
 
 

 

 

 

 

 

 

 

 

 

 

Integrated seismic and structural 

interpretation of reactivated fault 

systems in sedimentary basins 

 

 

Abubakar Maunde 
 

 

 

A project thesis submitted to the School of Earth and Environmental 

Sciences, Cardiff University in partial fulfilment of the requirements 

for the award of the degree of Doctor of Philosophy (Ph.D.) in Earth 

Sciences.  

 

 

September, 2021 

 



 
 

Integrated seismic and structural 

interpretation of reactivated fault 

systems in sedimentary basins 

 

 

 

Abubakar Maunde 
(B.sc: Unimaid; M.sc: Leeds) 

 

 

 

 

Ph.D. project sponsored by the Petroleum Technology 

Development Fund (PTDF), Nigeria 

(PTDF/ED/PHD/MA/1328/18) 

 

 

 

 



 

iii 
 

I dedicate this PhD research work to my late father (Alhaji Maunde)  

 

 

 

 

 

 

  

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Dedication 



 

iv 
 

▪ Chapter 4 has been published as Maunde, A. and Alves, T.M. (2020). Impact of 

tectonic raft’s gravitational instability on faut reactivation and geomerty. Journal of 

Structural Geology, 130, 103916. https://doi.org/10.1016/j.jsg.2019.103916.    

 

▪ Chapter 5 has been published as Maunde, A. and Alves, T.M. (2021). Effect of 

tectonic inversion on supra-salt faut geometry and reactivation histories in the 

Southern North Sea. Journal of Marine and Petroleum Geology, 135 (2022) 105401. 

 

▪ Chapter 6 has been published as Maunde, A., Alves, T.M. and Gregory F. M. 

(2021). Shallow fault systems of thrust anticlines responding to changes in 

accretionary prism lithology (Nankai, SE Japan). Tectonophysics, 812, 228888. 

https://doi.org/10.1016/j.tecto.2021.228888.   

 

 

Although the articles are jointly co-authored with the project supervisory team, the 

work presented in the three articles is that of the lead author, Abubakar Maunde. 

Editorial work was provided by the supervisory team in accordance with a normal thesis 

chapter. 

 

 

 

 

 

 

 

 

 

 

Author’s note and status of publications 

https://doi.org/10.1016/j.jsg.2019.103916
https://doi.org/10.1016/j.tecto.2021.228888


 

v 
 

At first, I cannot forget to identify and express my appreciations with all gratitude, 

regards, pleasure, respect and honour, the prayers, support, assistance, and 

encouragement received from my parents and loved ones.  

I would like to acknowledge and express my gratitude with respect, the indispensable 

assistance, guidance, constructive comments, suggestions, encouragement, inspiration, 

technical advice, and ever-present support given with endless persistence and passion 

by my project supervisor Dr. Tiago M. Alves. Gwen Pettigrew is thanked for being 

always available to help with the IT issues in the 3D Seismic Lab and for making the 

Lab conducive environment for research, as well as Covid-19 free. 

Thanks to the 3D seismic labbers and bubble booters for creating a lovely research 

environment in and off the laboratory. Thanks to all the academic and non-academic 

staff of the School of Earth and Environmental Sciences, Cardiff University, for 

creating conducive Covid-19 free research environment and organising seminars and 

poster presentations, as well as weekly well-being coffee.  

I would like to acknowledge and thank the Petroleum Technology Development Fund 

(PTDF), Nigeria, for fully funding this Ph.D. research project. Also, the permission 

conceded by Integrated Ocean Drilling Program (IODP), Haloil and Dr. Tiago M. Alves 

for the use of the dataset included in this Ph.D thesis and published papers. 

Schlumberger is kindly acknowledged for the provision of Petrel® software for seismic 

interpretation. I would like to thank reviewers and editors for their constructive 

comments, suggestions, and feedback on published manuscripts. The British 

Geophysical Association (BGA) and Cardiff University are given a special thanks for 

their Covid-19 financial support. 

Last but not the least, my lovely wife ‘‘Samira (JOJO)’’ your prayers, patient, support, 

thoughtful, self-sacrificing and re-routing of your own life to suit my absence 

throughout this doctorate journey leaves me forever grateful.  You are the best.  

Thank you. 

Acknowledgements 



 

vi 
 

This thesis investigates the impact of tectonic shortening on the reactivation and growth 

histories of normal fault systems from the Espírito Santo Basin (SE Brazil), Broad 

Fourteens Basin (Southern North Sea) and Nankai accretionary prism (SE Japan). In 

the Espírito Santo Basin, 3D seismic data were used to assess the impact of tectonic 

rafting, and associated gravitational instability of the continental slope, on the geometry 

and reactivation histories of faults formed above rollover anticlines. The data showed 

that the complex fault geometries observed above rollover anticlines are primarily due 

to three distinct stages of downslope gravitational instability of tectonic rafts. Stage 1 

(post-Albian to Coniacian) caused the supra-salt strata to fragment into discrete blocks 

of strata (rafts) separated by large listric (roller) faults and associated wide rollover 

anticlines in their hanging-walls. In stage 2 (Early Santonian), the continued evacuation 

of salt from upper-slope regions to the base of the continental slope promoted the 

progressive downslope translation of rafted strata and triggered the reactivation of 

rollover faults in the form of crestal fault systems associated with local extensional 

collapse. Stage 3 (Middle/Late Eocene) caused tectonic rafts to be translated downslope 

until salt welds were formed and post-salt strata became grounded over pre-salt 

successions. The grounding (welding) of tectonic rafts over the pre-salt successions was 

progressive and accompanied by moderate translation of blocks during the Cenozoic. 

Differences in the degree of downslope translation of un-welded rafts further enhanced 

the reactivation of rollover faults, a phenomenon that promoted the migration of 

hydrocarbons from welded sub-salt source units into supra-salt reservoirs. As a 

corollary, this Chapter shows that tectonically generated pulses of compression and 

uplift, commonly related to the Andean Orogeny, are not the only mechanisms 

deforming post-salt overburden units in proximal extensional dominated regions of the 

southeast Brazilian margin. In fact, the close control of tectonic rafts gravitational 

instability induced a continuum of overburden deformation and contributed 

significantly to shaping the supra-salt overburden in the Espírito Santo Basin. 

In the Broad Fourteens Basin, 3D seismic and borehole datasets were used to investigate 

the effect of lithological variations on fault-throw distribution and segmentation, as well 

as on the geometry and reactivation histories of faults developed due to tectonic 

inversion.  It was shown that the Late Cretaceous to Paleogene tectonic inversion 
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affecting the Broad Fourteens Basin induced a continuum of deformation and 

contributed significantly to the formation and subsequent reactivation of Late Mesozoic 

faults. Late Cretaceous inversion (i.e., the Sub-Hercynian inversion episode) led to the 

formation of broad anticlines associated with normal faults in Upper Mesozoic strata. 

The progressive bending and stretching of outer-arc Mesozoic strata during the Early 

Paleocene inversion episode (i.e., Laramide episode) reactivated the older Sub-

Hercynian faults. In a last stage, the Pyrenean (Oligocene) and Savian (Miocene) 

inversion episodes reactivated some of these faults upward into Tertiary strata.  

Offshore Nankai (SE Japan), 3D pre-stack depth migrated seismic data were used to 

analyse the geometry and growth of shallow faults associated with tectonic shortening 

in prominent thrust anticlines. These thrust anticlines show a trenchward increase in 

horizontal shortening and deform the seafloor at present in response to plate subduction 

off Nankai. It was shown that the presence of closely spaced vertically segmented fault 

arrays at shallow stratigraphic levels - with relatively small local throw maxima - relate 

to the existence of more incompetent (soft) intervals blanketing the Nankai accretionary 

prism. These shallow fault geometries accommodate a significant part of the bending 

and stretching strain occurring during the development of thrust anticlines and 

subsequent local stress redistribution during seismic events. 

The anomalous vertical fault throw distributions documented in the three study areas in 

this thesis are inconsistent with models of fault growth by uniform slip distribution and 

radial tip-line propagation. It is concluded that fault reactivation and growth by segment 

dip-linkages characterised the evolution and growth of all the faults interpreted in the 

three study areas. Where two separate faults with local throw maxima propagate 

towards each other and linked in throw-minimum in the throw-depth (T-Z) profiles. 

Fault segments with local throw maxima in the throw-depth (T-Z) profiles are early-

stage fault segments and represent regions where faults localise first in competent 

intervals. Each segment of these early-stage faults propagates outwards until they 

encounter other fault strands and link together. Linkage points are located where local 

throw minima are recorded in less competent intervals.  Consequently, the propagation 

of slip from fault segments (with local throw maxima) in the competent intervals into 

the incompetent intervals resulted into vertically segmented fault arrays. Vertical fault 

segmentation increases the chances of strata compartmentalisation and localised fluid 
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flow through fault linkages, at the same time presenting significant risks when injecting 

CO2 in subsurface traps.  
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1.1. Background and hypotheses of research  

1.1.1. Research background 

Fault reactivation has been described as reflecting the further propagation of a pre-

existing fault (Peacock and Sanderson, 1991; Cowie and Scholz, 1992; Cartwright et 

al., 1995; Holdsworth et al., 1997; Nicol et al., 2005; Walsh et al., 2002; Kim and 

Sanderson, 2005). Such reactivated fault zone represents an important control on fluid 

transport in the crust, affecting all kinds of fluids, including hydrocarbons, CO2 and 

other volatiles, hydrothermal solutions, metamorphic fluids, magma, and ground water. 

The main reason for this is the increased structural complexity found at reactivated fault 

zones, with increased numbers of faults and fractures and a wider range of orientations 

(Peacock and Parfitt, 2002; Fossen et al., 2005).  

Multiple researchers have used seismic data, outcrop data and numerical modelling to 

investigate the reactivation and growth history of tectonic faults, later proposing several 

fault-growth models (Walsh and Watterson, 1988; Peacock and Sanderson, 1991; 

Cowie and Scholz, 1992; Cartwright et al., 1995; Kim et al., 2000; Walsh et al., 2002; 

Kim and Sanderson, 2005). Largely, the published literature demonstrated, or 

suggested, that in the early stages of fault development each fault grows as an isolated 

fault, with subsequent growth continuing through soft linkages between different faults 

and, finally, through hard linkages. This process results in the formation of a large range 
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of fault scales and a saw-like plane on the surface (Fossen, 1997). It is now recognised 

that larger faults are a result of fault-segment linkage associated with propagation in 

both the vertical and horizontal directions (Cartwright et al., 1995; Mansfield and 

Cartwright, 2001; Dawers and Anders, 1995). However, Morley (1999) argued for an 

early linkage of multiple smaller faults, rather than growth following the isolated fault 

model. A supplementary model was presented by Lohr et al. (2008) who demonstrated 

that most faults grow by the linkage of multiple smaller fault segments, whereas tip 

propagation is of relatively minor importance.  

Fault reactivation and growth histories are controlled by multiple variables such as the 

interplay between the local stress field and mechanical stratigraphy. Mechanical 

stratigraphy strongly influences fault reactivation and, especially, the ability of faults 

to reactivate across distinct mechanical intervals, their deformation mechanisms, and 

fault zone architecture (Wilkins and Gross, 2002; Ferrill and Morris, 2008; Welch et 

al., 2009; Childs et al. 2009; Libak et al., 2019). Reactivated faults are often seen to be 

vertically restricted and segmented by mechanically incompetent layers (Childs et al. 

2009; Roche et al., 2013; Maunde et al., 2021). Incompetent layers can act as 

detachments that cause decoupling and prevent the propagation of faults across specific 

intervals. In addition, the locus of deformation can be shifted laterally across the 

incompetent layers (Withjack and Callaway 2000; Bahroudi et al. 2003; Gabrielsen et 

al. 2016). Such a shift in fault position across an incompetent layer can result in vertical 

fault segmentation whereby fault segments can be hard-linked or soft-linked. 

As mechanical differences in distinct strata, or rock interval, control fault reactivation 

and geometries (Peacock and Sanderson, 1991; Gross et al. 1997; Soliva et al. 2005; 
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Ferrill et al. 2017), the relationship between faulting and mechanical stratigraphy can 

be used either to predict fault geometries or, conversely, interpret mechanical 

stratigraphy based on characterisation of the fault geometries (Ferrill and Morris, 2003, 

2008; Ferrill et al., 2017). To better understand the effect of fault reactivation and 

growth histories on fault zone architectures is therefore crucial, as it can provide 

insights into the timing of fault activity, with direct application to hydrocarbon 

migration and sealing of faults in petroleum reservoirs, CO2 reservoirs, and even 

geothermal prospects (McClay, 1990; Caine et al. 1996; Wiprut and Zoback, 2000, 

2002; Cartwright et al., 2007; Ward et al., 2016). 

 

1.1.2. Research hypotheses 

Using high quality 3-D seismic reflection and borehole datasets, detailed mapping of 

stratigraphic horizons, fault geometries and vertical component of dip separation 

(throw) characterises the effect of distinct magnitudes of tectonic shortening on the 

reactivation and growth histories of normal faults in three study areas: i) a salt-

withdrawal basin from the Espírito Santo Basin, SE Brazil, ii) a tectonically inverted 

basin in the Broad Fourteens Basin, offshore The Netherlands (Southern North Sea), 

and iii) a tectonically subducted basin in the SE Japan (i.e. the Nankai accretionary 

prism).  Consequently, this thesis aims to test the following research hypotheses: 

a. Downslope gravitational instability of tectonic rafts induced crustal shortening 

of overburden rocks and enhanced the reactivation of pre-existing faults in 

crestal collapse systems of rollover anticlines, a process favouring the 

migration of hydrocarbons from welded sub-salt source units into supra-salt 

reservoirs. If this hypothesis is true, the whole of the thick, outer-arc region of the 

rollover anticline undergoes extension and associated faults propagate almost to the 
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base of the anticline.  If this hypothesis is false, some reverse faults will be identified 

associate with the crestal collapse of the interpreted rollover anticlines. 

 

b. Tectonic shortening affecting reservoir units promotes the reactivation of pre-

existing faults and potentially allows the secondary migration of hydrocarbons 

into shallower reservoir units, consequently reducing the integrity of traps. If 

true, reactivated segments of pre-existing faults will be identified as offsetting 

shallower reservoir units. If false, reactivated fault segments will be limited to the 

deepest reservoir units and will not reduce the integrity of traps. 

 

c. Mechanical stratigraphy strongly influences fault localisation and growth 

histories, especially the ability of faults to propagate across mechanical layers, 

their displacement distributions, and overall fault zone architecture. If this 

hypothesis is true, systems of vertically segmented faults will be identified whereby 

fault segments with local throw minima in incompetent (ductile) intervals are linked 

to pre-existing fault segments with local throw maxima in competent (brittle) 

intervals. If false, no significant segmentation in fault throw will be observed as 

faults propagate through multilayer sequences. 

The following section comprises a literature review of the relevant topics studied in this 

thesis, describing reactivation and growth of normal faults through mechanically 

layered sequence and salt tectonics. 

  

1.2. Mechanical stratigraphy and faulting 

The term ‘mechanical stratigraphy’ encompasses the rock mechanical properties, layer 

thickness, and frictional properties of mechanical boundaries (Groshong, 2006; Ferrill 

and Morris, 2008; Laubach et al., 2009; Ferrill et al., 2017). Together, these components 
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lead to variations in stiffness and strength in layered sedimentary rocks (Ferrill et al., 

2017). Differences in the mechanical behaviour of rock layers have long been 

recognized as influencing structural style related to normal faulting (Forster, 1809, 

1821; Wallace, 1861).  

In mechanical stratigraphic studies, the terms strong vs. weak, stiff vs. compliant, hard 

vs soft, or competent vs. incompetent provide a conceptual framework for structural 

interpretations and descriptions, but they are inherently qualitative and interpretative 

(Ferrill and Groshong, 1993; Ferrill and Morris, 2008; Ferrill et al., 2017). In strong, 

stiff, or competent lithologies, rocks tend to resist deformation, maintain bed length and 

thickness during deformation, accommodate little deformation before brittle failure or 

have low ductility. In contrast, weak, soft, or incompetent lithologies tend to deform 

relatively easily, change bed length and thickness during deformation, accommodate 

significant deformation prior to brittle failure or have high ductility (Ferrill and Morris, 

2008; Ferrill et al., 2017).  

There is a number of variables capable of controlling the competence of sedimentary 

rocks; mineralogy, porosity, grain size and texture, confining pressure, temperature, 

and pore pressure. Mineralogically, the strongest constituents in sedimentary rocks 

generally include calcite, dolomite and quartz, whereas the weakest constituents are 

likely to be clay minerals, organic carbon and evaporite minerals such as salt, gypsum, 

or anhydrite (Donath, 1970). Strength can be highly sensitive to the proportion of clay 

minerals in rock (Laubach et al., 2009). Importantly, rock strength tends to increase 

with increasing cementation, compaction, welding, and with decreasing porosity (Dunn 

et al., 1973; Chang et al., 2006; Zoback, 2007).  
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Porosity plays a vital role in controlling the competence of sedimentary rocks (Davis et 

al., 2017). Porous rocks are usually less competent than non-porous rocks, even when 

dealing with similar lithologies (Chang et al., 2006). Porous rocks tend to deform via 

different deformation mechanisms to form non-porous rocks, since porous rock grains 

can reorganize themselves by translating and rotating without recording any cataclasis 

(Torabi and Zarifi, 2013). In the upper 2-3 km of the crust, the mechanical properties 

of clays are primarily controlled by mechanical compaction; hence, most claystones 

tend to be incompetent at these burial depths (Mondol et al., 2007). Below a depth of 

2-3 km some clay types are chemically altered, which causes an increase in the 

competence of the rock depending on the type of the clay (Peltonen et al., 2009). Thus, 

porosity generally decreases at greater burial depths and, therefore, mineralogy and 

rock texture become the main variables controlling rock strength. 

Sandstones are more prone to alteration by fluids than clays, due to higher permeability. 

The physical properties of shallow-buried sandstones are primarily controlled by 

mechanical compaction, although calcite cementation can occur even in shallow depths 

(Morad, 1998). At deeper burial depths (i.e., greater than 2 km) the porosity reduction 

is primarily caused by cementation, turning the incompetent sandstone into competent 

rocks (Stone and Siever, 1996). Carbonate rocks are normally considered as competent 

rocks. However, carbonates also behave as sandstones whereby porous rocks are 

relatively incompetent and low-porosity rocks are more competent (Ferrill et al., 2017). 

Carbonates are much more prone to alteration by diagenesis than siliciclastic rocks, and 

pore type strongly controls their elastic properties (Eberli et al., 2003).  

Sedimentary sequences experience significant mechanical property changes related to 

their diagenetic histories (Laubach et al., 2009). Such changes can lead to strengthening 

the rock mass through mechanical compaction (porosity loss) and cementation and 
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increasing the frictional resistance to sliding of layer boundaries by pressure solution 

and the development of stylolitic contacts (Ferrill et al., 2017). However, unloading, 

weathering, thermal contraction, freezing, drying, and changes in the amount, phase, or 

composition of fluid in the rock can all influence rock strength characteristics (Ferrill 

et al., 2017).  

In layered sedimentary rocks the interplay between the local stress field and mechanical 

stratigraphy of the host rock has been found to influence a rock’s failure mode (Ferrill 

and Morris, 2003, 2008; Ferrill et al., 2012, 2014), fault nucleation and propagation 

(Eisenstadt and DePaor, 1987; Ferrill and Morris, 2008; Welch et al., 2009), fault dip 

geometry (Walsh and Watterson, 1988; Peacock and Sanderson, 1992; Childs et al., 

1996; Ferrill and Morris, 2003; Ferrill et al., 2012, 2014), fault displacement gradient 

(Welch et al., 2009; Ferrill et al., 2011, 2012, 2016), displacement partitioning (Ferrill 

et al., 2011, 2016), and fault zone width (Childs et al., 1996; Ferrill et al., 2007, 2012).  

 

1.2.1. Modes of rock failure 

The failure, or yielding, of geologic materials is defined as the rapid increase in the 

accumulation of strain for a given increase in applied stress and is preceded by some 

amount of pre-failure strain (Ferrill et al., 2017). The failure mode is directly related to 

rock mechanical properties and the effective stress conditions affecting a volume of 

rock at the time of failure (Ferrill and Morris, 2003; Ferrill et al., 2017). Failure 
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envelopes are commonly used to summarise failure behaviour for a single rock type 

under a range of effective stress conditions (Hoek and Brown, 1988) (Fig. 1.1).  

Studies have shown that brittle rocks can fail in opening, shearing or hybrid modes 

(Hancock, 1985; Ferrill and Morris, 2003) (Fig. 1.1). Tensile and shear failure modes 

are both common in the upper crust (Mandl et al., 1977; Price and Cosgrove, 1990; 

Mandl, 2005) and the transition from tensile to shear failure (for a similar material) 

occurs with an increase in effective mean stress. Kettermann and Urai (2015) defined 

two structural domains with a characteristic structural style: extensional failure with 

open fractures at low overburden pressures, and shear failure at higher overburden 

pressures. These represent end-members with robust structural styles that will not 

change by increasing or decreasing overburden pressure any further. There is no sharp 

boundary between these end-members. Instead a continuous transformation from 

tensile to shear failure occurs, which Kettermann and Urai (2015) referred to as hybrid 

failure (Fig. 1.1c). 

 

1.2.1.1. Tensile failure 

In tensile, opening-mode, or extension fractures (i.e., joints, veins), the displacement is 

perpendicular to the fracture surface (Figs. 1.1a). Such extensional fractures form 

perpendicularly to the minimum principal stress, σ3, and have a sense of displacement 

that is characterised by fracture opening normal to its walls, with no appreciable 

movement parallel to these same walls (shear) (Fig. 1.1a). 
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Fig. 1.1. Schematic illustration representing the Mohr-Coulomb 

failure criterion with respect to a normal faulting stress regime for 

a) tensile, b) hybrid and c) shear failure. In the figure, σ1, σ2 and σ3 

represent the maximum, intermediate and minimum principal 

effective stresses. Modified from Kettermann and Urai (2015). 
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1.2.1.2. Shear failure 

The failure mechanism that is predominantly associated with fault formation is shear 

failure, which characterized by formation of a fracture surface with displacement 

parallel to the plane of the fracture (Hancock, 1985; Hoek and Brown, 1988; Mandl, 

1988) (Figs. 1.1c and 1.2a). This shear failure surface commonly shows slip lineations 

or slickenlines that are parallel the direction of fault displacement. 

Anderson (1951) described the relationships between distinct fault planes and the 

corresponding stresses acting perpendicular to each other, with one stress direction 

always near vertical (σv) while the other two directions are horizontal (σH > σh). The 

orientation of each principal stress relates to the type of fault produced (Fig. 1.2). This 

leads to a prediction of the three most common fault types and their dips; normal, 

reverse and strike-slip faults (Fig. 1.2). A fault is termed normal or reverse based on the 

relative displacement of its hanging-wall with respect to the footwall. For a normal 

fault, the hanging-wall is displaced downwards with respect to the footwall (Fig. 1.2a), 

whereas in reverse faults the hanging-wall is displaced upwards with respect to the 

footwall (Fig. 1.2c). Normal faults typically dip ~60°, reverse faults average ~30°, and 

strike-slip faults are sub-vertical (Anderson, 1951). 

Using the typical ‘Andersonian model’ in faults recording normal displacements (see 

Fig. 1.2a), the maximum principal stress (σ1) is vertical, whereas the minimum principal 

stress (σ3) is horizontal. Therefore, an intermediate principal stress (σ2) can be inferred 

as being parallel to the fault plane (Figs. 1.1c and 1.2a). In reverse or thrust faults, the 

maximum principal stress (σ1) is horizontal and the minimum principal stress (σ3) is 

vertical. The intermediate stress (σ2) is again horizontal, parallel to the strike of the fault 

plane (Fig. 1.2c). In strike-slip faults, both the maximum principal stress (σ1) and 
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minimum principal stress (σ3) are roughly horizontal, indicating that the intermediate 

stress (σ2) is the vertical stress axis (Anderson, 1951) (Fig. 1.2b).  

The transition between extension (tensile) failure and shear failure (i.e. Hybrid failure) 

has long been hypothesised, but its existence in naturally deformed rocks remained 

controversial (Hancock, 1985; Mandl, 1988). Recent work indicates that induced 

hydraulic fracturing can produce hybrid failure and associated shear and tensile 

fractures (Busetti et al., 2014; Smart et al., 2014) (Fig. 1.1b). Hancock (1985) described 

how failure mode is closely related to the differential stress, σd (i.e., difference between 

maximum principal stress (σ1) and minimum principal stress (σ3) at the time of failure, 

and the tensile strength (T) of the rock. Tensile fractures are expected to form where σd 

< 4T, whereas shear fractures are expected to form where σd > 8T. Finally, hybrid 

fractures are expected to form under conditions where 4T < σd < 8T (Hancock, 1985).  

 

1.2.2. Fault nucleation 

The analysis of pre-failure strain for a variety of common sedimentary rock types 

demonstrates significant changes in ductility as a function of confining pressure and 

rock type (Handin and Hager, 1957; Donath, 1970). Incompetent lithologies (e.g., clay-

rich strata, shales) can accommodate greater amounts of pre-failure strain when 

compared to competent lithologies (i.e., clay-poor strata, limestones or dolomites) 

under the same conditions of deformation (Ferrill and Morris, 2008; Donath, 1970) 

(Fig. 1.3a).  

Experimental studies demonstrate that, as strain accumulates in a mechanically layered 

sedimentary section, brittle layers will fault first whereas ductile layers accommodate 

greater pre-failure strain prior to faulting (Donath, 1970; Ferrill and Morris, 2003, -
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Fig. 1.2. Fault classification and orientations at the surface of the earth predicted from Andersonian stress theory, a) normal fault, b) strike-slip 

fault and c) thrust fault. Where σ1, σ2 and σ3 represent the maximum, intermediate and minimum principal effective stresses. 
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2008; Welch et al., 2009; Ferrill et al., 2012) (Fig. 1.3b). Thus, faults are expected to 

nucleate first in more competent layers with throw maxima, and field investigations and 

this study show this to be the case (Eisenstadt and DePaor, 1987; Ferrill et al., 2012, 

2016).  

 
1.2.3. Fault reactivation  

Fault reactivation has been described as reflecting the further propagation of pre-

existing faults (Cartwright et al., 1995; Mansfield and Cartwright, 2001; Baudon and 

Cartwright, 2008). The ability for a fault to repeatedly reactivate is sensitive to its 

orientation with respect to the stress field, and to the mechanical properties of the fault 

surface or zone itself, including the cohesion and coefficient of friction that hinder slip 

on the fault (Ferrill et al., 2017). For a fault to reactivate, the applied shear stress (τ) 

must exceed the cohesive strength of the material (S) plus the frictional resistance to 

sliding (μ) and resolved normal stress (σn) on the fault surface (Price, 1966), as 

expressed by Equation 1.1: 

 

𝜏 = 𝑆 + 𝜇. 𝜎𝑛                                                                                                           Equation 1.1  

 

Therefore, reactivation tendency (Tr) is the ratio of resolved shear and normal stresses 

acting on a surface (Equation 1.2) (Morris et al., 1996): 

 

𝑇𝑟 =
𝜏

𝜎𝑛
                                                                                                                   Equation 1.2 
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Fig. 1.3. (a) Graph of percent strain before faulting (ductility) versus confining pressure for a range of common rock types, 

including lithologies common in carbonate rock sequences (from Ferrill and Morris, 2008; Donath, 1970), b) Stress versus strain 

curves for brittle and ductile rocks illustrating the lower strain at faulting in brittle rocks versus that for faulting in more ductile 

rocks (from Ferrill et al., 2017). 



Chapter 1: Introduction and Literature Review 

 

16 
 

For faults and fractures, reactivation is likely to occur on a surface when the resolved 

shear stress (τ) on that surface equals or exceeds the frictional resistance to sliding 

(Ferrill et al., 2017). 

The coefficient of static friction (μ) is the value of reactivation tendency (Tr) at which 

slip occurs on a cohesionless surface and is often referred to as the fault “strength” in 

earthquake focal mechanism analysis (Harmsen,1994). According to Byerlee (1978) 

the coefficient of static friction for most crustal conditions is 0.6-0.85, so faults with Tr 

≥0.6 record a reactivation tendency that equals or exceeds the commonly assumed 

coefficient of friction of 0.6 and, therefore, can be considered poised for reactivation or 

critically stressed (Zoback, 2007).  

 

1.2.4. Fault propagation  

Faults that first nucleated within a competent mechanical layer may propagate up- and 

down-dip until they encounter weaker mechanical layers, in which they may become 

arrested (Ferrill et al., 2017). In turn, incompetent layers may act as detachments 

causing decoupling of propagating faults from other layers and resulting in a preferable 

horizontal propagation for faults rather than favouring their vertical propagation 

(Pascoe et al., 1999; Withjack and Callaway, 2000; Richardson et al., 2005).  

Experimental studies corroborate the concepts above, proving that incompetent layers 

can act as detachments that cause decoupling and prevent the propagation of faults 

across these layers, or intervals in which the locus of deformation can be shifted 

laterally across incompetent layers (Withjack and Callaway, 2000; Bahroudi et al., 

2003; Gabrielsen et al., 2016). Such a shift in fault position across an incompetent layer 

can result in vertical fault segmentation where the fault segments can be hard- or soft-
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linked (Mansfield and Cartwright, 1996; Tvedt et al., 2013; Libak et al., 2019) (Fig. 

1.4). 

 

1.2.5. Geometry of fault dip 

In mechanically layered sedimentary rocks, normal faults commonly show changes in 

dip that are visible in cross-section (Peacock and Sanderson, 1991; Ferrill et al., 1998, 

2000; Peacock and Zhang, 1993; Childs et al., 1996; Ferrill et al., 2017). These changes 

in dip can be caused by various mechanisms, including; a) differential compaction of 

sedimentary layers after fault formation (Xiao and Suppe, 1989), b) active fault 

deformation by slip or shear along layers or intersecting faults (Ferrill et al., 1998, 

2000), c) linkage of an originally vertically segmented fault (Peacock and Zhang, 1993; 

Childs et al., 1996; Mansfield and Cartwright, 1996), and d) fault initiation with failure 

angles controlled by rock mechanical properties and effective stresses at the time of 

failure (Mandl, 1988; Peacock and Sanderson, 1992; Ferrill and Morris, 2003). 

In relatively massive or homogeneous strata, faults are expected to develop following 

a consistent shear failure angle, a character resulting in consistent fault dips (Ferrill et 

al., 2017). However, faults that propagate through mechanically layered sections 

commonly have variable dips that can be related to the mechanical properties of the 

layers they propagated into (Peacock and Sanderson, 1991; Ferrill et al., 2017). These 

fault geometries, akin to refraction processes, are defined by steeper hybrid or shear 

failure segments in competent/strong layers and more gently dipping shear failure 

segments in less competent/weak layers (Peacock and Sanderson, 1991; Peacock, 2002; 

Ferrill and Morris, 2003; Ferrill et al., 2012, 2014; Kettermann and Urai, 2015) (Fig. 

1.5a). 
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Fig. 1.4. a) Schematic model depicting the progressive evolution of a normal fault 

dominated by the dip linkage direction between two initially isolated fault segments. 

a) Faults nucleate first in more competent intervals, b) Each segment of these early-

stage faults accumulates higher displacement and propagates outwards until they 

encounter other fault strands and soft link together in incompetent intervals, c) The 

soft linked segments rapidly accumulate displacement and hard-linked together. 
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Such differences in fault dip along a fault segment can locally lead to fault refraction 

that causes extensional (dilatational jogs) or contractional overlaps or relays (Peacock 

and Sanderson, 1991; Ferrill et al., 2017). Hence, slip along more gently dipping normal 

fault segments commonly results in the dilation of steep fault segments (Fig. 1.5b,c). 

Dilation of steep segments of refracted faults allows (and localises) fluid flow (Ferrill 

et al., 1999; Holland et al., 2006) and can also host economic mineral deposits 

(Dunham, 1988). 

 

1.3. Fault propagation and growth modes 

Research work has been carried out in the last few decades to investigate fault 

propagation and growth, revealing marked increases in the length, displacement and 

area of a fault, from the initial locus of fracture nucleation towards fully developed fault 

segments (Segall and Pollard, 1983; Walsh and Watterson, 1987). A number of fault 

growth models have been proposed by different authors, among which two end-

members of fault growth models have predominantly been accepted by the scientific 

community: ‘isolated’ and ‘coherent’ (Cartwright et al., 1995; Cowie and Scholz, 1992; 

Cartwright et al., 2000; Jackson and Larsen, 2009; McLeod et al., 2000).  

An early fault growth model was also proposed to explain the formation of ‘ideal’ blind 

faults that propagate in a radial direction, recording minimum migration of maximum 

displacement location(s) (Barnett et al., 1987) (Fig. 1.6). As argued by Lohr et al. 

(2008), faults grow most effectively by the coalescence of several smaller faults, 

whereas tip propagation is only of minor importance. Also, it is argued that the 

formation of a large fault is controlled by several small existing fault segments rather 

than a large fault created immediately (Sibson, 1985). 
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Fig. 1.5. Block diagrams illustrating fault refraction 

geometry formed by shear failure in weak layers and hybrid 

failure in strong layers. Slip parallel to moderate dip fault 

segments in weak layers causes dilation of steep segments 

through strong layers (from Ferrill et al., 2014; Ferrill et al., 

2017) 
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Other researchers indicate that mature faults are often a result of fault-segment linkage 

(Lohr et al., 2008; Cowie et al., 2000; Cartwright et al., 1995; Stewart et al., 1997). 

Significantly, in all these models fault reactivation processes are thought to be an 

important parameter controlling fault growth (Walsh et al., 2002). 

 

1.3.1. Relevant terminology 

▪ Fault length: For structures resolved on seismic data, fault length refers to the 

longest horizontal or sub-horizontal dimension along a fault plane (Kim and 

Sanderson, 2005). For faults that are measured in the field, fault length refers to the 

longest trace of a fault that is exposed at the surface.  

▪ Fault throw: The throw of faults, as observed on seismic or field data, is the vertical 

component of dip separation between correlative hanging-wall and footwall 

reflections. It is usually measured in seconds or metres. Fault throw decreases to 

zero towards the lateral-tip loops of an ellipse (fault surface) and increases to a 

maximum (Dmax) close to the centre of a fault (Childs et al., 2003; Cowie and 

Scholz, 1992, Kim and Sanderson, 2005; Walsh and Watterson, 1988). 

▪ Sampling point: Comprises the exact point, along the ‘trace length’ of faults, at 

which the throw values are measured; either at its maximum value, or its relative 

value across a fault surface, i.e. relative to depth along a fault surface. 

▪ Sampling interval: Mathematically, the sampling interval in throw-distance (T-x) 

and throw-depth (T-z) plots is the distance, time, or depth, at which distinct throw 

measurements are acquired and recorded. These measurements are obtained along 

the ‘trace length’ of a fault and may record strong aliasing due to limited horizontal 

resolution in seismic data, data decimation (shot-point spacing), or poor-quality 
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imaging. The sampling interval can also be an important source of inaccuracy in 

field data if fault throws are sampled at too coarse an interval (Tao and Alves, 2019). 

▪ Throw-distance (T-x) plots: T-x plots comprise systematic measurements of throw 

along the full length of resolved faults on structural maps, seismic data, or outcrops; 

the ‘trace length in map view’ as defined by Kim and Sanderson (2005). Maximum 

throw is measured along the strikes of normal faults or, preferably, interpreters 

should acquire throw-depth (T-z) data along the fully resolved length of faults in 

order to compile T-z plots (Baudon and Cartwright, 2008; Tao and Alves, 2019). 

▪ Throw-Depth (T-z) plots: T-z plots comprise systematic measurements of throw 

along fault dips that are completed across the trace of faults by comparing the 

relative depth of correlative reflections across these same faults (Baudon and 

Cartwright, 2008). They provide a record, at depth, of throw variations across a fault 

surface, from its upper to lower tips.  

 

1.3.2. Scaling laws  

The apparent scaling of fault dimensions has principally been used to corroborate the 

fault growth model favouring radial propagation (Fig. 1.6). This model takes into 

acount an idealised blind fault with dimensions that increase proportionally to the 

elliptical slip events (Cartwright et al., 1995; Cowie and Scholz, 1992; Walsh and 

Watterson, 1988) (Fig. 1.6). The relationship between the maximum cumulative 

displacement on a fault (Dmax) and the maximum linear trace length (L) is expressed by 

Equation 1.3. 
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𝐷𝑚𝑎𝑥 = 𝑐 ∗ L𝑛                                                                                                         Equation 1.3   

 

        

Where c is an expression of fault displacement at unit length. For a linear scaling (i.e., 

n = 1), c is simple the ratio dmax/L ‘‘Kim and Sanderson, 2005’’. The exponent n varies 

from 0.5 to 2 (Walsh and Watterson, 1988; Cowie and Scholz, 1992, Scholz et al., 1993; 

Dawers et al., 1993; Fossen and Hesthammer, 1997). An exponent of 1 indicates a linear 

scaling law for fault dimensions, and n≠1 reflects a scale-dependent fault geometry. 

This scale-dependent relationship often relates to distinct fault-slip events (Cowie and 

Scholz, 1992). 

Significant data scattering is observed when discrete datasets are used and compared, 

often leading to misinterpretations of scale relationships between faults (Cowie and 

Scholz, 1992; Kim and Sanderson, 2005; Torabi and Berg, 2011) (Fig. 1.7). As noted 

by Kim and Sanderson (2005), data resolution, sampling effects, tectonic setting history 

and host lithology of interpreted faults can differ even for those faults formed under the 

same tectonic setting (Kim and Sanderson, 2005). Factors that can contribute to 

scattering in fault-scale relationships include: 

a) Heterogeneous lithology in host rocks along the fault trace (Scholz et al., 1993; 

Cowie and Scholz, 1992);  
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Fig. 1.6. (a) Diagram to illustrate displacement distribution on an elliptical fault 

surface of length (L) and height (H); the density of shading increases with 

increasing displacement towards centre of fault. The fault intersects the upper 

surface of the block along line A-B. (b) Displacement (d)-distance (x) plot of fault 

trace along line A-B (Barnett et al., 1987) 
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Fig. 1.7. (a) Compilation of previously published maximum displacement (dmax) vs. 

fault length (L) for normal fault. SS-sandstones; LS-limestones; and SH-shale. 

Figure from Kim and Sanderson (2005). 
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b) Incoherent sampling methods and measuring errors during fault growth analyses 

(e.g, Walsh and Watterson, 1988; Torabi et al., 2011; Tao and Alves, 2019);  

c) Lithological and mechanical barriers hindering fault growth (Kim and Sanderson, 

2005; Schultz and Fossen, 2002);  

d) Fault segment-linkage and reactivation (Cartwright et al., 1995; Peacock and 

Sanderson, 1991; Dawers and Anders, 1995; Kim and Sanderson, 2005). 

e) Complex and variable earthquake rupture and slip/propagation histories of faults 

(Kim and Sanderson, 2005).  

 
1.3.2.1. Effects of sampling intervals on fault-growth analyses 

This section summarises the effect of sampling intervals on throw-distance (T-x) plots 

(Fig. 1.8). For the discrete, isolated fault growth model, one fault segment can always 

be identified for all sampling intervals represented in Figure 1.8a. However, the 

geometry of the fault changes significantly when the sampling interval increases (e.g., 

Tao and Alves, 2019).  

The maximum throw curve (T) shows an arching top with a sampling interval of 12.5m, 

37.5m and 62.5m (e.g., Tao and Alves, 2019) (Fig. 1.8a1, a2 and a3). The details shown 

in Figures 1.8a4 and 1.8a5 are lost when sampling intervals are significantly larger. The 

apex of the fault (maximum throw point) also changes (Fig. 1.8a4). For the discrete, 

isolated fault growth, a maximum sampling interval of 62.5m is regarded as necessary 

to obtain accurate T-x plots (Fig. 1.8a3), i.e. reflecting accurate fault geometries without 

losing significant detail. For the coherent fault growth, the T-x plots at minimum 

sampling intervals identify five (5) distinct segments (Fig. 1.8b1). Important detail is 

lost in fault segment 1 when the sampling interval increases, in effect masking 

significant areas where fault overlap occurs (Tao and Alves, 2019) (Fig. 1.8b3). When 
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the sampling interval further increases, linkage zones between segments 1 and 2, and 

segments 2 and 3, are represented by only one minimum throw point. The width and 

geometry of the fault zone are significantly changed (Fig. 1.8b4). With these sampling 

intervals, maximum throw values are underestimated and fault segment 5 becomes 

unrecognisable (Tao and Alves, 2019) (Fig. 1.8b4). When the sampling interval further 

increases, only two fault segments can be identified in the T-x plot, while its maximum 

throw value is underestimated (Fig. 1.8b6). A minimum sampling interval is required 

to accurately resolve distinct segments (Fig. 1.8b2). 

In summary, sampling interval has a significant effect on fault growth analysis in the 

regions where fault segments are linked (Fig. 1.8). When increasingly coarse sampling 

intervals are used to compile T-x plots, the following effects are recognised: a) fault 

geometry is significantly changed, b) maximum throws are underestimated, c) fault 

segmentation is lost on close analysis, d) the geometry of fault linkage points is 

changed, e) the width of fault linkage zones is underestimated, and f) fault interaction 

zones (relay ramps, fault stepovers, hard linkage points) are lost (Tao and Alves, 2019) 

(Fig. 1.8).   

 

1.3.3. Isolated and coherent fault growth models 

Overlapping, interacting, and linking fault segments have been observed in numbers of 

studies. Two end-members in the literature, differentiating fault growth histories 

according to whether fault segments are kinematic related or not, are the ‘isolated’ and 

‘coherent’ fault models (Walsh et al., 2003). 
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Fig. 1.8. Throw-distance plots highliting the effects of sampling intervals on 

fault growth analysis. a) For isolated fault growth, b) coherent fault growth 

(From Tao and Alves, 2019). 
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The isolated fault model is supported by multiple authors as explaining fault growth 

under the assumption that tip lines of fault propagate radially outwards with maximum 

displacement at the centre (Cartwright et al., 1995; Dawers and Anders, 1995; 

Mansfield and Cartwright, 1996; Peacock and Sanderson, 1991). However, as high-

quality 3D seismic data becomes increasingly available, out-of-plane fault propagation 

models have been increasingly suggested as reflecting coherent fault models (Fig. 1.9). 

With the coherent fault model, fault segments initiate, propagate, and develop as part 

of a spatially, kinematically and mechanically organised fault array (Walsh et al., 2003).  

Hard-linked or soft-linked faults can be formed during their propagation either by 

surface bifurcation or by the stepping of initial fault segments (Walsh et al., 2003) (Fig. 

1.9). In the ‘isolated fault’ model, fault propagation is not hindered by other faults, in 

contrast with the coherent fault growth model in which fault propagation is closely 

associated with the growth of adjacent fault segments (Fig. 1.9). Throw-distance 

profiles for coherent fault growth will therefore show a coherent profile, which will be 

variable for ‘isolated’ faults (Tao and Alves, 2016; 2019).  

1.3.3.1. Fault growth via radial propagation 

Fault propagation refers to an increase in fault length and displacement from their initial 

nucleation point (Segall et al., 1983; Walsh and Watterson, 1987). An ideal blind fault, 

not reaching nor offsetting the surface, is often characterised by a maximum throw 

value at the centre of the fault plane, progressively diminishing towards its fault tips 

(Barnett et al., 1987) (Fig. 1.6). The propagation of an idealised blind fault, developed 

in a mechanical homogeneous medium, often follows a radial direction, and presents 

an elliptical fault plane geometry (Barnett et al., 1987) (Fig. 1.6). The depth in which 



Chapter 1: Introduction and Literature Review 

 

30 
 

the maximum displacement values are recorded often indicates the initial point of fault 

nucleation. 

1.3.3.2. Fault growth via segment linkage 

Most of the Earth’s upper crust comprises brittle rocks with multiple heterogeneities - 

complex faults resulting from the coalescence of distinct fault segments (Segall and 

Pollard, 1980; Walsh and Watterson, 1991; Mansfield and Cartwright, 1996; Kim and 

Sanderson, 2005). Faults developed in sedimentary basins often cover a wide range of 

scales, from centimetres to tens of kilometres, even when formed under the same 

tectonic setting (Granier, 1985; Pollard and Aydin, 1984; Tao and Alves, 2016). 

Segmented faults can result in a general scattering of displacement-length data, making 

any single scaling law hard to be applied in a specific area, or when comparing distinct 

regions (Mansfield and Cartwright, 1996; Bürgmann et al., 1994; Cartwright et al., 

1995; Childs et al., 1995; Peacock and Sanderson, 1991; Willemse et al., 1996). 

Fault growth by segment linkage can be classified into two modes according to the 

observed linkage directions: a) lateral tip linkage, and b) dip linkage (Mansfield and 

Cartwright, 1996; Baudon and Cartwright, 2008). Faults linking at their lateral tips were 

initially observed in thrust faults, where the nucleation of fault segments can be 

recognised by displacement maxima and minima at the point of fault linkage (Ellis and 

Dunlap, 1988; Kim and Sanderson, 2005) (Fig. 1.10). Kinematic analyses for distinct 

normal fault zones revealing displacement variations due to segment linkage, suggest 

that faults show an approximately linear profile by initially developed isolated 

structures (Peacock and Sanderson, 1991). A three-stage model is often proposed to 

explain the growth of faults by lateral tip propagation and linkage (Ellis and Dunlap, 

1988; Peacock and Sanderson, 1991; Kim and Sanderson, 2005) (Fig. 1.10). The first  
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Fig. 1.9. Schematic comparison between the ‘isolated fault’ and the ‘coherent fault’ models. The block diagrams (a, c and d) show 

the growth stages of a segmented fault array (i–iii). The displacement-distance plots b and e are for fault traces on the upper surfaces 

of the block diagrams (bold lines). The coherent fault model is illustrated for hard-linked (c) and soft-linked (d) fault segments. 

Figure modified from Walsh et al. (2003). 
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stage 1 witnesses the formation of distinct isolated faults, with a blind propagation mode 

leading to their coalescence towards each other (soft linkage; stage 2). Eventually, 

lateral fault tips will interact with one another forming effective connections (hard 

links) in breached relay zones (stage 3) or showing no apparent connections between 

distinct fault segments (i.e., soft linkages) (Kim and Sanderson, 2005) (Fig. 1.10). In 

faults that are hard linked, the interaction zones (relay zones) will act as barriers for 

further fault propagation, a character often leading to the accumulation of displacement 

over a constant-length structure in the later stages of fault growth. This phenomenon 

usually results in high displacement/length ratios for hard-linked fault segments. 

Fault-dip linkage refers to the linkage of the upper tip of faults growing in lower 

stratigraphic levels, with the lower tips of shallower faults. This linkage zone is often 

characterised by relay structures that are sub-parallel to the strike of faults (Mansfield 

and Cartwright, 1996) (Fig. 1.11). As the linked faults propagate further as one single 

structure, a progressive destruction of the linkage zone (relay zone) will occur. Yet 

again, this latter phenomenon often results in high displacement/length ratios (Childs 

et al., 1996). With enough data resolution, fault throw minima can be recognised to 

differentiate this mode of fault segment linkage. 

1.3.3.3. Constant-length fault growth model    

A constant fault model has also been proposed in the literature based on the postulate 

that fault length is established rapidly, resulting in essentially constant lengths for much 

of the duration of faults. With further fault propagation, faults can only accumulate- 

displacement in a vertical direction, returning high Dmax/L ratios (Walsh et al., 2002) 

(Fig. 1.12).  
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Fig. 1.10. Fault segmentation and linkage. Faults evolve from isolated faults to 

interacting faults through segment linkage. The ratio of dmax/L increases showing step-

like evolution path. Fault lengths abruptly jump at the stage of segment linkage (Kim and 

Sanderson, 2005). 
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Fig. 1.11. Four-stage, schematic model depicting the progressive evolution of a normal fault dominated 

by the dip linkage direction between two initially isolated fault segments (Mansfield and Cartwright, 

1996) 
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Fig. 1.2. Constant-length model, in which the fault length rapidly increases at 

an early stage of fault growth and then remains constant as displacement 

accumulates. Figure modified from Walsh et al. (2002) 
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1.4 Salt tectonics 

Salt-rich continental margins such as the Gulf of Mexico, North Sea, and the conjugate 

continental margins of southeast Brazil and West Africa are characterised by large-scale 

withdrawal and forward movement of salt units under a sedimentary overburden 

(Demercian et al., 1993; Cramez and Jackson, 2000; Fort et al., 2004; Alves et al., 

2009).  Movement and withdrawal of salt units under prograding deltaic wedges 

triggered gravitational instability capable of deforming post-salt overburden strata to a 

great extent (Jackson et al., 1994). Salt systems often form genetically and 

kinematically linked groups of faulted intervals, diapirs, and welds connecting sub-salt 

and supra-salt strata (Rowan et al., 1999).  

Salt-rich basins occurs under three main geological settings: a) Inter-cratonic basins as 

represented by the Zechstein Super Group of the North Sea (Cameron, 1992; Stewart 

and Coward, 1995), b) syn- and post-rift passive margins such as those developed along 

East Brazil and its conjugate West African margin (Mohriak et al., 2008; Mohriak et 

al., 2012; Chang et al., 1992, Petri, 1987), and c) continental collision zones and 

foreland basins such as the Tarim Basin in Northwest China (Yu et al., 2014).  

Different classifications of salt basins have been proposed in the literature when 

considering the timings of salt deposition relative to rifting such as pre-rift, syn-rift, 

post-rift salt basins (Jackson and Vendeville, 1994), or pre-rift, syn-stretching, syn-

thinning, and syn-exhumation salt basins (Rowan, 2014). 

 

1.4.1 Mechanisms promoting salt flow 

Pure salt comprises a crystalline aggregate of halite (NaCl) (Warren, 2006). However, 

salt units in sedimentary basins often include other (evaporite) minerals such as halite, 



Chapter 1: Introduction and Literature Review 

 

39 
 

anhydrite and carnallite, and interbedded carbonate and siliciclastic sediments (Warren, 

2006). The unique physical and chemical properties of salt contribute to its viscous-

plastic behaviour when buried beneath non-evaporite deposits, resulting in its complex 

overburden deformation. The inherent viscosity of salt makes it sensitive to relative 

increases in temperature and pressure, and to stress variations imposed by an often-

mobile and thickening overburden strata. Sedimentary rocks lose effective porosity 

within depth of several kilometres of burial, after which they will become less 

compressible. With salt, density will remain constant, for example 2160 kg/m3 in pure 

halite (Talbot and Jackson, 1987). This property differs from that of siliciclastic 

sediments, which progressively lose their porosity and permeability because of 

compaction (Hudec and Jackson, 2007).  

Different responses of salt and its overburden strata with increasing burial depths result 

in important density inversions. When overburden units exceed a certain thickness 

(500-2000 m according to ‘ideal’ compaction trends for different lithologies), salt 

layers start to concentrate important buoyancy forces (Hudec and Jackson, 2007). The 

viscosity of rock salt is usually inferred from laboratory experiments, field observations 

and numerical models, typically falling between 1010 to 1023 Pa (Mukherjee et al., 

2010). If one disregards known impurities within rock salt, the viscosity of rock salt 

depends on factors, including i) water content, ii) temperature, iii) grain size and iv) 

differential stress (Talbot and Rogers, 1980; Van Keken et al., 1993). Impurities and 

spatial variations in viscosity are nevertheless important in evaporite sequences; though 

salt is viewed as an impermeable material that acts as a competent seal interval, 

saturated brine of different chemical compositions, and hydrocarbon residuals, are often 

observed in naturally deformed salt (Schoenherr et al., 2007). 
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Density inversion, which causes salt-rich basins to become gravitationally unstable, is 

postulated as the main mechanism for ‘buoyant’ salt rise to the surface. For salt to move 

due to density inversion, a minimum thickness of overburden strata between 1600 to 

3000 m is necessary (Nelson and Fairchild, 1989) or 2000 to 4000 m (Jackson and 

Lewis, 2012). Apart from buoyancy, which can potentially contribute to important 

halokinesis, unloading of overburden strata by erosional and mass-wasting processes, 

together with regional extensional and compressional stresses, can also promote salt 

movement in a sedimentary basin (Stewart and Coward, 1995; Jackson and Vendeville, 

1994; Evans et al., 2003). Conversely, important resisting forces retarding the flow of 

salt, such as the strength of overlying strata and mechanical friction between salt layers 

and surrounding sub- and supra-salt strata, have also been proposed in the literature 

(Hudec and Jackson, 2007; Alves et al., 2017) (Fig. 1.13). 

Three driving forces are considered in the published literature as initiating and 

promoting salt flow on regional scales of analysis, 1) gravitational loading, 2) 

displacement loading and 3) thermal loading (Hudec and Jackson, 2007). Differential 

overburden loading is often regarded as the primary mechanism inducing salt 

movement from high- to low-pressure zones (Fig. 1.14). Gravitational loading results 

from the combined weight of the rocks overlying the salt and the gravitational body 

forced inside the salt (Fig. 1.14). Displacement loading refers to the movement of 

sediment towards or away from the salt, a phenomenon usually related to regional 

tectonics such as regional extension or shortening (Fig. 1.15). Thermal loading is 

postulated to have a significant influence on salt flow due to the high thermal 

conductivity of salt rock, with volume changes occurring whenever thermal conditions 

change.  
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The initial mechanism for salt flow varies in different salt basins (Rowan, 2014). Salt 

mobilisation and diapirism are suggested to be triggered by thick-skinned extension 

during the stretching stage in pre-rift salt basins. In syn-stretching salt basins, mobility 

begins as soon as the salt is deposited. In syn-exhumation salt basins, salt mobility is 

triggered by gravity gliding as the margin tilts oceanwards due to differential thermal 

subsidence (Rowan, 2014). 

 

1.4.2. Structural styles in salt-rich passive continental margins  

Salt tectonics within passive margins is mostly a gravity-driven process occurring over 

a décollement surface such as evaporites or shales (Fort et al., 2004), with 

evaporites/shales being considered a viscous material. The upper slope of salt-rich 

continental margins is generally dominated by an extensional domain, where salt pillow 

and rollers are associated with the formation of large faults (Rowan et al., 1999). In 

mid-continental, lower-slope domains salt structures grow into diapirs and salt walls, 

essentially making a transition between extensional upper-slope and lower-slope 

compressional domains. The latter compressional zones are dominated by salt ridges, 

thrust, allochthonous salt sheets and canopies (Fort et al., 2004, Omosanya, 2014).  

Fiduk et al. (2004) studied the structural style of the salt-rich, passive continental slope 

margin of the SE Brazil and related the deformation structures on this margin to gravity 

gliding and spreading due to seaward progradation of sediment and resulting loading. 

Fiduk et al. (2004) identified three structural zones on the SE Brazilian continental 

slope, namely: 1) an upper extensional zone beneath the continental shelf, characterised 

by both basinward-dipping and counter-regional growth listric faults and associated 

rollovers depocenters, salt rollers, diapirs and rafts. This extensional zone is the main 
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interval of interest for part of this study (see Chapter 4), 2) Intermediate, translational, 

diapirism in the mid-slope region, characterised by passive, active, and reactive salt 

diapirs including salt overhangs, vertical salt diapirs and, 3) a compressional distal part 

of the continental slope, which is characterized by active and reactive salt diapirs 

including vertical salt diapirs, salt overhangs, allochthonous tongues and salt canopies 

(see Chapter 2; Fig. 2.2). 

 

1.4.3. Modes of salt diapirism 

The flow of salt can be diapiric or non-diapiric. In parallel, overburden sediment must 

be removed or replaced so that a diapir can be formed. Modes of diapirism include 

reactive, thrust, active, ductile, erosional, and passive piercement (Hudec and Jackson, 

2007). The generation of salt structures, as observed on seismic data, involves complex 

processes, and diapiric salt structures often form due to regional extension in an initial 

stage, e.g. diapirs on the Brazilian continental margin and in the Gulf of Mexico 

(Vendeville and Jackson, 1992). After salt flow is initiated, mechanisms for salt growth 

and halokinesis vary due to regional and local controls on salt structures (Cartwright et 

al., 2001; Rouby et al., 2003; Yu et al., 2014). It is noted that a salt structure has a multi-

stage nature, and that salt-diapir growth does not involve simple inward flow and 

thickening of salt (Jackson et al., 2014). In fact, known mechanisms forming salt diapirs 

include reactive, active, and passive diapirism (Fig. 1.16).  
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Fig. 1.13. Factors resisting salt flow. Salt deformation occurs if the roof is thin 

and weak but becomes progressively more difficult as the roof thickens. Salt is 

strongly sheared near the edges of salt bodies during flow, a phenomenon causing 

resistance to deformation. Salt flow is inhibited when the salt layer becomes too 

thin. Figure taken from Hudec and Jackson (2007). 
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Fig. 1.14. Effects of gravitational loading on salt flow. a) A laterally 

varying overburden thickness above a horizontal head gradient. Salt 

will flow from left to right along the pressure head gradient. b) A 

uniform overburden thickness above an inclined, tabular salt layer 

produces an elevation head gradient. Salt will flow from left to right 

down the elevation head gradient. c) A uniform overburden thickness 

above a flat-lying salt layer produces neither elevation nor head 

gradients, even though the salt thickness varies. Figure modified 

from Hudec and Jackson (2007). 
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Fig. 1.15. The effects of displacement loading on salt structures. a) In shortening, salt is loaded horizontally by inward 

movement of one or both sidewalls where the horizontal displacement load exceeds the vertical gravitational load, forcing 

salt to rise. b) During extension, the salt is unloaded horizontally by movements of one or both sidewalls. The vertical 

gravitational load then exceeds the horizontal displacement load, so salt subsides. From Hudec and Jackson (2007). 
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1.4.3.1. Reactive diapirism  

Regional extension, which thins the overburden above salt intervals, accounts for 

reactive diapirism (Jackson and Vendeville, 1994; Vendeville and Jackson, 1992). 

During this process, ‘room’ or accommodation space is created by the thinning 

overburden and, more frequently, by separating faulted blocks to create space for salt 

to intrude (Fig. 1.16a). During reactive diapirism, salt diapirs will stop rising on the 

condition that sufficient overburden remains above the salt structures when regional 

extension stops, as salt diapirism is controlled by regional extension (Jackson and 

Vendeville, 1994). As the breaching of the resisting forces that retard salt diapirism will 

result in weakened salt roofs, one possible phenomenon to consider is that of salt diapirs 

intruding the overburden strata up to the surface, a process involving both active and 

passive diapirism (Vendeville and Jackson, 1992; Jackson and Vendeville, 1994; Hudec 

and Jackson, 2007).  

 

1.4.3.2. Active diapirism  

An active salt diapir often presents an arching roof (Dooley et al., 2009) (Fig. 1.16b). 

The main driving forces for active diapirism are either regional compressional forces 

or buoyancy, especially when a previously formed salt structure is present in the area 

where the diapir is ultimately formed (Davison et al., 1996). As salt is weaker than other 

lithologies in sedimentary basins, the overburden strata above salt diapirs are often 

shortened during regional compression in greater degree than adjacent areas with 

relatively little salt. Shortening forces adding to previously deformed salt structures 

often amplify any pre-existing structures, such as crestal faults above salt diapirs 

(Hudec and Jackson, 2007). Buoyancy forces alone do not provide sufficient lift to form 

active diapirs in areas of thick overburden rocks (Dooley et al., 2009). A threshold of 
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260 m was suggested for buoyancy forces to raise the post-salt overburden (Davison et 

al., 1996). However, the validity of such a strict value can be argued since the strength 

of salt’s roofs, and the retarding forces generated both within salt bodies and between 

salt structures and their flanking siliciclastic units are known to vary in many 

sedimentary basins. Jackson et al. (1994) suggested a 5:1 ratio between the thickness 

of strata flanking salt structures and the thickness of the overburden strata as a threshold 

for buoyancy to act as the main driver of diapirism. In fact, with an overburden 

thickness < 20% of the flanking strata thickness, active salt diapirism tends to occur 

without regional compressional forces. 

  
1.4.3.3. Passive diapirism  

Passive diapirism is often driven by differential loading between adjacent salt-

withdrawal basins when diapirs are already exposed at the surface (Jackson et al., 1994), 

as in the case of the Persian Gulf. Here, large volumes of sediment deposited during the 

Late Cenozoic led to greater subsidence of salt-withdrawal basins and promoted passive 

diapirism of the (Lower Miocene) Fars’s salt, as well as further inflation of Hormuz salt 

into neighbouring structures (Alsouki et al., 2011). Passive diapirism often places the 

salt’s roof on the depositional surface (Fig. 1.16c). However, the contrast between salt 

supply and sedimentation rates often results in partially covered roofs in evolving salt 

structures. In any case, buoyancy is sufficient to drive further salt rise during passive 

diapirism (Rowan et al., 2003). 

1.4.4 Salt-related structures 

Once the driving forces of diapirism overwhelm the resisting forces, upwards 

movement of the salt through the overburden is set to begin. Salt piercement causes- 
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Fig. 1.16. Schematic modes of diapir piercement. a) Reactive diapir, b) Active 

diapir and c) Passive diapir. (Vendeville and Jackson, 1992; Hudec and Jackson 

(2007).   
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the roof rocks to be carried upwards by the salt, and a variety of structures related to 

halokinesis are formed consequently (Jackson et al., 1994; Rowan et al., 1999). The 

resulting salt structures can be categorised according to their forms, sizes, relationship 

to host and overburden rocks, and by considering any relationships between these 

structures and regional deformation styles. A full detailed account of how these 

structures is classified into distinct groups and sub-groups is given in Jackson and 

Talbot (1994) and Rowan et al. (1999). The term salt diapir is employed for all the salt-

related structures in Jackson and Talbot (1994) regardless of the mechanism by which 

the salt pierced the overburden. However, different salt geometries may result from 

distinct modes of salt emplacement. 

The largest and most mature groups of salt structures comprise salt-wall canopies and 

salt-stock canopies, whereas the least mature salt structures include salt rollers, salt 

anticlines and salt pillows (Fiduk et al., 2004). Salt-rich passive continental margins are 

dominated by extensional forces, which result in the formation of immature salt 

structures such as salt anticlines, salt pillows and rollers associated with large faults in 

upper slope regions (Alves, 2012; Rowan et al., 1999; Fiduk et al., 2004). At the 

transition zone separating the extensional upper-slope from the compressive lower-

slope domains, dominant salt structures include salt walls, whereas in the compressive 

lower slope domain include mature salt structures such as thrust, allochthonous salt 

sheets and canopies (Fiduk et al., 2004). Faults that are salt-related (e.g. radial, 

concentric, crestal, keystone, roller, and rollover faults) have been documented in many 

areas such as southeast Brazil (Baudon and Cartwright, 2008; Alves et al., 2009, Alves, 

2012) and the Gulf of Mexico (Rowan et al., 1999; Brun and Mauduit, 2009). 
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1.4.4.1. Roller faults  

Roller faults are defined as dominantly basinward-dipping, listric growth faults that sole 

into a salt layer or its equivalent weld (Rowan et al., 1999). Where salt is present, the 

faults merge with the top salt at prominent cusps; where salt has been evacuated, the 

faults have triangular salt rollers (Bally, 1981; Jackson and Talbot, 1991) in their 

footwalls (Figs. 1.17 and 1.18). In both settings, the triangular salt roller has one flank 

(beneath the footwall) conformable to supra-salt bedding and the other flank (beneath 

the hanging wall) in fault contact with the overburden (Rowan et al., 1999) (Figs. 1.17 

and 1.18).  

The hanging walls of roller faults generally contain prominent landward-tilted rollover 

monoclines or anticlines with expanded growth sections, such that displacement 

increases downward, and strata thicken landward (Rowan et al., 1999) (Fig. 1.17). 

Roller faults accommodate gravity spreading or gliding of the overburden along the 

salt/weld detachment (Alves, 2012; Rowan et al., 1999; Fiduk et al., 2004). 

 

1.4.4.2. Keystone faults 

Keystone faults develop in the hinge zone of anticlines where strata are most strongly 

curved (Rowan et al., 1999) (Figs. 1.17 and 1.18). The faults are planar rather than 

listric, linear to curvilinear in map view, and form symmetric grabens (Rowan et al., 

1999). They are like crestal faults, except that (1) they form over the crests of folds; (2) 

they do not root into salt, even though salt can core the fold; and (3) they are not growth 

faults generally, having displacements that decrease both upward and downward (Figs. 

1.17 and 1.18).  
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The location of keystone faults in anticlinal hinges suggests that they are created by 

outer arc stretching during folding and thus do not normally accommodate any regional 

extension (Rowan et al., 1999) (Figs. 1.17 and 1.18). Folding is caused by either 

bending or buckling. Four settings for keystone fault families can be distinguished in 

the northern Gulf of Mexico (Rowan et al., 1999): (1) turtle anticlines, where bending 

of strata is caused by subsidence of both flanks into underlying salt; (2) rollover 

monoclines in the hanging walls of normal faults, where bending is related to extension; 

(3) contractional folds, where shortening is accommodated by buckling; and (4) domal 

structures above diapirs or salt pillows, where arching may be caused by active 

diapirism (bending) or by rejuvenation of diapirs during regional contraction (buckling) 

(Rowan et al., 1999).  

 

1.4.4.3. Rollover faults  

Rollover faults are associated with a monoclinal rollover in the hanging wall of a fault 

or weld (Rowan et al., 1999) (Fig. 1.18). A rollover fault family has a dominant dip 

direction antithetic to the bounding fault/weld; the faults dip in the same direction as 

the rollover strata (Rowan et al., 1999). The dominant fault dip can be basinward, as 

for a rollover above a counter-regional weld, or landward, as for a rollover above a 

roller fault (Rowan et al., 1999) (Figs. 1.17 and 1.18). The faults essentially are planar 

and dip uniformly. They cut the sub-horizontal limb just above the axial trace of the 

monocline and migrate up-section toward the master fault or weld (Rowan et al., 1999). 

Growth-fault expansion is absent or negligible, and the faults do not extend downward 

into salt; they generally die out both above and below at their tip lines (Rowan et al., 

1999). Rollover faults generally have linear map traces parallel to the trend of the 

monocline.
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Fig. 1.17. Schematic diagram showing typical assemblages of salt-related structures including salt 

roller, roller fault, rollover faults and keystone faults. Figure modified from Rowan et al. (1999). 
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The association of these faults with monoclinal rollovers suggests they accommodate 

some of the bending strain in the hanging walls (Rowan et al., 1999). In this sense, they 

are like keystone faults; both form where strata are most sharply curved, and they can 

occupy similar settings in rollover folds (Rowan et al., 1999). 

  

1.4.4.4. Crestal faults  

Crestal faults are dominantly planar growth faults that root into the crests of triangular 

diapirs and form symmetric grabens (Rowan et al., 1999) (Fig. 1.18). The age of syn-

kinematic strata, and thus of the faults, increases down the diapir flanks (Rowan et al., 

1999). Offsets in the top salt where faults intersect the salt tend to be small. In map 

view, crestal faults form narrow, linear to curvilinear grabens that parallel ridges in the 

underlying salt (Rowan et al., 1999). Like the salt ridges, the grabens typically form 

complex polygonal patterns (Rowan et al., 1999). 

The described fault geometries are characteristic of those overlying reactive diapirs, 

which form during extension above a salt layer (Vendeville and Jackson, 1992). Such 

grabens were termed “reactive grabens” by Schultz-Ela and Jackson (1996). Thus, 

Rowan et al. (1999) infer that crestal fault families form due to basin-ward translation 

of the overburden, where the faults strike roughly parallel to the coastline and shelf 

margin. Where they form true polygonal patterns, they probably record radial or 

multidirectional spreading of the salt and its overburden (Jackson and Vendeville, 

1995). 
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Fig. 1.18. Schematic diagram showing typical assemblages of salt-related structures including salt roller, roller 

fault, rollover faults and keystone faults. Figure modified from Rowan et al., 1999). 
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1.5. Thesis layout 

This thesis is divided into eight (8) chapters. The current chapter (Chapter 1) comprises 

an introduction to the thesis, including its bacground and hypothesis. It also presents a 

literature review of the key concepts covered in this thesis. Specifically, mechanical 

stratigraphy and faulting, fault-growth models and salt-related structures. The literature 

review is followed by the Geological settings of the three study areas in Chapter 2. 

These areas include: the Espírito Santo Basin, (offshore SE Brazil); the Broad Fourteen 

Basin, offshore the Nertherands (Southern North Sea) and Offshore Nankai 

accretionary prism, (SE Japan). 

Chapter 3 presents the methods used in the thesis, including a brief general description 

of seismic data acquisition, processing and interpretation methods. Also a brief  

description of seismic data used. Chapters 4, 5, and 6 are data-analysis chapters; some 

of these data are already published in international journals at the time of submission 

of this work. Chapter 4 investigates the impact of tectonic raft’s gravitational instability 

on faut geomerty and reactivation in the Espírito Santo Basin, offshore SE Brazil. The 

chapter was published as Maunde, A., Alves, T.M., 2020. Impact of tectonic raft 

‘gravitational instability on faut reactivation and geometry. Journal of Structural 

Geology, 130, 103916. https://doi.org/10.1016/j.jsg.2019.103916.    

Chapter 5 investigates the effect of tectonic inversion on supra-salt faut geometry and 

reactivation histories in the Southern North Sea. The chapter was peer-reviewed and re-

submitted as Maunde, A., Alves, T.M., 2021. Effect of tectonic inversion on supra-salt 

faut geometry and reactivation histories in the Southern North Sea. Journal of Marine 

and Petroleum Geology, Ms. Ref. No.:  JMPG-D-21-00702. 

https://doi.org/10.1016/j.jsg.2019.103916
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Chapter 6 explores a set of shallow fault systems from areas dominated by thrust 

anticlines in the outer wedge region of the Nankai accretionary prism (SE Japan). The 

chapter was published as Maunde, A., Alves, T.M. and Gregory F. M. 2021. Shallow 

fault systems of thrust anticlines responding to changes in accretionary prism lithology 

(Nankai, SE Japan). Tectonophysics 812 (2021) 228888. 

https://doi.org/10.1016/j.tecto.2021.228888.  The results are compiled in Chapter 7 to 

discuss their wider importance. Final conclusions of the thesis are presented in Chapter 

8. 
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2. Geological setting of the three study areas in the thesis 

2.1. Introduction  

This chapter aims to review the geological settings of the three study areas in the thesis. 

These three study areas include: 1) the Espírito Santo Basin (SE Brazil), 2) the Broad 

Fourteens Basin (Southern North Sea) and 3) the Nankai Accretionary Prism (SE 

Japan).  

 

2.2. Espírito Santo Basin, Offshore SE Brazil 

The study area of the Espírito Santo Basin is located on the continental margin of 

southeast Brazil (Fig. 2.1). The basin covers an area of about 125,000 km2, of which 

18,000 km2 are onshore and 107, 000 km2 are offshore (Fiduk et al., 2004). It is 

associated with the continental break-up of Gondwana, which lasted from the Late 

Jurassic to Early Cretaceous, and the subsequent opening of the South Atlantic Ocean 

(Chang et al., 1992; Davison, 1999; Meisling et al., 2001).  

The Espírito Santo Basin shares a very similar geological history to other sedimentary 

basins in southeast Brazil (i.e., Campos and Santos Basins); all have accumulated a very 

thick stratigraphic succession that includes lithologies as variable as basalt flows in the 

pre-rift, continental sandstones and shales in the rift sequence, carbonate and evaporites 

in the transitional sequence, and deep-marine siliciclastic and carbonate sediments in 

the post-rift sequence (Bruhn and Walker, 1997; Mohriak et al., 1998). The basin is 

limited to the north by the Early to Middle Eocene volcanic Abrolhos Plateau and to 

the south by the Vitoria High, which separates it from the Campos Basin (Guardado et 

al., 1989; Bruhn and Walker, 1997; Fiduk et al., 2004; Alves et al., 2009; Alves, 2012) 

(Fig. 2.1).  
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Fig. 2.1. Map of the southeast Brazilian margin showing the location of the study area 

(Espírito Santo Basin, seismic block BES-100). 
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2.2.1. Tectono-stratigraphic setting  

The geodynamic evolution of the Espírito Santo Basin was primarily controlled by four 

tectonic stages common along most South Atlantic continental margins: the pre-rift, 

syn-rift, transitional and drift stages (Ojeda, 1982; Mohriak et al., 1998; Gibbs et al., 

2003) (Figs. 2.2 and 2.3). The architecture of resulting tectonic megasequences was 

largely controlled by regional magmatism and thin-skinned gravitational gliding and 

spreading over Aptian evaporites (Fiduk et al., 2004; Gamboa et al., 2010).  

Magmatic and volcanic events played significant roles in shaping the architecture of 

the basin. These events included flood basalts extruded prior to and/or during early 

rifting, lavas extruded just prior to continental separation during the transition stage, 

the emplacement of seaward dipping reflectors after continental separation during the 

early drift stage and, finally, early to middle Eocene volcanic activity, which was 

associated with emplacement of the Abrolhos volcanic complex to the north of the study 

area (Gibbs et al., 2003; Fiduk et al., 2004).  

The deposition of Aptian evaporites and its subsequent deformation into rollers, diapirs, 

tongues, canopies, and imbricate thrusts during gravitational failure of the margin has 

strongly influenced the deposition of overlying and surrounding carbonate and turbidite 

bearing strata. This process occurred throughout the Cenozoic, peaking during the 

Eocene-early Oligocene (Fiduk et al., 2004; Alves et al., 2009; Alves, 2012). Fiduk et 

al. (2004) and Gamboa et al. (2010) related the deformations at the continental slope 

margin of the SE Brazil to gravity gliding and spreading as a result of seaward 

progradation and sediment loading. They then classified the SE Brazilian continental 

slope margin into three structural domains (Fig. 2.2).
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Fig. 2.2: Simplified regional section of the Espírito Santo Basin showing major depositional sequences and structures across 

three salt domains (extensional, transitional, and compressional). Modified from Fiduk et al. (2004) and Gamboa et al. (2010). 
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2.2.1.1. Tectonic phases and megasequences 

Fiduk et al. (2004) and Gamboa et al. (2010) recognised four tectonic phases in the 

Espírito Santo Basin: 1) pre-rift/rift onset, 2) syn-rift phase, 3) post-rift (Transitional) 

phase, and (4) drift phase. Mohriak et al. (1998) correlated these tectonic stages with 

three main depositional megasequences: 1) a pre-rift megasequence (Late Jurassic to 

Earliest Cretaceous) dominated by extrusive magma, volcaniclastic material and tuffs 

deposited unconformably over a Pre-Cambrian basement (Asmus et al., 1971); 2) a syn-

rift megasequence (Berriasian to Early Aptian), with continental sandstones, silts and 

shales, together with fault-related syn-tectonic conglomerates and basaltic 

volcaniclastic rocks (Ojeda, 1982; Mohriak et al., 1998; Gamboa et al., 2010; Chang et 

al., 1992); and 3) the post-rift megasequence (Aptian to Recent), the main interval of 

interest of this chapter dataset, which is subdivided into three sequences - transitional, 

early drift transgressive marine, and late drift regressive marine (Figs. 2.2 and 2.3).  

The transitional sequence (Mid-Aptian to Early Albian) comprises thick layers of 

evaporitic sediments separated from the syn-rift sequence by an angular unconformity 

of regional expression (Ojeda, 1982; Chang et al., 1992; Demercian et al., 1993; 

Davison, 1999). The transitional stage in southeast Brazil records the deposition of 

>3000 m of evaporites, mainly halite and anhydride resulting from extreme marine 

evaporation in arid climatic conditions (França et al., 2007; Mohriak, 2003; Mohriak et 

al., 2008). The end of the transitional cycle is marked by the onset of extrusive igneous 

activity related to a newly-formed oceanic spreading ridge (Mohriak et al., 2008; Ojeda, 

1982; Davison, 1999, 2007). Salt structures in the transitional sequence show a 

proximal to basinward shift from salt rollers to vertical diapirs (Fig. 2.2).       
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The early drift sequence (Albian to Early Eocene), which overlies the transitional 

sequence, comprises two marine-transgressive sub-sequences materialising the 

development of a shallow-water carbonate platform from the late Albian to 

Cenomanian (Chang et al., 1992). The onset of this carbonate platform is documented 

by the São Mateus and Regência Formations, which were deposited over the Itaúnas 

Member evaporites (Mohriak, 2003; França et al., 2007) (Fig. 2.3). The São Mateus 

Formation consists of sandstones deposited in a proximal marine setting over a 

succession of shales, siltstones, and carbonates. The Regência Formation (Asmus et al., 

1971) comprises a relatively thick carbonate sequence of limestones, carbonate 

mudstones, and wackestones, with ostracods, gastropods and pelecypods fragments 

deposited in distal parts of the Espírito Santo Basin (Mohriak, 2003; França et al., 

2007). The Albian carbonate platform is overlain by shales of Turonian to Palaeocene 

age, indicating a relative deepening of the basin (Gamboa et al., 2010, 2011; Ojeda, 

1982; Demercian et al., 1993) (Fig. 2.3). 

 A mid-Eocene sequence boundary occurs across the entire southeast Brazilian margin 

and separates the early from the late drift stages (Gamboa et al., 2011) (Fig. 2.3). Above 

this boundary, Eocene to Holocene siliciclastic units were deposited during a regressive 

period recording sediment progradation on the continental slope (Demercian et al., 

1993; Chang et al., 1992). At this time, clastic sediments filling the basin were derived 

from the erosion of coastal mountain ranges and from relatively local volcanic activity 

on the Abrolhos Plateau (Chang et al., 1992; Gamboa et al., 2010). Tuffs, volcanic 

breccias and hyaloclastites formed the bulk of the volcanoclastic input, whereas fine to 

coarse massive sandstones, conglomerates and siltstones were eroded from nearby 

mountains (Gamboa et al., 2010).  
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Fig. 2.3. Stratigraphic column of the Espírito Santo Basin highlighting the main 

tectono-sedimentary stages and magmatic events in the basin. Modified from França 

et al. (2007).  
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Sediment transport occurred on Brazil’s eastern margin in both drift stages but was 

particularly important in the Late Oligocene to Holocene, as shown by the generation 

of vast channel systems (Viana et al., 2003; Fiduk et al., 2004; Alves, 2010). Between 

the Early/Mid Eocene and the Holocene, mass-transport deposits (MTDs) were also 

deposited in response to the uplift of coastal mountain ranges, subsequent tilting of the 

continental slope and halokinesis (Mohriak et al., 2008; Alves and Cartwright, 2010). 

 

2.2.2. Hydrocarbon systems  

The recent deep-water hydrocarbon discoveries made adjacent to the Espírito Santo 

Basin (e.g. Campos Basin) led to an intensive deep-water exploration of the basin. New 

discoveries have been made in deep-water settings above the Aptian evaporites (e.g. 

Golfinho Field) (Toniatti, 2003; Fiduk et al., 2004; Alves, 2012). 

The hydrocarbon plays in the Espírito Santo Basin extend from the shallow to the deep-

water slope region and involve a variety of reservoirs above and below the Aptian salt, 

including Neocomian-Barremian fractured basalts near the top of the continental 

basement, Barremian to Aptian carbonates and fluvial-deltaic successions, early Albian 

carbonates, and late Albian-Miocene turbidites. These intervals have been charged 

principally from late Barremian-early Aptian (syn-rift phase) source rocks deposited in 

graben sub-basins with restricted saline lacustrine environments (Mello and Maxwell, 

1990).  

 

2.2.2.1. Source rocks 

The main source rocks in the Espírito Santo Basin comprise Cenomanian/Turonian 

deep-marine shales in the Urucutuca Formation, shallow to deep marine marls in the 

Albian Regência Formation, fluvio-marine shales in the Aptian Mariricu 
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Formation/Mucuri Member (Transitional), and lacustrine shales in the 

Barremian/Aptian Cricaré Formation/Sernambi member (Mello and Maxwell, 1990) 

(Fig. 2.3). Fine-grained lacustrine sediments consist of fine sand, silts and dark shales 

deposited in syn-rift depocentres (Ojeda 1982; Chang et al., 1992; Fiduk et al., 2004).   

 
2.2.2.2. Reservoir rocks and traps 

The Valanginian/Barremian (Cricaré Formation), Aptian (Maricuca Formation), 

Regência Albian) carbonates, transgressive sands (Campanian and Maastrichtian; 

Urucutuca Formation), and regressive sands (Cenozoic) represent the main reservoirs 

intervals in the Espírito Santo Basin (Fiduk et al., 2004; Franca et al., 2007) (Fig. 2.3).  

The Middle to Late Aptian carbonate and fluvial-deltaic deposits and evaporites were 

distributed across the Espírito Santo Basin depocenters. The pre-salt hosts and grabens, 

and the thick cover of salt above these depocentres form trapping mechanisms and a 

regional seal for sub-salt hydrocarbon systems (Vieira et al., 2007). After continental 

break-up in the middle Aptian to Albian, the post-rift development of the basin was 

characterised by major carbonate progradation to aggradation (Regência carbonates) 

(Franca et al., 2007). The Regência carbonates have formed as shoals over salt induced 

highs and are reputed to be productive in the basin. The Regência Formation contains 

carbonates platform that form rafts and turtle-back structures, both common features in 

the basin (Fiduk et al., 2004).  

Transgressive marine sands (Campanian and Maastrichtian; Urucutuca Formation) 

have been deposited in channels, canyons, and fan complexes throughout the Espírito 

Santo Basin. Identifying where these deposits are incorporated in turtle structures 

defines the deep-water prospects with greatest reserves potential (Fiduk et al., 2004). 

With the continental margin development, differential subsidence (basin tilting) and 
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increasing sediment load triggered intense salt remobilization. Salt-related structures 

(diapirs, rollover structures) form potential structural-stratigraphic hydrocarbon traps 

in the Late Cretaceous-Neogene succession. At the same time, salt welds and 

extensional faults formed migration pathways from the sub-salt source rocks (i.e. Late 

Barremian-Aptian lacustrine shales) to post-salt reservoirs, including Albian mixed 

carbonate-clastic successions and Late Cretaceous-Neogene turbidites (Davison, 1999). 

 
2.3. Broad Fourteens Basin, offshore The Netherlands  

The Broad Fourteens Basin is located in the Dutch sector of the Southern North Sea, 

encompassing blocks K, L, P, and Q offshore The Netherlands (Fig. 2.4). The basin 

trends northwest-southeast and is approximately 120 km long by 45 km wide (Verweij 

and Simmelink, 2002) (Fig. 2.4).  

 

2.3.1. Tectonic setting  

The Broad Fourteens Basin, part of the larger South Permian Basin, records a complex 

history of rifting, halokinesis and inversion (Verweij and Simmelink, 2002; Van Wijhe, 

1987; Ziegler, 1990; Nalpas et al., 1995; Duin et al., 2006). It was formed during the 

Mesozoic in response to E-W extension associated with opening of the Atlantic Ocean 

(Verweij and Simmelink, 2002). The evolution of the basin can be divided into three 

intervals with distinct deformation styles and histories: 1) Pre-rift/rift onset phase 

(Carboniferous-Permian); 2) Syn-rift phase (Triassic-Jurassic); 3) Inversion phase 

(Late Cretaceous-Cenozoic) (Fig. 2.5).
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Fig. 2.4. a) Map of the Southern North Sea highlighting its Dutch sector and location of the study area in 

the northern end of Broad Fourteens Basin (BFB), offshore The Netherlands, b) Zoomed-in map of the NW-

SE trending Broad Fourteens Basin and associated structural elements. Figures modified from van Verweij 

and Simmelink (2002).  Letters A to S refer to hydrocarbon exploration blocks in the Southern North Sea. 
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2.3.1.1. Pre-rift/rift onset phase: Carboniferous-Permian 

Towards the end of the Carboniferous, the Variscan Foreland basin developed in the 

Southern North Sea. Thick lacustrine and deltaic intervals with interbedded coal seams 

were deposited as part of the Limburg Group (Fig. 2.5). Included in this Group are the 

Westphalian Coal Measures, a major source of gas in the Southern North Sea (Gerling 

et al., 1999; Van Wijhe, 1987). Oblique-slip normal faulting predominated after the 

Variscan Orogeny, with the largest faults cutting through the Variscan fold belt to 

propagate along older NW-SE trending basement faults. The present-day structural 

grain of the Southern North Sea follows horst and graben structures formed by these 

faults (Ziegler, 1990; Duin et al., 2006; Van Wijhe, 1987; Oudmayer and De Jager, 

1993). 

Sedimentation in the Permian was interrupted by thermal upwelling from dolerite 

intrusions through oblique-slip dextral normal faults. This hiatus is expressed in the 

form of a Saalian unconformity separating Lower from Upper Rotliegend strata (Van 

Wees et al., 2000) (Fig. 2.5). Subsidence resumed in the Late Permian, and the South 

Permian Basin became separated from the North Permian Basin by the Mid North Sea 

High (Duin et al., 2006).  

Upper Rotliegend terrestrial sandstones of the Slochteren Formation were deposited 

above the Saalian unconformity and became the major reservoir for the Permian gas 

plays offshore, the Netherlands (Verweij and Simmelink, 2002). The Zechstein Sea 

subsequently flooded the study area in the Latest Permian. Carbonate-evaporite cycles 

in Zechstein evaporites reflect fluctuations in sea level, but thick deposits of Zechstein 

evaporites in the North of the Broad Fourteens Basin became an effective seal rock for 

Permian gas plays (Coward, 1995) (Fig. 2.5). 
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Fig. 2.5. Simplified stratigraphic column of the Dutch Sector of the Southern North 

Sea. Main stratigraphic groups, tectonic phases and unconformities related to 

regional tectonic events are based on Penge et al. (1999) and van Verweij and 

Simmelink (2002). 
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2.3.1.2. Syn-rift phase: Triassic-Jurassic  

Rifting intensified during the Triassic, allowing for differential subsidence in the 

Southern North Sea (Alves and Elliott, 2014; Duin et al., 2006). In the rapidly subsiding 

Broad Fourteens Basin, aeolian sands and lacustrine claystones from the Lower and 

Upper Germanic Trias Group were deposited (Fig. 2.5). The Lower Buntsandstein is a 

prolific gas reservoir, particularly where Zechstein salt has been withdrawn and welds 

have formed between Triassic sequences and the Rotliegend Group (Van Hulten, 

2010b).  

Towards the end of the Triassic, salt tectonics and reactive diapirism became 

concentrated along extensional boundary faults (Stewart and Coward, 1995; Ziegler, 

1992). Rift-raft tectonics led to the further deepening of the Broad Fourteens Basin and 

open marine conditions (Alves and Elliott, 2014; Penge et al., 1993). As a result, the 

deep-water Altena Shales were deposited in the Broad Fourteens Basin, with the more 

bituminous Posidonia Shale Formation comprising the source interval for Jurassic oil 

plays in the basin. The deposition of the Posidonia shales accompanied the significant 

isolation of the Southern North Sea in the form of confined sub-basins (Nalpas et al., 

1995; Duin et al., 2006). 

Deposition of the Altena Shales stopped during the Mid-Kimmerian upwarping event 

(Middle Jurassic). In areas of greatest uplift, up to 1500 m of Jurassic rocks are thought 

to have been eroded (Heim et al., 2013). Despite this localised uplift event, sharp pulses 

of NE-SW rifting continued to rotate the Broad Fourteens Basin to its present-day NW-

SE orientation (Fig. 2.4b). Increased erosion of Triassic, Zechstein and Rotliegend 

rocks on active structural highs generated thick successions in the Delfland Subgroup 
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and Vlieland Sandstone - both comprising reservoirs for oil sourced from the Posidonia 

Shale (Van Wijhe, 1987; Verweij and Simmelink, 2002; Duin et al., 2006). 

 

2.3.1.3. Inversion phase: Late Cretaceous-Cenozoic  

A major episode of sea-level rise, accompanied by post-rift subsidence, led to the 

accumulation of thick layers of chalk both in individual basins and on adjacent marginal 

highs (Van Wijhe, 1987; Verweij and Simmelink, 2002). In the Turonian, N-S Alpine 

compression interrupted subsidence and Subhercynean inversion reactivated Variscan 

faults with a reverse-dextral motion (De Lugt et al., 2003; Nalpas et al., 1995). In such 

a setting, the localisation of a salt (Zechstein) décollement layer to the North of the 

Broad Fourteens Basin accounts for the lack of connectivity between sub-salt and supra-

salt faults (Van Wijhe, 1987). Maximum erosion (~3000m) took place in the centre of 

the inverted basin, close to the axis of inversion (Nalpas et al., 1995; De Lugt et al., 

2003).  

Three additional inversion events took place in the Broad Fourteens Basin, separated 

by periods of subsidence. The Laramide inversion in the Cenozoic reactivated 

Subhercynean faults, creating a prominent Cretaceous-Tertiary unconformity 

(Oudmayer and De Jager, 1993; De Lugt et al., 2003). Major basin inversion events are 

recorded in the Cenozoic, the largest of which coincided with the Pyrenean Orogeny 

(Oligocene) and created an unconformity at the base of the Miocene (Oudmayer and 

De Jager, 1993; Verweij and Simmelink, 2002). It separated the Lower North Sea 

Group from the Middle North Sea Group (Wong et al., 2001). 

The boundary between the Middle and Upper North Sea Groups is based on a break of 

sedimentation resulting from regional uplift and global low in sea level associated with 

the Alpine Orogeny (Savian unconformity; Middle Miocene) (Oudmayer and De Jager, 
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1993; Wong et al., 2001). Together with these tectonic phases occurs, at present, a 

general up-dip migration of hydrocarbons (Van Balen et al., 2000; Verweij and 

Simmelink, 2002; Isaksen, 2004). Broad folds formed in response to the inversion 

events, causing reservoirs to be tilted beyond spill-point, allowing secondary migration 

of fluids into shallower reservoirs (Van Balen et al., 2000). Since compression initiated 

in the Late Cretaceous, contemporaneous faulting and diapirism created fluid flow 

pathways (Isaksen, 2004). 

 

2.3.2. Petroleum systems 

Stratigraphic sequences including source, reservoir and seal rocks create economic and 

large hydrocarbon fields. Subsidence and uplift histories, along with fluctuations in 

eustatic sea-level have produced this stratigraphy and enabled the maturation and 

charging of the oil and gas (Verweij and Simmelink, 2002; Verweij et al., 2003; 1990; 

Van Hulten, 2010; Van Wijhe, 1987). 

 
2.3.2.1. Permian gas plays 

During the Westphalian stage, the Variscan Orogeny created a foreland basin in the 

southern North Sea. The equatorial terrestrial setting recorded at this time allowed the 

basin wide deposition of thick lacustrine sediments prograding into deltaic and fluvial 

fine-grained siliciclastics with intercalations of coal (Verweij and Simmelink, 2002; 

Van Wees et al., 2000; Quirk, 1993; Glennie and Provan, 1990). Most coal seams 

belong to either the Ruurlo or Maurits Formations of the Limburg Group (Fig. 2.5). It 

is a kerogen type III coal, with a total organic content (TOC) of at least 70% and 

comprising the main source rock in the Permian gas plays of the southern North Sea. 
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Coal content reaches 4% in the Ruurlo Formation, and 6% in the Maurits Formation 

(Verweij and Simmelink, 2002; Van Hulten, 2010).  

The Limburg group has been measured to be >1000 m thick (Quirk, 1993), with 

individual coal seams having a cumulative thickness >10 m. Because the Limburg 

Group is so widely reaching and thick, the basin could have been charged with gas 

several times as different coal seams reached the gas window (Van Hulten, 2010). 

Verweij and Simmelink (2002) suggested that the central part of the Broad Fourteens 

Basin entered the gas window during the Jurassic (main syn-rift sequence), with peak 

gas expulsion in the Cretaceous (pre-inversion). The northern part of the basin likely 

remained out of the gas window. 

The Upper Rotliegend Group lies unconformably over the Variscan basement; 

sandstones of this group are the main reservoir for Permian gas. The sandstones consist 

largely of the Slochteren and Silverpit Formations (Fig. 2.5). Thick aeolian and fluvial 

coarse-grained clastics of the Slochteren Formation were deposited in the late Permian 

throughout the southern North Sea. Finer-grained desert lake deposits of the Silverpit 

Formation increase in thickness towards the north of the basin (Verweij and Simmelink, 

2002; Glennie and Provan, 1990). Thickness variation often depends on the 

palaeotopography of previous structures, with thinner deposits being recorded on 

structural highs and thicker strata occurring in late Permian basins. 

Facies changes in the Upper Rotliegend Group occur at a large scale in the basin and 

are very gradual compared to the high concentration of faulting. Therefore, gas is often 

structurally trapped by dip closures rather than stratigraphically across the Broad 

Fourteens Basin (Van Hulten, 2010). Secondary permeability has been lowered due to 

diagenetic illite growth. Expulsion of K-rich brines from underlying Westphalian coal 
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and overlying Zechstein salts led to the illitization of kaolin group minerals during the 

Kimmerian, when the Rotliegends subsided to a depth of about 4000 m (Glennie, 1997; 

Glennie and Provan, 1990; Lanson et al., 1996; Purvis, 1992) 

Deposition during the Late Permian (Zechstein Group) conformably overlies Upper 

Rotliegend rocks. The southern part of the Broad Fourteens Basin is rich in thick 

bordering facies of siliciclastics and carbonates, whereas the northern parts are 

characterised by diapiric salt (Nalpas et al., 1995; Verweij and Simmelink, 2002). Peri-

marine carbonates make prospective reservoirs for Permian gas (Van Hulten, 2010; 

Glennie and Provan, 1990). However, the distinguishing feature of the Zechstein Group 

was the deposition of thick evaporite layers.  

Five evaporite sequences are recognised in the Dutch offshore, each a contribution to 

the sealing capabilities of the Zechstein Group (Van Hulten, 2010). It was estimated by 

Quirk (1993) that halite in the Broad Fourteens Basin is between 100-1500 m thick. 

However, estimations of true and original thickness are hard because of the effects of 

halokinesis. Halite flowed diapirically during the Jurassic, allowing salt to be 

completely withdrawn around diapirs to create salt welds between Triassic and 

Rotliegend sandstones (Glennie and Provan, 1990; Davison et al., 2000). 

Another important reservoir in The Netherlands belongs to the Lower Germanic Trias 

Group (Stewart and Coward, 1995) (Fig. 2.5). The Bunter Sandstone (referred to as 

Buntsandstein in Dutch and German literature) was deposited during the Triassic in a 

desert environment comparable to the Permian Rotliegend. Aeolian and fluvial 

sandstones are the dominant facies in the Buntsandstein and are constant over a large 

area (Van Hulten, 2010; Verweij and Simmelink, 2002). The Bacton Group (containing 

Bunter Sandstone) displays a coarsening upwards sequence, relating to a fall in eustatic 
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sea level (Coward, 1995). It has a varying thickness within the Broad Fourteens Basin 

but attains a maximum thickness between 1000-1500m (Van Wijhe, 1987).  

Gas migrates upwards in areas where salt welds developed between Permian Rotliegend 

rocks and the Bunter Sandstone, and through basin-margin faults (Verweij and 

Simmelink, 2002). This gas can accumulate between units of the Lower Germanic Trias 

Group and diapirs which were activated during the Triassic (Van Hulten, 2010). 

 
2.3.2.2. Jurassic oil plays 

By the end of the Triassic, the Rhaetian transgression raised the eustatic sea level. Thick 

open marine Jurassic clays were restricted to basin centres and the Altena Group was 

subsequently deposited (Verweij and Simmelink, 2002; Van Wijhe, 1987) (Fig. 2.5). 

The original lateral extent of the Altena Group is uncertain due to Cretaceous tectonic 

inversion and its almost complete removal across structural highs (Duin et al., 2006; 

Van Hulten, 2010a).  

The onset of the Toarcian oceanic anoxic event coincided with the deposition of a thin 

layer of bituminous clays in the Posidonia Shale Formation. This 15-30 m thick 

sequence is the main source rock of the Jurassic oil plays in the Broad Fourteens Basin 

and contains kerogen type II oil, with TOC values around 5 % (Van Hulten, 2010; 

Verweij and Simmelink, 2002; De Jager et al., 1996). Maturation was reached in the 

centre of the basin during the Lower Cretaceous (latter part of syn-rift sequence). The 

northern edge reached the oil window later in the Cretaceous (during post-rift sequence) 

(Verweij and Simmelink, 2002). Inversion in the latest Cretaceous and Palaeocene 

reduced the temperature of oil and allowed access of meteoric waters: aerobic bacteria 

consequently biodegraded the oil (De Jager et al., 1996). 
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Overlying the Posidonia Shales is the Delfland Subgroup, which acts as both reservoir 

and a secondary source rock. Fluctuations in sea level during the Jurassic generated 

fluctuations of lacustrine and fluvial deposits, resulting in the deposition of sandstone 

and interbedded bituminous shales and dispersed lignitic material (Verweij et al., 2003). 

The main reservoir unit in the Broad Fourteens Jurassic oil plays is the Vlieland 

Sandstone Formation. Transition from coastal to shallow marine deposits occurred 

during the Lower Cretaceous, characterised by slow sedimentation (Verweij and 

Simmelink, 2002; Verweij et al., 2003). This can be resolved seismically as a rapid 

change of facies, a character indicating a potential stratigraphic trap (Van Hulten, 

2010).  

The Vlieland Formation can only be found in depocentres, as it has been eroded from 

structural highs - similarly to the Altena Group of the Lower Jurassic (Duin et al., 2006). 

Charging of the Vlieland reservoir occurred by the Palaeocene. Migration of Posidonia 

oils linked to basin inversion filled the Vlieland Sandstones, with the Werkendam and 

Delfland sandstones act as secondary reservoirs, thus containing much lower volumes 

of hydrocarbons (Verweij et al., 2003).  

The Vlieland Shale Formation is the top seal member for the Jurassic oil plays (Bruijn, 

1996). However, shales, like the Cretaceous Vlieland Shale Formation, make an 

ineffective seal and most of the oil accumulations are structurally trapped by faulted 

anticlines formed in the Cretaceous-Palaeocene inversion (De Jager et al., 1996). 

 

2.4. Nankai Trough accretionary prism, SE Japan 

Accretionary prims such as the Nankai Trough in SE Japan are dominated by large-

scale tectonic shortening and uplift driven by plate subduction (Miyazaki and Heki, 

2001; Bird, 2003; DeMets et al., 2010; Tsuji et al., 2014). Offshore SE Japan, the 
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subduction of the Philippine Sea Plate beneath the southeast margin of Eurasia occurs 

at a variable convergence rate of 4.0 to 6.5 cm/year (Seno et al., 1993; Miyazaki and 

Heki, 2001; DeMets et al., 2010). This process has led, since the Pliocene-Pleistocene, 

to large-scale tectonic shortening and uplift of overburden strata above a subducted 

oceanic slab to form the Nankai accretionary prism, i.e. a mass of sediment that has 

been scrapped off from the subducting Philippine Sea Plate and accreted together with 

sediment derived from SE Japan (Taira, 2001; Miyazaki and Heki, 2001; Bird, 2003; 

Kimura et al., 2011, 2018).  

The continuous movement of the subducted Philippine Sea Plate has induced a 

continuum of internal deformation that is expressed in the form of imbricate thrust 

faults, thrust anticlines, pop-up structures, megasplay faults, strike-slip faults, and 

normal to reverse faults (Kimura et al., 2011; Moore et al., 2013; Alves et al., 2013; Lin 

et al. 2015; Van Tuyl et al., 2015; Azevêdo et al., 2018). 

  

2.4.1. Tectonic setting  

The Nankai trough spans the boundary between the Eurasian and the Amurian Plates, 

being limited to the east by the Pacific Plate and to the south by the Philippine Sea Plate 

(Bird, 2003; Kimura et al., 2011, 2018) (Fig. 2.6a). The Philippines, Pacific, and 

Amurian Plates converge under the Tokyo metropolitan area, resulting in a uniquely 

complicated tectonic environment; the Amurian Plate overrides the Philippine Sea Plate 

at the same time the Pacific Plate dips beneath both the Philippine Sea and Amurian 

Plates (Bird, 2003; Kimura et al., 2011) (Fig. 2.6a). These convergent plate margins 

generate large earthquakes within and in between the latter tectonic plates, e.g. the 1944 

Tonankai and 1946 Nankai earthquake events along the Nankai Trough, and the 1923 
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Great Kanto Earthquake along the Sagami Trough (Harris, 1998; Ide et al., 2011; Lee 

et al., 2011).  

Three major subduction-related boundaries, marked by deep-ocean trenches or troughs, 

define the tectonic setting of Nankai: a) the Sagami Trough at the interface of the 

Philippine Sea and Amurian Plates, b) the Japan Trench between the Amurian and 

Pacific plates, and c) the Nankai Trough between the Philippine Sea and the Eurasian 

Plates (Bird, 2003; Kimura et al., 2011) (Fig. 2.6a). The Nankai Trough, which is the 

oceanward boundary of the study area, delineates an active (and seismogenic) 

convergent margin under which the Philippine Sea Plate is subducted at a variable 

convergence rate of approximately 4.0–6.5 cm/year, following an azimuth of 3000 to 

3150 (Seno et al., 1993; Miyazaki and Heki, 2001; DeMets et al., 2010; Moore et al., 

2013) (Fig. 2.6).  

 

2.4.2. Stratigraphic setting 

Integrated Ocean Drilling Programme (IODP) drilling sites provide valuable 

lithological and stratigraphic information on the shallow sedimentary cover, uppermost 

part of the accretionary prism, and underthrusted sediments from the Philippine Sea 

Plate (Figs. 2.6 and 2.7). 

Multiple IODP campaigns reached strata within the outer wedge of the Nankai 

accretionary prism and collected stratigraphic evidence to show that the Nankai Trough 

is mainly composed of a relatively thin slope basin, overthrusted and underthrusted 

sediments (Expedition 315 Scientists, 2009; Expedition316 Scientists, 2009; Kimura et 

al., 2011; Strasser et al., 2014) (Fig. 2.7).  
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Fig. 2.6. a) Inset highlighting the three principal subduction trenches surrounding 

the Japanese Islands. i) the Nankai Trough, ii) the Sagami Trough (ST) and iii) 

the Japan Trench. The study area is shown by the red box. Figure modified from 

Bird (2003). b) Bathymetry map of the Kumano Basin and adjacent region to the 

Nankai accretionary prism highlighting structural zones, the location of IODP 

sites and the location of the study area (red box). Figure Modified from Moore et 

al. (2013). KPR-Kyushu-Palau Ridge; FSC –Fossil Spreading Centre; IBA-Izu-

Bonin Arc; ST -Sagami Trough; OKP-Okhotsk Plate, MSFZ-Megasplay Fault 

Zone; IODP - Integrated Ocean Drilling Programme. c) Arbitrary line through 

the 3-D seismic volume along some of the sites drilled by IODP (Moore et al., 

2009) highlighting structural zones and study area within the outer wedge zone. 
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Slope sediments were accumulated above an angular unconformity separating them 

from an underlying overthrusted/accreted sediment, this latter comprising strata 

belonging to the upper part of the accretionary prism (Kimura et al., 2011) (Fig. 2.7). 

In addition, cores collected at IODP Site C0006 drilled through a deep underthrusted 

sediments composed of deep-marine sediment from the subducting Shikoku Basin 

(Figs. 2.6c and 2.7). 

Slope basin sediments can be up to ~2.4 Ma old and comprises slope-apron fine-grained 

turbidite facies spanning the latest Pliocene-Holocene. Data from IODP Sites C0008 

and C0018A (Expedition 315 Scientists, 2009; Expedition 316 Scientists, 2009; 

Expedition 333 Scientists, 2012) divided slope basin sediments into three, which mark 

a gradual transition from upper-slope apron facies to base of slope apron facies: a) 

hemipelagic mud and silty-clayey sequences intercalated with multiple ash layers, b) 

hemipelagic mud, silty clay and silty turbidites with ash layers, and c) turbiditic sand 

and sandy silt intercalated with mud and ash layers (Expedition 315 Scientists, 2009; 

Kimura et al., 2011; Alves et al., 2013; Strasser et al., 2014).  

IODP Sites C0006, C0008 and C0018 (Expedition 315 Scientists, 2009; Expedition 316 

Scientists, 2009) define overthrusted/accreted sediments as reflecting the uppermost 

part of the accretionary prism (Figs. 2.6c and 2.7). This package is Pliocene in age or 

older. It comprises accreted sediments with mudstone- to sand-dominated lithologies 

(Expedition 315 Scientists, 2009; Kimura et al., 2011; Alves et al., 2013; Strasser et al., 

2014). 

Underthrusted sediments were identified below overthrusted sediments in the Frontal 

Thrust Zone, at IODP Sites C0006 and C0007 (Expedition 316 Scientists, 2009), and 

comprises hemipelagic mud interbedded with volcanic ash and tuffs. Overthrusted 
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sediments are deformed by thrust faults and transitions at depth into underthrusted 

Shikoku Basin sediment (Expedition 316 Scientists, 2009) (Fig. 2.7). In the inner wedge 

of the Nankai accretionary prism, the presence of an overlying forearc basin (Kumano 

Basin), and underlying thrust-and-fold accretionary prism, agrees with the stratigraphic 

units defined by IODP. 

 

2.4.3. Main structural styles offshore Nankai 

The mechanics behind the deformation of accretionary prisms have been explained by 

the Coulomb and dynamic coulomb-wedge theories (Davis et al., 1983; Dahlen, 1984; 

Wang and Hu, 2006). These two theories propose a transition between a highly 

compressional outer wedge and a less compressional (and moderately seismogenic) 

inner wedge. As a result, Wang and Hu (2006) described the outer wedge region of the 

Nankai accretionary prism as comprising a series of imbricate thrust faults that 

accommodate a zone of low shear strength, while the inner wedge region forms a zone 

of accreted sediment characterised by the absence of active compressional structures, 

thus normally acting as a backstop.  

More recently, Wu et al. (2013) and Lin et al. (2015) used a compilation of borehole 

and core data to determine stress states and deformational styles across the Nankai 

accretionary prism. The authors showed that, in its inner wedge, horizontal maximum 

stresses relate to strike-slip faulting. However, the sediment overlying the inner wedge 

(Kumano Basin) records a vertical maximum stress, a configuration that reflects a 

normal faulting regime, leading to the conclusion that the Nankai accretionary prism is 

currently experiencing a predominantly (inter-seismic) extensional regime.
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Fig. 2.7. Stratigraphic interpretation across the outer and inner wedge of the Nankai accretionary prism (Boston et al., 2016). The prism 

consists of slope basin, overthrusted and underthrusted sediments. 
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Lin et al. (2015) and Lackey et al. (2020) also showed evidence for compression 

seawards from a Megasplay Fault Zone, with a maximum principal stress parallel to the 

convergence vector. They stated that, at present, the Nankai accretionary prism is 

dominated by a shallow extensional regime and a relatively deep strike-slip to reverse 

faulting regime, mainly due to stress field reorganisation in the areas where maximum 

principal stress becomes horizontal. This transition between different tectonic regimes 

at depth is often referred to as Extension-Compression Depth (Lewis et al., 2013; Van 

Tuyl et al., 2015; Lin et al., 2015). 

Azevêdo et al. (2018) recently interpreted seismic data in the outer wedge region of the 

Nankai accretionary prism to reveal a complex set of thrusts, pop-up structures, thrust 

anticlines and strike-slip faults hinting at a complex strain distribution across SE Japan. 

The authors suggest that lateral slip, together with thrusting and folding, are the major 

styles of deformation operating in the outer wedge region of the Nankai accretionary 

prism. Both styles of deformation reflect a transpressional tectonic regime in which the 

maximum horizontal stress is geometrically close to the convergence vector.
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3. Data and Methods 

3.1. Introduction 

This research study uses high-quality three-dimensional (3D) seismic reflection 

datasets and well logs to understand the nucleation, reactivation and growth histories 

of normal faults, and their implications in sedimentary basins. The datasets were made 

available by Dr. Tiago M. Alves, the Research Leader of 3D Seismic Lab, School of 

Earth and Environmental Sciences, Cardiff University. This chapter aims to give a brief 

overview on how marine seismic data are acquired and processed. It also gives an 

overview and descriptions of seismic data and interpretation used in the study. 

However, specific details of seismic dataset and methods related to each result chapter 

are also provided in the corresponding Chapters 4, 5 and 6.  

3.2. Seismic Exploration 

Seismic exploration can provide the most complete subsurface picture of any surface-

based geophysical technique. The essence of the technique is a real deployment of 

sources and receivers on a two-dimensional (2-D) grid, followed by processing and 

interpretation of the resulting densely sampled volumetric data (Gubins, 1990). A 

typical marine 3-D survey is carried out by shooting closely spaced parallel lines (line 

shooting) - the shooting direction is called the inline direction. A typical land or shallow 

water 3-D survey is done by laying out several receiver lines parallel to each other and 

placing the shot points in the perpendicular direction (swath shooting). For land 3-D 

survey, the receiver cable is along the inline direction (Bull et al., 2009). The direction 

that is perpendicular to the inline direction in a 3-D survey is called the crossline 

direction. The line spacing in 3-D surveys can be 50 m or less. Traces are collected as 

common cell gathers/bins (Posamentier and Kolla, 2003).  
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Three-dimensional (3-D) seismic surveys are distinguished from 2-D seismic data by 

the acquisition of multiple closely spaced lines that provides regular data point spacing 

that feeds 3-D data migration during processing (Vermeer, 2012). This leads to a true 

data volume from which lines, planes, slices, or 'probes' can be extracted in any 

orientation, with nominally consistent data processing characteristics (Vermeer, 2012). 

The close line spacing of 3-D seismic data means that they do not have the problems of 

spatial aliasing inherent to 2-D seismic data and, therefore, have the potential to yield 

better stratigraphic resolution, better migration, and imaging of structural and 

depositional dips (Biondi, 2006).  

The density of subsurface reflection point coverage allows strata reflections to be 

mapped using automated or semi-automated trackers to provide continuous mapped 

surfaces that may in turn be used to derive a range of seismic and structural attributes 

(Biondi, 2006). These attributes feature increasingly in exploration and development 

workflows. Fundamentally, however, the greatest benefit of 3-D resides in its spatial 

resolving power both in terms of absolute spatial resolution and relative accuracy in 

image positioning (Yilmaz, 2001). Features such as fault systems can now be mapped 

in much more detail than with 2-D seismic data, with its inherent limitations of spatial 

aliasing (Freeman et al., 1990). 

3.2.1. Marine streamer acquisition 

The first marine 3-D surveys were carried out with the conventional 2-D geometry of a 

single boat towing one source (array) and one streamer (Watson, 2009) (Fig. 3.1). To 

increase efficiency in recording 3-D surveys, the industry has seen a gradual increase 

in the number of midpoint lines (also called bin lines) recorded in one boat pass.
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Fig. 3.1. Schematic section illustrating the method behind the marine streamer acquisition. The seismic survey vessel 

tows an acoustic source near the surface, which emits a loud sound wave. These waves travel through the water and into 

the sediment layer, reflecting to the receiver (hydrophones). Modified from Bacon et al. (2007). 
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The strongest vessels can tow 16 or more streamers, depending on the length of the 

streamers, allowing efficient single-boat operations (Vermeer, 2012). 

Figure 3.2 illustrates the evolution from three or four streamers to 14 streamers with a 

schematic display of some multisource multi-streamer configurations. The sources 

represented by red stars, are always kept as close as possible to the boat to minimize 

the length of the umbilicals (pressure hoses from the vessel to the air-gun arrays). The 

sources take turn firing. The number of midpoint lines recorded by these geometries 

equals the product of the number of sources and the number of streamers (Brown, 2004; 

Vermeer, 2012). The configurations in Fig. 3.2 may still be adapted, or changed, 

depending on size of survey, operator, and concerns about illumination problems 

associated with wide-tow configurations. The length of the streamers may vary from 2 

to 9 km, depending on depth to target. The width of the swath of streamers may be on 

the order of 1.0 km (Vermeer, 2012). 

The survey areas are normally traversed by a seismic vessel along the longest dimension 

of the area to minimize the number of line turns, the areas are usually covered in a 

racetrack mode (Fig. 3.3); this means the area is split into pairs of elongated regions in 

which the shooting direction alternates between the members of each pair. This method 

accommodates the large radius of the line turns that are necessary to prevent tangling 

neighbouring streamers during the line turn (Vermeer, 2012). It also reduces the length 

of the turn to a semicircle rather than a nearly full circle, which would be needed if 

adjacent seismic boat passes were acquired sequentially (Vermeer, 2012).  

The layout in Fig. 3.2 is such that each combination of a source and a streamer provides 

data for a unique midpoint line.   
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Fig. 3.2. Schematic description of various multisource multistreamer configurations. 

Red stars represent sources; vertical lines represent streamers. The values under the 

streamers represent number of streamers and time of introduction. Figure modified 

from Vermeer (2012). 
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Fig. 3.3. Schematic description of racetrack method for covering survey area. In the figure, there are five sail lines (boat passes) 

on each side of the track. The width of the track is selected such that line turns take minimal time, given the acquisition 

configuration (number and length of streamers and distance between streamers). Usually, the survey area is split into several 

racetracks. Figure modified from Vermeer (2012).  
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The distance between the two sources equals one-half streamer interval (all streamer 

intervals are the same, nominally), and their distance from the nearest streamer equals 

one quarter streamer interval. This is also the interval between the midpoint lines 

(Yilmaz, 2001). It is important to note that this interval between midpoint lines 

constitutes, at the same time, the crossline bin size (Vermeer, 2012) (Equation 3.1).  

 

 

𝐂𝐫𝐨𝐬𝐬𝐥𝐢𝐧𝐞 𝐛𝐢𝐧 𝐬𝐢𝐳𝐞 =
Streamer interval

2 ×  Number of sources
                                          Equation 3.1 

 

 

In standard marine acquisition, the depth controllers in a streamer must ensure a 

constant depth along the length of the streamer. These controllers function properly 

only if the speed of the streamer is at least 4 knots, which corresponds to about 2 m/s 

(Vermeer, 2012). The time between shots depend on required record length and time 

required to dissipate the energy of the previous shot. This time is often on the order of 

10 s, so the streamer vessel moves over at least 20 m between shots. A frequently chosen 

distance between consecutive shots is 18.75 m. In deep marine areas with deep targets, 

the distance between the shots is larger; in the Gulf of Mexico, 37.5 m is quite common 

(Vermeer, 2012). 

 

      𝐈𝐧𝐥𝐢𝐧𝐞 𝐅𝐨𝐥𝐝 =
Streamer length

2 ×  sources interval
                                                      Equation 3.2 

 



Chapter 3: Data and Methods   

 

91 
 

The advantage of using two sources is that it reduces the crossline bin size for the same 

streamer intervals (Equation 3.1). Clearly, crossline bin size tends to be one of the 

limiting factors in the resolution of marine streamer data (Yilmaz, 2001; Vermeer, 

2012). Alternatively, using dual sources also allows for towing streamers with twice 

the streamer interval for the same crossline bin size. Often, the quality of data acquired 

by marine streamers is excellent, allowing for a lower fold resulting from the use of two 

sources (Vermeer, 2012). However, Hegna et al. (2001) show an example from offshore 

Norway where higher fold leads to substantially better data quality. For more details on 

seismic data acquisition, the reader to consult Vermeer, (2012). 

 

3.2.2. Seismic Data Processing 

Seismic signals are generated by seismic energy sources (air-gun, dynamite and 

vibroseis). These signals go into the earth and are reflected to the surface of the earth 

where geophones or hydrophones are used to detect them. The detected signals are 

amplified, recorded, and subjected to different types of seismic data processing. The 

processed data in the form of seismic sections are then subsequently handed over to 

interpreters who design geological models consistent with the seismic section. This 

section briefly highlights some of the seismic data processing stages that constitute the 

heart of most data processing.  For more detailed on seismic data processing, the reader 

should consult (Yilmaz, 2001; Sheriff and Geldart, 1995). 

 

3.2.2.1. Demultiplexing  

In the early days of digital recording, field data were recorded in multiplex form (i.e. 

order in sample time). To be able to process these data they had to be in trace or channel 
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order. This sorting process is known as demultiplexing. Today, however, this should be 

necessary when reprocessing very old data, since modern seismic recording systems 

supply field data in demultiplexed form. Demultiplexing is usually carried out by 

computer program which sorts out given values into sequence for separate channels 

(Yilmaz, 2001). The United States’ Society of Exploration Geophysicists (SEG) 

provide specified standard data file formats (SEG-Y), which is the most common 

standard data-file format; data are ordered into time-then offset-sequential traces, 

including header lines to each trace with all position coordinates, and acquisition details 

(Barry, 1975). 

 

3.2.2.2. Amplitude recovery 

The measured amplitudes are in digital counts, but for any given reflection event will 

decrease with increasing recorded time (TWT or two-way-time) and offset for three 

main reasons: intrinsic attenuation, energy partitioning at interfaces, or reflectivity and 

geometric spreading or spherical divergence (Yilmaz, 2001). The decreased amplitudes 

during data acquisition must be restored so that reflections can be seen and analysed. 

Amplitude recovery tools include Automatic Gain Control (AGC) and Velocity-Based 

Scaling (Ursin 1990). 

 

3.2.2.3. Pre-Stack Deconvolution  

Deconvolution is a process that improves the vertical resolution of seismic data by 

compressing the basic wavelet, which also increases bandwidth of the wavelet. In 

addition to compressing or shortening reflection wavelets, deconvolution can also be 
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used to attenuate ghosts, instrument effects, reverberations, and multiple reflections 

(Gadallah and Fisher, 1999). 

A seismic trace can be modelled as the convolution of the input signature with the 

reflectivity function of the earth impulse response, including source signature, 

recording filter, surface reflections, and geophone response. This also includes primary 

reflections (reflectivity series), multiples, and all types of noise. If deconvolution was 

completely successful in compressing the wavelet components and attenuating 

multiples, it would leave only the reflectivity of the earth on the seismic trace. In so 

doing, vertical resolution is increased, and earth impulse response or reflectivity is 

approximately recovered (Sheriff and Geldard, 1995).  

 

3.2.2.4. Frequency Filtering 

The process of eliminating frequencies that do not carry seismic information is called 

filtering. Frequency filtering can be in the form of band-pass, band-reject, and high-

pass (low-cut), or low-pass (high-cut) filters. All these filters are based on the same 

principle. Band-pass filtering is used because a seismic trace typically contains some 

low frequency noise, such as ground roll, and some high-frequency ambient noise 

(Yilmaz, 2001). The usable seismic reflection energy usually is confined to a bandwidth 

of approximately 10 to 70 Hz, with a dominant frequency around 30 Hz (Yilmaz, 2001).  

Band-pass filtering is performed at various stages in data processing. If necessary, it 

can be performed before deconvolution to suppress remaining ground roll energy and 

high-frequency ambient noise that otherwise would contaminate signal autocorrelation 

(Yilmaz, 2001). It is a standard practice to apply a time-variant band-pass filter to 

stacked data to pass higher frequencies shallow in the section and lower frequencies at 

greater depths (Yilmaz, 2001). 
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3.2.2.5. Velocity Analysis 

Velocity analysis is very important in reflection processing because once optimum 

primary velocity is computed, Normal Moveout (NMO) corrections can be applied to 

Common Mid-Point (CMP) gathers, which is concurrently stacked making signal stack 

in phase and noise out of phase thus increasing the signal-to-noise ratio (Yilmaz, 2001). 

Normal moveout is the basis for determining velocities from seismic data, computed 

velocities can be used to correct for normal moveout so that reflections are aligned on 

CMP traces (Sheriff and Geldart, 1995).  

 

3.2.2.6. Multiple Suppression  

Multiples are events which are reflected more than once between layers. They are a 

major problem in many areas and can seriously degrade the usefulness of the data. The 

three most used methods to eliminate multiples are: a) move-out differences against the 

primaries, b) periodicity of the multiples, and c) image-processing techniques (Sheriff 

and Geldart, 1995). 

 

3.2.2.7. Seismic data migration 

Migration is a “repositioning process’’, which moves every reflection to their proper 

places with their correct amount of dips. This results in a section that more accurately 

represents a cross-section of the earth, delineating subsurface details such as fault 

planes (Yilmaz 2001). A vertical seismic section represents a cross section of the earth. 

It appears more like the real earth when layers are flat and much like it when they have 

gentle dip. With greater dip, the reflections are not where they are supposed to be in the 

Earth and, hence, have different dip values. In addition, irregularities on a reflection 
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produce diffracted wavelets, which interferes with the reflection on a seismogram 

(Sheriff and Geldart, 1995). On seismic sections, these diffractions produce arc like 

patterns (diffracted wavelet) creating an image that could be mistaken for an accurate 

reflector. Hence, seismic data migration involves repositioning data elements to make 

their locations appropriate to the location of the associated reflectors and to remove 

diffracting images from the section (Sheriff and Geldart, 1995; Yilmaz 2001).  

The need to migrate seismic data to obtain structural picture was recognised at the 

beginning of seismic exploration. Generally, migration is based on the premise that data 

elements represent primary reflections or diffraction. The need for migration is usually 

judged by examining a seismic section. Where dipping images and diffraction images 

are found, migration is recommended. The quality of such a seismic section is 

considerably improved by modern migration processing (Yilmaz, 2001; Levin, 1971). 

  

3.3. Seismic resolution 

Seismic resolution is one of the key parameters used to assess the quality of seismic 

data and is related to the ability to recognise two points that are close to each other, and 

can still be detected (Yilmaz, 2001). In other words, seismic resolution is the 

measurement of how small a geologic feature, such as the thickness of a sedimentary 

bed, or a fault, can be distinguished in a seismic dataset (Zhou, 2014). Vertical 

resolution, also called temporal or depth resolution, quantifies the closeness of two 

reflections and constrain fault analyses through detailed mapping of fault throws alone 

fault planes (See section 7.5) (Yilmaz, 2001). The vertical resolution is determined 

along the direction of wave propagation by a reflected pulse-length on the seismic 

profile, and it is measured in terms of wavelength (Kearey et al., 2013).  
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Seismic wavelength varies from around 40 m in the shallower parts of seismic volumes 

and 250 m at depth (Brown, 2011). These values show an increasing tendency with 

depth since the velocity becomes higher at depth due to the effects of sediment 

compaction, and frequency decreases progressively due to wave (signal) attenuation 

(Kearey et al., 2013). As the resolution decreases with increasing wavelength, it is noted 

that the resolution deteriorates with depth. Sheriff and Geldart (1995) stated that the 

maximum possible resolution for a reflected pulse, represented as a wavelet, varies 

between one-quarter (λ/4) and one-eighth (λ/8) of the dominant wavelet wavelength. 

Typically, one-quarter of the wavelength is assumed by many authors as the preferred 

maximum resolution (Brown, 2011; Hart, 1999; Kearey et al., 2013; Liner, 2004; 

Yilmaz, 2001; Zhou, 2014).  

The threshold for vertical resolution may depend on the noise level of the data allowing, 

for example, rock layers with a thickness of up to λ/30 may be detected (Yilmaz, 2001). 

However, the seismic amplitude and frequency may vary below the conventional limits 

of the seismic resolution, indicating the possibility of recovering the frequency beyond 

the seismic data bandwidth and inferring layer thicknesses below the seismic sample 

rate (Yilmaz, 2001). The detection of smaller features on seismic data can be achieved 

by increasing the dominant frequency of the stacked seismic data, either by recording 

or by processing the raw seismic data (Yilmaz, 2001). During the recording of seismic 

data, it is necessary to use adequate receiver arrays and antialiasing filters in order to 

prevent and reduce the loss of high-frequency signal due to the statics. During the 

processing of the obtained data, the primary concern is the removing of any statics that 

can reduce the high-frequency signal before stacking the data and with the preservation 

and display of the high-frequency signal. Deconvolution is the tool used to ensure that 

the high-frequency signal is displayed on the stacked data. 
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The horizontal or lateral resolution defines how close two points can be and still be 

recognised as two individual features, rather than one (Yilmaz, 2001). Compared to the 

vertical resolution, the quantification of horizontal resolution in more complex, as it is 

necessary to consider the detector (hydrophone) spacing and the properties of seismic 

waves (Kearey et al., 2013). The detector spacing is related to the position of the 

hydrophones as previously discussed in the section “Seismic Acquisition”. Receivers 

must be kept closely from each other to make sure the reflection will be reliably 

correlated, as horizontal resolution decreases with reflection depth.  

From Figure 3.4 it is noted that reflections must be spaced at a distance that is equal to 

half the detector spacing. Seismic-wave properties, such as the dominant frequency, the 

depth of the reflecting interface, and the velocity above a seismic reflector, must be 

considered when quantifying horizontal resolution (Kearey et al., 2013; Yilmaz, 2001). 

The seismic reflection method is better described when considering an infinite number 

of rays travelling down onto a horizontal reflector through a circular area called the 

Fresnel Zone (Fig. 3.5). The Fresnel Zone is also the horizontal resolution limit of the 

seismic data, defined by the energy that returns to the seismic detector within one-half 

of the wavelength of the primary wave front. This is the half-wavelength constructive 

condition necessary to reflect a coherent seismic signal (Kearey et al., 2013; Liner, 

2004; Zhou, 2014). 

The size of the Fresnel Zone is related to the reflector depth. The dominant frequency 

tends to be lower with depth after considering the effects of attenuation. This leads to 

an increase in wavelength and in velocity of seismic waves with depth, which 

consequently results in a lower seismic resolution (Brown, 2011; Kearey et al., 2013; 

Liner, 2004). The width of the Fresnel Zone is related to the dominant wavelength λ of 

the source, and to the reflector depth (z) as expressed in Equation 3.3. 
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𝑤 = √2𝑧𝜆                                                                                      Equation 3.3 

 

 

The limit of the receiver’s horizontal resolution is also represented by the width of the 

Fresnel Zone, as closely spaced features separated at depth by a distance smaller than 

the Fresnel Zone cannot be distinguished (Liner, 2004). The lateral resolution limits of 

the Fresnel Zone apply to seismic data that are not migrated. Seismic data must be 

processed and migrated to produce a 3D volume or cube, which will be further 

interpreted. Data processing consists in the collection of seismic reflection events 

falling into the same area, the common midpoint (CMP) gather, to create a CMP stack 

that will improve the signal-to-noise ratio (Yilmaz, 2001; Zhou, 2014). 

Migration of the stacked seismic data is another essential step in the processing 

sequence and involves the movement of dipping events to their correct position, rather 

than their recorded location. In addition, data migration focuses seismic energy that is 

spread over the Fresnel zone and collapses diffraction patterns from points and edges 

(Bacon et al., 2007). The Fresnel Zone is, thus, ideally reduced to a circle with a radius 

of a quarter the wavelength, as showed in Fig. 3.5. In practice, however, it is more likely 

for the Fresnel Zone to be reduced to approximately half of the radius (Brown, 2011). 

Data improvements resulting from the migration of seismic data include a reduction in 

noise and a relative increase in horizontal resolution. 

 

3.4. Overview of seismic dataset used  

This section gives an overview and description of the high-resolution 3-D seismic 

datasets used in this study. The datasets include: Espírito Santo Basin (SE Brazil),  
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Fig. 3.4. The Fresnel Zone, or the horizontal resolution of the seismic data. The 

energy that returns to the seismic detector is half the wavelength of the detector 

spacing (Kearey et al., 2013). 
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Fig. 3.5. The large circle represents the Fresnel Zone prior to data migration. The 

oval red form is the Fresnel Zone after migration, which shows the wavelength 

reduced by half. The black dot located in the centre of the circle represents the 

idealised post-migration of the Fresnel Zone, with the wavelength reduced by a 

quarter (Brown, 2011). 
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Broad Fourteens Basin (Southern North Sea) and Nankai accretionary prism (SE Japan) 

seismic surveys. The datasets include: Espírito Santo Basin (SE Brazil), Broad 

Fourteens Basin (Southern North Sea) and Nankai accretionary prism (SE Japan) 

seismic surveys. Specific details of seismic dataset related to each result chapter are 

also provided in the corresponding Chapters 4, 5 and 6. 

 

3.4.1. Espírito Santo Basin (BES-100) 

The seismic block (BES-100) used in result chapter 4 was acquired 60 km from the 

coastline of the Espírito Santo Basin (offshore Southeast Brazil), approximately 

between 19.40__20.50N and 38.30__39.50E, covering an area of about 2,450 km2 within 

a range of water depths between 700 m and 1970 m (Fig. 2.1). 

The seismic dataset was acquired by CGG-Veritas using CGG’s Harmattan seismic 

vessel. The vessel towed two sources and six streamer cables (2/6). Each cable is 5700 

m long separated by 50 m interval from one another. This survey layout has a 57-fold 

of coverage (Eqn. 3.2). The inlines and crosslines of the seismic base map ranges from 

2000 to 6600 (i.e. 4601 inlines) and 840 to 4250 (i.e. 3411 crosslines) respectively, with 

equal spacing of 12.5 m between the lines. The inlines trends in the W-E direction 

perpendicular to the crosslines’ direction. 

The seismic dataset was originally acquired using 2 milliseconds sample interval, and 

later resampled to 4 milliseconds sample intervals. The seismic dataset was zero-phase 

processed and migrated using Stolt, 3D pre-stack time migration algorithm. It displays 

a normal positive polarity (European convention) so that an increase in acoustic 

impedance is represented by a peak on the seismic sections. The seismic dataset has a 

total available record length of about 5.0 seconds deep. 
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3.4.2. Broad Fourteens Basin  

Three-dimensional (3-D) seismic and borehole data from the Broad Fourteens Basin, 

Southern North Sea, were used in Chapter 5 to investigate the geometry and reactivation 

history of faults that resulted from tectonic inversion. The data were acquired in the 

northern end of the Broad Fourteens Basin, offshore The Netherlands, between 53.10-

53.30N and 3.80-4.20E (Fig. 2.4). The survey covers an approximated area of about 845 

km2 in a shallow water depth of 37.7 m. 

The seismic data were recorded with a 2 ms vertical sampling interval, and a 12.5 x 

12.5 m bin size, providing a maximum lateral resolution of 12.5 m. It was zero-phase 

time migrated and displayed with a normal positive polarity, so that an increase in 

acoustic impedance is represented by a peak (red seismic reflection). A decrease in 

acoustic impedance is represented by a trough (black seismic reflection) (SEG 

European Convention; Brown, 2003). The vertical scale of the seismic data is in two-

way travel time (TWTT), up to a recording length of about 3.5 seconds. The vertical 

seismic resolution for the target intervals in Late Mesozoic to Paleogene strata is 17.8 

m, based on a dominant frequency of 40 Hz and an average velocity of 2850 m/s. 

 

3.4.3. Nankai Trough accretionary prism  

Three-dimensional (3-D) pre-stack depth migrated seismic data were used in result 

chapter 6. The data were acquired in the outer wedge region of the Nankai accretionary 

prism, SE Japan, between 33.00-33.20N and 136.50-136.80E (Fig. 2.6). The survey area 

is oriented at 3300 and covers an area of approximately 12 km by 23 km in water depths 

ranging between 2500 m and 5000 m (Fig. 3). The seismic data was acquired using dual 
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airguns and an array of 4 x 4500 long streamers spaced at intervals of 150 m. This 

configuration provided a 30-fold coverage, and a maximum lateral resolution of 12.5 

m. Data were recorded with a 2 ms vertical sampling interval, and a 12.5 x 18.75 m bin 

size. The seismic data was zero-phase pre-stack depth migrated (Moore et al., 2009), 

and displayed with a normal positive polarity (European convention), so that an 

increase in acoustic impedance is represented by a red seismic reflection. Vertical 

seismic resolution approaches 6 m in shallow slope basin sediments based on the 

dominant wavelength of approximately 24 m (Alves et al., 2014), whereas vertical 

resolution in the overthrusted sediments approaches 14 m based on the dominant 

frequency of 40 Hz and velocity of 2200 m/s. 

  

3.5. Seismic data interpretation  

Seismic data interpretation is a fundamental constituent of this thesis, which was 

undertaken in the 3D Seismic Lab, Cardiff University, on Schlumberger’s Petrel 

software. Seismic data interpretation session usually begins with viewing selected 

inline and crossline sections to acquire a regional understanding of the subsurface 

structural features. Data visualization techniques hold vast potential for improving both 

the quality and efficiency of seismic interpretation. The interpreter can develop a quick 

understanding of the structural setting, i.e. relationships between horizons and faults 

prior to any detail interpretation.  

Visualisation of the seismic data is a valuable tool for data preview and interpretations. 

Colour, shaded, 3-D perspective displays allow the integration of information from 

horizon attributes and structure and interpretation of detailed faulting patterns. These 

displays are also used to explore the relationship between reservoir horizons and fault 
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surface structure and to integrate reservoir property estimations with structure 

(Geoffery et al., 1995). 

  

3.5.1. Horizon and fault mapping  

Several seismic reflections were mapped as horizons representing stratigraphic features 

in the study areas. These horizons were manually interpreted. The line spacing chosen 

to interpret each seismic horizon varied according to the structural complexity of 

specific areas. Laterally continuous reflections were mapped using a coarse grid line 

spacing or automatic picking tool’s that Petrel software provided. Structurally complex 

areas were mapped using a finer grid spacing, i.e. from 5- to 10-line spacing.  

Manually picked seismic reflections were used as seed points for the automatic horizon 

tracking. The autotracking (or autokicking) option on Petrel software consists of 

distinct algorithm operations that seek to identify similar features in terms of phase and 

amplitude in surrounding seismic traces (Dorn, 1998; Hart, 1999). If the autotracker 

finds similarities among neighbouring seismic traces, it will pick the trace and move on 

to the next trace. If the search criteria are not met, the autotracker stops at that trace 

(Dorn, 1998). In areas with relatively low signal-to-noise ratios, or with geological 

complexity, the autotracking option may face difficulties. Manual checking and 

constant edits of the autotracked horizons are thus necessary to establish a locally 

continuous, reliable stratigraphic framework (Hart, 1999).  

Fault interpretation follows a similar approach to horizon mapping. Rather than 

mapping seismic reflections, this method revolves around mapping breaks or 

displacements in seismic reflections that are linear, crosscut, and offset packages of 

seismic reflections. Faults are mapped from the point where there offset starts to where 
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it ceases, and no offset is visible on the fault tips. Faults are picked manually, both 

vertically and laterally by moving between inlines and crosslines at intervals ranging 

from 10 lines to 1 line to capture structural complexity and generate an accurate 3D 

representation of the fault plane. 

 

3.5.2. Seismic attributes  

Seismic attributes are a valuable tool in the interpretation of seismic data as they can be 

used to derive further information on the stratigraphic and structural nature of the 

seismic dataset. In Petrel®, numerous seismic attributes are at the interpreter’s disposal. 

The volume attributes used in this thesis include coherence (variance) and two-way-

time structural maps.  

Variance (or coherence) maps are created from a seismic volume, meaning the model 

produced has not yet been interpreted, and is therefore presented without any 

interpretation bias. This method uses algorithms to compare the similarity of adjacent 

waveforms, converting the seismic-amplitude volume of continuity into a volume of 

discontinuity (Brown, 2004). Therefore, it captures geological discontinuities along a 

horizon, such as a faults and channels. Two-way-time structural map provide the 

interpreter with a view of the topographic relief across the study area. 

 

3.6. Faults throw analyses  

Faults throw measurements along fault strike and fault throw measurements with depth 

are key techniques in fault analyses throughout this thesis. Throw-depth (T-z) and 

throw-distance (T-x) plots are interpretation techniques that document the growth 
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histories (both vertical and lateral) of a fault. Both techniques involve the analysis of 

fault throw along a specific horizon.  

Throw is measured by the distance between the top of a horizon on the hanging-wall, 

and the respective horizon on the footwall i.e., vertical component of dip separation 

(Fig. 3.6). The depth is then taken at the top of the horizon on the hanging-wall. Throw-

depth (T-z) plots are a collection of throw measurements taken at every resolvable 

horizon intersecting the fault on a single seismic line. Throw-distance (T-x) plots are 

fault-throw measurements on a single horizon taken at regular intervals along the fault 

strike. Therefore, they document the throw gradients from both tips (where throw is 0 

m) and the throw maximum (Fig. 3.6).   

Throw-depth (T-z) plots were analysed to determine whether a fault is blind or 

comprises a growth fault, and if it had been reactivated (Walsh and Watterson, 1989; 

Mansfield and Cartwright, 1996; Cartwright and Mansfield, 1998; Baudon and 

Cartwright, 2008). A reactivated fault is considered to have a stepped vertical throw 

profile. If there is a throw minimum and a negative gradient across a stratigraphic 

unconformity that has been offset by a fault, fault propagation is a result of “dip 

linkage” (Mansfield and Cartwright, 1996). If the throw has a stepped profile, but 

maintains a positive gradient, the fault is believed to have developed predominantly by 

“upward propagation” (Baudon and Cartwright, 2008). 

Throw-depth (T-z) plots also offer information on the rock competence, nucleation, 

growth, segmentation, and linkage of individual faults (Baudon and Cartwright, 2008; 

Maunde and Alves, 2020). Discrepancies in throw gradients commonly result from 

mechanical heterogeneities, fault reactivation and fault segmentation (Childs et al., 

1996; Baudon and Cartwright, 2008; Laubach et al., 2009).  
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Fig. 3.6. Schematic cross-section through a simple normal fault showing points of fault throw-depth (T-Z) measurements and 

their corresponding throw-depth (T-Z) plot. a) C-shape throw profile. Fault segment with local throw maximum in the throw-

depth plot represents the interval where fault nucleate first. This segment propagates outwards until it encountered other pre-

existing fault segments to link together. b) Throw-depth plot exhibits a regular upward decrease in throw values and maintain 

vertical, positively stepped gradients, revealing the classical model for fault growth by upward propagation. 
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Throw-distance plots are used to develop models for lateral fault growth. They show 

the geometric evolution of faults and the mechanical interaction between undeformed 

rock and the fault at its lateral tips (Jackson and Rotevatn, 2013, Cartwright et al., 1995). 

Idealistic faults have a central throw maximum, but this is often not the case. When 

there are multiple peaks of throw maximum, the fault can be interpreted as having 

grown by segment linkage (Cartwright et al., 1995).   
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4. Impact of tectonic raft’s gravitational instability on fault 

geometry and growth histories 

 

4.1. Abstract 

The downslope gravitational instability of tectonic rafts can deform large volumes of 

supra-salt strata on continental margins. Detailed mapping of fault throw and geometry 

using three-dimensional (3D) seismic reflection data from the salt-rich Espírito Santo 

Basin (SE Brazil) shows that the complex fault geometries observed are primarily due 

to downslope gravitational instability of tectonic rafts. Three main tiers of faults were 

identified and their geometry analysed in detail. Tier 1 faults are associated with the 

initial stage of fragmentation of supra-salt strata into individual blocks, or rafts, which 

are separated by listric (roller) faults and associated minibasins. These faults comprise 

closely spaced normal faults that resulted from outer-arc stretching of strata overlaying 

discrete tectonic rafts. The faults accommodate a significant part of the bending strain 

occurring in the hanging-wall blocks of roller faults, thus forming a curved-polygonal 

planform geometry adjacently to large roller faults. Tier 2 faults are associated with a 

renewed stage of downslope gravitational gliding of tectonic rafts. The progressive 

bending of overburden strata during this stage led to the progressive faulting of 

overburden strata by these faults. The faults comprise closely spaced normal faults with 

a restricted range in fault strikes, forming a rectangular-polygonal planform geometry 

over rollover anticlines. Tier 3 faults are associated with a later stage of diachronous 

grounding of tectonic rafts. Differences in the degree of diachronous grounding of 

tectonic rafts are responsible for the development of these faults and subsequent 

shortening of the overburden strata. These faults comprise densely spaced set of normal 

faults with diverse range of fault strikes, forming an irregular polygonal planform 
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geometry over rollover anticlines. The interpreted fault tiers show fault throw maxima 

ranging from 50 m to 60 m, spacings of 180–420 m and trace lengths of 120–650 m. 

The interpreted fault tiers were reactivated, and their growth is characterized by fault 

segment linkage. The diachronous downslope translation and grounding (welding) of 

tectonic rafts on sub-salt strata was an important process controlling the degree of 

deformation off Espírito Santo. Successive episodes of fault reactivation, and the 

subsequent generation of salt welds below tectonic rafts, potentially formed large 

conduits favouring fluid migration and the generation of hydrocarbon traps in supra-

salt strata. 

 

4.2. Introduction 

The proximal continental slopes of salt-rich continental margins, such as offshore 

Angola–Congo and southeast Brazil, are characterised by large-scale withdrawal and 

downslope movement of salt under deltaic wedges (Demercian et al., 1993; Cramez and 

Jackson, 2000; Fort et al., 2004; Alves et al., 2009). This process triggers gravitational 

instability and has led, in the past, to the fragmentation of supra-salt strata into 

individual blocks, or rafts, separated by listric (roller) faults and associated minibasins. 

In places, these fragmented blocks of strata (rafts) are overlain by wide rollover 

anticlines (Duval et al., 1992; Cramez and Jackson, 2000; Alves, 2012). Importantly, 

the continuous downslope translation and grounding of rafts above sub-salt units have 

induced a continuum of overburden deformational styles not only in southeast Brazil, 

but through vast areas of West Africa (Duval et al., 1992; Gaullier et al., 1993; Mauduit 

et al., 1997; Penge et al., 1999; Alves, 2012; Pilcher et al., 2014). It also led to: a) 

significant subsidence in extensional basins located updip from moving rafts, b) the 

development of large listric (roller) faults controlling seafloor topography during supra-
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salt extension, c) the development of growth strata infilling the accommodation space 

created by raft movement, and d) the development of reactivated structures, which at 

places developed into pop-up structures and wide rollover anticlines sub-parallel to the 

strike of individual rafts (Alves, 2012). 

On the continental margin of southeast Brazil, deformation driven by the gravitational 

gliding of rafts has been a relatively continuous process. Local tectonic shortening 

began early after the deposition of supra-salt strata and continued unabated up to the 

present day. However, individual rafts ceased movement at different times depending 

on their geometry, salt supply and overburden thickness (Fiduk et al., 2004; Alves, 

2012; Piedade and Alves, 2017). Earlier studies on tectonic rafts considered that 

differences in supra-salt overburden thickness can maintain the downslope gravitational 

gliding of rafts even if slope gradient is close to zero, if an efficient basal decollement 

is present at depth (Duval et al., 1992; Gaullier et al., 1993; Mauduit et al., 1997; 

Vendeville, 2005; Brun and Mauduit, 2009). Such a story of gravitational gliding will 

be potentially recorded by rollover faults, wide rollover anticlines, stratal shortening, 

and associated salt structures. For instance, Alves (2012) reported that distinct tectonic 

episodes of gravitational gliding in tectonic rafts controlled the Late Cretaceous-

Paleogene evolution of the basin, inducing local shortening, wide rollover anticlines 

and fault reactivation. 

Fault reactivation has been described as reflecting the further propagation of pre-

existing faults after a significant period of quiescence (Cartwright et al., 1995; 

Mansfield and Cartwright, 2001; Peacock and Sanderson, 1991; Baudon and 

Cartwright, 2008). The classical model for fault reactivation assumes upward 

propagation from pre-existing structures as faults are generated at depth (Richard and 
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Krantz, 1991). The early fault growth model of Barnett et al. (1987) initially favoured 

the development of isolated normal faults propagating in a radial direction and records 

no migration of maximum displacement points. Recent work has focused on 

documenting changes in the dimensions and absolute fault displacements to build more 

reliable fault-propagation models (Cartwright et al., 1995; Mansfield and Cartwright, 

2001, 1996; Cartwright and Mansfield, 1998). It is now recognised that larger faults are 

a result of fault-segment linkage associated with propagation in both the vertical and 

horizontal directions (Cartwright et al., 1995; Mansfield and Cartwright, 2001; Peacock 

and Sanderson, 1991; Dawers and Anders, 1995). Morley (1999) argued for an early 

linkage of multiple smaller faults, rather than growth following the isolated fault model. 

A supplementary model was presented by Lohr et al. (2008), who demonstrated that 

most faults grow by the coalescence of multiple smaller fault segments, whereas tip 

propagation is of relatively minor importance. Acknowledging this latter process of 

fault growth, Cartwright et al. (2000) and McLeod et al. (2000) defended that the 

geometry of large faults is essentially controlled by existing small fault segments. 

This chapter aims at understanding the effect of gravitational gliding of rafts on fault 

reactivation and the subsequent geometry of rollover anticlines developed above 

tectonic rafts. Using a high-quality 3D seismic dataset from the Espírito Santo Basin, 

offshore southeast Brazil, results were extrapolate to other salt-rich continental margins 

where similar phenomena have occurred (e.g., offshore Angola-Congo, North Sea; 

Duval et al., 1992; Mauduit et al., 1997; Cramez and Jackson, 2000). Thus, this chapter 

aims to address the following questions: 

a. How are faults over rollover anticlines reactivated in areas dominated by raft 

tectonics? 
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b. Does the geometry of faults over rollover anticlines document discrete episodes of 

gravitational gliding?  

c. What are the modes of fault propagation developing during the gravitational gliding 

of tectonic rafts? 

To simplify the analysis in this chapter, eight age constrained stratigraphic 

unconformities in Cretaceous and Cenozoic strata were mapped. These unconformities 

truncate the interpreted fault families, thus allowing for the relatively dating of fault 

movement below and above them (Fig. 4.2). Fault growth histories were further 

assessed through the collection of fault displacement data (Peacock and Sanderson, 

1991; Cartwright and Mansfield, 1998; Mansfield and Cartwright, 2001; Stewart, 2001; 

Morley, 2002; Peacock, 2002; Baudon and Cartwright, 2008; Zhang et al., 2011; Anette 

et al., 2013). Throw-depth (T-Z) plots offer information on the nucleation, propagation, 

segmentation, and linkage of individual faults, providing at the same time important 

data for fault seal prediction (Stewart, 2001; Koledoye et al., 2003; Faulkner et al., 

2010). In parallel, throw gradients have been used to assess the role of lithology and 

tectonic reactivation on the growth of faults (Cartwright and Mansfield, 1998; Baudon 

and Cartwright, 2008), as discrepancies in throw gradients commonly result from 

mechanical heterogeneities, fault linkage and fault segmentation (Baudon and 

Cartwright, 2008). 

4.3. Chapter-specific dataset and methods 

4.3.1. Dataset  

The seismic block (BES-100) investigated in this chapter covers an area of 2,450 km2 

of the Espírito Santo Basin, in water depths ranging between 700 m and 1970 m (Fig. 
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2.1). It was acquired using dual airguns and an array of 6 x 5700 m long streamers. Data 

were recorded with a 2 ms vertical sampling interval, and a 12.5 x 12.5 m bin spacing. 

This configuration provides a 57-fold coverage and a maximum lateral resolution of 

12.5 m. 

The seismic dataset was zero-phase migrated using a 3D Stolt prestack time migration 

algorithm. It displays a normal positive polarity so that an increase in acoustic 

impedance is represented by a peak and is red on the seismic sections. The vertical scale 

of the seismic dataset is two-way travel time (TWTT) and, for this chapter, was limited 

to a recording length of about 5.0 s (Fig. 4.1). Velocity information obtained from Alves 

(2012) was used in the depth conversions in this chapter (Fig. 4.1). Based on a velocity 

range of 1900 - 2700 m/s, and the dominant frequency content of the seismic dataset 

(40 Hz), vertical seismic resolution ranges between 12 m in shallow Cenozoic strata 

and 17 m at Cretaceous level. Stratigraphic information from França et al. (2007) and 

Alves (2012) was used to identify, date, and correlate the interpreted seismic horizons 

across the study area (Fig. 4.1). 

 

4.3.2. Methods 

Horizons and faults were mapped using Schlumberger’s Petrel®. Prior to its mapping, 

the entire seismic volume was visually scanned and inspected to assess data quality and 

develop a quick understanding of main structural features in the study area, e.g. main 

relationships between sedimentary units and structures. The overall quality of the 

seismic dataset is good. However, some of the reflections are weak and chaotic within 

Cretaceous strata (Unit S4) (Figs. 4.2 and 4.3). As a result, eight age-constrained 

seismic units were mapped and correlated them with stratigraphic data in França et al. 

(2007) (Fig. 4.1). For the purposes of this chapter, the interpreted seismic units were 
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grouped into two main seismic-stratigraphic packages: Cretaceous and Cenozoic (Fig. 

4.1). The Cretaceous strata is crossed by seismic horizons H1 to H5, which span from 

the Aptian (118.5 Ma) to the Maastrichtian (67.2 Ma). Cenozoic strata is sub-divided 

by seismic horizons H6, H7 and the seafloor, spanning the Paleocene (67.5 Ma) to the 

Holocene (Fig. 4.1). 

Distinct normal faults, including roller (listric), rollover, reactivated, radial and 

concentric faults, were imaged on TWTT structural maps (Figs. 4.4 and 4.7). A major 

advantage of the study area is that well-dated Late Cretaceous to Miocene 

unconformities truncate the interpreted fault families, thus allowing to relatively date 

the periods of fault movement below and above these unconformities. The growth 

histories of these fault families were investigated by measuring their throws at regular 

intervals of 25 m along the strike of faults, except for large listric faults, which were 

measured at 125 m intervals. This complied with the minimum sampling interval of 

Tao and Alves (2019). The length of the interpreted faults ranges from 120 - 12,522 m, 

with maximum fault throws of 58–530 m (Table 1). The measured throw values were 

plotted against depth to assess the vertical and lateral growth histories of faults in the 

study area (Figs. 4.8–4.11). 

Throw-depth (T-Z) plots were analysed to determine whether a fault is blind or 

comprises a growth fault, and if it had been reactivated (Walsh and Watterson, 1989; 

Mansfield and Cartwright, 1996; Cartwright and Mansfield, 1998; Baudon and 

Cartwright, 2008). A reactivated fault is considered to have a stepped vertical throw 

profile. If there is a throw minimum and a negative gradient across a stratigraphic 

unconformity that has been offset by a fault, fault propagation is a result of “dip 

linkage” (Mansfield and Cartwright, 1996). If the throw has a stepped profile, but 
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maintains a positive gradient, the fault is believed to have developed predominantly by 

“upward propagation” (Baudon and Cartwright, 2008). 

Uncertainties associated with the measurement of fault-throw values may arise from 

the vertical sampling rate. The sampling interval, rather than the vertical stratigraphic 

resolution, determines accuracy when matching two correlative seismic reflection 

peaks or troughs (Baudon and Cartwright, 2008). An uncertainty in the positions of 

stratal terminations does introduce a minimal error associated with the position in depth 

of the recorded displacements. This is a function of the frequency content of the seismic 

dataset (Mansfield and Cartwright, 1996). Errors associated with spurious velocity 

estimates may also affect the throw values when converted to meters. Vertical sampling 

for the interpreted seismic volume is 2 ms. 

 

4.4. Interpreted seismic units 

Eight seismic units bounded by Late Cretaceous to Pliocene unconformities were 

mapped and correlated with stratigraphic data from França et al. (2007) and Alves 

(2012) (Fig. 4.1). The interpreted seismic units are grouped into two main stratigraphic 

seismic units, Cretaceous and Cenozoic (Fig. 4.1). 

4.4.1. Cretaceous seismic units  

The Cretaceous seismic units were named Units S1 to S5, and range from Aptian to 

Maastrichtian in age (Fig. 4.1).  

4.4.1.1. Unit S1 (Early Aptian to middle/late Aptian)  

Unit S1 comprises the syn-rift III sequence and the early post-rift sequence (Fig. 4.1). 

The unit is bounded by the Alagoas unconformity at its base and by evaporites (Unit 

S2) at its top (Fig. 4.1).
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Fig. 4.1. Seismic-stratigraphic correlation between the interpreted post-rift seismic units and stratigraphic ages, tectonic 

phases/megasequences and unconformities related to regional tectonic events in the upper slope (extensional) region of 

the Espírito Santo Basin (modified from França et al., 2007). Velocity information taken from Alves (2012). 

Deformation episodes in the Central Andes are based on Megard (1984) and Gregory-Wodzicki (2010). 
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Unit S1 belongs to the upper Nativo Group (Mariricu Formation) and comprises 

conglomerates, sandstones and shales deposited in lacustrine and sabkha environments 

(França et al., 2007). The unit comprises moderate to high amplitude, low frequency 

reflections (Fig. 4.1).  

4.4.1.2. Unit S2 (middle/late Aptian to Early Albian)  

Unit S2 comprises main salt structures (e.g., salt rollers, pillows and diapirs) in the 

study area (Figs. 4.2 and 4.3). The lower boundary of the unit (top of early post-rift 

sequence; Unit S1) consists of an irregular reflection of moderate to high amplitude. Its 

upper boundary coincides with the first continuous high-amplitude strata (carbonate 

platform; Unit S3) covering Unit S2 (Figs. 4.2 and 4.3). In the study area, Unit S2 forms 

triangular salt rollers and vertical diapirs (Figs. 4.2 and 4.3). 

4.4.1.3. Unit S3 (Early Albian to Cenomanian)  

Unit S3 comprises high-amplitude, low-frequency seismic reflections and was 

deposited above the evaporites in Unit S2 (Figs. 4.2 and 4.3). The top of the unit is an 

angular unconformity in the proximal regions of the Espírito Santo Basin, changing 

laterally into a paraconformity in deeper waters (França et al., 2007). In the study area, 

Unit S3 is fragmented into discrete tectonic rafts (Figs. 4.2 and 4.3).  

Unit S3 is part of the Barra Nova Group, which includes the São Mateus and Regência 

Formations, with siliclastic and carbonate rocks deposited from the Albian to the 

Cenomanian on a shallow shelf (França et al., 2007). The São Mateus Formation 

consists of sandstones deposited in a proximal marine setting over a succession of 

shales, siltstones and carbonates (França et al., 2007).  
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The Regência Formation includes a relatively thick carbonate sequence comprising 

limestones, carbonate mudstones, and wackestones with ostracods, gastropods and 

pelecypods fragments deposited in distal parts of the Espírito Santo Basin (Asmus et 

al., 1971). The Barra Nova Group is bounded at its top by the Pre-Urucutuca 

unconformity (França et al., 2007) (Fig. 4.1). 

4.4.1.4. Unit S4 (Cenomanian to Santonian)  

Unit S4 comprises continuous, low-amplitude reflections (Figs. 4.2 and 4.3). The unit 

is locally deformed by closely spaced normal faults. The lower boundary of the unit is 

sharp, and marked by growth onto major regional and counter-regional roller faults 

above Horizons 2 and 3 (Fig. 4.3). The upper boundary of the unit (H4) is an irregular 

high-amplitude reflection representing an unconformity of Santonian age (França et al., 

2007).  

Unit S4 is part of the lower Espírito Santo Group and Urucutuca Formation, comprising 

shales interbedded with conglomerates, limestones, and sandstones deformed from the 

Cenomanian to the Coniacian due to halokinesis (França et al., 2007). On the distal 

margin, dark shales and sands have been described by Cainelli and Mohriak (1999) and 

França et al. (2007). 

4.4.1.5. Unit S5 (Late Santonian to Maastrichtian)  

Unit S5 comprises low-moderate amplitude strata above Unit S4. The lower boundary 

of the unit is marked by an unconformity related to the incision of a Late Cretaceous 

channel system (horizon H4 - Golfinho Field; Vieira et al., 2007; Alves, 2012) (Fig. 

4.4). This same boundary (H4) is marked by the appearance of high-amplitude 

reflections above a faulted succession that shows growth of strata onto roller faults (Fig. 
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4.3). A regional unconformity of Late Maastrichtian age marks the upper boundary of 

the unit (Vieira et al., 2007).  

Unit S5 comprises the middle portion of the Urucutuca Formation (Fiduk et al., 2004; 

França et al., 2007) (Fig. 4.1). During the Coniacian-Maastrichtian, the Urucutuca 

Formation recorded the deposition of sandy turbidites sourced by the Fazenda Cedro 

and Regência palaeocanyons (França et al., 2007), leading to the accumulation of 

turbidites at its base and predominantly shales and sandstones in proximal parts of the 

basin (França et al., 2007). Unit S5 correlates with the topmost Cretaceous strata 

mapped in the study area (Fig. 4.1). 

4.4.2. Cenozoic seismic units  

The Cenozoic seismic units comprise the S6 to S8 units, which span the Paleocene to 

Holocene (Fig. 4.1). 

4.4.2.1. Unit S6 (Paleocene to Early Eocene)  

Unit S6 is shown as a unit with high-amplitude reflections that are locally deformed by 

closely spaced normal faults (Figs. 4.2 and 4.3). Its lower boundary coincides with an 

unconformity of Maastrichtian age (H5; Fig. 4.1). The upper surface of the unit is 

marked by another regional unconformity above which moderately faulted high-

amplitude strata were deposited (H6). In Unit S6, the volcaniclastic Abrolhos 

Formation is interbedded with thick turbidites forming channelised bodies whose 

distribution was controlled by halokinesis (Cainelli and Mohriak, 1999; França et al., 

2007; Mohriak, 2003). 
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4.4.2.2. Unit S7 (Eocene to Early Miocene)  

Unit S7 is composed of prograding high-amplitude reflections (Figs. 4.1 and 4.3). 

Moreira and Carminatti (2004) relate this unit to successive regressive and transgressive 

events affecting the Brazilian margin. Unit S7 comprises turbidite sands intercalated 

with volcaniclastic deposits (França et al., 2007). 

4.4.2.3. Unit S8 (Early Miocene to Holocene)  

Unit S8 overlies Unit S7 in a concordant manner and is bounded at its top by the seafloor 

(Fig. 4.2). It consists of a package of high frequency, continuous and moderate to high-

amplitude reflections (Fig. 4.1). The overall thickness of Unit S8 changes significantly 

where erosion occurred due to the development of channel complex systems.  

Unit 8 correlates with the Rio Doce, Caravelas and the upper Urucutuca Formations 

(França et al., 2007). Strata in this unit comprise sandstones (Rio Doce Formation), 

calcarenites (Caravelas member) and turbidite sands and marls (Urucutuca Formation) 

(França et al., 2007). Thus, where Unit S8 is eroded by submarine channels, mass-

transport complexes and channel-fill deposits predominate in Mid-Miocene and 

younger strata (França et al., 2007). 

 

4.5. Rollover anticlines and associated structures  

Seismic imaging shows that the study area is characterised by wide rollover anticlines 

developed above tectonic rafts, tectonic rafts separated by large listric (roller) faults and 

associated minibasins, rollover faults over wide rollover anticlines, salt rollers in the 

footwall of listric (roller) faults, reactivated pop-up structures and drag folds (Fig. 4.3). 
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Fig. 4.2. a) Uninterpreted, and b) Interpreted seismic section across the study area. 

The section highlights the large roller faults bounding Cretaceous minibasins, normal 

faults over rollover anticlines, withdrawal synclines adjacent to roller fault and 

diapir, tectonic rafts between and above salt structures. Tectonic raft 2 forms the core 

of wide rollover anticlines. Tier 1, 2 and 3 faults dominantly cross-cut horizons H4, 

H5 and H6, respectively. Salt rollers, diapirs and tectonic rafts occur in Units S2 and 

S3. MTDs - Mass Transport Deposits. 
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Fig. 4.3. a) Uninterpreted, and b) Interpreted seismic section across the study 

area. The section highlights large roller faults bounding Cretaceous minibasins, 

normal faults over rollover anticlines, drag folds adjacent to roller faults, 

tectonic rafts between and above salt rollers and local reactivated pop-up 

structures. Tectonic raft 2 forms the core of rollover anticlines. Tier 1, 2 and 3 

faults dominantly cross-cut horizons H4, H5 and H6, respectively. The presence 

of reactivated pop-up structures in Paleogene strata (Unit S6), and the drag folds 

adjacent to the roller fault, materialise the diachronous grounding of tectonic 

rafts. MTDs - Mass Transport Deposits. 
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Tectonic rafts (Unit S3) form the core of broad rollover anticlines and commonly lie 

between or above salt rollers (Figs. 4.2 and 4.3).  

Where extension has been greatest and salt (Unit 2) completely evacuated, tectonic rafts 

lie directly on pre-salt units (Unit S1) (Fiduk et al., 2004; Alves, 2012) (Fig. 4.3). It is 

clear in the seismic sections (Figs. 4.2 and 4.3) that the downthrown blocks associated 

with listric (roller) faults exhibit a larger component of vertical slip adjacent to the fault 

plane than it does at some distance from the fault plane, so that a rollover anticline 

develops. 

These rollover structures are of interest to the hydrocarbon industry as they may provide 

potential structural traps for hydrocarbons. The rollover geometry is the inevitable 

result of movement on a listric (roller) fault (Hamblin, 1965). Movement on such a 

curved fault plane will tend to generate a ‘gap’ between the hanging-wall and footwall 

blocks (Fig. 4.13a, b), which will be accommodated by the extensional collapse of the 

hanging-wall in either a ductile or brittle manner (Fig. 4.13c, d). More frequently, 

deformation occurs because of a combination of both modes of deformation (brittle and 

ductile) to form a rollover anticline and associated fault structures (Fig. 4.13). In the 

study area, rollover anticlines trend in the N–S direction, sub-parallel to the strike of 

tectonic rafts (Figs. 4.4 and 4.5). 

Moving into the basin (eastwards), salt rollers developed into a vertical salt diapir 

province (Fig. 4.2). Diapirs commonly form in relative deep water, where the rift basin 

had subsided more and correspondingly thicker autochthonous salt was deposited 

(Fiduk et al., 2004). Depending on their salt budget, some diapirs have ceased 

movement in the Cretaceous (Fiduk et al., 2004), while others are still growing near the 

modern seafloor (Fig. 4.2). The presence of withdrawal synclines adjacent to the salt 
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diapir, and folded strata overlapping this diapir near the seafloor, suggest that the salt 

diapir is actively growing at present (Fig. 4.2). Radial faults are localised and distributed 

around the salt diapir and intersect both roller and rollover faults (Fig. 4.4). The TWTT 

structural maps in Fig. 4.7 highlight the geometry of rollover anticlines and their 

associated faults. 

4.5.1. Roller (listric) faults  

Roller (listric) faults comprise large regional (basinward-dipping) and counter-regional 

(landward-dipping) growth faults bounding tectonic rafts and minibasins (Fig. 4.3). 

These faults sole out at salt level (Unit S2) and the syn-rift III (Unit S1), in the places 

where the salt unit was almost completely removed (Fig. 4.3). Triangular salt rollers 

are observed towards the footwalls of these faults (Fig. 4.3). Some of the roller faults 

propagated vertically into Mid-Paleogene strata (Unit S7) and terminate at the base of 

mass-transport deposits (H7), with no faults extending near the seafloor (Figs. 4.2 and 

4.3). These faults accommodated gravity gliding of the overburden units along the basal 

salt (Unit S2) generating, at the same time, significant subsidence in adjacent salt 

minibasins (Fig. 4.3). In their immediate hanging-wall, salt minibasins show significant 

subsidence and denote the formation of drag folds, reactivated local pop-up structures 

and wider rollover anticlines (Fig. 4.3). The roller faults are less than 13 km long 

(average 8.56 km), with a maximum throw of 530 m (average throw 470 m) (Table 4.1). 

4.5.2. Rollover faults  

Rollover faults comprise closely spaced sets of normal faults that are localised on top 

of the Cretaceous rollover anticlines (Figs. 4.2 and 4.3). These faults resulted from 

outer-arc stretching of strata overlying anticlinal structures. The faults dip in both 

basinward and landward directions, offsetting the Cretaceous Unit S4 (Figs. 4.2 and 
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4.3). In the study area, a significant part of rollover faults overlie tectonic rafts at depth 

(Alves, 2012). The progressive bending of rollover anticlines developed above rafts led 

to the progressive faulting of the Cretaceous Unit S4 by rollover faults (Figs. 4.2 and 

4.3). These rollover faults accommodate a significant part of the bending strain 

affecting the hanging-wall blocks of large roller faults, and areas recording supra-salt 

extension of the supra-salt overburden. 

4.5.3. Reactivated faults  

Reactivated faults comprise densely spaced normal faults that are dominantly localised 

in the Paleogene strata (Unit S6) (Figs. 4.2 and 4.3), with some faults propagating into 

Late Cretaceous strata. Reactivated faults were initially formed by arching of the Late 

Cretaceous overburden above tectonic rafts but were later deformed into local pop-up 

structures (Fig. 4.3). These faults were essentially rollover faults that suffered 

significant compression during the Late Cretaceous and Earliest Paleogene (Alves, 

2012). 

4.5.4. Concentric faults  

Concentric faults are localised above extensional minibasins, i.e. in the space created 

by tectonic rafts. These faults occur within extensional minibasins bounded by roller 

faults and are concentrically arranged, dipping towards the centre of such minibasins 

(Figs. 4.4 and 4.7). Concentric faults accommodate local strain on the tips of the oval-

shaped salt minibasins formed on the hanging-wall blocks of roller faults during the 

main periods of raft-related extension. These faults are less than 5 km long (average 

2.650 km), with a maximum throw of 55 m (average throw 50 m) (Table 4.1). 

 

 



Chapter 4: Impact of tectonic rafts gliding on fault reactivation 

 

128 
 

4.6. Fault geometries over rollover anticlines  

The seismic sections in Figs. 4.2 and 4.3 highlight some of the features in the faults 

formed above rollover anticlines. Above horizon H7, seismic reflections are chaotic 

and not affected by faults. Between H6 and H5 (Unit S6), the seismic expression of 

strata is markedly different in that seismic reflections are affected by closely spaced 

normal faults. Seismic reflections between H5 and H4 (Unit S5) are sparsely affected 

by faulting. Between H4 and H3 (Unit S4), the seismic expression of strata is again 

distinct from the units immediately above in that seismic reflections are highly 

disrupted and affected by closely spaced normal faults. Thus, three distinct tiers of 

faults can be recognised above rollover anticlines (Figs. 4.2 and 4.3). 

4.6.1. Tier 1 faults  

Tier 1 faults comprise closely spaced normal faults that offset horizon H4 (Figs. 4.2 and 

4.3). Throws die out downward towards the top of tectonic rafts, which are apparently 

unfaulted and flat-topped due to Santonian erosion (Vieira et al., 2007). These faults 

have a maximum throw of 58 m, an average spacing of 250 m and trace lengths of 220–

620 m (Table 4.1). Tier 1 faults are located on top of the Late Cretaceous rollover 

anticlines (Unit S4) and are thus interpreted as rollover faults (Figs. 4.2 and 4.3). These 

faults are aligned concentrically in front of listric (roller) faults, generating large half-

moon structures and a curved-polygonal fault pattern over rollover anticlines (Figs. 4.6a 

and 4.7a). Tier 1 faults are dated as Cenomanian to Campanian (Figs. 4.1 and 4.12). 

4.6.2. Tier 2 faults  

Tier 2 faults comprise sparsely spaced normal faults that offset horizon H5 (Figs. 4.2 

and 4.3). Throws die out downwards towards horizon H4, which is highly faulted, and 

upward into Unit S6. 
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Fig. 4.4. a) TWTT structural map of Horizon H4 showing the distribution of 

fault families in the study area; b) Interpreted sketch highlighting the 

geometry of fault families and the N–S strike of wide rollover anticlinal 

zones (grey panel) sub-parallel to the strike of tectonic raft 2. 
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Fig. 4.5. a) TWTT structural map of horizon H3; b) Interpreted diagrams highlighting the geometry of 

N–S trending tectonic rafts separated by salt minibasins. Tectonic raft 2 forms the core of rollover 

anticlines in the study area. 
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These faults appear to overlap and link with other faults offsetting horizons H4 and H6 

(Fig. 4.3). Tier 2 faults have a maximum throw of 55 m, an average spacing of 310 m 

and trace lengths of 280–650 m (Table 4.1). These faults are localised on top of the Late 

Cretaceous rollover anticlines (Unit S5) and are characterised by a large range of 

strikes, rarely showing an equal distribution of fault strikes.  

As a result, they form a rectangular polygonal pattern over rollover anticlines (Figs. 

4.6b and 4.7b). Tier 2 faults accommodate some part of the bending strain occurring in 

the hanging wall block of large roller faults. These faults were essentially rollover faults 

that suffered significant compression in the Late Cretaceous. Tier 2 faults are dated as 

Late Santonian to Maastrichtian (Figs. 4.1 and 4.12). 

 

4.6.3. Tier 3 faults  

It is clear in the seismic sections (Figs. 4.2 and 4.3) that several densely spaced normal 

faults offset Unit S6. Throws die out downwards in Unit S6 and below horizon H5. 

Their upper tips terminate in Unit S6 and above horizon H6 (Figs. 4.2 and 4.3). Thus, 

these faults were classified as Tier 3 faults. Tier 3 faults dominantly offset the 

Paleogene strata (Unit S6), with some faults propagating and linking with Tiers 1 and 

2 faults (Fig. 4.3). These faults have a maximum throw of 50 m, an average spacing of 

210 m and trace lengths of 120–550 m (Table 4.1). Tier 3 faults are characterised by a 

diverse range of strikes, and rarely show equal distribution of fault strike orientations - 

thus forming an irregular polygonal pattern over rollover anticlines (Figs. 4.6c and 

4.7c). Tier 3 faults are dated as Paleocene to Eocene (Figs. 4.1 and 4.12). 
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Fig. 4.6. TWTT structural maps for representative intervals in the study area 

highlighting variations in the geometry of distinct fault tiers over rollover 

anticlines (i.e., spacings, orientation, intersection relationships and linearity 

of fault segments). a) Tier 1 faults show curved polygonal plan-view 

geometries, b) Tier 2 faults show rectangular polygonal plan-view 

geometries, and c) Tier 3 faults show irregular polygonal geometries in plan 

view. 
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Fig. 4.7. TWTT structural map and interpreted diagrams highlighting the 

geometry of distinct fault tiers over N–S trending rollover anticlines (grey panel). 

a) Tier 1 faults: curved polygonal pattern, b) Tier 2 faults: rectangular polygonal 

pattern, and c) Tier 3 faults: irregular polygonal pattern. 
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4.7. Modes of fault reactivation  

Fault reactivation has been described as resulting from further propagation of pre-

existing faults after a significant period of dormancy (e.g., Cartwright et al., 1995; 

Baudon and Cartwright, 2008). The growth history for the interpreted faults in the 

Espírito Santo Basin was investigated using vertical throw-depth (T-Z) plots (Figs. 4.8–

4.10). These faults were grouped into two main categories based on their mode of 

reactivation, as revealed by the throw-depth plots. These groups are: 1) reactivation by 

segment linkage, and 2) reactivation by upward propagation. Faults reactivated by 

segment linkage show throw profiles with zones of throw maxima separated from pre-

existing faults by a region with throw minima and steepening throw gradients (Figs. 

4.8–4.10). Faults reactivated by upward propagation present throw-depth plots that 

maintain vertical, positively stepped gradients (Baudon and Cartwright, 2008) (Fig. 

4.11). 

4.7.1. Reactivation by segment linkage  

The throw-depth (T-Z) plots in Tier 1, 2 and 3 faults show a typical mode of reactivation 

by segment linkage (Figs. 4.8-4.10). This mode of reactivation is recognised by zones 

of throw maxima separated from pre-existing faults by areas with throw minima and 

steepening of the throw gradients (Figs. 4.8-4.10). The throw profiles of these faults do 

not always have single positive gradients and are characterised by throw profiles 

resembling C-type or M-type patterns between the upper-tip point and immediate throw 

minima (Baudon and Cartwright, 2008) (Figs. 4.8-4.10a). The presence of alternating 

zones of pre-existing throw maxima and minima in the throw distribution contour also 

point out to faults reactivating via the linkage of individual segments (Figs. 4.8-4.10b). 
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4.7.1.1. Fault reactivation in Tier 1  

Tier 1 faults are localised and restricted to the top Cretaceous rollover anticlines, i.e. 

Unit S4 (Figs. 4.2 and 4.3). The throw-depth plots of these faults show truncation at 

horizon H4, terminating downwards within Unit S4; they never cross-cut horizon H3 

(Fig. 4.8a). The vertical throw-depth plots of these faults resemble a C-type pattern 

between the upper-tip point and immediate throw minima (Fig. 4.8a). The lack of near 

zero throw values at horizon H4 confirms erosion of the fault tips by Late Santonian to 

Maastrichtian channel systems (Fig. 4.8a). 

The mode of reactivation in Tier 1 faults is illustrated with reference to the throw 

distribution plots in Fig. 4.8. Segments A, B and C are pre-existing fault segments with 

throw maxima. Each fault segment coalesces with other segments that are similar in dip 

and strike directions to form a larger fault (Fig. 4.8). Segment A propagates and links 

with Segment C (plots 1, 2, 4 and 5; Fig. 4.8a). In a similar fashion, Segment B was 

reactivated to link with Segments A and C (plot 3; Fig. 4.8a). Segment C is truncated 

upwards at horizon H4. This fault segment appears to be eroded by the incision of Late 

Santonian to Maastrichtian channel systems (Vieira et al., 2007). Thus, the throw-depth 

plots of these faults reveal fault segment linkage as multiple peaks of throw maxima 

separated by throw minima (Fig. 4.8a). 

Throw distribution contours provide additional information regarding segment linkage 

in Tier 1 faults (Fig. 4.8b). Segments with throw maxima A, B and C are pre-existing 

fault segments that were initiated at different depths. Each segment is separated from 

each other by a zone of throw minima and steepening of throw gradients as expected 

for faults reactivating by segment linkage (Fig. 4.8b). Similarly, the throw-distance (T-

X) plots in Fig. 4.8c suggest modes of reactivation by segment linkage. The throw-
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distance plots have two segments of throw maxima A and C separated by a throw 

minimum, as expected when growing faults by segment linkage. In other words, 

Segment A was reactivated and linked with Segment C (Fig. 4.8c). 

4.7.1.2. Fault reactivation in Tier 2  

Tier 2 faults typically offset Late Cretaceous strata (Unit S5). Some of these faults 

appears to overlap and link with faults from Tiers 1 and 3 (Fig. 4.3). The throw-depth 

plots of these faults tip out upwards just above horizon H6, and downwards into Unit 

S4 (Fig. 4.9a). Their vertical throw profiles are characterised by M-type and or C-type 

patterns between the upper-tip point and immediate throw minima (Fig. 4.9a).  

The throw-depth plots of Tier 2 faults indicate a mode of reactivation dominated by 

segment linkage (Fig. 4.9). Along horizon H4 there is a throw maximum leading to 

decrease in throw at horizon H5, followed by a further increase in throw upwards (Fig. 

4.9a). This character reflects reactivation by segment linkage, where two separate faults 

have propagated towards each other. Multiple throw peaks on throw-depth plots show 

that fault segment linkage is a common process (Fig. 4.9a and b). Towards the south, 

Segment A was reactivated to link with Segment B (plots 1, 2 and 3; Fig. 4.9a and plot 

1; Fig. 4.9b).  

4.7.1.3. Fault reactivation in Tier 3  

Tier 3 faults are dominantly localised within Paleogene strata (Unit S6) (Fig. 4.3). These 

faults tip out upwards just above horizon H6, and downwards just below horizon H5. 

Thus, their throw profiles resemble M-type patterns (Fig. 4.10a). Tier 3 faults show a 

mode of reactivation by segment linkage (Fig. 4.10). Segments A, B, C and D are pre-

existing fault segments with throw maxima (Fig. 4.10). Each segment is separated by a 

throw minimum, as expected for reactivation by segment linkage.  
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Fig. 4.8. a) Representative vertical throw-depth (T–Z) plots of Tier 1 faults, b) Throw 

contour map of the Tier 1 faults showing throw distributions and, c) Throw-distance 

(T–X) plots through the contour map (see Fig. 4.8b for profile line’s location). A, B 

and C are individual fault segments separated by throw minima. H4, S4 and S5 relate 

to main horizons and seismic units. 
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Fig. 4.9. a) Representative vertical throw-depth (T–Z) plots of Tier 2 faults, b) 

Throw contour map of the Tier 2 faults showing throw distributions and, c) Throw-

distance (T–X) plots through the contour map (see Fig. 4.9b for profile line’s 

location). A, B and C are individual fault segments separated by throw minima. H4, 

H5, and H6 are seismic horizons, while S5, S6 and S7 are seismic units.  
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Fig. 4.10. a) Representative of vertical throw-depth (T–Z) plots of Tier 3 faults, b) 

Throw contour map of the Tier 3 faults showing throw distributions and, c) Throw-

distance (T–X) plots through the contour map (see Fig. 4.10b for profile line’s 

location). A, B and C are individual fault segments separated by throw minima. H5 

and H6 are seismic horizons, while S6 and S7 are seismic units. 
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Towards the south, Segment A is reactivated by dip linkage with Segment C (plot 1; 

Fig. 4.10a). Further north, Segment A switches and links with Segment D (plots 4 and 

5; Fig. 4.10a). Segment B was reactivated to link with Segments A and C (plot 2; Fig. 

4.10a). These sharp changes in throw values are interpreted to be a consequence of 

reactivation by segment linkage of individual fault segments. Moreover, the throw-

distance plots in Fig. 4.10c indicate a mode of reactivation by segment linkage; they 

show multiple peaks of throw maxima separated by a sharp change in throw gradients 

(Fig. 4.10c). 

4.7.2. Reactivation by upward fault propagation  

Large listric (roller) faults that bound the distinct fault tiers and wide rollover anticlines 

exhibit a typical vertical, positive stepped throw gradient (Fig. 4.11). These faults show 

major breaks in throw gradients around horizons H4 and H5, i.e. the Campanian and 

Paleocene unconformities (Fig. 4.11a, c). Throw-depth plots for these faults can be 

divided into three parts: lower, central, and upper parts. The lower part contains Unit 

S4 and shows throw maxima between 400 m and 530 m (Fig. 4.11a, c) 

The central part contains Unit S5 and reveals an abrupt step in throw profiles, with 

throws between 150 m and 300 m (Fig. 4.11a, c). The upper part contains Unit S6 and 

shows almost constant positive throw gradients with no significant variations. It records 

fault throws between 2 m and 120 m (Fig. 4.11a, c). The decrease and vertical positive 

step in throw gradients recorded by the roller faults can be related to the effects of 

reactivation by upward propagation from parent faults above a detachment surface 

(Unit S2) (Baudon and Cartwright, 2008).
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Fig. 4.11. a, c) Representative vertical throw-depth (T–Z) plots for seaward- and landward-dipping 

roller faults. H4, H5 and H6 are seismic horizons, while S4, S5, S6 and S7 are seismic units, b) and d) 

Throw-depth (T–Z) contour maps of roller faults showing their corresponding throw distributions. 
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Table 4.1. Summary of statistical data on the distinct fault tiers over rollover anticlines mapped in the study area. 

 

Fault families 
Maximum 
length (m) 

Minimum 
length (m) 

Average 
length (m) 

Average spacing 
(m) 

Maximum 
Throw (m) 

Average 
Throw (m) 

Rollover faults  

(Tier 1) 
620 220 410 250 58 47 

Reactivated faults  

(Tier 2) 
650 280 430 310 55 48 

Reactivated faults 

(Tier 3) 
550 120 390 210 50 46 

Roller faults 

 
12,522 5,340 8,560 4,500 530 470 

Concentric faults 

 
4,562 1,860 2,650 1,250 54 50 
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Also, the absence of alternating zones of pre-existing throw maxima (and minima) in 

throw contour maps, and the observed uniform lateral continuity in throw gradients, 

relate to the reactivation of roller faults by upward propagation (Fig. 4.11b, d). 

 

4.8. Discussion  

4.8.1. Tiered faulting vs. distinct tectonic episodes of gravitational gliding  

The continental margin of southeast Brazil is primarily associated with the continental 

break-up of Gondwana in the Late Jurassic to Early Cretaceous, and subsequent 

opening of the South Atlantic Ocean (Chang et al., 1992; Davison, 1999; Meisling et 

al., 2001). After rifting ceased, gravity tectonics became the primary deformational 

process in the Espírito Santo Basin, triggered by differential sediment loading, 

gravitational spreading and gliding of the supra-salt overburden. Uplift and tilting of 

the continental margin have been an intermittent, but important factor impacting these 

latter phenomena (Demercian et al., 1993; Alves et al., 2009; Fiduk et al., 2004). 

On the continental slope of southeast Brazil, gravitational gliding induced a continuum 

of deformation and contributed significantly to shaping the supra-salt overburden - as 

expressed by complex structures such as listric (roller) faults, wide rollover anticlines, 

closely spaced collapsed growth fault crests, reactivated faults and folds, salt rollers and 

tectonic rafts (Figs. 4.2 and 4.3). 

Three distinct Late Cretaceous to Paleogene tectonic stages of gravitational gliding are 

recognised in the study area; initial, renewed, and late stages of gravitational gliding 

(Fig. 4.14). The initial stage (post-Albian to Coniacian) caused the supra-salt strata 

(Unit S3) to be fragmented into discrete blocks of strata or rafts separated by large listric 

(roller) faults and associated minibasins (Fig. 4.14a). This stage is characterised by 
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downslope movement of rafts, the development of large listric (roller) faults controlling 

seafloor topography during extension, significant subsidence in half-grabens adjacent 

to roller faults, development of rollover anticlines above rafts, and initiation of normal 

faults on top of rollover anticlines to accommodate the buckling of the post-raft 

overburden. (Figs. 4.13 and 4.14a). 

The renewed stage (Early Santonian to Early Paleogene) caused the rafts (Unit S3) to 

be translated downslope until salt welds were formed, i.e., rafts became grounded over 

sub-salt units. The grounding (welding) of rafts over the sub-salt strata was progressive 

and accompanied by moderate translation of blocks during the Early Paleogene (Alves, 

2012) (Fig. 4.14b). This stage is characterised by discrete blocks of strata (rafts), 

seaward- and landward-dipping listric (roller) faults, wide rollover anticlines, rollover 

faults, reactivated faults, salt rollers and growth strata infilling minibasins (Figs. 4.13c 

and 4.14b). 

The late stage of gravitational gliding (Mid Paleogene to Holocene) caused the 

diachronous grounding of rafts, thus promoting significant fault reactivation and stratal 

shortening in the Late Cretaceous to Paleogene strata (Fig. 4.14c). This stage is 

characterised by large blocks of grounded strata (rafts), wide rollover anticlines whose 

axes are sub parallel to the strike of rafts, seaward- and landward-dipping listric (roller) 

faults, normal faulting over rollover anticlines, fault reactivating, reactivated pop-up 

structures, drag folds, salt rollers, salt diapir and growth strata infilling minibasins 

(Figs. 4.2, 4.3, 4.13d and 4.14c). 

4.8.2. Impact of the gravitational gliding of tectonic rafts on fault geometry  

The Late Cretaceous to Paleogene gravitational gliding of tectonic rafts induced a 

continuum of supra-salt overburden deformation that controlled fault geometry over-
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Fig. 4.12. Schematic illustration of the relative age and time-span of distinct fault tiers mapped over a N–S 

trending rollover anticlines that are sub-parallel to Raft 2. Plotted in the diagram is the number of reflections 

above and below main unconformities related to regional tectonic episodes in the Espirito Santo basin. Tier 1, 2 

and 3 faults dominantly cross-cut Campanian (H4), Paleocene (H5) and Pre-Upper Eocene (H6) unconformities, 

respectively. S2 to S7 refer to interpreted seismic units. 
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Fig. 4.13. Schematic model for the development of rollover 

anticlines and associated normal faults. 
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rollover anticlines, generating three distinct tiers (Figs. 4.3, 4.6, 4.7 and 4.12). Each 

fault tier has distinct fault spacings, geometries, fault trace shapes and fault strike 

orientations (Figs. 4.3, 4.6 and 4.7). These fault tiers include; Tiers 1, 2 and 3. Each 

fault tier geometry is associated with distinct tectonic episodes of gravitational gliding 

(Fig. 4.14). 

Tier 1 faults (Cenomanian to Campanian) comprise closely spaced normal faults that 

resulted from the outer-arc stretching of the Late Cretaceous strata (Unit S4) overlaying 

tectonic rafts (Unit S3). These faults accommodate a significant part of the bending 

strain occurring in the hanging-wall blocks of listric (roller) faults during the initial 

tectonic stage of gravitational gliding (Fig. 4.14a). The faults are aligned concentrically 

in front of listric (roller) faults, generating large half-moon structures and curved-

polygonal fault patterns over rollover anticlines (Figs. 4.6a and 4.7a). A significant part 

of these faults overlies tectonic rafts offshore Espírito Santo (Alves, 2012). 

Tier 2 faults (Late Santonian to Maastrichtian) comprise closely spaced normal faults 

with a diverse range of fault strikes that form a rectangular-polygonal pattern over 

rollover anticlines (Figs. 4.6b and 4.7b). The progressive bending of rollover anticlines 

above tectonic rafts during the renewed stage of gravitational gliding led to the 

progressive faulting of the overburden strata by these faults. Tier 2 faults accommodate 

some of the bending strain and supra-salt extension in overburden strata during the 

renewed stage of gravitational gliding (Fig. 4.14b). 

Tier 3 faults (Paleocene to Eocene) comprise densely spaced set of normal faults with 

a discrete range of fault strikes revealing an irregular polygonal pattern over rollover 

anticlines (Figs. 4.6c and 4.7c). Differences in the timing of (diachronous) grounding 

of tectonic rafts are responsible for the development of these faults, as well as -
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Fig. 4.14. Schematic model explaining the gravitational gliding of tectonic rafts and their relationship with local 

structures (listric faults, rollover anticlines and normal faults. 
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reactivated local popup structures and drag folds formed adjacently to roller faults (Fig. 

4.3). Tier 3 faults are associated with the later tectonic stages of gravitational gliding in 

the Espírito Santo Basin (Fig. 4.14c). The geometric variations recognised in the 

distinct fault tiers, i.e. from curved to rectangular and then irregular polygonal patterns, 

reflect the effect of distinct episodes of gravitational gliding in the underlying tectonic 

rafts (Fig. 4.14). 

4.8.3. Impact of the gravitational gliding of tectonic rafts on fault 

reactivation and growth  

Fault reactivation has been described as the growth of pre-existing faults by further 

propagation after a significant period of quiescence (e.g. Cartwright et al., 1995; 

Baudon and Cartwright, 2008). Two distinct modes of faults reactivation were 

identified in the study area: segment linkage and upward propagation. Both modes of 

fault reactivation are recognised by typical stepped profiles in throw gradients. 

Differences in the throw-distribution provide insights into the recognition of either 

mode (Figs. 4.8-4.11). 

Tier 1, 2 and 3 faults were reactivated by segment linkage, i.e. by fault growth through 

coalescence of multiple fault segments. This mode of fault reactivation is recognised 

by a zone of throw maxima that is separated from the pre-existing parts by a zone of 

throw minima and steepening of the throw gradients (Figs. 4.8-4.10). Their throw-depth 

plots do not always show single positive gradients and are mostly characterised by 

throw profiles that resemble C-type or M-type patterns between the upper-tip point and 

immediate throw minima (Baudon and Cartwright, 2008). These distinct fault tiers are 

in line with the proposed coherent fault model (e.g., Cartwright et al., 1995) as their 

preferential mode of growth was in both the vertical and horizontal directions. 
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The listric (roller) faults that bound the distinct fault tiers were reactivated by upward 

propagation. This mode of reactivation is recognised by vertical positive steps in throw 

gradients (Fig. 4.11). The faults are characterised by breaks in throw gradients 

corresponding to horizons H4 and H5, i.e. the Campanian and Paleocene 

unconformities (França et al., 2007) (Fig. 4.11a, c). These breaks in throw gradients are 

attributed to lithological changes during fault propagation through mechanical barriers. 

Contrasts in impedance above and below these boundaries are enough to cause this type 

of changes in throw gradients. The significant reduction in fault throws above horizon 

H4 is due to the presence of weak Turonian to Paleocene shales (Unit S5) above a high 

impedance (i.e., competent) carbonate platform (Unit S4) (Ojeda, 1982; França et al., 

2007). Therefore, abrupt decreases in throw, and the vertical positive steps in throw 

gradients recorded by the roller faults, can be attributed to be the effects of reactivation 

by upward propagation from parent faults above a detachment surface, or decollement 

(Baudon and Cartwright, 2008) (Fig. 4.11). 

4.8.4. Tiered faulting vs. discrete tectonic episodes on the southeast 

Brazilian margin  

Early Cretaceous to Pliocene tectonic episodes, i.e. those related to the Andean Orogeny 

and the emplacement of the Abrolhos Plateau, caused episodic margin uplift and tilting, 

as reflected by the rise of coastal mountain ranges in the Santonian (Megard, 1984; 

Megard et al., 1984; Bueno, 2004; Fiduk et al., 2004). These discrete tectonic episodes, 

which include the Mochica (Late Albian), Peruvian (Late Cretaceous), the Incaic 

(Eocene) and Quenchua 1 (Early Miocene), Quenchua 2 (Upper Miocene), Quenchua 

3 (Pliocene), as well as the emplacement of the Abrolhos Plateau in the Eocene, are the 

main events that influenced the regional stress regimes in southeast Brazil (Gregory-

Wodzicki, 2010; Megard, 1984; Lima, 1999; Cobbold et al., 2007) (Figs. 4.1 and 4.12). 
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During specific tectonic episodes, sediment progradation was triggered by the uplift of 

coastal ranges, following the reactivation of segments of the Brazilian margin (Cobbold 

et al., 2010). Cobbold et al. (2010) argue that because post-rift inversion episodes are 

synchronous with phases of orogenesis in the Andes, a likely cause of inversion 

structures offshore Brazil is plate-wide horizontal compression. 

In the study area, reactivated structures (pop-up anticlines, drag folds, reactivated 

faults; Figs. 4.3 and 4.12) formed between horizons H4 (Late Santonian) and H6 (Early 

Eocene), with the bulk of inversion occurring below horizon H6 (Eocene), i.e. prior to 

the Incaic tectonic phase (Figs. 4.1 and 4.12). These structures were controlled locally 

by prolonged overburden faulting, and by the continued movement of deeply buried 

rafts. In particular, local pop-up structures are, in the study area, invariably associated 

with laterally shortened anticlines formed upslope or above grounded rafts, or to the 

flip-flop reactivation of roller faults as thrusts by moving rafts (Alves, 2012) (Fig. 4.3). 

Thus, grounded rafts acted as hard and soft buttresses during renewed gravity gliding 

as the margin was uplifted and exhumed. In contrast, downslope moving rafts shortened 

inter-raft extensional basins as pop-ups. In fact, intra-raft salt structures (rollers) were 

able to localise strain downdip from rafts, whilst grounded, or slower-moving, rafts 

acted as buttresses to focus shortening on their updip flanks. 

Tectonic tilting and uplift of the margin, and subsequent downslope movement of 

tectonic rafts, is a possible regional trigger to the reactivation of earlier extensional 

features as inversion structures for the more recent tectonic phases, i.e. the Incaic 

(Eocene) and Quenchua 1 (Early Miocene), Quenchua 2 (Upper Miocene) and 

Quenchua 3 (Pliocene) phases (Demercian et al., 1993; Cobbold et al., 2001). However, 

tectonic reactivation of tectonic rafts offshore Espírito Santo (Late Cretaceous to 
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Paleocene) clearly predates the Incaic (Eocene) and Quenchua (Neogene) phases (Figs. 

4.1 and 4.12). Alves (2012) postulated that the principal phase of crustal shortening in 

Espírito Santo Basin reflects the early stages of Andean convergence, i.e. the Mochica 

(Late Albian) and Peruvian (Late Cretaceous) phases, but that fault and anticline 

reactivation can be significantly diachronous when considering distinct structures, and 

zones, of the Espírito Santo Basin. 

 

4.9. Chapter-specific conclusions 

The detailed mapping of stratigraphic horizons and faults, statistical analyses of fault 

displacement using high-quality 3D seismic reflection data from the proximal region of 

the Espírito Santo Basin, southeast Brazil provided us with important insights into the 

geometry and growth history of normal faults formed over rollover anticlines. These 

normal faults were reactivated during gravitational gliding of tectonic rafts. The main 

conclusions of this chapter are as follows: 

1. In the proximal extensional parts of the southeast Brazilian margin, Late Cretaceous 

to Paleogene gravitational gliding of tectonic rafts, intermittent uplift and tilting of 

the continental slope during the Andean orogeny, and emplacement of the Abrolhos 

Plateau, induced a continuum of internal deformation that is expressed in the form 

of complex structures, including; listric (roller) faults, wide rollover anticlines, 

closely spaced set of normal faults, reactivated faults and folds, vertical salt diapirs, 

salt rollers and large blocks of strata (rafts). 

2. The Late Cretaceous to Paleogene gravitational gliding of tectonic rafts induced a 

continuum of supra-salt overburden deformation that organised normal faults over 

rollover anticlines into three distinct fault geometries; from curved to rectangular 
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and later irregular polygonal fault patterns. These fault patterns are the result of 

distinct episodes of gravitational gliding offshore Espírito Santo, meaning that the 

curved, rectangular, and irregular polygonal fault patterns are related to the initial, 

renewed, and later stages of gravitational gliding, respectively. The cessation of the 

gravitational gliding of tectonic rafts depended on the complete grounding of rafts 

above sub-salt strata, or the gravitational stabilisation of rafts imposed by sediment 

loading and cessation of tectonic uplift (and tilting) of the continental slope. 

3. The downslope translation and grounding (welding) of tectonic rafts on sub-salt 

strata controlled the degree of overburden deformation. Thus, enhanced fault 

reactivation relates to the degree of welding between sub- and supra-salt strata, 

which potentially promotes the migration of hydrocarbons from sub-salt source 

units into supra-salt reservoirs. 

4. The rollover geometry over tectonic rafts is the inevitable result of the propagation 

of listric (roller) faults. Movement on such a curved fault plane will tend to generate 

a ‘gap’ between the hanging-wall and footwall, which will be accommodated by the 

collapse of the hanging-wall in either a ductile or brittle manner. 

5. The interpreted fault tiers were reactivated, and their growth is characterised by 

segment linkage i.e. fault growth through the coalescence of multiple fault 

segments. The roller (listric) faults that bound the rollover anticlines were 

reactivated by upward propagation from parent faults above a detachment surface, 

i.e. the Aptian salt.
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CHAPTER 5 

Effect of tectonic inversion on supra-salt fault geometry and 

reactivation histories in the Southern North Sea 
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5. Effect of tectonic inversion on supra-salt fault geometry and 

reactivation histories 

 

5.1. Abstract 

High-resolution 3D seismic and borehole data in the Broad Fourteens Basin, Southern 

North Sea, were used to investigate the relationship between lithology and fault throw 

distribution, as well as to discern the reactivation and growth histories of faults 

developed due to tectonic inversion. Two (2) distinct tiers of faults were identified, and 

their geometry analysed in detail.  Tier 1 faults comprise closely spaced set of normal 

faults that resulted from the progressive buckling and stretching of Upper Mesozoic 

strata during Late Cretaceous to Paleogene tectonic inversion. They have been 

reactivated but still show net normal throw separations, even though they formed during 

a period of regional compression. Tier 2 faults comprise densely spaced set of normal 

faults in Paleogene strata with a discrete range of strikes forming a polygonal pattern. 

These faults relate to early diagenesis but still record the effect of the Paleogene 

inversion episode. Tier 1 faults are highly segmented and show differences in throw 

distribution between shale-rich and sandy intervals. The faults are more segmented with 

relatively smaller throw maxima of 14 ms (17.7 m) in shale-rich intervals, while sandy 

intervals are less segmented with larger throw maxima of 32 ms (40.3 m). Discrepancies 

in fault throw distribution and segmentation increase the chances of 

compartmentalisation or localised fluid flow through fault linkages presenting, at the 

same time, significant risks when injecting CO2 in subsurface traps. Recognising the 

effect of tectonic inversion on supra-salt fault geometry, and reactivation histories, can 

be crucial to the characterisation of faulted hydrocarbon and carbon capture and storage 

(CCS) reservoirs in tectonically inverted basins such as the Southern North Sea. 
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5.2. Introduction 

In layered successions, the mechanical stratigraphy of the host rock affects the 

nucleation, segmentation, geometry and the displacement distribution of tectonic faults 

(Peacock and Sanderson, 1991; Mansfield and Cartwright, 1996; Gross et al. 1997; 

Childs et al. 2009; Gabrielsen et al., 2016; Ferrill et al. 2017). This means that faults 

tend to localise (and be less segmented) in the harder lithologies such as limestones and 

sandstones, while becoming more widely distributed (and segmented) in weaker 

lithologies such as claystones and shales (Schöpfer et al., 2006; Libak et al., 2019). In 

parallel, analogue deformation experiments show that weak intervals can act as 

detachments that cause stress decoupling at a local scale, preventing the propagation of 

faults across specific intervals. This results in a preferable horizontal propagation of 

faults to the detriment of their vertical growth (Bahroudi et al., 2003; Withjack and 

Callaway 2000; Richardson et al., 2005; Gabrielsen et al., 2016). Such a horizontal shift 

in fault geometry across an incompetent layer can result in vertical fault segmentation 

whereby fault segments are hard- or soft-linked (Bahroudi et al. 2003; Mansfield and 

Cartwright, 1996; Maunde et al., 2021).  

Late Cretaceous to Paleogene tectonic inversion in the Broad Fourteens Basin, Southern 

North Sea, contributed to the formation and reactivation of normal faults in supra-salt 

overburden rocks (Oudmayer and De Jager, 1993; Nalpas et al., 1995; Gerling et al., 

1999; Wong et al., 2001; van Verweij and Simmelink, 2002; De Lugt et al., 2003; 2002; 

Duin et al., 2006). Broad anticlines presenting with outer-arc normal faults were formed 

in response to the Alpine inversion episodes affecting this part of NW Europe: the Sub-

Hercynian, Laramide, Pyrenean and Savian tectonic episodes. This had mostly positive 

economic impacts, as tectonic movements reactivated older faults and allowed the 

secondary migration of hydrocarbons into shallower reservoir units (Van Balen et al., 
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2000; Isaksen, 2004). Nevertheless, to understand the effect of tectonic inversion on the 

geometry and reactivation histories of faults in the Southern North Sea is key, as these 

structures add structural complexity and heterogeneity to supra-salt reservoir units 

Active fracturing provides a pathway for fluids where distinct fault segments interact, 

with the loci of fault segment linkage across seal units increasing the permeability of 

host rocks, thus allowing the migration of fluid out of underlying reservoirs (Curewitz 

and Karson, 1997; Knai and Knipe 1998). Conversely, faults can compartmentalise 

reservoir units when they form barriers to fluid flow, a character resulting in increasing 

exploration costs as more wells are needed to retrieve hydrocarbons, or sequestrate CO2 

and other gases (Hardman and Booth, 1991; Caine et al. 1996; Cartwright et al., 2007; 

Bentham et al., 2013). 

Using 3D seismic and well data, this chapter explores the relationship amongst 

lithology, displacement distribution and the reactivation histories of Upper Mesozoic 

supra-salt faults in the Broad Fourteens Basin, Southern North Sea (Fig. 2.4). The aims 

of this chapter relate to the fact that hydrocarbon traps are much more likely to leak 

during periods of fault reactivation than when the faults are inactive, all other 

parameters of seal integrity being the same (Caine et al. 1996; Hooper, 1991; Gartrell 

et al., 2002; Wiprut and Zoback, 2000, 2002; Cartwright et al., 2007; Bentham et al., 

2013; Ward et al., 2016). Hence, this work aims to address the following questions: 

a) What are the geometry and reactivation styles of faults developing due to tectonic 

shortening?  

b) What mode(s) of fault propagation and growth are observed in successions 

presenting differing lithologies? 

c) What are the effects on reservoirs and seal intervals of faults reactivating during 

tectonic shortening? 
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5.3. Chapter-specific dataset and methods 

5.3.1. Data  

Three-dimensional (3D) seismic and borehole data from the Broad Fourteens Basin, 

Southern North Sea, are used in this work. The data were acquired in the northern end 

of the Broad Fourteens Basin, offshore The Netherlands, between 53.1o - 53.3oN and 

3.8o - 4.2oE. The interpreted seismic volume covers an approximated area of about 845 

km2 at a shallow water depth of 37.7 m (Fig. 2.4).  

The seismic data are stacked with a 2 ms vertical sampling interval, and a 25 x 25 m 

bin size, providing a maximum horizontal resolution of 25 m. The seismic volume is 

zero-phase time migrated and displayed with a normal positive polarity so that an 

increase in acoustic impedance is represented by a peak (red seismic reflection). A 

decrease in acoustic impedance is represented by a trough, i.e. a black seismic reflection 

(SEG European Convention; Brown, 2003). The vertical scale of the seismic data is in 

two-way travel time (TWTT), up to a recording length of about 4.0 seconds. 

5.3.2. Methods 

Seismic horizons and faults were mapped using Schlumberger’s Petrel®. First, seven 

seismic units (Units S1 to S7) bounded by Upper Carboniferous to Miocene 

unconformities were mapped and tied them to well stratigraphic information published 

in Penge et al. (1999) and van Verweij and Simmelink (2002) (Fig. 5.3). Interpreted 

Listric faults and two distinct tiers of normal faults were then imaged and interpreted 

in Mesozoic to Paleogene strata. Throw data (T) for these interpreted faults were 

acquired by measuring differences between footwall and hanging-wall horizon cut-offs 

(Fig. 5.2a). These measurements were taken along the fault planes on seismic profiles 
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perpendicular and oblique to local fault strike, i.e. bearing in mind local changes in fault 

geometry and strike.  

Two-dimensional (2D) contour maps and throw-depth (T-Z) profiles were produced to 

assess the reactivation and vertical growth styles of faults. From the 2D contour maps, 

throw-distance (T-X) profiles were produced to assess fault growth histories and the 

role of lithology on fault throw distribution. The measured fault throw values were 

depth converted from seconds to meters using Equation (5.1) below.  

 

𝑉 =
2𝑍

𝑇
                                                                                                                 Equation 5.1 

where (V) is the interval or average velocity in m/s, (Z) is the depth in meters, and (T) 

is the two-way travel time in seconds, gathered from borehole data. 

The vertical seismic resolution for the target intervals in Upper Mesozoic strata is 15.8 

m, based on a dominant frequency of 40 Hz and an average velocity of 2521.3 m/s. As 

fault-throw measurements depend on the vertical sampling interval, rather than the 

vertical seismic resolution (Tao and Alves, 2019), the minimum fault offset resolved 

on-screen during fault throw analysis varies from 2 ms (1.9 m) to 3.0 ms (3.8 m). 

However, uncertainty in the positions of stratal terminations does introduce a minimal 

error associated with the position in depth of the recorded fault throws (Fig. 5.2). This 

is a function of the frequency content of the seismic dataset (Mansfield and Cartwright, 

1996). Errors associated with spurious velocity estimates may also affect the throw 

values when converted to meters. These limitations will affect the absolute value of 

estimated fault throws.   
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Fig. 5.2. Schematic cross-section through a simple normal fault showing the points 

of fault throw-depth (T-Z) measurements (a) and their corresponding throw-depth 

(T-Z) plots (b). Fault segment with local throw maximum in the throw-depth plot 

represents the interval where fault nucleate first. This segment propagates outwards 

until it encountered other pre-existing fault segments to link together. 
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Throw-depth (T-Z) profiles can offer information on multiple parameters such as fault 

nucleation, growth, segmentation, linkage of individual faults, and rock competence 

(Baudon and Cartwright, 2008; Peacock and Sanderson, 1991; Maunde et al., 2021). 

Discrepancies in throw gradients often result from mechanical heterogeneities, fault 

reactivation and fault segmentation (Childs et al., 1996; Baudon and Cartwright, 2008; 

Laubach et al., 2009). Therefore, analysis of the throw-depth (T-Z) profiles aimed to 

identify fault throw anomalies which will, in this chapter, be linked to rock properties 

and mechanical stratigraphy and their impact on fault segmentation. 

 

5.4. Geological and seismic-stratigraphic settings 

The Broad Fourteens Basin, part of the larger South Permian Basin, records a complex 

history of rifting, halokinesis and tectonic inversion (Duin et al., 2006; Nalpas et al., 

1995; Van Wijhe, 1987; Verweij and Simmelink, 2002; Ziegler, 1990). The basin 

contains Upper Paleozoic and Mesozoic strata overlain by Cenozoic siliciclastics (Van 

Wijhe, 1987; Van Adrichem Boogaert and Kouwe, 1993; Gerling et al., 1999; van 

Verweij and Simmelink, 2002). Structural styles in the Broad Fourteens Basin are 

dominated by normal faulting, which reflects the predominance of an extensional 

regime since Late Paleozoic times (Fig. 5.4). Minor reverse structures are observed 

locally along major normal fault families (Alves and Elliott, 2014) (Fig. 5.4).  

5.4.1. Upper Paleozoic  

Towards the end of the Carboniferous a large foreland basin, the Variscan Foreland 

Basin, was formed in the Southern North Sea (Duin et al., 2006; Oudmayer and De 

Jager, 1993; Van Wijhe, 1987; Ziegler, 1990). Thick lacustrine and deltaic intervals 

with interbedded coal seams were deposited at this time as part of the Limburg Group 
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(Fig. 5.3). Included in this latter unit are the Westphalian Coal Measures, a major source 

of gas in the Southern North Sea (Gerling et al., 1999; Van Wijhe, 1987). Oblique-slip 

normal faulting predominated after the Variscan Orogeny, with the largest faults cutting 

through the Variscan fold belt and propagating along older NW-SE trending basement 

faults. The present-day structural grain of the Southern North Sea follows horst-and-

graben structures bounded by the latter basement faults (Duin et al., 2006; Oudmayer 

and De Jager, 1993; Van Wijhe, 1987; Ziegler, 1990).  

Sedimentation in the Permian was interrupted by thermal upwelling induced by 

doleritic magma, which intruded the basement through oblique-slip dextral normal 

faults. This hiatus is expressed in the form of a Saalian unconformity separating Lower 

from Upper Rotliegend strata (Van Wees et al., 2000) (Fig. 5.3). Subsidence was 

resumed in the Late Permian and, consequently, the South Permian Basin became at 

this time separated from the North Permian Basin by the Mid North Sea High (Duin et 

al., 2006). In the chapter study area, Upper Rotliegend terrestrial sandstones of the 

Slochteren Formation were deposited above the Saalian unconformity to become the 

major reservoir interval for Permian gas plays (Verweij and Simmelink, 2002) (Fig. 

5.3). 

The Zechstein Sea subsequently flooded the Broad Fourteens Basin in the Late 

Permian, depositing a thick interval of salt and relatively thin carbonate stringers (van 

Verweij and Simmelink, 2002; Strozyk et al., 2012) (Unit S2 in Figs. 5.3, 5.4 and 5.5). 

Zechstein salt caps Upper Rotliegend continental sandstones (Unit S1) and forms an 

effective seal rock for Permian (and older) strata (Coward, 1995). In the interpreted 

seismic volume, a high-amplitude seismic reflection separates the Zechstein Group 

(Unit S2) from the Upper Rotliegend reservoirs in Unit S1 (Figs. 5.4 to 5.6; Table 5.1). 
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Fig. 5.3. Simplified seismic-stratigraphic correlation between the interpreted seismic units and stratigraphic column 

of the Dutch Sector of the Southern North Sea. Main stratigraphic groups, tectonic phases and unconformities related 

to regional tectonic events are based on Penge et al. (1999) and van Verweij and Simmelink (2002). Horizons H1-

H6, and Units S1-S7 refer to interpreted seismic horizons and units, respectively. 



Chapter 5: Effect of tectonic inversion on fault reactivation and growth 

 

164 
 

5.4.2. Mesozoic 

Continental rifting intensified during the Mesozoic, allowing for differential subsidence 

to predominate in the Southern North Sea (Alves and Elliott, 2014; Duin et al., 2006) 

(Fig. 5.4). In a rapidly subsiding Broad Fourteens Basin, aeolian sands and lacustrine 

claystones from the Lower and Upper Germanic Trias Group (Unit S3; Fig. 5.3) were 

conformably deposited above the Zechstein salt (Van Hulten, 2010). In seismic data, 

the bright reflection at the base of Germanic Trias Group correlates with a change from 

the high-velocity Zechstein salt (Unit S2) to the relatively low-velocity aeolian 

sandstones and lacustrine claystones of the Lower Germanic Trias Group in Unit S3 

(Figs. 5.4 and 5.5; Table 5.1). In the chapter study area, the Germanic Trias Group (Unit 

S3) comprises a package with moderate frequency and moderate to high-amplitude 

seismic reflections (Figs. 5.4 and 5.6). Aeolian sands and lacustrine claystones of the 

Lower Germanic Trias Group (Buntsandstein Formation) are a prolific gas reservoir, 

particularly where Zechstein salt (Unit S2) has been withdrawn and welds have formed 

between Triassic strata (Unit S3) and the Rotliegend Group in Unit S1 (Van Hulten, 

2010).  

Towards the end of the Triassic, salt tectonics and reactive diapirism became 

concentrated along extensional boundary faults (Stewart and Coward, 1995; Ziegler, 

1992). Rift-raft tectonics led to the further deepening of the Broad Fourteens Basin and 

the establishment of open marine conditions (Alves and Elliott, 2014; Penge et al., 

1993). As a result, the deep-water Altena Shales (Unit S4) were deposited 

unconformably above the Germanic Trias Group, with the more bituminous Posidonia 

Shale Formation comprising the source interval for Jurassic oil plays following the 

marked segmentation of the Southern North Sea in confined sub-basins (Duin et al., 

2006; Nalpas et al., 1995) (Fig. 5.3). The Altena Shales (Unit S4) comprise argillaceous 
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deposits, calcareous and clastic sediments (van Verweij and Simmelink, 2002), and 

comprise a package of high frequency, continuous and moderate to high-amplitude 

reflections in seismic data (Figs. 5.4 and 5.6; Table 5.1).  

Deposition of the Altena Shales stopped in the Middle Jurassic during the Mid-

Kimmerian upwarping tectonic event (Fig. 5.3). This upwarping event is a product of 

salt tectonism, reactive diapirism and thermal upwelling from dolerite intrusions (Van 

Wees et al., 2000), which occurred in association with the Jurassic Kimmerian tectonic 

phase (Fig. 5.3). In areas with the greater uplift, up to 1500 m of Jurassic strata may 

have been eroded (Heim et al., 2013). Despite this latter uplift event, continuing NE-

SW oriented extension compartmentalised the Broad Fourteens Basin, imposing its 

present-day NW-SE trend (Fig. 2.4). Local erosion of Triassic, Zechstein and 

Rotliegend sequences above active structural highs generated thick successions of the 

Delfland Subgroup and Vlieland Sandstone, depositing reservoir and seal intervals for 

oil that was later sourced from the Posidonia Shales (Van Wijhe, 1987; Verweij and 

Simmelink, 2002; Duin et al., 2006). 

The Rijnland Group (Unit S5) comprises coarse clastic intercalations, carbonaceous 

claystones and interbedded sandstones, and was deposited conformably above the 

Schieland Group (van Verweij and Simmelink, 2002; Van Adrichem Boogaert and 

Kouwe, 1993) (Fig. 5.3). Unit S5 is bounded at the top by the Base Tertiary 

Unconformity (H6), at which level maximum erosion takes place at the crest of a Late 

Cretaceous anticline (Figs. 5.4 and 5.6). In seismic data, Unit S5 forms a package of 

high-amplitude, high-frequency seismic reflections, deformed locally by closely-

spaced normal faults (Figs. 5.4 and 5.6; Table 5.1).  
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Fig. 5.4. a) Uninterpreted and b) interpreted seismic profiles revealing the distinct 

geometry of Upper Mesozoic (Tier 1) and Paleogene (Tier 2) faults over Anticline 

A. These fault Tiers are separated by the Base Tertiary Unconformity (horizons H6).  

Tier 1 faults responded to Late Cretaceous to Paleogene tectonic inversion episodes, 

whereas Tier 2 faults resulted from near-seafloor extension over growing anticlines 

to sudden compaction of mud-rich strata and subsequent loss of volume and fluid, 

forming polygonal fault geometries. The location of the seismic line is shown in 

Figs. 5.10a, 5.11a and 5.12a. 
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The Late Cretaceous records a major episode of sea-level rise, accompanied by post-

rift subsidence, and led to the accumulation of the Chalk Group (Van Wijhe, 1987; 

Verweij and Simmelink, 2002) (Fig. 5.3). This group (Unit S6) comprises limestones, 

marls, calcareous claystones and glauconitic sands deposited conformably above the 

Rijnland Group (van Verweij and Simmelink, 2002) (Figs. 5.3 and 5.5). The onset of 

Alpine compression in the Late Cretaceous interrupted regional subsidence in the Broad 

Fourteens Basin, with the so called Sub-Hercynian tectonic phase reactivating Variscan 

faults with a reverse-dextral motion (De Lugt et al., 2003; Nalpas et al., 1995). 

Maximum erosion of ~ 700 m of strata occurred in the centre of the basin, close to the 

axis of inversion, herein named Anticline A, affecting the overall thickness of the Chalk 

Group (Nalpas et al., 1995; De Lugt et al., 2003) (Figs. 5.4 and 5.6).  Later, the 

Laramide inversion event in the early Paleocene created a prominent Cretaceous-

Tertiary boundary (H6) at the top of Chalk Group (Oudmayer and De Jager, 1993; De 

Lugt et al., 2003) (Figs. 5.4 and 5.6). In such a setting, the localisation of a salt 

(Zechstein) décollement layer to the North of the Broad Fourteens Basin accounts for 

the lack of connectivity between sub-salt and supra-salt faults (Van Wijhe, 1987). 

5.4.3. Cenozoic 

Cenozoic strata comprise sandstones, clays, silts, locally gravel or peat, and brown coal 

seams that are part of the North Sea Group, interpreted as Unit S7 in the seismic volume 

(van Verweij and Simmelink, 2002; Van Adrichem Boogaert and Kouwe, 1993). The 

North Sea Group directly overlies the Chalk Group (Fig. 5.5).  Where maximum erosion 

took place around the hinge region of the Late Cretaceous Anticline A, the base of 

Cenozoic strata directly overlies the Rijnland Group (Unit S5; Figs. 5.4 and 5.6).
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Table 5.1: Summary of principal features in the seismostratigraphic units of the Broad Fourteens Basin, Southern North Sea.

Seismic 

units 

Stratigraphic 

Groups 

Age of seismic 

units 

Estimated 

Thickness (m) 

Internal character of seismic units Dominant lithologies 

(van Verweij and Simmelink, 2002) 
Unit S7 North Sea Group Paleocene to 

Recent 

1,201 Characterised by a package of high-frequency, continuous and 

moderate to high-amplitude seismic reflections. Deformed by 

closely spaced polygonal normal faults. 

Clays, sandstones, silts, locally gravel or 

peat, and brown coal seams. 

Unit S6 Chalk Group Late Cretaceous 684 

 

Low amplitude and chaotic internal reflections. Erosion during the 

Laramide inversion event created a prominent Cretaceous-Tertiary 

boundary at the top of Chalk Group (H6). This boundary generated 

a strong, regionally mappable seismic reflector.  

Limestones, marls, calcareous claystones 

and glauconitic sands 

Unit S5 Rijnland and 

Schieland Groups 

Late Jurassic to 

Early 

Cretaceous 

505 

 

Forms a package of high-amplitude, high-frequency seismic 

reflections. Deformed locally by closely-spaced normal faults 

around the hinge region of Anticline A. 

Carbonaceous claystones, marls and  thick-

bedded sandstones 

 

Unit S4 Altena Group Late Triassic to 

Middle Jurassic 

259 

 

Forms a package of high frequency, continuous and moderate to 

high-amplitude seismic reflections. 

Argillaceous deposits, calcareous and clastic 

sediments. Bituminous Posidonia Shale 

Formation comprise the source interval for 

Jurassic oil plays 

Unit S3 Germanic Trias 

Group 

Early to Late 

Triassic 

335 Forms a package with moderate frequency and moderate to high-

amplitude seismic reflections. On seismic profiles, the bright 

reflection at the base of Germanic Trias Group (Unit S3) indicates 

a change from the high-velocity Zechstein salt (Unit S2) to the 

relatively low-velocity aeolian sandstones and lacustrine 

claystones of the Lower Germanic Trias Group. 

Marine carbonates, evaporites. 

aeolian sands and lacustrine claystones. 

Aeolian sands and lacustrine claystones of 

the Lower Germanic Trias Group (the 

Buntsandstein Formation) form a prolific 

gas reservoir in the study area, particularly 

where Zechstein salt (Unit S2) has been 

withdrawn and welds have formed between 

Triassic (Unit S3) and the Rotliegend Group 

(Unit S1). 

Unit S2 Zechstein Group Late Permian 668 Low amplitude, chaotic internal reflections.  The bright reflection 

at the top (H2) indicates a change from high-velocity Zechstein 

salt to relatively low-velocity aeolian sandstones and lacustrine 

claystones.  

Thick layers of salt separated by cyclic 

carbonate intervals. Some of which are 

fragmented and deformed (‘Stringers’) 

Unit S1 Rotliegend and 

Limburg Groups 

Early to Middle 

Permian 

690 Forms a package of moderate frequency and moderate amplitude 

seismic reflections. The base of the unit is hard to identify 

because the overlying salt dims the internal reflections of 

Rotliegend strata. 

Terrestrial coarse-grained sandstones (e.g. 

Slochteren Formation) and finer grained 

desert lake deposits (e.g. Silverpit 

Formation). Thick lacustrine and deltaic 

intervals with interbedded coal seams were 

deposited as part of the Limburg Group. 

Westphalian Coal Measures. 
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Unit S7 is characterised by a package of high-frequency, continuous and moderate to 

high-amplitude seismic reflections (Figs. 5.3 to 5.5; Table 5.1).  

Three (3) inversion episodes affected the Broad Fourteens Basin in the Cenozoic – the 

Laramide, Pyrenean and Savian episodes (Fig. 5.3). The Laramide inversion (early 

Paleocene) reactivated Sub-Hercynian faults and created a prominent Base Tertiary 

Unconformity (De Lugt et al., 2003; Oudmayer and De Jager, 1993) (Horizon H6; Figs. 

5.3 to 5.9). The Pyrenean inversion (Oligocene) created another unconformity at the 

base of the Miocene strata, separating the Lower from the Middle North Sea Group 

(Oudmayer and De Jager, 1993; Wong et al., 2001; Verweij and Simmelink, 2002) (Fig. 

5.3). The boundary between the Middle and Upper North Sea Groups (Savian 

unconformity) marks a break in sedimentation that resulted from regional uplift during 

the Alpine Orogeny and a global sea-level lowstand (Oudmayer and De Jager, 1993; 

Wong et al., 2001) (Fig. 5.3). 

  

5.5. Principal fault geometries  

The seismic data show Upper Mesozoic to Paleogene strata offset by deeply-rooted 

listric faults, and deformed by broad anticlines associated with normal faults (Figs. 5.4 

to 5.6). The TWTT structural maps in Figs. 5.10 to 5.12 highlight the main structures 

interpreted in the chapter study area. 

5.5.1. Listric faults 

In the interpreted dataset, listric faults are detached in the Zechstein salt (Unit S2) and 

accommodated the gravitational gliding of the overburden strata.  
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Fig. 5.5. a) Uninterpreted and b) interpreted seismic profiles showing the distinct 

geometry of Late Mesozoic (Tier 1) and Paleogene (Tier 2) faults over Anticlines 

B and C. These two fault tiers are separated by the Base Tertiary Unconformity 

(horizon H6).  However, some of the Tier 2 faults propagate downward and offset 

horizon H6.  The location of the seismic line is shown in Figs. 5.10a, 5.11a and 

5.12a. 
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At the same time, significant subsidence occurred in adjacent hanging-wall blocks 

(Penge et al., 1999; Alves, 2012; Alves and Elliott, 2014) (Figs. 5.4, 5.5 and 5.8). 

Variations in thickness between the footwall and the hanging-wall blocks of listric 

faults reveal they are syn-sedimentary growth faults propagating upwards from the 

Zechstein salt (Unit S2; Figs. 5.4 to 5.6).  

Listric faults offset Units S3, S4 and S5 (Lower and Middle Mesozoic strata), with some 

propagating vertically into Paleogene strata in Unit S7 (Figs. 5.5 and 5.8). They are 

characterised by a broadly spaced curvilinear pattern in map view, striking in a NW-SE 

direction that is sub-parallel to the trend of Anticline A (Figs. 5.10b and 5.12). Listric 

faults show trace lengths of 7.2-13.5 km, with a maximum fault throw of 440 m (Figs. 

5.4, 5.8 and 5.12).  

5.5.2. Tiers of normal faults 

Normal faults are closely-spaced in Upper Mesozoic and Paleogene strata (Figs. 5.4 to 

5.6). In this chapter, normal faults are grouped into two distinct tiers: Tier 1 (Upper 

Mesozoic) and Tier 2 (Paleogene). In the interpreted dataset, periods of fault 

reactivation below and above the Base Tertiary Unconformity (horizon H6) can be 

relatively dated. Horizon (H6) forms a high-amplitude, regionally mappable seismic 

reflector and represents a major change in from the soft Paleogene Lower North Sea 

clays and silts above (Unit S7) to the harder limestones of the Chalk Group below (Unit 

S6; Figs. 5.3 to 5.5 and 5.12). 

5.5.2.1. Tier 1 faults: Late Mesozoic 

Tier 1 faults comprise closely spaced normal faults formed around the hinge of 

Anticline A (Figs. 5.4 and 5.6). These faults predominantly offset Upper Mesozoic 

strata in Units S5 and S6 (Figs. 5.4 and 5.6).  
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Fig. 5.6. a) Uninterpreted and b) interpreted seismic profiles revealing the 

geometry of Upper Mesozoic (Tier 1) and Paleogene (Tier 2) faults over 

Anticline A. Tier 1 faults were generated by the local buckling and stretching of 

the anticline’s outer-arc strata during the Late Cretaceous-Paleogene tectonic 

inversion episodes. These faults were eroded and truncated at the Base of 

Tertiary Unconformity (horizon H6), with some reactivating upward into 

Paleogene strata (Unit S7), linking with the overlaying Paleogene Tier 2 faults.  

The location of the seismic line is shown in Figs. 5.10a, 5.11a and 5.12a. 
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The upper tip of Tier 1 faults are eroded and truncated by the Base Tertiary 

Unconformity (horizon H6), with some faults reactivating and extending into Paleogene 

strata (Figs. 5.6 to 5.8). The location of Tier 1 faults around the hinge of Anticline A 

suggests they are created by outer-arc stretching during buckling and, thus, do not 

normally accommodate regional extension (see Rowan et al., 1999) (Figs. 5.4 and 5.6). 

Tier 1 faults are grouped into non-reactivated (eroded) and reactivated faults based on 

their upper tip terminations, as revealed by the seismic sections and throw-depth (T-Z) 

profiles in Figs. 5.6, 5.13 and 5.14.  

5.5.2.1.1. Non-reactivated (eroded) Tier 1 faults 

Non-reactivated Tier 1 faults are restricted to the hinge of Anticline A (Figs. 5.6, 5.13 

and 5.14). Their upper tip lines are eroded and truncated at the Base Tertiary 

Unconformity (horizon H6), without faults propagating upwards into Paleogene strata 

(Figs. 5.13 and 5.14). The relatively large throw values recorded just below horizon H6 

confirm the erosion of their upper tips (Figs. 5.15 to 5.17), suggesting that these faults 

were active, and offsetting Unit S6, before the erosional event responsible for the Base 

Tertiary Unconformity (Figs. 5.3 and 5.6).  

Non-reactivated Tier 1 faults are characterised by their closely spaced, linear to 

curvilinear conjugate pattern and strike predominantly in a NW-SE direction, roughly 

parallel to the strike of Anticline A (Fig. 5.10). Thus, their plan-view geometry is 

controlled by this latter structure (Fig. 5.10b). Non-reactivated Tier 1 faults show a 

maximum throw of 34.5 m, a spacing ranging from 560 to 2,300 m, and trace lengths 

of 1,100-11,250 m (Fig. 5.10).  
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Fig. 5.7. a) Uninterpreted and b) interpreted seismic profiles highlighting the 

geometry of Upper Mesozoic (Tier 1) and Paleogene (Tier 2) faults over Anticline 

A. The imaged fault tiers are separated by the Base of Tertiary Unconformity 

(horizon H6), with some of the Tier 1 faults reactivating upward into Paleogene strata 

(Unit S7), linking with Tier 2 faults. The location of the seismic line is shown in Figs. 

5.10a, 5.11a and 5.12a. 
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Fig. 5.8. a) Uninterpreted and b) interpreted seismic profiles highlighting the 

geometry of Upper Mesozoic (Tier 1) and Paleogene (Tier 2) faults over Anticline 

A. Distinct fault tiers are separated by the Base Tertiary Unconformity (H6), but 

with some of the Tier 1 faults reactivating upward into the Paleogene strata (S7) to 

link with Tier 2 faults. A deeply-rooted listric fault that detaches on top Zechstein 

salt (H2) propagates vertically into Paleogene strata (S7). Some of the Tiers 1 and 

2 faults intersect this latter listric fault. The location of the seismic line is shown in 

Figs. 5.10a, 5.11a and 5.12a. 
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5.5.2.1.2. Reactivated Tier 1 faults 

Fault reactivation has been described as reflecting the further propagation of pre-

existing faults (Holdsworth et al., 1997; Nicol et al., 2005). Tier 1 faults that offset the 

Base Tertiary Unconformity (horizon H6) and propagate upwards in Paleogene strata 

are interpreted as reactivated Tier 1 faults (Figs. 5.6, 5.13 and 5.14). Their throws die 

out upwards into Paleogene strata, contrasting with non-reactivated (eroded) Tier 1 

faults that are truncated at level of horizon H6, or just below this latter (Figs. 5.6, 5.13 

and 5.14).  

Reactivated Tier 1 faults are characterised by their linear to curvilinear pattern, and 

were predominantly reactivated above Anticline A in the southern part of the chapter 

study area (Fig. 5.12). The faults have a maximum throw of 40.2 m, a spacing of 840-

5,200 m, and trace lengths of 1,200-12,250 m (Fig. 5.12). Some reactivated Tier 1 faults 

intersect the relatively deep listric faults, thus potentially forming secondary migratory 

pathways for hydrocarbons into shallower Paleogene units (Figs. 5.6, 5.8 and 5.14).  

5.5.2.2. Tier 2 faults: Paleogene 

Tier 2 faults comprise densely spaced sets of normal faults with a discrete range of 

strikes and reveal an irregular polygonal geometry in map view (Figs. 5.5, 5.6, 5.9 and 

5.11). The upper and lower tip lines of these faults die out in Paleogene strata, with 

some faults propagating downward and offsetting the Base Tertiary Unconformity 

(horizon H6) around the hinge of Anticlines B and C, a character particularly observed 

towards the northern part of the chapter study area (Fig. 5.12). These faults were 

initially formed as polygonal faults and were reactivated to form new fault segments, 

or lengthen their sizes, due to later tectonic deformation (Figs. 5.5, 5.9 and 5.11). 
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Fig. 5.9. a) Uninterpreted and b) Interpreted inline seismic sections revealing the geometry of Tier 2 faults in Paleogene strata 

(Unit S7: Lower North Sea Group), c) Uninterpreted and d) Interpreted crossline seismic sections also highlighting the geometry 

of Tier 2 faults in Paleogene strata. These faults are closely spaced, with some being also segmented. They result from near-

seafloor extension over growing anticlines and sudden compaction of mud-rich strata with the subsequent loss of volume and 

fluid, forming polygonal fault geometries. The location of the seismic line is shown in Figs. 5.10a, 5.11a and 5.12a. 
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Fig. 5.10. a) TWTT structural map of a representative interval in Upper Mesozoic strata (H4a) highlighting the map view 

geometry of Tier 1 faults, the location of industry boreholes and key seismic lines, b) Interpreted sketch highlighting the 

map view geometry of Tier 1 faults over NW-SE trending Anticline A. These faults show a linear to curvilinear pattern in 

map view. A, B and C are interpreted anticlines responding to the effect of tectonic inversion in the Southern North Sea. 
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Tier 2 faults have a maximum throw of 9.8 m, a spacing of 320-680 m, and trace lengths 

of 950-2,000 m. They also accommodate a significant part of the local stretching 

affecting the Paleogene overburden (Figs. 5.9 and 5.11). The geometry of Tier 2 faults 

likely resulted from near-seafloor extension over growing anticlines, which affected 

compacting mud-rich strata (Lonergan et al., 1998; Cartwright et al., 2003).  

 

 

5.6. Effect of lithology on fault throw distribution 

The interpreted faults F1 to F6 are characterised by their maximum throw of 32 ms 

(40.2 m), an average spacing of 560 m, and trace lengths ranging from 1,100-11,250 m. 

These faults offset a layered succession comprising sands and shales (Figs. 5.15 to 

5.20). Importantly, differences in fault throw are observed when the fault strands in the 

sand-rich intervals are compared to fault segments in the shale-rich intervals. In the 

sand-rich intervals, fault throws are larger (average 32 ms, or 40.3 m) compared to the 

smaller fault throws (average 13.5 ms, or 17.7 m) documented in the shale rich-intervals 

(Figs. 5.15 to 5.20). 

A decrease in fault throw is observed as the faults propagate from sand-rich into shale-

rich intervals (Figs. 5.15 to 5.20). Hence, the propagation of fault segments, first grown 

in sand-rich strata, into shale intervals can result in vertically segmented fault arrays, 

as revealed by the throw-depth (T-Z) data in Figs. 5.15 to 5.20. Nevertheless, further 

propagation of two hard-linked fault segments after growth can attenuate the throw 

variations recorded on T-Z profiles, and thus obscure differences in the throw 

distribution with depth.
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Fig. 5.11. a) TWTT structural map for representative interval in Paleogene strata highlighting the map view pattern 

of Tier 2 faults, the location of industry boreholes and key seismic lines,  b) Interpreted sketch highlighting the 

geometry of Tier 2 faults. A, B and C are interpreted anticlines responding to the effect of tectonic inversion in the 

Southern North Sea. 
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Fig. 5.12. a) TWTT structural map of the Base Tertiary Unconformity (horizon H6) showing its map view, the location of industry boreholes 

and key seismic lines. A, B and C are interpreted anticlines responding to the effect of tectonic inversion in the Southern North Sea, b) Interpreted 

sketch highlighting the geometry of reactivated fault families affecting the Base Tertiary Unconformity (horizon H6). Reactivated Tier 1 faults 

show linear to curvilinear distributions around Anticline A. Tier 2 faults show irregular polygonal geometries over Anticlines B and C. 
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5.7. Propagation and growth history of faults 

5.7.1. Fault nucleation 

The relative nucleation of representative faults F1 to F6 in the chapter study area is 

illustrated with reference to the throw-depth (T-Z) profiles in Figs. 5.15 to 5.20. Fault 

segments with local throw between 16 ms and 32 ms (20.2 m and 40.3 m) are early-

stage fault segments and represent regions where faults nucleated first in competent 

sand and limestone intervals (Figs. 5.15 to 5.20). Each segment of these early-stage 

faults propagated outwards until they encountered other fault strands to link with. 

Linkage points are located where local throw minima between 2 ms and 14 ms (2.5 m 

to 17.7 m) are recorded in less competent shale-rich intervals (Figs. 5.15 to 5.20) (Ellis 

and Dunlap, 1988; Mansfield and Cartwright, 1996). Hence, regions with local throw 

maxima in the throw-depth (T-Z) profiles are interpreted as the first loci of fault growth, 

which dominantly occurred in competent sand and limestone intervals (Figs. 5.15b to 

5.20b).  

5.7.2. Modes of fault growth 

Two (2) distinct modes of fault growth were recognised in the area, as revealed by the 

throw-depth profiles in Figs. 5.15 to 5.22. These modes include fault growth via upward 

propagation and segment linkage. Listric faults that reflect the early-stage deformation 

of Mesozoic strata grew via the upward propagation from a parent fault above the 

Zechstein salt (Unit S2; Figs. 5.4 to 5.6). These faults exhibit a typical vertical, positive 

stepped throw gradient (Fault F7; Fig. 5.21). They show major breaks in throw gradients 

around the top of Jurassic strata. The fault strands below the top Jurassic marker 

(horizon H4a) offset Triassic-Jurassic strata and show throw maxima between 42 ms 

and 85 ms (52.9 m to 129 m) (Fig. 5.21).  
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Fig. 5.13. a) Uninterpreted and b) interpreted seismic profiles revealing the 

geometry of representative Upper Mesozoic (Tier 1) faults over Anticline A. 

These faults were eroded and truncated at the Base of Tertiary Unconformity 

(Non-reactivated Tier 1 faults), with some reactivating and propagating upward 

into the Paleogene strata (Reactivated Tier 1 faults). The location of the seismic 

line is shown in Figs. 5.10a, 5.11a and 5.12a. 



Chapter 5: Effect of tectonic inversion on fault reactivation and growth 

 

184 
 

 

 

 

 

 

Fig. 5.14. a) Uninterpreted and b) interpreted seismic profiles revealing the 

geometry of representative Upper Mesozoic (Tier 1) faults over Anticline A. 

These faults were eroded and truncated at the Base of Tertiary Unconformity 

(Non-reactivated Tier 1 faults), with some reactivating and propagating upward 

into the Paleogene strata (Reactivated Tier 1 faults). Some of the Tier 1 faults 

intersect a deeply-rooted listric fault that detaches on the top of Zechstein salt.  
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The strands above the top Jurassic marker offset Cretaceous strata and reveal abrupt 

steps in throw profiles, with throws between 15 ms and 32 ms (18.9 m to 40.3 m) (Fig. 

5.21).  

The upward decrease in throw values, and the vertical positive step in throw gradients 

recorded by listric fault F7, are related to fault growth by upward propagation from 

parent faults above the Zechstein salt (Unit S2; Figs. 5.4 to 5.6). The absence of 

alternating local throw maxima and minima on the throw distribution profiles reflects 

the growth of listric faults by upward propagation (Fig. 5.21). Also, thickness variations 

between the footwall and the hanging-wall blocks of listric faults show these are syn-

sedimentary faults, and propagated vertically during their growth (Figs. 5.4 to 5.6).  

The representative vertical throw-depth (T-Z) profiles in Figs. 5.15b to 5.20b and 5.22c 

show a distinct mode of growth dominated by segment linkage. This mode of fault 

growth is recognised by its stepped vertical throw-depth (T-Z) profiles with a break in 

throw gradients (Figs. 5.15b to 5.20b and 5.22c). Sharp changes in throw values are 

interpreted to be a consequence of reactivation and growth by segment linkage, where 

two separate faults have propagated towards each other. Segments with local throw 

maxima are early-stage fault-segments formed in regions where faults nucleated first in 

more competent (sand-rich) intervals. Each fault segment is separated by a local throw 

minimum in less competent (shale-rich) intervals, as expected for this type of growth 

by segment linkage (Figs. 5.15b to 5.20b and 5.22c). 

Abrupt changes in fault throw are interpreted as a characteristic of fault reactivation 

and can be attributed to lithological effects during fault propagation through mechanical 

barriers (Figs. 5.15b to 5.20b). Contrasts in acoustic impedance of the sediments along 

the fault planes are sufficient to infer such major change in throw gradients.  
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Fig. 5.15. Representative throw-depth (T-Z) profiles stressing the influence of mechanical stratigraphy and lithology on throw distribution and growth on fault F1. a) Interpreted seismic section and well log. b) 

Representative throw-depth (T-Z) profiles revealing fault reactivation and growth by segment linkage, where two separate pre-existing faults with throw maxima in sand-rich competent intervals have propagated 

towards each other and linked in shale-rich intervals where local fault throw minima are recorded. c) Throw-depth contour map showing anomalous throw distributions and, d) Throw-distance (T-X) plots through the 

contour map. See Fig. 5.13 for a full seismic section of the interpreted fault F1. 
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Fig. 5.16. Representative throw-depth (T-Z) profiles revealing the effect of mechanical stratigraphy and lithology on throw distribution and growth on fault F2. a) Interpreted seismic section and well log. b) 

Representative throw-depth (T-Z) profiles showing fault reactivation and growth by segment linkage. Where two separate faults with local throw maxima between 15 and 30 ms (18.2-37.8 m) in sand-rich (competent) 

intervals have propagated towards each other and linked in shale-rich (incompetent) interval where local throw minima between 2 and 15 ms (2.5-19.2 m) are recorded. c) Throw-depth contour map showing anomalous 

throw distributions. d) Throw-distance (T-X) plots through the contour map stressing fault growth via segment linkages. See Fig. 5.13 for a full seismic section of the interpreted fault F2. 
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Fault growth via segment linkage has wider implications for reactivation processes in 

fault systems, particularly where more competent (strong) mechanical layer favours 

nucleation of new faults in distinct mechanical intervals (Peacock and Sanderson, 1992; 

Childs et al., 1996) (Figs. 5.15 to 5.20). 

 

5.8. Discussion 

5.8.1. Impact of tectonic shortening on the geometry and reactivation of 

supra-salt faults 

Fault reactivation has been described as reflecting the further propagation of pre-

existing faults after a significant period of inactivity (Holdsworth et al., 1997; Nicol et 

al., 2005). The ability for a fault to repeatedly reactivate is directly related to the 

orientation of the fault planes with respect to the principal stresses (White et al., 1986; 

Richard and Krantz, 1991), and the mechanical properties of the fault surface or zone 

itself, including the cohesion and coefficient of friction that hinder slip on the fault 

surface, fluid pressure and regional kinematics or tectonic regime (Ward et al., 2016; 

Ferrill et al., 2017).  

The Late Cretaceous to Paleogene tectonic inversion episodes (i.e., Sub-Hercynian, 

Laramide, Pyrenean and Savian episodes; Figs. 5.3 and 5.23), have induced a 

continuum of deformation in the Broad Fourteen Basin, Southern North Sea, and 

contributed significantly to the formation and subsequent reactivation of Upper 

Mesozoic to Paleogene supra-salt faults (Figs. 5.4, 5.5 and 5.23). In the chapter dataset, 

two distinct tiers of faults are recognised according to their geometry: a) Tier 1 faults 

(Upper Mesozoic), and b) Tier 2 faults (Paleogene) (Figs. 5.4 to 5.6). 
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Fig. 5.17. Representative throw-depth (T-Z) profiles revealing the effect of mechanical stratigraphy and lithology on throw distribution and growth on fault F3. In sand-rich intervals, fault throws are usually larger - 

between 14 and 30 ms (17.7-37.8 m) - compared to the smaller fault throws between 2 and 14 ms (2.5-17.7 m) recorded in shale rich-intervals. These changes in throw values are interpreted to be a consequence of 

mechanical stratigraphy and lithological changes in the host rock. a) Interpreted seismic section and well log. b) Representative throw-depth (T-Z) profiles showing fault reactivation and growth by segment linkage. 

c) Throw-depth contour map showing throw distributions. d) Throw-distance (T-X) plots through the contour map. See Fig. 5.13 for a full seismic section of the interpreted fault F3. 
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Tier 1 faults resulted from the progressive buckling and stretching of outer arc 

Mesozoic strata during the Late Cretaceous inversion episode, i.e. during Sub-

Hercynian tectonics  (Figs. 5.3, 5.4 and 5.24c,d).  

The Laramide inversion episode (Early Paleocene) reactivated Sub-Hercynian Tier 1 

faults and created a prominent Late Cretaceous-Tertiary unconformity (horizon H6) 

(De Lugt et al., 2003; Oudmayer and De Jager, 1993). Horizon H6 is a strong, regionally 

mappable seismic reflector and represents a major change in rock strength from softer 

Tertiary clays and silts of the North Sea Group (Unit S7) to stiffer Upper Cretaceous 

limestones deposits of the Chalk Group below (Unit S6; Figs. 5.3, 5.4, 5.23 and 5.24e). 

The upper tip lines for these Tier 1 faults were eroded by the Paleocene Laramide 

erosional event at the Base Tertiary Unconformity (H6; Figs. 5.13 and 5.14). The 

truncation of these faults suggest that they were active in the Upper Mesozoic strata 

before the onset of the Laramide erosional event (Fig.  5.24c and d). Subsequently, the 

Pyrenean (Oligocene) and Savian (Miocene) inversion episodes reactivated some of 

these faults upward into the Paleogene strata (Unit S7), where they link with the 

overlaying Paleogene Tier 2 faults (Figs. 5.6, 5.23 and 5.24e). 

The TWTT structural maps in Fig. 5.12 highlight the map view of these fault tiers. Tier 

1 faults largely reactivated around the hinge of Late Mesozoic Anticline A, whereas the 

overlying Tier 2 faults were selectively reactivated around the hinges of Anticline B 

and C (Fig. 5.12). This observation perhaps suggests that in addition to the fault’s 

orientation and geometry (Richard and Krantz, 1991; Baudon and Cartwright, 2000) 

other controls, such as the location of the underlying anticlines, affected fault 

reactivation in the chapter study area, as observed in the TWTT map in Fig. 5.12.



Chapter 5: Effect of tectonic inversion on fault reactivation and growth 

 

191 
 

 

 

Fig. 5.18. Representative throw-depth (T-Z) profiles stressing the influence of mechanical stratigraphy and lithology on throw distribution and growth on fault F4. A reduction in throw values is observed over the 

fault planes, as faults propagate from sand-rich intervals into shale-rich intervals. a) Interpreted seismic section and well log. b) Representative throw-depth (T-Z) profiles showing the fault reactivation and growth by 

segment linkage, where two separate pre-existing faults with throw maxima in sand-rich competent intervals have propagated towards each other and linked in shale-rich intervals where local fault throw minima are 

recorded. c) Throw-depth contour map showing throw distributions. d) Throw-distance (T-X) plots through the contour map. See Fig. 5.14 for a full seismic section of the interpreted fault F4. 
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The distinct geometries observed in Tier 1 and 2 faults can be attributed to the 

mechanical differences in different lithological intervals and deformation mechanisms 

(Figs. 5.10 and 5.11). The tectonic shortening and brittle deformation in the more 

competent carbonate and sand-rich strata of the Chalk and Rijnland Groups led to a 

more localised linear-curvilinear faults pattern in Tier 1 faults (Fig. 5.10), whereas 

compactional loading (diagenesis) and the relatively ductile deformation of the 

incompetent mud-rich strata of the Lower North Sea Group resulted in diffuse strain 

and the generation of a polygonal pattern in Tier 2 faults (Figs. 5.11). The  polygonal 

pattern in Tier 2 faults was likely formed from near-seafloor extensional stresses 

predominating over growing anticlines, accompanied by the sudden compaction of 

mud-rich strata and subsequent loss of volume and fluid (Lonergan et al., 1998; 

Cartwright et al., 2003) (Fig. 5.11). Nevertheless, some of the Tier 2 faults still record 

the effect of Miocene inversion episode (Savian phase) which largely reactivated and 

lengthen some of these latter faults downwards around the hinge of Anticlines B and C 

(Figs. 5.5, 5.9 and 5.12). 

According to the analogue sandbox experiments presented in Gabrielsen et al. (2016), 

incompetent layers or intervals with ductile behaviour can prevent fault propagation or 

lead to vertical segmentation (decoupling) when fault segments are subjected to various 

types of linkage across ductile layers. In the study area, vertical fault segmentation is 

observed in both seismic and throw-depth (T-Z) profiles (Figs. 5.9, 5.15b, 5.16b, 5.17b 

and 5.22c). Several fault segments with relatively smaller throws are observed in shale-

rich intervals, while faults in the sand-rich intervals appear as discrete, isolated faults 

recording the largest throws (Figs. 5.15b to 5.17b, 5.19c and 5.22c). 
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Fig. 5.19. Representative throw-depth (T-Z) profiles revealing the effect of mechanical stratigraphy and lithology on throw distribution and growth on fault F5. a) Interpreted seismic section and well log. b) 

Representative throw-depth (T-Z) profiles showing the fault reactivation and growth by segment linkage. c) Throw-depth contour map showing anomalous throw distributions. d) Throw-distance (T-X) plots through 

the contour map stressing fault growth via segment linkages. See Fig. 5.14 for a full seismic section of the interpreted fault F5. 
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The effect of incompetent layers on the segmentation of faults has been studied at 

outcrop and using seismic data (Soliva et al. 2005; Schöpfer et al. 2006; Libak et al., 

2019; Ferrill et al. 2017). For instance, Libak et al. (2019) recently interpreted seismic 

data from the Norwegian Barents Sea to show that fault zones are more segmented and 

wider in claystones, while faults in sandy intervals are narrower and more localised, 

thus less segmented. Deformation tends to be more localised (less segmented) to reveal 

local throw maxima in competent lithologies such as sandstones and carbonates, and 

more distributed (segmented) in incompetent lithologies such as claystones and shales, 

where throw minima are recorded (Schöpfer et al. 2006).  

Research has also shown that faults are often steep in competent lithologies, while faults 

have more gentle dips in relatively incompetent lithologies (Peacock 2002; Ferrill et al. 

2017). Such differences in fault dip along a fault segment can locally lead to fault 

refraction, which may generate extensional (dilatational) jogs (Peacock and Sanderson 

1991; Ferrill et al. 2017). In the chapter study area, no evidence exists for changes in 

fault dip geometries, as faults propagate from competent intervals into incompetent 

intervals, due to intricate nature of the fault geometries and limited resolution of the 

seismic datasets i.e. the faults are not resolved by the seismic data. This interpreted as 

reflecting the deformation of the original segment dip-linkage structures during post-

linkage slip of the faults, with any original topological irregularities having been largely 

eliminated during fault reactivation. 

5.8.2. Propagation and growth history of faults in layered successions  

Interpreted faults F1 to F6 and F8 to F11 reveal a break in throw gradients, and a 

progressive decrease in throw towards the fault tips, a characteristic of reactivation and 

growth during fault propagation through mechanical barriers (Gross et al., 1997; 
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Wilkins and Gross, 2002) (Figs. 5.15b to 5.20b and 5.22c). Research has shown that, 

as strain accumulates in a layered sedimentary sequence, competent (brittle) lithologies 

such as limestones and sandstones accommodate smaller amounts of pre-failure strain 

and are able to fracture first, whereas incompetent (ductile) lithologies such as 

claystones and shales accommodate higher prefailure strain prior to faulting and usually 

fracture later (Ferrill and Morris, 2003, 2008; Welch et al., 2009). Hence, faults would 

be expected to nucleate first in competent lithologies with the larger throws, and this 

chapter show this to be the case (Figs. 5.15 to 5.20).  

The results in this work show differences between the throw magnitudes of faults in 

sand-rich intervals (with a throw maximum of 32 ms, or 40.3 m) compared to the shale-

rich intervals (with a throw maximum of 14 ms, or 17.7 m) (Figs. 5.15 to 5.20). This 

difference can be related to the predominance of brittle deformation in the competent 

sand-rich intervals, resulting in a less segmented zones of fault deformation with local 

throw maxima, while ductile deformation in incompetent shale-rich interval led to a 

more segmented zone of deformation, with local throw minima (Figs. 5.15b to 5.20b 

and 5.22c). Thus, fault segments with local throw maxima in the throw-depth (T-Z) 

profiles are interpreted to be the loci where faults nucleated first, with this occurring 

predominantly in competent sand-rich intervals (Figs. 5.15 to 5.20). These fault 

segments drove displacement into shale-rich intervals where smaller fault throws are 

accommodated by more ductile deformation (Figs. 5.15 to 5.20).   

In throw-depth (T-Z) profiles, evidence for vertical fault segmentation is observed, 

where the fault segments with local throw minima in the shale-rich intervals were linked 

to pre-existing fault segments with local throw maxima in the sand-rich intervals (Figs. 

5.15b to 5.20b).
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Fig. 5.20. Representative throw-depth (T-Z) profiles revealing the effect of mechanical stratigraphy and lithology on throw distribution and growth on fault F6. a) Interpreted seismic section and well log. b) 

Representative throw-depth (T-Z) profiles showing the fault reactivation and growth by segment linkage, where two separate pre-existing faults with throw maxima in more competent intervals have propagated 

towards each other and linked in less competent intervals. c) Throw-depth contour map showing throw distributions. d) Throw-distance (T-X) plots through the contour map. See Figs. 5.6 and 5.7 for a full seismic 

section of the interpreted fault F6. 
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Fig. 5.21. Representative throw-depth (T-Z) profiles for a listric fault showing typical growth by upward propagation, 

i.e. a vertical, positive stepped throw gradient. The decrease and vertical positive step in throw gradients recorded by 

the listric fault can be related to the effects of reactivation by upward propagation from parent faults above a 

detachment surface, i.e. Zechstein salt in Fig. 5.6.  
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Thus, the propagation of slip from fault segments with local throw maxima (in the sand-

rich intervals) into the shale-rich interval can describe the vertically segmented fault 

arrays observed in the throw-depth (T-Z) profiles in Figs. 5.15b to 5.20b and 5.22c. The 

results of throw-depth (T-Z) interpretation support the view that vertically segmented 

fault arrays initially nucleated in the competent, and brittle, lithologies (sandstones and 

limestones) with less segmented maximum throws and are later linked by faults in the 

incompetent, ductile, lithologies (shales) with more segmented minimum throws 

(Peacock and Sanderson, 1992; Childs et al., 1996) (Figs. 5.15b to 5.20b). 

Differences in the throw distribution provide insights into the recognition of two (2) 

distinct modes of fault growth: fault growth via upward propagation vs. fault segment 

linkage. The listric fault F7 (Fig. 5.21) shows a regular upward decrease in throw values 

and maintains vertical, positively stepped gradients, revealing the classical model for 

fault growth by upward propagation from pre-existing faults above thick salt (Richard 

and Krantz, 1991; Baudon and Cartwright, 2008; Maunde and Alves, 2020) (Fig. 5.21). 

The maximum throw value on the throw profile marks the onset of faulting; thus, 

faulting started above the Permian Zechstein salt (Figs. 5.6 and 5.21). 

The interpreted faults F1 to F6 and F8 to F11 present throw-depth (T-Z) profiles with 

multiple local throw maxima separated by local throw minima, revealing fault growth 

via segment linkage (Baudon and Cartwright, 2008; Kim and Sanderson, 2005)  (Figs. 

5.15b to 5.20b and 5.22c). Fault segments with local throw maxima represent the 

intervals where faults nucleate first in more competent sand-rich intervals. Each of these 

fault segments propagated outwards until they encountered other pre-existing fault 

segments to link together.  
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Fig. 5.22. a) Uninterpreted and b) interpreted seismic profiles showing the 

geometry of Tier 2 faults in Paleogene strata (Unit S7; Lower North Sea Group). 

c) Representative throw-depth (T-Z) profiles highlighting the reactivation and 

growth history on Tier 2 faults. The sharp changes in throw values are 

interpreted to relate to fault reactivation and growth by segment linkage, where 

multiple throw maxima are separated by throw minima. 
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The zone of linkage between two originally individual segments that are linked is 

recognisable by a zone of local throw minima and steepening of the throw gradients 

(Cartwright et al., 1995; Lohr et al., 2008). (Figs. 5.15b to 5.20b). However, further 

propagation of the two hard-linked fault segments after growth might attenuate the 

throw variations and obscure differences in the throw distribution (Figs. 5.18b and 

5.20b).  

The interpreted fault tiers are largely segmented and may present an important 

limitation for the implementation of carbon capture and storage (CCS) in the Broad 

Fourteens Basin (Figs. 5.15b to 5.20b and 5.22c). For example, the locus of fault 

segment linkage may increase the permeability of the rocks. Where the fault segments 

interact, active fracturing provides a pathway for fluids, as well as increasing the 

chances of compartmentalisation or localised fluid flow through the fault linkages 

(Curewitz and Karson, 1997; Ward et al., 2016), thus revealing significant risks when 

injecting CO2 into the subsurface. In the Broad Fourteens Basin, listric faults control 

and transmit fluids within, and between Mesozoic strata (Penge et al., 1999; Alves and 

Elliott, 2014). The reactivated Tier 1 faults intersecting these deeply rooted listric faults 

potentially allow secondary migration of hydrocarbons into shallower Paleogene 

reservoirs (Figs. 5.8 and 5.24e).  

The models for the evolution of interpreted faults in Fig. 5.24 provide insights into the 

timing of fault activity, with a direct application to hydrocarbon migration and sealing 

of faults in petroleum reservoirs. For instance, accurate timing of any reactivation 

phases with reference to constraints on the filling of hydrocarbon traps would be critical 

for an evaluation of seal risk (Cartwright et al., 2007).  

 



Chapter 5: Effect of tectonic inversion on fault reactivation and growth 

 

201 
 

 

 

 

Fig. 5.23. Schematic illustration of the relative age and timespan of representative 

distinct fault tiers mapped over a NW-SE trending Anticline A. Plotted in the diagram 

is the number of reflections affected by faults above and below the Base Tertiary 

Unconformity (H6). Tier 1 faults dominantly offset Upper Mesozoic strata and 

truncated/eroded at the Base Tertiary Unconformity (Non-reactivated Tier 1 faults), 

with some faults reactivating upward into Paleogene strata (Reactivated Tier 1 

faults). Tier 2 faults dominantly offset Paleogene strata. They are related to early 

diagenesis but still record the effect of the Paleogene inversion episode. Main 

stratigraphic groups, tectonic phases and unconformities related to regional tectonic 

events are based on Penge et al. (1999) and van Verweij and Simmelink (2002).  
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Fig. 5.24. Schematic model for the geological evolution of the study area highlighting 

the age and reactivation of fault families. a) Pre-rift to rift phase. Listric faults active in 

during the Jurassic syn-rift phase in association with rift-raft tectonics, b). c) Tier 1 faults 

occurred during Late Cretaceous Sub-Hercynian inversion, i.e., the time of the formation 

of major anticlines and deposition of the Chalk Group. d) Period of reactivation of Sub-

Hercynian faults (Tier 1 faults) and erosion of their upper fault tips by Paleocene-

Laramide erosional event, creating a prominent Late Cretaceous-Tertiary Unconformity 

(horizon H6). e) Phase of reactivation of some Tier 1 faults into the Paleogene strata 

during Oligocene-Pyrenian inversion and formation of Tier 2 faults in Paleogene strata. 

The present-day, post-inversion phase comprises two distinct fault tiers: Tier 1 (Late 

Mesozoic) and Tier 2 (Paleogene) faults.  
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A further understanding of reactivation processes will greatly improve petroleum 

prediction of seal integrity, trap geometry and fluid migration into shallower reservoirs 

in the Broad Fourteens Basin, Southern North Sea.  

  

5.9. Chapter specific conclusions  

Detailed mapping and geometric analyses of normal faults using high-quality 3D 

seismic and borehole data from the Broad Fourteens Basin, offshore The Netherlands, 

provided us with insights into the geometry and reactivation histories of Upper 

Mesozoic to Paleogene supra-salt faults. The key conclusions of this chapter are as 

follows:  

1. In the Broad Fourteen Basin, Southern North Sea, the Late Cretaceous to Paleogene 

tectonic inversion episodes induced a continuum of internal deformation and 

contributed significantly to the formation and subsequent reactivation of supra-salt 

faults. Such a phenomenon had a positive economic impact, as reactivated faults 

potentially allowed the secondary migration of hydrocarbons into shallower 

reservoir units. 

2. Two distinct tiers of fault geometry are recognised in the chapter study area: a) Tier 

1 faults (Late Mesozoic) resulted from local buckling and stretching of outer arc 

Mesozoic strata during the Late Cretaceous-Paleogene tectonic inversion episodes 

(i.e. Sub-Hercynian, Laramide, Pyrenean and Savian phases), b) Tier 2 faults 

(Paleogene) relate to early diagenesis but still record the effect of a Paleogene 

inversion episode. The geometry and location of underlying anticlinal structures 

affect the selection of reactivation and growth histories of the interpreted fault tiers. 
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3. The truncation and lack of near-zero throw values at the Base Tertiary 

Unconformity, revealed by Tier 1 faults, confirm the erosion of the upper fault tips 

by a Paleocene-Laramide erosional event. This truncation suggest that Tier 1 faults 

were active in the Upper Cretaceous Chalk Group before the onset of a Paleocene 

erosional event in the Southern North Sea.  

4. Notable differences in fault throw values are observed between sand- and shale-rich 

intervals. In sand-rich intervals, fault throws are larger (32 ms or 40.3 m) compared 

to shale-rich intervals (14 ms or 17.7 m). Hence, families of vertically segmented 

fault arrays are observed in the throw-depth profiles, as faults propagated through 

alternating sand-shale intervals. 

5. The interpreted fault tiers are segmented, increasing the chances of 

compartmentalisation or localised fluid flow through fault linkages. In the Broad 

Fourteens Basin, listric faults provide significant pathways for fluid migrating from 

pre-Zechstein salt units into Mesozoic strata. Consequently, Tier 1 faults 

intersecting these deeply-rooted listric faults will potentially allow secondary 

migration of hydrocarbons into shallower reservoir units. 
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6. Shallow fault systems of thrust anticlines responding to 

changes in accretionary prism lithology (Nankai, SE Japan) 

6.1. Abstract 

Three-dimensional (3D) pre-stack depth migrated seismic data are used to analyse the 

geometry and growth of shallow faults associated with tectonic shortening in four (4) 

prominent thrust anticlines off Nankai, SE Japan. The four thrust anticlines show a 

trenchward increase in horizontal shortening and deform the seafloor at present. They 

shortened the overburden strata by 7143 m in the Late Quaternary, reflecting a 

horizontal shortening of 32.9% in response to plate subduction. A significant number 

of closely spaced and segmented fault arrays is observed in their hinge regions. 

Vertically segmented fault arrays with local throw maxima between 5 and 14 m relate 

to the existence of more competent (strong) intervals, or layers. Incompetent (weak) 

intervals record relatively small throw values between 2 and 5 m. The presence of 

closely spaced, segmented fault arrays at shallow stratigraphic levels can have a 

significant impact on local stress distribution, controlling near-seafloor strain in 

accretionary prisms as Nankai’s. The observed mechanical layering is likely to continue 

at depth to control the accumulation of tectonic stress in faults posed to reactivate during 

seismic events.  

6.2. Introduction 

Offshore SE Japan, the subduction of the Philippine Sea Plate beneath the southeast 

margin of Eurasia occurs at a variable convergence rate of 4.0 to 6.5 cm/year (Seno et 

al., 1993; Miyazaki and Heki, 2001; DeMets et al., 2010). This process has caused, 

since the Pliocene-Pleistocene, large-scale tectonic shortening and uplift of overburden 

strata above a subducted oceanic slab to form the Nankai accretionary prism, i.e. a 
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volume of strata that has been scrapped off from the subducting Philippine Sea Plate 

and accreted together with sediment derived from SE Japan (e.g., Taira, 2001; Miyazaki 

and Heki, 2001; Bird, 2003; Kimura et al., 2011, 2018). The continuous movement of 

the subducted Philippine Sea Plate has induced a continuum of internal deformation in 

the study area that is expressed in the form of imbricate thrust faults, thrust anticlines, 

pop-up structures, megasplay faults, strike-slip faults and dip-slip faults (e.g., Kimura 

et al., 2011; Moore et al., 2013; Alves et al., 2014; Lin et al., 2015; Van Tuyl et al., 

2015; Azevêdo et al., 2018). 

Several studies have shown how local stress fields can control faulting and accretionary 

prism deformation off Nankai (e.g., Wu et al., 2013; Moore et al., 2013; Van Tuyl et 

al., 2015; Lin et al., 2015; Chang and Song, 2016). For instance, Moore et al. (2013) 

and Van Tuyl et al. (2015) suggested that stress decoupling occurs between a shallow 

regime of extensional normal faulting and a deeper regime of strike-slip faulting and 

thrusting in both the inner and outer wedge regions of the Nankai accretionary prism. 

Authors such as Chang and Song (2016) have recently postulated that structures in the 

inner wedge region of Nankai reflect strike-slip and normal faulting stress regimes as 

horizontal and vertical stresses show similar magnitudes. In fact, strike-slip and 

extensional structures are found in both core and regional seismic data from the inner 

wedge of Nankai. In the outer wedge region, Azevêdo et al. (2018) and Lackey et al. 

(2020) showed that strike-slip, together with thrusting, are the two major styles of 

deformation. The outer wedge region of the Nankai accretionary prism thus comprises 

closely spaced, synthetic forethrusts, antithetic backthrusts and corresponding 

anticlines that occur, near the seafloor, in association with shallow fault systems. 
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Despite the growing number of articles addressing the relationship between regional 

tectonic stresses and SE Japan’s structural evolution, the published literature has thus 

far overlooked the effect of mechanical stratigraphy on fault geometry and growth off 

Nankai, in great part due to the relative lack of borehole data acquired in its outer wedge 

region. This results in a relative underrepresentation of the true structural evolution of 

the Nankai Trough as a whole; outcrop and seismic data in other regions of the world 

often relate the styles and geometries of faults with mechanical-stratigraphic 

differences in the host rocks (Childs et al., 1996; Ferrill and Morris, 2003, 2008; Childs 

et al., 2009; Ferrill et al., 2014; Tvedt et al., 2013; Ferrill et al., 2017; Libak et al., 2019). 

This is an important caveat, as the relationship between faulting and mechanical 

stratigraphy can be used either to predict fault style and geometry or, conversely, 

interpret mechanical stratigraphy based on characterisation of the fault styles and 

geometries (Ferrill and Morris, 2003, 2008; Ferrill et al., 2017). This chapter explores 

a set of shallow fault systems from areas dominated by thrust anticlines in the outer 

wedge region of the Nankai accretionary prism (SE Japan), aiming to address the 

following questions:  

a) What are the geometries and styles of shallow fault populations in areas dominated 

by tectonic shortening such as the Nankai accretionary prism?  

b) What mode(s) of fault propagation and growth are observed in the successions 

blanketing the outer wedge region of Nankai? 

c) Can the geometry and distribution of shallow fault populations in the uppermost 

strata of the Nankai accretionary prism provide information about the mechanical 

stratigraphy of strata in this region?  

In this chapter, the terms incompetent (weak) and competent (strong) were use to 

describe the local mechanical stratigraphy. Incompetent (weak) intervals, or layers, are 
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ductile and can accommodate greater amounts of pre-failure strain than competent 

(strong) intervals under the same conditions. The latter (stronger) intervals tend to resist 

deformation and accommodate little deformation before brittle failure (Ferrill and 

Morris, 2008; Ferrill et al., 2017). Moreover, incompetent intervals can act as 

detachments that cause decoupling and prevent propagation of faults across specific 

intervals, resulting in a preferable horizontal propagation of faults to the detriment of 

their vertical growth (Pascoe et al., 1999; Bahroudi et al., 2003; Withjack and Callaway, 

2000; Richardson et al., 2005; Gabrielsen et al., 2016).  

6.3. Chapter specific dataset and methods 

6.3.1. Seismic data  

Three-dimensional (3D) pre-stack depth migrated seismic data were used in this 

chapter. The data were acquired in the outer wedge region of the Nankai accretionary 

prism, SE Japan, between 33.0o -33.2o N and 136.5o -136.8◦E (Fig. 2.6). The survey 

area is oriented at N150o and covers an area of approximately 12 km by 23 km in water 

depths ranging between 2500 m and 5000 m. The seismic data were acquired using dual 

airguns and an array of four 4500 m-long streamers deployed with a spacing of 150 m. 

This configuration provided a 30-fold coverage and a maximum lateral resolution of 

12.5 m. Data were recorded with a 2 ms vertical sampling interval and a 12.5 × 18.75 

m bin size. After being processed, seismic data is displayed on interpretation 

workstations with a 5 m vertical sampling - the minimum fault offset resolved on-screen 

varies from 2 m to 5 m. The seismic data was zero-phase, pre-stack depth migrated and 

displayed with a normal positive polarity (i.e., following SEG’s European convention), 

so that an increase in acoustic impedance is represented by a red seismic reflection 

(Moore et al., 2009).  
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In the interpreted seismic volume, shallow faults and thrust-related anticlines are well 

preserved in accretionary prism sediments (Unit II). Vertical seismic resolution 

approaches 6 m in shallow slope basin sediments (Unit I) based on the dominant 

wavelength of approximately 24 m (Alves et al., 2014). As previously mentioned, fault 

offsets between 2 m and 5 m can be distinguished using the interpreted seismic volume. 

Vertical resolution in Unit II approaches 14 m based on the dominant frequency of 40 

Hz and velocity of 2200 m/s. Fault offsets of 4–5 m can be recognised at this level. The 

overall quality of the seismic dataset is good; however, some of the reflections are weak 

in the deepest parts of Unit II, where complex thrust fault planes occur.  

6.3.2. Seismic interpretation 

Shallow faults and associated thrust anticlines were identified and mapped using 

Schlumberger’s Petrel®. The seafloor horizon was mapped throughout the 3D seismic 

volume. From the seafloor structural map and seismic sections, Four (4) major thrust 

anticlines (A to D) were identified. In addition, three (3) horizons (H1 to H3) were 

mapped across the thrust anticlines to quantify any variations in the spatial and temporal 

horizontal shortening of these same anticlines.  

Faults occurring at a stratigraphic depth interval between 20 and 1000 m below the sea 

floor (mbsf) were interpreted and assessed their vertical growth styles via the collection 

of fault throws along their strikes. The measured throw values were plotted against 

depth to assess their nucleation points, and vertical growth styles, as well as gather 

information about the competence of sediments they had affected. Throw-depth (T-Z) 

profiles offer information on the rock competence, nucleation, growth, segmentation, 

and linkage of individual faults (Baudon and Cartwright, 2008; Peacock and Sanderson, 

1991; Maunde and Alves, 2020). Discrepancies in throw gradients commonly result 
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from mechanical heterogeneities, fault reactivation and fault segmentation (Childs et 

al., 1996; Baudon and Cartwright, 2008; Laubach et al., 2009). 

6.3.3. Shortening and strain measurements 

Horizontal shortening (Sh) and strain (e) experienced by accretionary prism strata were 

measured by line-length balancing (Dahlstrom, 1969) on a series of dip-line sections 

spaced approximately 500 m along the strike of Thrust Anticlines A to D. Horizontal 

shortening was measured by considering the length of the folded and faulted horizon 

(Lo) between the section pinpoints minus the present-day bed length (Lf) between the 

same pinpoints (Fig. 6.1). It is worth noting, however, that the absolute value of 

shortening depends on the depth of reference chosen for the measurement, which may 

change along the length of the thrust anticlines. The strain values associated with the 

horizontal shortening were also computed using Equation 6.1 below: 

  

  𝑒 = (𝐿𝑓 − 𝐿𝑜) 𝐿𝑜                                                                                             Equation 6.1⁄  

 

where (e) is the strain, (Lf) is the present-day bed length after deformation, and (Lo) is 

the initial bed length before deformation (Fig. 6.1).  

Strain (e) measurements were completed for the four (4) seismic horizons mapped in 

the study area through thrust anticlines A to D. The measured strain values were plotted 

against distance, i.e. strain distance (e-x) plots, as routinely used for extensional fault 

systems, e.g. in throw-distance (T-x) plots (Baudon and Cartwright, 2008; Maunde and 

Alves, 2020). From the measured strain, cumulative strain and shortening for the 

horizons mapped in Thrust Anticlines A to D could be computed. 
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Fig. 6.1. Schematic section highlighting strain-distance (e-x) measurements through folded and faulted strata using line-

length balancing techniques. Initial bed length, Lo, in thrusted strata is expressed as Lo = y1 + y2 + y3, while in the 

overlapping strata is Lo = x. Lf is the present-day bed length after deformation. 
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The seismic signal is often weak in the vicinity of thrust faults, creating uncertainty in 

the location of fault planes and, hence, in the position of horizon cut-offs. In the Nankai 

seismic volume, a single fault plane was usually interpreted by positioning it mid-way 

through the region of poor data quality. Mapped seismic horizons were extrapolated to 

intersect the fault plane.  

Errors are associated with the digitisation of the horizon upon which shortening, and 

strain are measured, either by slightly increasing or decreasing the bed length, affecting 

the calculated values of strain, and shortening across the interpreted thrust anticlines. 

Uncertainty associated with the measurement of fault-throw values may arise from the 

vertical sampling rate. The sampling interval, rather than the vertical stratigraphic 

resolution, determines accuracy when matching two correlative seismic reflection 

peaks or troughs (Baudon and Cartwright, 2008). 

Uncertainties associated with the measurement of fault-throw values may arise either 

by slightly increasing or decreasing the position in depth of the recorded displacements. 

Errors associated with spurious velocity estimates may also affect the throw values 

when converted to meters. These limitations will affect the absolute value of estimated 

thrust anticlines shortening and fault displacements. However, the approach used in this 

chapter to quantify the variations in thrust anticlines shortening and fault displacements 

is robust considering the high resolution (and quality) of the seismic dataset.  

6.4. Interpreted seismic units 

The Nankai accretionary prism consists of slope basin sediments, accreted and 

underplated trench-fill turbidite facies transported axially along the Nankai Trough 

because of subduction of the Shikoku Basin crust during the Pliocene-Pleistocene (e.g., 

Kinoshita et al., 2010; Kopf et al., 2010). Two (2) seismic units that comprise slope 
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basin sediments (Unit I) and accretionary prism strata were interpreted in this Chapter 

(Unit II; Fig. 6.3).  

6.4.1. Unit I: Slope basin sediments 

Unit I comprises fine-grained turbidites dated as latest Pliocene to Recent and deposited 

in slope aprons (Kimura et al., 2011; Alves et al., 2014) (Fig. 6.3). The unit is 

discontinuous in the outer wedge of the Nankai accretionary prism, being 

bathymetrically confined by thrust anticlines (Fig. 6.3b). In seismic data, it forms a 

package of high frequency, continuous and moderate- to high-amplitude reflections 

accumulated above an angular unconformity that separates it from the underlying Unit 

II. This latter unit comprises strata belonging to the upper part of the accretionary prism 

(Kimura et al., 2011) (Fig. 6.3b). Three sub-units including Units Ia, Ib and Ic are 

recognised in the study area (Fig. 6.3ciii).  

Silty mud and turbidites with multiple ash layers comprise the first of the sub-units, 

Unit Ia (Kimura et al., 2011). They are imaged in seismic data as successions of 

continuous high-amplitude reflections (Fig. 6.3ciii). The base of Unit Ia coincides with 

a relatively thick mass-transport deposit (MTD 6) at IODP Site C0018A (Fig. 6.3cii). 

Unit Ib comprises coarse turbidite and ash layers with interbedded silty mud and clay 

(Expedition 333 Scientists, 2012; Kimura et al., 2011; Strasser et al., 2012; Alves et al., 

2014). It comprises a succession of low-amplitude reflections of poor to moderate 

continuity in seismic data (Fig. 6.3ciii). Lastly, Unit Ic consists of greenish/grey silty 

clay with beds of sand, sandy silt, silt, and volcanic ash layers (Kimura et al., 2011; 

Strasser et al., 2012). On seismic data, Unit Ic comprises a low- to moderate-amplitude 

package (Fig. 6.3ciii). 
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Fig. 6.2. Structural map of the seafloor highlighting the bathymetric expression of 

thrust anticlines, trending perpendicular to the regional bathymetric slope. Seismic 

profile lines and key Integrated Ocean Drilling Programme (IODP) Sites are shown 

on the map. Letters A, B, C and D on the map represent Thrust Anticlines A to D. 
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6.4.2. Unit II: Accretionary prism sediments 

Unit II forms the upper part of the accretionary prism (Fig. 6.3b). It comprises thrusted 

hemipelagic mudstones and sands interbedded with volcanic ash and tuffs (Expedition 

316 Scientists, 2009; Park et al., 2010). The unit is imaged as an interval of 

discontinuous and moderate amplitude reflections, showing moderate to low frequency, 

that are highly deformed by thrust faults and folds (Figs. 6.3b). The upper part of Unit 

II comprises high-velocity overthrusted sediments (e.g., Unit A of Park et al., 2010), 

while the lower part comprises of low-velocity sediments deposited above 

underthrusted marine sediments (e.g., Unit B of Park et al., 2010). 

6.5. Geometry and shortening of thrust anticlines 

6.5.1. Geometry of thrust anticlines 

Seismic imaging shows that the outer wedge region of the Nankai accretionary prism 

is characterised by its closely spaced, NW dipping synthetic forethrusts, SE dipping 

antithetic backthrusts and SE-verging thrust anticlines with a linear NE-SW trend (Figs. 

6.2 and 6.3b). 

The latter thrust anticlines were formed orthogonally to the regional bathymetric slope 

(Figs. 6.2 and 6.4). On the seafloor structural map in Figs. 6.2 and 6.4, these thrust 

anticlines can be traced along strike, having well-developed bathymetric expression, an 

evidence for their active growth at present. Thrust anticlines have a relatively simple 

bathymetric expression on the seafloor, but more complex thrusting occurs at depth 

(Fig. 6.3b). The crests of the anticlines are separated by 3.2–5.5 km, and synclinal 

basins (i.e. synclines located between the thrust anticlines) contain up to 350 m of 

growth strata with significant thinning and onlap onto the crests of the anticlines.
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Fig. 6.3. a) Uninterpreted and b) interpreted seismic section across the deep-water Nankai accretionary prism 

highlighting the structural styles, interpreted seismic units (Units I and II) and the four Thrust Anticlines A to D 

studied in this chapter. c) Seismic-stratigraphic correlation amongst the interpreted seismic units, stratigraphic ages 

and lithologies in the Nankai accretionary prism, SE Japan. Unit I represent relatively undeformed slope sediments 

(Expedition 333 Scientists, 2012; Kimura et al., 2011; Alves et al., 2014; Strasser et al., 2014). Unit II are overthrusted 

sediments (Park et al., 2010). IODP well C0018A highlights the subdivision of Unit I into Units Ia, Ib and Ic based 

on Strasser et al. (2014) and Alves et al. (2014). IODP Site C0006 (Expedition 316 Scientists, 2009) which is ~4 km 

SE from the seismic profile (see Fig. 2.6c) was correlated with the seismic unit II interpreted in this chapter. 
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Four major thrust anticlines (A to B) were investigated in the study area (Figs. 6.2, 6.3b 

and 6.4).  

6.5.1.1. Thrust Anticline A 

Thrust Anticline A is the most landward of the thrusts in the study area. Compared to 

Thrust Anticlines B to D, it comprises a much broader, longer wavelength anticline 

with a moderate-displacement curved forethrust in its front limb and anticline core 

(Figs. 6.3b and 6.5). Thrust Anticline A forms the landward boundary of the outer 

wedge region of Nankai, near the Megasplay Fault Zone (Figs. 6.2, 6.3b and 6.4). 

Thrust Anticline A is presently covered by slope-basin sediments (Unit I; Figs. 6.3b 

and 6.5), and does not have a bathymetric expression, compared to Thrust Anticlines B 

to D (Figs. 6.2, 6.3b and 6.4).  

6.5.1.2. Thrust Anticline B 

Thrust Anticline B extends outside of the study area towards the southwest (Figs. 6.2 

and 6.4). It is linear in plan view and formed above a seaward-verging forethrust. The 

forethrust terminates upwards, with some segments forming seafloor scarps (Figs. 6.2, 

6.3b and 6.4). An antithetic backthrust, which intersects the forethrust, deforms the back 

limb of the anticline and dies out near the seafloor (Figs. 6.3b and 6.6 

Thrust Anticline B can be traced along strike on the seafloor for at least 10 km, 

developing a bathymetric high up to 102 m in relief, and thus revealing active growth 

(Figs. 6.4 and 6.6). The thrust anticline is at least 1.4 km wide and forms a linear NE-

SW trend that is perpendicular to the bathymetric slope (Figs. 6.2 and 6.4). 
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Fig. 6.4. 3D seafloor structural map of the study area highlighting the bathymetric 

expression of the four studied thrust anticlines (A to D) with a linear NE-SW trend, 

perpendicular to the regional bathymetric slope. Thrust Anticlines B, C and D deform 

the modern seafloor and develop corresponding bathymetric highs that are up to 102 

m, 113 m, and 182 m in relief. Thrust Anticline B developed a seafloor fault scarp. 

Seismic profile lines and key Integrated Ocean Drilling Programme (IODP) Sites are 

shown on the map. The letters A, B, C and D on the map represent Thrust Anticlines 

A to D. 
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Fig. 6.5. Uninterpreted and interpreted seismic section across the most landward Thrust Anticline A highlighting 

the interpreted horizons, shallow faults and major (curved) forethrust on the front limb and in the anticline core. 

The shallow faults are in the uppermost part of the accreted (Unit II) and slope (Unit I) sediments. The location 

of the seismic section is shown in Figs. 6.2 and 6.4. 
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6.5.1.3. Thrust Anticline C 

Thrust Anticline C can be traced for at least 6.0 km along strike, is 1.1 km wide, and 

creates bathymetric relief of up to 113 m (Figs. 6.2, 6.4 and 6.7). It consists of two 

closely spaced thrusts. The seaward-verging forethrust dominates the structure. A 

second backthrust cuts the backlimb of the frontal thrust and dies out upwards, with no 

faults reaching the seafloor (Figs. 6.3b and 6.7). Thrust Anticline C is linear in plan 

view and shows a dominant NE trend. 

6.5.1.4. Thrust Anticline D 

Thrust Anticline D is the most distal of thrusts and extends outside the seismic dataset 

towards the northeast (Figs. 6.2 and 6.4). It forms the oceanward boundary of the outer 

wedge of Nankai accretionary prism, i.e. the boundary of the main frontal thrust, which 

is at least 1.7 km wide on the seafloor (Figs. 6.2 and 6.4). Thrust anticline D is also a 

composite structure consisting of two closely-spaced thrusts. The seaward-verging 

forethrust dominates Thrust Anticline  D. An antithetic backthrust deforms the back 

limb of the anticline and dies out upwards, with no faults offsetting the seafloor (Figs. 

6.3b and 6.8). Thrust Anticline D can be traced along strike for at least 6.0 km, forming 

a bathymetric high of up to 182 m (Figs. 6.3, 6.4 and 6.8). 

6.5.2. Spatial variations in anticline shortening 

The along-strike variations in the shortening of thrust anticlines are illustrated with 

reference to the strain-distance (e-x) profiles in Fig. 6.9. Strain distribution in Thrust 

Anticlines A and C decreases towards their tips, showing a broadly bell-shaped 

distribution profile that reflects a key characteristic of structures that grow by lateral 

propagation (Jolly et al., 2016) (Fig. 6.9a, c). For Thrust Anticlines B and D, strain 

distribution extends outside of the interpreted seismic volume (Fig. 6.9b, d).  
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Fig. 6.6. Uninterpreted and interpreted seismic sections across Thrust Anticline 

B highlighting the geometry of major thrust and shallow fault populations. The 

shallow faults are in the hinge region of the thrust anticline. These faults are 

closely spaced and vertically segmented, with some propagating and linking 

with other faults. The location of the seismic sections is shown in Figs. 6.2 and 

6.4. 
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Fig. 6.7. Uninterpreted and interpreted seismic sections across Thrust 

Anticline C highlighting the interpreted horizons, major thrust faults, and 

shallow faults. The shallow faults are chiefly located in the hinge region of 

the thrust anticline. These faults are vertically segmented and offset strata at 

shallow stratigraphic levels, with some propagating and linking with other 

faults. The location of the seismic sections is shown in Figs. 6.2 and 6.4. 
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Fig. 6.8. Uninterpreted and interpreted seismic sections across the most seaward Thrust Anticline D highlighting the interpreted horizons, major 

thrust faults, and shallow faults. The shallow faults are in the uppermost part of the accreted sediments (Unit II), in the hinge region of the thrust 

anticline. These faults are closely spaced and segmented, with some propagating and linking with other faults. The location of the seismic 

sections is shown in Figs. 6.2 and 6.4. 
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Strain distribution in the mapped horizons increases with depth – values are larger in 

the older horizons and smaller in the younger horizons, reflecting growth of the Thrust 

Anticlines A to D through time (Fig. 6.9).  

Local strain minima are observed between regions of strain maxima (Fig. 6.9). Such 

local minima in fault systems are typically interpreted as the signature of fault segment 

linkage (Baudon and Cartwright, 2008; Maunde and Alves, 2020). The relatively 

smaller strain values for Thrust Anticline B at 8.0 km along strike coincide with the 

position where the main thrust fault offsets the seafloor (Figs. 6.2 and 6.4). Shortening 

is always at a minimum at this location in Thrust Anticline B (Fig. 6.9b). In addition, 

the strain (e) is always at a maximum around 6.0 km along strike, including at the level 

of the present-day seafloor (Fig. 6.9b).  

Strain maxima and minima are not always in the same location for each mapped seismic 

horizon (Fig. 6.9). For example, strain maxima in H1 and H2 horizons correlate with 

strain minima at the seafloor at 1.0 km along the strike of Thrust Anticline B (Fig. 6.9b). 

Furthermore, at 3.0 km along this same thrust anticline, strain maxima in horizon H1 

correlate with strain minima in horizons H2, H3 and near the seafloor. At 4.0 km, a 

broad strain minimum in the older horizon H1 corresponds with a strain maximum in 

horizons H2, H3 and at the seafloor (Fig. 6.9b). In Thrust Anticlines C and D, along-

strike variations in strain show local strain minima between regions of strain maxima 

(Fig. 6.9c, d). This character clearly indicates linkage between fold segments (see Jolly 

et al., 2016). 

6.5.3. Temporal variations in anticline shortening 

Temporal variations in the shortening of thrust anticlines are illustrated with reference 

to the cumulative strain-distribution profiles in Fig. 6.10.  
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Fig. 6.9. Strain–distance (e-x) plots illustrating the along-strike 

variations in the shortening of thrust anticlines at the level of the mapped 

horizons. Strain distribution in the mapped horizons increases with depth 

(i.e., it is higher in the older horizons and lower in the younger horizons), 

reflecting growth of the interpreted thrust anticlines through time. 
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The relatively poor seismic signal below horizon H1 makes it difficult to identify and 

map additional seismic horizons to precisely constrain the onset of tectonic shortening 

in the Nankai accretionary prism (Fig. 6.3b). Thus, this chapter focused on calculating 

shortening for strata at H1 level or above, i.e. for strata that are upper Quaternary in 

age. Based on the mapped horizons, shortening started prior to horizon H1 as revealed 

by the greater shortening values recorded at this level across all the thrust anticlines 

(see Lackey et al., 2020) (Figs. 6.9 and 6.10).  

Thrust anticlines B and C record cumulative shortenings of 1524 m and 1902 m, 

generating relatively moderate bathymetric highs of 102 m and 113 m, respectively 

(Figs. 6.6, 6.7 and 6.10b, c). The most seaward Thrust Anticline D records the greatest 

cumulative shortening of 2478 m and developed bathymetric relief up to 182 m in 

height (Figs. 6.8 and 6.10d). The most landward Thrust Anticline A has shortened the 

seismic section by 1239 m and is presently buried by slope-basin sediments (Unit I; 

Figs. 6.3b and 6.5). Hence, it records the least cumulative shortening when compared 

with Thrust Anticlines B to D (Fig. 6.10). Thrust Anticline A consists of a single thrust 

(forethrust), so the accumulated shortening is expected to be relatively low compared 

to the more seaward Thrust Anticlines B to D, which generated both forethrust and 

backthrusts (Figs. 6.3b, 6.5, 6.6, 6.7 and 6.8).  

The four studied thrust anticlines (A to D) have shortened the overburden strata by 7143 

m during the late Quaternary, reflecting a horizontal shortening of 32.9% in response 

to plate subduction at Nankai. When compared with the results in Lackey et al. (2020), 

these values indicate that ~ 40% of the tectonic shortening accommodated in the outer 

accretionary prism is relatively young, postdating the already Late Quaternary Horizon 

H1. 
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Fig. 6.10. Cumulative strain plots illustrating the variations in the shortening of 

the thrust anticlines at the level of the mapped seismic horizons. The maximum 

cumulative shortening recorded by the most landward Thrust Anticline A (1239 

m), is approximately half of the maximum cumulative shortening recorded for 

the most seaward Thrust Anticline D (2478 m), indicating a trenchward 

increase in horizontal shortening of the outer wedge region of Nankai. 
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6.6. Geometry and growth of shallow faults on thrust-anticline 

crests 

6.6.1. Geometry of shallow faults 

A significant part of shallow faults is confined to Unit II. They are often observed in 

the hinge region of thrust anticlines A to D (Figs. 6.5–6.8). In Nankai, shallow faults 

following the trend of strike-slip faults have been classified as normal as they show 

minor throws without clear evidence for horizontal movement (e.g., Kimura et al., 

2011; Azevêdo et al., 2018). However, these shallow faults can also comprise oblique 

slip faults with their horizontal displacement below the horizontal resolution of the 

seismic data.  

Shallow faults dissect the uppermost part of the accretionary wedge, between a 

stratigraphic interval of 20 and 1000 mbsf. They are very small features with fault throw 

ranging between 2 m and 14 m, compared to the larger thrust faults that detach at 

underthrusted sediments, showing displacements larger than 450 m (Figs. 6.5–6.8). 

Shallow faults primarily result from bending and stretching of overburden strata in 

response to ongoing tectonic shortening offshore Nankai. Thus, they accommodate a 

significant part of the bending strain occurring during thrust-anticline development and 

associated seismic events (Figs. 6.5–6.8).  

The seismic sections in Figs. 6.11–6.14 highlight some of the features of shallow faults 

in the uppermost part of the outer wedge region of Nankai accretionary prism. These 

faults are closely spaced and vertically segmented, with some appear to propagate and 

link with other faults. Throws die out at different stratigraphic intervals, with no faults 

offsetting the seafloor (Figs. 6.11–6.14).  
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Fig. 6.11. a) Uninterpreted and b) interpreted seismic section highlighting some 

of the features of shallow fault populations around the hinge region of Thrust 

Anticline B. The faults are vertically segmented, with some propagating and 

linking with other faults, c) Representative vertical throw distribution of the 

shallow faults. Multiple throw maxima separated by throw minima on the throw 

distribution profiles show that fault segment linkage is a common process. The 

location of the seismic section is shown in Figs. 6.2 and 6.4. 
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Fig. 6.12. a) Uninterpreted and b) interpreted seismic section highlighting the 

geometry of shallow fault populations around the hinge region of the Thrust 

Anticline C. These faults are closely spaced and vertically segmented, with 

some propagating and linking with other faults, c) Representative vertical 

throw distribution of shallow faults. These faults are vertically segmented with 

relatively larger fault throw maxima. Fault segments with throw maxima 

nucleate first in more competent (stronger) intervals and are later linked by 

throw minima in less competent (weaker) intervals. The location of the 

seismic section is shown in Figs. 6.2 and 6.4. 
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6.6.2. Growth of shallow faults 

The growth of shallow faults in the study area was investigated using the throw 

distribution profiles in Figs. 6.11c-6.14c. These profiles show a typical mode of fault 

growth that is dominated by segment linkage, i.e. multiple throw maxima separated by 

throw minima in the throw distribution profiles. The throw profiles of these faults do 

not always have single positive gradients and are characterised by throw profiles 

resembling M-type patterns between their upper-tip points and immediate throw 

minima (e.g., Baudon and Cartwright, 2008).  

Fault segments with local throw maxima between 5 and 14 m are pre-existing fault 

segments, representing intervals where faults nucleate first. Each segment of these pre-

existing faults propagates outwards until they encounter other pre-existing fault 

segments to link together. Linkage points of these pre-existing fault segments occur 

where local throw minima between 2 and 5 m are recorded (Figs. 6.11c-6.14c).  

The fault segments revealing local throw maxima develop in more competent (stronger) 

intervals. These fault segments drive displacement into less competent (weaker) 

intervals where throw minimum is accommodated by ductile deformation. Thus, 

propagation of slip from fault segments with local throw maxima in more competent 

(stronger) intervals into less competent (weaker) intervals can result in the vertically 

segmented fault arrays observed in the seismic dataset and throw-depth (T-Z) profiles 

(Figs. 6.11–6.14). Such a character reflects fault propagating and growing by segment 

linkage, where by two separate fault segments with throw maxima have propagated 

towards each other and linked to form a larger fault (Baudon and Cartwright, 2008; 

Maunde and Alves, 2020).  
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Fig. 6.13. a) Uninterpreted and b) interpreted seismic section highlighting 

some of the features of shallow fault populations around the hinge region 

of Thrust Anticline D. The faults are vertically segmented, with some 

propagating and linking with other faults, c) Representative vertical throw 

distribution of the shallow faults. Multiple throw maxima separated by 

throw minima on the throw distribution profiles show that fault segment 

linkage is a common process. The location of the seismic section is shown 

in Figs. 6.2 and 6.4. 
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Fig. 6.14. a) Uninterpreted and b) interpreted seismic section highlighting the typical geometry of shallow fault populations in the slope basin 

sediments (Unit I). These faults are segmented, with some propagating and linking with other faults, c) Representative vertical throw-depth (T–

Z) profiles of the shallow faults. The profiles highlight fault propagating and growing by segment linkage, whereby two separate fault segments 

with throw maxima in more competent (strong) intervals have propagated towards each other and linked in less competent (weak) interval with 

throw minima. The location of the seismic section is shown in Figs. 6.2 and 6.4. 
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6.7. Discussion 

6.7.1 Impact of tectonic shortening offshore Nankai 

Accretionary prims such as the Nankai Trough in SE Japan record large-scale tectonic 

shortening and uplift driven by plate subduction (Miyazaki and Heki, 2001; Bird, 2003; 

DeMets et al., 2010; Tsuji et al., 2014). Previous studies have suggested predominant 

compressional tectonics operating on this prism (Kimura et al., 2011; Lin et al., 2015). 

However, complex sets of thrust-related anticlines associated with segmented shallow 

faults are observed on seismic data across the outer wedge of Nankai, hinting at a 

complex strain distribution between a shallow regime of dip-slip faulting and a deeper 

regime of thrusting (Figs. 6.3b, 6.6, 6.8, 6.11 and 6.12). Thrust faults form the larger 

structural framework that accommodates regional compression and tectonic shortening 

of overburden strata in response to ongoing down-dip subduction of the Shikoku Basin 

crust (e.g., Kimura et al., 2011; Moore et al., 2015) (Fig. 6.3b). Against this backdrop, 

the shallow faults observed in the study area accommodate a significant part of the 

bending and stretching strain occurring during the development of thrust anticlines and 

subsequent local stress redistribution during seismic events (Lin et al., 2015) (Figs. 

6.11–6.14).  

The four studied thrust anticlines (A to D) have shortened the overburden strata by 7143 

m, reflecting a horizontal shortening of 32.9% in response to the down-dip subduction. 

Thrust Anticlines B, C and D have recorded a significant horizontal shortening of 

around 1524 m, 1902 m, and 2478 m respectively, and developed bathymetric relief of 

up to 102 m, 113 m, and 182 m in height, respectively. They deform the seafloor, 

proving their active growth (Figs. 6.3b, 6.4, 6.10b, c and d). The proximal Thrust 

Anticline A records the least shortening (1239 m) and is currently buried by slope basin 
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sediments (Figs. 6.3b and 6.4). This confirms a trenchward increase in horizontal 

shortening in the outer wedge region Nankai accretionary prism (Fig. 6.10). This active 

trenchward increase in horizontal shortening of thrust anticlines may be due to an 

overall increase in deformation rates on the entire Nankai accretionary prism. In fact, 

Kinoshita et al. (2010) and Kopf et al. (2010) suggest an increase of deformation rate 

in the outer wedge region of the Nankai accretionary prism due to subduction of the 

Shikoku Basin crust during the Pliocene-Pleistocene. An important question revealed 

in this chapter, however, is how tectonic shortening translates into seafloor bathymetric 

features in the seaward Thrust Anticlines B to D (Figs. 6.3b and 6.4).  

As highlighted in Equations 6.2 and 6.3 below, horizontal shortening of overburden 

rocks often generates vertical uplift (Hardy and Poblet, 2005). This uplift continues as 

the shortening progresses, except for the case of a simple fault bend fold, where the fold 

broadens (increases in width) without generating any further vertical relief once the 

lowest unit in hanging-wall reaches the upper footwall flat (Poblet and Hardy, 1995). 

However, tectonic shortening and uplift on continental margins is frequently associated 

with seafloor expression and gully erosion atop active anticlines (Alves et al., 2014; 

Mountjoy et al., 2009), a process further emphasised by climatic and oceanographic 

phenomena (Lewis et al., 1994; Micallef and Mountjoy, 2011).  

The conceptual models in Fig. 6.15 illustrate the relationship between structural uplift 

rate, sediment accumulation rate and development of seafloor bathymetric expression. 

In this relationship, the ratio between the amount of sediment accumulated and the rate 

of structural uplift (or shortening) determines whether a structure develops a 

bathymetric expression on the seafloor (Shaw et al., 2004, 2006; Ford et al., 1997), 

following Equations 6.2 and 6.3 below: 
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 𝑠 =
𝑠ℎ

𝑡𝑐𝑜𝑠∅
                                                                                                              Equation 6.2  

 

𝑢 = 2𝑠𝑆𝑖𝑛∅                                                                                                        Equation 6.3 

where s is the slip rate, ∅ is fault dip, horizontal shortening is sh, t is the time frame of 

reference and u is the uplift rate.  

Based on the equations above, when the structural uplift rate is greater than the sediment 

accumulation rate sediments will barely onlap growing structures and their bathymetric 

expression will be clear on the seafloor (Fig. 6.15a). Consequently, actively growing 

structures will affect any sediment transported downslope. Thus, downslope sediment 

(e.g. Unit I; Fig. 6.3b) will be expected to accumulate in a perched basin (i.e. a local 

syncline) created by the growing structure. In the chapter dataset, three Thrust 

Anticlines (B, C and D) were identified as having a clear bathymetric expression (Figs. 

6.3b and 6.4). These structures record significant tectonic shortening and developed a 

corresponding bathymetric relief of up to 102 m, 113 m, and 182 m in height, 

respectively. Thus, they reflect the conceptual model in Fig. 6.15a.  

When the sediment accumulation rate is greater than the uplift rate of the thrust 

anticline, the deposited sediments will thin over the crest of the thrust anticline, thus 

forming overlapping geometries that will relatively smoothen the seafloor (Fig. 6.15b). 

In the study area, Thrust Anticline A is identified as having a relatively smooth 

bathymetry. This anticline records the least shortening (1239 m) with no corresponding 

bathymetric expression (Figs. 6.3b, 6.4 and 6.5), a geometry lying close to the 

conceptual model in Fig. 6.15b.  
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Fig. 6.15. Schematic sections depicting the relationship between structural 

uplift rate and sediment accumulation rate based on the interpreted seismic data. 

a) Higher uplift rate relative to sediment accumulation rate. Growth strata 

mainly onlap the growing structure, leading to development of seafloor 

bathymetric expression associated with the growing structure (e.g., Thrust 

Anticlines B, C and D). b) Higher sediment accumulation rates relative to uplift 

rate. Growth strata mainly overlap the growing structure, leading to a relatively 

smooth seafloor bathymetric expression (e.g., Thrust Anticlines A). 
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This Chapter stresses that geometries of strata observed on the flanks of growing 

structures, as shown in the conceptual models in Fig. 6.15, are not often this well-

defined on seismic data - both onlapping and overlapping geometries can occur over 

the same growing structure, as either sediment supply or uplift rates vary through time 

(see Shaw et al., 2004; Jolly et al., 2016).  

6.7.2. Geometry and growth of shallow faults offshore Nankai  

Research has shown that, as strain accumulates in a mechanically layered sedimentary 

section brittle layers will fracture first, whereas ductile layers accommodate greater pre-

failure strain prior to faulting (Ferrill and Morris, 2003, 2008; Welch et al., 2009). Thus, 

faults are expected to nucleate first in more competent layers, or intervals, with local 

throw maxima (Fig. 6.16a) and are later linked together in incompetent/weaker layers 

or intervals with local throw minima (Fig. 6.16c).  

Incompetent (weak) intervals can prevent or slow propagation of faults from other 

layers, so that the locus of deformation can be shifted laterally across incompetent 

intervals. Such a shift in fault position across an incompetent layer can result in vertical 

fault segmentation, whereby fault segments can be hard or soft-linked (Bahroudi et al., 

2003; Gabrielsen et al., 2016) (Fig. 6.16). Therefore, it is well established in the 

literature that the lithology and mechanical behaviour of the host rock influence fault 

kinematics and their related geometries. 

In the study are, vertical fault segmentation with alternating local fault-throw maxima 

and minima is observed in the interpreted throw-depth (T-Z) profiles, a character 

reflecting the presence of mechanical heterogeneous successions blanketing the Nankai 

accretionary prism, whereby fault-throw maxima are related to more competent (strong) 

layers or intervals, and fault-throw minima are associated with less competent (weak) 
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intervals (Figs. 6.11c–6.14c). There is also strong evidence for vertical fault 

segmentation in the interpreted seismic dataset, a character indicating the presence of 

incompetent (weak) intervals (Figs. 6.11–6.14). Incompetent intervals can act as 

detachments that cause decoupling and prevent propagation of faults across specific 

intervals, resulting in a preferable horizontal propagation of faults to the detriment of 

their vertical growth (e.g., Richardson et al., 2005; Gabrielsen et al., 2016) (Figs. 6.11–

6.14). In fact, IODP Site C0006 (Expedition 316 Scientists, 2009; Fig. 6.3ci) recognised 

the presence of hemipelagic mudstone to sand, mud, and silty-clay sequences 

interbedded with volcanic ash and tuffs in the study interval. This hints at a presence of 

heterogenous lithologies blanketing the Nankai accretionary prism (Fig. 6.3ci).  

6.7.3. Mechanisms of formation of shallow faults off Nankai 

According to data in Price and Cosgrove (1990), Lonergan et al. (1998) and Cartwright 

et al. (2003), shallow normal faults can be formed by a multitude of phenomena, from 

near-seafloor extension over growing anticlines to sudden compaction of mud-rich 

strata and subsequent loss of volume and fluid to form polygonal fault families. This 

brings to this discussion an important question: what were the mechanisms responsible 

for the formation of the shallow fault families imaged in Unit II, in the Nankai case 

study?  

The interpreted data confirm the assumption that local extension occurred in Thrust 

Anticlines A to D above a so-called neutral surface (Price and Cosgrove, 1990; Ramsay, 

1967) – a characteristic also used by Lin et al. (2015) and Wu et al. (2013) to prove that 

the Nankai Trough region is experiencing an intra-seismic cycle in which compression 

was replaced by widespread extension. Furthermore, Van Tuyl et al. (2015) showed-  
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Fig. 6.16. Schematic sections illustrating the vertical growth of shallow faults 

by segment linkage. a) Faults nucleate first in more competent (strong) intervals 

with larger throw maxima, b) the nucleated faults propagate outwards into 

incompetent (weak) intervals. Incompetent (weak) intervals can prevent or slow 

faults from propagation across other layers, resulting in a preferable horizontal 

propagation of faults rather than vertical growth. c) a shift in fault position 

across an incompetent layer can result in vertical fault segmentation, where the 

fault segments with throw maxima in more competent (strong) intervals can be 

hard- or soft-linked by throw minima in less competent (weak) intervals. 
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that a clear limit exists throughout the outer wedge region between extension and 

compressional stresses across what was called the Extension-Compression Depth.  

A complementary explanation to the formation of, at least, some of the shallow faults 

in the study area would be sudden compaction of a mud-rich succession, with localised 

fluid escape through the imaged fault planes. There are aspects that seem to both 

corroborate and rebuke this latter interpretation, as explained in the paragraphs below.  

The role of sediment compaction should be considered in the study area, but features 

mapped do not resemble vertical gas (of water) pipes, nor any other kind of fluid flow 

feature. They are limited in their height, the depths in which they occur, and there are 

no fluid-flow features - such as pockmarks on the seafloor – associated with them. They 

clearly offset the imaged strata within the vertical resolution limits of the seismic data, 

which allows the mapping of fault offsets of up to 14 m (Figs. 6.11c–6.14c). 

Compaction and fluid escape should occur in a geological setting as Nankai’s, but the 

features mapped clearly offset the adjacent strata; they are also associated with the 

structural bending of the Thrust Anticlines A to D (Figs. 6.5–6.8). In addition, 

mechanical stratigraphy is likely to evolve through time for very ‘fresh’, young 

sediments experiencing compaction and dewatering ((Xiao and Suppe, 1989; Zoback, 

2007; Ferrill et al., 2012). However, Unit II is not the youngest of intervals in Nankai 

and comprises sediment that has potentially been compacted in the last few million 

years (Ma), and later exhumed in Thrust Anticlines A and D to form broad antiform 

structures. In this case, Thrust Anticlines A and D are not formed by the youngest (and 

potentially softer) of slope basin strata; instead, they are composed of strata in Unit II 

that span the Early Pleistocene to Pliocene in age (Fig. 6.3ci).  
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In essence, the shallow faults (or discontinuities) imaged in the individual reflections’ 

present clear offsets in seismic data – well within its vertical sampling limits - and 

comprise a combination of normal faults, bands of compaction or dilation, and ancillary 

faults and fractures responding to local strike slip motion. The stated vertical resolution 

is ~6 m, but the mapping of fault throws as those in this chapter depend on the vertical 

sampling of the seismic data. Throws were measured from the upper tip of the fault, 

with zero (0) throws, to the lower tip in each of the faults. Therefore, errors in 

measurements obey the vertical sampling rate of the seismic data (Tao and Alves, 2019) 

(Figs. 6.11–6.14). 

6.8. Chapter specific conclusions  

Detailed seismic interpretation of shallow faults in Nankai, showing throws between 2 

m and 14 m, provided us with insights into the geometry and growth of shallow faults 

in this area, as well as the competence of sediments blanketing an active accretionary 

prism. The main conclusions of this chapter are as follows:  

1. Offshore Nankai (SE Japan), tectonic shortening and uplift of overburden strata 

have induced a continuum of internal deformation that is expressed in the form of 

structures such as forethrusts, backthrusts and corresponding anticlines that occur, 

near the seafloor, in association with significant distribution of the shallow fault 

populations in the uppermost part of the Nankai accretionary prism. The four 

studied Thrust Anticlines A to D confirm a trenchward increase in horizontal 

shortening and have actively grown and deformed the modern seafloor. They 

cumulatively shortened the study area by 7143 m, representing a horizontal 

shortening of about 32.9% during the late Quaternary in response to the ongoing 

down-dip subduction of the Shikoku Basin crust in Nankai.  
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2. The presence of vertically segmented fault arrays dissecting the uppermost strata 

with local throw maxima between 5 m and 14 m relate to the existence of more 

competent (strong) intervals. Linkage points of these segmented fault throw 

maxima occur where local throw minima between 2 and 5 m are recorded in less 

competent (weak) intervals. Hence, multiple throw maxima separated by throw 

minima on the throw distribution profiles show that fault segment linkage is a 

common process during the growth of shallow faults in the uppermost part of the 

outer wedge region of Nankai accretionary prism.  

3. The presence of closely spaced and vertically segmented fault arrays observed in 

the seismic dataset confirm the existence of incompetent (weak) lithologies. 

Incompetent (weak) lithologies, or layers, can act as local detachments that cause 

stress decoupling and prevent propagation of faults across specific layers resulting 

in a preferable horizontal propagation of faults to the detriment of their vertical 

growth.  

4. d) The significant distribution of the shallow faults in the uppermost part of the 

Nankai accretionary prism accommodates a significant part of the bending and 

stretching strain occurring during thrust anticlines development, and subsequent 

local stress distribution and accommodation of strain during seismic events offshore 

Nankai.
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7. Summary and Discussion 

7.1. Introduction and summary of main results 

This chapter aims at discussing the impact of distinct magnitudes of tectonic shortening 

on the reactivation and growth histories of normal faults formed in mechanically 

layered sequences, as well as the control of such faults on fluid flow. The chapter further 

summarises the main results in each of the result chapters presented in this thesis (Fig. 

7.1) and re-examines the seismic volumes from the three (3) study areas: Espírito Santo 

Basin (SE Brazil), Broad Fourteens Basin (Southern North Sea) and Nankai Trough 

(SE Japan). 

  

7.1.1. Chapter 4: Impact of tectonic rafts’ gravitational instability on fault 

reactivation and geometry 

Chapter 4 uses three-dimensional (3-D) seismic reflection data from the salt-rich 

Espírito Santo Basin (SE Brazil; Fig. 2.1) to investigate the geometry and reactivation 

histories of normal faults associated with the development rollover anticlines above 

tectonic rafts. Detailed mapping of fault geometry and throw revealed that the complex 

fault geometries observed above rollover anticlines are primarily due to downslope 

gravitational gliding of tectonic rafts. As a result, three (3) distinct tiers of normal fault 

geometry are recognised (Figs. 4.2 and 4.3). These fault tiers include Tiers 1, 2 and 3 

which correspond to the initial, renewed (intermediate), and late stages of downslope 

gravitational gliding of tectonic rafts, respectively (Fig. 4.14).  

Tier 1 faults comprise closely spaced normal faults that resulted from the outer-arc 

bending and stretching of the Late Cretaceous strata (Unit S4) during the development 

of rollover anticlines above tectonic rafts and are thus interpreted as rollover faults 
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(Figs. 4.2 and 4.3). These faults accommodate a significant part of the bending strain 

occurring in the hanging-wall blocks of listric (roller) faults during the initial stage of 

tectonic rafts gravitational gliding (Fig. 4.14a). A significant part of these faults overlies 

tectonic rafts offshore Espírito Santo (Alves, 2012) (Figs. 4.2 and 4.3). The faults are 

characterised by a linear to curvilinear patterns over rollover anticline’s (Figs. 4.6a and 

4.7a).  

Tier 2 faults comprise closely spaced normal faults with a diverse range of fault strikes 

that form a polygonal pattern over rollover anticlines (Figs. 4.2, 4.3, 4.6b and 4.7b). 

The progressive bending of rollover anticlines above tectonic rafts during the renewed 

stage of downslope gravitational gliding of tectonic rafts led to the progressive faulting 

of the overburden strata by these faults. Tier 2 faults accommodate some of the bending 

strain and supra-salt extension in overburden strata during the renewed stage of tectonic 

rafts gravitational gliding (Fig. 4.14b).  

Tier 3 faults comprise densely spaced set of normal faults with a discrete range of fault 

strikes revealing a polygonal pattern over rollover anticlines (Figs. 4.2, 4.3, 4.6c and 

4.7c). Differences in the timing of (diachronous) grounding of tectonic rafts are 

responsible for the development of these faults, as well as for the reactivation of local 

pop-up structures and drag folds formed adjacently to roller faults (Alves, 2012) (Fig. 

4.3). Tier 3 faults are associated with the later stages of downslope gravitational gliding 

tectonic rafts in the Espírito Santo Basin (Fig. 4.14c). Fault reactivation and growth via 

segment linkages characterised the mode of growth of the interpreted fault tiers, 

whereby two separate faults with local throw maxima propagate towards each other and 

linked in throw-minimum in the throw-depth (T-Z) profiles and contour maps (Figs. 

4.8, 4.9 and 4.10).
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Fig. 7.1. Diagram summarising the key results presented in this thesis. Chapter 4 investigated the geometry and reactivation histories of distinct normal fault tiers developed 

above the rollover anticlines. Chapter 5 investigated the effect of tectonic inversion on supra-salt fault geometry and reactivation histories. Chapter 6 explored the effect of 

mechanical stratigraphy on shallow fault geometry and growth histories in areas dominated by thrust anticlines in the outer wedge region of the Nankai accretionary prism. 
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7.1.2. Chapter 5: Effect of tectonic inversion on supra-salt fault geometry 

and reactivation histories 

Chapter 5 uses high-quality 3-D seismic and borehole datasets from the Broad Fourteen 

Basin, Southern North Sea (Fig. 2.4) to investigate the effect of lithology on fault throw 

distribution and segmentation along the fault planes, as well as the geometry and 

reactivation histories of faults developed due to Late Cretaceous to Paleogene tectonic 

inversion (i.e. Sub-Hercynian, Laramide, Pyrenean and Savian tectonic phases; Fig. 

5.3). Detailed mapping of fault geometry and throw shows that the complex Late 

Mesozoic normal fault geometries observed above anticlinal structures are primarily 

due to effect of tectonic inversion in the Southern North Sea, in which two (2) distinct 

tiers of fault geometries were generated (Figs. 5.4 and 5.6). 

Tier 1 faults (Upper Mesozoic) comprise closely spaced normal faults that resulted from 

the progressive bending and stretching of outer-arc Upper Mesozoic strata during the 

development of anticlines in response to the effect of Late Cretaceous inversion (i.e. 

Sub-Hercynian episode; Fig. 5.24c). The Pyrenean (Oligocene) and Savian (Miocene) 

inversion episodes reactivated some of these Tier 1 faults upward into the Paleogene 

strata around the hinge region of Late Mesozoic anticlines (Figs. 5.4, 5.6 and 5.24e). 

These Tier 1 faults are characterised by a linear to curvilinear pattern, striking in a NW-

SE direction roughly parallel to the strike of the underlying anticline (Fig. 5.10). 

Tier 2 faults (Paleogene) comprise densely spaced sets of normal faults, with a discrete 

range of strikes, revealing a polygonal geometry in map view (Figs. 5.9 and 5.11). The 

upper and lower tip lines of these faults die out in Paleogene strata, with some faults 

propagating downward into Upper Mesozoic strata around the hinge of anticlines (Fig. 

5.12). These faults were initially formed as polygonal faults and were later reactivated 

to form new segments, or lengthen their sizes, due to later Savian (Miocene) inversion 
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episode in the Southern North Sea (Figs. 5.5 and 5.9). The reactivation of the interpreted 

fault tiers largely occurred around the hinge regions of underlying anticlines (Figs. 5.5, 

5.6, 5.12 and 7.4). This observation perhaps suggests that apart from the orientation of 

the fault planes with respect to their principal local stresses, other controls such as the 

location of the underlying anticlines affect the reactivation of fault, as observed in the 

TWTT map relationships in Fig. 5.12.  

The interpreted fault tiers offset a layered succession comprising sands and shales (Figs. 

5.13 to 5.20). When the fault strands in the sand-rich intervals are compared to fault 

segments in the shale-rich intervals, notable differences in throw values are observed. 

In the sand-rich intervals, fault throws are larger (i.e., maximum throw of 40.3 m) 

compared to the smaller fault throw (i.e., maximum throw of 17.7 m) in the shale rich-

intervals (Figs. 5.15 to 5.20). The larger fault throws are early-stage fault segments and 

represent regions where faults localise first in competent sand and limestone intervals 

(Figs. 5.15 to 5.20). Each segment of these early-stage faults propagates outwards until 

they encounter other fault strands and link together. Linkage points are located where 

local throw minima are recorded in less competent shale-rich intervals (Ellis and 

Dunlap, 1988) (Figs. 5.15 to 5.20).  

The propagation of slip from fault segments (with local throw maxima) in sand-rich 

intervals into the shale-rich intervals can explain the vertically segmented fault arrays 

observed in the throw-depth (T-Z) profiles (Figs. 5.15b to 5.20b and 5.22c). This 

interpretation of throw-depth (T-Z) data supports the view that vertically segmented 

fault arrays initially nucleate in competent, brittle lithologies (sandstones and 

limestones) with local throw maxima, and are later linked by faults in the incompetent, 
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and ductile, lithologies (shales, mudstones) with minimum throws (Peacock and 

Sanderson, 1992; Childs et al., 1996) (Figs. 5.15b to 5.20).  

 

7.1.3. Chapter 6: Shallow fault systems of thrust anticlines responding to 

changes in accretionary prism lithology (Nankai, SE Japan) 

Chapter 6 uses three-dimensional (3-D) pre-stack depth migrated seismic data to 

explore the effect of mechanical stratigraphy on shallow fault geometry and growth 

history from areas dominated by thrust anticlines in the outer wedge region of the 

Nankai accretionary prism (SE Japan) (Figs. 2.6 and 6.3). Accretionary prims such as 

the Nankai Trough in SE Japan record large-scale tectonic shortening and uplift driven 

by plate subduction (DeMets et al., 2010; Tsuji et al., 2014). 

Complex sets of thrust-related anticlines associated with segmented shallow fault 

systems are observed on the seismic data across the outer wedge of Nankai, hinting at 

a complex strain distribution between a shallow regime of dip-slip faulting and a deeper 

regime of thrusting. Thrust faults form the larger structural framework that 

accommodates regional compression and tectonic shortening of overburden strata in 

response to ongoing down-dip subduction of the Shikoku Basin crust (Kimura et al., 

2011; Moore et al., 2015) (Fig. 6.3b). In contrast, the shallow fault systems 

accommodate a significant part of the bending and stretching strain occurring during 

the development of thrust anticlines and subsequent local stress redistribution during 

seismic events (Lin et al., 2015) (Figs. 6.5-6.8 and 6.11–6.14).  

A significant part of shallow fault systems is observed in the hinge regions of thrust 

anticlines (Figs. 6.5-6.8). These faults primarily result from the progressive bending 

and stretching of overburden strata in response to ongoing tectonic shortening. In 

Nankai, shallow fault systems following the trend of strike-slip faults have been 
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classified as normal as they show minor throws without clear evidence for horizontal 

movement (Kimura et al., 2011; Azevêdo et al., 2018). However, these shallow faults 

can also comprise a combination of normal faults, oblique-slip faults, bands of 

compaction or dilation, and ancillary faults and fractures responding to local strike slip 

motion. They are very small features with fault throw ranging between 2 m and 14 m 

compared to the larger thrust faults that detach at underthrusted sediments, showing 

fault throws larger than 450 m (Figs. 6.5-6.8). 

The distribution of and displacements on the shallow fault systems accommodate outer-

arc extension. Although the inner-arc of the anticlines may remain in a thrust faulting 

stress regime. Thus, the interpreted data confirm the assumption that local extension 

occurred in thrust anticlines above a so-called neutral surface (Price and Cosgrove, 

1990; Ramsay, 1967), a characteristic also used by Lin et al. (2015) and Wu et al. (2013) 

to prove that the Nankai Trough region is experiencing an intra-seismic cycle in which 

compression was replaced by widespread extension. Van Tuyl et al. (2015) showed that 

a clear limit exists throughout the outer wedge region between extension and 

compressional stresses across what was called the Extension-Compression Depth. 

In the Nankai seismic dataset, the shallow fault systems show evidence for vertical fault 

segmentations, a character indicating the presence of incompetent (soft) intervals 

dominating the Nankai accretionary prism (Figs. 6.11-6.14). Incompetent intervals can 

act as detachments that cause decoupling and prevent propagation of faults across 

specific intervals, resulting in a preferable horizontal propagation of faults to the 

detriment of their vertical growth (Richardson et al., 2005; Gabrielsen et al., 2016) 

(Figs. 6.11-6.14). Moreover, incompetent (ductile) layers can accommodate greater 
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pre-failure strain prior to faulting and faulted with relatively low throw maximum as 

observed on the shallow faults throw-depth (T-Z) profiles (i.e. 14 m) (Figs. 6.11-6.14).  

 

7.2. Impact of tectonic shortening on fault formation and 

reactivation histories  

The reactivation and geometry of normal faults investigated in this chapter are 

associated with distinct magnitudes of horizontal shortening, varying from a moderate 

horizontal shortening of 10.3% over rollover anticlines in the Espírito Santo Basin (SE 

Brazil; Fig. 7.2) to a moderately high shortening of 19.4% over broad anticlines in the 

Broad Fourteens Basin (Southern North Sea; Fig. 7.3) and, finally, significant 

horizontal shortening exceeding 40% over thrust anticlines in the Nankai accretionary 

prism (SE Japan; Fig. 7.4). 

In the Espírito Santo Basin (SE Brazil), the downslope gravitational instability of 

tectonic rafts trigger the development of rollover anticlines and their associated outer-

arc normal faults, as well as subsequent reactivation of these latter faults. The onset of 

tectonic rafting during post-Albian to Coniacian period caused the supra-salt strata to 

be fragmented into discrete blocks of strata or rafts separated by large listric (roller) 

faults and associated rollover anticlines in their hanging wall blocks. Outer-arc normal 

faults were formed above rollover anticlines to accommodate the initial buckling of the 

post-raft overburden during the development of rollover anticlines (Fig. 

7.2d1).Continued evacuation of salt from upper-slope regions to the base of the 

continental slope during Early Santonian period promoted the progressive downslope 

translation of rafted strata and triggered the reactivation of rollover faults in the form 

of crestal fault systems associated with local extensional collapse (Fig. 7.2d2). 
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Subsequently, continued evacuation of salt during Middle/Late Eocene caused tectonic 

rafts to be translated downslope until salt welds were formed and post-salt strata became 

grounded over pre-salt successions. The grounding (welding) of tectonic rafts over the 

pre-salt successions was progressive and accompanied by moderate translation of 

blocks during the Cenozoic. Differences in the degree of downslope translation of un-

welded rafts further enhanced the reactivation of rollover faults, a phenomenon that 

promoted the migration of hydrocarbons from welded sub-salt source units into supra-

salt reservoirs (Fig. 7.2d3). 

In the Broad Fourteens Basin (Southern North Sea), the Late Cretaceous to Paleogene 

tectonic inversion have induced a continuum of deformation and contributed 

significantly to the formation and subsequent reactivation of Late Mesozoic faults (Fig. 

7.3). Late Cretaceous inversion (i.e. the Sub-Hercynian inversion episode) led to the 

formation of broad anticlines associated with outer-arc normal faults in Upper 

Mesozoic strata. The progressive bending and stretching of outer-arc Mesozoic strata 

during the Early Paleocene inversion episode (i.e. Laramide episode) reactivated 

lengthened the early formed Sub-Hercynian faults.  

The erosion (truncation) of upper tip lines for these latter faults at the Base Tertiary 

Boundary suggest that they were active in the Upper Mesozoic strata before the onset 

of the Laramide erosional event (De Lugt et al., 2003; Oudmayer and De Jager, 1993) 

(Figs. 5.4, 5.6 and 7.3d3). In a last stage, the Pyrenean (Oligocene) and Savian 

(Miocene) inversion episodes reactivated some of these faults upward into Tertiary 

strata (Figs.  5.6 and 7.3d4).
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Fig. 7.2. a) Uninterpreted, b) Interpreted and c) schematic seismic sections across the Espírito Santo Basin (SE Brazil). The 

sections highlight large roller faults bounding Cretaceous minibasins, rollover normal faults over rollover anticline, drag folds 

adjacent to roller faults, tectonic rafts between and above salt rollers, and local reactivated pop-up structures. Tectonic raft 

forms the core of rollover anticline. The presence of reactivated pop-up structures and the drag folds adjacent to the roller fault, 

responded to the diachronous grounding of tectonic rafts, d) Schematic model explaining the downslope gravitational gliding 

of tectonic rafts and their relationship with local structures (listric faults, rollover anticline and rollover normal faults) in the 

Espírito Santo Basin (SE Brazil). d1) Initial stage (post-Albian to Coniacian) caused the supra-salt strata to be fragmented into 

discrete blocks of strata or rafts separated by large listric (roller) faults and associated wide rollover anticlines above rafts. 

Outer-arc rollover normal faults were initiated to accommodate the buckling of the post-raft overburden during the development 

of rollover anticlines. d2) In intermediate stage (Early Santonian), continued evacuation of evaporites from upper-slope regions 

to the base of the continental slope promoted the progressive downslope translation of rafted strata and reactivation of rollover 

faults in the crestal collapse systems of rollover anticlines. d3) Late-stage gravitational gliding (Middle/Late Eocene) caused 

tectonic rafts to be translated downslope until salt welds were formed and post-salt strata became grounded over pre-salt 

successions. Differences in the degree of downslope translation of un-welded rafts further enhanced the reactivation of rollover 

faults which potentially promotes the migration of hydrocarbons from welded sub-salt source units into supra-salt reservoirs. 
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Fig. 7.3. a) Uninterpreted, b) Interpreted and c) schematic sections across the Broad Fourteens Basin (Southern North 

Sea) a and b) Uninterpreted and interpreted seismic sections across the Broad Fourteens Basin (Southern North Sea) 

showing the geometry and structural styles of faults that resulted from Late Cretaceous to Paleogene tectonic inversion. 

Local bending and stretching of the Upper Mesozoic strata during the Late Cretaceous-Paleogene tectonic inversion 

episodes produced the broad anticlines associated with outer-arc normal faults, d) Schematic model for the geological 

evolution of faults associated with tectonic inversion. Listric faults active in during the Jurassic syn-rift phase in 

association with rift-raft tectonics, d1). d2) Broad anticlines associated with outer-arc normal faults occurred during Late 

Cretaceous-Sub-Hercynian inversion (i.e., time of formation of major anticlines), d3) Period of reactivation of Sub-

Hercynian faults and erosion of their upper fault tips by Paleocene-Laramide erosional event, creating a prominent 

Cretaceous-Tertiary Unconformity, d4) Phase of reactivation of some faults into the Tertiary strata during Pyrenian 

(Oligocene) and Savian (Miocene) inversion episodes. The present-day post inversion phase highlight geometry of broad 

anticline and their associated normal faults.   
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In the Nankai accretionary prism (SE Japan), the subduction of the Philippine Sea Plate 

beneath the southeast margin of Eurasia has led to large-scale tectonic shortening and 

uplift of overburden rocks above a subducted oceanic slab to form Nankai accretionary 

prism (Miyazaki and Heki, 2001; Kimura et al., 2011, 2018) (Fig. 6.3). This prism is 

characterised by thrust anticlines associated with shallow fault sytems in their hinge 

region (Figs. 6.5-6.8). Shallow fault systems are primarily resulted from the progressive 

bending and stretching of overburden strata in response to ongoing plate subduction 

offshore Nankai and thus accommodate a significant part of the bending strain 

occurring during thrust-anticlines development. 

Shallow faults deformations in the Nankai accretionary prism are vertically segmented 

and distributed (Fig. 7.4) compared to fault deformations in the Espírito Santo and 

Broad Fourteens Basins which are more continuous and localised (less segmented) 

(Figs. 7.2b and 7.3b). Consequently, fault reactivation and height are limited by the 

thickness and differences of mechanical layers (Roche et al., 2012, 2013) rather than 

controlled solely by the distinct magnitudes of tectonic shortening. For instance, a 

moderate fault reactivation with relatively smaller throw maxima of 14 m and vertically 

segmented fault arrays were observed in the highly shortened (i.e. 40% horizontal 

shortening) and younger (softer) strata of the Nankai case study (Fig. 7.4), while 

significant fault reactivation with relatively larger throw maxima (between 30 m and 

60 m) and more localised (less segmented) faults were observed in the least shortened 

(i.e. between 10.3-19.4% horizontal shortening) and stronger strata of the Espírito Santo 

and Broad Fourteens Basins (Figs. 7.2 and 7.3). These observations can be attributed to 

the effect in the differences of mechanical stratigraphy of the host rocks as discussed in 

the following sections.  
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Fig. 7.4. a) Uninterpreted, b) Interpreted and c) schematic inline sections across the selected thrust anticline highlighting the major thrust faults, and 

shallow faults. The shallow faults are vertically segmented. d) Uninterpreted, e) Interpreted and f) schematic crossline sections highlighting some of the 

features of shallow fault systems around the hinge region of thrust anticline. The faults are vertically segmented, with some propagating and linking with 

other faults. 
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7.3. Impact of mechanical stratigraphy on normal faulting  

Mechanical stratigraphy strongly influences fault reactivation and especially the ability 

of faults to reactivate across mechanical layering, the deformation mechanisms, and 

fault zone architecture (Wilkins and Gross, 2002; Ferrill and Morris, 2008; Welch et 

al., 2009; Childs et al. 2009; Libak et al., 2019). Normal faults are often seen to be 

vertically restricted by mechanically weak layers (Figs. 7.6 and 7.7). Therefore, fault 

reactivation and height are limited by the thickness and differences of mechanical layers 

(Roche et al., 2012, 2013) rather than controlled solely by the magnitude of tectonic 

shortening.  

7.3.1. Impact of mechanical stratigraphy on normal fault nucleation 

Research has shown that, as strain accumulates in a mechanically layered sedimentary 

section, competent (brittle) lithologies such as limestones and sandstones accommodate 

lower amounts of pre-failure strain and fracture first, whereas incompetent (ductile) 

lithologies like claystones and shales accommodate greater pre-failure strain prior to 

fracturing and fracture later (Ferrill and Morris, 2003, 2008; Welch et al., 2009). Thus, 

faults are expected to nucleate first in more competent (brittle) layers, or intervals, with 

local throw maxima and are later reactivated and linked together in incompetent 

(ductile) layers or intervals with local throw minima, and this study show this to be the 

case (Fig. 7.5a).  

The relative nucleation of interpreted faults in the three study areas are illustrated with 

reference to the throw-depth (T-Z) profiles in Fig. 7.5. Fault segments with local throw 

maxima in the throw distribution profiles are early-stage fault segments and represent 

regions where faults nucleate first in more competent intervals. Each segment of these 

early-stage faults propagates outwards until they encounter other fault strands and link- 
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together. Linkage points are located where local throw minima are recorded in less 

competent intervals (Ellis and Dunlap, 1988; Mansfield and Cartwright, 1996) (Fig. 

7.5). Hence, regions with local throw maxima in the throw distribution profiles are 

interpreted as the locus of fault nucleation, which dominantly occurs in more competent 

(brittle) intervals (Fig. 7.5). 

 
7.3.2. Impact of mechanical stratigraphy on fault propagation and 

segmentation 

Once fault nucleate, the rate of fault propagation is strongly controlled by the 

mechanical properties of the deforming rock. This behaviour is related to the ductility 

of the material - high ductility material will tend to impede fault propagation, whereas 

low ductility (brittle) material will tend to fault relatively easily. In brittle intervals such 

as massive limestone or indurated sandstone, faults tend to propagate rapidly with 

respect to the rate of fault displacement accumulation, and these faults tend to have 

relatively low displacement gradients with little or no associated folding (Ferrill and 

Morris, 2008; Ferrill et al., 2017) (Figs. 7.5a1). In contrast, fault propagation tends to 

slow or cease in incompetent (high ductility) intervals such as clay-rich shale or 

evaporite layers (Ferrill and Morris, 2008; Ferrill et al., 2017) (Figs. 7.5a).  

Faults that nucleated within a competent mechanical layer may propagate outward until 

they encounter weaker mechanical layers where they may become arrested (Fig. 7.5a). 

These same faults may propagate laterally within a mechanical unit with relative ease. 

Thus, developing very small lateral displacement gradients, and transferring 

displacement to other faults via relay ramps with very subtle dips are common (Ferrill 

et al., 2017). Vertical displacement gradients, however, are likely to be more 
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pronounced, having developed where faults are inhibited from propagating into more 

ductile layered units (Fig. 7.5a). 

In this study, evidence for vertical fault segmentation was observed in the interpreted 

throw-depth (T-Z) profiles (Fig. 7.5), where the fault segments with local throw minima 

in the incompetent intervals linked the pre-existing fault segments with local throw 

maxima in the competent intervals (Fig. 7.5). Incompetent (weak) intervals can prevent 

or slow propagation of faults from other layers, so that the locus of deformation can be 

shifted laterally across the incompetent intervals. Such a shift in fault position across 

an incompetent layer can result in vertical fault segmentation, whereby the fault 

segments can be hard or soft-linked (Bahroudi et al., 2003; Gabrielsen et al., 2016) (Fig. 

7.5). Furthermore, evidence for vertical fault segmentation was observed in the 

interpreted seismic dataset of Nankai accretionary prism, a character indicating the 

presence of incompetent (weak) intervals (Figs. 6.11-6.14 and 7.4).  

Incompetent intervals can act as detachments that cause decoupling and prevent 

propagation of faults across specific intervals, resulting in a preferable horizontal 

propagation of faults to the detriment of their vertical growth (Richardson et al., 2005; 

Gabrielsen et al., 2016). In fact, IODP Site C0006 (Expedition 316 Scientists, 2009) 

and Park et al. (2010) recognised the presence of hemipelagic mudstone to sand, mud, 

and silty-clay sequences interbedded with volcanic ash and tuffs in the Nankai 

accretionary prism. This hints at a presence of incompetent lithologies dominating the 

Nankai accretionary prism (Fig. 6.3c). Consequently, nucleation and subsequent 

propagation of slip from fault segments with local throw maxima in the competent 

intervals into the incompetent interval can describe the vertically segmented fault arrays 
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observed in both the throw-depth (T-Z) and seismic profiles (Childs et al. 1995; 

Mansfield and Cartwright, 1996) (Figs. 7.4 and 7.5).  

Discrepancies in throw gradients commonly result from mechanical heterogeneities, 

fault reactivation and linkage of individual faults (Childs et al., 1996; Baudon and 

Cartwright, 2008). Therefore, the results of throw-depth (T-Z) interpretation support 

the view that vertically segmented fault arrays initially nucleate in the more competent, 

and brittle, lithologies (sandstones and limestones) with local throw maxima and are 

later linked by faults in the incompetent, and ductile, lithologies (shales) with local 

throw minima (Ellis and Dunlap, 1988; Childs et al., 1996; Mansfield and Cartwright, 

1996) (Fig. 7.5). 

There is no obvious structural expression of the evolution of segment dip-linkage on 

the seismic datasets equivalent to that shown in Fig. 7.5a. This is due to the following 

reasons: a) the structures are not well resolved by the interpreted seismic data, b) the 

original segment dip-linkage structures have been deformed during post-linkage slip on 

the fault, and any original topological irregularities have been largely eliminated, and 

c) fault segments coalesced during their growth, a character resulting in the 

straightening of the active fault trace and corresponding changes in fault zone 

architecture. Local complexities in fault topology resulting from segment dip-linkage 

structures are unlikely to be well imaged on seismic cross-sectional profiles – the finite 

trace spacing, and limited frequency content of most seismic data mean that faults are 

not imaged as single, discrete planes, but rather as diffuse deformation zones (Mansfield 

and Cartwright, 1996).  
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Fig. 7.5. a) Fig. 7.7. a) Schematic model depicting the progressive evolution of a normal fault dominated by the segment dip-linkage direction between two initially isolated fault segments. In stage 1, fault segments 

with local throw maxima are early-stage fault segments and represent regions where faults nucleate first in more competent intervals. Each segment of these early-stage faults accumulates higher displacement and 

propagates outwards until they encounter other fault strands and link together. Linkage points are located where local throw minima are recorded in less competent intervals (Stage 2). Thereafter, the linked segments 

rapidly accumulate displacement rather than length. However, further propagation of the two hard-linked fault segments after growth can attenuate the throw variations recorded on throw-depth (T-Z) profiles, and 

thus obscure differences in the throw distribution with depth (Stage 3). b) Representative throw-depth (T-Z) profiles showing the fault reactivation and growth by segment linkage in the Broad Fourteens Basin. 

Fault throw is less segmented in competent (sand-rich) intervals with larger throw and more segmented in less competent (shale-rich) intervals with relatively smaller throw. c) Representative vertical throw-depth 

(T-Z) profiles of the shallow faults in the Nankai accretionary prism. Fault segments with throw maxima nucleate first in more competent (brittle) intervals and are later linked by throw minima in less competent 

(ductile) intervals. d) Representative of vertical throw-depth (T-Z) plots highlighting throw distribution and segmentation along fault planes in the Espírito Santo Basin. 
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In addition, segment dip-linkage structures can be expected to have a very low 

preservation potential during continued fault slip (Mansfield and Cartwright, 1996). By 

comparison, branch line and relay structures on normal and thrust faults produced 

during the linkage of overlapping segments in the strike direction have a much higher 

preservation potential during continued fault slip because the topological irregularity or 

step on the linked fault surface is parallel to the- slip direction (Scholz 1990) and is 

therefore more likely to be imaged by seismic data (Walsh and Watterson 1990; 

Cartwright et al. 1995; Fossen and Rotevatn, 2016).  

Offsets, bends and breached relay structures create rough fault plane topologies along 

the strike of normal and strike-slip faults that have been known to act as barriers to 

earthquake rupture distribution (Zhang et al. 1991, Cowie and Scholz 1992). In a similar 

manner, segment dip-linkage sites might also be expected to arrest or impede slip, such 

that the continued partitioning of slip between relict fault segments after linkage will 

accentuate the displacement minima at linkage points, producing irregular displacement 

distributions (Fig. 7.5a). Consequently, whilst seismic data may be unable to resolve 

the local structures in wholly satisfactory way, the mechanical control of these 

structures on the local accommodation of slip will leave a strong signature in the 

displacement field, which can be imaged by detailed mapping of the fault displacement 

distribution as shown in Fig. 7.5. 

 

7.3.3. Impact of mechanical stratigraphy on fault growth and geometry 

Fault segment linkage has been proposed as an important mechanism for fault growth, 

where more competent (strong) mechanical layer favours nucleation of new faults in 

distinct mechanical intervals (Peacock and Sanderson, 1991; Peacock and Sanderson, 
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1992; Cartwright et al., 1995; Childs et al., 1996; Kim et al., 2000; Wilkins and Gross, 

2002). In the studied datasets, the interpreted faults present anomalous throw 

distribution profiles with multiple local throw maxima separated by local throw 

minima, a character signifying fault growth via segment linkage, i.e., fault growth 

through coalescence of multiple fault segments (Fig. 7.5).  

Their throw-depth (T-Z) profiles do not always show single positive gradients and are 

mostly characterised by throw profiles that resemble C-type or M-type patterns between 

their upper-tip points and immediate throw minima (e.g., Cartwright et al., 1995; Lohr 

et al., 2008; Baudon and Cartwright, 2008). However, further propagation of two hard-

linked fault segments after growth can attenuate the throw variations recorded on throw-

depth (T-Z) profiles, and thus obscure differences in the throw distribution with depth 

(Fig. 7.5a; Stage 3). Fault segments are transient features and, as faults evolve, segments 

may coalesce and new segments may form (Cartwright et al. 1995, Childs et al. 1995). 

Coalescence of fault segments results in straightening of the active fault trace and a 

corresponding change in fault zone architecture.  

As discussed earlier, where layers have strong mechanical contrasts, a fault is likely to 

nucleate in a more competent, brittle layer and propagate rapidly within this brittle bed 

without developing significant displacement gradients or related damage or folding 

(Fig. 7.6a). However, a different fault nucleating in another competent layer and 

propagates upward across mechanical stratigraphy into the above-mentioned competent 

layer will cause folding prior to the fault breaking through the bed (e.g., Fault B; Fig. 

7.6b).  

Two faults in the same competent layer may, therefore,  have radically different fault 

zone architectures, representing: i) a fault that nucleated in the first competent layer and 
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produced no associated folding and a relatively narrow (less segmented) damage zone 

(e.g., Fault A; Fig. 7.6), and ii) a fault that nucleated in a different competent layer and 

propagated through incompetent units and into the competent layer of interest 

producing a significant amount (volume and intensity) of fault related damage, 

including folding and distributed brittle deformation (e.g., Fault B; Fig. 7.6c). In such 

a setting, fault zone evolution and characteristics are likely to be rather different in a 

particular layer if this was the nucleation layer for that fault vs. if it was encountered 

by a fault that nucleated elsewhere in the stratigraphic section and propagated into it, 

crossing weaker layers along the way (Ferrill and Morris, 2008) (Fig. 7.6).  

Recently, Libak et al. (2019) showed that fault zones are more segmented and wider in 

the claystones, while sandy intervals have fault zones that are narrower and more 

localized, showing less segmentation. Thus, deformation tends to be more localized 

(less segmented) with local throw maxima in competent lithologies like sandstones and 

carbonates, and more distributed (segmented) in incompetent lithologies like claystone- 

and shales with throw minima. In the Nankai accretionary prism dataset, fault 

deformations are more segmented and distributed with relatively smaller throw maxima 

of 14 m, a character indicating the presence of incompetent (weak) intervals blanketing 

Nankai accretionary prism (Figs. 7.4 and 7.5c). Whereas the faults in the sand-rich and 

carbonate dominated intervals in the Espírito Santo and Broad Fourteens Basins appear 

as a continuous and more localized (less segmented) with relatively larger throw 

maxima between 30 m and 60 m (Figs. 7.2b, 7.3b and 7.5b,c). 

Research has shown that faults are often steep in the competent lithologies, while in 

incompetent lithologies faults have more gentle dips (Peacock 2002; Ferrill et al. 2017). 

Such differences in fault dip along the fault segment can locally lead to fault refraction- 
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Fig. 7.6. Schematic model depicting the fault nucleation and encountered layers. 

Normal fault zone evolution and characteristics are likely to be quite different in a 

particular layer if it was the nucleation layer for that fault versus it was encountered 

as a fault that nucleated elsewhere in the stratigraphic section and propagated into 

it, crossing weaker layers along the way. 
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that causes extensional (dilatational) jogs (Peacock & Sanderson 1991; Ferrill et al. 

2017). In the study datasets, no strong evidence is recorded for changes in fault dip 

geometries, as fault propagates from competent intervals into incompetent intervals, 

due to intricate nature of the fault geometries and limited resolution of the seismic 

datasets (i.e. the faults are not resolved by the seismic data). In parallel, the original 

segment dip-linkage structures may have been deformed during post-linkage slip on the 

fault, and any original topological irregularities may have been largely eliminated. 

Faults are generally localized zones of deformation that may include rotation of layers, 

local fracturing, cataclasis, dilation, dissolution, and mineral precipitation, and 

commonly include a fault core (a narrow zone where displacement is concentrated) and 

a surrounding damage zone that is typically wider, representing distributed deformation 

(Caine et al., 1996; Faulkner et al., 2011). In practice, determining the fault zone widths 

can be difficult, with the basis that they vary over several orders of magnitude (Evans, 

1990; Shipton et al., 2006), and studies that show relatively uniform increase in fault 

zone width with displacement are rare and narrowly limited in scope (Shipton and 

Cowie, 2001). One factor influencing the significant variation in fault zone width is that 

faults tend to grow by segment linkage (Fig. 7.5), and once linked, the spacing between 

overlapping fault segments (or width of relay structures; Childs et al., 2009) locally 

defines the fault zone width (Ferrill et al., 2016).  

As previously suggested, fault zones enlarge by the linkage or reactivating of existing 

faults, causing off-fault damage, i.e. the generation of additional deformation bands and 

or fractures (Fossen, 2010).  Thus, reactivated and growth faults can exhibit relatively 

larger fault zone architectures when compared with similar structures (Gross et al., 

1997; Wilkins and Gross, 2002). The length of faults is generally established during the 
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phase of faulting that created any pre-existing faults, prior to their reactivation. When 

the faults are reactivated, a disproportionate increase of maximum displacement shifts 

the growth path length with relatively larger fault zone architectures. Therefore, it is 

necessary to understand fault reactivation and growth as an important factor for fault 

zone evolution and characteristics as it will provide insights into the timing of fault 

activity which has a direct application to hydrocarbon migration and sealing of faults 

in petroleum reservoirs, CO2 reservoirs, and even geothermal prospects (McClay, 1990; 

Cartwright et al., 2007; Ward et al., 2016). For example, the accurate timing of any 

reactivation phases with reference to constraints on the filling of hydrocarbon traps 

would be critical for an evaluation of seal risk (Cartwright et al., 2007). Traps are much 

more likely to leak during periods of fault reactivation than during periods when the 

faults are inactive, all other parameters of seal integrity being the same (Hooper, 1991; 

Gartrell et al., 2002; Cartwright et al., 2007).  

 

7.4. Implications for sub-surface fluid flow  

Tectonic faults reactivated or not, typically represent potential pathways for the vertical 

migration of fluids. But also, barriers to cross-fault flow, due to sealing capacity. The 

reason for this is the increased structural complexity found at reactivated fault zones, 

with increased numbers of faults and fractures and a wider range of orientations being 

recorded in these zones (Peacock and Parfitt, 2002; Fossen et al., 2005). A consequence 

of fault reactivation through linkage is the development of long and continuous faults 

at advanced stages. As fault linkage zones form, the long faults that result from this 

process will compartmentalise reservoirs and produce long and isolated fault blocks 

that act as individual fluid compartments. The linkage of fault zones leads to more 

connected fault systems. Fault linkages and intersections are important for the 
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accumulation and trapping of hydrocarbons. They may act as vertical conduits for fluid 

migration into traps but may also have negative effect on seal integrity.  

In a series of petroleum fields in the Timor Sea, Australia, Gartrell et al. (2004) 

identified fault intersections as critical hydrocarbon leakage zones. This is also 

supported by Kristiansen (2011), who found that for fault-controlled structural 

hydrocarbon traps in the Barents Sea (Norway), traps were generally underfilled or dry 

where controlled by two or more interacting faults, whereas all discoveries were 

associated with fault traps controlled by a single fault.  

Fault linkage zones may affect fluid flow between structural reservoir compartments on 

a production time scale. Soft-linked fault zones may offer cross-fault reservoir 

connectivity through folded but unbreached relay beds (e.g., Rotevatn et al., 2009). 

However, this effect may be reduced if the fault zone is associated with a linking 

damage zone of low-permeable deformation bands in porous sandstone host rocks 

(Rotevatn et al., 2009, Rotevatn and Fossen, 2011). In fault linkage zones, however, 

increased fracture intensity and orientation variability in the linking damage zone leads 

to an increased fracture:matrix ratio and connectivity, both of which lead to a higher 

overall effective permeability (Berkowitz, 1995).  

Curewitz and Karson (1997) reported evidence for increased geothermal fluid activity 

linked to fault linkage zones.  They showed that CO2 springs and seeps were co-located 

within structurally complex zones in a fault array. Furthermore, fault jogs, which 

commonly represent the locations of previous fault linkage zones, have been shown to 

be associated with hydrothermal gold deposits in strike-slip systems (Micklethwaite 

and Cox, 2004, 2006).  
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Active fracturing provides a pathway for fluids where distinct fault segments interact, 

with the loci of fault segment linkage across seal units increasing the permeability of 

host rocks, thus allowing the migration of fluid out of underlying res ervoirs (Curewitz 

and Karson, 1997; Knai and Knipe, 1998). Conversely, faults can compartmentalise 

reservoir units when they form barriers to fluid flow, a character resulting in increasing 

exploration costs as more wells are needed to retrieve hydrocarbons, or store CO2 and 

other gases (Hardman and Booth, 1991; Caine et al., 1996; Cartwright et al., 2007; 

Bentham et al., 2013). 

 

7.5. Resolution of seismic data vs. fault analyses 

The high quality of the 3-D seismic reflection datasets used in the three study areas 

allowed for a reliable visualisation and mapping of key stratigraphic horizons, 

structures, and vertical component of dip separation (throw) distributions. However, 

each of the seismic datasets has a characteristic resolving power. For instance, the 

Nankai (SE Japan) 3-D seismic reflection data (see Chapter 6) is of much higher 

resolution than the other industry seismic datasets in the Espírito Santo and Broad 

Fourteen Basins (see Chapters 4 and 5). The key aspect in the Nankai dataset is that one 

can notice (and map) vertical fault segmentation and linkage much better on the seismic 

profiles because the faults are better imaged (Fig. 7.4d,e). Thus, the relatively high 

resolution of this latter seismic data allowed the mapping of fault segmentation in great 

detail and the measuring of their relatively smaller throws to a minimum of 14 m (see 

Chapter 6; Figs. 6.11-6.14 and 7.6). 

In the industry datasets (i.e. Espírito Santo and Broad Fourteen Basins),  fault 

segmentation, linkage and dip changes associated with fault propagating through 
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mechanically layered sections were imaged as one continuous and localised single fault  

(Figs. 7.2 and 7.3). There is no obvious structural expression of vertical fault 

segmentation on the seismic datasets equivalent to that observed in Nankai dataset 

(Figs. 7.4d, e) and the faults were not fully resolved by the industry seismic datasets. 

Therefore, detail mapping fault throw-depth (T-Z) needed to be completed reflection-

by-reflection to understand how faults were originally segmented, resolution allowing. 

The sampling interval at which fault displacement is recorded governs the resolution of 

the final mapped distribution and therefore maintaining a consistently high sampling 

density is vital for recognising the smallest and most subtle local displacement patterns. 

The detection of smaller features on seismic data can be achieved on the modern seismic 

technology by increasing bin lines and reducing the crossline bin size. Crossline bin 

size tends to be one of the limiting factors in the resolution of seismic data (Yilmaz, 

2001; Vermeer, 2012). During the recording of seismic data, it is necessary to use 

adequate receiver arrays and antialiasing filters in order to prevent and reduce the loss 

of high-frequency signal. During the processing of the obtained data, the primary 

concern is the removing of any unwanted noise that can reduce the high-frequency 

signal before stacking the data and with the preservation and display of the high-

frequency signal.  

Deconvolution is the tool used to ensure that the high-frequency signal is displayed on 

the stacked data. Also, adequate velocity measurements are very important in 

reflection-data processing because once optimum primary velocity is computed, 

Normal Moveout (NMO) corrections can be applied to Common Mid-Point (CMP) 

gathers, which are concurrently stacked, making signal stack in phase and noise out of 

phase thus increasing the signal-to-noise ratio (Yilmaz, 2001). Where dipping images 

and diffraction images are found, migration is recommended. The quality of such a 
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seismic section is considerably improved by modern migration processing (Yilmaz, 

2001; Levin, 1971). 

  

7.6. Limitations of this research 

The major limitations in this thesis are related to the resolution of the 3D seismic 

datasets, vertical extent of the datasets and absence of borehole data in the Espírito 

Santo Basins and Nankai Trough. Chapter 4 uses three-dimensional (3-D) seismic 

reflection data from the salt-rich Espírito Santo Basin (SE Brazil; Fig. 2.1) to investigate 

the geometry and reactivation histories of normal faults associated with development 

rollover anticlines. If well data had been available for the Espírito Santo Basin, it would 

have been possible to correlate the interpreted seismic units with local stratigraphic 

data, indicating with greater accuracy the lithology of each sub-unit interpreted. This 

would have provided a more reliable lithological framework to perform fault 

reactivation and growth analyses through multi-layered lithology. The availability of 

well data would also provide internal velocity (Vp) for the interpreted seismic units, 

allowing the conversion of throw-distribution curves to depth and, consequently, 

providing a more detailed understanding of the linkage and reactivation histories of 

faults through layered sequences.  

The 3D volume of the Espírito Santo Basin was truncated at a depth of approximately 

5000 ms. A greater depth range would have provided a better opportunity to delimit the 

vertical extent of the Aptian evaporites, Albian rafts and, correlate the pre-salt units 

with the regional stratigraphy, and map contact (salt weld) between pre-salt units and 

Albian rafts to help constraining the potential migration of hydrocarbons from welded 

sub-salt source units into supra-salt reservoirs.  
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Chapter 5 uses high-quality 3D seismic and borehole data from the Broad Fourteen 

Basin, Southern North Sea (Fig. 2.4) to investigate the effect of lithology on fault throw 

distribution and segmentation along fault planes, as well as the geometry and 

reactivation histories of faults developed due to the Late Cretaceous to Paleogene 

tectonic inversion. Borehole data were provided and helped to correlate fault throw 

distribution and segmentation as well as reactivation and growth of faults through 

layered sequence. The main limitations for this chapter consisted in the resolving power 

of the 3D seismic volume. The resolution of the seismic data only allowed to image 

faults as localised (less segmented) and continuous displacement rather than segmented 

fault arrays with some dip changes as the faults propagated through mechanically 

layered sections.  

Chapter 6 uses three-dimensional (3-D) pre-stack depth migrated seismic data to 

explore the effect of mechanical stratigraphy on shallow fault geometry and growth 

history from areas dominated by thrust anticlines in the outer wedge region of the 

Nankai accretionary prism (SE Japan). The main limitations for this chapter consisted 

in the absence of well data crossing Thrust Anticlines A and D and the vertical extent 

of the seismic resolution. The relatively poor seismic signal at depth makes it difficult 

to identify and map more seismic horizons to precisely constrain the onset of tectonic 

shortening in the Nankai accretionary prism. Thus, limiting this chapter to focus on 

calculating shortening for shallow Late Quaternary strata. If well data had been 

available for the Nankai Trough dataset, it would have been possible to correlate the 

vertical fault segmentations with lithology. This would have provided a more reliable 

lithological framework to perform fault growth analyses through layered sequence and 

more detailed understanding of the linkage and reactivation histories of shallow fault 

systems interpreted.  
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7.7. Further work 

The conclusions drawn from this research has wide implications for the understanding 

of fault reactivation and growth in sedimentary basins and its consequences to 

petroleum systems. Reactivated and growth faults typically represent potential 

pathways for fluids transport, including hydrocarbons, CO2 and other volatiles, 

hydrothermal solutions. Following the methods applied to this thesis, it would be 

important to investigate, in more detail, the relationships between lithology, mechanical 

stratigraphy and the geometry of seismic-scale normal faults, as well as the influence 

of mechanical stratigraphy and lithology on fault throw distributions, fault 

segmentations, linkages, fault reactivations, fault growth history and the characteristics 

attributes of fault zone architectures (i.e. fault zone width, thickness and length), 

considering different geologic settings and integrating new information with the high-

quality 3D seismic and borehole datasets. This approach would provide a robust model, 

improving relationships between faulting and mechanical stratigraphy as well as fault 

zone architectures. 
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8. Conclusions 

Detailed mapping of stratigraphic horizons, fault geometries and throws of normal 

faults using high-quality 3D seismic and borehole datasets from the Espírito Santo 

Basin (SE Brazil), Broad Fourteens Basin, offshore The Netherlands (Southern North 

Sea) and Nankai Accretionary Prism (SE Japan) provided insights into the geometry 

and growth histories of normal faults associated with tectonic shortening of overburden 

rocks. The key conclusions of this study are as follows:  

a. In the proximal continental slope of salt-rich Espírito Santo Basin (SE Brazil), 

differences in the degree of downslope translation of un-welded rafts enhanced the 

reactivation of rollover faults, a phenomenon that promoted the migration of 

hydrocarbons from welded sub-salt source units into supra-salt reservoirs. 

Geometry of the reactivated rollover faults are approximately polygonal because 

not all the faults connect to create closed cells in plan view and thus they resemble 

fault systems that are formed in shallower position on the crust, the typical 

polygonal faults systems. These reactivated polygonal faults are very small features 
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with displacement ranging between 2 m and 60 m, thus having similar fault throw 

values when compared with classical polygonal faults. Importantly, the reactivated 

polygonal geometry interpreted in this study are primarily resulted from tectonic 

shortening and gravity collapse, and occurred at deeper position compared with 

classical polygonal faults that commonly resulted from density inversion or 

compactional loading at shallower position. 

b. In the Espírito Santo Basin, tectonically generated pulses of compression and uplift, 

commonly related to the Andean Orogeny, are not the only mechanisms deforming 

post-salt overburden units in proximal extensional dominated regions of the 

southeast Brazilian margin, as the close control of tectonic rafts gravitational 

instability induced a continuum of overburden deformation and contributed 

significantly to shaping the supra-salt overburden in the Espírito Santo Basin. 

c. The Late Cretaceous to Paleogene tectonic inversion in the Broad Fourteens Basin, 

Southern North Sea have induced a continuum of deformation and fault 

reactivation. This reactivation had mostly positive economic impacts, as tectonic 

movements reactivated older faults and potentially allowed the secondary migration 

of hydrocarbons into shallower reservoir units. The reactivated faults are vertically 

segmented and thus increase the chance of compartmentalisation or localised fluid 

flow through fault linkages, as well as present significant risks when injecting CO2 

into the subsurface such as the Southern North Sea.  

d. Offshore Nankai (SE Japan), tectonic shortening and uplift of overburden strata 

have induced a continuum of internal deformation that is expressed in the form of 

thrust anticlines that occur, near the seafloor, in association with significant 

distribution of the shallow fault populations in the uppermost part of the Nankai 

accretionary prism. These shallow fault populations accommodate a significant part 
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of the bending and stretching strain occurring during thrust anticlines development, 

and subsequent local stress distribution and accommodation of strain during seismic 

events offshore Nankai.  

e. In the Nankai accretionary prism dataset, fault deformations are more segmented 

and distributed with relatively smaller throw maxima of 14 m, a character indicating 

the presence of incompetent (weak) intervals blanketing Nankai accretionary prism. 

Whereas, fault deformations in the Espírito Santo and Broad Fourteens Basins 

appear as a continuous and more localized (less segmented) zones with relatively 

larger throw maxima between 30 m and 60 m, a character signifying the presence 

of competent (strong) intervals. 

f. The anomalous vertical fault throw distributions documented in the three study 

areas in this thesis are inconsistent with models of fault growth by uniform slip 

distribution and radial tip-line propagation. As corollary of these thesis, it is 

concluded that fault reactivation and growth by segment dip-linkages characterised 

the mode of evolution and growth of all the faults interpreted in the three study areas 

in this thesis. Where two separate faults with local throw maxima propagate towards 

each other and linked in throw-minimum in the throw-depth (T-Z) profiles.  

g. Fault segments with local throw maxima in the throw-depth (T-Z) profiles are early-

stage fault segments and represent regions where faults localise first in competent 

intervals. Each segment of these early-stage faults propagates outwards until they 

encounter other fault strands and link together. Linkage points are located where 

local throw minima are recorded in less competent intervals.  Consequently, the 

propagation of slip from fault segments (with local throw maxima) in the competent 

intervals into the incompetent intervals resulted into vertically segmented fault 

arrays.  
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