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                                                  Abstract 

This thesis presents an analysis of detached extensional fault systems in the Southern 

North Sea. The research involved the interpretation of 3D seismic data from the 

Guinevere and Camelot fields, quantitative fault analysis and 2D section 

reconstructions and restorations. 

The UK Southern North Sea is characterized by the presence of complex Mesozoic 

grabens trending NW-SE. A prominent feature of these grabens is the presence of 

Lower Triassic Separation Zones (LTSZ), which are characterized by the absence of 

the Lower Triassic Bunter Group (Bunter shale and sandstone).  A new model for the 

evolution of these structures is proposed; the suggested mechanisms are salt 

tectonics and extensional faulting utilizing multiple detachment layers of the Permian 

Zechstein and Triassic Haisborough Groups in two different phases of extension. 

The 3D seismic interpretation results of the Jurassic equivalent units from the two 

fields (Guinevere and Camelot) shows arrays of domino faults with an oblique 

extensional direction (ENE) relative to the elongate graben bounding listric faults 

system which have a dominant (NW-SE) direction.  The curvature of these ENE faults 

is controlled by underlying faults at the Upper Triassic level; where the faults are 

reactivated the Triassic faults link up with the overlying Jurassic faults, where not 

reactivated they tend to control the curvature of the overlying faults.   

 

Seismic attribute analysis and 2D section restorations and reconstruction have been 

carried out on selected seismic lines to determine the structural and tectonic evolution 

of the basin and to test the plausibility of the proposed model.  

The proposed model was compared with basins that have similar structures, such as 

the East Irish Sea basin and the passive margins of Angola and Congo. This research 

has also shown that the term “Triassic-Jurassic extension” previously used to describe 

extension in the Mesozoic in parts of the Southern North Sea is better described as 

two different and separate extensional events. 
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Chapter 1  Introduction 

1.1 Introduction 

The UK southern North Sea (SNS) is defined as the region south of the crest of the 

Mid North Sea High and to the north of the crest of the London-Brabant Ridge. This 

area is illustrated in Figure 1. The Central Graben lies to the NE of the Mid-North 

Sea High. Southern North Sea Basin is one of the mature hydrocarbon basins in 

NW Europe and has undergone different phases of tectonic activities during 

Phanerozoic. (A structural and tectonic evolution of the basin is given in Chapter 

Two).  

This research study was conducted in the United Kingdom sector of the basin. The 

UK sector of the Southern North Sea is characterized by the presence of complex 

Mesozoic fault bounded graben (Jenyon and Cresswell 1987, Cameron et al., 

1992, and Arthur 1993). The unique feature of this graben is the presence of a 

Lower Triassic Separation Zones (LTSZ), characterized by the absence of the 

Lower Bacton or Bunter Group. The entire Bacton Group is absent in many places 

in the Southern North Sea; Camelot Field, (Holmes, 1991 and Karasek and Hunt 

2003), (Werngren et al., 2003) and (Lappin et al., 2003.)  (A review of the 

previously proposed models is given in Chapter Two).  

This thesis presents a seismic analysis of Guinevere and Camelot fields from the 

Southern North Sea.  The research has resulted in new structural evolution models 

for the complex Mesozoic grabens and Lower Triassic Separation Zones (LTSZ), 

and presents evidences of Jurassic extension in the Southern North Sea. 

1.2 Location of Research Areas 

The two study areas (Guinevere and Camelot fields) analysed during this research 

are all located in the UK sector of the southern North Sea (Fig.1).  
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Guinevere Field 

The Guinevere field is located in quadrant 48 as part of the Lancelot Producing 

Area (LAPS).  It is located 43 miles (70km) east of the Humber Estuary and 31 

miles (50km) north of the Norfolk Coast within Block 48/17b (Fig.1).   The field is a 

NW-SE trending fault block that is 3.4 miles (5.5km) long and 1mile (1.6km) wide 

and lies in water depth of 88ft (27m) (Lappin et al., 2003). The Field is located 

within the footwall of the Dowsing Fault Zone on the western flank of the Sole Pit 

Basin (Fig. 1).  It is a NW-SE trending extensional fault block at Rotliegend level.   

Camelot Field 

The Camelot field study area is located in quadrant 53 and is the general name of 

a group of separate gas accumulations located in UK Blocks 53/la and 53/2 in the 

Southern North Sea (Holmes, 1991 and Karasek and Hunt, 2003). (Fig.1). The 

Camelot Fields are located in the southern Permian Basin, on the southern margin 

of the Sole Pit Basin. It lies some 30 miles Northeast of Great Yarmouth and 

approximately 9 miles SSW of the Leman gas field (Holmes, 1991 and Karasek 

and Hunt, 2003).   

 

The two study areas were chosen because they both show the presence of the 

fault bounded Mesozoic grabens, LTSZ and multiple detachment layers.  

 The difference in the stratigraphic succession between the two study areas is also 

another factor. The Guinevere field study area is characterized with wide spread 

erosion and its stratigraphic successions runs from the Carboniferous to the 

Cretaceous Chalk unit  

The Camelot field is characterized with the presence of complete stratigraphic 

successions from the Carboniferous-Neogene similar to that of the Southern North 

Sea.  Comparing the two study areas will enable the understanding of the 

structural evolution history of the basin. 
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Figure 1: Structural framework map showing the location of the Southern North Sea 
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1.3 Aims and objective of the research study 

This PhD research will examine the evolution of fault systems in Southern North 

Sea developed above the pre-extension Zechstein salt layer and in particular their 

role in the formation of  Lower Triassic Separation Zones (LTSZ) using 3D seismic 

data and well log where available. The seismic data sets were used to map key 

horizons that unravelled the subsalt and post salt structures. These are important 

in understanding the general structural evolution of the Southern North Sea. The 

mapping of faults was also conducted using the seismic data. This enabled the 

effective analysis of the timing of fault activity in the region. 

The research project aims to look at the way in which the these faults develop in 

response to variations in stress regime and, the way in which their geometry is 

controlled by the presence of detachment layers at different stratigraphic levels. 

The research work will also attempt:- 

1. To study evolution of the complex Mesozoic graben and Lower Triassic   

Separation Zones. 

2. To determine the timing of fault activity. 

3. To study the interaction of faults detaching at different stratigraphic levels. 

4. To determine the variation in the style of extension between Triassic and      

Jurassic extensional events. 

5. To study the different phases of extensions and inversion 
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Chapter 1                                                   Introduction 

1.4 Thesis outline 

This thesis contains seven chapters: Brief descriptions of each of the ten (10) 

chapters are presented below:-  

 Chapter One introduces the location of the study area and brief introduction 

of the nature of the problem and an over view of the research study aims 

and objectives. 

 

 Chapter Two introduces the Southern North Sea, then a description of the 

regional geology and main tectonic phases in the North Sea, linking it to the 

evolution of the Southern North Sea.  A review of the existing models for the 

evolution of the complex Mesozoic grabens and Lower Triassic Separation 

Zones is also given in the Chapter.  

 

 Chapter Three describes the methods used in this thesis detailing the 

available 3D seismic survey data set’s coverage and qualities. 3D seismic 

interpretation. 

 

 Chapter Four looks at structure and stratigraphy of the Guinevere field, 

descriptions of the structural styles and the evolution and growth of the 

structures are also given. The chapter also analyses timing of fault activity 

and 4D evolutions of the LTSZ and Mesozoic grabens observed in the field. 

Quantitative fault analysis of Guinevere field Mesozoic faults highlighting on 

the orientations, throws and displacements of the faults. 

 

 Chapter Five describes the structure and stratigraphy of the Camelot field, 

the structural styles, evolution and growth of the structures. The chapter 

also analyses timing of fault activity and 4D evolutions of the LTSZ and 

Mesozoic grabens observed in the field. Quantitative fault analysis of 

Camelot field Mesozoic faults highlighting on the orientations, throws and 

displacements of the faults. 
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 Chapter Six gives a discussion of the structural evolution models and 

comparisons to other basins. It integrates and compared developed models 

to other basins with similar settings and structures. A general model for the 

basin is equally proposed in this chapter. 

 

 Chapter Seven draws the conclusion of this thesis and outlines 

recommendations for further research. 
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Chapter 2 

 

Regional Geology and Tectonic Evolution of the 

Southern North Sea 

 

2.1  Introduction 

2.2  Tectonic evolution of the North Sea rift system 

2.3  Southern North Sea structural evolution  

2.4  Regional stratigraphy 

2.5  Petroleum systems in the Southern North Sea 

2.6  Review of salt tectonics and multiple detachment systems 

2.7  Review of models for evolution of the complex Mesozoic and 

Lower Triassic Separation Zones 

2.8 A review of fault initiation, propagation, and linkages 
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Chapter 2  Review of Geology and Tectonic Evolution of 

 the Southern North Sea  

2.1 Introduction 

The Southern North Sea is affected by different tectonic events from the Permian 

to the Neogene. Two main plate tectonic events that affected the whole of the 

North Sea and North West Europe are the Caledonian and Variscan orogenies.  In 

terms of the Caledonian tectonics, the Southern North Sea sits on the Avalonian 

microplates, which collided with two other plates, Baltica and Laurentia, during the 

Caledonian Orogeny (Ordovician-Devonian). The three-plate collision involved 

Baltica to the east and Laurentia to the west, as well as the micro-continent 

Avalonia to the south which by middle Ordovician times separated from Gondwana 

(Cocks et al., 1997; Ziegler, 1990). This collision resulted in a series of WNW 

trending faults parallel to the boundary of Avalonia and Baltica (Thor lineament), 

and ENE oriented structures at the boundary of Laurentia and Avalonia (Iapetus 

suture) (Fig. 2.1).  On the other hand the Variscan orogeny which occurred towards 

the end of the Carboniferous involved the continental collision of Gondwana with 

Laurentia to the west, Iberia to the south to form the super continent Pangaea. The 

resultant effect of this compressional event was the inversion and erosion of pre-

existing sedimentary basins. 

The aim of this chapter is to review the main tectonic events of the North Sea, 

provide a detailed structural evolution and stratigraphic sequences of the Southern 

North Sea.  The chapter also reviews the salt tectonics, multiple detachment layers 

and various models proposed for the evolution of the Lower Triassic Separation 

zones (LTSZ) in the Southern North Sea. 
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Figure 2.1 Sketch map illustrating the basement and major tectonics features of the North Sea modified from Zanella et al.,2003.  
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2.2 Tectonic Evolution of the North Sea Rift System 

The major tectonic activity that shaped the structural setting of the North Sea can 

be grouped into eight major events (Glennie and Underhill, 1998), these are:-  

1. The Precambrian events 

2. The Caledonian plate cycle tectonic events 

3. The Variscan plate cycle 

4. The Permo-Triassic rifting and thermal subsidence 

5. The Middle Jurassic domal uplift 

6. Late Jurassic to earliest Cretaceous extensional tectonics 

7. Development of the hot spot and North Atlantic rifting 

8. Tectonic inversion of Mesozoic basin 

2.2.1 Precambrian Events Caledonian Plate Tectonics 

During the Precambrian the North Sea is considered as an area which comprises 

of widely separated continental fragments (Fig. 2.2a and 2.2b). During the 

Caledonian Orogeny (Ordovician-Devonian) a three-plate collision occurred. The 

collision involved two large continents, Baltica to the east and Laurentia to the 

west, as well as the micro-continent Avalonia to the south which by middle 

Ordovician times separated from Gondwana (Cocks et al., 1997; Ziegler, 1990). 

This collision resulted in a series of WNW trending faults parallel to the boundary of 

Avalonia and Baltica (Thor lineament), and ENE oriented structures at the 

boundary of Laurentia and Avalonia (Iapetus suture). 

The Caledonian Plate cycle 

This combines the Late Cambrian to Late Silurian Anthollian and Caledonian 

Orogenies (Fig. 2.2c). The Caledonian Orogeny cycle is considered to be the main 

plate tectonic event responsible to for defining the deep structural grain of 

northwest Europe. The cycle occurred between Late Cambrian and earliest 

Devonian times, and reflects the collision of the late Proterozoic continents of 
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Figure 2.2 Schematic diagrams illustrating the major tectonics events that formed the North Sea from the Late Protezoic,
 Early Palaeozoic-Mid Tertiary.Modified from Glennie, 1998.  
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Baltica to the east and Laurentia to the west and Avalonia, a fragment of 

Gondwana to the south. It marks the complex closures of the Iapetus or Proto-

Atlantic Ocean, the Tornquist and the Rheic oceans. In early Silurian times, a 

Gondwana-derived terrane, Eastern Avalonia, approached the newly-united 

continents of Laurentia and Baltica (Laurasia). Baltica and Avalonia were prior to 

the collision separated by the narrow Tornquist Sea while Laurentia was separated 

from the two opposing continents by the larger Iapetus Ocean. Strike-slip and 

transpressional movement along the Avalonia-Laurasia suture persisted until the 

end of the Silurian and caused the development of the English-North German-

Polish Caledonides. 

The amalgamation of Baltica and Avalonia is believed to have taken place prior to 

the collision between Laurentia and Avalonia, as indicated by a convergence of 

palaeolatitudes derived from palaeomagnetic studies and by the onset of faunal 

mixing (Cocks and Fortey, 1982; Cocks et al., 1997).  

The Variscan plate cycle 

This event lasted from the late Devonian to Carboniferous times,the rifting occurs 

probably as a result of adjustment between two separate cratons of Laurentia and  

Scandinavia. This is clearly portrayed in the Devonian reactivation of Caledonian 

lineaments and by the early Carboniferous structural relief (Fig. 2.2d). 

The variscan orogeny of the Late Carbiniferous is assumed to marked the closure 

of the Southern Proto-Tethys (or Rheic) Ocean and the creation of supercontinents 

Pangea (Fig.  2.2e). The Variscan Orogeny occurred towards the end of the 

Carboniferous was believed to be as a result of continental collision of Gondwana 

with Laurentia to the west and Iberia to the south to form the continent of Pangea.  

The term Variscan refers to the European part of the Hercynian orogen or fold belt, 

and specifically relates to the time of late Visean–Westphalian consolidation. The 

Hercynian orogenic cycle, which took place between the Devonian and Early 

Permian, involved the assembly of the Earth’s latest supercontinent – Pangaea.                      
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2.2.2 Permo-Triassic rifting and thermal subsidence 

The subsidence of the Moray Firth and the east –west trending Northern and 

Southern Permian  basin occurred at the same time as the initiation of the of the 

subsidence in the in areas  that were later to become the Viking and the Central 

graben system  (Fig. 2.2f).  

During the Middle Triassic halokinesis was triggered by reactivation of Variscan 

basement faults. This had considerable effects on sediment thickness in the cover 

sequence. The rifting and thermal subsidence of the southern Permian Basin 

during Permo-Triassic can be identified along the North Dogger Fault Zone and 

Dowzing Fault Zone where the northern and south-western limit of mobile 

Zechstein salt is located. 

In the Early Triassic, rifting was intensified between Greenland and Scandinavia 

which propagated into the North Sea as well as the North Atlantic domain (Ziegler, 

1988, 1990a; Roberts et al., 1995). The North Sea rift system, consisting of the 

Viking and Central grabens and the Horda half-graben, transected the Northern 

and Southern Permian basins (Ziegler, 1990a).  

The North Sea rift system remained active during the Early Jurassic, as evident in 

the Viking and Dutch Central grabens. At the southern end of the North Sea rift 

system, crustal extension was compensated by activation of a system of west-

north-west-trending transtensional basins along the southern margin of the SPB.  

Regional thermal subsidence of the Northern and Southern Permian basins 

continued during the Rhaetian and Hettangian, this combined with a eustatic sea-

level rise, controlled the development of a wide, shallow-marine basin. The 

subsidence that formed a prominent tectonic activity in the Jurassic was 

fundamentally controlled by continued extension on the Dowsing Fault Zone (DFZ), 

but the distribution of sediments was increasingly affected by salt tectonics 

(Stewart and Coward, 1995). 

2.2.3 Middle Jurassic Thermal domal uplift 

The North Sea dome is thought to be principally a Middle Jurassic phenomenon 

and is not considered to have influenced the development of depositional 

14



Chapter 2                                          Regional geology and tectonic evolution of Southern North Sea  

 

sequences in the neighboring basins during the Early Jurassic (Underhill and 

Partington, 1993). The thermal domal uplift during the Middle Jurassic occurred as 

a result of the response to the development of warm, diffuse and transient mantle 

plume head, which led to widespread erosion of the central North Sea area, 

volcanism and subsequent development of a trilete rift system. The thermal doming 

is assumed to have abruptly terminated the subsequent thermal subsidence during 

the Triassic – early Jurassic. 

Crustal extension across the North Sea rift system persisted during the uplift of this 

thermal dome as shown by continued fault-controlled subsidence of the Viking 

Graben, the subsidence of deep half-grabens containing continental series in the 

Central Graben, and continued tectonic activity in the array of transtensional basins 

along the southern margin of the South Permian Basin (SPB) (Ziegler, 1990a). By 

late Mid-Jurassic times, the Central North Sea Dome had subsided sufficiently for 

open-marine conditions to be restored in the North Sea. Sedimentation resumed 

variably during the Callovian or Late Jurassic in areas uplifted during Mid-Jurassic 

times (Ziegler 1990a; Vejbæk, 1997). The London-Brabant Massif was also uplifted 

during Mid-Jurassic times, its Triassic and Upper Paleozoic cover removed to 

expose the Lower Carboniferous core. 

2.2.4 Late Jurassic to earliest Cretaceous extensional tectonics 

This marked one of the most important events during the development of the North 

Sea rift system; it is characterized by the rotation of the fault-blocks which led to 

the formations of major structural traps across the areas adjacent to the Viking and 

the Central Grabens. This event was followed by a phase of post-rift thermal 

subsidence in the North Sea during the late Cretaceous and Cenozoic. 

2.2.5 Development of the Iceland hot spot and North Atlantic 

The tectonics of the North Sea was superseded by extension which was linked to 

the onset of the sea floor spreading in the North Atlantic Ocean. This was initially 

along the Rockall-Fareoes Trough (Fig.2.2g) but later shifted to its present axis 

(Fig. 2.2h) during the Palaeogene/Neogene. The most important events of opening 

of the Atlantic Ocean and the development of the Ice land hot spot were the major 
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factors in Cenozoic uplift and exhumation of the British Isles. This resultant tilt in 

the regional geology affected the western rift in the North Sea, i.e the Inner Moray 

Firth (Thomson and Underhill, 1993; Hillis et al., 1994) 

2.2.6 Tectonic inversion of Mesozoic basin 

A tectonic inversion of all former Mesozoic basins occurred as a result of creation 

of Atlantic Ocean, involved continent-to-continent collision between the Eurasian 

and African plates, this tectonic event termed Alpine orogeny. It commenced in the 

Late Cretaceous around 100 Ma and produces compressional features. This event 

was caused by intraplate compression which leads to the inversion of former 

sedimentary basins across north-west Europe.  

During the Alpine compression a series of smaller phases have been discovered, 

like the Subhercynean, Laramide, Pyrenean and Savian phases. These phases are 

usually associated with more localized stresses caused by smaller continents 

colliding with Eurasian plate (Duin et al., 2006). 

In the Subhercynian and the Laramide events, inversion tectonics was active in 

some of the marginal troughs like the Southern Central Graben, the Broad 

Fourteenth and the West Netherland basin. This inversion event led to the erosion  

of most of the Cretaceous deposits in these basins. During the Palaeogene-

Neogene, the Pyrenean and Savian inversion tectonic events phase have 

influenced the North Sea basins structure only to a lesser extent.  The events 

mainly produce uplift and erosion, especially in the Broad Fourteens Basin.  

2.3 Tectono-stratigraphy of Southern North Sea 

The evolution of the Southern North Sea dates back to the Carboniferous when the 

region is characterized by different orogenic activities.  Since then the region has 

under gone different tectonic activities till the present day. The major structural 

elements of the regions are shown in Fig. 2.3.  All subsequent tectonic activities 

were related to the reactivation some of these structural elements produced from 

the major orogenic events. 
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Figure 2.3 Mega tectonic map of the Southern North Sea showing the structural features Modified from Van Hoorn 1987.  
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The geological succession of the Southern North Sea begins with the 

Carboniferous Westphalian stratum which was followed by the basin infill of 

Permian sediments.  These were deposited in a foreland basin setting with a semi 

arid to arid environment resulting in cyclic deposition of thick Zechstein salt of up to 

2000m in Upper Permian (Cameron et al., 1992). The Permian Zechstein and 

Triassic Haisborough group salt (Fig. 2.3b) formed major detachment layers in the 

region causing post-depositional halokinetic deformation of the overburden. The 

succession runs through up to the Quaternary.  The detailed stratigraphy is 

summarised in (Fig. 2.3b). 

2.3.1 Devonian and Carboniferous Basins development 

The Devonian and Carboniferous basin development which formed most of the 

sedimentary basins in the North West Europe have been affected by the two major 

orogenic events of the Caledonian and Variscan orogenies (discussed in section 

2.2).   The closure of the Iapetus Ocean during the early Devonian resulted in the 

formation of the megacontinent called Laurussia. It is referred to as the Old Red 

Sandstone (ORS) continent with Devonian deposition of Aeolian, fluvial and alluvial 

sediments, but also some possible marine incursions (Cameron et al., 1992).  

The southern limit of the southern North Sea was bounded by the the London- 

Brabant Massif between the early Devonian and early Cretaceous where the 

Devonian sediments are not present. During the Dinantian in early Carboniferous, 

the London Brabant Massif was established as a carbonate platform prograding 

northward into the basin, simultaneously, deltaic sediments prograded, southward 

from the Mid North Sea High (MNSH) into the Anglo-Ducth Basin.  

In general, Devonian sediments are thin in the southern North Sea and due to 

erosion have an irregular distribution (Cameron etal., 1992). The Upper Dinantian 

is characterised by cyclical deposition displaying a shallowing up sequence from 

basal-marine limestones into thick deltaic sediments then sandstone channels and 

thin coal beds (Cameron et al., 1992). 
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Figure 2.4 The tectonic setting of the Southern North Sea 
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Devonian basins development 

In Middle and Late Devonian times, the continental masses of Laurasia and 

Gondwana began to converge to form Pangaea. Progressive narrowing of the 

Proto-Tethys Ocean allowed early contacts between Laurasia and Gondwana in 

the region of Iberia and NW Africa during the Fammenian Stage, thus allowing an 

exchange of flora and fauna between these previously distinct geographical 

provinces.  

Devonian (Old Red Sandstone, ORS) deposits underlie a large area of the 

Orcadian and East Shetland basins and possibly once formed a continuous basin 

to link with the Devonian sediments of SW Norway. The Lower ORS (Siegenian-

Emsian) has a restricted distibution and consists of syn-rift sequences which pass 

up, without any important stratigraphic break, into the Middle ORS (Eifelian-

Givetian). The Lower ORS is characterized by coarse lenticular breccias and 

conglomerates interfingered with finer bedded sandstones, deposited within small 

intermontaine extensional basins (see Mykura 1976). Local thick fanglomerates 

suggest deposition in basins bounded by active fault scarps. The Middle ORS, 

which oversteps the Lower ORS in the west and onlaps the basement, consists of 

lacustrine flagstones and sandstones, up to 4 km thick in Caithness, formed in a 

post-rift subsidence phase of sedimentation. Minor unconformities occur at the 

base of the Middle ORS, possibly related to tilting and differential uplift during 

extension, rather than to a phase of positive tectonic inversion (Coward et al. 

1989).  

Regional fault kinematic studies indicate both dip-slip and strike-slip movements 

(Haughton 1989; Coward 1990). Several of the faults controlling these strike-slip 

movements may lie within, or south of, the Southern Uplands where large strike-

slip fault zones have been recognized. Soper and Hutton (1984) and Hutton (1987) 

emphasize these strike-slip movements and favour a strike-slip accretion model for 

the southern Caledonides. Devonian tectonics is therefore characterized by the 

development of large-scale strike-slip zones and large pull-apart basins.  
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Carboniferous basins development 

The Carboniferous basins of NW Europe can be divided into two segments, 

separated by NW-SE trending Dowsing Fault Zone To the west, the Caledonian 

basement was broken into a series of fault blocks, with pulses of NW –SE trending 

extension in the Tournaisian and Visean (Fig. 2.1). To the North East (NE), there 

was a morphologically smooth and almost depositional area throughout much of 

the central and Southern North Sea. The NW-SE trending Dowsing Fault is one of 

the series of faults which acted as transfer fault zones during the early 

Carboniferous extension (Coward, 1990). The dips of half- graben bounding faults 

change across these transfer zones. The Dowsing Fault Zone marks the NE edge 

of the London Brabant Massive in the Southern North Sea and Northern Germany.  

The late Carboniferous basin in the Southern North Sea and southern Britain is 

sometimes considered as a foredeep basin to the Variscan thrust structures (e.g. 

Ziegler 1982, 1990).  However, this theory was rejected by Coward, (1993) 

because the Variscan mountain belt had relatively little topographic relief and its 

deformation cannot produce excessive crustal thickening to form a flexural load, 

He concluded there is no driving mechanism for a foredeep in the Southern North 

Sea at that time. Another reason was that there is no indication of a depocentre or 

pinch-out migration as would be expected in an advancing foredeep (Coward, 

1993). A thermal subsidence model is therefore favoured for the late Carboniferous 

basin development in the Southern North Sea. An indication of the amount of 

thermal subsidence is given by 1 km of Westphalian rocks in the Midland Valley 

and >2km in the southern Pennines (Fraser and Gawthorpe 1990). 

A tectonic model for the Carboniferous extension must take into account the lateral 

variations in extension direction throughout central and northern England. Leeder 

(1987, 1988) suggests that back-arc extension related to northward subduction 

during the closing of the Variscan Rheic Ocean caused the Carboniferous 

stretching north of the Brabant Massif.  However, the main change from Devonian 

to Carboniferous tectonics was the development of extensional basins in central 

and northern England, the southern North Sea and northern Germany, across the 
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Figure 2.4a  Late Permian tectonic evolution: Compiled using information from the following published sources: Ziegler (1990a), Cameron et al.

(1992), Vejbæk (1997), Dadlez et al. (1998), Lokhorst et al. (1998), Baldschuhn et al. (2001), De Jager (2007). Adapted  from Pharaoh et al., 2010.
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block bounded by the left-lateral and right-lateral Devonian strike-slip faults 

(Coward, 1993).  

Westphalian 

The Westphalian deposits of central England have been divided into four 

chronostratigraphic units. These units are units A, B, C, and D. Unit A is a deltaic 

sedimentation from Langsettian (Westphalian A), through the Duckmantian 

(Westphalian B), to early Bolsovian (Westphalian C), times deposited the coal 

bearing facies of the coal measures. Primary redbed facies sediments were 

deposited in northern and central England during later Bolsovian and Westphalian 

D times (Cameron et al., 1992).                                                                        

2.3.2 Permian basin evolution 

The evolution of the Southern North Sea Basin area during the late Early Permian 

was dominated by thermal subsidence and its gradual incorporation into the 

westward-expanding Rotliegend Basin (Geluk, 2007). The Dowsing-South Hewett 

Fault Zone, which was active during the Carboniferous (Leeder & Hardman, 1990) 

and possibly earlier times (Pharaoh et al., 1995), may have exerted a 

syndepositional control.  

During the Late Permian, the plate-tectonic setting of Europe was dominated by 

the ongoing northward subduction of the Paleotethys Ocean beneath the southern 

margin of Europe (Stampfli & Borel, 2002).  Persisting activity along the Arctic-

North Atlantic rift system, combined with a glacioeustatic sea-level rise, facilitated 

the development of a seaway linking the Arctic Ocean with the Permian basins of 

western and central Europe (Ziegler, 1988, 1989, 1990a; Torsvik et al., 2002; 

Coward, et al., 2003). This transgression probably advanced to the margins of the 

Northern and Southern Permian basins through the Faroe-Rockall Trough, the 

fault-controlled basins of the Irish Sea and via the Solway-Vale of Eden 

Depression. The latter was connected during the Zechstein via the western flank of 

the Mid North Sea High, and later across it (Ziegler, 1990a; Taylor, 1998).  
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Permian stratigraphy 

The stratigraphy of the Permian is divided into Lower Permian and Upper Permian 

and consists of the Rotliegend and theZechstein Super Groups respectively 

(Fig.2.3b). 

Lower Permian ( Rotliegend) 

The Rotliegend is an old term used by the German miners for red beds that 

underlie the Zechstein (Glennie 1990). The sedimentary sequence of the 

Rotliegend, were deposited in a post Variscan basin which was termed the South 

Permian Basin. The stratigraphic units are briefly described below:- 

Lower Rotliegend: The Lower Rotliegend lithologically comprises of few 

sedimentary sequences with predominant volcanic rocks especially in the German 

sector of the Southern North Sea (Falke, 1972; Plein, 1978). These sequences 

were deposited largely in Fluvial and lacustrine environment under a climate that 

alternated between humid and arid.  

Upper Rotliegend: The upper Rotliegend in the southern Permian Basin is made up 

of four different types of distinct facies, these are:- 

Fluvial facies: This facies has sequences that are characterized by the occurrence 

of curled clay flakes, which indicates frequent exposure and desiccation. Some of 

the cracks of this clay were infilled with sand from overlying sediments while others 

were injected with slurry of sand and water from below to form sand stone dykes 

(Glennie, 1970). 

 Aeolian sand: These are simply recognisable when subjected to series of 

identifiable criteria. (i) A well defined planar or trough –bedded strata in which 

adjacent laminae commonly show sharp grain size difference between that of very 

fine sand and some 1 or 2 mm. (ii) Many intra–formational unconformities above 

which the laminae are commonly horizontal. (iii) The lack or absence of mica 

flakes. 

Lacustrine Facies: These are facies that consist of primarily of red–brown 

mudstone with minor siltstone. Several horizons of halite occur in the lower half of 
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Figure 2.4b    Late Triassic tectonic evolution: Compiled using information from the following published sources: Ziegler (1990a), Cameron et al.

(1992), Vejbæk (1997), Dadlez et al. (1998), Lokhorst et al. (1998), Baldschuhn et al. (2001), De Jager (2007). Adapted  from Pharaoh et al., 2010.
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the sequence in the UK waters. The salt unit attains a sufficient thickness level to 

react diapirically in the northern German sector and the deformed lacustrine 

sequence is known as Haselgebirge facies. The same facies in the southern end of 

the Danish peninsula within the Gluckstadt Graben the Rotliegend halite occurs in 

the same diapiric structures as halite of Zechstein age (Glennie, 1990). 

Sabkha Facies: The sabkha facies is a type of facies that commonly lie between 

the deposit of the lake and the more southerly depositional areas of the wadi and 

Aeolian sands, it is a broad band of poorly bedded clays silts and sands that 

display many features indicative of a sabkha (e.g. mud cracks, sandstone dykes 

adhesion ripples anhydrite nodules. 

2.3.3 Upper Permian (Zechstein Super Group) 

The Southern North Sea lies in a position of post orogenic Variscan foreland basin 

extending from eastern England through Germany into Eastern Europe. Three  

different types of facies namely Aeolian, fluvial and lacustrine had filled this basin 

partially during the Early Permian time. There was marked changes in transition of 

facies basinwide which defines the base of the relatively complex Upper Permian 

sequence of marine and evaporitic sediments which primarily composed of the 

Zechstein Super group (Rhys, 1974; Camelot et al., 1992).  It is the first 

detachment layer within the Guinevere field,this group is a complex mixture of 

evaporite and carbonate rocks of Late Permian which underlies a large part of the 

North Sea and North West Europe (Taylor, 1998). Figure 2.3c shows the formation 

and building up of Zechestein cycles. 

The Late Permian marine transgression divided the Zechstein Supergroup of the 

southern North Sea into five basinwide evaporites cycles (Zechstein cycles); these 

are the Z1, Z2, Z3, Z4 and Z5.Each of these units show effect of increasing salinity 

and were further subdivided into smaller units. 

Z1 Group 

The initial flooding of the Zechstein Basin was reported to have been accompanied 

by disturbance and minor reworking of the uncemented Rotliegend sands (Smith 

and Francis, 1967; Glennie and Buller 1983; Glennie, 1990 and 1998). This group 
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according to Rhys (1974) is divided into three different formations these are:- 

Kupferschiefer Formation, Zechsteinkalk Formation Werrraanhydrite Formation. 

Kupferschiefer Formation 

This formation marks the formal base of the Zechstein, according to Glennie 

(1998),it is a dark grey shale of about 1m in thickness,and has stong gamma ray 

peaks on logs. It is assumed to have been formed under anoxic condition and can 

easily be recognised across the floor in both the Southern and Northern Salt Basin, 

in Moray Firth and some wells in Viking Graben area, but is absent from parts of 

the Mid North Sea High (MNSH) and other highs,especially where the Rotliegend 

is missing. Although the formation is organic rich and oil prone, it is asserted to be 

a credible source rock, Taylor, 1998 Glennie 1998. 

Zechsteinkalk Formation and equivalents 

The Kupferschiefer (copper shale) Formation transited rapidly into marine 

carbonates this is assumed to be the equivalents of Zechsteinkalk and 

Werradolomit, (Taylor, 1998). The thickness of this formation ranges from 3m to 

100m. The lithologic variation from argillaceous and carbonaceous dolomites and 

Limestones on the floor of the Southern Salt Basin to combined slope and shelf 

facies towards round edge of the basins.(Taylor,1998). Two transgressive – 

regressive subdivision of system tracks have been recognised, according to 

(Tucker 1991) each is reported to have been comprised of trangressive-system 

tract followed by a highstand –system tract. The onshore equivalents of these 

subdivisions are Raisby and Ford Formations in Durham and the Wetherby and 

Sprotbrough Members of the Cadeby Formation in Yorkshire (Taylor1998). 

Werraanhydrit Formation 

The Zechstein Evaporites and the Carbonates are separated by a sharp break 

which was accompanied by features largely attributed to sea level fall and 

desiccation (Taylor, 1998). This surface and its correlatives equivalents constitute 

the first major type 1 Zechstein cycle, according to Tucker, 1991. The evaporites of 

the Z1 cycles is believed to have formed the peripheral lens of up to 180m thick 
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around the Southern Salt Basin, there are largely or mostly contained within the 

encircling wedge of Z1 shelf carbonates. The   lithologic composition of evaporites 

includes mainly of bluish-white displacive anhydrite (with nodular, chicken-wire or 

mosaic structure and enterolithic bands) sparsely distributed within a brown 

microdolomite host, interspersed at interval within thin anhydritic dolomite layers. It 

was also belived that the ratio of dolomite: anhydrite seems to decrease as the 

total thickness of the Werranhydrit increases (Taylor, 1998)  

Z2 Group 

This group of Zechstein cycle is divided into three subdivisions. These are the 

Hauptdolomit Basalanhydrit and Stassfurt Halite formations. 

Hauptdolomit Formation 

The Werraanhydrit of the first Zechstein cycles passes upward with rapid transition 

into dark brown to black, these are bituminous thinly laminated carbonates 

(Taylor,1998). This is commonly observed on the floor of the both the Southern 

and Northern North Sea Basins. The lower part which is commonly known as the 

Stinkschiefer contains mainly thin shale layers, this unit merges into the overlying 

Stinkkalk in the Southern Basin which is similar but less shaly. It was reported by 

Taylor (1998) that limestones predominates over dolomite in the deeper parts of 

the basin, which was typified by large inter-locking calcite crystals spreading 

across several laminae. 

Stassfurt evaporites 

The Z2 evaporites which comprises of Stassfurt Salze, Fordon Formation, consists 

largely of halite- the principal components of Zechstein salt structures. This 

according to Christian, (1969) has original thickness which may have been in 

excess of 1400m in the middle of the Southern UK Basin. Unlike the middle the 

margins consist of red beds which passes basin-ward into anhydrite above the 

Hauptdolomit and joined by fore-setted units of halite, polyhalite, and (beyond the 

break in slope) kieserite. 
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The presence of of a widespread thin layer of potash minerals at the top of the Z2 

evaporites suggest the overtaking of subsidence by salt precipitation, and the 

construction of a broad shelf close to sea level reaching far towards the basin 

centre. This levelling was responsible for considerable lateral uniformity during 

later sedimentation. 

Z3 Group 

This is the third group of the Zechstein cycle which consist of five different 

formations; these are Grauer Salzton, Plattendolomit, Hauptanhydrit, Leine Halite 

and Roter Salzton Formations. 

The Z3 Carbonate (Plattendolomit or Platy Dolomite which is the equivalent to the 

Seaham Formation of Durham and the Brotherton Formation of Yorkshire, in the 

past widely referred to as the Upper Magnesian Limestone) is best known in the 

Southern Basin. This unit overlaps a1m basal shale (Grauer Salzton or Grey Salt 

Clay) which was located towards the basin margin. 

The Z3 evaporites, is located on top the Z3 shelf carbonates which is composed of 

a series of sabkha cycles with algal mats and nodular anhydrite leads upwards in 

to the overlying Hauptanhydrite(Main Anhydrite). The thickness of this layer varies 

from 3m the shelf to some 45m within the rim of the thickest carbonates. Towards 

the basin centre the combination of Grauer Salzton,Plattendolomit and 

Hauptanhydrit are reported to be much attenuated and difficult to be recognised. 

This particularly happens when displaced by movement of Z2 salt as is commonly 

the case (Tylor, 1998).  

Z4 Group 

In this group the sediments are divided into two namely; the Pegmatitanhydrit and 

Aller Halite formations. The Pegmatitanhydrite (or the Upper Anhydrite) also known 

as Sherburn Formation,and was widely distributed around the edge of the 

Southern Basin and appears to extend to as far north as Norwegian 

waters.(Taylor,1998). The Aller Halit (Sneaton Formation formerly Upper Halite), 
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occupies a slightly smaller area, thickening to 90m in the middle of the Southern 

Basin, 

Z5 Group 

This group is represented by the Grenzanhydrit Formation: The Formation 

represents the fifth cycle of Zechstein transgression and it is characterized by bed 

of weekly layered anhydrite (Smith, 1980). 

2.3.4 Triassic extension 

The Triassic Period spanned an approximate estimated 42 million years (Ma) 

~248-206 Ma before present(BP) (Gradstein et al.,1995). Late Triassic witnessed a 

regional phase of extension which affected the area as a result of reactivation of 

earlier faults. The extension episode during the Late Triassic to early Jurassic as 

result of crustal extension in the southern North Sea is attributed to enhanced 

subsidence of the Silver Pit Basin and that of Sole Pit Trough (Moscariello, 2003) 

in relation to the wrench reactivation of Variscan basement faults (Glennie,1998). 

The reactivation of these basement faults triggered halokinesis of the Zechstein 

salt in the mid- Triassic (Cameron et al., 1992).   As a result of the halokinesis, 

extensional faulting occurred in response to growth of salt swells in the southern 

Permian Basin. Triassic strata folded over these salt swells resulting in shortening 

of the Triassic succession taken up as extension (Griffiths et al., 1995). Thick 

sequences of Triassic strata are present within the Sole Pit Basin and Silver Pit 

Basin, according to Stewart and Coward (1995), these sediments do occur within 

rim synclines between salt diapirs and due to extensive salt withdrawal resulting 

from halokinesis. 

The development of growth faults emphasised differential subsidence of the Sole 

Pit Trough, which resulted in major thickening of Lower and Middle Jurassic 

sediments (Cameron et al., 1992). The Dowsing and South Hewett fault zones at 

the western limit of the Sole Pit Basin continued to exhibit syndepositional 

displacement during the Late Triassic to Mid-Jurassic interval. 
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Triassic Stratigraphy 

The Triassic deposits in the southern North Sea, it occupies the same geographical 

position as that of the Southern Permian Basin (Taylor,1998),the sedimentary 

succession was first described by Rhys (1974) and was later revised by Cameron 

et al., 1992.The transition from the Permian-Triassic is represented by a break in 

facies where the basal carbonates, anhydrite or halites of the Zechstein is overlain 

by the Bunter Shale (Taylor,1998). It is divided in to three different groups namely: 

- Bacton Group, Haisborough Group, and the Penarth Group (Fig. 2.3d):- 

1. The Bacton Group largely consists of coarse-grained clastic deposition 

composed of red sandstones, shales and mudstones. 

2. The Haisborough Group, largely fined-grained clastic and evaporate 

sequence which was characterize with marked cyclicity. 

3. The Penarth Group marks a transitional sequence of marine transgression 

that marked passage from the Triassic to Jurassic.  

Bacton Group 

This Group is the missing unit within the Lower Triassic Separation Zone (LTSZ) 

further subdivided into two different formations viz: - Bunter Shale Formation and 

Bunter Sandstone Formation (Fig. 2.3d). 

Bunter Shale:  

This Formation comprises of monotonous sequence of red or red-brown silty 

mudstones, with only thin intercalations of siltstone, a few bed of dolomite and 

traces of anhydrite. (Cameron et al., 1992)  

Bunter Sandstone: 

This Formation is an upward- coarsening sheet sand complex of red, orange and 

occasionally white sandstones which are mainly fine grained, but locally medium or 

coarse grained. (Rhys 1974; Cameron et al., 1992) 
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Haisborough Group 

The Triassic Hasiborough Group is the second detachment layer in the Guinevere 

field and represents a period of tectonic stability, and re-establishment of marine 

conditions in the basin. The absence of coarse clastic sediments and the presence 

of pronounced lateral facies continuity again reflect the overall low relief. This 

group is divided into 3 formations, Dowsing Dolomitic, Dudgeon Saliferous and the 

Triton Anhydritic Formations (Fig. 2.3d). 

Dowsing Dolomitic Formation:  

This Formation has a maximum thickness of 420m in the southern North Sea and it 

is more than 300m thick over large areas of the Anglo- Dutch Basin and the Sole 

Pit Trough (Cameron et al., 1992). The oldest member of this Group is the Rot 

Halite Member; it has a thin basal transgressive unit called the Rot Clay which has 

a considerable lateral extent. 

Dudgeon Saliferous Formation: 

 This formation is located within the Sole Pit Trough, where it has its greatest 

thickness of about 350m at the southern end (Cameron et al., 1992). The thickness 

generally varies, it is less than 100m thick both in the north-west of Anglo-Dutch 

Basin and over the northern half of the East Midlands Shelf.  

Triton Anhydritic Formation:  

This Formation was deposited under a continental condition, its thickness changes 

across the Dowsing Fault Zone thus indicating that sediment accumulation is 

affected by fault movement (Cameron et al., 1992). The Formation is composed of 

red mudstones with few layers of anhydrite. 

Penarth Group 

The Penarth and the directly overlying Lias Group (Fig. 2.3d) collectively comprises 

the upper most Triassic sediments of eastern England (Warrington et al., 1980; 

Cameron et al., 1992). This has its highest thickness of about 75m recorded at its 

southern end and it is more than 25m thick within the Sole Pit Trough. The 
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sediments in this group are divided into two upper and lower units. This Group 

represent a transgression episode, with sandstone and shales on lapping old 

structural highs (Fisher and Mudge, 1998). The occurrence of diverse marine 

Rhaetian fossil assemblages and the disappearance of typically hypersaline clay-

mineral assemlages in the basal grey shales of this Group indicate more normal 

marine conditions had resumed. 

2.3.5 Jurassic tectonic event 

The evolution of the Southern North Sea during the  Jurassic-Lower Cretaceous 

Periods is divided in to three main events, these are Early Jurassic rifting, Middle 

Jurassic thermal dome and Late Jurassic – Early Cretaceous rifting. These main 

events are briefly described below:- 

Early Jurassic rifting 

The subsidence that formed a prominent tectonic activity in the Jurassic was 

fundamentally controlled by continued extension on the Dowsing Fault Zone (DFZ), 

but the distribution of sediments was increasingly affected by salt tectonics 

(Stewart and Coward, 1995). 

The Cleaver Bank High remained a platform during much of the Early Jurassic and 

probably accumulated sediments hundreds of metres thick. Differential subsidence 

of the north-west-trending transtensional Sole Pit, Broad Fourteens and West 

Netherlands basins is indicated by the thickness of the Lower Jurassic series, 

which is about 1000, 500 and 750 m thick respectively. Subsidence of the Sole Pit 

Basin was controlled by movements along the Dowsing-South Hewett and 

Flamborough Head fault zones (Holloway, 1985), which also caused uplift of the 

Market Weighton High. Subsidence of the Weald Basin was controlled by westerly 

trending faults that represent extensional reactivation of Variscan compressional 

structures (Whittaker, 1985; Lake & Karner, 1987). 

Mid-Jurassic doming and uplift (mid-Cimmerian event) 

In the southern Permian Basin, Middle Jurassic domal uplift resulted in widespread 

erosion (Glennie, 1998) forming the late Cimmerian Unconformity. Several hundred 

metres of sediments were eroded in the Sole Pit Trough in the Late Jurassic. This 
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Figure 2.4c    i. Late Jurassic tectonic evolution  ii. Early Cretaceous tectonic evolution: Compiled using information from the following published 

et al.  

Adapted from Pharoh etal., 2010.
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increase in tectonic activity and removal of the overburden resulted in extensive 

diapirism in the southern Permian Basin (Cameron et al., 1992). 

During the Middle Jurassic domal uplift, the Winterton High was up-arched, with 

subsequent pre-Cretaceous erosion cutting down to Upper Carboniferous strata in 

the core (Van Hoorn, 1987). Meanwhile, the Central Graben continued to subside 

(Ziegler, 1990a; Underhill & Partington, 1993) such that it contains a thick and 

complete Jurassic succession (Heybroek, 1975). In the Cleveland, Sole Pit and 

West Netherlands Basins, Middle Jurassic strata comprise brackish to shallow-

marine sediments of fluviodeltaic facies with a cyclicity that reflects strong eustatic 

control (Cameron et al., 1992). Clastic sediments were shed into these basins from 

the volcanic dome in the Central Graben, the Mid North Sea High, and more local 

areas of uplift such as the Cleaver Bank, Broad Fourteens, Winterton and 

Friesland highs.  

Late Jurassic rifting 

In the Sole Pit Basin, subsidence was not interrupted by mid-Cimmerian (Mid-

Jurassic) uplift, but was reported to have strongly affected the Cleaver Bank and 

Winterton highs (Pharaoh, et al., 2010). The hanging wall of the Dowsing-South 

Hewett Fault Zone was a locus for deposition of relatively thick Lower Cretaceous 

strata, locally up to 1000 m thick (Cameron et al., 1992). The basal Cretaceous 

Spilsby Sandstone Formation is apparently in continuity with the underlying Upper 

Jurassic clays (Glennie & Boegner, 1981).  

The Swarte Bank Hinge Zone is a rather complex braided-fault zone, which 

delimits the eastern side of the Sole Pit Basin. The development of the hinge zone 

started significantly later than the Dowsing Fault Zone, where the initial en-echelon 

asymmetric grabens are Late Jurassic in age (Pharaoh, et al., 2010). The zone is 

defined by listric faults that sole in the Zechstein salt (Cameron et al., 1992). The 

master faults dip away from the Sole Pit Inversion axis (Walker & Cooper, 1987). 

The Weald sub-basin (Wessex Basin) lies south of the London-Brabant Massif, it is 

a clastic provenance between Mid- to Late Jurassic times (Cope et al., 1980). It 

was initiated in Early Jurassic times then rapidly subsided.  Normal faulting along 
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Figure 2.4d    Late Paleocene tectonic evolution: Selandian (59 Ma). Compiled using information from the following published sources: Ziegler (1990a),

Cameron et al. (1992), Vejbæk (1997), Dadlez et al. (1998), Lokhorst et al. (1998), Baldschuhn et al. (2001), De Jager (2007). Adapted from Pharoh etal., 2010

C
hapter 2

R
egional G

eology and Tectonic E
volution of the S

outhern N
orth S

ea

36



Chapter 2                                          Regional geology and tectonic evolution of Southern North Sea  

 

an east–west trend resulted from extensional reactivation of Variscan basement 

thrusts (Whittaker, 1985; Hansen et al., 2002). 

Jurassic Stratigraphy 

The Jurassic lithostratigraphic unit within the Southern North Sea is mainly divided 

into four main distinct groups these are: - Lias, West Sole, Humber and the Cromer 

Knoll Groups. 

Lias Group 

The Group which was earlier defined by Rhys (1974) includes Hettangian to early 

Toarcian strata, predominantly in a mudstone and argillaceous limestone facies; 

this is equivalent to the Lower Jurassic. The Group’s sediments outcrop at the sea 

floor ranges from Hettangian to early Toarcianin age; variations in lithology within 

the Lias Group are largely restricted to changes in the carbonates and silts 

contents within it (Cameron et al., 1992). 

West Sole Group 

The West Sole Group consists of a series of inter bedded marine brackish and 

fluviodeltaic mudstones and sandstones and sandstones with oolitic and bioclastic 

limestones, the distribution of this set lithology reflect the oscillatory nature of the 

shore line across the basin (Cameron et al., 1992). The Group corresponds to 

Middle Jurassic which was defined by Cope et al., (1980) (Cameron et al., 1992). 

Humber Group 

The Humber Group was divided into three different Formations by (Rhys 1974; 

Cameron et al., 1992); these are Oxford Clay, Corallian and Kimmeridge Clay 

Formations. The base of this Group is laterally equivalent to the Kellaways Rock 

and sand of eastern England.The group lithologically composed of a series of 

marine, silty, fossiliferous, partly bituminous mudstones and calcareous 

sandstones and oolithic limestones (Cameron et al 1992). 

2.3.6 Late Cretaceous subsidence and inversion 

In the southern North Sea area, early Late Cretaceous thermal subsidence was 

followed by basin-wide inversion which occurred during the Late Cretaceous (Van 
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Hoorn 1987).  During this period strong inversion of the north-west-trending Sole 

Pit, Broad Fourteens, West and Central Netherlands basins and the northerly 

 trending Central Graben took place. Inversion of these basins started variably 

during the late Turonian or early Senonian and initially peaked during the 

Campanian Sub-Hercynian pulse. Chalk sequences thin towards the inversion 

axes with Maastrichtian and Danian Chalk onlapping unconformities in the Broad 

Fourteens and Central and West Netherlands basins, the Dutch Central Graben 

and the Roer Valley Graben, which variably cut down into Lower Cretaceous and 

Jurassic rocks (Gras & Geluk, 1999; De Jager, 2007). In the Sole Pit Basin, the 

inversion started during the late Turonian and peaked during the early Campanian 

(Van Hoorn, 1987; Badley et al., 1989). 

The post-early Cretaceous history of the southern North Sea basin is characterized 

by inversion, in terms of both basin tilt and reverse movement on individual faults. 

The compression during the late Mesozoic and early Cenozoic are illustrated by 

the development of large anticlinal structures in the post-Permian sequence 

(Glennie, 1998) with a dominant NW-SE structural trend (Moscariello, 2003). 

These are clearly evident in the Sole Pit Basin and Silver Pit Basin. The Late 

Cretaceous inversion is thought to be related to a combination of events. Stewart 

and Coward (1995) related this event to thermal relaxation of Middle Jurassic 

domal uplift. Jaspen et al., (2007) are of the opinion that the inversion of the Sole 

Pit axis was the result of a plate-scale response along crustal weakness zones 

across NW Europe. 

A further phase of halokinesis occurred during compression in the Late 

Cretaceous. This resulted in lateral changes in thickness and deposition where salt 

mobilisation led to slumping and reworking of the Upper Cretaceous chalk group 

(Cameron et al., 1992). 

 Cretaceous Stratigraphy 

The rocks of the Cretaceous occur more widely than the rocks of the Jurassic 

group. The Cretaceous rocks are absent at the Clevaland Basin and Sole Pit 
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Trough, this was probably due to the erosion as a result of inversion during the 

Cretaceous. The Cretaceous is divided into Upper and Lower units. 

The lower Cretaceous marine deposit is composed of argillaceous Speeton and 

Gault clays and the arenaceous Splisby sandstone, Sandringham and Lower 

Greensand, whereas the Wealden Beds are completely non marine fluvial and 

lagoonal deposits and the Carstone and the Red chalk Formation are transgressive 

sequences . The Chalk of the Upper Cretaceous that overlie the unit is more 

varied, this consist of beds of marls, hardgrounds and flint concretions (Cameron et 

al., 1992). 

Cromer Knoll Group 

The Cromer Knoll Group is divided into three different groups, these includes the 

Spilsby Sandstone Formation, Speeton Clay Formation and Carstone and the Red 

Chalk Formation. 

Spilsby Sandstone Formation: This Formation occurs on the East Midlands Shelf 

and along the northern flank of the London- Brabant Massif. The maximum 

thickness of is about 200m and it was deposited near the shore line as marine 

sand. The lower part is equivalent to the Purbeck Beds of southern England 

(Casey, 1962; Cameron et al., 1992). The unit is Portlandian to Ryazanian age, the 

boundary between the Jurassic and Cretaceous occurs within the Formation. 

Speeton Clay Formation: This Formation range in age from Ryzanian to possibly 

late Albian (Cameron et al 1992). It is the most complete development of marine 

sediments of the Lower Cretaceous in UK (Neale, 1974; Cameron et al., 1992).  

The Formation consists of calcareous mudstone and shales with a wide range of 

colours which include brown, grey, green and grey-black colours. It is fossiliferous 

and contains few sandstone bands, silt stones and phosphatic nodules. Mudstone 

is dominant especially where its thickness, exceed 600m. 

Carstone and the Red Chalk Formation: Carstone is a fine to coarse grained or 

granular sandstone that grades upwards in to Red Chalk Formation. It has 

maximum thickness of 12m on land (Kent, 1980; Cameron et al 1992). Red Chalk 

Formation is Albian in age and is considered as separate formations from the 
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Chalk. It is composed of an impure limestone varying in colour from pink to brick 

red with some rounded quartz and is composed of largely of fossils.  

Chalk Group 

The Chalk Group represents the Upper Cretaceous unit in the Southern North Sea. 

All stages of the Upper Cretaceous are represented over most of the Southern 

North Sea. Chalk is a fine grained, pure, and soft white limestone that consists of 

debris from planktonic algae (Cameron et al 1992). 

2.3.7 Palaeogene-Neogene basin tilt, subsidence and inversion 

 Following the late Cretaceous inversion a secondary major phase of inversion 

occurred as a result of Alpine tectonic activity (Moscariello, 2003). Fission track 

analysis has indicated that two important phases of uplift occurred during the 

Tertiary. This resulted in the erosion of the whole Jurassic and a Majority of the 

Lower Cretaceous sequence to the west of the Silver Pit Basin and forms a marked 

unconformity in the Upper Oligocene. The Palaeogene and Neogene witnessed a 

series of regressive and transgressive cycles as a result of eustatic sea level 

changes. The Unconformity in the Upper Oligocene is also a result of marine 

regression along with Tertiary uplift (Cameron et al., 1992). 

The basin is said to have tilted to the north-east, this marks the reversal of the 

Jurassic tilt direction (Stewart and Coward, 1995).  The driving mechanism that 

was responsible for the late Cretaceous and Palaeogene-Neogene tilt may be a 

combination of thermal subsidence following rifting in the Central Graben and 

deflation of the middle Jurassic thermal dome (Ziegler and Van Hoorn, 1989; 

Underhill and Partington, 1993). In addition to the basin tilt, there were reported 

cases of tectonic inversion on individual faults; these inversions were concentrated 

in the western margin of the basin from Flamborough Head along the length of the 

DFZ into the Hewett shelf and Broad Fourteens Basin (Kirby and Swallow, 1987; 

Van Hoorn, 1987; Van Wijhe, 1987; Badley et al., 1989). 

The last inversion phase took place during the Paleocene-Eocene Laramide pulse 

of intraplate compression, as indicated by the strong truncation of the Mesozoic 

series at the unconformity at the base of the Paleogene Lower North Sea Group 
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(De Jager, 2007). During basin inversion, the thick Zechstein salts have a distinct 

decoupling effect, the inversion as elsewhere is focussed in areas where there is 

thickest Upper Jurassic to Lower Cretaceous strata in the Sole Pit Basin (Badley et 

al., 1989; Nalpas et al., 1995; Buchanan et al., 1996) and the Broad Fourteens 

Basin (Nalpas et al., 1995; De Lugt et al., 2003) 

Palaeogene-Neogene Stratigraphy 

The Palaeogene-Neogene sediments are said to have extended beneath much of 

the present day Southern North Sea (Cameron et al., 1992) and their recorded 

greatest thickness is about 2000m, this occurs at centre of the basin . At the end of 

the Cretaceous time, an extensive shallow sea covered much of the north-west 

Europe, including most of the UK land area (Lovell, 1986; Cameron et al., 1992.).  

As a result of this transgressive phase sediments deposited were dominated by 

carbonates, a pattern which continued, in places into the earliest Palaeogene 

(Danian) (Cameron et al., 1992).  Since then different phases of depositional 

sequence has taken place ranging from the Palaeogene to the Neogene. 

Quarternary 

The Quarternary broadly divided into the Pleistocene and Holocene mark an 

important depositional phase in the North Sea.  The Pleistocene succession 

deposits have been divided in to eight different unequal units called elements 

(Cameron et al., 1992). These elements are named (A to H) which were further 

subdivided in to deltaic and non- deltaic divisions. 

The Holocene was considered as a period of sea level rise, which occurred as a 

result of the retreating of the Weichselian glaciers. The sediments of the Holocene 

time have been given formation status by earlier Dutch workers, working on the 

Dutch sector of the North Sea (Cameron et al., 1992). These Formation names 

includes; Elbow, Buintebanken, Well Hole, Nieuw Zeeland  Gronden, Indefatigable 

Grounds, and Bligh Bank Formations. 

Summary of major tectonic events 

The tectonic events that affected the North Sea can be summarised in to four main 

phases, these are; Caledonian, Variscan, Kimmerian and the Alpine phases. The 
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Figure 2.5 Regional cross section across the Southern North Sea after Cameron et al.,1992 see (Fig. 2.4) for line location.
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Caledonian phase occurred during Cambrian to Silurian results in the collision 

between Laurentia, Baltica and Avalonia during the Pre Silesian.  This event was 

followed by the Variscan phase which occurred during the late Paleozoic from late 

Devonian times to the End of the Permian (380 to 250 Ma) and involves the 

amalgamation of Gondwanaland and Laurussia resulted in the formation a new 

supercontinent, Pangea. The Kimmerian phase marked the beginning of the 

breakup of Pangea, is a major phase rifting that produced the Kimmeridge clays, 

which were widely deposited during this phase. The phase lasted most of the 

Mesozoic and stretches from the Late Triassic to the Early Cretaceous (240 to 120 

Ma).  In the late Cretaceous around 100 Ma the Alpine phase commenced. During 

this phase the North Sea acquired its current configuration. The Alpine phase has 

primarily reactivated and inverted old faults. 

In the Southern North Sea, the major tectonics events include extension in the Late 

Triassic- Early Jurassic and Late Jurassic, subsidence in the Middle Jurassic- Early 

Cretaceous and Inversion in the post -Late Cretaceous. The extension during the 

Late Triassic to Late Jurassic is attributed to enhanced subsidence of the Silver pit 

Basin and that of Sole Pit Trough (Moscariello, 2003). The subsidence in the 

Jurassic was fundamentally controlled by continued extension on the Dowsing 

Fault Zone (DFZ) with the distribution of sediments increasingly affected by salt 

tectonics.  While the compression during the late Cretaceous and early Cenozoic 

results in the development of large anticlinal structures in the post-Permian 

sequence with a dominant NW-SE structural trend.  

The extensional and compressional features in the Southern North Sea were 

preserved along the major fault zones; Dowzing Fault Zone (DFZ), Sole Pit Basin, 

Silver Pit Basin, Cleaver Bank High (Fig. 2.5). The present structural framework of 

the southern North Sea is represented by late Jurassic to early Cretaceous 

extensional tectonics along these fault zones. Differential subsidence of the Sole 

Pit Basin was emphasised by the development of growth faults along its western 

margin (Cameron et al., 1992).  

A regional cross-section line across the Dowsing Fault Zone (Fig. 2.6) shows a 

stratigraphic succession and major unconformities in Southern North Sea where 
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Figure 2.6 A complex structural and stratigraphic relationship across  most part of the Southern North Sea after 
Cameron et al.,1992 see (Fig. 2.4) for line location.
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closer to the basin margin the stratigraphic sequences end at the Mesozoic 

(Cretaceous) relative to the basin centre where the succession runs up to the 

Cenozoic (Tertiary). This unconformity is attributed to the inversion, uplift and 

erosion of the Sole Pit Basin. The cross-section also illustrates the thinning of the 

Zechstein layer towards the basin margin (SW) relative to the centre (NE), which 

implies that the effect of salt halokinesis is controlled at the basin margin.  

A typical structural complexity associated with the stratigraphic relationships within 

the zone is illustrated in Figure 2.7, the prominent feature to be noticed in the cross 

section is the missing Lower Bacton Group within the major graben.  In the north, 

upward-branching fault patterns (Harding and Lowell, 1979) dominate at structural 

levels above the Permian; these appear to describe a mainly synclinal, extensional 

geometry (Glennie and Boegner, 1981; Walker and Cooper, 1987; Cameron et al 

1992). 

The Mesozoic sediments within the graben are dissected by system of en–

echelons asymmetric grabens that trend north–west to south–east (Fig. 2.6); these 

probably started to develop during the late Triassic in the Dowsing Fault Zone.  

2.4 Petroleum Systems in the Southern North Sea 

The Southern North Sea Basin is widely believed to be more matured in terms of 

exploration in comparison to both Central and Northern North Sea. Exploration in 

the Basin dates back to the year 1858 in Germany, which was the centre of 

Europe’s oil industry for about a century, with a resurgence in oil discoveries from 

1934 to 1945. This changed dramatically in 1963 with the realization of the 

immense size of the Dutch Groningen gas field. Core data indicated that the 

Rotliegend reservoir extended westward into the southern North Sea. Between 

December 1965 and October 1966, five major gas discoveries totalled reserves of 

almost 20 tcf, sufficient to saturate the UK monopoly market. By 1969, with 

cheaper seismic ships and a billion barrel oil field in Norwegian waters, UK 

exploration activity shifted to the central and northern North Sea. (Glennie, 1998) 

The UK southern North Sea became stagnant or isolated until about 1981 when, 

with a pending shortage, British Gas encouraged renewed activity by increasing 
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Figure 2.7 The Tectonostratigraphic chart of the Souther North Sea compiled 
from Van Hoorn,1987, Badley et al.,1989 ,Arthur,1993, Hughes and Davison, 
1993, Birrel and Courtier 1999 .
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the price for new gas, the Carboniferous soon becoming an exploration target.  

Meanwhile, exploration in the Dutch land and offshore and German land areas 

resulted in a steady stream of gas discoveries and some oil derived from Liassic 

source rocks, both enhanced by the later use of 3D seismic data. (Glennie, 1998) 

The hydrocarbon plays and distribution of the Southern North Sea differs from 

those of the Central North Sea and Northern North Sea, the four major differences 

are :- 

1. The basin is considered to be gas dominated province 

2. One play type dominates (Permian Rotliegend sandstone) 

3. The major source rocks consists of terrestrial organic material 

4. The basin has complex structural setting due to widespread tectonic 

inversion. 

There are four major types of hydrocarbon plays in the UK sector of the Southern 

North Sea classified on the basis of stratigraphic age (Johnson and Fisher 1998).  

The four identified plays and a minor combined Mesozoic plays in the  Southern 

North Sea and South Permian Basin according to Johnson and Fisher 1998 are:- 

1. Carboniferous Play 

2. Permian Rotliegend Sandstone Play 

3. Zechstein Carbonates Play 

4. Triassic Play 

5. Minor Mesozoic Plays (Jurassic-Cretaceous Plays) 

Carboniferous Play 

The Carboniferous Play is considerably considered to be underexplored in relation 

to the maturity of the basin (Smith 1993). The difficulties associated with the 

exploration of this potential play is identification of reservoir facies and qualities 

due to the problems associated with seismic imaging and depth conversion as a 

47



Chapter 2                                          Regional geology and tectonic evolution of Southern North Sea  

 

result of effects of the overlying Zechstein which hinders imaging due to salt. 

Johnson and Fisher 1998 suggested that refined geophysical and stratigraphic 

resolutions are potential aids for successful exploration of this play.  

Permian Rotliegend Sandstone Play 

The Rotliegend play is believed to have combination of all parameters of play 

favourably combined together (Johnson and Fisher, 1998). However the quality of 

the reservoir is affected by the high degree of diagenetic deterioration. 

Zechstein Carbonate Play 

The identified Zechstein reservoir is reported to be in Hauptdolomit shelf-edge 

barrier carbonates (Johnson and Fisher, 1998). In addition to the Hauptdolomit, the 

Z1 Zechsteinkalk is also considered to have an attractive reservoir potential in 

intertidal and upper submarine-slope carbonates, and it is reported to be 

productive in the Hewett Field (Cooke-Yarborough, 1994).  A lateral facies change 

which resulted in the formation of Carbonate reefs at the basin margin is believed 

to have affected the reservoir potential of this play, the Zechstein at the basin 

centre where it is thick, the seal is provided by Upper Permian Zechstein evaporite 

unit and where it is thin it is covered by clay and shale units. 

Triassic Play 

The occurrence of gas accumulations in anticlinal traps located within good quality 

Triassic sandstones have been reported by Johnson and Fisher (1998) however 

these are limited to areas where the Zechstein salt seal has been breached as a 

result of reduction in thickness, change in facies and faulting. The occurrence of 

this play have been mainly restricted to where the effectiveness Zechstein seal has 

decreased towards the basin margin, this made provision for allowing vertical 

migration to charge the Bunter and Hewett sandstones. The Hewett sandstones 

forms part of separate, vertically stacked reservoir trending NW-SE located within a 

fault bounded anticline (Cooke-Yarborough, 1991). 

Minor Mesozoic Plays 

The existence of other Mesozoic plays occurs in the southernmost part of the 

Southern North Sea which extends onshore into the Netherlands and north-west 
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Germany have been reported by Johnson and Fisher, (1998). The plays are 

thought to be mainly sourced from Lower Jurassic rocks. These are believed to 

have a limited potential as a result of being a continental to marginal marine facies 

(Johnson and Fisher, 1998). The oil sourced from the Liassic shales are 

reservoired mainly in the Upper Jurassic –Lower Cretaceous sands. 

2.5 Review of Salt Tectonics and Multiple Detachment Systems in 

Southern North Sea 

Salt tectonics in the Southern North Sea and the North Sea in general has been 

dominated by concept of halokinesis, which is a phenomenon where by the salt 

and its cover were considered to be viscous media with no yield strength. The 

presence of Permian Zechstein Group and Triassic Haisborough Group as multiple 

detachment layers of  in the part of the Southern North Sea have been reported by 

Jenyon and Cresswell (1986),  Cameron et al., (1992), Arthur, (1993), Williams 

(1993), Stewart and Coward (1995), Stewart and Bailey (1996),  Lappin et al., 

(1998), Lappin et al., (2003), Stewart, (2007), Stewart, (2000), etc. In addition to 

these authors contributions, Coward and Stewart (1995) have proposed various 

structural models depicting salt related structures in parts of the Southern North 

Sea. The most detailed and elaborate model (Fig. 2.8a and 2.8b) that describes 

and highlight the driving mechanism responsible for tectonics from the cover to 

Permian Zechstein salt detachment layers in the Southern North Sea. Buckle folds 

were also identified to be responsible for the evolution of most salt structures in the 

Southern North Sea. Stewart and Coward, (1995) proposed a model (Fig. 2.9) for 

the buckle fold related structures. 

Coward and Stewart, (1995) model 

The Southern North Sea is reported by Coward and Stewart (1995) to have been 

different from the gravity gliding zones in the offshore Angola and Gulf of Mexico 

due to the presence of post salt deformation of the basement and post salt cover. 

They also suggested that structures in the cover must be balanced with structures 

in the basement. Salt structures in the Southern North Sea were classified as thick-

skinned and thin-skinned, extensional and contractional structures (Coward and 

Stewart, 1995). 
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Figure 2.8  Sketches illustrating the complete built up of Zechstein sequence by repetition of the basic cycles in the 
Southern North Sea after Glennie, 1998. 
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The relative timing of salt layer formation and rifting in extensional tectonics results 

in salt related structures being thick-skinned or thin-skinned.  In a tectonic setting 

where the salt layer is prerift, the extension affects both the supra and subsalt 

section (thick-skinned). In such instances the salt decouples the deformation from 

the basement and the cover, resulting in different structural styles above and below 

the salt. Under thin skinned extension salt facilitates the formation of grabens with 

listric extensional fauls (Fig. 2.9a), whereas in thick-skinned, compression results 

in the formation of salt cored buckle fold structures are formed (Fig. 29b). 

The extensional and compressional structures related to salt tectonics in the 

Southern North Sea are described in Figure 2.9. The structures depict thin and 

thick skinned extension and compression or a combination of both.  The extension 

in the Mesozoic (Triassic- Jurassic extension) results in the formation of thin and 

thick skinned extensional structures characterized by the presence of full and half 

fault bounded grabens with detachment above the Base Haisborough Group and 

or Permian Zechstein Group.  

The Cretaceous and Palaeogene- Neogene compression in the Southern North 

Sea involving thin and thick skinned compression produces inversion related 

features such as uplift and salt cored buckle folds. 

Stewart and Coward (1995) model  

This model (Fig. 2.9 a-d), identifies buckle fold as the main mechanism controlling 

the morphology of salt structures in the southern North Sea. 

Their model involves four different stages:- 

(a) Stage 1: Anticline amplifies as a result of thin- or thick-skinned shortening 

probably as a result of growth of buckle fold the salt in the anticlinal cores is first 

moulded into swells, then into pillows as fold amplitude increases (Fig. 2.9 a,b) 

(b) Stage 2: This involves the erosion of crest of anticline which exposes salt to the 

surface, or as buckle fold amplification increases, gravity induced collapse 

structures in the fold limb becomes common in the southern North Sea (Fig. 

2.9b)(c) Stage 3: Involves reactive diapirism which intrudes crestal collapse of the 
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Figure 2.9 Triassic Lithostratigraphy of Eastern England and the Southern North Sea after Cameron et al.,1992  
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fault zone. These collapse structures are planar extensional faults, which dips 

away from the anticlinal crests and detach upon middle Triassic Rot Halite. (Fig. 

2.9c)  Scaled models have shown that where extensional faults propagate through 

most of the thickness of a cover layer, the yield strength of the cover falls below the 

salt buoyancy force and a ‘reactive’ diapir intrudes upwards into the faulted zone 

(Vendeville and Jackson, 1992). 

(d) Stage 4: At this stage the salt is free to bleed off to the surface there by 

deflating the salt pillow in the detachment fold core and allowing the limbs to 

collapse.  

Anticlinal hinges are therefore weakened, firstly by faulting, then by intrusion of a 

salt diapir. A conduit may be established in this manner, enabling salt to leak to the 

sea bed, leading to pillow deflation (fold limb collapse; (Fig. 2.9c), leaving a 

residual salt wall (fossil conduit) between the former fold limbs (Fig. 29d) .Rim 

synclines within horizontal strata are records of this process (Fig. 2.9d) 

The model is however limited by its non-applicability to area where the influence of 

buckle folding and salt diapirism were limited due to  thin layer of salt and the effect 

of salt halokinesis is controlled. Therefore the proposed model of Stewart and 

Coward 1995, can only account for the structures where the salt is considerably 

thick to constitute and initiate diapirism.  

 

2.6 Review of Models for the Evolution of the Lower Triassic Separation 

Zones 

The presence of the complex Mesozoic graben and Lower Triassic Separation 

Zone (LTSZ) which is characterized by the absence of the Lower Triassic Bacton 

Group (Bunter shale and sandstone), have been reported by several authors in the 

Southern North Sea, Jenyon and Cresswell, (1987), Gibbs, (1986) and Cameron et 

al., (1992) e.t.c elsewhere in the basin; In the Camelot field (Holmes, 1991 and 

Karasek and Hunt, (2003), Pickerill field, (Werngren,et al.,2003),  Guinevere field 

(Lappin et al.,2003). 
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So many models and mechanisms have been proposed for the structural evolution 

of the complex Mesozoic Graben and the Lower Triassic Separation Zone, in the 

Southern North Sea. The graben was suggested to have been formed as a result 

of salt withdrawal (Jenyon and Cresswell ,1987), but there is evidence of similar 

existence of identical Mesozoic structures further south where the salt is too thin or 

absent (Cameron, et al 1992). However Gibbs,(1986) is of the opinion that salt 

more likely took a passive role in the deformation resulting in the formations of the 

Mesozoic grabens. 

Karasek and Hunt (2003) proposed that the missing section of the Lower Bacton 

Group in some wells is presumed to be caused by erosion during uplift. There is 

evidence of about 7000ft of inversion in the Camelot field. However due to the 

existence of similar structures elsewhere, occurring at depths where strata are not 

exposed to the surface hence not affected by the erosion, has limited the 

acceptability of the suggested mechanism. 

Werngren et al.,(2003), suggested listrict faulting as the mechanism for the 

evolution of the Lower Triassic Separation Zones,in Pickeril field, but there was no 

model or detail explanation on how the listrict faults contributes to the evolution of 

the LTSZ.  

Lappin et al., (1998), suggested that LTSZ and associated Mesozoic grabens and 

salt diapirs are all generated by thin-skinned gravity sliding; their proposed 

structural model is believed to be supported by geological reconstruction on some 

selected seismic lines (Lappin et al., 1998); however their publication failed to 

show the geological reconstruction.   This therefore limits the understanding and 

general acceptance of their proposed model. The authors were also uncertain 

about the role of the Rot Halite evaporite unit that overlies the Bacton Group 

(comprising of Bunter shale and Bunter sandstone), which in this study is 

considered as a second detachment layer and played very important role in the 

proposed model as discussed in chapter 4: section 4.7. 

Furthermore, Lappin et al., (2003), proposed a new model for the evolution of the 

Lower Triassic Separation Zones (LTSZ) (Fig. 2.10 a-c) they opined that the LTSZ 
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Figure 2.10 Models depicting thick and thin skinned salt related structures in
 the the Southern North Sea, aftre Coward and Stewart (1992)
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are products of tectonic activity rather than deposional processes. In their model, 

they proposed that during the Jurassic rifting, the Bacton Group became faulted, 

and slid under the influence of gravity in the subsequent inversion down a 

regionally developed palaeo slope. These activities were facilitated by the 

detachment layers of the Upper Permian Zechstein and Upper Triassic Rot Halite 

salt.  However their model failed to effectively illustrate how the two detachment 

layers influence the formation of the LTSZ, it also considers the faults as planar 

rather than listric and there was no clear evidence to support the various stages of 

their proposed model in the publication. 

2.7 Review of Fault Growth, Propagation and Linkage 

Fault Displacement Profiles 

The idealised fault models depicting displacement profiles (displacement plotted 

against length), show an overall decrease in displacement from a maximum near 

the centre of the fault to zero at the fault tips (e.g. Muraoka and Kamata, 1983) 

(Fig. 2.11 and 2.12). Real faults show a range of displacement distribution styles. 

For example, some faults show more or less linear displacement gradients 

between the centre and the tips. Other faults show elliptical displacement profiles 

and some show flat-topped profiles with linear displacement gradients near the 

fault tips (Cowie and Shipton, 1988). These variations can be attributed to factors 

such as material properties and fault interactions. 

Fault Displacement / Length Scaling 

Many studies of faults within individual data sets have shown that maximum fault 

displacement (D) is proportional to fault length (L) (Cowie and Scholz, 1992). This 

relationship typically has the form: 

D =� cL n 

where c is a constant related to material properties and n is between 1 and 2 

(Cartwright et al., 1995; Walsh et al, 2002). There has been extensive discussion 

on the nature of the scaling relationship and the value of n due to considerable 

scatter in data both within and between individual datasets as discussed by 
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Figure 2.11 Summary of evolution of salt related structures in the Southern
North Sea  after Stewart and Coward 1995.
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Cartwright et al. (1995). Walsh and Watterson (1988) proposed a non-linear 

relationship between fault displacement (D) and in their case fault width (W) where 

n = 2, such that for an increase in D a proportionally smaller increase in W occurs. 

Marrett and Allmendinger (1991) also proposed a non-linear relationship where n = 

1.5. Alternatively, the models of Cowie and Scholz (1992) and Dawers et al. (1993) 

proposed a linear relationship where n = 1. These scaling relationships have 

formed the basis for fault growth models on the assumption that small faults within 

a fault system represent early stages in the growth of larger faults. Thus, when 

fault displacement is plotted against length for a particular data set, the data is 

interpreted to represent a growth trend for the fault system. 

 

 

2.8.2 Fault Propagation 

A fault tip will propagate where the stress at the tip exceeds the yield strength of 

the rock (Cowie and Scholz, 1992). Under these conditions, microfractures are 

generated in the immediate vicinity of the fault tip in a zone of inelastic deformation 

commonly called a process zone (e.g. Vermilye and Scholz, 1999; d’Alessio and 

Martel, 2004, or frictional breakdown zone (e.g. Cowie and Shipton, 1998). Fault 

propagation takes place as the density of microfractures in the process zone 

increases to a point where they begin to coalesce, localising deformation onto an 

irregular immature slip surface. This typically develops into a through-going fault 

(Cowie and Scholz, 1992; McGrath and Davison, 1995; Davis and Reynolds, 1996)  

Following tip propagation through a volume of rock the resulting deformation zone 

consists of an inner fault core containing the slip surface(s) and fault gouge or 

cataclasite resulting from frictional wear, and an outer distributed fault damage 

zone containing the microfracture swarm  (Vermilye and Scholz, 1999). Process 

zone microfractures are tensile Mode I fractures (Davison, 1994; Vermilye and 

Scholz, 1998; d’Alessio and Martel, 2004), and by definition form parallel to the 

maximum principal stress (σ1). Their orientations therefore act as indicators of the 
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local principal stress directions during fault tip propagation (Vermilye and Scholz, 

1999).  

2.8.3 Fault Growth Models 

Fault growth models describe the way in which faults accumulate displacement in 

relation to their length. They have typically been grouped into two categories – 

radial propagation models and segment linkage models (Cartwright et al., 1995). 

With the advent of very high quality seismic data and sophisticated physical 

modelling techniques, established fault growth models have been modified and 

alternative models have been proposed (e.g. Marchal et al., 1998; Walsh et al., 

2002; Paton and Underhill, 2004). It is important to realise that there is a large 

degree of overlap between these proposed models. 

Segment Linkage Fault Growth Models 

Segment linkage models (e.g. Peacock and Sanderson, 1994; Cartwright et al., 

1995; Dawers and Anders, 1995) suggest that the main mechanism by which faults 

accumulate length is by linkage with neighbouring faults. The early stages of 

growth are characterised by radial propagation and the later stages of growth are 

characterised the linkage of neighbouring fault segments (Fig. 2.13b). The fault 

growth model of Cartwright et al. (1995) illustrates how segment linkage leads to a 

deviation of the fault growth path from the ideal growth path predicted by radial 

propagation models (Fig. 2.14b), and provides a further possible explanation for 

scatter in fault displacement / length datasets (Cartwright et al., 1995). As 

approaching faults interact, further propagation may be hindered but displacement 

accumulation can still occur (Cartwright et al., 1995; Walsh et al., 2002). This leads 

to an increase in the displacement-length ratio. Conversely, segment linkage leads 

to a rapid increase in fault length with no increase in displacement (Cartwright et 

al., 1995; Dawers and Anders, 1995). In this case the fault growth path displays a 

decreased D / L ratio and the fault will subsequently grow by increasing 

displacement with little change in length until the growth path returns to the ideal 

fault growth path. In such a case, the fault growth path may possess a staircase 

trajectory (Fig. 2.14b). Dawers and Anders (1995) showed that displacement in the 
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Figure 2.12  Proposed evolution mechanism for the Lower Triassic Separation Zones
 in  Guinevere Field after ( Lappin et al., 2003)
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Figure  2.13  Ideal isolated fault model. a) V iew normal to fault surface (based on Barnett et al., 1987).  b)
Fault displacement pro�le (based on Gupta and Scholz, 2000).
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linkage zone is typically partially accommodated by tilting of strata in relay ramps 

and by the local development of smaller faults such that the segmented fault 

system behaves as a single fault. However, no kinematic data was available to 

establish the timing of the adjustment of the displacement profile.  

The model of Cartwright et al. (1995) suggested that the displacement profile is 

adjusted following linkage. Cowie (1998) however, suggested that the faults begin 

to adjust prior to linkage when they are relatively isolated such that the segmented 

fault system behaves coherently (see coherent fault models sub-section below). 

Using x-ray tomography techniques on analogue models, Marchal et al. (1998) 

showed that secondary fault segments can develop near the tips of a parent fault, 

orientated either co-linear or en-echelon with respect to the parent fault. The two 

faults are able to propagate radially to become linked (Fig. 2.15). Marchal et al. 

(1998) also showed the vertical propagation of faults is likely to be achieved by the 

same mechanisms as lateral propagation. In their models, the majority of faults 

propagated upward from the basement although some do appear to have 

propagated downward (Fig. 2.15). 

Coherent Fault Models 

In many cases, faults that are not physically linked at the surface can appear to 

behave as a single isolated fault and are said to be geometrically coherent (e.g. 

Childs et al., 1995; Walsh et al., 2003). In such a case, the faults are discontinuous 

in map view but the shape of their displacement profiles suggest that they interact 

and behave as a single fault (e.g. Dawers and Anders, 1995; Willemse, 1997) (Fig. 

2.16), especially where bed rotations in fault overlap (relay) zones are included in 

the displacement profile (Walsh et al., 2003). In a coherent fault system, the central 

fault segments typically show higher displacements than the outer segments. 

Additionally, the distribution of displacement on the central fault segments is 

typically symmetric whereas on the outer segments it is asymmetric and skewed 

toward the centre of the fault system (Fig. 2.16). Childs et al. (1995) proposed that 

coherent fault systems may evolve in two ways (Fig. 2.17). They can develop from 

initially isolated faults that subsequently interact and become coherent, or can form 
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Figure 2.15  A comparison between a) Radial fault grwoth model and b) Segment linkage fault growth model. The radial  fault growth model predicts a linear 
growth path whereas the segment linkage model predicts a stepped growrtth path.  (Adapted from Cartwright et al., 1995).
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Figure 2.16  (b)Staircase growth paths for two hypothetical faults that have grown by 
segment linkage. The growth paths deviate from the ideal growth path and can 
account for some of the scatter in natural datasets. Note that some radial propagation 
also takes place (from Cartwright et al., 1995)

 (a) Schematic fault displacement pro�les for unrestricted and restricted faults 
(from Nicol et al.,1996).

64



Chapter 2                                          Regional geology and tectonic evolution of Southern North Sea  

 

from the bifurcation of a single fault such that they are coherent from an early stage 

in their development, resembling the model proposed by Marchal et al. (1998) (Fig. 

2.17). Consequently, fault systems that are coherent from an early stage evolve in 

a very different way to fault systems that grow from the linkage of previously 

unrelated isolated faults (Walsh et al., 2003). 

Vertical Fault Growth 

In cross-section, extensional faults typically show arrangements of isolated, offset, 

overlapping or linked fault segments comparable to those developed in plan-view 

(Childs et al., 1996; Marchal et al., 1998). The processes of fault propagation and 

linkage are therefore likely to be similar and radial propagation and segment 

linkage models may be applicable (e.g. Mansfield and Cartwright, 1996; Marchal et 

al., 1998).  

Contrasts in the mechanical properties of layered rocks strongly influence vertical 

fault growth whereby strongly layered sequences promote vertical fault 

segmentation (Childs et al., 1996; Mansfield and Cartwright, 1996). The vertical 

arrangement of fault segments can consist of steps, overlaps and bends as set out 

by Childs et al. (1996), and these fault offsets can be contractional or extensional 

depending on the sense of overlap (also see Peacock and Zhang, 1994) (Fig. 

2.18). 

Mechanisms that can account for the development of vertical fault offsets include 

fault refraction or segment propagation and linkage as discussed by Childs et al. 

(1996). Fault refraction occurs where the dip angle of a propagating fault changes 

between units of differing competence. Fault trajectories are typically steeper in 

mechanically strong lithologies such as limestones and sandstones compared to 

those in mechanically weak lithologies such as mudstones and shales (Peacock 

and Sanderson, 1991; Peacock and Zhang, 1994; Ferrill and Morris, 2003). Fault 

refraction typically produces staircase or stepped fault trajectories and can account 

for the development of contractional fault bends in extensional fault systems. 

The principles of vertical fault propagation and linkage models are the same as 

those for lateral propagation as outlined in the sub-sections above. In vertical 
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secondary faults generated at the fault tips or by linkage with other previously isolated faults. b) The
temporal and spatial propagation of faults both laterally and vertically (from Marchal et al., 1998).
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segment linkage models, faults preferentially develop in mechanically strong units 

and commonly link in mechanically weak units (e.g. Mansfield and Cartwright, 

1996) (Fig. 2.19). Steps are typically associated with low displacement faults, 

whereas overlaps and bends are associated with higher displacement faults, 

indicating that fault overlaps and bends probably develop from fault steps with 

increased strain (Childs et al., 1996). 

This progressive dip-linkage allows the growth of larger faults from initially isolated 

fault segments (e.g. Mansfield and Cartwright, 1996). Childs et al. (1996) proposed 

that the arrangement of isolated fault segments that become dip-linked is unlikely 

to be random and that zones of small apparently unlinked but kinematically 

coherent faults develop within a zone of pre-failure strain (also see Marchal et al., 

1998). Fault offsets are typically characterised by small-scale fracturing, 

brecciation and thinning of mud-rich layers (Peacock and Zhang, 1994; Childs et 

al., 1996) and are likely to be sites of displacement minima (Mansfield and 

Cartwright, 1996). 

Extensional fault offsets can lead to the development of voids or pull-aparts (e.g. 

Peacock and Zhang, 1994; Ferrill and Morris, 2003). Contractional fault offsets are 

typically zones of intense fracturing and brecciation and are likely to be destroyed 

during further displacement accumulation on a fault such that fault traces may 

appear to become straighter and less segmented with increased displacement 

(Childs et al., 1996). In addition, offsets located in ductile layers are more likely to 

be preserved than those in competent layers, due to the fact that the ductile units 

can flow, whereas the competent units become brecciated (Childs et al., 1996). 

Because deformation is concentrated in the region of fault offsets, fault zones are 

likely to be thicker in these regions as demonstrated by Childs et al. (1996) and 

Mansfield and Cartwright (1996) (Fig. 2.19). 
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Figure 2.18 Fault map and fault throw profile along a series of overlapping extensional faults. The faults
in the centre of the array have approximately symmetric profiles and have larger throws than the faults at
the ends of the array, which have skewed displacement profiles. The throw profile suggests that the faults
form a coherent fault system (after Willemse, 1997).

Figure 2.19 Schematic throw profiles for evolving fault arrays. a) Initially isolated and incoherent faults
propagate and interact, finally developing into a geometrically coherent fault system. b) Growth of a fault
system that is coherent from its initiation (from Childs et al., 1995).
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Figure 2.20 Classification of vertical fault architectures based on outcrop examples from Flamborough
Head, Yorkshire (from Childs et al., 1996). OS = Offset Separation, DS = Dip Separation and BL = Bend
Length.

Figure 2.21 Conceptual model showing how initially isolated fault segments propagate vertically and link
to form a larger segmented fault. The fault offset and the position of the linkage zone is controlled by the
presence of a mechanically weaker unit. The linkage zone is also the site of intense fracturing, leading to
a local increase in fault zone thickness (from Mansfield and Cartwright, 1996
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Chapter 3  Research Methodology 

3.1 Introduction 

In this chapter, the research methodologies and data sets used in this study are 

summarised. Section 3.2 highlights the seismic dataset shown in Chapter 4. 

Section 3.3 presents description of the seismic data set analysed in Chapter 5. The 

data quality of seismic is shown jointly with examples of poorly-imaged zones. 

Workflows followed in seismic attribute extractions and in seismic filtering are 

presented. Section 3.3 describes the research methodologies used in the 3D 

seismic interpretation shown in Chapter 4 & 5. Section 3.4 discusses 

methodologies used in the quantitative fault analysis described in Chapter 4 and 

Chapter 5.  

This chapter summarizes the data set and coverage extent of the 3D seismic 

surveys, the quality of the seismic data, the interpretation techniques used and the 

software used in this research study. The cross section reconstruction and 

restoration methodologies and their limitations are also discussed in this chapter. 

3.2 Seismic data set 

3.2.1 Dataset coverage 

The data sets used in this research work to investigate the complex Mesozoic 

graben and the Lower Triassic Separation Zones (LTSZ) in the southern North 

Sea, are 3D seismic surveys covering the Guinevere and Camelot fields. The fields 

cover parts of quadrant 48 (Guinevere field) and 53 (Camelot field). The seismic 

dataset in the Guinevere are largely affected by erosion where the youngest 

stratigraphic horizon is Cretaceous in Age. A detailed description of the seismic 

stratigraphy is given in Chapter 4.  The 3D seismic data set covering part of the 

Camelot has a complete stratigraphic succession similar to that of the Southern 

North Sea. The youngest stratigraphic succession is Palaeogene/ Neogene in Age.  

The complete seismic structure and stratigraphy is discussed in Chapter 5.  
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Guinevere Field 3D seismic survey 

The 3Dseismic survey of the Guinevere field covers an area of 374. 29sq km but 

the actual seismic data covers an area of 144.51sqkm (Fig. 3.1). It consist of a total 

of 9180 inlines and 1800 cross lines with a common depth point (CDP) spacing of 

both inlines and crosslines (or bin size) of 12.5 metres.  The total cross lines in the 

Guinevere field are 1800 and the sampling interval is 4.00msec with 750 samples 

per trace. It is located between Latitude 53.32N and 53.60 and Longitude 1.1452 

and 1.6227 (Fig. 3.1) 

Camelot Field 3D seismic survey 

The Camelot field 3D seismic surveys covers an area of 357.73sq km but the 

actual seismic data covers an area of 138.12sq km which consists of a total of 

1394 inlines and 2456 crosslines. Each of the cross lines and in lines has a 

12.5metres common depth point (CDP) spacing.  The sampling interval is 

4.00msec with 750 samples per trace. The seismic survey is located between 

Latitude 52.79N and 53.07 and Longitude 1.998 and 2.3995. (Fig. 3.1) 

 Seismic Resolution 

Seismic resolution is the ability to distinguish features that are close together (Sheriff, 

2006). Seismic resolution comprises the vertical and horizontal resolution. 

Seismic waves propagate within upper stratigraphic levels with an average velocity 

of 2000m/s as such any offsets of less than 15m will not be imaged.  The seismic 

velocity increases to about 3000m/s at deeper level and the high frequency content 

of the wave diminishes due to filtering effect of the rock volume. Any vertical offsets 

of less than 30m will not be imaged at the deeper level. 

3.2.2 Seismic data processing 

The seismic data was processed before being supplied as such the processing 

techniques used were not known. 

Coherency is a measure of the similarity between a numbers of adjacent seismic 

traces. The degree of similarity between the traces can be measured by a variety 
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of methods including cross correlation, semblance e.t.c (Bahorich & Farmer 1994; 

Marfurt et al. 1995; Gersztenkorn & Marfurt 1996). 

Coherency algorithms are typically applied to 3D seismic data which have been 

loaded onto workstations creating a second volume of data called a coherency 

cube.  Coherency is commonly generated at the start of a 3D interpretation project. 

This allows both faster interpretation and improved confidence in fault patterns 

(especially fault linkages) and large-scale stratigraphic features (Roberts et 

al.1996).  

Coherency data has been of most benefit in complex geological settings and areas 

with poor quality seismic data. 

Coherency filtering of the seismic volume displays discrepancies between adjacent 

seismic traces and horizons, and this highlights faults and other structural features 

such as channels.  Higher coherency values represent areas with similar seismic 

traces, while on the other hand a lower coherency value indicates areas where the 

adjacent seismic traces show more variations.     

The coherency or variance cube was used to produce time slices at specific 

window intervals. Seismic variances and time slices for both Guinevere and 

Camelot fields 3D seismic cube surveys (Fig. 3. 2a and 3.2b) were used in the 

interpretation and analysis of the seismic data. 

Using variance data at an early stage in the 3D interpretation project, the time 

spent interpreting faults was significantly decreased. Coherency is commonly 

generated at the start of a 3D interpretation project. Coherency data has been of 

most benefit in complex geological settings and areas with poor quality seismic 

data (especially in complex salt tectonic terrains). 

Depth Conversion  

Depth conversion was not undertaken for both Guinevere and Camelot field, there 

was check shot survey data for the Guinevere field but no data was available for 

the Camelot field. There is lack of velocity variation in the cover sequences as such 

73



Chapter 3 Research Methodology

Figure 3.1 Locations of Guinevere and Camelot fields 3D seismic surveys.
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throw pattern in time domain are quite similar and serve as representative to those 

that may likely occur in depth domain.  

Seismic reflection data are presented in time throughout this research study. In the 

analysis of fault displacement profiles throw was used as proxy to displacement. 

Fault throw is defined as the vertical component of displacement measured 

between mapped horizon cut‐offs (Needham et al., 1996).   Fault displacement 

refers to the displacement accumulated through the whole active period of the fault 

(Walsh and Watterson, 1988) as such the total true displacement should be used 

to analyze the relationship between fault displacement and trace length, however 

such true displace are difficult to obtain in practice, Displacement may also 

represent the variation in position of a marker displaced by fault movement 

(Tearpock and Bishchke, 2003). 

Throw or the strike component of displacement may be used to analyze the 

relationship between fault displacements and trace length (e.g. Dawers et al., 

1993; Peacock, 1991; 2002; Acocella and Neri, 2005).  The type of displacement 

component to be used in the analysis D-L relationship depends on fault type.  In 

normal faults throw is used as a proxy of true displacement to analyze length vs 

displacement relationship, or displacement vs. cumulative frequency (e.g McLeod 

et al., 2000; Meyer et al., 2002).  

For a purely dip-slip fault, the dip separation is similar to the displacement of the 

fault (Peacock et al. 2000) and was used as proxy for displacement for all the faults 

analyzed. Also applied in situation where slip vectors cannot be constrained and 

the fault system is dominantly dip-slip (Lewis et al., 2013; Wilson et al., 2013). 

The non availability of the velocity data for the two 3D seismic surveys has made it 

not possible to carry out an accurate depth conversion of the time interpreted 

horizons. Where available depth conversion of time interpretation is basically a 

vertical (layer-cake) process which would not have altered the positioning or 

linkage patterns of the faults. Therefore, the depth conversion process had a 

minimal effect on the overall geometries observed, apart from a uniform vertical 

expansion of the entire section.  
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Figure 3.2a  Seismic variance and Time slice at 640ms window illustrating main structural features extracted from the Guinevere field 3D seismic survey
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Figure 3.2b  Seismic variance and Time slice at 400ms window illustrating main structural features extracted from the Camelot field 3D seismic survey
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3.2.3 Data quality 

Guinevere Field Data quality 

The quality of the 3D seismic dataset from the Guinevere field survey varies 

significantly due to the presence multiple salt layers. The Upper layer is the 

Triassic Haisborough Group and the Permian Zechstein layer.  The dataset has a 

problem of significant image degradation proximal to areas where the salt layer 

underlies the complex Mesozoic.  Examples of the seismic data quality are 

illustrated in Figures 3.3a and 3.3b. The seismic resolution beyond 1.75sec TWT, 

below the salt is considerably reduced. This does not allow the interpretation of the 

faults to be carried out confidently.  

In most places across the 3D seismic survey units within the post salt and sub salt 

have good resolution and can traced and interpreted without much difficulty. Due to 

the effects of erosion units at the top are characterised with the presence chaotic 

seismic reflectors.  A detailed description of the character of individual seismic 

reflectors is given in Chapter 4 and 5. 

Camelot Field Data quality 

The seismic data quality of the Camelot field 3D seismic survey is similar to that of 

Guinevere field. There is presence of salt detachment layer located within the post 

salt and subsalt areas. The lower detachment layer of the Upper Permian 

Zechstein has a reduced resolution underneath the graben.  

The quality of the seismic reflectors varies in the 3D seismic survey units both 

within the postsalt and sub salt sections (Fig.3.4a and 3.4b). Seismic reflectors with 

good resolution and can traced and interpreted without much difficulty. In some 

places the reflectors are chaotic. The resolutions of the reflectors are reduced in 

the sub salt section and this makes it difficult to interpret horizons below the 

Rotliegend.   A description of the seismic characters and seismic reflectors is given 

in Chapter 6. 
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Figure 3.3a 3D Seismic section trending NE-SW from the Guinevere field 3D survey see Figure 3.1 for line location. 
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Figure 3.3b 3D Seismic section from Guinevere field 3D seismic survey showing data quality see Figure 3.1 for line location. 
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3.3 3D Seismic Interpretation workflow 

The seismic interpretation was conducted using the Schlumberger Geoframe 

software for seismic interpretation and structural analysis.  The 3D visualisations of 

the 3D seismic surfaces were carried out using Geoviz, a visualisation component 

suite within the Geoframe. The 3D seismic data interpretations were carried out on 

a UNIX seismic workstation. The software is used for seismic interpretation, 

seismic attribute and structural analysis; the interpretation work flow is given in 

Figure 3.5. 

The workflow is broadly divided into three stages; seismic data, seismic 

interpretation and structural analysis.  A brief description of the horizon and fault 

interpretation and amplitude extraction are given below.  

3.3.1 Horizon Interpretation 

The selection of horizons is performed by correlation of recognised well picks and 

the appraisal of the seismic characteristics of horizons such as on lap, down lap, 

truncations, erosional surfaces to defined unconformity surfaces. This is applied to 

both Guinevere and Camelot field 3D seismic surveys where applicable. 

The technique adopted for the interpretation of the horizon seed in the 3D seismic 

volume involves interpreting the horizon manually over a widely spaced grid of 100 

x 100 in the inline and 50x50 in the cross line.  After the first autotracking a further 

grid of 25x25 is applied to each identified techtonostratigraphic horizons.  A further 

gridding of 5x5 is applied to the 25x25 grid where necessary. Then the gridded 

horizon is autotracked using the Geoframe’s  autotracking tool ASAP (Automatic 

Seismic Area Picker). The result of the first auto tracking is reviewed and 

evaluated, where necessary a further manual in filling is performed using a 

different auto tracking criteria. The autotracking sampling technique for ASAP 

ranges from the Advance sampling to Simple sampling.  Toggling between the two 

criteria yields a better result.  

If the autotracked results still shows some gaps, the grid are reduced to 5x5 and 

manually interpreted before re-autotracking and smoothing were finally used to infill 
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any gap. After a horizon interpretation is completed, the Geoframe software is used 

to extract amplitude and difference attributes.  Isochron maps between successive 

horizons were calculated in Geoframe for the analysis of growth stratal 

thicknesses.  

The interpreted and autotracked horizon surface is further gridded for visualisation 

in 3D perspective using the Geoviz component suite for Geoframe. Different 

perspective views and shaded relief structure maps were produced; these maps 

were used in the structural analysis of the study areas.   A Computer Graphic 

Metafile (CGM) files of selected seismic section are produced and exported from 

Geoframe to LST CGM to Image converter Release 8.1.1 by Larson Software 

Technology to convert the seismic section into a high resolution  Tagged Image 

File Format (TIFF). 

3.3.2 Attribute Extraction 

The surfaces produced from the 3D seismic interpretation were used for attribute 

extractions. The attributes were extracted to in order to determine and identify 

different structural features such as small scale faults which are difficult to 

identified and picked for interpretation using the seismic. Attributes extractions also 

assist in identifying channels and other sedimentary features. Amplitude and 

variance extraction maps were produced from the surface maps using Geoframe. 

3.3.3 Fault Interpretation 

The faults are detected by means of reflection offsets in seismic sections and the 

morphological expressions i.e. high reliefs, sudden changes in slope etc. on the 

time surfaces. Major faults in seismic scale, are chosen by utilizing bed 

terminations from seismic sections and then traced by using time structure maps or 

3D surfaces which reveal the orientation of the fault throughout the area.  

Fault interpretations were conducted for the Guinevere and Camelot field 3D 

seismic surveys. On average the 3D seismic data set are of good quality for both of 

the fields. Faults were interpreted using 25x25 grids and the lines picked were 

perpendicular to the strike.  
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The fault interpretation was checked using variance, time slice and 3D visualisation 

using Geoframe’s Geoviz suite, which enable the degree of the accuracy of the 

interpretation. It also enables the comparison of the fault interpretation with the 

coherency volume so that linked and segmented faults are not interpreted as one 

and same fault. 

After the interpretation of the faults, Geoframe’s gridding tool was used to fill the 

gaps between interpreted lines. The tool extends the interpretation out from each 

fault stick to a predefined distance to link the fault sticks, thus creating a surface for 

the interpreted faults. Since the tool extends the fault both vertically and 

horizontally as surfaces fault produced may have extended to where it originally or 

in reality did not cut across. This gridding problem is constrained by using a 

polygon to control the limit of the grids. This was done by drawing a polygon 

around the fault sticks so that only the manually created polygon is gridded. 

Alternatively excess area outside the original extent of the fault sticks polygon can 

be manually deleted, using the Geoframe’s areal delete tool. 

3.3.4 Seismic Attribute Maps 

The horizons interpreted were used to produce time map which shows topography 

of the horizons in two way travel time (TWT) and isochron map which gives 

estimate of the vertical thickness of a sedimentary package between two horizons 

in time. Changes in sedimentary thickness can be related to processes such as 

fault movement, the underlying presence of salt swells during deposition or to 

subsequent folding and erosion of the horizons. Isochron maps were used in 

conjunction with the seismic data to determine and constrain the evolutionary 

history of the two study areas, the control on structural development and to identify 

the ages of faulting.  

3.4 Quantitative Fault Analysis 

In this research study the TrapTester software version 6.6 produced by the Badley 

Geoscience Limited was used for quantitative fault analysis for the 3D seismic 

survey cubes.  For each of the surveys the interpretations of faults and horizons 
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that were made using the Geoframe software were imported into Traptester (Fig. 

3.6). However not all the interpreted horizons and faults are imported into the 

Traptester, emphasis were given to faults large faults that cut across key horizons 

and the horizons that were cut by the faults with considerable throws. The imported 

faults were then gridded using the triangular gridding method and finally relevant 

attributes were then calculated for the gridded fault surfaces. 

The faults within the two studied fields the Guinevere and Camelot field are divided 

into two parts of sub salt and post salt faults. The faults at the subsalt are short 

segmented and show very small with negligible displacement and their downward 

vertical displacement are difficult to constrain due to poor seismic resolutions. 

These faults are separated from the post salt sections via the Zechstein 

decollement as such their timing cannot be determined.  The fault analyses were 

conducted mainly for the faults in the post salt section that bounded the grabens 

whose initiation, growth and timing are easily determined from the thickness maps 

generated from the seismic interpretation.  

Fault Attributes  

Faults attributes are calculated from the modelled fault polygons. The polygons 

created defined the footwall and hanging wall on all the fault surfaces. Where a 

fault cut across two surfaces or three horizons, polygons are created for each fault 

with a clearly defined footwall and hanging walls on the horizon.  

Trim and Patch distances 

The trim distance defines the amount of horizon data not included in the modelling 

while the patch width defines the size of the patch horizon data that is included in 

the modelling (Fig. 3.7). Part of horizons that were picked within a trim distance is 

excluded using the trim settings. The polygons were initially created automatically 

with a user-defined ‘patch’ and ‘trim’ distances (Fig. 3.7), where irregular or 

overlapping patches are trimmed.   

A trim distance of 100m and patch distance of 180m are used as for all surfaces. 

Fault modelling for the large graben bounding faults were difficult as such 
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Figure 3.6  Traptester analysis work flow for quantitative fault analysis. ( Adapetd from traptester training manual and help files (2009)

C
hapter 3

R
esearch M

ethodology

Data Import Build structural model

Fault seal analysis
Graphical analysis

Geomechanical analysis Fracture prediction

Analysis

Fault statistics and analysis

Geoframe IESX G.F 4.4 Fault surfaces, 
Horizon-fault intersection (Polygons)

88



Chapter 3                              Research Methodology 

triangulated mesh (trimesh) created are manually corrected for the fault which have 

their footwalls affected by later fault activity. The presence of small scale faults on 

the footwall of the graben bounding faults affects the modelled fault polygon by 

creating an irregularly shaped triangulated mesh which affects the result of the plot. 

Another reason for the manipulation of the trim patch parameters is the listric 

nature of the modelled faults, which are concave upward and flatten at depth as 

such fix values, might affect the plot results.  

There is no evidence of drag or fault-related folding adjacent to the fault which 

might also allow manual manipulation of the trim and patch parameters.   

Trace sampling and 1D line sampling 

Trace sampling and 1D line sampling are the ways in which fault polygon are 

sampled (Fig. 3.8).  Trace sampling method uses a user defined sampling space 

which sets up a regularly spaced sample points along the centre lines of the fault 

polygon. A sampling space of 100m was used for the trace sampling of the faults 

used in the analysis. Trace sampling are set to sample fault which have offset that 

are predominantly vertical and/or perpendicular to the fault trace. This will enable 

recording of the true dip-slip. 

The 1D line sampling uses a regular sampling grid over the fault pattern. The 

sampling grid is user-defined which may includes line spacing and orientation of 

the fault. Sampling parameters must be defined before selected horizons are 

added to plot data. Fault array summation and Frequency plot data diagrams can 

be computed using the 1D line sampling method. 

Fault Orientations 

The orientations of the interpreted faults were displayed using rose diagrams 

calculated within the Traptester software using the trace sampling method. 

Previous studies on normal fault orientation and analysis have been carried out by 

Walsh & Watterson, 1990 and Peacock and Sanderson, 1991.  Fault length 

populations were also calculated using the same sampling method. And this 

displays a cumulative number faults and fault trace length. The Trace sampling 
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Figure 3.7  a) Plan view of simplified fault,  trim distance is amount of horizon data not included in modelling and patch distance
amount of horizon data included in the modelling. b) Cross-section of a simplified fault showing trim and patch distances.(Adapted 
from traptester training manual and help files, 2009).
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Figure 3.8 Trace sampling method of fault sampling which was used for attribute calculations such as fault orientation. 1D line 
sampling for comparison. (Adapted from traptester training manual help files, 2009).
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method was also used to calculate Length-displacement plots and showed fault 

trace length (m) vs maximum throw (ms). 

Fault Displacement Profile 

Fault displacement profiles were calculated for computed fault polygons created for 

interpreted surfaces.  Fault displacement profile have been used in previous 

studies to determine fault growth .The presence of displacement minima along a D-

d or t-x profile are interpreted to represent points where previously isolated fault 

segment become linked during fault growth. This agrees with previous work on 

fault growth carried out by Peacock and Sanderson (1991), Cartwright et al., 

(1995) and Cartwright and Mansfield (1998).  

The results are presented as graphs and coloured projections for the individual 

fault that cut across horizons individually. Using the coloured projections of 

hanging wall and footwall polygons were produced for large scale graben bounding 

faults at the post salt section. The fault displacement profiles are represented using 

colour profile with blue-purple given minimum displacements and red recording 

maximum displacements values.  Traptester trace sampling method were also 

used to calculate Length-displacement plots which showed fault trace (m) vs 

maximum throw (ms) of the faults. 
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Chapter 4  Structure and Stratigraphy of Guinevere Field 

4.1 Introduction 

The Guinevere Field is located 43 miles (70km) East of Humber estuary and 31 

miles (50km) north of the North folk Coast and lies within Block 48/17b. The field is 

a NW-SE trending fault block that is 3.4 miles (5.5km) long and 1mile (1.6km) wide 

and lies in water depth of 88ft (27m) (Lappin et al 2003).  The field is located within 

the footwall of the Dowsing Fault Zone on the western flank of the Sole Pit Basin 

(Fig. 4.1). It is a NW-SE trending extensional fault block at Rotliegend level.  This 

study is based mainly on 3D seismic data covering the field.  

This chapter describes the structure and seismic stratigraphy of the Guinevere field 

and discusses structural variations from the oldest interpreted sequence Top 

Rotliegend to Base Cretaceous level. Unlike the stratigraphy of the Southern North 

Sea which ranges from the Carboniferous to the Palaeogene/Neogene (Fig. 2.3b) 

the Guinevere field‘s stratigraphy ranges from Carboniferous to the Cretaceous 

(Fig. 4.2).  The incomplete younger sequence is attributed to the inversion resulting 

in the uplift and erosion of the Sole Pit basin. 

There are five wells that were used in the interpretation of the 3D seismic data 

these wells are 48/17-5, 48/17-8, 48/17A-11, 48/18-11 and 48/12-2.  A seismic 

traverse passing through five wells shows two grabens (1 and 2) with Lower 

Triassic Separation Zones at their centres. The location and correlation of these 

wells are illustrated in (Fig. 4.3) and (Fig. 4.4). The oldest stratigraphic unit 

(Carboniferous) is present at the base of all the five wells; however the youngest 

sequence (Cretaceous Chalk) is only present in three of the five wells (48/17-5, 

48/17-8 and 48/17-11) as illustrated in figure 4.4. The absence of the Cretaceous 

Chalk is attributed to uplift and erosion. The Lower Triassic Separation Zone 

(LTSZ) characterized by the absence of the Bunter Group (Bunter shale and 

sandstone) is displayed in well 48/18-11 (Fig. 4.4) where the Group is missing due 

to the presence of fault. 
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Figure 4.1 Mega tectonic map of the Southern North Sea showing the location of Guinevere field and the 3D seismic survey
(in red box) with the structural features Modified from Van Hoorn 1987.  
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The depth of these wells varies from the deepest well 48/12-2 (2989m) and the 

shallowest 48/17-11 (2632m), other depths  are 2701m, 2697m and 2652 for wells 

of 48/17-8,48/18-11 and 48/17-5 respectively.  They show a broadly conformable 

sequence from Carboniferous to Cretaceous. The sequence was incomplete 

towards the North due to erosion resulting from uplift as illustrated in the 

correlations between wells and seismic lines (Fig. 4.5).  The presence of the 

Mesozoic graben and Lower Triassic Separation Zone (LTSZ) in the Guinevere 

Field is illustrated in Figure 4.5.   

4.2 Seismic stratigraphy 

This section describes the seismic characters of the horizons picked for the 

seismic interpretations as illustrated in (Fig. 4.2).  A total of seven key seismic 

horizons (Top Rotliegend, Top Zechstein, Base Haisborough, Base Lias, Base 

Kimmeridge, Base Chalk and Sea Bed) are mapped across the study area. The 

quality of the seismic data and characteristic of the mapped seismic reflection are 

shown in Fig. 3.3b and Fig. 4.7.  The qualities of horizons picked for interpretation 

in this seismic survey are briefly described below:- 

4.2.1 Top Rotliegend 

The lowest interpreted reflector is the Top of the Rotliegendes Group. This horizon 

is heavily faulted was interpreted to illustrate the pattern and structural orientation 

of faults at the sub-salt level, it is characterized by laterally continuous but 

occasionally segmented amplitude reflector (Fig. 3.3, 4.2 and 4.7). In sections 

where the amplitude has very low reflections the interpretation of the horizon was 

difficult. Auto tracking was largely successful and the result produced a good 

quality image for the horizon (14.4a). 

4.2.2 Top Zechstein 

Top Zechstein was interpreted as it indicates a major transition in basin 

development. It divides the Basement and Cover sequences and also serves as 

detachment layer, a unit which decouples both Basement and cover faults. The 

horizon is largely continuous but is complicated by zones where the Basement fault 
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Figure 4.2 Seismic horizons picked and stratigraphy of Guinevere field,Southern North Sea.
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appeared to have hard linkage with cover faults due to salt withdrawal. The unit is 

also characterized by very thin amplitude reflector which was easily traceable (Fig. 

3.3, 4.2 and 4.7).. The auto tracking produced a good quality image for this horizon 

(14.4b). 

4.2.3 Base Haisborough 

Base Haisborough or the Top Bacton was interpreted because it was a key horizon 

that was missing within the graben. It indicates Lower Triassic Separation Zones 

(LTSZ) characterized by the absence of the Lower Triassic Bacton Group (Bunter 

Shale and Bunter Sandstone). The horizon is laterally continuous but is truncated 

at zones where grabens are present (Fig. 3.3, 4.2 and 4.7).. Extreme care was 

taken during interpretation to account for the truncations or terminations of the 

reflections at the graben margins. The autotracked horizon appeared to be good 

but the areas characterizing the separation zones were manually constrained. 

Generally the result produced a good quality image for this horizon. 

4.2.4 Base Lias 

Base Lias or Lower Jurassic sequence was interpreted because it represents the 

top of Haisbourough Group which serves as a second detachment layer in the 

study area. This horizon was difficult to interpret across the survey due to the 

presence of salt generating a high amplitude reflection (Fig. 3.3, 4.2 and 4.7)..  

Additionally the presence of faults has further complicated the mapping of this 

horizon. The auto tracking produced a good quality image with some poor zones 

which are visible on the surface especially along fault zones and in positions where 

the amplitude has high reflection.  

4.2.5 Base Kimmeridge 

Base Kimmeridge which represents the top of the Upper Jurassic sequence is 

characterized by the presence of amplitude reflector with good seismic resolution.   

The Upper Jurassic sediments show substantial variations in thickness across the 

survey area. The horizon is characterized by a high amplitude seismic reflection 

and was therefore relatively simple to trace across the survey (Fig. 3.3, 4.2 and 
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Figure 4.4 Correlation of exploratory wells in the Guinevere field see (Fig.4.3) 
for location.
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Figure 4.5  Wells and seismic correlation depicted on seismic line passing through five (5) wells with units, Sea bed,Base Post rift, Base Kimmeridge, Base Lias, Base Haisborough, Top Zechstein and Top Rotliegend can
be matched with well data (either directly or by matching thickness)
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4.7).. Autotracking was very successful and the result produced a very good quality 

for image this horizon.  

4.2.6 Base Chalk 

Base Chalk a Cretaceous horizon was only visible above the Mesozoic graben and 

absent on the other parts of the survey, it is characterized with low amplitude ((Fig. 

3.3, 4.2 and 4.7).). The image produced from autotracking was not good; it was 

later manually corrected to produce structure map for the horizon. 

4.2.7 Sea Bed 

The Sea Bed was characterized by low amplitude reflector. The result of the auto 

tracking produced images with some very poor quality sections ((Fig. 3.3, 4.2 and 

4.7).). 

Time structure and thickness maps were extracted from the interpreted maps 

horizons. The structure maps clearly indicate the present day fault pattern and 

structural configurations. They also indicate the growth and development of 

complex Mesozoic grabens which are visible at Base Haisborough, Base Lias and 

Base Kimmeridge horizons.  

4.3 Structural Styles 

Different structural styles exist above and below the Permian Zechstein salt (Fig. 

4.6). The difference in structure between Top Rotliegend and the Base Kimmeridge 

is illustrated in Figure.4 .6.  The variations in the structural style in the sub-salt and 

post salt is attributed to the presence of salt unit.  

A diverse range of structures have been identified within the Guinevere field area. 

These structures have shown extensional tectonics features, which includes listric 

faults, domino faults, growth faults which are clearly represented, in Figures 4.8 - 

4.11. 

4.3.1 Structural elements 

Extensional fault sequences and salt related structures are represented in the 

seismic data. In terms of features related to extensional faults, large growth 
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Figure 4.6 Base Kimmeridge and Top Rotliegend surface structure map showing the main structural features and location of some 3D seissmic lines from the Guinevere field

Seismic section A-A’  Fig. 4.7a and b

Seismic section B-B’  Fig. 4.8a and b

Seismic section C-C’ Fig. 4.9a and b

Seismic section D-D’ Fig. 4.10a and b

Faul at Top Rotliegend level

Faul at Base Kimmeridge level
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sequence, listric faults, rollover anticlines and crestal collapse structures, and listric 

fault bounded grabens. Four seismic sections (Fig.4.8-4.11) from the 3D survey 

were selected to describe the major structural features in the Guinevere field.  

Planar domino fault below salt 

The Guinevere field consists of two salt detachment layers of the Upper Triassic 

Haisborough and Upper Permian Zechstein Group.  Beneath the Zechstein 

detachment, faults at Top Rotliegend are tilted and rotated, dominantly planar 

domino with small extensional separations. These small segmented faults are 

separated from the overlying supra salt structures by decollement via the 

Zechstein. The vertical downward extent of these faults to basement level are 

poorly defined and constrained due to poor resolution of the seismic beyond the 

Rotliegend.  Most of these faults are trending in NW-SE directions which conform 

to the structural grain of the basin; however some few of these faults trend in the E-

W direction.  The seismic sections (Fig. 4.8, 4.9, 4.10 and 4.11) illustrate some of 

these structures below the Rotliegend level. 

Listric faults defining graben systems  

Listric faults are curved normal faults which occur in extension zones where the 

fault surface is concave upwards and its dip decreases with depth. The geometry 

and evolution of these faults have been described by Ellis and McClay (1988) and 

McClay (1990).  Its hanging wall block may either rotate or slide along the fault 

plane or may pull away from main fault. Deformations in the hanging wall are 

characterized by the presence of roll over anticline and occasionally with 

associated crestal collapse structures (Fig. 4.8, 4.9, 4.10, and 4.11). There are two 

grabens (graben1 and 2), which are bounded by two large listric faults. Graben 1 is 

bounded by basin ward listric fault1 (BLF1) and landward listric fault1 (LLF1) and 

graben 2 is bounded by basin ward listric fault 2 (BLF2) and landward listric fault2 

(LLF2), these faults are the major listric faults within the Guinevere field.  Three of 

the faults (BLF1, LLF1 and BLF2) detach on the Upper Zechstein while LLF2 

detaches on the Upper Triassic Haisborough Group where it has been rotated (Fig. 
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Figure 4.7 Seismic section showing seismic data quality in the Guinevere field,Southern North Sea.
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4.8b, 4.9b and 4.10b). These faults are steep at top and they curved, bend and 

flatten at the base with maximum displacements recorded at its centre.  

Graben 1- along strike variations and vertical extent 

Graben1 is located in the northwest part of the survey, it bounded by basin ward 

listric fault1 (BLF1) and landward listric fault1 (LLF1). The basin ward fault BLF1 

cut the sequences at high angle and detached or sole out on the Upper Permian 

Zechstein while the landward fault LLF1 cut the sequences at low angle and also 

detached on the same Upper Permian detachment. 

This graben varies along strike where it is wider towards the northwest and 

narrower towards the southeast (Fig. 4.12).  The hanging wall geometry of this 

graben indicates the presence of roll over anticline with associated crestal collapse 

structure. It consists of series of synthetic and antithetic faults detaching within the 

graben.  

The structure of the graben at section A-A’ (Fig. 4.12a) indicates presence double 

roll over and some inversion features which are probably related to reactivation of 

the graben bounding faults, the graben centre is wide at section A-A’ (Fig. 4.12a) 

and becomes narrower at section C-C’ (Fig. 4.12c). The graben centre is 

characterised by the presence of thick sediments of the Lias Group and 

Kimmeridge. These structures change significantly along strike in section C-C’ 

(Fig.4.12c)  where the roll over anticlines is characterized with fewer antithetic and 

synthetic faults relative to the section  On sections A-A’ and B-B’, however the 

symmetric geometry of the graben is maintained. The basin ward and landward 

listric faults bounding the graben propagate vertically upward into the overlying 

Upper Jurassic sequences. This marked the vertical extent of graben1. 

The Base Kimmeridge time structure map (Fig. 4.12) illustrating variation along 

strike of graben1 indicates the presence of two major depocentres in the 

Kimmeridge structure map as shown in section B and D within the graben1.  Major 

depocentres are displayed in section B-B’ (Fig. 4.12b) and C-C (Fig. 4.12c). In all 

the sections the basin ward and landward faults cut and offset the sequences at 

high and low angles and detach on the Upper Permian Zechstein.    
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Graben 2- along strike variations and vertical extent 

Graben 2 is located towards the northeast of the graben1 (Fig. 4.13), it is bounded 

by basin ward listric fault2 (BLF2) which cut and offset the sequences at high angle 

and detached on the Upper Permian Zechstein and Landward listric fault2 (LLF2) 

which cut and offset the sequence at low angle and detach on the Upper Triassic 

Haisborough Group. The graben changes from an asymmetric half graben to a full 

symmetric graben; its centre is filled with the Lias and Haisborough Groups.  

The variation along strike of graben2 (Fig. 4.13) indicates that the Lias Group and 

Haisborough has thickness more at the basin centre relative to the other parts of 

the basin as illustrated in Figure 4.13. The vertical extend of graben 2 extends to 

the Upper Jurassic and Lower Cretaceous sequences as illustrated in Figure 4.13 

section A (Fig. 4.13a) and B (Fig. 4.13b). It terminates within the Middle Jurassic 

sequences section C (Fig. 4.13). In comparison to the graben1, the centre of 

graben 2 does not record roll over anticlines and crestal collapse structures. 

Faults (listric and planar) detaching on Haisborough 

The Upper Triassic Haisborough Group serves as the second detachment layer 

within the Guinevere field and permit listric faulting of the Upper Triassic/Jurassic 

sequence with detachment above the Lower Triassic Bacton Group.  

The 3D seismic sections in figure 4.8b, 4.9b, 4.10b and 4.10b  shows listric and 

planar growth faults off setting Kimmeridge and Lias Group sequences and 

detaching on the Upper Triassic Haisborough group. Some of these faults are 

segmented growth fault with small displacements which are probably associated 

with the Jurassic extension.  They trend in different directions (ENE) relative to the 

graben2 bounding landward listric fault2 (LLF2) which trends in NW-SE direction 

(Fig. 4.6). The graben2 bounding landward listric fault (LLF2) and some of the 

listric and planar faults cutting the Kimmeridge and the Lias Group detaches within 

the Haisborough Group. 
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Figure 4.8a (Uninterpreted) and b (nterpreted) 3D Seismic section A-A’ trending NE-SW from the Guinevere field 3D survey showing the main structural features see Figure 4.6 for line location. 
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Inversion features in the Guinevere field 

The features related to inversion in the Guinevere field are expressed in Fig. 4.9a 

and 4.10a as harpoon like structures in the uninterpreted seismic sections.  The 

thinning of the Chalk unit on the crest of Graben 1 which forms an anticline 

adjacent to fault LLF1 on the graben centre in fig.4.9b and 4.10b. The uplift and 

progressive erosion of Jurassic and Cretaceous sequences to the north in the 

basin is also a result of inversion. Other inversion features includes; the anticline 

adjacent to fault LLF1 on figs 4.9 and 4.10, and the oppositely dipping reflectors at 

the top and base of the syn-rift wedge of fig 4.8.  The presence of monoclinal fold 

in the chalk (Fig. 4.9b and 4.10b) is also attributed to the effect of inversion in the 

basin. 

4.3.2 Structural Patterns 

The Guinevere field is characterized by different structural patterns, structure maps 

of the Top Rotliegend, Top Zechstein, Base Haisborough, Base Lias and the Base 

Kimmeridge were used to describe the structural pattern. The maps illustrate 

different structures at the sub salt and supra salt sections. The Mesozoic 

sequences at the supra salt level are characterized by relatively different patterns. 

Fault maps were used to describe the different fault patterns at the sub salt section 

below the Upper Permian Zechstein 

Top Rotliegend structure 

The Rotliegend structure map (Fig.4.14a) displays a series of small segmented 

planar extensional faults (Fig. 4.8b, 4.9b. 4.10b and 4.11b) trending in NW-SE. 

These faults have low displacement, and underlie some prominent Mesozoic 

structures but do not directly link with them (Fig. 4.8b, 4.9b, 4.10b and 4.11b).  A 

relatively uniform depth exists towards the western part of the survey which varies 

towards the northeast. An area of structural high is visible around the centre of the 

survey trending NW-SE. 

The faults at Top Rotliegend (Fig. 4.14a) demonstrate the sub-salt structure. It 

displays series of small segmented short faults trending NW-SE, this orientation is 
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probably inherited from the underlying basement faults fabrics.  In seismic sections 

(Fig. 4.8b, 4.9b, 4.10b and 4.11b) the faults are generally planar extensional faults 

with small separations that mostly lie nearly parallel to each other. These faults 

were detached from the above cover faults and supra salt structures by the 

Permian Zechstein via decollement. The series of tilted and rotated fault blocks 

results in the formation of host and grabens on the Rotliegend as illustrated on the 

Top Rotliegend structure map. 

Top Zechstein structure 

The Zechstein unit which is the first detachment layer within the Guinevere field 

overlies the Top Rotliegend.  The NW trending segments of the Mesozoic graben 

are characterized by two major fault control lows A and B forming synclines 

separated by an anticline a structural high (Fig. 4.14b). The seismic sections in 

Figure 4.8b, 4.10b and 4.11b, shows salt rollers are the main structural features at 

this stratigraphic level.  Salt rollers are formed as a result of normal faulting of 

sediment – salt interface (Brun and Mauduit, 2008). The time structure map 

(Fig.4.14b) indicates relatively uniform depth across the survey with areas around 

the centre forming a structurally high. 

The Zechstein surface plays a vital role of detaching the basin ward and landward 

listric growth faults within the Mesozoic sequences, thus forming salt rollers 

underneath the footwalls of the graben bounding faults (Fig. 4.10b). It also 

detaches the faults at the underlying Top Rotliegend surface. 

Base Haisborough structure 

The Base Haisborough structure map (Fig. 4.14c) indicates the presence of the 

Lower Triassic Separation Zones (LTSZ) characterised by the absence of the 

Bunter Group (Bunter shale and Bunter sandstone), trending in the NW-SW 

direction located within fault bounded graben1. This is also evident from the 

seismic sections in Figure 4.8, 4.9, 4.10 and 4.11; the missing section is also 

shown within the graben (Fig. 4.14c).  The structure map shows graben 1 bounded 

by basin ward listric fault 1(BLF1) and landward listric fault 1(LLF1) trending in NW-
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SE which cut and offset the Jurassic sequences at high and low angle respectively. 

A basin ward listric fault2 (BLF2) also cut and offset the sequence at high angle 

forming an asymmetric half graben trending in the same direction located towards 

the northeast. 

The structure at Base Haisborough Illustrates that most of the faults at the Upper 

Jurassic detached or sole out on the overlying Upper Triassic Haisborough Group. 

The seismic sections (Fig. 4.8, 4.9, 4.10 and 4.11) indicates that the faults (BLF1, 

LLF1 and BLF2) do not root downward and link with the Permian fault system at 

the Top Rotliegend but they detached or sole out on the Upper Permian Zechstein. 

The roll over described in seismic sections in Figure 4.8, 4.9, 4.10 and 4.11; 

resulted in the thinning of the Haisborough unit as indicated by the little depression 

on the Base Haisborough structure map (Fig.4.14c). 

 Base Lias structure 

The Base Lias structure map shows four major faults; basin ward listric fault (BLF1) 

and landward listric fault (LLF1) bounding graben 1 and basin ward listric fault  

(BLF2) and landward listric fault (LLF2) bounding graben 2 all trending in NW-SE 

(Fig. 4.14d). These faults cut and offset the Jurassic sequences at high and low 

respectively as illustrated in seismic section in Figure4.8, 4.9, 4.10 and 4.11. 

The Base Lias structure map (Fig. 4.14d) compared to the Base Haisborough, now 

shows graben2 is bounded by two faults and they lie apparently parallel to each 

other. The two fully developed grabens (1 and 2) have enlarged and widen centre 

due to variation in dip angle. It also shows the presence of small listric to planar 

faults which detached within the Triassic units on the seismic sections (Fig. 4.8, 

4.9, 4.10 and 4.11).  

The surface also shows the presence ENE trending faults linking with the footwall 

of major faults bounding graben1.   These ENE faults are small listric to planar 

isolated faults that offset Jurassic sediments and detached on the Upper 

Haisborough as illustrated in the seismic sections (Fig. 4.8, 4.9, 4.10 and 4.11).  It 

also shows a differently oriented fault located at the north margin of graben 2. 
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Figure 4.11a (Uninterpreted)and b (nterpreted) 3D Seismic section D-D’ trending NE-SW from the Guinevere field 3D survey showing the main structural features see Figure 4.6 for line location. 
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Figure 4.12 (a-c).  Variation along strike of graben 1 with Base Kimmeridge structure map showing seismic line locations.

A A’

B B’

C C’

SW NE

SW NE

SW NE

Zechstein RotliegendPlattendolomitBunter
Group

Haisborough

Sea Bed Lias GroupKimmeridge
Clay

Chalk

Graben 1 section A-A’  Fig. 4.12a

Graben 1 section B-B’  Fig. 4.12b

Graben 1 section C-C’ Fig. 4.12c

(a)

(b)

(c)

C
hapter 4 

S
tructure and stratigraphy of G

uinevere field

 

  

N

  

  

 

4km

530 32’ N

530 36’ N

530 28’ N

530 24’ N

530 20’ N

10 08’ E 10 12’ E 10 16’ E 10 20’ E 10 24’ E 10 28’ E 10 32’ E 10 36’ E

A

A’

B

B’

C

C’

Base Kimmeridge

High

Low

BLF1 LLF1

Graben 1

BLF - (Basinward Listric Fault)    
LLF - (Landward Listric Fault)

Graben 1

Graben 1

BLF1
LLF1

BLF1 LLF1

BLF1

LLF1
Graben 1

115



A A’

B B’

C C’

SW NE

SW NE

SW NE

 

  

N

  

  

 

4km

530 32’ N

530 36’ N

530 28’ N

530 24’ N

530 20’ N

10 08’ E 10 12’ E 10 16’ E 10 20’ E 10 24’ E 10 28’ E 10 32’ E 10 36’ E

Base Lias

B’

C’

A

A’

B

C

High

Low

Zechstein RotliegendPlattendolomit

Bunter
Group

HaisboroughLias Group

Graben 2

C
hapter 4 

S
tructure and stratigraphy of G

uinevere fieldFigure 4.13 (a-c).  Variation along strike of graben 1 with Base Lias structure map showing seismic line locations.

Graben 2 section A-A’  Fig. 4.13a

Graben 2 section B-B’  Fig. 4.13b

Graben 2 section C-C’ Fig. 4.13c

(a)

(b)

(c)

BLF2

LLF2

Graben 2

BLF - (Basinward Listric Fault)
    
LLF - (Landward Listric Fault)

Graben 2

Graben 2

BLF2
LLF2

BLF2

LLF2

BLF2

LLF2

116



Chapter 4                                                                      Structure and Stratigraphy of Guinevere Field  

Base Kimmeridge structure 

The Base Kimmeridge structure map (Fig. 4.14e) shows significant difference to 

the structure at lower levels and represent structural style of a late supra salt 

sequences in the Guinevere field.   It displays graben at its centre trending NW-SE 

bounded by listric growth faults BLF1 and LLF1. These faults dip in the opposite 

direction to each other with the BLF1 dipping NE and LLF1 dipping SW.  

 The graben centre shows series of synthetic and antithetic faults located at the 

crestal collapse zone, the general orientation of these faults are NW-SE directions.  

It indicates that graben 2 only has expression at Base Lias Lower Jurassic level 

(Fig.4.14d).   

The map shows presence of series small ENE trending faults.  These arrays of 

domino faults have soft linkage with the graben bounding faults.  The curvature of 

the ENE implies that it is controlled by underlying faults at Base Lias surface which 

were not reactivated. The graben centre shows series of synthetic and antithetic 

faults located at the crestal collapse zone, the general orientation of these faults 

are NW-SE directions. These faults developed as a result of accommodating net 

extension induced by folding due to roll over on the graben bounding listric faults 

(Fig. 4.8 and 4.9). The area towards the northeast is a structural high, with a 

localised depocentre located within the graben at the hangingwall of BLF1 and 

LLF1. 

4.4 Evolution and Growth of Structures in the Guinevere Field 

This section describes the evolution and growth of structures in the Guinevere 

field, using thickness maps between horizons. Thickness maps were calculated by 

subtracting difference between two horizons time depths (ms). Thickness maps of 

Rotliegend to Top Zechstein, Top Zechstein to Base Haisborough, Top Zechstein 

to Base Lias, Base Haisborough to Base Lias, Base Lias to Base Kimmeridge, and 

Base Kimmeridge to Sea bed were generated.  

The applications of spatial variations in sediment thickness have been used as a 

proxy to spatial variations in subsidence (Lewis et al., 2013).  However, 
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determination of actual subsidence depends on variables which includes; water 

depth, sedimentation rate, depositional regime and compaction. These parameters 

are difficult to quantify according to studies done by McLeoad et al., 2000; Young 

et al., 2001; Childs et al., 2003; Taylor et al.,2008.  Isochron maps have been 

applied in studies to determine fault array evolution (McLeod et al., 2000; Young et 

al., 2001) 

4.4.1 Top Zechstein-Top Rotliegend (Zechstein thickness Map) 

The Zechstein Group in the Guinevere field which forms a major detachment unit 

displays prominent thickness changes from the southwest to northeast, the 

variation ranges from about 70ms TWT to 500ms TWT respectively.  In contrast 

the basin centre where the unit underlies the Mesozoic graben the thickness is 

about 50ms TWT.  The thin Zechstein unit permits thin skinned deformation in the 

supra-salt section, thus allowing the listric graben bounding extensional fault to 

form salt rollers on the Zechstein surface as illustrated in Fig. 4.10b and Fig. 411b. 

The Top Zechstein-Rotliegend thickness map (Fig. 4.15a), is affected by salt 

movement, as such most of the structural highs and lows are not original 

depositional structures. It clearly displays series of extensional segmented small 

faults, trending in the NW-SE direction. These are presumed to be fabric of the 

sub-salt faults at Rotliegend level, some of which were probably reactivated later. 

Sediments are particularly thin towards the SW of the study area with some few 

areas of lower sediments accumulation at the centre. 

4.4.2 Base Haisborough- Top Zechstein (Bunter thickness Map) 

The Base Haisborough-Top Zechstein isochron map (Fig. 4.15b) displays the 

presence of the Lower Triassic Separation Zones (LTSZ) or Bunter Gap across the 

study area. The zones are characterized by the absence of the Lower Triassic 

Bunter Group (Bunter shale and Bunter sandstone) which are located within the 

two grabens (graben 1 and 2) that lie parallel to each other trending in the NW-SE 

direction. The zone of thinning adjacent to the faults on the N occurs probably as a 

result of truncation of hangingwall stratigraphy by the detachment fault on which 

the beds subsequently rotated as illustrated on seismic sections (Fig. 4.9b-4.10b).  
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(c) Base Haisborough -Base Lias interval isochron map with fault 
interpretation. 

(d) Base Lias - Base Kimmeridge interval isochron with fault 
interpretations.

(e) Base Kimmeridge- Sea Bed interval isochron map with fault 
interpretation.

Figure 4.15 (a-e)  Isochron maps showing evolution and growth of structures in Guinevere field 

(a)Top Rotliegend -Top Zechstein interval isochron map with fault
interpretation. 

(b)Top Zechstein- Base Haisborough interval isochron map with
 fault interpretation. 
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Base Haisborough -Base Lias interval vertical time thickness
map with fault interpretation. 

Base Lias - Base Kimmeridge interval vertical time thickness
with fault interpretations.

Base Kimmeridge- Sea Bed vertical time thickness map Base
Kimmeridge fault interpretation.

Figure 4.16  Timing of fault activity in Guinevere Field obtained from combination of thickness and fault maps (a) Upper Triassic fault activity (b) Lower -Middle Jurassic activity and (c) Upper Jurassic activity
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The map generally illustrates a uniform thickness for the Bunter, apart from areas 

where the Lower Triassic unit is missing; there are no traces of faults on the 

surface, indicative of the tectonically quite settings of the Lower Triassic Period.  

4.4.3 Haisborough thickness map 

The thickness map of the Upper Triassic Haisborough Group is obtained by first 

merging the Top Zechstein and Base Haisborough surface structure map to form a 

merged surface. The Base Lias structure is substracted from the merged surface to 

produce the thickness map of the Upper Triassic Base Haisborough Group (Fig. 

4.15c). 

The Isochron map between Base Haisborough and Top Zechstein (Fig. 4.15c) 

represents the thickness of the Bunter Formation. It shows thickness variability 

from the NW compared to the NE and E. The Isochron displays the presence the 

Lower Triassic Separation Zones (LTSZ) or Bunter Gap across the study area. 

Three main areas of isochron thick can be identified (these are B1, B2 and B3; 

Fig. 4.15c). Isochron thick B1 is located on the hanging wall of fault BLF2 and it is 

about 12km in width, with a maximum thickness of 600ms TWT. The thickness of 

B1 is greatest in the NE and it decreases towards the NW. The second isochron 

thick B2 is located in the hanging wall of BLF2 fault segment and the thickness 

varies between 450ms and 550ms TWT.  A third isochron thick B3 is located in the 

SW and is about 2km from the BLF2 fault trace, and its thickness varies between 

430 and 480ms TWT.  

The isochron shows evidence of sediment thickening across BLF2 which implies 

that it is active during this period forming an asymmetric half graben.  The map 

displays sediment thickness variations with area towards the NE having thick 

sediments and a relative uniform thickness in the SW part.   The thickness map 

with super imposed fault maps of the Base Haisborough and Base Lias the 

thickness map. It shows clear structural change across the BLF2.  As observed 

from the isochron BLF2 is the only active fault out of the four major graben 

bounding faults. 
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The grabens (1and 2) trending in the NW-SE direction are fully developed. It also 

illustrates the presence of some few ENE trending faults, these faults were not 

visible on the Base Haisborough thickness map, thus indicating that they (ENE) 

faults probably detached on this surface. The map also displays sediment 

thickening towards NE and relative uniform thickness in the SW part. 

4.4.4 Base Lias - Base Kimmeridge (Lower-Middle Jurassic thickness map) 

The Isochron map between Base Lias-Base Kimmeridge (Fig. 4.15d) represents 

the Middle Jurassic thickness. It shows thickness variability across its surface 

compared to Bunter thickness. Five main areas of isochron thick (C1, C2, and C3; 

Fig. 4.15d) can be identified. Isochron thick B1 is located within the upper part of 

graben 1 and it is about 10km in length and 6km in width it bounded by BLF1 and 

LLF1 faults. The thickness varies between 540ms and 570ms TWT. The second 

isochron thick B2 is located at the lower part of graben 1 bounded by faults BLF1 

and LLF1; this fault bounded segment of the graben appears to be separate from 

the upper of the graben.  The thickness varies between 600ms and 700mm TWT 

and it is 12km in length and 4km in width inside the lower segment of graben 1. 

The isochron map generated for the interval between the Base Lias and Base 

Kimmeridge (Fig. 4.15d) represent the Middle Jurassic thickness, it shows the two 

grabens ( 1 and 2) fully developed with considerable sediment thickness at their 

centres indicating that graben bounding faults (BLF1,LLF1,BLF2 and LLF2) are 

active during this period. Graben1 located at the NE of map illustrates that both of 

graben bounding faults are now active with very thick sediment accumulation at its 

centre. This suggests that the main phase of faulting activity occurred during the 

Lower Jurassic. 

4.4.5 Base Kimmeridge - Sea Bed (Lower Cretaceous thickness Map) 

The isochron map between Base Kimmeridge-Sea Bed corresponds to the Lower 

Cretaceous thickness (Fig. 4.15e) in the Guinevere filed. It shows less thickness 

variability in comparison to the Upper Triassic and Middle Jurassic thickness maps. 

Two isochron thicks (D1 and D2; Fig. 4.15e) can be observed in the hanging walls 
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BLF1 and LLF1 of graben 1.  The thickness decreases towards the northeast and 

southeast where it recorded less than 25ms TWT at the margin. 

The isochron map (Fig. 4.15e), which represents the Lower Cretaceous Period 

thickness, shows that BLF1 and LLF1 bounding graben 1 together with the ENE 

set of faults are the only active faults. The BLF2 and LLF2 faults bounding graben 

2 have died out during this period.  The E-W fault located towards the N is also 

active. The Upper Jurassic records a change in stress orientation which is 

illustrated by the presence of array of faults with oblique extension direction relative 

to the graben bounding faults. It also illustrates a clear change in thickness across 

NE-SW trending faults. There are also localized depocentres within graben 1 

adjacent to NE-SW region. It also clearly displays that the graben 2 have 

completely died out at this stage.  

4.5 Fault development in Guinevere field 

In this section, quantitative fault analyses of the Guinevere field 3D seismic survey 

are presented. The graben bounding faults (BLF1, LLF1, BLF2 and LLF2) and  few 

other faults that cut and  offset the three key horizons with stratigraphic age 

between Triassic and Jurassic in the post salt section were analysed. The 

analysed parameters include: fault orientation, fault displacement profiles and fault 

throws and Length vs. displacement plots. 

4.5.1 Fault Orientations 

The previous studies and analysis of normal fault have documented displacement 

and variation in relation to fault segmentation (Walsh & Watterson, 1990; Peacock 

and Sanderson, 1991). The rose diagrams showing fault orientations of the graben 

bounding faults on the Base Lias and Base Kimmeridge surfaces are illustrated in 

Figure 4.17a and 4.17b.  

 Base Lias Fault Orientation 

The Base Lias horizon has the presence of the two grabens (1 and 2) bounded by 

faults BLF1, LLF1, BLF2 and LLF2. The rose diagrams of fault orientations 
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Figure 4.18  Base Kimmeridge structure map showing orientation and t-x plot for the Crestal collapse faults, LLF1 footwall faults and combined t-x plot for faults on the Kimmeridge suraface.
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extracted from the Base Lias surface revealed a dominant NW-SE direction for the 

faults. A mean strike of 1110 and 1180 for BLF1 and LLF1 are recorded for the 

graben 1 bounding fault (Fig. 4.17a). The graben 2 bounding fault shows mean 

strike of 1180 for both BLF2 and LLF2 (4.17b) bounding graben B. The mean strike 

shows a dominant NW-SE direction for faults on the Base Lias surface.  

Base Kimmeridge Faults Orientation 

The Base Kimmeridge shows presence of three different set of faults; the graben 

bounding listric fault BLF1 and LLF1, the faults located at the footwall of LLF1 and 

smaller set of faults located at the graben centres which forms a crestal collapse 

structure. These faults have different orientations. 

The graben 1 bounding faults cutting Base Kimmeridge shows an orientation of 

NW-SE and the set of faults at the footwall of LL F1 have an orientation of ENE. 

The BLF1 have a mean strike of 1120 and LLF1 has a mean strike of 1110 (Fig. 

4.17b).   The combined rose diagram of the graben bounding faults and other 

smaller faults shows different fault orientations on the Base Kimmeridge surface.  

The smaller synthetic and antithetic faults located at graben in Base Kimmeridge 

shows orientation similar to the graben bounding faults NW-SE (Fig. 4.17b). 

The orientation of the LLF1 footwall faults ENE is attributed to a change in stress 

regime during the Jurassic extension in comparison to Triassic extension. The 

analysis of the isochron map suggests that these set of fault evolved during the 

Upper Jurassic extension as evidenced from their presence being only at the 

Upper Jurassic isochron.  Younger faults abutting with older faults during periods of 

extension might encounter change in orientation.  Pre-existing fault that got 

reactivated during later episode of extension and previously isolated fault segment 

that got linked with other faults during their growth history might experienced 

change in fault strike at point of linkages.   

4.5.2 Fault Displacement Profiles 

Fault displacement–distance (D-d) profile was generated for the Base Lias and 

Base Kimmeridge. The seismic data have not been depth converted as such true 
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displacement cannot be cannot be accurately measured due to uncertainty of the 

fault dip; throw is used as proxy for displacement (t-x).  The vertical components 

(throw) in milliseconds (ms) two-way-travel-tome (TWT) are considered in 

determining the fault displacement characteristics of the Guinevere field. Throw as 

proxy for displacement has previously been used for fault analysis studies (Young 

et al., 2001; Wilson, et al., 2013). The throw-distance (t-x) profile was generated for 

the Lias and Kimmeridge Formations. The (t-x) profile can be divided into three 

groups these includes; the Basin ward listric fault BLF1 fault segment The graben 

bounding faults BLF1, BLF2, LLF1 and LLF2  have cut the Triassic, Jurassic and 

part of the Cretaceous sequences within the study area. 

BLF1 Fault displacement profile 

The throw and fault displacement profile of the BLF1 indicates that the fault have a 

length of about 22000m (22km) from edge of the study area in the southeast to 

northwest on the Base Lias surface (Fig. 4.19) with a maximum throw of 360ms 

TWT at its centre and considerable 300ms TWT throw at its tips (Fig. 4.19b).   

The BLF1 on the Kimmeridge surface has a length of 20000 (20km) and throw of 

about 310ms TWT (Fig. 4.19). The BLF1 fault segment have two maximum throw 

points one located near the middle and other at upper part closer to the fault tip 

(Fig. 4.19b). The two maximum throw points are separated by point of 

displacement minima. The combined t-x plots for the BLF1 shows potential linkage 

points at locations where the throws dropped to minima (Fig. 4.19a) 

The presence of displacement minima along a D-d or t-x profile are interpreted to 

represent points where previously isolated fault segment become linked during 

fault growth. This agrees with previous work on fault growth carried out by Peacock 

and Sanderson (1991), Cartwright et al., (1995) and Cartwright and Mansfield 

(1998).  

The occurrence of two throw maxima along the BLF1 t-x profile plot, one located at 

the Base Lias level and other at the Kimmeridge level closer to the fault tip 

suggests that the BLF1 fault nucleated at two different levels. One level above the 
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Figure 4.19  Fault t-x plot, Strike projection and fault orientation plot for BLF1 fault at Base Kimmeridge and Base Lias stratigraphic level (inset is isochron map for the Lower Jurasssic and Upper Juraasic units).

BLF1 Fault on the Base Kimmeridge surface 

BLF1 Fault on the Base Lias surface 

0

180

360

Throw
  (ms TWT)

Footwall
contact

Hangingwall
contact

Maximum throw 
at Base Lias level

Base Kimmeridge
BLF1 Fault contact

Base Lias
BLF1 Fault contact

4km

BLF1

LLF1

Graben 1

D1

D2

0

1000

Vertical 
Time 

Thickness
 (ms)

4km

BLF1

LLF1

BLF2

LLF2

Graben 2

C1

C2

C3

Graben 1

50

700

Vertical 
Time 

Thickness
 (ms)

 (a) Combined fault displacement profile of BLF1 at  the Base Kimmeridge and Base Lias surface

 (b) Combined fault throw projection profile of BLF1 at  the Base Kimmeridge and Base Lias surface

C1, C2, C3 - Lias isochron 
                     thick 
D1, D2- Kimmeridge isochron
             thick 
BLF1- Basinward Listric Fault
BLF2- Basinward Listric Fault
LLF1- Landward Listric Fault
LLF2- Landward Listric Fault  

Fault segment

Chapter 4 Structure and stratigraphy of Guinevere Field

320

360

240

200

280

160

120

4000 8000 12000 1600014000 18000 2000060002000 10000

T
hr

ow
(m

s)

Fault-trace distance(m)

Fault-displacement profiles

80

22000

Base Kimmeridge

 Base Lias
BLF1
BLF1 Base Lias

Base Kimmeridge

Segment 1 Segement 2 Segment 3

128



Chapter 4 Structure and stratigraphy of Guinevere Field 

Figure 4.19c Fault displacement profile of FAULT1 on the Base Kimmeridge surface. 
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Haisborough salt during the Lower-Middle Jurassic extension and the other at the 

Kimmeridge during the Upper Jurassic, the timing of fault activity deduced from the 

analysis of isochron map revealed the two different episodes of extension within 

the study area in Jurassic Period. 

LLF1 Fault displacement profile 

The LLF1 fault segment on the Base Lias has a length of 36000m (36km) from the 

northwest to southeast that runs through the middle to the tip, a maximum throw of 

460ms TWT (Fig. 4.20).   

The length of 14000m (14km) is recorded by the LLF1 on the Base Kimmeridge 

with a maximum throw of 440ms TWT located at the middle of the fault.  

Similar to the BLF1 described above, the LLF1 is also characterized with the 

presence of two throw maxima along its t-x profile plot, one located at the Base the 

Lias and the other at Kimmeridge level. It is suggested that the fault nucleated at 

two different levels before forming a linked fault segment. The maximum throws for 

the LLF1 are quite similar for the two levels 460ms TWT for the Lias and 440ms 

TWT for the Kimmeridge (Fig. 4.20).  

It is observed that there is greater difference in the fault length of the LLF1 at the 

Lias level (36km) compared to the Kimmeridge (14km) level. This difference is 

attributed to the lower segment of the fault LLF1becoming tectonically inactive 

during the Upper Jurassic, this assumption is supported by the evidences from the 

timing of fault activity in the Upper Jurassic (Fig. 4.16c). 

Fault1 Fault displacement profile 

Fault1 has length of about 8000m (8km) and located at the northern end of fault 

LLF2 (Fig. 4.19b). It has a maximum throw of 200ms TWT and a throw distribution 

between 180ms and 190ms TWT across its fault length (Fig. 4.19c). This fault 

trace has its throw maxima located at its centre.  In contrast to the BLF1 and LLF1 

displacement profile, Fault1 has its faults tips characterized with presence of 

displacement minima at both ends.  The displacement-distance plot shows that the 
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 (a) Combined fault displacement profile of LLF1 at  the Base Kimmeridge and Base Lias surface
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region of maximum displacement occupies the central region of the fault and 

gradually decreases to zero at both lateral tips.   

This overall shape of displacement of this fault suggests that it a single fault.  This 

interpretation is comparable to that expected for single fault (Walsh and Watterson, 

1988).  

BLF2 and LLF2 Fault displacement profile 

In contrast to the BLF1 and LLF1, the BLF2 and LLF2 have their expression only 

on the Base Lias surface and do not cut into the Kimmeridge. The BLF2 has a 

length of 26000m (26km) and a maximum throw of 220ms TWT. The LLF2 fault 

segment has a length of 16000m (16km) and a maximum throw of over 240ms 

TWT. Few areas of throws between 200ms and 210ms can be identified on the 

fault segment (Fig. 4.21) The BLF2 and LLF2 away from the set of footwall faults of 

the LLF1 towards the northeast edge and runs from northwest to the southeast. 

The presence of the two or more throw maxima along the t-x profile plot suggests a 

fault growth by segment linkage for the BLF2 and LLF1. The description and 

analysis of isochron maps and the timing of fault activity suggests that BLF2 

evolved earlier than the LLF2 fault. This forms a half graben during the Triassic 

extension before forming a full graben with BLF2 during the Lower-Middle Jurassic 

extension (Fig.4.16a and 4.16b). Sediment thickening on the hanging wall of the 

BLF2 during the Triassic and presence of full graben with thick sediment 

accumulation bounded by both BLF2 and LLF2 in the Jurassic provides evidence 

for the variation of the timing of fault activity between the two faults. 

4.5.3. Timing of fault activity 

The fault activity in the Guinevere field is interpreted mostly to have occurred 

during the Mesozoic (Triassic-Jurassic) extension. A summary of fault maps 

obtained from variance extraction maps and combined thickness maps (Fig.4.16a-

c) illustrates fault patterns and activity respectively. 

Broadly the fault activities in the Guinevere field were categorized into three main 

phases these are:- 
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Phase 1 faults at Upper Triassic.  

Phase 2 faults at Lower-Middle Jurassic.  

Phase 3 faults at Upper Jurassic. 

Phase 1 faults (active in Late Triassic) 

The thickness map generated for the interval between the Base Haisborough and 

Base Lias (Fig.4.16a) represent the Upper Triassic thickness, it shows evidence of 

sediment thickening across BLF2 which implies that it is active during this period 

forming an asymmetric half graben.  The map displays sediment thickness 

variations with area towards the NE having thick sediments and a relative uniform 

thickness in the SW part.  As observed from the thickness above BLF2 is the only 

active fault out of the four major graben bounding faults as indicated in Figure 

4.16a. 

Phase 2 faults (active in Early-Middle Jurassic) 

The thickness map generated for the interval between the Base Lias and Base 

Kimmeridge (Fig. 4.16b) represent the Middle Jurassic thickness, it shows the two 

grabens ( 1 and 2) fully developed with considerable sediment thickness at their 

centres indicating that graben bounding faults (BLF1,LLF1,BLF2 and LLF2) are 

active during this period (Fig. 4.16b). This suggests that the main phase of faulting 

activity occurred during the Lower Jurassic. 

Phase 3 faults (active in Late Jurassic) 

The Base Kimmeridge-Sea Bed thickness map (Fig. 4.16c), which represents the 

Lower Cretaceous Period thickness, it shows that BLF1 and LLF1 bounding graben 

1 together with the ENE set of faults are the only active faults (Fig. 4.16c). The 

BLF2 and LLF2 faults bounding graben 2 have died out during this period.  The E-

W fault located towards the north is also active. The Upper Jurassic records a 

change in stress orientation.  
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4.5.4 4D Graben evolution model 

Graben 1 evolve with the basin ward listric fault cutting and offsetting the Jurassic 

and Triassic sequences at high angle and detached on the underlying Upper 

Permian Zechstein detachement layer. This is followed by the rotation and 

subsequent downward movement of the hanging wall which results in thinning of 

the sequences.  A second landward listric fault cuts into the hangingwall of the 

basin ward listric fault1 at low angle and sole out on to the same detachment 

(Upper Permian Zechstein). The listric graben bounding faults are detaching on the 

same Upper Permian Zechstein detachment. 

A 4D structural evolution model of the complex Mesozoic graben and the Lower 

Triassic Separation Zone (LTSZ) within it is described below in five stages:- 

(a) Stage 1 (Early Triassic) 

The conformable deposition of Zechstein, Triassic evaporites and Siliclastics units 

took place. (Fig.4.23a).  

(b) Stage 2 (Middle Triassic- Early Jurassic) 

A basin ward listric growth fault cut and offset the conformable Bacton Group at 

high angle and detached or sole out in the Upper Permian Zechstein (Fig. 4.23b).  

An asymmetric half graben is formed; this is followed by rotation of the Triassic 

Groups due to extension; this results in thinning of the unit against the fault as 

evidenced on seismic sections in Figure 4.8b and 4.9b. 

(c) Stage 3 (Middle- Late Jurassic) 

A second younger landward listric fault which was subsequently developed cut and 

offset the younger Jurassic sequence at low angle and detached within the inclined 

Upper Triassic Haisborough Group Rot Halite unit. This results in the formation of 

graben and the Lower Triassic Separation Zone. 

The above proposed conceptual 4D model for the evolution of the complex 

Mesozoic grabens in Guinevere field depends largely on the presence of the two 

detachments layers of the Triassic Haisborough Group and the Permian Zechstein, 

138



Chapter 4                                                                      Structure and Stratigraphy of Guinevere Field  

with the two listric extensional faults (basinward listric fault and landward listric fault 

detaching on the Permian and Triassic detachments utilizing two different phases 

of extension.  
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Chapter 5  Structure and Stratigraphy of Camelot Field 

5.1 Introduction 

This chapter presents analyses of the structural evolution, growth and timing of 

fault activity in the Camelot field. The 3D seismic survey data provided for the 

project were 3D post stack time migrated. The data covers about 175 square miles.  

The survey is located in the Camelot area covering quad 53 /52 which includes 

Block 52/1a and 2.The location of the 3D seismic data is shown in (Fig. 5.1). 

 A total of eight seismic horizons were identified and picked for interpretation based 

on seismic character, amplitude response and area extent. Figure 5.2 shows the 

seismic stratigraphy of the Camelot field 3D seismic survey using a representative 

seismic section. The reflectors represents the key horizons in the sub salt and post 

salt sections which have been interpreted in order to develop an understanding of 

the structural and tectonic evolution of the area.  The seismic-stratigraphic 

framework was constrained using two way time from published seismic section in 

literature. Two seismic lines from Holmes, 1991 and Karazek and Hunt, 2003 were 

used as reference points to pick the interpreted seismic horizons. The T.W.T (secs) 

from seismic lines in the above mentioned publications were marched and 

correlated with seismic data set.  

 

The aims of this chapter are to determine the tectonic evolution of the Camelot 

area and develop 4D structural evolution model of the fault systems. The Camelot 

area consists of a stratigraphic succession from the Permian and older units to the 

Palaeogene/Neogene. The Permian and Mesozoic structures are separated by a 

thin layer of the Zechstein. 

The structures and fault patterns from the Rotliegend to the Palaeogene/Neogene 

have been analysed, using the combinations of time structure and thickness maps 

obtained from the interpretation of the 3D seismic data. 
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5.2 Seismic stratigraphy 

A total of eight horizons were picked and interpreted from the Camelot field 3D 

seismic survey which range from the Top Rotliegend to Base Palaeogene (Fig. 

5.2a). The quality of the seismic data is illustrated in Figure 5.2b. Key seismic 

horizons were selected on the basis of their structural and stratigraphic importance 

these includes; Upper Permian Zechstein and Upper Triassic Haisborough Groups, 

the Lower Triassic Bunter Group, Upper Triassic Haisborough Group, Top 

Corallian, Base Cretaceous and the Palaeogene units. 

Top Rotliegend  

The lowest interpreted reflector is the Lower Permian Top Rotliegend Group and is 

characterized by high amplitude and acoustic impedance.  It is easily identifiable 

and quite easy to interpret across the survey. The horizon is highly faulted in most 

areas. Seismic resolution below the Rotliegend is poor and reflectors are very 

difficult to interpret. The downward extent of faults at Top Rotliegend is difficult to 

constrain due to poor seismic resolution below 1.75 sec TWT (Fig. 5.2a and 5.2b). 

Top Zechstein  

The Zechstein salt is characterized by significantly high amplitude reflectors. It is 

laterally continuous and easily identifiable (Fig. 5.2a and 5.2b). It is slightly folded 

in places and laterally continuous. The horizon is also faulted in few places where it 

forms a direct linkage with the underlying faults.  It has a reduced seismic 

resolution where it underlies the two complex Mesozoic grabens, this makes it 

difficult to map and subsequently auto tracking generates poor resolution images. 

In general the Top Zechstein horizon is very thin and laterally is continuous.  

The Top Zechstein horizon constitutes a detachment layer which allows decoupling 

of faults at the sub salt and post salt sections. 

Top Bunter 
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This horizon represents the top of the Lower Triassic Bunter Group and is laterally 

continuous across the Camelot area apart from where centre of the fault bounded 

Mesozoic graben where it is missing in Lower Triassic Separation Zones (LTSZ).  

In general the horizon is characterized by a low amplitude reflector and t is faulted 

where it is cut by overlying younger faults and it is located between 1.1 sec and 1.4 

sec TWT (Fig. 5.2a and 5.2b). This horizon was interpreted to determine the 

structure, evolution and extent of the Lower Triassic Separations Zones within the 

Camelot area. 

Top Haisborough 

This horizon is characterized with high amplitude reflectance and it is located at 

about 0.7sec to 0.8sec TWT (Fig. 5.2a and 5.2b). It is laterally continuous and is 

affected by faulting especially within the fault bounded grabens. This reflector 

represents the top of the second detachment layer in the basin. It serves as a 

detachment layer to most of the Jurassic and younger faults. 

Top Corallian  

The Top Corallian seismic reflector is characterized by high amplitude, laterally 

continuous and easily identifiable which makes it easy to interpret (Fig.5.2a and 

5.2b).   It is commonly located between 0.4 sec and 0.6sec TWT and may be 

higher or lower depending on where it is affected by folding. The horizon is highly 

faulted and is laterally continuous but is difficult to map within the Mesozoic graben 

where it forms part of the crestal collapse structure affected by synthetic and 

antithetic faults at the graben centre.  

This reflector is heavenly faulted and forms conspicuous faulted structures both 

within and outside the Mesozoic graben.  The fault at this level detached on the 

Upper Triassic Haisborough Group. 
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Base Chalk 

This horizon represents the Late Cretaceous and is characterized by a high 

amplitude reflector.  The seismic reflector is easily identifiable and straight forward 

to map. It is characterized by very high amplitude (Fig. 5.2a and 5.2b).  As a result 

of uplift and inversion of the underlying units, the reflector is absent in most of the 

Camelot area, especially in places where it overlies the Mesozoic grabens.   The 

auto tracking of the unit produces a good quality image with no pick where it is 

affected by erosion.   

Base Palaeogene 

The Base Palaeogene horizon is characterized by a high amplitude reflector (Fig. 

5.2a and 5.2b).  The horizon is generally present at a very shallow position in 

comparison to the other reflectors.  It is easily identifiable and found is on lapping 

on the inversion structure (harpoon), formed by the graben bounding listric faults.  

It is largely affected by erosion where the underlying units have been uplifted.  The 

horizon is very difficult to interpret where the seismic is reflector is discontinuous 

and chaotic.  It is largely absent in most places across the basin due to erosion.  

5.3 Structural styles 

The interpreted Camelot field 3D seismic survey revealed the presence of multiple 

detachment layers of the Upper Triassic Haisborough Group and Upper Permian 

Zechstein Group in the study area.   Different structural styles have been identified 

from the Camelot field which are related to both extensional and inversion 

tectonics.  Some of these structures include planar and listric extensional faults, 

domino faults, growth faults, roll over anticlines which are occasionally associated 

with crestal collapse structures and inverted graben bounding listric faults.   

A total of six seismic lines were used to describe the structural styles of the 

Camelot Field 3D seismic survey. The lines consist of five strike lines trending NE-

SW and one transverse lines cutting across the seismic survey.  The locations of 

these seismic lines are illustrated in Figure 5.3a, b and 5.4a, b. The lines illustrate 
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Figure 5.3a Base Chalk and Base Palaeogene (merged surface) and Top Corallian shaded relief map showing structural features and locations of some 3D seismic lines in the Camelot field

(i) Base Chalk and Base Palaeogene (merged surface) shaded relief map (ii) Top Corallian shaded relief map
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Figure 5.3b Top Haisborough and Top Bunter shaded relief surface structure map showing the main structural features and location of some 3D seismic lines from the  Camelot field
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Figure 5.4a Top Zechstein and Top Rotliegend shaded relief surface structure map showing the main structural features and location of some 3D seismic lines from the Camelot field
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Figure 5.4b Top Corallian and Top Rotliegend shaded relief surface structure map showing the main structural variations in the post and sub salt section and  the location of some 
3D seismic lines from the  Camelot field
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structures at the post salt and sub salt sections.  These lines are discussed in 

alphabetical order (Fig. 5.5a, b - 5.14a, b).  

Seismic section A-A’   

The lowest interpreted reflector is the top of the Lower Permian Top Rotliegend 

Group. This horizon is intensely faulted and consists of series of segmented 

normal faults, whose downward vertical is difficult to constrain due poor seismic 

resolution. The Zechstein layer is thin, laterally continuous and decouples the Top 

Rotliegend faults from the post salt sequences.  

To the northeast of the section is Mesozoic graben 1 which has the presence of the 

LTSZ Lower Triassic Separation Zone in its centre (Fig. 5.5a and 5b).  The graben 

centre displays the presence of an anticline with double rollover associated with 

crestal collapse structures showing series of antithetic and synthetic faults.  The 

graben is bounded by two faults BLF1 and LLF1 and illustrates presence of growth 

packages at its centre. 

Series of faults affecting the Jurassic and some parts of the Triassic sequences 

which are probably associated with extension in the Jurassic are visible on this 

section (Fig. 5.5b). These faults are domino planar faults most of which detached 

within the Triassic and younger stratigraphic units (Fig. 5.5a and 5b). 

 The two graben bounding basin ward and landward listric growth faults (BLF1 and 

LLF1) shows evidences of reactivation with associated inverted features at the 

Lower Cretaceous Base Chalk unit.  Due to uplift as a result of the inversion 

tectonics in the Southern North Sea massive erosion affected parts of the Upper 

Cretaceous and Palaeogene/ Neogene as illustrated in this section where the units 

are absent at the middle and towards the SW (Fig. 5.5a and 5b).  

Seismic section B-B’  

This seismic line lies parallel to section A and is located about 12 km from it.  The 

faulting at the Top Rotliegend are series of planar tilted normal faults (Fig. 5.6a and 
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b).  Unlike section A, this section shows the presence of two graben (1 and 2), 

which are both bounded by listric growth faults. Graben 1 is located towards the SE 

and its centre is characterised by the presence of the LTSZ similar to the graben 

structure described in section A-C (Fig. 5.5a, b, 5.6a, b and 5.7a, b).    

The largely unfaulted Lower Triassic Bunter Group is laterally continuous with a 

nearly uniform thickness. It is missing within the centre of graben 1 due to the 

presence of the Lower Triassic Separation Zones (LTSZ) and it is cut by faults 

bounding graben 2 (Fig. 5.6b).  The graben 1 bounding faults collectively detached 

both on the Upper Permian Zechstein.  The centre of Graben 2 in comparison to 

the centre of Graben 1 does not show roll over anticlines and associated crestal 

collapse features, there are no inversion features. The faults (BLF1 and LLF1) 

bounding graben 1, detached on the Upper Triassic. 

There are few Jurassic faults on this section compared to earlier described 

sections and they mostly detached within it. Few faults are located towards the SE 

of the section detach on the Upper Triassic detachment.  

Cretaceous Inversion features are well preserved within Graben 1, where the 

Chalk unit onlapped on the overlying units. The Palaeogene unit form a syn 

inversion with the overlying Chalk unit. The undifferentiated Neogene unit overlies 

graben 1 and 2, the Cretaceous Chalk and the Palaeogene unit are absent over 

the grabens and towards the NW largely due to the Neogene inversion which was 

characterized by the uplift and subsequent erosion of the Cretaceous and 

Palaeogene units. 

Seismic section C-C’   

This seismic section trending NE-SW, shows that the Lower Permian Rotliegend 

unit is characterized with series of tilted and rotated normal fault (Fig. 5.7a and b) 

similar to section A and B. It is overlain by a thin unit of the Upper Permian 

Zechstein which very thin towards the northeast and thicker in the southwest. The 

Lower Triassic Bacton Group shows uniform thickness with less fault activity. The 
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separation zone is located at the centre of graben 1.   Harpoon structures overlie 

the graben 1 and 2 indicative of inversion features (Fig. 5.7a). Similar to section B, 

the graben 1 bounding faults (BLF2 and LLF2) detach on the Triassic Haisborough 

Group while the graben bounding fault detached on the Upper Permian Zechstein.   

This section also illustrates a considerable subsidence reflected in the 

downwarping of the Jurassic unit associated with graben 1.  A series of domino 

faults are located on the SW of the basin ward listric fault 2 (BLF2), these faults 

offsets the Jurassic unit.  

The Lower and Upper Cretaceous units show clear evidence of widespread 

erosion across the middle of the section between the grabens (Fig. 5.7a and 7b). 

The graben 1 bounding listric faults show evidences of clear growth sequences. 

Seismic section D-D’  

The Rotliegend in this seismic section consists of tilted and rotated normal fault 

blocks. The Zechstein unit is very thin compared to the previous section (Fig. 5.8a 

and b).  The Triassic unit is considerably thick on this section.   It also shows the 

presence of two grabens 1 and 2 (Fig. 5.8a and 5.8b) as described in previous 

sections. The basin ward and landward listric growth faults bounding the two 

grabens are inverted. The basin ward listric fault bounding graben 1 shows 

thickening of the Cretaceous unit within it (Fig. 5.8b).  The faults bounding graben 

1 root into the Lower Triassic Bunter Group where it terminates.   

The landward listric fault bounding graben 1 has a direct linkage with the 

underlying fault at the sub salt unit (Fig. 5.8b), forming a linked fault system.  The 

linking usually occurs where the Zechstein salt unit is too thin or absent.  

It shows a thin laterally continuous unit of the Upper Cretaceous unit which was 

massively eroded and absent in most places (Fig.5.5a, b, 5.7a, b, 5.8a, b, 5.9a, b 

and 5.10a, b). The Palaeogene and Neogene units overlying the two graben and 

are laterally continuous and are completely eroded at the positions located 

between the graben.   
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Figure 5.7 3D Seismic section C-C’  (a) Uninterpreted and (b) interpreted trending SW-NE from the Camelot field 3D survey see Figure 5.3a-b and 5.4a-b for line location.
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Figure 5.8 3D Seismic section D-D’  (a) Uninterpreted and (b) interpreted trending SW-NE from the Camelot field 3D survey see Figure 5.3a-b and 5.4a-b for line location.
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Seismic section E-E’  

This seismic section (E-E’) is trending in SW-NE and is characterized by the 

presence of the two grabens bounded by basin ward and landward listric 

extensional faults which shows evidences of reactivation with associated inverted 

features (Fig. 5.9) .   

Top Rotliegend surface illustrates series of tilted and rotated fault blocks which 

shows a combination of normal faults, where the salt is either thin or has moved 

out as a result of salt halokinesis, these faults may tend to link with the faults in the 

post salt section.  

The overlying Upper Permian Zechstein unit is thin in this section and is similar to 

the ones described earlier. The basin ward listric faults bounding the graben 1 has 

linkage with the underlying the fault at the Top Rotliegend, this is attributed to the 

Zechstein salt being very thin. 

 The Lower Triassic Separation Zone is located within the centre of graben 2. The 

Upper Triassic is thicker at the centre of graben 2 and thinner in graben 1. The 

Jurassic unit shows evidences of subsidence and folding, it indicates the presence 

of a syncline in graben 2 and an anticline at the graben 1 both located at the 

grabens centres. 

The Lower Cretaceous unit formed most of the syn-extension units within the cover 

sequences, the overlying Upper Cretaceous and Palaeogene units formed part of 

the syn-inversion units which are eroded in most part of the basin.  The Neogene 

unit formed part of the post inversion and overlies the Palaeogene. 

Seismic traverse section Y-Y’  

This seismic section is a traverse line that cut across the sets of domino 

extensional faults as shown in the location map in Figure 5.3 and 5.4. The Lower 

Permian Top Rotliegend shows series of segmented tilted and rotated fault, the 
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Figure 5.9 3D Seismic section E-E’  (a) Uninterpreted and (b) interpreted trending SW-NE from the Camelot field 3D survey see Figure 5.3a-b and 5.4a-b for line location.
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Zechstein unit is relatively thin at the northeast and thicker in the southwest 

compared to the earlier described seismic sections. 

The section is trending NNE- SSW (Fig. 5.10a and b).  The net extension on the 

domino faults are minimal, these faults are located towards the NE and SW and 

few ones where the Jurassic unit forms a half graben. The spacing between these 

faults is approximately the same.   

Closer to and away from the half graben the faults detached within parts of the 

Upper Triassic. The ones located away from the half graben dip in the same 

direction while those closer dip in different direction which is attributed to tilting and 

rotation due the extension and reactivation of the graben bounding listric faults.  

5.3.1 Structural elements 

There are diverse range of structures which involves extensional, inversion and 

salt tectonics and other associated structures are described in seismic sections 

(Fig. 5.5a, b - 5.14a, b). 

Planar domino faults in the sub-salt sequence 

The Camelot field consists of domino planar faults at the Lower Permian, Top 

Rotliegend surface which consist of series of tilted and rotated fault blocks.  These 

faults are characterized by short segmented normal faults whose vertical depths 

are hard to determine due poor seismic resolutions beyond the 1.75secs TWT as 

illustrated in Figures 5.5b-5.10b. The dominant orientations of these faults are NW-

SE this trend reflects main structural grain of the basin. Some of these faults trend 

in E-W direction. 

Small scale planar domino faults in the post salt sequence detaching on the 

Triassic layers 

The Camelot field has recorded the presence of the domino faults which offset the 

Jurassic and younger succession and mostly detached on the Upper Triassic 

Haisborough Group (Fig. 5.5b, 5.6b, 5.7b, 5.9b and 5.10b). Seismic traverse line Y 
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across the Camelot field 3D seismic survey illustrates that these domino planar 

faults were in different orientations and are located both close and away from the 

major graben bounding faults. The domino faults detached mostly on the Upper 

Triassic Haisborough Group and terminate vertically upward within the Cretaceous 

sequences.  

Listric faults defining graben systems  

The Camelot field is characterized with the presence of two grabens 1 and 2 (Fig. 

5.6b, 5.7b, 5.8b and 5.9b), these grabens are bounded by basin ward and 

landward listric growth faults.  There are two grabens (graben 1 and 2) identified 

from the Camelot field, graben 1 is bounded by BLF1 and LLF1 and graben 2 is 

bounded by BLF2 and LLF2.  The graben bounding faults detached on both the 

Upper Permian Zechstein and Upper Triassic Haisborough Group  

Listric faults detaching on the Permian and Triassic detachment layers 

Graben 1 is bounded by listric faults (BLF1 and LLF1) detaching on the Upper 

Permian Zechstein and Upper Triassic Haisborough Group. These grabens are 

characterized by crestal collapse structures associated with single and double 

rollover anticlines.  The graben centre has Lower Triassic Separation Zone (LTSZ) 

characterized with the absence of the Bunter Shale and Sandstone. The graben 

was initiated as half graben during the Triassic extension and then becomes full 

graben during the Jurassic Period. The graben bounding listric faults were later 

reactivated during the late Jurassic extension. 

Listric faults detaching on the Triassic detachment layer 

Graben 1 is located to the SE of graben 2 (Fig. 5.6b, 5.7b, 5.8b and 5.9b). The 

graben is bounded by landward and basin ward listric faults (BLF2 and LLF2). It is 

small and symmetric as illustrated in Figures in 5.6b, 5.7b, 5.8b and 5.9b, the faults 

detached on the Upper Triassic Haisborough Group. The graben was formed 

during the Upper Jurassic-Lower Cretaceous.   
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Linkage between pre and post salt faults 

The faults at the Top Rotliegend level described earlier forms a linked fault 

systems with faults with graben bounding faults at the post salt level (Fig. 5.9a and 

b). Only some of the supra salt faults are hard linked locally to the sub salt 

structure. These linkages occur as a result either thinning of the salt layer or non-

deposition of the salt, fault BLF1 is an example fault that forms this linkage. The 

structural styles in the Camelot field are also characterized with the presence of 

Basement-Cover faults interaction, where faults in the subsalt section forms direct 

linkage with faults in the post salt section as illustrated in the seismic sections in 

Figures 5.9b. This type of interaction might occur where the Zechstein salt 

detachment layer is very thin, in places where it is absent or it largely consisted of 

carbonates sequences. The linkages of these faults implies that fault movement at 

the sub salt may likely control activities at the post salt section.  

Graben 1- structure and along strike variations 

Graben 1 is located in the NW part of the survey, it is bounded by basin ward listric 

fault1 (BLF1) and landward listric fault1 (LLF1) (Fig. 5.11). This graben varies 

along strike considerably where it is wider towards the NW, narrow at the middle 

and to wide and flatten at the SE (Fig. 5.11).  The variations are described from 

NE-SW.  

In section A-A’  (Fig. 5.11a)the BLF1 and LLF1 shows the presence of two lows 

located at the flanks as illustrated on the insert map in Figure 5.11a. It is a nearly 

symmetric graben with the hanging wall geometry showing the presence of double 

roll over anticline with a necessary crestal collapse structure. It consists of series of 

synthetic and antithetic faults detaching within the graben.  The graben shows 

evidences for inversion and its upper part towards the SW is eroded. Few traces of 

faults can be seen at its footwall. 

The structure of the graben at section B-B’ (Fig. 5.11b) indicates variation in the 

distribution of lows between the BLF1 and LLF1. The low on the flank in BLF1 is 
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similar to the one in section A. There was increased on the amount of the intra 

graben faults closer to the LLF1. Some inversion features are present on the LLF1, 

the graben geometry is asymmetric compared to section A. The centre is wide but 

narrower in comparison to the size described in section A-A’.  

 The graben is asymmetric in section C-C’ its centre is characterized with the 

presence of inverted faults (Fig. 5.11c). The graben centre does contain double 

rollover anticlines as described in section A. Unlike section A and B, the LLF1 has 

a considerable low zones on its flank compared to BLF1. The graben is narrower 

with a rollover on the LLF1 (Fig.5.11c).  

In section D-D (Fig. 5.11d), the graben 1 bounding faults BLF1 and LLF1 are 

located at SE margin of the survey. A pronounced low is located on the lower most 

part of LLF1. Some faults within the graben centre are inverted, thinning and 

folding of the sequences overlying units are illustrated on this section. The graben 

geometry is asymmetric. The listric graben bounding fault (LLF1) formed a linked 

fault system with the underlying fault (Fig. 5.11d) forming an extensional bend with 

a kink band structure. The sequences overlying the graben centre are laterally 

continuous.  In comparison to section A, B, and C folding of the sequences within 

the graben centre are illustrated (Fig. 5.11c).  

Graben 2- structure and along strike variations 

Graben 2 is located towards the NE of the graben 1 closer to its SE margin (Fig. 

5.12), it is bounded by basin ward (BLF2) and Landward listric (LLF2) faults. The 

graben bounding faults cut and offset the Cretaceous, Jurassic and the Upper 

Triassic Haisborough Group and root into the Lower Triassic Bunter Groups. The 

graben centre is filled with the Jurassic and Cretaceous and Triassic sequences. 

The vertical extent of the graben in all the sections (A, B and C) reaches up to the 

Lower Cretaceous (Fig. 5.12).  

In section A-A’ (Fig. 5.12a) indicates the presence of faults on the footwall of BLF2 

and hanging wall of LLF2. The graben is asymmetric and the units within it are 
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folded.  The graben centre is characterized with the absence of rollover anticlines 

and crestal collapse structure as observed on graben 1.  There is no clear 

inversion features on section. 

In section B (Fig. 5.12b) the graben structure is nearly symmetric and the graben 

bounding faults BLF2 and LLF2 are inverted. The centre is filled with Lower 

Cretaceous sediments the Jurassic unit is folded and is underlain by a thin a unit of 

the Upper Triassic Group. The undifferentiated Neogene unit forms part of the post 

inversion unit which was separated from the Palaeogene by an unconformity.  

Section C (Fig. 5.12c) is similar to the one described in section B.  There is 

absence of rollover anticlines and crestal collapse structure and presence of thick 

massive unit of the Cretaceous sediments. The footwall of the graben bounding 

faults is not faulted as compared to section A.  The graben bounding BLF2 and 

LLF2 and few other faults within the graben centre are inverted (Fig. 5.12c).  

Inversion structures/Inversion events 

The Camelot field consists of several inversion features which are very common 

characteristics of the Southern North Sea structural features. These includes 

harpoon like structures (Fig. 5.6a,b, 5.7a,b and 5.9a,b ) and inverted graben 

bounding listric faults (BLF1 and LLF1) as illustrated in Figures 5.6, 5.7 and 5.9. 

The combined effects of these inversion features resulted in the regional uplift and 

subsequent erosion of the overlying sedimentary sequences. 

The listric faults bounding grabens 1 and 2 in the Camelot field show evidences of 

inversion.  The inversion features are related to two major tectonic events that 

affected the basin during the Cretaceous and Palaeogene/Neogene.   

Inversion and reactivation graben bounding faults and the pre-existing NW-SE 

faults took place during the Cretaceous.  By the end of the Cretaceous, the graben 

bounding faults are now active, thick sediments can be observed on BLF1 and 

LLF1 both on seismic (Figs. 5.5, 5.6, 5.7 and 5.8) and isochron maps (Fig.5.14e 

and 5.14f).   
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The Palaeogene sequence forms a syn inversion and overlies the Cretaceous unit 

which was largely affected by inversion. The on lapping of the Palaeogene have 

been observed on seismic sections described earlier (Fig. 5.5b, 5.6b, 5.7b and 

5.8b). The Neogene unit is deposited over the inverted and massively eroded 

Palaeogene sequence. The Neogene unit forms a post inversion sequence in the 

study area. 

5.4 Structural pattern 

The structural patterns of the Camelot field were analyzed from combinations of 

variance extraction maps and time structure maps. The structural variations from 

Lower Permian Top Rotliegend to the Palaeogene/Neogene were described using 

these maps. The maps illustrate different structural pattern from the sub salt and 

the post salt sections. 

5.4.1 Top Rotliegend Structure  

The Top Rotliegend time structure map (Figs. 5.13a) shows fault pattern at the Top 

Rotliegend level. The structure map shows that the top of this unit is characterized 

by several fault traces trending in the NW-SE directions.  The Rotliegend is highly 

faulted and shows that it consists of linked fault segments.  The area is high 

towards the north and northeast and dips considerably towards the southeast. A 

long NW-SE trending Rotliegend low is located in the south and southeast (Fig. 

5.13a) and directly underlies the complex Mesozoic graben. There are fewer 

number of faults located at the southeast.   

The Rotliegend level generally consists of several zones of short segmented and 

discontinuous faults. The dominant NW-SE direction of the faults reflects the 

structural grain of the basin. The faults are connected at certain zones by the 

series of short faults trending in E-W and N-S. Majority of these faults were 

reactivated during later tectonic activity.  

5.4.2 Top Zechstein Structure  
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Figure 5.14  Ischron maps showing growth of structures and thickness variations in the Camelot field 
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Similar to Top Rotliegend level, the Top Zechstein time structure map (Fig. 5.13b) 

has a regional dip towards the southeast. The NW trending segments of the 

Mesozoic graben are characterized by fault controlled lows at this level.    There is 

a relatively smooth slope dipping to the south and southwest direction (Fig. 5.13b).  

The existence of a fold axis can be seen towards the north of the map and is 

trending in the NW-SE direction.   

The Zechstein level equally consists of series of synclinal and anticlinal axis NW, 

NE and SE. A fault striking NW-SE is located at the lower margin of the map 

towards southeast, this fault forms a linked fault system with the overlying 

Mesozoic graben bounding fault BLF1 as illustrated in Figure 5.9b. The linkage is 

attributed to the Zechstein unit being very thin or absent thus allowing linkage with 

the overlying fault.  The Zechstein lies underneath the Mesozoic graben and it is 

thinner under the graben in comparison to the overall Zechstein distribution and 

this is attributed to the salt moving out due to the differential loading of the 

overlying Mesozoic units.    

5.4.3 Top Bunter Structure 

The Top Bunter time structure map represents the Lower Triassic unit and is 

characterized with the presence of the Lower Triassic Separation Zones (LTSZ). Its 

unique feature is the absence of the Bunter within the graben 1 (Fig. 5.13c).  

The map shows two NW-SE trending grabens (1 and 2) bounded by two listric 

growth faults with E-W segments at the graben centre.  Faults bounding graben 1 

detached on the Upper Permian Zechstein and the ones bounding graben 2 

detached within the Lower Triassic unit. The higher part is towards the North and 

the deeper part is to the south and south east.  Few anticlinal and synclinal 

features can be observed towards the north of the map (Fig. 5.13c).  

 A small NW-SE trending fault bounded graben is located at NE in the North 

structure map, the graben centre has thin unit of the Bunter, and this conforms to 

description given on the seismic sections in Figure 5.6b, 5.7b, 5.8b and 5.9b. The 

faults bounding this graben detached within the Lower Triassic unit. 
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5.4.4 Top Haisborough Structure 

The Top Haisborough structure map represents the Upper Triassic unit in the 

Camelot field (5.13d). The surface consists of two fault bounded grabens (1 and 2) 

and a combination of half grabens.  Graben 1 is long NW-SE trending bounded 

listric growth faults (BLF1 and LLF1) and it is about 32 km, the limits of the graben 

are beyond the boundary seismic survey. Graben 2 is about 12 km long trending 

NW-SE.  It is short in length relative to graben 1 and only its Eastern margin is 

beyond the 3D seismic survey, it is bounded by listric faults (BLF2 and LFF2).  The 

regional dip is towards southeast and southwest which is similar to the ones at 

Rotliegend and Zechstein levels.    

A structural high is located towards the North and the surface consists of series of 

synclinal and anticline structures located towards the North of graben 1.  Few 

traces of faults are located behind the Landward listric fault (LLF1) bounding 

graben 1 and above the fault tips of fault bounding graben 2 (Fig. 5.13d). These 

faults offset the Jurassic and upper sequences and detached in the Upper Triassic 

sequences. The faults trend in NW-SE direction and form a graben like structure 

within the footwall of the faults bounding graben 1 and are only present at the 

Upper Triassic level. The faults bounding graben 1 and 2 are present both at the 

Upper and Lower Triassic.  

5.4.5 Top Corallian Structure 

The Top Corallian time structure map (Fig. 5.13e) is characterized with the 

presence of two grabens (1 and 2) both bounded by listric growth faults. The faults 

detaches at Zechstein and Triassic levels in graben 1 and at Lower Triassic level in 

graben 2.  The highest part is to the north of the map and deeper to the south.  

Depocentre are located at the centre grabens.  

The structure map shows series of small extensional faults with very small 

displacements presence of the series of ENE and E-W trending faults which are 

located and concentrated behind graben 1 and above graben 2. These dominoes 

faults offset Jurassic and younger sequences and detached on the Triassic units. 
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The centre of graben A shows the presence of rollover anticlines and crestal 

collapse structures with associated series of synthetic antithetic faults.  

5.4.6. Base Chalk structure 

The Base Chalk  time structure map (Fig.5.13f) shows that the horizon is absent  in 

the north and some parts of the northwest due to the post depositional uplift and 

erosion related to the inversion tectonic activity that affected the basin in the 

Cretaceous.  The horizon is also absent in the middle where it directly overlies 

listric fault bounded graben 1.  Where present it has a regional dip towards the 

southeast. It consists of series of NW to WNW trending anticlines located where 

the horizons overlies the Mesozoic grabens (Fig. 5.13f). The anticlines verge 

towards the SW and NE.  

The time structure map indicates that the unit is not present towards the centre and 

the northwest due to uplift and subsequent erosion. The regional dip direction is 

towards the southeast. The unit occasionally found on lapping on the Base Chalk 

forming a harpoon like structure where it forms a syn- inversion unit and the 

deepest part is located at SE.  An anticlinal feature is located at the centre towards 

the east. There are no faults observed but the unit is highly folded as evidenced 

from the map. This horizon is important as it preserved the feature of the 

Palaeogene/Neogene inversion as illustrated in the seismic lines. 

5.5 Evolution and Growth of Structures in the Camelot Field 

The structural evolution of the study area based on the interpretation of thickness 

maps generated between stratigraphic horizons can be categorised in to six 

stages. Thickness maps have been generated between two successive units 

starting from the oldest to the youngest horizons.  The thickness maps were 

produced to ascertain the timing, evolution and growth of structures in the basin. 

5.5.1 Top Rotliegend –Top Zechstein thickness map  

The thickness map (Fig. 5.14a) illustrates that the Zechstein thickens from 40ms 

from the south southeast to 140ms towards the middle and the north. The unit is 
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characterized with fabrics of the underlying faults of the Top Rotliegend. The fault 

towards the N and NW shows evidences of sediment accumulation. The thickness 

reduces towards the S and SE fault terraces are less in this part in comparison to 

the N and NW this probably explains the reason for the thickness variation of the 

sediments. 

5.5.2 Top Zechstein – Top Bunter (Bunter thickness map) 

The isochron generated for the interval between the Top Zechstein-Top Bunter 

represents the Lower Triassic thickness (Fig. 5.14b) and shows uniform thickness 

distribution across the survey, which is consistent with the overall tectonic setting 

of the Lower Triassic.   A marked thinning of the unit is observed across graben 2 

which is bounded by faults (BLF2 and LLF2). These faults evolved as a result of 

later tectonic activity which cut and offsets the Jurassic and younger sequences 

and detached on the Lower Triassic Bunter Group. The unit is conspicuously 

absent at the centre of graben 1, where it forms part of the Lower Triassic 

Separation Zones (LTSZ).  

5.5.3 Top Bunter–Top Haisborough thickness map 

The isochron generated for the interval between the Top Bunter and Top 

Haisborough illustrates an overall sediment thickening towards the north. There is 

thin unit of sediment at centre of graben 2 and a Lower Triassic Separation Zones 

(LTSZ) at the centre of graben 1.  Sediment thinning is observed at the footwall of 

basin ward listric fault (BLF1) bounding graben 1 (Fig. 5.14c). And it is attributed to 

faulting by the listric fault which cut and offsets the unit and resulted in the thinning 

of the units in the footwall (Fig. 5.14c).  The seismic profile illustrated in Figure 5.5b 

and 5.8b shows the thinning of the unit in the footwall of fault BLF1. 

5.5.4 Top Haisborough-Top Corallian (Top Corallian thickness map) 

The isochron for the interval between the Top Haisborough-Top Corallian displays 

the active faults (BLF1 and LLF1) bounding graben 1 (Fig. 5.14d) sediment 

thickening can be observed on the faults, indicative of the faults being active during 

this Period.  Arrays of small active faults with oblique extensional direction relative 
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to the graben bounding faults are faults have emerged and are concentrated at the 

footwall of fault LLF1 and towards the north and northeast (Fig. 5.14d).   

The faults (BLF2 and LLF2) bounding graben 2 are not active at this level.  The 

faults located behind the graben 1, which formed combinations of half grabens 

forming a mini graben are not active at this level (Fig. 5.7b and 5.10b). The 

sediments are thicker at the graben centre and trend NW-SE. Another sediments 

thickening can be observed at the footwall of the BLF1 and is attributed to an 

active fault which may be outside the coverage of the 3D seismic survey 

(Fig.5.14d). 

5.5.5 Top Corallian- Base Chalk with merged Unconformity thickness 

The isochron generated between the Top Corallian and merged Base Chalk and 

Unconformity surface (Fig. 5.14e) illustrates that the upper part of graben 1 is 

active in comparison to its lower part. The Upper part of graben 1 is active and 

tends to transfer fault activity to the faults behind LLF1 and faults bounding graben 

2.  Apart from the area where the graben centres shows evidences of fault activity, 

the area towards the NW and the SE shows relatively thin sediment distribution. 

The thinning is attributed to erosion as result of uplift due inversion. 

Graben 2 is now active with the faults (BLF2 and LLF2) bounding it showing 

evidence of sediment thickening.  The small sets of faults and the faults located 

behind the LLF1 are now active (Fig. 5.14e). 

5.5.6 Top Corallian- Base Chalk 

The thickness between the Top Corallian and Base Chalk illustrates that there is 

thickening of sediments in the hanging wall of the BLF1 and  a significant amount 

of erosion recorded on the LLF1 (Fig. 5.14f). Few faults located behind the graben 

bounding fault LLF1 shows evidences of fault activity. The sediment distributions 

are largely concentrated at the centre of the survey and are less towards the N, 

NW and the SE.  As described in earlier, the chalk unit is largely absent at the 
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graben centre due to erosion and the seismic profile in Figures 5.6b and 5.7b 

illustrates these erosional features.  

Graben 2 shows that the bounding faults BLF2 and LLF2 (Fig. 5.14f) are active 

with sediment thickening at the graben centre.   

5.6 Fault development in Camelot field 

This section shows descriptions of quantitative data analysis of faults interpreted 

from the 3D seismic dataset. Fault orientation, fault displacement profiles, fault 

throw and Length vs. displacement plot graphs were made using Traptester 

software (see Chapter 3 for methodology).  The previous studies and analysis of 

normal fault have documented displacement and variation in relation to fault 

segmentation (Walsh & Watterson, 1990; Peacock and Sanderson, 1991).  

5.6.1 Fault Displacement Profiles 

Fault displacement–distance (D-d) profile was generated for the Base Lias and 

Base Kimmeridge. The seismic data have not been depth converted as such true 

displacement cannot be cannot be accurately measured due to uncertainty of the 

fault dip; throw is used as proxy for displacement (t-x).  The vertical components 

(throw) in milliseconds (ms) two-way-travel-tome (TWT) are considered in 

determining the fault displacement characteristics of the Camelot field. Throw as 

proxy for displacement has previously been used for fault analysis studies (Young 

et al., 2001; Wilson, et al., 2013). The throw-distance (t-x) profile was generated for 

the Top Corallian, Top Haisborough and Top Bunter Formations.  

The post salt section of the Camelot field consists of three mains stratigraphic 

horizons (Top Corallian, Top Haisborough and Top Bunter) which were cut by four 

main graben bounding faults (BLF1, LLF1, BLF2, and LLF2).  The field consists of 

two grabens (graben1 and graben2) both of which are present on the Top 

Haisborough and the Top Corallian surfaces.  Two additional faults (FAULT1 and 

FAULT2) were also modelled. The orientations of the faults were determined from 

rose diagrams. 
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Figure 5.15  Timing of fault activity in Camelot Field obtained from combination of thickness and fault maps  (a) Lower Triassic fault activity (b) Middle Triassic-Lower Jurassic fault activity 
(c) Lower -Middle Jurassic fault activity and (d) Upper Jurassic-Lower Cretaceous fault activity
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Figure 5.16 Fault displacement profile of fault BLF1 showing maximum offset on the Top Corallian stratigraphic horinzon and Top Haisborough in the post salt section 
of the Camelot field 3D seismic survey. 
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 Basin ward Listric Fault 1(BLF1) 

The Basin ward Listric Fault (BLF1) is about 22000m (22 km) long in length and 

records a 350ms throw maximum at the Top Corallian level. The fault strike NW-

SE and dips to the NE (Fig. 5.16).  The rose diagram indicates an orientation of 

1090    at the Top Corallian. 

The BLF1 fault at the Top Haisborough level has a length of about 22000m (22 km) 

and has a throw maximum of about 290ms. The fault strike NW-SE and dip NE. 

The orientation of 1180   is recorded for the BLF1 at the Top Haisborough level 

The combined fault displacement profile plots for the BLF1 fault at the Top 

Corallian and Top Haisborough surface shows that, the throw at the Top Corallian 

level is higher than the at the Top Haisborough level. Three fault segments can be 

identified from the fault trace each characterised with throw maxima separated by 

throw minima (Fig. 5.16a and b). 

The presence of two throws maxima at two different levels (Top Corallian and Top 

Haisborough) suggests that the faults nucleated at these levels and later vertically 

propagated to form a linked fault segment.  

Landward Listric Fault 1(LLF1) 

The Landward Listric Fault (LLF1) is about 34000m (34 km) long in length and 

records a 630ms throw maximum at the Top Corallian level. The fault strike NW-

SE and dips to the SW.  The rose diagram indicates an orientation of 1110    at the 

Top Corallian. 

The LLF1 fault at the Top Haisborough level has a length of about 22000m (22 km) 

and has a throw maximum of about 260ms. The fault strike NW-SE and dip SW. 

The orientation of 1120   is recorded for the BLF1 at the Top Haisborough level. 

The t-x plot of LLF1 at Top Corallian shows throw maxima of 630 ms TWT and 

maxima of 260 ms TWT at the Top Haisborough level. Similar to the BLF1, the 
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LLF1 fault is a previously segmented fault that nucleated at two different levels 

which later linked. The Upper fault segment is separated from the lower level by 

detachment surface at the Upper Triassic level. 

Basin ward Listric Fault 2 (BLF2) 

The Basin ward Listric Fault (BLF2) is about 4600m (4.6 km) long in length and 

records a 220ms throw maximum at the Top Corallian level (Fig. 5.18a and b). The 

fault strike NW-SE and dips to the NE.  The rose diagram indicates an orientation 

of 1240    at the Top Corallian. 

The BLF2 fault at the Top Haisborough level has a length of about 4400m (4.4 km) 

and has a throw maximum of about 240ms (Fig. 5.18a and b). The fault strike NW-

SE and dip NE. The orientation of 1220   is recorded for the BLF2 at the Top 

Haisborough level. 

The length of fault BLF2 at the Top Bunter level is about 4000m (4.0 km) and has a 

maximum throw of about 32ms (Fig. 5.18a and b). The fault strike is NW-SE and 

dip NE. The orientation of the fault is about 1220 at the Top Bunter level. 

The combined t-x plot for BLF2 fault indicates that the fault exhibited a character of 

single fault with throw maxima at the centre and minima at its two ends. The throw 

variations at the Top Corallian and Top Haisborough have a difference of 20 ms 

with the Haisborough having a throw of 240 ms which suggests that the fault might 

have nucleated at the Haisborough level.  This assertion is further supported by the 

isochron between the Top Haisborough - Top Corallian (Fig. 5.14d) where the fault 

BLF2 showed thickening against the fault compared to the Top Bunter-Top 

Haisborough isochron (Fig. 5.14c). 

Landward Listric Fault 2 (LLF2) 

The Landward Listric Fault (LLF2) is about 6400m (6.4 km) long in length and 

records a 240ms throw maximum at the Top Corallian level (Fig. 5.19a and b). The 
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Figure 5.17 Fault displacement profile of fault LLF1 showing maximum offset on the Top Corallian stratigraphic horinzon and Top Haisborough in the post salt section 
of the Camelot field 3D seismic survey. 
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fault strike NW-SE and dips to the SW.  The rose diagram indicates an orientation 

of 1120    at the Top Corallian. 

The LLF2 fault at the Top Haisborough level has a length of about 6500m (6.5 km) 

and has a throw maximum of about 390 ms (Fig. 5.19a and b). The fault strike NW-

SE and dip SW. The orientation of 1120   is recorded for the LLF2 at the Top 

Haisborough level. 

The LLF2 fault length at Top Bunter is about 5600ms (5.6 km) with a throw 

maximum of 85ms (Fig. 5.19a and b). The fault strike NW-SE with a dip of SW and 

1200 mean.  

 The t-x plot of the LLF2 fault at the Top Corallian, Top Haisborough and Top 

Bunter shows that the Top Haisborough recorded the highest throw of 380 ms 

TWT which suggest that the fault nucleated at this stratigraphic level. The analysis 

of the isochron map (Fig. 5.14d) and timing of fault activity (Fig. 5.15b) indicates 

that the fault became active at during the Lower-Middle Triassic Period.     

Fault 1 

Fault 1 is located at the footwall of fault LLF1 and has length of about 10500m 

(10.5 km) at the Top Corallian level. It is a NW-SE striking fault which dips towards 

the NE. It has a maximum throw of 65ms and mean strike of 1040 (Fig. 5.20a (i)) 

The length of fault 1 at the Top Corallian is about 10500m (10.5 km) and has a 

maximum throw of 90ms with a 1030 strike (Fig. 5.20 b (ii)). The fault has a strike of 

NW-SE and dip NE. The difference in orientation of the fault at the two levels is 

quite insignificant which suggest that there is no change in orientation of Fault 1 at 

the Top Haisborough and Top Corallian level. 

The t-x plot for the Top Corallian and Top Haisborough shows that the throw in the 

Top Corallian is higher compared to the Top Haisborough level. The isochron 

between the Top Corallian - Base Chalk interval (Fig. 5.14e and f) and the Upper 

Jurassic- Lower Triassic timing of fault activity (Fig. 5.15c) suggests that the fault 
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Figure 5.18 Fault displacement profile of faults BLF2 bounding graben 2 showing maximum offset on the Top Corallian stratigraphic horinzon in the post salt section 
of the Camelot field 3D seismic survey. 
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nucleated at the Top Corallian level and propagated vertically down dip and 

detached within the Triassic units. The throw at the Top Bunter level which 

corresponds to Base Haisborough is quite small compared to the Top Corallian 

and Top Haisborough level thus suggesting that the fault probably terminated at 

this level. The presence of two or three throw maxima also suggests that the fault 

is an initially segmented fault which later linked to a form a single fault trace. 

Fault 2 

Fault 2 is located at the upper tip fault BLF2 and has length of about 5400m (5.4 

km) at the Top Corallian level. It is a NE-SW striking fault which dips towards the 

SE. It has a maximum throw of 85ms and mean strike of 1120 (Fig. 5.21 a (i)). 

The length of fault 2 at the Top Haisborough is about 4800m (4.8 km) and has a 

maximum throw of 85ms with an 1130 strike (Fig. 5.21 b (ii)). The fault has a strike 

of NE-SW and dip SE. 

The combined t-x plot for the Top Corallian and Top Haisborough for Fault 2 

indicates that the throw variations of the fault for the two stratigraphic horizons are 

quite similar (Fig. 5.21b and c). The analysis of the isochron (Fig. 5.14e) and the 

timing of fault activity (Fig. 5.15c) in the Camelot field suggest that Fault 2 became 

active during the Upper Jurassic- Lower Cretaceous Period. The difference in 10 in 

the mean strike orientation implies that there is no significant change in orientation 

of the fault between the two horizons.  

5.6.2 Timing of fault activity 

A summary of fault maps obtained from the variance extraction maps and 

combined thickness maps were used to determine the timing of fault activity in the 

Camelot field.  The interpretation of these seismic attributes maps suggests that 

the major phase of the tectonic activity occurred during the Mesozoic (Fig.5.15a, b 

c and d). 

           Phase 1 (Early Triassic) 
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Figure 5.20 Fault displacement profile of FAULT1 showing maximum offset
on the Top Corallian and Top Haisborough stratigraphic horinzon.
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The isochron generated for the interval between the Top Zechstein-Top Bunter 

(Fig. 5.15a) represents the Lower Triassic thickness and shows evidence of 

uniform sediment distribution. There is no fault activity on this surface which 

conforms to the overall tectonic setting of the Lower Triassic.  

Phase 2 faults (active in Middle-Late Triassic) 

The Top Haisborough and Top Bunter-Top Zechstein merged surface isochron 

represents the Upper Triassic thickness and shows evidence of sediment 

thickening towards the north and a relative thinning towards the south (Fig. 5.15b).  

A pronounced thinning is observed across the centre of graben 1. The thinning is 

high on BLF1 fault bounding graben 1 and is attributed to the rotation of the unit 

forming a rollover anticline.  

During the Upper Triassic only the BLF1 is the only active fault while the other 

graben bounding faults (LLF1, BLF2 and LLF2) are all inactive (Fig.5.15b). 

Phase 3 faults (active in Early-Middle Jurassic) 

The thickness map generated for the interval between the Top Haisborough and 

Top Corallian (Fig. 5.14d) represents the Middle Jurassic thickness it shows that 

the faults bounding graben 1 are now active. The faults bounding graben 2 are 

inactive as they show evidence of thinning at the graben centre. (Fig. 5.15c) 

Phase 4 faults (active in Late Jurassic-Early Cretaceous) 

The thickness map of the interval between the Top Corallian and Base Chalk 

represents an Upper Jurassic – Cretaceous periods (Fig. 5.15d).  It shows that 

BLF1 and LLF1, BLF2 and LLF2 bounding faults are all active. Only few of the 

ENE trending set of faults located behind LLF1 and above BLF2 are active.  

5.7. 4D graben evolution model 

From the description and analysis of seismic sections, time structure maps and 

time thickness maps, a 4D evolution model for the Lower Triassic Separation 
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Figure 5.21 Fault displacement profile of FAULT 2 showing maximum offset
on the Top Corallian and Top Haisborough stratigraphic horinzon.
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Zones and the complex Mesozoic grabens observed in the Camelot field is 

proposed. The model involves basin ward listric fault cutting and offsetting the 

Jurassic and Triassic sequences at high angle and detached on the underlying 

Upper Permian Zechstein detachment layer. This is followed by the rotation and 

subsequent thinning of the sequences in the hanging wall, which results in the 

formation of rollover anticlines and making the surface inclined. 

A second landward listric fault cuts the sequences at low angle and detach on the 

rotated and inclined hanging wall sequence.  

The evolution of the graben and the Lower Triassic Separation Zones observed in 

the Camelot field is described below.  

Stage 1 (Early Triassic) 

During the Early Triassic a conformable deposition of Zechstein, Triassic 

evaporites and Siliciclastics units took place.  (Fig. 5.23a)  

Stage 2 (Middle Triassic- Lower Jurassic) 

The Middle Triassic – Lower Jurassic period, shows that a basin ward listric growth 

fault cut and offset the conformable Bacton Group at high angle and detached in 

the Upper Permian Zechstein.  An asymmetric half graben is formed (Fig. 5.23b), 

this is followed by rotation of the Triassic Groups due to extension which results in 

thinning of the unit against the fault (5.23b) 

Stage 3 (Lower- Middle Jurassic) 

Lower-Middle Jurassic period illustrates a second younger landward listric fault 

which was subsequently developed cut and offset the younger Jurassic sequence 

at low angle and detached within the inclined Upper Triassic Haisborough Group. 

This results in the formation of a full graben and the Lower Triassic Separation 

Zone. (Fig. 5.23c) 

Stage 4 (Upper Jurassic- Upper Cretaceous) 
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Figure  5.23  4D  Evolution model for the complex Mesozoic Graben and  Lower Triassic Separation Zones in the Camelot field (see section 5.6.3 for full text description) .

(a) Stage 1 (Early Triassic) (b) Stage  2  (Middle  Triassic- Lower Jurassic) (c) Stage  3 (Lower-Middle  Jurassic)

(d) Stage  4  (Upper  Jurassic- Upper Cretaceous)
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Upper Triassic-  Haisborough Group
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During the Upper Jurassic- Lower Cretaceous a change in stress orientation 

results in the development of ENE trending faults (Fig. 5.14d). These faults are 

illustrated in seismic sections (Fig. 5.8b and 5.9b), the Top Corallian structure 

maps (Fig. 5.13e) and the thickness maps in Figure 5.14a and 5.14b. 
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Chapter 6  Discussion 

 

6.1 Introduction 

 This chapter summarises and discusses the result from Chapter 4 to 5. The 

regional structures within the Guinevere and Camelot fields are discussed in 

section 6.2. An evolutionary model for the Lower Triassic Separations Zones 

(LTSZ) and graben systems in the Southern North Sea is proposed combining 

the results from this research and previously published work.  

 

The main aims of this research  have been to investigate the role played by 

multiple detachment  layers on  faulting, with emphasis on the studying the 

evolution of the Lower Triassic Separation Zones which are commonly located 

at the centre of grabens. 

 

The first part of this chapter concentrates on the comparison of the results 

between fields Guinevere and Camelot.  However, as the individual dataset 

have already been discussed in their corresponding chapters, this section will 

concentrate comparing the main structural features with striking similarities and 

contrast between the two study areas. 

 

The second part of this section concentrates on comparing the proposed 

models to other geologic setting with similar characteristics. The model is 

compared to the East Irish Sea Basin similar rift system and the passive 

margins of Angola and Congo. 
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Figure 6. 1 A schematic diagram showing the progressive development 
of faults BLF1 and LLF1 and the thininng of the Lower Triassic unit at the 
footwall of the BLF1.
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6.2 Comparison of Main Structural characteristics of Guinevere and 

Camelot   fields 

A comparison of structural styles for the two study areas revealed that they 

consist of different structural styles from sub salt and post salt sections. The 

seismic interpretations results revealed that the Permian sub salt units are 

separated from the Mesozoic post salt units by the thin layer of Zechstein salt 

spread across the basin.   

 

The sub salt structure for the two fields obtained from the interpretation of the 

Top Rotliegend stratigraphic horizons for both the Guinevere (Fig.4.14a) and 

Camelot (Fig.5.13a) reveals that the surface consists of short segmented 

normal faults which were decoupled from the post salt section by decollement 

via the Zechstein units which was relatively smooth, unfaulted and laterally 

continuous in both Guinevere (Fig.4. 14b) and Camelot (Fig. 5.13b) fields. 

 

Schematic structural development of Guinevere field 

Top of Zechstein reveals a continuous uniform layer of salt unit across the 

basin. The largely unfaulted unit is relatively thin and spreads across the whole 

basin. This unit overlies the Top Rotliegend. 

 

The Base Haisborough represents the Top of the Lower Triassic Bunter Group. 

The Group is present along the whole of the section apart from the area where 

it was affected by faulting induced by the graben bounding faults. The Lower 

Triassic Bunter Group illustrates a uniform deposition of the unit over the whole 

area. It also shows the initiation of rifting in the basin, BLF1 and BLF2, the basin 

at this stage shows extensional faulting within the Bunter unit. The rotated unit 

were deformed in the hanging wall located within the graben. 

 

Base Lias which represents the Top Haisborough Group (Upper Triassic) 

indicates a continuous rifting within the Triassic. The deformed unit shows that 

the unit is present within the graben A and B.  
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The Base Kimmeridge shows a renewed extension phase which illustrates a 

deviation from the initial extension which was characterized with the elongate 

graben bounding faults to small scale faults located at the Top Jurassic surface.   

 

The Jurassic unit is thick and massive in the hangingwall of the faults within the 

graben and are also preserved at the footwall which suggests that the faults are  

syn- depositional unit and formed a syn-tectonic basin filling for the Jurassic unit 

(Fig. 6.2 and 6.3). 

 

Schematic structural development of Camelot field 

Top of Zechstein reveals a continuous uniform layer of salt unit across the 

basin. The largely unfaulted unit is relatively thin and spreads across the whole 

basin. This unit overlies the Top Rotliegend and detaches faults at both the sub 

salt and post salt sections. 

 

Top Bunter represents a Lower Triassic unit and it has a uniform thickness 

distributed across the whole area.  The only part where the Lower Triassic unit 

is clearly affected by the faulting is in the zones of graben formation. The unit is 

present across the whole of the section. The unit has uniform thickness and is 

distributed across the whole area.  The unit is cut by the faults bounding graben 

B and is missing within graben A.  The stratigraphic top of the Top Bunter Lower 

Triassic is present along the whole of the section 

  

The Upper Triassic also illustrates evidences of fault movements. Similar to the 

Top Bunter the Top Haisborough reveals a uniform deposition of the unit across 

the survey.   

 

The Top Corallian shows that the graben bounding faults have fully developed 

during the Upper Jurassic in additions to the small segmented faults. It also 

demonstrates that movement along the fault have ceased (Fig. 6.4 and 6.5).  
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6.2.1 Fault Geometries and Linkages 

This section analyses the variation in the extensional fault systems vertically 

through the sequence discussing the results of fault length, orientations and 

throw.  

Fault Lengths 

The result of the Mesozoic sections of the graben bounding faults indicates that 

the fault lengths do not vary through the sequence of the study area . Within the 

Guinevere area small faults are dominant more at the at the Base 

Cretaceous/Upper Jurassic level than at the Top Triassic levels. The dominantly 

chalk unit Base Cretaceous horizon is an Unconformity and so is laterally 

heterogeneous.   Lateral variation in lithology will inhibit the lateral propagation 

of a tip (McGrath & Davison, 1993), so by implication large trace fault will tend 

not to develop.   

Within both the Guinevere and Camelot areas faults have relatively small fault 

lengths at the Top Roliegend level when compared with those at Top Triassic 

and Base Cretaceous level. (Figs. 4.12 and 5.14). At the Top Triassic and 

Jurassic level faults with high throw resulted in linkages of faults to form large 

single fault trace structures (e.g graben bounding fault BLF that have a length of 

over 30km; Fig. 5.15)  other faults bounding grabens within the Mesozoic units 

have lengths in excess of 20km. These faults were formed by linkages of fault 

segments.  

Faults Orientations 

Faults in the Guinevere area are oriented NW-SE (Fig. 4.12) and WNW-ESE 

orientation are observed on some faults in the Camelot area. The faults at the 

lower section in the Camelot field are influenced by basement faults, some 

seismic section illustrates points of direct linkage between the basement and 

cover fault. 

The rose diagrams showing fault orientations of the graben bounding faults on 

the Base Lias and Base Kimmeridge surfaces are illustrated in Figure 4.19 and 

4.20.  
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The analysis of the seismic data set for the two fields revealed two fault 

dominant orientations for the two study areas. The faults at the subsalt section 

have a dominant NW-SE fault trend and this has similarities with the elongate 

Graben bounding faults at the Triassic level the trends are expressed on the 

faults BLF1, LLF1, BLF2, and LLF2 and trend NW-SE. These trends are the 

same for the faults in the two fields (Guinevere Fig.4.19 and 4.20) and Camelot 

field (Fig.5.16 and 5.17).  

 

A comparison of the graben bounding faults BLF1 and LLF1 bounding graben 1 

(Guinevere field Fig. 4.19) and graben 1 (Camelot field Fig.5.16) revealed NW-

SE dominant orientation direction for faults at the Triassic level.  A similar 

orientation is recorded for the faults BLF2 and LLF2 bounding graben 2 

(Guinevere field; Fig.5.2a and 5.2b) and graben 2. 

 

The Jurassic Period recorded a set of faults during the second phase of 

extension in both Guinevere and Camelot fields.  The Jurassic thickness maps 

for both fields (Guinevere; Fig. 4.15e and Camelot; Fig.5.14e).  Analysis of fault 

orientation for representative faults at the Jurassic surface revealed nearly E-W 

to ENE trend. The rose diagrams for the FAULT1 (Guinevere field, Fig. 4.19c) 

and FAULT2 (Camelot field, Fig. 5.21). These fault trends were interpreted to 

be as a result of change in stress regime in the southern North Sea basin and 

were clearly expressed in the two fields.   The evolution and growth of faults 

shows that these faults were reactivated during the renewed extension in the 

basin.  

 

The Jurassic period recorded a set of faults with an ENE trend; they appeared 

during the Jurassic.   The Jurassic extension direction in this area is inferred to 

be largely E–W, supporting the models of Roberts et al. (1995).  The smaller 

faults in the area are interpreted to have become less active during the Jurassic 

rift interval and inactive by the start of the Cretaceous. 

 

Fault Displacement  

Quantitative fault analysis revealed that the fault displacement variations for the 

two fields have similar properties. The t-x plot for the major graben bounding 

faults BLF1, LLF1, BLF2, and LLF2 in both Guinevere and Camelot fields have 
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shown these faults have two throw maxima along their profiles thus suggesting 

that they initially originated as a separate fault segment that linked up through 

its growth period.  The thickness maps for the Triassic and Jurassic units for 

Guinevere (Fig. 4.15d and 4.15e) and Camelot field (Fig. 5.14d and 5.15e) 

revealed that the faults were initiated during the Triassic and later reactivated 

during the Jurassic as evidenced from the timing of fault activities from the two 

fields. The throw distribution profile shows that faults have throw maxima thus 

suggesting two different depth of nucleation for the faults separated by throw 

minima.   

 

6.2.2 Timing of Fault Activity 

 

Early Triassic 

 

The calculated time structure maps for both the Lower Triassic equivalents for 

both fields Guinevere (Fig.4.15) and Camelot (Fig.5.14) shows the Lower 

Triassic characterized with the presence of the Lower Triassic Separation 

Zones (LTSZ) and the corresponding thickness maps for the Lower Triassic 

equivalent revealed that is a tectonically quite period indicated by a nearly 

uniform distribution of sediments of about 350ms in both fields Guinevere 

(Fig.4.15b) and Camelot (Fig.5.14b). This implies that the Southern North Sea 

as whole has a tectonically quite period with uniform distributions of Lower 

Triassic sediments; the seismic sections from the two fields Guinevere (Fig.4.8-

4.11) and Camelot (Fig.5.5-5.10) revealed a similar uniform thickness for the 

Lower Triassic units. This is evidence that no growth faulting or halokinesis took 

place during the deposition of the Bunter Shale and Bunter Sandstone 

Formation.  

 

Middle –Upper Triassic 

An important feature indicated from the isochron maps of the Upper Triassic for 

both the Guinevere and Camelot fields indicated by the by the presence of 

thinning on the BLF1 shows an early activity during the Upper Triassic for both 

the Guinevere field  (Fig. 4.15) and Camelot field (Fig. 5.14). This structure 

formed a roll-over anticline on the BLF1 and thickens on the on the hanging wall 

of the BLF1 fault at the graben centre, this suggests an early activity on the 
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fault. This early activity on the fault is further illustrated by the thinning of the 

Upper Triassic unit at the footwall of the BLF1 (Fig. 4.11 and Fig. 5.6).   This 

phenomenon is illustrated on a schematic diagram (Fig. 6.1) where the thinning 

is illustrated. This thinning occurs at the footwall of the BLF1 fault and it is 

interpreted to be a post depositional event and marked the initiation of faulting 

and tectonic activity in the basin. 

 

Upper Triassic 

The Upper Triassic equivalents within the two fields Guinevere (Fig. 4.14b) and 

Camelot (Fig. 5.27b) revealed that this unit is has a wide spread distribution 

across the both fields, by implications it is present over the whole of the 

Southern North Sea basin. In comparison to the Lower Triassic unit it is faulted 

and present within the Mesozoic grabens as illustrated in the seismic sections 

described in sections for the Guinevere field (Fig.4.8-4.11) and Camelot 

(Fig.5.5-5.10). This unit also serves as detachment layers for the faults at the 

Jurassic and younger sequences in both. The first signs of thickness changes 

and evidences of fault activity occurred during the Middle-Upper Triassic. The 

result and analysis of the time thickness maps have confirmed this for both the 

Guinevere and Camelot fields.  

 

Lower-Middle Jurassic 

The fault activity within this period illustrates the development of the fault activity 

on LLF1 fault bounding graben 1 (Guinevere Fig. 4.15d) and Camelot field 

Fig.5.14d). The isochron maps described in Figure 4.15 and Figure 

5.14billustrates the presence of thickenings on the LLF1 faults in both fields. 

These thickening also formed the double roll over anticlines within the grabens. 

The thickness maps shows evidences that in the Upper Triassic and Lower 

Jurassic both BLF1 and LLF1 faults are active as illustrated in Figure 4.15d 

(Guinevere field) and Figure 5.15d (Camelot field). 

 

Upper Jurassic 

The Upper Jurassic unit equivalent in the two fields revealed striking similarities 

that between the two study areas as illustrated in both in the TWT time structure 

maps (Fig. 4.14e) for the Guinevere field and (Fig. 5.13e) for the Camelot field. 

The presence of the grabens, LTSZ and the en-echelon faults. 
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The Upper Jurassic thickness for the two fields  Guinevere field (Fig. 4.15e) and 

the Camelot field (Fig. 5.14e) shows that the graben bounding faults BLF1 and 

LLF1 have evidences of sediment thickening on them this suggests that there 

are all active during this period. The en-echelon faults appeared only at this 

time through the geologic period. 

 

6.2.3 Graben Systems 

The 3D seismic interpretation and analysis have shown that there are two 

different types of grabens within the study areas, their geometry and along 

strike structural variation have been described in Chapter 4 section 4.3 

(Guinevere field) and Chapter 5 section  (Camelot field). The Guinevere field 

grabens are labelled A and B, their structure and along strike variations are 

described in Figure 4.10c for graben A and in Figure 4.10d for graben B.  

Camelot field graben are labelled 1 and 2 their geometry, along strike variation 

and vertical extent described and illustrated in Figure 5.14c for graben1 and 

Figure 5.14d for graben 2. 

 

In both cases the graben 1 of the Guinevere field and graben A of the Camelot 

field show similarity in their structure, geometry and configuration. Their 

evolution deduced from the thickness map also displayed similar growth 

characteristics as described in Chapter 4 section 4.3 for graben 1 (Fig.4.12) in 

Guinevere field and for graben 1 (Fig.5.11) in Chapter 5 section 5.3 for the 

Camelot fields. 

 

In contrast to graben 1, the graben 2 of the Guinevere and Camelot fields show 

many differences in terms of their structure, evolution growth and vertical 

extent.  A complete descriptions of their structures and along strike variations 

were given in Chapter 4 section 4.3 for the graben 2 (Fig. 4.13) in the 

Guinevere field and Chapter 5 section 5.3 for graben (Fig.5.12) in the Camelot 

field. The major differences is the timing of the graben formation while graben 2 

(Guinevere field) has shown progressive development of the faults whose 

timing marched the development of graben 1 (Guinevere field) and graben A 

(Camelot field). Graben 2 shows that it was active during the Upper Jurassic 

when the faults bounding the graben 1 were reactivated. 
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The post salt units of the study areas are divided into three different units; these 

are Early Triassic - Middle-Triassic, Upper Triassic and the Upper Jurassic, 

Cretaceous- Palaeogene/Neogene. 

 

6.3 Model for the development of detachment extensional fault system in 

the Southern North Sea  

Bases on the interpretation and analysis of the 3D seismic data sets, this 

research study has established a new model for the evolution of the complex 

Mesozoic graben and Lower Triassic Separation Zones in the Southern North 

Sea. The model is build upon observation from seismic, cross section 

restoration and analysis of displacement variation from the study areas. 

The descriptions of the graben systems and variation along strike in both fields 

which were compared in section 6.2 above revealed the characteristics of the 

grabens and their associated structural features which includes faults offsetting 

units at high angle, presence of listric faults with roll over anticlines, different 

faults (elongate graben bounding faults and domino listric to planar faults) at 

post salt sections etc. These structures have been described under structural 

styles the Guinevere (Chapter 4. Section 4.3) and Camelot fields (Chapter 5 

section 5.3). Seismic attribute analysis has further shown that there was 

progressive change in the structural features in both fields and expressed 

clearly from time structure maps.  

 

The timing of fault activity deduced from the calculated time thickness maps of 

the two study areas seismic data set gave an insight in to the faults which were 

active through time thus enabling the development of the model in 4D 

perspective. 

 

6.3.1 Integrated model for graben development  

Based on the observations made from the results obtained from this study, a 4D 

model is proposed below:- 

Stage 1 (Early Triassic) 
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The conformable deposition of Zechstein, Triassic evaporites and siliclastics 

units took place (Fig. 6.3b). This stage is supported by thickness map for the 

Lower Triassic in the two fields which show uniform distribution of sediments in 

both fields Guinevere (Fig.4.15b) and Camelot (Fig. 5.14b).  

Stage 2 (Middle Triassic- Lower Jurassic) 

A basinward listric growth fault cut and offset the conformable Bacton Group at 

high angle and detached or sole out in the Upper Permian Zechstein.  An 

asymmetric half graben is formed (Fig. 6.5b), this is followed by rotation of the 

Triassic Groups due to extension; this results in thinning of the unit against the 

fault as evidenced on seismic sections in Guinevere field (Fig.4.8-4.11) and 

Camelot (Fig.5.5-5.10).  The isochron maps further supports this, with the BLF1 

showing an early activity during the Upper Triassic for both the Guinevere field 

(Fig. 4.18b) and Camelot field (Fig. 5.45b).  

Stage 3 (Lower- Middle Jurassic) 

A second younger landward listric fault which was subsequently developed cut 

and offset the younger Jurassic sequence (Fig. 6.5b) and detached within the 

inclined Upper Triassic Haisborough Group Rot Halite unit as evidenced in 

LLF1 fault bounding graben 1 in Guinevere field (Fig. 4.21a and b) and Camelot 

field Fig.6.5b). This results in the formation of graben and the Lower Triassic 

Separation Zone. 

Stage 4 (Upper Jurassic- Lower Cretaceous) 

During the Upper Jurassic- Lower Cretaceous a change in stress orientation 

results in the development of ENE trending faults (Fig. 6.2). Seismic sections 

from the Guinevere field (Fig. 4.7b, 4.8b, 4.9b and 4.10b) and Camelot field 

(Fig. 5.5b, 5.6b,5.7b, 5.8b, 5.10b, 5.13b and 5.14b)  have all  shown the 

presence of these faults on the Upper Jurassic units. Also time structure maps 

(Fig. 4.15b) for the Guinevere field and (Fig. 5.31b) for the Camelot field. The 

presence of the grabens, LTSZ and the en-echelon faults. The Upper Jurassic 

thickness maps for the two fields Guinevere field and the Camelot field  shows 

that the graben bounding faults BLF1 and LLF1 have evidences of sediment 

thickening on them  which suggests that there are all active during this period. 
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Stage 5 (Upper Cretaceous) 

Inversion and reactivation of pre-existing NW-SE faults took place during the 

Cretaceous (Fig. 6.2). By the end of the Cretaceous, the graben bounding faults 

BLF1 and LLF1 are both inverted. The seismic lines shows evidences that the 

Cretaceous Chalk unit have undergone wide spread erosion making it absent in 

most part of the study area. This observation is also confirmed from the seismic 

sections (Fig.4.8-4.11) and Camelot (Fig.5.5-5.10) 

Stage 6 (Palaeogene) 

The Palaeogene sequence forms a syn inversion and overlies the Cretaceous 

units which was largely affected the inversion (Fig. 6.3b). The on lapping of the 

Palaeogene have been observed on seismic sections described earlier (Fig.4.8-

4.11) and Camelot (Fig.5.5-5.10). 

Stage 7 (Neogene) 

The deposition of the Neogene over the inverted and massively eroded 

Palaeogene sequence took place during this period (Fig. 6.5b). The unit forms a 

post inversion sequences in the study area. 

The above proposed conceptual 4D model for the evolution of the complex 

Mesozoic grabens in Guinevere field depends largely on the presence of the 

two detachments layers of the Triassic Haisborough Group and the Permian 

Zechstein, with the two listric extensional faults (basinward listric fault and 

landward listric fault detaching on the Permian and Triassic detachments 

utilizing two different phases of extension.  

The Upper Permian Zechstein detachment layer plays two important roles; the 

first being a surface that detaches all the basement faults via decollement from 

the overlying cover faults, which implies that the structures above the 

detachment layer are not complicated by the subsalt faults. The second role is 

the detaching of the cover faults or the structures, which assists in the formation 

of graben. 

The Upper Triassic Haisborough primarily serves as second detachement layer, 

This layer was rotated thus becoming inclined, thereby providing surface for the 
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Figure  6.5b 4D  Evolution model for the complex Mesozoic Graben and  Lower Triassic Separation Zones in the in the Southern North Sea (see section 9.3.1 for full text description) .

(a) Stage 1 (Early Triassic) (b) Stage  2  (Middle  Triassic- Lower Jurassic) (c) Stage  3 (Lower-Middle  Jurassic)

(d) Stage  4  (Upper  Jurassic- Lower Cretaceous) (e) Stage  5 (Upper  Cretaceous )

Carboniferous - Undi�erentiated Basement

Lower Permian-  Roliegend

Upper Permian- Zechstein

Upper Triassic-  Haisborough Group

Lower-Upper Jurassic
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Neogene  + Water

(f) Stage  6 (Palaeogene)

(h) Stage  7 (Neogene)
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detachment of the landward listric fault , which leads to the formation of the 

complex Mesozoic graben and Lower Triassic Separation Zone described 

above The suggestions by Lappin et al., 1998 that the graben structures were 

generated through thin-skinned deformation (Stewart and Coward, 1995 model) 

is also supported by proposed models in this study. However they concluded 

that they were uncertain about the role of the overlying Upper Triassic 

Haisborough Group (second detachment).  

This research study has shown that the second detachment played a significant 

role by providing the platform for the second fault to detach on its inclined and 

rotated surfaces.  

6.3.2 Implications for the evolution of the Southern North Sea 

 

Late Triassic Extension 

The Triassic extension in the basin is largely concentrated within the Mesozoic 

cover in the both fields, with the thin Zechstein layer serving as a detachment 

layer. Similarly the extension in the basin has also affected the Dowsing Fault 

Zone (Cameron et al., 1992) and Stewart & Coward (1995).  The thickness 

maps of the Upper Triassic level for both the Guinevere and Camelot fields 

indicates the presence of thinning on the footwall  BLF1 shows an early activity 

during the Upper Triassic for both the Guinevere field  (Fig. 4.18b) and Camelot 

field (Fig. 6.45b). This structure formed a roll-over anticline on the BLF1 and 

thickens on the on the hanging wall of the BLF1 fault at the graben centre, this 

suggests an early activity on the fault. The fault systems in the Triassic are 

elongate graben bounding with dominant NW-SE direction. 

 

Jurassic basin development 

A comparative analysis of the Jurassic equivalent of the results of the 3D 

seismic interpretation revealed structures with striking similarities. The two way 

time structure maps for the Upper Jurassic Base Kimmeridge surface (Fig. 6.8a) 

Guinevere field and Top Corallian (Fig. 6.8b) shows that the surfaces are 

characterised with the presence of graben bounded faults and faults with 

different orientations. The analysis of timing of fault activity shows that the ENE 

orientated faults appeared during the Upper Jurassic. 
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The analysis of the results of this study shows the study area have undergone 

multiple phases of extension with different extension directions. These 

variations in the extension directions have been observed in both fields.  The 

first phase is characterized with orthogonal extension NE-SW which produces 

faults with NW-SE trend these fault trends are commonly expressed by the 

faults at the Top Rotliegend and the elongate graben bounding faults at the 

Triassic and Jurassic levels.  

 

The second phase of the extension which took place in the Jurassic is 

associated with oblique extension and have resulted in the reactivation of some 

of the graben bounding faults producing the pull apart structures on them (Fig. 

9.3). In addition to the reactivation it also produces newer set of domino faults 

which detached on the Upper Triassic Haisborough Group. The extension 

direction in the Upper Jurassic is NW-SE and produces faults with ENE trend. 

 

The Jurassic extension in the Southern North Sea is a combination of events 

that involves the reactivation of pre-existing faults and development of new 

faults based on results of this study. The Jurassic sequences are reported to 

have progressively thickened from the East Midland Shelf across the Dowzing 

Fault Zone towards the axis of the Sole Pit High (Glennie & Boegner, 1981; Van 

Hoorn, 1987).  According to Coward & Stewart (1995) this basinward thickening 

of sequence is related to Middle Jurassic to Early Cretaceous extension within 

the pre-salt sequence. The salt layers within the study areas are thin and can 

allow decoupling of the sub-salt faults from the post salt faults and hence 

eliminates their influence on the post salt sequences. However the analysis of 

the thickness maps from the two fields shows that faults bounding the grabens 

have been reactivated and shows considerable thickening of sediments with the 

graben centre. 

 

Cretaceous Inversion 

The analysis of the Cretaceous units within the Camelot field represented the 

Top Chalk time structure map shows that Chalk unit have undergone wide 

spread erosion making it absent in most part of the study area (Fig. 5.38d). This 

observation is also confirmed from the seismic sections for Guinevere field 

(Fig.4.8-4.11) and Camelot (Fig.5.5-5.10) where the Chalk unit is laterally 
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  Figure 6.6 The Tectonostratigraphic chart of the  North Sea showing the main  tectonic events 
  of the Souther North Sea compiled from Van Hoorn,1987, Badley et al.,1989 ,Arthur,1993,  
  Hughes  and Davison, 1993, Brennand et al., 1998, Birrel and Courtier 1999.

214



Chapter 6  Discussions 

discontinuous. Similar to this study a late Cretaceous inversion phase has been 

documented by Teale (1996). Due to the inverted nature of the Sole Pit Basin 

and the wide spread erosion within it, the Guinevere field stratigraphic 

successions terminate at the Cretaceous level (Fig. 4.2). This illustrates the 

extent of the erosion associated with inversion of the Sole Pit Basin and hence 

makes it difficult to determine the inversion activity in the Guinevere field. 

 

Palaeogene/Neogene Inversion 

The inversion in the Palaeogene and Neogene is reported to have occurred as 

a result of Alpine tectonic activity (Moscariello, 2003). Two separate events of 

basin tilt (Stewart and Coward, 1995) and tectonic inversion on faults 

concentrated in the western margin of the basin from Flamborough Head along 

the length of the DFZ into the Hewett shelf and Broad Fourteens Basin (Kirby 

and Swallow, 1987; Van Hoorn, 1987; Van Wijhe, 1987; Badley et al., 1989). 

 

The inversion activity during the Palaeogene/Neogene observed in this study 

can equally be divided into two events.  The Palaeogene inversion event is 

expressed on individual faults which includes but limited to the graben bounding 

faults as illustrated in the seismic sections (Fig. 5.5b, 5.6b 5.7b and 5.8b). The 

Palaeogene and Neogene sequences overlying the grabens were onlapping on 

the harpoon structure created by the graben bounding faults thus making them 

syn-inversion units.  

 

The Neogene event is associated with broad uplift expressed between the two 

grabens which resulted in the uplift and subsequent erosion of the 

Paleogene/Neogene and Cretaceous unit in the uplifted part and some of the 

units overlying grabens (Fig.5.8b, 5.9b and 5.10b). The effect of these inversion 

events are illustrated in the time structure maps where the unit are missing 

within most part of the sections across the survey (Fig. 5.13e) 

 

 

 

 

 

 

215



Chapter 6 Discussions

Figure 6.7 Regional crossection and structural map of the North Sea showing structural variation 
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Figure 6.8 Base Kimmeridge and Top Corallian time structure map showing the similarity of structure at the Jurassic level  between the Guinevere and Camelot Field  resutlt obtained from 
3D seismic interpretation
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6.4 Comparison to detachments fault system in other geologic settings 

 

In this section a rift system basin and passive margins basins with thin skinned 

deformation are described, discussed and compared with the research area. 

 

6.4.1 East Irish Sea Basin 

The East Irish Sea Basin located further east of the East Midlands (Fig.6.11). 

The geology of the East Irish Sea Basin (EISB) has been described by several 

authors; Colter and Barr (1975), Colter (1978), Bushell (1986) and Jackson et 

al. (1987), Jackson and Mulholland, 1993, Knipe et al., 1993 and Chadwick, et 

al., 1994. It is considered to be a province of mixed oil and gas (Bott 1964; Bott 

and Young 1971; Wright et al. 1971; Colter and Barr 1975; Colter 1978; 

Jackson et al. 1987; Ziegler 1987; Stuart and Cowan 1991). The EISB is 

currently believed to contain the greatest amount of discovered commercial 

hydrocarbons on the UKCS excluding the North Sea, (Jackson and Mulholland, 

1993).  

 

Regional cross sections illustrated in Figure 6.12 and 6.13 show that the basin 

has similar stratigraphic succession to the Southern North Sea. A comparison of 

the Triassic stratigraphy of the two basins is given in the Figure 2.9. The 

presences of the grabens are concentrated in regions where the Zechstein 

detachment layer is thin or absent (Fig. 6.12 and 6.13).   

The East Irish Sea has similar characteristics and stratigraphic age similar to 

the Southern North Sea; it is also characterized with the presence of the Lower 

Triassic Separation Zones where the Sherwood Sandstone unit is absence in 

most graben centres (Fig. 6.12 and 6.13). This unit is overlain by the Mercia 

mudstone and most of the faults in the post salt section detached on it. 

 

 The East Irish Sea Basin like the Southern the North Sea has the presence of 

multiple detachment layers characterized with the presence of wide spread 

development of the Triassic Rosall salt and the Upper Permian detachments. 

The detachments bound units (the Mercia Mudstone Group, the Sherwood 

Sandstone Group, Upper Permian and the Lower Permian/Carboniferous) 

possesses different structure and fault patterns (Jackson and Mulholland, 1993) 

this phenomenon is attributed to the presence salt layers. A comparison of the 
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Figure 6.9 Seismic variance time slices showing map view geometry of relay zone  at different  Two Way Time (I) above and Line drawings (ii) below showing the different type of  linkage pattern of the relay zone

c) Variance time depth slice at 640ms(Uninterpreted)b) Variance time depth slice at 480ms(Uninterpreted)a) Variance time depth slice at 320ms(Uninterpretd)

c) Variance time depth slice at 640ms(Interpretd)
b) Variance time depth slice at 480ms(Interpreted)a) Variance time depth slice at 320ms(Interpretd)
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b) Variance time depth slice at 800ms(Uninterpreted) c) Variance time depth slice at 1120ms(Uninterpretd)a) Variance time depth slice at 960ms (Uninterpreted)

c) Variance time depth slice at 1120ms(Interpreted)b) Variance time depth slice at 960ms(Interpreted)a) Variance time depth slice at 800ms(Interpretd)

Figure 6.10 Seismic variance time slices showing map view geometry of relay zone  at different  Two Way Time (I) above and Line drawings (ii) below showing the different type of  linkage pattern of the relay zone
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multiple detachment layers was made to four identified halite detachments 

which include three Upper Triassic and Permian Zechstein at equivalent 

horizons in the Sole Pit area of the Southern North Sea by Walker and Cooper 

(1987). 

 

In this study different structural styles and fault patterns have been identified 

both in the sub salt and post salt units e.g the Lower Permian Rotliegend 

structure which represents the sub salts unit in the Guinevere field (Fig. 4.11a 

and b) and the Camelot field (Fig.5.15a and b) are characterized with the 

presence of short segmented faults with dominant NW-SE trend. In contrast the 

post salt structural styles consists of elongate graben bounding faults, graben 

systems and en-echelon faults systems as illustrated in Figure 4.15a and b in 

the Guinevere field and Figure 5.14a and b in the Camelot field. 

 

The presences of large elongate graben with locally steeply rotated Mercia 

Mudstone Group have been reported by Jackson and Mulholland, 1993. They 

concluded that within these grabens the Sherwood Sandstone Group which is 

the Lower Traissic equivalent of the Bunter Group (Fig. 2.9) in the Southern 

North Sea is largely or wholly lacking (Fig. 6.12 and 6.13). This confirmed the 

presence of the Lower Triassic Separation Zones from East Irish Sea Basin and 

the suitability of the application of the proposed model to unravel its evolution. 

 

Similarly according to Knipe et al., 1993 both listric and planar faults arrays are 

present in the basin. Some of the larger growth faults are listric with a well-

developed crestal collapse graben (McClay 1989, 1990), this description is 

similar to ones observed on the faults BLF1 and LLF1 in both the Guinevere 

and Camelot fields as described in Figure 4.10b and Figure 5.5b. 

 

The main extension direction of the basin during the Triassic – early Jurassic 

was ENE-WSW to NE-SW (Knipe et al., 1993). This extension direction is 

similar to the results obtained from the timing of fault activity and analysis in 

Camelot field which has an extension direction of WSW-ENE during the Triassic 

and NW-SE during the Jurassic (Fig. 5.51). This similarity in the change of the 

extension direction in the basin confirms the existence of change in the stress 

regime in the North Sea. The change from orthogonal extension from the 
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Figure 6.11  (a) Map showing location of East Irish Sea Basin and Southern North Sea  (b) Map showing the main fault systems in the
East Irish Sea Basin and location of seismic lines adapted and modified from Knipe et al., 1994.
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Triassic to Middle Jurassic to an oblique extension during the Late-Jurassic-

Cretaceous extension which reflects a reorientation of the stress field in the 

North Sea is reported to have resulted from the Mid Jurassic crustal separation 

and onset of sea floor spreading in the Alpine Tethys (Ziegler, 1998, 1990, 

Stampfli et al., 2001, Ziegler et al., 2001) 

 

The post salt structural styles have elements with similar characteristics to the 

structure of the post salt sequences described for both the Guinevere and 

Camelot fields. As illustrated in the cross section in Figure 6.11 the western 

graben is interpreted to be thin skinned extensional deformation (Anderson, et 

al., 2000). The graben is bounded by listric faults similar to the structures 

described from seismic sections from the Guinevere (Fig. 4.10a and b) and 

Camelot (5.5a and b) fields, it also shows similarities with description given by 

Cameron et al., 1992 for the Southern North Sea as illustrated in  Figure 2.5.  

 

Overall, these basins are very similar as they both represent multiple stages of 

deformation caused by thin skinned salt in the detachments with multiple 

phases of extensions in the basins. The presence of multiple detachment layers 

of the Upper Triassic and Permian Zechstein within these basin give an insight 

into the tectonic regimes associated with observed deformations in the subsalt 

and post salt sections of the two basins. 

Knipe et al., 1993 have reported that that there were at least two phases of 

inversion in the East Irish Sea Basin (EISB), one associated with the Cimmerian 

(Bushell, 1986) and one during the Tertiary (now Palaeogene/Neogene) (Sturat 

and Cowan,1991).  

 

In the Southern North Sea two phases of inversions were reported in the early 

Cretaceous and the Palaeogene/Neogene. The Late Cretaceous inversion is 

thought to be related to a combination of events. Stewart and Coward (1995) 

related this event to thermal relaxation of Middle Jurassic domal uplift.  

Following the late Cretaceous inversion a secondary major phase of inversion 

occurred as a result of Alpine tectonic activity during Neogene/Palaeogene 

(Moscariello, 2003).  This study has also shown that there are two phases of 

inversion with associated different structures, the first was in the Late 

Cretaceous and resulted in the progressive thinning and onlap of the 
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Cretaceous Chalk unit onto the areas formed by the inverted faults. The second 

inversion phase in the Neogene results from uplift and subsequent wide spread 

erosion that removed most of the Cretaceous chalk unit and Palaeogene 

sequences and are illustrated in the seismic sections (Fig. 5.5a,5.7a and 5.8a) 

and time structure maps ( Fig. 5.13).  

 

 Away from zones of deformation and erosion there is a remarkable consistency 

in lithology and thickness of the Lower Bacton Group of the Southern North Sea 

and the St Bees Sandstone Formation of the East Irish Sea Basin. 

 

A tectonic event at the end of the Early Triassic is recognized as the Hardegsen 

unconformity in both basins and is a useful correlative tool (Ames & Farfan 

1996). Restoration sections in the Southern North Sea by Arthur (1993) confirm 

the lateral consistency of the Bacton Group and the overlying Haisborough 

Group.  Furthermore seismic sections and thickness maps produced for the 

Lower Triassic in this study for Guinevere and Camelot fields have also 

confirmed the lateral continuity and uniform thickness distribution for the Bacton 

Group.  In the East Irish Sea Basin, Penge et al., 1999 believed that the Mercia 

Mudstone Group was of near uniform thickness similar to the Bacton Group of 

the Southern North Sea. Mercia Mudstone Group and the Haisborough Group 

sediments are essentially regionally uniform in thickness.  

 

Based on the comparisons, there is evidence to support the interpretations 

made in this study and the suitability of applying the proposed models to 

understand the structural complexity in the East Irish Sea Basin. It is suggested 

that further studies might find more correlations between these basins. Overall, 

these basins are very similar as they are both rift systems and represent 

multiple phases of extension with associated multiple detachment layers. 

 

6.4.2 Angola and Congo Passive Margins 

The opening of the Atlantic Ocean led to the development of a series of rift 

basins in the passive continental margin of West Africa.  In the early 

Cretaceous, rifting of Gondwana land resulted in opening of the South Atlantic 

from south to North, so rift basins developed along the West Africa passive 
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continental margin. The salt basins are concentrated along a transition between 

Angola and Cameroun. The basins include Duala Basin, South Gabon, North 

Gabon, Kwanza, Lower Congo, Namibia and Banguela Basins.  

The three most important oil and gas bearing salt basins in the West African 

Continental Passive margins are Gabon, Lower Congo and Kwanza Basins 

(Zuodong and Jianghai, 2011). The structural settings of the passive continental 

margins in West Africa have some similarities, where  the major driving 

mechanisms are a combination gravity gliding during thermal subsidence  and 

seaward tilting of the salt detachment and gravity spreading due to differential 

loading of the salt layer by a seaward propagating sediment wedge (Rowan 

etal., 2012, Brun and Fort, 2011). 

The gravity-driven thin-skinned deformation causes a characteristics kinematic 

segmentation of deformation throughout the basin with an extensional domain 

in the landward direction, a compressional or contractional domain in the 

seaward. These two segments are separated by transitional domain (Brun and 

Fort, 2011; Vendeville, 2005; Fort et al., 2004; Mohriak and Szatmari, 2001; and 

Ge et al., 1997). 

The extensional domain is characterized by the development of tilted blocks, 

rollover structures and extensional diapirs. Most of developed salt structures are 

non-piercement type, such as turtle anticline and salt pillow with low maturity.  

The extensional domain is divided into slope structural belt, growth fault belt 

and diaper structural belt (Brouke, et al., 2004 and Schultz-ela, 1993). 

The structural belt is mainly tilted fault block where active normal fault lead to 

the development of salt roller structures. The growth fault belt consists of strong 

thin-skinned extension. Due to detachment of salt layer, this area developed 

many drift blocks, which appeared alternately with the Tertiary grabens 

In the diapir structural belt, extensional diapirs, turtle anticlines, salt pillows, a 

few columned diapirs, long wave folds, large salt walls and relative complex salt 

domes are developed. Although the extensional diapirs are situated in the 

extensional zones, they were believed to have undergone compression. Some 

scholars believed that almost all extensional diapirs have undergone 

compression (Rowan et al., 2000 and Cramez et al., 2000). 
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The compressional zone is divided into three separate zones with different 

characteristics: Compressional diapir zone which consists of many long-wave 

folds and is located adjacent to extensional diapir. The middle zone is 

characterized with intense compression and it is zone where thrust structures 

and short wave fold are developed. In the area close to thrust front, salt canopy, 

salt sheet and salt tongue emerged in turn. The third area covers a small range, 

which is the transitional zone between the compressional zone and the 

undeformed area.  

In this study due to similarities in structures, comparisons are made to the salt 

structures in the extensional domain of the Kwanza and Lower Congo Basins.  

Lower Congo Basin 

The Lower Congo Basin is one of a series of sub-basins that lies on the passive 

margin of western Africa. It is one of the several Aptian salt basins that extend 

between Gabon and Angola (Fig. 6.14). The origin of the basin is related to the 

initial breakup of the Gondwana in the early Cretaceous (Bradley and 

Fernandez, 1991; Standlee et al., 1991; Moore, 1988; Reyre, 1984,   and Brice 

et al., 1982). 

 

In the Lower Congo Basin, the post-rift sediments have undergone thin-skinned 

extension in the east, with diapiric salt structures and thin-skinned 

compressional structures dominating in the west (Dominey & Wiffe, 1998; 

Hartman et al., 1998; Spathopoulos, 1996).  Much of the post-rift extension and 

consequent down-dip compression has occurred on a detachment associated 

with the late Aptian evaporitic sequences (Spathopoulos, 1996; Gaullier etal., 

1993, Lunde et al., 1992; Cramez and Jackson, 1992; Lunde, 1992 and 

Burollet, 1975). 

The stratigraphic section of the Lower Congo Basin can be simplified and 

subdivided into presalt and post-salt mega-sequences (Fig. 6.15) that were 

originally separated by an Aptian salt layer (Ala & Selley, 1997; Brognon & 

Verrier, 1966; Franks & Nairn, 1973).   According to Jackson and Talbot (1991) 

raft tectonic is the main mechanism for deformation in the post-rift.  Overall the 

Lower Congo Basin could be divided into two main structural domains. These 

are up-dip extensional domain and a contractional toe located downslope 
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(Broucke et al., 2004, Fort, 2002; Valle et al., 2001; Cramez and Jackson, 2000; 

and Jackson and Talbot, 1991). 

The extensional domain is characterized by: 

1) An upslope region, which shows closely spaced normal faults rooted within 

the Aptian evaporite detachment layer. These form tilted blocks with salt rollers 

preserved at the base of faults. 

2) A down dip region where the growth faults occur with massive amounts of 

thinskinned extension that result in rafts of allochthonous fault blocks that are 

no longer in contact, alternating with Tertiary (Palaeogene/Neogene) grabens. 

A regional cross section trending northeast-southwest  (Fig. 6.16) cutting  

through the Block 4 region  of the  Lower Congo Basin shows that , listric 

extensional faults  bounded grabens termed  Eastern graben and Western 

graben in the post salt section and are separated from the pre-salt faults by the 

Loeme Detachment . These grabens are similar to the ones observed in the 

Southern North Sea (Fig. 2.5) and the ones described in the Guinevere (Fig. 

4.10c and 4.10d) and Camelot fields (Fig. 5.14c and 5.14d).   This type of 

structural style is a characteristic of thin-skinned deformation, and is very similar 

to the structures observed and described in this study. 

 

The western and eastern grabens are bounded by faults which flatten into the 

underlying Loeme Formation which serves as a major detachment layer in the 

basin. The section is characterized with the presence of opposite dipping faults 

and associates roll over anticlines. The margin of this graben is defined by 

series of east dipping east faults that detach on the Loeme Formation (Fig. 

6.16) 

  

The eastern margin of the graben consists of a west-dipping roll-over in the 

Oligocene sediments. This structure is separated from the Oligocene sediments 

of the fault block to the west by the highly faulted, thick Miocene sediments 

filling the eastern graben. The roll-over is overlain by a southwest-verging late 

Miocene-aged listric fault fan that detaches approximately at the level of the top 

of the Oligocene sediments. This shallow detachment steepens to the west in 
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the roll-over anticline before linking to the Loeme detachment below the eastern 

graben (Anderson et al., 2000). 

 

The post-salt structural style is dominated by thin-skinned extension with a main 

detachment in the Loeme Formation.   The post-salt structural style is 

dominantly thin-skinned. Listric faults flatten onto a main detachment at Loeme 

Formation levels. This detachment dips to the west beneath Block 4. The 

Miocene grabens (western and eastern grabens) can be best explained as a 

result of thin-skinned extension and not salt withdrawal. (Anderson, et al., 2000) 

 

Similar to the structures observed in the southern North Sea the graben 

structures are located at zones where the underlying detachment unit are very 

thin or absent, this observation is in agreement with the model proposed for 

thin-skin extensional deformation by  Coward and Steward, 1995 (Fig. 2.10) 

 

Kwanza Basin 

The Kwanza Basin of Angola is another of the West African Aptian Salt basins 

(Fig. 9.1).  It is located on the continental margin of West Africa and extends 

between Southern Cameroon and Angola (Schlumberger, 1983). Burollet 

(1975) defined the term “raft tectonics” in this basin and was described further 

by Jackson and Cramez (1989) and Duval et al., 1990; 1992. The Kwanza 

basin is separated into inner (onshore) and outer (offshore) basins and are 

further dissected into by three major structural highs (Fig. 6.17) where the 

Aptian salt is either thin or absent (Hudec and Jackson, 2002).  

 

The inner Kwanza Basin, which includes the present-day onshore region and 

some near shore areas, is an interior salt basin confined by basement highs to 

the west and Precambrian highlands to the east, whereas the outer Kwanza 

Basin, which includes the western offshore part of the basin, developed as a 

continental-margin basin. The outer Kwanza Basin seems to have developed in 

much the same way as the central and northern parts of the Aptian salt basin 

(Pasley et al., 1998b). 

 

Stratigraphically it consists of sediments of Cretaceous to Recent age that were 

deposited above thinned continental crust.  It is divided into pre-salt and post-
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salt mega-sequences that were originally separated by the Aptian salt layer 

(Mauduit et al., 1977; Evans, 1978; Brice et al., 1982; McHargue, 1990; 

Seranne et al., 1992; Karner et al., 1997; Lavier, et al. 2001; Fort et al., 2004; 

Jackson & Hudec, 2005; Hudec & Jackson, 2005). 

 

Structurally, the Kwanza basin is characterized by gravity driven thin-skinned 

tectonics, with an up dip extensional domain linked via a regional salt 

detachment layer to a down dip contractional domain (Mauduit et al., 1977; 

Evans, 1978; Brice et al., 1982; McHargue, 1990; Seranne et al., 1992; Karner 

et al., 1997; McClay et al., 1998; Lavier, et al., 2001; Fort et al., 2004; Jackson 

& Hudec, 2005; Hudec & Jackson, 2005). 

 

The extensional domain is characterized by raft structures created by a 

characteristic assemblage of strike-parallel and dip-parallel faults (Lavier, et al., 

2001; Fort et al., 2004; Jackson & Hudec, 2005; Hudec & Jackson, 2005). The 

rafts are separated by Tertiary depocentres bounded by normal faults and relict 

salt walls. The Tertiary depocentres rest directly above salt or sub-salt strata, 

because the Cretaceous overburden has been rafted off (Lavier, et al., 2001; 

Fort et al., 2004; Jackson & Hudec, 2005; Hudec & Jackson, 2005).  

 

The post salt structural styles have elements with similar characteristics to the 

structure of the post salt sequences described for both the Guinevere and 

Camelot fields.  A regional cross section in Figure 6.17 shows a typical 

characteristic of the extensional domain of the Outer Kwanza Basin. The Aptian 

Salt serves as a detachment surface for extensional listric faults. These listric 

growth faults in the Kwanza and Lower Congo Basin and Kwanza detach in salt 

and sliding basinward causing extension and rollover of the beds into the fault 

block, much similar to the listric faults observed in this study.  

 

Similar to the structures observed in the Lower Congo Basin, the Kwanza Basin 

has structures associated with thin-skinned deformation similar to what was 

observed in the southern North Sea. The graben structures are located at zones 

where the underlying detachment unit are very thin or absent (Fig. 6.17), this 

observation is in agreement with the model proposed for thin-skin extensional 

deformation by  Coward and Steward, 1995 (Fig. 2.10) 
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6.4.3 Similarities and Differences 

The three basins are located on a rift system and passive margins that involved 

gravity driven thin-skinned tectonic have been analysed and compared with the 

structures in the Southern North Sea. 

 

The first is the East Irish Sea Basin, it is characterized with multiple detachment 

layers located at the Permian and Triassic levels. The other two are Kwanza 

and Lower Congo Basin both have post salt structures that detached above 

salt. They are divided in to extensional and contractional domains.  The 

extensional domains have structures with similar characteristics with those of 

the rift systems associated with thin skinned deformation. 

In a regional sense, the three basins show geological similarities with the 

Southern North Sea:- 

1. The early extensional phase is followed by a later extensional phase 

2. Fault type consists of listric faults detaching on salt detachment layers. 

3. Graben systems bounded by listric faults are common features in the 

extensional domain located above a detachment layer. 

4. Thin-skinned deformation is common to both the rift system and passive 

margins basins. 

5. Grabens and raft structures are mostly located in regions where the 

underlying salt unit is either very thin or absent. 

6. Roll over on stratigraphic units are commonly associated with structures 

in both the rift system and passive margins, these can either be within 

the graben or outside the grabens. 

Despite the similarities some differences might still exists between the two 

different basins due to factors such as geological processes, which control 

structures and evolutions of the passive margins.  All the passive margins are 

characterized with the inner and outer parts which comprises of the extensional 

and contractional domains resulting in along strike variations.  

Different type of structures could be developed under similar geological 

conditions in different basins margins and they could be used as an analogues 

for understanding structures in different basins. 

236



Chapter 7                                                                                                                           Conclusions                      

 

Chapter 7:  Conclusions 

 

This chapter presents the principal conclusions for this research study and 

presents suggestions and recommendations for further research on multiple 

detachment layers and their relationship to the tectonic evolution of the Southern 

North Sea.  

 

7. 1 Guinevere Field 

 

 The stratigraphy of this field ranges from Carboniferous up to Cretaceous 

due to wide spread erosion that affected parts of the basin. 

 Guinevere is characterized with the presence of two grabens trending NW-

SE located in post salt section. The graben centres have presence of Lower 

Triassic Separation Zones (LTSZ) located within them which implies that the 

Lower Bacton Group is absent at the graben centres. 

 The field consists of two detachment layers of Upper Permian Zechstein and 

Upper Triassic Haisborough Group. The Zechstein unit is relatively thin and 

is distributed across the whole study area. Faults at both sub-salt and post 

salt section detached within it.  The Haisborough Group which serves as 

second detachment decouple faults at the Jurassic level. 

 Faults at the Triassic level control geometry of the faults at overlying 

Jurassic sequence. Where the faults at the Triassic level are reactivated 

they form a linked fault system with the faults at the Jurassic level. Where 

not reactivated they tend to control the geometry and curvature of the 

overlying faults by bending and curving towards the underlying faults. 

 

7.2 Camelot Field 

 The stratigraphic succession of the field ranges from the Carboniferous  

Up to the Neogene.  
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 The field has two grabens with the Lower Triassic Separation Zones located 

only at the centre of the large graben. 

 The field consists of main two detachment layers of Upper Triassic 

Haisborough Group and Upper Permian Zechstein. The Zechstein 

decouples faults at the subsalt level and post salt Triassic level.  The Upper 

Triassic detachment decouples faults at the Jurassic level. 

 Inversion features associated with the inversion activity at the Cretaceous 

and /Paleogene/Neogene are expressed in this field. 

 

7.3 The principal conclusions for this research study are:-   

 The complex Mesozoic grabens and the Lower Triassic Separations Zones 

in the Southern North Sea were formed due tectonic activity involving two 

detachment layers of Permian Zechstein and Upper Triassic Group utilizing 

two different phases of extension under the influence of thin skinned 

deformation.  

 This research work has shown that the Upper Triassic detachment layer has 

played a significant role in the formation of the garben and Lower Triassic 

Separation Zones. And also assisted in detaching faults in the Upper 

Jurassic thus making a distinction between the two extension events 

observed in the study areas. 

 Based on the observation of the fault patterns and extension direction, the 

research has established the existence of NE-SW extension during the 

Triassic which is orthogonal to the extension direction of Jurassic Period E-

W which produces faults with ENE orientations. Extension during the 

Jurassic is oblique in direction relative to the Triassic extension.  The 

Jurassic extension direction in this area is inferred to be largely E–W, 

supporting the models of Roberts et al. (1995).   

 The research has also shown that the term Triassic-Jurassic extension 

previously used to describe extension in the Mesozoic be better described 

as two separate events. 
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7.4 Fault development 

The use of T-x plot, throw profiles and L-d profile illustrates that the graben 

bounding faults initiate as a single fault segment that propagate upward and 

formed a linked fault system through its growth history. Points of displacement 

minima along the fault length –throw profile, suggests linkage zones. The presence 

of detachment units in the post salt section and the results of the T-x plots for both 

the Guinevere and Camelot fields suggest that the graben bounding faults have 

different depth of nucleation separated by a detachment unit between the Jurassic 

and Triassic stratigraphic units.  

 

The presence of single faults and segmented faults systems that eventually inked 

up through its growth history, suggests that coherent and isolated fault models can 

co-exist together.  The high fault tip gradient recorded by the faults BLF and LLF in 

both fields suggests that the faults have undergone tip propagation with restricted 

growth which allows the increase in fault throw in relation to fault length. These tip 

restriction occurs partially due to change in lithology within stratigraphic units or 

interaction with another fault 

 

7.5 Future Research 

In order to gain a better understanding of the Tectonic evolution of the Southern 

North Sea and evolution of the graben system and their associated Lower Triassic 

Separation Zones a more detailed and focused research in the area is required. 

These include:- 

1. Collection of detailed well data is required to enable accurate determination 

of the each stratigraphic unit so as to produce more precise interpretation 

for the stratigraphic unit. This will enable basis for determining structural 

evolution of the area. 

2. Regional 2D seismic lines are required to correlate the graben structure 

within the study area. This will assists in determining the actual size and 

extent of the grabens and their associated bounding faults. 
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3. Velocity and porosity data are required to carry out depth conversion so as 

to have precise thickness and depth to detachment layers  

4. Due to the presence of the multiple phases of extension in the study areas a 

3D restoration is recommended to determine the accurate amount of 

extension in the basin. This requires a depth migrated data. 

5. 3D analogue modelling and 3D numerical modelling are required to in 

investigate strain and stress histories of the basin. This will further confirm 

and provide accurate details of the change in stress regime observed in this 

study.  
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