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UNIVERSITY OF SOUTHAMPTON 

ABSTRACT 
FACULTY OF NATURAL AND ENVIRONMENTAL SCIENCES 

Ocean and Earth Sciences 

 

Doctor of Philosophy 

 

ANALYSIS OF FAULT NETWORKS AND CONJUGATE SYSTEMS 

By Casey William Nixon 

Faults networks exist over a range of scales and are important for understanding the 
brittle deformation and fluid transport processes within the Earth’s crust.  Analysing 
fault networks by characterizing the organization of faulting within them; the distribution 
of numerous attributes (i.e. displacement, density, strain etc.); and assessing their 
connectivity is essential, as these provide information about a fault networks behaviour, 
growth and development.  This thesis presents an analysis of various strike-slip and 
normal fault networks from north Devon, New Zealand and Alaska.  The fault networks 
are interpreted using an array of datasets such as field observation, aerial 
photography, multibeam bathymetry, high resolution seismic profiles and 3-D seismic 
volumes.  These are integrated with ArcGIS and robust methodologies are used to 
analyse each network.  

Spatial mapping of various attributes indicates that there is much heterogeneity in the 
organization of faulting within fault networks.  Different domains, defined by their 
deformation style and/or their kinematic behaviour, can develop within a fault network.  
Domino domains have a dominant fault set with larger displacements, which controls 
systematic rotation of faults and bedding.  Conjugate domains form when there are 
equal sizes and proportions of each fault set and show little or no rotation of bedding.  
Domains interact with one another and can form large damage zones to accommodate 
changes in strain.  Strain accommodated by each domain can vary within a network 
and is either distributed across numerous faults or localized to a few large faults, 
however, the network will preserve strain compatibility between domains. 

Fault interactions including splays, abutments and cross-cutting relationships are 
characterized by different displacement profiles.  These can be divided into two groups 
based on their kinematics: antithetic interactions and synthetic interactions, which 
involve faults with the opposite and same motion senses, respectively.  Fault 
development can be influenced by interactions with pre-existing structures.  When 
earlier fault generations are reactivated they affect the orientation, displacement and 
distribution of new fault generations.   

A topological analysis is developed to characterize fault networks and assess 
connectivity.  This considers a network to comprise of nodes (I, Y and X) and branches 
(I-I, I-C and C-C) between nodes.  The number and proportion of each topological 
component can be used to produce parameters that relate to the connectivity of a 
network, such as the number of connections per line or per branch.  They can also 
provide information about the clustering and compartmentalization within a network. 
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1. Introduction 

 

1.1. Definition of a fault network 

Faults are discontinuities within the Earth’s crust that form planes of brittle 

deformation across which the surrounding rock mass has been displaced.   

Faulting is the main deformation mechanism in the upper crust and is often 

associated with earthquakes (e.g. Scholz, 1990).  Faults grow and develop over 

long time periods, 104-106 yrs, by the accumulation of displacement from 

incremental slip events (Cowie and Scholz, 1992; Manzocchi et al., 2006; 

Mouslopoulou et al., 2009) and show significant displacement variations over 

their surfaces (e.g. Walsh and Watterson, 1989; Nicol et al., 1996).   

A fault network is an organization of numerous faults that generally display a 

range of lengths, sizes and orientations.  Faults within a network may link 

geometrically and/or kinematically interact with each other by the transfer of 

displacement through wall-rock deformation (e.g. Peacock and Sanderson, 

1991; Soliva and Benedicto, 2004; Bull et al., 2006; Nicol et al., 2010).  

Furthermore, whilst an individual planar fault surface can only accommodate a 

plane strain, the network as a whole will generally accommodate triaxial strains 

that vary spatially (e.g. Reches, 1978; Nieto-Samaniego, 1999). 

In its simplest form, a fault network can be a pair of conjugate faults (e.g. Nicol 

et al., 1995; Ferrill et al., 2009), but more generally fault networks involve 

interaction between multiple faults belonging to different sets (e.g. Krantz, 1988; 

Nieto-Samaniego and Alaniz-Alvarez, 1997; Maerten et al., 1999).  The faults 

comprising a network may form in response to a single deformation event under 

the same overall stress field.  In this case, their displacements will be related to 

the different traction vectors acting on the differently oriented surfaces (Pollard 

and Fletcher, 2005), modified by local stresses produced by their interaction 

with each other (Zhang and Sanderson, 1996; Aksari et al., 2010).  Alternatively 

fault networks may result from the superposition of two or more stress systems, 

producing sets of differently oriented faults.  Slip may occur on each set at 

different times, but more commonly involves reactivation of existing faults, with 

complex cross-cutting relationships (e.g. Kim et al., 2001; Bailey et al., 2005; 
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Henza et al., 2011; Giba et al., 2012).  In all cases, the linkage and interaction 

of movement on different faults will result in wall-rock deformation, producing 

folding and areas of damage around faults (Shipton and Cowie, 2003; Kim et 

al., 2004; Faulkner et al., 2010, 2011). 

 

1.2. Importance of fault networks 

Faults rarely occur individually or without associated deformation and the 

resulting fault networks can affect both local and regional geology and are of 

high importance for understanding the brittle deformation of the Earth’s crust.  

Networks are also important as interconnected faults can provide pathways for 

fluid flow allowing migration, entrapment and escape of resources such as 

hydrocarbons and groundwater (Aydin, 2000). It has also been well 

documented that sealing faults can stop lateral and vertical migration of 

hydrocarbons producing traps and compartmentalization of reservoirs (Smith, 

1980; Spencer and Larsen, 1990; Leveille et al., 1997; Jolley et al., 2007).  

Furthermore, fault propagation, interaction and associated damage zones are 

areas of increased stress and connectivity, producing sites of preferential 

hydrothermal fluid flow (Curewitz and Karson, 1997; Zhang and Sanderson, 

1998).  These sites act as fluid conduits, but also active fault slip and rupturing 

can control localization and mixing of fluids (Sibson, 1987; Micklethwaite and 

Cox, 2004).  Hence, it has long been recognised that fault zones and fracture 

arrays are very important for localizing and depositing minerals and metal ores 

(Norton and Knapp, 1977; Kerrich, 1986).  Also, kinematic evidence shows that 

faults interact with one another on timescales of individual earthquakes to 

millions of years (e.g. Bull et al., 2006; Nicol et al., 2010). Therefore, a better 

understanding of fault networks will improve understanding of hazardous 

seismogenic faults and development of earthquake risk assessments (King, 

1986; Sibson, 1989; Nicol et al., 2010; Quigley et al., 2012). 

 

1.3. Background 

Faults can be characterized using numerous attributes such as orientation, 

length, displacement, thickness, etc.  There have been many studies describing 
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the spatial distribution and relationships of such attributes within individual faults 

and fault populations (Walsh and Watterson, 1988; Marrett and Allmendinger, 

1992; Dawers et al., 1993; Cartwright et al., 1995; Cowie et al., 1995; Peacock 

and Sanderson, 1996; Manighetti et al., 2001; Walsh et al., 2003; Soliva and 

Benedicto, 2004; Kim and Sanderson, 2005; Schultz et al., 2008; Xu et al., 

2010; Faulkner et al., 2011; Kolyukhin and Torabi, 2012).  Most of these studies 

have investigated the scaling relationships of attributes and describe power-law 

distributions (e.g. Cowie et al., 1995; Pickering et al., 1995; Schultz et al., 2008; 

Brogi, 2011), although some studies have also noted log normal and negative 

exponential distributions as well (e.g. Ackermann et al., 2001; Soliva and 

Schultz, 2008).  These have been useful for describing the size distributions of 

faults and the relationship between displacement and length within a fault 

population (Kakimi, 1980; Heffer and Bevan, 1990; Walsh et al., 1991; Pickering 

et al., 1997; Kim and Sanderson, 2005; Schultz et al., 2008). 

Fault attributes are particularly useful for the geometric and kinematic 

characterization of fault populations and are a basis for determining the 

formation, movement and interactions of faults.  These studies have added to 

our knowledge of fault growth, including processes of fault propagation (Nicol et 

al., 1996; Peacock and Sanderson, 1996; Sharp et al., 2000; Childs et al., 

2003), the development of relay zones (Peacock and Sanderson, 1994, 1995; 

Huggins et al., 1995; Imber et al., 2004; Kristensen et al., 2008), linkage 

between fault segments (Taylor, 2004; Bull et al., 2006; Soliva et al., 2008; 

Long and Imber, 2012) and the formation of damage structures around faults 

(Kim et al., 2003; Mitchell and Faulkner, 2009; Faulkner et al., 2011).   

Other studies have shown that faults increase in both length and displacement 

becoming more linked with increasing finite strain (Walsh and Watterson, 1991; 

Dawers et al., 1993; Anders and Schlische, 1994; Cowie et al., 1995; Dawers 

and Anders, 1995; Cowie, 1998; Gupta et al., 1998; Gupta and Scholz, 2000).  

Such studies have been further applied to characterize the evolution of fault 

systems.  In general it is thought that the basic fault pattern initiates in the early 

stages of a fault system and evolves from a distributed array of faulting to a 

system where strain is localized onto a few larger better connected faults with 

smaller isolated faults preferentially dying (Meyer et al., 2002; Walsh et al., 
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2003; Taylor, 2004; Cowie et al., 2005; Soliva and Schultz, 2008).  The 

progressive localization of deformation has also been supported by physical 

modelling (Ackermann et al., 2001; Mansfield and Cartwright, 2001) and agrees 

with geomechanical modelling (e.g. Sanderson and Zhang, 1999, 2004). 

Processes of fault growth, fault interactions and the relationships between 

different fault attributes are all important for understanding the organization and 

development of faulting within fault networks (Schwarz and Kilfitt, 2008; 

Schlische and Withjack, 2009) as well as fault network connectivity (e.g. Bour 

and Davy, 1997; Berkowitz et al., 2000; Cherpeau et al., 2010).  

  

1.4. Project aims and methods 

The major aim of this thesis is to better understand the behaviour of fault 

networks, as opposed to that of individual faults.  This is achieved by 

investigating the geometry, topology, strain, kinematics and interactions of faults 

within networks and conjugate systems.  The thesis addresses the following 

problems:  

1. The distribution of displacement and other attributes within fault 

networks;  

2. The distribution and localization of strain; 

3. The spatial, temporal and kinematic organization within a network; e.g. 

domino and conjugate fault systems, interaction of faults and fault 

systems, etc.; 

4. The assessment of connectivity within fault networks;  

Overall these will characterize the deformation observed within fault networks 

and improve methods of fault network analysis.  The thesis also develops a 

topological analysis that describes the relationships between geometrical 

elements of the network.  This is of particular importance as it can be related to 

fault network properties, such as connectivity, but could also provide a link 

between geometry and the behaviour of the network. 

The project uses five case studies from various localities (i.e. New Zealand, 

north Devon and Alaska) where there are exceptional examples of strike-slip 
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and normal fault systems.  These are summarized in Table 1.1 and are based 

on the mapping of faults from field observations, aerial photography, or 

geophysical data (i.e. seismic reflection and multibeam data). 

 

Table 1.1 List of localities used for the project indicating the type of fault network 
and the data sources used. 

Locality Fault type Data type 

Westward Ho!, 
N. Devon 

Strike-slip 
Field Observation, Aerial 

Photography 

Hartland,  
N. Devon 

Strike-slip 
Field, High Resolution 
Multibeam Bathymetry 

Kaikoura 
Penisnula, NZ 

Strike-slip 
Field Observation, Aerial 

Photography 

Whakatane 
Graben, NZ 

Normal  
High Resolution 2D 
Seismic Reflection 

Milne Point, 
Alaska  

Normal  3D Seismic Reflection 

 

Westward Ho!, Hartland and Kaikoura Peninsula were used for the analysis of 

strike-slip fault networks.  These localities have well exposed wave-cut 

platforms with definitive, moderately steeply dipping stratigraphy that allowed 

accurate mapping from aerial photography.  At Hartland, onshore mapping 

could be correlated with offshore multibeam bathymetry data.  These strike-slip 

fault networks are exposed in plan view and provide networks that are 

geometrically simple with conjugate fault sets.  Furthermore, the main 

geometrical elements and displacements occur in a horizontal plane producing 

a simple plane strain at the same level in the Earth’s crust.   

Normal fault systems allow the lateral and vertical variations in deformation to 

be studied.  These form the second part of the thesis and provide examples of 

networks with a more complex triaxial strain.  Whakatane Graben and Milne 

Point were used for the analysis of normal fault networks from 2D and 3D 

seismic reflection data with excellent horizon correlations, which were essential 

for interpreting faults and measuring dip-slip separation/throw.  The offshore 

Whakatane Graben was chosen as it is an example of a normal fault network 

with one sub-parallel conjugate fault set, formed under a single stress system, 

producing a simple network where spatial variations along strike of the network 
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could be easily investigated.  Furthermore, a known syn-rift stratigraphy gives 

the opportunity to investigate any temporal variations as well.  Milne Point was 

chosen as an example of a normal fault network that formed under more than 

one stress system and has multiple fault sets, which are well connected.  The 

3D seismic reflection data was of high quality and suitable for structurally 

interpreting and analysing the network. 

 

Figure 1.1 Chart of the work flow from the analysis and interpretation of each 
data type to the extraction of data from ArcGIS for the network analysis. 

 

The fault networks were systematically mapped using different methods, 

depending on the data source (Table 1.1).  Faults were then digitized and 

analysed in ArcGIS to produce fault maps and extract geometrical and 

topological information.  In order to understand the spatial and kinematic 

organization of the fault networks, all faults were grouped either by dip direction, 

strike or kinematic motion sense and multiple measurements of 

throw/displacement were taken along each fault length.  These data could then 

be extracted from ArcGIS and used in spreadsheets to analyse the fault trends, 

displacement, strain and topology of each fault network and subareas within 

(Figure 1.1; see Appendix for more detail). 
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1.5. Thesis outline 

The thesis is presented as a series of chapters in journal article format, two of 

which have been published, the others represent early drafts of potential 

papers.  Together they tackle the overall aims and problems proposed within 

this project.  The first part of the thesis is on strike-slip faults, whereas the 

second part concentrates on the localities that are characterized by normal 

faults.   

Chapter 2 investigates the spatial variation of strain, geometry, displacement 

and other physical attributes within the strike-slip fault network at Westward Ho! 

to define and characterize the kinematic behaviour of fault networks.  It 

describes different interactions between individual faults as well as areas of 

faulting and produces a classification system to characterize domino and 

conjugate faulting (Nixon et al., 2011).   

In Chapter 3 a methodology is developed to analyse fault networks from high 

resolution multibeam bathymetry imagery from offshore Hartland.  It looks at the 

distribution of physical attributes through a scaling analysis, assessing the role 

of small and large faults within a fault network, with particular reference to strain 

localization and connectivity (Nixon et al., 2012).   

The two datasets from north Devon are used in Chapter 4 to develop a detailed 

topological analysis to characterize fault networks.  It explores the spatial 

distribution, characteristics and proportions of different topological components 

within fault networks and discusses their use for assessing connectivity.   

Chapter 5 describes the strike-slip fault network exposed on Kaikoura 

Peninsula and its relationship to the regional geological setting.  It also provides 

some description of the spatial effects of lithology and damage on faulting and 

the distribution of strain within the fault network.   

Chapter 6 investigates the along strike variations in displacement and strain of 

the fault network associated with the Rangitaiki Fault in the Whakatane Graben.  

It describes spatial changes in the character of the fault network from distributed 

faulting to localized faulting with particular reference to strain localization onto 

the Rangitaiki Fault.   
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Chapter 7 explores the relationships between different fault sets at Milne Point.  

It describes variations with depth in fault trend, density, displacement, strain and 

topology of the fault network and discusses the effects of pre-existing structures 

on the development of fault sets within a fault network.   

Chapter 8 provides a synopsis that draws together the findings and main 

themes of the thesis and provides some overall conclusions on the 

characterization of fault networks and conjugate systems. 
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2. Deformation within a strike-slip fault network at 

Westward Ho!, Devon U.K.: Domino vs conjugate 

faulting 

Casey W. Nixon, David J. Sanderson, Jonathan M. Bull 
 

2.1. Abstract 

A system of NE-trending left-lateral faults and NW-trending right-lateral faults at 

Westward Ho! (north Devon, U.K.) cut steeply dipping (~60°) strata.  Faults 

were accurately mapped in the field and from aerial photography, and lateral 

separations of marker beds measured along the fault traces.  These data are 

used to examine the displacements within the network of interacting faults and 

to calculate variations in the density and relative proportions of the fault sets.  

The displacements are also used in a tensor analysis of the strain and, together 

with block rotations, used to restore the deformation.   

The results show a range of heterogeneity within the fault network, both in 

terms of the fault patterns and strain.  Some sub-areas show a dominance of 

one fault set, with regularly spaced larger displacements, separating relatively 

weakly deformed blocks with smaller antithetic faults.  Within these areas up to 

20º rotation of the faults and bedding produces a domino style deformation that 

accommodates up to ~15% extension. The domino regions are separated by 

areas of conjugate faulting, in which both sets of faults are equally developed 

and have similar displacement ranges. Conjugate areas have little or no rotation 

of the bedding and generally lower strains than domino regions. 
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2.2. Introduction 

The major aim of this paper is to characterize the deformation and kinematic 

behaviour within a strike-slip fault network and demonstrate the applicability to 

other fault networks.  The geometry, connectivity, displacement distribution, role 

of different fault sets and strain distribution are important to understanding fault 

networks. These features are important for controlling the behaviour of the rock 

mass.  For example, fault networks provide pathways for fluid flow that are 

important in the generation, exploration and production of hydrocarbons, 

groundwater and mineral deposits, and in understanding the distribution of 

displacement and earthquakes in active systems (e.g. King, 1986; Sibson, 

1989; Taylor et al., 2004). 

Much work has been done to determine the movement and formation of 

individual faults (Muraoka and Kamata, 1983; Barnett et al., 1987; Walsh and 

Watterson 1988; Nicol et al., 1996; Kim et al., 2001) and interacting fault 

segments (Peacock, 1991; Peacock and Sanderson, 1994, 1995; Cartwright et 

al., 1995; Childs et al., 1995; Huggins et al., 1995; Taylor et al., 2004).  Such 

studies have increased our understanding of the growth and evolution of 

individual fault zones (Cox and Scholz, 1988), particularly for strike-slip faults 

(Aydin and Schultz, 1990; Peacock, 1991; Peacock and Sanderson,1995; Du 

and Aydin, 1995; Kim et al., 2003).  Single sets of faults may become organized 

to accommodate crustal deformation, as in the case of domino faulting and 

associated block rotations (Luyendyk et al., 1980; Nur et al., 1986; Axen, 1988; 

Peacock et al., 1998) or more commonly two or more fault sets may interact to 

produce a fault network.  The simplest example of this is a pair of conjugate 

faults (e.g. Freund, 1974; Nicol et al., 1995; Zhao and Johnson, 1991; Kelly et 

al., 1998). 

This paper seeks to extend and develop such studies to large fault networks, 

within which deformation may be distributed with varying degrees of 

heterogeneity as a result of the interaction and localization of displacement and 

strain (e.g. Zhang & Sanderson 2001).  It describes and identifies the 

characteristics and behaviour on a mesoscale strike-slip fault network at 

Westward Ho!, north Devon,  Furthermore, it assesses the variation in geometry 

and kinematics that exist within the network, focussing on the way that the faults 



Chapter 2: Deformation within a strike-slip fault network at Westward Ho!

 

   17 

interact with one another, the spatial variations in their geometry and the strain 

that is produced. 

   

Figure 2.1 Interpreted aerial photograph of the wave-cut platform at Westward 
Ho! showing the main sandstone units.  The northern area corresponds to Figure 
2.3 and the central area to Figure 2.4.  Inset is a location map of the area.  
Image/Data courtesy of the Channel Coastal Observatory. 
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Strike-slip systems are very suitable for such analysis since most of the 

significant variation is presented in map-view.  Hence, the requirements for this 

study were a well exposed surface with many faults and a detailed (and steeply 

dipping) stratigraphy that would allow accurate determination of fault 

displacement throughout the network.  The wave-cut platform at Westward Ho!, 

north Devon, provides such conditions. 

 

2.3. Geological Setting 

The strike-slip faults at Westward Ho! cut Upper Carboniferous stratigraphy 

comprising repeated, coarsening upwards cycles of mudstones, siltstones and 

sandstones, originally deposited in a deltaic environment (Elliot, 1976).  These 

cycles are divided into two units (Figure 2.1): the Westward Ho! Formation 

(~400 m) and the Bideford Group (~800 m) (Walker, 1970; Elliot, 1976; Higgs et 

al., 1990).  This detailed stratigraphy provides a basis for the accurate 

determination of displacement along the faults.   

WNW-trending upright folds are observed in the Bideford Group and formed 

during Variscan deformation (Sanderson, 1984) that inverted the basin at the 

end of the Carboniferous period.  The strike-slip faults are divided into NE-

trending left-lateral faults and NW-trending right-lateral faults, implying a N-S 

directed maximum horizontal principal stress during deformation. 

Much of SW Britain was affected by late Variscan NW-SE strike-slip faulting 

(Dearman, 1963) that cross-cuts earlier folds and thrusts.  This deformation was 

part of a late Variscan right-lateral shear zone that transected southern Europe 

during the Late Palaeozoic (Arthaud and Matte, 1977; Badham, 1982), as a 

result of right-lateral transpression due to oblique NW-SE convergence between 

the African and European plates (Coward and McClay, 1983; Sanderson, 1984; 

Barnes and Andrews, 1986; Holdsworth, 1989).  

The strike-slip faults at Westward Ho! clearly post-date the Variscan folds and, 

hence, are either related to this late Variscan event or to later Cretaceous-

Tertiary N-S shortening (Lake and Karner, 1987; Chadwick, 1993; Peacock and 

Sanderson, 1998).  The precise age or cause of the faults in the area is not 

required for this study, because the faults do not appear to show signs of 
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multiphase movement or reactivation.  What is important is that the faults are 

strike-slip in nature and, hence, their displacement can be characterized by 

measuring the mapped offsets of the known stratigraphy.  

The map (Figure 2.1) shows two dominant sets of faults cutting steeply dipping 

(>60º) beds.  The faults are interpreted as forming a strike-slip fault network on 

the basis of: 

1. In map view, they form two sets with relatively straight traces at about 

60-70º to each other (Figure 2.2); 

2. The NW-SE trending set consistently produces right-lateral separations 

of marker beds, whereas the NE-SW trending set has consistent left-

lateral separations (Figures 2.3 and 2.4); 

3. Both sets of faults are sub-vertical and their intersection is steeply 

plunging (Figure 2.2b); 

4. Both sets have sub-horizontal slickenside lineations (Figure 2.2b); 

5. Occasional fold hinges are offset laterally by the faults and have both 

limbs offset with the same separation. 

Both fault sets extend layering sub-parallel to bedding strike (~E-W).  The 

possibility that they could have developed as normal faults prior to the 

steepening of the beds can be dismissed because the faults cross-cut the folds 

and have similar geometry and separations on opposite limbs (point 5 above).  

 

Figure 2.2 a) Length-weighted rose diagram of the study area with grey 
representing right-lateral faults and black for left-lateral faults.  b) Equal-area 
stereographic projection of fault data throughout the area.  Dotted lines 
represent right-lateral faults and solid lines represent left-lateral faults. 
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Figure 2.3 a) Map of the northern area in Figure 2.1, which shows the dominance 
and slight rotation of left-lateral faults.  b) An enlarged fault map of a damage 
zone at the southern limits of the northern area (Figure 2.3a).  The location of the 
D-X plots in Figures 2.7a, d and e are indicated.  Solid lines represent faults with 
grey and black for right- and left-lateral faults, respectively. 
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Figure 2.4 a) Map of the central area in Figure 2.1, which shows the dominance of 
right-lateral faults.  b) An enlarged fault map of the north central area showing a 
greater concentration of smaller magnitude faults of both fault sets.  The location 
of the D-X plots in Figures 2.7b and c are indicated. Solid lines represent faults 
with grey and black as right- and left-lateral faults, respectively. 
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2.4. Methodology 

2.4.1. Mapping 

The fault network at Westward Ho! is continuously exposed along a 4 km-long 

wave-cut platform, with a width of 200-400 m (Figure 2.1).  Digital aerial 

photography of the wave-cut platform was acquired at low tide in 2006 and 

made available courtesy of the Channel Coast Observatory.   The images have 

a pixel resolution of 0.1 m (equivalent to a 1:5000 scale film) and are 

orthorectified.  These aerial images were used to provide excellent base maps 

for detailed mapping, and to expand the field mapping to cover the entire 

coastal strip.   

Marker beds on either side of faults were correlated and their lateral separations 

measured.  The maps were integrated with previous mapping by Walker (1970) 

and Higgs et al. (1990).  Structural data were also collected, including bedding 

and fault orientations, as well as slickenside measurements where possible. 

2.4.2. Displacement analysis 

The orthorectified aerial images were imported into ArcGIS with all the field data 

and interpreted marker beds.  The cut-offs of marker beds were digitized along 

most faults, allowing the calculation of separations at locations along fault 

traces.  Data from ArcGIS were exported to spreadsheets for further analysis 

and display (d-x plots, rose diagrams, etc.). 

Lateral separations of beds on the sub-horizontal wave-cut platform 

approximate the strike-slip displacement of the faults. In the field, direct 

measurement of separation was done using a 30 m tape.  Measurements of 

lateral separations also used the measuring tool in ArcGIS.  Comparison of 

these two approaches showed excellent agreement and separations are 

considered to have errors of < 0.5 m for large faults, with direct field 

measurement of separations on small faults being accurate to ~10 mm. 

Given displacement and fault orientation are available for many positions along 

faults, we displayed the information in four ways: 

1. Displacement-distance (d-x) plots were produced for selected faults, 

where the distance (x) may be the length along the fault trace or the 
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projection of this length along some chosen direction.  The latter type of 

plot is mainly used to look at the interactions of NW and NE-trending 

faults and, hence, the N-S direction is a convenient common reference.  

Where faults intersect each other, displacement profiles were produced 

for each interacting fault branch and extrapolated to the intersection 

point.  Consequently, no displacement was allocated to the intersection 

point because it represents an abrupt change in displacement from one 

fault branch to another.  

2. Displacement-orientation plots, which are simply scatter-plots of 

displacement against fault strike for each fault segment, are used to 

indicate differences in the displacement characteristics for the different 

fault sets. 

3. Length-weighted rose diagrams were obtained by calculating the total 

trace-length within varying orientation bins.  In general a 15º class 

interval was used centred on a 1º step around the circle.  These plots are 

mainly to examine the variation in frequency and orientation of the fault 

sets in different subareas. 

4. (Length x displacement) weighted rose diagrams are similar to 

length-weighted rose diagrams, except that the distribution of the product 

of trace-length x displacement is plotted against orientation.  These plots 

therefore indicate the dominant displacements on the different fault sets 

throughout the network. 

2.4.3. Strain determination 

Strain analysis was conducted using a technique based on the method 

developed by Peacock and Sanderson (1993).  This approach involves the 

calculation of a displacement tensor Dij , that is formed from the cross-product 

of the unit vector normal to the fault plane, (n) and the displacement direction 

within the fault plane, (s u), where u is a unit vector in the slip direction and s is 

the displacement on the fault.  Peacock and Sanderson (1993) applied this 

approach to n faults sampled along a line of length L, using a weighting factor 

(w) to correct for the orientation bias of such samples, where Dij = ws (n x u).  

The Lagrangian strain tensor is Eij, given by: 
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Eij  = n/L Σ [ (Dij + Dji)/2 ]     (2.1) 

The same approach is valid for sampling on a plane. The weight (w) is 

determined from the angle between the fault normal and the plane.  As the 

strike-slip faults are sub-vertical, both the fault normal and displacement vector 

are sub-horizontal and, hence, the weighting factor can be ignored (i.e. w→1).   

If the fault trace strikes at an angle θ to north then: 

  n =  (-sinθ,  cosθ)    and     u =  (cosθ, sinθ)   (2.2) 

and 
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where s is +ve for left-lateral and –ve for right-lateral faults. The term n/L in 

equation 2.1 represents the fault density and is replaced in the planar sample 

by Σ(tracelength)/area (Σt/A) , the 2-D equivalent of the fault density.  Thus the 

Lagrangian strain tensor is given by: 

Eij  = 1/A Σ t (Dij + Dji)/2 ]     (2.4) 

The eigenvectors and eigenvalues of the strain tensor provide estimates of the 

orientation and magnitude of the principal strains. 

 

2.5. Fault Network Characteristics 

2.5.1. Spatial distribution and magnitude variation of fault sets 

The two sets of strike-slip faults vary in their relative abundance throughout the 

Westward Ho! area (Figures 2.1, 2.3, 2.4).  The northern area (Figure 2.3) is 

dominated by a series of long left-lateral faults, whereas the adjacent region to 

the south (Figure 2.4b) has approximately equal distributions of left- and right-

lateral faults.  By contrast, in the central part of the study area (Figure 2.4a) 

large right-lateral faults are dominant.  This variation is clearly seen in the rose 

diagrams of the trace-length distributions that show a dominance of left-lateral 
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faults in the northern area (Figure 2.5a) and right-lateral faults in the south-

central area (Figure 2.5c) with a region of more equal representation of both 

sets in the centre (Figure 2.5b). 

Fault displacements may be as large as 80 m, but 79% of the overall fault trace-

length has displacements less than 10 m.  The distribution of fault 

displacements varies (Figure 2.6).  In the left-lateral dominated area in the 

north, faults with displacements >10 m form about half the mapped trace-length 

and all are left-lateral (Figure 2.6a).  In contrast, in the north central area (Figure 

2.4b) only 10% of the trace length is formed from large (>10 m) displacement 

faults, which include both left- and right-lateral sets. 

The (length x displacement) weighted rose diagrams (Figure 2.5) further 

emphasize that the dominant fault set changes across the area.  The north 

central area still has equal proportions of both fault sets (Figure 2.5e), whereas 

the areas to the north and south have a dominance of left- (Figure 2.5d) and 

right- (Figure 2.5f) lateral displacement, respectively.  

 

Figure 2.5 Length-weighted rose diagrams for: a) the northern area; b) the north 
central area; c) the central area.  (Length x displacement) weighted rose 
diagrams for: d) the northern area; e) the north central area; f) the central area 
with a dominance of right-lateral faults.  Note the change in dominance from 
north to south.  Grey represents right-lateral faults and black represents left-
lateral faults. 
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Figure 2.6 Plot of displacement against azimuth for: a) the northern area; b) the 
north central area. 

The left-lateral dominated areas in the north (Figure 2.3) and at the southern 

limits of the study area are characterized by large magnitude (10-80 m) left-

lateral faults, and large magnitude right-lateral faults characterize the right-

lateral dominated central area (Figure 2.4a).  The large left-lateral faults are 

more closely spaced (75-100 m) than their right-lateral counterparts (100-200 

m) and have smaller displacements than the largest right-lateral faults. 

2.5.2. Displacement profiles and interaction of fault sets 

Isolated faults are relatively uncommon and tend to be small faults with a 

simple pattern of displacement that increases from zero at the tips to a 

maximum value, usually near the centre of the fault trace (Figure 2.7a).  This 

pattern has been widely described before (e.g. Barnett et al., 1987). 

Y- or T- shaped intersections are where a fault abuts against a fault of the 

other set (e.g. Figure 2.7b).  Displacement changes abruptly on AB at the 

intersection (C), which corresponds to a similar change on CD.  Thus, both 

faults show similar displacement patterns as they approach their intersection 

point, such that the displacements on both faults almost cancel out one another.  

Another important feature of many Y-shaped intersections is that the 

displacement on the abutting fault (CD) increases away from the intersection 

(cf. splays discussed below).  
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Figure 2.7 Plots of displacement against distance for different fault interactions 
in which left- and right-lateral displacements are plotted as +ve and –ve, 
respectively:  a) an isolated fault; b) Y- shaped intersection; c) X-shaped 
intersection; d) antithetic fault interactions; e) synthetic fault interaction with a 
damage lens, and a reconstructed profile for the main fault without the lens is 
also plotted.  For each d-x plot an inset shows the plan-view geometry of the 
fault intersection. 
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X-shaped intersections result when two faults cross-cut one another.  They are 

much less frequent than Y-intersections, and are commonly small displacement 

(<10 m) faults (e.g. Figure 2.7c).  For example, a left-lateral fault (AB) and a 

right-lateral fault (CD) have displacements of 4 m and 8 m at points A and C, 

respectively, with tips at B and D (Figure 2.7c).  At the intersection point, the 

displacements decrease to about 2 m on both faults at steps of ~1 m.  

Assuming that these faults were propagating towards their tips, much of the 

displacement was possibly achieved prior to their intersection. The similarity in 

the stepping of the displacement and the lack of offset suggests that one fault is 

not simply displacing the other.  Such intersections cannot be reconstructed by 

the movement of rigid blocks and must involve significant internal deformation 

of the fault blocks.  They may form due to sequential movement of the fault sets 

(Freund, 1974; Ramsay and Huber, 1987; Zhao and Johnson, 1991) or 

simultaneous movement of the two fault sets (Horsfield, 1980; Nicol et al., 

1995).  At Westward Ho!, these X-intersections are usually developed in mud-

rich parts of the sequence. 

All faults that abut or cross-cut each other produce Y- or X- shaped 

intersections, respectively.  Still, two additional intersection geometries are:  

Antithetic fault interactions result when smaller displacement faults abut (or 

occasionally cross-cut) larger displacement faults with the opposite motion 

sense, producing a series of Y- (and occasionally X-) shaped intersections 

along the major fault.  They generally produce small steps in the d-x profiles of 

the dominant faults.  For example, the left-lateral fault (AB) in Figure 2.7d has a 

displacement (18 m) with two interacting antithetic faults (CD - 10 m and EF - 2 

m).  Both antithetic faults maintain a near constant displacement approaching 

the main fault and at the intersection.  At the intersections, the 10 m and 1 m 

displacements on CD and EF produce corresponding changes in the 

displacement on fault AB.  Hence, a series of antithetic faults on the same wall 

of the dominant fault create stepped displacement changes and 

characteristically is a geometry by which faults reduce displacement towards 

their tip (e.g. Figure 2.7d). 

Synthetic faults interactions are where a major fault branches, producing a 

series of Y- shaped intersections and lenses.  The splays generally have 



Chapter 2: Deformation within a strike-slip fault network at Westward Ho!

 

   29 

smaller displacements with the same sense of motion, and occur at a small 

angle (generally < 30º) to the major fault.  Splays that rejoin the main fault 

produce lenses. 

Figure 2.7e shows a left-lateral fault with a displacement of ~60 m that has a 

series of splays (at E and G) and lenses (between C and D).   The total 

displacement on the main fault is determined by combining the displacements C 

to D with that on the main trace between C and E.  This determination produces 

a displacement profile with two main steps at E and G.  A simple splay occurs at 

G with a ~6 m step in displacement onto the splay, that branches from the main 

fault and extends for ~75 m to a tip at H.  Another splay occurs at E with a ~20 

m step in displacement onto the splay, that branches from the main fault and 

extends for ~200 m to a tip at F.  Note that in both cases, the maximum 

displacement for the splay is at the intersection (E and G) with the main fault. 

The development and spatial distribution of these different interactions varies 

throughout the study area.  The north central area (Figure 2.4b) has many Y- 

and X-shaped intersections of small-magnitude faults in areas between large 

magnitude faults.  In contrast, the northern area (Figure 2.3a) has a more 

organized arrangement of large left-lateral faults that have intersections with 

smaller interacting antithetic faults (and some synthetic faults).  These synthetic 

and antithetic faults are more concentrated in the damage area (Figure 2.3b) 

between these two regions. 

2.5.3. Strain 

The Lagrangian strain tensor, determined from the fault displacements, shows a 

variation in the maximum extension from < 5% to > 15% (Figure 2.8; Table 2.1).  

The largest extension (15.5%) is in the northern area, with 10.4% in the damage 

area and 5.3% in the north central area.  The strains increase to the south 

(Figure 2.8b).  The strain in the northern area is accommodated by the block 

rotation and larger displacement along the left-lateral faults.  It is about three 

times greater than in the north central region, which has approximately equal 

numbers of left- and right-lateral faults with negligible block rotation.   

An overall E-W (N093ºE) extension is present in the north central area of 

conjugate faults (Figure 2.4b), changing to ENE-WSW (N068ºE) in the northern 
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area.  In the central area, the trend is WNW-ESE (N114ºE) where right-lateral 

faults dominate (Figure 2.4a).  Furthermore, the changes in extension direction 

coincide with changes in percentage extension (Figure 2.8).  This change 

supports the idea that greater rotational strains are developed where one fault 

set dominates in different areas of the fault network. 

Table 2.1 Structural characteristics of mapped areas (Figure 2.2) at Westward 
Ho!. 

 Northern Area 
Damage 

Area 
N. Central 

Area 
Central Area 

 
Domino  

(left-lateral) 
 Conjugate 

Domino  
(right-lateral) 

Fault density 
(km-1) 

11 39 28 19 

% extension  15.5 10.4 5.3 6.3 

Direction of 
maximum 

extension (θ)  
N068ºE N073ºE N093ºE N114°E 

 

A graph of the % maximum extension against N-S distance (Figure 2.8b) 

illustrates a progressive change in strain between the northern, central and 

southern areas.    The extension in an E-W direction is ~5% in the northern area 

and is, hence, compatible with the E-W extensions in the conjugate region to 

the south such that no discontinuities are required at subarea boundaries. 

Strain restoration (Figure 2.9) was performed by dividing a region into blocks of 

stratigraphy bounded by the main faults.  The blocks were rotated until the 

stratigraphic bedding was orientated approximately E-W with fault 

displacements removed.  This procedure produced a restoration with only minor 

gaps and overlaps (Figure 2.9).  The north-central area was restored by 

removing the displacements on the two sets of faults without rotation (Figure 

2.9a).  In contrast, the northern area, which is dominated by left-lateral faults, 

shows a pronounced left-lateral shear accompanied by N-S shortening or left-

lateral transpression that is accommodated by large displacements on the left-

lateral faults and clockwise rotation of the intervening blocks (Figure 2.9b).  This 

is consistent with the compatibility of deformation between the regions.  Thus, 

the larger strains in the northern area are accommodated by the increased 

rotation.  
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Figure 2.8 a) Diagram showing the orientations of the principal horizontal 
extensions for different sub areas.  b) Graph of % extension plotted against 
distance.  

 

Figure 2.9 Strain restoration diagrams a) the conjugate area (Figure 2.4b) and b) the 
domino area (Figure 2.3a). 
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The fault densities of the four sub areas were also calculated (Table 2.1), where 

a density of 25 km-1 means that 25 km of fault trace-length is present in each 

square km of wave-cut platform.  Again, fault densities vary between areas and 

even between right-lateral and left-lateral dominated areas. 

 

2.6. Domino vs conjugate faulting 

Variation in fault style on the wave-cut platform at Westward Ho! can be 

interpreted with reference to conjugate and domino models.   Conjugate 

systems comprise similar numbers of the two intersecting sets of faults with 

their opposite displacement senses, which accommodate pure shear bulk 

deformation with little rotation of bedding.  The maximum and minimum principal 

stress directions (σ1 and σ3) bisect the angle between the two fault sets, with 

σ1 as the acute angle (~60°) bisector (Figure 2.10).  Domino faulting, on the 

other hand, consists of mainly one fault set, producing fault bounded blocks 

which rotated during deformation (e.g. Axen, 1988) (Figure 2.10).  Fault blocks 

may have internal deformation due to the presence of smaller magnitude faults.  

The distribution and arrangement of small faults within a fault block can 

sometimes counteract the rotation of the fault block (Peacock et al., 1998).  

2.6.1. Conjugate Area 

An area of conjugate faults is found in the north-central area and separates the 

right-lateral and left-lateral dominant areas (Figure 2.8).  In this area, both left-

lateral and right-lateral faults are developed to a more-or-less equal degree 

(Figures 2.5b and 2.5e).  The maximum weighted azimuth for the fault sets are 

N320°E for right-lateral faults and N030°E for left-lateral faults with a bisector at 

N355°E, which is assumed to approximate the maximum horizontal 

compressive stress direction during deformation.  The area consists dominantly 

of small-displacement (< 10 m) faults that compose 90% of the fault trace-

length (Figure 2.6b).  The fault density is 28 km-1 and the faults produce 5.3% 

extension in an E-W direction (Table 2.1). 

Small-displacement faults typically form conjugate Y- and X-shaped 

intersections, which have similar displacements and experience related 
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changes in displacement at intersection points (Figure 2.7b and 2.7c).  Within 

this region, the overall strike of bedding is approximately E-W, and is only 

locally deflected adjacent to both sets of faults.  Restoration of the fault blocks 

does not require rotation and produces small gaps and overlaps (Figure 2.9).  

These characteristics attest to an approximately pure shear deformation.  

 

Figure 2.10 Schematic diagram illustrating typical fault geometries: a) Conjugate 
fault network where faults have similar magnitudes and the maximum stress 
direction bisects the acute angle of intersection; b) Domino fault network with a 
dominant fault set and rotation of fault blocks.  Arrows indicate far-field loading. 

2.6.2. Domino Area 

The domino areas are much larger than the conjugate areas.  The northern 

area (Figure 2.3) best exemplifies this style of deformation, having an 

abundance of large left-lateral faults (Figures 2.5a and 2.5d).  The central area 

(Figure 2.4a) has some characteristics of a right-lateral domino domain.  

2.6.2.1. Northern area 

Left-lateral faults have a modal orientation of N050°E, which is a 20° clockwise 

rotation when compared with the modal orientation of left-lateral faults in the 

conjugate area.  They have displacements of 10-80 m and compose 49% of the 

total trace-length for all faults in the subarea (Figure 2.9b; Table 2.1) accounting 

for most of the displacement (Figure 2.5d).   

The northern domino area has approximately half the fault density (11km-1) of 

the conjugate area, but has about three times the extension (15.5%). The 

orientation of maximum extension is N068°E.  The strike of bedding between 
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the dominant faults is N110°E, which agrees well with the 20° clockwise rotation 

inferred from the fault rotation. The strain restoration illustrates the importance 

of block rotation of stratigraphy in the domino area, which accounts for the 

rotation of faults and bedding (Figure 2.9).  

2.6.2.2.  Central area 

Many features in the central (Figure 2.4a) area fit a right-lateral domino model: 

trace-length (Figure 2.5c) and displacement (Figure 2.5f) predominantly related 

to right-lateral faults.  The right-lateral area has both antithetic and synthetic 

faults, compared to the well developed antithetic faults between the main faults 

in the northern area.  The fault density (19 km-1) is intermediate between the 

northern domino area and the north-central conjugate area, mainly due to the 

greater development of both sets of faults between the larger faults. This 

geometry shows that the internal fault-block deformation of the right-lateral 

dominated areas is greater with conjugate sets, forming small-displacement Y- 

and X-shaped fault intersections between large, widely spaced, right-lateral 

faults.  The lack of rotation in the right-lateral domains could be due to greater 

internal deformation and the distance between large faults (Axen, 1988).   

2.6.3. Damage Area 

The southern limit of the northern domino area occurs in the region surrounding 

the outcrop of the Rocknose Sandstone (Figure 2.3b).  This area is dominated 

by several large-displacement left-lateral faults with orientations of about 

N030°E.  Displacement along the main left-lateral faults is small where they 

curve with many small antithetic and synthetic faults, forming damage lenses, 

producing a large fault density of 39 km-1.  The complexity of the fault geometry 

in this area is enhanced by the development of synthetic splay faults and 

transfer faults across the lenses. 

This damage area is situated between the well-developed conjugate and 

domino areas.  It inherits some damage features related to the transition from 

domino to conjugate and the change from left-lateral to right-lateral dominant 

areas, and is related to the change in fault dominance and kinematic behaviour 

(i.e. simple shear to pure shear). 
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2.7. Discussion 

Displacement distribution profiles across individual faults within the network can 

be broadly categorised into two types: 

a) Conjugate interactions involving Y- and X-shaped intersections between 

faults with similar magnitudes.  Similar kinematic characteristics have 

been found in other areas.  Peacock (1991) described conjugate 

interactions between faults in Scotland where displacements on one fault 

are related to the other as the intersection point was approached.  He 

also noted that conjugate intersections were associated with rapid loss of 

displacement at fault tips, much like examples in Figure 2.7b and 2.7c.   

b) Antithetic and synthetic interactions, where large faults are linked to sets 

of smaller displacement faults with opposite and similar displacement 

senses, respectively.  The smaller faults produce a series of systematic 

steps in the displacement profile of the larger fault.  Kim et al. (2000) also 

found this change in displacement magnitudes for numerous antithetic 

fault interactions at Crackington Haven in North Cornwall, where small 

step-like decreases in displacement occurred like the main left-lateral 

fault in Figure 2.7d. 

The fault geometries, displacement distribution and the strain variation in the 

study area are heterogeneously developed throughout the whole strike-slip 

network.  In general, the network has conjugate areas that form between 

domino areas.  This relationship has been observed in other types of fault 

systems where the dominant fault sets change.  For example, McClay et al. 

(2002) described conjugate areas of normal faults in the East African Rift 

system between areas dominated by east-dipping normal faults and west-

dipping normal faults.  Similarly, Fossen and Hesthammer (1998) described 

adjacent domino and conjugate (horst and graben) regions in the Gullfaks field 

in the Northern North Sea.    

The strain distribution throughout the fault network at Westward Ho! indicates a 

more organized system with greater strains being accommodated by the 

development of domino regions that interact with each other.  These domino 

regions have displacement and strain localized onto one of the fault sets with 
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slip and rotation creating a change in orientation for the maximum extension.  

Where two domino regions with opposite dominant fault sets, interact with each 

other, a conjugate region forms.  The existence of distinct conjugate and 

domino regions within the fault network allows a comparison between the two 

(summarized in Table 2.2). 

Table 2.2 Characteristics of conjugate and domino regions. 

 CONJUGATE DOMINO 

One fault set dominant no yes 

Symmetrical fault trend 
(displacement Weighted) 

yes no 

Equal displacement on 
both sets 

yes no 

Rotation of stratigraphy 
and faults 

no yes 

 

The conjugate area has symmetrical fault trends with similar trace-lengths and 

displacements on opposing fault sets.  Evidence for significant rotation of either 

the faults or the stratigraphy is absent.   Similar characteristics are found in 

other conjugate networks, for example the strike-slip fault networks in the 

Yilgarn Craton of western Australia (Vearncombe, 1998) and Nash Point in 

south Wales (Bourne and Willemse, 2001).  The fault network map for Nash 

Point is very similar to that for the conjugate area at Westward Ho! (i.e. Figure 

2.10a and Figure 2.4b), showing faults cross-cutting each other, forming 

conjugate fault intersections.  Similar characteristics were also seen for 

conjugate normal faults (Nicol et al..1995; Ferrill et al., 2000, 2009). 

In contrast, the domino area contains a dominant fault set, with asymmetrical 

trace-length and displacement weighted rose diagrams.  Both the faults and 

bedding show a systematic rotation.  Strike-slip movement in southern 

California also exhibits these domino characteristics with regions rotated 

clockwise and anti-clockwise depending on the dominant fault set.  For 

example, the Mojave Desert Block has rotated anti-clockwise due to a 

dominance of right-lateral fault movement (Dokka and Travis, 1990), whereas 

the NE area of the Mojave Desert Block has accumulated a clockwise rotation 

due to the dominance of left-lateral faults (Luyendyk et al., 1980; Dokka and 
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Travis 1990).  Furthermore, the original domino models observed by Wernicke 

and Burchfiel (1982) and Proffett (1977) in the Basin and Range region of the 

USA show similar characteristics for a normal fault system. 

The applicability of these characteristics from the study area to other fault 

networks means that we can use them to identify whether a fault network is 

behaving in a domino or conjugate fashion (i.e. simple shear or pure shear, 

respectively) and whether it is kinematically homogeneous or heterogeneous.   

For the cases discussed here, the fault sets are at a high angle to layering 

which has a minimal affect on the resulting geometries.  This means that the 

observations and characteristics are easily related to strike-slip and normal fault 

networks.  However, this study cannot be as easily related to thrust regimes 

where layer-parallel detachment is usually more dominant and strongly 

influences fault geometry.   

In this study, methods and observations, which have previously been used for 

individual faults, have been developed and applied to describe the geometry, 

kinematics and deformation of a fault network.  This is an important step 

forward in fault analysis as faults rarely occur individually and without 

associated deformation.  Hence, analysing faults on a network scale is vital to 

understanding the brittle deformation of the crust. 

 

2.8. Conclusions 

Detailed mapping on a well exposed wave-cut platform at Westward Ho!, north 

Devon is used to characterize a strike-slip fault network. The fault network 

comprises NW-trending right-lateral faults and NE-trending left-lateral faults.  

Geometric interactions between faults involve conjugate, antithetic and 

synthetic arrangements and include Y- and X-shaped intersection points, the 

former being most common.  

Changes in the size and proportion of the fault sets within the fault network can 

be related to variations in bulk strain and kinematic behaviour, whilst preserving 

strain compatibility between different domains.  Areas with domino-fault 

geometries have: 
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a) A dominant fault set with an asymmetry in (length x displacement) 

weighted rose diagrams.   

b) A distinction between larger displacement, regularly spaced, faults of the 

dominant set and smaller antithetic faults in the intervening blocks.  The 

smaller faults interact with the larger faults to produce changes in 

displacement along their lengths. 

c) Systematic rotation of both the dominant faults and bedding. 

In contrast, areas with overall conjugate-fault geometry have: 

a) Equal development of both sets of faults, and each have similar ranges 

of displacement.  

b) The interactions between faults typically produce abutting or cross-

cutting relationships with displacement changes affecting both 

intersecting faults. 

c) Little or no rotation of the bedding.    

Domino areas accumulated greater strains, with extensions of ~15% compared 

with <5% in conjugate areas.  The higher strains are usually accommodated by 

a greater proportion of large-displacement faults and rotation of the maximum 

horizontal extension.    

Restoration of fault displacement shows rotational strains in the domino areas 

and irrotational (pure shear) strain in the conjugate areas.  Boundaries between 

these deformation domains are difficult to determine due to the limits of the 

exposures, but appear to be sub-parallel to bedding strike (i.e. E-W).  Both the 

domino and conjugate areas have similar E-W extensions of ~ 5% and, hence, 

there is compatibility of strain across their boundaries.  Damage zones can also 

be found between domains with lenses at fault bends and complex zones where 

faults die out against a large conjugate fault.  

The techniques developed for the study area to analyse the fault patterns, 

interactions and resulting strains should be applicable to other fault networks.  

They can be used to analyse the deformation style, heterogeneity and 

strain/displacement localization within fault networks. 
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3. Analysis of a strike-slip fault network using high 

resolution multibeam bathymetry, offshore NW 

Devon U.K. 

Casey W. Nixon, David J. Sanderson, Jonathan M. Bull 

 

3.1. Abstract 

Imaging of the sea floor offshore from Hartland Point (north Devon, U.K.), using 

high resolution multibeam bathymetry, reveals a strike-slip fault network.  This 

consists of NE-trending left-lateral faults and NW-trending right-lateral faults that 

cut folded and steeply dipping strata (~60°).  Faults were accurately mapped 

using the multibeam imagery, and lateral separations of marker beds measured 

along fault traces.  These data are used to examine the spatial arrangement, 

fault displacement, and strain distribution within the network at different 

displacement cut-offs.     

At high displacement cut-offs, the fault network is dominated by a few long 

isolated right-lateral fault segments that bound fault blocks, but at lower 

displacement cut-offs shorter left-lateral and right-lateral fault segments make 

up fault tips and infill fault blocks.  The majority (70%) of fault trace-length is 

taken up by small fault segments that have <10 m displacement whereas 84% 

of strain is localised onto large fault segments with >10 m displacement.  The 

topology and relative connectivity of the network is analyzed in terms of a 

system of fault branches between tips (I-nodes) or intersections (X or Y-nodes), 

the relative proportions of which reflect the connectivity of the network.  

Although the kinematic behaviour of the fault network is controlled by large fault 

segments, connectivity is very dependant on the small fault segments.  

A comparison with a similar, nearby, strike-slip fault network at Westward Ho! 

(north Devon) shows many similarities and indicates that fault networks are 

better connected with increasing strain and  that the network becomes better 

connected when strain is localised within damage zones rather than on 

individual faults. 
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3.2. Introduction 

The analysis of fault networks is vital to understanding the brittle deformation of 

the Earth’s crust as faults rarely occur individually and without associated 

deformation.  Therefore, the major aim of this paper is to assess the changes in 

geometry, fault displacement and topology within a strike-slip fault network at 

different scales, hence, investigating the role of small and large faults.   It will 

also demonstrate the use of high resolution multibeam bathymetry data as a 

tool to map and analyse an offshore strike-slip fault network. 

Initial work on fault populations includes the application of power-law 

distributions to fault populations.  This has been particularly useful for 

describing fault growth by looking at the distribution of fault displacement and 

fault trace-lengths (Cartwright et al., 1995; Gupta and Scholz, 2000; Soliva and 

Schultz, 2008; Xu et al., 2010).  Geometric and kinematic studies of fault 

populations have also contributed to the understanding of fault segmentation, 

growth and propagation (e.g. Peacock & Sanderson 1991, 1994; Cartwright et 

al., 1995; Childs et al., 2003; Taylor et al., 2004; Bull et al., 2006; Baudon and 

Cartwright, 2008).  Other work has investigated the importance and contribution 

of small scale faulting to the overall extension of an area (e.g. Walsh et al., 

1991; Marrett and Allmendinger, 1992, Putz-Perrier and Sanderson 2008a, 

2010) and their role in block rotations (e.g. Peacock et al., 1998). 

This work suggests that fault systems evolve by individual faults increasing in 

both length and displacement, and that they become more linked with 

increasing finite strain (Ferrill et al., 1999; Walsh et al., 2001).  This has been 

further supported by studies which show that fault populations evolve into 

longer and simpler systems with strain becoming localized within a fault system 

(e.g. Cowie et al., 1995; Nicol et al., 1997; Cowie et al., 2005; Moriya et al., 

2005; Soliva and Schultz, 2008).   

The use of high resolution reflection seismology has helped investigate 

displacement rate patterns within fault networks, both temporally and spatially, 

adding further to our understanding of fault movement, interaction and linkage 

within fault networks (Taylor et al., 2004; Mouslopoulou et al., 2009; Nicol et al., 

2010).  More recently Nixon et al. (2011) use aerial photography combined with 
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field data to map a strike-slip fault network at Westward Ho!, north Devon.  This 

demonstrated a spatial variation in fault pattern, displacement distribution and 

kinematic behaviour, hence, illustrating the heterogeneity of deformation within 

a fault network. 

This paper seeks to further this study by combining the techniques used in 

Nixon et al. (2011) with multibeam bathymetry data to map and describe a 

strike-slip fault network offshore Hartland Point, north Devon (Figure 3.1).  It will 

determine the overall fault trends and kinematic behaviour of the network, 

investigating the possible affects of changing resolution on the geometry, 

topology, connectivity, and strain distribution within the network.  This is then 

compared and correlated with onshore strike-slip networks at Hartland Quay 

and Westward Ho!. 

 

3.3. Geological Setting 

The strike-slip faults in north Devon cut Upper Carboniferous mudstones, 

siltstones and sandstones of the Crackington, Westward Ho!, Bideford and 

Bude Formations (Figure 3.1) (Higgs et al., 1990).  These form part of the Culm 

Basin that was later inverted at the end of the Carboniferous period during 

Variscan deformation, which produced ~E-W trending upright folds throughout 

the region (Sanderson, 1979, 1984). 

The strike-slip faults comprise NE-trending left-lateral faults and NW-trending 

right-lateral faults that are related to approximately N-S compression.  The 

precise age of the strike-slip faults may not be determined stratigraphically, but 

field evidence shows that they do post-date the late Variscan folding (Higgs et 

al., 1990).  Hence, it is thought that these faults formed in either: 1) a late 

Variscan right-lateral shear zone that occured during the Late Paleozoic 

(Arthaud and Matte, 1977; Badham, 1982) caused by oblique NW-SE 

convergence between the African and European plates (Coward and McClay, 

1983; Sanderson, 1984; Barnes and Andrews, 1986; Holdsworth, 1989); or 2) 

during late Cretaceous-Tertiary N-S shortening (Lake and Karner, 1987; 

Chadwick, 1993; Peacock and Sanderson, 1998) caused by the northward 

collision of the African plate into the Eurasian plate and/or Atlantic ridge-push 
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forces as Britain drifted from the American plate (Underhill and Patterson, 

1998). 

Some strike-slip faults in north Cornwall and Devon are known to be reactivated 

(Kim et al., 2001).  For example, the Sticklepath-Lustleigh fault zone (Figure 

3.1) is thought to have formed in the late Variscan event as a NW-trending right-

lateral fault zone before undergoing left-lateral reactivation in the late 

Cretaceous-Tertiary (Holloway and Chadwick, 1986).  The faults at Hartland do 

not show signs of multiphase movement or reactivation and, hence, their 

precise age is not important for this study.  What is important is that the upright 

folding, steeply dipping bedding and strike-slip nature of the faults allow 

accurate measurements of displacements from mapped offsets of folds and 

stratigraphy. 

 

Figure 3.1 Location map with the main geological units. The grey area represents 
the interpreted offshore region. 

3.4. Mapping Methods 

The strike-slip fault network was mapped from high resolution multibeam 

bathymetry data of the offshore region to the north and west of Hartland Point 

(Figure 3.1). These data were collected as part of the UK Civil Hydrography 

Programme with the data being collected in 2007 and 2008 by two vessels: MV 

Meridian using a Reson 7125 400 kHz multibeam, and MV Jetstream using a 

Kongsberg Maritime EM3002D multibeam. The data are of high quality and 
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image features at the coast in water depths of only -1.0 m chart datum. This 

coverage was achieved by surveying at high tide and utilising the large tidal 

range in the Bristol Channel.  

The multibeam bathymetry data were imported into ArcGIS for analysis and 

interpretation, and a geo-referenced 3D image with a pixel resolution of 0.5 m 

was created. Interpretation was completed using Hillshade images which 

accentuated bedding and fault traces.  An illumination source azimuth of 315° 

with an altitude of 45° was used for the Hillshade, which was chosen to 

enhance bed structure for identifying offsets of marker beds and measuring 

displacements.  The degree of slope was also calculated from the multibeam 

data, and this combined with measurement of the strike of identified bedding 

planes, allowed determination of the strike and dip of bedding.  

The multibeam bathymetry (Figure 3.2) revealed a submerged platform of 

bedrock extending ~2.5 km from the shore line that provides a much more 

extensive area (~16 km2), than that exposed at low tide on the wave-cut 

platforms. The high quality of the multibeam data allowed direct correlation of 

bedding and faults with features mapped onshore on wave-cut platforms (Figure 

3.3). However there are localized sand pockets offshore which prevents 

correlation in some of the more sheltered coves such as the areas between 

Dyers Lookout and Damehole Point and adjacent to Upright Cliff.   

The faults were digitized manually from the bathymetry imagery. The cut-offs of 

marker beds with faults were identified and these then used to calculate a 

series of lateral separations along each fault trace.  Thus, the trace of each fault 

comprises a number of segments separated by points with a measured 

separation.  The average separation was determined for each fault segment. 

Separations are difficult to measure at intersections between two faults, hence, 

fault segments that share an intersection point with another fault were assigned 

the same separation value as that measured at the other end of the segment.  

This means that all the faults comprising the network are divided into segments 

and that each is associated with a value of separation or displacement. The 

extracted fault segments were the primary structural data used for further 

analysis.  
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Figure 3.2 a) Interpreted multibeam bathymetry image with applied hillshade 
effect from offshore Hartland Point showing the extent of the mapped fault 
network.  Inset are the locations of the images in Figure 3.3.  b) Length-weighted 
rose diagram indicating the main fault trends. 



Chapter 3: Analysis of a strike-slip fault network using high resolution multibeam bathymetry

 

   49 

 
Figure 3.3 Multibeam bathymetry images with applied hillshade effect showing 
the quality of the imagery and the onshore-offshore correlation: a) An aerial 
photograph image (onshore) of strata and fold structures (grey) that can be 
traced into the offshore bathymetry survey (colour); b) An image of the sea-bed 
c. 2.5 km offshore showing an anticline that is cut by right- and left-lateral faults 
showing offsets in the same direction on both limbs; c) An offshore bathymetry 
image (colour) with faults, strata and fold structures which can be traced onto an 
onshore aerial photograph (grey).  Aerial photography courtesy of the Channel 
Coastal Observatory. 
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The mapped fault network was correlated with onshore field mapping at 

Hartland Quay (a well studied and easily accessible part of the coastline with 

numerous and well exposed fold hinge lines and faults), where further 3D 

structural data was collected including bedding, fault orientations and 

slickenside measurements where possible. 

 

3.5. Mapping Results 

3.5.1. Folds and bedding attitudes 

The multibeam bathymetry images an extensive submerged platform of bedrock 

with a general E-W trend of moderately to steeply dipping and folded bedding.  

This matches the attitude of bedding seen in onshore cliffs and wave cut 

platforms (Figure 3.3a).  Onshore mapping from Hartland Quay shows that the 

bedding has been intensively folded, with chevron folds varying in wave-lengths 

from 15-80 m (Figure 3.4).  This folding has been studied in detail from the cliff 

outcrops (e.g. Tanner, 1992; Davison et al., 2004) and can also be seen 

offshore.  Throughout the submerged platform many marker beds can be 

identified and traced around fold hinges (Figure 3.3).  Stereographic projections 

of poles to bedding show that the folds trend approximately E-W, related to N-S 

compression (Figure 3.5).  The profile planes from both onshore and offshore 

bedding data correlate with each other (Figure 3.5) indicating the strike and dip 

measurements of bedding taken from the multibeam bathymetry data are 

accurate.  However, there is a bias in the dip data from offshore due to the more 

limited availability of exposed bedding surfaces needed for slope calculations as 

the dip increases. 

3.5.2. Relationship between faults and folding 

Mapping from the multibeam bathymetry indicates two distinct sets of faults, 

based on their trend and lateral separation.  The NW-trending faults have 

consistent right-lateral separations and NE-trending faults have left-lateral 

separations (Figure 3.2).  The relationship between the mapped faults and 

folding indicates that the faults post-date the folding, as the faults cut and offset 

both layering and fold axial traces (Figure 3.3b). 
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Figure 3.4 Fault map of a wave-cut platform at Hartland Quay showing lateral 
offsets of fold axial traces.  Points A-A’ and B-B’ represent the piercement points 
shown in the field photographs in Figure 3.6a and 3.6b, respectively.  Aerial 
photography courtesy of the Channel Coastal Observatory. 

The fault sets mapped from the bathymetry can be traced onshore (Figure 3.3c) 

and correlate with onshore observations at Hartland Quay, where there are 

many examples of NW-trending right-lateral faults and NE-trending left-lateral 

faults (Figure 3.4).    Folds at Hartland Quay are also cross-cut by the faults, 

with fold hinges defining piercement points on both fault sets that show a 

dominant component of strike-slip offset (Figures 3.4 and 3.6).  Furthermore, 

structural measurements taken from Hartland Quay show that the fault planes 

are sub-vertical and have sub-horizontal slickensides (Figure 3.5a). 

Thus, the mapped offshore and onshore faults are strike-slip based on the fact 

that: 

1. They form two separate fault sets in map view that have consistent and 

opposite lateral separations, forming NW-trending right-lateral faults and 

NE-trending left-lateral faults (Figure 3.2);   

2. Both sets are steeply dipping with shallowly plunging slickensides (Figure 

3.5a); 
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3. They laterally offset fold hinges and limbs in the same direction (Figures 

3.3b and 3.4); 

4. Fold hinge lines form piercement points with a dominant strike-slip 

displacement (Figure 3.6a). 

3.5.3. Spatial distribution and relative proportions of fault sets 

The strike-slip fault network is dominated by NW-trending right-lateral faults as 

seen in the (length x displacement) weighted rose diagram (Figure 3.2b).  

These make up 80% of the overall trace-length with the largest right-lateral 

faults showing displacements of up to 146 m.  Left-lateral faults are less 

numerous and much smaller, forming conjugate intersections with right-lateral 

faults (Figure 3.7).   

The larger right-lateral faults have long traces (up to 2.6 km) that approximately 

divide the stratigraphy into elongated NW-trending blocks. Within these blocks 

are many smaller right-lateral and left-lateral faults. Many of these are isolated, 

but some are connected to each other by small left-lateral faults.   Within the 

fault blocks there is a slight anticlockwise rotation of stratigraphy and, combined 

with the right-lateral dominance, this suggests that the strike-slip fault network is 

acting in a domino fashion controlled by the larger right-lateral faults as defined 

by Nixon et al., 2011 (Figure 3.8f). 

 

Figure 3.5 Equal-area stereographic projections: a) fault and bed data from 
Hartland Quay, the dotted lines represent right-lateral faults and solid lines 
represent left-lateral faults; b) offshore bedding data measured from the 
multibeam bathymetry. 
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Figure 3.6 Interpretation of field photographs from Hartland Quay showing folds 
cut by strike-slip faults, a) Small fold with steeper N-dipping and shallower S-
dipping limb, with hinge in same bed forming a piercement offset of 8.4 m right-
laterally (A-A’).  b) Large fold with hinge in same bed offset ~48 m right-laterally 
(B-B’).   
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Figure 3.7 A plot of displacement against azimuth for the fault segment data 
offshore from Hartland Point. 

 
Figure 3.8 Displacement maps of fault segments offshore Hartland Point.  Each 
map has a different displacement cut-off representing different resolutions: a) 50 
m, b) 20 m, c) 10 m, d) 3 m and e) 0.5 m.  f) Schematic diagram of a domino fault 
network with a dominant right-lateral fault set and anticlockwise rotation of fault 
blocks between large faults, modified from Nixon et al. (2011).  Arrows indicate 
far-field loading. 
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3.6. Displacement and Scaling 

The ability to segment and display the fault traces by measured offset points 

means that the fault network can be displayed at different scales by removing 

the fault segments with average displacements below a specified value.  For 

example, Figure 3.8 shows a series of maps of the network produced by 

clipping the fault segments at different displacements, ranging from 0.5-50 m.  

This is referred to as a ‘displacement cut-off’ and is similar to the approach used 

by Watterson et al. (1996) to analyse the scaling properties of faults in the 

South Yorkshire coalfield.  Rather than giving a maximum displacement/throw 

to a whole fault trace this technique is applied to each fault segment, which 

provides a more accurate representation of resolution as it preserves the spatial 

location of the faults and clips trace-lengths by removal of the low displacement 

segments at fault tips (cf. Pickering et al. 1997).   

Different attributes can be measured at each resolution clipping (i.e. trace-

length, fault density, fault set percentages, strain etc.), which is particularly 

useful for analysing the distribution of each attribute across different sizes of 

fault within the network.  Using 10 m as a displacement cut-off value allows a 

direct comparison of small and large fault segments and helps assess their role 

within the fault network, with small fault segments and large fault segments 

having <10 m displacement and ≥10 m displacement, respectively.  The value 

of 10 m is used as it corresponds with the approximate limit of resolution in 

many 3-D seismic reflection surveys. 

3.6.1. Effects of scale on the spatial arrangement of the fault network 

At high displacement cut-offs (i.e. Figures 3.8a and 3.8b) the network is 

dominated by a few, long, isolated right-lateral faults, but at lower cut-offs the 

system appears more connected with smaller conjugate left-lateral faults 

connecting the larger right-lateral faults (Figures 3.8c, d, and e).  This is 

reflected in the trace-length percentages for each fault set with left-lateral faults 

increasing from 7% to 20% with the inclusion of faults with less than 10 m 

displacement (Figure 3.9c).  

The larger fault segments form boundaries to NW-trending elongated blocks of 

stratigraphy with small fault segments infilling the spaces in between, increasing 
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fault density from 1.8 to 5.9 km-1 (1 km-1 represents 1 km of fault trace per 

square km).  Consequently, at high displacement cut-offs coherent and 

‘unfaulted’ regions appear between a series of widely spaced right-lateral faults 

when in reality there is deformation at a smaller scale within the blocks.   

It is apparent that the small fault segments are either infilling faults, small left-

lateral faults, or tips of larger faults.  These are responsible for the increase in 

fault density and have a significant effect on the distribution of trace-length.  A 

plot of trace-length density vs displacement cut-off (Figure 3.9a) shows the 

majority of trace-length is taken up by smaller fault segments with the larger-

displacement (>10 m) fault segments only making up 30% of the trace-length.  

This is a further reflection of the increased deformation within the fault blocks 

with the inclusion of smaller fault segments. 

There are few conjugate intersections between fault segments with >10 m 

displacement, with the formation of strike-slip relays (Peacock & Sanderson, 

1995) being the main source of fault interaction, whereas splays and abutting 

faults become more frequent with the inclusion of smaller fault segments.  

Hence, the fault network appears less connected at high displacement cut-offs.   

This analysis shows that the spatial arrangement of the fault network varies with 

scale, with the appearance of left-lateral faults at higher resolutions.   Watterson 

et al. (1996) observe a somewhat similar pattern for multiple sets of normal 

faults in the southern Yorkshire coal fields, with one fault set being cut out at 

high-throw cut-offs.  This suggests that this variation with scale is common 

where one fault set is dominant. 

3.6.2. Strain distribution 

The displacements calculated for each fault segment were used in a tensor 

analysis of strain, which provides an estimate of the maximum extension and its 

orientation.  This involves the calculation of a Lagrangian strain tensor from the 

cross-product of the unit normal and displacement vectors of each fault 

segment.  Peacock and Sanderson (1993) apply this to faults sampled along a 

line, using a weighting factor to correct for the orientation bias of such samples.  

The same approach is valid for sampling on a plane, where (displacement x 

segment length) / unit area replace the displacement / unit length in a line 
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sample.  The weight (w) is determined from the angle between the fault normal 

and the plane.  As we are dealing with sub-vertical strike-slip faults, both the 

fault normal and displacement vector lie close to the sub-horizontal plane of the 

sample and the weighting factor can be ignored (i.e. w→1).  The eigenvectors 

and eigenvalues of the strain tensor provide estimates of the orientation and 

magnitude of the principal strains.  For a more detailed methodology see Nixon 

et al. (2011). 

The strain analysis shows that the area has an overall maximum extension of 

~4.2% in a WNW-ESE orientation, with the large fault segments and small fault 

segments accommodating extensions of 3.5% and 0.7%, respectively (Table 

3.1).  The plot of percentage extension vs displacement cut-off shows the 

distribution of strain for different fault sizes within the network (Figure 3.9b). 

Even though most of the fault trace-length is taken up by smaller fault 

segments, 86% of the overall extension is accumulated on fault segments with 

≥10 m displacement and ~45% by fault segments with >40 m displacement. 

There is a small variation in maximum horizontal extension direction from 

N113°E for large faults to N107°E for small faults (Table 3.1).  Although small, 

and undoubtedly within the errors of the determination of the principal strain 

axes, this sense of rotation is consistent with the domino behaviour of the 

system.  The overall orientation of maximum extension is N112°E (see Table 

3.1) which is weighted more towards the large fault segments of the fault 

network.  This indicates that the kinematic behaviour of the fault network is 

mainly controlled by the larger fault segments within the network. 

Overall, the majority of strain within the strike-slip network is accommodated by 

the large fault segments.  Putz-Perrier and Sanderson (2008) show similar 

distributions of strain for normal faults at Kimmeridge Bay with large faults 

accommodating 65% of the overall strain, suggesting localization of strain onto 

the larger faults.  This has also been seen in numerical and physical modelling 

(Cowie et al., 1995; Ackermann et al., 2001; Mansfield and Cartwright, 2001). 

Although strain is localized onto the larger fault segments, the smaller fault 

segments are still significant, accommodating 14% of the overall extension. This 

is due to the high trace-length of small fault segments.  Therefore, our work on 
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strike-slip faults systems (this paper; Nixon et al., 2011) supports similar work 

by Putz-Perrier & Sanderson (2008a, b, 2010) on normal faults, and establishes 

by direct measurement the relative contribution to deformation made by faults 

with different displacements.  This is an important factor when producing 

extension estimates from seismic reflection data as the faults that are too small 

to be resolved seismically may contribute significantly to the total strain, as was 

originally suggested by extrapolation assuming power-law scaling (e.g. Walsh et 

al., 1991, Marrett and Allmindinger, 1992, Jackson and Sanderson 1992; 

Pickering et al., 1996). 

 

Figure 3.9 Linear-log plots of fault data from offshore Hartland Point showing the 
distribution of trace-length (a) and % extension (b) vs displacement cut-off.  c) 
Indicates the proportion of trace-length taken up by left-lateral (black) and right-
lateral (grey) faults.  
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Table 3.1 Structural characteristics and distribution of strain and trace-length 
within the fault networks offshore Hartland Point and onshore Westward Ho!. 

R
ig

h
t-

la
te

ra
l -

 W
es

tw
ar

d
 H

o
! 

O
ve

ra
ll 

- 

15
.7

 

- 

N
11

2°
E

 

45
.1

 

S
m

al
l f

au
lt 

se
gm

en
ts

 
(<

10
 m

) 

88
%

 

3.
5 

23
%

 

N
10

7°
E

 

- 

La
rg

e 
fa

ul
t 

se
gm

en
ts

 
(>

=
10

 m
) 

12
%

 

12
.2

 

77
%

 

N
11

4°
E

 

- 

D
am

ag
e 

- 
W

es
tw

ar
d

 H
o

! 

O
ve

ra
ll 

- 

24
.3

 

- 

N
07

7°
E

 

80
.4

 

S
m

al
l f

au
lt 

se
gm

en
ts

 
(<

10
 m

) 

79
%

 

3.
4 

14
%

 

N
09

3°
E

 

- 

La
rg

e 
fa

ul
t 

se
gm

en
ts

 
(>

=
10

 m
) 

21
%

 

20
.8

 

86
%

 

N
07

4°
E

 

- 

L
ef

t-
la

te
ra

l -
 W

es
tw

ar
d

 H
o

! 

O
ve

ra
ll 

- 

26
.8

 

- 

N
06

8°
E

 

39
.5

 

S
m

al
l f

au
lt 

se
gm

en
ts

 
(<

10
 m

) 

71
%

 

1.
6 

6%
 

N
08

9°
E

 

- 

La
rg

e 
fa

ul
t 

se
gm

en
ts

 
(>

=
10

 m
) 

29
%

 

25
.2

 

94
%

 

N
06

7°
E

 

- 

O
ff

sh
o

re
 H

ar
tl

an
d

 P
o

in
t 

O
ve

ra
ll 

- 4.
2 - 

N
11

2°
E

 

5.
9 

S
m

al
l f

au
lt 

se
gm

en
ts

 
(<

10
 m

) 

70
%

 

0.
7 

14
%

 

N
10

7°
E

 

- 

La
rg

e 
fa

ul
t 

se
gm

en
ts

 
(>

=
10

 m
) 

30
%

 

3.
5 

86
%

 

N
11

3°
E

 

- 

  

T
ra

ce
-l

en
g

th
 

%
 e

xt
en

si
o

n
 

P
ro

p
o

rt
io

n
 o

f 
S

tr
ai

n
 

O
ri

en
ta

ti
o

n
 o

f 
m

a
x

im
u

m
 

ex
te

n
si

o
n

 (
θ)

 

F
au

lt
 D

en
si

ty
  

(k
m

-1
) 



Chapter 3: Analysis of a strike-slip fault network using high resolution multibeam bathymetry

 

60 

Pickering et al. (1997) recognise that fault lengths and throws of normal fault 

tips are often not seismically resolved.  Therefore, estimates of sub-seismic 

strain using displacement scaling of fault populations will still underestimate 

sub-seismic strain as they do not take into account any additional contribution 

from fault tips, linkage zones and associated damage.  By using fault segments 

rather than individual faults, this study incorporates the effects of fault tips and 

linkage zones, with that of small faults, in evaluating their role in 

accommodating extension within a basin. 

 

3.7. Topology  

The fault network was analysed in terms of a system of fault branches between 

tips (I-nodes) or intersections (X- or Y-nodes) (Figure 3.10).  Manzocchi (2002) 

uses this system to estimate connectivity by looking at the relative proportions 

of I-, Y- and X-nodes within a fracture network.  Like fracture networks, fault 

networks become connected through a combination of crossing fault 

intersections (X-nodes), and abutments and splays of fault tips (Y-nodes).  

Hence, for this study the combined percentage of X- and the Y-nodes was used 

to represent the connectivity of the fault network.  This is then taken further by 

analysing how the percentage and nature of connecting nodes within the fault 

network changes with resolution. 

Table 3.2 Nodal percentages of the fault networks from offshore Hartland Point 
and onshore Westward Ho!. 

 I-Node % Y-Node % X-Node % 

  Synthetic Antithetic  

Offshore 
Hartland Point 

78.8 6.5 11.5 3.2 

Left-lateral - 
Westward Ho! 

54.5 6.4 25.7 13.4 

Damage - 
Westward Ho! 

26.5 18.8 42.7 12.0 

Right-lateral - 
Westward Ho! 

63.5 15.2 19.2 2.1 
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Figure 3.10 a) A multibeam bathymetry image with applied hillshade effect 
illustrating a system with fault branches and nodes.  Nodes A and S represent an 
antithetic Y-node and a synthetic Y-node, respectively.  b) A ternary plot of I-, Y-, 
and X-node proportions illustrating the connectivity of the fault network example 
in Figure 3.10a.  Where the network plots within the ternary diagram illustrates 
the I:Y:X node ratio which is 7:6:2 for this example.  In general, fault networks 
become better connected away from the I-node corner of the triangle, see 
Manzocchi (2002) for a more detailed discussion of this in terms of percolation 
theory. 

The percentages of different node (Table 3.2) show that the fault network 

offshore Hartland Point is dominated by I-nodes (isolated tips).  Connecting 

nodes make up just 21.2% of all nodes with the majority being Y-nodes.  Two 

different types of Y-node can be identified (Figure 3.10a): 1) Synthetic Y-nodes 

where two faults with the same motion sense intersect resulting from a fault 

linkage or splay; and 2) Antithetic Y-nodes where two faults with the opposite 

motion sense intersect as a result of one fault abutting another.  The latter make 

up over 50% of all connecting nodes which emphasizes the importance of 

conjugate fault sets when considering the connectivity of a fault network.  

The plot of connecting node % vs displacement cut-off shows that the 

percentage of fault branches ending at Y-shaped or X-shaped nodes 

approximately halves with the exclusion of the small fault segments (Figure 

3.11).  This is quite significant considering that there are no connecting nodes 

present for fault segments at displacement cut-offs of greater than 25 m, 

resulting in the network appearing very unconnected at low resolutions.  

Furthermore, the nature of interacting Y- and X- nodes varies with scale.  

Synthetic Y-nodes (or splays) are dominant for faults with >5 m displacement, 

whereas for faults with <5 m displacement, antithetic Y-nodes dominate and 
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crossing X-nodes are occasionally developed.  This pattern suggests that larger 

faults are more likely to form linkage and splays, due to fault growth, and that 

low displacements are usually needed for crossing X-shaped fault intersections 

to be preserved.  

Overall the offshore network at Hartland is poorly connected, but the 

connectivity of the strike-slip network increases with increasing resolution, 

particularly with the inclusion of faults smaller than the seismic resolution cut-

off.  This, combined with an increase in fault density from 1.8 to 5.9 km-1, 

indicates that the connectivity of the fault network is very dependant on small 

fault segments.  Pickering et al. (1997) found similar results when modeling the 

connectivity of normal fault tips, highlighting that the connectivity of fault 

networks is often underestimated due to the limited resolution of seismic data. 

 

Figure 3.11 Linear-log plot of connecting node % vs displacement cut-off. 

 

3.8. Discussion and Comparison with Westward Ho! 

Analysis of the offshore strike-slip fault network at Hartland shows that the 

distribution of different attributes varies with displacement.  This has highlighted 

three main points: 1) small faults, fault tips and linkage zones contribute the 

majority of the overall trace-length; 2) strain is localized onto individual large 

displacement fault segments; 3) at low displacement cut-offs the fault network 

appears more connected with the inclusion of small faults, fault tips and linkage 

zones.  To show that these observations are applicable to other fault networks, 
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the same scaling analysis has been applied to an onshore strike-slip fault 

network at Westward Ho! previously described by Nixon et al. (2011). 

3.8.1. Westward Ho! 

The fault sets at Westward Ho! have orientations that match those found 

offshore at Hartland Point (NW-trending right-lateral faults and NE-trending left-

lateral faults), and they also post-date folding.  The network has large faults that 

divide the rock-mass into elongated blocks with small faults accommodating 

deformation within each block, not unlike the offshore network.  There is much 

heterogeneity within the fault network at Westward Ho!, with fault set 

dominance changing throughout (Nixon et al., 2011), however the geometric 

and lithological similarities with the offshore fault network make Westward Ho! a 

good comparison.  Three contrasting small areas of intense deformation from 

within the fault network at Westward Ho! were chosen for comparison (Figure 

3.12): 

Left-lateral area – This has the highest strain value of the three areas with an 

overall maximum extension of ~26.8% and an orientation of N068°E resulting 

from the left-lateral dominance of the fault network (Nixon et al., 2011).  The 

majority of the trace-length, 71%, is taken up by small fault segments (Table 

3.1).  However, 94% of the overall extension is accommodated by the larger 

fault segments, which is the largest proportion in comparison with the other two 

onshore areas.  

Damage Area – This is a region of more internal deformation lying between 

large left-lateral faults (Figure 3.12) and has an overall maximum extension of 

~24.3% with an orientation of N077°E.  The trace-length density is almost 

double the trace-length density of the left lateral area (Table 3.1) and small fault 

segments, make up 79% of overall trace-length (Table 3.1).  Hence, the small 

fault segments are much more significant than in the left-lateral area and 

accommodate 14% of the overall extension.  

Right-lateral area – This has the lowest strain value of the three areas with an 

overall maximum extension of ~15.7% and an orientation of N112°E.  Again the 

majority of the trace-length is taken up by the small fault segments with only 

12% being taken up by the large-fault segments (Table 3.1).  The distribution of 
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strain shows a similar pattern with 77% being localized onto the large fault 

segments, however, this is much less than both the left-lateral and damage 

areas (Table 3.1). 

 

Figure 3.12 Fault map of the wave-cut platform at Westward Ho! showing the 
localities of the left-lateral, damage and right-lateral areas.  Right-lateral and left-
lateral faults are displayed as grey and black, respectively.  Modified from Nixon 
et al. (2011). 
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3.8.2. Strain 

Overall the three areas at Westward Ho! accommodate much higher strains and 

fault densities in comparison with the offshore network at Hartland (Table 3.1).  

This is not an effect of resolution as it is consistent for all displacement cut-offs 

(Figure 3.13), instead this indicates that the areas at Westward Ho! are more 

intensely deformed.  The linear-log plots (Figure 3.13) show that the three 

onshore areas have a similar pattern of trace-length and strain distribution to 

the fault network offshore.  Most of the fault trace-length is taken up by small 

displacement (<10 m) fault segments and the majority of the strain is still 

accommodated by large displacement (>=10 m) fault segments, again 

supporting the idea of strain localization onto larger faults.  

 

Figure 3.13 Linear-log plots of fault data from the left-lateral, damage and right-
lateral areas at Westward Ho!. a) trace-length density vs displacement cut-off 
and b) % extension vs displacement cut-off.  The data for the offshore network is 
also included for comparison (grey). 
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The strains for the three onshore areas at Westward Ho! show that more strain 

is localized onto the larger fault segments (Table 3.1).  This is reflected in the 

linear-log plot of strain vs displacement cut-off (Figure 3.13b) as an increase in 

gradient at higher displacements and suggests that as strain increases strain 

becomes localized onto higher displacement fault segments.  This is consistent 

with the observations of Nicol et al. (1997) who show that, with increasing 

strain, networks have faults with higher displacement rates. 

Whilst strain localization appears to increase with increasing strain for the three 

areas at Westward Ho!, the fault network offshore from Hartland Point does not 

fit this observation.  Even though the offshore network accommodates much 

lower strains than the onshore areas at Westward Ho!, 85% of the strain is 

localized onto the large fault segments, which is a higher proportion than the 

right-lateral area and similar to the damage area (Table 3.1).  This is due to the 

increased deformation seen at Westward Ho! as indicated by the high strains 

and fault densities (Table 3.1; Figure 3.13).  Strain is localized to areas of 

intense deformation, not just individual fault planes, and accommodated by 

internal deformation within fault blocks and associated damage zones.  Hence, 

in areas of localized deformation less strain is localized on the larger fault 

segments due to increased amounts of internal deformation between large 

faults. 

Pickering et al. (1996) found similar affects for normal faults by fitting to power-

law distributions of the form: 

N ∝ (displacement)-D,          (3.1) 

where the D-value is termed the power-law exponent.   They found that for a D-

value of 0.5 almost all the extension is taken up by faults with heaves greater 

than 20 m, whereas for a D-value of 0.9 their contribution decreases to less 

than half.  As an increase in the D-value of a fault population reflects a higher 

degree of small-scale faulting, this supports the idea that for areas with 

increased amounts of internal deformation less strain is localized onto the larger 

faults. 

The significance of small faults within areas of internal deformation is also 

reflected in the strain orientations with the damage area accommodating less 
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rotation in comparison to the left-lateral area.  This is opposite to the 

conclusions of Peacock et al. (1998) who proposed that small faults added to 

the overall rotation of an area.  This difference is due to the nature of internal 

deformation, with the majority of small faults in this study being antithetic and 

conjugate to the bounding faults.  Although the small fault segments have an 

increased significance in areas with increased deformation the majority of strain 

is still accommodated by the larger fault segments, indicating that the kinematic 

behaviour of the fault network is controlled by the large faults. 

3.8.3. Connectivity 

The connecting node percentage (X- and Y-nodes) for the left-lateral, damage 

and right-lateral areas at Westward Ho! are 45.5%, 73.5% and 37.5%, 

respectively (Table 3.2).  The majority of connecting nodes are antithetic Y-

nodes, which agrees with the offshore fault network and further emphasizes the 

importance of conjugate fault sets when considering connectivity.  The 

percentages for all connecting nodes are much higher than the offshore network 

indicating that the three areas at Westward Ho! are better connected.  The 

damage area is also the most connected, mainly due to its increased fault 

density. 

 

Figure 3.14 Ternary diagram of I-, Y- and X-Node percentages showing the 
connectivity pathways from 50 m resolution to full resolution of the fault 
networks from offshore Hartland Point and onshore Westward Ho!. 
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A ternary plot of the proportions of I-, Y-, and X-nodes illustrates that the 

connectivity changes in a fault network with increasing resolution.  In general, 

the networks become better connected away from the I-node corner of the 

triangle (Figure 3.14), but see Manzocchi (2002) for a more detailed discussion 

of this in terms of percolation theory.  Overall the proportion of connecting 

nodes within each fault network, from both Westward Ho! and Hartland Point, 

increases with increasing resolution.  The right-lateral area has a similar 

connectivity pathway to the network at Hartland Point.  They both follow the I-Y 

margin of the ternary diagram and only have a small contribution of connecting 

X-nodes, even at high resolutions.   The left-lateral and damage areas also 

follow the I-Y line on the ternary diagram.  However, they are influenced much 

more by the presence of connecting X-nodes and are more connected at higher 

resolutions. 

All the fault networks experience a significant increase in the proportion of X- 

and Y- nodes once faults with less than 12 m displacement are included (Figure 

3.14).  The fault networks at Westward Ho! are better connected than at 

Hartland Point suggesting that fault networks become more connected with 

increasing strain (Table 3.2 and Figure 3.14).  Furthermore, the damage area is 

much more connected than the right- and left-lateral areas, indicating that 

damage zones and areas with increased internal deformation are better 

connected.  These areas often have increased numbers of smaller faults further 

supporting the idea that connectivity is reliant on small faults.   

Even though the connectivity of fault networks is primarily dependant on the 

length, density and orientation of the faults and their spatial correlation 

(Berkowitz et al., 2000), the strain and the nature of the localization also play an 

important role.  Fault networks appear to be better connected when strain is 

localized to an area, creating damage zones of intense deformation and high 

fault densities, rather than when strain is localized onto individual faults forming 

longer and simpler systems.  This also suggests that connectivity increases with 

increased amounts of deformation.  Micarelli et al. (2006) show similar results 

with the connectivity of fracture networks being higher in intensely deformed 

damage zones than in weakly deformed damage zones around normal fault 

planes. 
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3.9. Summary and Conclusions 

Multibeam bathymetry has been used to identify and map an extensive area of 

a strike-slip fault network offshore from Hartland Point, north Devon.  The fault 

network comprises NW-trending right-lateral faults and NE-trending left-lateral 

faults and behaves in a right-lateral domino fashion.  The spatial arrangement, 

topology, and distribution of strain and trace-length of the fault network vary with 

resolution:  

1. Small (<10 m) displacement fault segments infill fault blocks, bounded by 

large displacement (10-150 m) faults, and make up most of the trace-

length. 

2. Strain is localized onto the large-displacement fault segments with ≥10 m 

displacement that bound the fault blocks.  

3. The kinematic behaviour of the fault network is controlled by block 

rotation between the large faults within the fault network.   

4. Fault networks appear less connected at lower resolutions as the 

connectivity of the fault network is very dependant on the presence of 

small fault segments.  

Comparison with onshore field examples from Westward Ho! confirms these 

points with similar distributions of strain and fault trace-length.  Furthermore, 

combining the two datasets suggests that strain localization and connectivity 

are influenced by both the overall strain and amount of internal deformation: 

5. More strain is localized onto the larger-displacement fault segments, 

however, small fault segments can make an important contribution to 

strain in areas with large amounts of internal deformation (damage 

zones). 

6. The connectivity of a fault network increases with increasing strain as 

well as with increasing resolution. 

7. Damage zones and areas with internal deformation are better connected 

due to increased contributions of small fault segments and high fault 

densities. 
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8. Fault networks are better connected when strain is localized to an area 

rather than when strain is localized onto individual faults.  

The comparison with the onshore fault networks at Westward Ho! confirms that 

the observations from the analysis of the offshore fault network at Hartland are 

applicable to other fault networks.  The techniques and methods developed for 

this study have helped to further the analysis of fault networks.  The application 

of high resolution multibeam bathymetry imagery has allowed expansion and 

uncovering of an extensive fault network.  This combined with analysis of fault 

patterns, topology and distribution of resulting strains highlights the importance 

of resolution when investigating crustal deformation, particularly when 

considering faults smaller than the seismic resolution cut-off. 
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4. A topological analysis of 2-D fault networks and its 

use in assessing connectivity 

Casey W. Nixon, David J. Sanderson, Jonathan M. Bull 

 

4.1. Abstract 

A topological analysis is used to characterize and describe fault networks in 

which the network is considered to form from two topological components: 

nodes and branches.  Nodes are divided into I-nodes (fault tips), Y-nodes 

(abutments and splays) and X-nodes (cross-cutting faults).  Branches are 

divided into I-I branches (isolated faults), I-C branches (dangling ends of 

clusters) and C-C branches (backbone of clusters).   

The characteristic properties of the topological components are described and 

topological measures are developed for determining the topology of fault 

networks.  Results show that fault networks form more Y-nodes than X-nodes, 

and that there is much heterogeneity in the spatial distribution of connecting 

nodes within fault networks.  In general, clusters of connecting nodes form 

where there are high trace-length densities such as areas of damage and 

linkage between faults.   

A new method for assessing the clusters in a fault network is developed using a 

branch analysis and the number of connections per branch, which identifies 

whether clusters are small and isolated (dominated by I-C branches) or large 

clusters (dominated by C-C branches) that might span large areas.  Thus, these 

parameters relate directly to the connectivity within fault networks.  Overall there 

is much spatial heterogeneity in the character and degree of connectivity within 

fault networks and that strain is localized onto the connected faults. 
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4.2. Introduction 

The study and characterization of fault networks is vital to our understanding of 

brittle deformation within the Earth’s crust and many physical processes in 

rocks.  Furthermore, as faults can act as either conduits or barriers to fluid flow, 

fault networks are important in exploration for resources such as water, 

hydrocarbons, mineral deposits from hydrothermal fluids and potential areas of 

CO2 storage and other waste. 

There have been many studies that investigate the distribution of different 

attributes within fault networks such as geometry, density, displacement, strain 

etc. (e.g. Schlische et al., 1996; Walsh et al., 2003; Nicol et al., 2006; Putz-

Perrier and Sanderson, 2008, 2010).  Investigating such attributes allows us to 

describe and characterize important processes within fault networks including 

kinematic behaviour (e.g. Nixon et al., 2011), fault interactions and associated 

damage zones (e.g. Kim et al., 2000; Faulkner et al., 2011), strain localization 

(e.g. Zhang and Sanderson, 2001; Meyer et al., 2002; Walsh et al., 2003) and 

connectivity (e.g. Zhang and Sanderson, 2001; Meyer et al., 2002; Walsh et al., 

2003).  Furthermore, the characterization of such attributes can be used to test 

models of fault network growth and development (Childs et al., 2003; Soliva and 

Schultz, 2008; Mouslopoulou et al., 2009; Nicol et al., 2010; Faulkner et al., 

2011) and its role in larger scale tectonics (McClay et al., 2002; Cowie et al., 

2005; Giba et al., 2010).  The major aim of this chapter is to explore the concept 

of network topology in the characterization of fault networks.  

Topology has been a tool for characterizing and describing complex network 

structures for a wide range of subjects in both the natural and social sciences 

(e.g. Latora and Marchiori, 2002; Ravasz and Barabási, 2003; Boccaletti et al., 

2006).  In general, topology describes the relationships between geometrical 

elements of a network (i.e. compartments, intersections, boundaries and blocks 

produced by the faults within a network) (Jing and Stephansson, 1997).   Unlike 

geometrical attributes, such as length, thickness, and spacing that are 

measured by defined dimensional units, topological attributes are dimensionless 

(Jing and Stephansson, 1997). 
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Topology is important in the assessment of the connectivity of a fault network, 

which is essential for evaluating fluid flow and transport properties (see Adler 

and Thovert, 1999 for summary and background).  Hence, there has been some 

recent work applying topological analysis to fracture network models in order to 

evaluate the connectivity of fracture networks (Huseby et al., 1997; Jing and 

Stephansson, 1997; Manzocchi, 2002; Valentini et al., 2007a, 2007b).  These 

studies use a variety of parameters calculated from different topological 

components to quantitatively assess connectivity, such as the number of 

intersections per line (e.g. Manzocchi, 2002), the density of intersections (e.g. 

Jing and Stephansson, 1997) and the efficiency of connectivity, which evaluates 

the ability of a network to connect two different points to one another (e.g. 

Valentini et al., 2007a, 2007b). 

Nixon et al., (2012), use a basic topological analysis to investigate the 

connectivity of two natural fault networks, located offshore Hartland Point and 

onshore at Westward Ho! in NW Devon (UK).  This chapter builds on this work 

and aims to: 1) define the different topological components and measures for 

fault networks; 2) investigate the properties and local variability of such 

components; and 3) discuss the applications of the topological analysis in 

assessing the connectivity of fault networks. 

4.2.1. Topology of fault networks 

Topological components within fault networks can be evaluated in two-

dimensions and three-dimensions.  In three-dimensions a network consists of 

fault planes, which terminate at tip lines or produce intersection lines (branch 

lines) and divide the rock mass into blocks.  Whereas in two-dimensions a 

network consists of fault traces, which terminate at points (fault tips) or intersect 

and abut one another dividing the surface area into compartments.  Some 

topological studies use the components which describe the space between 

faults, such as the blocks and compartments, to assess the connectivity of 

fracture networks (e.g. Huseby et al., 1997; Adler and Thovert, 1999).  Other 

studies use the fault planes, traces, tips and intersections that describe the fault 

network itself (e.g. Manzocchi, 2002; Valentini et al., 2007a, 2007b).   
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Figure 4.1 A schematic diagram showing a fault trace ‘AB’ divided into nodes 
and branches. 

In this study we consider the topology of two-dimensional fault networks 

concentrating on the topological components that describe the faults within the 

network (i.e. fault traces, tips, intersections, abutments).  These are of particular 

importance as fractures and faults are often characterized using trace maps 

from rock outcrops, boreholes and thin sections etc.  We do not assess the 

space between faults (compartments) as these are often not fully closed or 

leave the extent of the fault map. 

The terminology used for describing the topological components of a network 

varies between studies.  Fault traces are often described as edges, boundaries, 

connectors or branches and form a system of line segments in 2-D.  These are 

separated by points of intersection/fault tips which are described as vertices, 

connections or nodes.  In this study, we consider the topology of a fault network 

to consist of lines, nodes and branches between nodes (Figure 4.1).  Nodes can 

be divided into isolated (I-)nodes, representing isolated fault tips, and 

connecting nodes that can be described by their geometry as intersecting X-

nodes and Y-nodes (Manzocchi, 2002).  I-nodes do not connect any branches 

whereas as X-nodes and Y-nodes connect 4 and 3 branches, respectively 

(natural fracture systems rarely have more than four fractures intersecting at 

any one node).  The branches themselves have a node at each end and can be 

topologically described by these two nodes (e.g. I-I, I-X, I-Y...etc.).  As nodes 

can be divided into connecting (C i.e. X- or Y- nodes) and isolated (I) nodes we 

can further classify the branches into three main topological groups: I-I 

branches, I-C branches, and C-C branches. 



Chapter 4: A topological analysis of 2-D fault networks

 

   79 

 

Figure 4.2 Schematic diagram showing the different topological geometries and 
interactions between faults.  a) Isolated branch with a simple displacement 
profile; b) synthetic Y-node interactions including fault splays and lenses; c) 
antithetic Y-node interactions including abutments and cross-cutting fault sets; 
d) intersecting X-node.  Grey and white represents different fault sets. 

In natural fault systems, a variety of different geometries can form.  An isolated 

I-I branch is the simplest geometry combining two I-nodes and one branch 

(Figure 4.2a).  These can form in all fault networks and often have simple 

displacement profiles due to a lack of interaction with other faults (Walsh and 

Watterson, 1988; Peacock and Sanderson, 1996).  However, most geometries 

form by fault interactions that produce connecting nodes.  For example, X-

nodes form by the crossing of two fractures and usually involve the tips of faults 
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or small faults with low displacements (Figure 4.2d) (c.f. Nixon et al., 2012).  Y-

nodes are produced by a variety of interactions such as fault abutments, fault 

splays and cross-cutting faults (Figure 4.2b and 4.2c).  In fault networks, these 

can be grouped into synthetic and antithetic Y-nodes which involve branches 

with the same motion sense or branches with opposing motion senses, 

respectively (c.f. Nixon et al., 2011).  In general, cross-cutting faults and 

abutting faults form antithetic Y-node geometries (Figure 4.2c) whereas fault 

splays and lenses form synthetic Y-node geometries (Figure 4.2b). 

Fault networks can consist of both isolated faults and connected faults.  As the 

fault network grows the interacting faults connect to form clusters of varying size 

and geometry (Figure 4.3).  These clusters are built from two main components: 

I-C branches and C-C branches.  The simplest cluster involves just I-C 

branches forming ‘small isolated’ clusters (Figure 4.3b).  These isolated clusters 

can connect with each other forming larger more complicated clusters, which 

consist of a back-bone of C-C branches and dangling ends of I-C branches 

(Figure 4.3c).  Large clusters can be confined to the sample area or may leave 

the sample area becoming spanning clusters.  The term spanning is applied 

generically to clusters which stretch across and connect different edges of a 

sample area (Aizenman, 1997). 

 

Figure 4.3 Schematic diagram illustrating different topological arrangements and 
clusters within a fault network.  Topology nomenclature is also labelled (see 
discussion in text). 
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As the different nodes and branches within a fault network provide a description 

of the topology of the network, we use a node and branch analysis to assess 

and characterize the fault network.  This involves analysing the spatial 

distribution, number and proportion of the different node and branch types 

throughout a network.  We then discuss the role that this analysis plays in 

describing the connectivity of a fault network. 

 

4.3. Methodology 

4.3.1. Topological measures 

In this study a number of topological measures were used to describe the 

topology of fault networks.  The simplest topological measures are number 

counts of the different types of topological component (Jing and Stephansson, 

1997) such as each node type (NI, NY, NX) and each branch type (NII, NIC, NCC), 

which can then be used to calculate the relative proportions (PI, PY, PX and PII, 

PIC, PCC).  These are important parameters as further information can be 

derived from these number counts.   

4.3.1.1. Ternary Diagrams 

The proportions of each topological component (nodes and branches) provide 

information about the organization of faults within a fault network.  Manzocchi 

(2002) plots the proportions of I-, Y-, and X-nodes in a ternary diagram (Figure 

4.4a and 4.4b).  Where the network plots within the ternary diagram represents 

the networks connectivity with networks becoming better connected the further 

they plot away from the I-node corner (Manzocchi, 2002).  Nixon et al. (2012) 

also use an IYX ternary diagram to show the connectivity of fault networks and, 

hence, this is used for the nodal analysis in this study as well. 

Micarelli et al. (2006a; 2006b) use a ternary diagram to illustrate the 

connectivity of fracture lines. This is based on a method by Ortega and Marrett 

(2000) and involves classifying fractures as isolated, singly connected or 

multiply connected.  This describes each fracture line by the number of 

connections per line and the terms ‘singly connected’ and ‘multiply connected’ 

represent fractures with one connection and fractures with two or more 
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connections, respectively.  We adapt this ternary diagram for the branch 

analysis, by simplifying the classification to three distinct groups of branches: I-I 

branches, I-C branches and C-C branches (Figure 4.4c).  In general, networks 

that plot in the I-I corner of the triangle have a low level of connectivity and 

networks that plot in the C-C corner of the triangle have a high level of 

connectivity.  This also indicates the proportion of the faults within a fault 

network that contribute to the backbone (C-C) and dangling ends (I-C) of 

clusters within a network. 

  

Figure 4.4 a) A ternary node triangle which plots the I:Y:X ratio of a fault network.  
The number of connections per line (nC/L) are contoured onto the node triangle.  
b) A ternary node diagram with contours of the number of connections per 
branch (nC/B). c) A ternary branch triangle which plots the proportion of trace-
length that forms I-I branches, I-C branches and C-C branches with broad 
regions of connectivity.  The values of nC/L and nC/B are extrapolated to each 
corner of the branch triangle. 

4.3.1.2. Dimensionless parameters derived from number counts 

Number counts of nodes (NI, NY, NX) are particularly useful as these can be 

used to count other topological components.  For example the number of 

connections (NC) is the sum of the number of Y-nodes (NY) and X-nodes (NX): 

XYC NNN +=       (4.1) 
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As each I-node and Y-node represents the tip of a line (fault trace) the number 

of lines (NL) within a network is given by: 

2
)( YI

L
NNN +

=         (4.2) 

Since each I-node contributes to one branch, each Y-node contributes to 3 

branches and each X-node contributes to 4 branches, then the number of 

branches (NB) within a network is given by: 

2
)43( XYI

B
NNNN ++

=     (4.3) 

Equations 4.1 to 4.3 allow us to calculate the number of connections, lines and 

branches within a network by simply counting nodes.  The relationship between 

these parameters can also be used to produce a ‘local’ measure of connectivity.    

The connectivity of a network can be described in terms of the average number 

of connections per line (nC/L).  As each connecting node provides a connection 

on two lines then: 

L

XY

L

C
LC N

NN
N
N

n )(22
/

+
==      (4.4) 

Connectivity can also be represented by the number of connections per branch 

(nC/B).  As each Y-node connects 3 branches and each X-node connects 4 

branches then: 

B

XY
BC N

NNn )43(
/

+
=             (4.5) 

NI, NY and NX in equations 4.4 and 4.5 can be replaced by PI, PY and PX, which 

represent the proportions of each node type.  Hence, values of nC/L or nC/B can 

be represented on the IYX ternary diagram (Figure 4.4a and 4.4b).  Both the 

number of connections per line and the number of connections per branch have 

a value of 0 at the I-node corner of the node ternary triangle.  They also share 

the same contour for values of 1 connection per line and branch.  However, the 
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number of connections per line tends to infinity as PX → 1, whereas the number 

of connections per branch reaches a maximum of 2 when PI = 0. 

The values of nC/L or nC/B can also be extrapolated to the three corners of the 

branch ternary triangle (Figure 4.4c).  Again both have values of 0 and 1 at the 

I-I and I-C corners of the triangle, respectively.  However, for networks that are 

dominated by C-C branches nC/L → ∞ whereas nC/B → 2.  This means that the 

proportion of I-C and C-C branches can have a large impact on the connectivity 

of the network. 

4.3.1.3. Branches vs lines 

Number counts of topological components has led to the derivation of many 

parameters that can describe the topology of fault networks and these have 

included the use of both branches and lines.  However, due to problems when 

characterizing fault trace-lengths in networks, we favour the use of branches 

over lines because: 

1. Branches are easily identified – due to the heterogeneity in fault 

character within fault networks it is difficult to define the tips of a fault line 

because of processes such as splaying.  However, as branches are 

defined by their nodes at each end, which are either tips or intersections, 

they are easily identified making them more consistent for sampling. 

2. Sampling – due to the length of fault lines generally being greater than 

branches it is more likely that the full length of a line will be censored 

within a sample area (e.g. Pickering et al., 1995).  Branches have smaller 

lengths, which provide a greater chance of sampling a whole branch 

length within a sample area.   

3. Branch length distribution – fault lengths within a network have been 

shown to follow a power-law or negative exponential distribution (Soliva 

and Schultz, 2008).  Therefore, they can exhibit a wide range of lengths 

making the individual lines lengths hard to characterize or represent and 

in the case of power law distributions there is no mean length.   However, 

since each line is segmented into branches by connecting nodes and 

longer faults are more likely to connect with other faults, the resulting 
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branches have a narrower range of lengths and probably conform to a 

log-normal or negative exponential distribution. 

4. Assessing connectivity – using nC/L can be misleading when assessing 

the connectivity of a network as networks with a PX → 1 produce a 

significantly greater number of connections per line than networks with a 

PY → 1 (Figure 4.4a).  This suggests that networks with only Y-node 

intersections cannot form a network where PCC → 1 as nC/L → ∞ (Figure 

4.4c).  However, in reality this is not the case as a network with only Y-

nodes will form a network dominated by C-C branches.  Therefore nC/B is 

a better assessment of the connectivity as this provides an equal 

maximum value of connecting nodes per branch (nC/B = 2) for networks 

where PX and PY = 1 (Figure 4.4b), indicating that both can form a 

network that has only C-C branches (Figure 4.4c).  

4.3.1.4. Sampling of nodes and branches 

The sampling of nodes is straight forward as you simply count the number of 

nodes that lie within the boundaries of the sample area (Figure 4.5).  However, 

a branch may go beyond the boundary of a sample area, which means that a) 

the length of such a branch is unknown or censored and b) the topological 

classification of the branch is unknown.  As these parameters are unknown 

these branches cannot be used in the branch analysis.  Therefore, any branch 

that crosses the boundary of a sample area is omitted from the sample (Figure 

4.5). 

When sampling subareas within a fault network we use a circular sampling 

technique.  Circles are used as they do not provide an orientation bias.  

Subareas were chosen to compare the effects of fault density on topology, 

therefore the radius of each circle may be varied depending on the sample area 

(Figure 4.6a and 4.6b).  For example, high density subareas are often small 

zones of intense deformation that are surrounded by regions of low density, 

hence only circles that were small enough to sample the area of high fault 

density were used.  Furthermore, areas with low fault densities and long faults 

often produce low volumes of data, as there are fewer intersections and 
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branches, so we use larger circles for these subareas in order to maximize the 

amount of data for the topological analysis. 

 

 

Figure 4.5 An example of sampling the nodes and branches from subarea 3 (see 
Figure 4.6).  Note that branches with unknown topologies are omitted from the 
analysis. 

4.3.2. Maps and contour plots 

The spatial distribution of geometrical and topological attributes were analysed 

through a combination of maps and contour plots.  Fault maps were used to 

illustrate the geometry of faulting and distribution of different branch and node 

types within the fault networks, whereas contour plots were used to show the 

spatial variation in fault density (km/km2) and connecting node frequency 

(NC/km2) within a network. 

We use line and point contour plots which show the spatial variation in the total 

line length or the total number of points per square kilometre, respectively.  

However, due to the potential for certain attributes (e.g. connecting nodes) to be 

scattered and/or at low frequency we use a kernel function, which reduces the 

effect of artefacts that might occur within a contour plot.  The kernel function 

produces a surface for each line/point that uses a quadratic relationship, as 

described in Silverman (1986, pg. 76, equation 4.5), to apply a weighting factor 

related to the surface’s proximity to its given line/point.  The maximum weighting 
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to each surface is 1 at the given line or point and decreases to zero at a 

specified radius.  The values of each overlapping surface that lie within a grid 

cell are then summed together to produce a contour value for the grid cell itself.  

The contour plots use a 10 m X 10 m grid and a 450 m surface radius around 

each feature for Hartland and a 3 m x 3 m grid and a 100 m surface radius 

around each feature for Westward Ho!. 

The resulting kernel contour plots have smooth contours that allow the 

comparison of the spatial distribution of different attributes.  This means that the 

links between different attributes (e.g. fault density and connecting node 

frequency) can be investigated and illustrated. 

 

4.4. Case studies – Hartland Point and Westward Ho! 

The two natural fault networks used to explore the topology of fault networks 

are from Hartland Point and Westward Ho!, north Devon (Figure 4.6d).  The 

fault networks were mapped by Nixon et al. (2011, 2012) using multibeam 

bathymetry imagery offshore Hartland Point and a combination of aerial 

photography and field observations onshore at Westward Ho!.  Both networks 

comprise a conjugate set of strike-slip faults, with NW-trending right-lateral 

faults and NE-trending left-lateral faults, forming geometrically simple fault 

networks, which are ideal for this study.   

At Westward Ho! there is a higher density of fault traces, which accommodate 

much higher strains than the fault network offshore Hartland Point (Table 4.1).  

Furthermore, Nixon et al. (2011) observe a large degree of heterogeneity at 

Westward Ho! with fault dominance changing between areas, whereas the fault 

network offshore Hartland Point is less heterogeneous deforming in a right-

lateral domino fashion (Nixon et al., 2012).  Nixon et al. (2012) also established 

that the network from Hartland Point appears to be relatively unconnected, 

whereas the network at Westward Ho! is well connected.  Thus the two fault 

networks comparison of topology and the extensive areas of faulting allow any 

spatial changes within each network to be analysed.  
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Table 4.1  Different physical attributes for both fault networks.  The subareas 
(located in Figure 4.6) for each fault network are in ascending order of fault 
density with dark grey representing subareas that have >80% of one fault set.  
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Figure 4.6 a) A fault trace map of displacement for i) Hartland and ii) Westward 
Ho! indicating the location of each subarea; b) Contour plots of fault trace-length 
density showing the distribution of fault trace-length; c) Contour plots of 
connecting node frequency (Y- and X-nodes), illustrating the spatial distribution 
of connectivity; d) inset location map of the two fault networks.  Each density 
contour plot uses a 10 m X 10 m grid and a 450 m radius around each feature for 
Hartland and a 3 m x 3 m grid with a 100 m radius around features at Westward 
Ho!. 
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4.4.1. Spatial distribution of trace-length and displacement 

Seven sub areas have been picked from each network (Figure 4.6a) to sample 

variations in fault density (km/km2) and fault set dominance (Table 4.1).  

Subareas 1 to 7 are from offshore Hartland and have fault densities which 

range from 5.2-10.9 km/km2, whereas subareas 8-14 are from Westward Ho! 

and have fault densities which range from 25.8-71.5 km/km2 (Table 4.1).  These 

variations in fault density within each subarea indicate spatial heterogeneity with 

areas of greater fault density (i.e. subareas 3 and 10) separated by areas of 

lower density (i.e. subareas 1 and 9) (Figure 4.6b). 

Localized areas with high densities are associated with areas of damage due to 

interaction and linkage between large faults (i.e. subareas 3 and 10) and 

include numerous short faults with low displacements (Nixon et al., 2012).   

Areas of low density are dominated by a few faults with long trace-lengths and 

larger displacements.  Furthermore, when looking at the distribution of right- 

and left-lateral faults within each subarea, the areas of low density are often 

dominated by one fault set taking up at least 80% of the trace-length (Table 

4.1), whereas the high density areas generally include more equal proportions 

of both left- and right-lateral faults (Table 4.1).  There are two exceptions, 

subareas 2 and 6, which have high fault densities and are dominated by one 

fault set. 

These trends are also seen on a larger scale when comparing the two 

networks.  The Westward Ho! area has a much higher fault density and also 

has approximately even proportions of right- and left-lateral faults.  Whereas, at 

Hartland the fault density is low and the whole network is dominated by long 

right-lateral faults making up ~80% of the fault trace-length (Table 4.1). 

 

4.5. Topological analysis 

4.5.1. Node analysis 

4.5.1.1. Spatial distribution of connecting nodes 

The average connecting node frequency for Westward Ho! (741 NC/km2) is 

much greater than Hartland (15 NC/km2; Table 4.2).  The majority of the 
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connecting nodes within both networks form localized clusters (Figure 4.6c) that 

coincide with the bulls eyes of high trace-length density (Figure 4.6b), indicating 

that the connecting node distribution is strongly related to fault density (e.g. 

subareas 3 and 10).  In general, the number of connecting nodes increases with 

fault density producing a positive correlation, which is particularly obvious for 

subareas at Westward Ho! (Figure 4.7a).   This is because with increasing fault 

density the probability of two faults intersecting or abutting increases.  

Therefore, areas of damage (subarea 10) and linkage (subarea 3), which are 

generally areas with high trace-length densities, will produce a greater number 

of connecting nodes. 

 

Figure 4.7 a) log-log plot of connecting node frequency vs fault density.  b) log-
log plot of connecting node frequency vs fault length.  c) log-normal plot of 
connecting node frequency vs fault set proportion where 50% represents equal 
proportions of each fault set.  

The average fault length also influences the connecting node frequency.  This 

has the opposite effect to fault density with increasing fault length forming a 

negative correlation with connecting node frequency (Figure 4.7b).  This is 

because if you increase the length of each fault in a network you inherently 

keep the same number of nodes but increase the area to accommodate the 

longer fault lengths, hence  decreasing  the  connecting  node  frequency.   This 
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Table 4.2 Proportions of each node type within the fault networks at Hartland and 
Westward Ho!.  The subareas (located in Figure 4.6) for each fault network are in 
ascending order of fault density and the dark grey represents subareas that have 
>80% of one fault set. 
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suggests that large-scale fault networks will produce less connecting nodes as 

fault lengths are much longer and fault densities are much lower (i.e. Hartland). 

Subareas 2 and 6 for offshore Hartland do not display as high a connecting 

node frequency as would be expected, considering their fault densities in 

comparison to other subareas at Hartland (Table 4.2).  This is due to a 

dominance of one fault set within these subareas (Table 4.1).  In general, 

subareas with equal proportions of both fault sets (i.e. 50%; Figure 4.7c) have a 

greater connecting node frequency than subareas that are dominated by one 

fault set (i.e. 100%; Figure 4.7c). 

 

Figure 4.8 a) A ternary plot of the proportions of I-, Y- and X- nodes.  b) A ternary 
plot of the proportions of I-I, I-C and C-C branches.  Data from the fault networks 
at Westward Ho! and Hartland are in grey and black, respectively.  Subareas are 
indicated by the number next to each dot. 
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Overall the frequency of connecting nodes is largely influenced by fault density 

and fault length producing a correlation across both datasets, suggesting scale 

dependence (Figure 4.7a and 4.7b).  However, the proportion of each fault set 

affects both fault networks independently and only has a small influence on the 

connecting node frequency (Figure 4.7c). 

4.5.1.2. Node proportions 

The proportions of I- Y- and X-nodes for each network are plotted in a ternary 

diagram in Figure 4.8a.    All of the subareas cluster around the points where 

their respected networks plot in the ternary triangle.  Both fault networks plot in 

the IY half of the ternary diagram, however, the fault network at Westward Ho! 

plots further away from the I-node corner of the ternary triangle than the fault 

network offshore Hartland (Figure 4.8a).  Therefore, Westward Ho! has a 

greater proportion of connecting nodes (~58%) than Hartland (~25%; Table 

4.2).   

The difference in node topology is further reflected in the number of connections 

per line (nC/L) and per branch (nC/B) with Hartland producing lower values than at 

Westward Ho! (Table 4.2).  Subareas at Hartland produce nC/L values of 0.54 to 

1.77 (i.e. nC/L < 2), whereas subareas at Westward Ho! have nC/L values of 1.73 

to 3.45.   Most of the subareas at Westward Ho! have an nC/L > 2.  The values of 

nC/B show the same trend as values of nC/L with subareas offshore Hartland 

producing values of nC/B from 0.65-1.36, whereas subareas at Westward Ho! 

have values of nC/B from 1.39-1.82.  In general, values of nC/B produce a much 

narrower range but are very similar to values of nC/L for subareas that plot near 

the nC/B = 1 contour. 

4.5.2. Branch analysis 

4.5.2.1. Spatial distribution of branches 

In Figure 4.9 the fault trace-lengths are displayed by branch type: I-I (isolated) 

branches, connected I-C (dangling ends) and connected C-C (backbone) 

branches.  Overall, the network at Hartland has many more I-I branches and I-C 

branches in comparison with Westward Ho!, which has mainly C-C branches.   
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Figure 4.9 Fault maps of each network displaying the distribution of each branch 
type (I-I, I-C and C-C) within the fault networks at i) Hartland and ii) Westward 
Ho!. 

Although there are many isolated faults in the fault network at Hartland, the long 

right-lateral fault traces within the network are made up of numerous C-C 

branches forming the backbone of several large elongated clusters.  C-C 

branches also make up some of the long fault traces at Westward Ho!, 

however, they mainly form dense clusters with numerous small interconnected 

C-C branches from both fault sets.  These produce localized areas of high 

connectivity (for example subarea 12) and coincide with areas of high 

connecting node frequencies and high trace-length densities (Table 4.2; Figure 

4.6b and 4.6c).  In general, the character of the clusters in each network reflects 

the overall fault density and fault trend of the network itself.  

4.5.2.2. Branch proportions 

The ternary diagram showing the proportions of each branch type indicates that 

both fault networks and all of the sub areas have a greater number of 

connecting branches (I-C and C-C) than isolated (I-I) branches. (Table 4.2; 

Figure 4.8b).  Westward Ho! has a much smaller proportion of I-I branches 

(~4%) than Hartland (26%) with all of the subareas from Westward Ho! plotting 

at the base and in the C-C corner of the triangle (Figure 4.8b).  Therefore, the 

majority of the branches at Westward Ho! are C-C branches, which form the 

backbone of large clusters. 
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The subareas at Hartland are very scattered when plotted in Figure 4.8b 

showing a much greater heterogeneity in branch topology in comparison to 

Westward Ho!.  The majority of the subareas at Hartland have more I-C 

branches than C-C branches, which indicates that there are more dangling ends 

and small isolated clusters within the network (Table 4.2).   

 

4.6. Characteristic properties of topological components 

4.6.1. Synthetic Y-nodes vs antithetic Y-nodes 

Synthetic Y-nodes produce more acute angles (~27°) of intersection between 

faults than antithetic Y-nodes (~67°; Figure 4.10a).  This is because, synthetic 

Y-nodes occur between faults with the same motion sense that are at low 

angles to one another (<45°) forming splays and lenses.  Whereas, antithetic Y-

nodes involve two faults with opposing motion senses that are at high angle to 

one another (>45°) forming fault abutments and intersections. 

 

Figure 4.10 a) Histogram illustrating the acute angles of intersection for synthetic 
and antithetic Y-node interactions.  b) Log-normal plot of connecting node 
frequency vs fault set proportion for synthetic Y(s)-nodes and antithetic Y(a)-
nodes in black and grey, respectively. 

Both fault networks have more antithetic than synthetic Y-nodes, however this 

varies between subareas.  In general, subareas that are dominated by one fault 

set (i.e. >80% of one fault set) have a greater proportion of synthetic Y-nodes 

(Table 4.2).  Whereas subareas with opposing fault sets produce more 
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antithetic Y-nodes (Table 4.2).  Although the proportion of antithetic and 

synthetic Y-nodes appears to be related to the fault set dominance, only the 

number of antithetic Y-nodes varies between subareas as indicated by the 

relationship between Y-node frequency and fault dominance (Figure 4.10b).   

Overall the number of synthetic Y(s)-nodes in a network is constant despite 

changes in fault set dominance between subareas, whereas the number of 

antithetic Y(a)-nodes decreases with an increased dominance of one fault set 

(i.e. fault set dominance tends to 100%; Figure 4.10b). 

4.6.2. Branch length distribution 

Branch length is an important characteristic as it is linked to the number of 

connecting nodes per line, which are used to calculate the number of branches 

(NB), and the length of each fault (l).  The average branch length (LB) can be 

calculated by the following relationship: 

XYIB
B NNN

l
N
l

L
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2
++

×
==        (4.6) 

 

 

Figure 4.11 Histograms showing the frequency of different branch lengths for a) 
Hartland and b) Westward Ho!. 

The average branch lengths range from 100 - 234 m and 18 - 62 m for 

subareas from Hartland and Westward Ho!, respectively.  In comparison to fault 

lines the branches have much lower mean and median lengths in both fault 

networks (Table 4.3).  Both the branch and line lengths have median lengths 

that are much smaller than the mean lengths indicating a skewness in their 
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distribution (Table 4.3).  However, calculated values for skewness show that the 

branch length distributions are much less skewed than the line length 

distributions (Table 4.3).  Furthermore, the coefficient of variance (CV) is 

generally lower for branches (i.e. ~ CV ≤ 1) than for lines (i.e. CV > 1) indicating 

that there is less variability in the branch length (Table 4.3). 

Table 4.3 Statistical analysis of branch and line lengths 

 
I-I 

Branches
I-C 

Branches
C-C 

Branches
Fault 
traces 

Hartland     

Mean length (m) 137.5 126.1 116.9 208.9 

Median length (m) 121.4 89.0 79.4 139.3 

Standard Deviation (m) 82.0 126.7 125.9 272.6 

Coefficient of Variation 
(CV) 

0.6 1.0 1.1 1.3 

Skewness 2.1 2.6 3.3 5.6 

Westward Ho!     

Mean length (m) 29.5 26.1 22.5 60.9 

Median length (m) 25.4 20.2 14.9 40.7 

Standard Deviation (m) 17.0 20.7 22.8 67.5 

Coefficient of Variation 
(CV) 

0.6 0.8 1.0 1.1 

Skewness 1.3 1.8 2.2 4.5 

 

The different branch types (I-I, I-C and C-C) have similar length distributions in 

each network with peaks in frequency around ~100 m at Hartland and ~20 m at 

Westward Ho! (Figure 4.11).  There are slight variations for each branch type 

with the peak frequencies for more connected branches (i.e. C-C) occurring at 

shorter branch lengths.  In general, the branch length distributions show either a 

log-normal distribution or a negative exponential distribution (Figure 4.11). 

4.6.3. Isolated branches vs connected branches 

A fault network can be considered as two separate systems: a connected 

system of branches, which are connected to other branches by connecting 

nodes, and an isolated system, which consists of isolated branches and isolated 

nodes.  The branch analysis established that the fault network at Westward Ho! 
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has very few isolated branches, whereas Hartland has a considerable 

proportion of I-nodes and isolated branches.  Therefore, we use the network 

offshore Hartland to further investigate the different characteristics of isolated 

and connected branches: 

a) Isolated Branches – The isolated branches make up ~28% of the fault 

trace-length within the fault network offshore from Hartland.  The fault 

density contour plot in Figure 4.12a shows that the isolated branches are 

evenly distributed throughout the fault network.  The faults that are made 

up of isolated branches have an average trace-length of 144 m but the 

right-lateral faults produce the longer trace-lengths of up to ~800 m 

(Figure 4.13a) which reflects the overall right-lateral dominance of the 

fault network.  Although there are numerous isolated branches 

throughout the fault network they have small displacements with an 

average displacement of 3.4 m (Figures 4.12a).  As a result the isolated 

system does not accommodate much of the overall strain producing a 

maximum extension of ~0.4% at an orientation of N111°E (Figure 4.12a). 

b) Connected Branches – The majority of fault trace-length (~72%) within 

the fault network forms the connecting branches and nodes.  The NW-

trending dominance of the fault trend of the network is also seen in 

connected branches, which have a dominance of NW-trending right-

lateral faults (Figure 4.12b).  The connected branches produce large 

clusters that form the main fault pattern of the network including long 

fault traces that form elongated fault bound blocks (Figure 4.12b).  These 

long fault traces can have lengths up to 2700 m.  Smaller faults appear to 

be concentrated in high density areas of damage and linkage connecting 

the longer fault traces.  The faults within the connected system have an 

average displacement of 14.2 m, which is much greater than the faults in 

the isolated system.  This is reflected in the amount of strain 

accommodated by the connected system, which produces a maximum 

extension of ~4% orientated at N112°E (i.e. >90% of the total strain 

produced by the fault network; Figure 4.12b). 

Although the overall fault trends for both the isolated and connected branches 

are similar there are some key differences.  Most long fault traces within the 
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network are made up of connected branches, whereas the isolated branches 

have smaller fault lengths.  This is due to an increase in the probability of one 

fault abutting/intersecting another fault as the fault traces become longer. 

  

Figure 4.12 Fault maps and contour plots of fault trace-length for the fault 
network offshore Hartland.  These show the distribution of a) the isolated 
branches; b) the connected branches within the fault network and c) the entire 
fault network.  The density contour plots used a 10 m X 10 m grid and a 450 m 
radius around each feature. 
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Even though the longer fault traces are made up of connected branches, the 

connected branches themselves can be as short as 5 m in length.  This is very 

different to the isolated branches which have very few branches with lengths 

that are <50 m (Figure 4.13).  This is because isolated branches have space to 

grow in length without abutting another fault, whereas many connected 

branches are produced by intersecting faults and can be cut smaller by other 

connecting branches. 

The long fault traces that are produced within the fault network also accumulate 

the largest displacements (Figure 4.12c) as strain is localized onto them.  This 

is why the connected branches accommodate the majority of the strain 

indicating that strain is localized to the connected faults within a fault network.  

Strain can be localized onto individual faults, which may then grow by segment 

linkage, or be localized to an area producing a damage zone with a high fault 

density, both of these processes favour connectivity. 

 

 

Figure 4.13 Plot of branch length (log) against azimuth for a) isolated branches 
from Hartland and b) connected branches from Hartland.  Note the scarcity of 
isolated branches within the grey box in comparison to the connected branches. 

 

4.7. Discussion – Assessing connectivity 

This chapter has concentrated on exploring the topology of fault networks by 

developing and applying a node and branch analysis to two natural fault 

networks from north Devon, UK.  The node and branch analysis allows us to 

describe and characterize each fault network and the sub areas within them. 
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The topology is intrinsically linked to the pattern of connectivity within a network 

and has been often used for assessing the connectivity of fracture networks and 

their ability to percolate (Robinson, 1983; Huseby et al., 1997; Jing and 

Stephansson, 1997; Manzocchi, 2002).  Therefore, in this section we discuss 

the application of the topological analysis for describing the connectivity of fault 

networks from offshore Hartland and onshore at Westward Ho!.   

4.7.1. Characterizing connectivity in fault networks 

The nodal analysis allows a quantitative assessment of the connecting nodes 

within each fault network by using the connecting node frequency, the number 

of connections per line (nC/L) and the number of connections per branch (nC/B).  

These parameters quantify the connections within a fault network and therefore 

describe the connectivity.  Hence, contour plots of these different parameters 

allow the spatial distribution of connectivity to be assessed.  The nC/L and nC/B 

values are particularly useful as they are dimensionless measures of 

connectivity and can also be contoured onto the ternary node diagram, which is 

very useful for visualizing and assessing the connectivity (e.g. Manzocchi, 

2002). 

The fault network at Westward Ho! plots further away from the I-node corner of 

the ternary node diagram and has higher values of nC/L and nC/B than the 

network offshore Hartland.  Therefore, the node analysis indicates that the fault 

network at Westward Ho! is better connected than the fault network offshore 

Hartland.  We show that the connecting nodes within the two fault networks are 

dominated by Y-nodes, which is consistent with examples presented by 

Manzocchi (2002).  This is because the displacements on faults make it difficult 

to preserve X-nodes (cf. Nixon et al., 2012) suggesting that fault network 

connectivity is strongly reliant on the development of Y-nodes.   

We furthered this analysis by dividing Y-nodes into antithetic and synthetic Y-

nodes.  The results show that synthetic Y-nodes (i.e. fault splays and lenses) 

form from branches that are at low angles (<45°) to each other, whereas, 

antithetic Y-nodes (i.e. abutments and cross-cutting faults) form from branches 

that are a higher angles (>45°) to one another and vary depending on the fault 

set proportions.  This agrees with the work by Robinson (1983) who showed 
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that more fractures are needed to form a connected network when the angle of 

intersection between fractures is very acute. 

The contour plots show a spatial heterogeneity in connecting frequency within 

both fault networks with clusters of connecting nodes forming mainly in areas of 

high fault density suggesting that these regions are better connected.  These 

are often regions of fault linkage and damage which is consistent with results 

from Nixon et al. (2012) and Micarelli et al. (2006a, 2006b) who also show that 

areas of damage are better connected.  High values of nC/L and nC/B also 

develop and correlate with areas of high connecting node frequencies showing 

that these three parameters are a consistent measure of relative connectivity.  

The branch analysis identifies I-I, I-C and C-C branch types which have nC/B 

values of 0, 1 and 2, respectively (Figure 4.14a).  Each branch type has a 

different degree of connectivity as indicated by the estimated path of increasing 

connectivity in Figure 4.14a, which is estimated from the values of nC/B for each 

subarea.  Therefore the proportions of each branch type can be used to 

describe the proportion of fault trace-length that is locally connected within each 

network.  The spatial distribution of the different branch types is also useful as it 

shows the position of large clusters and gives an indication of the geometric 

character of the clusters (i.e. the spatial extent of the backbone and dangling 

ends etc).   

Westward Ho! has a higher proportion of connected branches (particularly C-C 

branches) than the network offshore Hartland indicating that Westward Ho! is 

better connected, which agrees with the node analysis.  The maps of branch 

type identify two different geometries of large cluster within the two fault 

networks, which are related to the proportions of each fault set.  In areas that 

have equal proportions of each fault set, the clusters are dominated by 

antithetic Y-nodes and have a core of many small C-C branches forming highly 

connected clusters.  However, areas with a dominant fault set (>80%) form 

elongate clusters, with long C-C branches, and a higher proportion of synthetic 

Y-nodes.  These different cluster geometries correlate with the density and 

orientation clusters described by Manzocchi (2002) forming clusters that involve 

both fault sets and one fault set, respectively. 
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Figure 4.14. a) A ternary branch diagram showing the estimated path of 
increasing connectivity broadly matched to values of the number of connections 
per branch (nC/B), which are labelled for each subarea from Hartland in black and 
Westward Ho! in grey.  Illustrations show the different topological arrangements 
and cluster types if a network was dominated by I-I branches, I-C branches or C-
C branches.  Values for nC/B are shown for each end member indicating that 
networks with only I-I and I-C branches cannot form spanning clusters.  b) A plot 
showing the linear relationship between the proportion of I-C and C-C branches 
and values of nC/B after the I-I branches have been removed from the system.  
This can be used to predict the cluster behaviour of the connected branches. 
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Overall, there is much heterogeneity in the local connectivity within each fault 

network.  This heterogeneity can be seen in the spatial distribution of 

parameters that describe the connectivity and also in the clustering behaviour.  

This is important because it shows that connectivity and therefore the fluid 

transport properties of a fault network can change spatially within the network. 

4.7.2. Clustering 

As well as describing the connectivity of the trace-length within each fault 

network, the branch analysis also gives an estimate of the size of clusters within 

each network.  This is important as although a network may be well connected 

forming large clusters, it is the spanning extent of these large clusters that 

controls the networks ability to percolate across a sample area.  Manzocchi 

(2002) introduced a quantitative measure of clustering for fracture networks by 

looking at the coefficient of variance of fracture spacing.  This indicates whether 

a network is randomly or uniformly clustered.  The branch analysis develops 

this by describing if the clusters within the fault network are small isolated 

clusters (dominated by I-C branches) that do not percolate or whether they are 

large clusters (dominated by C-C branches) that span the sample area 

(spanning clusters) and could percolate (cf. Figure 4.3).   

A network that plots in the I-I corner of the branch ternary diagram (Figure 

4.14a) will have no connecting nodes within the network and therefore no 

clusters.  If a network plots in the I-C corner of the ternary diagram all branches 

will have a tip (I-node) and will form small isolated clusters that only have one 

connecting node per cluster and therefore an nC/B of 1.  For percolation, 

spanning clusters are needed, which have an extensive backbone of C-C 

branches providing a connected pathway for fluid flow across a sample area 

(Jing and Stephanson, 1997).  Hence, any network that plots in the I-C corner 

will consist mainly of small clusters that will not be sufficiently connected to form 

a spanning cluster.  Networks that consist of only C-C branches plot in the C-C 

corner of the ternary diagram, forming a spanning cluster that percolates and 

these have a nC/B of 2 (Figure 4.14a).  

The relationship between values of nC/B and I-C and C-C branches is significant 

as this provides a link between the node and the branch proportions.  If nC/B is 
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calculated after removing all the I-I branches from the network then nC/B can be 

used as a quantitative assessment of the degree and character of clustering.  

This is shown in Figure 4.14b, which shows that nC/B increases in a linear 

relationship with increasing proportions of C-C branches to I-C branches.  

Therefore, the connected branches have more chance of forming a significant 

spanning cluster as nC/B → 2. 

4.7.3. Influences on connectivity 

The influence of network properties on connectivity has been well studied 

including properties such as fault density, fault length, topology and angle of 

intersection between faults (e.g. Robinson, 1983; Balberg, 1986; Bour and 

Davy, 1997; Manzocchi et al., 1998; Zhang and Sanderson, 1998; Berkowitz et 

al., 2000; Manzocchi, 2002; Yazdi et al., 2011).  We have also identified that 

fault set dominance also has an influence on connectivity.  Increasing the 

proportion of one fault within a fault network decreases the number of 

connections within an area.  This is due to the reduced chance of forming an 

antithetic Y-node (Robinson, 1983, 1984).  However, this control affects each 

fault network independently (Figures 4.7c and 4.10b). 

Investigating the characteristics of the isolated branches and the connected 

branches within the fault network offshore Hartland, also highlighted a link 

between strain localization and connectivity.  The majority of the strain is 

accommodated by the connected branches indicating strain localization onto 

the faults and spanning clusters within the connected system.  This supports a 

variety of studies that show that fault systems evolve into longer and simpler 

systems with faults increasing in fault length and becoming better connected as 

strain is localized onto the (e.g. Cowie et al., 1995; Dawers and Anders, 1995; 

Cowie, 1998; Gupta et al., 1998; Ferrill et al., 1999; Gupta and Scholz, 2000; 

Walsh et al., 2001; Soliva and Schultz, 2008).  This is also a positive feedback 

because strain localizes onto the longer more connected parts of the system as 

a fault network grows (Meyer et al., 2002; Walsh et al., 2003; Taylor, 2004).  It 

is important to understand the link between strain and connectivity as areas of 

localized deformation often coincide with localized fluid flow (e.g. Sanderson 

and Zhang, 1999, 2004). 
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4.8. Conclusions 

The topological analysis developed in this study considers a fault network to be 

formed from two components: nodes and branches.  Nodes are divided into I-

nodes (fault tips), Y-nodes (abutments and splays) and X-nodes (cross-cutting 

faults).  Branches are divided into I-I branches (isolated faults), I-C branches 

(dangling ends of clusters) and C-C branches (backbone of clusters). 

The number counts and proportions of each component can be used to assess 

the topology of fault networks.  They can also be used to calculate further 

descriptive parameters such as the number of connections per line (nC/L) and 

the number of connections per branch (nC/B).  These parameters are 

dimensionless and can be plotted in contour plots and ternary diagrams to help 

characterize the topology of a fault network.  This study showed that: 

1. Fault networks form more Y-nodes than X-nodes, and therefore fault 

abutments and fault splays are more common than cross-cutting 

intersections. 

2. There is much heterogeneity in spatial distribution of connecting nodes 

within fault networks.  Clusters of connecting nodes form in areas of 

damage and linkage between faults producing high values of nC/L and 

nC/B in these regions. 

3. Connecting node frequency increases with increasing fault density but 

decreases with increasing fault length. 

4. The proportion of antithetic Y-nodes that form within a network 

decreases when one fault set becomes predominant.   

5. Long fault traces within fault networks are made up of numerous C-C 

branches.  These form the backbone of large clusters. 

6. The branch analysis is a new method for characterizing the cluster 

behaviour of the connected branches within a fault network.  Once I-I 

branches are removed values of nC/B range from 1 to 2. When nC/B ≈1 the 

clusters are made up of mainly I-C branches producing isolated clusters, 

whereas, as nC/B → 2 the clusters are made up of mainly C-C branches 

forming spanning clusters. 
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7. A fault network with a dominant fault set forms elongate clusters, 

whereas, a fault network with equal proportions of two fault sets forms 

highly connected clusters with a central core of C-C branches. 

Topological components are useful for assessing and investigating the 

connectivity of a fault network.  Parameters such as the number of connections 

per line (nC/L) or per branch (nC/B) and the proportions of different branch types 

provide dimensionless measures that relate to connectivity.  Mapping and 

sampling the spatial distribution of these parameters within a fault network 

shows that: 

8. There is much spatial heterogeneity in the character and degree of 

connectivity within fault networks. 

9. The majority of strain is localized onto the connected faults within a fault 

network. 

Overall, this study shows that topological analysis is an important tool for 

characterizing and describing fault networks.  It produces parameters that are 

largely independent of the specific geometry of the faults (i.e. size, orientation 

etc), that relate to the connectivity within the fault network and can be used to 

characterize connectivity such as the clustering behaviour of the network. 
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5. Mesoscale faulting on the Kaikoura Peninsula, South 

Island, NZ 

Casey W. Nixon, David J. Sanderson, Jonathan M. Bull 

5.1. Abstract 

A strike-slip fault network on the Kaikoura Peninsula is described and mapped 

from field observations.  The kinematic history of faulting is unravelled to add to 

our understanding of deformation associated with the regional tectonics of the 

Marlborough Fault Zone.  The behaviour of the fault network is locally variable 

due to changes in lithology, damage zones and fault reactivation.  The 

observations have revealed a complex reactivation history over the past 4 Ma 

with two main phases of deformation: 1. NW-SE compression forming two 

conjugate fault sets consisting of N-trending left-lateral faults and WNW-

trending right-lateral faults with extension fractures that form parallel to the 

principal stress direction; 2. E-W compression resulting in left-lateral 

reactivation of NW-trending faults and extension fractures.  It is suggested that 

the NW-SE compression accommodates clockwise rotations of the Northern 

Marlborough Domain whereas E-W compression reflects relative plate motion 

and the ENE right-lateral shear of the Southern Marlborough Domain. 
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5.2. Introduction 

This study aims to describe a mesoscale fault network and other deformation 

structures seen on the Kaikoura Peninsula to unravel the kinematic history of 

the faults and discuss their relevance to the regional tectonics of the area.  It will 

also investigate variations in fault geometry and different physical attributes 

within the fault network to illustrate localized effects on fault network behaviour. 

The Kaikoura Peninsula is located in a highly dynamic setting on the NE coast 

of South Island, New Zealand (Figure 5.1).  Offshore to the east is the southern 

most part of the NE-trending Hikurangi Margin where the Australian plate 

converges obliquely on the Pacific plate at a rate of 38 mm/yr at an azimuth of 

079° (DeMets et al., 1994).  The majority of the plate motion is taken up by 

right-lateral strike-slip faults in the transpressive Marlborough Fault Zone that 

forms part of a diffuse transform boundary between the Pacific and Australian 

plates (Van Dissen and Yeats, 1991; Barnes and Audru, 1999; Wannamaker et 

al., 2009).  The most active and southern part of the Marlborough Fault Zone is 

the ENE-trending right-lateral Hope Fault, which is ~10 km north of the Kaikoura 

Peninsula and produces horizontal slip rates of between 18-32 mm/yr 

(Langridge et al., 2003).  The remainder of the plate motion is accommodated 

by NE-trending folds and reverse faults that occur offshore and along the 

coastline of North Canterbury and Marlborough (e.g. Van Dissen and Yeats, 

1991; Barnes, 1996; Barnes and Audru, 1999). 

The tectonic evolution of the plate boundary zone has been well studied with 

subduction thought to have started in the early Miocene along with inception of 

the right-lateral strike-slip faulting in the Marlborough Fault Zone (Lamb and 

Bibby, 1989; Rait et al., 1991; Audru and Delteil, 1998).  Palaeomagnetic 

studies indicate clockwise rotations of up to ~130° for faults and fault blocks 

with the Hikurangi Margin rotating from ~W to ~NE since the early Miocene 

(Lamb and Bibby, 1989; Vickery and Lamb, 1995; Little and Roberts, 1997; 

Furlong and Kamp, 2009; Lamb, 2011; Randall et al., 2011).  Large rotations 

are thought to be accommodated from 20 Ma – 8 Ma and the remainder from 4 

Ma – present day (Vickery and Lamb, 1995).  Rotation was driven by right-

lateral shear accommodated by the Marlborough Fault Zone and the extent of 
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rotation decreases to the south with Kaikoura Peninsula expressing rotations of 

only 40.5° +/- 17° (Hall, 2004; Randall et al., 2011). 

Lamb and Bibby (1989) describe two deformation phases (D1 and D2) related to 

these two periods of rotation.  Early Miocene low angle thrust faults and steeply 

plunging folds make up D1 which are deformed by Plio-Pleistocene faulting and 

folding which make up D2 (Lamb and Bibby, 1989; Vickery and Lamb, 1995).  

This study will focus on describing a mesoscale fault network seen on the 

Kaikoura Peninsula associated with D2 and hypothesise the chronology of sub-

phases of deformation within the last 4 Ma. 

 

Figure 5.1  Location map of Kaikoura Peninsula showing the main structures that 
surround the peninsula. 

5.2.1. Stratigraphy and Structure  

The stratigraphy of the Kaikoura Peninsula consists of marine limestones, 

mudstones and siltstones dating from late Cretaceous to middle Miocene.  

These include the carbonates of the Eocene Amuri Limestone and Oligocene 

Spyglass Formation, and the mudstones of the Miocene Waima Formation 

(Browne et al., 2005; Lever, 2007) which all outcrop on the wave-cut platforms 

around the peninsula (Figure 5.2).   
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Large-scale folds (wave-lengths >2 km) can be seen across the peninsula, 

folding stratigraphy into kilometre scale NE-trending anticlines and synclines 

(Figure 5.2) (Ota et al., 1996; Cambell et al., 2005; Rattenbury et al., 2006).  

These are thought to be related to NW-dipping thrust structures that can be 

seen offshore ~5 km south east of the peninsula, causing continuing 

deformation and a north-westerly tilt of marine platforms on the peninsula (Ota 

et al., 1996).  Further deformation associated with this NW-SE compression 

includes small-scale folding (wave-lengths <20 m), parasitic to the large-scale 

folds, which intensely deforms the carbonates of the Amuri Limestone and 

Spyglass Formation (Figure 5.3).  The Waima Formation on the other hand is 

not so intensely folded, instead deforming by layer-parallel slip and producing 

more open mesoscale folds that envelope the small scale folding in the 

underlying limestone units. 

A mesoscale network of faults cuts the rocks across the Kaikoura Peninsula.  

The pattern of faulting is complex but there are two main fault orientations: N-

trending and WNW-trending (Figure 5.4).  The faults laterally offset bedding and 

fold hinges of parasitic folds indicating they post-date the folding. 

 

Figure 5.2  Geological map of Kaikoura Peninsula showing the main lithologies 
of the wave-cut platforms, NE-trending fold structures and the three study areas. 
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Figure 5.3  a) Equal angle stereographic projection of bedding showing the main 
trend of folding; b) field photograph of parasitic folding within the Spyglass 
Formation at Spaniards Bay. 

 

 

Figure 5.4  a) Equal angle stereographic projection of fault planes and associated 
slickensides taken from fault and fractures across the three study areas; b) 
Length x displacement weighted rose diagram of faults from all three study 
areas; c) Length x displacement weighted histogram showing the distribution of 
faults with right-lateral and left-lateral separations. 
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5.3. Methodology 

5.3.1. Mapping 

Fault mapping was focused to three key areas (Point Kean, Spaniards Bay and 

South Bay; Figure 5.2) that were used to describe and analyse the fault 

network.   They consist of wave-cut platforms in the Waima Formation, where 

the faults are well exposed and marker beds allow mapping and measuring of 

lateral separations. Faults were mapped in the field using aerial photographs as 

base maps and 3D structural data were collected across the areas, including 

bedding and fault orientations as well as slickenside measurements where 

possible. 

The mapped faults, interpreted marker beds and associated displacement data 

were all digitized and imported into ArcGIS.  Fault traces were segmented by 

lateral separation points of marker beds and an average displacement was 

attributed to each fault segment (see Appendix for more detail).  The data for 

each segment were extracted from ArcGIS into spreadsheets for further 

analysis and display (i.e. rose diagrams, strain determination etc.). 

5.3.2. Line sampling 

Line sampling involved following and measuring the lengths of an identified 

marker bed along strike and recording the separations and orientations of each 

faulted offset.  By inputing the data into spreadsheets, attributes of the faults 

can be calculated such as fault density, two dimensional strain vectors, average 

displacements etc.  This is useful for comparing the spatial distribution of these 

attributes across structural features or boundaries (e.g. damage zones and 

lithilogical boundaries).  The technique works particularly well at Kaikoura as the 

strike of bedding (ENE-WSW) is at a high angle to the orientations of both fault 

sets. 

5.3.3. Strain determination 

The two-dimensional strain of each line sample was calculated using a method 

by Peacock and Sanderson (1993).  This uses the eigenvectors and 

eigenvalues of a Lagrangian strain tensor to estimate the orientation and 
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magnitude of the principal strains.  The Langrangian strain tensor, Eij, is given 

by: 

Eij  = N/L Σ [ (Dij + Dji)/2 ]    (5.1) 

where Dij is a displacement tensor and N is the number faults sampled across a 

sample line of length L.   

The displacement tensor, Dij, is calculated from the cross-product of the unit 

vector normal to the fault plane, (n), and the displacement direction within the 

fault plane, (s u), where s is the displacement on the fault and u is the unit 

vector in the slip direction.  Due to the orientation of the sample line, Peacock 

and Sanderson (1993) add a weighting factor w = 1/cos γ, where γ is the angle 

between the sample line and the normal to the fault trace.  Hence, for a fault 

trace that strikes at an angle θ to north then: 

n  =  (-sin θ, cos θ)    and     u = (cos θ, sin θ)         (5.2) 

and, 

Dij  
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θθθ
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where w is the weighting factor and s is +ve for left-lateral faults and –ve for 

right-lateral faults. 

Nixon et al. (2011) apply this method for sampling fault traces within a plane.  

When sampling on a plane the weighting factor (w) is calculated using the angle 

between the exposure surface and fault normal.  This can be ignored for strike-

slip faults as they are sub-vertical, hence, both the fault normal and the 

displacement vector are sub-horizontal.  When calculating the Lagrangian strain 

tensor in equation (5.1), N/L represents the fault density, however, this needs to 

be replaced by the planar equivalent of Σt/A, where t is the trace-length and A is 

the sample area.  Hence, for a plane, the Lagrangian strain tensor is given by: 

Eij  = 1/A Σ [ t (Dij + Dji)/2 ]    (5.4) 
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5.4. Fault systems on the Kaikoura Peninsula  

5.4.1. Evidence of strike-slip deformation 

The complex nature of the faults on Kaikoura Peninsula make their history of 

deformation difficult to constrain.  The faults display lateral separations 

offsetting stratigraphy.  Due to the dip of the beds these lateral separations 

could be caused by vertical movements in which case the lateral separations do 

not represent displacements.  However, observations and field relationships 

attest a strike-slip motion for many of the faults. 

5.4.1.1. Slickensides 

3D structural data collected from exposed fault planes and fracture surfaces in 

cliff sections and on wave-cut platforms show that the majority of dips range 

from 60° to sub-vertical (Figure 5.4a).  Shallowly (< 30°) plunging slickensides 

indicate a dominant movement in the horizontal plane and that the lateral 

separations of marker beds approximate the displacement on the faults.  The 

fault plane data show a range of orientations within the fault network.  However, 

when weighted by length and displacement two conjugate sets of fault are 

distinguishable consisting of N-trending faults and WNW-trending faults, which 

dominantly express left-lateral and right-lateral separations, respectively (Figure 

5.4).  

 

Figure 5.5 a) Field photograph from Spaniards Bay of steeply dipping fractures 
being offset laterally by left-lateral faults; b) field photograph from South Bay 
showing the axial trace of a parasitic fold being offset laterally offset by a fault. 
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Figure 5.6.  a) Small scale pull apart associated with a step-over between two 
small left-lateral faults; b) a releasing bend with an anastomosing damage zone 
between to left-lateral faults.  Note the person circled on the left hand side for 
scale; c) field photograph from Point Kean showing a dilational jog between 
right-lateral shear fractures (blue lines) within a lens structure. 

5.4.1.2. Cross-cutting relationships 

Strike-slip movement is supported by small-scale structures and cross-cutting 

relationships.  In many places sub-vertical fractures and fault sets are offset 

laterally, for example, in Figure 5.5a a N-trending fault offsets several WNW-

trending faults with consistent left-lateral separations.  As the fault planes are 

steeply dipping this means that the main slip component must be strike-slip on 

this fault.  This is further supported by Figure 5.5b where a N-trending fault cuts 
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a parasitic fold within the Spyglass Formation at South Bay.  The fault offsets 

both the limbs and hinge line of the fold in a left-lateral motion indicating a 

dominant strike-slip movement. 

5.4.1.3. Step-over structures 

There are often damage zones related to step-overs between fractures and 

faults with openings at releasing step-overs along small-scale faults.  For 

example, the fault in Figure 5.6a illustrates an opening related to a left step-over 

indicating left-lateral movement on the fault.  These structures are also seen on 

a larger scale, producing damage zones of faults and fractures that splay in an 

anastomosing pattern away from the releasing bends (Figure 5.6b).  Lens 

structures often form with antithetic faults producing wedge shaped openings at 

the edges of lenses.  For example, the lens structure in Figure 5.6c formed 

between two NNE-trending left-lateral faults and has antithetic WNW-trending 

right-lateral shear fractures that are producing tensile openings both within the 

lens and at the edges. 

All of these structures along with the slickenside data agree with a lateral 

movement along these fault planes.  This indicates at least one phase of strike-

slip deformation.  Therefore, by using the lateral separations as approximate 

displacements, orientation data for left-lateral and right-lateral faults can be 

analysed for each of the studied areas. 

5.4.2. South Bay 

South Bay is the farthest west of the three study areas and consists of a 50 x 

350 m wave-cut platform.  The faults cut a stratigraphic succession that dips 

approximately 50° to the south and consists mainly of the Waima Formation 

with the Spyglass Formation only outcropping at the northern limits of the 

mapped area (Figure 5.7a).  The fault trace-lengths are dominated by faults that 

trend 005° with a few that trend 305°.  The N-S faults all display apparent left-

lateral separations, some up to 21 m.  The 305°-trending faults are more 

localized and have right-lateral separations with a somewhat greater average 

separation in comparison to faults with left-lateral separations (Figure 5.7c). 

Assuming that these are strike-slip faults, the lateral separations can be used in 

a strain analysis of the area showing the principal strain directions within the 
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horizontal plane.  These indicate a maximum extension of 7.5% with an 

orientation of N057°E (Table 5.1).  This indicates that these faults formed by 

NW-SE compression which is the same orientation as the compression that 

caused the main fold structures that deform the peninsula. 

 

Figure 5.7 a) Fault map of the South Bay study area with right-lateral faults in 
blue and left-lateral faults in red.  The Spyglass and Waima Formations are in 
dark grey and light grey, respectively.  The boxed area is the location of the line 
samples in Figure 5.13;  b) trace-length weighted rose diagram and histogram for 
the mapped South Bay fault network; c) trace-length x displacement weighted 
rose diagram and histogram for the mapped South Bay area.  Note the 
histograms show the distribution of right- and left- lateral faults. 
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Figure 5.8 a) Fault map of the Point Kean study area with right-lateral faults in 
blue and left-lateral faults in red.  Dashed lines represent faults with unknown 
motion senses and dotted lines are marker beds.  Note the anastomosing fault 
patterns.  b) Trace-length weighted rose diagram and histogram for the mapped 
Point Kean fault network; c) trace-length x displacement weighted rose diagram 
and histogram for the mapped Point Kean area.  Note the histograms show the 
distribution of right- and left- lateral faults. 
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Table 5.1 Strain values and orientations within the horizontal plane for each 
mapped fault network. 

 South Bay Point Kean 
Spaniards 

Bay 

% Extension 7.5 5.6 1.8 

Orientation N057°E N068°E N026°E 

 

Although there are two dominant orientations for the majority of fault segments, 

some fault segments vary quite significantly from these.  For the most part 

these are only minor faults that display small lateral separations, however, there 

is one large left-lateral fault (F1) that has a similar trend to the right-lateral fault 

segments (c. 305°) (Figure 5.7a).  This could be due to a number of reasons 

including a dip slip component to some of these faults, reactivation of a pre-

existing structure or even a separate phase of strike-slip faulting.  Overall the 

dominant orientations both length weighted and length x displacement weighted 

indicate a conjugate set of faults with WNW-trending right-lateral faults and N-

trending left-lateral faults agreeing with the hypothesis that these are strike-slip 

faults formed by NW-SE compression. 

5.4.3. Point Kean 

Point Kean is the eastern most point of Kaikoura Peninsula.  The area consists 

of a 200 x 300 m wave-cut platform with shallow dipping beds (<30°) of the 

Waima Formation.  The fault trace arrays appear more complicated than the 

South Bay area, with anastomosing, lens shaped patterns and fault traces 

splaying and curving into other fault traces (Figure 5.8a).  Like South Bay there 

are faults which express left-lateral and right-lateral separations with average 

displacements of 1.75 m and 3.13 m, respectively (Figure 5.8c).   

The added complexity is reflected in the length weighted rose diagram showing 

three main orientations  (005°, 345°, 325°) and two minor orientations (295° and 

035°).  The more N-trending orientations are dominated by left-lateral faults, 

whereas, the more WNW-trending orientations are dominated by right-lateral 

faults (Figure 5.8b).  When weighted by displacement as well as length the 

orientation data show a more obvious pattern (Figure 5.8c).  There are two main 

orientations at 345° and 295° for faults with left-lateral and right-lateral 
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separations, respectively.  There are also two minor orientations at 005° and 

325° which again are dominated by left-lateral and right-lateral separations, 

respectively.  These minor orientations could indicate rotation of faults or the 

main compression direction.  Overall the fault orientations indicate NW-SE 

compression. 

 

Figure 5.9 a) Field photograph illustrating vertical movement and drag of a 
siltstone bed at Point Kean indicating transpression; b) a more competent ridge 
along a fault line indicative of transpression. 

The kinematic origin of these faults is complicated by some field evidence of 

vertical movement on faults.  Separations and drag of bedding can be seen 

when the faults are viewed in cross section (Figure 5.9a).  These faults dip 

steeply to the east and have a component of reverse fault movement.  This 

indicates that these strike-slip faults are expressing some oblique-slip, possibly 

due to transpression.  This is further supported by ridges forming along fault 

edges as seen in Figure 5.9b.  Compression on these faults would have to be 

~E-W to cause these structures which does not fit with the NW-SE compression 

suggested by the conjugate fault sets.  

The fault in Figure 5.9b is fault F2 (Figure 5.8a), which trends ~320°, and 

expresses a right-lateral separation along its trace-length yet has a left-lateral 

separation at its NW tip.  As the dip of bedding is consistent along its length, 

this suggests reactivation and propagation of the original structure indicating 

that there has been at least two phases of movement on this fault (Figure 5.10).  

The orientation of fault F2 is parallel to the maximum stress orientation that 
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bisects the two major fault trends.  This matches the orientation of tensile 

fracture formation associated with NW-SE compression, which suggests it could 

be a reactivated joint/extension fracture.  Reactivated joints and fractures are 

not uncommon and have been described many times in previous studies (cf. 

Segall and Pollard, 1983a, 1983b; Granier, 1985; Zhao and Johnson, 1992; 

Wilkins et al., 2001).  This has very important implications for the deformation 

history and interpretation of these faults as reactivation could be caused by a 

phase of E-W compression.  This would explain the vertical movement on faults 

and ridges at fault edges (Figure 5.9). 

Although some vertical movement has been seen on these faults the consistent 

dominant orientations for right-lateral and left-lateral faults indicates a 

movement in the horizontal plane.  The principal strain directions within the 

horizontal plane are similar to South Bay with an overall extension of 5.6% in an 

orientation of N068°E again indicating NW-SE compression, which is in 

agreement with the conjugate fault geometries (Table 5.1).   

Overall, like South Bay, there is a dominant conjugate fault set with N-trending 

left-lateral faults and WNW-trending right-lateral faults associated with NW-SE 

compression.  However, tensile fractures and joints that formed parallel to this 

maximum stress direction have been reactivated.  This explains the range of 

fault planes plotted in Figure 5.4a and indicates a change in the maximum 

stress direction. 

 

 

Figure 5.10 A schematic illustration of right-lateral reactivation of a left-lateral 
fault.  Displacement profiles represent the fault before (a) and after (b) 
reactivation.  Note the change in motion sense at the fault tips. 
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5.4.4. Spaniards Bay 

The mapped fault network at Spaniards Bay is the smallest of the three study 

areas and is located on a wave-cut platform just south of Point Kean (Figure 

5.11a).  The west side of the wave-cut platform comprises heavily folded 

limestone of the Spyglass Formation, which are juxtaposed against mudstones 

and siltstones of the Waima Formation on the east side.  The Spyglass 

Formation is heavily brecciated at the boundary as a large N-trending fault (F3) 

separates the two lithologies with the Waima Formation to the east being the 

down thrown side (Figure 5.11a).  The vertical movement must only be a few 

metres as in many places the fold crests of the Spyglass Formation break 

through the Waima Formation and there are beds of the Waima Formation in 

mesoscale troughs of the folded limestone.  These are seen best in the northern 

half of the area forming elongated lenses of siltstone and limestone (Figure 

5.11a). 

Although the Spyglass Formation appears brecciated and fractured, very few 

faults penetrate far into it.  A N-trending cleavage is common throughout the 

limestone suggesting a component of E-W compression.  This orientation is 

very different to the overall compression that formed the large-scale folds 

across the peninsula.  Some of the N-trending cleavage planes have infilled 

with calcite indicating post-formation extension which could be caused by a later 

change in the stress field. 

A dense population of faults and fractures deform a 75 x 75 m area of south 

dipping beds of the Waima Formation (Figure 5.11a).  The fault segments form 

two main trends that are acutely angled to each other at 005° and 335° (Figure 

5.11b and 5.11c).  The N-trending faults form long traces that appear to splay 

off fault F3 and eventually tail off further south with fault tips curving to the SE, 

which is parallel to the NW-SE compression that caused the large-scale folding 

across the peninsula.   

This pattern of faulting is very similar to descriptions of horsetail damage zones 

seen at the lateral tips of strike-slip faults (McGrath and Davison, 1995; Kim et 

al., 2000, 2004).  Horsetail damage zones consist of extensional fractures that 

splay off the tip of a propagating strike-slip fault and curve towards the 
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maximum compression orientation as they move away from the localized stress 

field produced by the main fault (McGrath and Davison, 1995; Kim et al., 2000).   

There are also individual faults and fractures that trend 335° which is a similar 

orientation to the reactivated joints/extension fractures seen at Point Kean.    

The combination of individual fractures and a horsetail splay is very similar to 

the bifurcating tip damage described by McGrath and Davison (1995) 

suggesting this is also close to the shallow/upper tip of fault F3.  

The fault pattern at Spaniards Bay is interpreted as forming in the extensional 

quadrant at the tip of a strike-slip fault (F3), which would indicate that fault F3 is 

left-lateral.  This explains why there are no WNW-trending right-lateral faults in 

this area forming an acute angle between fault trends.  Kim et al. (2000) 

observe similar acute angles between sets of strike-slip faults and hybrid shear 

fractures at Crackington Haven in southwest Britain further suggesting that 

these are reactivated extensional fractures and joints. 

The faults express left-lateral and right-lateral separations for both orientations 

(Figure 5.11) which might suggest a component of vertical movement.  

However, considering there has been evidence of reactivation at Point Kean 

and there is a N-S cleavage trend indicating E-W compression, it is more likely 

that this pattern is caused by reactivation after a change in the principal 

compression direction.  Kim et al. (2001) show similar trends for reactivated 

strike-slip faults at Crackington Haven in southwest Britain with tips and 

horsetail fractures expressing both left- and right-lateral separations.  This 

combined with the acute angle between fault trends and the pattern of faulting, 

indicate that this area of faulting is a reactivated extensional quadrant of a 

propagating left-lateral fault tip. 

Using the lateral separations to estimate the principal strain directions within the 

horizontal plane indicates that the area of faulting has an overall extension of 

1.8% with an orientation of N026°E (Table 5.1).  This is different to the principal 

strain directions of the South Bay and Point Kean areas and could be due to 

either the reactivation of the damage zone, the local strain effects of fault F3 or 

the lack of WNW-trending right-lateral faults. 
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Figure 5.11 a) Fault map of the Spaniards Bay study area with right-lateral faults 
in blue and left-lateral faults in red.  The Spyglass and Waima Formations are in 
dark grey and light grey, respectively.  Note large fault structures follow similar 
trends to South Bay and Point Kean with WNW-trending right-lateral faults and 
N-trending left-lateral faults.  Inset is an enlarged map of the anastomosing fault 
network that was mapped and analysed.  b) Trace-length weighted rose diagram 
and histogram and c) trace-length x displacement weighted rose diagram and 
histogram for the mapped anastomosing fault network at Spaniards Bay.  Note 
the histograms show the distribution of right- and left- lateral faults. 
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In summary, the mapped fault network at Spaniards Bay is characterized by its 

location within a fault tip damage zone, which has been reactivated by a change 

in the maximum stress field from NE-SW to E-W.  This has influenced the fault 

geometries and principal strain directions forming an acute angled set of strike-

slip faults and hybrid shear fractures. 

 

5.5. Local variations in fault network behaviour 

There is much heterogeneity within fault networks with local variations in the 

character and behaviour of the faulting (Zhang and Sanderson, 2001; Nixon et 

al., 2011).  There are many causes for such variations and the observations of 

each area on the Kaikoura Peninsula have already highlighted the effect of 

reactivation and presence of large-scale structures, which have caused 

changes in the geometry and kinematic behaviour of faults within the fault 

network.  Local variations also occur across structural features or boundaries 

such as damage zones and changes in lithology.  By taking multiple line 

samples we calculate the fault density, average displacement, strain and the 

orientation of strain for each line sample to further investigate these localized 

effects on fault network behaviour across such structures and boundaries.   

5.5.1. Damage zones 

The mapped fault network at Spaniards Bay has already been identified as a 

damage zone in the extensional quadrant of the tip of fault F3.  Fault tip 

damage zones are localized areas of strain that accommodate rapid decreases 

in displacement at the tips of a fault.  A fault tip damage zone mapped at this 

scale allowed two line samples (Table 5.2) to be taken, illustrating the changes 

in strain and fault density across the damage zone, with Line 1 taken from the 

north of the area and Line 2 from the south (Figure 5.12).   

As the fault network becomes more diffuse to the south there is an overall 

increase in fault density from 250 km-1 to 441 km-1 (faults per km) (Table 5.2).  

This is accompanied by a decrease in average displacement from 1 m to 0.2 m, 

a decrease of 80%.  This indicates that the northern area has fewer faults but 
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with larger displacements. These faults splay and become more diffuse to the 

south where the network has more faults with smaller displacements.   

The decrease in average displacement is reflected in the strain values which 

decrease from an extension of 5.3% to an extension of 3.6% for the north and 

south lines, respectively.  The decrease in strain and displacement appears to 

be accommodated by a densely populated fracture zone that sits between the 

two line samples (Figure 5.12).  The orientation of strain also differs, with the 

direction of maximum horizontal extension changing from N045°E to N110°E 

(Table 5.2).  This variation in strain orientation reflects the change in fault 

dominance from left-lateral to right-lateral for the north and south line, 

respectively.  This is caused by the change in fault orientation and the 

reactivation of fractures and fault tips. 

 
Figure 5.12 Cliff top photographs of the mapped wave-cut platform at Spaniards 
Bay.  a) The location of two line samples and a damage zone between them.  b)  
Shows the extent of fault F3 and the location of the mapped area in photograph 
5.12a.  Right- and left-lateral faults are in blue and red, respectively. 

Overall the variations in physical attributes across the fault tip damage zone 

reflect the accommodation and dissipation of displacement changes on the 

main fault.  Although damage zones are areas of strain localization it appears 
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that strain is localized onto a few faults that splay off the main fault (i.e. fault 

F3).  Strain and displacement are then dissipated by further splays and small 

scale damage zones (Figure 5.12) increasing fault density and decreasing the 

overall deformation. 

5.5.2. Lithology  

The fault systems across the Kaikoura Peninsula are more extensively 

developed in the siltstones and mudstones of the Waima Formation.  Only the 

large faults and a few minor faults appear in the limestone beds of the Amuri 

and Spyglass Formations.   

Line samples 3, 4 and 5 (Table 5.2) are taken from bedding at South Bay 

illustrating this variation in faulting with proximity to the boundary between the 

Spyglass Formation and the Waima Formation (Figure 5.13).  The line samples 

indicate that the strain accommodated by faulting decreases from 17.1% for a 

marker bed 20 m away from the boundary (Line 5) to 13.0% for a marker bed 

on the boundary (Line 3) (Table 5.2).  This is a 24% decrease in strain, 

furthermore, over half of this strain loss happens within 4.2 m (Line 4) of the 

lithological boundary. 

Table 5.2 Physical Attributes of Line samples taken from Spaniards Bay an South 
Bay. 

 
Line 

Location 
Fault 

Density 
Average 

Displacement 
Extension Orientation 

Spaniards Bay – Damage  Zone    

Line 1 North 250 km-1 1.0 m 5.3% N045°E 

Line 2 South 441 km-1 0.2 m 3.6% N110°E 

South Bay – Spyglass/Waima Boundary    

Line 3 0 m 310 km-1 0.84 m 13.0% N042°E 

Line 4 4.2 m 370 km-1 0.85 m 15.7% N041°E 

Line 5 20 m 280 km-1 1.16 m 17.1% N040°E 

 

The density of faulting increases from 280 km-1 (faults per km) at 20 m away 

from the boundary to 370 km-1 at 4.2 m away from the boundary.  This is 

accompanied by a decrease in average displacement from 1.16 m to 0.85 m 

and represents a damage region to accommodate the decrease in strain near 
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the boundary.  The density of faulting decreases at the boundary to 310 km-1 as 

faults begin to terminate.  The faults then continue to decrease in number and 

displacement as they travel further into the limestone units, so much so that 

only large faults make an impression on the boundary between the Amuri 

Limestone and the Spyglass Formation. 

The limestone beds appear to deform differently to the siltstones and 

mudstones of the Waima Formation.  This variation is not only seen in the brittle 

deformation but also in the ductile deformation of the rock mass.  The limestone 

beds are dominated by metre scale parasitic folding associated with the large 

scale folds across the peninsula.  This intense deformation is not seen in the 

Waima Formation which appears to deform by layer parallel slip, enveloping 

small scale fold structures within the limestone to form very open and shallow 

folds. 

 

Figure 5.13 Cliff top photograph of the wave-cut platform at South Bay showing 
the location of line samples 3, 4 and 5 with proximity to the Spyglass/Waima 
boundary.  Right- and left-lateral faults are blue and red, respectively. 

 

5.6. Discussion 

The NE-trending folds that deform the Kaikoura Peninsula match the description 

of early NNW-NE-trending folding associated with the D2 deformation described 

by Lamb and Bibby (1989).  As the phases of brittle deformation cut and offset 
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fold hinges they are part of a later phase of D2 and have formed in the last 4 Ma 

(Lamb and Bibby, 1989; Vickery and Lamb, 1995).   

The observations and descriptions of the fault systems around the Kaikoura 

Peninsula show evidence of dominant strike-slip deformation.  Orientation data 

from across the peninsula show that the faults have segments that trend ~000° 

for faults with left-lateral separations and ~290° for faults with right-lateral 

separations (Figure 5.4).  The consistency and dominance of each motion 

sense for these orientations indicate that these are a conjugate set of strike-slip 

faults formed by NW-SE compression.  3D structural data show that these faults 

have sub-vertical fault planes and gently plunging slickensides, attesting to 

lateral movement rather than vertical.  These trends are seen particularly well at 

both South Bay and Point Kean, but not so clearly at Spaniards Bay.  This is 

because Spaniards Bay is a horsetail damage zone that appears to have 

formed at the tip of a large left-lateral strike-slip fault (fault F3), hence, the 

absence of any large WNW-trending right-lateral faults within the mapped fault 

network at Spaniards Bay.  In general the orientations suggest that many of 

these structures are related to NW-SE compression.  This is approximately the 

same orientation of compression that formed the NE-trending fold and thrust 

structures suggesting the faults may have formed in relation to these structures. 

Although there appears to be a conjugate set of faults there are many faults that 

are orientated between the two main trends (Figure 5.4a).  These are 

interpreted as reactivated joints/extension fractures as they:   

1. Bisect the angle between the two main fault trends (cf. Hancock, 1985); 

2. Form parallel to the maximum compression direction that forms the main 

conjugate fault set (i.e. NW-SE) (cf. Wilkins et al., 2001); 

3. Tend to show both left- and right-lateral separations. 

Even though opposing lateral slip senses on faulted joints can be produced by 

vertically offsetting shallowly dipping beds, there is clear evidence for a strike-

slip reactivation of some of these structures.  However, the reactivation history 

for these brittle structures appears quite complicated.  There was a phase of 

left-lateral reactivation as indicated by the tip of fault F2 at Point Kean but the 

rest of fault F2 expresses right-lateral separations, which indicates that these 
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joints/extension fractures were also affected by a phase of right-lateral 

reactivation.  This is supported by the minor fault orientations seen at Point 

Kean as there appears to be a conjugate left-lateral fault set associated with 

this right-lateral phase.   

 

Figure 5.14  Schematic diagrams showing the main structures seen on the 
Kaikoura Peninsula and their associated regional stress directions: a) an initial 
phase of NW-SE compression forming NE-trending folds, a conjugate strike-slip 
fault set of N-trending left-lateral faults and WNW-trending right-lateral faults, 
and NW-trending joints/extension fractures.  A small clockwise rotation of the 
regional stress field causes right-lateral reactivation of the NW-trending 
joints/extension fractures; b) E-W compression causing left-lateral reactivation 
of NW-trending right-lateral faults and extension fractures and right-lateral 
reactivation of NNW-trending left-lateral faults.  Black arrow heads indicate the 
far field loading orientations.  c) Regional map of the Marlborough fault zone 
illustrating the plate motions and the characteristics of the Northern 
Marlborough Domain and Southern Marlborough Domain, modified from Lamb 
and Bibby (1989) and Vickery and Lamb (1995).  Note the position of Kaikoura 
Peninsula with respect to the two domains. 
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This minor conjugate fault set is orientated ~30° clockwise from the main 

conjugate fault set and would have formed in a similar regional stress field.  

Reactivation of the joints/extension fractures could have occurred by either a 

change in the orientation of the regional stress field or by rotation of the 

joints/extension fractures within the regional stress field (Wilkins et al., 2001).  

Palaeomagnetic data indicate that the Kaikoura Peninsula has experienced an 

overall clockwise rotation of 40.5° +/- 17° (Hall et al., 2004).  However, a 

clockwise rotation of the faulted area would have caused a minor conjugate set 

to form anticlockwise to the main conjugate set, therefore, the reactivated 

joints/extension fractures are more likely to have formed by a local clockwise 

rotation of the regional stress field (Figure 5.14a). 

The reactivated right-lateral fault at Point Kean (fault F2) indicates that local 

right-lateral reactivation of the joints/extension fractures happened before the 

main left-lateral phase of reactivation.  The left-lateral reactivation of a NW-SE 

trending fault would have to be caused by ~E-W compression.  This agrees with 

the ~N-trending cleavage observed at Spaniards Bay, which overprints the NE-

trending folds.  E-W Compression would also explain the presence of some 

~NNE-NE-trending right-lateral faults, which could also be reactivated structures 

(Figure 5.14b).  These orientations match the description of D2 faulting by Lamb 

and Bibby (1989), which formed a conjugate set of NW-trending left-lateral 

faults and NE-trending right-lateral faults related to ~E-W compression. 

Hence, we conclude that the Kaikoura Peninsula has been deformed by two 

main phases of brittle deformation.  First NW-SE compression producing NE-

trending folds and a conjugate set of strike-slip faults, which has been 

overprinted by ~E-W compression causing reactivation of faults and producing 

a ~N-trending cleavage.  Lamb and Bibby (1989) illustrate similar variations in 

the orientation of the regional stress field with further phases of folding 

deforming the early NE-trending fold phase of D2.  The deformation is thought to 

accommodate rotation of crustal blocks with further rotation causing refolding of 

previous structures (Lamb and Bibby, 1989; Vickery and Lamb, 1995).  This 

could be a plausible hypothesis for the deformation on the Kaikoura Peninsula, 

however, this would mean that the clockwise rotation measured by Hall et al. 
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(2004) would have to have happened in the last 4 Ma.  This is not plausible 

considering the age of the magnetization was 43-54 Ma. 

Vickery and Lamb (1995) identify two separate domains of D2 deformation, the 

Northern Marlborough Domain and the Southern Marlborough Domain (Figure 

5.14c).  Regions in the Northern Marlborough Domain rotate clockwise relative 

to regions further south whereas the regions in the Southern Marlborough 

Domain appear to be effected purely by ENE right-lateral shear (Vickery and 

Lamb, 1995).  The Kaikoura Peninsula appears to sit within the hinge zone that 

accommodates the rotation of the Northern Marlborough Domain but is very 

close to the boundary between the two different domains, therefore, we suggest 

that the peninsula is affected by a combination of the deformation associated 

with both domains (Figure 5.14c).  The rotation of the Northern Marlborough 

Domain is accommodated by NE-trending folds and the conjugate set of strike-

slip faults, associated with intrablock ~NW-SE compression, as crustal blocks 

rotate clockwise against the offshore southern segment of the Hikurangi Margin.  

The later ~E-W compression reflects the relative plate motion and ENE right-

lateral shear that characterizes the Southern Marlborough Domain, which may 

become dominant when rotating crustal blocks lock and/or stop rotating. 

The tensile reactivation of the N-trending cleavage seen in the Spyglass 

Formation and the ongoing north westerly tilt of the peninsula recorded by Ota 

et al. (1996) indicate that N-NW compression is still affecting the Kaikoura 

Peninsula causing uplift.  This suggests that deformation is again 

accommodating rotation of the Northern Marlborough Domain and supports the 

fact that the phases of fault reactivation are due to changes in the regional 

stress field, rather than rotation of the faults within a consistent regional stress 

field. 

 

5.7. Conclusions 

A description of the fault systems across the Kaikoura Peninsula has revealed a 

complex strike-slip fault network with variable orientations.  Unravelling the 

kinematic history of these faults has revealed a complex reactivation history 

over the past 4 Ma: 
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1. The fault network originally formed by NW-SE compression forming the 

distinguishable conjugate pair of fault sets consisting of N-trending left-

lateral faults and WNW-trending right-lateral faults.  A set of ~NW 

trending faults and fractures bisect these two main fault trends and are 

interpreted as originally forming as tensile fractures associated with NW-

SE compression. 

2. Clockwise rotation of the regional stress field caused local right-lateral 

reactivation of the NW-trending extension fractures and a conjugate left-

lateral fault set. 

3. A change in the regional stress field from ~NW-SE compression to ~E-W 

compression resulted in left-lateral reactivation of the NW-trending faults 

and extension fractures. 

There is much variation in fault network behaviour across the Kaikoura 

Peninsula.  Many of these variations are caused by localized structures such as 

changes in lithology and the formation of damage zones.  These can cause 

changes in fault density and dissipation of strain and displacement adding to the 

heterogeneity of fault networks.  Fault tip damage zones accommodate rapid 

decreases in displacement at fault tips and become more diffuse as they splay 

away from the main fault with a localized increase in fault density and a 

decrease in strain.  On the other hand, a lithological boundary can cause a 

change in fault behaviour, with faults preferentially forming in the siltstones and 

mudstones of the Waima Formation and becoming more diffuse in the 

limestone beds of the Spyglass Formation. 

Overall the study of faulting on the Kaikoura Peninsula has added to the 

complex history of deformation associated with the regional tectonics of the 

Marlborough Fault Zone.  We suggest that the reorientations of the regional 

stress field are due to the combined affects of the mechanical behaviour of the 

Northern Marlborough Domain and the Southern Marlborough Domain.  NW-SE 

compression accommodates clockwise rotations of the Northern Marlborough 

Domain, whereas E-W compression reflects the relative plate motion and 

dominant ENE right-lateral shear of the Southern Marlborough Domain. 
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6. The organization of faulting and distribution of strain 

around a large magnitude fault in the Whakatane 

Graben, New Zealand 

Casey W. Nixon, David J. Sanderson, Jonathan M. Bull 

 

6.1. Abstract 

The along strike organization of deformation around the Rangitaiki Fault in the 

Whakatane Graben is characterized and described with particular focus on the 

accumulation of displacement and distribution of strain.  The rifting fault network 

is divided into three main groups: the Rangitaiki Fault; its hanging wall faults to 

the NW; and its footwall faults to the SE.   

Over the past 17 kyr the strain has been consistent along strike of the fault 

network, however, there is a change from distributed faulting to localized 

faulting forming two distinct domains.  Distributed faulting is characterized by 

strain and displacement being distributed across numerous faults in the hanging 

wall and footwall blocks of the Rangitaiki Fault.  Whereas for localized faulting 

there are fewer but larger displacement faults and the majority of strain (>80%) 

is localized onto the Rangitaiki Fault.   

Syn-depositional sedimentation indicates that since 17 ka there has been 

progressive localization of deformation onto the Rangitaiki Fault.  Hence, the 

transition from distributed to localized faulting is attributed to progressive strain 

localization and a change in the linkage maturity along strike of the Rangitaiki 

Fault.  The pattern of deformation within the fault network is seen for all time 

intervals, as small as 2-3 kyr, preserving a kinematic coherency. 
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6.2. Introduction 

The aim of this chapter is to investigate the spatial and temporal pattern of 

deformation around a large magnitude fault within a fault network.  Fault 

networks often have few large magnitude faults that dominate the system, 

localize strain (e.g. Walsh et al., 2003; Nixon et al., 2012) and rarely form 

without associated deformation.  They often grow by the interaction of fault 

segments that eventually link (Cartwright et al., 1995; Childs et al., 1996; 

Peacock, 2002) developing a range of structures (i.e. relay ramps; Long and 

Imber, 2011) and damage (i.e. tip damage; Kim et al., 2003) as the system 

evolves.  Therefore, understanding the organization of deformation around such 

large magnitude faults is important for seismic hazard analysis and 

understanding fault network growth and development. 

A variety of techniques can be used to study the short term distribution of both 

inter-seismic and co-seismic deformation associated with fault systems such as 

satellite radar interferometry, GPS monitoring and the use of abundant seismic 

data catalogues (e.g. Wright et al., 2004; Fialko, 2006; Doubre and Peltzer, 

2007; Biggs et al., 2010; Nobile et al., 2012).  These techniques are limited to 

the past few decades and can only be used for studying present day 

deformation processes, for example earthquake rupture events (Quigley et al., 

2012).  Since such rupture events maybe separated by 1000 yr recurrence 

intervals, there is little scope for understanding repeated deformation events on 

the same fault system.  As fault networks develop and grow over much larger 

timescales, 104-106 years, it is therefore essential to investigate their longer 

term accumulation of deformation. 

Normal faults that form with syn-sedimentary deposits allow the temporal 

evolution of fault systems over longer time periods, 104-106 years, to be defined 

by studying patterns of sediment infill (e.g. Contreras et al., 2000).  This is a 

fundamental technique for investigating the evolution of fault geometries and 

fault displacements, identifying kinematic growth processes such as strain 

localization within fault systems (e.g. Meyer et al., 2002; Walsh et al., 2003), as 

well as describing larger scale tectonic processes including mechanisms of 

lithospheric extension (e.g. Cowie et al., 2005; Bell et al., 2008).  Such data sets 

also record the accumulation of different slip events on individual faults, 
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allowing rates of co-seismic deformation to be compared at different time 

periods, furthering our knowledge of earthquake recurrence cycles and slip rate 

variability (Taylor, 2004; Mouslopoulou et al., 2009; Cowie et al., 2012). 

In this study we investigate a normal fault network associated with the highly 

active Rangitaiki Fault, which is a large magnitude fault within the Whakatane 

Graben, New Zealand.  This currently active fault network displaces near 

surface syn-sedimentary stratigraphy with continuous sedimentation and fault 

slip rates of the same order and known dated stratigraphic horizons (Lamarche 

et al., 2000; Taylor, 2004; Bull et al., 2006).  This produces a high fidelity record 

of normal fault activity over the past 17 kyr and a high resolution data set that 

images small faults within the network.  Hence, a more complete fault network 

can be investigated and analysed than in previous studies, which have been 

limited by the resolution of their seismic data (e.g. Walsh et al., 2003).   

Bull et al. (2006) and Taylor et al. (2004) describe the linkage and displacement 

rate history of the Rangitaiki Fault.  We aim to further this work by 

characterizing the along strike organization of faulting around the Rangitaiki 

Fault and investigate the temporal evolution of co-seismic deformation 

throughout the fault network.  We also focus on the along strike distribution of 

strain and the accumulation of displacement accommodated by the fault 

network and compare the contributions of the main Rangitaiki Fault and its 

associated hanging wall and footwall faults. 

 

6.3. Tectonic Setting 

The study area is the most active part of the Whakatane Graben, which is 

located in the Bay of Plenty (Figure 6.1a).  The graben is within the Taupo Fault 

Belt and is the youngest part of the Taupo Volcanic Zone (TVZ), a zone of 

Quaternary back-arc rifting and volcanism associated with the oblique westward 

subduction of the Pacific plate beneath the Australian plate at the Hikurangi 

Margin (Figure 6.1a) (Walcott, 1978).  The Whakatane Graben lies beneath the 

Rangitaiki Plain and extends approximately 50 km offshore, at 200 m water 

depth, up to the White Island Volcano (Nairn and Beanland, 1989; Wright, 1990; 

Bull et al., 2006).  The graben itself is bound by the White Island Fault (WIF) to 



Chapter 6: The organization of faulting and distribution of strain around a large magnitude fault 
 

146 

the east and the Rurima Ridge to the west.  The WIF has a complicated history 

and separates the dip-slip dominated graben from the North Island Dextral 

Shear Belt, whereas the Rurima Ridge is a topographic high separating the 

Whakatane Graben to the east from the Motiti Graben to the west (Bull et al., 

2006; Lamarche et al., 2006).   

Seismic reflection data and multibeam bathymetry indicate that the Whakatane 

Graben is dominated by large NW-dipping active normal faults, which cut 

through the top 3 km of sediment including the post last glacial (<20 ka) 

sediments (Lamarche et al., 2000; Taylor, 2004).  These are spaced at 1-3 km 

and produce large fault bound blocks that are back-tilted by 12-16° and cut by 

smaller synthetic and antithetic faults (Lamarche et al., 2006).  Analysis of the 

post-last glacial transgressive surface, dated at 17 ka, indicates that the 

Whakatane Graben has an average subsidence rate of 2mm/yr (Wright, 1990) 

and a surface extension rate of 2.9 +/- 0.7 mm/yr (Lamarche et al., 2006). 

The Rangitaiki Fault has been the most active structural element of the 

Whakatane Graben over the past 17 kyr.  It is a typical normal fault with dip 

values no lower than 59° in the top 2 km of sediment (Taylor, 2003) and has 

growth sediments in the hanging wall, which indicate the fault has accumulated 

up to 830 m of dip slip displacement since ~1.3 Ma (Taylor et al., 2004).  Over 

the past 1.3 +/- 0.5 Myrs the Rangitaiki Fault has grown by the linkage of five 

isolated fault segments.  Taylor et al. (2004) demonstrated that each segment 

initially grew by tip propagation in the early stages of the faults growth history, 

with low displacement rates of 0.72 +/- 0.23 mm/yr.  The fault system became 

fully linked between 300 ka and 17 ka with marked increases in displacement 

rate up to a maximum of 3.4 +/- 0.2 mm/yr (Taylor et al., 2004). 

Using a high resolution fault displacement data set, Bull et al. (2006) 

investigated the post-linkage accumulation of displacement on the Rangitaiki 

Fault since 17 ka.  In general, displacement rate patterns were highly irregular 

over smaller time intervals (2-3 kyr), with larger segments sometimes producing 

values of zero displacement, whereas longer time intervals of at least 9 kyr 

produced more regular displacement rate patterns similar to those for time 

periods of 300 kyr (Bull et al., 2006). 
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Figure 6.1  a) Location map of the Whakatane Graben showing the position of the 
Rangitaiki Fault and the study area.  The position of boomer lines 104, 124 and 
137 are also shown.  b) A fault map of the study area showing the segments of 
the Rangitaiki Fault.  The hanging wall and footwall fault groups are NW and SE 
of the Rangitaiki Fault, respectively.  c) Length-weighted rose diagrams showing 
the fault trends within each fault group. 
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Overall the Rangitaiki Fault and its surrounding deformation are ideal for 

investigating the distribution and accumulation of displacement and strain 

through time.  Hence, we add to the work by Bull et al. (2006) and investigate 

the post-linkage accumulation of displacement and strain in the areas of 

deformation surrounding the Rangitaiki Fault for different time scales over the 

past 17 kyr. 

 

6.4. Methodology 

6.4.1. Seismic data and interpretation 

The high resolution seismic reflection data comprises 46 boomer profiles that 

were taken perpendicular to strike of the main Rangitaiki Fault, as summarized 

in Bull et al. (2006).  The boomer profiles were spaced between 100-200 m 

covering an area of approximately 7.5 x 7.5 km (Figure 6.1a), imaging the last 

17 +/- 1 kyr of sediment across the central part of the Rangitaiki Fault providing 

information on the top ~60 m of stratigraphy with a vertical resolution of ~0.5 m. 

Table 6.1 A table showing the estimated ages of horizons H1- H4, from Bull et al. 
(2006). 

Horizon Age 

H1 9+/-1 ka 
H2 11.4+/-1 ka 
H3 13.9+/-1 ka 
H4 17+/-1 ka 

 

The seismic profiles were interpreted using 3D seismic interpretation software 

to pick faults and horizons.  Faults were correlated across profiles using 

geographic positioning of each fault pick and identifying realistic patterns of 

vertical separations of interpreted horizons, which represent the throw of the 

fault.  Four strongly reflecting horizons (H1-H4) were identified and easily 

correlated across each boomer profile (Figure 6.2).  These are laterally 

continuous and were used to constrain the evolution of the fault network over 

the last 17 +/- 1 kyr.  The ages of each horizon are given in Table 6.1, which 

were constrained in Taylor et al. (2004) and are summarized by Bull et al. 

(2006). 
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Figure 6.2 Interpreted seismic profiles for boomer lines 104, 124 and 137 
(positions shown in Figure 6.1b) indicating the positions of four horizons H1-H4.  
The fault segments which make up the Rangitaiki Fault system and the White 
Island Fault are also shown.  Blue and red represent faults which down throw to 
the north and south, respectively.  Note the increase in fault frequency from line 
104 to line 137. 

6.4.2. Displacement measurements and analysis 

Where horizons are cut by a fault, they are projected towards the fault plane to 

correct for localized deformation processes around the fault planes, such as 

fault drag.  This is the same technique applied by Mansfield and Cartwright 

(1996) and Bull et al. (2006). The vertical separation (throw) at each fault was 

calculated for all four horizons from manual picks of the hanging wall and 
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footwall cut-offs of each horizon.  We used an average interval velocity of 1550 

+/- 25 ms-1 for the uncompacted near surface sediments, which was 

constrained by geophysical logging of 43 piston cores (Taylor et al., 2004).  As 

the faults are normal in nature and have very steep dips (>70°) in the 

uncompacted sediments, the vertical separation approximates the fault 

displacement.  For information on relative errors of displacement measurements 

and horizon ages see Bull et al. (2006). 

The measured displacements are used to analyse the deformation across the 

fault network by calculating displacement rates and strain values for each 

horizon and different areas of the fault network.   Displacement rates are 

calculated for each fault at different time periods using the displacements for 

differently aged horizons (Table 6.1).  Strain was analysed by calculating the 

heave and dip separation for all the faults using fault dips derived by Taylor 

(2003) from multichannel seismic reflection data.  The average dips for the fault 

network was 61° for the Rangitaiki Fault, 65° for the hanging wall faults and 68° 

for the footwall faults.  The total extension of each boomer profile was then 

calculated from their cumulative heave. 

3D Strain values were determined using a methodology defined by Nixon et al. 

(2011) who calculate the eigenvalues and eigenvectors of a Lagrangian strain 

tensor (Eij) when sampling strike-slip faults from a plane: 
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where A is the sample area, t is the fault trace-length and Dij is the displacement 

tensor.  As these are normal faults we apply a weighting factor (w) defined by 
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Where s is the displacement and unit vectors n and u are normal to the fault 

plane and parallel to the slip direction, respectively.  We assume pure dip slip 

movement on these faults, therefore where faults dip θ towards Φ, then: 

n = ( -cosΦ sinθ, -sinΦ sinθ, cosθ )    and     u =  ( cosΦcosθ, sinΦcosθ, sinθ) 

The displacement rates and strain values are used to analyse the spatial 

variation in deformation across the fault network.  We use fault maps weighted 

by displacement rate as well as along strike profiles of strain and cumulative 

displacement rate, for different time intervals. 

 

6.5. Results 

6.5.1. Geometry and spatial variation in faulting 

The fault network imaged by the high resolution seismic reflection data is 

illustrated in Figure 6.2 and shows the faults associated with the Rangitaiki 

Fault system (Figure 6.1b).  We divide the faults into three groups based on 

their spatial and geometric characteristics: the Rangitaiki Fault, its hanging wall 

faults and its footwall faults.  The Rangitaiki Fault consists of fault segments that 

link and form its main trace-length as defined by Bull et al. (2006) (Figure 6.1b).  

The hanging wall and footwall faults are the faults that form in the hanging wall 

fault block to the NW and footwall fault block to the SE of the Rangitaiki Fault, 

respectively (Figure 6.1b). 

Rose diagrams of the fault trends indicate that each fault group is dominated by 

approximately ENE-trending faults (Figure 6.1c).  The Rangitaiki Fault and the 

Footwall (FW) faults trend ~N058°E and ~N059°E, respectively, whereas the 

Hanging wall (HW) faults show a slightly rotated fault trend of ~N071°E.   In 

general, the fault network is dominated by N-dipping normal faults with the 

longest and largest being the Rangitaiki Fault.  This dominance is also reflected 

in HW fault group but not in the FW fault group, which has almost equal 

proportions of both N-dipping and S-dipping faults (Figure 6.1c). 

The number of faults within the fault network increases along strike towards the 

NE side of the study area as is illustrated by boomer profiles 104, 124 and 137 
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(Figure 6.2).  This is due to increased numbers of faults in the HW and FW 

blocks increasing the fault frequency from 8 faults at boomer profile 104 (Figure 

6.2a) to 26 faults at boomer profile 137 (Figure 6.2c).  As the character of the 

fault network changes from SW-NE, we investigate this further by comparing 

the distribution of displacement and strain within these two regions. 

6.5.2. Distribution and accumulation of displacement 

Although the fault frequency increases from boomer profile 104 to 137, the 

cumulative throws of each profile at H4 are very similar with values of 120 m, 

111 m and 116 m for profiles 104, 124 and 137, respectively (Figure 6.2).  This 

indicates that the displacement is localized onto fewer faults for profile 104 and 

becomes distributed across more faults for profiles 124 and 137.  Furthermore, 

the displacement map in Figure 6.3d illustrates that to the NE of Location 1 

displacement is distributed throughout the Hanging wall and Footwall blocks 

with less displacement on the Rangitaiki Fault, whereas to the SW of Location 1 

the displacement appears to be mainly localized onto the Rangitaiki Fault. 

Figure 6.3 also shows an accumulation of displacement through time for the 

entire fault network (Figure 6.3a) as well as showing the contribution of the 

Rangitaiki Fault and its HW and FW faults (Figure 6.3b and 6.3c).  The 

cumulative displacement profiles are broadly similar for each horizon.  

Furthermore, the total cumulative displacement profile reflects the smooth 

profile of the Rangitaiki Fault up until location 1 (i.e. 0-2800 m strike distance), 

however, after location 1 (i.e. 2800-6500 m strike distance) the total cumulative 

displacement profile is similar to the profile of the HW and FW faults. 

At H4 (17 ka) the Rangitaiki Fault steadily decreases in displacement from ~90 

m to ~20 m from SW-NE, which is consistent with results from Bull et al. (2006).  

In contrast to the Rangitaiki Fault, the cumulative displacement contributed by 

the HW and FW faults abruptly changes at location 1.  SW of location 1 the 

displacement profile is smooth with low displacements of ~20 m at H4, however, 

the displacement profile then increases abruptly in steps at locations 1, 2, 3, 4 

and 5.  These jumps in displacement decrease from ~40 m at location 1 to ~20 

m at location 5 and are attributed to the introduction of fault segments in the HW 

and FW blocks as indicated in Figure 6.3d.  Figure 6.4 shows the contribution of  
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Figure 6.3 Fault displacement profiles of cumulative displacement along strike of 
the fault network for horizons H1- H4 of: a) the entire fault network; b) the 
Rangitaiki Fault and c) the Hanging wall and Footwall faults.  d) A fault map 
weighted by displacement shows the positions of locations 1- 5.  
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these fault segments to the displacement profile of HW and FW faults for H4.  In 

general, the faults introduced at locations 1, 2 and 3 influence the cumulative 

displacement  profile and match the steps in displacement.   However, the faults 

introduced at locations 4 and 5 do not match up as well due to the increased 

number of faults contributing to the displacement profile (Figure 6.4). 

Overall, the fault network can be divided into two domains that show different 

kinematic behaviours.  The change in behaviour occurs at location 1 where the 

fault network changes from localized faulting with displacement taken up by the 

Rangitaiki Fault to distributed faulting with numerous HW and FW faults 

contributing to the cumulative displacement of the network. 

 

Figure 6.4 Fault displacement profiles of cumulative displacement along strike of 
the fault network for H4 showing the contribution to the overall displacement of 
individual groups of faults, introduced at locations 1- 5, within the hanging wall 
and footwall fault blocks of the Rangitaiki Fault.  The location of the faults 
introduced at each location is indicated in Figure 6.3d. 

6.5.3. Displacement rates 

Average displacement rates for the entire fault network, the Rangitaiki Fault and 

the HW and FW faults are shown in Table 6.2 for different time intervals over 

the last 17 kyr.  The average displacement rate of the network ranges from a 

maximum of 11.1 mm/yr between 17 ka – 13.9 ka to a minimum of 4.9 mm/yr 

between 13.9 ka – 11.4 ka.  This is true for all parts of the network with the 

displacement rates of the Rangitaiki Fault and the HW and FW faults both 

producing maximum and minimum values for the same time intervals. The 
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average displacement rates and the displacement rate maps in Figure 6.5 

clearly show that between 17 ka -13.9 ka the fault network was most active, 

including the Rangitaiki Fault as well as the HW faults and FW faults. However, 

the displacement rates for all the other time intervals appear to have been 

relatively constant with an overall average displacement rate of 6.7 mm/yr over 

the last 17 kyr (Table 6.2). 

Table 6.2 A table of displacement rates for different time intervals over the last 17 
kyr calculated from the throws each fault at each and the estimated ages of each 
horizon. 

Time Interval 
Average Displacement Rate (mm/yr) 

Total Rangitaiki Fault HW and FW faults 

17 ka - Present 6.7 2.8 42.6% 3.8 57.4% 
17 - 13.9 ka 11.1 4.0 36.0% 7.1 64.0% 

13.9 - 11.4 ka 4.9 1.8 37.5% 3.0 62.5% 
11.4 - 9 ka 6.9 2.8 41.3% 4.0 58.7% 

9 ka - Present 5.6 2.7 48.4% 2.9 51.6% 

 

The contribution of the HW and FW faults to the total displacement rate of the 

fault network is consistently greater than the contribution of the Rangitaiki Fault 

for all time intervals (Table 6.2).  However, the proportion of the total average 

displacement rate contributed by the Rangitaiki Fault does increase from 36.0% 

to 48.4% through time.  This suggests that the activity of the fault network has 

been steadily localizing onto the Rangitaiki Fault and that the HW and FW faults 

have proportionally become less active over the last 17 kyr.  This can also be 

seen in the displacement rate maps, which show fairly consistent activity for the 

Rangitaiki Fault but steadily decreasing displacement rates on many of the 

individual HW and FW faults with time, in particular the FW faults of the network 

(Figure 6.5). 

Figure 6.6 shows the displacement rate profiles of the Rangitaiki Fault and the 

HW and FW faults across location 1, which separates the area of localized 

faulting from the area of distributed faulting.  Overall the total displacement rate 

profile is fairly consistent along strike of the fault network particularly for the 

longer time intervals (i.e. 17 ka and 9 ka; Figures 6.6a and 6.6e).  In general, 

the Rangitaiki Fault decreases from SW-NE along strike producing a smooth 

decreasing profile for each time interval.  However, the HW and FW faults 

displacement rate profile is more variable especially for shorter time intervals 
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(i.e. Figure 6.6b and 6.6c).  Where there is localized faulting to the SW of 

location 1 all the displacement rate profiles are relatively smooth and show a 

constant displacement rate.  However, at the transition from localized faulting to 

distributed faulting, location 1, there is a marked jump in the displacement rate 

within the HW and FW faults (Figure 6.6).  This is seen across all of the time 

intervals and indicates that the transition is quite abrupt and persistent. 

 

Figure 6.5 Fault maps showing the displacement rates of each fault within the 
fault network for different time intervals over the last 17 kyr. 
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Figure 6.6 Displacement Rate variations along strike of the fault network for 
different time intervals, comparing the displacement rates of the Rangitaiki Fault 
(black) to the hanging wall and footwall faults (grey).  Location 1 marks the 
change from localized faulting to distributed faulting. 

6.5.4. Strain analysis 

The overall total percentage extension of the fault network at H4 is 0.78% 

orientated approximately NW-SE.  This was calculated by summing the 

individual extension values of each boomer line and then dividing by the 

number of lines.  The overall percentage extensions of each boomer line at H4 

are plotted in an along strike strain profile in Figure 6.7a.  This also shows the 

strain profiles of the Rangitaiki Fault and the HW and FW faults.  The strain 

profiles are similar to the cumulative displacement profiles (Figure 6.3), showing 

a steady decrease in strain for the Rangitaiki Fault and abrupt step like 
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increases in strain accommodated by the HW and FW faults.  At location 1 the 

overall strain profile across the fault network reaches a minimum, which marks 

the transition from localized faulting to distributed faulting (Figure 6.7a).  

 

Figure 6.7 a) Strain Profile for H4 indicating the variations in the % extension of 
each boom line along strike of the fault network showing the strain 
accommodated by the Rangitaiki Fault (black) and the hanging wall and footwall 
faults (grey).  b) Shows the contribution of each fault to the overall extension of 
boomer lines 104, 124 and 137 (positions are indicated in Figure 6.7a).  These 
also show the changing proportions of strain accommodated by the Rangitaiki 
Fault highlighted in grey. 

Figure 6.7b shows the contribution to strain by each individual fault along the 

boomer lines 104, 124 and 137.  Boomer line 104 goes through the area of 

localized faulting and has very few faults which accommodate the strain.  In 

general, two fault segments of the Rangitaiki Fault accommodate ~86% of the 

overall strain for boomer line 104 (Figure 6.7b).  Therefore, the majority of strain 

is localized onto the Rangitaiki Fault within the area of localized faulting. 

Boomer lines 124 and 137 are within the area of distributed faulting.  These 

both have many more faults than boomer line 104, which all contribute to the 

overall strain of each boomer line.  However, there are still some fault segments  
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Table 6.3 3D strain values of the fault network at H4.  Comparing the strain 
distribution within the area of localized faulting and the area of distributed 
faulting. 
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of the Rangitaiki Fault that individually accommodate more strain than the 

others (Figure 6.7b).  Even so, the Rangitaiki Fault does not accommodate as 

much of the overall strain in the area of distributed faulting as it does within the 

area localized faulting, accommodating only 56% and 33% of the overall 

extension for boomer lines 124 and 137, respectively (Figure 6.7b).  This shows 

a progressive increase in strain accommodated by the HW and FW faults within 

the area of distributed faulting as the strain transfers from the Rangitaiki Fault 

onto the surrounding structures.  It also indicates that the degree of strain 

localization onto the Rangitaiki Fault decreases along strike of the fault network 

from SW-NE. 

 The 3D strain analysis allows us to calculate the strain for the entire study area 

as well the localized and distributed area using the fault trace-lengths and their 

dip azimuths.  As the strain of the network over the last 17 kyr is quite low we 

only calculate strain values for H4.  In general, the maximum extension of the 

entire fault network is 0.83% dipping at approximately 13° towards N324°E with 

negligible extension in the intermediate plane of deformation (Table 6.3).  This 

is consistent with the average overall extension calculated from the 2D boomer 

lines.  Furthermore, the ratio of strain contributed by the Rangitaiki Fault and 

HW and FW faults within the entire fault network is approximately equal (Table 

6.3).   

The values of maximum extension for the areas of localized and distributed 

faulting are also similar with maximum extensions of 0.83% and 0.85% 

indicating that the overall strain is constant along strike of the fault network.  

Although the overall extension values are consistent, their orientations differ 

slightly between the two areas with a maximum extension orientation of 

15°/N315°E for the localized area and 12°/N327°E for the distributed area.  

These orientations are controlled by the Rangitaiki Fault in the localized area 

and the HW and FW faults in the distributed area (Table 6.3), indicating that the 

overall strain of a fault network is not always accommodated by the large fault 

and can vary locally along strike of the fault system.  This is supported by the 

ratios of strain contributed by the Rangitaiki Fault and the HW and FW faults 

(Table 6.3).  The HW and FW faults contribute ~65% of the maximum extension 

in the distributed area but only ~15% of the maximum extension in the localized 



Chapter 6: The organization of faulting and distribution of strain around a large magnitude fault

 

   161 

area.  This agrees with the strain analysis from the 2D boomer profiles 

indicating the majority of strain is accommodated by the Rangitaiki Fault within 

the area of localized faulting, whereas strain is accommodated by the 

surrounding HW and FW faults in the area of distributed faulting. 

 

6.6. Discussion 

The results show that the amount of deformation is consistent throughout the 

Rangitaiki Fault network with values of cumulative displacement, displacement 

rate and strain remaining relatively constant along strike of the network over the 

last 17 kyr (Figures 6.3a, 6.6a and 6.7; Table 6.3).  Furthermore, the strain 

analysis produced a maximum extension orientation of N324°E, which is 

consistent with the oblique rifting orientation of N331°E deduced by Lamarche 

et al. (2006), agreeing with their model of a transtensional rift system. 

The amount of deformation accommodated by the different parts of the fault 

network varies and we argue that this is due to the progressive process of strain 

localization.  We observe two clear domains within the fault network that behave 

differently and are characterized by: 

a) Localized Faulting – deformation is accommodated by few faults with 

individual large faults taking up the majority of the strain i.e. >80% of the 

strain is localized onto the Rangitaiki Fault (Table 6.3).  Within this 

domain there are very few faults in the hanging wall and footwall blocks 

of the main Rangitaiki Fault.  Hence, the displacement and strain profiles 

for this domain reflect the profiles of the Rangitaiki Fault and are 

relatively smooth for each time interval (Figures 6.3, 6.6, 6.7).  Overall 

the Rangitaiki fault contributes most of the deformation within the domain 

of localized faulting. 

b) Distributed Faulting – numerous small faults contribute to the overall 

deformation with only ~35% of the strain localized onto the main 

Rangitaiki Fault.  There are many faults in the hanging wall and footwall 

blocks of the Rangitaiki Fault and the overall displacement on the 

Rangitatiki Fault is much lower than the domain of localized faulting.  As 

more faults are introduced to the network the strain and displacement 
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increase with a step-like profile reflecting the profile of the HW and FW 

faults.  Overall the HW and FW faults contribute most of the deformation 

within the domain of distributed faulting. 

The transition between these two domains shows a steady decrease in the 

displacement and the proportion of strain localized onto the main Rangitaiki 

Fault (Figure 6.7).  The transition within the HW and FW faults occurs more 

abruptly with a jump in displacement rate and the proportion of strain increases 

in a series of steps (Figure 6.6 and 6.7).   These occur as more faults are 

introduced to the network to accommodate the decrease in displacement on the 

Rangitaiki Fault (Figure 6.4).  Overall, this indicates interaction between the two 

domains and the different parts of the fault network.  Nixon et al. (2011) show 

similar interactions between domains within a fault network in north Devon 

(U.K.), where changes in fault polarity produce variations in the strain profile 

across the fault network.   They show lows in the strain profile at the transition 

between the two domains, which is similar to the strain profile across the 

Rangitaiki Fault network where a low in the strain profile is seen at the transition 

between the area of localized faulting and distributed faulting (Figure 6.7a). 

The domains of localized faulting and distributed faulting are observed at 

different time intervals over the last 17 kyr including intervals as small as 2-3 

kyr.  These time intervals only reflect a few earthquake events on each 

individual fault and it is known that displacement rates and accumulation on 

individual faults are highly variable over small time intervals (i.e. Bull et al., 

2006; Mouslopoulou et al., 2009).  However, the distribution of these events 

over many faults throughout the entire fault network appears to be ordered and 

preserves the overall pattern of displacement distribution across the network for 

all time intervals (Figure 6.3 and 6.6).  This agrees with Nicol et al. (2010) who 

show that variability in displacement decreases with increasing fault numbers, 

indicating that the pattern of faulting and displacement rates of a fault 

population are more ordered than the individual faults within the fault 

population.   

The decrease in strain localization onto the Rangitaiki Fault, between the two 

domains, can be attributed to the linkage history of the fault.  Bull et al. (2006) 

establish the linkage behaviour of the Rangitaiki Fault in the subsurface 
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sediments over the last 17 kyr.  We note that within the domain of localized 

faulting the linkage of the fault is well established both in a geometrical and 

kinematic sense.  However, within the domain of distributed faulting the 

Rangitaiki Fault is well linked geometrically but not so well linked in a kinematic 

sense (c.f. Bull et al., 2006), indicating that linkage of the Rangitaiki Fault is less 

established in this domain.  This indicates that the change in domain is related 

to the maturity and linkage evolution of the Rangitaiki Fault.  Therefore, as fault 

linkage becomes more established the deformation associated with the fault 

evolves from a distributed fault network to a localized fault network.  This 

process is still ongoing as the Rangitaiki Fault has progressively contributed 

more to the overall displacement rate of the fault network over the last 17 kyr by 

~12% (Table 6.2). 

Progressive strain localization from distributed faulting to localized faulting has 

been recognised in a number of fault networks at a range of scales.  For 

example, Walsh et al. (2003) identify strain localization onto large individual 

large faults within a growth fault population in the inner Moray Firth, Northern 

North Sea.  Furthermore, Soliva and Schultz (2008) show that fault populations 

within the Main Ethiopian Rift evolve from areas of distributed faulting within the 

basalt plains of the rift to localized border fault systems.  This study is of 

particular importance as we show that these processes occur at the scale of an 

individual fault system, therefore, progressive strain localization occurs over a 

range of scales affecting the overall architecture of a rift as well as the 

organization of faulting around individual large magnitude faults within the rift. 

 

6.7. Conclusions 

We have investigated the organization of faulting, the accumulation of 

displacement and the distribution of strain around the large magnitude 

Rangitaiki Fault in the Whakatane Graben, NZ.  We used offshore high 

resolution seismic reflection imagery of the post last-glacial syn-sedimentary 

growth deposits, dating back to ~17+/-1 ka, to pick a high quality fault 

population, which includes the Rangitaiki Fault and its hanging wall and footwall 

faults.  The fault network changes in character along strike and can be 
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separated into two domains, which have different kinematic characteristics and 

different patterns of faulting but preserve the strain compatibility between the 

two domains.  We describe these domains as an area of localized faulting to the 

SW and an area of distributed faulting to the NE.  The area of localized faulting 

has: 

a) Very few faults in the hanging wall and footwall blocks of the Rangitaiki 

Fault. 

b) The majority of the strain (>80%) localized onto the main Rangitaiki 

Fault, which controls the orientation of maximum extension within the 

domain. 

c) Smooth displacement and strain profiles which are similar to the main 

Rangitaiki Fault. 

In contrast, the area of distributed faulting has: 

a) Many faults in the hanging wall and footwall blocks of the Rangitaiki Fault 

that contribute to the overall deformation. 

b) The majority of the strain (>65%) accommodated by the numerous 

hanging wall and footwall faults with only ~35% localized onto the 

Rangitaiki Fault.  The hanging wall and footwall faults also influence the 

orientation of maximum extension.  

c) Displacement and strain profiles influenced by the hanging wall and 

footwall faults creating increasing step-like increments as more faults are 

introduced to the network. 

The change in character of the fault network reflects the process of progressive 

strain localization onto the Rangitaiki Fault and is influenced by the changing 

maturity and evolution of linkage along strike of the fault.  The transition 

between the two domains produces a low in the strain profile across the fault 

network as strain is transferred between the Rangtaiki Fault and its hanging wall 

and footwall faults.  This transition is marked by a steady decrease in 

displacement on the Rangitaiki Fault but produces an abrupt jump in the 

displacement rate of the hanging wall and footwall faults creating step-like 

increases in their cumulative displacement profiles.   
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The distribution of displacement within the fault network is seen for all time 

intervals over the last 17 kyr.  This indicates that although there is much 

variability in the distribution of earthquake events on individual faults over such 

time intervals, their distribution across numerous faults throughout a fault 

network is still ordered and preserves a kinematic coherency. 

Furthermore, faults in the hanging wall and footwall blocks have been becoming 

less active as activity localizes onto the Rangitaiki Fault indicating continuous 

progressive strain localization over the last 17 kyr.  Therefore, the organization 

of faulting around a large magnitude fault changes as the system evolves with 

deformation becoming more localized. 
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7. Analysis of a normal fault network with multiple fault 

sets at Milne Point, Alaska 

Casey W. Nixon, David J. Sanderson, Stephen Dee, Jonathan M. Bull, 

Robert Humphreys 

 

7.1. Abstract 

A normal fault network from onshore Milne Point, Alaska is constrained from 3-

D seismic reflection data.  The network comprises a NNE-trending fault set and 

a WNW-trending fault set, which are analyzed at two stratigraphic horizons: the 

Kuparuk River Sandstone and the Sag River Sandstone.  The analysis shows 

that the NNE-trending fault set is consistently developed in both horizons with 

similar densities and sizes.  However, the WNW-trending fault set show 

variation in faulting both spatially and with depth.  The WNW-trending fault set is 

influenced by a similarly orientated underlying structural grain.  This influence is 

characterized by increases in displacement on several faults, strain localization, 

clockwise rotation of faults and an increase in linkage maturity.   

NNE-trending faults post-date the WNW-trending faults causing fault 

reactivation and abutting interactions with displacement transferring onto the 

WNW-trending faults.  The development of abutting faults is characterized from 

displacement profiles which can be divided into two main groups: early stage 

abutting faults with displacement minima at both the isolated and abutting tips; 

and developed abutting faults with a displacement maximum at the abutting tip.  

The connectivity and compartmentalization of the network is also assessed 

using a topological analysis.  This analyses the number, size and extent of 

compartments at each horizon.  We show that modelling fault tips may identify 

new large compartments or show that previously identified large compartments 

are actually made up of smaller compartments. 
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7.2. Introduction 

The major aim of this Chapter is to analyse the deformation of a normal fault 

network formed by more than one generation of faults.  Many fault networks 

consist of more than one fault set, and these can either be conjugate fault sets 

(e.g. Zhao and Johnson, 1991; Nicol et al., 1995; Ferrill et al., 2009; Nixon et 

al., 2011) that formed in the same stress system, or multiple fault sets that form 

from the overprinting of two or more stress systems (Davatzes et al., 2003; 

Bailey et al., 2005).  The latter can form new faults with different orientations 

and/or cause reactivation of pre-existing faults (e.g. Kim et al., 2001), which can 

also have a strong influence on the development of later fault sets (e.g. Segall 

and Pollard, 1983; Bailey et al., 2005).  Hence, complex cross-cutting 

relationships and interactions can form between fault sets. 

Understanding the relationships between different fault sets within a network is 

important as interconnected faults can provide pathways for fluids, allowing the 

migration and entrapment of hydrocarbons (Aydin, 2000), or they can act as 

fluid barriers compartmentalizing reservoirs (Bouvier et al., 1989; Leveille et al., 

1997).  Reservoir compartmentalization is a major uncertainty in the qualitative 

and quantitative assessment of a reservoir in the hydrocarbon industry (Jolley et 

al., 2010).  Hence, there has been much work on the identification and 

assessment of compartmentalization (e.g. Bouvier et al., 1989; Gauthier and 

Lake, 1993; Smalley et al., 1994; Smalley and Hale., 1996; Permanyer et al., 

2002; Manzocchi et al., 2010; Fokker et al., 2012; Go et al., 2012).  As there is 

great potential for fault networks with more than one fault set to form 

compartments, it is important that such fault networks are analysed and 

characterized. 

In this study we analyse a 3D seismic reflection data set that images a normal 

fault network at Milne Point, Alaska.  Data from two horizon surfaces are used 

to investigate the geometry, kinematics, displacement distribution and fault 

interactions within the fault network.  We aim to characterize the behaviour of 

the fault network and the relationships between different fault sets, investigating 

any variations both across the region and with depth.  Furthermore, a 

topological analysis is applied to investigate the connectivity and 

compartmentalization within the network. 
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7.3. Geological setting 

Milne Point is located on the northern edge of the Alaska North Slope (ANS) 

approximately 450 km north of the Arctic Circle and 40 km NW of Prudhoe Bay 

(Figure 7.1).  The region is of particular interest due to the presence of 

numerous major gas and oil fields including the Prudhoe Bay, Milne Point and 

Kuparuk River oil fields (Carman and Hardwick, 1983; Collett, 1993; Bird, 1999; 

Boswell et al., 2011).  Large quantities of oil have been produced, since the 

discovery of the first field in 1968, from complex structural/stratigraphic traps 

within Permian to Tertiary sand/carbonate reservoirs at production depths 

>2000 m (Boswell et al., 2011).   

The principal structural features of the region (Figure 7.1) are the Barrow Arch 

just offshore to the north, and the Colville Basin and Brooks Range to the south 

(Carmen and Hardwick, 1983; Bird, 1999; Boswell et al., 2011).  The Barrow 

Arch is an E-W trending rift shoulder and the Brooks Range is a fold and thrust 

mountain belt related to continent-continent collision (Bird, 1999).  Together 

these structural highs provided source material that infilled the Colville 

(foreland) Basin, which has an E-W axial trend (Figure 7.1) (Carmen and 

Hardwick, 1983; Bird, 1999).  

 

Figure 7.1 Location map showing the key structural features of the Alaska North Slope 
(ANS) and the position of Milne Point. 
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Figure 7.2 Summary of the ages of the stratigraphic sequences and the formation 
lithologies that were seismically imaged.  The KUP and SAG horizons are also 
indicated. 

The sedimentary rocks of the ANS consist of south-dipping passive continental 

margin deposits of Upper Palaeozoic and Mesozoic age, overlain by north-

dipping foreland basin deposits in the Mesozoic and Cenozoic (Collett, 1993; 

Bird, 1999).  These deposits have been divided into three main tectono-

stratigraphic sequences (Figure 7.2) that are described in detail by Bird (1999). 

The earlier passive-margin deposits are termed the Ellesmerian sequence.  

These consist of clastic and carbonate strata of middle Devonian to Triassic 

age, that onlap onto a stable south-facing continental margin (Collett, 1993; 

Bird, 1999).  The Ellesmerian was followed by the Beaufortian sequence which 

was deposited during a period of continental rifting in the Jurassic and Early 

Cretaceous (Bird, 1999).  The rifting is characterized by a change in fault 

pattern from south-dipping normal faulting in the Jurassic followed by north-

dipping normal faulting in the early Cretaceous (Hubbard et al., 1987).  It was 

this rift that formed the palaeo-high of the Barrow Arch.  Then during the 
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Cretaceous and Tertiary, continent-continent collision caused uplift to the south, 

i.e. the Brooks Range, and subsidence to the north producing the Colville Basin 

and the foreland basin deposits called the Brookian sequence (Carmen and 

Hardwick, 1983; Collett 1993; Bird, 1999).  The Brookian sequence is 

extensively faulted in the Milne Point region by NNE-striking normal faults in 

units as young as the Eocene Sagavanirktok Formation (Boswell et al., 2011; 

Lorenson et al., 2011).  These also reach down to the top of the Kuparuk River 

oil field (Masterson et al., 2001). 

The fault network studied in this paper affects the Triassic to Early Cretaceous 

rocks (Figures 7.2 and 7.3).  We concentrate on analysing the network at two 

stratigraphic horizons within the 3D seismic data.  The youngest horizon is 

within the Beaufortian sequence and is called the Kuparuk River Sandstone 

(KUP horizon; Figure 7.2).  This is an early Cretaceous sandstone that hosts 

several oil reservoirs in northern Alaska, including Kuparuk River and Milne 

Point fields (Bird, 1999).  The oldest horizon is the Sag River Sandstone (SAG 

horizon; Figure 7.2), which is within the Ellesmerian sequence, and is a Late 

Triassic sandstone unit that is also a reservoir in the Prudhoe Bay area and 

contains gas in the Kavik field SE of Prudhoe Bay (Bird, 1999).  The fault 

network cuts both of these reservoir horizons, hence it is vital to understand the 

behaviour and potential compartmentalization of such a network.  

 

7.4. Methods 

7.4.1. Data acquisition and interpretation 

The 3D seismic reflection data was acquired using Vibroseis in early 2008.  It 

covers an onshore area at Milne Point of ~200 km2 (Figure 7.1), and is 120 fold 

containing frequencies between 6 and 96 Hz.  The 3D volume comprises 1238 

inlines bearing N045°E and 897 cross-lines bearing N135°E with a spacing of 

16.8 m (Figure 7.3).  Interval velocities of 3050 ms-1 and 4100 ms-1 were 

calculated for the KUP horizon and the SAG horizon, respectively, using True 

Vertical Depth Subsea (TVDSS) and Two-Way-Time (TWT) values taken from 

geophysical wire log well data. 
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Figure 7.3 Seismic reflection images of a) a NW-SE trending crossline and b) a 
NE-SW trending inline.  Red represents the WNW-trending fault set which were 
picked on the inlines and blue represents the NNE-trending fault set which were 
picked on the crosslines.  Dashed lines are the faults that were not picked on the 
inline or crossline but have been projected onto the seismic section.  c) is a 
location map showing the orientation of the inlines and crosslines. 

The fault network was interpreted by employees of BP for a sequence of 

sedimentary rocks, ~650 m thick at a depth >2000 m, from just above the KUP 

horizon to just below the SAG horizon (Figure 7.3).  Faults were identified and 

picked on every tenth inline section (N045°E) and cross-line section (N135°E) 

from offsets of multiple key seismic reflectors.  We further checked the fault and 

horizon interpretations in TrapTester, a seismic interpretation and seismic 

modelling software (Figure 7.3).  In general, the seismic data imaged faults with 

>10 m displacement.  Within TrapTester an interconnected 3D fault model was 
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produced, which involved identifying fault intersections that were validated using 

the raw horizon data for multiple horizons and coherency time slices. 

Hanging wall and footwall cut-offs of the KUP and SAG horizons were projected 

from raw horizon data onto the modelled fault surfaces.  To correct for local 

effects, such as fault drag and noise around fault surfaces, the raw horizon data 

that was within 75 m of each fault was trimmed and a 100 m wide patch of 

horizon data  was used to calculate and project each horizon surface onto the 

fault surface.  The interval velocities and the TWT of each hanging wall and 

footwall cut-off were then used to measure numerous fault surface attributes 

(such as displacement, throw, heave, dip, azimuth and strike) at 100 m intervals 

along the plan view length of each interpreted fault surface.   

7.4.2. Network analysis 

The measured fault attributes were extracted from TrapTester as point data with 

associated x and y co-ordinates.  The point data were imported into ArcGIS and 

fault traces were digitized to produce fault maps for both the KUP and SAG 

horizons.  Each fault trace was segmented by the point data, and average 

throws and segment azimuths were calculated allowing the network to be 

displayed by fault trend and fault throw (cf. Appendix).  The fault maps 

combined with length-weighted rose diagrams, fault length vs fault throw plots 

and fault throw profiles were used to investigate the geometry, kinematics and 

interactions within the fault network.  In addition, 3-D strain was calculated, 

assuming dip-slip for each horizon, and using the fault orientation and dip 

separation to construct the Lagrangian strain tensor, as described by Peacock 

and Sanderson (1993) and Nixon et al. (2011).  These calculations were made 

using an Excel-based tool - Dip-slip - developed for BP by Professor David 

Sanderson. 

The topological analysis of the fault network follows the methodology developed 

in Chapter 4, which involves analysing the number and proportion of different 

nodes and branches between nodes.  Nodes can be isolated fault tips (I-nodes) 

or connecting nodes between faults such as intersections, abutments or splays 

(X-nodes and Y-nodes).  Branches are defined by the number of connecting 

nodes at each end.  A branch can either be an isolated branch (I-I branch) with 
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no connecting nodes; a dangling end (I-C branch) of a cluster with one 

connecting node; or the backbone (C-C branch) of a cluster with two connecting 

nodes.  In this study we also use the number and proportion of each node type 

to calculate parameters related to the connectivity of the fault network.  These 

include the connecting node frequency, which is the number of connecting 

nodes per square km (NC/km2), and the number of connections per line (NC/L) 

and per branch (NC/B).  See Chapter 4 for full description and derivation of 

topological parameters.  The topological analysis is developed further in order 

to assess the compartmentalization of the network. 

 

Figure 7.4 Fault maps of the KUP horizon on the left and the SAG horizon on the 
right: a) Surface horizon maps showing the topography of the horizons; b) Fault 
map colour-coded by azimuth with red generally representing WNW-faults and 
blue generally representing NNE-faults; c) Fault map colour-coded by throw with 
blue and orange representing low and high throw values, respectively.  
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Figure 7.5 Length-weighted rose diagrams and an equal angle stereographic 
projection of poles to fault segments for each fault set in the KUP horizon (top) 
and SAG horizon (bottom). 

 

7.5. Fault network characteristics 

7.5.1. General structural trends and relationships  

The study area has an underlying structural grain trending NW-SE which forms 

broad-scale graben and horst structures on both horizons (Figure 7.4a).  These 

are particularly well defined in the deeper SAG horizon and coincide with an 

overall deepening to the ENE of ~490 m in the KUP horizon and ~615 m in the 

SAG horizon.  The fault network overprints this structural grain and has two sets 

of normal faults – a NNE-trending set and a WNW-trending set (Figures 7.4b 

and 7.5). 

The NNE-trending faults are regularly spaced (1-2 km) and most face SE 

(Figures 7.3a and 7.5) with constant dips of ~50°-60°.  They displace both the 

KUP and SAG horizons by similar amounts (Figure 7.3a and 7.6a), therefore 

these are not growth faults and are post-depositional, as indicated by the 

constant thickness of stratigraphy across each fault (Figure 7.6a).  The majority 

of the faults in the WNW-trending fault set dip to the SW (Figures 7.3b and 7.5).   
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Figure 7.6 Interpreted seismic sections showing the stratigraphic thickness in 
relation to a) the NNE-trending faults and b) the WNW-trending faults.  c) An 
isochore map showing the variation in stratigraphic thickness between the KUP 
and SAG horizon.  The black patches cover the areas that have been tectonically 
thinned by through going faults. 

Unlike the NNE-trending faults these are not regularly spaced and many of the 

larger faults steepen with depth from ~40°-50° to ~70°-80° (Figures 7.3b and 

7.6b).  Furthermore, the WNW-trending faults often displace the SAG horizon 

more than the KUP horizon (Figure 7.3b and 7.6b) and, hence, have a small 

amount of growth associated with them (i.e. stratigraphic sequence 4; Figure 

7.6b). 

Overall the stratigraphic thickness between the KUP and SAG horizons 

increases from a minimum of ~580 m in the north to a maximum of ~760 m in 

the south of the study area and is relatively independent of both fault sets 

(Figure 7.6c).  However, the presence of some syn-rift sedimentation 

associated with the WNW-trending faults indicates that they pre-date the NNE-

trending faults.  As many of the WNW-trending faults are south-dipping it is 
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likely that they formed during the Jurassic rifting event (Hubbard et al., 1987), 

whereas the NNE-trending faults are likely to be related to the Tertiary faults 

that deform the overlying Brookian sequence (Masterson et al., 2001; Boswell 

et al., 2011). 

7.5.2. Organization of faulting and displacement distribution 

Many of the large WNW-trending faults are aligned with the underlying NW-SE 

structural grain and other smaller faults rotate into these structures (Figure 

7.4c).  This is more obvious in the deeper SAG horizon where faults from the 

WNW-trending fault set bound many of the graben structures (Figure 7.4a).  

Furthermore, the trend of the WNW-trending faults is rotated clockwise by ~10° 

in the SAG horizon, which can be seen clearly in the length-weighted rose 

diagrams (Figure 7.5c and 7.5f). 

Table 7.1 Fault trace-length and throw statistics. 

 Trace-
length (km) 

Density 
(km/km2) 

Proportion 
(%) 

Max 
Throw 

(m) 

Average 
Max Throw 

(m)  

KUP horizon      

Total 317 1.67 - 138 43 

NNE 170 0.89 54 103 41 

WNW 147 0.77 46 138 45 

SAG horizon      

Total 384 2.01 - 332 83 

NNE 140 0.73 36 157 63 

WNW 244 1.28 64 332 93 

The WNW-trending faults also become more pervasive with depth, increasing in 

dip (Figures 7.6b) and density from 0.77 km-1 to 1.28 km-1 between the KUP 

and SAG horizons, respectively (Table 7.1).  Whereas the NNE-trending faults 

have similar fault density values for each horizon (i.e. 0.89 km-1 at the KUP 

horizon and 0.73 km-1 at the SAG horizon; Table 7.1). As a result the KUP 

horizon has approximately equal proportions of NNE-trending and WNW-

trending faults, whereas the SAG horizon has an increased proportion of WNW-

trending faults (~64%; Table 7.1). 

The largest faults in the network trend WNW with maximum throws of up to 138 

m in the KUP horizon and 332 m in the SAG horizon (Table 7.1; Figure 7.4c).  
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However, both fault sets have similar length vs throw distributions (Figure 7.7).  

There is an increase in the maximum throw of faults from the shallower KUP 

horizon to the deeper SAG horizon (Figure 7.7a).  This increase is seen mainly 

in the WNW-trending faults (Figure 7.7c) as indicated by the average max throw 

values for each fault set (Table 7.1). 

 

Figure 7.7 Logarithmic plots of fault length vs maximum throw for a) all the 
faults; b) the KUP Horizon and c) the SAG horizon.  Note the significantly greater 
throws for some WNW-trending faults in the SAG horizon. 
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Overall the NNE-trending faults are evenly distributed both spatially and with 

depth showing similar orientations, fault densities and throws for each horizon.  

In contrast, the WNW-trending faults increase in both density and size with 

depth.  The increase in displacement for the WNW-trending faults could be due 

to fault growth as indicated by the presence of small syn-sedimentary deposits, 

however these are too small to account for the total increase in displacement.  

As the orientation of the WNW-trending faults is affected by the underlying 

structural grain there is an obvious influence of deeper pre-existing structures.  

This also agrees with the steepening of the faults with depth.  

 

Figure 7.8 Equal angle stereographic projection of poles to fault segments 
showing the principal strain orientations for: a) the NNE-trending faults; b) the 
WNW-trending faults; and c) all faults. 
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7.5.3. Strain analysis 

The strain accommodated on each individual fault set shows negligible amounts 

of extension for the intermediate strain component producing a pure plane 

strain perpendicular to the trend of each fault set (Figure 7.8a and 7.8b; Table 

7.2).  The NNE-trending faults accommodate similar amounts of extension in 

each horizon, whereas there is an increase in the maximum extension 

accommodated by the WNW-trending faults in the SAG horizon (Table 7.2).  

Hence, in the SAG horizon the majority of the strain (69%) is accommodated by 

the WNW-trending faults.   

The overall strain accommodated by the faults indicates subhorizontal 

extension and subvertical shortening at each horizon (Figure 7.8; Table 7.2). 

The maximum extension accommodated by the fault network increases from 

2.4% orientated at N070°E for the KUP horizon to 3.7% orientated at N225°E 

for the SAG horizon (Table 7.2), which is accommodated entirely by the WNW-

trending faults.  As the fault sets are orthogonal there is also an intermediate 

strain component with an extension of ~1.5% orientated at N340°E and N135°E 

for the KUP and SAG horizons, respectively.  In the KUP horizon the total strain 

is accommodated equally between the two fault sets, as indicated by the 

minimum extension percentages (Table 7.2), resulting in the maximum 

extension direction of the network bisecting the angle of intersection between 

the two fault sets (ENE-WSW; Figure 7.8c).  However, in the SAG horizon there 

is a 25° anticlockwise rotation of the networks maximum extension direction to 

~NE-SW (Table 7.2; Figure 7.8c), as more of the total extension is weighted 

towards the WNW-trending fault set. 

In general, the strain analysis shows an increase in strain with depth due to 

more strain being localized onto the WNW-trending faults in the deeper SAG 

horizon.  This localization of strain onto the WNW-trending faults further 

suggests that these faults are being influenced by the pre-existing structures 

that form the NW-SE underlying structural grain.  The contrast between the 

behaviour of the two fault sets indicates that they are independent fault sets as 

only the WNW-trending faults appear to interact with the underlying structural 

grain. 
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Table 7.2 3-Dimensional strain values and orientations for the KUP and SAG 
horizons. 
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7.6. Fault interactions 

7.6.1. Isolated faults, abutments and splays 

Faults can be divided into isolated, abutting and splaying faults.  In general, 

abutments and cross-cutting faults involve faults from different fault sets 

whereas splays faults are from the same fault set.  Nixon et al. (2011) describe 
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these interactions for strike-slip faults in plan view, which have comparable 

geometries to normal faults in cross-section.  Here we describe these 

interactions for normal faults in plan view.  

7.6.1.1. Isolated faults 

There are very few isolated faults within the fault network at Milne Point, and 

these are mostly small faults with lengths ranging from approximately 400-1700 

m accumulating maximum throws of <50 m.  Throw profiles of the isolated faults 

can be divided into three main groups: Unrestricted, single tip restricted and 

double tip restricted (Figure 7.9) (cf. Nicol et al., 1996; Manighetti et al., 2001; 

Soliva and Benedicto, 2005). 

The examples in Figure 7.9a are symmetrical profiles with the maximum throw 

located near the centre of the fault.  These either match that of an ideal elastic 

profile, as modelled for fractures in a homogenous material by Pollard and 

Segall (1987), or a symmetrical cone shaped profile, as described by Muraoka 

and Kamata (1983) for faults that form in incompetent layers.  Such profiles 

have been shown to be characteristic of faults with unrestricted tips (cf. Nicol et 

al., 1996, 2010; Manighetti et al., 2001) and are the smallest isolated faults 

within the network as indicated by their average maximum throw and average 

length (Figure 7.9a). 

Other profiles are asymmetrical with the maximum throw located closer to one 

of the fault tips producing a tip with a steep throw-length gradient (Figure 7.9b).  

These profiles match the single tip and half restricted fault displacement profiles 

described in Manighetti et al. (2001).  These are not caused by fault abutments 

but either by lithological barriers (such as changes in competency) or a nearby 

interacting fault that restricts the propagation rate of a fault tip indicating 

kinematic interaction between faults (Peacock and Sanderson, 1996; 

Schlagenhauf et al., 2008; Nicol et al., 2010). 

The majority of isolated faults at Milne Point produce a symmetrical profile with 

a flat top and steep gradients at each fault tip (Figure 7.9c).  Such a shape in 

fault displacement profiles has been described in numerous studies (Muraoka 

and Kamata, 1983; Peacock and Sanderson, 1991; Manighetti et al., 2001; 

Nicol et al., 2010).  Muraoka and Kamata (1983) describe these as a mesa-
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shaped profile for faults that form with tips that terminate in strain absorbing 

incompetent stratigraphic layering.  Hence, these are double tip restricted fault 

profiles and have the largest average maximum throw and average length 

values of the isolated faults. 

 

Figure 7.9 Normalized fault profiles for isolated faults from both the KUP and 
SAG horizons with length/maximum length (L/Lmax) along the x-axis vs 
throw/maximum throw (T/Tmax) on the y-axis.  a) Isolated faults with unrestricted 
tips; b) isolated faults with a single tip restricted; c) isolated faults with both tips 
restricted.  The graphs on the right hand side are cartoon examples of each 
profile. 

7.6.1.2. Abutting faults 

When a fault network has two or more fault sets, the tip of one fault often abuts 

and terminates against another, producing a Y- or T-shaped intersection (Figure 

7.10).  When a fault abuts another fault it becomes pinned and can only 

propagate away from its abutted tip.  .Manighetti et al. (2001) describe these 

faults as ‘single tip’ restricted or ‘half tip’ restricted, however, we consider 

abutting faults to be separate from faults with restricted tips.  This is based on 
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the fact that an abutting tip is actually pinned and cannot propagate any further, 

whereas a restricted fault tip can still propagate at low propagation rates.   

 

Figure 7.10 3D diagrams of fault planes that form abutting interactions: a) an 
example of an abutting fault that shares a footwall block with the main fault at 
the SAG horizon; b) an example of an abutting fault that shares a hanging wall 
block with the main fault at the KUP horizon.  Throws are contoured onto each 
fault plane showing displacement transfer from the abutting fault to the main 
fault. 

There are two geometrical relationships that abutting faults form with the earlier 

abutted fault (Figure 7.10).  They can either form in the footwall block (Figure 

7.10a) or the hanging wall block (Figure 7.10b) of the earlier fault and will 

therefore either share a footwall or hanging wall block, respectively.  Abutting 

faults also have the possibility of interacting and transferring displacement onto 

the earlier fault, thus allowing displacement to build up at the abutting tip (e.g. 

Maerten, 2000; Maerten et al., 2001).  This is accommodated by local 

reactivation of the earlier abutted fault and can cause local displacement 

variations adjacent to the intersection line (Figure 7.10).  In general, the earlier 

fault will locally increase in displacement where it shares a fault block with the 

abutting fault (Figure 7.10). 

The abutting faults can either be single tip abutting (Figure 7.11) or double tip 

abutting (Figure 7.11).  Within the fault network at Milne Point these are small 

faults with lengths <2000 m.  In general, single tip abutting faults can be divided 

into two groups, which are shown in Figure 7.11.  Group 1 have minimum 

throws at their isolated and abutting tips suggesting that these faults abutted at 

a late stage of their development.  This is supported by their average fault 

lengths, which are longer than other profile types for single tip abutting faults 
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(Figure 7.11).  Therefore, profile types 1A and 1B are abutting faults that have 

preserved their isolated fault throw profiles for unrestricted and single tip 

restricted faults, respectively (Figure 7.11a and 7.11b).   

Group 2 have shorter average lengths than Group 1 with maximum throws at 

their abutting tips, indicating that the faults have grown in size whilst being 

pinned by their abutments, thus interacting with the earlier fault.  Profile type 2A 

is thought to represent a fault at an intermediate stage of development as it still 

inherits parts of a previous isolated fault profile (Figure 7.11c).  However, types 

2B and 2C are abutting faults that have grown and propagated whilst abutting 

another fault and have a restricted tip (flat top; Figure 7.11d) and unrestricted tip 

(linear; Figure 7.11e), respectively. 

Double tip abutting faults also display two groups of fault throw profile (Figure 

7.12).  Group 1 preserves the throw profile of an isolated fault with both abutting 

 

Figure 7.11 Normalized fault profiles of length/maximum length (L/Lmax) against 
throw/maximum throw (T/Tmax) for single tip abutting faults taken from both the 
KUP and SAG horizons with no other intersections with other faults.  5 profile 
types are identified and divided into two groups.  The right hand graph for each 
profile type is a cartoon example.  See text for discussion. 
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tips recording minimum throws (Figure 7.12a and 7.12b).  This suggests that 

these faults abutted at late stages of the faults development.  Group 2 

represents a slightly more developed double tip abutting fault that has 

accumulated throws whilst being pinned at each abutting tip.  Hence, these 

either show a maximum throw at one abutting tip (Figures 7.12c) or at both fault 

tips (Figure 7.12d).  The asymmetry of the throw profiles could be due to the 

abutting tip with the largest throw value having abutted first. 

In general, the profiles of abutting faults can indicate the relative time of 

abutment during the faults growth and development.  Group 1 abutting fault 

profiles preserve an isolated fault profile and have minimum throws at abutting 

tips indicate that abutment occurred at a late stage of the faults development.  

Whereas Group 2 abutting faults have accumulated throws at the abutting tips 

indicating that the fault was still growing in size after it abutted another fault.  

 

Figure 7.12 Normalized fault profiles of length/maximum length (L/Lmax) against 
throw/maximum throw (T/Tmax) for double tip abutting faults taken from both the 
KUP and SAG horizons with no other intersections with other faults.  4 profile 
types are identified and divided into two groups.  The right hand graph for each 
profile type is a cartoon example.  See text for discussion. 
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Figure 7.13 The fault profiles of a main fault and a splay fault showing their 
variations in throw along distance X, which increases to the east.  a) 3D diagram 
of the fault planes geometries; b) an example from the KUP horizon; and c) an 
example from the SAG horizon.  To the right of each graph are plan view fault 
maps of the interacting faults. 

7.6.1.3. Splays 

Fault splays often occur near the tips of faults.  The smaller splay fault has a 

fault plane that is obliquely orientated to the larger main fault plane and has a 

displacement maximum along the line of intersection (Figure 7.13a).  The 

displacement distribution on the fault plane of the main fault shows an abrupt 
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drop in displacement at the line of intersection with the splay fault (Figure 

7.13a). 

Fault throw profiles indicate that the decrease in displacement is 

accommodated by the splay fault.  For example, Figure 7.13 shows the throw 

profiles of two main faults (Fault 99-KUP and Fault 57-SAG) which have 

corresponding splays (fault 100-KUP and Fault 177-SAG) at intersection points 

A and B.  Both of the main faults show a step like decrease in throw at the 

intersection with the splay faults in the direction of the acute angle of 

intersection.  This step down in throw approximately matches the throw of the 

respective splay faults near the point of intersection (Figure 7.13).  After the 

point of intersection both the main fault and splay fault steadily decrease in 

throw before reaching null values at their isolated fault tips. 

Nixon et al. (2011) describe fault splays in strike-slip faults as synthetic 

interactions that accommodate a decrease in displacement on a larger main 

fault.  The fault splays identified in the normal fault network at Milne Point 

accommodate similar decreases in fault throw (Figure 7.13) and have the same 

motion sense (i.e. down thrown on the same side) as their corresponding main 

faults.  Hence, they can also be called synthetic interactions. 

7.6.1.4. Individual faults 

The isolated faults and abutting faults within the network have short lengths 

(<2000 m), however, many of the faults within the network have longer fault 

lengths (up to 9000 m) and accumulate much larger throws (Figures 7.4 and 

7.7).  These longer faults are often segmented by cross-cutting faults or have 

numerous faults that abut them (Figure 7.4).  Even though these long faults 

have many intersecting faults their throw profiles are often symmetrical with 

maximum throws near the centre of the faults length and minimum throws at 

their tips (Figure 7.14), which is similar to throw profiles of isolated faults. 

As each segment has a displacement profile that is consistent with its adjacent 

segment these can be considered as coherent structures and not isolated fault 

segments that have aligned and linked (cf. Walsh et al., 2003).  Therefore, 

despite interactions with other fault sets the larger and longer faults still act as 

individual isolated faults.  This can be identified for both fault sets and indicates 
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that the faults in both sets originally developed as individual faults rather than 

simultaneously. 

 
Figure 7.14 Fault throw profiles of long individual faults (>2000m length) which 
have intersecting and abutting faults for: a) an individual WNW-trending fault; b) 
an individual NNE-trending fault and c) normalized throw profiles of numerous 
long individual faults within the network.  Examples are taken from both the KUP 
and SAG horizons.  Note the similarity to isolated fault throw-length profiles. 

7.6.2. Fault segments linked at depth 

The WNW-trending faults are influenced by the underlying structural grain of the 

area.  This affects the largest faults within the network, which are more 

developed in the SAG horizon and orientated NW-SE matching the underlying 

structural grain.  Figure 7.15 shows the throw profiles for a group of four large 

WNW-trending faults (Faults i, ii, iii and iv) at the KUP and SAG horizons.  All of 

these faults down throw to the SW and include smaller splay faults and relay 
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breach faults.  In plan view only faults ii and iii are geometrically linked and 

these share relay ramps with fault i to the NW and fault iv to the SE (Figure 

7.15).  This suggests that these are interacting fault segments at different 

stages of linkage. 

7.6.2.1. SAG Horizon 

All of the faults have much larger throws in the deeper SAG horizon and fault iii 

(orange) is the largest fault, with a maximum throw of 325 m (Figure 7.15a), and 

the longest fault-trace (~4000 m).  Fault iii shares relay ramps, which are ~250 

m  wide,  with  faults i  (navy blue)  and  iv  (turquoise)  and  all  three  faults  are 

aligned with the NW-SE structural grain.  The three faults are acting as 

interacting fault segments: Fault i has a splay fault at intersection point A that 

almost breaches the relay ramp with fault iii; whereas fault iv has an asymmetric 

throw profile that has a very steep throw gradient at its NW tip, indicating 

interaction with fault iii.  Fault ii (pink) is connected to fault iii at point B but is 

independent of the linked system and is WNW-trending instead like the splay 

fault (Figure 7.15a). 

7.6.2.2. KUP Horizon 

In the shallower KUP horizon all of the long fault traces (faults i-iv) are WNW-

trending indicating an anticlockwise rotation from their position in the SAG 

horizon.  Furthermore, the width of the relays ramps between each fault has 

increased to ~750 m.   Fault i (navy blue) is the largest fault with up to 128 m 

throw and it does not show any interaction with surrounding faults.  Fault iv 

(turquoise) has an isolated fault profile that is symmetrical, therefore it is not 

interacting with fault iii (orange) like it does in the SAG horizon.  Only faults ii 

(pink) and iii (orange) show any interaction and are linked by a relay breach 

between points D and E.   Fault ii (pink) also has a very asymmetrical profile 

with a maximum throw near its western tip indicating a kinematic interaction 

(Figure 7.15b).   The relay breach (black) and the splay fault (grey) are aligned 

with the NW-SE structural grain and are remnants of the fault pattern in the 

SAG horizon.  They produce step like decreases in the throw profile of fault iii 

(orange) at intersection points D and E (Figure 7.15b), which matches the splay 

faults described in Figure 7.13. 
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Figure 7.15 Fault throw profiles from a) the SAG horizon and b) the KUP horizon 
of four large WNW-trending faults (Faults i, ii, iii and iv) that share relay ramps 
and interact with each other with some associated splay faults.  The plots show 
variations in throw for each fault along distance X, which increases to the east, 
indicating an increase in interaction, linkage and a clockwise rotation with depth.  
To the right are plan view maps of the interacting faults. 
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Overall the example in Figure 7.15 shows that the large WNW-trending faults 

are better linked at depth as the width of relay zones decreases and more of the 

faults interact in the SAG horizon.  They also accumulate larger throws and are 

aligned with the underlying NW-SE structural trend.  Therefore, they could 

either be an upward splay and segmentation of reactivated basement structures 

or new faults that are exploiting the pre-existing structures at depth.    

 

Figure 7.16 3D diagram of NNE trending fault planes that abut and locally 
reactivate WNW trending fault planes and form a trailing fault segment that links 
two abutting faults.  The distribution of throw is contoured onto each fault plane 
and shows increases in throw at the trailing fault segments.  This example is 
taken from the SAG horizon. 

7.6.3. Trailing faults 

Although Figure 7.14 indicates that many long faults in the fault network are 

acting as isolated individual faults, there are variable increases and decreases 

in some of their throw profiles.  These often coincide with abutments and 

interactions with other faults of the opposite fault set causing ‘local’ reactivation 

of the pre-existing abutted fault plane (cf. Figure 7.10).  Sometimes a section of 

a fault plane between two abutting faults is reactivated.  This can be seen 

particularly well for longer WNW-trending faults whose fault planes show a 

change in displacement between the intersections with two abutting NNE-
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trending faults (Figure 7.16).  This indicates trailing of displacement from the 

abutting faults onto the original pre-existing abutted fault. 

 

Figure 7.17 Fault throw profiles showing an example of a synthetic trailing fault 
interaction where two faults abut and reactivate a portion of another fault that 
shares the same motion sense.  In this case fault 207 in a) is reactivated between 
intersection points A and B, increasing in throw, because of the abutting 
interactions of faults 121 and 240 shown in b).  The red line is an estimated 
reconstruction of the original fault throw profile before interaction.  c) Plan view 
map of the fault interactions. 
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Figure 7.18 Fault throw profiles showing an example of an antithetic trailing fault 
where faults abut and reactivate a portion of another fault which has the 
opposite motion sense.  In this case fault 109 in a) is reactivated between 
intersection points A and C, decreasing in throw, because of interactions with 
abutting faults 5, 249 and 72 shown in b).  The red line is an estimated 
reconstruction of the original fault throw profile before interaction.  c) Plan view 
map of the fault interactions. 

For example, the WNW-trending fault 207-SAG, seen in Figure 7.17, is abutted 

by two NNE-trending faults at intersections A (Fault 240-SAG) and B (Fault 121-

SAG).  The two abutting faults have very similar throw values near the points of 

intersection (Figure 7.17b), whereas the segment AB of the WNW-trending fault 
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(Fault 207-SAG) that is between the two abutting faults and shows a marked 

increase in accumulated throw (Figure 7.17a).  A reconstruction of the original 

throw profiles (Figure 7.17) indicates that the increase in throw along segment 

AB (35-40 m) is broadly similar to the throws values of the two abutting faults at 

their points of intersection (35-40 m).  This suggests that the movement of the 

two abutting NNE-faults (Faults 240-SAG and 121-SAG) has reactivated 

segment AB producing a trailing fault segment.  This links the two abutting 

faults to form a trailing fault.  The increase in throw along the trailing fault 

segment AB is because it shares the same kinematic motion sense (i.e. 

downthrown to the east) as the two abutting faults.  Therefore this may be 

regarded as a synthetic trailing interaction. 

There are also examples of antithetic trailing interactions between the two fault 

sets (Figure 7.18).  These are produced when the trailing segment does not 

share the same motion sense as the abutting faults.  For example, Fault 199-

SAG is a WNW-trending fault that is downthrown to the west, whereas the 

abutting faults (faults 240-SAG, 72-SAG, 5-SAG) are all downthrown to the east 

(Figure 7.18).  As a result there are marked drops in the throw profile of fault 

199-SAG at intersection point A and between intersection points B and C.  The 

reconstructed throw profile of the fault 199-SAG (red; Figure 7.18a) indicates 

that these decreases in throw match the throw values of the three abutting 

faults at the points of intersection.  Furthermore, the throw profiles of the 

abutting faults are broadly coherent on either side of fault 199-SAG (Figure 

7.18b).  This indicates that segment AC on fault 199-SAG inversely reactivated 

and interacted with the three abutting faults producing a kinematic and 

geometric link between them. 

Overall, there are two types of trailing interactions between different fault sets.  

A synthetic trailing interaction produces a trailing fault with segments that have 

the same motion sense (Figure 7.17).  These cause an increase in throw along 

the trailing segment.  Whereas, an antithetic trailing interaction involves abutting 

faults that have the opposite motion sense to the trailing segment, therefore 

causing inversion of the reactivated trailing segment and a decrease in throw 

(Figure 7.18).  In general, the pre-existing fault that reactivates is acting as a 

transfer fault between the abutting faults and the reactivated segment is 
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analogous to a linking fault that may breach a relay ramp between two parallel 

fault segments.  As the NNE-trending faults trail and reactivate segments of the 

WNW-trending faults, these must originally post-date the WNW-trending faults. 

 

7.7. Topology 

Compartmentalization of reservoirs by faulting can be caused by the 

juxtaposition of sealing stratigraphic units against a reservoir unit, or by the 

faults themselves having good sealing properties.  Both of these rely on the 

formation of compartments which means that faults need to be connected.  

Hence, in the following section we assess the topology of the fault network at 

the two reservoir horizons (KUP and SAG horizons) to investigate the 

relationship between topology, connectivity and the formation of compartments.  

7.7.1. Nodes and branches 

In general, the topology of the network is similar at each horizon (Figure 7.19) 

but there are some subtle differences.  The KUP horizon has a slightly higher 

proportion of connecting nodes (57%) in comparison to the SAG horizon (49%).  

The KUP horizon also has a slightly greater number of connections per line 

(NC/L) and number of connections per branch (NC/B) than the SAG horizon 

(Table 7.3), suggesting that the KUP horizon is better connected than the SAG 

horizon (Table 7.3; Figure 7.19).  Subareas (Figure 7.20) illustrate the variation 

within each horizon and indicate that there is much more variation in the KUP 

horizon than the SAG horizon (Table 7.3; Figure 7.19).   

Overall, the majority of connecting nodes within the fault network are Y-nodes 

(i.e. splays and abutments) with very few crossing X-nodes (Figure 7.19a), 

which is consistent with results from Chapter 4.  Furthermore, the fault network 

has very few isolated (I-I) branches and is dominated by C-C branches (Figure 

7.19b; Table 7.3) meaning that the network has the potential to form large 

clusters (cf. Chapter 4). 

7.7.2. Compartments 

A closed compartment has a defined perimeter of C-C branches forming a finite 

area within the sampled network, whereas a compartment that is not closed 
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does not have a defined perimeter and goes beyond the area of the sampled 

network.  In 2D, we analyse the number of closed compartments and their sizes 

within the fault network.  Knowing the number and sizes of the compartments in 

each reservoir horizon is important as it can 1) give an indication of how 

geometrically compartmentalized the reservoir is and 2) allow identification 

economically viable compartments for drilling.  

 

Figure 7.19 Ternary triangles showing the proportions of a) I, Y and X nodes and 
b) I-I, I-C and C-C branches within the network.  KUP 1 and 2 and SAG 1 and 2 are 
subareas shown in Figure 7.20a and b, respectively, and discussed in the main 
text. 

The proportion of area within the network that is enclosed by compartments is 

~25% at each horizon (Table 7.4).  However, the number and extent of closed 

compartments varies between horizons (Figure 7.20).  There are more closed 

compartments at the KUP horizon than at the SAG horizon but the 

compartments are more dispersed in the KUP horizon (Figure 7.20a), whereas 

they are highly clustered in the SAG horizon (Figure 7.20b).  The distribution of 

closed compartments coincides with clusters of C-C branches within the 

network (Figure 7.20), indicating that the formation of compartments is related 

to the proportion of C-C branches.  Although the spatial distribution of 

compartments varies between the two horizons the size of the compartments is 

similar, with an average compartment size of 1.24 km2 for the KUP horizon and 

1.46 km2 for the SAG horizon.  The largest compartment is found at the KUP 

horizon with a size of 8.74 km2 whereas the largest compartment at the SAG 

horizon is 5.33 km2. 
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Table 7.3 Proportions of each topological component with the number of 
connections per line (NC/L) and per branch (NC/B) for both horizons and from 
selected subareas shown in Figure 7.20. 
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Subareas SAG 1 and KUP 1 are areas within the network that are fully 

compartmentalized, whereas subareas SAG 2 and KUP 2 are areas that have 

no closed compartments (Figure 7.20).  In general, the compartmentalized 

subareas have a greater number of connections per line and per branch than 

the non-compartmentalized areas indicating that they are better connected 

(Table 7.3).  It is apparent that there are more isolated (I-I) branches and 
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dangling ends (I-C branches) at the SAG horizon, which increases the internal 

deformation within compartments (Figure 7.20).  The topological analysis 

indicates that the subareas that have no closed compartments are dominated 

by I-nodes and that the compartmentalized areas are dominated by Y-nodes 

(Table 7.3; Figure 7.19a).  This is related to a change in the branch proportions 

as compartmentalized subareas (KUP 1 and SAG 1) are dominated by C-C 

branches (>60%), whereas the non-compartmentalized areas have a much 

greater proportion of I-C branches (Table 7.3; Figure 7.19b). 

 

Figure 7.20 Fault map showing the topologies and spatial distribution of each 
branch type.  The coloured areas represent the different closed compartments 
within the network at a) the KUP horizon and b) the SAG horizon. 

7.7.2.1. Effects of resolution 

The seismic data that images Milne Point can only resolve faults with greater 

than 10 m throw and therefore does not image the tips of many faults.  Nixon et 

al. (2012) show that small faults and fault tips, which have less than 10 m 

displacement, contribute significantly to the connectivity and the proportion of 

connecting nodes within a fault network.  Therefore being able to resolve 

whether the tips of a normal fault within the network connect with another fault 

is vital to assessing the number and extent of compartments within the network.  

To account for unresolved fault tips, Pickering et al. (1997) used a model for 

predicting and extending the length of tips of faults within a normal fault network 

in the North Sea.  To model the effects of extending fault tip lengths on the 

formation of compartments at each horizon, we use a similar method that 
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extends the tips of faults by 50 m, 100 m, 200 m, 300 m, 400 m and 500 m until 

they intersect another fault (Figure 7.21).   

Our results indicate that the number of compartments and extent of 

compartmentalization increases when each isolated fault tip is extended (Table 

7.4; Figure 7.21).   Furthermore, the average compartment size decreases 

indicating that larger compartments are being divided into smaller 

compartments (Table 7.4).  Although the average compartment size decreases, 

the maximum compartment size increases in the SAG horizon (Table 7.4) as a 

larger compartment may also form within the network (Figure 7.21c). 

Table 7.4 Compartment statistics showing their number and sizes at each 
horizon for different fault tip extensions. 
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Figure 7.21 Fault maps (left; KUP horizon, right; SAG horizon) showing the 
compartments of the fault network after extending the tips of faults by a) 100 m, 
b) 200 m, c) 300 m and d) 500 m.  The left side is for the KUP horizon and the 
right side is for the SAG horizon.  
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Using the displacement-length data plotted in Figure 7.7 and a linear 

relationship (i.e. Cowie and Scholz, 1992) we estimate that faults with 10 m 

throw have lengths of ~300 m in the KUP horizon and ~200 m in the SAG 

horizon.  This is consistent with Pickering et al. (1997) who state that 500 m is a 

reasonable length extension to faults to account for the truncation effect, which 

is the equivalent of extending fault tips by 250 m.  Therefore 200-300 m are 

more reasonable tip extension lengths for modelling the compartmentalization 

of the fault network. 

 

7.8. Discussion 

7.8.1. Fault chronology 

Due to the presence of some syn-rift sedimentation associated with the WNW-

trending faults we suggest that these are more likely to be associated with rifting 

during the deposition of the Beaufortian sequence (Jurassic to Lower 

Cretaceous).  More specifically, as the majority of these are south dipping faults 

we can constrain them to the rifting period during the Jurassic when the polarity 

of rifting consisted of faults that down throw to the south (Hubbard et al., 1987; 

Bird, 1999).  The NNE-trending faults are consistent with those that cut the 

Brookian sequence in the Tertiary (Boswell et al., 2011) which have been 

shown to cut the top of the Kuparuk River Sandstone (Masterson et al., 2001).  

Fault interactions and reactivation of structures within the fault network agree 

with this chronology of faulting.  For example, the WNW-trending faults are 

strongly influenced by the underlying structural grain.  Hence, they are probably 

related to reactivation of deeper pre-existing structures whereas the NNE-

trending faults are not affected by such structures.  The strain analysis of each 

individual fault set indicates that they have very differently oriented principal 

strains, thus both fault sets are individual deformation events.  Furthermore, the 

NNE-trending faults trail and reactivate segments on the WNW-trending faults, 

therefore they must post-date the WNW-trending faults. 

It is probable that there has been local reactivation of both fault sets due to 

changes in regional and local stress orientations, which is supported by the fact 

that many of the NNE-trending and WNW-trending small faults form abutting 
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relationships and cross-cut each other.  This is also consistent with the 

presence of small faults and fault splays that trend ~NW-SE in the Eocene 

Sagavanirktok Formation (Boswell et al., 2011; Lorenson et al., 2011), which 

are thought to be genetically linked to the underlying faults (Collett et al., 2011).  

Furthermore, the present day stress regime of the area favours the reactivation 

of the WNW-trending faults (Zoback, 1992; Heidbach et al., 2010). 

7.8.2. Network development 

We analysed three main groups of small faults within the fault network – 

isolated faults, splay faults that involved one fault set, and abutting faults which 

involved two fault sets.  The isolated faults within the network have isolated tips 

and produce common throw-length profiles whose shape depends on the 

restriction of the tips as is seen in numerous other studies (Muraoka and 

Kamata, 1983; Pollard and Segall, 1987; Nicol et al., 1996, 2010; Manighetti et 

al., 2001; Schlagenhauf et al., 2008).   

Splay faults and abutting faults, however, intersect one another producing a 

branch line.  Splay faults are characterised by a throw maxima at the point of 

intersection with the throw gradually decreasing towards their tips (Figure 7.13).  

They also cause steps in throw along the intersected fault with a decrease in 

the direction of splaying.  This is consistent with results of Maerten et al. (1999) 

who observe and model similar throw profiles for synthetic splays along normal 

faults in both plan view and cross-section.  Furthermore, similar variations in 

displacements are seen along strike of strike-slip faults in plan view by Nixon et 

al. (2011). 

Abutting faults are faults that terminate against a pre-existing fault, producing a 

Y- or T-shaped intersection.  When a fault abuts another fault it becomes 

pinned and can only propagate away from its abutted tip.  If the fault continues 

to grow, displacement can accumulate and increase at the pinned tip 

transferring displacement and reactivating the abutted fault (Figure 7.22) (cf. 

Maerten et al., 2001).  This is seen clearly in the numerous throw-distance 

profiles of individual abutting faults in Figures 7.11 and 7.12, which show 

abutments at different stages of development.  Figure 7.22 shows the different 

stages of growth proposed for abutting faults with an unrestricted tip and a 
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restricted tip.  In general, an abutting fault evolves from an isolated fault that 

has grown in length to abut and terminate at an earlier fault (stage 1).   Early 

stage abutting faults have throw minima at both the abutting tip and isolated tip 

with a maximum throw near the middle of the fault (stage 2; Figure 7.22).  They 

then increase in throw until a throw maximum is reached at the abutting tip and 

a throw minimum at the isolated tip (stages 3 and 4; Figure 7.22).  Each stage is 

analogous to different stages of fault growth by segment linkage in the sense 

that the throw profile changes from an individual fault at stage 1 to a linking fault 

at stages 2 and 3 to a fully abutting fault at stage 4 (cf. Soliva and Benedicto, 

2004). 

 

Figure 7.22 Schematic diagram of throw profiles for abutting faults at different 
stages of development.  Stage 1 is an isolated fault profile. Stage 2 is an early 
stage abutment with throw minima at the tips of the faults; Stage 3 is an 
intermediate stage with throw increasing at the abutting tip; and Stage 4 is a fully 
developed abutting fault with a maximum throw at the abutting tip.  a) and b) 
represents abutting faults with an unrestricted tip and a restricted tip, 
respectively.  c) 3-D cartoon illustrating a developing abutting fault in grey. 
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7.8.2.1. Effects and reactivation of pre-existing structures 

The fault network at Milne Point was analysed at two different stratigraphic 

horizons.  The results show that the deeper SAG horizon has higher fault 

densities and accommodates larger strains in comparison with the KUP horizon.  

These changes are attributed to an increase in the number and size of the 

earlier WNW-trending faults as the later NNE-trending faults have similar 

density and strain values at each horizon (Table 7.1).  We also suggest that the 

WNW-trending faults are influenced by the pre-existing underlying structural 

grain that trends NW-SE and bound broad-scale horst and graben structures.  

This effect of the underlying structures is characterized by several changes with 

depth: 

1. Clockwise rotation of WNW-trending faults with depth as they align 

themselves with the underlying structural grain; 

2. Increase in fault dip of larger WNW-trending faults; 

3. Increase in displacement and strain localization onto WNW-trending 

faults; 

4. Better linkage between large WNW-trending faults. 

Reactivation of pre-existing structures can often produce and affect new fault 

sets in the overlying stratigraphy (Bailey et al., 2005; Frankowicz and McClay, 

2010).  For example, Bailey et al. (2005) see similar changes in the spatial 

development of two normal faults sets in the East Pennines Coalfield (UK) 

caused by reactivation of underlying basement faults causing strain localization 

onto one fault set. 

As the WNW-trending faults are obliquely orientated to the NW-trending 

underlying structural grain, it is possible that these were driven by left-lateral 

transtension along the previous structures.  This is supported by the strain 

orientation of the WNW-trending fault set, the steepening of the larger faults 

with depth and the splaying and rotation of faults into the NW-trending structural 

grain, which resembles the organization of faults in upward splaying flower 

structures and bifurcating up-tips above left-lateral strike-slip faults (cf. McGrath 

and Davison, 1995; Kim et al., 2004).  Furthermore, Giba et al. (2012) show 

similar characteristics for an obliquely reactivated normal fault in the Taranaki 
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Basin, New Zealand, with fault splays propagating upward from the reactivated 

fault and rotating to align with the regional stress field. 

The trailing faults (Figure 7.16) are also caused by the reactivation of pre-

existing structures.  However, unlike the effect of the underlying structural grain, 

which involves similar fault geometries and strain orientations, the trailing fault 

interactions involve faults sets that are at a high angle to one another.  These 

involve two faults from one fault set abutting a fault from a pre-existing fault set.  

This then causes reactivation and trailing of the displacements from the abutting 

faults onto a segment of the pre-existing fault.  The reactivation can be synthetic 

or antithetic to the pre-existing fault depending on the motion senses of the 

interacting faults.  Maerten (2000) describes similar trailing interactions between 

faults from the Chimney Rock fault array in central Utah.  These include the 

Bluebell fault which has an increase in displacement on a segment between two 

abutting faults.  The segment also has slickensides with different pitch 

orientations to the rest of the fault, indicating reactivation (Maerten, 2000). 

7.8.3. Compartmentalization  

In this study the compartmentalization of the fault network is assessed by 

mapping the compartments and investigating their number and size at each 

horizon.  The link between topology and compartmentalization is that the 

formation of a compartment requires a perimeter of C-C branches, hence 

compartmentalization is related to the proportion and distribution of C-C 

branches.  This is supported by the topology of subareas that are 

compartmentalized and subareas that have no compartments. 

In general, the spatial location and distribution of the compartments varies 

within the network.  This can vary with depth and laterally within each horizon, 

changing the area of the network that is compartmentalized and the average 

number and size of compartments.  Hence, indicating the importance of 

analysing and quantifying the compartmentalization of each reservoir horizon 

separately to identify the location of potentially economically viable 

compartments, or avoiding drilling into small uneconomic compartments. 

Furthermore, using a sensible tip extension shows that each reservoir horizon 

might be more geometrically compartmentalized than the seismic data 
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suggests.  Although this is not as important for stratigraphically sealed 

compartments, which typically need fault throws >> 10 m to offset a reservoir 

horizon, it is important to include tip extensions in models of fault networks if 

fault planes themselves are sealing.  The model could identify a large 

compartment within the network not previously considered or it could indicate 

that a previously identified compartment consists of many smaller 

compartments.  Hence, modelling realistic positions of fault tips could improve 

the quality of reservoir models. 

 

7.9. Conclusions 

A normal fault network from onshore Milne Point, Alaska has been analysed 

using 3D seismic reflection data.  The network comprises NNE-trending and 

WNW-trending fault sets, which were analyzed at two stratigraphic horizons: the 

Kuparuk River Sandstone and the Sag River Sandstone.  Analysis shows that: 

1. The presence of small thickness changes within the Beaufortian 

sequence across the WNW-trending faults suggest syn-rift deposition 

indicating that these formed during rifting and originally pre-date the 

NNE-trending fault set.  Hence, we suggest a Jurassic age for the WNW-

trending faults and a Tertiary age for the NNE-trending faults.  This is 

supported by the trailing faults where abutting NNE-trending faults 

reactivate segments of WNW-trending faults.  As there are numerous 

abutting and cross-cutting relationships that involve small faults of both 

fault sets, it is probable that there has been reactivation of the WNW-

trending fault set both during formation of the NNE-trending faults and 

subsequent stress. 

2. The NNE-trending faults generally dip to the SE producing a plane strain 

with a maximum extension orientation of ~N103°E.  These are 

consistently developed in both horizons with similar fault densities, fault 

sizes and strains.   

3. The majority of WNW-trending faults dip to the SW and have a plane 

strain tensor, with a maximum extension orientation of ~N030°E.  The 
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faults show variation, increasing in size, number and density with depth, 

hence accommodating greater strains. 

4. The variation with depth of the WNW-trending faults is due to the 

interaction and reactivation of an underlying NW-SE structural grain.  

This influence is characterized by increases in dip and displacement on 

several faults, strain localization, clockwise rotation of faults and an 

increase in linkage maturity. 

5. NNE-trending faults post-date the WNW-trending faults as they abut and 

reactivate segments of WNW-trending faults.  This produces a trailing 

fault that links two abutting faults through the reactivated segment of the 

pre-existing fault.  The motion sense of the trailing fault can either be 

synthetic or antithetic to the reactivated pre-existing fault producing an 

increase or decrease in throw, respectively. 

6. Throw profiles of numerous faults within the network show that isolated 

faults and abutting faults form a range of throw profiles depending on the 

degree of restriction of fault tips and the timing of abutment during fault 

development.  Trailing fault segments are usually short within the 

network (<2000 m).  Longer faults (up to 8000 m) are usually cross-cut 

and abutted by numerous faults but show broad throw profiles that are 

similar to isolated faults. 

As the fault network comprises two orthogonal fault sets there is great potential 

for compartmentalization of each reservoir horizon.  Hence, we explored the 

relationship between topology and the compartmentalization of the fault network 

and assessed the size, number and spatial distribution of compartments at each 

horizon.  The results show that: 

7. Despite increases in density and strain with depth the topology of the 

network is consistent.  There are more Y-nodes than X-nodes and there 

is a greater proportion of C-C branches at both horizons. 

8. The spatial extent of compartments changes with depth but the number 

and average size remain similar, forming approximately 25% of the 

network area. 
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9. The better connected parts of the network form compartments.   

Furthermore, compartmentalized areas are dominated by C-C branches 

whereas as non-compartmentalized areas have more equal proportions 

of C-C branches and I-C branches. 

10. The resolution of seismic data may lead to an underestimate of the 

number of compartments within the network.  The effect of resolution can 

be accounted for by modelling fault tips extension.  This can sometimes 

identify new large compartments or show that previously identified large 

compartments are actually made up of smaller compartments. 

Overall, this study provides a robust network analysis that is important for 

understanding the behaviour of fault networks.  It has identified numerous fault 

interactions and described the effects of pre-existing structures on network 

development.  Furthermore, it develops a link between the topological analysis 

and compartmentalization that can be applied to predict/estimate whether or not 

the network may geometrically form closed compartments. 
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8. Summary and conclusions 

 

This thesis has provided an extensive analysis of various strike-slip and normal 

fault networks from different tectonic settings and at a range of scales.  An array 

of datasets from fieldwork, aerial photography, multibeam bathymetry, high 

resolution seismic profiles and 3-D seismic volumes were used and integrated 

with ArcGIS to produce a robust methodology for fault network analysis (see 

appendix).  Each analysed fault network has individual characteristics, which 

are described in each chapter, however there were many coherent observations 

that could be applied and be representative of other fault networks.  This 

chapter presents a summary of these main themes and concluding points that 

resulted from the material covered in the previous six chapters. 

 

8.1. Fault organization, interaction and the role of pre-existing 

structures 

In order to characterize fault networks as a whole this project investigated the 

behaviour within these fault networks, looking at different elements such as: 

individual fault interactions (Chapters 2 and 7); the organization of 

faulting/damage within a fault network (Chapter 2) and around large faults 

(Chapters 5 and 6); the role of small and large faults within a network (Chapters 

3 and 6); the partitioning of deformation within a fault network (all Chapters); the 

reactivation and effect of pre-existing structures on fault development (Chapters 

5 and 7).  All of these add to the heterogeneity of deformation within a fault 

network and understanding these variations is essential for the characterization 

of fault networks. 

1) There are numerous fault interactions that occur within both strike-slip and 

normal fault networks.  In general, these can be divided into two main 

groups that relate to the kinematic behaviour of the faults involved in each 

interaction: synthetic fault interactions and antithetic fault interactions 

(Chapters 2 and 7). 
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2) Synthetic fault interactions involve faults that have the same motion sense. 

These usually include a large main fault with a smaller splay fault 

accommodating step like decreases in its displacement.  The decrease in 

displacement occurs in the direction of the acute angle of intersection 

between the main fault and the splay fault.  Splay faults decrease in 

displacement away from the intersection but sometimes rejoin the main 

fault forming a lens.  Lenses are common at bends in the main fault or in 

areas of fault linkage (Chapters 2 and 7). 

3) Antithetic fault interactions involve faults that have opposite motion senses.  

These include small faults that abut a larger main fault as well as crossing 

faults of similar size.  Like synthetic splay fault interactions, abutments 

produce decreases in displacement along the main fault but in the direction 

of the obtuse angle of intersection.  The displacement profile of an abutting 

fault depends on the time of abutment and how much the fault develops 

after abutment (Chapters 2 and 7). 

4) Numerous small faults often organize themselves around larger magnitude 

faults within a network.  These form areas of damage that accommodate 

variations in displacement along the larger magnitude fault.  Deformation 

becomes more distributed within these areas with greater fault densities 

and smaller displacements.  The horsetail splay at Spaniards Bay (Kaikoura 

Peninsula) is an excellent mesoscale strike-slip example (Chapter 5).  

Whereas the distributed area around the Rangitaiki Fault (Whakatane 

Graben) is a larger scale dip-slip example (Chapter 6). 

5) Large damage domains can form within a fault network where numerous 

large faults decrease in displacement in the same area (e.g. the damage 

area at Westward Ho!; Chapter 2).  This can be driven by changes in 

lithology or by interactions with other large faults. 

6) The organization of faulting within fault networks can form distinct domains 

that interact with each other (Chapter 2).  This is seen clearly at Westward 

Ho!, where changes in the size and proportion of fault sets produce 

domains that have domino geometries and domains that have conjugate 

geometries: 
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a. Domino domains are characterized by a dominant fault set with 

larger displacement, regularly spaced faults and antithetic faults 

forming in intervening blocks.  These domains show systematic 

rotation of faults and bedding. 

b. Conjugate domains have equal sizes and proportions of each fault 

set forming abutting and cross-cutting relationships.  There is little 

or no rotation of bedding. 

When domino domains with opposite dominant fault sets interact with each 

other, a conjugate domain forms in between (Chapter 2). 

7) Pre-existing structures can influence the development of faults within a 

network including their geometry and arrangement.  Faults that form sub-

parallel to pre-existing structures will rotate into or splay from these 

structures often reactivating them.  Whereas, faults that form orthogonal to 

pre-existing structures often produce abutting relationships and sometimes 

use and reactivate these structures as transfer faults (Chapter 7). 

 

8.2. Distribution and localization of strain within fault  

An important part of the fault network analysis was the collection of various fault 

attribute data such as displacement, length, orientation, motion sense, 

dip/azimuth etc.  These were of particular use for calculating and demonstrating 

the distribution and localization of strain within fault networks.  This was 

investigated at different levels within a fault network including: variations in 

strain around individual large faults from areas of distributed faulting to areas of 

localized faulting (Chapters 5 and 6); localization of strain onto individual faults 

within a network (Chapters 3 and 6); partitioning onto different fault sets 

(Chapters 2 and 7); and identification of spatial domains within networks that 

interact and behave differently (Chapters 2 and 6).  In general, these cover a 

range of scales and highlight variations in kinematic behaviour adding to our 

understanding of strain localization within fault networks. 

8) In Chapter 3 we demonstrate that strain is localized onto the large 

displacement fault segments within a fault network.  These make up large 
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faults and the central parts of smaller faults.  However, a significant 

proportion of strain is contributed by smaller fault segments, that form small 

faults and fault tips, and this should be accounted for when using low 

resolution datasets. 

9) Strain progressively localizes onto larger faults within a network (e.g. the 

Rangitaiki Fault; Chapter 6), however, the distribution of strain along strike 

of large individual faults can be localized or distributed to many surrounding 

smaller faults.  This is demonstrated for the Rangitaiki Fault, and is related 

to the linkage maturity of the fault.  In general, areas of localized faulting 

form where linkage is well established and are characterized by strain 

localized onto a few large faults.  Areas of distributed faulting form where 

linkage is not so well established and have many small faults that 

accommodate the majority of the strain (Chapter 6). 

10) Strain can also be localized to domains of faulting within networks.  The 

domino domains at Westward Ho! are a perfect example where rotation of 

fault blocks between the larger faults allows greater strains to develop.  

Whereas the interlinking conjugate domains accommodate lower strains as 

they are irrotational with many small faults (Chapter 2). 

11) Although strain can be distributed or localized in different domains within 

fault networks and around large faults, the networks still preserve strain 

compatibility between these domains and along strike of large faults 

(Chapters 2 and 6).  

12) In networks with more than one fault set strain is partitioned between the 

two fault sets.  In networks with conjugate fault sets (e.g. Westward Ho! and 

Hartland; Chapters 2 and 3), domino domains are examples of areas where 

strain has been localized onto one fault set; whereas the conjugate 

domains are areas where strain is distributed evenly across both fault sets.  

In networks with independent fault sets (e.g. Milne Point; (Chapter 7) strain 

partitioning is reliant on the development of each fault set.    

13) Pre-existing structures can also influence the strain distribution within a 

fault network.  For example, at Milne Point greater strains are produced by 

one fault set in the deeper horizons due to the influence of sub-parallel pre-
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existing basement structures.  Whereas in the shallower horizons both fault 

sets accommodate equal proportions of strain (Chapter 7). 

 

8.3. Topological variation in fault networks, connectivity and 

compartmentalization 

The topological analysis, which is introduced in Chapter 3 and further 

developed in Chapters 4 and 7, is a novel approach aimed to be applicable to 

industry.  It is important as it produces an array of parameters that: 

systematically characterize fault networks from their topological components 

(Nodes, Branches and Compartments); relate to the connectivity of a fault 

network; provide information about the clustering and compartmentalization 

within a network.  Therefore, a topological analysis can be very useful as a 

basic assessment of the character and connectivity of a fault network, which 

can be insightful when considering the fluid flow/percolation potential of a fault 

network and the compartmentalization of a reservoir. 

14) Fault networks have a greater number of Y-nodes than X-nodes, therefore 

fault abutments and fault splays are more common than crossing faults 

(Chapters 3, 4 and 7).  This is due to the difficulty of preserving X-node 

geometries at greater fault displacements as shown in Chapter 2.  This is in 

contrast to small scale fractures, joints and deformation bands which often 

preserve and preferentially form X-node geometries. 

15) There is also much heterogeneity in the spatial distribution of connecting 

nodes (Y- and X-nodes) within fault networks (Chapter 4).  Clusters of 

connecting nodes form in areas of damage and linkage between faults 

where fault densities are greater.  In general, these areas have a higher 

number of connections per line (nC/L) and per branch (nC/B) than other parts 

of the fault network suggesting they are better connected.  Therefore, these 

areas are of particular importance when considering fluid flow (Chapter 4). 

16) The branch analysis is a new addition to the topological analysis of 

networks (Chapter 4).  It segregates isolated faults within a network from 

the faults that connect to other faults.  This is important as the branch 
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analysis can be related to the clustering and compartmentalization of 

networks: 

a. The clustering nature of the connecting faults is related to the 

proportion of I-C to C-C branches.  In general, connected faults 

with many I-C branches are more likely to form small isolated 

clusters, whereas faults with many C-C branches are more likely 

to form a large cluster that may span the network (Chapter 4). 

b. C-C branches are a requirement for the formation of closed 

compartments within a fault network.  Therefore, areas that have 

more C-C branches than I-C branches have the potential to form 

closed compartments, whereas areas with equal proportions of C-

C and I-C branches are unlikely to form a closed compartment 

(Chapter 7). 

The proportion of I-C to C-C branches within a network can be represented 

by the average number of connections per branch (nC/B), after omitting the 

isolated (I-I) branches.  This is easily calculated from the node proportions, 

producing a useful parameter that may be used to estimate the clustering of 

the network (Chapter 4). 

17) The connectivity of a fault network is reliant on the low displacement fault 

segments that form the tips of faults (Chapter 3).  This is important when 

considering the resolution of data used to constrain the fault network, and 

has implications when estimating the fluid flow potential of a fault network.   

18) The resolution of fault tips also has implications when assessing the 

compartmentalization of a fault network (Chapter 7).  Modelling fault tips 

shows that there could be a greater number of closed compartments within 

a network than the resolution of the dataset suggests.  These may be larger 

compartments within a network or they could indicate that a large 

compartment is made up of smaller compartments.  This is an important 

factor to account for as it could change the economic potential of a 

compartmentalized reservoir. 
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9. Appendix 

 

This appendix contains additional information providing a summary of the 

workflows in ArcGIS that were used to analyse data from digital air 

photographs, high resolution multibeam bathymetry and seismic surveys.  Also 

included in the appendix are examples of data extraction from ArcGIS for 

network analyses in Microsoft Excel, which produces rose diagrams, strain 

values, fault densities and various other attributes. 
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9.1. ArcGIS Workflow 1 – Analysis from field observation and 

digital air photographs at Westward Ho! 

 

1. Digital air photographs of wave-cut platform at Westward Ho! downloaded 

from the Channel Coast Observatory at www.channelcoast.org/.  Images 

can be downloaded as georectified image files (.ecw), and then imported 

directly into ArcMap. 

2. Digital air photographs used as base maps for field mapping of key areas 

and for digitally mapping of wave-cut platforms. 

3. ArcCatalog, geodatabase file (.gdb) created to save and organize feature 

classes created and used for interpreting and analysing the fault network.   

4. Polyline feature classes used for digitizing faults, marker-beds and 

calculating lateral separations (approximate displacement for strike-slip 

faults).  NB. It is important to tick the ‘Measure’ box when creating polylines 

as this automatically calculates their length.  Point feature classes used to 

mark displacements that were measured in the field.  All feature classes can 

be created using ArcToolbox.  
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5. Faults interpreted from digital air photographs and offsets of marker beds 

identified (both in field and from imagery).  Within the fault feature class 

attribute table, different fields were created such as fault number and fault-

type (i.e. left-lateral or right-lateral).  This is essential for collating and 

extracting information about the faults at later stages of the analysis.  It also 

allows a visual analysis as faults can be displayed by different attributes, 

such as fault-type etc.  
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6. Displacements measured form the digital air photographs using a separate 

polyline feature class.  Lines were then drawn between offset marker bed 

segments.  Therefore, the length of a line is a measure of the displacement 

for the through going strike-slip fault.  In the attribute table of measured 

displacements, fields for the x and y co-ordinates of the line mid-points were 

created and calculated using the ‘calculate geometry’ option.  Data was 

exported in table format and using the x,y co-ordinates the measured 

displacement data was displayed as point features in ArcMap. 

7. Each fault polyline split into smaller segments by their corresponding 

measured displacement point features using the ‘Split Line at Point’ tool in 

ArcToolbox.    

8. Use ‘calculate geometry’ to calculate x and y co-ordinates for the start and 

end points of each fault polyline segment.  Join the fault polyline table with 

the displacement point table allowing the average displacement for each 

polyline segment to be calculated.  Therefore the fault polyline table has a 

series of attributes (x,y co-ordinates, length, displacement etc.) associated 

with each fault segment allowing the network to be displayed and analysed 

by displacement.  
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9.2. ArcGIS Workflow 2 – Structural analysis of multibeam 

bathymetry data offshore Hartland 

 

1. Multibeam bathymetry data imported as ASCII file into ArcGIS by converting 

ASCII data into a point feature class using ‘ASCII 3D to Feature Class’ in 

ArcToolbox. 

2. Point feature converted into a gridded Raster image with associated x,y,z 

data using ‘Point to Raster’ in ArcToolbox. 

3. Hillshade applied to Raster image using ‘Spatial Analyst Tools’ in 

ArcToolbox.  Produces a shades relief that enhances structural features (i.e. 

faults and bedding) allowing them to be mapped using the same workflow in 

9.1 (steps 3-8). 

4. Aspect and Slope applied to Raster image using ‘Spatial Analyst Tools’.  

These produce raster images which show the calculated direction of 

maximum dip and the maximum dip on an identified surface, respectively. 

5. Use the ‘identify’ icon on identified bedding planes to show the dip and dip 

direction values. 
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9.3. ArcGIS Workflow 3 – Analysis from high resolution 

seismic data and 3D seismic data 

 

1. Microsoft Excel spreadsheets extracted from Petrel and Traptester are 

saved as database files (.dbf).  These contain easting and northing co-

ordinates of multiple measured sample points along each interpreted fault 

trace at each horizon.  Associated with each sample point are fault 

identification field and calculated attributes such as throw, dip, azimuth etc. 

2. Database files imported into ArcMap as tables. 

3. Easting and northing co-ordinates used to plot data as point features.  Right 

click on table and then ‘Display XY Data’.  Once the point data are displayed 

it is important to save as a feature class and convert to individual features 

using the ‘Multipart to Singlepart’ tool in ArcToolbox. 

4. Use the ‘Points to Line’ tool in ArcToolbox to draw individual fault traces 

from the point features.  The fault identification field separates the points into 

separate fault lines.  This does not complete the intersections between faults 

which can be added manually using the ‘Editor’ toolbar. 

5. Use ‘Split Line at Vertices’ in ArcToolbox to segments the faults by each 

sample point.  Follow step 8 in workflow 9.1 and use ‘calculate geometry’ to 

calculate the x and y co-ordinates of the start and end point of each line as 

well as its length. 
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9.4. ArcGIS Workflow 4 – Extraction and analysis of data from 

ArcGIS 

 

1. ‘Export’ records from the fault attribute table once the network has been 

interpreted and analysed in ArcMap (e.g. after following workflow 9.1).  This 

exports the data in database format (.dbf) which can be viewed and edited in 

Microsoft Excel.  The fault attribute table will contain useful information 

about each fault segment that can be manipulated in several ways using 

spreadsheets (i.e. fault ID, fault-type, xy start, xy end, length, displacement 

etc.). 

2. To sample subares highlight the faults of interest in ‘Editor’ mode and select 

‘Selected records’ when exporting the fault attribute table. 

 

 

 

3. Formatted fault attribute data in Microsoft Excel and input into Strike-Slip-

Network workbook.  The Strike-Slip-Network workbook has been developed 

to analyse fault network data.  It uses the length, displacement and co-

ordinates of each fault segment to calculate the line azimuth and 

displacement tensor inputs 9i.e. unit vectors and displacement directions; 

see equation 2.3).  This is used to calculate fault trend statistics (i.e. plot 

rose diagrams) and to calculate the eigenvalues and eigenvectors of the 
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lagrangian strain tensor.  A similar Dip-Slip-Network workbook also exists 

that was developed for BP by Professor David Sanderson and was used for 

the strain analysis of normal faults. 
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9.5. ArcGIS Workflow 5 – Analysis of network topology 

 

1. Use a point feature class for the node analysis.  A field in the attribute table 

should indicate the node type (i.e. I-, Y- or X-nodes), these need to be typed 

in manually. 

2. Original fault lines are planarized using the ‘Planarize Lines’ icon on the 

‘Topology’ toolbar in ‘Editor’ mode.  This splits all of the faults at their 

intersections dividing the network into branches.  The fault polylines need to 

be selected in order to ‘Planarize’ the network and should be done to a copy 

of the fault network at step 6 in workflow 9.1.  A field in the attribute table 

should indicate the branch type (i.e. I-I, I-C or C-C branches), these need to 

be typed in manually. 

3. Use the ‘Feature to Polygon’ tool in ArcToolbox and input the fault polyline 

feature class to automatically draw closed compartments within the fault 

network.  Within the created polygon attribute table there is an area field that 

automatically calculates the area of each polygon. 

4. All topological information is extracted using steps 1 and 2 of workflow 9.4 

for further analysis in Microsoft Excel. 
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