The top basement is imaged between -1.5 to -4.0 s (twt). Within 

the continental crust, high amplitude continuous to discontinuous reflections 

could refer to structures or magmatic intrusions. Moreover, the eastern segment 

crust seems less affected by the deformation, exhibiting localised faulting by 

oceanward-dipping normal faults (Figure 4.11a) and gentle folding through 

inverted structures (Figure 4.10a).    

A magmatic crust can be found in the western segment (Figure 4.13b) and is 

potentially defined as a transitional crust. This magmatic crust forms the transition 

between the continental crust and the oceanic crustal types 1 and 2. The top of 

the crust is imaged between -6.6 and -8.0 s (twt) as high amplitude reflections 

(Mc; Table 4-2), which could indicate volcanics as potential volcano geometries 

are observed (Figure 4.13b). The crust’s Moho is partly imaged at -11.5 s (twt) 

and appears as an array of mid amplitude, discontinuous reflections, merging 
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with the oceanic Moho, and fades towards the continental crust. The classification 

as a magmatic crust is supported by its characteristics, including high amplitude 

reflection on its basement, consistent thickness exceeding that of the oceanic 

crust (Figure 4.9b), the absence of faults that could suggest a continental crust 

presence, and the gentle transition from continental to oceanic crust.  

Lastly, in the eastern segment, there is an uncertain type of crust situated 

between the unambiguous continental and oceanic crusts (Figures 4.10b and 

4.11a). This crust is defined by its consistent thickness, a high amplitude semi 

continuous reflection of Moho between -10.7 and -11.6 s (twt), low amplitude 

discontinuous reflections from basement to Moho with a high amplitude reflection 

in the middle crust, and high amplitude discontinuous reflections from -7.3 to -8.5 

s (twt) for top crust. While it could tentatively be interpreted as oceanic crust type-

1 due to its thickness and seismic characteristics, the ongoing connection with 

the continental crust and the similar seismic characteristics complicates the 

characterisation. This crust is also locally divided by strike-slip faults, marking the 

boundary between the continental and oceanic domains. To identify the nature of 

this crustal type, it will be further investigated with gravity.  
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Figure 4.11: Seismic lines C and D illustrate characteristics of the eastern and 

central segments of the margin. Seismic line C (a) illustrates representative 

seismic characteristics if the different continental and oceanic crusts, and the 

Romanche Fracture Zone (RFZ). Uncertain crustal type is imaged at the 

continental-oceanic transition. Seismic line D (b,c) illustrates the continental 

crust’s NW-SE trending faults. Seismic data courtesy of TGS. 
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Figure 4.12: Seismic lines E and F illustrates the margin’s characteristics in the 

western segment. The continental crust in (a) changes thickness south of the 

marginal ridge in the Romanche Fracture Zone (RFZ). Seismic line F (b,c) 

illustrates the transition from continental to oceanic crust, and the oceanic crust’s 

structures along the strike line, with zoom-in (c) on the growth strata. Seismic data 

courtesy of TGS. 
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Figure 4.13: Representative seismic line of the oceanic crust type-2 with the 

uncertain underlying high amplitude reflection (a) and the magmatic crust (b). (a) 

Oceanic crust type-2 illustrates seaward-like dipping reflectors on the upper crust. 

The irregular high amplitude reflection is imaged deeper than the surrounding 

oceanic Moho. (b) Geometries of potential volcanoes are imaged on the magmatic 

crust basement, and Moho is not imaged. Seismic data courtesy of TGS. 

 

Following the seismic analysis, a map (Figure 4.14) of different crustal types was 

produced. In general, the region is confidently mapped, primarily based on the 

seismic reflection data. However, in the eastern segment, the uncertainties 

become more pronounced. The two main uncertainties are: i) the precise 

boundary between oceanic and continental crust within the uncertain domain 

(e.g., Figure 4.10b), and ii) the nature of the uncertain layer (Figure 4.13a), 
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underlies the oceanic crust type-2 with an irregular basal geometry (Figure 

4.13a). To address these aforementioned uncertainties, velocity and 2D gravity 

modelling along specific seismic lines were conducted.   

 

Figure 4.14: Crustal types and displayed uncertainties based on the seismic 
characteristics. Red traces indicate the gravity models location in Figure 4.17. 

 

4.5 Velocity and Gravity Analysis 

4.5.1 From time-to-depth  

To validate the crustal types, refine their limits, reduce the uncertainties regarding 

their nature, especially the uncertain crust (Figure 4.10b) and the layer beneath 

the oceanic crust type-2 (Figures 4.13a and 4.14), and enhance constraints on 

the Moho depth underneath the continental and the magmatic crusts, a 

comprehensive workflow was conducted. This involved velocity analysis, time to 

depth conversion, and forward 2D gravity modelling using Geosoft Oasis Montaj 

(GM-SYS profile modelling; Pouliquen et al., 2017) along interpreted seismic 

lines.  

First, to produce the velocity model, migration velocities were extracted from the 

2D velocity lines provided by TGS (Figure C.2 in appendix) by building a grid for 

each sequence, i.e., seabed, post-, syn-, and pre-rift, continental, magmatic, 
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uncertain, and oceanic crusts, and converted to interval velocities using Dix’s 

equation (Dix, 1955): 

vint = [(t2*vRMS2
2 – t1*vRMS1

2) / (t2 – t1)] ½ 

where: vint is the interval velocity, t1 & t2 are the top and the base respectively (in 

twt) for each interval, and vRMS1 & vRMS2 are root-mean-square velocity at the top 

and the base respectively. 

 

 

Figure 4.15: Plots of interval velocity and depth pairs [interval velocity, depth] for 

each seismo-stratigraphic and crustal unit calculated from the extracted migration 

velocities using the Dix’s formula (Dix, 1955).  
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The obtained interval velocities were then analysed to infer interval velocity 

functions for each seismo-stratigraphic layer and crustal unit (Figure 4.15 and 

Table 4-4). It is noteworthy that using migration velocities to construct a velocity 

model for the depth conversion might cause major uncertainties as the migration 

velocities are used for imaging rather than true depth conversion (Etris et al., 

2001; Schultz, 1999). This type of velocities, their laterally distributed anisotropy, 

and the complex nature of the subsurface structures increase the uncertainty in 

the depth conversion, and can overestimate the depths. 

Lastly, average density values (Table 4-4) were calculated for all sequences 

using the Gardner’s equation (Gardner et al., 1974), which were later used for 

the gravity modelling: 

ρ=0.23*VP
0.25 km/m3 

where: VP is the average interval velocity.  

Table 4-4 summarises the average and interval velocities that were used during 

the depth conversion, and the calculated densities for each sedimentary 

sequence and crustal types during the depth conversion. The mantle’s average 

velocity and density exhibited smaller values, possibly linked to a shallower 

interpretation of the continental Moho, where the reflections could not be 

effectively imaged. To mitigate the uncertainty, typical values of 8000 m/s and 

3.30 g/cm3 were applied for mantle (e.g., Mjelde et al., 2005). Similarly, standard 

velocity (1500 m/s) and density (1.03 g/cm3) were used for the water column.  

The seismic lines and horizons were depth converted based on average and 

linear interval velocity (Figure 4.15 and Table 4-4). For the pre-, syn-, and post-

rift, I used average velocities instead of using the velocity function, due to the 

presence of variable lithology in the sequences and the unconformities that were 

observed in the seismic analysis.  

Here, it is important to emphasise on the identified velocities for each crust, which 

are used to refine and interpret the crustal interpretation. The different types of 

oceanic crust have a maximum and minimum velocity of 6792.82 and 6141.00 

m/s, respectively, with average velocity of 6466.91 m/s. The velocity of the 

uncertain crust (6961.04 m/s) aligns with the range of the calculated velocities in 
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the oceanic crust. The continental crust has a velocity of 5480.79 m/s, which is 

slightly lower than the magmatic crust’s velocity of 5557.94 m/s. Lastly, the 

undifferentiated layer beneath the oceanic crust type-1 has a velocity as high as 

7980.17 m/s, which is similar to the typical value for the mantle’s velocity. The 

continental and magmatic crusts could be classified as low velocity crusts, the 

oceanic and uncertain crusts as intermediate velocity crusts, while the mantle 

and the undifferentiated layer could be classified as high velocity sequences.  

Table 4-4: Summarised table of the different velocities and the applied density 

values of each unit. The asterisk (*) indicates the units where typical values were 

applied for the depth conversion and the gravity models. 

 k 
Velocity 
(V0) 

Density 
(g/cm3) 

Water* - 1500 1.03 

Post - rift - 2502.52 2.54 

Syn - rift - 3784.14 2.59 

Pre - rift - 4345.5 2.66 

Continental crust -0.0374106 5480.79 2.78 

Oceanic crust - 1 -0.12411 6141.00 3.01 

Oceanic crust - 2 -0.100625 6792.82 3.04 

Oceanic crust - 3 -0.134497 6439.55 3.05 

Oceanic crust - 4 -0.01354 6501.10 2.90 

Magmatic crust -0.0960827 5557.94 2.89 

Uncertain crust -0.0673327 6961.04 2.97 

Undifferentiated layer 

beneath OC -2 

-

0.00712076 
7980.17 2.94 

Mantle* - 8000 3.30 

 

As previously mentioned, the calculated velocity values could overestimate the 

thickness and the depth of the horizons and subsequently affect the crust’s 

density. In this approach, the depth of the top basement, upon conversion, ranged 

from -7.5 to -9 km depth in the deep basin, and -12.7 to -1 km for the shelf domain. 

The Moho is estimated to range between depths of -16 and -22 km depth for the 

oceanic crust, and between -24 and -43 km for the continental crust (Figure 

4.16a). The thickness of the continental crust ranges between 21 and 40 km, 
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while the oceanic crust ranges between 5 and 10 km (Figure 4.15b). These 

thickness values align consistently with findings from prior studies (Kusznir et al., 

2020; Nemčok et al., 2023; Nemčok et al., 2022). These depth converted data 

were further incorporated into Geosoft Oasis Montaj for the purpose of gravity 

modelling, with the aim of mitigating the uncertainties that were raised during the 

seismic interpretation.  

 

Figure 4.16: (a) Depth in km of the interpreted Moho, and (b) thickness between 

the top crusts and Moho after the depth conversion. 

4.5.2 Gravity analysis 

The Free Air Anomaly (Figure 4.4a) illustrates a high anomaly strip trending NE-

SW that corresponds to either the Romanche Fracture zone, the marginal ridge 

(Figure 4.12a), or the antiforms (Figure 4.8a). In the western segment, the 

exposure of the continental basement at the marginal ridge and the absence of 

sediments contribute to the increased gravity anomaly. On the other hand, the 

low gravity anomaly (Figure 4.4a) indicates the presence of thick sediments in 

the NW-SE trending basins identified from the seismic lines (Figures 4.7a and 

12a). In the central segment, the transition from a continental to an oceanic 

domain is more pronounced, although a gradual transition is observed towards 

the eastern segment, where the uncertain crustal type was identified (Figure 

4.14).  

Given the high quality of seismic imaging, a high degree of confidence is 

attributed to the crustal architecture in most of the seismic sections (Figure 4.14) 

and, therefore, the gravity modelling was used to clarify if the observed response 

is consistent with the current interpretation. The gravity modelling results are 
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presented in Figure 4.17, however, even though the models are non-unique, they 

reflect the interpretation within a valid geological model.  

In the gravity modelling, the depth of the Moho underwent minimal changes after 

the depth conversion (Figure 4.16a). In the seismic analysis, the interpretation of 

the continental Moho was ambiguous due to the chaotic seismic characteristics. 

In the gravity modelling, continental Moho remained the same and only the 

density changed in some lines. The density of continental crust was initially 

interpreted to be 2.78 g/cm3 based on Gardner’s equation (Table 4-4). This value 

was applicable in seismic line E (Figure 4.17e), while a value of 2.85 g/cm3 was 

applied when modelling in seismic line I, B and H (Figure 4.17). This variability 

could be explained by compositional changes within the continental crust.  

The thickness of oceanic crust remained relatively the same, with the exception 

of certain parts within the oceanic crust type-3, where the depth conversion 

overestimated the depth of Moho and consequently the crust’s thickness. This 

moderation was only a couple of kilometres shallower. The density of oceanic 

crust was also modified within the range of the calculated values (Table 4-4). In 

seismic lines B and G (Figure 4.17a and 4.17c) located in the eastern segment, 

employing a density of 2.94 g/cm3 in the oceanic crust underplating yielded the 

optimal gravity error. This result aligns with the interpretation of a comparable 

high-density layer by Antobreh et al. (2009).  

After implementing the previously mentioned modifications, primarily focusing on 

the density variations in both the continental and the oceanic crust, the average 

thickness of the unknown crust was calculated to be 7 km, the magmatic crust 14 

km, and the layer beneath the oceanic crust type-2 has an average thickness of 

11 km, thinning towards the west (Figure 4.17). Overall, the gravity models exhibit 

a robust response when considering the aforementioned adjustments and the 

associated density values (Table 4-4). 

To finalise the crustal interpretation, the integration of seismic, velocity, and 

gravity analysis is required. Density is a key characteristic in the gravity 

modelling, where the continental crust shows an average density of 2.82 g/cm3, 

while the oceanic crust shows a range of densities between 2.90 and 3.05 g/cm3. 
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The densities of the magmatic and the uncertain crusts, as well as the 

underplating, fall within the range of oceanic crust densities.  

 

Figure 4.17: Gravity modelling of different sections and segments of the margin. 

(a) Crustal validation and Moho’s modification occurred in the central segment 

line I. (b-c) Gravity models of eastern segment lines B and G, and (d-e) western 

segment lines H and E.  
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4.6 Discussion 

4.6.1 Crustal-tectonic model for the Ghanaian margin  

The integration of seismic interpretation, velocity analysis, and gravity modelling 

has allowed the production of a crustal and tectonic map for the Ghanaian margin, 

where different domains were identified across the area (Figure 4.18a). This map 

illustrates the crustal configuration within the study area, which is defined by the 

coverage of the seismic reflection data. A typical transform margin (e.g., Mascle 

& Blarez, 1987) is characterised by the sharp transition from continental to 

oceanic domains, as described by Sage et al. (2000) and Ye et al. (2019), and 

lacks a transitional domain (Basile, 2015). In this case, this transition is 

exemplified by the presence of the complex Romanche Fracture Zone. However, 

the margin exhibits certain features that may suggest a more complicated tectonic 

process beyond the typical transform zone activity. In Figure 4.18b, 

representative cross-sections combine both seismic interpretation and gravity 

modelling to illustrate the key characteristics of the margin. 

4.6.1.1 Continental crust 

In the proximal domain, the continental crust extends from west to east, gradually 

narrowing towards the east (Ye et al., 2019). The thickness alternates (Figures 

4.17-4.18) with a thinner profile in the eastern segment and a thicker configuration 

towards the western segment. In the western segment, localised thinning of the 

continental crust occurs due to fault activity. Specifically, in the eastern segment, 

the continental crust is approximately 26km thick, while in the western and the 

central segments, it exceeds 30km, particularly within the Pan African 

Dahomeyide orogenic belt and antiforms (Figure 4.8a; Affaton et al., 1980; 

Trompette, 1994; Attoh et al., 1997; Tidjani et al., 1997) in the central segment. 

These thrust faults did not experience any reactivation during the rift process. 

However, to the southeast of these structures, vertical to sub-vertical faults with 

a similar NE-SW trend suggest gentle extensional deformation and inversion in 

the sediments, forming negative flower structures (e.g., Figures 4.5 and 4.10a). 

The continental crust accommodates two main basins in the western segment, 

which are trending NW-SE and E-W, while the eastern and central segments lack 

significant basins. In the western segment, the crust appears stretched (Figures 
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4.12a and 4.17e), which aligns with observations by Markwick et al. (2022) and 

Nemčok et al. (2023).  

The continental structures (Figure 4.18a) exhibit diverse orientations, activity and 

deformation. These continental crust faults have been categorised based on their 

trends and their interpreted deformations evident in seismic reflection data 

(Figures 4.10-4.13). Within the Ghanaian margin, these faults were classified into 

four distinct categories: 

Group 1:  These faults extend throughout the region and trend in a NE-SW 

direction. In the central segment, they constitute the continuation of the pre-

existing Pan-African orogenic structures, particularly notable in the pre-rift 

sediments of the central segment of the margin (antiforms; Figure 4.8a). 

Faults of group 1 suggest a syn-rift deformation, the deposition of syn-rift 

sediments, and inversion in the central segment. Negative flower structures 

are found in both the eastern and central segments of the margin.  

Group 2:  This consists of faults with the largest displacements and they 

accommodate sub-horizontal syn-rift sediments (e.g., Figure 4.3b). Group 

2 faults trend roughly E-W and can be identified across all three segments 

of the margin.  

Group 3:  These faults trend NW-SE and are present in the eastern and 

western segments, displaying distinct characteristics. In the eastern 

segment, they depict faulted upper continental crust with minor 

displacement (Figure 4.11b). In the western segment, they form significant 

basins that cut through the upper and possibly lower continental crust. 

Group 4:  These faults trend WNW-ESE and are found exclusively in the 

western segment. They form positive flower structures and appear to have 

had a more pronounced impact on sediments than on the continental crust 

(Figure 4.7a-c). It is possible that these faults are related to Group 3 faults 

and are indicative of the transpressional phase of the margin, with minimal 

deformation of the continental crust. 

4.6.1.2 Oceanic crust 

In the deeper basin, the oceanic crust juxtaposes the continental crust in the 

central and eastern segments, while in the western segment, it interfaces with a 
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magmatic crust. The continental-oceanic contact is characterised by the RFZ, 

where one or both crusts display significant deformation. This is associated with 

the alternation of transtensional and transpressional deformation. The oceanic 

crust type-1 primarily exhibits the majority of the deformation from the RFZ, which 

is not observed in oceanic crust type-2, with local instances of overlapping by the 

continental crust (Figures 4.10b, 4.11a and 4.17b). In contrast, there is a gradual 

transition from the oceanic to the magmatic crust in the western segment of the 

margin.  

In addition to the RFZ deformation, the oceanic crust is affected by primary NE-

SW trending oceanic transform faults (Figures 4.10 and 4.18) and secondary NW-

SE trending extensional faults in the upper part of the crust (Figure 4.10). Seismic 

reflection data suggests that the primary NE-SW trending transform faults are 

discontinuous, contradicting earlier interpretations (e.g., Antobreh et al., 2009; 

Kusznir et al., 2020; Matthews et al., 2011; Müller et al., 2008), and they show 

extensional or extensional deformation towards northwest or southeast, 

respectively along the margin. The secondary NW-SE faults showing extensional 

deformation, run parallel to the spreading axes, indicating the opening direction 

of the oceanic crust and their synchronous activity. Across the oceanic crust, their 

orientation shifts from NW-SE to NNW-SSE, aligning with the rotated spreading 

axes of the Brazilian margin (Tavares et al., 2020). Both gravity modelling and 

seismic reflection data have identified variations of oceanic crust thicknesses, 

ranging from 5 to 10 km (Figure 4.17; Kusznir et al., 2020; Nemčok et al., 2022, 

2023). These thickness variations typically coincide with the presence of NE-SW 

trending transform faults, where the crust is segmented. Lastly, in the eastern 

segment, the previously uncertain layer beneath the oceanic crust (Figure 4.13a) 

is now interpreted as serpentinized mantle, due to the irregular geometry of the 

high amplitude reflection (Figure 4.13a), the high velocity of almost 8000 m/s 

(Table 4-4), and the high density of 2.95 g/cm3. Its thickness reaches 10km 

(Figure 4.17c), which, if it was assumed to be oceanic crust would exceed the 

normal thickness of oceanic crust. The serpentinized mantle extends up to the 

RFZ (Figure 4.18), where it thins out, potentially bearing substantial implications 

for the evolution of the margin. 
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4.6.1.3 Magmatic – transitional crust 

Lastly, the magmatic crust (Figure 4.13b) identified in the western segment can 

be interpreted as a transitional magmatic crust (Figure 4.18). The magmatic crust 

is distinguished from both the oceanic and continental crusts due to distinct 

characteristics identified through seismic, velocity and gravity analysis. As 

mentioned in the seismic analysis, the seismic reflection data illustrates the 

magmatic nature of this crust, characterised by the high amplitude reflectivity and 

the presence of interpreted volcanoes on the basement (Figure 4.13b). The 

velocity analysis indicates a crust with low velocity of approximately 5500 m/s 

(Table 4-4), which is akin to the average velocity of the continental crust. 

Additionally, based on the gravity modelling, its thickness (Figure 4.17d) 

surpasses 8km and has a density of 2.89 g/cm3. The transition from the magmatic 

crust to the oceanic, as previously mentioned, is gradual, and while it extends 

along the RFZ, the shift towards the continental crust appears to exhibit locally a 

gentle transition (Figure 4.13b).  

In general, the proposed model exhibits numerous resemblances in terms of 

structural framework and crustal architecture, as supported by several studies 

(Antobreh et al., 2009; Kusznir et al., 2020; Nemčok et al., 2013; Nemčok et al., 

2022; Ye et al., 2017, 2019). The majority of the region features faults with a 

similar orientation, exhibiting minor variations primarily in the eastern segment. 

The model introduces the concept of additional ENE-WSW and NW-SE trending 

normal faults (Figure 4.18a; Groups 2 & 3 – eastern segment). The model 

challenges the conventional understanding of transform margins by proposing 

the existence of a new magmatic crust in the western segment, which contradicts 

the classic model that does not incorporate a transitional crust in transform 

margins (Basile, 2015; Mercier de Lépinay et al., 2016).  
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Figure 4.18: (a) Crustal and tectonic map of the Ghanaian margin, bounded by 

seismic reflection data polygon. Marked traces indicate the location of the depth 

converted sections presented in (b). RFZ: Romanche Fracture Zone, marked with 

a transparent grey polygon. 
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4.6.2 Magmatic material  

The Ghanaian margin is considered to be a magma-poor transform margin 

(Markwick et al., 2022; Sage et al., 2000). However, associated magmatism can 

be emplaced during the break-up (Nemčok et al., 2013, 2023; Scarselli et al., 

2020), which is associated with the oceanic ridge, especially transforms that have 

been influenced by transtension (Clarke & Beutel, 2020; Lundin et al., 2022). Two 

magmatic elements suggest elements of magmatic activity in the Ghanaian 

margin. The presence of the magmatic crust in the western segment and the 

intrusions along the RFZ (Figure 4.18) are evident before and after the breakup, 

respectively.  

The potential presence of magmatic underplating has previously been suggested 

in the Ghanaian margin and the adjacent Côte d’Ivoire - Tano basin (Figure 4.1A) 

based on seismic, gravity and magnetic data, and thermo-tectonostratigraphic 

reconstructions in the proximal domain (Antobreh et al., 2009; Kusznir et al., 

2020; Loncke et al., 2020; Rüpke et al., 2010). However, this study’s observations 

contradicts the notion of the underplating beneath the continental crust (Antobreh 

et al., 2009; Edwards et al., 1997), as this is not supported by either seismic data 

(Figures 4.5, 4.10-4.13) or gravity modelling (Figure 4.17). 

On the other hand, a distinct layer with high velocity (7980.17 m/s) and high 

density (2.94 g/cm3) has been identified in the eastern segment, beneath the 

oceanic crust and in close proximity to the RFZ (Figures 4.13a, 4.17b,c and 4.18). 

A similar layer has been previously recognised to the west of the Ghanaian 

margin, along the Ivorian Marginal Ridge in the Côte d’Ivoire margin (Sage et al., 

2000). Comparable sequences have been interpreted in various margins, either 

as underplating (e.g., US East Coast; LASE Study Group, 1986; North Atlantic; 

White et al., 1987; Exmouth Plateau; Lorenzo et al., 1991) or as a result of partial 

serpentinization of the upper mantle (Ritzmann et al., 2004; Sage et al., 2000). In 

the case of the underplating, this may be attributed to the significant lateral 

thermal contrast between continental and oceanic crust in a transform margin 

and the generation of secondary melting beneath the continental crust (Lorenzo 

et al., 1991; Lundin et al., 2022). In the Svalbard transform margin, serpentinized 

mantle has been proposed in a similar context as the eastern segment of the 

studied margin. In the Svalbard margin, the oceanic crust is characterised by its 
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thin crust, faulting, and a slow spreading rate, which can allow the migration of 

water through the faulted crust and promote the upper mantle serpentinization 

(Minshull et al., 1998; Nemčok et al., 2023 and references therein; Ritzmann et 

al., 2004). Both interpretations may hold validity in the context of the Ghanaian 

margin, primarily due to the presence of magmatic material evident in the seismic 

data (Figures 4.10-4.13). In this case, the preferred interpretation would be the 

serpentinized mantle (Figure 4.18), due to the slow Equatorial Atlantic opening 

(Granot & Dyment, 2015; Müller et al., 2008) preventing the formation of 

significant magmatic crusts. The magmatic material identified in the margin 

(Figures 4.9a & 4.14b) is likely to be related to the thermal uplift due to the 

continental and oceanic contact during the syn-transform or continental-oceanic 

phase.  

Magmatic crusts have previously been recognised in various margins and can 

exhibit associations with both continental or oceanic characteristics (Bastow & 

Keir, 2011; Direen et al., 2007; Nirrengarten et al., 2020; Planke et al., 2000; 

Reeve et al., 2021; Skogseid et al., 1992, 2000), indicating magmatic activity 

during rifting. Similarly, in the Ghanaian margin, the presence of magmatic 

transitional crust and post-rift intrusive material suggests magmatic activity during 

and after the continental break-up, without forming a fully magmatic margin where 

Seaward Dipping Reflections are formed (e.g., Franke, 2013). The emergence of 

a magmatic crust along the RFZ in the western segment (Figures 4.13b and 4.18) 

and the Côte d’Ivoire margin and volcanic ridge (Nemčok et al., 2013; Scarselli 

et al., 2020), and the post-rift intrusions along the fractures (Figures 4.10a, 4.12b 

and 4.18b; Markwick et al., 2022) could be explained by melting occurring 

beneath the transform fault zone. The temperature variations between the 

adjacent continental and oceanic crusts, led to the magmatic crust formation 

along the RFZ during the continental break-up, the continental-oceanic or syn-

transform phase (Edwards et al., 1997; Mercier de Lépinay et al., 2016; Rey et 

al., 2008; Scarselli et al., 2020). Leaky faults exist at the transform fault zone due 

to thermal conductivity between the continental and the oceanic crusts, and 

formed the magmatic crust, overprinting the continental crust as suggested by 

the seismic, velocity, and gravity analysis (Figures 4.17d and 4.18b, Table 4-4).  
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For the Ghanaian margin, the magmatic crust was developed by magmatic 

intrusions migrating through a releasing bend or a pull-apart basin in the 

continental crust, as previously has been suggested in the Dead Sea Transform, 

the California and the Norwegian margins (Busby et al., 2018; Libak et al., 2012; 

Rosenthal et al., 2019), and from the juxtaposition between the oceanic and 

continental ridges in the western segment. Similarly, heavily intruded magmatic 

crust, resembling the oceanic, has been proposed in the Cuvier Abyssal Plain in 

NW Australia, with increase magma supply towards the oceanic crust 

(Nirrengarten et al., 2020; Reeve et al., 2021). The formation of the magmatic 

crust might suggest a local shift in the stress regime during the syn-transform 

phase, evident by the locally smooth transition towards the continental and 

oceanic crusts (Figure 4.18b). Additionally, minimal intrusive activity occurred 

during the post-transform phase observed along the RFZ, primarily within the 

continental domain. This activity could be linked to the existence of pre-existing 

continental and oceanic transform faults facilitating the upwelling of deeper fluids.  

4.6.3 Comparison with the conjugate Barreirinhas-Ceará  

The NE Brazilian Equatorial margin represents the conjugate counterpart of the 

Ghanaian margin, encompassing the Ceará Basin and the southern section of 

the Barreirinhas Basin, influenced by the Romanche Fracture Zone (Figures 4.1A 

and 4.19). The morphology and stratigraphy of the Ghanaian and Barreirinhas-

Ceará margins reveals similarities in the structures formed during the rifting, uplift 

due to the transpressional characteristics of the Romanche Fracture Zone, and 

flexural uplift and erosion at various stages of the margin evolution. The RFZ 

forms the boundary between the continental and oceanic crusts in the eastern 

and central segments of Ghana (Figure 4.18), and the Ceará Basin (Tavares et 

al., 2022). Meanwhile, in the western segment of Ghana (Figures 4.12a and 4.18) 

and the Barreirinhas basin (Montenegro et al., 2021; Trosdtorf et al., 2007) the 

RFZ influences the continental crust by cross-cutting it . 

In the southern part of the Barreirinhas Basin, high-angle NE-SW faults, both 

south and north dipping, form well-developed grabens and horsts (de Castro et 

al., 2022; Montenegro et al., 2021). WNW-ESE and NW-SE faults are intersected 

by NE-SW strike-slip faults highlighting the complex and diachronous 
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deformation in the Barreirinhas Basin (Montenegro et al., 2021). These structures 

resemble those in the western segment of the Ghanaian margin (Figure 4.18; 

Faults Group 3), accommodating half grabens with significant thicknesses of syn-

rift sediments (Figure 4.12a; de Castro et al., 2022; Montenegro et al., 2021). 

Both the Barreirinhas and the western segment of Ghana exhibit gentle 

deformation due to transpression, featuring open folds and positive flower 

structures (Figures 4.7c, 4.12a and 4.18; Faults Group 4).   

The Ceará Basin displays five major sets of faults: (1) NE-SW trending Brasiliano-

Pan African orogeny structures, (2) two major NE-SW trending normal faults 

forming half-grabens, parallel to the first set, (3) NE-SW trending half-grabens 

controlled by E-W structures northwest of the orogeny related structures, (4) NE-

dipping NW-SE trending faults southeast of the orogeny-related structures, and 

(5) a dense set of basement-related vertical to sub-vertical faults associated with 

the RFZ (Andrade et al., 2018; Basilone et al., 2023; Destro et al., 1994).  

The first set of the Brasiliano-Pan African-related structures correlates with Pan 

African thrusts interpreted in the Ghanaian margin (Figure 4.8a; Andrade et al., 

2018; Antobreh et al., 2009; Attoh et al., 2004; Destro et al., 1994). The second 

set of NE-SW faults, parallel to the Pan African structures (Andrade et al., 2018; 

Basilone et al., 2023) aligns with reactivated NE-SW faults (Figure 4.18; Faults 

Group 1) identified in the margin. However, the similar trend of faults controlled 

by the E-W structures northwest of the previously mentioned faults are unique to 

the Ceará Basin, as they do not have corresponding structures in the Ghanaian 

margin. In the Ghanaian margin, the seismic data only support E-W structures 

northwest of the Pan African structures and the faults of Group 1 (Figure 4.18; 

Faults Group 2). In the southern part of the Ceará Basin, NW-SE trending faults 

on the shelf can be associated with the NW-SE trending faults in the eastern 

segment of Ghana (Figures 4.11b and 4.18; Faults Group 3). Notably, both 

margins feature a series of basement-related strike-slip faults forming the 

Romanche Fracture Zone.  

Lastly, magmatism has been observed in both the Ceará-Barreirinhas and Ghana 

margins. In NE Equatorial Brazil, radiometric age data have revealed 

occurrences of pre-rift (228±38 Ma) and syn-rift (124±06 Ma, 109±08 Ma) 
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magmatism in the Barreirinhas Basin (Basilone et al., 2023; Mizusaki et al., 2002; 

Thomaz Filho et al., 1974). In the Ceará Basin, magmatism is primarily post-rift 

(44-32 Ma) or precedes the continental break-up (83±06 Ma; Basilone et al., 

2023; Mizusaki et al., 2002; Mizusaki & Saracchini, 1991). In Ghana, seismic data 

indicate post-rift magmatism manifesting as sills within the post-rift sequence 

(Figures 4.10a and 4.12b). However, the western segment reveals syn-rift 

magmatism occurring before the break-up, contributing to the formation of the 

magmatic crust (Figures 4.13b and 4.18). 

4.6.4 Structural and crustal evolution   

Based on the findings, a tectonic model of the Equatorial Atlantic opening is 

proposed, primarily focusing on the evolution of the faults, and their interaction 

with the associated crustal types. The model (Figure 4.19) is a schematic 

reconstruction with fixed the African plate and the north arrow corresponding to 

the present day orientation. It integrates onshore structures of both conjugate 

margins (Akpaki, 1978; Attoh et al., 1997; Pinéo et al., 2020; Tidjani et al., 1997), 

the presence of magmatic material, the interpreted structures in the Ghanaian 

margin and the conjugate Barreirinhas and Ceará (Andrade et al., 2018; Davison 

et al., 2016; Morais Neto et al., 2003; Tavares et al., 2022; Vasconcelos et al., 

2004), based upon the crustal types inferred from the seismic reflection data 

(Figures 4.7, 4.10-4.13), and the gravity models (Figure 4.17). The evolutionary 

model was categorised into different stages, each being further linked to a 

potential transform opening phase (Figure 4.2A).  

In the early stages of the Equatorial Atlantic opening, orthogonal extension to 

dextral transtension occurred (Stage-1; Figure 4.19a) during the Early 

Cretaceous. This extension likely triggered ENE-WSW trending normal faults in 

the central and eastern segments of the Ghanaian margin and the Ceará Basin. 

These normal faults exhibit noticeable normal displacement under dextral 

movement (Figure 4.11). The identification of typical syn-rift growth strata in 

Ghana implies the influence of an orthogonal or slightly oblique tectonic regime, 

particularly evident in the central and eastern segments of the margin (Figures 

4.7d and 4.11a). In the central segment of Ghana, these normal faults 

demonstrate an orthogonal influenced tectonic regime, without having the typical 
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geometry of syn-rift growth strata (Figure 4.3b). Analogue modelling in pull-apart 

basins (Wu et al., 2009) suggests sub-horizontal infilling of the syn-kinematic 

sediments, mirroring the sediment characteristics observed in the Ghanaian 

margin. However, towards the eastern segment, some of the ENE-WSW trending 

faults display extensional normal faults with a significant decollement, and the 

typical growth strata (Figure 4.11), suggesting an orthogonal phase prior to the 

transtension, akin to the paleo-stress analysis conducted in the Brazilian 

Equatorial margin (de Matos, 1992; Tavares et al., 2022). During this phase, the 

central segment probably experienced more stretching than the eastern segment, 

due to the present day thinner continental crust (Figure 4.9b). Additionally, the 

RFZ faults, forming the boundary between the South American and African 

plates, were reactivated in an orthogonal extensional manner (Figure 4.19a; e.g., 

Tavares et al., 2020). This phase could be classified as part of the early stages 

of the intra-continental tectonic phase (Figure 4.2Aa). 

Stage-2 (Figure 4.19b) is marked by diverse deformation events along the margin 

from Aptian to Early Albian. In the eastern and central segments, transtension 

influenced the margins, reactivating NE-SW trending structures, inherited from 

the Brasiliano-Pan African Orogeny, which resulted in a series of negative flower 

structures (e.g., Figure 4.10a). In the eastern segment, a Riedel-like sheared 

zone (e.g., Sylvester, 1988) evolved, initiating NW-SE extensional faults. In the 

western segment, there was NW-SE trending extension (Figures 4.7b and 4.12a) 

which is likely to have been caused by orthogonal extension. The orthogonal 

extension propagated westward, accompanied by younger sediments, as 

previously proposed by Nemčok et al. (2013, 2022). The continental crust in the 

western segment of Ghana and Barreirinhas Basin experienced more stretching 

under an orthogonal regime, and accommodated more sediments, exceeding a 

thickness of 5 km in half grabens (Figure 4.17e; Basile et al., 1998, 2005; de 

Castro et al., 2022; Guiraud et al., 1997; Mascle et al., 1988; Mercier de Lépinay 

et al., 2016; Montenegro et al., 2021). The aforementioned elements are likely to 

be associated with the intracontinental phase of the Ghanaian margin evolution 

(Figure 4.2Aa). 

Towards the end of Stage-2, intrusions started feeding the continental crust along 

the RFZ, developing magmatic crust in the western segment, while in the central 
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segment continental break-up occurred, forming the oceanic crust type-1. The 

formation of the oceanic crust occurred in the inner corner of the margin (Figure 

4.2B; Basile, 2015) in an orthogonal-to-oblique manner, similar to the pre-existing 

tectonic model of Antobreh et al. (2009) in the inferred Eastern Ghana Slope 

basin. The onset of seafloor spreading is dated during the Aptian-Albian boundary 

(Moulin et al., 2010; Pontes & Asmus, 1976). In the gravity modelling, the 

continental crust was calculated to be as thin as 6km in the western segment 

(Figures 4.17e and 4.18b) south of the RFZ. The juxtaposition between the 

warmer oceanic crust with the cooler continental crust generated thermal 

anomalies, which increased the heat flow at a regional scale. These thermal 

anomalies led to the continental stretching south of the RFZ in the western 

segment (Figures 4.12a and 4.17e; Kaspereit et al., 2016; Nemčok et al., 2023; 

Prol-Ledesma et al., 2016). If this stretching occurred during this event, it is likely 

to have occurred under an orthogonal extension, due to the well-developed 

growth strata. The migration of the orthogonal extension and the formation of the 

NW-SE trending faults in the western segment of Ghana and Barreirinhas may 

partly be associated with the Cote d’Ivoire margin opening (Gillard et al., 2017; 

Ye et al., 2017, 2019). Progressing from west to east, the tectonic phases 

alternate between the synchronous continental-transform (Figure 4.2Ab) activity 

in the western segment of Ghana and Barreirinhas, the continental-transform to 

syn-transform (Figure 4.2Ab,c) where the magmatic crust is situated, transitioning 

to syn-transform in the central segment, ultimately leading to the oceanic crust 

formation. 

Stage-3 could be associated with the syn-transform phase (Figure 4.2Ac), when 

the Equatorial margins underwent the transpressional deformation (Figure 4.19c) 

in Late Albian. During this stage, dextral transpression influenced the entire 

region, leading to inversion of pre-existing faults, the formation of positive flower 

structures, the uplift of the continental crust, and the deformation of the RFZ and 

oceanic crust type-1. Simultaneously, new oceanic crust (type-2) was emplaced 

along the NE-SW trending oceanic transform faults. Uplift in the continental crust 

is evident throughout the margin and the RFZ (Figures 4.10-4.12; Andrade et al., 

2018; Attoh et al., 2004; Basile, 2015; Basile & Allemand, 2002; Benkhelil et al., 

1995; Clift & Lorenzo, 1999; Nemčok et al., 2013; Tavares et al., 2022).  
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The continental uplift caused by the different mechanisms of tectonic movement 

(Andrade et al., 2018; Attoh et al., 2004; Basile et al., 1993; Blarez & Mascle, 

1988; Costa et al., 1990; Zalan et al., 1985) and thermal heating (Holmes, 1998; 

Mascle & Blarez, 1987; Todd & Keen, 1989) is evidenced by the crust’s vertical 

offset at the transform zone and the erosional surface of the syn-rift (Figures 4.7-

4.12). In general, the marginal ridge in the western segment underwent significant 

uplift while the plates were still in contact. On the other hand, the eastern 

segment’s continental crust might have experienced most of the inversion during 

the continental-oceanic phase, especially when compared to the other segments. 

This is attributed to the limited observable syn-rift and pre-rift sediments (Figures 

4.10a and 4.11a). Contractional deformation is observed along the RFZ, which is 

caused by transpression, the magmatic material intruded in the RFZ and the 

thermally weakened margin (Basile & Allemand, 2002; Nemčok et al., 2013; 

Nemčok et al., 2022), although it is not uniform. Oceanic crust type-1 was 

deformed by transpression in the eastern and central segments (e.g., Figure 

4.10a), suggesting that this crust had already formed during this stage. 

Conversely, oceanic crusts types 2-4 exhibit uplift along the NE-SW oceanic 

transform faults, whose geometry is more likely to fit with the intra-oceanic 

transform faults uplift (Bonatti et al., 2005; Chen, 1988; Sandwell & Schubert, 

1982), and differs from the RFZ deformation. These oceanic crust types were 

only deformed by the oceanic transform faults (Figures 4.10-4.13 and 4.18) and 

were formed during the later post-transform stage (Figures 4.2d, 4.13b and 

4.19d). 

During Stage-4, there is only intra-oceanic deformation and it can be associated 

with the post-transform stage during the Late Cretaceous (Figures 4.2Ad and 

4.19d). As previously mentioned, the oceanic crust was affected by the NE-SW 

trending oceanic transform faults (Bonatti et al., 2005; Chen, 1988; Sandwell & 

Schubert, 1982), which are locally discontinuous and form transform troughs 

(e.g., Figure 4.9a; Basile & Allemand, 2002). These oceanic transform faults may 

not have developed uniformly (Figure 4.18a) or have been covered across the 

region due to high temperatures and magma intrusions. Additionally, minor NW-

SE extensional faults (Figures 4.13b and 4.18a) evolved on the upper oceanic 

crust in an oblique manner to the dextral shear, resembling extensional Riedel 
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structures (Sylvester, 1988). Finally, during the post-transform stage, intrusions 

migrated through the RFZ faults not only in the Ghanaian margin (Figures 4.10a 

and 4.12b), but in the Brazilian Equatorial margin as well (Basilone et al., 2023; 

Mizusaki et al., 2002; Mizusaki & Saracchini, 1991). The magmatic activity 

towards the end of the tectonic processes may be attributed to the friction and 

melting between the continental and oceanic crust near the continental transform 

fault of RFZ.  



154 
 

 



155 
 

Figure 4.19: Structural and tectonic evolution of the Equatorial Atlantic margins, 

with a specific focus on the Ghanaian margin. The positions of the African plate 

and the north arrow are presented in reference to the present day, remaining fixed 

for orientation. (a) Stage-1 of NNE-SSW orthogonal extension. (b) Stage-2 of 

dextral transtension in the eastern and central segments of Ghana and Ceará 

basin, which formed pull-apart basins and sheared structures in the continental 

crust. Migration of the ENE-WSW orthogonal extension towards the western 

segment and Barreirinhas basin. Intrusions within the RFZ in the western segment 

that formed the magmatic crust. Potential formation of oceanic crust type-1 at the 

end of the transtensional phase and the separation of Africa and South America 

plates. (c) Stage-3 of dextral transpressional phase caused inversion, oceanic 

crust type-1 deformation, and oceanic spreading. (d) Stage-4 of post-transform 

stage with oceanic crust formation cessation, and post-rift intrusions along the 

RFZ. Gh: Ghana; Br: Barreirinhas; Ce: Ceará; RFZ: Romanche Fracture Zone. 

Structural framework compilation for the conjugate Barreirinhas and Ceará basins 

from Andrade et al. (2018), de Castro et al. (2022), Davison et al. (2016), Morais 

Neto et al. (2003), Pinéo et al. (2020), Tavares et al. (2022) and Vasconcelos et al. 

(2004). Onshore structures of the Ghanaian margins from Akpaki (1978), Attoh et 

al. (1997) and Tidjani et al. (1997). Oceanic transform faults based on Free Air 

Anomaly from Sandwell et al. (2014). Ages are derived by Adda et al. (2015), 

Antobreh et al. (2009), Attoh et al. (2004), IHS (2010), Mascle & Blarez (1987) 

Scarselli et al. (2020), Tavares et al. (2020), and the seismic interpretation of this 

study.  
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4.7 Conclusion 

This study integrates 2D seismic reflection data, gravity data, and 2D gravity 

modelling to present a refined interpretation of the various crustal types in the 

Ghanaian margin, and their relationship with the structural changes that occurred 

during the continental transform opening. The results indicate that the margin 

underwent a sequence of distinct tectonic processes during this event, as follow: 

 

1. Phase 1: This phase occurred during the “continental-continental” or 

“intracontinental” stage. The margin initially experienced local NE-SW 

orthogonal extension, leading to the activation of ENE-WSW normal 

faults. 

2. Phase 2: This phase occurred during the transition between the 

“continental-continental” or “intracontinental” and the “active continental-

continental” or “continental transform” stages. The orthogonal extension 

was followed by a significant phase of transtension, which led to the 

reactivation of pre-existing structures, the formation of pull-apart basins, 

and new NW-SE shear faults in the east. The orthogonal extension 

migrated south-westward.  

3. Phase 3: The phase occurred during the transition between the “active 

continental-continental” or “continental transform” and the “continental-

oceanic” or “syn-transform” stages. The shift between the two phases was 

characterised by magmatic activity. A narrow transitional crust formed in 

the western segment, while seafloor spreading commenced in the eastern 

segment of the margin.  

4. Phase 4: The phase occurred during the “continental-oceanic” or “syn-

transform” stage. Transpressional deformation leading to basin inversion 

and deformation along the RFZ. 

5. Phase 5: The phase occurred during the “oceanic-oceanic” or “post-

transform” stage. Upper-crust normal faults developed during the oceanic 

crust formation, while discontinuous oceanic transform faults deformed 

the oceanic crust.  
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The characteristics of the margin suggest: 

1. Sediments deposited under oblique extension appear fairly sub-

horizontal, in contrast to the sediments deposited under orthogonal 

extension, forming the typical growth strata.  

2. Migration of magmatic material through the RFZ: Two events of magma 

migration occurred in the margin. The first one, was synchronous to the 

margin’s opening and altered the continental crust into a transitional 

magmatic crust. The second event occurred after the tectonic cessation 

and marked the end of continental transform activity. 
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Chapter 5 – Discussion, future work and conclusions  

 
 

5.1 Introduction 

In Chapters 2 to 4, a methodical approach was undertaken to examine, identify, 

and assess the influence of strike-slip movement on the aborted rift of the Atlas 

system (Chapter 2), identify such movement and its characteristics in the rifted 

margin of the Eastern Gulf of Mexico (Chapter 3), and analyse the tectonic 

characteristics in the transform margin of Ghana (Chapter 4). The analysis of the 

Eastern Gulf of Mexico reveals an absence of significant strike-slip characteristics 

capable of influencing the divergent margin. However, Chapter 3 delves into an 

extensive discussion on the potential implications of strike-slip faults, particularly 

if they were active before the rifting processes.  

This chapter encapsulates the discussion on strike-slip tectonics in divergent 

systems, outlines areas for future work, and presents key conclusions. Initially, it 

explores basin characteristics and examines the relationship between crusts and 

structures identified within the tectonic settings of a failed rift system and a 

transform margin. Based on the studied areas, it discusses the differences 

between orthogonal divergent and oblique divergent margins, and integrates the 

kinematic evolution of the previous chapters into the Pangaea’s break-up. 

Subsequently, a comparative analysis is drawn with divergent rift systems 

influenced by strike-slip. The discussion is followed by a series of potential future 

studies that could be done building upon the work presented in this thesis and 

aims to enrich the understanding of the explored topic. The chapter concludes 

with remarks summarising the key findings. 
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5.2 Stress-regime and tectono-stratigraphy 

5.2.1 Stress regime 

Both case studies of the Atlas system and Ghana indicate lateral stress-field 

variation, despite the predominant regional oblique extension. An exception 

arises in Ghana during the break-up, when certain parts of the continental crust 

and sediments were influenced by transpression. However, during the regional 

transtensional phase, the findings from Atlas (Figure 2.11) and Ghana (Figure 

4.19) reveal the coexistence of transtension, pure strike-slip, orthogonal 

extension, and transpression. In the case of Ghana, there is a discernible 

alternation between transtension or strike-slip and orthogonal extension. 

Meanwhile, in the Atlas system, there is a sequence of orthogonal extension, 

transtension with local folding (e.g., Chapter 2 – Er-Rich transtensional folding, 

Figure 2.8; Fossen et al., 2013), and transpression or zones of exhumation 

caused by volcanic intrusions (Chapter 2 – Agoudal, Figure 2.6; Girard and van 

Wyk de Vries, 2005). Pre-existing faults accommodate deformation based on the 

stress regime and their geometry, with newly formed structures more likely to 

develop under a low obliquity stress regime.  

3D numerical modelling in rift systems (Brune, 2014) supports the stress variation 

along the rift systems with obliquity. According to Brune (2014), rift systems with 

low obliquity exhibit a stress field that predominantly features orthogonal 

extension, with some strike-slip component in the centre of the system. Moderate 

obliquity systems resemble low obliquity ones, but with more pronounced strike-

slip movement in the centre of the margin, and well-developed Riedel structures 

accommodating orthogonal extension. High obliquity rift systems predominantly 

exhibit strike-slip (Agostini et al., 2009; Brune, 2014) and transtensional stress 

regime, with minor orthogonal extension surrounding the strike-slip. Based on this 

numerical modelling (Brune, 2014), the Atlas system would likely be classified as 

having low to moderate obliquity, with some stress variation as mentioned earlier 

and in accordance with the paleostress analysis (Chapter 2; Figures 2.10-2.11). 

Meanwhile, the Ghanaian margin (Chapter 4; Figure 4.19) would be categorised 

as a high obliquity rifted system. 
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5.2.2 Faults 

In both case studies examining the Atlas rift system (Chapter 2) and the Ghanaian 

margin (Chapter 4), the evolution of these regions is notably shaped by pre-

existing structures, playing a significant role compared to the emergence of newly 

formed structures, and establishing the structural template for the systems 

mentioned above. In the Atlas system, ENE-WSW and NE-SW trending 

structures (Figure 2.1) were established during the preceding Hercynian Orogeny 

and were reactivated during the failed orthogonal rifting (Chapter 2; Laville and 

Petit, 1984; Beauchamp, 1988; Laville and Piqué, 1992; Piqué et al., 2002; 

Michard et al., 2008; Frizon de Lamotte et al., 2015). While in Ghana, NE-SW to 

NNE-SSW (Figure 4.19) structures formed during the Pan-African orogeny 

influenced the transform margin formation (Chapter 4; Affaton et al., 1980; 

Trompette, 1994; Tidjani et al., 1997; Attoh et al., 2004). These structures 

accommodate the initial motion of transtension or strike-slip movement (Basile, 

2015; Mercier de Lépinay et al., 2016).  

Typical transform margins and transtensional settings exhibit complex fault 

networks (Antobreh et al., 2009; Benkhelil et al., 1995; Farangitakis et al., 2019; 

Mascle & Blarez, 1987; Nemčok et al., 2016; Scrutton, 1979) likely associated 

with stress-regime alternations (Mercier de Lépinay et al., 2016) that can be found 

in such tectonic settings. The stress regime, deformation, fault activity, and 

consequently sediment distribution adapt based on the regional stress induced 

by plate activity and the geometry of pre-existing structures, which are mobilised 

first. Field data (Bellahsen et al., 2013), seismic reflection data (Abd-Allah et al., 

2014), and analogue modelling in strike-slip tectonic settings (Agostini et al., 

2009; Corti et al., 2020; de Souza Rodrigues et al., 2023; Farangitakis et al., 

2019; Richard & Krantz, 1991; Viola et al., 2004; Zwaan et al., 2016) indicate that 

pre-existing faults are the first to be reactivated under strike-slip movement, 

giving space for new structures to get developed as Riedel shear structures (Viola 

et al., 2004; Zwaan et al., 2016) and parallel to sub-parallel in orientation to the 

strike-slip movement (Corti et al., 2020) as similarly observed in Chapters 2 and 

4.  

The analogue modelling carried out by Corti et al. (2020) provides valuable 

insights into the effect of the pre-existing structures on the pull-apart basins 

(Figure 5.1i-viii). Their models, run under normal gravity conditions, consisted of 
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two crustal blocks simulating simple shear deformation (Corti et al., 2020). To 

simulate the brittle behaviour of the upper crust, the models used a sand pack 

composed of a mixture of quartz and K-feldspar sand. In terms of scaling, 1 cm 

in the model corresponds to 3 km in nature, allowing for a lateral displacement of 

12 km in a 12 km thick upper crust (Corti et al., 2020). Despite the model setup 

corresponding to small-scale natural basins, the lateral displacement and 

thickness of the upper crust enable comparisons with the Atlas system.   

Corti's et al. (2020) models align with the Atlas system, whose pre-existing 

structures are both parallel and oblique to the opening due to prior orthogonal 

failed rifting (Figure 5.1ix). Sinistral transtensional influence led to the formation 

of new structures, partly intersecting the pre-existing ones, yet predominantly 

manifesting within the basin (Figure 5.1x). In the case of the Atlas system, the 

basin’s characteristics, as identified in Chapter 2, align with phases  shown in 

Figures 5.1iii, 5.1vi and 5.1vii. The main characteristics extracted from the 

analogue modelling of Corti et al. (2020) that best describe the transtensional 

evolution of the Atlas system are: i) significant linear faults formed along the pre-

existing basin’s border faults, parallel to the opening, and ii) the reactivation of 

oblique to the borders inherited structures, notably prominent in the central part 

of the basin (Figure 2.11). However, the reactivation of the oblique faults 

experiences a delayed onset. 

The analogue modelling by de Souza Rodrigues et al. (2023)  was designed to 

simulate the brittle upper and ductile lower continental crust, which was compared 

with the Equatorial Atlantic (Figure 5.2i-iii). Natural dry quartz sand or corundum 

sand was used to represent the upper crust, while high-viscosity silicone layer 

simulated the lower continental crust (de Souza Rodrigues et al., 2023). This 

generic model, with a thickness of 4 cm, corresponds to a natural upper crust 

thickness of 20 km and a lower continental crust of 10 km (de Souza Rodrigues 

et al., 2023). 

The model of de Souza Rodrigues et al. (2023) provides an overview without a 

detailed depiction of all structures outlined in Chapter 4 (Figures 4.18 and 5.2iv-

v). Nevertheless, their model (Figure 5.2i-iii) effectively captures the reactivation 

of pre-existing ENE-WSW and NE-SW structures, and the formation of newly 

developed NW-SE structures, in line with the insights presented in Chaper 4 and 

summarised in Figure 5.2iv-v. The chronological sequence of initial reactivation 
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of pre-existing structures followed by the formation of new structures aligns with 

the established models in strike-slip and transtensional settings (Agostini et al., 

2009; Corti et al., 2020; Farangitakis et al., 2019; Richard & Krantz, 1991; Viola 

et al., 2004; Zwaan et al., 2016).  

The new structures may intersect pre-existing ones, as exemplified in Chapter 2 

with the Ouaouizaght case (Figure 2.4) – a strike-slip fault cross-cutting a pre-

existing and reactivated relay ramp (Figure 2.11-2). New structures develop in 

accordance with the stress regime (Viola et al., 2004; Zwaan et al., 2016), forming 

mesoscopic and megascopic Riedel structures. These are illustrated in Chapter 

4 with the NW-SE structures in the eastern segment of Ghana (Figure 4.18), and 

in Chapter 2 with the transtensional folding in the Er-Rich region (Figure 2.8d), 

and the newly formed extensional oblique-slip faults in the Ouaouizaght region 

(Figure 2.4e) of the Atlas system. According to Fossen et al. (2013), 

transtensional folding requires a more ductile volume of rocks. Generally, a 

substantial presence of either salt or shale can contribute to the development of 

these geometries. In the Atlas system, salt plays a significant role, and its mobility 

could facilitate the formation of such geometries. 

 

Figure 5.1: Analogue modelling (modified from Corti et al., 2020) of pull-apart basin 

with different orientations of pre-existing structures – parallel (i-iv) and oblique to 

the opening (v-viii), and Atlas system opening (ix-x) based on Chapter 2.  
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Figure 5.2: Equatorial Atlantic opening – analogue modelling (i-iii; modified from 
de Souza Rodrigues et al., 2023), and schematic diagram (iv-v) based on Chapter 
4. 
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5.2.3 Sediment characteristics  

In response to the prevailing stress regime, the structures demonstrate variable 

sediment geometries. Insights from seismic reflection data, field analogues 

(Figures 5.3-5.4; Chapters 2 and 4), and analogue modelling in transtensional 

pull-apart basins (Wu et al., 2009) and transform margins (Figures 5.3-5.4; de 

Souza Rodrigues et al., 2023) reveal comparable characteristics. Under an 

orthogonal stress regime, faults give rise to graben and horst formations, 

exhibiting a potential listric geometry, and facilitating the accumulation of growth 

strata with associated growth wedges. Segments of Ghana influenced by 

orthogonal extension (Figure 4.19) and the Atlas system’s orthogonal rifting 

phase (Figure 2.10), despite later deformation and inversion, exhibit well-

developed growth strata characterised by the typical wedge geometry (Figure 

5.3a-b). This corresponds to the analogue modelling cross-section in orthogonal 

grabens of de Souza Rodrigues et al. (2023) (Figure 5.3c). 
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Figure 5.3: Orthogonal influenced growth strata. (a) seismic data indicating growth 

strata in the orthogonal influenced segment of the Ghanaian margin. Seismic data 

courtesy of TGS. (b) Inverted growth strata from the orthogonal failed rifting of the 

Atlas system. (c) Analogue modelling cross-section modified from de Souza 

Rodrigues et al. (2023). Red rectangular corresponds to the seismic and field data 

observations.  

On the other hand, during the oblique tectonic phases, both cases and analogue 

modelling indicate the formation of pull-apart basins bounded by strike-slip faults 

(Figure 5.4). The pull-apart basins, reflecting the degree of obliquity, 

accommodate growth strata with sub-horizontal to horizontal geometry, resulting 

in symmetrical depositional troughs, as previously proposed by Wu et al. (2009) 

and de Souza Rodrigues et al. (2023). Therefore, the interpretation of oblique-

influenced growth strata should be grounded in similar units demonstrating 

thickness variation around the strike-slip fault (Figure 5.4b) or rely on well data 

(Figure 5.4a) where feasible.  

 

Figure 5.4: Oblique influenced growth strata. (a) seismic data indicating growth 

strata in the strike-slip influenced segment of the Ghanaian margin. Seismic data 

courtesy of TGS. (b) Growth strata occurred in the Atlas system during the 

transtensional phase. (c) Analogue modelling cross-section modified from de 

Souza Rodrigues et al. (2023). Red rectangular corresponds to the seismic and 

field data observations.   
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5.3 Crustal types-fault relationships and magmatism  

The examination of the Atlas system and the Ghanaian margin in the 

corresponding chapters (Chapters 2 and 4) involves tectonic processes of plate 

movement, activity at major strike-slip zones, and associated magmatism. The 

timing of magmatic activity associated with transform margins remains a subject 

of debate (Berndt, Mjelde, et al., 2001; Loncke et al., 2020). Previous research 

has documented magmatic intrusions, lava flows, and underplating along some 

transform margins (Antobreh et al., 2009; Berndt, Planke, et al., 2001). These 

phenomena are linked to the formation of the oceanic crust and its juxtaposition 

against the cooler continental crust (Mutter et al., 1988) at the strike-slip fault 

zone (Figure 5.5A). This interaction can lead to additional melting in the later 

stages of the transform movement (Lorenzo et al., 1991), indicating diachronous 

melting from active rifting and break-up, generated through decompression 

(Mutter & Larson, 1989), toward the passive margin phase. Moreover, the thermal 

gradient at the strike-slip fault zone would result in a temperature decrease in the 

upper mantle, leading to melt production caused by the transportation of the 

oceanic crust to the adjacent continental crust (Berndt, Mjelde, et al., 2001).  

Although the Ghanaian margin is considered magma-poor, it shows magmatic 

supply influenced by active strike-slip tectonics, as discussed in Chapter 4 (Figure 

4.18). Two magmatic events align with the previously mentioned mechanisms 

and timing. The first activity, associated with the tectonic processes, occurred 

during the early phases of break-up, and the second one during the post-rift 

phase, both occurring at the strike-slip fault zone. The first magmatic phase 

altered the continental crust into a magmatic crust at the continental-oceanic 

boundary, which is the transform or the strike-slip fault zone. Similar 

characteristics have been observed in the Davis Strait located between Canada 

and Greenland, where stretched continental crust has been highly intruded, 

described as a new igneous crust (Suckro et al., 2013). Crustal thickening by 

intrusions at the continental-oceanic transition has been noted in the shear-

influenced Norwegian Vøring transform margin, classified as magma-rich, with 

key characteristics including intrusive and extrusive materials, underplating and 

sills (Skogseid et al., 1992; Skogly, 1998; Berndt et al., 2001).  

In the Atlas system, despite the passive nature of transtensional movement, 

aligned with Mann's (2007) cratonic strike-slip (Figure 5.5A) faults, similar 
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characteristics are observed. Post-transtension and potential syn-transtension 

(Figure 2.6) magmatism was discussed in Chapter 2. Magmatism has extensively 

been observed in pull-apart basins, which intruded either during or at the end of 

pull-apart basin evolution (Aydin et al., 1990; Aydin & Nur, 1982; Bellier & Sébrier, 

1994; Corti & Dooley, 2015; De Paola et al., 2005; El-Sawy & Masrouhi, 2019; 

Filatova, 2008; Girard & van Wyk de Vries, 2005; Mann et al., 1983; Mann, 2007; 

Mao et al., 2021; Ngako et al., 2003; Sagong et al., 2001; Suo et al., 2015; Tatar 

et al., 2007). North Anatolia (e.g., Aydin and Nur, 1982; Tatar et al., 2007), Gulf 

of California (e.g., Aydin and Nur, 1982), the Yeongdong pull-apart basin in south-

western Korea (Sagong et al., 2001), the east China Sea (Suo et al., 2015) and 

intra-cratonic pull-apart basins in China (Fu et al., 2012) constitute some of these 

pull-apart basins. In addition, the low obliquity Main Ethiopian Rift (Abebe et al., 

2007; Corti, 2009; Rooney et al., 2007), and the areas covered in this thesis, 

support the model proposed by Dewey et al. (1986) (Figure 5.5B). This model 

suggests that the depth of the fracture zone, the elastic lid beneath the pull-apart 

basin, and the rapid extension may contribute to volcanic activity in the fracture 

zone.  

 

Figure 5.5: A. Updated strike-slip tectonics 3D model capturing both contractional 

and extensional tectonics (after Woodcock, 1986). Red illustrates the intrusions 

occur in a pull-apart basin and a continental transform margin. B. Schematic 

illustration of a pull-apart basin with intrusions (after Dewey et al., 1986).   
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5.4 Classic rifted margins vs strike-slip influenced margins 

In the previous chapters, various types of divergent systems with distinct 

characteristics were identified. This section will summarise the key results and 

highlight the differences between the diverse extensional systems analysed in 

Chapters 2-4.  

5.4.1 Rifted margins 

The Florida margin exhibits typical characteristics of a passive rifted margin, as 

analysed in Chapters 1 and 3, and illustrated in Figures 1.1 and 3.11, 

respectively. Passive rifted margins can be classified as either magma-poor or 

magma-rich depending on the magma-supply and the relative tectonic processes 

(Figure 1.1; Doré & Lundin, 2015; Franke, 2013; Lister et al., 1991; Peron-Pinvidic 

et al., 2013; Planke & Eldholm, 1994; Sutra & Manatschal, 2012). Although, the 

Florida margin displays both types. Figure 3.11 illustrates Seaward Dipping 

Reflectors (SDR), hyperextended continental crust, and potential exhumed 

mantle, resulting from variable tectonic events during the rift-to-drift transition, the 

shift of the rotation pole, and the migration of the magma supply away from the 

rifting processes (more details on Chapter 3).  

Additionally, significant syn-rift sediment characteristics within the basin are 

identified by their geometry, developing against the footwall, forming a wedge 

shape, as well illustrated in seismic lines D, E and F in Figures 3.6-3.7. These 

geometries are consistent to the magma-poor margin model (Figure 1.1Ab; Doré 

& Lundin, 2015; Franke, 2013; Lister et al., 1991; Peron-Pinvidic et al., 2013; 

Sutra & Manatschal, 2012). 

5.4.2 Transform margins 

Transform margins exhibit distinct characteristics compared to passive rifted 

margins in terms of crustal structure, magma supply, and basin development. At 

the crustal scale, as shown in the Ghanaian margin (Chapter 4), there is typically 

an abrupt transition between continental and oceanic crust, as proposed by 

Basile (2015), Loncke et al. (2020), and Mercier de Lépinay et al. (2016) (Figure 

1.1B). However, in addition to the juxtaposition of oceanic and continental crusts, 

seismic analysis of the Ghanaian margin (Figures 4.13 and 4.18) reveals a 

magmatic transitional crust. This suggests that magma supply can alter the 
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continental crust during the syn-transform phase of the transform margin, as 

discussed in Chapter 4 and section 5.3. Furthermore, magma-supply can leak 

through transfer or thick skinned faults and intrude the sediments, as observed in 

both the Atlas system and the Ghanaian margin, in Chapters 2 and 4, respectively 

(Figures 2.6, 2.11, 4.10, 4.12, and 4.18).    

Lastly, the oblique movement, as observed and discussed in both the Atlas 

system and the Ghanaian margin, forms depocenters that accommodate 

sediments (e.g., Figures 4.5 and 5.4; and Antobreh et al., 2009). These 

depocenters differ from the typical growth strata observed in the passive margins 

(Figures 3.6 and 5.3).   
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5.5 Atlantic opening  

The previous kinematic analysis and schematic reconstructions of the three study 

areas in the Atlas system, along with the Florida and Ghanaian margins, allow us 

to constrain kinematic information on the break-up of Pangaea from the Late 

Triassic to Late Cretaceous (Figure 5.6). 

Based on chapters 2-4, rifting in Pangaea began with localised NW-SE trending 

extension in the North Atlantic in the Triassic (Figure 5.6; Norian). This rifting 

extended southward with the same trend, influencing the Gulf of Mexico region 

(Figure 5.6; Tr-Jr Boundary). Concurrently, rifting started with dextral shear in the 

transform margin of the South Atlantic.  

In the Early Jurassic (Figure 5.6; Toarcian), the transform movement in the South 

Atlantic persisted, but the stresses at the core of Pangaea altered. In the Gulf of 

Mexico, stresses shifted to a NE-SW extensional trend, while North Africa began 

experiencing passive transtensional sinistral movement from the synchronous 

opening Atlantic and Tethyan opening (e.g., Escosa et al., 2021). By the Middle 

Jurassic (Figure 5.6; Bajocian-Bathonian), the stresses remained under a stable 

state, accompanied by the counterclockwise rotation of the Yucatan block, 

continuing until the Tithonian (Figure 5.6; Tithonian). Seafloor spreading at the 

core of Pangaea began during the Tithonian and the Jurassic-Cretaceous 

Boundary (Figure 5.6; Jr-Cr) in the Gulf of Mexico and the North Atlantic, 

respectively.  

With continued extension in the South Atlantic and the propagation of the seafloor 

spreading northward (Granot & Dyment, 2015; He et al., 2008; Malinverno et al., 

2012; Moulin et al., 2010; Nürnberg & Müller, 1991; Pérez-Díaz & Eagles, 2014), 

extension began in the Equatorial Atlantic in the Early Cretaceous (Figure 5.6; 

Barremian). This continuous movement of the African plate towards the NE 

caused dextral oblique extension (Figure 5.6; Early Aptian) until the Albian 

(Figure 5.6; Early Albian), when the African plate shifted its movement towards 

the ENE (e.g., Antobreh et al., 2009), causing dextral- transpression in the 

Equatorial Atlantic (Figure 5.6; Late Albian-Cenomanian). This transpression in 

the Equatorial Atlantic represents the final stage of tectonism in the Pangea 

break-up until the Campanian (Figure 5.6), when seafloor spreading became 

evident along the Atlantic.  
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Figure 5.6: Pangaea’s break-up evolution integrating the kinematic characteristics from Chapters  2-4. Kinematic characteristics in North and South Atlantic opening are based on previous studies 
(Antobreh et al., 2009; Granot & Dyment, 2015; He et al., 2008; Malinverno et al., 2012; Moulin et al., 2010; Scotese, 2016), (model from Scotese, 2016). Tr-Jr Boundary: Triassic-Jurassic Boundary.  
Jr-Cr Boundary: Jurassic-Cretaceous Boundary. 
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5.6 Comparison with other divergent systems influenced by 

strike-slip faults 

In the previous chapters and sections, the discussion focused on the stress 

regime, tectono-stratigraphy, and the relationship between the crustal types and 

the faults in oblique systems. The analysis drew from analogue models, 

complemented by comparisons with natural examples to enrich the observations 

of this work. This section further compares in detail these findings with other 

systems under a distinct rifting phase and obliquity.   

5.6.1 East Africa Rift and the Main Ethiopian Rift  

The East Africa Rift serves as an insightful natural example for comparing 

observations from both Ghana and Atlas. The East African Rift displays various 

fault types, reactivation of pre-existing structures, sub-horizontal syn-rift 

sediments, and volcanism.  

The East African Rift features diverse fault types, such as normal faults, dextral 

or sinistral strike-slip and oblique-slip faults, and local reverse faults (Chorowicz, 

1989; Chorowicz & Mukonki, 1979; Chorowicz, 2005; Daly et al., 1989; Ebinger, 

1989; Kazmin, 1980; Kilembe & Rosendahl, 1992; Tiercelin et al., 1988; Wheeler 

& Karson, 1994). This variation corresponds to lateral stress differences and 

varying degrees of obliquity, akin to observations in the Atlas system. Along the 

East African rift, a series of lithospheric pre-existing weaknesses are inferred to 

have been reactivated (Bosworth & Morley, 1994; Delvaux, 2001; Ebinger, 1989; 

Smith & Mosley, 1993). The Main Ethiopian Rift, a segment of the East African 

Rift, consists of two fault trends at the boundary and the centre of the rift system, 

with the latter constituting the reactivated structures (Chorowicz et al., 1994; 

Corti, 2009). This reactivation mirrors observations in both Ghana and Atlas, 

where main faults correspond to reactivated pre-existing structures. However, in 

this thesis’ study areas, the pre-existing structures can either be at the boundary 

or the centre of the system. Based on the analogue modelling in the Main 

Ethiopian Rift by Corti (2008), rifting propagates from the boundaries to the centre 

(Corti, 2009; Ebinger, 2005). In the Atlas system, the propagation of the rifting 

cannot be distinguished only based on the current field data, and further analysis 

is required. The Equatorial Atlantic’s higher obliquity introduces different 

characteristics, preventing a direct comparison with the current system.  
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Sedimentation within the East African Rift System varies with the obliquity 

influence. Seismic profiles across Lakes Rukwa (Kilembe & Rosendahl, 1992) 

and Tanganyika (Figure 5.7A; Project PROBE, 1986; Chorowicz, 2005) in 

Tanzania reveal distinct characteristics. These profiles depict listric faults forming 

a pull-apart basin, demonstrating thickness variation in syn-rift sediments with 

sub-horizontal geometry. Additionally, Tanganyika exhibits characteristics of a 

half-graben filled with sub-horizontal growth strata. In both cases, the seismic 

profiles allow us to attribute similar elements to Figure 5.4. These elements are 

associated with either variations in sediment thickness on each side of the faults 

or the presence of thick sedimentation within half-grabens. In addition, the Main 

Ethiopian Rift’s central segment displays more pronounced oblique 

characteristics than the northern counterpart (Abebe et al., 2005; Wolfenden et 

al., 2004). However, the limited availability of seismic reflection data in this basin 

introduces ambiguity in assessing sediment characteristics (Corti, 2009). On the 

other hand, a seismic profile in Lake Malawi indicates a more orthogonal 

extension with the typical growth strata (Specht and Rosendahl, 1989; Rosendahl 

et al., 1992; Figures 5.3 & 5.7B). 

Volcanic activity has been observed along the East African Rift System, 

particularly in the northern region (Chorowicz, 2005). In the north, where the Main 

Ethiopian Rift is situated, magmatism is linked to pre-existing structures 

experiencing oblique movement at the centre of the system (Ebinger & Casey, 

2001; Rooney et al., 2007). Ebinger (2005) proposed a rift evolution for the Main 

Ethiopian Rift, highlighting similarities with both the Atlas system and Ghana. As 

mentioned earlier, magmatic activity is concentrated in the central faults of the rift 

system, mirroring the Atlas system. Magmatic intrusions, sills, and dykes modify 

the continental crust, resulting in heavily intruded zones and the formation of new 

oceanic crust. Similar intruded zones were observed in the Ghanaian margin, 

aligning with the proposed model (Figure 5.5). However, in the Main Ethiopian 

Rift the lower obliquity compared to Ghana facilitates the development of seaward 

dipping lavas (Ebinger, 2005). 
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Figure 5.7: A. Seismic profile in the Tanganvika Lake of the East African Rift 
System (modified from Project PROBE, 1986; Chorowicz, 2005). B. Seismic 
reflection profile of Lake Malawi (modified from Specht and Rosendahl, 1989; 
Rosendahl et al., 1992) and inferred lithospheric cross-section of the northern 
Kenyan rift. 
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5.6.2 Agulhas transform margin – South Africa  

The Agulhas transform margin (Figure 5.8) in South Africa shares similar 

resemblances with the proposed model (Figure 5.5A) and the transform margin 

of Ghana (Figure 4.19). Inherited Proterozoic structures (Illsley‐Kemp et al., 2018; 

Meert & Lieberman, 2008) underwent reactivation during the transform 

movement (Paton et al., 2023). However, their orientation is parallel to the 

opening in contrast to the pre-existing structure of Ghana. The behaviour of pre-

existing structures parallel to the opening in pull-apart basins is described by Corti 

et al. (2020) (Figure 5.1).  

The initiation of the Agulhas Falklands Fracture Zone caused a change in the 

stress distribution in the region according to the orientation of the pre-existing 

structures. The stress was divided among different geological features, including 

areas where strike-slip dominated and areas experiencing simultaneous 

stretching and compression (Paton et al., 2023). Due to the synchronous 

contraction, extension, and strike-slip deformation in the Agulhas margin, the 

stratigraphic geometries cannot be compared with the Ghanaian margin, where 

the contractional and extensional events occurred in a sequential manner.  

Lastly, similarly to the Ghanaian margin (Figure 4.18), the Agulhas transform 

margin exhibits seamounts and localised magmatism along the transform fault 

(Markwick et al., 2022; Paton et al., 2023). Magmatic intrusions form narrow 

stripes of mixed continental and magmatic crust along the line of Agulhas 

Falklands Fracture Zone and Agulhas Ridge (Markwick et al., 2022; Paton et al., 

2023; Uenzelmann-Neben & Gohl, 2004). 

 

Figure 5.8: Crustal distribution in the South African margin with key structural 
elements and igneous features (modified from Markwick et al., 2022; Paton et al., 
2023). FZ: Fracture Zone.  
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5.6.3 Barents Sea and Norwegian transform margins  

The Norwegian – Greenland Sea is distinguished by alternating sheared and 

rifted margins (Figure 5.9). The Vøring margin exhibits characteristics of a shear-

influenced rifted margin, while the Svalbard margin is identified as a sheared 

margin (Faleide et al., 2008). The architecture of the Vøring margin suggests 

orthogonal extension, with a transfer zone marking the boundary between the 

margin and the Vøring Plateau. The region is associated with lithospheric 

stretching and breakup-related magmatism (Breivik et al., 2006; Eldholm et al., 

2002; Mjelde et al., 1993, 2003; Mjelde, Raum, Breivik, et al., 2005; Olesen et al., 

2002; Steltenpohl et al., 2004; Tsikalas et al., 2005). The Barents Sea-Svalbard 

margin developed along a shear zone, with different segments influenced by 

orthogonal or oblique extension (Faleide et al., 2008), each exhibiting distinct 

crustal properties, structural features, and magmatic characteristics (Breivik et 

al., 1999; Eldholm et al., 1987; Faleide et al., 1988; Jebsen & Faleide, 1998; 

Ritzmann, 2003; Ritzmann et al., 2004). 

Within the Svalbard margin, both transtensional and transpressional features, 

and potentially inherited structures can be observed, along with break-up-related 

volcanic activity, observed by prominent volcanoes and intrusions in the outer 

margin (Breivik et al., 1999; Faleide et al., 1988; Jebsen & Faleide, 1998; 

Ritzmann, 2003; Ritzmann et al., 2004). Notably, magmatism is specifically 

observed in rift-influenced shear segments of the Svalbard margin.  

Considering these characteristics, the Norwegian – Greenland Sea shares 

significant similarities with the Ghanaian margin and the proposed model (Figure 

5.5A), yet notable differences exist. Both margins are segmented with varying 

degrees of obliquity, as outlined in Chapter 4 (Figure 4.19) and proposed by 

Antobreh et al. (2009), leading to distinct lateral stress regimes. Reactivation of 

inherited structures is a possibility in the Svalbard margin, although the extent of 

their activity remains unclear. Breakup-related magmatism is evident in both 

areas, with the Svalbard margin having similar magmatic characteristics of 

thinned intruded crust at the continental-oceanic boundary (Eldholm et al., 1987), 

but also in segments influenced by orthogonal extension, contrasting with 

observations in Ghana. This variability may be related to the Norwegian – 

Greenland sea margins’ magmatic nature. Additionally, in the shear-influenced 

Vøring rifted margin, SDRs were interpreted (Eldholm, 1989; Mjelde, Raum, 
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Myhren, et al., 2005; Planke et al., 1999), which is not a characteristic identified 

in the Ghanaian margin.  

 

Figure 5.9: Regional structural map with structural elements related to different 
rift phases and crustal transects across the rifted margin of mid Norway (1-6), and 
the mainly sheared western Barents Sea-Svalbard margin (7-12) (modified from 
Faleide et al., 2008).  
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5.6.4 Gulf of California  

The Gulf of California is a young transtensional margin, which is bounded by en-

echelon NW-SE trending strike-slip faults, delineating the pull-apart basin (Figure 

5.10; e.g., Lizarralde et al., 2007; Bennett et al., 2013). In the northern region, 

active rifting is prevalent (Martín‐Barajas et al., 2013), while the southern and 

central Gulf exhibit ongoing seafloor spreading (Lizarralde et al., 2007). In 

addition to the bounding strike-slip faults, the basin features NE-SW trending 

normal and strike-slip faults (Aragón-Arreola & Martín-Barajas, 2007; Axen & 

Fletcher, 1998; Bennett, 2013; Bennett et al., 2013; Fletcher & Spelz, 2009; Gastil 

& Krummenacher, 1977; Harding, 1990; Lewis & Stock, 1998; Martín-Barajas et 

al., 1995; Martín‐Barajas et al., 2013; Oskin, 2002; Persaud et al., 2003; 

Sanchez-Zamora et al., 1991; Seiler et al., 2010).  

The boundaries of the Gulf of California are influenced by oblique movement, 

while the basin experiences primarily orthogonal extension (Farangitakis et al., 

2020). The faults in the Gulf of California are newly formed, without any evidence 

of reactivated structures. Magmatic intrusions and volcanic deposits in the 

sedimentary sequences (Aragón-Arreola & Martín-Barajas, 2007; Persaud et al., 

2003; Sanchez-Zamora et al., 1991), along with syn-rift volcanism, contribute to 

the development of a hybrid magmatic-continental crust along the strike-slip fault 

zones (Martín‐Barajas et al., 2013), resembling characteristics observed in the 

Ghanaian margin (Figure 4.18). 

Seismic analysis of the Gulf of California (Aragón-Arreola & Martín-Barajas, 2007; 

Martín‐Barajas et al., 2013) reveals the presence of listric faults forming half-

grabens accommodating syn-rift sediments and locally forming antiforms. The 

antiforms may also be attributed to the strike-slip fault activity. The sediment 

geometries and fault characteristics suggest a predominant transtensional 

margin with major depocenters, differing significantly from the Ghanaian 

transform margin. In the Ghanaian margin, the major depocenters developed in 

pull-apart basins (e.g., Figure 4.3b). Furthermore, the Gulf of California lacks 

tectono-stratigraphic similarities with the transtensional Atlas system, possibly 

attributed to inherited structures, as the Atlas system had a well-developed fault 

system prior to the onset of the transtensional phase.  
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Figure 5.10: Structural framework of the Gulf of California and seismic profile in 
Tiburon basin bounded by strike-slip and oblique slip faults (after Martín‐Barajas 
et al., 2013 and references therein). 
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5.6.5 Bohai, China  

The Bohai Basin in Northern China is identified as a pull-apart basin, bound by 

major NE-SW and minor E-W and NNE-SSW trending structures (Figure 5.11), 

sharing a similar structural template with the Atlas system (Figure 2.1).  

 

Figure 5.11: Structural map of the Bohai basin in China illustrating the master 
dextral strike-slip fault with NE-SW orientation (Qi & Yang, 2010). 

 

The stress field induced by plate movement in the Bohai Basin led to the 

reactivation of lithospheric scale pre-existing structures (Allen et al., 1997; 

Klimetz, 1983), resulting in the formation of depressions and uplifts (Qi & Yang, 

2010). The variety of fault types within the basin implies a stress field including 

normal, oblique extension, and strike-slip (Allen et al., 1997; Farangitakis et al., 

2020; Qi & Yang, 2010). Local uplift and compression along strike-slip faults in 
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the Bohai Basin may be attributed to either a subsequent compressional event 

(Qi & Yang, 2010) or ongoing strike-slip activity (Farangitakis et al., 2020). 

Additionally, the lithospheric-scale strike-slip faults in the Bohai Basin may 

accommodate magmatic material due to mantle upwelling (Qi & Yang, 2010). 

While these characteristics align with observations in the Atlas system (Figure 

2.11), some distinctions exist. In the Bohai Basin, the stress field alternates 

between orthogonal and strike-slip, and the syn-rift sediments display typical 

growth strata, occasionally exhibiting discontinuities near the strike-slip faults 

(Allen et al., 1998; Qi & Yang, 2010). In contrast, the Atlas system exhibits 

additional contractional deformation, with growth strata corresponding to the 

stress regime (Figures 2.6 and 2.8d).  
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5.7 Suggested future research 

5.7.1 Magmatism in oblique rifts 

Further investigation of the addition of magmatism effects in the oblique system 

is required. In this study, this was limited by available research time and well data. 

In the High Atlas, samples could have been collected to do some 40Ar-39Ar 

geochronology, however, due to limited time, this was not feasible. Dating the 

magmatic material identified in the fracture zones in the Central High Atlas 

(Chapter 2) would give further insights into the magma influence in the oblique 

extensional setting. Similarly, in Ghana, Chapter 4, published well data were 

used, which mostly focus on the proximal domain, and do not indicate specific 

timing on the magma supply. Well data in the Romanche Fracture Zone and the 

continental-oceanic boundary would give more information about the magma 

supply during rifting. Lastly, the analysis of magmatism in oblique rifts would 

indicate the effect on the rheology of the oblique rift systems, and how this could 

control the asymmetry during their evolution.  

5.7.2 Data availability  

In this study, I used field and 2D seismic reflection data to identify the structural 

configuration, crustal characteristics, and paleostress variations within different 

rift systems influenced by strike-slip tectonics. However, for a more 

comprehensive investigation and analysis of strike-slip tectonics, it is imperative 

to incorporate data and modelling that capture lateral variations.  

The utilization of 3D seismic reflection data or densely sampled 2D seismic 

reflection data would provide a more detailed and precise image of the structural 

configuration. While the data density for the Ghanaian margin, as demonstrated 

in Chapter 4, is sufficient, additional data are required for the Atlas system. This 

would not only further support the fieldwork observations, but also contribute 

valuable insights to the evolutionary processes. Similarly, the Florida margin 

requires additional 2D or even 3D seismic reflection data to effectively identify 

and characterise any potential strike-slip tectonics in the region.  

5.7.3 Modelling  

Apart from the additional data, the incorporation of a series of models can 

enhance the analysis of strike-slip tectonics, providing valuable insights for each 
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of the individual case study areas (Chapters 2-4) as well as contributing to the 

development of the current strike-slip tectonics model (Figure 5.5). These 

modelling approaches include (1) numerical, (2) analogue modelling, and (3) 

plate reconstruction models.  

• Numerical and analogue modelling for strike-slip tectonics: Numerical and 

analogue modelling would be the best approach for strike-slip tectonics. 

These would capture stress variation and the evolution of the faults along 

the transform margin of Ghana and the failed Atlas rift system. This 

approach will offer insights into the fault evolution in different segments of 

Ghana and a more accurate understanding of stress variation over time in 

both regions. Regional scale 4D models can be constructed based on the 

current seismic reflection data, field data, numerical, and analogue 

modelling, allowing for comparisons with current models in oblique rifting 

and transform margins (Agostini et al., 2009; Brune, 2014; de Souza 

Rodrigues et al., 2023; Farangitakis et al., 2019, 2020; Wu et al., 2009; 

Zwaan et al., 2016).  

• Gulf of Mexico: The aforementioned models would aid in identifying 

potential strike-slip activity in the Gulf of Mexico during the early stages of 

rifting, as further discussed in Chapter 3. Plate reconstruction would further 

contribute to existing plate models (Filina & Beutel, 2022; Kneller & 

Johnson, 2011; Lundin & Doré, 2017; Minguez et al., 2020; Pindell et al., 

2021). 

• Atlas system: Various models would assist in identifying the exact timing 

and degree of obliquity in the Atlas system. Testing different models would 

provide insights into the initiation and cessation of the transtensional 

phase, adding more information to previous plate reconstructions (Ellouz 

et al., 2003; Escosa et al., 2021; Fernandez, 2019; Schettino & Turco, 

2011). According to the field data presented in Chapter 2, the cessation of 

the transtensional phase is ambiguous due to the multiple erosional 

phases. 

• Ghana: In the Equatorial Atlantic, understanding crustal limits, 

sedimentation age, and stress regime along the margin can minimize the 

uncertainty in the plate boundaries prior to the Pangaea breakup (Heine et 

al., 2013; Moulin et al., 2010; Pindell et al., 2021; Pindell, 1985; Ye et al., 
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2017). This information can identify changes in plate motion and precisely 

pinpoint active structures in time.  

The examination and modelling of these aspects would contribute to the 

identification and prediction of hazards and resource potential in such systems, 

with variations based on the degree of obliquity within these systems.  
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5.8 Conclusions 

This thesis investigates strike-slip tectonics in extensional systems, focusing on 

three distinct case study areas: the Florida margin in the Gulf of Mexico, the High 

Atlas in Morocco, and the Ghanaian margin in the Equatorial Atlantic. Seismic 

reflection data and field data were used for the margins and the onshore Atlas 

system, respectively. The analysis in the first two study areas started with an 

initial lack of clarity regarding the presence of strike-slip and transtensional 

movement, which was inferred from plate reconstruction models. Therefore, the 

identification of strike-slip extension remained unknown until the completion of 

the areas’ analysis. Specifically, in the Gulf of Mexico, there is no discernible 

evidence of strike-slip movement during the rifting and therefore, it cannot be 

distinguished as a transform margin. In contrast, the Atlas system and the 

Ghanaian margin indicate the presence of strike-slip movement and the study 

involved the examination of tectono-stratigraphy, paleostress analysis, the 

influence of inherited structures, and crustal architecture.  

It is worth emphasising the interplay among pre-existing structures, tectono-

stratigraphy and the stress regime in the examined regions. Based on the Atlas 

system, the Ghanaian margin, and analogous extensional strike-slip systems in 

comparison with the thesis areas, it becomes evident that the pre-existing 

structures are initially reactivated under the influence of a strike-slip stress 

regime, followed by the formation of newly developed structures in the later 

stages. The stress regime displays variability based on the geometries of faults, 

rift systems, and margins, while sedimentation patterns can provide indications 

of the system’s obliquity. In cases of orthogonal extension, sediments tend to 

form typical growth strata geometries, whereas the higher the obliquity in the 

system, the more sub-horizontal sediment geometries are developed.  

At the crustal scale, major strike-slip faults play a role in accommodating 

intrusions due to mantle upwelling. These intrusions may be situated in the centre 

of the rifted system, as observed in the Atlas system, and at the main transform 

fault, as observed in Ghana. In the latter case, the intrusions and the juxtaposition 

of the oceanic crust against the continental crust, along with thermal conductivity, 

can transform the continental crust into a hybrid continental-magmatic crust.  This 

transformation typically occurs at the outer corner of the margin, establishing a 

continental-oceanic boundary. Lastly, continental stretching is generally limited in 
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oblique systems and it is concentrated within the segments of the margin 

influenced by orthogonal extension. Whereas, continental thickening may occur 

at the transform fault zone.  

The studied areas were then compared to distinguish the differences between 

the transform and rifted margins. Lastly, their individual kinematic analyses were 

integrated into understanding the evolution of Pangaea’s break-up from the Late 

Triassic to Late Cretaceous, focusing on the Atlantic region.  
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Appendix 

A. Appendix for Chapter 2 – High Atlas, Morocco 

 

 

Figure 0.1: Sub-horizontal normal faults in vertical beds in the southern NE-SW regional scale 
fault of Ouaouizaght.  
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Figure 0.2: NW-SE trending fault in the Zawyat-Ahancal region.  

 

 

 

Figure 0.3: Post-Middle Jurassic (blue) and syn-Middle Jurassic (orange) tensional fractures in 
the Early Jurassic carbonates. 
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Table A-1: Field data from the Ait Attab region, locality (a). The shear interpretation 
corresponds to the overall kinematic and not individually each Riedel structure. 

Type Lat (Y) Long (X) Elev 
Measurement 
(azimuth/dip) 

Notes 

Fracture 32.126760 -6.877156 685.616821 135/66 
P - sinistral 
shear 

Fracture 32.126760 -6.877156 685.616821 308/50 
P - sinistral 
shear 

Fracture 32.126744 -6.877053 683.810547 259/72 
P - sinistral 
shear 

Fracture 32.126744 -6.877053 683.810547 155/76 
P' - sinistral 
shear 

Fracture 32.126744 -6.877053 683.810547 321/54 
P - sinistral 
shear 

Fracture 32.126744 -6.877053 683.810547 078/63 
M - sinistral 
shear 

Fracture 32.126744 -6.877053 683.810547 166/61 
P' - sinistral 
shear 

Fracture 32.126744 -6.877053 683.810547 067/52 
R - sinistral 
shear 

Fracture 32.126744 -6.877053 683.810547 155/76 
P' - sinistral 
shear 

Fracture 32.126744 -6.877053 683.810547 299/66 
P - sinistral 
shear 

Fracture 32.126642 -6.877097 690.611084 308/57 
P - sinistral 
shear 

Fracture 32.126642 -6.877097 690.611084 159/48 
P' - sinistral 
shear 

Fracture 32.126642 -6.877097 690.611084 202/76 
M - sinistral 
shear 

Fracture 32.126642 -6.877097 690.611084 025/70 
P' - sinistral 
shear 

Fracture 32.126642 -6.877097 690.611084 155/52 
P - sinistral 
shear 

 

Table A-2: Field data from the Ait Attab region, locality (b). The shear interpretation 
corresponds to the overall kinematic and not individually each Riedel structure. 

Type Lat (Y) Long (X) Elev 
Measurement 
(azimuth/dip) 

Notes 

Fracture 32.125411 -6.870504 641.534302 026/66 R -sinistral 

Fracture 32.125411 -6.870504 641.534302 051/58 P-sinistral 

Fracture 32.125411 -6.870504 641.534302 045/40 P-sinistral 

Fracture 32.125411 -6.870504 641.534302 025/40 R -sinistral 

Fracture 32.125411 -6.870504 641.534302 067/64 P-sinistral 

Fracture 32.097087 -6.901789 529.116150 247/50 
P' - dextral 

shear 

Fracture 32.097087 -6.901789 529.116150 302/35 
M - dextral 

shear 

Fracture 32.097087 -6.901789 529.116150 297/35 
P - dextral 

shear 

Fracture 32.097087 -6.901789 529.116150 132/55 
R - dextral 

shear 

Fracture 32.097087 -6.901789 529.116150 156/62 
R' - dextral 

shear 

Fracture 32.097087 -6.901789 529.116150 041/63 
R' - dextral 

shear 

Fracture 32.097087 -6.901789 529.116150 250/36 
P - dextral 

shear 

Fracture 32.097087 -6.901789 529.116150 311/35 
M - dextral 

shear 



227 
 

Fracture 32.097087 -6.901789 529.116150 332/31 
R - dextral 

shear 

Fracture 32.097087 -6.901789 529.116150 298/30 
M - dextral 

shear 

Fracture 32.125348 -6.870535 641.590637 142/67 
M - sinistral 

shear 

Fracture 32.125348 -6.870535 641.590637 140/56 
M - sinistral 

shear 

Fracture 32.125348 -6.870535 641.590637 042/56 
P' - sinistral 

shear 

Fracture 32.125348 -6.870535 641.590637 029/45 
P' - sinistral 

shear 

Fracture 32.125348 -6.870535 641.590637 146/67 
R - sinistral 

shear 

Fracture 32.125348 -6.870535 641.590637 146/68 
R - sinistral 

shear 

Fracture 32.125411 -6.870504 641.534302 026/66 R - sinistral 

Fracture 32.125411 -6.870504 641.534302 051/58 P- sinistral 

Fracture 32.125411 -6.870504 641.534302 039/64 M - sinistral 

Fracture 32.125411 -6.870504 641.534302 045/40 P- sinistral 

Fracture 32.125411 -6.870504 641.534302 148/51 R' - sinistral 

Fracture 32.125411 -6.870504 641.534302 149/52 R' - sinistral 

Fracture 32.125411 -6.870504 641.534302 031/50 R - sinistral 

Fracture 32.125411 -6.870504 641.534302 010/40 R' - sinistral 

Fracture 32.125411 -6.870504 641.534302 067/64 R' - sinistral 

Fracture 32.125411 -6.870504 641.534302 002/55 M - sinistral 

Fracture 32.125566 -6.870734 653.074219 140/71 
R - sinistral 

shear 

Fracture 32.125566 -6.870734 653.074219 064/68 
R' - sinistral 

shear 

Fracture 32.125566 -6.870734 653.074219 027/67 
P' - sinistral 

shear 

Fracture 32.125566 -6.870734 653.074219 282/56 
R - sinistral 

shear 

Fracture 32.125566 -6.870734 653.074219 338/30 
P - sinistral 

shear 

Fracture 32.125566 -6.870734 653.074219 156/56 
P - sinistral 

shear 

Fracture 32.147533 -6.758764 889.526062 263/50 
R - sinistral 

shear 

Fracture 32.147533 -6.758764 889.526062 262/44 
M - sinistral 

shear 

Fracture 32.147533 -6.758764 889.526062 277/62 
M - sinistral 

shear 

Fracture 32.147533 -6.758764 889.526062 009/45 
P - sinistral 

shear 

Fracture 32.147533 -6.758764 889.526062 268/54 
R' - sinistral 

shear 

Fracture 32.147533 -6.758764 889.526062 247/49 
P' - sinistral 

shear 

Fracture 32.147533 -6.758764 889.526062 034/52 
M - sinistral 

shear 

 

Table A-3: Field data from the Ait Attab region, localities (c-d). The shear interpretation 
corresponds to the overall kinematic and not individually each Riedel structure. 

Type Lat (Y) Long (X) Elev 
Measurement 
(azimuth/dip) 

Notes 
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Fracture 32.121029 -6.551535 761.050171 078/58 
P - sinistral 

shear 

Fracture 32.121029 -6.551535 761.050171 201/56 
P - sinistral 

shear 

Fracture 32.121029 -6.551535 761.050171 355/70 
R' - sinistral 

shear 

Fracture 32.121029 -6.551535 761.050171 031/76 
M - sinistral 

shear 

Fracture 32.121029 -6.551535 761.050171 047/56 
M - sinistral 

shear 

Fracture 32.121029 -6.551535 761.050171 002/77 
R' - sinistral 

shear 

Fracture 32.121029 -6.551535 761.050171 173/64 
R' - sinistral 

shear 

Fracture 32.121029 -6.551535 761.050171 243/76 
P - sinistral 

shear 

Fracture 32.121029 -6.551535 761.050171 357/66 
R' - sinistral 

shear 

Fracture 32.121029 -6.551535 761.050171 355/53 
R' - sinistral 

shear 

Fracture 32.121029 -6.551535 761.050171 037/66 
M - sinistral 

shear 

Fault 32.127326 -6.523720 1033.532959 016/73 fault 

Fault 32.127326 -6.523720 1033.532959 238/47 fault 

Fault 32.127326 -6.523720 1033.532959 052/40 fault 

Stylolite 32.120971 -6.551620 748.706482 214-60 Stylolites 

Stylolite 32.120971 -6.551620 748.706482 225-78 Stylolites 

Fracture 32.120971 -6.551620 748.706482 067/64 M - sinistral 

Fracture 32.120971 -6.551620 748.706482 081/47 M - sinistral 

Fracture 32.120971 -6.551620 748.706482 080/52 P- sinistral 

Fracture 32.120971 -6.551620 748.706482 137/83 
P' - sinistral 

shear 

Fracture 32.120971 -6.551620 748.706482 068/72 
P - sinistral 

shear 

Fracture 32.120971 -6.551620 748.706482 059/71 
R - sinistral 

shear 

 

Table A-4: Field data from the Ait Attab region, localities (e-f). The shear interpretation 
corresponds to the overall kinematic and not individually each Riedel structure. 

Type  Lat (Y) Long (X)  Elev Measurement 
(azimuth/dip) 

Notes 

Fault  32.021134 -6.703638 904.355591 258/88 fault 

Fault  32.021134 -6.703638 904.355591 143/86 fault 

Fault  32.020817 -6.704231 905.000000 321/48 fault 

Fault  32.020817 -6.704231 905.000000 075/38 fault 

Fault  32.020780 -6.704350 905.000000 113/52 fault 

Fault  32.020780 -6.704350 905.000000 108/66 fault 

 

  



229 
 

Table A-5: Field data from the Ouaouizaght region, locality (a).  

Type Lat (Y) Long (X) Elev 
Measurement 
(azimuth/dip) 

Notes 

Fault 32.276165 -6.283639 1398.4448240 072/83 - 

Fault 32.276197 -6.284021 1403.2412110 261/55 - 

Fault 32.276433 -6.284541 1413.9626460 308/88 - 

Fault 32.276165 -6.283639 1398.4448240 072/83 - 

Fault 32.276165 -6.283639 1398.4448240 331/57 - 

Fault 32.276165 -6.283639 1398.4448240 331/57 - 

Fault 32.276288 -6.284195 1403.6231690 316/69 - 

Fault 32.276376 -6.284370 1410.0346680 241/66 - 

Fault 32.276376 -6.284370 1410.0346680 286/54 - 

Fault 32.276433 -6.284541 1413.9626460 308/88 - 

Fault 32.276375 -6.284860 1404.7929690 259/74 - 

 

Table A-6: Field data from the Ouaouizaght region, localities (b-c). The shear interpretation 
corresponds to the overall kinematic and not individually each Riedel structure. 

Type Lat (Y) Long (X) Elev 
Measurement 
(azimuth/dip) 

Notes 

Fault 32.270822 -6.259378 1750.851929 079/87 - 

Slickenslide 32.270822 -6.259378 1750.851929 173-03 
Sinistral 

movement 

Fracture 32.270847 -6.259417 1747.282837 283/68 M - sinsitral 

Fracture 32.270847 -6.259417 1747.282837 285/67 P - sinsitral 

Fracture 32.270847 -6.259417 1747.282837 049/82 
T - sinistral 

tension 
gashes 

Fracture 32.270847 -6.259417 1747.282837 309/75 P- sinistral 

Fracture 32.270847 -6.259417 1747.282837 038/82 
T - sinistral 

tension 
gashes 

Fracture 32.270847 -6.259417 1747.282837 120/67 P- sinistral 

Fracture 32.270847 -6.259417 1747.282837 171/67 
T - sinistral 

tension 
gashes 

Fracture 32.270847 -6.259417 1747.282837 086/84 M - sinsitral 

Fracture 32.270847 -6.259417 1747.282837 330/87 
T - sinistral 

tension 
gashes 

Fracture 32.270847 -6.259417 1747.282837 233/76 R' - sinistral 

Stylolites 32.270847 -6.259417 1747.282837 298-64 Stylolites 

Stylolites 32.270847 -6.259417 1747.282837 290-52 Stylolites 

Fault 32.270994 -6.259281 1759.067749 266/80 F 

Fault 32.270994 -6.259281 1759.067749 268/78 F - sinistral 

Fracture 32.270994 -6.259281 1759.067749 208/80 TG 

Fracture 32.270994 -6.259281 1759.067749 210/78 TG 

Fracture 32.270994 -6.259281 1759.067749 063/86 TG 

Fracture 32.270994 -6.259281 1759.067749 215/85 TG 

Fracture 32.270994 -6.259281 1759.067749 236/85 TG 

Fracture 32.270994 -6.259281 1759.067749 234/86 TG 

Fracture 32.270994 -6.259281 1759.067749 028/84 TG 

Fault 32.270994 -6.259281 1759.067749 272/65 F - dextral 

Fracture 32.271244 -6.259271 1758.255005 054/83 TG 
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Fracture 32.271244 -6.259271 1758.255005 238/83 TG 

Fracture 32.271244 -6.259271 1758.255005 052/85 TG 

Fracture 32.271244 -6.259271 1758.255005 240/88 TG 

Fault 32.271244 -6.259271 1758.255005 295/79 F - sinistral 

Fault 32.271335 -6.259215 1765.532593 265/83 F - sinistral 

Fracture 32.271335 -6.259215 1765.532593 252/87 TG 

Fracture 32.271335 -6.259215 1765.532593 090/84 TG 

 

 

Table A-7: Field data from the Ouaouizaght region, localities (d-e). 

Type Lat (Y) Long (X) Elev 
Measurement 
(azimuth/dip) 

Notes 

Fault 32.206558 -6.306614 1547.998291 250/75  

Slickenslide 32.206558 -6.306614 1547.998291 189-53 Dextral 
movement 

with calcites Slickenslide 32.206558 -6.306614 1547.998291 192-32 

Fault 32.206149 -6.306238 1532.387085 154/80 - 

Fault 32.205731 -6.307954 1525.888672 196/65 - 

 

Table A-8: Field data from the Ouaouizaght region, locality (B.1). 

Type Lat (Y) Long (X) Elev Measurement 
(azimuth/dip) 

Notes 

Fault 32.090297 -6.306874 1532.4552000 139/29 vertical beds 

Fault 32.090164 -6.306718 1531.3909910 113/25 vertical beds 

Fault 32.090022 -6.306422 1532.4190670 127/34 vertical beds 

Fault 32.090022 -6.306422 1532.4190670 119/19 vertical beds 

Fault 32.090022 -6.306422 1532.4190670 115/04 vertical beds 

Fault 32.089804 -6.305942 1535.3471680 292/09 vertical beds 

Fault 32.089804 -6.305942 1535.3471680 305/11 vertical beds 

Fault 32.089742 -6.305836 1531.6142580 103/20 vertical beds 

Fault 32.089742 -6.305836 1531.6142580 295/05 vertical beds 
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Table A-9: Field data from the Zawyat-Ahancal region. 

Type Lat (Y) Long (X) Elev 
Measurement 
(azimuth/dip) 

Notes 

Bedding 31.827699 -6.131276 1725.259033 006/24 - 

Bedding 31.827634 -6.131515 1730.653931 001/24 - 

Bedding 31.826575 -6.127829 1792.275024 339/24 - 

Bedding 31.826685 -6.127802 1793.039185 337/25 - 

Bedding 31.826591 -6.127504 1789.207764 340/35 - 

Bedding 31.826595 -6.127503 1789.206421 356/23 - 

Bedding 31.826699 -6.127172 1789.781738 357/44 - 

Bedding 31.826618 -6.127219 1796.309937 336/40 - 

Bedding 31.826494 -6.126679 1786.168945 352/30 - 

Bedding 31.826501 -6.126682 1789.035400 343/32 - 

Bedding 31.826530 -6.126265 1791.340454 332/47 - 

Bedding 31.826524 -6.126230 1795.178955 338/44 - 

Bedding 31.826366 -6.126380 1779.962891 330/40 - 

Bedding 31.826356 -6.126335 1780.003784 342/38 - 

Bedding 31.826366 -6.126151 1783.516602 334/32 - 

Bedding 31.826402 -6.126168 1783.016846 331/46 - 

Bedding 31.827832 -6.124795 1751.374023 336/36 - 

Bedding 31.827901 -6.124821 1755.986450 337/43 - 

Bedding 31.827838 -6.124749 1745.305908 344/48 - 

Bedding 31.827968 -6.124504 1744.695312 330/53 - 

Bedding 31.827993 -6.124501 1746.756958 333/47 - 

Bedding 31.828059 -6.124587 1744.285400 338/46 - 

Bedding 31.829950 -6.123254 1724.169434 346/30 - 

Bedding 31.829960 -6.123258 1728.339722 338/35 - 

Bedding 31.830038 -6.122994 1726.656250 344/35 - 

Bedding 31.830012 -6.122953 1721.903442 348/31 - 

Bedding 31.832228 -6.118909 1691.838257 004/30 - 

Bedding 31.832138 -6.118850 1692.355957 336/38 - 

Bedding 31.832195 -6.118698 1686.032593 348/37 - 

Bedding 31.832125 -6.118556 1689.403931 340/36 - 

Bedding 31.832220 -6.118479 1694.213257 344/38 - 

Bedding 31.832166 -6.118463 1686.403687 342/30 - 

Bedding 31.832060 -6.118213 1680.714355 350/35 - 

Bedding 31.832019 -6.118132 1679.573242 342/36 - 

Bedding 31.832079 -6.118059 1678.552490 011/35 - 

Bedding 31.832184 -6.117859 1679.085205 353/32 - 

Bedding 31.832389 -6.117360 1680.180664 341/20 - 

Bedding 31.832457 -6.117353 1679.819092 344/32 - 

Bedding 31.832415 -6.116894 1714.648804 354/32 - 

Bedding 31.832487 -6.116843 1699.225220 350/37 - 

Bedding 31.833152 -6.115042 1676.867920 000/34 - 

Bedding 31.833114 -6.115096 1694.669678 001/34 - 

Bedding 31.833097 -6.115012 1681.482910 010/30 - 

Bedding 31.833242 -6.114794 1682.886841 019/36 - 

Bedding 31.833265 -6.114838 1677.173584 011/25 - 

Bedding 31.833615 -6.115131 1695.118286 006/19 - 

Bedding 31.833623 -6.114926 1692.632568 012/25 - 

Bedding 31.833638 -6.115098 1702.190308 014/32 - 

Bedding 31.833644 -6.115055 1696.741333 032/36 - 
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Bedding 31.833522 -6.114941 1685.767334 358/28 - 

Bedding 31.833512 -6.114978 1692.753296 332/25 - 

Bedding 31.833448 -6.114842 1683.624878 002/26 - 

Bedding 31.833365 -6.114912 1681.504395 001/30 - 

Bedding 31.833085 -6.114793 1670.571777 356/36 - 

Bedding 31.833165 -6.114532 1663.893555 004/29 - 

Bedding 31.833094 -6.114684 1657.581177 010/35 - 

Bedding 31.833118 -6.114581 1662.105469 003/32 - 

Bedding 31.833894 -6.111918 1641.613770 350/32 - 

Bedding 31.833940 -6.111798 1641.834839 002/22 - 

Fracture 31.816386 -6.085344 1706.734741 080/60 - 

Fracture 31.814654 -6.086429 1737.335327 212/53 T - dextral 

Fracture 31.814654 -6.086429 1737.335327 355/24 T - dextral 

Fracture 31.814654 -6.086429 1737.335327 247/24 T - dextral 

Fracture 31.814654 -6.086429 1737.335327 296/56 vein 

Fracture 31.814157 -6.086586 1774.725952 347/06 T -dextral shear 

Fracture 31.814157 -6.086586 1774.725952 052/82 
T - sinistral 

shear 

Fracture 31.814157 -6.086586 1774.725952 230/02 T - dextral 

Fault 31.830731 -6.170004 2401.547119 337/84 - 

Fault 31.830731 -6.170004 2401.547119 354/88 - 

Fault 31.830731 -6.170004 2401.547119 339/87 - 

Fault 31.830731 -6.170004 2401.547119 084/87 - 

Fault 31.814157 -6.086586 1774.725952 012/79 - 

Fault 31.814157 -6.086586 1774.725952 052/57  

Fault 31.823860 -6.088327 1652.261475 258/45 - 

Fault 31.823860 -6.088327 1652.261475 271/71 - 

Fault 31.823998 -6.087817 1669.733398 292/80 - 

Fault 31.823998 -6.087817 1669.733398 280/70 - 

Fault 31.823998 -6.087817 1669.733398 297/88 - 

Fault 31.823998 -6.087817 1669.733398 152/43 - 

Slickenside 31.823971 -6.087398 1674.571411 280-80 dextral 

Fault 31.823971 -6.087398 1674.571411 290/79 - 

Fault 31.823971 -6.087398 1674.571411 170/73 - 

Fault 31.823971 -6.087398 1674.571411 280/87 - 

Fault 31.816386 -6.085344 1706.734741 014 - 

Slcikenside 31.816386 -6.085344 1706.734741 014 Dextral 

Fracture 31.816386 -6.085344 1706.734741 014 
T - sinistral 

shear 

Fracture 31.816386 -6.085344 1706.734741 014 Vein - sinistral 
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Table A-10: Field data from the Agoudal region, locality (a). 

Type Lat (Y) Long (X) Elev 
Measurement 
(azimuth/dip) 

Notes 

TG 31.92226 -5.65443 2816.520508 258/56 Post-MJ 

TG 31.92226 -5.65443 2816.520508 255/57 Post-MJ 

TG 31.92226 -5.65443 2816.520508 052/54 Post-MJ 

TG 31.92226 -5.65443 2816.520508 310/33 Post-MJ 

TG 31.92226 -5.65443 2816.520508 001/54 Post-MJ 

TG 31.92226 -5.65443 2816.520508 336/34 Post-MJ 

TG 31.92226 -5.65443 2816.520508 347/26 Post-MJ 

TG 31.92226 -5.65443 2816.520508 217/80 Syn-MJ 

TG 31.92226 -5.65443 2816.520508 230/77 Syn-MJ 

TG 31.92226 -5.65443 2816.520508 040/84 Syn-MJ 

Vein 31.92226 -5.65443 2816.520508 028/87 Syn-MJ 

TG 31.92226 -5.65443 2816.520508 034/62 Syn-MJ 

TG 31.92226 -5.65443 2816.520508 050/65 Syn-MJ 

TG 31.92226 -5.65443 2816.520508 048/59 Syn-MJ 

TG 31.92226 -5.65443 2816.520508 217/73 Syn-MJ 

Vein 31.92237 -5.65422 2822.236572 224/77 Syn-MJ 

TG 31.92237 -5.65422 2822.236572 055/86 Syn-MJ 

TG 31.92237 -5.65422 2822.236572 240/75 Syn-MJ 

Vein 31.92319 -5.65219 2800.523193 250/70 Syn-MJ 

Vein 31.92319 -5.65219 2800.523193 053/74 Syn-MJ 

TG/V 31.92226 -5.65443 2816.520508 013/85 Syn-EJ 

Vein 31.92226 -5.65443 2816.520508 010/86 Syn-EJ 

Vein 31.92226 -5.65443 2816.520508 008/87 Syn-EJ 

Vein 31.92226 -5.65443 2816.520508 256/86 Syn-EJ 

Vein 31.92237 -5.65422 2822.236572 264/80 Syn-EJ 

TG 31.92253 -5.65433 2805.829346 084/86 Syn-EJ 

TG 31.92253 -5.65433 2805.829346 010/82 Syn-EJ 

TG 31.92253 -5.65433 2805.829346 280/80 Syn-EJ 

TG 31.92253 -5.65433 2805.829346 275/80 Syn-EJ 

Vein 31.92253 -5.65433 2805.829346 286/82 Syn-EJ 

 

 

Table A-11: Field data from the Agoudal region, localities (b-d). 

Type Lat (Y) Long (X) Elev Measurement (azimuth/dip) 

Vein 31.91908 -5.64883 2674.01318 210/84 

Vein 31.91908 -5.64883 2674.01318 045/80 

Vein 31.91908 -5.64883 2674.01318 042/80 

Vein 31.91908 -5.64883 2674.01318 056/85 

Vein 31.91908 -5.64883 2674.01318 262/87 

Vein 31.91908 -5.64883 2674.01318 050/80 

Vein 31.91908 -5.64883 2674.01318 304/45 

Vein 31.91908 -5.64883 2674.01318 272/66 

Vein 31.91818 -5.64782 2658.94043 310/70 
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Vein 31.91818 -5.64782 2658.94043 238/74 

Vein 31.91817 -5.64769 2666.57129 235/78 

Vein 31.91817 -5.64769 2666.57129 242/89 

Vein 31.91817 -5.64769 2666.57129 244/88 

Vein 31.91817 -5.64769 2666.57129 068/86 

Vein 31.91817 -5.64769 2666.57129 060/80 

Vein 31.91817 -5.64769 2666.57129 090/52 

Vein 31.91689 -5.64578 2638.77612 210/70 

Vein 31.91824 -5.64774 2655.08106 236/86 

Vein 31.91824 -5.64774 2655.08106 195/84 

Vein 31.91843 -5.64832 2670.98975 255/78 

Vein 31.91843 -5.64832 2670.98975 222/77 

Vein 31.91843 -5.64832 2670.98975 075/75 

Vein 31.91863 -5.64851 2669.81152 224/87 

Vein 31.91863 -5.64851 2669.81152 248/72 

Vein 31.91863 -5.64851 2669.81152 232/89 

Vein 31.91863 -5.64851 2669.81152 242/74 

Vein 31.91863 -5.64851 2669.81152 308/73 

Fault 31.91908 -5.64883 2674.01318 030/62 

Fault 31.91908 -5.64883 2674.01318 036/70 

Fault 31.91903 -5.64848 2674.56177 228/87 

Fault 31.91903 -5.64848 2674.56177 225/84 

Fault 31.91689 -5.64578 2638.77612 240/85 

Fault 31.91689 -5.64578 2638.77612 240/85 

Fault 31.91689 -5.64578 2638.77612 240/85 

Fault 31.91689 -5.64578 2638.77612 240/85 

Fault 31.91689 -5.64578 2638.77612 212/83 

Fault 31.91689 -5.64578 2638.77612 212/83 

Fault 31.91843 -5.64832 2670.98975 300/60 

Joint 31.91735 -5.64585 2662.6023 234/75 

Joint 31.91735 -5.64585 2662.6023 230/78 

Joint 31.91735 -5.64585 2662.6023 235/79 

TG 31.91908 -5.64883 2674.01318 305/55 

TG 31.91908 -5.64883 2674.01318 065/68 

TG 31.91903 -5.64848 2674.56177 032/85 

TG 31.91903 -5.64848 2674.56177 256/76 

TG 31.91903 -5.64848 2674.56177 220/60 

TG 31.91861 -5.64832 2661.64233 244/68 

TG 31.91818 -5.64782 2658.94043 110/80 

TG 31.91818 -5.64782 2658.94043 306/66 

TG 31.91817 -5.64769 2666.57129 055/83 

TG 31.91735 -5.64585 2662.6023 250/76 

TG 31.91735 -5.64585 2662.6023 246/72 

TG 31.91735 -5.64585 2662.6023 242/82 

TG 31.91735 -5.64585 2662.6023 245/75 

TG 31.91689 -5.64578 2638.77612 010/86 

TG 31.91689 -5.64578 2638.77612 010/80 

TG 31.91689 -5.64578 2638.77612 010/82 

TG 31.91689 -5.64578 2638.77612 020/85 

TG 31.91843 -5.64832 2670.98975 350/71 

Bedding 31.9195 -5.64925 2602.487061 120/53 

Bedding 31.91942 -5.64913 2588.431152 124/56 

Bedding 31.91913 -5.64891 2669.377197 138/55 

Bedding 31.91908 -5.64883 2674.013184 138/66 
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Bedding 31.91897 -5.64863 2687.154541 122/45 

Bedding 31.91903 -5.64848 2674.561768 130/48 

Bedding 31.91861 -5.64832 2661.642334 110/60 

Bedding 31.91854 -5.64823 2670.180908 130/40 

Bedding 31.91851 -5.64813 2655.992920 130/35 

Bedding 31.91843 -5.64809 2663.977539 132/40 

Bedding 31.91833 -5.64793 2663.718262 136/36 

Bedding 31.91818 -5.64782 2658.940430 147/36 

Bedding 31.91817 -5.64769 2666.571289 156/32 

Bedding 31.91793 -5.64731 2655.049805 128/35 

Bedding 31.91757 -5.6467 2656.978516 122/25 

Bedding 31.91748 -5.64638 2650.489502 124/30 

Bedding 31.91735 -5.64585 2662.602295 135/25 

Bedding 31.9172 -5.64558 2651.806396 130/20 

Bedding 31.9173 -5.64645 2656.462646 130/30 

Bedding 31.91711 -5.64627 2653.776611 115/25 

Bedding 31.91675 -5.64622 2657.084717 112/35 

Bedding 31.91614 -5.64614 2668.530273 176/30 

Bedding 31.91689 -5.64578 2638.776123 144/12 

Bedding 31.91824 -5.64774 2655.081055 125/37 

Bedding 31.91816 -5.64792 2659.690430 138/36 

Bedding 31.91828 -5.64801 2666.784668 130/36 

Bedding 31.91843 -5.64832 2670.989746 140/42 

Bedding 31.91858 -5.64844 2669.922852 125/53 

Bedding 31.91863 -5.64851 2669.811523 120/46 

Bedding 31.91895 -5.64889 2677.548096 136/50 

Bedding 31.91902 -5.64904 2675.150879 136/57 

Bedding 31.91912 -5.64926 2675.492920 145/67 

Bedding 31.91964 -5.64926 2696.803955 156/65 

 

 

Table A-12: Field data from the Agoudal region, locality (e). 

Type Lat (Y) Long (X) Elev Measurement (azimuth/dip) 

Bedding 31.98411 -5.55265 2483.352051 295/70 

Bedding 31.98411 -5.55257 2479.312988 300/85 

Bedding 31.98411 -5.55257 2479.312988 310/85 

Bedding 31.9842 -5.55223 2478.602295 305/85 

Bedding 31.98423 -5.55211 2482.604980 302/80 

Bedding 31.98416 -5.55186 2475.522461 115/75 

Bedding 31.98415 -5.55171 2469.791992 110/60 

Bedding 31.9841 -5.55154 2465.346436 110/60 

Bedding 31.98409 -5.55138 2464.264893 105/57 

Bedding 31.98413 -5.5513 2463.025146 114/50 

Bedding 31.98392 -5.55068 2482.238281 088/50 

Bedding 31.98384 -5.55047 2471.599609 110/50 

Bedding 31.98393 -5.55038 2493.564941 108/20 

Bedding 31.98403 -5.54989 2505.330078 014/15 

Bedding 31.98309 -5.55315 2462.552490 292/83 

Bedding 31.98309 -5.55307 2468.221436 110/85 

Bedding 31.9832 -5.55239 2461.172119 112/74 
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Bedding 31.98318 -5.55222 2451.183350 110/60 

Bedding 31.98332 -5.55204 2441.037354 104/57 

Bedding 31.98342 -5.5518 2431.766846 108/38 

Bedding 31.98349 -5.55165 2447.099365 094/48 

Bedding 31.98358 -5.5515 2449.788086 110/55 

Bedding 31.98366 -5.55135 2449.740234 109/52 

Bedding 31.98183 -5.5534 2445.065918 115/85 

Bedding 31.98192 -5.55318 2453.632324 102/60 

Bedding 31.98195 -5.55306 2450.089355 115/75 

Bedding 31.98219 -5.55237 2444.756836 102/53 

Bedding 31.98233 -5.55198 2445.749512 090/36 

Bedding 31.98239 -5.55187 2444.584229 114/37 

Bedding 31.98252 -5.55175 2446.981689 102/43 

Bedding 31.98267 -5.5516 2455.115723 094/38 

Bedding 31.98292 -5.55137 2438.997559 096/35 

Bedding 31.9828 -5.55112 2443.343262 105/34 

Bedding 31.98152 -5.55096 2437.370850 332/15 

Bedding 31.98103 -5.55091 2435.180176 095/20 

Bedding 31.98094 -5.55068 2436.144287 098/16 
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Table A-13: Field data from the Er-Rich region, localities (a-c). 

Type Lat (Y) Long (X) Elev 
Measurement 
(azimuth/dip) 

Notes 

Fault 32.36761 -4.467864 1507.160278 270/75 
Post-MJ - 

sinistral 

Fault 32.36761 -4.467864 1507.160278 230/80 
Post-MJ - 

dextral 

Fault 32.36761 -4.467864 1507.160278 238/84 
Post-MJ - 

dextral 

Fault 32.36764 -4.467999 1499.460449 247/87 post-MJ 

Fault 32.36764 -4.467999 1499.460449 072/87 post-MJ 

Fault 32.36764 -4.467999 1499.460449 208/74 
Post-MJ - 

sinistral 

Fault 32.35669 -4.45683 1473.957153 238/60 post-MJ 

Fault 32.36767 -4.467826 1507.293823 263/76 post-MJ 

Fault 32.36767 -4.467826 1507.293823 263/76 post-MJ 

Fault 32.36765 -4.467887 1514.354492 053/72 
Post-MJ - 

dextral 

Fault 32.36765 -4.467887 1514.354492 073/69 
Post-MJ - 

sinistral 

Fault 32.36754 -4.467863 1479.599487 241/87 
Post-MJ - 

sinistral 

Fault 32.36754 -4.467863 1479.599487 241/87 
Post-MJ - 

sinistral 

Fault 32.36724 -4.468123 1507.197266 267/83 post-MJ 

Fault 32.36724 -4.468123 1507.197266 247/80 post-MJ 

Fault 32.36642 -4.465394 1499.109009 074/72 post-MJ 

Fault 32.36642 -4.465394 1499.109009 278/84 post-MJ 

Fault 32.36642 -4.465394 1499.109009 278/84 post-MJ 

Fault 32.36641 -4.465233 1502.345703 262/83 post-MJ 

Fault 32.36641 -4.465233 1502.345703 262/83 post-MJ 

Fault 32.36641 -4.465196 1502.115601 265/76 post-MJ 

Fault 32.36641 -4.465196 1502.115601 262/80 post-MJ 

Fault 32.36641 -4.465196 1502.115601 262/80 post-MJ 

Fault 32.35692 -4.456972 1476.298584 040/86 post-MJ 

Fault 32.35692 -4.456972 1476.298584 060/73 post-MJ 

Fault 32.35692 -4.456972 1476.298584 057/78 
Post-MJ - 

sinistral 

Fault 32.35668 -4.456811 1481.968018 269/56 
Post-MJ - 

sinistral 

Fault 32.35668 -4.456811 1481.968018 248/72 
Post-MJ - 

sinistral 

Fault 32.35668 -4.456811 1481.968018 210/80 
Post-MJ - 

dextral 

Fault 32.35667 -4.456678 1470.792236 229/65 
Post-MJ - 

sinistral 

Fault 32.35667 -4.456678 1470.792236 229/65 post-MJ 

Fault 32.35667 -4.456678 1470.792236 016/65 
Post-MJ - 

dextral 

Fault 32.35667 -4.456678 1470.792236 016/65 
Post-MJ - 

dextral 

Fault 32.35667 -4.456678 1470.792236 039/60 
Post-MJ - 

sinistral 

Fault 32.35668 -4.456606 1473.751709 212/85 post-MJ 

Fault 32.35668 -4.456606 1473.751709 212/85 post-MJ 

Fault 32.35668 -4.456606 1473.751709 014/87 post-MJ 

Fault 32.35668 -4.456606 1473.751709 200/86 post-MJ 

Fault 32.33554 -4.457971 1451.141724 220/84 post-MJ 

Fault 32.33554 -4.457971 1451.141724 088/87 
Post-MJ - 

sinistral 
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Fault 32.33552 -4.457882 1451.129883 286/75 post-MJ 

Fault 32.35649 -4.45672 1467.980103 032/74 post-MJ 

Fault 32.35649 -4.45672 1467.980103 032/74 post-MJ 

Fault 32.35682 -4.456671 1482.045532 230/77 
Post-MJ - 

sinistral 

Fault 32.35682 -4.456671 1482.045532 230/82 
Post-MJ - 

sinistral 

Fault 32.35698 -4.456514 1486.043945 046/75 post-MJ 

Fault 32.3564 -4.457114 1470.970215 025/86 post-MJ 

Fault 32.3564 -4.457114 1470.970215 024/85 post-MJ 

Fault 32.36636 -4.46552 1507.448975 079/73 dextral 

Fault 32.36636 -4.46552 1507.448975 096/67 post-MJ 

Fault 32.36636 -4.46552 1507.448975 096/67 post-MJ 

TG 32.36761 -4.467864 1507.160278 038/78 post-MJ 

TG 32.36764 -4.467999 1499.460449 192/82 post-MJ 

TG 32.36764 -4.467999 1499.460449 277/83 post-MJ 

TG 32.36754 -4.467863 1479.599487 240/74 post-MJ 

TG 32.36754 -4.467863 1479.599487 250/86 post-MJ 

TG 32.36754 -4.467863 1479.599487 195/85 post-MJ 

TG 32.36754 -4.467863 1479.599487 216/87 post-MJ 

TG 32.36762 -4.467994 1509.372192 211/87 post-MJ 

TG 32.36641 -4.465233 1502.345703 217/80 post-MJ 

TG 32.36641 -4.465233 1502.345703 243/82 post-MJ 

TG 32.36641 -4.465196 1502.115601 258/87 post-MJ 

TG 32.36641 -4.465196 1502.115601 251/82 post-MJ 

TG 32.36641 -4.465196 1502.115601 253/86 post-MJ 

TG 32.36641 -4.465196 1502.115601 223/67 post-MJ 

TG 32.35692 -4.456972 1476.298584 065/85 post-MJ 

TG 32.35692 -4.456972 1476.298584 253/84 post-MJ 

TG 32.35692 -4.456972 1476.298584 102/77 post-MJ 

TG 32.35678 -4.456911 1490.127930 040/89 post-MJ 

TG 32.35678 -4.456911 1490.127930 071/65 post-MJ 

TG 32.35678 -4.456911 1490.127930 033/73 post-MJ 

TG 32.35668 -4.456811 1481.968018 208/81 post-MJ 

TG 32.35668 -4.456811 1481.968018 014/84 post-MJ 

TG 32.35668 -4.456811 1481.968018 196/81 post-MJ 

TG 32.35667 -4.456678 1470.792236 242/78 post-MJ 

TG 32.35667 -4.456678 1470.792236 202/85 post-MJ 

TG 32.35668 -4.456606 1473.751709 025/88 post-MJ 

TG 32.35668 -4.456606 1473.751709 205/86 post-MJ 

TG 32.35698 -4.456514 1486.043945 014/73 post-MJ 

TG 32.35713 -4.456357 1490.042358 080/83 post-MJ 

TG 32.35729 -4.4562 1494.040771 084/76 post-MJ 

TG 32.35745 -4.456043 1498.039184 080/83 post-MJ 

TG 32.35761 -4.455886 1502.037597 090/82 post-MJ 

TG 32.3564 -4.457114 1470.970215 072/83 post-MJ 

TG 32.3564 -4.457114 1470.970215 087/86 post-MJ 

TG 32.3564 -4.457114 1470.970215 074/82 post-MJ 

TG 32.3564 -4.457114 1470.970215 273/85 post-MJ 

Fault 32.35697 -4.457019 1477.968506 148/70 
syn-MJ 

FZ 

Fault 32.36642 -4.465394 1499.109009 278/84 syn-MJ 

Fault 32.35678 -4.456911 1490.127930 225/86 
syn-MJ 
sinistral 

Fault 32.35678 -4.456911 1490.127930 225/86 
syn-MJ 
sinistral 
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Fault 32.35667 -4.456678 1470.792236 356/77 
syn-MJ 
sinistral 

Fault 32.33552 -4.457882 1451.129883 346/84 syn-MJ 

Fault 32.3564 -4.457114 1470.970215 002/80 syn-MJ 

Fault 32.36636 -4.46552 1507.448975 079/73 
syn-MJ 
dextral 

TG 32.36764 -4.467999 1499.460449 298/68 syn-MJ 

TG 32.3567 -4.456887 1471.583130 165/76 syn-MJ 

TG 32.35669 -4.456878 1476.111938 358/86 syn-MJ 

TG 32.35697 -4.457019 1477.968506 345/47 syn-MJ 

TG 32.35697 -4.457019 1477.968506 314/66 syn-MJ 

TG 32.36754 -4.467863 1479.599487 169/89 syn-MJ 

TG 32.35692 -4.456972 1476.298584 350/75 syn-MJ 

TG 32.35692 -4.456972 1476.298584 099/78 syn-MJ 

TG 32.35692 -4.456972 1476.298584 020/87 syn-MJ 

TG 32.35668 -4.456811 1481.968018 352/86 syn-MJ 

TG 32.33554 -4.457971 1451.141724 195/88 syn-MJ 

TG 32.33554 -4.457971 1451.141724 004/65 syn-MJ 

TG 32.33552 -4.457882 1451.129883 302/86 syn-MJ 

TG 32.33552 -4.457882 1451.129883 352/55 syn-MJ 

TG 32.33552 -4.457882 1451.129883 332/66 syn-MJ 

TG 32.33552 -4.457882 1451.129883 340/64 syn-MJ 

TG 32.35649 -4.45672 1467.980103 290/75 syn-MJ 

TG 32.35649 -4.45672 1467.980103 180/75 syn-MJ 

TG 32.35649 -4.45672 1467.980103 164/80 syn-MJ 

TG 32.35649 -4.45672 1467.980103 352/87 syn-MJ 

TG 32.35649 -4.45672 1467.980103 176/82 syn-MJ 

TG 32.35682 -4.456671 1482.045532 145/87 syn-MJ 

TG 32.35776 -4.455729 1506.036010 106/84 syn-MJ 

Joints/Cleavage 32.33821 -4.457823 1438.724976 314/80 - 

Joints/Cleavage 32.33865 -4.454204 1430.053101 200/75 - 

Joints/Cleavage 32.33863 -4.450288 1441.310425 310/50 - 

Joints/Cleavage 32.35593 -4.456367 1468.628174 320/45 - 

Joints/Cleavage 32.35593 -4.456367 1468.628174 042/40 - 

Joints/Cleavage 32.35593 -4.456367 1468.628174 312/40 - 

bedding 32.34136 -4.461701 1471.181274 310/60 - 

bedding 32.34136 -4.461701 1471.181274 313/30 - 

bedding 32.33983 -4.461206 1459.442749 297/55 - 

bedding 32.33987 -4.461014 1459.706055 314/54 - 

bedding 32.33971 -4.459564 1456.661499 306/70 - 

bedding 32.33945 -4.459315 1453.506836 307/70 - 

bedding 32.33928 -4.458839 1451.262939 311/46 - 

bedding 32.33836 -4.458541 1445.327393 307/46 - 

bedding 32.33821 -4.457823 1438.724976 310/50 - 

bedding 32.33808 -4.457371 1443.967285 312/60 - 

bedding 32.33854 -4.455177 1431.282837 315/43 - 

bedding 32.33865 -4.454204 1430.053101 312/40 - 

bedding 32.3385 -4.454025 1432.501465 315/43 - 

bedding 32.33823 -4.453126 1420.682251 326/35 - 

bedding 32.33831 -4.452701 1434.133301 305/33 - 

bedding 32.33827 -4.452298 1435.784180 328/40 - 

bedding 32.33866 -4.451652 1439.214600 298/43 - 

bedding 32.33863 -4.450288 1441.310425 320/45 - 

bedding 32.33849 -4.450433 1437.341064 290/35 - 
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Table A-14: Field data from the Er-Rich region, localities (d). 

Type Lat (Y) Long (X) Elev 
Measurement 
(azimuth/dip) 

Joints/Cleavage 32.33275 -4.426792 1493.795288 064/84 

Joints/Cleavage 32.33275 -4.426792 1493.795288 352/60 

Vein 32.33212 -4.428285 1497.491455 358/80 

Vein 32.33212 -4.428285 1497.491455 169/76 

Vein 32.33212 -4.428285 1497.491455 334/60 

Vein 32.33239 -4.429347 1499.767090 357/87 

Vein 32.33196 -4.429535 1504.425415 357/83 

bedding 32.33302 -4.426752 1514.930664 336/14 

bedding 32.33301 -4.426762 1500.758301 357/34 

bedding 32.33291 -4.426822 1496.918091 352/45 

bedding 32.33286 -4.42683 1495.584961 354/46 

bedding 32.33279 -4.426787 1494.107544 353/46 

bedding 32.33275 -4.426792 1493.795288 350/46 

bedding 32.33271 -4.42667 1495.813965 350/44 

bedding 32.33301 -4.427315 1498.296021 340/27 

bedding 32.33267 -4.427229 1491.882080 328/27 

bedding 32.33266 -4.427187 1491.315063 327/33 

bedding 32.33249 -4.427052 1482.343140 345/34 

bedding 32.33252 -4.427788 1489.569336 340/31 

bedding 32.3325 -4.427774 1497.449585 344/25 

bedding 32.33218 -4.428009 1504.298218 285/14 

bedding 32.3322 -4.428121 1500.342529 282/10 

bedding 32.33212 -4.428285 1497.491455 236/02 

bedding 32.33218 -4.428065 1495.945801 280/10 

bedding 32.33225 -4.427995 1494.396973 294/15 

bedding 32.33184 -4.429168 1499.737915 356/16 

bedding 32.33186 -4.429036 1498.092407 208/12 

bedding 32.33171 -4.429022 1496.473999 344/08 

bedding 32.3316 -4.428998 1487.596191 340/25 
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Table A-15: Field data from the Bou Annane region. 

Type Lat (Y) Long (X) Elev Measurement (azimuth/dip) 

bedding 32.33597 -3.30026 1228.609497 152/20 

bedding 32.33582 -3.30014 1229.839111 168/15 

bedding 32.3356 -3.30009 1239.622803 158/15 

bedding 32.33536 -3.29986 1229.157593 178/20 

bedding 32.3351 -3.29963 1235.874756 176/12 

bedding 32.33469 -3.29954 1240.824219 158/10 

bedding 32.33441 -3.29945 1246.923218 181/06 

bedding 32.33415 -3.29941 1254.390015 198/04 

bedding 32.3534 -3.30151 1158.993042 000/40 

TG 32.3534 -3.30151 1158.993042 300/68 

TG 32.3534 -3.30151 1158.993042 345/64 

TG 32.35996 -3.29777 1155.778687 021/86 

TG 32.35996 -3.29777 1155.778687 284/54 

TG 32.36037 -3.29782 1157.477295 078/85 

bedding 32.36262 -3.29838 1149.558838 180/05 
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B. Appendix for Chapter 3 – Florida, Eastern Gulf of Mexico  

 

Figure 0.4: Seismic line B of the Eastern Gulf of Mexico. Seismic data courtesy of TGS. 

 

 

Figure 0.5: Seismic line C of the Eastern Gulf of Mexico. Seismic data courtesy of TGS. 
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Figure 0.6: Seismic line D of the Eastern Gulf of Mexico. Seismic data courtesy of TGS. 

 

 

Figure 0.7: Seismic line E of the Eastern Gulf of Mexico. Seismic data courtesy of TGS. 
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Figure 0.8: Seismic line H of the Eastern Gulf of Mexico. Seismic data courtesy of TGS. 
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C. Appendix for Chapter 4 – Ghana, Equatorial Atlantic 

 

Figure 0.9: Indicative marginal ridge of the Ghanaian margin. Seismic data courtesy of TGS.
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Figure 0.10: Indicative migration velocity line. Seismic data courtesy of TGS.
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