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| Abstract |

It is known that the development and distribution of strain associated with normal faulting is
influenced by the process of fault growth within mechanically layered and heterogeneous sedimentary
rocks. Fault displacement is often partitioned between discontinuous throw on slip surfaces and zones
of distributed strain, which in some cases can be the result of folding associated with normal faulting.
The amount of ductile deformation can vary significantly along the strike of a normal fault array as a
result of various processes, such as fault-tip propagation and fault interaction and linkage. In this
study we investigate the influence of mechanical stratigraphy, fault geometry and fault mechanical
interaction on the variability and distribution of ductile strain in the rock volume surrounding normal
faults. We show that mechanical competence contrasts can control the manner in which strain is
accommodated and, hence the overall patterns of secondary fault and fracture systems within normal
fault-related folds. This can have consequences on the way in which disruption of an associated shale
smear occurs, impacting the sealing properties of the fault zones. Also, we show that folding can be
generated by different mechanisms that vary in importance in time and space along a normal fault
array. Mechanical properties of the host rocks, together with the spatial configuration of the faults
control the mechanical interaction between faults, exerting an influence on the variability of ductile
strain within the volume of deformation surrounding normal faults. Specifically, conjugate normal
faults that intersect within layers with low compressibility have geomechanical characteristics
favourable for migration of stress concentrations near the upper fault tips which generate higher
propagation/slip ratios and the development of lower amplitude folds, or no folding. The host rock
lithology and the overlapping normal fault configuration at the time of interaction controls the three-
dimensional relay ramp geometries and associated strains within relay ramps. Normal faults within
mechanically competent rocks tend to develop relay ramps with tabular geometries, that have larger
aspect ratios and smaller fault-parallel shear strains compared to those developed in mechanically
incompetent rocks. Fault-normal shear strain within ramps can be the result of the development of
asymmetric displacement gradients on the overlapping faults as a result of mechanical interaction
between surface-breaking normal faults. The probability of a relay ramp bounded by surface-breaking
normal faults to be completely breached depends not only on the accumulated ramp shear strains and
the ratio between throw and separation of the bounding faults, but also on how the throw is partitioned
between the interacting faults. Also, we argue that the style of breaching, dominantly through the
upper part of the relay ramps, is influenced by the stress interaction between the overlapping faults

and the Earth’s free surface.
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| Chapter 1 |

Introduction and aims of the thesis

1.1. Introduction

Normal faults form on a very wide range of scales (Walsh and Watterson, 1988; Kim and Sanderson,
2005) and in a variety of geological settings as a result of localized lateral extension of a volume of
rock or by stretching and thinning of the entire crust (Anderson, 1951; Price and Cosgrove, 1990).
Slip along normal faults can be associated with significant strain within the surrounding rock volume
(Barnett et al., 1987) (Figure 1.1). Displacement is not always localized on a single main slip surface
within the “fault core”, but it can be partitioned between multiple slip surfaces within zones of
distributed deformation (i.e. fracturing and small-scale faulting) in the “fault damage zone” (Caine et
al., 1996). In some cases, ductile deformation, i.e. folding, can occur (Powell, 1875; Geikie, 1912;
Walsh and Watterson, 1987; Long and Imber, 2010; Childs et al., 2016) (Figure 1.1b; Figure 1.2;

Figure 1.3).

Previous research has shown that the development and distribution of strain is highly influenced by
the fault growth processes within layered sedimentary rocks with variable mechanical properties
(Powell, 1875; Peacock and Sanderson, 1992; Childs et al., 1996; Wilkins and Gross, 2002; Ferrill et
al., 2005; Ferrill et al., 2007; Ferrill et al., 2008; Putz-Perrier and Sanderson, 2008; Putz-Perrier and
Sanderson, 2011; Ferrill et al., 2012; Ferrill et al., 2017). Similarly, the amount of ductile deformation
can vary significantly along the strike of a fault array as a result of the different deformation processes
associated with the fault growth process, such as fault-tip propagation and fault interaction and

linkage (Figure 1.3) (Long and Imber, 2010; Childs et al., 2016).
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Location .~ Fault-tip folding
(a) for section in (b) T (b) = % s

Max. _
displacement 7S

Volume of rock strained_»"
as a result of &
J. displacement on fault

Figure 1.1 (a) Schematic illustration of an idealized elliptical fault with contoured displacement
(darker colours show larger displacements), viewed from a direction normal to the fault surface
(modified from Barnett et al, 1987); (b) A cross-section normal to the fault surface illustrates that
discontinuous displacement on the fault is accommodated within the surrounding volume of rock by

ductile deformation (modified from Barnett et al., 1987).

Figure 1.2 lllustration from Powell (1875) showing that discontinuous displacement on a fault is
replaced by continuous deformation (i.e. folding) within mechanically “more flexible” lithologies. His
observations are one of the earliest to show the influence of the mechanical stratigraphy on the style

of deformation (Ferrill et al., 2017).
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Figure 1.3 (a) Schematic map-view illustration of two overlapping normal faults (bold black lines
with box on downthrown side; modified from Long, 2011). Ductile deformation across the strike of the
normal fault array can occur by different mechanisms, such as fault interaction and linkage within
relay ramp - illustrated in the cross-section in (b) and fault-tip folding, as shown in the cross-section

in (c).

Because in normal faulting settings the maximum principal stress is almost perpendicular to
horizontal bedding (Anderson, 1951), the deformation processes related with fault growth within a
mechanically heterogeneous sequence depend principally on the geometry of the fault-tip line with
respect to bedding and the sense of slip on the fault, i.e. mode of deformation (Walsh et al., 1999)

(Figure 1.4).
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Neutral
strains

Slumetric
strains

Figure 1.4 Diagram showing the main modes of deformation associated with normal faults which cut
through horizontal beds. The relationship between the sense of slip on fault relative to the tip-line
geometry and layering attitude has important implications for the deformation types and associated
strains within the surrounding volume. The white boxes represent small volumes of rock near the
fault-tip subjected to a particular dominant mode of deformation (modified from Kanninen and
Poppelar, 1985).

For mode 1l type of deformation (or the edge dislocation mode), the slip is hormal to the fault tip-line
and the shear direction is in the plane of the fault, while mode 111 (or the screw dislocation mode) has
the slip direction parallel to the fault tip-line and an anti-plane sense of shear (Kanninen and Poppelar,
1985; Pollard and Fletcher, 2005) (Figure 1.4). Near-fault-tip deformation associated with mode Il
dislocation requires a component of volume change by plastic deformation within the surrounding
rock volume, whereas for mode I11, volumetric strain changes are not necessarily required (Davis and

Reynolds, 1996; Walsh et al., 1999) (Figure 1.4). Also, the near-tip stress distribution associated with

18



Introduction

fracture dislocation of mode Il and Il are significantly different, determining different style of

propagation and growth of the fault-tips (Willemse and Pollard, 2000; Pollard and Fletcher, 2005).

Hence, the geometry of the fault-tip-lie and the slip direction relative to the fault tip-line and the

layering can determine the development and preservation of complex volumes of deformation

surrounding normal faults (Walsh et al., 1999) (Figure 1.4 and Figure 1.5).

Part |
(Chapters 2, 3 & 4)

T

Vertical segmentation: ’
releasing stepover [=

Ductile deformation
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»
»

Faults and fractures
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W ] -
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lations i, displacement
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I\,' T

l)

—_ N\ '

Smeared shale

|

Variations in mechanical stratigraphy
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relay ramp

Part Il
2 (Chapters 5 & 6)

Splay fault

|
) Z ey

Conjugate
fault

Figure 1.5 Block-diagram illustrating some of the main deformation features associated with normal

faulting within a heterogeneous sedimentary sequence with different mechanical properties, which

are covered in this thesis. The first part of the thesis (Chapters 2, 3 and 4) discusses the variability of

ductile deformation associated with normal fault-related folding. The second part (Chapters 5 and 6)

covers the lateral linkage of normal faults and associated strain distribution within relay ramps.
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Fault segments develop very rarely as individual structures (at least at geologic time scale) and
usually initiate and grow as part of a system or array of faults, which evolve with increasing strain
(Peacock and Sanderson, 1991; Young et al., 2001; Walsh et al, 2003; Baudon and Cartwright, 2008).
To date, geologists employ two end-member models to explain the growth of individual faults or fault
arrays: the isolated fault model and the coherent fault growth model (Cartwright et al.,1995; Walsh et
al, 2002; Walsh et al., 2003; Childs et al., 2017; Jackson et al., 2017) (Figure 1.6). The isolated fault
growth model (Figure 1.6a and 1.6b) assumes that fault segments or fault arrays grow from initial,
randomly isolated segments, which are kinematically unrelated to each other. The isolated faults
propagate and increase their length as they accrue displacement, interact and link incidentally.
Because the faults grow in isolation and are kinematically unrelated, the displacement distribution is
irregular, having a displacement deficit at the former boundaries or relay zones (Figure 1.6b). In the
other model, the coherent fault growth model, the fault segments are part of a larger kinematically
coherent structure. The segments can splay from a larger structure at depth, thus they can be hard-
linked with the main fault structure or they can be physically unconnected in 3D (Figure 1.6¢ and
1.6d) (Walsh et al., 2003). The kinematically coherent fault arrays show a displacement-distance

distribution profile similar with a singular fault (Figure 1.6e).

Figure 1.6 — next page Diagrams showing the two models which are employed to explain the
formation of segmented normal fault arrays (from Walsh et al, 2003): (a) the isolated fault model and
(c) and (d) the coherent fault model; (b) and (e) Fault displacement — distance plots for the two type
of fault arrays (from Walsh et al., 2003). See text for detailed explanations.
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As the faults grow in size (Walsh and Watterson, 1987; Cartwright et al., 1995), the process of fault
interaction and linkage (vertical or lateral) adds further complexities within the volume of strained
rocks (Figure 1.4 and Figure 1.5) (Crider and Pollard, 1998; Childs et al., 2009). Seismological
evidence supported by mechanical models suggest that neighbouring fault segments interact through
their slip-induced stress fields (Stein, 1999) (Figure 1.7), which can control preferential locations for
slip and associated stress (and hence strain) localization (Crider and Pollard, 1998). Strains associated
with lateral displacement transfer on normal faults are considered to be relatively simple because the
ramps accommodate deformation predominantly in the direction parallel with the slip direction on the
bounding faults (Figure 1.3 and 1.4) hence, the term “neutral” relay zones from Walsh et al., 1999.
However, it has been shown that deformation within relay zones is very often non-plane strain, as a
result of a shear strain component within the fault-normal direction which rotates the beds usually
toward the hangingwall (Huggins et al., 1995; Walsh et al., 1996) (Figure 1.3). In particular, relay
zones developed within mechanically heterogeneous sedimentary layers can display very complex
three-dimensional strain distribution (Long and Imber, 2012). Fault nucleation and propagation and
the breaching of relay zones (i.e. the physical linkage between the interacting normal faults) are
dependent on the distribution and magnitude of the slip-induced perturbed stress fields around faults
(Crider and Pollard, 1998; Gupta and Scholz, 2000). The degree of interaction is similarly dependent,
beside the fault geometry and magnitude of slip by the mechanical properties of the rocks (Willemse,

1997).

Although, much progress on understanding the three-dimensional geometries and kinematics
associated with normal faulting has been made in the last two decades through the use of 3D seismic
reflection data (Walsh and Watterson, 1991; Cartwright and Husse, 2005; Baudon and Cartwright,
2008), there is still a need to integrate and better understand the different deformational behaviour of
mechanically heterogeneous layers when interpreting and evaluating subsurface data (Richard et al.,
2014; McGinnis et al., 2016). Additionally, through the analysis of ancient syn-sedimentary normal
fault systems imaged by high resolution 3D seismic data, we can obtain critical insights into the

complex geometries and the mechanical and kinematic behaviour of seismogenic normal faults.
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Critical Stress
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Stress Drop
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F1_ e----
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Figure 1.7 Map-view of the distribution of elastic stress fields as a result of normal slip on fault F2
(from Gupta and Scholz, 2000). The stress drop zone surounding the fault and the stress increase in
the vicinity of the tips will influences the evolution of the overlapping fault F1 and the localization
and variability of strain / stress within the interacting region. Chapter 5 and 6 of the thesis cover

aspects of the mechanical interaction between overlapping normal faults.

1.2. Relevance of the research study

Normal faults can trap important volumes of hydrocarbons, especially within rifts and passive margin
settings (Fraser et al., 2007; Roberts and Bally, 2012). Development of shale smears or dragging of
sand layers and formation of “thief zones” (zones of fluid leakage) associated with normal fault-
related folding (Davatzes and Aydin, 2005) or the evolution of fault linkage and development of fault
lenses (Childs et al., 1995; Childs et al., 1996) can critically influence the cross-fault flow pathways
and hence, the permeable properties of a fault zone (Hetshammer and Fossen,1998; Wibberley et al.,
2008) (Figure 1.8). A good understanding of the variability and distribution of strain within the
volume surrounding normal faults is essential for evaluating the trap integrity of normal fault-bounded

structures.
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ReserVoif A
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Figure 1.8 Two schematic cross-sections of a normal faulted reservoir where the same amount of
displacement is accommodated differently (discontinuous vs continuous), impacting the pathways of
fluid migration across the fault (modified from Hesthammer and Fossen, 1998).

Similarly, a better understanding of the processes and mechanisms that control the distribution of
strain and stresses along normal fault segments can be important for the assessment of seismic
hazards. Segmented seismogenic faults can display diverse and complex behaviours during seismic
slip events. Depending on the amount of the accumulated strain energy and the geometry of the fault
planes (e.g. segment length, distance between the stepping segments), seismic slip events can
determine: (1) the individual rupture of fault segments (no immediate stress transfer between
neighbouring segments occurs); (2) the consecutive rupture of segments (rapid stress transfer between
segments); and (3) the continuous rupture of the faults segments. It is known that relay zones can act
as barriers to rupture propagation or as rupture initiators along seismogenic normal faults (Zhang et
al., 1999; Spina et al., 2008). Recent studies show that relay zones bounded by normal faults are less
effective on stopping rupture propagation than relay zones associated with strike-slip or reverse-slip

fault segments (Biasi and Wesnousky, 2016). Understanding better how normal faults interact and
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how relays zones become breached can help mitigate some of the risks associated with rupture

propagation during normal slip events.

1.3. Aims and objectives

The overall aim of the thesis is to investigate the influence of mechanical stratigraphy, fault geometry
and fault mechanical interaction on the variability and distribution of ductile strain in the rock volume

surrounding normal faults.

In our effort to investigate the variability of normal fault-related ductile deformation, we integrate
empirical observations from well-calibrated high-quality seismic data and outcrop studies, with

kinematic and mechanical models, and with previously published data and concepts.

The objectives of this thesis are:

1. To describe normal fault-related deformation from different geological settings and to test the
hypothesis that mechanical properties of the host rocks and mechanical stratigraphy are a first
order control on strain distribution within the normal fault volume.

2. To quantify the variations in fault displacement vs ductile deformation along normal fault
zones in different lithologies.

3. To develop a conceptual model to explain the variable distribution of ductile deformation
associated with normal fault-related folding and displacement transfer (i.e. relay ramps) in
mechanically heterogeneous stratigraphic sequences.

4. To investigate the variability and limitations of relay breaching criteria such as critical ramp
shear strains or throw / separation ratio.

5. To investigate the influence of the free surface on the breaching styles of relay ramps.

6. To investigate the process of mechanical fault interaction and its possible influence on the

variability and distribution of strain within the rock volume containing normal faults arrays.
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7. To explore the hypothesis that variable relay aspect ratios are controlled by lithology and by

the interaction between overlapping normal faults.

1.4. Thesis Outline

The thesis comprises two main parts, each covering different deformation process associated with
normal faulting and a third part in which | discuss the findings and the main conclusions of the
research (Figure 1.5). In the first part of the thesis I discuss normal fault-related folding, as a result of
mostly mode Il type of deformation. Strains associated with transfer of displacement between
segments, i.e. relay ramps, characteristic for a dominant mode 111 type of dislocation, are discussed in

the second part of the thesis (Figure 1.3 and Figure 1.5).

A comprehensive review of the literature and necessary background information is provided in each
of the core chapters, which are conceived in the style of scientific papers. In particular, Chapter 2 is a
review study of the strain variability associated with normal fault-related folding in heterogeneous

stratigraphic sequences.

Part | — Strain variability associated with normal fault-related folding

1.4.1. Chapter 2. Control of mechanical stratigraphy on distribution of strain within normal fault-

related folds — a review

This chapter introduces key concepts of mechanical stratigraphy and the formation mechanisms of
folds in extensional setting. The chapter summarises the current research on deformation associated
with normal fault-related folds encountered within different mechanical stratigraphic and overburden
stress conditions, from published work and our own observations. We describe the patterns of small
and meso-scale faulting and fracturing which accommodate larger, seismic-scale ductile folding in

relation with the mechanical properties of the layered stratigraphic sequence. We emphasize the
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importance of mechanical competence contrast in controlling the manner in which strain is
accommodated and, hence the overall patterns of secondary fault and fracture systems within normal

fault-related folds.

1.4.2. Chapter 3. Variability and distribution of brittle strain accommodating hangingwall folding

of a seismic-scale normal fault, Moab Fault, Utah

In this chapter we investigate the characteristics of small scale faulting and fracturing that
accommodates larger, seismic-scale normal fault-related folding along the Moab fault, Utah. Four
transects across the hangingwall normal drag folds are analysed. We show that the strain
characteristics and deformation styles are highly controlled by the mechanical properties of the

layered sandstone-shale sequence of the Cedar Mountain Formation.

1.4.3. Chapter 4. Occurrence and development of folding related to normal faulting within a

mechanically heterogeneous sedimentary sequence: a case study from Inner Moray Firth, UK

In this chapter we use well-calibrated seismic reflection data to explore the control of fault geometry,
lithology and fault interaction on the occurrence and the development of folds along a normal fault
system. We exemplify how fault segmentation and associated ductile deformation are influenced by
the heterogeneous mechanical properties of the stratigraphic sequence. We show that normal fault-
related folds can be generated by different mechanisms that vary in importance in time and space
along a single fault array. The occurrence of normal fault-related folds can also be explained by how
normal faults interact mechanically. Specifically, the variability of extensional folding along the strike
of a fault array can be explained by enhanced vertical propagation due to mechanical fault interaction

between opposite-dipping normal faults.

Published: Lapddat, A., Imber, J., Yielding, G., lacopini, D., McCaffrey K. J. W., Long, J. J., Jones, R.

R., 2016. Occurrence and development of folding related to normal faulting within a mechanically
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heterogeneous sedimentary sequence: a case study from Inner Moray Firth, UK. In: Childs, C.,
Holdsworth, R. E., Jackson, C. A.-L., Manzocchi, T., Walsh, J. J., Yielding, G. (Eds) The Geometry

and Growth of Normal Faults, Geological Society of London Special Publications 439.

Part Il —Variability of strain within normal fault-bounded relay ramps

1.4.4. Chapter 5. Breaching of relay ramps bounded by surface-breaking normal faults

This chapter investigates the breaching of relay ramps associated with surface-breaking normal faults
(Figure 1.3a). Empirical observations are integrated with kinematic and mechanical models to
explain the differences in geometry, timing (relative to fault growth) and likelihood of relay ramp
breaching along surface-breaking normal fault arrays. We show that the probability of full ramp
breaching on surface-breaking normal faults depends not only on the accumulated ramp shear strains
and the ratio between throw and separation of the bounding faults, but also on how the throw is
partitioned between the faults. Mechanical models of surface breaking normal faults show asymmetric
stress perturbations with larger shear stress drops within the hangingwalls (compared with the
footwalls) which explains the variability in breaching strains and the preferential breaching location

through the footwall side of the ramp.

To be submitted as: Lapddat, A., Imber, J., Yielding, G., McCaffrey K. J. W., Jones, R. R., Long, J. J.,
lacopini, D. (in prep). Breaching of relay ramps bounded by surface-breaking normal faults. Earth

and Planetary Science Letters.

1.4.5. Chapter 6. Geological controls on the geometries and strain variability within relay ramps

In this chapter we investigate the variability of the three-dimensional geometries and strains within
relay ramps. We show how the host rock lithology and the existing fault configuration at the time of
interaction controls the three dimensional ramp geometries and associated strains within relay ramps.
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Normal faults within mechanically competent rocks tend to develop relay ramps with tabular
geometries, larger aspect ratios and smaller fault-parallel shear strains than the ones developed in
incompetent rocks. We show that the fault-normal shear strain (Figure 1.3b) component within ramps
is not necessarily the result of monoclinal folding during the underlapping stage of the faults, but also
the result of the asymmetry of the displacement gradients on the overlapping faults. Mechanical
models indicate asymmetrically larger shear stress drop zones within the hangingwall of surface-
breaching normal faults, which can inhibit propagation of the front fault and result in the
accumulation of larger displacement gradients on it, which will cause the ramp to twist and dip toward

the hangingwall.

Part 111 — Discussion, conclusions and future work

1.4.6. Chapter 7. Discussion and future work

The chapter summarises the results of this research and discusses the potential implications of the
findings, in the light of exploration activities for hydrocarbons and within the wider scientific research

community. Also, we indicate some directions to develop future work.
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Control of mechanical stratigraphy on distribution of strain within

normal fault-related folds — a review

Abstract

This chapter provides some background information on mechanical stratigraphy and mechanisms for
the development of folds associated with normal faults. We review the existing literature and present
some of our own observations from outcrops and seismic reflection data to illustrate the spectrum of
normal fault-related folds encountered within different mechanical stratigraphic and overburden
settings. We describe the characteristics of small and meso-scale faulting and fracturing which
accommodates larger, seismic-scale normal fault-related folding in relation with the mechanical
properties of the layered stratigraphic sequence. We highlight the importance of mechanical
competence contrast in controlling the manner in which strain is accommodated and, hence the
overall patterns of secondary fault and fracture systems within normal fault-related folds.
Understanding better the deformation processes associated with the large spectrum of folds adjacent
to normal faults is important because of the influence they exert on the internal structure and

permeability properties of the fault zones.
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2.1. Introduction

A significant amount of work has been done on the deformation associated with compressional fault-
related folds, much of which underlines the role of the mechanical behaviour of multi-layered
sedimentary rocks in controlling the geometry of the folds and their associated strain patterns
(Ramsay, 1974; Stearns, 1978; Cosgrove, 2015; Hughes and Shaw, 2015). Folds related to normal
faults have also been widely described in the literature based on observations from outcrops,
interpretation of seismic data, and analogue and numerical modeling (Withjack et al., 1991;
Schlische, 1995; Corfield and Sharp, 2000; Sharp et al., 2000; Withjack and Callaway, 2000; Khalil
and McClay, 2002; Johnson and Johnson, 2002; Ferrill et al., 2005; Fodor et al., 2005; Ferrill et al.,
2007; Jackson et al., 2006; White and Crider, 2006; Schopfer et al., 2007; Ole Kaven and Martel,
2007; Ferrill et al., 2012; Rotevatn and Jackson, 2013; Childs et al., 2016; Lapadat et al., 2016).
Folding is not always an integral part of the deformation process associated with extension and,
unlike in the compressional regimes, is relatively rarely developed in association with normal faults
(Childs et al., 2016). Because in normal fault regimes the maximum principal stress usually acts at a
high angle to bedding (Anderson, 1951), the occurrence and development of folding is highly
dependent on: (i) the mechanical properties of the rocks, which may influence, for example, fault tip
propagation, and hence enhance the formation of fault-propagation folds (Ferrill et al., 2007; Ferrill
and Morris, 2008) or shear distribution (Ferrill et al., 2005; Homberg et al., 2016); and (ii) the
geometry of the faults (Rotevatn and Jackson, 2014; Lapadat et al., 2016), which is similarly
dependant on the mechanical properties of the host rocks (Peacock and Sanderson, 1992). Hence,
ductile deformation associated with normal faults within the upper part of the crust can cover an
entire spectrum from discrete faulting or localized shearing to large forced folds (Stearns, 1978).
Recent review papers by Ferrill et al. (2016; 2017) synthesized the role played by the mechanical
stratigraphy in controlling deformation characteristics related to normal faulting, such as fault
nucleation, mode of failure, fault geometry (i.e. fault refraction), fault propagation/ arrest and
associated fault-propagation folding and fault reactivation tendencies. Within their reviews (Ferrill et

al., 2016; Ferrill et al., 2017), as in their previous research work (Ferrill et al., 2005; Ferrill et al.,
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2007; Ferrill and Morris, 2008; Smart et al., 2009; Ferrill et al., 2011; Ferrill et al., 2012), the
authors highlighted the importance of the mechanical properties of the rocks and the mechanical
competence contrast in controlling the deformation patterns and distribution of strain within normal

fault-propagation folds.

The aim of this chapter is to synthesise the spectrum of normal fault-related folds encountered within
various mechanical stratigraphic and overburden conditions, from previously published work and the
authors own observations on outcrops and seismic reflection data. We describe the patterns of small
and meso-scale faulting and fracturing which accommodates larger, seismic-scale ductile folding in
relation to the mechanical properties of the layered stratigraphic sequence. We emphasize the
importance of mechanical competence contrasts in controlling the manner in which strain is
accommodated and, hence the overall patterns of secondary fault and fracture systems within normal
fault-related folds. Understanding better the deformation processes associated with the large
spectrum of folds adjacent to normal faults is important because of the influence they exert on the
internal structure and permeability proprieties of the fault zones. For example, shale smear, which is
essential for entrapping hydrocarbons within faulted structures, is similar to folding, mainly a
product of ductile deformation and its continuity is influenced by the distribution of secondary faults
and fractures within the surrounding deformation zone (Childs et al., 2007). Therefore, a good
understanding of the variability of strain and of the deformation mechanisms within a mechanically
heterogeneous normal faulted sedimentary sequence is important for the evaluation of the capacity

of faults to seal or transmit hydrocarbons (Yielding et al., 2012; Vrolijk et al., 2016).

The objectives of this chapter are three-fold: (i) to describe the deformation styles associated with
normal fault-related folding and to analyse how strain characteristics and fold geometries vary with
mechanical properties of the host stratigraphic section; and (ii) to develop a conceptual model for
predicting small-scale deformation within seismic scale normal fault-related folds based on the

variations in mechanical properties of the rocks at the time of deformation.

33



Chapter 2

Figure 2.1 Several mechanisms for generation of normal drag-like folds associated with extensional
faults (a) Fault-propagation folding; (b) Fault-shear folding; (c) Formation of a releasing relay as a
result of vertical fault segmentation and; (d) Fault-bend folding.

2.2.Normal fault-related folding

In this thesis we focus on the spectrum of normal fault-related folds that are in general described as
normal drag folds, hence we do not consider reverse drag folds or larger roll-over structures
associated with displacement on listric fault planes (Ellis and McClay, 1988; Xiao and Suppe, 1992).
We use the term “drag” in this paper simply to describe the geometry of the fold, i.e. fold with the
limb dipping sub-parallel to the relative slip direction on the fault, without implying the responsible
mechanism for its formation (Ferrill et al., 2012; Childs et al., 2016). Recent research studies have

argued that normal drag folds are less the result of frictional resistance to slip (Grasemann et al.,
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2005) - drag folds in sensu stricto (Twiss and Moores, 1992) - but are rather the consequence of the
fault growth processes within mechanically heterogeneous sedimentary sequences, such as
distributed shear deformation (Fossen and Hesthammer, 1998; Ferrill et al., 2005; Homberg et al.,
2016) or fault-propagation folding (Walsh and Watterson, 1987; Ferrill et al., 2007; Ferrill et al.,
2012) (Figure 2.1a and 2.1b). Normal drag geometries can also develop as a result of translation of
the hangingwall over a convex-toward-hangingwall bend in the fault plane, i.e. fault-bend folding
(Ferrill et al., 2005; Lapadat et al., 2016) (Figure 2.1d) or a combination of fault-propagation
folding and fault-bend folding (Lipadat et al., 2016 or see Chapter 4), or by folding between
overlapping or underlapping, vertically or laterally segmented faults (Rykkelid and Fossen, 2002;

Fodor et al., 2005; Childs et al., 2016) (Figure 2.1c).

Normal drag folds can occur on a wide range of scales and their geometries are relatively similar,
irrespective of their genetic origin: the folds generally widen upward in a zone of distributed
deformation adjacent to the main fault plane or above its upper tip, very often asymmetrically, with
larger widths, i.e. fold wavelengths, within the hangingwall side (particularly in the case of fault-
bend folding and fault-propagation folding). In the case of normal fault-propagation folds and fault-
shear folds (Figure 2.1a and 2.1b), the steep limb of the fold dips toward the hangingwall, with
amplitude increasing generally with displacement until a certain threshold is reached, which usually
depends on the lithology (Ferrill and Morris, 2008; Lapadat et al., 2016). In some extreme cases the

fold limb can reach the same dip as the fault.

Normal drag folds can account for a variable amount of the total fault displacement, which is
accommodated, especially within the hangingwall, by rotation of the layers or seismic reflectors in a
direction parallel to the sense of slip on the fault (Figure 2.1; Figure 2.2a) (Walsh et al., 1996; Long
and Imber, 2010). This means that in some cases an important part of the throw on the fault (up to
90% in Gullfaks Field, offshore Norway; Hesthammer and Fossen, 1998) is accommodated by
ductile deformation, which can have large implications, for example, when evaluating the

communications of reservoir across a fault (Figure 1.8 and Figure 2.2).
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Figure 2.2. — previous page (a) Seismic section of a normal fault-propagation fold from offshore
NW Australia. The limb of the monoclinal fold dips toward the hangingwall and its growth is
indicated by the onlapping seismic reflectors. (b) Kinematic models can predict the strain intensity
within the folded structure, but do not consider the mechanical properties of the host rocks. Lines of
no finite elongation (LNSF) can be used as proxies for the orientation of the fracture sytems (see 2c)
which accommodates extensional strain within the folded beds (Allmendinger, 1999); The red lines
delimit the trishear deformation zone within the hangingwall and fotwall; (c) A conceptual sketch
with potential sub-seismic scale deformation structures which could accommodate larger seismic-
scale folding. The flexure of the more competent layer can be accommodated by a combination of all

these main mechanisms, however it is likely that one of them would predominate.

Kinematic modeling techniques, in particular trishear modeling, are able to realistically reconstruct
the geometry and the kinematic evolution of normal fault-propagation folds and to estimate the
intensity and variability of strain within the deformation zone (Erslev, 1991; Allmendinger, 1998;
Hardy and Allmendinger, 2011) (Figure 2.2b). The modelled strains are a good first estimation of
the distribution and magnitude of strains within normal fault-related deformation zones and lines of
no finite elongations can be used as proxies for potential orientation of secondary faults
(Allmendinger, 1998; but see Imber et al., 2012) (Figure 2.2b). Secondary faults can also be
predicted using the Mohr — Coulomb failure criterion, however information about the stress field is
not contained within the kinematic trishear models. The estimations are purely geometrical and have
no mechanical basis: they do not account for variations in the mechanical properties of the host
rocks, which play an important role in the partitioning and distribution of strain (Gross, 1995;
Schopfer et al., 2007) or determine volumetric changes that are often seen to occur in real deformed

rocks (Long and Imber, 2012).

In the following sections we review some of the key concepts associated with mechanical
stratigraphy and then we describe examples of deformation associated with a spectrum of normal

fault-related folds.
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2.3. Mechanical stratigraphy

The amplitude (or magnitude) of folding is controlled not only by the amount of displacement on
fault, but also by the mechanical properties of the host rocks at the time of deformation (Withjack
and Callaway, 2000; Ferrill et al., 2007; Ferrill and Morris, 2008; Ferrill et al., 2012). The flexure of
the beds adjacent to normal faults is usually associated with the presence of mechanically weak or
incompetent lithologies, such as plastic shales or evaporites which are able to account for a large part
of the strain by ductile deformation (Donath, 1970; Ferrill et al., 2017; Figure 2.3a). The mechanical
behaviour of the rocks is determined by their intrinsic properties, such as the mineralogical
composition, porosity and texture (i.e. fabric anisotropy), which influence their capability to resist
deformation (i.e. the relative strength or stiffness of the rocks) and their capability to undergo
permanent strain (i.e. ductility) (Ferrill and Morris, 2008; Ferrill et al., 2017). Incompetent rocks
(e.g. phyllosilicate rich lithologies and those with high porosity) are relatively weak and suffer
permanent strains at smaller stress values (Figure 2.3b; Ferrill et al., 2017). Competent rocks are
defined as the ones that are relatively strong and require larger stresses to deform, i.e. quartz,
feldspar or calcite-rich lithologies with low porosity (Ferrill et al., 2017). In their recent review
papers, Ferrill et al. (2016, 2017) synthesized previous research which demonstrated the importance
of rock mechanical properties in controlling nucleation of faults and fractures and their propagation
(Wilkins and Gross, 2002; Ferrill et al., 2007; Roche et al., 2013), their geometry (Peacock and
Sanderson, 1992; Schopfer et al., 2007; Ferrill et al., 2009), modes of deformation (Ferrill et al.,
2012), displacement gradients (Gudmundsson, 2004; Wibberley et al., 2008), distribution and
partitioning of strain (Gross, 1995; Schopfer et al., 2007) and fault zone architecture and properties

(Aydin and Eyal, 2002; Davatzes and Aydin, 2005).
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faulting (&v) than the weaker lithologies (&d).

39



Chapter 2

However, establishing the mechanical properties of individual layers is not sufficient enough to
describe the deformational behaviour of sedimentary rocks because: (i) these rocks are generally
arranged in a layered system, which can be characterized by beds with various mechanical
parameters (e.g. Young’s modulus or yield strength); (ii) layering involves an interface often with its
own mechanical behaviour; and (iii) the thickness and distribution of beds with similar elastic
properties define a larger stratigraphic unit which will have a mechanical behaviour of its own
(Gross, 1995; Ferrill et al., 2008; Ferrill et al., 2017). Therefore, Ferrill et al. (2017) defined the
mechanical stratigraphy based on three main parameters: (i) the competence of the rocks (related to
the intrinsic properties of the rocks), as defined by elastic parameters such as stiffness or Young'’s
modulus, and by ductility; (ii) the competence contrast between layers and the frictional behaviour of
the mechanical boundaries; and (iii) the thickness and distribution of the competent/ incompetent

rocks.

Lake Thingvallavatn, SW Iceland o Gullfaks Field,
Grant & Kattenhorn, 2004; Ferrill et al, 2017 ® Northern North Sea
Fossen & Hesthammer. 1998; Hesthammer & Fossen, 1998

*
Kilve, Somerset Rhine Graben, Germany

Long, 2011 Lehner & Pilaar, 1997
o Moab, SE Utah
This study
5 o oGilbertown Field, Alabama ey
Big Brushy Canyon, TexaS  pashin et a,1998: Jin et 21,1999 o Gulf of Aqaba, Sinai
Fermill et al, 2007 Aydin & Eyal, 2002

o Baram Delta
Burhannudinnur & Morley, 1998

Figure 2.4 Location map of the normal fault-related folds examples described in this chapter.
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In the next section, we will describe several examples of folds associated with normal faults from
outcrops and seismic data sets from published literature and our own observations (Figure 2.4). We
show how mechanisms of deformation and strain characteristics vary within different lithologies or
mechanical stratigraphic units. These case studies are chosen in order to reflect a larger diversity of

lithologies with heterogeneous mechanical properties.

2.4.Strain distribution within folds associated with normal faults - Case Studies

2.4.1. Normal fault-related folds developed within a predominantly incompetent stratigraphic

sequence with low mechanical competency contrast

Gullfaks Field, northern North Sea (Fossen and Hesthammer, 1998; Hesthammer and Fossen, 1998)

The Gullfaks Field provides an abundance of data including well data with cores and well logs
through fault zones, that makes it an excellent location to study the characteristics of small, sub-
seismic scale deformation associated with large, seismic-scale normal faults. The structural
characteristics of the field have been described in detail by several authors (Fossen and Hesthammer,
1998; Hesthammer and Fossen, 1998; Hesthammer and Fossen, 2001; Hesthammer et al., 2001). The
Gullfaks Field structure is located on the western side of the Viking Graben in the northern North
Sea and is characterized by a N-S striking normal fault system, parallel to the main rift axis, which
compartmentalize the field into several blocks. A secondary trend of minor E-W oriented normal
faults abuts onto this main fault system (Fossen and Hesthammer, 1998). The main fault blocks are
highly rotated in a soft-domino style of deformation (Walsh and Watterson, 1991; Fossen and
Hesthammer, 1998), with the main faults dipping as gently as 25-30°. Normal drag folds are
developed within the footwall and hangingwall of these main N-S oriented faults, with significantly
larger amplitudes and wavelengths within the hangingwall (Figure 2.5a) (Hesthammer and Fossen,
1998). Well data indicate that the beds within the fold limbs can reach a dip of 45° in the proximity
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Figure 2.5 (a) — previous page Section through a fault within the Gullfaks Field (modified from
Hesthammer and Fossen, 1998). The section is constructed based on seismic and well data which
indicate the presence of large scale normal drag folds within the hangingwall. Folding is
accommodated mainly by secondary faults which are sub-parallel and synthetic with the main fault.
(b) Section through the Gilbertown Field showing subtle normal drag folds within the hangingwall
of an extensional fault. Well data indicates that secondary deformation within the hangingwall
deformation zone is dominated by synthetic shear fractures and faults (modified from Jin et al,
2009).

of the fault, and in some cases, they can accommodate more than 90% of the total displacement
(Fossen and Hesthammer, 1998). The stratigraphic interval affected by normal drag folding consists

of a heterogeneous deltaic sequence of interbedded sandstones, siltstones and shales of the Jurassic
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Brent Group. Individual lithological formations within the Brent Group do not display significant
down fault-dip variation of drag amplitude (Fossen and Hesthammer, 1998), hence it is reasonable to
assume that the Brent Group sequence behaves as a large coherent mechanical unit. The Brent
Group represents the uppermost part of the pre-faulting sequence, hence the sequence was close to
the depositional surface and was most likely relatively unconsolidated at the time of deformation
(Hesthammer and Fossen, 1998). Therefore, we assume a relatively small mechanical contrast
between the sand and shale beds within the Brent Group, which explains the relatively homogeneous
style of deformation within this interval. The deformation is characterized by strain-dependent grain
reorganization within the less consolidated Brent Group (Fossen and Hesthammer, 1998). The
normal drag folding is accommodated at different scales by granular flow (i.e. ductile deformation),
deformation bands which are sub-parallel to the main faults and secondary synthetic faults which
splay upward from the major fault within the likely more competent and more consolidated
sandstones of the underlying Statfjord Formation (Hesthammer and Fossen, 1998; Hesthammer and
Fossen, 2001). Since there seems no correlation between drag fold amplitude and amount of
displacement, it is suggested that the folding occurred prior to faulting as a “process zone” ahead of
a propagating tip (Hesthammer and Fossen, 1998). However, because the normal drag folding seems
to occur primarily within the faulted domino-blocks which suffered significant rotation (ca. 30-40°),
it is very likely that folding developed also as a result of internal block deformation associated with
the progressive rotation of the fault blocks, which may have continued after the breaching of the

monocline (Figure 2.5a).

Gilbertown Field, Alabama (Pashin et al., 1998; Jin et al., 1999; Jin et al., 2009)

The Gilbertown Field (Alabama, USA) is located on the northern rim of the Gulf Coast basin and
produces oil from a normal-faulted structural trap within the Upper Cretaceous Eutaw glauconitic
sandstone formation and Selma chalk (Jin et al, 1999). The structural characterization and
production geology of the field has been discussed in detail by Pashin et al. (1998), Jin et al. (1999)
and Jin et al. (2009). The Selma Group comprises a ~400 m thick homogenous sequence of chalk

and marl which thickens within the graben area of the Gilbertown Field fault system, indicating its
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syn-faulting deposition. The normal faults display a shallower dip within the chalk formation (ca
45°) than at depth (ca 60°), a possible consequence of compaction or fault refraction (change in dip)
as the fault passes from one lithology to the next (Figure 2.1d). Well data indicates that the Selma
chalk is productive within the hangingwall side, in the proximity of the main faults, where it is
intensely fractured (Jin et al., 1999). Dipmeter and fracture identification logs together with
structural area-balance modelling indicate that the faults are characterized by pronounced normal
drag folds within the hangingwall with beds reaching ca 40° in dip in the immediate proximity of the
fault (Jin et al., 2009) (Figure 2.5b). Meanwhile the footwall side shows little or no evidence of
normal drag folding (Figure 2.5b). All the oil from Selma chalk is produced from the fractured and
faulted area within the drag zone (Jin et al., 1999). Well data indicate that most of the secondary,
sub-seismic scale faults within the hangingwall are synthetic and sub-parallel to the main fault
(Figure 2.5b). This suggests that folding in the hangingwall is mainly accommodated by a synthetic
simple shear type of deformation, similar to the Gullfaks example. It is also very possible that the
convex toward the hangingwall bend in the fault plane influences the localization and intensity of

fracturing within the hangingwall.

Outcrop examples of faulted shale-sandstone sequences

Figure 2.6 shows the main deformation patterns associated with displacement on similar, syn-
sedimentary normal faults within an interbedded shale-sandstone sequence from outcrops. Figure
2.6a shows the style of deformation related to seismic-scale normal faulting within an interbedded
sequence of moderately to less consolidated deltaic sandstones and shales, from Frechen coal mine,
Germany (Weber et al., 1978). This was the location where the concept of shale smear has been
developed for explaining the sealing behaviour of faults which juxtapose porous-permeable
lithologies (Weber et al., 1978; Lehner and Pilaar, 1997). We can observe that the smearing of the
shale is associated with normal drag folding of the layers (Figure 2.6a). The faults from Gullfaks are
also thought to develop a similar impermeable seal membrane by ductile shale smearing (Yielding et
al., 1999). In the outcrop example from Figure 2.6a, we observe that the thickness of the smeared

shale or the sands entrained within the fault zone varies substantially as it is faulted primarily by
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small faults which are synthetic and sub-parallel to the main fault (primary Riedel structures as
described by Lehner and Pilaar, 1997). The flexure and thinning of the beds in the proximity of the
faults is accommodated mainly by the secondary faults which are synthetic to the main fault. Lehner
and Pilaar (1997) observed that these synthetic faults are usually associated with a conjugate pair
(secondary Riedel structures), which are antithetic to the main fault, but that the synthetic faults
predominate at least in the early phase of deformation. The predominance of synthetic faults has
been widely observed within poorly consolidated sandstone and shales, which are characterized by a
low mechanical competence contrast, as it is the case for the faults outcropping in the Baram Delta
Province from Brunei in Figure 2.6b and described by Burhannudinnur and Morley (1997).In all
these cases previously described, the normal drag-like folds develop within a mechanically
incompetent lithological sequence, with low mechanical contrast between the dominant lithological
units. In all cases deformation occurred at low confining pressures, close to the free surface. The
folding of the beds and smearing of the shale is accommodated by secondary faults and shear

fractures which are dominantly synthetic and sub-parallel to the main fault.

Figure 2.6 — next page (a) Sketch of main deformation structures associated with a syn-sedimentary
normal fault within an interbedded and moderately consolidated sandstone-shale sequence from the
Frechen coal mine, Germany (modified after Weber et al., 1978). No scale provided, but the faults
from Frechen mine can reach throws of up to 100 m. The shear zone incorporates smeared shale
from the adjacent beds which display normal drag folds especially within the hangingwall; (b)
Dragging of a shale bed in the footwall of a fault in poorly consolidated shales and sandstones in
the Baram Delta Province, Brunei (after Burhannudinnur and Morley, 1997). The localized shearing

can be the result of intense strain within a relay zone.
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2.4.2.  Normal fault-related folds developed within predominantly competent lithologies with low

mechanical competency contrast

Lake Thingvallavatn, SW Iceland (Grant and Kattenhorn, 2004; Ferrill et al., 2017)

The normal faults at Lake Thingvallavatn, in the SW part of the Icelandic volcanic rift zone, develop
steep, vertical/sub-vertical fault dips at the surface and are characterized by mixed mode
displacements, with a significant component of opening (Gudmundsson, 1988; Grant and
Kattenhorn, 2004). The deformed sequence consists of homogeneous basalt flows, but at depth it is
possible that the lavas are interbedded with mechanically weaker fluvial sediments (Ferrill et al,
2017). The surface breaking faults/ fractures are associated in some cases with relatively gently
dipping monoclinal folds (Grant and Kattenhorn, 2004; Ferrill et al., 2017) (Figure 2.7a). The
monoclines developed as a result of propagation toward the surface of deeper located normal faults
(Grant and Kattenhorn, 2004). The dip of the monocline limbs varies between 4-16° and the fold
width is relatively narrow, from 10-20 m to 150 m (Grant and Kattenhorn, 2004). Therefore, the
folding is most likely to be below the resolution of conventional reflection seismic data. The
monoclines are breached by large, en-echelon tension fractures, located in clusters predominantly at
the crest of the monocline (Grant and Kattenhorn, 2004) (Figure 2.7b). Some of the faults and
fractures exploit pre-existing columnar joints within the basalts. With increasing displacement, the
fractures increase in width and length, link and become reactivated in shear. The deformation
accommodating the rotation of the monoclinal fold is concentrated within the crest of the fold, where
open fractures developed as a result of outer arc extension, corresponding with a tangential
longitudinal strain model (Figure 2.7b). It is expected that mechanically strong and stiff layers, such
as the basalts, will fail in tension at low confining pressure, while weaker lithologies, such as the
sands and shales from the previous examples, will fail in shear (Schopfer et al., 2007). But we can
observe that not only is the type of failure different, but also the distribution of strain. The normal
fault-related folds in basalts are accommodated by tensile fractures located mainly at the crest of the
fold, which are rotated with continuous flexure of the surface beds and some of them reactivated in

shear in a direction antithetic to the main fault.
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Figure 2.7 (a) Monoclinal fold associated with normal faults within basalts from Lake
Thingvallavatn, SW Iceland (photo from https://pixabay.com/en/iceland-pingvellir-268144/). (b)
Model for the formation of the monoclines and related fractures in basalts (modified from Grant and
Kattenhorn, 2004). A component of oblique slip on the buried faults determines formation of en-
echelon tensile fractures above the crest of the monocline fold. The fracture characteristics
correspond to a tangential longitudinal strain folding (Ramsay, 1967). With increasing strain, the
steep fractures link with the buried fault resulting in breaching of the monocline.
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2.4.3. Normal fault-related folding within mechanical units with high competency contrast

Kilve, Somerset (Long, 2011)

Normal faults cut through an interbedded limestone shale sequence of Lower Jurassic age which
crops out on the shoreface and coastal cliffs at Kilve and Lilstock, Somerset, south of the Bristol
Channel (Long, 2011). The faults are associated with the Mesozoic development of the Bristol
Channel Basin (Peacock and Sanderson, 1999) and post-date the deposition of the Liassic limestone-
shale layers. The brittle deformation of the limestone beds indicates that the rocks, especially the
limestones, were consolidated at the time of deformation. The competent limestone layers have a
thickness ranging from several centimetres to 1 m and the weaker shale from several centimetres to
5 m (Long, 2011). The ratio of mechanically competent to incompetent rocks of the overall thickness
is about 1/5 (Putz-Perrier and Sanderson, 2008). The strong mechanical contrast between the layers
controls how strain is distributed within the deformation zone surrounding normal faults (Putz-
Perrier, 2008; Long, 2011). Folding of the carbonate layers is observed in the vicinity of the upper
tip-lines, where thicker ductile shale inhibited the propagation of the faults (Figure 2.8). The flexure
of the beds is accommodated by ductile flow within the shale, which thins significantly toward the
fault and by tensile fracturing in the stiffer limestone layer. The aperture of the veins increases with
increasing displacement on the underlying fault (Figure 2.8b). Most of the strain within the folded
carbonate layers is accommodated within the immediate proximity of the fault (Putz-Perrier and
Sanderson, 2008). Increasing flexure of the carbonate layer determines reactivation in shear of the
veins, mostly in a direction antithetic to the main fault (Figure 2.8a), similar to the structures

developed within the monoclinal folds from Lake Thingvallavatn.
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Figure 2.8 (a) Folding of a limestone layer at the tip of a fault from Lilstock, Somerset (from Long
and Imber, 2011). The strain within the limestone layer is accommodated by veins, which are
reactivated in antithetic shear as a result of continuous ductile flow within the underlying shale. (b)
The aperture of the veins increases toward the fault tip (from Long, 2011). (c) Location of the
deformation documented by Long (2011) and Long and Imber (2011) on a diagram showing a

monoclinal fold near the tip-line of a normal fault (modified from Walsh and Watterson, 1987).

Moab Fault, Utah

Moab Fault is part of an extensional fault system associated with salt-related deformation within the
Paradox Basin of SE Utah (Doelling, 1988). The fault is more than 40 km long and has a maximum
throw of approximately 1000 m (Foxford et al., 1998). Folds adjacent to the Moab fault are well

developed in the hangingwall, where the Upper Jurassic, shale-dominated Morrison Formation and

51



Chapter 2

Lower Cretaceous fluvial sandstones, conglomerates and shales of the Cedar Mountain Formation
crop out. The beds dip toward the hangingwall and the folds have an amplitude of ca. 70 m and a
wavelength usually larger than 200 m. The folds are interpreted to be fault-propagation folds, the
upward propagation of the faults being inhibited by the ca 100 m thick smectite-rich shaly interval of
Brushy Basin Member, part of the Morrison Formation (Davatzes and Aydin, 2005). The Brushy
Basin shales are observed to be sheared and smeared toward the main fault, accommodating the

flexure of the beds by ductile deformation (Davatzes and Aydin, 2005).

Several transects across the fault have been realized to document the character and distribution of
secondary faulting and fracturing within the Cedar Mountain competent sandstones and
conglomerates (for details see Chapter 3). The exposures from Waterfall Canyon (Figure 2.9a)
show some of the characteristic deformation structures observed within the folded sandstones and
conglomerates of the Cedar Mountain Formation along the Moab Fault. In this location the total
throw is about 270 m (Davatzes and Aydin, 2005) and the fold amplitude is about 80 m measured at
the level of Cedar Mountain Formation sandstone layer. We observed that the intensity of the small-
scale deformation increases toward the main fault and extends about 200 m into the hangingwall.
The strain is accommodated by shear fractures and joints, most of which are antithetic with respect
to the main fault. Elsewhere along the fault (in the Blue Hills area and in Bartlett Canyon — for
details see Chapter 3) antithetic deformation bands are observed to cross-cut their conjugate pairs,
which are synthetic to the main fault. The vast majority of the faults or shear fractures have
relatively small displacement (several cm) and die out within the underlying mudstones, where
deformation is accommodated by plastic flow of the shales (Figure 2.9g and 2.9¢). The deformation
styles indicate that the silica-rich sandstones and conglomerates were well consolidated at the time
of deformation, at a burial depth which is believed to have been around 2000 m (Garden et al.,
2001). The high mechanical competence contrast between the quartz-rich sandstones and the plastic
shales is indicated by the shale fabric which shows flow patterns within the opened fractures formed
within the sandstones (Figure 2.9d). Bed - parallel slip seems to be localized and influenced by the

irregular, channelized geometries of the sandstones and conglomerates.
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Figure 2.9 — previous page Deformation structures within the Cedar Mountain Formation within
the hangingwall fold of Moab Fault exposed along the Waterfall Canyon. The primary structures
within the fold are shear fractures (b, c, d, e, f, g) and joints (c, d). The high mechanical competence
contrast at the time of deformation between the sandstones, conglomerates and shales is indicated
by the fabric of the shales, which show flowing within the opened fractures formed within the
sandstones (d). The majority of the faults within the competent sandstones and conglomerates

terminate in the ductile mudstones, which are deformed plastically (red arrows).

Slip on irregular bed interfaces favours localized stress concentration, which can result in
compressional reactivation of pre-existing joints and shear fractures and localized developing of
fracturing coeval with flexural-slip deformation (Cooke and Pollard, 1997) (for details see Chapter
3). Hence, deformation in the hangingwall of Moab Fault is highly partitioned by the contrasting
mechanical properties of the well-cemented quarzitic-rich sandstone and conglomerate beds of the
Cedar Mountain Formation and the interlayered shale beds from the same formation and the

smectite-rich shales of Brushy Basin Member.

Big Brushy Canyon, Sierra del Carmen, Texas (Ferrill et al., 2007)

The geometry and the strain characteristics of the Big Brushy Canyon monocline have been
discussed in detail by Ferrill et al. (2007). This short synthesis is based on their detailed observations
and interpretations. The monocline fold is associated with displacement along a seismic-scale
normal fault cutting through a Cretaceous carbonate-dominated sequence. A 36 m thick shale
interval of the Del Rio Clay separates the massive Santa Elena limestone from the overlying Buda
Formation, which consists of interbedded limestone and shales. At the investigated location, the fault
has a maximum displacement of 75 m within the massive Santa Elena Limestone, which dies out
upward within the Del Rio Clay. The large vertical displacement gradients are accommodated by

intense shearing and thinning of the Del Rio Clay and by folding of the overlying Buda limestone
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Figure 2.10 (a) Monoclinal fold associated with a normal fault from the Big Brushy Canyon, Texas
(from Ferrill et al, 2007 and Smart et al, 2010). (b) and (c) Folding of the Buda Limestone is
accommodated by tensile fractures filled with calcite cement and bed-parallel shear planes which

offsets the pre-existing veins (from Ferrill et al., 2007; Smart et al., 2010).
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(Figure 2.10). The shale thins progressively with increasing bed dip and is especially thin in the
proximity of the footwall edge of the Santa Elena limestone, where it is only about 1 m thick. The
limbs of the monoclinal fold reach a dip of 20 to 59°, and the fold has a maximum observed
amplitude of ca. 33m. The folding is accommodated within the competent layers of the Buda
limestone by tensile fractures, which are oriented parallel to the fault strike / fold axis strike and sub-
perpendicular to bedding interface. Offset of calcite-filled veins along bed surfaces indicates a
significant component of bed-parallel slip (average shear strain between 0.15 -0.2), consistently
distributed along the main bed interfaces (Figure 2.10b and 2.10c). These observations are
supported by mechanical models which indicate that extension of layered materials causes initiation
of tensile fractures and slip on the layer interfaces located above a buried normal fault tip (Cooke
and Pollard, 1997). In the case of the monoclinal fold from Big Brushy Canyon, the bed-parallel slip
occurs along thin (cm thick) shale intervals between the carbonate beds of the Buda Limestone.
These well-defined, planar layer boundaries with high mechanical competence contrast are
favourable features for accommodating flexural slip. The increase in fold amplitude favours
activation of these mechanically weak layers as slip surfaces, which cut through and offset the veins
(Smart et al., 2011). The component of shear-strain parallel to bedding results in less intense brittle
deformation within the competent Buda limestone, with no evidence of reactivation in shear of pre-
existing tensile fracture (as in the fold example from Kilve) and less development of new secondary

fractures and fault zones with increasing fold amplitude (as in the case of Moab fault-related folds).

2.5. Control of mechanical stratigraphy on strain variability

2.5.1. The influence of mechanical competence contrast on strain geometry

Observations of normal fault-related folds developed within various mechanical stratigraphic
settings show that the characteristics of strain are highly dependent on the mechanical properties of
the layers and the mechanical competence contrast between them. High mechanical competence

contrast favours strain partitioning and a style of secondary deformation within the competent beds
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which is predominantly antithetic to the main fault, while the incompetent layers deform by plastic
flow. If the competent units are layered and have geometrically planar bed boundaries and high
mechanical competence contrast, folding is accommodated by a large component of layer-parallel
shear strain, which inhibits shear reactivation of precursory tensile fractures. If bed interfaces have
irregular geometries (e.g. down-cutting sandstone channels), the slip on these surfaces will generate
localized stress concentrations, which can result in localized fracturing/ faulting or reactivation of
pre-existing joints. Where mechanical competence contrast is low the strain is influenced by the
overall strength of the layers. In cases where we have homogeneous thick, strong layers, folding is
accommodated by tangential longitudinal strain (Ramsay, 1967) with fractures localized at the crest
of the fold. If the layers are predominantly weak, unconsolidated sediments, the strain within folds is
characterized by synthetic simple shear deformation. These observations are supported by analogue
modelling results, which show that viscosity contrast is a main controlling factor on the deformation
patterns within the normal fault-related folds (Figure 2.11) (Withjack and Callaway, 2000). The
presence of a thick viscous layer decouples the deformation in the hangingwall and folding is
accommodated in the overlying layers by distributed secondary faulting antithetic to the main fault.
Also, we observe that the folds formed in materials with strong mechanical competence contrast
develop a wider zone of deformation and broader monocline wavelengths (Figure 2.11b), than the
narrower folds developed in materials with low competence contrast (Figure 2.11a). The geometries
of the folds are explained by the characteristic strain patterns within the folded competent layers.
Large wavelength monoclines accommodate the folding of the layers predominantly by antithetic
secondary faulting. This type of deformation associated with rotation of the bed increases the
component of pure shear strain, which generates an increase in lengthening in the horizontal
direction. This contrasts with the narrower monoclinal folds developed in homogeneous weak
lithologies and characterized by a simple shear strain geometry that resulted from the predominance

of secondary faults which are synthetic and sub-parallel to the main fault.
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Figure 2.11 Analogue models of normal fault-propagation folds in wet clay (a) and wet clay and
silicone putty (b) (modified from Withjack and Callaway, 2000). The deformation structures
accommodating the folding of the clay layer vary significantly for the two cases displayed here
(insets in the right-hand side represent a detail view of the models). Although fault displacement is
different for the two illustrated models, that does not influence the fold wavelength geometry (which
defines the width of the deformation zone) and the deformation style. The weak silicone layer
accommodates the displacement on the main fault by ductile flow and decouples the deformation in
the overlying clay layer from the main fault. Flexure of the clay layer is accommodated by a series
of small antithetic faults, which progressively rotate to shallower dips as the monoclinal limb dip
increases. In the model shown in (a), the deformation structures are represented by steeply dipping

synthetic normal faults which are hard-linked with the basement fault.
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Many of the secondary antithetic faults developed in the competent layers within the hangingwall
fold limbs of the Moab fault display very low dip angles (<30°) (Figure 2.12b) and some of them

are almost sub-horizontal (Figure 2.12b, for details see Chapter 3). A problem with these shallow
dipping normal faults is that the component of normal stress acting on the faults would become too
large relative to the shear stress, thus inhibiting the normal fault slip (Morris et al., 1996). One likely
possibility is that the faults were active in the early stage of folding and have been passively rotated
as the limb of the fold became steeper, with the antithetic faults becoming inactive. However,
evidence of cross-cutting relationships between the conjugate fault pairs, and steeper bed dips in the
hangingwall than the footwall beds of these antithetic faults, corroborated with wider and more
intense deformation zone within the hangingwall (Figure 2.12a), suggests that the faults were active
and contributed to the overall rotation of the fold limb. Previous research work highlighted the
importance of the mechanical competence contrast in contributing to the rotation and refraction of
the principal stress axes within layered lithologies (Bradshaw and Zoback, 1988). Treagus (1973)
showed that the angle of rotation of the principal stress axes in normal fault regime increases with
increasing viscosity contrast between layers, with higher rotations in the weaker, ductile layers. That
results in shear surfaces which in plastic, overpressured shales can become parallel to bedding
(Bradshaw and Zoback, 1988). In a layered sandstone-shale sequence with high mechanical
competence contrast which is subjected to normal faulting and folding, the ductile flow within the
weak shales induces a component of bed-parallel shearing toward the hinge of the monocline fold
(Figure 2.12b). Added to the vertical maximum principal stress, this component of bed-parallel
shear stress will generate a local (in this case anti-clockwise) rotation of the principal stress axes
(Price and Cosgrove, 1990). Therefore, the reorientation of the principal stress, during flexural flow
folding, is more favourable for slip conditions on antithetic secondary faults, and less so for their

synthetic conjugate pair (Figure 2.12b).
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Figure 2.12 (a) Antithetic shear fractures and normal faults dominate as secondary structures in the
hangingwall fold of the Moab Fault. The antithetic fault shown here is almost horizontal and
displays strong deformation within its steeper hangingwall; (b) Ductility contrast between the
competent Cedar Mountain sandstones and the smectite-rich shales of the Brushy Basin Formation
induces a component of shear stress parallel to layering which cause the rotation of the principal
stresses. The reorientation of the maximum principal stress favour slip on the rotated, shallower

dipping antithetic normal faults.
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2.5.2 Normal fault-propagation folding vs fault dip segmentation

Observations from outcrops and analogue models show that the presence of weak, incompetent
lithologies enhances the formation of folds ahead of propagating fault tips (Ferrill et al., 2007,
Withjack et al., 1990). Hence, the maximum amplitude that a fold can reach is influenced by the
thickness and ductility of the incompetent layer, and also by the thickness and strength of the
competent layers (Withjack and Callaway, 2000). For the normal fault-related fold examples with
high mechanical competence contrast presented above, the competent layers are subordinate within a
predominantly incompetent stratigraphy. The competent/incompetent layer thickness ratio varies
from 1/5 in the Jurassic carbonate-shale layer sequence from Somerset to 1/30 for the sandstone-
shale sequence from Moab (if we include the shaly overburden at the time of deformation). If the
thickness of the competent layer increases, its flexural rigidity is expected to increase, hence the
amplitude of the fold is expected to decrease. Because of the contrasting mechanical properties strain
partitioning is still expected to occur, however the strain partitioning develops in a substantially
different way. Figure 2.13 shows a vertically segmented normal fault within a mechanically
heterogeneous sedimentary sequence from Gulf of Agaba, in Sinai, which was described by Aydin
and Eyal (2002). They observed that propagation of the main fault is inhibited by the incompetent
shales of the Ora Formation, and another overstepping segment develops in the hangingwall, leading
to intense smearing of the shale within this extensional dip relay zone. Some folding and associated

fold-related structures are observed within the overlying carbonates layers.

In Figure 2.14 we plot the thickness of the competent layers vs thickness of the incompetent layers
for several normal fault zones within mechanically heterogeneous stratigraphic sequences from
previously published data. We observe that releasing vertical oversteps tend to develop in
stratigraphic sequences where the ratio of competent to incompetent layers is 1 or larger than 1,
while dominant fault-propagation folding occurs for consistently smaller values (around 0.2). This
seems very reasonable, if we consider that in the case of fault-propagation folding the deformation
of the competent layer is controlled by the deformation of the dominant incompetent layers and in

the case of vertical segmentation the situation is vice-versa (Davatzes and Aydin, 2005).

61



Chapter 2

|
%

1!

QO

Nubia sandstone

250 m Igneous basement

Figure 2.13. Fault deformation zone within an interbedded sedimentary sequence from Gulf of
Agaba, Sinai (from Aydin and Eyal, 2002). The presence of a weak and relatively thick shale layer
decouples the deformation from the underlying fault and enhances the formation of a vertically
segmented fault trace. Formation of a releasing overstep is favoured because the overlying
competent carbonates are too thick in respect to the thickness of the shale to be simply folded. In this
case the deformation of the incompetent unit is compliant with the deformation in the competent
layers. However, we can observe that a thinner carbonate layer within the shale unit is highly folded
and broken by boudinage. In this case the deformation of the competent layer is compliant with the

one in shale.

Mechanical experiments show that flexure of a thick competent layer above an underlying fault
produces increased stress concentration in the syncline hinge of the monoclinal fold (Figure 2.15a)

(Couples et al., 1999). This stress concentration would favour localized formation of fractures that
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Figure 2.14 Diagram showing the variation in thickness of competent and incompetent layers for
some examples of fault-propagation folds and fault dip extensional stepovers from published
literature (data from Ferrill et al., 2007; Faerseth et al., 2006; Aydin and Eyal, 2002; Rykkelid et
al., 2002; Davatzes and Aydin, 2005; Long, 2011).

can lead to the development of an overstepping upper vertical segment. In the situation where the
same thickness is subdivided into several competent beds, the bending is accommodated by flexural-

slip between the layer planes and stress concentrations are significantly reduced (Figure 2.15b).

The published data synthesized in this chapter, provide examples that illustrate the critical role that
the mechanical properties of the layered rocks, their thicknesses distribution and the mechanical
competence contrast between layers exert on controlling the development of normal fault-related
structures, such as folds or extensional dip relays, or on the variability of the strain within the folds.
Hence, if we understand better the distribution of strain associated with normal fault-related
deformation in relation with the mechanical stratigraphic conditions, we can potentially better

explain the variability of the internal structure and sealing capabilities of normal fault zones.
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Figure 2.15 Forced folding experiments of a single limestone layer (a) and a multi-layer limestone
package (b) due to displacement on assembly located underneath (modified from Couples et al,
1998). Note the high stress in the lower area of the monoclinal hinge syncline for the single layer
experiment in (a), favourable for nucleation of fractures and faults, which may develop in a
releasing overstep with the fault located below. Meanwhile, the thin, multi-layered limestones
accommodate folding by layer-parallel slip which helps decrease and inhibits the stress localization
in the monocline syncline.
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2.6. Conclusions

Our review highlighted the importance of mechanical stratigraphy in controlling the distribution of

strain associated with normal fault-related folding.

The folds developed within sedimentary sequences with low mechanical competence contrast are

defined by:

(i)
(i)

(iii)

no or minimum strain partitioning between the interbedded lithologies;

deformation which is accommodated by secondary faults and shear fractures,
dominantly synthetic and sub-parallel to the main fault;

development of synthetic secondary faults, as a result of an increased coupling between
the deformation within the fold and the main fault, as demonstrated by analogue

modelling;

The normal fault-related folds developed within sedimentary sequences with high mechanical

competence contrast are defined by:

(i)

(ii)

(iii)

(iv)

v)

highly partitioned strain distribution between the weak shale layers, which deform by
ductile flow and the mechanically competent layers which deform in a brittle manner;
the incompetent shales deform by plastic flow, and as the displacement and folding
increases, they thin progressively;

the brittle deformation within the competent layers is accommodated by tensile fractures
or shear fractures, depending on the overburden pressure at the time of deformation;
with increasing flexure of the beds, the tensile fractures are reactivated in shear, which is
usually in a direction antithetic to the main fault and antithetic shear fractures are
predominant and cross-cut less developed synthetic secondary shear fractures;

high mechanical competence contrast favours slip parallel to bedding and pre-existing
bed geometries play an important role in controlling the localization or continuity of

bed-parallel slip surfaces; irregular channel-like bed geometries are characterized by
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localized bed-parallel slip, and induced fracturing or reactivation of pre-existing
structures as a result of shearing on geometrically irregular bed surfaces;
(vi) if the thickness of the competent layer increases, the folding amplitude decreases and a

releasing fault dip segmentation is likely to develop.
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Hangingwall deformation within a seismic-scale normal fault-related

fold: a case study from Moab Fault, Utah

Abstract

The strain patterns associated with folding under compressional or extensional faulting stress
conditions are highly influenced by the mechanical layering of the sedimentary rocks. Here we
investigate the characteristics of small scale faulting and fracturing which accommodates large,
seismic-scale normal fault-related folding along the Moab fault, Utah. In the four analysed transects
across hangingwall “normal drag”-like folds we observed that the mechanical properties and the bed
geometries of the fluvial sandstone-shale sequence of the Cedar Mountain Formation influence the
deformation styles and the strain characteristics within the fold. The extensional strain within the
hangingwall fold limb is accommodated, depending on the lithologies and local stress conditions, by
shear fractures, deformation bands, bed-parallel slip surfaces, and by bed-perpendicular and sub-
horizontal tensile fractures. Most of the secondary faults are antithetic with respect to the main fault.
These dominantly antithetic faults display a combination of dip-slip and strike-slip displacement on
two distinct sets of faults to accommodate along strike variation in the fold amplitude. Bed-parallel
slip surfaces occur along the interfaces between competent sandstone beds or within less consolidated
lithologies. The irregular geometry of the channelized sandstone beds can determine the “locking” of
the slip, causing possible reactivation of pre-existing structures. Also, the development of sub-
horizontal tensile fracture networks in the proximity of the brittle faults suggests that faulting
contributes to the generation of overpressure and hydrofracturing within confined shale layers. This
study highlights the influence that the mechanical stratigraphy and the local heterogeneities in the
lithology have on the variability and complexity of deformation associated with normal fault-related

folding.
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3.1. Introduction

The examples of normal fault-related folds described in the previous chapter (Chapter 2) suggest that
the strain patterns associated with folding are highly dependent on the mechanical stratigraphy and the
confining pressure conditions at the time of deformation. The Moab fault, in SE Utah, provides an
exceptional location to study the characteristics of secondary deformation in relation to large-scale
normal fault-related folding within a mechanically heterogeneous stratigraphic sequence (Foxford et
al., 1996). Much of the previous research has focused on the general structural characteristics of the
Moab fault zone (Foxford et al, 1996; Foxford et al, 1998), placing a particular emphasis on the small-
scale deformation associated with cataclasis or grain reorganization within the porous and permeable
sandstones outcropping especially within the footwall of the Moab fault (Fossen et al, 2005; Schueller
et al, 2013). Other papers have described the overall fault zone structure and its implications for the
sealing capacity of normal faults (Foxford et al., 1998; Davatzes and Aydin, 2005). Relatively few
studies have been focused on a more detailed characterization of the brittle strains associated with
normal drag folding developed along the north-western segments of the Moab fault (Berg and Skar,
2005). The folded layers consist of highly heterogeneous fluvial deposits comprising channelized
sandstones and conglomerates with different degrees of cementation, and interbedded with overbank
siltstones and mudstones. From Chapter 2, we might expect these sedimentary layers to display
evidence that their mechanical properties played an important role in controlling the deformation

mechanisms and strain variability within these hangingwall folds.

The aim of this study is to analyse how macroscopically ductile strain — specifically, “normal drag
folding” - is accommodated within a mechanically heterogeneous sandstone-shale sequence
surrounding a well-exposed, seismic-scale normal fault array. Specifically, we investigate the
variability of strain distribution and deformation mechanisms in relation to the mechanical properties
of the layered stratigraphy and in relation to the geometry of the fault. The permeability properties of a
normal fault zone are directly influenced by the characteristics and distribution of secondary
deformation related to the process of faulting within heterogeneous sedimentary layers (Davatzes and

Aydin, 2005; Childs et al., 2007). Understanding the relationship between the mechanical stratigraphic
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conditions and the strain variability within normal fault-related folds is important for understanding
the sub-seismic scale structure of normal fault zones and their ability to enhance or impede cross-fault

fluid flow.

3.2. Geological setting

The Moab fault is part of an extensional fault system associated with salt-related deformation within
the Paradox Basin of SE Utah (Doelling, 1988). The fault is oriented NW-SE along the continuity of
the Moab-Spanish Valley salt wall (Doelling, 2001) and experienced several episodes of activity
related to salt movements (Doelling, 2001). The deformation episode that affected the study area is
probably associated to the Laramide compression and uplift event during Late Cretaceous-Early
Tertiary times which triggered salt migration and extensional faulting of the overburden (Foxford et
al., 1996; Trudgill, 2011). The Moab fault has a length of more than 40 km and a maximum throw of
approximately 1000 m in the vicinity of the town of Moab (Utah), offsetting clastic sediments from
Pennsylvanian to Cretaceous age (Foxford et al., 1998) (Figure 3.1). The fault displacement decreases
northwest-ward within the Blue Hills and Tenmile Wash area, where the main fault splays out into
several segments and where the throw on the fault transfers laterally into monoclinal folds (Figure 3.1
and Figure 3.2). As the throw increases south-eastward, the monocline is breached giving rise to
normal drag-like folds within the hangingwall of the fault, where Upper Jurassic shale-dominated
Morrison Formation and Lower Cretaceous fluvial sediments of the Cedar Mountain Formation crop
out (Figure 3.1). The folds have limbs dipping sub-parallel to the relative slip direction on the fault,
with the largest dips locally around 60° in the immediate proximity of the main fault trace. The fold
limbs dip generally in a NE direction with variable wavelengths, usually up to several hundreds of
meters, before reaching the regional dip which is about 5°, in a direction toward the Courthouse rim
syncline axis (Figure 3.1). The folds are interpreted to be normal fault-propagation folds, with the
upward propagation of the faults being inhibited by the shales within the Brushy Basin Member, of the

Morrison Formation (Davatzes and Aydin, 2005). The Brushy Basin shales are observed to be sheared
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and smeared toward the main fault, accommodating the flexure of the beds by ductile deformation

(Davatzes and Aydin, 2005). In the next section we describe in more detail the stratigraphy within the

study area.
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Figure 3.1 (a) Geological map of the area comprising the north-western splay segments of
the Moab fault with the locations of the studied outcrops (map from Utah Geological Survey).
(b) Regional section across the Moab fault the Courthouse syncline and the Salt Valley
anticline (from Doelling, 2001). (c) Well within the Courthouse syncline (see location in (a))

showing the litho-stratigraphy within the study area (Data from Utah Geological Survey).
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Figure 3.2 Monoclinal fold at the NW tip of the Moab fault segment in the Blue Hills area (view
toward NW). The beds in the footwall side of the fault dip very gently toward N-NE while in the
hangingwall side the monoclinal fold limb dips more steeply toward NE. The height of the hill in the
foreground (the hangingwall side) is more than 30 m above the elevation of the surrounding flat area.
The hill in the background (the footwall) is over 50 m above the surrounding elevation.

3.3. Stratigraphic framework

The Moab fault offsets a thick sequence comprising Carboniferous to Cretaceous sediments. Our
study focuses on the north-western part of the Moab fault array where the throw decreases to less than
300 m and where, at the topographic level, the fault juxtaposes lithological formations of the Upper
Jurassic to Cretaceous interval. Hence, in this short stratigraphic description we present only the
formations which crop out in the analysed area that are the subject of this study. Along the north-
western segment traces, the fault juxtaposes lithologies with contrasting mechanical properties. Within
the footwall of the Moab fault the stratigraphy encompasses quartz-rich aeolian sandstones of the Late
Jurassic Navajo (ca 50 m thick) and Entrada Formation (ca 150 m thick) (Figure 3.1c), which
comprise three main members: Dewey Bridge, Slickrock and Moab (Foxford et al., 1996). This

homogeneous quartz-arenite sandstone-dominated sequence, with a very high net-to-gross ratio can be
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defined as a mechanically competent unit. The sandstones are covered by a shale-dominated
interbedded sequence of shale and sandstones comprising the Late Jurassic Morrison Formation, the
Cedar Mountain Formation (Lower Cretaceous), the Dakota Formation and the Mancos Shale
(Cretaceous), which crop out in the hangingwall of the fault (Figure 3.1). The mechanical properties
of this shale dominated heterogeneous sequence are very different from the underlying aeolian
sandstones, which is reflected in the contrasting deformation styles within the footwall and the
hangingwall side of the fault (Berg and Skar, 2005). Our analysis focuses on the deformation
characteristics within the folded Cedar Mountain Fm. The Cedar Mountain Formation comprises
approximately 5 m thick fluvial channels of sandstones and conglomerates with chert pebbles,
interbedded within overbank siltstones and mudstones layers that in some places contain carbonate
nodules. The Cedar Mountain Formation overlies the Brushy Basin Member which consists of ca. 100
m thick shale-dominated sedimentary rocks with shales that are rich in swelling clays (e.g. smectite)
that cause this unit to behave as an incompetent layer (Davatzes and Aydin, 2005). This shale interval
is thought to be responsible for impeding the propagation of the fault segments. The shales are
observed to be sheared and smeared toward the main fault, accommodating the flexure of the beds by
plastic deformation (Davatzes and Aydin, 2005). The underlying Salt Wash Member, part of the same
Morrison Formation comprises interbedded mudstones, siltstones and sandstones. Overall, in the
hangingwall sections from the study area, the stratigraphy is very heterogeneous, with fluvial channel
sandstones and conglomerates alternating with interbeds of shales of the Cedar Mountain Formation.
The mechanical heterogeneity of this sedimentary sequence is complicated also by the fact that the
sandstone or the conglomerate layers suffered diagenetic processes which caused different degrees of
cementation, variably distributed within the same lithological unit. Hence, cementation plays an
important role in controlling the mechanical behaviour of the lithological units during faulting and the
characteristic deformation processes that occur (Davatzes and Aydin, 2005) (Figure 3.3). The main
lithologies and the characteristic deformation styles are illustrated in Figure 3.4. Some of the silica-
rich sandstones are very well cemented and are characterized by brittle shear fractures and tensile
fractures filled with quartz and calcite mineralization. Less cemented sandstones are characterized by
deformation bands and tensile fractures, which seem to post-date the cataclastic deformation.
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Figure 3.3 - previous page Main lithologies within the Cedar Mountain Formation which
control the style of deformation: (a) highly cemented silica-rich sandstones (top) and thin
cross-bedded micro-conglomerates; (b) well cemented conglomerates overlying less
consolidated conglomerates; (c) medium consolidated, massive conglomerates and sandstone
beds (bottom) overlaid by thin (dm) layers of sandstones and conglomerates; (d) thin bedded
(cm), highly cemented quartzitic sandstones and conglomerates; (e) deformation within
interbedded highly cemented silica-rich sandstone layers with less cemented sandstone is
very heterogeneous: brittle fractures within the highly cemented sandstones on top continue
into deformation bands within the less cemented sandstones at the base; (f) grey-green silty

mudstone with carbonate nodules (separating the main two conglomerate-sandstone units).

Normal faulting Reverse faulting
Shearing of joints Deformation bands

/r \ '\\ 4 \

P\ [\ N\ \
Shearing and coalescence Shear fractures

of multiple joints

Figure 3.4 Main deformation structures observed within all the studied localities within the
folded layers of Cedar Mountain sandstones and conglomerates. The type of deformation is

highly dependent on the lithology of the host rocks.
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The deformation styles indicate that the sandstones and conglomerates have been well consolidated at
the time of deformation, at a burial depth which is believed to have been around 2000 m (Garden et
al., 2001; Davatzes and Aydin, 2005). However, ductile deformation of the shales and shale flow
patterns into the tensile fractures developed within the brittle competent layers indicate a large
mechanical competence contrast between the shales and the sandstones - conglomerates layers (as

discussed in Chapter 2).

3.4. Methods

Field data were collected on transects orientated approximately orthogonal to the fault zone within the
hangingwall normal drag folds along the Moab fault. The transects are located along the north-west-
trending splay segments of the main fault, north-west from the Courthouse branch-point (Figure
3.1a), across the Bartlett segment (in Bartlett Canyon and Waterfall Canyon) and in the previously
little-studied Blue Hills segment area (Figure 3.1a). In the Blue Hills area, Cedar Mountain
Formation, Brushy Basin and Salt Wash Members of the Morrison Formation crop out within both the
footwall and hangingwall side of the fault. Here, displacement on the Moab Fault is partitioned onto
several smaller splays that pass NW-ward into a continuous monocline. We documented the
variability and distribution of secondary faulting and fracturing within the folded competent beds
(sandstones and conglomerates) of the Cedar Mountain Formation. We used GPS-located mapping
and collected structural data along key sandstone horizons within Cedar Mountain comprising
orientation, frequency, displacement and geometries of joints, shear fractures and deformation bands
on the multiple transects to estimate the strain distribution at different points across the monocline and
hanging wall drag fold. Here, we investigate the relationship between the spatial variation of brittle

finite strain within the folded layers, fault geometry and fault throw.

75



Chapter 3

3.5. Analysis of deformation patterns in the hangingwall fold of Moab fault

3.5.1. Blue Hills sections

The Blue Hills area covers the NW part of the Moab fault, where several ENE-WSW oriented
segments splay from the main fault on the footwall side possibly transferring displacement onto the E-
W oriented Tenmile Graben (Foxford et al., 1996) (Figure 3.1a). Displacement on the main fault
decreases gradually toward the NW, and normal-drag like folds developed in the hangingwall become
fault-related monoclines (Foxford et al., 1996) towards the NW. We analysed the distribution of brittle
deformation along two transects within the hangingwall fold limb developed along the north-western
tip of the main Moab fault segment in the Blue Hills area (Figure 3.1a)., about 38 km NW of the town
of Moab. The two transects are located across two hills which are capped by the mechanical
competent and resistant to erosion Cedar Mountain sandstones formation (Figure 3.2). The transects
are about 80 m long each and 250 m distance away from each other, separated by a saddle or an

erosional gap (Figure 3.5).

The geomorphology of the two hills reflects the bedding of the Cedar Mountain sandstones. The NE
facing hill slopes are bed dip slopes which have slightly different attitudes within the two locations.
The hangingwall fold exposed within the northern hill (BH 1) is characterized by steeper bed dips
with an average dip of about 40° and a dip direction toward NE (Figure 3.5). The bedding within the
southern hill (BH 2) has shallower average dips (about 20°) and an overall dip direction toward E-NE,

rotated slightly clockwise relative to the bed attitude within the northern hills (Figure 3.5).

Figure 3.5 — next page View toward SE of the two outcrops from the Blue Hills area described in this
study, the northern hill (BH1) and the southern one (BH 2). The beds dip toward NE for the BH1
location and to the ENE for BH2. Fractures within the two locations have similar orientations, the
faults from BH1 have two distinct trends NW-SE and NE-SW compared to faults mapped in BH2

which have a E-W orientation
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The style of deformation is very similar at both localities. Brittle strain is accommodated by
deformation bands within the softer, more porous sandstones and tensile fractures which post-date the
deformation bands. Shear fractures or shearing of pre-existing tensile fractures are also very common.
Most of the secondary fractures and faults are antithetic with respect to the main fault (Figure 3.6).
Conjugate pairs of deformation bands show that antithetic structures cross-cut their opposite dipping
pair, which are synthetic to the main fault. An illustrative example of secondary faults in this
heterogeneous sequence of sandstones and conglomerates with different degrees of cementation and
mudstones is shown in Figure 3.7. The fracture density is relatively constant (5-10 / m) along the
transect, however the density of the bed-confined fractures increases within the very well cemented
sandstones adjacent to secondary faults (>20-30 / m). Most of the fractures are oriented at a high angle
relative to bedding and are predominantly antithetic with respect to the main fault. The measured
displacement on the observed secondary faults varies from 0.30 centimeters to 6.50 meters. The main
fault illustrated in Figure 3.7 has a vertical component of displacement of 1.15 m, but including the

dextral strike-slip component, has a total displacement of 6.50 m.

Two main structural trends can be observed based on the orientation of the secondary faults mapped
on the northern transect BH1 (Figure 3.5). One trend is oriented NW-SE, sub-parallel to the main
fault. Kinematic indicators show for this fault set a dominant component of normal dip slip, with some
minor oblique slip components (Figures 3.5, 3.6 and 3.7). The faults are both antithetic and synthetic
in respect to the main fault, but the antithetic ones predominate. The other trend of secondary faults is
oriented obliquely about 065 NE, forming a dihedral angle of ca. 50° with the NW-SE oriented fault
set. The faults of the NE-SW set are antithetic in respect to the main fault and are characterized by a
significant component of dextral strike slip, as the example shown in Figure 3.7b. On the southern hill
(BH2) the trend of the faults is slightly different, indicating the predominance of the faults and
fracture sets oriented mainly E-W (Figure 3.5). The other trend which is sub-parallel with the main
fault might be under-represented because of the orientation of the transect which becomes gradually
sub-parallel with the orientation of the main fault. In this locality we have no indications of any

oblique slip on the observed faults. The difference in the geometry of the beds (in orientation and dip),
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the kinematic indicators on the faults and the gap in between the two folded structures indicate the
possible presence of a fault linkage zone with an abandoned splay in the hangingwall of the Moab
fault trending north-ward (which is not mapped on the USGS 1:24000) (Figure 3.8). It is reasonable
to assume an increase in fold amplitude SE of BH1, considering an overall increase in total fault
displacement toward SE (Davatzes and Aydin, 2005) (Figure 3.8). Also, in the case of a potential
segment linkage zone, an increase in the fold amplitude is expected as a result of bed rotation between
the interacting segments (Childs et al., 2016). Kinematic analysis of the secondary faults suggests that
the fault trend parallel to the Moab fault (the NW-SE set) accommodates the main horizontal
component of extension of the hangingwall fold limb. The dextral oblique slip component on the NE-
SW oriented normal faults is required to accommodate the horizontal component of extension on the
underlying main fault and the lateral variations in fold amplitude along its axis (i.e. non-cylindricity of
the fold geometry) (Figure 3.8). Hence, the elongation of the beds within the fold limb in the fault-
normal and fault-parallel direction is favorably accommodated by a combination of dip-slip and strike-

slip displacement on two distinct sets of secondary faults (Figure 3.6 and 3.8).
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Figure 3.6 Distribution of secondary faults vs fault strike along the BH1 transects. The faults oriented
NW-SE (parallel to the master fault) are predominantly dip-slip, while those oriented NE-SW are

characterized by a component of dextral slip
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Figure 3.7 (a) Example of secondary faults within the fold limb, which are all dominantly antithetic to
the main fault. These faults are oriented NE-SW, dip toward SE and have kinematic indicators that

show a component of dextral strike slip, toward SW such as the striated surface from (b).
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Figure 3.8 Structural model which predicts an abandoned hangingwall splay between the two studied
outcrops within the Blue Hills area. Kinematic analysis of the secondary faults suggests that the Moab
fault parallel trend (the NW-SE set) accommodates the main horizontal component of extension of the
fold limb, while the NE-SW antithetic dextral slip faults accommodates a component of elongation in
the SE direction, probably generated by the non-cylindricity of the fold geometry. This happens
because of an increase in displacement and fold amplitude toward SE.

3.5.2. Bartlett Canyon section

Within the Bartlett Canyon section of the Moab fault the throw increases to about 275 m (Davatzes
and Aydin, 2005). Here, the fault juxtaposes Cedar Mountain Formation and Brushy Basin Member
mudstones in the hangingwall against the Late Jurassic Entrada Formation sandstones within the
footwall (Figure 3.9). The hangingwall normal drag fold that crops out in the Bartlett Canyon has an
amplitude of ca. 70 m and displays steeper bed dips than the folds developed within the Blue Hills
area. The larger fold dips are most likely to be the result of an increase in displacement and better
preservation conditions of the folds when juxtaposed along the competent and more resistant to
erosion Jurassic aeolian sandstones.
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Figure 3.9 Google Earth view of the Bartlett segment of the Moab Fault, showing the locations of the

profiles along two of the canyons that cut almost orthogonal to the strike of the main fault.

The beds can reach dips of ca. 60° in the proximity of the main fault, accommodating 2/3 of the total
fold amplitude in less than 50 m distance from the fault, after which the bedding dips gradually
decrease and approach the regional dip about 200 m away from the main fault (Figure 3.10). We
separated the folded section into three main zones (dip domains) based on the dominant bed dips
observed. These dip domains are characterized by distinctive secondary deformation patterns (Figure
3.10). Deformation decreases in intensity from the dip domains A to C, where C represents the outer
zone of the hangingwall fold limb. Close to the main fault, within the dip domain A, the competent
beds of the Cedar Mountain Formation have dips generally greater than 40° and they are highly
fractured or brecciated. In the immediate proximity to the main fault (5-10 m), the secondary faults
within the fold are synthetic to the master fault (dip to the NE). However, most of the secondary faults
within this section of the hangingwall fold are antithetic to the main fault (dip toward SW) and display

at the present day very low dip angles (<30°), with some being almost sub-horizontal (Figure 3.10).
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Depending on the host-rock lithology, these faults encompass deformation bands organized in parallel
or conjugate sets (Figure 3.11a), or shear fractures (Figure 3.11b), or a combination of these two,
when crossing sandstones with different degrees of cementation ((Figure 3.11a and 3.11b). Very
often, the conjugate fault pairs show that the antithetic faults cross-cut their synthetic counterpart.
Steeper bed dips in the hangingwall compared to the footwall of the secondary antithetic faults,
associated with wider and more intense deformation zones within the hangingwall (Figure 3.11),
indicates that these faults were not passively rotated and contributed to the overall rotation of the fold

limb.

In the previous chapter, we discussed that slip on these shallow dipping antithetic normal faults is
expected to be inhibited, since the normal stress acting on these faults is likely larger than the shear
stress (Morris et al., 1996). However, layer interfaces commonly show evidence for bed-parallel slip,
which suggest that during folding many of the bed boundaries reactivate as shear planes (Figure
3.12). In the dip domain A, slickenlines parallel to bedding indicate a sense of shear motion toward

the anticlinal fold axis.

This component of bed-parallel shear toward the hinge of the monocline fold (Figure 2.12b) is
expected to generate a rotation of the principal stress axes (Price and Cosgrove, 1990) which would
favor in this case slip on the antithetic normal faults at lower angles then the ones normally predicted
by Mohr-Coulomb theory. Within the fold dip domain B, antithetic shear fractures still predominate.
Kinematic indicators show that bed-parallel slip surfaces (bed interfaces or sub-horizontal slip planes
within finer and less consolidated lithologies) have a sense of slip toward the hangingwall syncline
(toward NE). Some of the bed-parallel shear fractures reactivate in shear (i.e. invert) pre-existing
fractures (Figure 3.13c) or develop localized low angle thrust faults (Figure 3.13b). As observed in
Figure 3.13, many of the bed boundaries within these channelized systems are non-planar and show
down-cutting geometries which can interfere with the slip surfaces within or in between adjacent
lithological units (Figure 3.14). This interference causes localized stress concentrations in the
proximity of the bed asperities, such as down-cutting channels, which generates the development of

fractures and faults or reactivation in shear of pre-existing fractures (Figure 3.14b).
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Figure 3.10 - previous page Section along the hangingwall fold from the Bartlett Canyon with some
of the main deformation structures observed within the defined fold dip domains (details described in
the text).
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Figure 3.11 Antithetic shear fractures and normal faults dominate as secondary structures within the
folds. The antithetic fault shown here are highly rotated and are almost horizontal. Note the intense
deformation within the hangingwall of these faults. Slip on the interfaces of the beds with similar
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mechanical competency and the ductility contrast between the competent layers and the weaker shales
induces a component of shear stress parallel to layering which causes the rotation of the principal
stresses. The reorientation of the maximum principal stress favours slip on the rotated, shallower

dipping antithetic normal faults.

Figure 3.12 Slip surfaces with kinematic indicators observed on bedding planes. Slickenlines indicate
up-dip slip toward the fold anticline axis (a, b, ¢). Compass (~8 c¢cm) for scale; (b) Some of the bed-
parallel slip surfaces (yellow arrow) post-date strike-slip movement (orange arrow) on fractures
which cut through beds.

Figure 3.13 (next page) Section of the fold within the dip domain B which shows sub-horizontal slip
surfaces that are evidence for local thrusting and reactivation in compression of pre-existing shear
and tensile fractures. Hammer (33 cm) for scale.
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Figure 3.14 (a) Localized formation of tensile fractures is enhanced by the stress concentrations
developed adjacent to irregular bed geometries, such as these down-cutting channel sandstones; (b)
Folding by flexural slip of layers with irregular geometries can determine compressional reactivation

of pre-existing joints and shear fractures adjacent to these depositional asperities.

3.5.3. Waterfall Canyon section

The Waterfall Canyon is located along the Bartlett segment of the Moab fault, about 1300 m NW from
the Bartlett Canyon (Figure 3.1 and Figure 3.9). Here, the fault has a throw of ca. 270 m (Davatzes
and Aydin, 2005) and juxtaposes the same aeolian Jurassic sandstone units within the footwall and
shale-dominated Upper Jurassic - Cretaceous deposits within the hangingwall. The amplitude of the
hangingwall fold is about 80 m and has a wavelength larger than 200 m. Some key observations on the
deformation characteristics have been made in the previous chapter (Chapter 2). Brittle strain is
accommodated within the competent sandstone and conglomerate beds by shear fractures and tensile

fractures (Figure 3.15).
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Some of the tensile fractures show reactivation in shear and are antithetic with respect to the main
fault, similar to the relationships observed at the Blue Hills and Bartlett Canyon localities.
Conglomerates and sandstone layers overlie blue-green mudstones rich in carbonate nodules which is
part of the Cedar Mountain Formation. Hence, we have inferred a high mechanical competence
contrast between the quartz-rich sandstones and the underlying mudstones, which is illustrated by the
shale fabric which shows flow patterns within the opened fractures formed within the sandstones
(shown in previous chapter in Figure 2.9d). The faults and the shear fractures within the brittle,
competent layers have relatively small displacements of several centimeters that die out within the
underlying mudstones, where deformation was accommodated by plastic flow. Within this weaker
layer of mudstones, we observed zones of intense tensile fracturing. The veins have apertures between
0.05 and 1 cm, filled with calcite mineralization. The veins are arranged in an anastomosed network of
horizontal, sub-horizontal and inclined, planar and curving opening mode structures (Figure 3.16b
and 3.16¢). The calcite mineralization displays a fibrous texture and the growth direction of the calcite
cement is approximately vertical, no matter what the orientation of the veins (Figure 3.16b and
3.16¢). There is no evidence of shearing to indicate that these structures accommodate flexural slip
within these weaker shale layers. Importantly, veining only seems to be present in the vicinity of faults
that cut the overlying brittle conglomerate and sandstone layers. In other locations along the transect,
where there is no faulting within the overlying competent beds, there is no veining in the mudstones.
Hence, we hypothesize that the formation within the shale layer of this network of calcite-filled sub-
horizontal tensile fractures was related to the process of faulting within the overlying competent
conglomerate-sandstone beds. It seems likely that faulting in the normal fault regime, where the

maximum principal stress, 01, is vertical, was accompanied by circulation and redistribution of fluids,

indicated by the presence of calcite and quartz mineralization. Also, it seems likely that the
interbedded mudstones are confined between layers with low porosity and have a relative high pore
fluid content (above hydrostatic), which is suggested by the flow fabric of the deformed shales

(Figure 2.9d and 2.9e). We suggest that as the fault suffers a sudden decrease in shear stress and slip
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occurs, fluid is expelled into the underlying, relatively low permeability and probably already

overpressured, bed-confined shale layer.

Figure 3.16 (a) Brittle faults within the competent layers terminate into an underlying incompetent
shale bed (red arrows). (b) Intense anastomosed fractures with (c) horizontal, sub-horizontal and
inclined, calcite-filled veins are developed within this shale bed. The veining seems to occur only
when faulting in the overlying brittle layers is present.
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Figure 3.17 Conceptual model for the formation of sub-horizontal fractures within a confined shale
layer in association with adjacent faulting within a brittle, competent layer. Faulting in the normal
fault regime (o1 vertical) is accompanied by circulation and redistribution of fluids (indicated by
calcite and quartz mineralization). As the fault suffers a sudden decrease in shear stress, fluids are
expelled into the underlying, relatively low permeability, and probably already overpressured, bed
confined shale layer. While o1 is assumed to remain constant before and after failure, the minimum
horizontal stress (¢3) and the mean stress increase immediately after faulting. The post-failure
increase in the minimum horizontal compressive stress (grey arrows) depends on the elastic
properties of the rocks (e.g. Poisson’s ratio and Young’s modulus), which results in larger horizontal
compressive stress within the incompetent shale layer. This, coupled with fluid expulsion results in a
rapid increase in fluid pressure within the confined shale beds. When fluid pressure overcomes the
lithostatic pressure horizontal fractures develop. Right-hand side diagrams modified from Sibson
(2000).

While o1 is assumed to remain constant before and after failure, the minimum horizontal stress (03)

and the mean stress increase immediately after faulting (Figure 3.17). The post-failure increase in the
minimum horizontal compressive stress (grey arrows in Figure 3.17) would depend on the elastic
properties of the rocks (e.g. Poisson’s ratio and Young’s modulus), and would in this case, results in
larger horizontal compressive stress within the incompetent shale layer. Coupled with fluid expulsion

within the same bed-confined layer, this results in a rapid increase in fluid pressure. If the fluid
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pressure overcomes the lithostatic pressure, horizontal fractures may develop. Hence, there is a local

rotation of the principal stress axes within the shale layer, with o1 changing from sub-vertical to sub-
horizontal, and the minimum compressive stress, 03, which is expected to be oriented sub-horizontal

in a NE-SW direction becomes sub-vertical.

3.6. Concluding remarks

We described the characteristics of small-scale faulting and fracturing which accommodates larger,
seismic-scale normal fault-related folding along the Moab fault, Utah. In the four investigated
transects across the normal drag folds, we observed that the strain characteristics and deformation
styles are highly controlled by the mechanical properties of the layered sandstone-shale sequence of

the Cedar Mountain Formation.

The brittle strain is accommodated by shear fractures, deformation bands and joints, most of which are
antithetic with respect to the main fault, as previously observed by Berg and Skar (2005). The
antithetic faults are highly rotated, some of them to almost sub-horizontal dips. Wider and more
intense deformation zones within the hangingwall and associated steeper bed dips in the hangingwall
(Figure 3.11) indicates that the faults were not passively rotated and contributed to the overall rotation

of the fold limb.

Folding of the layers is accommodated also by slip between the bed interfaces (i.e. flexural slip). Bed-
parallel slip is localized and influenced by the irregular, channelized geometries of the sandstones and
conglomerates. Slip on irregular bed planes enhanced localized stress concentration, which generated
reactivation in compression of pre-existing joints and shear fractures and localized developing of

fracturing coeval with flexural-slip deformation.

Extensional strain within the hangingwall fold limb is accommodated by a combination of dip-slip and

strike-slip displacement on two distinct sets of secondary faults, to account for the along strike

93



Chapter 3

variation in the fold geometry (e.g. fold amplitude), which is primarily controlled by the evolution of

the underlying fault segments.

Deformation in the hangingwall of Moab Fault is highly partitioned by the contrasting mechanical
properties of the competent sandstone and conglomerate beds and the interlayered shale beds. Faulting
and fracturing with mineralization indicates the presence of mineralized fluids at the time of
deformation. The presence of a sub-horizontal network of fractures within the shale interval in the
proximity of brittle faults within the overlying competent layers suggests that the two types of
deformation structures are closely linked, with brittle faulting contributing to the generation of

overpressure and hydrofracturing within the underlying shale layers.
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Occurrence and development of folding related to normal faulting
within a mechanically heterogeneous sedimentary sequence: a case

study from Inner Moray Firth, UK

Abstract

Folds associated with normal faults are potential hydrocarbon traps and may impact the connectivity
of faulted reservoirs. Well-calibrated seismic reflection data that image a normal fault system from the
Inner Moray Firth basin, offshore Scotland, show that folding was preferentially localized within the
mechanically incompetent Lower-Middle Jurassic pre-rift interval, comprising interbedded shales and
sandstones, and within Upper Jurassic syn-rift shales. Upward propagation of fault tips was initially
inhibited by these weak lithologies, generating fault propagation folds with amplitudes of ~50 m.
Folds were also generated, or amplified, by translation of the hangingwall over curved, convex-
upward fault planes. These fault bends resulted from vertical fault segmentation and linkage within
mechanically incompetent layers. The relative contributions of fault propagation and fault-bend
folding to the final fold amplitude may vary significantly along the strike of a single fault array. In
areas where opposite-dipping, conjugate normal faults intersect, the displacement maxima are skewed
upwards towards the base of the syn-rift sequence (i.e. the free surface at the time of fault initiation)
and significant fault propagation folding did not occur. These observations can be explained by high
compressive stresses generated in the vicinity of conjugate fault intersections, which result in
asymmetric displacement distributions, skewed toward the upper tip, with high throw gradients
enhancing upward fault propagation. Our observations suggest that mechanical interaction between
faults, in addition to mechanical stratigraphy, is a key influence on the occurrence of normal fault-
related folding, and controls kinematic parameters such as fault propagation/slip ratios and

displacement rates.
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4.1. Introduction

Folding related to normal faulting is mainly the result of fault propagation and linkage at different
stages of the growth of normal faults (Withjack et al., 1990; Schlische, 1995; Janecke et al., 1998;
Corfield and Sharp, 2000; Sharp et al., 2000; Ferrill et al., 2005; White and Crider, 2006; Jackson et
al., 2006; Ferrill et al., 2007; Ferrill et al., 2012; Tvedt et al., 2013; Tavani and Granado, 2015). The
main mechanisms generating fault-related folds in extensional domains are: (i) flexural deformation
around vertical and lateral tips of propagating blind faults (fault-propagation folding) (Walsh and
Watterson, 1987; Ferrill et al, 2005); (ii) folding between overlapping / underlapping, vertically or
laterally segmented faults (Rykkelid and Fossen, 2002; Rotevatn and Jackson, 2014; Childs et al.,
2016); (i) translation of the hangingwall over a bend in a fault plane (Groshong, 1989; Xiao and
Suppe, 1992; Rotevatn and Jackson, 2014); (iv) distributed shear deformation (Fossen and
Hesthammer, 1998; Ferrill et al., 2005); and (v) frictional drag (Davis and Reynolds, 1984).
Mechanical properties of the host rocks exert a primary influence on normal fault geometry and
development of extensional folds (Ferrill et al., 2007; Ferrill and Morris, 2008; Tvedt et al., 2013).
With the help of analogue, numerical and kinematic models (Groshong, 1989; Whitjack et al., 1990;
Dula, 1991; Saltzer and Pollard, 1992; Hardy and McClay, 1999; Johnson and Johnson, 2002; Jin and
Groshong, 2006), researchers have shown that changes in fault dip, strain rate and thickness of the
incompetent layer also control the development of extensional fault-related folds. For example, thick
incompetent layers will tend to inhibit fault propagation and promote formation of fault-tip

monoclines (Withjack and Callaway, 2000).

Nevertheless, models are constrained by imposed boundary conditions and are usually designed to test
a single mechanism. Growth of the faults is a dynamic process in which fault geometry, slip-related
stress perturbations and strain rates can vary in both space and time (Cowie, 1998; Gupta and Scholz,
2000) and, as a consequence, different processes might be responsible for the generation of folds
during the evolution of a normal fault system. Numerical models, supported by seismological
evidence, indicate that faults develop and interact within heterogeneous stress fields resulting from

regional tectonic stress and local stress perturbations (Cowie, 1998; Gupta and Scholz, 2000). This
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heterogeneity induces local variations in fault slip, fault propagation and strain rates (Willemse et al.,
1996; Crider and Pollard, 1998; Gupta et al., 1998; Gupta and Scholz, 2000; Willemse and Pollard,
2000; White and Crider, 2006), key parameters in controlling the development of extensional
monoclines (Withjack and Callaway, 2000; Hardy and Allmendinger, 2011). We still know relatively
little about the possible influence of heterogeneous stress distributions on the development of fault-
related folding (White and Crider, 2006), and have yet to explain the variable occurrence and

development of extensional folding along single fault arrays.

In this study we use 2- and 3D seismic reflection data from the Inner Moray Firth basin, offshore
Scotland, to investigate the influence of host-rock lithology, fault geometry and fault interaction on
the development of normal fault-related folds. First, we describe the three-dimensional geometries of
the faults and folds using 3D seismic data. We map the fault throw distributions, and describe
variations in the thicknesses and geometries of the syn-rift seismic sequences, to interpret the spatial
and temporal (i.e. kinematic) evolution of the faults and folds. Next, we augment these observations
with interpretations of faults and folds from regional 2D seismic lines, to investigate the relationship
between fold growth, fault propagation and fault interaction across the basin. We show that: (i)
normal fault-related folds can be generated by different mechanisms that vary in importance in time
and space along a single fault array; (ii) the heterogeneous mechanical properties of the host rocks
control the fault segmentation and associated ductile deformation; and (iii) the occurrence and
development of normal fault-related folds is influenced not only by mechanical stratigraphy and fault
plane geometry, but also by mechanical interaction between the faults themselves. Specifically, the
variability of extensional folding along the strike of a fault array can be explained by the enhanced

vertical propagation due to mechanical fault interaction between opposite-dipping normal faults.
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4.2. Geological setting

4.2.1. Regional tectonic framework

The studied fault system is located in the Inner Moray Firth (IMF) basin (Figure 4.1). The basin is
characterized by NE-SW striking normal faults that accommodated a Late Jurassic -Early Cretaceous
extensional episode which resulted in the opening of the North Sea rift system (Ziegler, 1990;
Thomson and Underhill, 1993; Davies et al., 2001). Some authors proposed a transtensional opening
of the IMF basin (Roberts et al., 1990). We have no evidence for fault oblique displacement, but
previous studies considered that faults in the area of interest are dominated by dip-slip displacement
(Underhill, 1991; Davies et al., 2001; Long and Imber, 2010) and that any strike-slip movement was
associated mainly with Great Glen Fault (to the northwest of the present study-area) and post-dated
Mesozoic rifting (Underhill, 1991). Regional, Late Cretaceous post-rift subsidence and sedimentation
were followed by Cenozoic uplift and reactivation of some of the faults. These faults show very mild
post-Cretaceous reactivation, as indicated by small-scale folding of the Base Cretaceous horizon (H7
on Figure 4.1b), but there is no evidence of large inversion structures affecting the geometries of the

pre-inversion folds.

Figure 4.1 - next page (a) Schematic structural map of Inner Moray Firth (IMF) basin (modified
from Long and Imber, 2010). (b). Regional 2D seismic section across IMF, showing the main
interpreted horizons and faults. c¢. TWT structural map of pre-rift horizon H1 (Top Triassic). The
letters represent the names of the analysed normal faults from the 3D seismic data. The red rectangle
delineates the detailed area of analysis. The yellow stippled lines mark the transvere fold hinges

separating the depocenters associated with faults A and B.
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4.2.2. Stratigraphic framework and mechanical stratigraphy

The stratigraphy of the IMF can be divided into pre-, syn- and post-rift tectono-stratigraphic
sequences (Figure 4.1 and 4.2). Our study investigates deformation within the upper part of the
Triassic to Early - Middle Jurassic, pre-rift succession (pre-H3 horizons), and within the Late Jurassic,
syn-rift succession (H3-H7) (Figure 4.2). We used information from nearby wells and published
literature (Stevens, 1991) to infer the presence of three main mechanical units, based on stratigraphic

variations in the net-to-gross ratio (Figure 4.2).

Horizon H1, which follows a strong and regionally continuous seismic reflection, corresponds to the
top of the mechanical unit 1 (MU 1). Well data indicate that H1 follows the top of the pre-rift, Triassic
alluvial plain sandstones of the Lossiehead Formation (> 100 m thick; Figure 4.2). These strata
overlie the Permian to Permo-Triassic Hopeman, Bosies Bank and Rotliegend formations, all of
which are dominated by sandstone lithologies. In turn, the Permian deposits unconformably succeed
the Devonian Old Red Sandstone (Goldsmith et al., 2003; Glennie et al., 2003). Based on the high
net-to-gross of the Lossiehead Formation and underlying strata, we infer that MU 1 is likely to be

mechanically “competent”, here defined as being susceptible to deformation by seismic-scale faulting.

The upper part of the pre-rift sequence (H1-H3 interval; Figure 4.2) comprises a ~300 m thick
succession of interbedded sandstones and shales with a net-to-gross ratio of 38%, which we define as
mechanical unit 2 (MU 2). We infer that the alternation of competent sandstones and less competent
shale layers is likely to favour layer-parallel slip (Watterson et al., 1998). At the time of rifting, these
Lower-Middle Jurassic sediments may have not been completely lithified, and were probably
characterised by a reduced strength contrast between the sandstones and weaker shale layers.
However, results of discrete element method modelling have shown that deformation can be
partitioned between layers with small strength contrast at low confining pressure conditions (Schopfer
et al., 2007), with faults initiating in the slightly more competent sandstone layers. We hypothesise
that thicker and relatively stiffer sandstone intervals within the MU 2, such as the 50-60 m thick "H"

and "I" reservoir sandstones of the Beatrice Field (Stevens, 1991), may favour fault nucleation and
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Figure 4.2 Uninterpreted and interpreted seismic section (with x2 vertical exaggeration) from the
studied 3D volume. The mapped horizons and the main mechanical stratigraphic units are shown in
the interpreted version. Lithological formations were separated into three mechanical stratigraphic
units based on the net-to-gross ratios obtained from the Beatrice Field well data.

propagation (see Section 4.4.2.), whilst the intervening shale intervals (e.g. Lady's Walk Shale) may

inhibit fault propagation (Figure 4.2). This overall arrangement is likely to promote vertical

segmentation of faults.

The syn-rift sequence (H3-H7 mapped horizons) thickens toward the main faults and is dominated by
Upper Jurassic shales, which we define as mechanical unit 3 (MU 3). This succession is likely to be
mechanically “incompetent”, here defined as being susceptible to distributed (i.e. ductile)

deformation. Hangingwall reflectors within several hundreds of metres of the mapped faults clearly
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dip toward the graben (synthetic layer dips sensu Ferrill et al., 2005), with hangingwall syncline
depocentres shifted away from the fault. Previously, these folds have been interpreted as the result of
differential compaction of the shale-dominated syn-rift sequence (MU 3) overlying the older and more
rigid pre-rift, footwall formations (MU 1 and 2) (Thomson and Underhill, 1993). While we do not
exclude the possibility that some folds are the result of compaction, we show below that the analysed
hangingwall folds display structural patterns that cannot be attributed to compaction, and that

compaction effects are secondary with respect to other mechanisms.

4.3. Dataset and methods

4.3.1. Seismic and well data

The dataset used in this study comprises a 3D reflection seismic survey acquired over the Beatrice
Field (Linsley et al., 1980; Stevens, 1991) and several regional 2D seismic lines that are orientated
NW-SE, orthogonal to the main structure of the Inner Moray Firth Basin (Figure 4.4). The 3D time-
migrated seismic data covers an area of 11 x 22 km, and has a crossline and inline spacing of 12.5 m.
The dominant frequency for the interval of interest is between 30-40 Hz, with velocities ranging
between 2500-3500 m/s (Figure 4.3a), resulting in a vertical seismic resolution of 15-30 m. Velocity
data from the Beatrice wells indicates a consistently increasing velocity with depth, with no
significant lateral or vertical velocity variations (Figure 4.3a). There are no significant variations in
geometry between time and depth data, just a relatively uniform expansion by a factor of 1.55 on the
depth profiles (Figure 4.3b). As a result, we used the two-way-time data to measure parameters such
as fault throw and the amplitude of the hangingwall folds. However, when we analysed attributes such
as fault dip, the fault surfaces have been converted to depth in order to show the realistic geometries
of the faults. Eight seismic horizons were mapped in total (seven in detail: H1-H7) within the pre-rift
and syn-rift stratigraphic intervals, with Beatrice Field wells providing information on the associated
lithological formations. The study focusses on the segmented, SE-dipping ABC fault array (see box in

Figure 4.1c), supplemented by examples from other fault systems to highlight salient points.
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Figure 4.3 (a) Time-depth (T-Z) curves from the Beatrice Field wells showing different velocity
gradients for wells which penetrated the footwall or the hangingwall sections of the faults. For depth
conversion, we used the T-Z relationship derived from the wells which penetrated the thicker syn-
faulting sequences deposited within fault-controlled depocenters because we are interested in
guantifying deformation located mainly within the hangingwalls of the faults. This younger, syn-
faulting section is characterized by slightly lower velocities compared with the older pre-rift sequence
in the footwall. (b) Comparison of throw distribution in time (ms) with throw distribution in depth
(m). The pattern of throw distribution is very similar, but the throw-depth plot shows a vertical

expansion of ~1.55.

4.3.2. Methods

We used several methods to analyse the distribution and growth of the faults and folds:

0] Throw-distance (T-x) profiles and throw-depth (T-z) profiles enabled us to investigate the
lateral and vertical variations in discontinuous fault throw and continuous deformation (folding), and
to analyse the lateral and vertical linkage of faults (Walsh and Watterson, 1991; Childs et al., 1996;
Mansfield and Cartwright, 1996; Hongxing and Anderson, 2007; Long and Imber, 2010; Tvedt et al.,
2013; Jackson and Rotevatn, 2013; Rotevatn and Jackson, 2014). For T-x profiles, fault throw was
measured perpendicular to the strike of the fault every 125 m (every 10th inline), with more dense

sampling points near the fault tip or where the fault complexity required it;
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(i) Isochore thickness maps and expansion indices were used to analyse the timing of faulting
and folding (Tvedt et al., 2013; Jackson and Rotevatn, 2013) and to constrain the position of the upper
tip-line at the time of deformation. The expansion index (Thorsen, 1963) is defined by the ratio
between the maximum thickness of a chosen syn-rift interval in the hangingwall of a fault (adjacent to
the fault surface, or within the synclinal depocentre) and the thickness of the equivalent interval in the
footwall;

(iti)  Fault surface analysis provided insights into the relations between fault geometry and linkage
style, expressed by parameters such as fault dip, fault cylindricity and throw variation (Ziesch et al.,
2015), and distribution of ductile deformation. Cylindricity measures the deviation of a fault surface
from a best-fit planar surface (Ferrill et al., 1999; Jones et al., 2009; Ziesch et al., 2015);

(iv)  Seismic trace and coherency attributes (a combination of instantaneous phase, tensor,
discontinuity and semblance attributes) (Chopra and Marfurt, 2007) were used in some cases to
enhance the visibility of deformational patterns at the limit of seismic resolution within the
hangingwall folds (lacopini and Butler, 2011), or to highlight the fold geometry (dip, dip-azimuth)

and stratal onlaps onto fold limbs.

4.4. Observations of normal faults and fault-related folds from 3D seismic data

4.4.1. Geometric characteristics of the studied faults and fault-related folds

At H1 (Top Triassic) level, the studied fault system comprises three left-stepping normal fault
segments named A, B and C. These are separated by two relay zones. The relay ramp between faults
A and B is at an early stage of breaching (Figure 4.1c). At the base syn-rift level (H3), the relay
ramps are completely breached by the footwall faults, forming a continuous fault trace. Bends in the
fault trace are associated with minor, hangingwall splay faults (Figure 4.4a). This downward
bifurcation, (with intact or partially breached relay ramps at depth, and breached relay ramps at

shallower levels), seems to be a common feature in our area of study (see Section 4.4.2.).
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The seismic sequence between the H3 and H7 horizons thickens toward the analysed faults, consistent
with their syn-sedimentary nature. The ABC fault array is part of a larger NE-SW striking normal
fault system that dips SE, along with the faults bounding the Beatrice Field structure, here named D,
E, F and G. These two major fault systems are linked within the syn-rift sequence (on horizons H6-
H7) by smaller segments (segments b and c) that splay upward from the main faults (Figure 4.4b and
4.4c). The upper tip-lines of fault C and the SW continuation of fault B (named B2) are buried within
the H3-H5 interval, and are overlain by parallel seismic reflections. These observations indicate that
the faults become inactive during the later syn-rift stage, when linkage of the AB fault with the D fault
occurred. Faults B2 and C are located within a larger syn-rift transfer zone comprising the synthetic
dipping D and E faults, but also the opposite (NW) dipping faults H, | and J (Figure 4.4a), with which

B2 and C form a conjugate normal fault pair (Figure 4.4d).

At H1 level, we observe that the deepest structural levels lie immediately adjacent to the fault trace
(Figure 4.1c), whilst at H3 (base syn-rift) and H6 (intra-syn-rift) levels, the depocentres are shifted
further into the hangingwall, with increasing distance from the fault on progressively younger syn-rift
horizons (Figure 4.4a and 4.4b). At H3 level, the faults are bordered on the hangingwall side by
monoclinal folds with limbs that dip in the same direction as the fault (Figure 4.4a and 4.4c).
However, not all the faults are associated with folds at horizon H3 level: faults B2 and C appear to
have depocentres adjacent to the fault trace (Figure 4.4a and 4.4d). Hence, an intriguing question is
why do some faults display hangingwall folds and depocentres that are shifted into the hangingwall,
whilst others in the same array lack folds and are characterized by depocentres adjacent to the fault
trace? The fact that the folds are developed within the pre-rift sequence, and that their location does
not necessarily correspond with the major depocentres suggests that the generating process cannot be

entirely attributed to differential compaction (cf. Thomson and Underhill, 1993).

Seismic attribute analysis using the instantaneous phase attribute (Chopra and Marfurt, 2007) shows
that folds associated with the B2 fault are associated with clear, antithetic-dipping axial planes that
separate the upward-widening monocline from the hangingwall synclines (Figure 4.5a and 4.5b).

This fold does not display vertical axial planes and thinner hangingwall dipping limbs, which are
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Figure 4.4 (a) TWT structural map of horizon H3 (top pre-rift and top mechanical unit 2); the letters
represent the names of the analysed normal faults from the 3D seismic data. The red rectangle
borders the A, B and C faults which are analysed in detail. The traces of the faults A and B are
bordered by longitudinal folds on the hangingwall side. The steepest reflector dips occur on the fold
limb adjacent to the fault traces and are consistently down towards the basin. (b) TWT structural map
of horizon H6 (intra syn-rift). Note the basinward migration of the hinge line of the hangingwall
syncline and the decrease in the density of the faults compared with the fault density within the pre-
rift sequence (see Figure 4.1c or 4.4a). (c) and (d) interpreted seismic profiles orthogonal to the
studied faults. Location in Figure 4a and b (see text for detailed description).
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Figure 4.4 (c) and (d) Interpreted seismic profiles orthogonal to the studied faults. Location in

Figure 4.4a and b (see text for detailed description).
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characteristic for compaction folds in the hangingwalls of normal faults (Skuce, 1996). The
instantaneous phase attribute also highlights seismic reflections within the syn-rift sequence that onlap
onto the steep limb of the monocline. These onlaps are an indication of the fold growth, rather than
the effect of compaction. Furthermore, a combined tensor-semblance-discontinuity attribute
(Henderson et al., 2012) indicates the presence of secondary faults (steeply dipping normal faults or
even small reverse faults) associated with the monocline that, presumably, accommodated folding
(Figure 4.5c). These secondary faults resemble structures of normal fault-propagation folds modelled
in clay (Withjack, et al., 1990), and described in other rift settings which exhibit extensional fault-
propagation folds, e.g. Suez Rift, NW Egypt (Sharp et al., 2000; Khalil and McClay, 2002). Fault dips
are commonly observed to be gentler within the syn-rift and late pre-rift sequences (mechanical units
3 and 2) compared with the early pre-rift sequence (MU 1) (e.g. see segments b, e and f in Figure
4.4c and 4.4d; and the fault dip attribute map in Figure 4.9b). The change in fault dip therefore
corresponds to the change in lithology from the mechanically competent Triassic sandstones (H1 and
below), to the Lower-Middle Jurassic interbedded shale-sandstone succession (H1-H3) and Upper
Jurassic shales (H3-H7). The overall effect is to generate pronounced convex upward fault geometries
(Figure 4.4c and 4.4d) but, because the upward transition to gentler fault dips occurs within the pre-
rift interval, differential compaction should be secondary in respect to other factors. We can explain
the difference in dips by the variation in shear failure angles within rocks that have different
mechanical properties (Mandl, 1988), with higher angle faults developed within the mechanically
competent Triassic sandstones (MU 1). These observations have important consequences for
understanding the vertical segmentation of faults across the different mechanical units, a point we

return to in the following section.
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Figure 4.5 (a) 3D view of the breached monocline along Fault B; (b) Section (S3) displaying the
instantaneous phase attribute and showing the breached monoclines associated with Fault B. The
instantaneous phase attribute enhances visualization of the reflector configuration, and highlights the
onlap of reflectors onto the limb of the monoclinal fold. (c) Hangingwall fold associated with Fault A
(location in Figure 4.4a) with combined tensor-semblance-discontinuity attribute volume (right) that

enhances visualization of secondary faults within the hangingwall of Fault A.
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4.4.2. Spatial and stratigraphic variations in fault throw and fold amplitude

Figure 4.6 is a T-x profile showing the variation in throw (i.e. the discontinuous component of
vertical displacement) along the strike of faults A, B and C. We observe a systematic decrease in
throw towards the SW, with the largest throws within the pre-rift sequence (H1 level) reaching 300
ms (~450 m) along fault A and decreasing to a maximum of ~100 ms (~155m) along fault C. Note
that fault A continues beyond the NE limit of the 3D seismic volume. The profiles for faults A and B
display distinct throw minima that correlate with undulations in the fault trace, fault surface
corrugations and the locations of transverse hangingwall folds (Figure 4.1c, Figure 4.6 and Figure
4.9a). These observations suggest that at H1 level, fault A comprises at least three linked fault
segments and fault B comprises two linked segments (B1 and B2 in Figure 4.1c). We propose that
faults A and B formed through the coalescence of multiple fault segments and that “corrugation

zones” mark the locations of former segment boundaries (Figure 4.6 and Figure 4.9a).

The syn-sedimentary nature of the faults is reflected by a systematic, upward decrease in throw within
the syn-rift interval (H3-H7) (Figures 4.6 and 4.7), and by the horizontal pattern of the throw
contours projected onto the fault surface (Figure 4.8) (Childs et al, 2003). Some of the throw-depth
(T-z) profiles display an upward decrease in throw within the pre-rift interval (between H1 and H2-
H3 for profiles P2-P6; Figure 4.7) as a consequence of folding. Figure 4.6 shows that the amplitude
of folding (measured on H3) approximately compensates for decreases in throw, and varies
significantly along the strike of the fault. Folds are not observed adjacent to faults B2 and C, which
display throw maxima at H3 level, i.e. at the top of the pre-rift interval (profiles P7-P9, Figure 4.7
and Figure 4.8). Another observation that can be made from the T-z profiles is that within the syn-
faulting interval, the throw values for H6 and H5 markers are very similar (Figure 4.7), which
indicates either that the ~40-50 ms (60-80 m) displacement post-dated deposition of H5-H6, or that

the ratio of fault throw rate to sedimentation rate may have decreased during this interval.
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Figure 4.6 Throw-distance profiles for the 3 analysed fault segments A, B and C (located in Figure
4a). The throw decreases systematically from NE (right) to SW (left), and from the pre-rift (H1) to
syn-rift horizons (H3-H6 horizons). The component of ductile deformation (folding) on the H3 horizon

was measured separately (stippled line).

Previous studies have shown that bends in a fault plane, such as those described in the previous
section, can result from vertical fault segmentation and linkage within an incompetent mechanical unit
(Childs et al, 1995). Fault L (Figure 4.1c, Figure 4.2 and Figure 4.10) provides a clear example of
vertical segmentation across contrasting mechanical units. Figure 4.2 and Figure 4.10c show there is
a marked upward decrease in the dip of fault L, which corresponds to the lithological boundary
between the mechanically competent Triassic sandstones of MU 1 and the interbedded, Early-Middle
Jurassic succession of MU 2. This change in dip coincides with a throw minimum that separates two
distinct throw maxima within MU 1 and the Middle Jurassic H and | Sands (H2) within MU 2 (Figure
2 and Figure 4.10 b). Based on these observations, we infer that the upper, en-echelon segments La,
Lb and Lc (Figure 4.10) probably nucleated within the Middle Jurassic H and | sands, and linked with

the deeper L1 and L2 segments within the underlying, incompetent Lady's Walk Shale formation.
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This vertical linkage generated a convex upward fault geometry, with a pronounced bend developed
in the linkage zone (Figure 4.2), expressed by the gentle fault dips and displacement minima (Childs
et al, 1996). The fault bend geometry is controlled by the spatial position of the upper segments (e.g.
La, Lb and Lc) relative to the location of the deeper main faults (e.g. L1 and L2). Essentially, the fault
bend (or fault ramp) is controlled by the separation distance between the vertically segmented normal
faults, with the widest ramp corresponding to the largest segment separation. As a consequence, the
locations of the bends in the fault plane can be variable along strike of the fault array and explains the
observed geometries of the analysed faults (Figures 4.9 and Figure 4.10). The changes in fault dip
correspond, in some cases, with downward-bifurcation of fault segments, in which relay ramps are
breached at shallower levels but remain intact at depth (Figure 4.10). These fault patterns, which are
similar to the geometry of the faults A and B, are unusual for coherent fault models that describe fault
growth by upward-bifurcation (Walsh et al, 2003), suggesting again vertical linkage (Marchal et al.,
2003; Jackson and Rotevatn, 2013; Rotevatn and Jackson, 2014) by downward propagation of

segments that nucleated within the shallower Jurassic sequence.

The relationship between vertical segmentation and folding is illustrated in Figure 4.4c and 4.4d.
Here, we observe that segments b, e and f dip gently within the syn-rift section and that the linkage
with the deeper main faults varies along strike. Close to its lateral tip (where the displacement is
small), fault F is not hard-linked to the overlying segment f. Instead, the two faults are separated by a
monocline that overlies the upper tip line of fault F (Figure 4.4a, 4.4b and 4.4c). Analogue models
indicate that discontinuities within layering (analogous to the heterogeneities in mechanical properties
of the MU2 and MU3) tend to promote breaching of the monocline by downward propagation of a
fault that nucleates at shallow depths above the footwall of the main, underlying fault, and which are

not initially hard-linked to the main fault (Bonini et al., 2015).
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Figure 4.7 Throw-depth (ms) plots for 9 profiles across the studied faults. The maximum throw is
located within the pre-rift section (pre-H3) but varies along the strike of the fault array. The SW part
of the B segment and C segment (P7-P9) are characterised by throw maxima at the base syn-rift level

(H3). For the other profiles, the lower throw values at base syn-rift are the result of folding.
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Figure 4.9 Strike projections of the analysed fault surfaces displaying: (a) Fault cylindricity attribute
indicating possible zones of lateral corrugation (cz); The cylindricity attribute calculates the average
deviation relative to the best fit surface plane (in Move); (b) Fault dip — note the sharp decrease in
fault dip above horizon H1. This change in dip corresponds with a change in lithology, from the
Triassic sandstone (mechanical unit 1) to Jurassic shale-sandstone interbedded sequence (mechanical
unit 2; see Figure 4.2).

Figure 4.10 — next page (a) 3D diagram showing segmentation of Fault L (location in Figure 4.1c
and 4.5a) and the main interpreted horizon surfaces adjacent to the fault. Fault-related deformation
is characterised by the high bed dips associated with the uppermost surface (H3) in the vicinity of the
fault trace Lc and above the adjacent blind segments. (b) Strike projection of Fault L contoured for

throw. (c) Strike projection of Fault L contoured for dip.
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A similar situation is indicated by high reflector dips observed above other fault arrays within the 3D
seismic volume. For example, horizon H3 displays high reflector dips above the tip lines of segments
La, Lb and Lc (Figure 4.10a, H3 horizon dip map). This observation is consistent with folding ahead
of the propagating tip of the “L” segments (Ferrill et al., 2007; Long and Imber, 2010). With
increasing displacement, we suggest that the monocline (expressed by high reflector dips at H3 level),
is likely to be breached completely and subsequent translation of the hangingwall across the convex
upwards fault plane will increase the amplitude of the initial fault propagation fold, possibly
completely overprinting it. The final amplitude of the fold will therefore vary along strike as a
function of the initial amplitude of fault propagation-fold, the amount of throw, and the geometry of

the fault bend.

4.4.3. Summary of key observations and inferences

Mechanical unit 1 is characterised by steeply dipping faults that accommodated localized
displacement with little evidence for associated folding. Fault dips are gentler within MU 2 and 3,
reflecting the lower shear failure angles associated with these mechanically less competent units, and
vertical linkage zones with the main faults. Fault propagation folds overlie the upper and lateral tip
lines of faults within MU2 and 3, and we infer that the competence contrast between MU 1 and the
overlying strata promoted vertical segmentation and linkage of faults. Contrary to a previous study,
several observations suggest that differential compaction is unlikely to have been the primary

mechanism responsible for fold generation. We now investigate the fold growth in more detail.

4.4.4. Folding mechanisms

Fault-propagation folding

Isochore thickness maps provide insights not only into the growth of the faults but also on the early

growth and development of the fault related folds. Figure 4.11 shows the stratigraphic thickness of
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the early syn-rift interval (H3-H4). Hangingwall syncline depocentres are observed along the strike of
faults A and B. Figure 4.11b is a graph of the stratigraphic thickness of the H3-H4 interval measured
along strike of the fault in the footwall, in the hangingwall and within the hangingwall syncline. We
observe that the maximum recorded thickness is located predominantly within the syncline
depocentres. Similar thicknesses in the footwall and in the proximal part of the hangingwall along
parts of A and B suggests that, at the time the H3-H4 sequence was deposited, parts of these faults
were blind and overlain by a gentle monocline, with growth strata onlapping the monocline limb
(Figure 4.11b and Figure 4.10). At this stage, the amplitude of the monocline reached ~ 40 ms (50-60
m), indicated by the difference in the real stratigraphic thicknesses of the syn-faulting deposits in the
syncline and in the proximal part of the hangingwall, with the condition that this latter thickness is
similar to the stratigraphic thickness in the footwall (Figure 4.11b). We suggest that vertical
propagation of faults A and B was inhibited within the ductile, shale-dominated Early-Middle Jurassic
sediments, most likely within the Lady’s Walk Shale Formation, considering that horizon H2 is also
folded. Other faults from the study area that exhibit vertical segmentation (e.g. faults L, N) display
lateral offsets or dip linkage (and associated bends in the fault plane) within the same stratigraphical

level.

The formation of a fault propagation fold is controlled by the relative position of the upper tip-line of
the faults with respect to the mechanical stratigraphy, in our case, by the presence of MU 2. Our
observations show that the elevation of the vertical tip-line was very variable along the strike of the
fault ABC, hence a question arises: why in some places was the upper tip line buried beneath the free
surface (developing a fault propagation-fold) whilst in other places, for example along the conjugate
fault pairs B2-H and C-I, did the fault breach the depositional surface shortly after the onset of rifting?
We do not have any evidence from wells, or from the analysis of the seismic facies, of any significant
lateral changes in lithology or a decrease in thickness of MU 2, which together could enhance upward
propagation of the faults and early surface breaching. Expansion indices (Thorsen, 1963) show
constantly higher values for faults C and B2 for the H3-H4 interval, compared with segment B1 and

parts of A (Figure 4.11c).
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Figure 4.11 (a) Isochore thickness map of the H3-H4 early syn-rift sequence. (b) Graph with the
thickness of the H3-H4 growth sequence measured in the immediate vicinity of the fault trace, in the
footwall (dashed red line), in the hangingwall (light black line) and in the hangingwall syncline (bold
black line). The fault propagation folds (FPF) are identified where maximum thicknesses are
recorded within the hangingwall syncline, and the thicknesses of syn-rift strata within the footwall
and proximal part of the hangingwall are similar. (c) Expansion indices measured along strike of the
faults.

These high expansion indices can be an indicator of the high displacement rates on these two faults
during deposition H3-H4, which is consistent with their early breaching of the surface. We propose a

mechanical explanation for these observations in the Discussion section.
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Fault-bend folding

The present-day fold amplitudes on horizon H3 are very variable (stippled line on the T-x profile,
Figure 4.6), and larger than the amplitudes inferred to be solely the result of initial fault propagation
folding (Figure 4.11). Figure 4.9b shows that the lateral distribution of folds correlates well with the
extent of regions characterised by upward decreases in dip of the ABC fault plane. We observe that
the fold amplitude is largest where there is a more pronounced change in the fault dip with depth
(adjacent to faults A and B1) (Figure 4.6). The increase in the fold amplitude of H3 also seems to
correlate with increasing displacement of the H1 horizon (Figure 4.6). At shallower levels, Figure
4.4b and 4.4c show that the H6 horizon developed a broad anticline flanked by a depocentre
immediately adjacent to the trace of fault b, and another broad, distal synclinal depocentre parallel
with the fault trace. This morphology is similar to the hangingwall geometries developed above ramp-
flat-ramp normal faults (McClay and Scott, 1991; Rotevatn and Jackson, 2014). We will come back to

discuss the relation between fault-bend and fold amplitude in the following sections.

4.5. Analysis of normal faults and fault-related folds from a regional (basin-wide) dataset

4.5.1. 2D geometry of faults and fault-related folds

To obtain a more representative sample of the extensional fault-related folds from the IMF basin, we
analysed a further 57 cross-sections from the regional 2D seismic dataset in addition to measurements
of the 18 faults interpreted from the 3D survey. Examples of the analysed extensional folds are
illustrated in Figure 4.12. Most of the faults terminate within the syn-rift sequence and are associated
with monoclinal folds above their upper tip points (Figure 4.12a and 4.12b). Some of the monoclines
are breached by their associated faults, resulting in normal drag-like fold geometries within the
hangingwall (Figure 4.12e). The following key observations suggest that the analysed monoclines
originated as fault propagation folds: (i) the folds display an upward widening geometry; (ii) there is a
gualitative relationship between the amplitude of the monoclines (breached or unbreached) and the
amount of throw recorded within the pre-rift sequence; and (iii) in some, but not all cases, reflectors
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within the syn-rift sequence onlap onto the fold limbs (Figure 4.12a, 4.12b and 4.12c). Where stratal
onlaps are absent, seismic reflectors within the syn-rift sequence have a sub-parallel to slightly
divergent pattern away from the fault, with minor differences in thickness between the hangingwall
and footwall strata. This observation can be explained by the relatively high sedimentation rates (150-
400 m/Myr) in this part of the basin (Davies et al, 2001), which exceeded the relatively low fault
displacement rates (Nicol et al, 1997). This interpretation is consistent with the relatively low
expansion indices for the H3-H4 interval, compared to the younger analysed intervals (Figure 4.11c).
Consistent with our interpretations of the 3D seismic data, breaching of fault propagation folds occurs
either by upward propagation of the main faults from below, or by downward propagation of
shallower fault segments that nucleate within the syn-rift sequence (i.e. MU 3), typically within the
footwall domain of the monocline (Figure 4.12c, 4.12e and 4.12f). In the latter case, vertical linkage

with the deeper faults may give rise to irregular fault traces.

In summary, our observations and inferences based on the basin-wide, 2D seismic dataset corroborate
our initial conclusions based on detailed analysis of the (spatially restricted) 3D seismic dataset,
providing confidence in the general applicability of our results. We now undertake a quantitative

analysis of fold growth and breaching using the combined results from both datasets.

4.5.2. Quantitative analysis of fold growth and breaching

Our observations show that conjugate faults (e.g. faults B2, C and H, |) tend to breach the depositional
surface soon after the onset of rifting. We therefore sub-divide the data into two categories based on
the fault geometry. “Simple” normal faults are those not associated with a conjugate pair, whilst
“conjugate” normal faults are those that interact (and may share a sub-horizontal branch-line) with
opposite-dipping faults (Figure 4.12 and Figure 4.13). Conjugate normal faults may display a cross-
sectional V-style geometry if throw is similar on both faults and a Y shape, if displacement is larger
on one fault than the other (Nicol et al, 1995). The amplitudes of breached and intact monoclines were

measured for two horizons, H3 and H4. Although the data are relatively scattered, we observe that
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conjugate faults tend to have smaller associated fold amplitudes compared with simple faults (Figure
4.13a and 4.13b). For example, only 8% of the analysed simple normal faults have no associated
folding on horizon H3, compared to 41% of the conjugate faults (Figure 4.13a). 51% of the simple
normal faults in our sample are associated with folds that accommodate more than half of the total
throw (i.e. ratio of fold amplitude/total throw > 0.5; Figure 4.13a), compared with only 8% of the

conjugate faults.

Figure 4.13 also shows that fold amplitudes vary from 0% to 100% as a proportion of the total
displacement (fault throw + fold amplitude) on the two interpreted horizons: H3 (top MU 2) and H4
(intra MU 3). By comparing the ratio of fold amplitude to the total throw on each horizon, we are able
to explore the influence of the two different mechanical units on the magnitude of ductile
deformation. The extensional fold amplitudes measured for horizon H4 are typically larger than the
fold amplitudes of horizon H3 (Figure 4.13a and 4.13b). The largest amplitude recorded for an intact
monocline (fold amplitude/total throw = 1) for H4 is 120 ms compared with 50 ms for H3. Larger
amplitude values observed for breached monoclines (fold amplitude/total throw < 1) can be explained
by increased bed rotation within relay zones (e.g. between vertically segmented faults) and/or by

movement of the hangingwall across a bend in the fault surface, which we discuss, below.

Fault-propagation fold geometries (in terms of monocline amplitude and wavelength) can be
described by kinematic parameters such as propagation to slip ratio (P/S) and apical angle, which
together define the trishear zone of deformation located above propagating blind faults (Hardy and
Allmendinger, 2011). P/S ratio, the main controlling factor on the amplitude of the fold, represents the
propagation of the fault with respect to the displacement accrued, and is influenced by the mechanical
properties of the rocks and the effective confining pressure (Cardozo et al., 2003). Incompetent
lithologies tend to inhibit fault propagation by accommodating larger amounts of strain before failure,
while more competent layers are characterized by localized brittle shear fractures. The larger fold
amplitudes observed on horizon H4 compared to those associated with H3 are consistent with lower
P/S ratios associated with propagation of the fault through the shale-dominated H3-H4 interval. This

interval, which is part of the syn-rift, mechanical unit 3, has a higher proportion of incompetent shale
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layers (>90 %) than MU 2 (62%). This observation suggests that fault propagation rates, as a
proportion of fault displacement rate, vary according to the ratio of incompetent versus competent
lithologies, given that the bulk thickness of the two stratigraphic intervals is similar. The relatively
early breaching of the interbedded MU 2 — despite its likely propensity to deform by layer-parallel
slip — is consistent with the models of Bonini et al. (2015), which indicate breaching of the monocline
by downward propagation of a fault that nucleates at shallow depths above the footwall of the main

fault.

As previously shown, vertical linkage may generate a bend in the fault plane that, with increasing
displacement, will promote further fold growth as a result of hangingwall translation over the convex
upward fault plane. Figure 4.13d shows a series of vectors, plotted in fold amplitude vs. total throw
space, that illustrate the growth of fault-bend folds on horizon H3 within the 3D seismic survey area.
The left-hand point on each vector corresponds to the amplitude of the precursor fault propagation
fold (zero in some cases). The right-hand point on each vector corresponds to the final fold amplitude
(at the cessation of fault movement) resulting from fault propagation and fault-bend folding.
According to Groshong (1989), the relationship between fault throw and the amplitude of a fault-bend
fold depends primarily on the bend geometry, which is given by the change in fault dip. The
maximum throw on the faults presented in Figure 4.13d is similar to the thickness of MU 2, hence we
assume a linear relationship between fault throw and fault-bend folding, since horizon H3 (top of
MU2) is not completely displaced over the fault bend. In this situation, steeper gradients (e.g. vectors
A and B) correspond with more pronounced bends in the fault surface, while lower gradients (e.g.
vector C) are characteristic of more planar faults, which lack or have smaller associated folds (Figure
4.13d and Figure 4.9). These observations suggest that the final fold amplitude is the result of both
fault propagation and fault-bend folding processes, and that the relative importance of each

mechanism may vary significantly along the strike of a single fault array.

123



Chapter 4

BuljoouoL
payoeaig

£8U1jo0UOW Payoeaiq)

Belp jewuoN

IHIE\

- J1addn Aq payoeaiq auioouopy

—

[ sepnyidwe jews Ajoanejel
UM SPIO} pajejel-jine

| oex="3N | w 0001

WXH

Y e 31 | 10002

Wne; ue

syuawbes [eaap

[ eX="3A |

(¢,@upouow

payoeaiq)
Belp |ewioN

'
Illl"l o~
“’/MWIWEI

(P
auijoouow |
payoeaig

BUI[ooUO

lil\!\llluwl.\l!llil@_

simple” and

6 .

Figure 4.12 Examples of fault-propagation folds associated with different sets of

interpreted from regional 2D seismic profiles across the IMF (see text

normal faults,

conjugate”

I

for explanations).

124



Normal fault-related folding

O Simple faults H3
®  Conjugate faults H3

Om

a 1 :0om: Monocline
0.9
08
2
o
£
£ 07
5 .
o 06 = A
P k!
0 |
D o5 S8
o L e
=1 22 -
= : oy
Q. 04 7
© 03q B
S w0 & oo
e n g el
0.14 LR
o
0 -
0 50 100 150

8 T T T T T
200 250 300 350 400 450 500
Total Throw (ms)

o

14 Awbame-aA A Monocline

A 4 a Conjugate faults H4
A
i
A 2
A~ 20 mg
~.ZQOms ¥
. 80msA- b
Tt B0ms TTtreeell,,
& TReway 40/715 .............
----- Fold ampiitude 20 s T e

A Simple faults H4

0.9 ‘
MR
= 03 &2 :'A PR - T
2 EEaN
For{ i 1 &%
T :a F Ay
B : &
Bos] i i
~ 2 s g
o A
o 05 3
2 i
g- 0.4 L
< A,a© A
B o3 &,
o
LL .
02 C. A
0.1 A
G —— — —
0 50 100 150

2(')0 2;0 3(I)0 3;0 460 4;0 560
Total Throw (ms)

Figure 4.13 (a) Ratio of fold amplitude to total throw vs. total throw for horizon H3 (part of

mechanical unit 2) measured on both 2D and 3D seismic data on two types of faults, simple normal

faults and conjugate normal faults. (b) Ratio of fold amplitude to total throw vs. total throw for

horizon H4 (part of mechanical unit 3). See continuation on the next page.
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Figure 4.13 (c) Fold amplitude vs. total throw measured for the two horizons, H3 and H4. (d) Fold
amplitude vs. total throw for horizon H3 measured on faults from the 3D seismic data set only. A, B,
C are measurement localities for the faults displayed in Figure 4.9. The vectors show possible
evolution of folding with increasing fault throw (see text for explanation). Fault-propagation folds are
characterized by vectors with a gradient of 1.0 (folding = throw), while fault-bend folds are
characterized by vectors with gradients from 0.11 to 0.5. The gradients correlate with the change in
fault dip within mechanical unit 2 with higher gradients reflecting a larger change in fault dip (see
Figure 4.9).
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4.6. Discussion: mechanical interaction between faults and implications for fault propagation

and fold development

Geomechanical models indicate that faults interact with the elastic stress fields of neighbouring
segments, resulting in asymmetric displacement distributions and preferential locations of slip and/or
fault propagation (Willemse et al., 1996; Crider and Pollard, 1998; Maerten et al., 1999). Maerten et
al. (1999) used boundary element models to analyse the displacement distribution for Y-shape
conjugate normal faults within a homogeneous elastic medium, whilst Young (2001) used finite
element models to investigate the slip distribution for V-shape conjugate normal faults within a
heterogeneous elastic medium (Figure 4.14). Their results showed that conjugate faults are
characterized by asymmetric vertical displacement gradients, supporting previous observations from
seismic data (Nicol et al, 1995). They postulated that the asymmetry is unlikely to be the result of
nucleation of faults on different layers, but rather is the effect of mechanical interaction between the
opposite dipping segments. The models showed that conjugate normal faults display asymmetric
displacement distributions that vary with distance between the conjugate segments and the mechanical
properties of the material (Young, 2001). Figure 4.14c shows how the Poisson’s ratio of the layer
containing the fault intersection (i.e. the branch line) influences the fault displacement distribution.
The threshold of volumetric strain is lower for less compressible rocks (higher Poisson’s ratio)
resulting in high horizontal compressive stresses within the fault intersection region. In this case, the
mechanical models predict an upward shift of the locus of maximum displacement towards the upper
fault tip. This skewed displacement distribution, with higher displacement gradients near the upper
tip, implies a greater tendency for preferential upward fault propagation. Specifically, previous studies
have shown that the spatial energy release rate, which is a measure of the energy required for a
fracture to propagate, is directly proportional to displacement and displacement gradients (Aydin and

Schultz, 1990; Willemse and Pollard, 2000).
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Normal fault-related folding

The displacement analysis of simple and conjugate normal faults from the IMF basin shows that the
displacement maxima for conjugate normal faults is shifted upwards in the stratigraphic section, to
within mechanical unit 2 (Figure 4.7 and 4.8). In contrast, simple normal faults tend to have
displacement maxima within MU 1 (e.g. Figure 4.6). The smaller fold amplitude to total throw ratios
associated with conjugate faults (Figure 4.13) can therefore be explained by high, upward fault
propagation rates due to mechanical interaction between the opposite dipping faults. As a
consequence, conjugate normal faults that intersect within layers with low compressibility display
geomechanical characteristics favourable for migration of stress concentrations near the upper fault
tips. These stress perturbations enhance upward propagation of the fault, generating higher P/S ratios
and result in the early breaching of the free surface, and the development of low amplitude
extensional folds, or no folding at all. Nevertheless, because some of the conjugate pairs may have
formed as a result of incidental intersection of opposite dipping faults (Nicol et al., 1995), it is
possible that the faults initially developed as isolated simple normal faults, without mechanical
interaction with other faults, at an incipient stage in their evolution. As a consequence, some
conjugate faults, typically displaying Y type geometries, may exhibit symmetrical displacement
distributions and associated fault propagation folding that is similar to simple normal faults. Further

analysis of these faults is required to test this hypothesis.

Figure 4.15 Schematic model summarising the mechanisms responsible for generating spatial and
temporal variability in normal fault-related folding within IMF. The heterogeneous sedimentary
unit favours fault restriction, segmentation and development of fault-propagation folds (1, 2).
Linkage of the main deeper fault with the upper en-echelon segments can generate convex-upward
fault geometries and further development of fault-bend folding (3) (modified from Lacazette, 2001).
The bend in the fault plane (and the associated folding) is localized and depends on the lateral
separation between the upper segments and the main fault. Conjugate faults tend to breach early

the depositional surface without developing significant folds ahead of the propagating upper tip

(4).
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Figure 4.16 Geological cross-section from Suez Rift (modified from Whipp, 2011). Note the large
amplitude hangingwall folds associated with the simple normal faults (Hadahid fault, the rift-
border fault). The conjugate West and East Gordi faults display little or no folding in their
hangingwalls.

Our findings show that the development of normal fault-propagation folds can vary significantly
within a sedimentary basin and will depend not only on the presence of incompetent layers capable of
inhibiting fault propagation and causing vertical fault segmentation, but also on the distribution of
stress perturbations caused by mechanically interacting normal faults (Figure 4.15). We hypothesise
similar relationships should exist between faults and folds in other extensional basins. Seismic data
from the Wytch Farm oil field in the Wessex Basin (southern England) reveal similar, vertically
segmented normal faults (Kattenhorn and Pollard, 2001). Displacement maxima are shifted towards
the upper fault tips (within the Middle Jurassic Top Cornbrash sandstones) for conjugate faults,
compared with the more symmetrical throw distribution for simple normal faults, which have
displacement maxima within the Lower Jurassic Bridport and Triassic Sherwood sandstones (see
figures 17 and 18 E in Kattenhorn and Pollard, 2001). The same mechanism can potentially explain
the variable development of the normal fault propagation-folds seen in other rift settings, such as the
Suez Rift, NW Egypt (Figure 4.16, from Whipp, 2011). Here, folds are poorly-developed adjacent to

the conjugate West Gordi and East Gordi normal faults. In contrast, large amplitude breached
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monoclines are developed adjacent to the “simple” Hadahid fault or the rift-border fault (Figure 4.16,
from Whipp, 2011). The section in Figure 4.16 is overly-simplified, but Whipp (2011) showed that
the faults dip at ca. 80° within the basement and overlying Nubian sandstone. In the overlying,
interbedded sequence, fault dips decrease to 60-70°, and the faults are vertically segmented. It is
likely that translation of the hangingwall monoclines (such as that associated with the Hadahid Fault)
across the irregular fault surface contributed to the amplification of the fold amplitude, similar to the

example presented from IMF and synthesized in the model shown in Figure 4.15.

47. Conclusions

Our observations from the Inner Moray Firth basin show that:

(i) The development of a normal fault-related fold can be explained by the contribution of
several mechanisms, the relative importance of which change during the growth of the normal fault
system. The mechanisms evolve from fault-propagation folding, vertical and horizontal segment
linkage to fault bend folding (Figure 4.15).

(if) The heterogeneous mechanical properties of the host rocks control the fault segmentation and
amplitude of fault propagation folding. Shale-rich incompetent layers inhibit fault propagation
generating larger amplitude unbreached monoclines. The larger fold amplitudes observed in the shale-
rich, syn-rift sequence (mechanical unit 3) compared with the underlying, interbedded pre-rift
sequence of similar thickness (mechanical unit 2), demonstrate the importance of the ratio of
incompetent to competent strata (net-to-gross ratio) in arresting upward fault propagation and
controlling the magnitude of ductile deformation.

(iii) The occurrence and development of the normal fault-related folds is influenced not only by
the mechanical stratigraphy and fault geometry, but also by the mechanical interaction between fault
segments of a normal fault system. Although incompetent stratigraphic units, dominated by weak
lithologies can inhibit vertical propagation of the faults, generating vertical segmentation or

development of monoclines above the fault vertical tip-lines, we showed that some faults can breach
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the free surface very early without developing fault-tip monoclines. The variability of normal fault-
related folding can be explained by the enhanced vertical propagation due to mechanical interactions

between opposite dipping normal faults.
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| Chapter 5 |

Breaching of relay ramps bounded by surface-breaking normal faults

Abstract

The accumulation of strain and eventual breaching of relay ramps are fundamental to the growth of
normal faults. Data obtained from breached relays in various geological settings, and spanning > 6
orders of magnitude in length scale, demonstrate that relay ramps on surface-breaking normal faults
breach preferentially by propagation of the rear fault across the upper section of the ramp. There is a
positive relationship between the fault-parallel relay ramp shear strain at the time of breaching and
increasing displacement on the relay-bounding faults. Ramps that fail by propagation of the rear fault
tend to breach at higher ramp strains and later in the growth history of the bounding fault array than
ramps which fail by propagation of the front (hangingwall) fault. Where hangingwall breaching does
occur, it tends to happen at an early stage in the growth of the bounding faults. The likelihood of ramp
breaching on surface-breaking normal faults depends not only on ramp shear strain and the throw /
separation (T/S) ratio of the relay-bounding faults, but also on how the throw is partitioned between
the bounding faults. For T/S ratios between 0.3 and 0.9, the probability of ramp breaching increases if
the throw on the front fault, Tr-, is less than ca. 1.3 times greater than the throw on the rear fault (Tre).
These data are consistent with the results of mechanical models, which predict larger shear stress
drops within the hangingwalls (compared with the footwalls) of surface-breaking normal faults,
favouring propagation of the rear fault. In the cases where Tgr >> Tgg breaching requires
accumulation of high shear strains and T/S ratios. Our results demonstrate that the mechanical
interaction between the relay-bounding faults and the Earth’s free surface is a first-order control on

ramp breaching and hence growth of surface-breaking normal faults.
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5.1. Introduction

Fault relays are ubiquitous structures in the Earth’s crust, observed over a wide range of scales (Long
and Imber, 2011). Relay structures occur where displacement is transferred between two or more
faults that strike sub-parallel to one another and dip in the same direction (Larsen, 1988; Peacock and
Sanderson, 1991; Peacock and Sanderson, 1994; Trudgill and Cartwright, 1995; Childs et al, 1995;
Huggins et al., 1995; Fossen and Rotevatn, 2016). The volume of rock between the fault segments
across which displacement is transferred becomes strained, and is referred to as a relay zone. Where
steeply-dipping, normal faults cut and offset sub-horizontal strata, the beds within the relay zone are
rotated, giving rise to relay ramps (Figure 5.1). The fault segments can branch at depth from a single
fault or can be completely separated (Walsh et al., 2003), but in many cases appear to act in a
geometrically and kinematically coherent manner (Walsh and Watterson, 1991). As fault segments
grow by accumulating slip (Walsh and Watterson, 1988; Dawers and Anders, 1995; Walsh et al.,
2002; Jackson et al., 2016), their stress fields overlap and interact (Pollard and Segall, 1980; Aydin
and Schultz, 1990; Willemse, 1997; Crider and Pollard, 1998; Gupta and Scholz, 2000). As a result,
propagation of the fault tips is impeded, leading to high displacement gradients on the relay-bounding
faults, and strain accumulation within the relay zone. A relay ramp becomes breached when a
breaching fault propagates across the ramp, linking the relay-bounding faults and, in some cases,
causing the ramp and/or the tip of one or both relay-bounding faults to become inactive (Peacock and
Sanderson, 1994; Ferrill et al., 2001; Imber et al, 2004; Soliva and Benedicto, 2004; Fossen and
Rotevatn, 2016) (Figure 5.2). Relay breaching can occur by: (1) propagation of the rear fault within
the upper (footwall) side of the ramp (Figure 5.2a); (2) propagation of the frontal fault within the
lower (hangingwall) side of the relay ramp (Figure 5.2b); (3) approximately synchronous propagation
of both rear and front faults, forming a double breached relay ramp; or (4) propagation of a mid-ramp
fault, which is also commonly observed (Figure 5.2c). As shown below, breaching can involve a
combination of styles, particularly where large, non-plane strains develop within a relay zone. As
such, relay growth and breaching is integral to the growth of normal faults in the Earth’s crust

(Cartwright et al., 1996).
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(a) Relay with small aspect ratio

Teel Tre=1

(b) Relay with larger aspect ratio

Teel Tre=1

Large overlap length

(C) Relay bounded by faults with asymmetric throw

>

Section’é Ter >>Tre

in (d)

(d)

Section through the ramp  Section through the ramp

parallel to the faults normal to the faults
Overlap Separation

............................. o Fault-normal,
Ramp Dip | Fayit-parallel shear strain
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Figure 5.1 — Schematic illustrations of intact (unbreached) relay ramps highlighting some of the
terminology used within the chapter. All the illustrated relay ramps display identical throw/separation
ratios if measured in the middle of the relay (white stippled lines represent the measured throw
location), but with variations in overlap length in (a) and (b) and asymmetric throw distribution in
(c). Increase in the overlap length for the same value of transfer throw measured in the middle of the
relay, results in smaller displacement gradients on the bounding faults (b), and smaller ramp parallel
shear strains (d); (d) Sections through the relay ramp from (c) in a direction parallel to (left) and
normal to (right) the overlapping faults.
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(a) Footwall breaching fault
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Figure 5.2 Schematic illustrations of the styles of breaching of relay ramps: (a) ramp breached by the
rear (footwall) fault; (b) breached by the front (hangingwall) fault; and (c) breached by a fault
developed within the middle of the ramp. In some cases the breaching occurs by a combination of
these styles.

In this study we focus on the breaching of relay ramps associated with surface-breaking faults. If
sedimentation occurs coeval with displacement on the surface-breaking faults, the faults are also
called syn-sedimentary. The study of syn-sedimentary faults is pertinent for several reasons. (1)
Where the sedimentation rate is equal to or exceeds the throw rate on the faults, offset of each syn-
fault horizon records the throw subsequent to its deposition, allowing successive growth stages of
each fault to be determined (Childs et al., 2003). (2) Seismogenic normal faults that interact with the
Earth’s free surface are likely to pose a greater seismic hazard than deeply buried faults, hence

understanding when and how relay ramps become completely breached can be critical for assessing
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the propagation of earthquake ruptures along segmented normal faults (Zhang et al., 1999; DuRoss et

al., 2016). (3) Syn-sedimentary normal faults are commonly observed to trap, or compartmentalize,

hydrocarbon accumulations in rift- and passive margin basins (Hardman and Booth, 1991). The state

of relay breaching controls the closure of normal fault-bounded hydrocarbon traps, which is

important when evaluating the risk and volume uncertainty of the traps (Richards et al., 2016), the

subsurface fluid migration pathways (Rotevatn et al., 2007), and/or the dispersal of syn-rift sediments

which can host potential reservoirs (Athmer and Luthi, 2011).

Previous studies have employed two distinct approaches to evaluate the nature and mechanism of

ramp breaching (Fossen and Rotevatn, 2016 and reference therein), in many cases treated somewhat

separately:

)

2

Empirical observations of intact and breached relays have been used to estimate the
probability of relay ramp breaching based on analysis of: (a) the measured finite strains
within ramps, specifically the amount of fault-parallel shear strain a ramp can support prior
to being completely breached (i.e. critical ramp dip; Fossen and Rotevatn, 2016); and/or (b)
the ratio between the transferred throw across the relay and the separation distance between
the overlapping segments (Imber et al., 2004; Soliva and Benedicto, 2004) (Figure 5.1). The
probability of breaching increases as the fault-parallel shear strain and throw / separation ratio
increase. Nevertheless, both parameters are one-dimensional measures that do not account for
commonly observed variations in relay ramp geometry (Figure 5.1a, b and Figure 5.3).

Mechanical models have been used to investigate the stress and/or strain under which relay
ramps are breached. Three-dimensional (3-D) boundary-element models predict the static
stress changes around the interacting, relay-bounding faults, and predict that breaching of
relays on normal faults is most likely to occur at the centre to upper part of the relay ramp
(Crider and Pollard, 1998) (Figure 5.2). 3-D distinct element models reproduce the
kinematics of fault propagation, ramp rotation and breaching. These models show that
breaching fault location is influenced by mechanical heterogeneities in the host material, and

that breaching fault propagation is not instantaneous: the ramp continues to rotate, and
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therefore transfer displacement between the relay-bounding faults, until they are fully linked

(Imber et al., 2004).

Although there is a significant volume of published literature on how normal faults grow, we believe
that a holistic approach is still needed to better understand the processes and mechanisms that govern
the linkage of normal fault segments. The aim of this study is to integrate empirical observations of
breached and intact relay zones with kinematic and mechanical models to explain the differences in
geometry (Figure 5.2), timing (relative to fault growth; Cartwright et al., 1996) and likelihood of
relay ramp breaching along surface-breaking normal fault arrays. This can be important for the
assessment of seismic hazards. Relays can act either as barriers to rupture propagation or as rupture
initiators, as stress tends to concentrate at segment boundaries. Understanding how relays become

breached can help mitigate some of the risks associated with surface rupture propagation.

Throw  ( > Relay Ramp
Separation Aspect Ratio
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Mechanical Mechanical :

Interaction Rock Properties '
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Figure 5.3 Diagram with the main parameters used in the evaluation of relay ramp breaching. The
simple criterions such as the throw/separation ratio or ramp shear strain are unidimensional and
cannot reflect in entirety the complexity of the breaching process. The combined criterions offer more
complete information on the internal strain and the two-dimensional geometry (aspect ratio) of the
ramp, which can reflect the control of lithology (Childs et al, 2016) and influence the mechanical

interaction between the bounding faults (Willemse, 1997).
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5.2. Datasets and methods
5.2.1 Datasets
The dataset used in this study comprises 128 relay ramps from high quality 3-D seismic surveys, high
resolution topographic data, outcrops and published literature (digital appendix) (Figure 5.4). The
compiled datasets cover a wide range of scales (nearly 6 orders of magnitude in terms of fault throw
and separation distance), and different host rock lithologies (clastic and carbonate sedimentary rocks;
volcanic rocks). We conduct a systematic, quantitative analysis of a subset of the total data (Section
5.2.2) obtained from two populations of seismically-imaged relay zones from the Inner Moray Firth
Basin (IMF), offshore UK, and the Laminaria High, offshore NW Australia. The IMF and Laminaria
High 3-D seismic surveys provide the largest number of relay zones among the various study areas,
and include fault arrays that cut and offset sedimentary successions with well-characterised
mechanical stratigraphy. In this way, we can (at least in part) document the influences of host-rock
variability and pre-existing structural heterogeneities within these two populations — factors that are
known to impact relay breaching (Fossen and Rotevatn, 2016) — which would be problematic using
the complete dataset from all study sites. The 3-D seismic datasets, geological setting and mechanical
stratigraphy of the IMF and Laminaria High areas have been summarised, respectively, by Lapadat et

al. (2016) and Long (2011).

The sampling interval of the seismic data analysed in this study is 2 ms. This means that the
measurement errors due to the limitations in vertical seismic resolution are negligible (below 2 ms).
The throws measured on seismic reflection profiles were converted from two-way-time (TWT) to
depth using time-depth relations from nearby wells (see Lapadat et al., 2016 for the IMF dataset and
Long, 2011 for the Laminaria dataset), in order to generate accurate measurements of fault throws and
ramp shear strains (Figure 5.1d). The vertical resolution of these datasets depends on depth and
acquisition parameters, and varies in general from 10 to 30 m, depending on the dominant frequency
of the seismic data. The analysed seismic volume covering the Parihaka fault from the Taranaki
Basin, offshore New Zealand (Giba et al., 2012) has a higher frequency content (60-70 Hz), resulting

in a vertical seismic resolution (i.e. tuning thickness) of < 10 m. We used this example to illustrate the
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Figure 5.4 Location map of the datasets and the type of data used in this paper (from this study and

from published literature).

style and distribution of small-scale faults at the tips of relay-bounding faults that cut and offset a

succession of unconsolidated, syn-fault sediments.

The component of seismic-scale lateral fault tip-folding (i.e. ductile deformation; Walsh and
Watterson, 1991) is included within the throw measurement in order to limit some of the uncertainties
associated with the sub-seismic fault throw resolution (Long and Imber, 2012). In all cases, whether
or not strain within the relay ramp is interpreted as being accommodated by brittle (discontinuous) or
ductile (continuous) deformation is dependent on the scale of observation and the seismic resolution
(Walsh and Watterson, 1991; Walsh et al., 1996). We therefore use a conservative definition of relay
ramp breaching in which the faults are physically linked at the scale of observation and, in many

cases, where at least one of the bounding faults is inactive.

5.2.2 Breaching parameters

We now define the quantitative parameters used to describe the ramp strains, and the nature and

timing of breaching within the studied populations of relay ramps:

Fault-parallel ramp shear strain is the ratio between the transfer throw and the fault overlap length
(Figure 5.1a, d), and has been previously used to investigate the breaching strains of relay ramps
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(Imber et al, 2004; Soliva and Benedicto, 2004). In this study, we re-define the transferred throw as
the average of the maximum throw on the front fault (Trr in Figure 5.1), measured in a direction
normal to the fault from the tip of the rear segment, and the maximum throw on the rear fault,

measured normal to the fault from the tip of the front fault (Trr in Figure 5.1).

Throw / separation ratio (T/S) is a parameter used to evaluate the probability of ramp breaching
(Soliva and Benedicto, 2004; Imber et al, 2004). In these former studies, throw (or displacement) was
defined as the sum of displacements on each fault segment measured on a line normal to the strike of
the relay-bounding faults at the centre of the overlap. Here, we define the transferred throw as
described in the previous paragraph and separation as shown in Figure 5.1a, an approach that allows

us to introduce the new throw asymmetry parameter.

Throw asymmetry is the ratio between the maximum throw of the front fault (T in Figure 5.1) and
the maximum throw of the rear fault (Tre in Figure 5.1), measured within the overlap region, i.e. T/
Tre (Figure 5.1c). As shown below, such asymmetry can influence the style, timing and likelihood of

ramp breaching.

Breaching index (BI) measures the timing of relay ramp breaching relative to the growth
(displacement history) of the host fault array (Cartwright et al., 1996). Bl is defined as the ratio
between the maximum throw on the inactive splay fault (Tse) and the total throw of the linked fault
(T+) measured at the point of breaching, i.e. Bl = (Tse/T7) * 100 (Figure 5.2). A low Bl value indicates

early ramp breaching; a high Bl indicates late breaching.

We first describe relay ramps and breaching fault geometries along pre-historical surface-breaking
normal faults from Inner Moray Firth (IMF) and Taranaki Basins imaged by high quality seismic
reflection data. We compare them with a well exposed active relay ramp from the Basin and Range
extensional province, which ruptured at the surface during a past seismic event (Wallace, 1984). We
then investigate the quantitative characteristics of two populations of breached relays from the IMF
and Laminaria High, making comparisons with data from other areas, including data from relays

associated with strata-bound, post-depositional normal faults (Section 5.3). In the final section, we use
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Poly3D software (Thomas, 1993) to compare the predicted stress fields around overlapping, surface-
breaking and deeply-buried normal faults with our observations of natural relays (e.g. Crider and
Pollard, 1998; Crider, 2001) (Section 5.4). Poly3D is a boundary element method which calculates the
stress tensor and displacements on discontinuities (faults) subject to an applied regional load (or

strain) within a homogeneous and isotropic elastic whole- or half space.

5.3. Analysis of relay breaching on surface-breaking fault arrays

5.3.1 Breaching characteristics of relay ramps

Segmented normal faults that cut and offset the Late Jurassic, syn-fault succession in the Inner Moray
Firth Basin (IMF), offshore UK display seismic-scale relay ramps (Figure 5.5). The majority of the
ramps in the IMF are breached by the footwall fault for either left-stepping or right stepping segments
(Figure 5.5a). Figure 5.5b shows the TWT structure map for the Top Triassic horizon, which lies
within the interbedded sandstones and shales of the uppermost pre-rift unit (Stevens, 1991). Here, the
relay ramp is at an incipient stage of breaching in the upper and mid-ramp sections. These faults
probably breach the ramp completely at a sub-seismic scale, given the limited resolution of the dataset
(tuning thickness of ~20 m). However, there is no evidence that either of the bounding faults
developed into an inactive splay. The fault-parallel and fault-normal shear strains within the ramp
(Figure 5.1d) are large — even compared with other relay ramps in the IMF (Figure 5.5a) — and the
hinges of the ramp are oriented ca. 45° from a direction normal to the faults strike. Seismic sections
through the relay ramp (Figure 5.5¢ and 5.5d) show the ramp dipping in a direction both parallel and

normal to the strike of the bounding faults (average dip of ca. 25°).

The throw gradients on the bounding faults are large and highly asymmetric. The gradient on the front
fault (ca. 0.70) is more than twice that on the rear fault (ca. 0.30) (Figure 5.6a). This throw
asymmetry is reflected by the difference in width of the heaves on the two faults (the black polygons
from Figure 5.5b). Interestingly the front fault curves away from the rear segment whilst the rear fault
curves towards the front fault, highlighting the propensity for upper ramp breaching.
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Figure 5.5 — previous page (a) 3D view of Top Triassic pre-rift horizon illustrating a segmented
normal fault-system from Inner Moray Firth (IMF), northern North Sea. Black arrows indicate some
of the other investigated relay ramps from the IMF. Note that all ramps are at different stages of
breaching and the ramp dips and internal deformation vary significantly from case to case. The
rectangle delineates the relay ramp imaged in (b). (b) TWT structural map of a relay ramp in an
incipient stage of breaching. Note the asymmetry of the fault heaves, with large heaves and curved
geometry associated with the front fault. This relay ramp is characterized by particularly high shear
strains in the directions parallel and normal to the bounding faults, indicated by the rhombohedral
geometry, with ramp hinges oriented obliquely (45°) to the bounding faults. (c) Seismic section
normal to the strike of the faults. (d) Seismic section along the dip direction of the relay; note the
large dips of the ramp (~25°) are accommodated by subtle faulting.

The segmented Parihaka fault system and associated relay ramps develop within a shale-dominated
growth sequence with sandstone interbeds from the Taranaki Basin, offshore New Zealand (Figure
5.7a). High sedimentation rates within the basin during the Plio-Pleistocene have resulted in syn-fault
strata that preserve the fault displacement histories and allow the kinematic evolution of the faults and
relay ramp to be interpreted (Giba et al., 2012). The fault throw increases systematically downwards
within the syn-fault interval, hence the relay ramp, which is at an incipient stage of breaching at
shallow depths (Figure 5.7a), is completely breached at greater depth by a fault cutting through the
middle of the ramp (Giba et al., 2012, their figure 9). The transfer throw at the syn-fault horizon

mapped in Figure 5.7a is approximately 150 m.

The variance seismic attribute (Chopra and Marfurt, 2007) has been extracted and draped over the
horizon mapped in Figure 5.7a, in order to enhance visualization of small-scale faults with throws of
approximately 7 m. Secondary faults splay out from a zone of intense deformation at the termination
of the rear fault, and cut obliquely through the relay ramp. Secondary faults are also developed in the
mid-ramp region. The spatial distribution of all these structures suggests that they formed due to
interaction, and rotation of the ramp, between the two main fault segments. The overlapping part of

the rear segment has an overall strike that is rotated ca. 20° clockwise from the 020° striking rear
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Pollard, 1998).
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fault, i.e. in a direction away from the front fault. This part of the rear fault is composed of a series of
right-stepping, en-échelon segments which have an approximate N-S orientation and strike at an angle
of ca. 30-40° from the general trend of the overlapping part of the rear fault. The overall effect is that
tip of the rear fault curves towards the front fault. In contrast, the tip of the frontal fault is
characterized by splay segments that curve and step in the opposite direction, away from the rear fault

(Figure 5.7a), similar with the IMF example presented earlier (Figure 5.5).

TWT structure contours in the vicinity of the Parihaka fault show that most of the displacement was
accommodated by hangingwall subsidence, with just 1/6 of the displacement being accommodated by
footwall uplift. This ratio is in accordance with published data for coseismic deformation associated
with crustal-scale, surface breaching normal faults (Stein and Barrientos, 1985). Displacement on the
syn-depositional normal faults in the IMF is also accommodated mainly by hangingwall subsidence,
with a smaller component of footwall uplift as a result of block rotation according to a soft domino

fault model (Walsh and Watterson, 1991; Yielding, 1990).

Figure 5.7 — next page (a) Relay ramp from Taranaki Basin, offshore New Zealand. The variance
seismic attribute is draped on the mapped surface, highlighting the secondary faults within the relay
zone (plotted as planes on the stereographic projection). Note the rotation of the en-échelon segments
at the tip of the rear fault (RF) toward the front fault (FF), forming an incipient breaching location at
the upper hinge of the ramp, while segments splaying from the front fault curve away, in a direction
opposite from the rear fault. The sketch in the upper part of the figure illustrates the main
deformation pattern associated with a potential component of sinistral slip on the rear fault and the
curved propagation of these segments (stippled lined) as the interaction with the frontal fault
increases. Seismic data courtesy of New Zealand Petroleum and Minerals. (b) Relay ramp bounded
by active normal faults along the Pleasant Valley fault system from the Basin and Range extensional
province. The faults ruptured the surface during the 1915 M 7.6 earthquake. Data on surface
displacement and localized strike-slip component is taken from Wallace (1984). Note that both faults
are characterized by localized oblique slip in opposite directions, toward their hangingwall

depocentres
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Previous studies have shown that displacements on active, surface-breaching normal faults are
characterised by an oblique slip component in the vicinity of the lateral tips, which is directed towards
the hangingwall depocentre (Morewood and Roberts, 2000). Figure 5.7b illustrates a relay ramp
bounded by two active normal fault segments which ruptured the surface during the 1915 M. 7.6
Pleasant Valley, Nevada earthquake (Wallace, 1984; DePolo, 1991). Although there was no direct
evidence for continuous surface rupture across the relay (Wallace, 1984), the topography suggest that
the relay ramp is in incipient stage of breaching through the rear segment (Tobin segment). The
surface displacement associated with the 1915 seismic event was mainly dip-slip with some localized
oblique-slip surface displacement (Wallace, 1984). Interestingly, the sense of this strike-slip
component is different for the Tobin and Pierce segments in the vicinity of their overlapping area,
with kinematic indicators showing a direction of slip toward their hangingwall depocentre (Wallace,
1984; Figure 5.7b). This type of obliquity excludes a regional strike-slip component and can be
interpreted as a consequence of the asymmetry between the larger hangingwall subsidence compared
with the smaller footwall uplift (Ma and Kusznir, 1993; Morewood and Roberts, 2000; Roberts,

2007).

We consider that the stepping and overall sense of concave-to-hangingwall curvature of the relay
bounding faults in the Taranaki and IMF basins can be similarly explained by a component of oblique
slip at the tips of relay-bounding faults. The en-échelon fault segments in the upper part of the
Parihaka relay ramp are compatible with a left-lateral component of slip near the tip of the rear fault
(Figure 5.7a). In contrast, the tip of the front fault experienced a component of right-lateral slip,
similar to the active interacting faults from Pleasant Valley, Nevada (Figure 5.7b). The intensely
curved geometry of the front fault in the IMF relay ramp was probably enhanced by the very large
displacement gradient toward the relay zone (Figure 5.6a). The asymmetric displacement gradients
and curvature of the front fault induced a torsional component of strain within the ramp, manifested
by its rotation about a vertical axis and a large component of fault-normal shear strain (Figure 5.1c

and 5.1d). The development of a breaching fault through the middle of the ramp may have been
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promoted by the large displacements on the curving tip of the front fault causing enhanced elongation

of the ramp in direction both parallel and normal to the relay-bounding faults (Stewart, 2001).

Figure 5.6b shows the normalized throw profiles of overlapping faults bounding the relay ramp from
IMF, together with several other examples from relay ramps along surface-breaching normal faults,
all of which are in an incipient stage of breaching through their rear fault. The profiles also include the
normalized throw on two overlapping normal faults within a boundary-element model (from Crider
and Pollard, 1998) for comparison. The model predicts larger throw gradients on the rear fault,
causing the modelled ramp to dip back toward the footwall (Crider and Pollard, 1998). In contrast, the
displayed natural relay examples typically have larger displacement gradients on the front fault than

on the rear fault (Figure 5.6b) and tend to dip toward the hangingwall (Figure 5.5 and Figure 5.7a).

Asymmetric surface slip gradients with larger surface slip recorded along the front segment have also
been observed within active relay zone, as in the case of the 1915 Pleasant Valley, Nevada earthquake
(Wallace, 1984; Figure 5.7b). The relay zone along the Pataycachi fault which ruptured during the M
7.5 Sonora (Mexico) earthquake was also observed to be breached by the rear fault and to have larger
magnitudes of surface slip on the front segment (Suter, 2014; his figure 8). However, preferential
localization of asymmetric, large surface slip can be influenced by the pre-existing structural fabric
favourably oriented with respect to the existing principal stress directions, as in the case of slip on the
overlapping Hebgen and Red Canyon faults during the M 7.5 Hebgen Lake earthquake (US

Geological Survey, 1964).

In the next section, we analyse the quantitative characteristics of two populations of relay ramps along
historical surface-breaking normal faults in order to: 1) provide statistical evidence to support the
hypothesis that relays ramps tend to breach in the upper to mid-ramp section; 2) evaluate the timing of
breaching relative to fault growth; and 3) re-evaluate a published linkage criterion for segmented

normal faults.
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5.3.2 The free surface effect as a first-order control on the style of relay breaching

Our data suggest that breaching through the upper and mid-ramp sections is prevalent. We now test
this hypothesis by analysing populations of breached (and intact) relay ramps from the IMF (27
sample size) and Laminaria High datasets (60 sample size), referring to other examples as appropriate.
Approximately 67 % and 77 %, respectively, of the breached seismic-scale relay ramps associated
with syn-sedimentary normal faults from the IMF and Laminaria High datasets are breached by their
rear (footwall) fault (Figure 5.7a and 5.7b). In both cases, there is little evidence for regional oblique
extension which can impact the preferential breaching site (Crider, 2001), and previous studies
considered the faults to be dominated by dip-slip displacement (e.g. Long and Imber, 2010; Long and
Imber, 2012). Footwall breached relay ramps are also dominant within other basin-scale, syn-
sedimentary normal fault systems from northern North Sea (McLeod et al., 2000) (Figure 5.8a) and
offshore NW Australia (Figure 5.8b), and within thin-skinned, gravitational normal fault system from
Gulf of Mexico (Yielding, 2016). Footwall breached relay ramps also appear to be common along
surface-breaching normal fault systems from the western United States, within the Canyonlands
graben system (Cartwright et al., 1996) (Figure 5.8c), and within the active Basin and Range
extensional province (see examples in DePolo, 1991; Anders and Schlische, 1994; Crider and Pollard,

1998; Hopkins and Dawers, 2016; Ferrill et al., 2016).

The complex fault trace geometry of the Wasatch fault system, which marks the eastern boundary of
the Basin and Range, is also characterized by first-order fault linkage through the footwall faults
(Figure 5.8d). The style of breaching associated with post-depositional, strata-bound normal faults is
more variable (Figure 5.7c). In contrast to surface-breaking faults, strata-bound faults are buried at
the time of slip, and hence likely to be isolated mechanically from the Earth’s free surface. The
segmented, post-depositional normal faults from outcrops at Fumanya and Niglelas in Spain,
described in detail by Soliva and Benedicto (2004), are characterized by relay ramps that are breached

in approximately 50% of cases by a mid-ramp fault (sample = 18) (Figure 5.5c).
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Figure 5.9 — previous page (a) Traces of a linked normal fault array from Strathspey-Brent-Statfjord,
northern North Sea (modified from McLeod et al., 2000); (b) 3D view of a normal fault system from
offshore NW Australia, displaying curved fault trace geometries especially in the zones of fault
interaction (black arrows); (c) Satellite image of Bobby Jo fault, from Canyonlands, Utah (image
courtesy of Google Maps). The black arrows indicate the fault branching locations, with breached
relays located in the hangingwall of the fault system (Cartwright et al., 1996); (d) Elevation map of
the southern part of the Wasatch fault system (eastern Basin and Range province). Note the highly
curved map geometry of the system, with the majority of the splays located in the hangingwall.
Arrows indicate footwall branch-points. Fault traces are from U.S. Geological Survey.

A heterogeneous style of breaching appears to be common in other examples of relay ramps
associated with post-depositional normal faults from outcrops in Somerset (Peacock and Sanderson,

1994) and Northumberland (Long, 2011).

The data are consistent with the hypothesis that mechanical interaction with, or isolation from the
Earth’s free surface is a first-order control on the style of relay breaching, an idea explored further in
section 5.5. We now investigate how the style of breaching impacts on strain within the relay ramp,

and the timing of breaching with respect to the displacement history of the fault array.

5.3.3 The relationship between the style of breaching, ramp strain and breaching index

The breaching of relay ramps is not an instantaneous process. The ramps continue to tilt as the
bounding segments accommodate displacement until they finally become fully linked (Imber et al.,
2004). Relay zones associated with syn-sedimentary faults on the Laminaria High indicate that there
is a broadly positive relationship between breaching index (Bl) and the fault-parallel ramp shear strain
at the time of breaching (Figure 5.9a). In other words, high ramp strains are more likely to develop
the later in the growth history of a fault array that a ramp is breached. Interestingly, we observe that

the shear strain at which a ramp becomes breached varies by up to a factor of 9 (Figure 5.9a), despite
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the presumably limited variability in mechanical stratigraphy and regional stress conditions across the

Laminaria High study area (Long and Imber, 2012).

The data also show that relay ramps that are breached by the hangingwall fault typically display low
Bl, and breach at lower fault-parallel shear strains than footwall and mid-ramp breached relays
(Figure 5.9a). This relationship suggests that breaching by propagation of the hangingwall fault — if it
occurs at all — is more likely to occur at an early stage in the growth of the bounding faults. This
relationship is illustrated in Figure 5.9b, where we observe that the footwall breached ramp (R1) has
significantly larger dips than the hangingwall breached ramp (R2). In addition, in relay ramps where
the bounding faults are non-parallel (R3; Figure 5.9¢), breaching can occur rapidly and without the

ramp accumulating large shear strains.

To summarize, our observations indicate that relays on surface-breaking normal faults tend to breach
in the upper (or mid-) ramp region; however, lower ramp breaching, when it occurs, is more likely to
happen at an early stage during fault growth. In the light of these findings, we now explore the
likelihood of relay ramp breaching for two populations of surface-breaking normal faults and we use
additional observations from the literature to develop a conceptual model of breaching fault

behaviour.

Figure 5.10 — next page (a) Ramp breaching index vs fault-parallel ramp shear stain, for relay ramps
from the Laminaria High, offshore Australia. The breaching index (BI, Cartwright et al., 1996) is
defined by the relation Bl= (Tsr / T1) *100 where TsF is the maximum throw on the abandoned splay
and Tt is the cumulative throw, of the throw on the abandoned splay and the breaching throw. Note
that the relay ramps which are breached by the rear fault are predominant and are characterized by
larger shear strains and breaching index values than the hangingwall breached relay ramps; (b) 3D
view of a footwall-breached (R1) and a hangingwall-breached (R2) relay ramp along a linked fault
system from Laminaria High. Note the larger dips (i.e. larger ramp shear strain) of the footwall
breached ramp; (c)- previous page 3D view of a relay ramp (R3) bounded by slightly non-parallel

overlapping faults, which enhances the early breaching (i.e. low shear strains).
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5.3.4 Influence of throw asymmetry on ramp breaching

Soliva and Benedicto (2004) and Imber et al. (2004) demonstrated that the likelihood of a relay ramp
to be breached increases with increasing throw/separation (T/S) ratio (Figure 5.1 and Section 5.2.2).
According to data published by Soliva and Benedicto (2004), ramps are intact if T/S < 0.27 and fully
breached if T/S > 1.0. The dashed lines on the separation vs throw plots (Figure 5.10a, b) illustrate
these limits, with ramps that fall between the limiting values likely to be in an incipient stage of
breaching (Soliva and Benedicto 2004). Nevertheless, the T/S at which a ramp becomes breached
appears to vary with lithology. For example, relays developed within interbedded shale and coal beds
(Huggins et al., 1995) can remain intact for T/S > 1.0, because weaker, interbedded lithologies can
accommodate ramp rotation by bed-parallel slip (Walsh et al., 1999), favouring high shear strains
prior to ramp breaching (Imber et al., 2004). But even within the same dataset (i.e. Laminaria), where
geological and regional stress conditions are assumed not to vary significantly, there is a significant
scattering of the data within the mixed (i.e. linking stage) domain (T/S between 0.3-0.9). Hence,

breaching likelihood cannot be explained solely by the relation between throw and separation.

The three right-stepping normal fault segments from the Laminaria High, shown in Figure 5.11,
illustrate this point. The fault segments are separated by two relay ramps, R4 and R5. R4 (between
faults F1 and F2) appears to be intact, whilst R5 (between faults F2 and F3) is breached (Figure
5.11b). The average fault-parallel ramp shear strains for R4 and R5 are very similar, 0.087 and 0.090,
respectively. The throw / separation (T/S) ratios are 0.61 for R4 and 0.35 for R5; in other words, the
relay with the greater T/S ratio (R4) is intact. The close proximity of the two relays, and the similar
character of the seismic reflections, suggest that deca- to hectometre-scale lithological variations are
unlikely explain why R5 was breached at a lower T/S ratio than R4. It is, however, apparent that the
front fault to R4 (F1; Figure 5.11a) has a significantly larger maximum throw (52 m) and transfer
throw (43 m) than the rear fault (23 m) (Figure 5.11c, d). In contrast, the rear fault to the breached
ramp, R5 (F3; Figure 5.10a), has a slightly larger throw than the front fault (F2) (Figure 5.11c, d).
The intact relay ramp from the IMF described in Section 3.1 (Figure 5.5) is also characterized by a
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large asymmetry in throw, with the transfer throw on the front fault being much larger than transfer
throw on the rear fault. This relay is not completely breached even though it has the largest T/S ratio
from the IMF dataset. Thus, the throw asymmetry, in addition to throw / separation ratio, appears to

be an important linkage criterion.

Figure 5.10c shows the throw/separation ratio, fault-parallel ramp shear strain and throw asymmetry
(Tee / Tgre) at the time of breaching, plotted by increasing T/S ratio, for 34 relay ramps from the
Laminaria High and 7 relays from the IMF. We exclude breached relays characterised by very low
breaching indices, because of the difficulty backstripping large breaching fault throws to estimate
throw asymmetry and T/S at the time of breaching. The relay ramps are all intact for T/S < 0.3 (apart
from R3; Figure 5.10) and, for the Laminaria High dataset, all ramps are breached for T/S > 0.9.
There are no ramps, breached or intact, with a T/S ratio larger than 0.74 in the IMF dataset. Also,
there is an overall increase in shear strains with increasing T/S, but no direct correlation between the

two parameters: relay ramps become breached at very variable shear strains.

The throw asymmetry parameter (Figure 5.10c) shows that the transfer throw on the relay-bounding
faults can be very asymmetrical. Interestingly, relay ramps that are bounded by faults with a large
throw asymmetry (i.e. Tr= >> Trr) are more likely to be intact even for higher T/S ratios. Figure 5.10d
shows a graph of T/S vs throw asymmetry for the relay ramps from Laminaria and IMF. The stippled
horizontal lines mark the lower (0.3) and upper limit (0.9) of the T/S transition zones between the
domains of intact and the breached relays (cf. Soliva and Benedicto, 2004). Relays with large throw
asymmetry (Ter / Tre > 1.3 to 2.3; Figure 5.10d) are more likely to be intact, whilst relays with
bounding faults characterised by symmetric throws or larger throws on the rear fault (i.e. Trr / Tre <

1.0), are more likely to be breached.
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Figure 5.11 — previous page (a) Logarithmic diagram of throw vs separation for intact (black
outline) and breached relay ramps (red outline) from this study and previous studies; (b) Part of the
diagram from (a) showing in more detail the plot area covered by the seismic-scale relay ramps; (c)
Graph with normalized cumulative number vs throw/separation, fault parallel ramp shear strain and
throw asymmetry for breached and intact relay ramps from Laminaria High and Inner Moray Firth;
(d) Plot with throw/separation vs throw asymmetry for relay ramps from the Laminaria High
(circles) and the IMF (squares).

To our knowledge, there is no evidence, in either the Laminaria High or the Inner Moray Firth, for
pre-existing structures which might favour early breaching of some of the relay ramps. Additionally,
there is no suggestion that the lithology of the host rocks and, by inference, their mechanical
properties vary significantly over deca- to hectometre scales within the same stratigraphic intervals
(Long and Imber, 2012; Lapadat et al., 2016). Therefore, we hypothesise that the variable breaching
strains and the ramp breaching likelihood are influenced by the way in which the overlapping faults
interact, specifically the way in which asymmetric transfer throw affects or is influenced by the

mechanical interaction. We discuss this point in the next section of the paper.
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TWT Structural Map

Horizon Horizon
mapped in (a) mapped in (a)

-

=S

Sub-seismic

B hi resolution
reacing faults?

fault

200 400 600 800 1000 1200 1400
Distance (m)

Footwall cut-off

Branch-line

F2_R4
@ 7404
§, ]
=704 = FO -~ = s ..
B 4 A AT e
T . L Hangingwall cut-off
800 +— . . ; , , . .
0 200 400 600 800 1000 1200 1400
Distance (m)
(e)
R4 R5 R4 R5
Transfer throw (m) 334 225 Throw / Separation  0.61  0.35
Separation (m) 55 65 Ramp Strain 0.087  0.090

162



Breaching of relay ramps

Figure 5.12 (a) 3D view of normal fault segments separated by two relay ramps, one intact and one
breached from Laminaria High, Bonaparte Basin (offshore Australia); (b) Seismic sections through
the relay ramps parallel with the strike of the faults. Rotation of the ramp is very likely to be
accommodated by sub-seismic scale faults (throw < 10 m), indicated by subtle flexure of the reflectors
in S2; (c) Throw-distance profiles along the strike of the three mapped segments; (d) Projection of the
horizon cut-offs on a vertical plane parallel with the faults strike; (¢) The main relay ramp

parameters. Seismic data courtesy of Geoscience Australia.

5.4. Mechanical models and discussions on breaching styles

Evidence from the spatial and temporal occurrence of earthquakes suggests that faults interact
mechanically through their slip-induced stress fields (Stein, 1999). Crider and Pollard (1998) and
Crider (2001) used elastic boundary-element method models to analyse the mechanical interaction
between overlapping normal faults and the breaching of relay ramps, assuming that the breaching
fault location can be predicted from the distribution of Coulomb shear stress perturbations after a
single, modelled slip event. We follow their approach to investigate the distribution of Coulomb shear
stress around two overlapping, interacting normal faults. The aim is to understand how mechanical

interaction between the relay-bounding faults and the Earth’s free surface influences relay breaching.

The boundary-element model comprises two discontinuities (i.e. fault surfaces) located within a
homogeneous elastic medium, on which we apply a remote driving stress consistent with an
extensional failure regime, where maximum principal stress (cl) is vertical and the minimum
compressive horizontal stress (c3) is oriented normal to the fault strike. The faults dip at ~60° and
converge slightly downwards (see model insets in Figure 5.12). This model geometry is in
accordance with the concept that normal faults grow in a coherent manner, usually by upward fault
bifurcation from a deeper fault structure (Childs et al., 1995). In one of the models the faults are

located within an elastic whole space and in the other one the faults reach the free surface. In this way
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we can analyse how Earth’s free surface influences the stress interaction between surface-breaking
overlapping faults. The model has certain simplifications and limitations. It does not allow spatial
heterogeneities in the elastic properties of the material, such as rock layering encountered in nature
(the medium is completely homogenous). Also, when subject to deviatoric stresses the faults slip
freely, hence the model does not consider any friction on the fault surfaces. Incorporation of friction
on the fault planes would only decrease the magnitude of the stress perturbations, but not their
distribution. The slip on faults generates changes in the stress within the surrounding elastic medium.
Similarly, by changing the stiffness of the material (i.e. Young’s modulus), the distribution of the
perturbed stresses does not change, only its magnitude (i.e for same deviatoric stress, the induced slip
decreases in materials with larger Young’s modulus, hence the stress perturbations are smaller).
Previous work by Willemse (1997) showed that the effect of Poisson’s ratio is moderate, more
compressible rocks showing a larger degree of interaction. In the experiments presented in this
chapter we used a Poisson’s ratio of 0.25 and a Young’s modulus of 20 GPa. However, variations of

these elastic parameters do not alter the final conclusions of the modeling.

Coulomb failure stress (CFS) is a measure of the likelihood of failure of potential surfaces located
within that medium (Crider and Pollard, 1998). Specifically, CFS describes a relationship between the
normal and shear stresses by considering also a frictional resistance to slip on those surfaces. Changes

in CFS have been calculated based on the formula:

CFS = ((01-063)/2-(0’1- 63)/2)-0.2*((01 + G3)/2-(C1 + G 3)/2)

where 6’1 and 6’3 are the values of the initial maximum and minimum principal compressive stresses

and o1 and o3 are the post-deformation principal stresses. We consider a coefficient of friction of 0.2

which is appropriate for less consolidated sedimentary rocks in the proximity of the Earth’s surface
(Behnsen and Faulkner, 2012). Also, because the model does not consider pore fluid pressure, a lower
coefficient of friction accounts for any potential pore fluid pressure effect. Variation in the coefficient

of friction does not modify the main outcome of the results, however a more complete investigation is
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required to investigate the variability of the friction coefficient on the distribution and magnitude of

stress perturbations.

Figure 5.12a shows the distribution of Coulomb failure shear stress (CFS) perturbations draped on
the deformed surface of an originally horizontal plane located in the centre of two overlapping normal
faults. The faults have elliptical upper tip-lines and are located within an elastic whole space. This
configuration can be used to approximate the stress distribution associated with slip on buried, post-
depositional normal faults (Willemse, 1997). The shear stress increases at the tip of the faults, but
decreases along the strike of the fault traces, delineating a near-symmetric, elliptical stress drop zone
(or “stress shadow’) within both the footwall and the hangingwall (Figure 5.12a). Willemse (1997)
showed that the spatial distribution and size of the stress drop zone depends on the size (height) of the
fault and the magnitude of slip. This stress drop zone inhibits the propagation of an overlapping fault,
requiring large displacement gradients near the tips of the bounding faults in order to overcome the
decrease in shear stress (Gupta and Scholz, 2000). The model suggests that the ratio of stress increase
at the fault tips vs stress drop is identical in both the hangingwall and the footwall sides of the relay.
This result is consistent with the lack of preferred upper or lower ramp breaching for relays on buried,

post-depositional normal faults (Figure 5.7¢)

Figure 5.12b shows the distribution of Coulomb failure shear stress perturbations on a displaced
surface located 600 m below the free surface, due to slip on two sub-parallel, overlapping normal
faults that dip ~60° within an elastic half-space. The fault tip-lines are elliptical, having the uppermost
tip-lines located immediately below the free surface. The observation location, within the upper half
of the faults, was chosen based on the fact that surface-breaching faults have displacement maxima
skewed toward the free surface (Rudniki and Wu, 1995; Childs et al., 2003), and therefore lateral fault
propagation would be likely to occur first within this upper section of the faults (Aydin and Schultz,
1990). The separation between the overlapping segments decreases towards depth, as in the previous
model from Figure 5.12a, simulating an upward splay from a main fault located below 4000m, which
is not included in the model. In contrast to Crider’s and Pollard’s (1998) model, we do not include

opening mode deformation. The modelled joint planes (Figure 5.12, right-hand side) are used for the
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purpose of illustrating the reorientation of maximum horizontal compressive stress (o,), along which
the interacting faults are likely to propagate in relation with the zones of modified Coulomb shear
stress. The locus of increased Coulomb failure shear stress within the region of overlap (Figure
5.12b) favours upper ramp breaching, a finding consistent with Crider and Pollard (1998), and
consistent with data from the Laminaria High and IMF (Figure 5.5c, d). The stress drop zone is
highly asymmetrical, with a larger stress decrease in the hangingwall. Propagation of the front fault is
likely to be impeded by the stress drop zone in the hangingwall of the rear fault. As a result, large
displacement gradients can potentially accumulate on the front fault, an inference that is consistent
with observations of natural relay zones (e.g. Figure 5.6f), and with the large throw asymmetry
associated with many intact relays (Figure 5.10). Conversely, the zone of increased Coulomb shear
stress within the footwall of the front fault favours rapid propagation of the rear fault, which will
probably lead to breaching of the relay ramp. This may explain why many of the relay ramps
associated with surface-breaking normal faults are breached through the footwall side. Asymmetry in
the horizontal component of displacement, with larger heaves on the front faults, will introduce a
component of fault-normal shear (Peacock and Sanderson, 1994), causing the relay to twist and dip
toward the mutual hangingwall. This asymmetry can potentially explain why relay ramps usually dip
toward the hangingwall and offers an explanation for the differences between the geometry of the
natural example and the elastic dislocation models of a single slip event described by Crider and
Pollard (1998). An alternative explanation for this is that relay ramps develop where the ramp-
bounding faults grow upwards through a syn-fault sequence, breaching a previously-developed fault
propagation fold (Lapadat et al., 2016). Our elastic models replicate successfully the geometry of
many natural relays which have a dipping component toward the mutual hangingwall (Figure 5.12).
This geometry was obtained only when the separation length between the overlapping segments is
significantly smaller than the size of the bounding faults, an outcome that is consistent with the

coherent fault growth model (Childs et al., 1995).
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(b)

Elastic Half Space

section view through
the model

-1000 m 0m 1000 m

w 00‘02 = w CICIIOL o
f

W 000€ -

1

w ooy -

/

Observation
grid

Converging faults

toward depth

Asymmetric displacement
fields in footwall and

Increase

Relay ramp
dipping toward
hangingwall

Coulomb

Failure
-1.0e6 Stress d footwall -2.5€6 Stress +2.5e7 Displacement
Pa Change Pa contours

Pa Change

I

f

Larger increase in CFS
enhances propagation s
of RF and breaching e

of the relay ] 7

Larger values in
stress drop in the
hangingwall of RF
inhibits potential
propagation of FF

Modelled joint planes
(Strike parallel with 02)

168



Breaching of relay ramps

Figure 5.13 — previous page (a) Distribution of changes in Coulomb failure shear stress (CFS)
associated with imposed remote stress on two overlapping normal faults, which dip at ~60° and
converge slightly downwards. The faults are located within an elastic whole-space (see inset of a
cross-section through the model). The analysed grid is situated in the centre of the faults. Black
contours represent displacement isolines; colours represent changes in CFS; tick marks from the
detailed grid (right-hand side) represent the orientations of potential failure planes, parallel to o2,
which can describe trajectories of later fault propagation (b) CFS changes associated with
displacement on two overlapping normal faults, which dip at ~60° and converge slightly downwards.
The faults are embedded within an elastic half-space. The horizontal plane of observation is located
600 m below the free surface. Note the asymmetry in both displacement fields and changes in CFS in

comparison with the model from (a).

Throw asymmetry across a relay zone is not necessarily the result of mechanical interaction between
the overlapping faults: asymmetry can arise simply because one fault is larger than the other (i.e. has a
larger displacement and/or length). Because there is a direct relationship between the size of the fault
and the displacement it can accrue (Walsh and Watterson, 1988), the increased Coulomb shear stress
perturbations at the tips of the rear fault should be smaller than those associated with the front fault.
Similarly, the shear stress drop zone related with slip on the frontal fault is significantly larger.
According to Gupta and Scholz (2000), the magnitude of the stress drop is always larger than the
increase in shear stress at the fault tips. Therefore, a significantly larger throw on the front fault and
hence larger associated stress drop would be more likely to inhibit the propagation of a smaller (in
terms of displacement and length) rear fault, similar with the example from Laminaria from Figure
5.11. Also, it would probably require larger strains before being completely breached, as in the

example from IMF (Figure 5.5).

The data presented in Figure 5.9a suggest that breaching by the hangingwall fault, if it happens, takes
place at an earlier stage in the evolution of a surface-breaking normal fault array than upper ramp
breaching. It is possible that the propagation of the front fault is mechanically easier if the faults begin

to interact and overlap at an early stage during their growth, when the displacement-dependent stress
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shadow zones are not well developed. Irregularities in fault geometry, non-parallelism of the relay-
bounding faults or local lithological heterogeneities could induce stress concentrations that are large
with respect to the incipient stress shadows, giving rise to early breaching of the relay ramps, by either
front or rear faults. Also, during the early stages of fault growth, the component of oblique slip
associated with the asymmetric accommodation of displacement between hangingwall subsidence and
footwall uplift (Roberts, 2007) is likely to be small, again favouring propagation toward the rear fault.
Segmentation along the Wasatch fault system (DuRoss, 2016) or along the East African Rift (Morley,
2002) indicate similar patterns of relay breaching, with first-order linkage occurring predominantly

through the rear fault.

Observations on natural examples and mechanical analysis indicate that surface-breaking, segmented
normal faults arrays tend to link by propagation of the rear segment through the upper part of relay
ramp. Hence, from a seismic hazard point of view, surface ruptures across relay zones are more likely
to occur through the rear fault. However, it needs to be considered that fault growth and linkage is a
three-dimensional process. Earthquakes nucleate in the lower part of the crust, usually at depths below
5 km and seismic slip induced fault propagation and linkage can be influenced by changes with depth
in stress conditions and rheology, which can result in further complexities of fault linkage. Long and
Imber (2012) also described complex 3D geometries of relay zones, which influenced by the
heterogeneous mechanical layering of rocks, displayed variable breaching characteristics at different

levels, but with the shallower, near-surface part of the relay being breached by the rear fault.

5.5. Conclusions

1) Breaching of relay ramps associated with syn-sedimentary normal fault arrays on the
Laminaria High and in the Inner Moray Firth (IMF) Basin occurs preferentially within the
upper to mid-ramp section, typically by propagation of the footwall fault. Relay ramps
associated with strata-bound, post-depositional normal faults show a larger variation in

breaching styles compared with relays on syn-sedimentary faults.
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2) The breaching indices and fault-parallel ramp shear strains at breaching tend to be larger for
footwall breached relay ramps than for hangingwall breached relay ramps, although there is
variability within this overall trend. Thus, breaching by propagation of the hangingwall fault,
when it does happen, tends to occur early in the evolution of a surface-breaking normal fault
array.

3) Relay ramps on the Laminaria High and in the IMF tend to be intact when the throw /
separation (T/S) ratio is < 0.3, and breached when T/S > 0.9. This result is consistent with a
previously published criterion for segment linkage. Relays with T/S ratios between these
limiting values are likely to remain intact if the throw on the front fault is greater than 1.3 to
2.3 times the throw on the rear fault the relay ramp.

4) The qualitative and quantitative characteristics relay breaching along surface-breaking normal
fault arrays can be explained by the asymmetric partitioning of slip, and associated stress drop
or stress enhancement zones, caused by mechanical interaction of the relay-bounding faults

with the Earth’s free surface.
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Geological controls on the geometries and strain variability within

relay ramps

Abstract

The geometries and kinematic evolution of relay ramps are inherently related to the growth and the
interaction processes of neighbouring normal faults. It is generally accepted that the relay ramp aspect
ratio (the ratio between fault overlap length and separation distance between bounding faults) is
controlled by the mechanical interaction between the faults and that the host rock lithology also plays
an important role. In this study, by including the displacement component within the fault dip- and
fault strike-parallel domains, we can investigate both the effects of lithology and fault interaction on
the three-dimensional geometry and strain characteristics within relay ramps. We show that normal
fault-bounded ramps within mechanically competent rocks tend to develop a larger spectrum of aspect
ratios, with a mean aspect ratio larger than those developed in incompetent rocks. Ramps with high
aspect ratio developed in competent rocks usually have tabular geometries and smaller fault-parallel
shear strains. Incompetent lithologies have relay ramps with lower aspect ratio, higher fault parallel-
shear strains and a significant component of fault normal shear, which results in rhomboidal relay
ramp geometry. Faults propagation is more easily impeded within incompetent lithologies, resulting
in higher stress interactions and development of higher displacement gradients, which in many cases
are highly asymmetrical. The dip direction of the relay ramp toward the mutual hangingwall can be
both the result of fault-propagation folding during the underlapping stage of the relay and by shearing
in the plane normal to the faults, as a result of larger displacement gradients on the front faults.
Mechanical models indicate asymmetric shear stress drop for surface breaching normal faults, which
can inhibit propagation of the front fault and accumulation of asymmetrically larger displacement

gradients.
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6.1. Introduction

The transfer of displacement across two or more normal faults that cut sub-horizontal beds occurs
through zones of ductile deformation, called relay zones (Larsen, 1988; Peacock and Sanderson,
1991; Peacock and Sanderson, 1994; Trudgill and Cartwright, 1995; Childs et al., 1996). Within a
relay zone, the beds are continuously rotated and strained as slip accumulates on the bounding faults
(Ferrill and Morris, 2001; Imber et al., 2004) forming a relay ramp. With increasing displacement the
faults propagate until they become physically linked and the relay is breached (Crider and Pollard,
1998; Imber et al., 2004) (previously discussed in Chapter 5). Hence, relay ramps are dynamic
structures with geometries that evolve through time as faults propagate, interact and link (Peacock and

Sanderson, 1994).

The two-dimensional, map-view geometry of the relay ramps is defined by the relay aspect ratio
(Huggins et al., 1995; Acocella et al., 2000; Long and Imber, 2011), which is the ratio between the
fault overlap length and the separation distance between the bounding faults (Figure 6.1a). Previous
studies showed that the relationship between overlap and separation follows a power-law scaling trend
over 8 orders of magnitude, with a mean aspect ratio value of 4.2 (Long and Imber, 2011). The main
controlling factor on the variability of relay aspect ratio is thought to be the stress interaction between
the neighbouring faults (Gupta and Scholz, 2000; Long and Imber, 2011). However, Willemse (1997)
showed that the degree of mechanical interaction between neighbouring segments varies itself with
the initial spatial arrangements of the fault segments. Hence, the geometrical evolution of the ramp is
controlled by the spatial configuration of the overlapping/underlapping segments at the time when
faults start to interact. Long and Imber (2011) showed that normal faults confined to mechanical
layering and those formed by reactivation of pre-existing structures are mechanically favoured to
develop high aspect ratio relay ramps (with an average aspect ratio > 8). Although any obvious
correlation between lithology and relay aspect ratio was not observed, Long and Imber (2011) argued
that any possible relationship could have been hindered by the large scale of observation of their relay

data (over 8 orders of magnitude).
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However, the mechanical properties of the host rocks influence how fault segments interact through
their elastic stress fields (Willemse, 1997; Gupta and Scholz, 2000) and hence, lithology is expected
to indirectly control the relay aspect ratio (Long and Imber, 2011). Also, Childs et al. (2016)
suggested that the relay ramp aspect ratio is controlled by the mechanical properties of the host rocks
at the time of deformation and by the reactivation of pre-existing basement structures. Specifically,
their findings indicate that relay ramps developed within competent lithologies, such as the massive
sandstones from SE Utah (Entrada, Navajo or Wingate sandstones) have aspect ratios larger than the
global mean (Long and Imber, 2011), typically larger than 5, or even larger than 10. Furthermore,
Childs et al. (2016) identified the reactivation of pre-existing structures as the cause for high aspect

ratio relay ramps.

In this chapter we go a step further by investigating the three-dimensional geometry of relay ramps
(Figure 6.1c and 6.1d) by adding to the map-view aspect ratio the third dimension given by the
displacement component on the bounding faults (Figure 6.1b). In this way we can investigate better
the effects of both fault interaction and mechanical properties of the host rocks on the relay ramp
geometry, and also on the variability of strain. Specifically, we analyse the variability of fault-parallel
shear strain (Figure 6.1e) and fault-normal shear strain components (Figure 6.1f) within relay ramps
in relation to the relay aspect ratio and the dominant lithology of the host rocks. Surprisingly, previous
research work has not focused much attention on the relationship between the two- dimensional ramp
geometry and the strain characteristics. To our knowledge, only Childs et al. (2016) investigated the
relationship between the relay aspect ratio, lithology and the shape of the relays (rectangular vs
rhomboidal). However, their maximum aspect ratio data was limited to around 6 (their figure 8). The
compiled data, from our own analysis and previously published literature, indicate that lithology
critically influences the three-dimensional geometry and the strain characteristics within relay zones.
Also, we show that the fault-normal shear strain component within relay ramps bounded by surface
breaching normal faults is not only a consequence of the monoclinal folding during the underlapping
stage of the relay (Childs et al., 2016), but can be explained by the mechanical interaction between the

overlapping segments.
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Better understanding of the relay ramp geometries and associated strain variability can be important
during the exploration of rift basins and passive margins and the appraisal or development of normal
fault-bounded prospects, since relay ramps can act as trapping structures or leaking pathways for
hydrocarbons (Rotevatn et al., 2007). Also, the analysis of finite strain relay ramps can offer potential
important insights into how normal faults grow in different mechanical stratigraphic settings

(Cartwright et al., 1995; Jackson et al., 2016).

6.2. Datasets and methods

6.2.1. Datasets
The datasets within this study comprises 118 relay ramps from high quality 3-D seismic surveys, high
resolution topographic data, outcrops and published literature (see digital appendix), which have
provided good quality or enough information to measure with confidence the main parameters that
were used in the analysis. The compiled datasets cover a wide range of scales and different lithologies
with various mechanical properties, from competent carbonate or sandstone layers to incompetent

coals and unconsolidated clastic sediments.

Accurate measurement of the parameters that define the ramp geometry and strain is critical for the
guantitative analysis used in this study. The sampling interval of the seismic data used in this study is
2 ms, meaning that the measurement errors due to the limitations in vertical seismic resolution are
negligible (below 2 ms). The overlap length is defined in map view as the distance measured parallel
to the strike of the faults, between the neighbouring fault tips (Figure 6.1). There can be a certain
degree of uncertainty related to the accurate identification of the fault tips (i.e. locations of zero
displacement on the fault) based on interpretation of seismic data, which has limited vertical (ranging
in general from 10 to 30 m) and lateral resolution. We included in our measurements the component
of seismic-scale lateral fault tip-folding (i.e. ductile deformation; Walsh and Watterson, 1991) in
order to limit some of the uncertainties associated with the sub-seismic fault throw resolution (Long
and Imber, 2012). The fault throws measured on seismic reflection profiles were converted from two-

way-time (TWT) to depth using time-depth relations from nearby wells (see Lapadat et al., (2016) for
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the IMF dataset and Long (2011) for the Laminaria dataset), in order to produce reliable

measurements of fault throws and associated ramp shear strains (Figure 6.1).

6.2.2. Parameters
Fault-parallel ramp shear strain is the ratio between the average throw measured on the bounding
faults (measured in a direction normal to the fault from the tip of the other overlapping segment) and
the fault overlap length (Figure 6.1 e). The fault-parallel ramp shear strain is directly related to the
dip of the ramp measured in a direction parallel to the strike of the faults. Previously, it has been used
to evaluate the strains of the relay ramps prior to breaching (Imber et al., 2004; Soliva and Benedicto,
2004). The fault-parallel ramp shear strain is controlled by the displacement gradients on the
bounding faults (Ferrill and Morris, 2001), hence it is a direct measurement of the interaction between
the overlapping faults segments and the critical amount of strain a ramp can support before being

breached.

Fault-normal shear strain (Figure 6.1 f) is the shear strain measured in the centre of the relays, in the
plane normal to the overlapping faults. It represents the ratio between the vertical component of
displacement accommodated by bed rotation in the direction orthogonal to the bounding faults and the
separation distance. The data used in this study are at different scales and from various sources,
outcrops and 3D seismic reflection data. To minimize the errors related to time-depth conversion for
the seismic data, we utilize as a proxy for fault-normal shear strain the amount of ductile deformation
as a percentage of the total throw in the fault-normal direction measured in the centre of the relay
ramp. Relay ramps with perfect tabular geometries will have no bed rotation in the direction

perpendicular to the overlapping faults, hence the fault-normal shear strain will be zero.

In the following section we present the results of the analysis of the ramp strain and its relationship to
the relay ramp geometries and the lithologies of the host rocks. Then, we describe in more detail
several examples of relay ramps from contrasting lithological sequences and we provide a mechanical
model for explaining the variability of strain within relay ramps bounded by syn-sedimentary (surface

breaking) normal faults.
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Figure 6.2 — previous page Examples of relay ramps at different scales and within different type of
lithologies. (a) Relay ramp in carbonates from Kilve, Somerset (image from https://www.fault-
analysis-group.ucd.ie/gallery/relay.htm, courtesy of Fault Analysis Group, University College
Dublin); (b) relay ramp in carbonates mapped on 3D seismic reflection data from Laminaria High,
offshore NW Australia; warm colours represent zones of higher elevation and cold colours are
associated with areas of lower elevation; (c) relay ramps in a coal seam at Plenmellor open cast,
Northumberland (from Huggins, 1995, image from https://www.fault-analysis-
group.ucd.ie/gallery/relay.htm, courtesy of Fault Analysis Group, University College Dublin); (d)
relay ramp imaged by 3D seismic data, developed within a syn-growth sand-shale sequence from the
Taranaki basin, offshore New Zealand. Warm colours represent zones of higher elevation and cold

colours are associated with areas of lower elevation.

6.3. Data analysis and results

Ductile strains within relay ramps are often thought to be relatively simple because the ramps
accommodate deformation predominantly in the direction parallel to the slip direction on the
bounding faults (hence, the term “neutral” relay zones from Walsh et al, 1999). However, the strains
within ramps are very often more complex (Rotevatn et al., 2007) and they cannot be entirely
characterized by simple-shear deformation. Figure 6.2 shows several illustrative relay ramp examples
from this work and from previously published data. The relay ramps shown here have different sizes,
from outcrop bed-scale relay ramps to large seismic-scale ones. Also, they are developed within
lithologies with very different mechanical properties, such as stiff carbonates or ductile coals and
shales (the mechanical properties of rocks and the mechanical stratigraphy were discussed in Section
2 from Chapter 3). Figure 6.2a shows a decametric-scale relay ramp from Kilve, Somerset,
developed in a mechanically competent carbonate layer, within an interbedded Liassic limestone-
shale sequence (Peacock and Sanderson, 1994). Figure 6.2b is a relay ramp also developed within a
carbonate sequence, but at seismic scale, with overlap lengths of several hundreds of meters, within
the Laminaria High, offshore Australia. The structural contour lines (in two-way travel time) from
Figure 6.2b indicate that the beds in the relays are dipping approximately parallel to the strike of the

bounding faults. Hence, the relay ramp has a simple tabular geometry, similar to the smaller scale
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relay from Kilve, where much of the strain is accommodated in the fault strike-parallel plane by
simple shear deformation (Figure 6.1e). Figure 6.2c shows relay ramps within a Carboniferous coal
seam from Plenmellor opencast in Northumberland which accommodates transfer throw of several
meters on the surrounding normal faults (from Huggins et al., 1995). Figure 6.2d illustrates a much
larger, kilometre scale relay ramp bounded by normal faults with tens to hundreds of meters of throw
and developed within a shale-dominated sand-shale growth interval from the Taranaki basin, offshore
New Zealand. These last two relay ramps developed within mechanically incompetent lithologies
(coals and unconsolidated shales and sands) and are characterized by beds/horizons which have a
pronounced component of dip toward the mutual hangingwall of the bounding faults. In these cases,
the ramp deformation is more complex, because the ramp tilting is in the direction parallel to the
faults and is accompanied by a variable component of shear in the fault-normal direction, generating a
rhombohedral ramp geometry (Huggins et al., 1995; Walsh et al., 1996). The variations in shear in
both strike-parallel and dip-parallel directions lead to complex deformation patterns, characteristic for

a triclinic strain geometry (Lin et al., 1998) (Figure 6.1d).

In the next section, we investigate the relationship between the two-dimensional arrangement of the
overlapping fault segments (i.e. aspect ratio), the lithology of the host rocks and the fault-parallel and
fault-normal shear strain components within the ramp, which essentially define the three-dimensional

geometry of relay ramps.

6.3.1. Lithological control on relay aspect ratio

Figure 6.3a shows a logarithmic plot between the fault overlap length and the separation distance for
relay ramps from this study and from published literature (from Long and Imber, 2012), within
various lithologies and on a range of scales over 7 orders of magnitude. We observe a significant
degree of scattering within individual datasets and within the same lithologies. Data overlapping
between different lithologies from various localities suggest, at a first inspection, no obvious

relationship between lithology and aspect ratio (Long and Imber, 2011).
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Figure 6.3 (a) Bi-logarithmic diagram of overlap vs separation for relay ramps from this study and
published literature; (b) Fault parallel-shear vs relay ramp aspect ratio; (c) Amount of bed rotation

in the fault normal direction as percentage of total fault displacement vs relay ramp aspect ratio.

However, if we take the average aspect ratio for each particular data-set, we notice that the relay
ramps developed in mechanically competent lithologies (carbonates, sandstones) tend to develop
higher average aspect ratios than the ramps developed in softer lithologies (coals, silts, unconsolidated
sands and shales) (Table 6.1, Figure 6.3a). Hence, lithology seems to control at least in part the two-
dimensional geometry of the relay ramps. Nevertheless, even in this case, we cannot exclude other
local geological factors influencing the mean aspect ratio of each data-set (Long and Imber, 2012).
For example, the highest values of relay aspect ratios (>7) are from outcrops where normal faults are
confined to mechanical layering (Long and Imber, 2012) (e.g. Kilve, Lamberton data-sets in Figure
6.4). Meanwhile, relay ramps developed in unconsolidated growth strata, from Inner Moray Firth
(UK) or Chandon (offshore NW Australia), or outcrop-scale examples of relay ramps developed in
siltstones (from Gupta and Scholz, 2000) plot mostly below the global average (red axis in Figure

6.3a).

6.3.2. Relay aspect ratio vs shear strain components

In order to assess better the control of lithology on the three-dimensional geometry of relay ramps we
now analyse the relationship between the aspect ratio of relay ramps and the fault-parallel and fault-
normal shear strain components within the ramp. From the relay aspect ratio vs fault-parallel shear

strain displayed on the graph from Figure 6.3b, two main points can be drawn:
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Figure 6.4 Histograms showing the distribution of relay ramps aspect ratio (AR) data from this study
and from published literature. Note that the larger numbers of high AR ramps are associated with
more competent lithologies (left side column). The distribution is highly skewed toward high AR for
the ramps associated to strata-bound normal faults, e.g. Lamberton, Kilve (Long, 2011). Low AR
ramps are characteristic for more incompetent rocks (e.g. IMF, Coal Mines, Solite Quarry) but also

for the competent basalts from Iceland (Acocella et al, 2000).
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Q) the relay ramps associated with normal faults within mechanically weaker lithologies
(coals, interbedded shales and sandstones) develop, as one would expect, larger fault-
parallel shear strains than the ramps formed within more competent rocks (limestones,
sandstones) (Walsh et al., 1999; Imber et al., 2004);

(i) fault-parallel shear strain increases with decreasing relay aspect ratio. However, the
distribution of data suggest that this second point is the effect of different lithologies, with
the relay ramps developed within mechanically weaker rocks, such as the syn-
sedimentary normal faults from Inner Moray Firth or the relay ramps associated with
normal faults within the British Coal Measures (Huggins et al., 1995), having a smaller
spectrum of aspect ratios than the ramps within lithologies with a higher mechanical
strength. Again, this last observation supports the hypothesis of Childs et al. (2016) that
relay ramps formed in competent lithologies have higher aspect ratios than the ones

developed within softer rocks.

Figure 6.3c shows a plot of relay ramp aspect ratio vs the amount of bed rotation in the fault normal
plane as proportion of the total transfer throw, measured within the middle of the overlap length.
Relay ramps with perfect tabular geometries will have no bed rotation in the direction normal to the
overlapping faults and hence will have zero fault-normal shear strains. Therefore, this parameter is a
direct indicator of the shear component within the relay in the fault normal plane. Negative values
indicate that the ramp has a component of dip toward the mutual footwall. The incompetent
lithologies, characterized by lower shear moduli, are able, as in the case of fault-parallel shear strain,
to accommodate a larger amount of shearing in the fault-normal direction than the competent
lithologies. The relay ramps developed within mechanically competent rocks and which have a high
aspect ratio have a smaller component of fault-normal bed rotation (Long and Imber, 2010). The large
overlap lengths would create strain compatibility issues for accommodating any shearing components

in the fault-normal direction for rocks with large shear modulus.

A segmented normal fault array from the Laminaria High in the Northern Bonaparte basin, offshore

NW Awustralia illustrates this latter case (Figure 6.5a and 6.6). These WSW-ENE oriented normal
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Figure 6.6 Seismic section orthogonal to the normal faults and relay ramp no. 3 from Laminaria

(from Figure 6.5a)

faults formed by reactivation of pre-existing E-W oriented Mesozoic structures as a result of the

flexure of the Australian margin during collision with the SE Asian microplates (DeRuig et al., 2000).

The horizon mapped in Figure 6.5a is located within the pre-growth interval, consisting of a
homogeneous carbonate sequence of Mio-Pliocene age (Long and Imber, 2012). The faults have
relatively steep dips within the analysed interval (75-80°) and become shallower dipping at depth
(Figure 6.6), where the stratigraphy becomes more mud-rich (Long and Imber, 2012) and where some
of them link with the older structures. The high strength of the rocks within the analysed interval can

potentially explain the steep dips of the faults within this stratigraphic section (Peacock and

189



Chapter 6

Sanderson, 1992). The fault displacement varies within the analysed sequence from tens meters up to
200 m. The displacement along these segmented normal faults is transferred through relay ramps,
which have relatively simple tabular geometries (Figure 6.5a). The horizon separation diagram from
Figure 6.5a shows the projection of the mapped horizon cut-offs on a section parallel to the strike of
the faults. The complementarity of the discontinuous throw within the overlapping region indicates
the kinematic coherency of the fault system. The relay ramps are usually characterized by smaller
fault-parallel shear strains than other analysed relays, with values below 0.2, most of them below 0.1
(Figure 6.3). The map geometry of the relays can be quite variable, but overall, they have an above

average relay aspect ratio of 4.9.

Similar to the relay ramps described from Laminaria, the ramps from Kilve, Somerset have also
tabular geometries, high aspect ratios and small displacement gradients (Figure 6.5b; from Peacock
and Sanderson, 1994). As discussed by previous workers (Peacock and Sanderson, 1994; Long and
Imber, 2011), the two-dimensional geometries of the relays from Kilve can be the result of several
factors, such as: (i) confinement of the faults to mechanical layering; (ii) reactivation of pre-existing
structures which enhance rapid propagation of the faults and development of large overlap lengths and

(iii) the mechanical properties of the material (Gudmundsson, 2011).

In the case of confinement of the faults to mechanical layering, the propagation of the upper/lower
fault tips is vertically restricted by the presence of overlaying and underlying mechanically weaker
layers (usually plastic shales) which absorb the strain energy and impede fault propagation (Wilkins
and Gross, 2002; Soliva and Benedicto, 2005; Ferrill et al., 2007). Hence, the faults propagate
preferentially laterally, where they tend to develop larger than normal overlap lengths, as we can

observe on the plot from Figure 6.3a and the histograms from Figure 6.4.

Similarly, the relay ramps with high aspect ratio can be associated with normal faults formed by
reactivation of pre-existing structures. Relatively rapid strain localization associated with reactivation
favours propagation and development of larger overlap lengths (Childs et al., 2016). This can

potentially be the case for the development of the relay ramps from Laminaria, which formed by re-
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activation of pre-existing, deeper faults; or the case of the relays associated with normal faults from

Kilve, that reactivated of pre-existing veins (Long and Imber, 2012).

Another controlling factor for the development of relay ramps with high aspect ratios is the
mechanical properties of the rocks (Childs et al, 2016). The relative high mechanical strength and
brittleness of the host rock (carbonates, sandstones) enhances rapid strain energy release, fast
propagation of the faults and development of larger than normal overlap lengths at smaller strain

values.

In all these cases the result is that that the faults do not accumulate significant displacement during the
rapid achievement of their near-final trace length (Jackson et al., 2016). Hence the associated stress
shadow zones are not well developed, and the faults can achieve large overlap lengths (Gupta and
Scholz, 2000). Also, that means that the overlapping segments start to interact when the high aspect
ratio is already well developed. Previous mechanical models of overlapping normal faults indicated
that the degree of mechanical interaction decreases with increasing the overlap length (Willemse et
al., 1996; Crider and Pollard, 1998). Hence, this can potentially explain the tapering and the symmetry
of the displacement profiles toward the interacting tips for the normal faults with high aspect ratio

relay ramps from Laminaria or Kilve (Figure 6.5).

6.3.3. Fault-normal shear strain within relay ramps

A generally accepted hypothesis is that the amount of bed rotation in the fault-normal plane within
relays is related to monoclinal folding occurring during the underlapping stage (Childs et al., 2016).
However, previous research has shown many relay ramps develop their near-final overlap
configuration quite rapidly (Giba et al., 2012; Jackson et al., 2016), hence the amount of bed rotation

toward the hangingwall should be limited (Childs et al., 2016).
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Figure 6.7 — previous page (a) Horizontal combined slice section (reflectivity and variance) through
a relay ramp from Taranaki basin, offshore New Zealand. Note the rhombohedral shape of the relay
with a component of dip toward the hangingwall. (b) The fault-normal shear component of the relay
is clearly visible on the seismic section through the middle of the relay, and normal to the bounding
fault; (c) Isopach maps within two different intervals highlighted in section from (b). The maps show
the thickness of sediments deposited synchronous with displacement on the two overlapping faults,
front fault (FF) and rear fault (RF). Colder colours represent areas of larger thicknesses.

For example, Figure 6.7 illustrates a relay ramp along the Parihaka fault system, from the Taranaki
Basin, offshore New Zealand. The relay ramp is associated with growth normal faults within a shale-

dominated sequence with sandstone interbeds.

Figure 6.7a displays a time slice view through the relay ramp, showing the seismic reflection slice
combined with the variance attribute (Chopra and Marfurt, 2007). This enhances the visualization of
both the map-view structural trend of the reflectors and the smaller scale secondary faulting within the
ramp. Secondary faults are developed obliquely, at an angle of 20-30° to the strike of the beds within
the relay (Figure 6.7a). The strike of the horizons is also highly oblique to the strike of the faults,
indicating a component of dip within the relay toward the mutual hangingwall, clearly seen in section
from Figure 6.7b. Interestingly, the uppermost growth packages within the relay zone indicate that
the ramp reached the present overlap with very small displacement accrued on the bounding faults,
hence the amount of folding during the underlapping stage is insignificant. The cross-section shows
steeper dips of the ramp at deeper levels and evidence from isopach maps suggests that rotation
occurred synchronously with displacement on the faults when the faults were already in the
overlapping stage (Figure 6.7c). Moreover, the kinematic analysis of Giba et al. (2012) indicated that
the Parihaka relay ramp established its geometry relatively early during the geologic evolution, hence
significant monoclinal folding during the underlapping stage is not sufficient to explain rotation of the

relay toward the common hangingwall.
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Isopach maps of syn-growth strata indicate that depocenters (maximum thickness areas) are situated
adjacent to the interacting tip of the front fault implying larger throw gradients on the front fault
during deposition of the H5-H7 interval (Figure 6.7¢). Because of the syn-sedimentary nature of the
faults, the displacement decreases upwards within the syn-growth interval (e.g. H9-H13), hence the
interaction between the faults is expected to be smaller (Peacock and Sanderson, 1994; Willemse,
1997). Although the depocenter migrates northwards toward the hangingwall of the rear fault (Figure
6.7c), the hangingwall subsidence within the proximity of the relay zone is more symmetrically
distributed within H9-H13 interval and the lower ramp hinge is almost orthogonal to the strike of the
bounding faults (Figure 6.7c). Supported by smaller secondary deformation within the ramp, this
suggests a smaller degree of fault interaction at this level, where most of the strain is accommodated
by fault-parallel shear. This relay ramp from the Taranaki basin illustrates that the rotation of the ramp
toward the common hangingwall occurs during the overlapping stage of syn-sedimentary normal
faults and it is not necessarily only the result of monoclinal folding during the underlapping stage

(Childs et al., 2016).

The Peter Creek ramp (Oregon) is a relay ramp associated with normal faults which cut through
basalts within the northern part of Basin and Range and it was described in detail by Crider and
Pollard (1998) (Figure 6.8). The relay ramp shows similar geometrical characteristics, having a
component of dip toward the hangingwall and larger throw gradients on the front fault (Figure 6.8b).
Crider and Pollard (1998) tried to model numerically the geometry of a relay ramp however, their
elastic solutions predicted larger throw gradients on the rear fault in a single slip event (Figure 6.8b),
causing the ramp to dip back toward the footwall. Their explanation was that the difference in the
ramp geometry between nature and model was probably the result of more complex fault geometries
at depth or changes in the friction coefficient. However, we believe that the inconsistencies between
model and field observations can be explained through a simple model comprising a sequence of slip-
events, which is more appropriate for how slip and associated strain accumulates on natural normal
faults. In the following section we propose a mechanical model to explain the preferential dip of the

relay ramps toward the hangingwall side.
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Figure 6.8 (a) Google Earth view of a relay ramp within volcanic rocks from Peter Creek, Oregon.
The throw profile from (b) shows the asymmetric throw distribution on the two faults, with larger
throw gradients on the front fault (0.22). However, the relay is breached through the upper part by
the rear fault which has smaller throw gradients (0.14) Throw data taken from Crider and Pollard

(1998).
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In Figure 6.9 we plot the proportion of the fault-normal ramp rotation to the total transfer throw
measured within the middle of the relay ramp (Figure 6.1) versus the ratio between the throw
gradients on the front fault and the throw gradients on the rear fault. The ratio between the throw
gradients on the bounding faults emphasizes any potential throw asymmetry which can influence the
overall three-dimensional geometry of the ramp and its associated strains. In this graph we show relay
ramps associated with syn-sedimentary normal faults from three different seismic volumes analysed.
There is a positive correlation between throw asymmetry and the amount of bed rotation toward the
hangingwall, especially for the IMF data (R2=0.70). This is to be expected in a coherent fault system,
where any asymmetry within the vertical and horizontal components of displacement will cause the
ramp to shear in both fault-parallel and fault-normal directions and to twist along a sub-vertical axis in
order to maintain the kinematic coherency of the system (Peacock and Sanderson, 1994; Tentler and

Acocella, 2010).

We observe that the relay ramps which have a component of dip toward the hangingwall (positive
values on the horizontal axis from Figure 6.9), seem to predominate in respect over the tabular ramps
(FNRR/TT = 0) and the footwall-dipping relays. This confirms observations of previous researchers,
which described the hangingwall dipping relays as the most common configuration (Childs et al.,
1995; Huggins et al., 1996; Childs et al., 2016). McFadzean (2002) analysed relay ramps from
Bishop, California and observed that the ramps dip predominantly toward the hangingwall, and that
they dip toward the footwall when the separation between segments increases above a certain
threshold distance (150 m in this case). We can speculate that as the separation between overlapping
faults increases, the faults are not kinematically related, hence the geometry of the ramp will be
simply controlled by the hangingwall subsidence topography associated with displacement on the rear

fault.
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Figure 6.9 Diagram showing the ratio between throw gradients of the front fault (TGFF) and the ones
on the rear fault (TGRrF) vs the amount of ductile deformation or fault-normal ramp rotation (FNRR)
of the total transfer throw (TT) within the relay for syn-sedimentary normal faults mapped on seismic
data. Negative values on the horizontal axis indicate that the relay dips toward the footwall / rear
fault. It can be observed a positive correlation, as asymmetry increases with larger gradients on the

front fault, the amount of relay rotation toward mutual hangingwall increases.
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6.4. Discussion

Geomechanical models of overlapping normal faults showed that the degree of interaction between
segments decreases with increasing the overlap length (Willemse, 1996). This can potentially explain
smaller displacement gradients and the symmetry of the displacement profiles of the normal faults
bounding high aspect ratio relay ramps (Figure 6.5). However, Figure 6.3c shows that relay ramps
within both mechanically incompetent and competent lithologies are characterized by a variable
amount of fault-normal shear if they have average or below average relay aspect ratios. We
hypothesize that not only the lithology controls the fault-normal shear strain but also the mechanical
interaction and the geometrical configuration of the overlap and separation distance between

segments.

In the mechanical models described in the previous chapter (Chapter 5), we have shown that
displacement on overlapping normal faults embedded within a homogeneous elastic half-space
(consistent with surface-breaking syn-sedimentary normal faults) generate an asymmetric distribution
of the decrease in Coulomb shear stress zones, larger and better developed within the hangingwall
side of the faults (Figure 6.10a). Gupta and Scholz (2000) assumed that in order for a fault to
propagate it needs to overcome the yield strength of the surrounding rocks and the shear stress drop
associated with the slip on the interacting fault. The asymmetrically larger shear stress shadow zone
within the hangingwall side will make the propagation of the front fault more likely to be impeded,
leading to accumulation of larger displacement gradients on the frontal segment. Equally, the zone of
increased Coulomb shear stress within the footwall of the front fault will enhance more rapid
propagation of the rear fault, which will probably lead to breaching of the relay ramp. This may
explain why many of the relay ramps associated with surface-breaking normal faults are breached
through the footwall side (discussed in Chapter 5). Asymmetry in the components of displacement
will generate a component of fault-normal shear causing the relay to twist and dip toward the mutual
hangingwall (Peacock and Sanderson, 1994). This asymmetry can potentially explain why relay

ramps usually dip toward the hangingwall (Figure 6.8b and Figure 6.9).
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Figure 6.10 — previous page (a) Distribution of Coulomb Failure Stress associated with displacement
on two overlapping normal faults located within an elastic half-space. Contours represent change in
elevation. Note the asymmetric stress drop zone, with larger distribution and magnitude within the
hangingwall. As a result, the frontal fault would require larger displacement gradients to propagate,
in order to overcome the larger shear stress decrease in the hangingwall of the rear fault. Meanwhile,
the rear fault accrues smaller displacement gradients, because it propagates more rapidly. The
asymmetry in throw distribution, with larger displacement gradients on the front fault twists the relay
toward hangingwall. (b) Examples of throw profiles in the overlapping region with relay ramps
having a component of dip toward hangingwall, which display generally larger throw gradients on

the front fault.

6.5. Conclusions

In this chapter we showed that by including the fault-parallel and fault-normal shear strain
components in the analysis of the map-view geometry of the relay ramps we gain better insights into
the influence that lithology and fault interaction have on the three-dimensional geometry and
variability of strain within the relay ramps. We showed that normal faults within competent rocks
(limestones, massive sandstones) tend to develop relay ramps with higher aspect ratios, with smaller
fault-parallel shear strains and which usually display tabular geometries, indicating a low component
of fault-normal shear strain. Meanwhile, lower aspect ratio relay ramps are more likely to be
developed in incompetent or less consolidated sediments, and usually display higher fault parallel-
shear strains and a significant component of fault normal shear, which results in rhomboidal relay
ramp geometry. The propagation of the faults is more easily impeded within incompetent lithologies,
which generates higher stress interactions, resulting in development of higher displacement gradients.
The dip of the relay ramp toward the mutual hangingwall can be both the result of fault-propagation
folding during the underlapping stage of the relay and by shearing in the plane normal to the faults, as

a result of asymmetric displacement gradient on the interacting faults.
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Discussion and future work

7.1.  Variability of ductile strain along strike of a single fault-array

Within this thesis we described the variability of continuous (ductile) deformation associated with the
growth of normal faults in sedimentary stratigraphic sequences with various mechanical properties.
The mechanical heterogeneity of the sedimentary layers plays an essential role in controlling the
geometry of the faults and the distribution of ductile strain within the volume of rock surrounding the
normal faults. The study of seismic-scale folds associated with normal faults in the Inner Moray Firth
basin (Chapter 4) shows that vertical variations in mechanical stratigraphy causes along dip
segmentation of the normal fault array. Vertical segmentation and linkage varies significantly along
the fault strike, which may generate localized bends in the fault surface. As a result, the displacement
of the hangingwall over these irregular fault plane geometries can generate ductile folding, with
amplitudes that vary depending on displacement, geometry of the bend and pre-existing evolution of
the fault. The geometries of the folds supported by growth strata indicators suggested that prior to
fault-bend folding, some of the faults developed folds as a result of upper fault-tip propagation.
Hence, in some areas the final fold amplitude is the result of both fault-propagation and fault-bend
folding processes, which may have variable contributions along the strike of a single fault array. It is
very likely that the zones within the finite folded structure that suffered two separate folding events
have an increased distribution and intensity of secondary faulting and fracturing, similar to what has
been described in fault-bend folds within compressional regimes (Cosgrove, 2015). Further field
studies can potentially reveal if these different events of folding can be distinguished based on
structural mapping and fracture analysis in the field. Folds associated with normal faults within the
Suez Rift are a possible surface analogue of the folds from the northern North Sea. Although very

well known for the surface exposures of normal-fault propagation folds (Khalil and McClay, 2002),

201



Chapter 7

the extensional faults from Sinai (Suez Rift) display changes in fault dip similar to the faults from
Inner Moray Firth, with steeper fault geometry within the competent units at depth and shallower dips
within the overlaying clastic-carbonate interbedded sequence (Whipp, 2011). Variable displacement
across these irregular, and laterally variable convex-toward-the-hangingwall bends in the fault plane

may explain some of the along strike-variations in the amplitude of folding within the Suez Rift basin.

7.2. Mechanical stratigraphic control on normal fault-related deformation

7.2.1. Implications for fractured reservoirs

Mechanical stratigraphy also has an important role in influencing the characteristics and distribution
of secondary deformation accommodating larger seismic-scale normal fault-related ductile
deformation. The studies of the strain characteristics associated with normal fault-related folds within
various mechanical stratigraphic conditions (Chapter 2 and Chapter 3) have shown that the
competence contrast is a key factor in controlling the partitioning of strain and the patterns of small-
scale brittle deformation within the competent layers. High mechanical competence contrast favours
strain partitioning. The incompetent layers deform plastically, while the brittle deformation within the
competent beds is predominantly dominated by antithetic faults or rotated tensile fractures which were
reactivated in shear. The flexure of beds with similar mechanical properties (e.g. rigidity and stiffness)
will determine a component of slip parallel to the bedding surface (Higgs et al, 1991; Sanz et al,
2008), as in the case of the Buda limestone layers (Ferill et al, 2007) or the Cedar Mountain sandstone
and conglomerates layers along the Moab fault. We have seen that the depositional geometries of the
bed interfaces can significantly influence the intensity of the deformation within the competent layers,
thus impacting the fracture density within potential reservoirs. Geometrically smooth, planar bed
interfaces such as the Buda limestone layers from the Big Brushy Canyon monocline (Ferrill et al.,
2007) will accommodate a large part of the strain by bed-parallel shear (Smart et al., 2011), with a
relatively low intensity of through-going fractures within the competent layers. Meanwhile, if the bed

boundaries are non-planar, such as the down-cutting sandstone channels of the Cedar Mountain
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Formation within the hangingwall fold of Moab fault (Chapter 3), slip on these irregular bed
interfaces will favour localized stress concentrations at bed asperities which will result in localized
development of fractures and faults or reactivation in shear of pre-existing fractures. Therefore, apart
from the mechanical properties of the rocks, the mechanical thicknesses and the mechanical
competence contrast between layers, the geometry of the layer boundaries within the mechanical
stratigraphy has a significant role in controlling the intensity and distribution of fracturing. Further
investigations through mechanical modelling (i.e. discrete element modelling) can offer important
insights for a better understanding of the influence of the bed geometries (e.g. with variations in the
incision of the channel) on the frictional slip behaviour along lenticular surfaces and their effect on
the distribution of brittle strain within channelized sandstone systems. Such studies would be relevant
for reservoir modelling and evaluation of dynamic flow properties within folded and fractured channel

sandstones reservoirs.

7.2.2. Implications for shale smear distribution and fault seal

The geometries and the strain patterns within folds associated with normal faults are strongly
controlled by the mechanical properties of the layered stratigraphy. Evolution of the deformation
processes and structures that relate to folding development will invariably influence the geometry,
internal composition and permeability properties of the fault zones (Caine et al., 1996) and

consequently will impact the trapping of hydrocarbons.

In a recent comprehensive review on clay smears, Vrolijk et al. (2016) argued that it is necessary to
better understand the kinematics of secondary faulting and folding associated with normal faulting to
improve our current knowledge of the distribution and, especially, the termination of shale smears.
Development of shale smears along normal faults is an important element that can impede the lateral
flow of hydrocarbons within normal faulted reservoirs (Smith, 1980; Webber et al., 1987; Lehner and
Pilaar, 1997). Shale smears form by various mechanisms, such as shearing, injection or abrasion,

depending on the rheological properties of the host lithologies and the depth of deformation (Lindsay

203



Chapter 7

et al., 1993; Lehner and Pilaar, 1997; Vrolijk et al., 2016). In this discussion we exclude shale smears
formed by abrasion of mechanically strong, deeply buried shales (Lindsay et al., 1993) and we focus
on shale smears formed by ductile deformation processes and, in many cases, are associated with
folding (Vrolijk at al., 2016). Therefore, it is reasonable to hypothesize that, since both shale smearing
and folding are the result of ductile deformation, the evolution of shales smears is controlled by the

very same factors that control the development of folding.

Evaluation of the occurrence of shale smears or the sealing potential of normal faults in the subsurface
is performed through the use of deterministic or stochastic techniques (Dee et al., 2010). The
stochastic methods do not necessarily consider the composition of a fault zone as contributing to its
sealing capacity, but rather consider multiple possibilities of bed juxtaposition on multiple faults, with
the premise that all sand-to-sand juxtaposition allows leakage of hydrocarbons (James et al., 2004).
The different deterministic (or empirical) methods (Shale Gouge Ratio, Clay Smear Potential, Shale
Smear Factor) are variations based on two geologic parameters: the thickness of the displaced shale
layers and the fault throw (Yielding et al., 2010). The algorithms are based on empirical data which
indicates that shale smears thin with increasing throw on the fault, becoming discontinuous if the
throw is ca. 5 times larger than the overall thickness of the displaced shales (Yielding et al., 2012).
Expressed by the deterministic fault models, the shale smear becomes discontinuous at a Shale Gouge
Ratio (Yielding et al., 1997) of 0.2 (shale thickness / throw) or a Shale Smear Factor (Lindsay et al.,
1993) of 5 (throw / shale thickness). Data indicate that the critical Shale Smear Factor can vary
substantially with confining pressure and ductility (or clay content within the shale beds) (Grant,
2016). However, the algorithms assume that shale smears thin with increasing displacement, for
which reason the probability of a continuous shale smear (and the sealing potential) decreases with

increasing distance from the source bed.

Nevertheless, Childs et al. (2007), analysing a normal faulted, poorly consolidated turbidite sequence
from Taranaki Basin, observed a high variability in the thickness distribution of the shale smear and
that holes within smear can occur almost everywhere along the main fault plane, even in the

immediate vicinity of the shale source layer (Figure 7.1a, b). Childs et al., (2007) noticed that
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Figure 7.1. Clay smear thickness vs distance from the source shale layer for (a) several profiles
through faults within the Taranaki Basin, New Zealand (from Childs et al, 2007); (b) detail of the

same Taranaki fault data (from Childs et al, 2007) with smear thickness distribution along a

distance/ source thickness < 1.0; (c). profiles with smear thickness distribution along the Moab fault,

Utah (data from Davatzes and Aydin, 2005). Note that in the case of the faults from Taranaki Basin

there is no relationship between distances from the source and smear thickness, while in the case of

Moab fault thinning of the smear corresponds with increasing distance from the source shale layer
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the disruption of shale smears is controlled by the distribution of strain within the fault zone,
particularly by the synthetic Riedel shears. Vrolijk et al. (2016) argued that the current fault seal
methods have limitations by failing to incorporate model parameters that take into consideration the
deformation processes and the mechanical properties of the rocks at the time of deformation. They
propose a mechanical framework that predicts the deformation processes responsible for generating
shle smear, based on the relative mechanical properties of the sands and shales (Vrolijk et al., 2016;
their figure 27). We consider that a similar approach can be taken in describing the main
deformational processes that control the strain variability within folds, and which in turn influence the

thickness and distribution of shale smears.

Figure 7.2 shows a schematic diagram for a hypothetical sand-shale interbedded sequence, in which
the content of shale varies along the vertical axis (the percentage of shale forming the sequence
increases downwards) and the mechanical competence contrast between sands and shales changes by
increasing the competence of the sands, along the horizontal axis (from homogeneous mechanical
behaviour in the left-hand side toward highly anisotropic mechanical layering toward right). The
reason for using these two parameters is that, as we have previously seen in Chapter 3 and Chapter 4,
the style of folding, the deformation mechanisms and partitioning of strain are highly dependent on
mechanical anisotropy and the percentage of shale (or other incompetent lithologies) within the
sequence. The scheme presented here is very simplified and shows typical end-member cases of the
deformation styles encountered within an interbedded sand-shale sequence with different ratios of
shale and different consolidation (competency) of the sands. Hence, it is important to point out that
that there will be a gradual transition and mixing between the deformation processes described here,
as the two parameters change. In this conceptual model we hypothesize that the deformation
structures that accommodated folding are the same ones responsible for entraining, thinning and
disrupting the shale smears into the fault zone. Therefore, we consider that the evolution of shale
smears can significantly differ depending on the variability of strain associated with folding within a
mechanically heterogeneous stratigraphic sequence (Figure 7.2). For example, fault-propagation folds

developed in stratigraphic sequences with high competence contrast are characterized by progressive
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Figure 7.2 Diagram showing the main normal-fault related folding deformation patterns within a
sand-shale interbedded sequence, in which the content of shale increases downwards along the
vertical axis and the mechanical competence contrast between sands and shales increases to the
right along the horizontal axis. Hence, on the left-hand side we have deformation characteristic for
poorly consolidated sediments, while on the right-hand side the degree of consolidation increases but
only for the lithologies that we defined as competent, so that some folding can occur. Note that this
sketch is a representation of the end-members of the deformation styles, and a significant

overlapping transitional domain can be encountered in natural examples.

thinning of the shale smear as the folds increase in amplitude (e.g. Moab). Figure 7.1c shows a plot of
the normalized smear width vs normalized distance from the shale source in the hangingwall from
several locations along the Moab fault (Davatzes and Aydin, 2005). We observe that the shale smear
is defined by an asymptotic shape, thinning progressively with increasing displacement but
maintaining a smaller smear thickness for a larger distance from the source bed. These shapes are

consistent with the geometries of the normal drag folds developed in the hangingwall of the Moab
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Figure 7.3 Diagram showing possible locations for shale smear to be breached relative to the shale
source layer (from Grant, 2016). The Mid-point Split Smear Model (SSM) is the standard model
contained within the Shale Smear Factor or Shale Gouge Ratio methods. Our observations indicate
that SSM and together with HASM (Hangingwall Attached Smear Model) seem to correspond for
stratigraphic sequences with high mechanical competency contrast. A more random breaching of the

sale smear can occur in sequences with low mechanical competence contrast.

fault (Chapter 4). The antithetic-dominated style of secondary faulting is confined to the competent
layers and does not contribute to the abrupt termination of the shale smears during the fault-
propagation fold stage. The antithetic sense of slip can contribute to the process of shale injection into
the fault zone, by increasing the horizontal compressive stresses, within the shale source interval
adjacent to the main deformation zone, in a similar manner with the one described by Lehner and
Pilaar (1997). This style of progressive thinning of the shale smear with increasing displacement
indicates that in this case the deterministic fault seal methods, such as Shale Smear Factor or Shale
Gouge Ratio appropriately describe the possibility of shale smear continuity (Figure 7.3). In the case

where folding and shale smearing develop in stratigraphic sequences with lower mechanical
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competence contrast (e.g. Gullfaks Field, from Hesthammer and Fossen, 1998) the deformation and
thinning of the shales is accommodated by multiple synthetic slip surfaces, similar to the examples
described by Childs et al (2007) and Doughty (2003). In this situation the distributed secondary shear
faulting can create potential breaches within the shale smear at any point along the fault (Figure 7.3).
In this case, a stochastic approach for evaluating the likelihood of sealing is probably considered as
more appropriate (Childs et al, 2007). Hence, applying the appropriate fault seal evaluation method
can be determined based on understanding the responsible mechanisms contributing to the

development of the shale smear.

Our hypothesis is that the mechanical stratigraphy and especially the mechanical competency contrast
are responsible for controlling the distribution of strain, and hence the disruption of the shale smear.
Further studies from other localities or experiments are necessary to test the validity of our
hypothesis. A comparative study between different field examples, to demonstrate any relationship
between the smear breaching locations described by Grant (2016) and the mechanical stratigraphic
conditions of the host sedimentary sequence at the time of deformation would be interesting to
investigate in more detail. Potentially, a new workflow can be established within fault sealing
methodologies, one that integrates the relative mechanical competence contrast at the time of

deformation, as well as shale content.

7.3.  The control of mechanical interaction between faults on distribution of strain within

the volume surrounding normal faults

In Chapters 4, 5 and 6 we investigated the effects of the mechanical interaction between normal faults
on the distribution of deformation within a volume of rock (or an elastic material) surrounding the

normal faults.

It is generally accepted that active segments within the same fault system interact mechanically
through their slip-induced stress fields (Stein, 1999). In Chapter 4 we explained the variability in the
occurrence and magnitude of normal fault-propagation folds through the interaction between opposite
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dipping normal faults. Mechanical models indicate that conjugate normal faults that intersect within
layers with low compressibility display geomechanical characteristics favourable for migration of
stress concentrations near the upper fault tips (Young, 2001). We hypothesize that these stress
perturbations enhance upward propagation of the faults, by generating higher propagation/slip ratios
and the development of low amplitude folds, or no folding. Further investigations in other areas with
similar mechanical stratigraphic conditions (i.e. intersecting tips in competent rocks) would be
required to investigate the stratigraphic conditions under which these effects would occur or when
would be inhibited (increase in thickness or ductility of the weak layers which contributed to the
initial development of the fault-propagation folds). Seismological evidence indicates sequential slip
events on opposite dipping normal faults as a result of the stress transfer and interaction between the
conjugate pairs. Payne et al (2004) described the events associated with the Devil Canyon 1984
earthquake, which triggered sequential movement on a conjugate normal fault pair, comprising the
Challis segment and the Lone Pine faults from northern Basin and Range. The sequence was
characterized by an initial deeper main seismic event followed by a sequential movement at a
shallower depth on the conjugate pair (Payne et al, 2004). Mechanical models suggest that slip on
conjugate normal faults that intersect within a material with low compressibility enhances the
migration of the maximum slip toward the upper fault tip (Maerten et al, 1999; Young, 2001). Remote
sensing techniques such as INSAR have been proven to be extremely useful in imaging the
characteristics of surface deformation and slip distribution associated with seismic slip events
(Walters et al, 2009). They can potentially provide further insights on surface deformation associated
to sequential slip events on active conjugate normal fault pairs. Specifically, how does the surface
rupture and subsidence patterns vary within the faulted area as a result of successive slip events on

opposite dipping normal faults?

A better understanding of the processes and mechanisms that control the evolution of normal fault
segment boundaries can be extremely important for the assessment of seismic hazards. Segmented
seismogenic faults can display diverse and complex behaviours during seismic slip events. Relay

zones can act either as barriers to rupture propagation or as rupture initiators along seismogenic
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normal faults (Zhang et al., 1999; Spina et al., 2008; Biasi and Wesnousky, 2016). Understanding how
normal faults interact and how relays zones become breached can help mitigate some of the risks

associated with rupture propagation during normal slip events.

In Chapter 5 we have shown that the style of breaching of relay ramps associated with syn-
sedimentary (surface breaking) normal faults is influenced by the interaction between overlapping
normal faults and the free surface of the earth. Quantitative and qualitative analysis indicated that the
ramps associated with surface breaking normal faults are breached preferentially through the rear
fault. Employed mechanical simulations predict in the proximity of the free surface asymmetrically
larger decrease in shear stress within the hangingwall side and zones of increased shear stress within
the footwall side of the ramp which favour breaching through the rear fault. Kinematic evidence from
active surface breaching normal faults from the Apennines and Basin and Range support the
mechanical solution and display localized components of strike slip at the fault tips toward the
hangingwall depocenter (Wallace et al., 1984; Morewood and Roberts, 2000), which enhances the
curved propagation toward the hangingwall of the overlapping faults and breaching through the rear

fault.

Biasi and Wesnousky (2016) showed that relay zones bounded by normal faults are less effective on
stopping rupture propagation than relay zones associated with strike-slip or reverse-slip fault
segments. This indicates that the fault segments are likely to be physically linked at depth and they
bifurcate upwards toward the surface of the earth, where, observed in map-view, they appear
discontinuous (Walsh et al., 2003). Long and Imber (2012) showed that breaching of relay zones
associated with normal faults developed within mechanically heterogeneous layered rocks can vary
substantially in three dimensions, resulting in segmented fault branch-lines. Further studies are
required to investigate the geometrical complexities associated to the three-dimensional variability of

relay zone breaching along segmented seismically active normal faults.

Our study shows the benefit of studying syn-sedimentary normal faults for understanding the

behaviour of seismogenically active, surface-breaking normal faults. We consider that it is essential to
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integrate structural analysis of past geological structures that benefit from high quality seismic
reflection imaging with the analysis and interpretation of seismological and geodetic data from
currently active normal faults. In this way we can better understand the processes of fault growth in
four-dimensions (including the time component at different scales) and potentially we can better
mitigate some of the risks associated with seismic ruptures on interacting segment boundaries. For
future research, it would be ideal to be able to monitor seismically active overlapping normal fault
segments that are also imaged by high resolution 3D seismic reflection data (in active extensional
areas such as the Gulf of Corinth). In this way we can investigate the short-term behaviour of the relay
zones and the geometrical and mechanical conditions under which these structures can act as barrier
to seismic rupture or when they act as rupture initiators. Active seismic monitoring combined with
INSAR data can compensate for the limited resolution of conventional seismic datasets and can
potentially offer insights into the sequential evolution of relay ramps, given that current evidence from
seismic data suggests that relay zones develop their near-final geometry almost instantaneously at

geologic-time scale (Jackson et al., 2016).
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