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Abstract

Continental transform faults transition to a new plate boundary type when strike-slip, transpression or
transtension are no longer the most efficient way to accommodate plate motion. The northern
termination of the Alpine Fault (New Zealand), the southern termination of the San Andreas Fault
(California) and the western termination of the North Anatolian Fault (Turkey) are examples of plate
boundary transitions where the continental transform fault is ‘misaligned’ with its connecting plate
boundary. These examples show a consistent pattern of fault development across the transition zone
between the misaligned plate boundary faults. Each transition zone comprises a number of evenly
spaced, crustal scale faults oriented ~ 18° relative to the major transform fault. In this thesis, | use scaled
strike-slip analogue experiments to investigate the development of these fault networks associated with
transition zones. | show that these fault networks develop as crustal scale Riedel shears, where the basal
boundary condition (i.e. the lower crust) deforms by distributed simple shear on a tectonic scale. |
propose that such zones of distributed simple shear develop where the transition zone forms by
propagation of the transform fault towards its connecting plate boundary. Fault networks developing
over regions of distributed simple shear are shown to develop independently of the neighbouring
transform fault. These faults can propagate laterally back towards the transform fault, creating an
approaching and intersecting relationship with the transform fault. This geometry resembles that of
branching splay faults, but such transitional fault networks do not result from propagation away from
the primary fault. The results of the analogue experiments are compared in detail to the Marlborough
Fault System, a fault network that forms the transition zone between the Alpine Fault and Hikurangi
subduction zone in South Island, New Zealand. The experiments replicate the known sequential
southward formation of each strike-slip fault in the system and indicate that each fault nucleates from a
region of diffuse deformation, which develops into a single, continuous fault. | show that as each fault
develops there is a rapid increase of incremental shear strain over that region, and hypothesise that this
increase in shear strain may have contributed to the initiation of the 2016 Mw 7.8 Kaikoura earthquake,
which occurred in a zone of diffuse faulting south of the present day of Marlborough Fault System that
is hypothesised to be the location of an incipient fifth fault. Finally, analysis of existing structural and
palaeomagnetic data from northeast South Island is used to propose a unifying hypothesis for the
development of the Marlborough Fault System since 20 Ma, shortly after the initiation of the Alpine
Fault. Here | propose that the 90° clockwise rotation of northeast South Island indicated by
palacomagnetic data between 20 Ma and 10 Ma occurred around a hinge that was generated and
controlled by the anticlockwise rotation of the Hikurangi subduction zone. At 10 Ma, the bulk rotation
ceased as distributed simple shear initiated between the Alpine Fault and the Hikurangi subduction zone,

which caused the sequential southward development of the Marlborough Fault System.
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Plain language summary

Continental transform faults develop where one tectonic plate slides past another and their role is to link
plate motion between other plate boundaries. In some instances, the transform fault does not link
directly to its connecting plate boundary. Where this occurs, there is no plate boundary to accommodate
plate motion. This thesis investigates how plate motion is transferred across such regions by recreating
plate boundary conditions in scaled laboratory experiments. Results show that a network of faults
develop over these regions in a consistent pattern to accommodate plate motion, which has implications

for better understanding earthquake initiation within these regions.
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Chapter 1

Introduction






1.1.  Scope of thesis and research questions

Continental transform faults are strike-slip dominated plate boundary faults that cut through continental
lithosphere and can accommodate hundreds of kilometres of displacement along their length,
connecting convergent and/or divergent plate boundaries, or (in the case of a triple junction) other
transform faults (Wilson, 1965; Woodcock and Daly, 1986; Sylvester, 1988; Legg et al., 2004; Norris
and Toy, 2014; Sengor et al., 2019). Their name was given for their role in ‘transforming’ plate motion
along their length, to a different kind of plate motion at their connecting plate boundary (Wilson, 1965).
Hundreds of kilometres of strike-slip deformation must be accommodated across the plate boundary
connection, where the plate motion ‘transform’ occurs (Wilson, 1965; Legg et al., 2004).

In some instances, rather than the transform fault ‘transforming’ plate motion directly to its connecting
plate boundary, the continental transform fault can become ‘misaligned’ with its connecting plate
boundary. Where a plate boundary misalignment occurs, plate motion can become distributed over a
broad, intervening transition zone between the two major plate boundary faults (Mann et al., 1999; Legg
et al., 2004; Wilson et al., 2004; Wannamaker et al., 2009; Eberhart-Phillips and Bannister, 2010). As
with any plate boundary, these transition zones have a large risk of high-magnitude earthquakes,
however unlike the major plate boundaries, how deformation localises and migrates across these
transition zones remains poorly understood (Bilich et al., 2004; Wilson et al., 2004; Hamling et al.,
2017). Understanding the formation of these broad intervening transition zones and large-scale strike-

slip fault networks that develop within them is critical for seismic hazard analysis.

The unusually complex 2016 Mw 7.8 Kaikoura Earthquake is associated with the ongoing transfer of
deformation across a 200 km wide transition zone in northeast South Island New Zealand, between the
continental transform Alpine Fault and the Hikurangi subduction zone (Hamling et al., 2017). A series
of four major strike-slip faults, termed the Marlborough Fault System (MFS), have developed to
accommodate deformation across this transition zone (Bilich et al., 2004; Wilson et al., 2004;
Rattenbury et al., 2006; Wallace et al., 2007, 2012). However, none of the ruptures from the Kaikoura
Earthquake occurred along these major strike-slip faults (Berryman et al., 2018). The reason for the
complexity of the Kaikoura earthquake remains highly debated. In order to understand the complexity
of small-scale earthquake ruptures associated with it, a better understanding of the large-scale tectonic

and structural geological evolution of the region is required.

There are numerous hypotheses for the development of the MFS (Little and Roberts, 1997; King, 2000;
Townsend, 2001; Hall et al., 2004; Wilson et al., 2004; Wood and Stagpoole, 2007; Wannamaker et al.,
2009; Lamb, 2011; Randall et al., 2011; Ghisetti, 2021). The most favoured hypothesis proposes
sequential southward reactivation of a series of pre-existing crustal scale faults that bounded rigid
crustal blocks (Hall et al., 2004; Lamb, 2011; Randall et al., 2011). Rodgers and Little (2006) and



Henrys et al. (2013) suggested that further data are needed to resolve the subsurface geometry of the

major faults in the MFS.

The similarity of the MFS with fault patterns associated with other examples of plate boundary
transition zones, such as the southern termination of the San Andreas Fault and the western termination
of the North Anatolian Fault, suggests that the major MFS faults may have developed in a similar way
to these other systems.

The following research questions in this thesis aim to answer the following knowledge gaps:

1. How and why do fault networks develop where plate boundary deformation becomes
distributed over a transition zone between a continental transform fault and a connecting plate
boundary?

2. Can the findings from Research Question 1 provide insight into the development of the MFS
and the complexity of the Kaikoura earthquake?

3. How do the findings from Research Questions 1 and 2 compare with existing hypotheses for
the development of the MFS and palaecomagetic and structural data from the region?

It is challenging to understand complex fault geometries that are observed in strike-slip (and
transpressional/transtensional) systems from structural analysis of two-dimensional (2D) horizontal and
vertical outcrops in the field. To overcome this problem, analogue laboratory experiments are
frequently used to investigate fundamental deformation processes in such systems, and to test ideas
about the development and evolution of structures in three dimensions (3D) through time (e.g., Dooley
and Schreurs, 2012). Existing hypotheses for the development of the MFS, or other such transition

zones, have yet to be investigated using 3D analogue modelling methods.

The internal 3D evolution of deformation within analogue models of simple shear is often inferred by
changes in surface structures and topography and by using Digital Image Correlation (DIC) to analyse
incremental and finite strain on the model surface (Adam et al., 2005; Schrank et al., 2008; Schrank and
Cruden, 2010). This approach is similar to the study of horizontal outcrop and map patterns, except
that the results show the evolution of structures and strain features through time. Vertical cross sections
revealing the internal 3D geometry of simple shear experiments can only be observed at the end of each
experiment, making it difficult to visualise the 3D structural evolution through time. To overcome this
limitation, X-Ray Computed Tomography (XRCT) scanning can be used to analyse the 3D evolution
of localised and distributed deformation in experimental strike-slip fault systems over time (e.g.
Schreurs and Colletta, 1998; Schreurs, 2003; Fedorik et al., 2019).

In order to answer the research questions outlined above, a series of analogue experiments were
designed to investigate the development of localised and distributed simple shear zones, and tectonic

boundary conditions analogous to those acting on northeast South Island, New Zealand. These



experiments investigate and contribute to understanding the development of strike-slip fault networks

in transitional plate boundary settings with specific focus on the MFS.

1.2.  Thesis structure

This thesis has been prepared as four stand-alone research chapters that are intended for submission as
refereed journal publications. These are bookended by an Introduction chapter (Chapter 1) and a
Discussion chapter (Chapter 6), which summarises the main findings and makes suggestions for future

work.

Chapter 2 - The generation of large scale strike-slip fault networks at the terminations of

continental transform faults, where their connecting plate boundary is ‘misaligned’
Megan Withers, Alexander Cruden, Mark Quigley. Unpublished

This research chapter introduces three example regions where plate boundary deformation becomes
distributed over a transition zone between a continental transform fault and its connecting plate
boundary: the northern termination of the Alpine Fault (the MFS), the southern termination of the San
Andreas Fault, and the western termination of the North Anatolian Fault. We present the results of a
series of strike-slip analogue experiments that compare the formation of faults in the upper crust where
deformation of the lower crust remains localised on a shear zone (analogous to a transform fault) with
faults that form in upper crust overlying a lower crust that deforms by distributed simple shear
(analogous to the aforementioned transition zones). Fault development in the experiments is analysed

using Digital Image Correlation (DIC).
Chapter 3 —To splay or not to splay? That is the question
Megan Withers, Lachlan Grose, Alexander Cruden, Mark Quigley. Unpublished

The surface geometry of fault networks associated with the propagating tips of strike-slip faults appears
the same regardless of scale (including the terminations of transform faults). In this investigation we
compare the formation and 3D geometry of large-scale (100 km wide) fault networks associated with
transform transition zones to smaller-scale (10 km wide) fault networks associated with the tips of
strike-slip faults that are not plate boundary faults. To do this, we repeat analogue experiments outlined
in Chapter 2 and analyse the resulting 3D fault patterns using XRCT scanning. The results are compared
to natural examples in the USA, Europe and New Zealand (MFS). We consider whether the resulting
fault systems truly ‘splay’ from or propagate towards and abut their primary fault, and refine the

definition for the term ‘splay fault’.

Chapter 4 - Sandbox experiments explain the development of the Marlborough Fault System,

New Zealand



Megan Withers, Alexander Cruden, Mark Quigley. Unpublished

We present a ‘transition’ analogue experiment that has boundary conditions analogous to the MFS of
northeast South Island, New Zealand where the transform Alpine Fault is transitioning to the Hikurangi
subduction zone. We use the modelling results to explain the sequential southward development of each
of the major MFS faults, and to demonstrate how strike-slip simple shear is migrating and localising
across the region. These results provide a potential explanation for the initiation and initial complexity
of the 2016 Kaikoura earthquake ruptures.

Chapter 5 - A new interpretation for the structural development of northeast South Island, New

Zealand, from 20 Ma to present
Megan Withers, Mark Quigley, Mike Hall, Alexander Cruden. Unpublished

In this research chapter we review current hypotheses for the tectonic development of northeast South
Island, New Zealand, which are based on interpretations from palaeomagnetic and structural data. We
analyse the existing palacomagnetic and structural data and present an alternative interpretation for the
tectonic development of northeast South Island from 20 Ma to present. This new interpretation satisfies
the palaeomagnetic and structural data and combines results of analogue modelling data presented in

Chapters 2, 3 and 4 with elements of existing hypotheses.

1.3. Background

The following sections provide critical background detail for this thesis. Where topics in this section
are explained briefly, such as the geology of the MFS and hypotheses for its development, further detail

can be found in Chapters 2-5, to avoid excessive repetition within the thesis.

1.3.1. Explanation of language used in this thesis

In this thesis, I refer to plate boundaries as being ‘misaligned’ in regions where plate boundary
deformation has become distributed across transition zones. The term ‘misaligned’ reflects the physical
positioning of the plate boundaries to generate such transition zones (Fig. 1.1). The misalignment is
similar to a fault ‘stepover’, which creates restraining and releasing bends on <10 km scales (Section
1.3.2). However, plate boundary misalignment occurs on a much larger = 100 km scales. In this context,
the term plate boundary misalignment should not be confused with the term ‘misoriented’, which is

often used to reflect a change in stress orientation relative to a fault.

This thesis investigates the formation of faults in regions of localised and distributed simple shear. We
recognise that the terms localised and distributed simple shear can be interpreted differently at different
scales. For example, simple shear can be considered ‘distributed’ in the initial phases of development

of a strike-slip fault, where a single, continuous strike-slip fault is yet to develop. In this thesis, we are



investigating localised and distributed simple shear at tectonic scales. | therefore refer to deformation

over a plate boundary fault as ‘localised’ and deformation across a transition zone as ‘distributed’.
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1.3.2. The formation of strike-slip faults

Strike-slip faults can form within all plate boundary and intraplate settings, for example to connect
normal faults in rift settings and along mid ocean ridges, or to connect thrust faults in fold and thrust
belts (Woodcock and Daly, 1986; Sylvester, 1988). They are characteristically long, relatively straight
faults that are vertical or near vertical in cross section, and remain as narrow, localised zones of
deformation at depth (Wilson, 1965; Cunningham and Mann, 2007; Qu, 2019).

Progressive simple shear refers to deformation where uniform shear strain occurs in a plane parallel
direction and during this deformation, parallel planes remain parallel and at a constant spacing (Simpson
and De Paor, 1993) (Fig. 1.2). Ramsay and Graham, (1970) demonstrate that the only constant volume
strain regime that can occur in straight, parallel sided shear zones is simple shear. Hence, strike-slip
faults are almost always a product of deformation by progressive simple shear (Ramsay and Graham,
1970; Simpson and De Paor, 1993; Qu, 2019). Exceptions to generation of strike-slip faults through

simple shear can occur if there is structural inheritance within the shear zone (Ramsay and Graham,



1970), or as the result of conjugate faulting from pure shear (Sylvester, 1988). However large-scale
strike-slip faults cannot be generated by progressive pure shear deformation (Sylvester, 1988; Qu, 2019).

Therefore, this thesis focuses on the formation of strike-slip faults via progressive simple shear only.

The sequence of brittle faulting that leads to the development of a through-going strike-slip fault (Fig.
1.2) is an example of a scale independent (or invariant) process and has been well documented in strike-
slip analogue experiments using Mohr-Coulomb materials such as clay and sand (e.g. Riedel, 1929;
Tchalenko, 1970; Wilcox et al., 1973; Naylor et al., 1986). The stages of development of strike-slip
faults illustrated by analogue models are consistent with field observations and earthquake rupture
patterns (e.g. Naylor et al., 1986; Swanson, 2006; Rao et al., 2011; Hornblow et al., 2014).

Stage 1 Stage 2 Stage 3 Stage 4
DevelopmentofR shears i DevelopmentofP shearsand E and P shearslink i Straighteningoutof
H R’ Shears H H fault

e.g.Localised e.g.Localised
transtension transpression

Figure 1.2. The development of a strike-slip faults over a region of localised simple shear. Adapted from
Fossen (2010). Riedel (R) shears are the first structures to develop (Stage 1), followed by antithetic (R”)
shears and P shears (Stage 2). With increased displacement the R and P shears link to form a through-going
faults (Stage 3), abandoning displacement on the outer edges of the shears (dashed lines in Stage 3). Over
time these shears straighten out to form a well-established, approximately straight strike-slip fault (Stage 4).
Location where anastomosing R and P shears remain may define localised regions of transpression and
transtension, as labelled.

Named after Wolfgang Riedel for his 1929 clay layer analogue experiments (Riedel, 1929), strike-slip
fault zones develop initially as an array of small, en-echelon shear fractures called Riedel shears (R
shears) (Fig. 1.2). R shears are oriented 10 ° to 20 ° clockwise or anticlockwise (for dextral or sinistral
faults respectively) relative to the shear direction. This acute angle is equal to half the angle of internal
friction of the material. These shears are shown to be helical in 3D and link at depth (Naylor et al.,
1986). With further deformation, a set of antithetic shear fractures, termed R’ shears form, which are
usually less well developed (Fig. 1.2). P shears can form to link R shears. These are synthetic and
oriented symmetrically to the R shears with respect to the shear direction (Wilcox et al., 1973; Naylor
etal., 1986; Sylvester, 1988; Fossen, 2010) (Fig.1.2). A set of antithetic P’ shears can form as conjugate
shear fractures to the P shears. P shears are much less commonly observed during the development of

strike-slip fault zones than R shears (Naylor et al., 1986; Swanson, 2006).



After their formation, the R, R’ and P shears link to create a through-going anastomosing fault zone
(Naylor et al., 1986; Swanson, 2006) (Fig. 1.2). Over time this can straighten to form a well-established,
approximately straight strike-slip fault. Locations where anastomosing segments remain, bounded by
alternating R and P shears, may define alternating areas of localised convergence (transpression) and
divergence (transtension) (Crowell, 1973; Christie-Blick and Biddle, 1985; Cunningham and Mann,
2007) (Fig. 1.2). These areas are defined by fault ‘bends’ and/or ‘stepovers’ (which often develop into
fault bends following linkage of faults across the stepover) (Crowell, 1973; Wilcox et al., 1973). These
fault bends occur at all scales (Tchalenko, 1970) and can be 10’s km wide for crustal-scale strike-slip
faults. Contractional bends are termed restraining bends and extensional bends are termed releasing
bends (Christie-Blick and Biddle, 1985; Cunningham and Mann, 2007), and both are common in strike-
slip fault systems (Cunningham and Mann, 2007).

Restraining bends are sites of shortening through a series of thrust faults and folds, which causes
topographic uplift. Releasing bends form pull apart basins via a series of normal faults, and are
topographic lows (Cunningham and Mann, 2007; Fossen, 2010) (Fig. 1.3). In cross section faults that
develop across releasing and restraining bends link at depth into a single strike-slip fault (Fig 1.3B).
Hence the cross section view of a restraining bend is often referred to as a positive flower structure,

while a releasing bend is often termed a negative flower structure (Harding, 1985) (Fig.1.3B).
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Figure 1.3. The Lassee fault segment of the Vienna Basin strike-slip fault. This a natural example of a
releasing bend which has formed a transtensional rift from localised extension along the fault. The primary
strike-slip fault is not present at the surface, its branching point at depth is dashed across the map A. Map
view of the transtensional rift, line C — C” marks the cross section line in B. In cross section, this transtensional
rift creates a negative flower structure. Adapted from Beidinger and Decker (2011), seismic line XL7.
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Other features that may form during strike-slip faulting are tension gashes (or T shears). These form
perpendicular to the maximum instantaneous strain (Fossen, 2010). Folds are also a common in strike-
slip shear zones, and typically form prior to the development of faults. The axial traces of these folds
are parallel to the maximum instantaneous stretching direction (Fossen, 2010).

1.3.3. Transpression and transtension in continental transform faults

As explained in Section 1.1, transform faults are large scale strike-slip faults that connect plate
boundaries and are themselves plate boundaries. Continental transform faults, the focus of this thesis,
propagate through continental lithosphere (Wilson, 1965; Woodcock and Daly, 1986; Legg et al., 2004;
Norris and Toy, 2014; Sengor et al., 2019).

By definition transform faults form parallel to relative plate motion (Wilson, 1965). However,
continental transform faults can also develop where plate motion is oblique, creating transpression or
transtension along the plate boundary (Norris and Cooper, 1995; Dewey et al., 1998; Cunningham and
Mann, 2007; Wu et al., 2012), although the dominant mode of deformation will still be strike-slip. The
Alpine Fault, South Island, New Zealand is an example of a continental transform fault that is subject
to tranpression (Norris and Cooper, 1995). Oblique relative motion between the Pacific and Australian
plates causes an element of continent-continent collision, which is accommodated by reverse motion
on the 60° east-dipping Alpine Fault. This has resulted in mountain building of the Southern Alps,
despite the dominantly strike-slip nature of the Alpine Fault. Norris and Cooper (1995) document

N
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Figure 1.4. The Dead Sea Transform (D.S.T.) is
subject to transtension. The extension element
increases to the south where there are an increasing
number of pull apart basins. This motion eventually
becomes dominated by extension and there is a
transition in plate boundary type to rifting within the
Red Sea. Adapted from Segev et al. (2014).
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segmentation along the surface trace of the Alpine Fault into a series of thrust dominated segments,

connected by dextral strike-slip dominated segments.

The Dead Sea Transform (Fig. 1.4) is an example of an oblique sinistral strike-slip fault that is subject
to transtension (Wu et al., 2012). The extensional element along this transtensional plate boundary is
accommodated by a series of pull apart basins connected by elongate strike-slip faults, in a similar way
to the releasing bends that develop in smaller scale strike-slip faults (Cunningham and Mann, 2007; Wu
etal., 2012).

1.3.4. Propagating strike-slip faults and fault tip geometries

As they accommodate more strain, faults remain as narrow zones of deformation and grow in length by
lateral propagation (e.g. Keller et al., 1999; Manighetti et al., 2001; Perrin et al., 2016). Understanding
the processes and structures associated with lateral propagation is important because it increases the
fault’s ability to interact with other faults (Perrin et al., 2016). Propagating fault tips are associated with
zones of additional fracturing, which are often referred to as ‘tip damage zones’ (Scholz et al., 1993;
Mcgrath, 1995; Kim et al., 2004; Kim and Sanderson, 2006). Tip damage zones are absent at non-
propagating fault tips (Perrin et al., 2016). Features associated with tip damage zones include wing
cracks, horse tail splays, branching faults and antithetic faults (Kim and Sanderson, 2006). Wing cracks
are tensile fractures associated with rapid decrease in displacement toward the fault tip and they are
limited to smaller strike-slip faults (Kim et al., 2004; Fossen, 2010). Horse tail splays, branching splay
faults and antithetic faults are commonplace in outcrop to map scale strike-slip faults (Kim et al., 2004)
(Fig. 1.5).

Horse tail splays develop as an array of shear fractures at the fault tip (Fossen, 2010). Horsetail splays
and branching faults are often grouped as synthetic splay faults because they ‘spread out’ from their
primary fault at an acute angle (Brace and Bombolakis, 1963; Mcgrath, 1995; Fossen, 2010; Perrin et
al., 2016), although more restrictive definitions have been proposed (Ando et al., 2009; Scholz et al.,
2010). Perrin et al. (2016) show that typical length of a splay fault is ~ 30 % of the parent fault length,
with a width that is ~ 10 % of its parent fault. Crustal-scale examples of splay faults are discussed in
Chapter 3 of this thesis.

The array of faults that develop in the tip damage zone of a propagating strike-slip fault act to distribute
the deformation of the primary strike-slip fault (Perrin et al., 2016). This reduces the energy expended

by each fracture and slows propagation of the primary fault tip (Fossen, 2010).

The propagation of a strike-slip fault and its associated tip damage zone increases the likelihood of
interactions with other faults, since faults often develop as networks, and strike-slip faults often develop
as ‘connectors’ between other faults (Woodcock and Daly, 1986; Sylvester, 1988; Peacock et al., 2017).

Peacock et al. (2017) characterise fault interactions by their geometry, kinematics, relative chronology,
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displacement direction and strain in the interaction zone. A network of interacting faults can form within
a single stress field (Peacock and Sanderson, 1999; Peacock et al., 2017) - faults associated with the tip

damage zones of propagating strike-slip faults fall into this category.
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Figure 1.5. A series of branching faults associated with the fault tip of the Sciacca strike-slip fault
off of the coast of Sicily. A. The branching faults in map view with location of cross section line B-
B’. B. Cross section along B-B’ showing branching faults that join at depth to create a positive
flower structure. Adapted from Fedorik et al. 2019 and Fedorik et al. 2018. Seismic reflection
profile C-529 and is available from www.videpi.com.

Sub-parallel arrays of evenly spaced strike-slip faults are common in nature. Large scale examples of
such fault networks are associated with the terminations of transform faults, for example the Alpine
Fault and the Marlborough Fault System and the southern termination of the San Andreas Fault. Yang
et al., (2019) show that the fault spacing positively correlates with brittle layer thickness, viscous lower
crust thickness, and the strength contrast between active faults and the surrounding undeformed rocks,

while inversely correlating to lower crustal viscosity.

1.3.5. Introduction to the Marlborough Fault System

In north-eastern South Island, relative plate motion of the Alpine Fault becomes distributed across four
large, active, oblique strike-slip faults, termed the Marlborough Fault System (MFS) (Fig 1.6). These
faults accommodate relative plate motion across the ‘transition zone’ that has developed between the
transform Alpine Fault and its ‘connecting’ plate boundary, the Hikurangi subduction zone (Barnes et
al., 1998; Wallace et al., 2012). The dextral MFS faults strike sub-parallel to the Australian — Pacific
relative plate motion vector (Wallace et al., 2012). The MFS is undergoing active deformation and is a

high risk earthquake hazard zone in New Zealand (Berryman et al., 2018). There are many smaller
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faults within the fault blocks bounded by the four main MFS faults. The southernmost faults
accommaodate most of the current displacement and the Hope Fault has the fastest slip rate in the region

at 18 — 32 mm per year (Van Dissen and Yeats, 1991).

Interpretations of geophysical data indicate ongoing distributed, dextral shearing within the ductile
lower crust across the transition zone between the Alpine Fault and Hikurangi subduction zone (Wilson
etal., 2004; Wannamaker et al., 2009; Eberhart-Phillips and Bannister, 2010). This shear strain initiated
between the Alpine Fault and the Hikurangi subduction zone at ~ 10 Ma and the MFS developed
sequentially southward from 8 Ma to present (Browne, 1992; Little and Jones, 1998; Langridge and
Berryman, 2005). A zone of diffuse faulting to the south of the MFS, which includes the Porters Pass
to Amberley Fault Zone (PPAFZ), is located in the comparably low strain rate North Canterbury
Tectonic Domain (NCD) and has been hypothesised to be developing into a fifth major fault in the MFS
(Cowan et al., 1996) (Fig 1.6B).
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Figure 1.6. A. The tectonic setting of New Zealand, the box indicates the region shown in B. B. The major
faults of the Marlborough Fault System (MFS). The main regions of transpression within the MFS, the Inland
and Seaward Kaikoura Ranges are labelled. The location of the Porters Pass to Amberley Fault Zone (PPAFZ),
within the North Canterbury Tectonic Domain (NCD, to the south of the MFS is shown. The star within the
NCD indicates the epicentre for the 2016 Kaikoura earthquake. The ruptures shown in red are those which
occurs on faults that had been identified and mapped prior to the earthquake. The ruptures in green occurred
on faults which had not been identified prior to the earthquake. The blue dashed line indicates the hypothesised
position of the subducted slab by Randall et al. (2011).
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A number of hypotheses have been proposed for the development of the MFS, which are based on
interpretation of existing structural and palaeomagnetic data in northeast South Island. These data are
generally interpreted to suggest that the major faults within the MFS emerge or splay from the Alpine
Fault, and that they developed by the sequential southward reactivation of pre-existing subduction-
accretion faults that bound rigid crustal blocks in the basement rocks of the MFS (Little and Roberts,
1997; Hall et al., 2004; Lamb, 2011; Randall et al., 2011; Wallace et al., 2012). The inherited faults are
hypothesised to have formed in a Cretaceous Gondwanan subduction zone, where the Torlesse
composite terrain, which makes up the basement rock across the MFS, was deformed in an subduction-
accretionary complex (MacKinnon, 1983; Reay and Pye, 1993; Bassett and Orlowski, 2004; Rattenbury
et al., 2006; Willis, 2017). Palaecomagnetic and structural data provide evidence for ~ 100 ° clockwise
rotation of the central MFS between 20 Ma and 10 Ma, with an extra ~ 30 ° clockwise rotation
constrained to the northeast edge of the system since 10 Ma. Rotation is generally inferred to have been
accommodated by either; 1) Vertical axis rotation of the rigid crustal blocks bounded by the inherited
subduction-accretion faults (Hall et al., 2004), known as the ‘Floating Block” model; 2) Rotation about
a crustal scale hinge in the manner of a ‘flexed telephone book’ (Little and Roberts, 1997); or 3) A
combination of these two models (Lamb, 2011; Randall et al., 2011).

Some interpretations for the development of the MFS do not explain palaesomagneric evidence for
rotation within the system, or limit the rotations to North Island only (King, 2000; Wood and Stagpoole,
2007; Ghisetti, 2021). More recent work has suggested that the MFS formed by propagation of faults
that nucleated some distance away from the Alpine Fault, back towards it, creating complex connections
between the MFS faults and the Alpine Fault (Ghisetti, 2021; Vermeer et al., 2021).

1.3.6. Transpression in the Marlborough Fault System

The MFS is not limited to strike-slip deformation as there is a significant element of transpression within
the system that has caused the uplift of the Seaward and Inward Kaikoura ranges (Fig.1.6B), which are
bounded by the Hope Fault and Jordan Thrust, and Clarence Fault respectively. The ranges are located
at the eastern edge of the transition zone and are underlain by the subducted Pacific Plate. This location
corresponds to a change in strike of MFS faults from ~ 070° in the SW to ~055° in the NE (Lamb,
1988), which is oblique to the plate motion vector and therefore a more favourable orientation to
generate compression and uplift (Van Dissen and Yeats, 1991, Little and Jones, 1998; Nicol and Van
Dissen, 2002; Collett et al., 2019). Wellman (1979) estimated the rate of uplift in the Seaward and
Inward Kaikoura ranges to be 5 — 10 mm/yr. Van Dissen and Yeats (1991) used the decrease in
horizontal slip rate from the western section of the Hope Fault on to the Jordan Thrust to calculate a
more refined uplift rate of 7 — 10 mm/yr for the Seaward Kaikoura ranges. Collett et al., (2019) used
fission track measurements to suggest that exhumation has been occurring since 25 Ma, and therefore

topographic relief in the region was present before the initiation of dextral displacement on the MFS
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faults. They suggest that the MFS faults were once thrust faults that accommodated this exhumation.
Baker and Seward (1996) calculated an average uplift rate of 0.2 mm/yr since exhumation commenced.
Wellman (1979) and Lamb and Bibby (1989) calculated that the rate of uplift increased substantially
during the Quaternary. Eberhart-Phillips and Bannister (2010) suggested that uplift of the Kaikoura
ranges is occurring due to the dextral translation of thick continental crust along the MFS fault into a
zone that cannot accommodate such thick crust due to the presence of the shallow subducting slab.
Willis (2017) modelled compression in the overlying plate and the subsequent uplift of the Seaward
and Inland Kaikoura ranges as being caused by congestion of the Hikurangi subduction zone by oceanic
lithosphere of the adjacent, buoyant Hikurangi Plateau. It should be noted that, while the Seaward and
Inland Kaikoura ranges are undergoing active uplift, the bulk of the MFS is oriented optimally for pure
strike-slip faulting in within the contemporary strain field (Khajavi et al., 2018) and the majority of the
transition zone in the MFS appears to be actively eroding. Khajavi et al., (2018) determined the mean
H:V ratio of the Hope Fault to be ~ 33:1.

While we acknowledge that elements of transpression or transtension can be present within transition
zones, investigating their effects are not within the scope of this thesis, which focuses on the dominant
strike-slip motion only. The addition of transpression or transtension within transition zones is discussed

as future work in Section 6.2.2.

1.3.7. Boundary conditions of the MFS: the Alpine Fault

The dextral offset of basement terranes across the Alpine Fault is 460 km, indicating that since its
initiation at ~ 25 Ma it has accommodated just over half of the ~ 800 km strike-slip displacement
estimated to have occurred across New Zealand since 45 Ma (Stock and Molnar, 1987; Sutherland,
1995; Little and Jones, 1998; Hall et al., 2004). A more recent investigation by Lamb et al. (2016)
proposed that prior to the initiation the Alpine Fault as a dextral strike-slip fault, there was > 225 km of
sinistral displacement across Zealandia, which the Alpine Fault subsequently reversed. Lamb et al.
(2016) therefore argue that the Alpine Fault has a cumulative offset of around 700 km, accommodating
close to the entire strike-slip displacement of New Zealand across central South Island. Following its
initiation, the Alpine Fault propagated northeast towards the Hikurangi subduction zone (Wilson et al.,
2004; Randall et al., 2011; Wallace et al., 2012; Lamb et al., 2016).

As mentioned in Section 1.3.3., the Alpine Fault is an example of a transpressional continental transform
fault (Norris and Cooper, 1995). The reverse, east-over-west component of displacement on the Alpine
Fault has resulted in exhumation of Pacific Plate rocks over Australian Plate rocks, which formed the
Southern Alps mountain range (Fig. 1.6A). Uplift rates of 8 mm/yr have been determined from GPS
measurements, while geologically determined uplift rates are up to 11 mm/yr (Adams, 1980; Beavan et
al., 2004; Little et al., 2005).
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This thesis analyses large-scale strike-slip tectonic processes. When considering the Alpine Fault on a
tectonic scale, the fault trace is remarkably straight and localises plate motion. At the kilometre scale,
the surface trace of the Alpine Fault is split into smaller ‘zig-zag’ segments, which switch between
thrust dominated and strike-slip dominated segments depending on their orientation (Norris and Cooper,
1995). The thrust dominated segments are oblique to the plate motion vector and thus accommodate
transpression through ramp like uplift. The highest part of the Southern Alps is constrained by a fault
segment oriented 30° to the plate motion vector. (Yeats and Berryman, 1987; VVan Dissen and Yeats,
1991).

1.3.8. Boundary conditions of the MFS: the Hikurangi subduction zone

The offshore Hikurangi subduction zone is parallel to the coastline of North Island, terminating at the
Kaikoura canyon adjacent to the northern edge of the Chatham Rise, which is a ridge of continental
crust that ranges in thickness from 23 — 26 km (Lewis and Pettinga, 1993; Barnes, 1994; Eberhart -
Phillips and Reyners, 1997; Little and Roberts, 1997; Boiret et al., 2014) (Fig 1.6)

The convergence rate associated with the Hikurangi subduction margin decreases dramatically
southwards from 60 mm/yr in the north to 20 mm/yr at the Cook Strait and is very low off north-eastern
South Island (Barnes et al., 1998; Wallace et al., 2012). Willis, (2017) attributes the slowing in
convergence rate to subduction of the buoyant Hikurangi Plateau causing lock up or congestion of the
subduction zone, and the subsequent termination of subduction due to the presence of the continental
Chatham Rise. This southward decrease in subduction rate causes a transfer of stress from the
subduction interface onto the upper plate in the Cook Strait and MFS, as the plate boundary transitions
to upper plate strike-slip faulting (Wallace et al., 2004, 2005, 2012; Randall et al., 2011). Using GPS
velocities and active fault slip data, Wallace et al., (2012) determined that east-trending strike-slip faults
such as the Boo Boo Fault in the Cook Strait are key features that transfer stress from the Hikurangi
subduction thrust to strike-slip motion in South Island. Subduction also becomes increasingly oblique
to the Hikurangi margin from north to south and at its termination the Pacific Plate is migrating
southwest at 41mm/yr, parallel to the strikes of active faults of the MFS (Wallace et al., 2012). It is
proposed that this component of plate motion is causing the south-westward migration of both the
Chatham Rise and the Hikurangi subduction zone (Barnes et al., 1998; Wallace et al., 2012). The
location of the subducting slab edge under north-eastern South Island is widely debated, but its likely
location is the junction between the Awatere and Alpine faults (Randall et al., 2011; Wallace et al.,
2012) (Fig. 1.6B).

The lithosphere located over the subducting slab in North Island, adjacent to the Hikurangi margin, are
undergoing rapid clockwise rotation of 4°/Myr relative to the Pacific Plate (Randall et al., 2011; Wallace
etal., 2012; Willis, 2017). Wallace et al. (2012) propose that the rotation is the likely cause of the rapid

southward decrease in convergence rate along the Hikurangi subduction zone. Further south, where the
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plate boundary transitions to the Alpine Fault (and the subducting slab is no longer present), vertical
axis rotations of the lithosphere are negligible. Randall et al. (2011) and Willis (2017) propose that the
presence (or lack there-of) of the subducting slab determines the change from rotating to non-rotating

domains.

1.3.9. The Kaikoura earthquake

At 00:02 on 14" November 2016 NZDT, a Mw 7.8 earthquake shook northeast South Island. The
ruptures began 60 km southwest of the town of Kaikoura, and propagated northeast towards the town,
continuing for 200 km. Shaking in Kaikoura lasted for two minutes and the town was cut off from all
land routes due to landslides from the earthquakes. The highest energy release from the earthquake was
in the northern part of the rupture, over one minute after the earthquake had started. The Kaikoura
earthquake is now recognised to be the most structurally complex earthquake recorded in modern

history (Hamling et al., 2017; Berryman et al., 2018).

Given the amount of deformation within the MFS, it is surprising that the epicentre of the 2016 Kaikoura
earthquake occurred 20 km south of the Hope Fault in the PPAFZ (Nicol et al., 2018) (Fig 1.6B) . The
surface ruptures associated with the earthquake propagated both northwards and eastwards into the MFS.
However, surface rupture propagation was localised on smaller faults within the MFS, largely bypassing
the Hope Fault (Berryman et al., 2018). The rupture initiated on the Humps Fault in the NCD at a depth
of 14 km and propagated northward for almost 200 km, forming 21 faults with a wide range of
orientations and displacement kinematics, creating a complex rupture pattern (Hamling et al., 2017;
Litchfield et al., 2018; Nicol et al., 2018). There were twelve major surface ruptures and two of the
faults that ruptured had not previously been mapped (Hamling et al., 2017; Shi et al., 2017; Berryman
et al., 2018) (Fig. 1.6B). Prior to the 2016 Kaikoura earthquake it was believed that a gap of >5 km
between two pre-existing faults would prevent a rupture occurring along one of the faults to jump over
to the adjacent fault (Wesnousky, 2006). However, Hamling et al. (2017) report that ruptures that
formed during the 2016 Kaikoura earthquake propagated between individual fault segments with gaps

of up to 15 km.

The reason for the complexity of the Kaikoura earthquake remains highly debated (Hamling et al., 2017;
Ulrich et al., 2019). Lamb et al. (2018) proposed that earthquake initiation and the complex rupture
propagation pattern, including the ruptures that ‘jump’ from fault to fault, can be explained by locking
and stress loading on the subduction megathrust. However, Ulrich et al. (2019) propose that movement
on the subduction megathrust is not favoured by the regional stress orientation required to generate the
rupture pattern of the 2016 Kaikoura earthquake. Instead, they favour dynamic rupturing of weak fault
zones due to the regional stress field generated by distributed shear between the Alpine Fault and
Hikurangi subduction zone. They also propose that the large depth of the subduction interface below

the crustal fault network impedes its ability to trigger earthquakes like the 2016 Kaikoura event.

18



Despite the complexity of the 2016 Kaikoura earthquake, some aspects confirmed the interpretations of
previous studies (Berryman et al., 2018; Kearse et al., 2018; Little et al., 2018). Although the
earthquake epicentre was located outside the MFS, the ruptures propagated north-eastwards into the
high strain MFS as expected, and the largest amount of the energy that was released occurred on the
Kekerengu Fault within the MFS, associated with dextral slip of up to 12 m. The location of the ruptures
follows tectonic block boundaries proposed by Wallace et al. (2012) in their ‘new tectonic block model’.
In this new model, Wallace et al. (2012) include additional fault blocks: the Pegasus block, Kekerengu
block and the Needles block and the Kaikoura ruptures occurred on the boundaries of these newly
proposed fault blocks. The south-western edge of the of the newly proposed Pegasus block is defined
by a more diffuse zone of faulting in the PPAFZ. This tectonic block boundary is where the earthquake
epicentre occurred, along with the ruptures in the NCD.

1.3.10. Structural inheritance and fault network formation

Plate boundaries continuously evolve through time and fault systems eventually become extinct due to
reconfigurations of plate boundaries, leaving behind inherited planar zones of weakness. The presence
of pre-existing weaknesses in older rocks can lead to structural inheritance that may accommodate
deformation under modern plate boundary conditions (Molnar et al., 2017; Samsu et al., 2019).
Tectonic structures can be reactivated even if they are not perfectly oriented relative to the current plate
boundary conditions (Vallage et al., 2018). For example, Vallage et al., (2018) identify earthquake
ruptures that formed during the My, 7.7, 2013 Balochistan earthquake in Pakistan switched between pre-
existing structures and secondary branches, concluding that pre-existing structures, as well as regional
stress and dynamic rupture stress controlled the earthquake propagation path. This highlights the

importance of understanding pre-existing structures in modern-day plate boundaries.

1.3.11. Analogue modelling of strike-slip faulting

Laboratory analogue modelling, or experimental tectonics, refers to the study of tectonic processes by
means of scaled models (Ramberg, 1967; Ranalli, 2001; Schellart and Strak, 2016) and has become a
fundamental tool for testing 3D tectonic and geodynamic hypotheses. Natural strike-slip fault systems,
observed in the field and through geophysical data sets, only allow for observation of one shapshot in
time of the evolutionary sequence of the fault system, and detailed knowledge of their 3D geometries
is lacking (Dooley and Schreurs, 2012; Reber et al., 2020). Analogue modelling of strike-slip faults
systems can help to provide a detailed 2D and 3D picture of the development of such fault systems over
time. The modelling process involves simplifying and scaling down the geometry, kinematics and
dynamics of the fundamental boundary conditions of natural strike-slip fault systems, so that geological
processes can be studied in a laboratory over hours to days (Hubbert, 1937; Ramberg, 1967; Schellart

and Strak, 2016). Specific parameters can be varied within the experiments in order to assess their
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relevance to the geological process or example being studied (e.g., Dooley and Schreurs, 2012; Hatem
etal., 2017; Fedorik et al., 2019).

Numerous analogue experiments on strike-slip faulting have been conducted (Dooley and Schreurs,
2012 and references therein). As mentioned in Section 1.3.2., the fault sequence that leads to the
development of a single continuous strike-slip fault was first documented through analogue experiments
(Riedel, 1929). Typical analogue experiments involve a strike-slip shear apparatus (a.k.a. a ‘sandbox”)
(Schrank et al., 2008) (Fig 1.7), where the moveable half of a box slides past a fixed half, creating a
strike-slip deformation boundary condition at the base of the box. Adaptations to the classic ‘sandbox’
are made to simulate the simplified boundary conditions of more complex natural processes or natural
examples, including transpression and transtension, releasing and restraining bends, fault tip damage
zones and fault development with the influence of structural inheritance (e.g. Casas et al., 2001; Dooley
and Schreurs, 2012; Wu et al., 2012; Hatem et al., 2017; Sun et al., 2018; Toeneboehn et al., 2018;
Fedorik et al., 2019; Cooke et al., 2020).

Analogue modelling materials are chosen so that their properties (e.g., density, brittle strength, viscosity,
etc.) scale to those of rocks in nature. Scaling factors are defined as functions of length, time, stress,
strain and strain rate in order to satisfy geometric, kinematic, dynamic and rheological similarity criteria
(Hubbert, 1937; Ramberg, 1967; Weijermars and Schmeling, 1986; Poirier, 1988; Schellart and Strak,
2016; Reber et al., 2020). Analogue materials used to simulate the brittle upper crust must capture
localised failure as well as processes that contribute to deformation prior to failure (Reber et al., 2020).
Commonly used upper crustal analogues include clays and granular materials. Quartz sand is a granular
material that is most favoured due to its relative ease of use, dynamic scalability and its brittle, Mohr
Coulomb behaviour that is similar to that of upper crustal rocks in nature (e.g. Byerlee, 1978; Davy and
Cobbold, 1991; Schellart, 2000; Reber et al., 2020). The shape, roughness, size, and mineralogy of
grains, together with their degree of compaction can affect the angle of internal friction and cohesion
of a granular material during deformation, which in turn effects the size of the shear zone that develops
(e.g. Schreurs et al., 2006; Klinkmdller et al., 2016; Reber et al., 2020). Sieving sand (as opposed to
pouring) increases the bulk density and degree of compaction of the sandpack (e.g. Lohrmann et al.,
2003; Panien et al., 2006; Maillot, 2013; Reber et al., 2020), making the sand more strain hardening,

and increasing the width of the shear zone which develops.

Analogue modelling materials that simulate flow in the lower crust should be viscous, conserve volume
during deformation and, ideally, be sensitive to temperature and strain rate (Dooley and Schreurs, 2012;
Reber et al., 2020). Furthermore, the lower crustal analogue must mimic the behaviour of the natural
lower crust at the strain rate chosen for the experiment (Reber et al., 2020). A common lower crustal
analogue chosen for use in strike-slip analogue model experiments is Newtonian viscous
polydimethylsiloxane (PDMS) (e.g. Weijermars, 1986; Klinkmidiller, 2011; Dooley and Schreurs, 2012).
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The presence of a ductile lower crustal layer can be expected to result in more diffuse deformation in
the brittle upper crust, with the spacing of shear zones being a function of the brittle-ductile strength
ratio (Schueller and Davy, 2008; Riller et al., 2012).

Analogue models were traditionally analysed in surface view and or sectioned vertically at different
locations during repeat experiments to analyse structures in cross section (Dooley and Schreurs, 2012).
Analogue materials such as clays, talc, baking flour or other such materials with high cohesion values
were originally popular, as the development of structures within these materials is easily observed with
the naked eye. The popularity of coarser grained granular materials has increased significantly over the
last few decades with the introduction of non-destructive methods for analysing 2D and 3D geometries
within analogue models. 2D methods include Digital Image Correlation (DIC), also referred to as
Particle Imaging Velocimetry (PIV) (e.g. Adam et al., 2005, 2013; Schrank et al., 2008; Schrank and
Cruden, 2010; Boutelier, 2016; Molnar et al., 2017, 2018; Toeneboehn et al., 2018; Boutelier et al.,
2019; Samsu et al., 2021). Structural geometries in 3D can be analysed using X-ray Computer-
Tomography (XRCT Scanning) techniques (e.g. Mandl, 1988; Schreurs, 1994, 2003; Schreurs and
Colletta, 1998; Ueta et al., 2000; Dooley and Schreurs, 2012; Fedorik et al., 2019).

1.4, Methods Development

Our analogue experiments are conducted in a 40 cm x 20 cm x 4 cm dextral strike-slip shear apparatus
(aka ‘the sandbox’) at Monash University’s Geodynamics laboratory, which is based on the ‘analogue
shear zone’ apparatus of Schrank et al. (2008) and Schrank and Cruden (2010) (Fig. 1.7). The sandbox
consists of a fixed and a mobile half, separated by a vertical, freely slipping, velocity discontinuity. The
mobile half is pushed by a linear actuator at a velocity specified by the user, allowing one side of the
box to move horizontally relative to the other side, generating strike-slip motion. The sandbox is
capable of strike-slip motion only.

lAI
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- ' 40 cm
]
B 1

Figure 1.7. Schematic diagram of the analogue modelling apparatus aka ‘the sandbox’ used to conduct
experiments for this investigation.
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1.4.1. Preliminary experiment design

The preliminary design of experiments for investigating the development of fault networks at the
termination of continental transform faults were motivated by existing hypotheses for the development
of the MFS, which invoke reactivation of pre-existing weaknesses (Little and Roberts, 1997; Hall et al.,

2004; Randall et al., 2011). The resulting analogue experimental setups are shown Fig. 1.8.

T 11
e | © e | © ® | ©

Experiment 1 Experiment 2 Experiment 3

Figure 1.8. Experiment design for initial analogue models. Experiment design 1: Control experiment,
homogeneous strong ductile lower crust with brittle upper crust. Experiment design 2: Strong, ductile
lower crust with anisotropies parallel to plate motion — testing the ‘flexed telephone book’ model
proposed by Little and Roberts (1997). Experiment design 3: Anisotropies rotated 080° to plate motion
to investigate rotation of whole fault blocks — testing the ‘floating block’ model proposed by Hall et al.
(2004). Experiments 2 and 3 are illustrated with no “upper crust’ material to show the orientation of
lower crust anisotropies, ‘upper crust” material will be placed over the ‘lower crust’ during these
experiments.

Experiment 1 was a control experiment, containing no pre-existing weaknesses. Experiments 2 and 3
contained pre-existing weaknesses in the model lower crust and investigate the ‘flexed telephone book’
(Little and Roberts, 1997) and ‘floating block’ (Hall et al., 2004) end-member hypotheses for the MFS,
respectively. The ‘flexed telephone book” model involves reactivation of pre-existing weaknesses that
are parallel to plate motion, while the ‘floating block” model involves a ~ 100 ° clockwise rotation of

rigid crustal blocks bounded by pre-existing weaknesses.

1.4.2. Materials and scaling

All experiments comprised analogue materials for a homogeneous strong ductile lower and a brittle
upper crust, with the four major ‘proto’ faults of the MFS inserted as pre-existing weak layers in the
lower crust. The materials chosen and the method for creating pre-existing heterogeneities in the ductile
lower crust follow those used by Samsu et al. (2019). The mixtures and ratios are shown in Table 1.1
with comparison to their natural prototype density (the density for the upper crust is from Mielke et al.,
(2016)).
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Weight (%)
Materials Upper Crust Strong Lower Crust Anisotropy Lower Crust
Sand 60 - -
Envirospheres 40 - -
PDMS - 63 100
Plasticine - 33 -
Glass Bubbles - 4 -
Model density (kg/m®) 929 980 980
Prototype density (kg/m°®) 2560 2700 2700
Model viscosity (Pa s) - 2.9x10° 4x10*
Prototype viscosity (Pa s) - 1.5x10% 2x10%

Table 1.1. Materials and material ratios used to create the analogue mixtures for the upper crust,
strong lower crust and lower crust anisotropies.

The upper crustal analogue consisted of a homogeneous, 60:40 ratio mixture of quartz sand and hollow
ceramic Envirosphere® BLF). The strong lower crustal analogue consisted of a 63:33:4 PDMS,
plasticine, glass bubbles mixture. The vertical weak layers in the lower crustal analogue, representing
the pre-existing heterogeneities comprised pure PDMS. Rheology measurements of the ductile

materials (Fig. 1.9) show the pure PDMS (the analogue heterogeneity) is essentially Newtonian with a

Rheology of ductile materials used in analogue experiments
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Figure 1.9. Rheology of ductile, lower crustal analogue materials used in the initial analogue experiments
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power law of 1.01. The strong lower crustal analogue is slightly non-Newtonian and strain softening

with a power law of 1.31 (Fig. 1.9).

The scaling parameters are provided in Table 1.2. The length scaling factor in the experiments was
1x10 ¢, Therefore 1 km in nature = 0.1 cm in the model. The analogue lower crust was 1.3 cm thick
representing a 13 km thick lower crust in nature. The upper crustal analogue was 1.2 cm thick,
representing a 12 km thick upper crust in nature (cf., Wannamaker et al., 2009). The model lower crustal
anisotropies were 1 cm thick with 1 cm gap of strong lower crust between them. This 1 cm thickness
represents a 10 km zone of weakness in the lower crust, similar to the widening weak zones beneath the
major faults of the MFS inferred from electrical resistivity data (viz., Wannamaker et al., 2009). The
central points of each zone of weakness were therefore 2 cm apart, representing 20 km in nature,
approximately equal to the spacing of MFS faults in the upper crust.

Thickness Density \Viscosity
Model (mm) Nature (km) Model (kg/m®) Nature (kg/m®) |Model (Pa s) Nature (Pa s) Material
Upper crust Brittle 12 12 928.19 2560 - - Sand+ESPH
\Weak lower crust Ductile 13 13 980 2700 4 x 10* 2x10% PDMS
Strong lower crust Ductile 13 13 980 2700 2.9 x 10° 1.5 x 10% PDMS+WPL+K1
Scaling factors: model/prototype L*=1x10% p*=10.363 n*=2x 107
Time scaling factor t*=n*/(p* - g* - L*) t*=5.51 x 10 1 hin model = 2 Myrs in nature
Velocity scaling factor Nl bl d v*=1.81 x 10* 40 mm/h in model = 20 mm/yr in nature
Gravity scaling factor g* = gm/gp=1

Table 1.2. Scaling parameters for the initial analogue model experiments. Abbreviations: ESPH,
Envirospheres®; PDMS, polydimethylsiloxane; WPL, White plasticine; K1, hollow glass microspheres.

Using the scaling factors in Table 1.2, the time scaling factor was calculated to be 5.51 x 10! (i.e. 1
hour in the model = 2.07 Myrs in nature) and the velocity scaling factor was 1.81 x 10 (i.e. 40 mm/h
in model = 20 mm/yr in nature). The model was displaced by 15 cm over 9.65 hours, representing 150
km in nature (an approximation of the 140 km displacement of the Wairau Fault (Little and Jones,
1998)), over 20 Ma (the approximate timeframe over which the Alpine Fault has been well established).

1.4.3. Results of preliminary experiments

The results of Experiments 1 - 3 are visualised using incremental shear strain maps determined from
Digital Image Correlation (DIC) (Fig. 1.10). (DIC is explained in detail in Chapter 2). Incremental shear
strain is the ‘instantaneous’ shear strain calculated from the velocity field determined from the change
in location of clusters of particles between two images of the model surface. Here we use the
instantaneous XY shear strain on the model surface, where X is parallel to the shear direction and Y is

horizontal and perpendicular to X (Ramsay and Graham, 1970; Ramsay, 1980; Schrank et al., 2008).

Control Experiment 1, with no lower crustal anisotropies, developed Riedel shears after 1 hour of

displacement (Fig. 1.10A). After 4 hours of displacement a continuous 2 cm wide shear zone had
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formed along the sandbox, above the basal velocity discontinuity (Fig. 1.10B). In Experiment 2, with
shear direction-parallel lower crustal weak zones, ‘linking’ faults formed between the two central
anisotropies after one hour of displacement (Fig 1.10C) with orientations consistent with the Riedel
shears in Experiment 1 (Fig 1.10A). After 4 hours of displacement, deformation was concentrated over
the two central anisotropies and outer anisotropies did not accommodate any displacement (i.e., they
were not reactivated) (Fig 1.10D). Analysis of the lower crust after removing the granular upper crustal
layer after the experiment had finished (Fig. 1.11) showed deformation in the lower crustal analogue

Experiment 2: Experiment 3:
Experiment 1: Anisotropies 000 to Anisotropies 080 to
No anisotropies plate motion plate motion

A

Riedel
1
shear \ W |

Linking

T

Exy Incremental Shear Strain after 1 hour
Strike slip box displacement: 1.55 cm

Exy Incremental Shear Strain after 4 hours
Strike slip box displacement: 6.22 cm

Figure 1.10. Exy incremental shear strain maps determined from DIC, showing results of Experiments 1, 2
and 3 after one and four hours of dextral strike-slip motion in the analogue shear box. Colour indicates
amount of shear strain occurring at that moment in time, blue is high and red is low. Experiment 1 shows
Riedel shears (A) developing into a continuous, 3 cm wide shear zone (B). Experiment 2 shows linking faults
developing in the upper crust, joining the central two anisotropies (C), before deformation becomes
concentrated on the central two anisotropies (D). Experiment 3 appears similar to experiment 1, showing that
the anisotropies at 080 degrees do not influence fault development in this model (E) and (F).
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was limited to the two central anisotropies, therefore the linking faults between them were limited to
the upper crustal analogue. Experiment 3, with obliquely oriented lower crustal anisotropies, had very
similar outcomes to Experiment 1. This indicates that the presence of 080° oriented anisotropies does
not influence upper crustal fault development, and that these anisotropies did not rotate with increased
displacement of the sandbox (Fig 1.10E,F).

Figure 1.11. Photograph of the lower crustal analogue at the end of
Experiment 2 (anisotropies parallel to strike-slip motion) after 15
cm of dextral displacement over 9.65 hours (and after removal of the
upper crustal analogue). Distinct shearing can be seen in the central
two anisotropies, corresponding with the upper crustal faulting in
Fig. 1.8D. There is no evidence of the ‘linking’ faults, shown in Fig.
1.8C in the analogue lower crustal, suggesting that these ‘linking’
faults were limited to the brittle upper crustal analogue.

1.4.4. Discussion of preliminary experimental results

Experiment 2 revealed the most interesting results in terms of potential analogues with the MFS, in
which ‘linking’ faults that are limited to the analogue upper crust developed between the two central
anisotropies (Fig. 1.10C, Fig 1.11). Fig. 1.12 illustrates how the linking faults that formed in Experiment
2 are not oriented in such a way to be analogous to faults in the MFS basement rocks that appear to
‘link” the major MFS faults (Fig. 12A,B). However, if the scaling for Experiment 2 is disregarded, and
we consider the westernmost anisotropy in the experiment to represent the Alpine Fault and the
easternmost one to represent the Hikurangi subduction zone (Fig. 12C), the linking faults that connect
the two anisotropies have the same relative orientation as the MFS faults. However, unlike the MFS

these faults did not develop sequentially southward.

My interpretation of the upper crustal linking faults in Experiment 2 is that they are the result of
distributed deformation in the strong lower crust between the two central anisotropies. The formation
of the MFS faults in the upper crust over a region of lower crust deforming by distributed simple shear
is consistent with interpretations from geophysical data (Wilson et al., 2004; Wannamaker et al., 2009;
Eberhart-Phillips and Bannister, 2010) (Section 1.3.5).
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Figure 1.12. Comparison between Experiment 2 and the Marlborough Fault System (MFS). A. shows the
MFS as the four parallel anisotropies (Red) and the faults between them (purple) within the basement rocks
as linking faults. (The MFS is rotated for comparison with B). B. Experiment 2 (anisotropies parallel to strike-
slip motion) after 1 hour of displacement with linking faults labelled. C. The major plate boundary faults are
shown in red and can be considered to be ‘subparallel’ anisotropies. The MFS faults (purple) are considered
to be ‘linking’ faults. (Rotated for comparison with B). The linking faults in (A) are at a different orientation
to those in (B).

The presence of a ductile lower crustal layer can be expected to result in more diffuse deformation in
the brittle upper crust, with the spacing of shear zones being a function of the brittle-ductile strength
ratio (Schueller and Davy, 2008; Riller et al., 2012). However, results of these preliminary experiments
show that the zone of deformation in the shear box remains relatively concentrated over the central
basal discontinuity. When scaled to the MFS, the zone of deformation in the shear box is equivalent to
30 km at its widest, which is narrower than the 100 km wide zone of distributed simple shear across the
MFS.

Unlike the shear box, upper crustal deformation in the MFS is not governed by velocity discontinuity
in the lower crust. Instead, the major faults constraining the deformation are on the outer edges of the
zone of deformation, namely the Alpine/Wairau Fault and the Hikurangi subduction zone (Fig. 1.13A).
The findings from these preliminary analogue experiments demonstrate the need for an alternative
approach for creating distributed simple shear in the analogue sandbox that diminishes or removes
entirely the effect of the central basal velocity discontinuity.

In order to create distributed upper crustal deformation over wider area, we modified the sandbox by
taping a piece of four-way stretchable material to its base (e.g. Fig. 1.13B), explained in detail in
Chapters 2, 3 and 4. This material deformed in a manner analogous to the lower crust beneath the brittle
upper crust of the MFS, and its presence annulled the effects of the central discontinuity.
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Figure 1.13. Modification of the sandbox to simulate the simplified, distributed simple
shear basal boundary conditions of a transition zone. A. The simplified basal boundary
conditions of NE South Island in which deformation that is localised on the continental
transform Alpine Fault becomes distributed across the transition zone to the Hikurangi
subduction zone. B. An example of the modified sandbox replicating the basal boundary
conditions of NE South Island, the central velocity discontinuity at the base of the box
simulates localised simple shear, the stretchable material (pink) simulates distributed
simple shear.

The analogue experiments presented in the Chapters 2,3 and 4 of this thesis use this stretchable fabric
approach to create a distributed simple shear boundary condition at the base of the upper crust that is
analogous to the large-scale distributed deformation occurring in lower crust. The development of
structures within these regions of upper crustal distributed deformation are analysed and compared to
structures that develop over regions of localised simple shear, where the influence of the central basal
velocity discontinuity remains. These experiments use an upper crustal analogue only and do not
explicitly attempt to simulate deformation in the lower crust and or upper mantle. Test experiments
found that a viscous lower crustal analogue could not be used in conjunction with the stretchable
material because the substances typically used for this purpose (e.g., PDMS silicones) saturated the
fabric and became ‘stuck’ to both it and the underlying base of the box. Test experiments with the
stretchable material and only upper crustal granular material analogues showed remarkable consistency
with previous analogue experiments investigating distributed simple shear within a specialised analogue
apparatus that permitted the use of a lower crustal analogue (Schreurs, 2003). From these preliminary
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tests, we concluded that presence of the stretchable material alone acts as a suitable proxy for lower
crustal distributed simple shear, in which strain is transferred into the upper crust in the same manner.
The design of a “next generation” strike-slip shear box apparatus that will allow both localised and
distributed deformation with the presence of a ductile lower crustal analogue is discussed in Chapter 6,
Section 6.2.1.
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Chapter 2

The development of fault networks at the termination of
continental transform faults when their connecting plate

boundary is ‘misaligned’
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Abstract

Here we use scaled laboratory experiments to investigate the development of fault systems in plate
boundary transition zones, where defined continental transform faults (e.g., Alpine Fault, New Zealand,;
North Anatolian Fault, Turkey; San Andreas Fault, USA) are observed in nature to branch on to multiple
subsidiary faults where changes in the geology, fault geometry and /or kinematics of the plate boundary
are observed. We show that large-scale, transition zone fault networks comprise crustal-scale Riedel
shears that develop sequentially outwards and away from the parent transform fault. Such fault networks
form within brittle upper crust that overlies a ductile lower crust that deforms by large scale distributed
simple shear. We argue that large-scale distributed deformation of the lower crust occurs when
continental transform faults are ‘misaligned’ with their connecting plate boundaries. This misalignment
may occur: (1) where a transform fault does not directly connect with a convergent or divergent plate
boundary, as in the northern termination of the Alpine fault and the western termination of the North
Anatolian fault. (2) Where a significant bend in the transform fault occurs in the plate boundary
transition zone, as in the southern termination of the San Andreas Fault. The development of such plate
boundary misalignments appears to occur when the plate boundary transition zone develops from

propagation of the transform fault towards its ‘connecting’ plate boundary.
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2.1. Introduction

Continental transform faults are major strike-slip faults that cut through the continental lithosphere and
connect convergent and/or divergent plate boundary faults (Wilson, 1965; Woodcock and Daly, 1986;
Legg et al., 2004; Norris and Toy, 2014; Sengér et al., 2019). As such, these transform faults can
accommodate hundreds of kilometres of strike-slip deformation (e.g., Wilson, 1965). Examples of
major continental transform faults are the San Andreas Fault (California), the Alpine Fault (South Island,
New Zealand), the Dead Sea Transform (Lebanon, Israel, Jorden, Syria) and the North Anatolian Fault
(Turkey) (Fig. 2.1).

Major continental transform faults rarely record pure strike-slip deformation and instead are usually
subject to varying degrees of transpression or transtension (Schreurs and Colletta, 1998), although the
dominant mode of deformation is strike-slip. The transpressional or transtensional elements commonly
play arole in the termination of continental transform faults and their connection to other plate boundary
types (Mann, 2007). Transpression often occurs along a continental transform faults when they connect
with convergent plate boundary faults, and transtension tends to occur when the transform faults
connect with divergent plate boundaries. For example, the transpressional Alpine Fault connects with
the Puseygur subduction zone in the south and the Hikurangi subduction zone in the north (Furlong and
Kamp, 2009) (Fig. 2.1A(1)), and the transtensional Dead Sea Transform connects to a divergent plate
boundary in the Red Sea (Lazar et al., 2012; Wu et al., 2012; Segev et al., 2014) (Fig. 2.1D.).

Where continental transform faults terminate and ‘connect’ with another plate boundary type, hundreds
of kilometres of strike slip deformation must be accommodated across a plate boundary transition
(Wilson, 1965; Legg et al., 2004). In some instances, this transition is ‘seamless’ and continuous, where
the deformation remains localised to the plate boundary fault as the type of plate boundary changes
(when considering the plate boundaries on a tectonic scale). For example, the southern end of the
transpressional Alpine Fault transitions to subduction of the Australian plate beneath the Pacific plate
where the crust of the Australian plate transitions from continental to oceanic remains as a continuous
fault throughout the transition (Sutherland et al., 2000; Shuck et al., 2021) (Fig. 2.1A(1)). Another
example of a ‘seamless’ transition is the southern termination of the transtensional Dead Sea transform,
where an increasing number and size of pull apart basins transition to sea floor spreading in the Red
Sea (Wu et al., 2012) (Fig. 2.1D.).

However, there are other examples where the transition from a continental transform fault to a new plate
boundary type is more complicated. These examples occur where the transform fault appears
‘misaligned” with its connecting plate boundary fault. In these instances, deformation becomes
distributed over a broad, intervening transition zone between the major plate boundary faults (Legg et
al., 2004; Wilson et al., 2004; Wannamaker et al., 2009; Eberhart-Phillips and Bannister, 2010). A
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Figure 2.1. Four fault maps showing examples of continental transform faults from across the globe, and
their termination and transition to a new plate boundary type. A(1). The oblique dextral Alpine Fault in
South Island, New Zealand. To the south its termination and transition to subduction along the Puysegor
subduction zone. To the north the transition to subduction along the Hikurangi subduction zone with
accommodation of deformation through the Marlborough Fault System (MFS). A(2), a more in depth look
at the faults of the MFS. PPAFZ = Porters Pass to Amberley Fault Zone. Fault geometries in Al and A2 ©
GNS Science 2016. B. The San Andreas fault (California) and its southern termination in the Salton Sea and
transition to sea floor spreading in the Gulf of California. Fault geometry adapted from Legg et al. (2004)
C. The North Anatolian Fault (N.A.F.) has propagated progressively westward from its eastern termination
against the East Anatolian Fault (E.A.F.). At its western termination it branches in its mid section: Ez.S.F.
= Ezinepazar-Sungurlu Fault, and at its western termination into northern and southern branches. Fault
geometry adapted from Sunal and Korhan Erturag (2012) D. The Dead Sea Transform (D.S.T.), its southern
termination with pull apart basins that transition to rifting in the Red Sea (which transitions to sea floor
spreading further south). Fault geometry adapted from Segev et al. (2014).

number of major crustal scale faults develop in these transition zones. Examples are the northern
termination of the Alpine Fault (Fig. 2.1A(1),A(2)), the southern termination of the San Andreas Fault
(Fig. 2.1B) and the western termination of the North Anatolian Fault (Fig. 2.1C). In this investigation,
we refer to the plate boundaries as being ‘misaligned’ in regions where plate boundary deformation has
become distributed across these transition zones. The term ‘misaligned’ reflects the physical positioning
of the plate boundaries to generate these transition zones, as discussed in section 2.5. As with all plate

boundaries, these transition zones have a large risk of high magnitude earthquakes, but unlike other
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major plate boundary types, how deformation localises and migrates across them remains poorly
understood (Bilich et al., 2004; Wilson et al., 2004; Hamling et al., 2017).

Here, we simulate the boundary conditions of these broad transition zones using scaled laboratory
experiments (a.k.a. analogue models) in order to determine the how faults develop across such transition
zones and therefore how deformation localises and migrates in the upper crust. In particular, our
experiment design is motivated by the boundary conditions of the transition zone in northeast South
Island, New Zealand, between the Alpine Fault and the Hikurangi subduction zone (Fig. 2.1). This is
because there are multiple interpretations of geophysical data across the transition zone, which provide
additional constraints for experiment design (Wilson et al., 2004; Wannamaker et al., 2009; Eberhart-
Phillips and Bannister, 2010). Geophysical data indicates that deformation in the ductile lower crust
beneath the transition zone is distributed between the two plate boundary faults, whereas deformation
in the lower crust away from the transition zone is localised in large shear zones beneath the plate

boundary faults themselves.

2.2. Geological background of case studies

2.2.1. Alpine Fault and Marlborough Fault System

The Marlborough Fault System (MFS) comprises four major northeast-southwest striking dextral strike
slip faults that have developed within the ~ 100 km x 200 km transition zone between the dextral
transpressive Alpine fault and the Hikurangi subduction zone (Fig. 2.1A(1)) (Wallace et al., 2007, 2012).
These faults are considered to have developed sequentially southward from 6 Ma to present day (Little
and Roberts, 1997; Hall et al., 2004; Lamb, 2011; Randall et al., 2011) and their strike is sub parallel to
the oblique convergent plate motion vector between the Pacific and Australian plates (Wallace et al.,
2012). South of the MFS is the Porters Pass to Amberley Fault Zone (PPAFZ), a zone of diffuse faulting
with a relatively low strain rate (Fig. 2.1A(2)). The PPAFZ is a hypothesised location for an incipient
fifth fault in the MFS (Cowan et al., 1996).

The Alpine fault accommodates the bulk of the ~ 40 mm/yr oblique convergence across central South

Island in present day (Altamimi et al., 2012; Beavan et al., 2016). In northeast South Island, this plate

motion is distributed across the faults of the MFS. The Wairau, Awatere and Clarence faults (Fig. 2.1A))
record slip rates of 4 —8 mm/yr, while the Hope fault has a slip rate between 18 — 30 mm/yr (Van Dissen

and Yeats, 1991; Litchfield et al., 2014).

2.2.2. Southern termination of the San Andreas Fault

The San Andreas Fault (SAF) extends northwest-southeast for 1200 km across California, USA,
forming the plate boundary between the American and Pacific Plates (Fig. 2.1B). The SAF translates

plate motion dextrally, connecting the Cascadia subduction zone in the north and sea floor spreading in
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the Gulf of California in the south. The relative motion between the Pacific and North American plates
is estimated to be 50 mm/yr (DeMets et al., 2010). The SAF itself accommodates between 20 — 35
mm/yr of this motion along its length (Norris and Toy, 2014). This rate significantly decreases at the
‘Big Bend’, where presently, the San Jacinto fault splits from the San Andreas Fault (Fig. 2.1B). To the
south of the Big Bend, the slip rate of the San Jacinto fault is approximately equal to the SAF (Lindsey
and Fialko, 2013). To the west of the San Jacinto fault are the Elsinore and Newport Inglewood Rose
Canyon (NIRC) faults. These faults are equally spaced at ~ 30 km from each other (Scholz et al., 2010),
and the net slip decreases sequentially westward across them. The San Jacinto fault has a net slip of 20
km (Kendrick et al., 2002), the Elsinore fault 12 km (Magistrale and Rockwell, 1996) and the NIRC
fault 4 km (Mills and Fisc, 1991). The San Jacinto fault developed at 1.5 Ma, at the same time the Big
Bend formed in the San Andreas fault system (Morton and Matti, 1993; Bennett et al., 2004). The
Elsinore fault is slightly younger, having developed at ~ 1.2 Ma (Dorsey et al., 2012).

2.2.3. Western termination of the North Anatolian Fault

The North Anatolian Fault (NAF) is an east-west trending, 1200 km long dextral strike-slip fault that
forms the plate boundary between the Anatolian and Eurasian plates (Sengor et al., 2005; Sunal and
Korhan Erturag, 2012; Norris and Toy, 2014) (Fig. 2.1C.). The NAF developed between 13 — 11 Ma
in the east and propagated to the west, while accommodating lateral westward extrusion of the Anatolian
plate away from the collision zone between the Arabian and Eurasian plates, reaching its current western
termination in the Sea of Marmara at 200 Ka (Provost et al., 2003; Sengér et al., 2005; Norris and Toy,
2014). The western termination of the NAF occurs northeast of the Hellenic subduction zone, which
bounds the Anatolian plate to the south and west (i.e., they do not connect) (Fig. 2.1C). The shear zone
associated with the North Anatolian Fault is narrow in the east, forming a localised, crustal scale
weakness that accommodates the bulk of the plate motion. Slip rates are calculated at 22 to 24 mm/yr
with an average total displacement of 75 — 85 km (Provost et al., 2003; Sengor et al., 2005; Hubert-
Ferrari et al., 2009; Sunal and Korhan Erturag, 2012; Norris and Toy, 2014). The shear zone becomes
progressively wider towards the west, where the fault is younger. At the sea of Marmara, the fault splits
into multiple strands, the two main structures being the Northern NAF and the Southern NAF, creating

similar fault pattern to those observed in the MFS and the southern termination of the SAF.

2.3. Methods

It can be challenging to understand how strike-slip, transpressional or transtensional fault systems
develop through time from field data alone. By recreating such deformation systems in simplified,
scaled-down analogue models, we can test hypotheses for and analyse the development of geological
structures in three dimensions (3D) and through time in a controlled laboratory environment (Dooley
and Schreurs, 2012).
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In this investigation, we design and run a series of analogue experiments to investigate and compare the
formation of geological structures in regions of localised simple shear and regions where simple shear
becomes distributed over a much larger area, as well as the transition between the two. The region of
localised simple shear is analogous to a transform fault (Norris and Toy, 2014). Regions of distributed
simple shear aim to simulate transition zones at the termination of transform faults where the adjoining
plate boundary does not directly connect with the transform fault (Wilson et al., 2004), as illustrated by

the case studies outlines above.

2.3.1. Laboratory apparatus

We conduct a series of experiments using a 40 cm x 20 cm X 4 cm strike-slip shear apparatus (Fig. 2.2)

(a.k.a. ‘sandbox’ or analogue shear zone) (Schrank et al., 2008).

The sandbox consists of two halves, one that remains fixed and another which is mobile. The mobile

half is pushed (dextral motion) or pulled (sinistral motion) by a linear actuator at a velocity specified

Figure 2.2. Analogue modelling
apparatus aka ‘the sandbox’ used to
conduct experiments for this
investigation.  A.  Schematic
diagram of the Sandbox. B.
Photograph of the sandbox after the
moving side has pushed 6 cm by the
linear actuator.

10cm

1 8
apis buaop

apis paxyd
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by the user, allowing one side of the box to move horizontally relative to the other side, generating
strike-slip motion. This motion creates a central velocity discontinuity along the base of the sandbox.
This sandbox is only capable of strike-slip motion so our experiments are limited to strike-slip settings,
rather than transpression or transtension. The limitation to strike-slip motion differs from the natural
examples, which show elements of transpression and transtension. However, in each case study, the
dominant mode of deformation is strike-slip, hence these faults are considered transform faults. Our
analogue models are therefore representative of this dominant strike-slip component.

2.3.2. Materials

The sandbox is filled with a 2.5 cm thick homogeneous granular material. Our granular material has a
density of 960 kg/m® and consists of a mixture of dry quartz sand (60%) and hollow ceramic
microspheres (Envirospheres® 40%) (Molnar et al., 2017; Samsu et al., 2021). Both the quartz sand
and the ceramic Envirospheres® have homogenous grain size distributions. Using a Hubbert-type shear
box, Molnar et al. (2017) determined that this mixture has an angle of internal friction angle < 38° and
a cohesion value of ~9 Pa respectively, making it an appropriate analogue for modelling the brittle,
Mohr Coulomb behaviour of upper crustal rocks (Byerlee, 1978; Davy and Cobbold, 1991; Schellart,
2000). The material is sieved into the sandbox from a height of 10 cm, and once in place is not

manipulated in any way to avoid localised compaction of grains.

2.3.3. Basal boundary conditions

Deformation of the granular material is determined by the boundary condition at the base of the box.
Without modification, deformation in the granular material becomes localised over the central basal

discontinuity, analogous to a transform fault.

The presence of a ductile lower crustal analogue layer can be expected to result in more diffuse
deformation in the brittle upper crust, with the spacing of shear zones being a function of the brittle-
ductile strength ratio (Riller et al., 2012). However, test experiments showed that the addition of a
lower crustal analogue in the sandbox, without any other modifications, was not sufficient to distribute
deformation across the ~ 100 km scale that is occurring in the transition zones, and deformation within
the lower crustal analogue remained concentrated over the central discontinuity. The test experiments
(Chapter 1) demonstrated the need for a modification to the sandbox to create a basal boundary
condition that deformed by large scale distributed deformation and ‘annulled’ the effects of the central
discontinuity, in order to be most analogous to the basal boundary conditions of a ‘transition zone’. To
achieve this basal boundary condition, we tape a rectangular piece of thin, four-way stretchable elastic
fabric to the base of the sandbox using vinyl tape (Fig. 2.3). The material is taped over the central
discontinuity in each experiment (Fig. 2.3). Test experiments with the stretchable material and upper
crustal analogue showed remarkable consistency with previous analogue experiments investigating

distributed simple shear in a specialised analogue box where a lower crustal analogue was used
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Figure 2.3. The basal boundary conditions of the ‘sandbox’ for each experiment run in this investigation.
A — E show schematic diagrams of the starting and finishing position of each experiment. The dashed
line shows the position of the stretchable material taped to the base of the sandbox in each experiment.
A: Experiment 1, Localised simple shear experiment, sandbox is unmodified. B: Experiment 2,
Distributed simple shear experiment, stretchable material taped across the base of the sandbox. C:
Experiment 3, the stretchable material is taped across half of the sandbox, so half deforms by localised
and half by distributed simple shear. D: Experiment 4, the stretchable material is taped so that distributed
simple shear occurs on one side of the localised shear zone, analogous to the boundary conditions of the
Alpine Fault and MFS. E: Experiment 5, a replica of experiment 4 except the box is pulled sinistrally by
the linear actuator. F: A photograph of the experimental setup of the basal boundary conditions for
Experiment 2 (B). G: A photograph of the experimental setup of the basal boundary conditions for
experiment 4 (D).

(Schreurs, 2003). When the sandbox is deformed, the effects of the central discontinuity are annulled
where the stretchable material is taped, and so deformation along the central discontinuity becomes
distributed across the stretchable material. The stretchable material creates the boundary condition
analogous to the lower crust deforming by large scale distributed deformation, without the need for a
ductile lower crustal analogue material. Granular material sieved into the sandbox above the stretchable
material is then subjected to the effects of a distributed simple shear basal boundary condition, which
we consider to be analogous to the ‘transition’ zones in the case studies summarised above. The size
and location of the stretchable material can be varied to define several different basal boundary

conditions as described in section 2.3.4.
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2.3.4. Experiments

The five setups used in the series of experiments reported here are illustrated in Figure 3 and
characterised in Table 1. Experiment 1 (Fig. 3A) was designed to characterise the development of a
localised simple shear zone, and so involved no modification to the sandbox. Experiment 2 (Fig. 3B
and F) was designed to investigate the development of a distributed simple shear zone. Distributed
shear was generated by taping a 14 cm x 28 cm piece of four-way stretchable fabric across the base of
the box prior to adding the granular material. Experiment 3 (Fig. 3C) was designed to model adjacent
localised and distributed simple shear zones. A 14 cm x 14 cm piece of four-way stretchable fabric was
taped over the base of one half of the box, while retaining the central discontinuity at the base of the
other half. Experiment 4 (Fig. 3.D and G) tested the development of both localised and distributed shear
zones in which the distributed shear zone occurs only on one side of the localised shear zone
(approximating the boundary conditions of the Alpine fault and MFS). A 7 cm x 14 cm piece of four-
way stretchable fabric was taped over the base of the box in the position shown in Figs. 3D and G.
Experiment 5 repeated Experiment 4 except the motion was sinistral, as shown in Fig. 3. E.

Experiment Basal Stretchable Displacement Velocity Displacement Tectonic Setting
Boundary Fabric/Size Direction (mm/hr) (mm)
Condition (cm)
1 Localised No Dextral 150 150 Transform fault
2 Distributed Yes/ 14 x 28 Dextral 150 150 Transition zone
3 Transition Yes/ 14 x 14 Dextral 150 75 Transform fault  with
adjacent transition zone
4 Transition Yes/7x14 Dextral 150 75 Transition zone to one side of
transform fault
5 Transition Yes/7x14 Sinistral 150 75 Transition zone to one side of
transform fault

Table 2.1. Details of the 5 analogue experiments conducted for this investigation. Where the term ‘transition’
is used in the column Basal Boundary Condition, it implies a region of localised and distributed deformation
within the same experiment

Each experiment was deformed at a constant velocity of 150 mm/hr.

Experiments 1 and 2 were

displaced dextrally by 150 mm over 60 minutes. Experiment 3 and 4 were displaced dextrally by 75
mm in 30 minutes and Experiment 5 was deformed sinistrally by 75 mm in 30 minutes. The shorter
displacements in these experiments were imposed by how far the basal fabric could stretch with these
setups. This did not affect the outcomes of the investigation because mature fault systems developed
in each experiment after 30 mm of sandbox displacement. Each experiment was repeated a minimum

of three times to ensure reliable, repeatable results.
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2.3.5. Experimental Analysis

A Nikon 7500 digital camera captured top view images of the experiment surface at fixed 30 second
intervals during deformation of the sandbox. We use Digital Image Correlation (DIC) analyse the 2D
deformation in the experiments (Adam et al., 2005). The displacement field is computed by cross
correlation of the particle pattern on the surface of the experiment between successive images, which
distort and translate in each successive image due to ongoing displacement of the sandbox over the
course of the experiment. To aid the DIC algorithm we randomly distribute coffee grains onto the
surface of each experiment to provide a high contrast, random pattern suitable for feature tracking. The
calculation of the displacement field is explained in detail by Adam et al., (2005). The calculated
incremental displacement vector is used as the basis for calculation of further values including
incremental and cumulative shear strain (Exy) (Schrank et al., 2008; Riller et al., 2012; Boutelier and
Cruden, 2013; Molnar et al., 2017, 2018; Samsu et al., 2021). Incremental shear strain is the calculated
‘instantaneous’ strain from the tracked change in particle location between two images along an XY
axis where X is parallel to the direction of shear strain (Ramsay and Graham, 1970; Ramsay, 1980;
Schrank et al., 2008). The cumulative shear stain being the sum of the incremental shear strain. Our

results are presented as incremental shear strain maps of the surface of the sandbox models.

2.3.6. Scaling

Since our experiments focus on modelling brittle behaviour of the upper crust, we need to scale for
stress, such that the stress scale factor £ = PA, where P is the density scale factor and A is the length
scale factor (Schellart, 2000; Cruden et al., 2006). Taking the density of the granular material in the
laboratory pm = 960 kg/md, to represent upper crust with a density p, 2650 kg/m? (Molnar et al., 2017)
gives P = pm/ pp = 0.36, where subscripts m and p denote the model and natural prototype, respectively.
Assuming, for convenience that a 2.5 cm thick sand layer (In) represents a 25 km thick brittle crust (1)
in nature gives A = In/l, = 1 x 10® and £ =3.6 x 10”. This means that brittle rocks with values of
cohesion ~50 MPa must be modelled by granular materials with cohesion values ~ 50 x 107 = 5 Pa,

which is matched closely by our sand + Envirospheres® mixtures.

With the length scale factor above, the 7 cm x 14 cm piece of stretchable material at the base of the
sandbox in Experiments 4 and 5 represent a 70 km x 140 km area of distributed deformation in the
lower crust in nature. A displacement of 7.5 cm in the sandbox is equivalent to 75 km in nature. This
area and net displacement are comparable to the MFS. The results presented only show displacement
to 3 cm, as this is the point where a mature fault system has developed for each experiment, so there is
little change to the developed fault system after this point. Since the Mohr Coulomb rheology of
granular material is rate independent, we do not strictly need to consider time for scaling the

deformation rates in our experiments (McClay, 1990; Fedorik et al., 2019).
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2.4. Results

2.4.1. Experiment 1: Localised deformation experiment

Figure 2.4A1 shows that no discrete structures formed during the initial stages of deformation (< 2.5
mm displacement), but a 35 mm wide zone of outwardly decreasing incremental shear strain developed
over the central discontinuity. Riedel shears became visible after 4 mm displacement of the sandbox
(Fig. 2.4A2). These structures have a maximum orientation of 18° clockwise relative to the
displacement direction of the sandbox, with a spacing of 90 mm measured parallel to the central
discontinuity and a perpendicular spacing of around 35 mm. At > 5 mm displacement, P shears formed
that link the Riedel shears and by 10 mm displacement (Fig. 2.4.A3), the Riedel shears were mostly
abandoned with deformation almost entirely centred on a single fault located over the central
discontinuity. This single fault accommodated the deformation for the remainder of the experiment,
although relic popup structures remained (Fig. 2.4A3 — A7), preserved from stage when the Riedel
shears were abandoned in favour of the central through-going fault.

2.4.2. Experiment 2: Distributed deformation experiment

Discrete geological structures took longer to form in Experiment 2 compared to Experiment 1. During
the initial stages of deformation, up to 2.5 mm displacement (Fig 2.4B1), incremental shear strain is
accommodated in a broad 40 mm wide zone over the centre of the box, which is slightly wider than
Experiment 1 (Fig 2.4.A1) but with lower values of incremental shear strain. With increased
displacement (Fig. 2.4B2 and B3), this zone of incremental shear strain broadens across the width of
stretchable material at the base of the box. After ~15 mm displacement two main sets of linear structures
began to form (Figure 2.4B4). The dominant structure is a set of equally spaced faults oriented 18°
clockwise relative to the displacement direction of the sandbox, with a perpendicular spacing ranging
between 10 mm and 20 mm, averaging around 17 mm. The orientation of these structures is consistent
with them being conjugate Riedel shears. When the spacing between two faults becomes greater than
20 mm, a smaller, parallel fault develops in-between them (Fig. 2.4B7). A second set of equally spaced
linear structures is oriented around 80 ° relative to the displacement direction of the sandbox, with a
perpendicular spacing of around 10 mm. The orientation of these structures is consistent with them

being antithetic Riedel shears.

2.4.3. Experiments 3 and 4: Dextral transition experiments

The area of localised deformation above the basal discontinuity in both Experiments 3 and 4 developed
in the same manner as Experiment 1 (Fig. 2.4C1,2 and D1,2). By the time that Riedel shears developed
in the zone of localised simple shear in both experiments (~5 mm displacement), no structures were
present in the area of distributed simple shear above the stretchable material. Instead, outwards

decreasing, diffuse incremental shear strain is observed over the region (Fig. 2.4C1 and D2).
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Figure 2.4. Exy incremental shear strain maps at 5 mm displacement intervals (from 0 mm to 30 mm) of
the surface of each analogue model experiment, determined by PIV. The dashed line indicates the
position of the stretchable material taped to the base of experiments 2 — 5 at 0 mm and at 30 mm. Each

incremental shear strain map is given a label for reference in the results section.
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By 10 mm of displacement in both experiments, a single fault had formed above the central

discontinuity in the localised simple shear region.

Major faults began to develop in the region of distributed simple shear after ~15 mm of displacement
in both experiments. These faults are consistent with those formed in Experiment 2 with an orientation
~18 ° clockwise relative to the displacement direction of the sandbox and a perpendicular spacing of
~20 mm. In both experiments, the first faults in the regions of diffuse simple shear formed over the
centre of the sandbox. With increased displacement, more faults developed sequentially away from the
centre of the box, outwards towards the edges of the stretchable material. The faults that formed closer
to the centre of the box eventually linked and connected with the major fault over the region of localised
simple shear. However, faults developed in the region of distributed deformation but further away from

the centre of the box did not connect with the earlier formed faults closer to the centre of the box.

2.4.4. Experiment 5: Sinistral transition experiment

The faults that formed in this experiment (Fig. 2.4E1-7) developed in the same manner as Experiment
4. The fault in the zone of localised deformation formed first, followed by the faults in the region of
distributed deformation. The faults in the region of distributed deformation once again nucleated within
a region of diffuse strain, developing sequentially outwards from the centre of the box towards the edge
of the stretchable material. As in the previously described experiments, these faults are oriented 18°
relative to the sinistral displacement direction of the sandbox but with the opposite polarity.

2.4.5. Experimental artefacts and limitations

A number of artefacts developed at the ends of each experiment due to the geometry of the vertical side
boundaries and corners of the sandbox (Fig. 2.2). For example, in Experiment 2 regions of extension
and compression are present at either end of the box, becoming more pronounced with increasing
displacement (Fig. 2.4B). Although unwanted, these boundary effects are outside the region of interest
in the central region of the sandbox and therefore do not have a strong influence on the experimental

results.

Other artefacts are related to the stretchable material used to create the distributed simple shear basal
boundary condition. Pop-up structures and pull apart basins formed above the untaped edges of the
stretchable material (perpendicular to the central discontinuity) (Fig. 2.5). As with the artefacts related
to the vertical side walls and corners, these features have no equivalent in nature. For this reason, we
were careful to restrict our observations and analyses to the regions above the central part of the

stretchable material, which are not obviously influenced by edge effects.

The experimental setup is also limited by the elasticity of the stretchable material, which cannot deform
indefinitely. This effect is avoided by limiting the displacement of the experiments that involve smaller

pieces of stretchable material.
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2.5. Discussion

2.5.1. Fault development in regions of localised deformation

Experimental results showed firstly the development of conjugate Riedel shears, followed by the
development of P Shears, which linked the Riedel shears to form a single, continuous fault that localised
over the central discontinuity at the base of the sandbox. The development of structures in regions of
localised deformation are consistent with many similar analogue modelling and field studies on the
evolution of strike-slip faults (Riedel, 1929; Tchalenko, 1970; Wilcox et al., 1973; Naylor et al., 1986;
Schrank et al., 2008; Schrank and Cruden, 2010; Dooley and Schreurs, 2012). The single faults that
developed above the basal discontinuity in Experiment 1, and in the localised regions of simple shear
in Experiments 3, 4 and 5 (Fig. 2.4), accommodated the bulk of the deformation within these regions.
These faults are analogous to the Alpine, San Andreas (to the north of the big bend) and North Anatolian
transform faults (Fig. 2.5, 2.6).

2.5.2. Fault development in regions of distributed deformation

In regions that were overlying a basal boundary condition of distributed deformation, the upper crustal
analogue developed a sub-parallel array of approximately equally spaced faults. These faults were
oriented ~ 18° relative to the central discontinuity, consistent with the orientation of Riedel shears that
developed over the region of localised deformation. We therefore refer to these faults in the region of
distributed deformation as Riedel shears. In experiment 2, antithetic Riedel shears also develop. The
development of faults in this pattern is consistent with similar analogue modelling studies (Schreurs,
2003).

The faults that formed over the regions of distributed simple shear (Fig. 2.4, Experiments 2, 3, 4, 5), are
similar to the fault patterns observed at the northern termination of the Alpine Fault (the MFS) (Fig.
2.1A), the southern termination of the San Andreas fault (Fig. 2.1B) and the western termination of the
North Anatolian Fault (Fig. 2.1C). These fault systems are oriented close to ~ 18° relative to their
transform fault. These equally spaced arrays of faults localise and constrain deformation of the brittle
upper crust over a basal boundary condition simulating large scale distributed deformation of the lower

crust.

The southern San Andreas fault system is younger than the MFS, beginning its development at 1.5 Ma
compared to 6 Ma in the MFS (Morton and Matti, 1993; Bennett et al., 2004; Wallace et al., 2012). The
MFS can therefore be considered to be a more evolved system, similar to Experiment 4 at 30 mm
displacement (Fig. 2.4D7). In comparison to the MFS, the southern San Andreas Fault pattern is similar

to Experiment 4 at 20 mm displacement (Fig. 2.4D5). The western termination of the NAF fault is even
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younger, having developed over the last 200 Kyrs (Sengor et al., 2005), showing similarities to

Experiment 4 at 15 mm displacement (Fig. 2.4D4).
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Figure 2.5. Analysis of developing faults in A: Experiment 3 at 25 mm displacement (Figure 4.C6). B:
Experiment 4 at 25 mm displacement (Figure 4.D6). Each image consists of a incremental shear strain
map determined by PIV. The white dashed boxes represent areas where artefacts are present in the
analogue model. The black dashed boxes show the location of the stretchable material and region of
distributed simple shear. The blue dotted ovals show regions of diffuse shear that are localising to form
faults.

2.5.3. Fault development at transitions between localised and distributed simple shear

Where localised deformation transitions to distributed simple shear in Experiments 3, 4 and 5, the faults
in the centre of the sandbox develop first and then connect to the major transform fault in the region of
localised deformation (Fig. 2.4C,D,E). Starting as a zone of diffuse deformation (Fig. 2.5), faults in the
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region of distributed simple shear nucleate sequentially outwards. The faults in the area of distributed
shear strain therefore develop independently and are not splays from the major transform fault in the
region of localised deformation (Fig.2.5). These faults exhibit significant slip rate reductions towards
the major analogue transform fault. The early forming central faults in the regions of distributed simple
shear link to the main transform fault (Fig.2.5), and they accommodate much more displacement than
the younger faults that develop subsequently. The displacement on these faults also decreases with age,
so the youngest, peripheral faults record the least displacement. The connection of the central faults
occurs by a series of cross-faults, which suggest participation of smaller linkage faults in allowing these

spaced, major faults to ‘communicate’ and collectively accommodate distributed shear.

These experimental results are consistent with the fault patterns and the proposed development of faults
in the natural examples (Fig. 2.1A,B,C). Both the Wairau Fault in the MFS (Fig. 2.1A) and the southern
segment of the San Andreas Fault (south of the Big Bend) (Fig. 2.1B) formed later, and accommodate
less displacement than the main transform fault they join up with (Morton and Matti, 1993; Bennett et
al., 2004; Wallace et al., 2012).

The MFS developed sequentially southward across the region between the Alpine fault and Hikurangi
subduction zone. The San Jacinto, Elsinore and NIRC faults associated with the southern San Andreas
developed sequentially westward, away from the major transform fault (Dorsey et al., 2012).
Displacement across each of these fault systems also decreases (on average) with age, consistent with
fault development in Experiments 3 and 4 (Fig. 2.4).

In the MFS (Fig. 2.1A), the Wairau fault is a continuation of the Alpine fault and the Awatere fault to
the south appears to either splay from or join the Alpine fault. Both faults formed around 6 Ma (Wallace
etal., 2012). Bennett et al. (2004) found that the southern San Andreas and San Jacinto faults developed
at 1.5 Ma at the same time as the ‘Big Bend’ formed on the San Andreas Fault. This is similar to the
formation of the initial faults within the regions of distributed simple shear in the transition experiments
(Fig 2.4, Experiments 3 and 4).

The connection of the Clarence and Hope faults in the MFS with the Alpine/Wairau fault is poorly
constrained and slip rate is shown to decrease towards the Alpine Fault. The Hope fault has been
recently shown to have propagated from the centre of the Marlborough region between the Alpine fault
and Hikurangi subduction zone, back towards the Alpine fault (Vermeer et al., 2021). In the southern
San Andreas, the San Jacinto fault does not directly connect with the San Andreas Fault SAF. Scholz
et al. (2010) also showed that the San Jacinto fault developed at a distance away from the SAF and
propagated back towards it, similar to the proposed development of the Hope fault in the MFS. The
Elsinore and NIRC faults also formed sequentially and further away from the San Andreas Fault and

do not connect with it. The sequential nucleation of faults in this manner starting with an initially
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diffuse region of deformation at a distance from the main fault branches, is consistent with the results
of Experiments 3 and 4 (Fig. 2.5).

The ages of the northern and southern branches of the NAF are currently unknown but the NAF had
only propagated to the Sea of Marmara by 200 Ka (Provost et al., 2003; Sengor et al., 2005; Norris and
Toy, 2014), so these branches of the NAF must be relatively young. The consistency of the
development of the MFS and faults associated with the southern termination of the San Andreas Fault
with the analogue modelling results, suggest that the northern NAF and the southern NAF would have
developed coeval with one another. Consistent with the development of the Wairau and Awatere Faults
in the MFS and the southern San Andreas and San Jacinto faults in California, in each case these are

the first two faults to develop in the transition zone.

2.5.4. What causes deformation to become distributed?

Although the fault pattern evolution in Experiments 3 and 4 (Figs. 2.4 and 2.5) helps to explain key
features of the MFS, southern SAF and western NAF, similar fault patterns do not occur at the
terminations and plate boundary transitions of all continental transform faults. In many examples, such
as the southern Alpine Fault and the southern Dead Sea Transform (Figure 2.1 A, D), the transition
between plate boundary types is localised and continuous. In these examples, the plate boundaries
directly connect and deformation of the lower crust remains localised within the plate boundary. Here
we discuss the possible causes of distributed deformation at plate boundary transitions.

How zones of distributed deformation develop where continental transform faults transition to a new
plate boundary type, appears to depend on the tectonic history of the transform fault itself. Where the
transition between the transform fault and the connecting plate boundary remains localised on a
continuous plate boundary fault, the tectonic development of the adjoining plate boundaries is coeval
(Sutherland et al., 2000; Shuck et al., 2021). Conversely, the northern Alpine Fault, southern SAF and
western NAF all evolved independently from their ‘connecting’ plate boundary. In each case, the
transition zone between the continental transform fault and its connecting plate boundary developed by
propagation of the transform fault towards the connecting plate boundary, resulting in a ‘misalignment’

of the plate boundaries and the generation of a region of distributed deformation.

In New Zealand, the Alpine Fault propagated northeast while the Hikurangi subduction zone migrated
southwest, leading to a transition zone of distributed deformation marked by the MFS (Fig. 2.6A.)
(Wilson et al., 2004; Randall et al., 2011; Wallace et al., 2012; Lamb et al., 2016).

The San Andreas Fault began to develop at 28 Ma, propagating southwards to accommodate plate
motion where a spreading ridge had entered a subduction zone and halted subduction (Mckenzie and

Morgan, 1969; Dickinson and Snyder, 1979a, 1979b). This southward propagation resulted in the
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development of the Big Bend (Bennett et al., 2004) and the associated misalignment was sufficient to

cause distributed deformation (Fig. 2.6B.)

In Turkey, the NAF formed in response to the westward escape of the Anatolian plate in response to
the collision between the Arabian and Eurasian plates. The fault is propagating westward towards the
Hellenic subduction zone but is yet to connect with it, causing deformation to become distributed
towards the fault tip (Provost et al., 2003; Sengor et al., 2005; Norris and Toy, 2014). The fault is only
200 Ka its western end where it reaches the Sea of Marmara (Sengor et al., 2005). (Fig. 2.6C).
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Figure 2.6. Fault outlines of the case studies compared to the fault outline of experiment 4 at 30 mm
displacement (Figure 2.4 D7). The case studies have been rotated for comparison with the analogue
experiment. The region of proposed distributed shear is highlighted in orange each for each example.
Red arrows indicate direction of plate motion. DSS = Distributed Simple Shear. TZ = Transition
Zone. SZ = Subduction Zone. TF = Transform Fault A. The northern termination of the Alpine Fault
and the Marlborough Fault System (MFS). B. The southern termination of the San Andreas Fault
(SAF). C. The western termination of the North Anatolian Fault (NAF). D. Analogue model
(Experiment 4 at 30 mm displacement).

Conclusion

The fault patterns that develop in the analogue experiments presented here (Fig. 2.4) are consistent with
those observed in nature in the MFS (the northern termination of the Alpine fault), the southern
termination of the SAF, and the western termination of the NAF (Fig. 2.6).

49



The experiments suggest that fault patterns in transition zone settings develop during deformation of
brittle upper crust overlying ductile lower crust undergoing distributed simple shear. The resulting fault
pattern forms as a series of equally spaced, crustal-scale Riedel shear faults that develop sequentially
away from the major transform fault, outwards across the region of distributed deformation. These faults
occur away from the major transform fault, and nucleate within a zone of initially diffuse deformation
(Fig. 2.5). Once formed these faults propagate back towards the major transform fault and for the most
part do not connect with it, except for the first formed fault in the region of distributed deformation that

eventually becomes a continuation of the major transform.

Distributed simple shear deformation of the lower crust can occur when transitions between continental
transform faults and adjoining plate boundaries become misaligned. We propose that this is likely to
occur when the two plate boundaries develop at different times, and where the transition zone develops
as a continental transform fault propagates towards its connecting plate boundary. We propose that such
zones of distributed deformation essentially represent ‘“young’ plate boundary transitions, and with time
the associated crustal scale Riedel shear faults may be abandoned to form a continuous transition from

one plate boundary to another.
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Chapter 3

To splay or not to splay? That is the question
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Abstract

Splay faults are usually assumed to be secondary faults that have propagated away from a primary fault.
Here we present the results of a series of analogue modelling experiments investigating the evolution
of strike-slip fault systems that have branching surface fault geometries, which resemble those of splay
faults. We find that where the basal boundary condition remains localised, branching fault networks
develop by propagation away from a primary fault. Whereas if the basal boundary condition becomes
distributed, faults develop as sub parallel, equally spaced arrays that can approach and intersect a larger
primary fault, creating an abutting relationship. Although the surface geometries resemble branching
splay fault systems, the evolution of fault networks over regions of distributed simple shear is not
consistent with how splay faults are normally assumed to develop. We therefore suggest that the
application of the splay fault concept should be made with caution when interpreting branching fault
systems and that consideration of scale is an important factor when making such interpretations. To
highlight this importance, we construct a three-dimensional (3D) model of the Marlborough Fault
System, New Zealand, using LoopStructural, which requires interpretation of the intersection

relationships of the ‘branching’ faults within the fault system.
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3.1. Introduction

Geologists use the term ‘splay fault’ to refer to a secondary fault that branches from a primary fault at
an acute angle, and with the same sense of shear as the primary fault (Brace and Bombolakis, 1963;
Mcgrath, 1995; Fossen, 2010; Scholz et al., 2010; Perrin et al., 2016). The definition of the verb to
‘splay’ is ‘to cause to spread outward’ (Merriam-Webster, n.d.). Therefore it is also normally assumed
that the secondary splay fault propagated away, or emerged from the primary fault (Peacock et al.,
2017). This assumed mode of splay fault development has implications for geological interpretations,
including the construction of cross sections and three-dimensional (3D) models (Bond et al., 2007b;

Grose et al., 2020, 2021), which involve integrating observations, experience and knowledge.

In this paper we use X-Ray Computed Tomography (XRCT) to image the geometry of strike-slip faults
in analogue model experiments as a proxy for the 3D evolution of fault networks that develop in regions
of localised and distributed simple shear. We use these results to show that knowledge of how branching
fault map patterns evolve is important for generating accurate 3D interpretations of strike-slip fault
systems. We propose that the definition of the term ‘splay fault’ should not only include its geometry
but also specifics of faulting kinematics, and description of spatial-temporal association of these fault(s)
to their parent fault.

3.2. Background

Strike-slip splay faults typically occur close to the tip of a primary fault, as well as at releasing and
restraining bends, forming as branching faults or horsetail splays that act to spread displacement over a
wider area (Brace and Bombolakis, 1963; Mcgrath, 1995; Legg et al., 2004; Cunningham and Mann,
2007; Mann, 2007; Fossen, 2010; Perrin et al., 2016). Strike-slip splay faults occur from micro- to

tectonic scales (Perrin et al., 2016).

Figure 3.1 illustrates four examples of strike-slip dominated fault systems that are often cited as
examples of splay faults (Browne, 1992; Ando et al., 2009; Scholz et al., 2010; Norris and Toy, 2014;
Fedorik et al., 2019). The San Andreas Fault and the Alpine Fault are examples of trans-lithospheric,
continental transform faults (Figs. 3.1A, B.) that accommodate hundreds of kilometres of relative plate
motion (Wilson, 1965; Woodcock and Daly, 1986; Legg et al., 2004; Norris and Toy, 2014; Sengér et
al., 2019). The southern San Andreas Fault System (SAFS) and the Marlborough Fault System (MFS)
are occur at the terminations of their respective transform faults, where they distribute deformation
across ~ 100 km wide areas (Wilson et al., 2004; Wannamaker et al., 2009; Eberhart-Phillips and
Bannister, 2010; Scholz et al., 2010). The Sciacca fault is an example of a smaller-scale strike-slip fault
where branching faults associated with its termination distribute deformation over a ~ 10 km wide area

(Fedorik et al., 2018, 2019). Figure 3.1D shows a series of faults collectively called the Lassee fault
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segment, a transtensional rift section associated with a releasing bend of the Vienna Basin strike-slip
fault (Beidinger and Decker, 2011). The Lassee fault segment distributes deformation over a ~ 10 km

area and there is no surface expression of the primary strike-slip fault across this transtensional rift.
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Figure 3.1. Fault networks with ‘splay’ fault geometries. A. Dextral strike-slip faults associated with the
termination of the San Andreas Faults, referred to as the southern San Andreas Fault System (SAFS) in this
paper. Adapted from Legg et al. (2004). NIRC F. = Newport Inglewood Rose Canyon Fault. B. The
Marlborough Fault System (MFS), a series of dextral strike-slip faults that have developed at the termination
of the Alpine Fault to transfer plate motion to the Hikurangi subduction zone (Fault traces © GNS Science
2016). PPAFZ = Porters Pass to Amberley Fault Zone. C. A series of faults associated with the termination of
the Sciacca strike-slip faults off of the coast of Sicily. Adapted from Fedorik et al. (2019) and Fedorik et al.
(2018). Seismic line of which interpretation is based is reflection profile C-529 and is available from
www.videpi.com. D. The Lassee fault segment of the Vienna Basin strike-slip fault. This segment is a
transtensional rift from localised transtension along the fault. The primary strike-slip fault is not present at the
surface, its branching point at depth is dashed across the map. Adapted from Beidinger and Decker (2011),
seismic line XL7. The lines of cross sections in B, C and D are shown in Figure 3.2.

The terminations of the San Andreas, Alpine and Sciacca faults have similar geometries in map view
(Figs. 3.1A, B, C). Each fault system contains secondary faults that are approximately equally spaced

and connect, or appear to connect, to the primary fault at an acute angle and with the same sense of
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shear as the primary fault. These fault patterns match the typical branching pattern of splay faults
associated with the tips of propagating strike-slip faults (Scholz et al., 1993; Mcgrath, 1995; Kim et al.,
2004; Kim and Sanderson, 2006). However, despite their map view similarities, geophysical data shows
that the MFS appears quite different in cross section to faults associated with the termination of the
Sciacca Fault (Fig. 3.2A, B). The MFS faults are vertical to sub-vertical and are confined to the upper
crust (Wannamaker et al., 2009; Eberhart-Phillips and Bannister, 2010), indicating that ductile
deformation in the lower crust is distributed across a ~ 100 km wide area. In contrast, secondary faults
associated with the termination of Sciacca fault coalesce at ~ 10 km depth (Fedorik et al., 2019),
defining a positive flower structure in cross section. Deformation therefore becomes localised within a

single, narrow fault zone at depth.
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Figure 3.2. A. Cross section of the Marlborough Fault system along line A-A’ (Fig. 3.1B.). Cross section
modified from interpretations of seismic data by Eberhart-Phillips and Bannister (2010), with the Upper-
Lower Crust Transition and Moho inferred from Wannamaker et al. (2009). The MFS faults propagate
vertically to the lower crust transition. B. Cross section of the fault network associated with the termination
of the Sciacca Fault, along line B-B’ (Fig. 3.1C.). Adapted from Fedorik et al. 2019. Seismic reflection profile
C-529 is available from www.videpi.com. The cross section shows a positive flower structure, with faults
coalescing at depth. C. Cross section of the Lassee segment of the Vienna Basin strike slip fault, along line C-
C’ (Fig. 3.1D.). Adapted from the interpretations of seismic line XL7 from Beidinger and Decker (2011).
Showing the negative flower structure generated from the transtensional rift, faults are shown to join at a
branching point at depth.
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Branching fault patterns observed in map view are often compared and assumed to be self-similar over
a wide range of length scales (Norris and Toy, 2014; Fedorik et al., 2019). Peacock et al. (2017)
demonstrate that approaching and intersecting faults can have similar patterns to splay faults as defined
above. In their refined definition, Ando et al. (2009) and Scholz et al. (2010) consider such intersecting
faults, as well as faults that do not connect with their primary fault to be splay faults. Their refined

definition of a splay fault is based on the southern SAFS, which they compare to the MFS.

Although the Lassee Fault segment shows no surface expression of a primary strike-slip fault, the faults
are interpreted to connect at depth to define a negative flower structure (Harding, 1985; Cunningham
and Mann, 2007). Seismic studies confirm this interpretation and show that these secondary faults
connect to primary displacement zone at ~ 10 km depth (Beidinger and Decker, 2011) (Fig. 3.2C). The
Lassee segment faults therefore fit both cross sectional and map pattern definitions of splay faults.
Similar to the termination of the Sciacca fault, deformation that is distributed over a 10 km wide area

at the surface becomes localised at depth onto a single fault.

Chapter 2 in this thesis found that fault networks formed in experiments with boundary conditions that
are analogous to the southern SAFS and the MFS can develop from distributed simple shear in the lower
crust, consistent with previous interpretations of geophysical data (Wilson et al., 2004; Wannamaker et
al., 2009; Eberhart-Phillips and Bannister, 2010). These results indicated that such faults localise a
distance away from their associated primary transform fault in the centre of a region of distributed
deformation, and that they propagate outwards towards the primary fault, often terminating prior to
connecting with it. This result is consistent with the propagation of the San Jacinto fault outlined by
Scholz et al. (2010) (which led to their definition of the term splay fault), and the Hope Fault by Vermeer
et al., (2021). However, the development of the experimental fault systems was not analysed in cross

section.

3.3. Methods

We conducted XRCT scans of simple shear analogue experiments to investigate the 3D evolution of
fault networks over regions of localised and distributed simple shear. The experiment apparatus
consisted of a 20 cm x 40 cm x 4 cm simple shear ‘sandbox’, comprising two halves separated by a
central discontinuity. Simple shear deformation conditions are generated when a linear actuator pushes
the movable half of the box relative to the fixed half (Schrank et al., 2008) (Fig. 3.3). The box was filled
with a 2.5 cm homogeneous mixture of 60 % quartz sand and 40 % ceramic Envirospheres® as used
and characterised by Samsu et al. (2021), which deforms as a granular Mohr-Coulomb material and acts
as a suitable analogue for the brittle upper crust (Byerlee, 1978; Davy and Cobbold, 1991; Schellart,

2000). The analogue model apparatus and materials are described in detail in Chapter 2 of this thesis.
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In order to analyse and compare the 3D evolution of fault networks that develop across upscaled ~ 100
kmand ~ 10 km regions, we carried out three simple shear analogue experiments in an X-Ray Computed
Tomography (XRCT) scanner, which provided images taken at regular displacement intervals during

the experiment.
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Figure 3.3. The analogue shear apparatus a.k.a ‘The Sandbox’. The moveable half of the box is pushed past
the fixed half of the box at a constant velocity.
Experiments 1, 2 and 3 in this chapter are repeats of Experiments 1, 2 and 4 in Chapter 2 of this thesis.
The sandbox was modified by taping a piece of four-way stretchable elastic fabric that deforms by
distributed deformation at the base of the box (Fig. 3.4) and the granular material above it undergoes

distributed simple shear.
The analogue experiments conducted in the XRCT scanner are as follows:

Experiment 1. No modification to the sandbox, so deformation in the sand occurs by localised simple
shear over the discontinuity at the base of the box (Fig. 3.4A).

Experiment 2. A 28 cm x 14 cm piece of four-way stretchable elastic fabric is taped in a central position
to the base of the box (Fig. 3.4B).

Experiment 3. A 14 cm x 7 cm piece of stretchable material is taped to the base of the box in a position
analogous to the MFS and the southern SAF, as explained in Chapter 2 (Fig. 3.4C). Half the box remains
unmodified and the sand deforms by localised simple shear, while the sand over the stretchable material

undergoes localised simple shear.

XRCT scans of Experiments 1 and 2 were conducted at 10 mm intervals over 100 mm of displacement
of the box. After 40 mm displacement a well-established fault system had developed in each experiment
(Fig. 3.5) and there was little change after this point. XRCT scans of Experiment 3 were conducted at
5 mm displacement intervals until 30 mm displacement, which was the limit of the stretch that could be

sustained by the smaller piece of fabric. In all three experiments, XRCT scans were generated after
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each displacement interval when the box was stopped prior to the next interval and scan. This allowed
for higher fidelity images as the box was stationary. This start stop motion had no noticeable effect on
the experiments because the granular upper crustal analogue is rate independent (McClay, 1990;
Fedorik et al., 2019).

The XRCT scanner generates cross sectional slices of the experiment that show relative changes in
density of the granular material within the box (e.g. Mandl, 1988; Schreurs, 1994, 2003; Schreurs and
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Figure 3.4. CT Scans in plan view (XZ slice) showing the basal boundary conditions of each analogue
experiment at the final displacement interval shown in Figures 3.5 and 3.6. The central discontinuity and
stretchable material can be clearly identified. Folds in the stretchable material which contributed to some
boundary effects in the upper crustal analogue are labelled. The fixed half and moving half of the sandbox are
labelled. A. Experiment 1: No modifications to the sandbox. B. Experiment 2: 14 cm x 28 c, stretchable
material taped across box. C. Experiment 3: Smaller piece 7 cm x 14 cm stretchable fabric taped to base of
box.

Colletta, 1998; Ueta et al., 2000; Dooley and Schreurs, 2012; Fedorik et al., 2019). Paler tones in the
grey level XRCT scans correspond to areas of higher density while darker tones identify areas of lower
density. In our experiments, the density of the granular material is an indication of relative degrees of
dilation (less dense - dark tones) or compaction (more dense — paler tones). Faults, which are

characterised by relative dilation, therefore appear as dark lines within the CT scan slices.

3.4. Results
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Faults that developed in Experiments 1, 2 and 3 have surface patterns that are consistent with those
described in Chapter 2 of this thesis. The sequence of faulting that leads to the formation of a well-

established strike-slip fault over the region of localised simple shear is consistent with other classic
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Figure 3.5. CT Scans of analogue experiments, with cross sections from 10 mm to 40 mm displacement of
the sandbox, with a plan view slice at 40 mm showing the locations of the cross sections. A. Results from
experiment 1: localised simple shear experiment with no modifications to the sandbox. Developing faults form
by branching and coalesce at depth, over the central discontinuity at the base of the box. B. Results Experiment
2: Distributed simple shear. Stretchable material is taped to the base of the box, location shown by the purple
box. The sand is subject to the effects of distributed simple shear as a basal boundary condition over the
stretchable material is taped. Faults that develop in the sand propagate as individual faults to the base of the
sandbox. Some of these individual faults show branching splay faults. (Original figures, without interpretations
are shown in Appendix B).
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strike-slip analogue experiments (e.g. Riedel, 1929; Tchalenko, 1970; Wilcox et al., 1973; Naylor et
al., 1986). Riedel shears that developed over the region of localised simple shear in Experiments 1 and
3 (Figs. 3.5A, 3.6) have helical geometries in 3D and they propagate from the central discontinuity at
the base of the box. With increased deformation, P shears developed that are more centred over the
central discontinuity and eventually link the Riedel shears to form a through-going, continuous fault.
Small pop-up and pull-apart structures are present between the abandoned Riedel shears and P shears
(Figs. 3.5A, 3.6). These developed from localised regions of transpression and transtension associated
with the slight sinuosity of the linking faults.

Faults that developed over the region of distributed simple shear (Figs. 3.5B, 3.6) are vertical to sub-
vertical and equally spaced. These faults do not connect at depth, and propagate individually from the
surface to the base of the sandbox, consistent with previous analogue experiment results of Schreurs
(2003). Some of these faults branch towards the surface in cross section (Figs. 3.5B, 3.6). The entire
region of granular material over the stretchable material is darker grey in tone and the faults within it
are lighter compared to the region of localised deformation (c.f., Figs. 3.5A and B). This reflects the
degree of localisation and the amount of bulk dilation across both regions. In the region of localised
simple shear, almost all of the deformation and associated dilation is concentrated on the faults so they
have a very dark appearance. In the region of distributed simple shear, the granular material dilates
across a much wider area that accommodates deformation, giving this region a dark grey tone. Since
there is less displacement and dilation on each individual fault in the region of distributed simple shear,

they have lighter tones compared to faults in the region of localised simple shear.

3.5. Discussion

3.5.1. Comparison of fault development in regions of distributed and localised simple shear

The laboratory experiments presented here show that fault development processes are different in
regions undergoing distributed versus localised simple shear. In regions of distributed simple shear in
the upper crust, deformation localises to form a sub-parallel array of approximately equally spaced
strike-slip faults (Fig. 3.5B, 3.6). These sub-parallel arrays of independent strike-slip faults appear to
nucleate in the upper crust and propagate vertically to sub-vertically downwards towards the zone of
basal distributed simple shear. These faults develop sequentially across the region of distributed simple
shear with a spacing that is likely controlled by the thickness of the deforming layer (e.g. Zuza et al.,
2017; Yang et al., 2019). Where distributed simple shear occurs as a basal boundary condition there is
no primary fault present for these secondary faults to merge with at depth, unlike faults that develop in
regions of localised simple shear. Faults that develop in regions of localised simple shear appear to
nucleate on the lower discontinuity and propagate upwards and outwards as helicoidal shear zones.

Secondary faults appear to branch upwards and outwards from primary faults (Fig 3.5A, 3.6).
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In map view strike-slip faults that form in regions of distributed simple shear propagate laterally and
can eventually intersect the primary transform fault. These secondary faults therefore have an abutting
relationship with the primary transform fault and create a map pattern which is self-similar to a
branching fault pattern that can develop in regions of localised simple shear, despite having a different

process of development (Peacock et al., 2017).

The branching fault networks which develop where localised simple shear is the basal boundary
condition have a width that is approximately equal to or less than the depth to the branching point of
the primary fault (3.2B,C, 3.5A, 3.6). The fault networks which develop where distributed simple shear
is the basal boundary condition, develop across regions where the width of the basal distributed simple
shear is much wider than the thickness of the brittle upper crust (3.2A, 3.5B, 3.6). These results highlight
the importance of consideration of scale when interpreting the development of faults that appear to have

a branching fault pattern.

3.5.2.  Comparison to case studies

Results of the analogue experiments indicate the process of development of strike-slip fault systems
like the southern SAFS and MFS is different to that of the Sciacca and Vienna Basin faults.
Experimental faults formed over regions of distributed simple shear (Figs. 3.5B, 3.6) are consistent with
interpreted cross sections of geophysical data across the MFS (Fig. 2A) (Wannamaker et al., 2009;
Eberhart-Phillips and Bannister, 2010). Therefore, both the MFS and similar scale southern SAFS are
inferred to have developed within large-scale regions of distributed upper-crustal deformation. Faults
that develop within regions of localised upper crustal simple shear (Figs. 3.5A, 3.6) are consistent with
cross sections of the Sciacca and Vienna Basin faults (Figs. 3.2B, C) (Beidinger and Decker, 2011;
Fedorik et al., 2018, 2019). The Sciacca Fault and the Vienna Basin Fault are smaller scale positive

and negative flower structures in the zones of localised deformation.

The results of the analogue experiments suggest the major faults of the MFS and southern SAFS develop
sequentially over the region of distributed simple shear and propagate laterally towards the primary
transform fault, consistent with previous interpretations (Scholz et al., 2010; Vermeer et al., 2021). The
relationship between these secondary faults and the primary transform fault is therefore abutting, which
does not conform to the definition of the word ‘splay’. Whereas our results indicate that the branching
fault networks of the Sciacca Fault and the Vienna Basin Fault form by branching from the primary
fault and therefore conform to the definition of ‘splay’. The true relationship of the major faults within

the MFS, as determined by our analogue modelling results, are shown in Table 3.1.

Some of the faults that form within regions of distributed simple shear develop ‘tertiary’ branching
(Figs. 3.5B, 3.6). These coalesce with secondary faults at depth in a similar manner to faults that develop

over the region of localised simple shear. These smaller scale branching faults are consistent with true
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splay faults and are similar to branching faults in nature, such as the Elliott Fault, which appears to
splay from the Clarence Fault in the MFS (Figs. 3.1B, 3.7; Table 3.1).

3.5.3. Tosplay or not to splay?

Splay faults are inferred to form by branching from a primary fault. Faults that develop within regions
of distributed simple shear in the upper crust do not fit this formation mechanism. We propose that
only faults that branch from a primary fault should be classified as splay faults, in agreement with the
most widely accepted mode of development of a splay fault and the definition of the word ‘splay’.
Therefore, faults formed in regions of localised simple shear, such as fault networks associated with the
termination of the Sciacca Fault, and the Lasse Fault segment of the Vienna Basin Fault, are true splay
faults. Whereas faults that develop within regions of distributed upper crustal simple shear, such as the
MFS and southern SAFS should not be deemed to be splay faults. As an example, the true relationship

and intersection of the Marlborough Fault System faults are listed in Table 3.1.

Fault Relationship Intersection |Branch at depth?

Alpine/Wairau Primary Primary N/A Table 3.1. The true relationship and intersection
of the faults of the Marlborough Fault System
based on their inferred method of development

Awatere Secondary Abutting No
from analogue model results.

Clarence Secondary Abutting No

Elliott Tertiary Splay Yes

Hope Secondary Abutting No

3.5.4. Application to a 3D interpretation of the MFS

Geological reasoning refers to the process and techniques applied to make interpretations of geological
objects (Frodeman, 1995; Bond et al., 2015). Geological interpretations are made by combining
knowledge, experience and observations, including 3D geometries, map patterns and geological
histories (Bond et al., 2007a, 2011). The knowledge of the expected process of development of fault
networks with branching fault surface geometries has implications for building geological
interpretations (Bond et al., 2007b; Grose et al., 2020, 2021). Figure 3.7 shows a 3D geological model
of the fault surfaces in the MFS built using LoopStructural (Grose et al., 2020, 2021). (Rotatable 3D
versions are available in Appendix A). Using LoopStructural, fault relationships can be specified to be
either 1) overprinting, 2) abutting or 3) splaying. Therefore an understanding of the process of the
development is critical for creating an accurate 3D model of the MFS, highlighting the importance of a

consistent definition of the term ‘splay fault’.
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The fault surfaces in Figure 3.7 were interpolated using an implicit modelling approach starting with

the surface fault geometries and existing structural data available from GNS (© GNS Science 2016).

Legend
. Alpine/Wairau Fault

. Awatere Fault
. Clarence Fault

B Etiott Fault
. Hope Fault

4

Figure 3.7. 3D model of the Marlborough Fault System (MFS) developed using LoopStructural (see Appendix
A for online interactive version). The 3D model used fault surface geological and structural data from GNS
(© GNS Science 2016) and then applies geological reasoning based on an inferred process of development
determined from Experiments 1 and 2. Fault intersections and relationship following those outlined in Table
1. The inferred process of development is basal distributed simple shear and so the secondary MFS faults have
an abutting relationship with the primary Alpine/Wairau Fault.

The faults were given the intersection relationship shown in Table 3.1, based on the expected
intersection relationship determined from the analogue modelling results. Therefore, the major MFS
faults have an abutting relationship with the primary Alpine/Wairau Fault and do not coalesce at depth.
These faults have not been interpreted to have propagated away from the primary Alpine Fault. Rather
they are assumed to have form some distance away from the Alpine Fault to subsequently approach and
intersect it, in a similar manner to the distributed simple shear experiments presented here. The smaller
Elliott faults is interpreted as a ‘tertiary’ fault which splays from the Clarence Fault and therefore is

shown to branch from the Clarence Fault at depth.

3.6. Conclusion

Laboratory experiments indicate that fault networks that develop in the upper crust within regions of
distributed simple shear, such as the ~ 100 km scale MFS and the southern SAFS, form as secondary,
non-interacting, sub-parallel, vertical fault arrays, which propagate downward from the surface. Where
these faults propagate laterally to approach and intersect a primary transform fault, the surface fault

geometry appears similar to smaller scale splay faults, which from by branching upward from a primary
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fault in experiments with localised upper crustal simple shear. We therefore propose that use of the term
splay fault be restricted to describe synthetic faults that form by branching from a primary fault at an
acute angle. This study highlights the importance of consideration of scale when interpreting fault
networks. Namely, that splay faults tend to occur in strike-slip systems where the width of the
(localised) deformation zone is approximately equal to its thickness (cf., Figs. 3.2B,C and 3.5A). When
upper-crustal strike-slip deformation is distributed across a region that is much wider than the thickness
of the brittle crust, equally-spaced, vertical, non-interacting faults propagate from the surface
downwards (Figs. 3.5B, 3.6). These secondary faults propagate laterally and can eventually intersect a
primary transform fault, with which they have an abutting, rather than splaying, relationship (Figs.
3.1A,B).
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Chapter 4

Sandbox experiments explain migration of the

Marlborough Fault System, New Zealand
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Abstract

Hundreds of kilometres of strike-slip displacement are accommodated at the intersections of continental
transform faults and convergent plate boundaries, within broad intervening ‘transition zones’ (Wilson,
1965; Legg et al., 2004). Such transition zones are at risk of cascading and / or multi-fault earthquakes
with moment magnitudes (Mw) greater than earthquakes that remain confined on their associated
transform faults, yet how deformation localises and migrates across transition zones remains poorly
understood (Bilich et al., 2004; Wilson et al., 2004). The unusually complex 2016 Mw 7.8 Kaikoura
earthquake is associated with the ongoing development of the Marlborough Fault System (MFS), a 200
km wide transition zone in South Island, New Zealand between the continental transform Alpine Fault
and the Hikurangi subduction zone (Hamling et al., 2017). Here we show that the development of the
MFS and the migration of localised high strain zones across this transition zone can be explained by
simulating the tectonic boundary conditions of South Island in scaled laboratory sandbox experiments.
We demonstrate that the MFS developed sequentially southward as four equally spaced crustal scale
shear bands, each localising from zones of diffuse shear strain that migrate southward over time. We
attribute the initiation and complex rupture pattern of the Kaikoura earthquake to a region of diffuse
faulting in the southernmost part of the transition zone where localisation is still ongoing to form the

next major fault in the system.
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4.1. Introduction

The NE-trending dextral transpressive Alpine Fault accommodates most of the ~ 40 mm/yr oblique
convergence between the Australian and Pacific Plate across central South Island, New Zealand
(Altamimi et al., 2012; Beavan et al., 2016). In North Island, the bulk of this plate motion is
accommodated by oblique subduction of the Pacific Plate under the Australian Plate along the
Hikurangi margin (Nicol and Beavan, 2003). The Hikurangi margin extends offshore of northeast South
Island and terminates against the continental Chatham Rise (Fig. 4.1), where subduction rates are

negligible (Wallace et al., 2012). Quaternary slip rates show that the Marlborough Fault System (MFS)

Figure 4.1. Tectonic setting of northeast South
Island. Major, crustal scale faults are shown in
black (MFS=Marlborough Fault System). The
Pacific Kaikoura earthquake ruptures are shown in
Plate purple. The PPAFZ (Porters Pass to Amberley

Fault System), a zone of smaller scale diffuse
faulting is shown in red. Fault data © GNS
Science 2016
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(Fig. 4.1) comprises a series of four equally spaced, dextral strike-slip faults, that accommodate the
bulk of the plate motion in northeast South Island (Wallace et al., 2007). The MFS developed
sequentially southward across the transition zone between the Alpine Fault and Hikurangi margin
(Browne, 1992; Little and Jones, 1998; Langridge and Berryman, 2005) and strikes sub-parallel to the
oblique convergent plate motion vector. The MFS is inferred to split from the Alpine Fault, which
offsets basement terranes dextrally by 480 km but is hypothesised to have accommodated at least 700
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km of dextral strike-slip deformation (Little and Jones, 1998; Lamb et al., 2016). Estimates of the
collective dextral displacement in the MFS are ~ 200 km, with ~ 140 km accounted for by the Wairau
Fault, a continuation of the Alpine Fault plus 55 — 65 km of cumulative displacement recorded by the
other major faults (Little and Jones, 1998). The northernmost faults (the Wairau, Awatere and Clarence
faults) have a slip rate of 4 — 8 mm/yr, while the Alpine and Hope faults record Quaternary slip rates of
18 — 30 mm/yr (Van Dissen and Yeats, 1991; Litchfield et al., 2014). Seismic and resistivity profiles
indicate that the lower crust of the MFS deforms by distributed strain and that the surface faults extend
to a depth of no more than 15 km (Wilson et al., 2004; Wannamaker et al., 2009; Eberhart-Phillips and
Bannister, 2010).

Palaeomagnetic data from the sedimentary bedrock within the transition zone record between 100° and
140° clockwise rotation since ca. 20 Ma. The bulk of this rotation occurred between 20 Ma and 10 Ma
and is ascribed to the rotation of the Hikurangi subduction zone about its termination point with the
Chatham Rise. At ca. 10 Ma the Hikurangi subduction zone and Alpine Fault had attained their present
day orientation and there has been minimal rotation recorded in northeast South Island since this time
(up to 20 ° is constrained to have occurred at the very northeast edge of the MFS) (Little and Roberts,
1997; Hall et al., 2004; Lamb, 2011; Randall et al., 2011).

Subvertical bedding in the Cretaceous subduction-accretion complex basement rocks of the MFS strikes
consistently NNE, suggesting that deformation in the MFS must be accommodated entirely along the
faults (Wallace et al., 2012). Consequently, it is generally accepted that the MFS consists of numerous
crustal scale fault blocks that are bounded by relict accretionary complex thrusts. It is hypothesised that
these blocks underwent vertical axis rotation during the rotation of the Hikurangi margin, until 10 Ma
when the pre-existing faults attained orientations favourable for reactivation. These faults are thought
to have reactivated sequentially southward from ca. 6 Ma to form the present-day MFS (Little and
Roberts, 1997; Hall et al., 2004; Lamb, 2011; Randall et al., 2011).

The MFS is undergoing active deformation and is considered to be one of the highest earthquake hazard
zones in New Zealand (Berryman et al., 2018). However, the epicentre of the Mw 7.8 Kaikoura
earthquake, which shook New Zealand on 14" November 2016, occurred 20 km south of the MFS in
the relatively low strain rate Porters Pass to Amberley Fault Zone (PPAFZ). The PPAFZ (Fig. 4.1) is
a zone of diffuse faulting and the hypothesised location of an incipient fifth MFS fault (Cowan et al.,
1996). The 2016 Kaikoura earthquake is recognised to have the most complex rupture pattern observed
in modern history, comprising 21 different fault segments with a wide array of orientations and
displacement kinematics (Hamling et al., 2017; Berryman et al., 2018). Gaps of up to 15 km occurred
between some ruptures, including ruptures on faults that had not been previously identified. Surface
ruptures associated with the 2016 Kaikoura earthquake subsequently propagated northeast into the high

strain rate MFS, bypassing the Hope Fault, concentrating on NNW-trending thrust faults between the
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major MFS faults. The influence of the subducted slab on the initiation of the earthquake rupture
propagation is highly debated (Hamling et al., 2017; Lamb et al., 2018; Ulrich et al., 2019).

4.2 Significance

Considering the PPAFZ as an incipient fifth fault in the MFS contradicts the proposed tectonic
development model for the MFS because the wide, diffuse nature of faulting in the PPAFZ negates the
presence of rigid crustal blocks and the reactivation of intra-block pre-existing crustal scale weaknesses.
The PPAFZ also does not split from or connect to the Alpine Fault. The complexity of the 2016
Kaikoura earthquake, and the occurrence of its epicentre within the low strain rate PPAFZ highlights
the need for a better understanding of how deformation migrates and localises across the transition zone
in South Island, New Zealand, and how, where, and why each major fault in the MFS developed.

The development of the MFS has yet to be investigated using numerical or laboratory analogue
experiments. Here, we use a three-dimensional laboratory analogue modelling approach to simulate
the present-day simple shear conditions of the transition zone between the Alpine Fault and the
Hikurangi subduction zone. Analogue modelling is an excellent tool for this type of investigation
because we can monitor the evolution and development of structures, and quantify changes in surface

strain through time using Digital Image Correlation (DIC) (Adam et al., 2005).

4.3 Methods

Our analogue ‘sandbox’ apparatus comprises a 20 cm x 40 cm x 4 cm box with a central discontinuity,
which allows one side of the box to move horizontally relative to the other side (Schrank et al., 2008)
(Fig. 4.2). A linear actuator pushes one half of the box at a constant velocity to create dextral strike-slip
motion. Figure 4.2A shows the analogue sandbox without any modification and 4.2B shows a
photograph of the sandbox while an experiment is being conducted, where the linear actuator has pushed
one half of the sandbox, causing displacement of the sand. Without modification, deformation of an

upper crustal analogue becomes localised over the central discontinuity at the base of the box.

The basal boundary conditions of the MFS are outlined in Figure 4.3A, B and C. The Alpine Fault is
shown to deform by localised deformation (when considering as a transform fault on a tectonic scale),
while the MFS is shown to be subject to distributed simple shear. To create a region of distributed
simple shear in the analogue model, we modified the base of the box by taping a 7 cm x 14 c¢m piece of
four-way stretchable elastic material to the base in a position analogous to the 100 x 200 km transition
zone in northeast South Island (Fig. 4.3A, D). During shear displacement of the box, this elastic

material deforms by distributed simple shear (Fig. 4.3E, F), analogous to the deformation of the lower
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Figure 4.2. Analogue modelling
apparatus aka ‘the sandbox’ used to
conduct experiments for this
investigation. ~ A.  Schematic
diagram of the Sandbox. B.
Photograph of the sandbox after the
moving side has pushed 6 cm by
the linear actuator (From Chapter 1
in this thesis).

10cm

apis buop

1 8
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crust beneath the MFS. The granular material above this stretchable material is therefore subjected to
the effects of distributed simple shear as an underlying boundary condition. The remainder of the
granular material is above the unmodified shear box, and so deforms by localised deformation over the
central discontinuity, analogous to current deformation along the Alpine Fault. In our experiment we
do not use a ductile lower crustal analogue because the stretchable material deforms by distributed
simple shear and is sufficient to provide a boundary condition that simulates distributed simple shear in

the lower crust.

The sandbox is filled with 2.5 cm of a sand and ceramic Envirospheres® mix (ratio 60:40), which have
homogeneous grain size distributions and a density of 960 kg/m?3. As explained in detail in Chapter 1,
Molnar et al., (2017) used a Hubbert-type shear box to determine an internal friction angle of angle <
38° and a cohesion value of ~9 Pa for this material. This granular material is therefore an appropriate

analogue for the brittle, Mohr Coulomb behaviour the upper crust (Byerlee, 1978; Davy and Cobbold,
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Figure 4.3. The strike-slip boundary condition of the South Island, New Zealand and the analogue model
experiment. A, B and C outline the ongoing strike-slip deformation in South Island. The Alpine Fault is subject
to localised simple shear while the transition zone, where the Marlborough Fault System has developed, is
subject to distributed simple shear as a basal boundary condition. This is simulated in our analogue model, as

shown in D, E and F.
1991; Schellart, 2000). Consistent with the experiments in Chapter 1, the granular material was sieved
into the sandbox from a height of 10 cm and once in the sandbox was not manipulated in any way to

avoid localised compaction of grains.

The sandbox was deformed at a constant velocity of 150 mm/hr and was displacement 75 mm over 30
minutes. The amount of displacement reflects the limit of stretch of the stretchable material. The limit
of stretch did not affect the experiment outcome as a mature fault system had developed over the region
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where the stretchable material was taped after 30 mm displacement of the sandbox. The results
presented in this investigation are shown up to 30 mm of displacement, as no more faults developed
after this time (See Appendix A for a full set of images from this experiment). Scaling for the experiment

follows Chapter 1 of this thesis.

A Nikon D7500 digital camera captured top view images of the experiment surface at fixed 30 second
intervals during deformation of the sandbox. We use Digital Image Correlation (DIC) analyse the 2D
surface deformation in the experiments (Adam et al., 2005), which is explained in detail in Chapter 1.
Results are presented as incremental shear strain maps of the surface of the analogue models, which are
determined from DIC analysis. Incremental shear strain is the calculated ‘instantaneous’ strain from the
tracked changes in particle locations between two images along an XY axis where X is parallel to the

direction of shear strain (Ramsay and Graham, 1970; Ramsay, 1980; Schrank et al., 2008).

4.4. Results

Figure 4.4 shows the incremental shear strain across the surface of the model at 5 mm displacement
intervals. The development of structures in the region of localised simple shear follows that
documented by many studies (Dooley and Schreurs, 2012). The first structures to develop after 3.75
mm of displacement in the experiment are Riedel shears in the area of localised simple shear of the
shear box (Fig. 4.4B, 5 mm displacement). These Riedel shears have a maximum orientation of 18 °
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Figure 4.4. The shear strain across the surface of the analogue experiment at 5 mm displacement intervals,
determined from Digital Image Correlation (DIC). A — G show incremental shear strain maps of the surface
of the analogue experiment, with blue indicating high shear strain and red low shear strain. The dashed box
in A and G indicates the position of the stretchable fabric at the base creating a basal boundary condition of
distributed simple shear (DSS) in that region. The rest of the sandbox is subject to localised simple shear (LSS)
as the basal boundary condition from the central discontinuity at the base of the sandbox. The region of
distributed simple shear (DSS) is labelled as follows: DD = Diffuse deformation. F = Fault. | = Incipient,
followed by a number which reflects the order of formation and the MFS analogue: W = Wairau Fault, A =
Awatere Fault, C = Clarence Fault, H = Hope Fault
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Figure 4.5. The maximum shear strain across the green line within the DIC map at 18.75 mm and 22.5 mm
displacement of the sandbox. This shows the maximum shear strain across the region of sand which is subject
to distributed simple shear as the basal boundary condition. F = Fault, DD = Diffuse Deformation. The MFS
analogue is labelled on the graph. Boundary effects are explained in section 4.9. The graphs show a region of
diffuse deformation (DD2) at 18.75 mm sandbox displacement, which localises to form a fault by 22.5 mm
sandbox displacement, and a region of diffuse deformation shifts away from the centre of the box. The blue

line dictates the maximum shear strain at which we consider a fault to have formed.
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clockwise relative to the central discontinuity, with a horizontal spacing of ~ 20 mm between them.
After 8.5 mm of displacement, deformation in the region of localised simple shear is entirely centred
on a single fault located over the central discontinuity (Fig. 4.4C, 10 mm displacement), and it remains

this way for the remainder of the experiment.

Faults require greater displacement of the sandbox to develop in the region of distributed simple shear
compared to the region of localised simple shear. Initially the sand in the region of distributed simple
shear deforms by diffuse deformation (Fig. 4.4B), which becomes increasingly localised towards the
centre of the box (Fig. 4.4C) leading to the development of the first faults at 12.5 mm displacement
(Fig. 4.4D, 15 mm displacement). Two further faults form progressively across the region of distributed
simple shear towards the edge of the sandbox, at 20 mm displacement and 27 mm displacement,
respectively (Fig. 4.4E, Fig. 4.4G). These faults do not splay from or connect with the older faults that
formed closer to the centre of the sandbox. Both emerge from a region of diffuse deformation that
localises to form a fault. Figure 4.5 shows the maximum shear strain across the region of distributed
deformation for chosen DIC maps at 18.75 mm and 22.5 mm displacement of the sandbox. These graphs
show the formation of the third major fault (F3), from the region of diffuse deformation (DD2), and the
subsequent region of deformation developing (DD3), which forms the fourth major fault. The faults
that develop over the region of distributed deformation are equally spaced, with a fault perpendicular,
horizontal spacing of ~ 20 mm and they are oriented 18° clockwise relative to the central discontinuity,
consistent with previous analogue experiments that investigate distributed progressive simple shear
(Schreurs, 2003).

4.5. Experimental artefacts and limitations

As explained in Section 4.8, the experiment is limited by the elasticity of the stretchable material, which
cannot deform infinitely. This effect is avoided in the experiment by limiting the displacement of the

sandbox so that the stretch limit of the material is not reached.

Artefacts develop at the ends of each experiment, which are associated with the vertical side boundaries
and corners of the sandbox. The boundary effects are outside the region of interest in the analogue

model and do not influence the experiment results.

There are a number of structural artefacts that develop during the experiment, which are associated with
the transition of the basal boundary conditions from localised simple shear with no sandbox
modification, to distributed simple shear above the stretchable material. These artefacts include large
pull apart and pop up structures, corresponding to releasing and restraining bends at either end of the
stretchable fabric where the transition from localised to distributed deformation occurs. These features
increase in size with increasing displacement of the sandbox. In nature, the basal boundary condition is

ductile and has a contributing factor to the size of structures that develop because the lower crust can
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flow and respond isostatically to crustal thickening and thinning. However, in our analogue experiment,
the basal boundary condition is rigid so the scale of the edge effects of the transition zone are
significantly enhanced and grow to a size that has no equivalent in nature. We therefore consider these
features as artefacts and restrict our analyses to the central part of the stretchable over the region, which

is not influence by edge effects.

Our analogue model experiment is limited to strike-slip deformation only. While the dominant mode of
deformation in South Island is strike-slip deformation, there is also a component of transpression. This
includes the uplift of the Southern Alps along the Alpine Fault, where the Pacific Plate is being thrust
over the Australian Plate (Norris and Cooper, 1995), and the uplift of the Seaward and Inland Kaikoura
ranges in the MFS (Van Dissen and Yeats, 1991; Little and Jones, 1998; Nicol and Van Dissen, 2002;
Collett et al., 2019). Uplift over the Alpine Fault is partitioned onto small thrust segments and the strike
slip to uplift ratio is 10:1 (Norris and Cooper, 1995). Uplift in the MFS is limited to the Seaward and
Inland Kaikoura ranges in the eastern part of the transition zone and is hypothesised to be the result of
compression in the overriding plate caused by congestion of the Hikurangi Plateau in the Hikurangi
subduction zone at its termination point (Willis, 2017). The Hope and Clarence faults are proposed to
accommodate some of the uplift due to a 15° change in strike of the faults in this region, which makes
accommodation by uplift favourable (Lamb, 1988; Collett et al., 2019). The rest of the uplift is
accommodated on NNE-SSW trending thrust faults. Despite this region of uplift in the MFS, the bulk
of the MFS deforms by strike-slip deformation. The Hope Faults has a horizontal:vertical slip ratio of
33:1 (Khajavi et al., 2018), and the MFS faults are proposed to have developed as dextral strike-slip
faults in their present day regime (Collett et al., 2019). Therefore, although there are some transpression
elements in nature, the strike-slip component is dominant, and we consider the strike-slip analogue
experiment models a representative simulation for this dominant component of deformation in northeast

South Island, New Zealand.

Our analogue model does show some topographic variation through the development of strike-slip
faults, as seen in nature. For example, there is also some uplift associated with the restraining bend of

the Wairau Fault, a feature that our analogue model also simulates.

4.6. Discussion

Between 25 mm and 30 mm displacement in the experiment (Fig 4.4F and 4.4G), the fault pattern is
strikingly similar to northeast South Island (Fig. 4.1). The single fault that developed over the central
discontinuity at the base of the sandbox, in the region of localised simple shear, is analogous to the
Alpine Fault, being oriented parallel to the main direction of strike-slip motion, and accommodating
the bulk of the deformation in that region. The faults that developed over the region of distributed

simple shear are analogous to the major faults of the MFS, being equally spaced and oriented ~18°
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clockwise relative to the principle direction of strike-slip motion. We consider the formation of the
faults in the experiment up to this stage of finite displacement to be a reasonable analogue for the
development of the MFS. The experiment also shows sequential development of faults over time,

consistent with the proposed southward development of the MFS.

Our experiment suggests that the development of the MFS may be a consequence of increasing simple
shear that was distributed within a ~ 100 x 200 km wide transition zone between the northeast
propagating Alpine Fault and the southwest migrating Hikurangi subduction zone. Distributed
deformation between the two plate boundaries likely initiated around 10 Ma, once the Hikurangi
subduction zone had rotated sufficiently to align with the Alpine Fault (Little and Roberts, 1997; Hall
etal., 2004; Lamb, 2011; Randall et al., 2011). Assummarised in Table 4.1, if we scale our experiment
to consider that distributed deformation initiated at 10 Ma, then our experiment suggests that the first
faults would have initiated at ca. 5.84 Ma, consistent with the proposed initiation of the Wairau and
Awatere faults (Little and Jones, 1998; Ghisetti, 2021). The next fault would have initiated at ca. 3.4
Ma, consistent with the Clarence Fault (Browne, 1992), and the next at ca. 0.91 Ma, close to the

proposed age of the Hope Fault (Langridge and Berryman, 2005).

Fault: Development in  model Scaled age development | Analogous to: Proposed age of development
(mm) (Ma) (Ma)

F1 12.5 mm 5.84 Ma Wairau Fault ~ post 10 Ma

F2 12.5 mm 5.84 Ma Awatere Fault ~6.2-55Ma

F3 20 mm 3.4 Ma Clarence Fault | ~3Ma

F4 27 mm 0.91 Ma Hope Fault ~2-1Ma

Table 4.1 Summary of the development of each fault in the region of distributed simple shear in the analogue
model experiment, its subsequent scaled age within Marlborough Fault System when considering distributed
simple shear to have initiated at 10 Ma, and comparison to proposed ages of fault development from literature.
Sources of fault ages (in the order they appear in literature are: Ghisetti (2021); Little and Jones (1998);
Browne (1992); Langridge and Berryman (2005).

After the initiation of distributed deformation at ca. 10 Ma, and prior to the development of the Wairau
and Awatere faults, our experiment indicates that deformation was accommodated by diffuse shear
across the transition zone (Fig. 4.4B-C), which became increasingly localised to form the Wairau and
Awatere faults (Fig. 4.4C-D). As these faults developed, the region of diffuse deformation shifted
southward (Fig. 4.4D-E), and eventually localised to form the Clarence Fault (Fig. 4.4E), and then the
Hope Fault (Fig. 4.4G). The discrepancy between the displacement on the Alpine Fault and the MFS
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(Little and Jones, 1998; Lamb et al., 2016) in the last 10 Myrs can therefore be attributed to
accumulation of diffuse regional deformation prior to the development of each fault in the MFS. The
formation of faults in this manner highlights the slip rate variability of the faults through time (Fig 4.4,
4.5), consistent with interpretation of slip rates through time in the MFS (Khajavi et al., 2018).

The presence of the PPAFZ south of the Hope Fault is consistent with development of each fault from
a zone of diffuse deformation that then localises to form a major fault, consistent with the fault pattern
evolution in the transition zone of our experiment. We therefore suggest that, with continued distributed
deformation, the PPAFZ will form the next major fault in the MFS (Cowan et al., 1996). Once each
fault develops in the region of distributed simple shear in the experiment, it remains active for the
remainder of the experiment and deformation becomes concentrated on these faults, with minimal
deformation occurring between them, which is again consistent with the observed mode of deformation
in the present day MFS (Randall et al., 2011; Wallace et al., 2012).

The consistency of the experimental results with present day northeast South Island suggests that the
MFS need not have developed by the reactivation of pre-existing faults in the upper crust as previously
hypothesised (Little and Roberts, 1997; Hall et al., 2004; Lamb, 2011; Randall et al., 2011), and negates
the requirement for individual upper crustal fault blocks floating on the ductile lower crust.

The structures that develop over the region of distributed simple shear in the analogue model presented
here are separate structures to the fault that develops over the region of localised simple shear. This
includes F1 and F2, the analogue Wairau and Awatere Faults in Figure 4.4, which are shown to link to
the analogue Alpine Fault after 20 mm of displacement, consistent with their appearance in nature. The
Wairau Fault, despite appearing as a continuation of the present-day Alpine Fault can therefore be
interpreted to have initiated as a separate structure, consistent with the tectonic reconstruction by
Ghisetti (2021). The subsequent faults, which form progressively away from the centre of the box in
the region of distributed simple shear, do not splay, or split from the fault in the region of localised
simple shear. Following their initiation, these faults propagate outwards towards the edges of the region
of distributed simple shear, including towards the region of localised simple shear. Formation of faults
in this manner causes slip rate variability on the fault, an aspect that is well documented along the Hope
Fault (Khajavi et al., 2018). Based on these observations, we interpret that the Clarence and Hope faults
formed separately within the transition zone and then propagated back towards the Alpine Fault, which
is consistent with data from the MFS (Rattenbury et al., 2006; Litchfield et al., 2014). The Clarence
Fault trace has not been mapped to join the Alpine Fault, and any such relationship is only inferred on
published geological maps. Furthermore, the Hope Fault has been shown to be propagating back
towards the Alpine Fault, rather than emerging from it (Vermeer et al., 2021). The PPAFZ, is also
currently forming independently of Alpine Fault as the incipient fifth fault in the MFS.
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Figure 4.5 shows how the maximum shear strain changes across the region of distributed deformation,
as shear strain localises to form the next fault in the system. Each new fault takes around 5 mm of
displacement to develop in the experiment. By upscaling to nature, this suggests that each fault in the
MEFS develops over a ~ 1.6 Myr interval. Figure 4.5 shows the localisation of a zone of diffuse shear
caused by migration of strain across the model. During this localisation process there is no pre-existing
crustal scale fault to accommodate deformation across this zone, as the sand is homogeneous. Figure
4.5B shows the increase in maximum shear strain localises on the newly developed fault as strain
continues to migrate across the model. We suggest that the PPAFZ is undergoing the same localisation
process and increase in shear strain due to the southward migration of strain across the transition zone,
and that currently there is no crustal scale fault to accommodate deformation across this zone. The
increase in shear strain in the PPAFZ without the presence of a significant plate boundary fault to break
may explain the initiation and complex rupture pattern of the Kaikoura earthquake to the south of the
Hope Fault. While our model suggests earthquake initiation could have occurred from the ongoing
development of strike-slip faults across the transition zone, it cannot explain the propagation of
earthquake ruptures onto the thrust faults within the MFS. These thrust faults are linked to localised
transpression and uplift of the Seaward and Inland Kaikoura ranges caused by congestion of the
subducting slab. Our model is limited to strike-slip deformation and so we cannot model this

transpression element.

4.7. Conclusions

Our analogue experiment successfully replicates the southward migration of shear strain across the
transition zone between the Alpine Fault and Hikurangi subduction zone in northeast South Island, due
to distributed shear strain in the lower crust between the two plate boundaries (Wilson et al., 2004;
Wannamaker et al., 2009; Eberhart-Phillips and Bannister, 2010). This southward migration of shear
strain forms regions of diffuse deformation in the upper crust that subsequently localise to form the
major faults of the MFS. The experimental results confirm the southward development of the faults in
the MFS, and predict that the PPAFZ will localise further and form the next major fault in the system
(Cowan et al., 1996; Little and Jones, 1998; Wallace et al., 2012). The experiment shows that the
PPAFZ is undergoing a significant increase in maximum shear strain, and that there is currently no
major crustal scale fault underlying the PPAFZ available to accommaodate this strain. This may explain
the initiation and complexity of the 2016 Kaikoura earthquake ruptures to the south of the MFS,

suggesting that earthquakes of a similar nature will occur in the region in the future.
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Chapter 5

A new interpretation for the structural development
of the Marlborough Fault System, New Zealand,
from 20 Ma to present day
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Abstract

The results of recent analogue modelling experiments are used to propose a new hypothesis for the
development of the Marlborough Fault System that satisfies the existing palaeomagnetic and structural
data. We show how a palacomagnetically constrained ~ 90 ° clockwise rotation of northeast South
Island between 20 Ma and 10 Ma and a change in strike of basement fabrics can be explained by flexural
slip about a hinge located to the south of the present-day Hope Fault, above the southern termination of
the Hikurangi subduction zone. In contrast to previous studies, inherited NNE-SSW trending structures
in the basement rocks of NE South Island were oriented unfavourably for reactivation after the 20 Ma
to 10 Ma rotation period, hence relic faults are unlikely to have contributed significantly to the
development of the MFS. A second hinge zone emerged in the northeast of the region, which
accommodated a further ~ 30 ° of clockwise rotation over the last 10 Ma, linked to the development of
a transpression in the system, as proposed by previous studies.
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5.1. Introduction

The Marlborough Fault System (MFS) is located in the transition zone between the Pacific and
Australian plates in north-eastern South Island, New Zealand. Here, the plate boundary transitions from
subduction of the Pacific Plate along the Hikurangi trough east of North Island, to continental collision
along the oblique dextral Alpine Fault on South Island (Rattenbury et al., 2006; Walters et al., 2006)
(Fig. 5.1). Hundreds of kilometres of strike-slip displacement are accommodated by the MFS and its
associated faults across this transition zone (Wilson, 1965; Legg et al., 2004; Wallace et al., 2012).
How the MFS developed remains an open topic for discussion and multiple hypotheses have been
proposed for its development (Little and Roberts, 1997; Townsend, 2001; Hall et al., 2004; Wilson et
al., 2004; Wood and Stagpoole, 2007; Wannamaker et al., 2009; Randall et al., 2011; Ghisetti, 2021).
Two ‘end member’ hypotheses for the development of the MFS are referred to as the ‘flexed telephone
book’ model and the ‘floating block” model (Little and Roberts, 1997; Hall et al., 2004). In the ‘flexed
telephone book’ model, rotation of NE South Island was accommodated via a migrating hinge located
in the northeast of the Marlborough region (Fig. 5.1) (Little and Roberts, 1997). In the ‘floating block’
model, the same rotation was accommodated by vertical axis rotations of crustal scale fault blocks (Hall
et al., 2004). However, a combination of these hypotheses is generally accepted to explain the
development of the MFS (Lamb, 2011; Randall et al., 2011). In the context of the rotational history of
NE South Island, it has also been proposed that nucleation of the present-day faults of the MFS occurred
by reactivation of pre-existing faults that were inherited from the Cretaceous history of the Marlborough
region as the accretionary complex of a Gondwanan subduction zone. Alternatively, the results of recent
laboratory analogue experiments (Chapter 2, 3 and 4) suggest that the fault pattern of the MFS may
have developed during brittle upper crustal deformation over a ductile lower crust deforming by large-

scale distributed deformation, without the need for reactivation of older pre-existing crustal weaknesses.

Here, a critical appraisal of existing hypotheses for the development of the MFS combined with existing
palaecomagnetic and structural data and the findings of recent analogue modelling are used to develop a

new framework for the development of the MFS.

5.2. Background

5.2.1. Marlborough Fault System

The MFS is undergoing active deformation and is one of the highest earthquake hazard zones in New
Zealand (Berryman et al., 2018). The MFS consists of four large, active, oblique strike-slip faults (Figs.
5.1 &5.2). From north to south these are the Wairau Fault (a continuation of the Alpine Fault), Awatere
Fault, Clarence Fault and Hope Fault. These four dextral faults strike sub-parallel to the Australian —
Pacific relative plate motion vector (Wallace et al., 2012). The local scale mode of deformation is

essentially distributed simple shear sub-parallel to the Wairau Fault, with an average plate motion of 41
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mm/yr (Hall et al., 2004; Wilson et al., 2004; Wannamaker et al., 2009; Eberhart-Phillips and Bannister,
2010; Wallace et al., 2012).
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Figure 5.1. A. Tectonic setting of northeast South Island. Active faults are shown in red, inactive faults are
shown in black (fault data © GNS Science 2016 and from Wallace et al. 2012). The Kaikoura earthquake
ruptures are shown in orange. The thick black dashed line is surface projection of the approximation of the
edge of the subducted slab according to Randall et al. (2011). The blue dashed lines are proposed hinge lines
for the axis of rotation within the MFS. Hinge LR is the hinge line for the rotation proposed by Little and
Roberts (1997). Hinge R’ is the hinge line proposed by Randall et al. (2011), marking their proposed change
in location between small km scale fault blocks to the south and larger 10 km scale fault blocks to the north.
MFS=Marlborough Fault System. NCD=North Canterbury Tectonic Domain. KF=Kekerengu Fault.
PPAFZ=Porters Pass to Amberley Fault Zone. B. The tectonic setting of New Zealand. Box indicates location
of Figure 5.1.A.

As summarized by Wallace et al., (2012), there is a general southward decrease in age in the MFS: the
Awatere Fault initiated at ca. 5.5 — 6.2 Ma (Little and Jones, 1998), the Clarence Fault at ca. 3 Ma
(Browne, 1992) and the Hope Fault at 1 — 2 Ma (Langridge and Berryman, 2005). There are many
smaller faults within the fault blocks bounded by these four larger faults (Fig. 5.1). The southernmost
faults accommodate most of the current deformation and the Hope Fault records the highest Quaternary
slip rate in the region at 20 - 25 mm/yr (Van Dissen and Yeats, 1991). Slip rates in the MFS decrease
northward, being 4-8 mm/yr on the Clarence Fault, 5-10 mm/yr on the Awatere Fault, to 4-6 mm/yr on
the Wairau Fault (Van Dissen and Yeats, 1991). These faults account for almost all of the current
relative plate motion in northeast South Island; GPS data show that the present day rotation within the
MFS is negligible (Hall et al., 2004; Wallace et al., 2012).
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To the south of the Hope Fault is the North Canterbury tectonic domain (NCD), which has a relatively
low average strain rate compared to the MFS (Figs. 5.1 & 5.2). The NCD contains a zone of diffuse
transpressional faulting called the Porters Pass to Amberley Fault Zone (PPAFZ; Fig. 5.1). The PPAFZ
may be currently developing into a fifth through-going fault in the system (Cowan et al., 1996).

5.2.2. Geology of the MFS

The Mesozoic Torlesse composite terrane, comprising the Rakaia and Pahau terranes and the Esk Head
melange belt, makes up the basement (and most of the outcropping geology) of the NCD and MFS
(Rattenbury et al., 2006) (Fig. 5.2A, which shows a geological map consistent with the Kaikoura QMAP
area from Rattenbury et al. (2006)). This composite terrane is composed of indurated quartzo-
feldspathic sedimentary rocks, commonly termed greywacke. Although no crystalline basement is
recognised, the Torlesse composite terrane makes up the basement of a younger sequence of c. 108 —
95 Ma sedimentary ‘cover’ rocks (Reay and Pye, 1993; Rattenbury et al., 2006; Willis, 2017; Gardiner
and Hall, 2021; Gardiner et al., 2022). The 2016 Kaikoura earthquake fault ruptures developed within

basement rocks of the Pahau terrane.

The Pahau terrane is composed of indurated grey quartzo-feldspathic sandstones and mudstones (Fig.
3), which are thought to represent clastic detritus recycled from the older Rakaia terrane (MacKinnon,
1983). The depositional environment of these sedimentary rocks has been interpreted as marginal
marine fan-deltas and/or deep-water submarine fans (Reay and Pye, 1993; Bassett and Orlowski, 2004).
Conglomerate lenses and large tectonic melange zones are common throughout the Pahau terrane
(Rattenbury et al., 2006). Rattenbury et al., (2006) characterise the Pahau terrane as consisting of
imbricate thrust slices and/or recumbent folds of largely middle Cretaceous rocks, locally interleaved

with tectonic melange that contains rocks as old as the late Triassic (Fig. 5.3).

The deposition of the sedimentary basement rocks occurred from the Late Jurassic to Early Cretaceous,
when New Zealand was in the overriding plate of the East Gondwana subduction zone. Trench advance
accreted the Rakaia terrane as an accretionary complex over a period of 10-15 Myrs as part of the
Rangitata | orogeny. The collision of the Hikurangi Plateau at 105 Ma caused localised shortening and
accretion of the Pahau terrane into a forearc basin as part of the Rangitata Il orogeny (Willis, 2017).
The Esk Head melange belt separates the Pahau and Rakaia terranes, and is often used as a structural
marker to visualise the horizontal offsets on the MFS faults (Fig. 5.2A). The Esk Head Belt melange
belt consists of a deformed mix of the Rakaia and Pahau terranes and its boundary with the Pahau
terrane is gradual over several kilometres, and is characterised by shear fabrics (Hall et al., 2004;
Rattenbury et al., 2006).

Deposition of clastic and carbonate sedimentary cover rocks occurred between the Late Cretaceous and
the Eocene. Local tectonics through this time involved slab break off followed by a passive margin

setting (Gardiner and Hall, 2021; Gardiner et al., 2022), associated with the regional-scale rifting,
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continental break up and sea floor spreading during the opening of the Tasman Sea. Deposition of post-
Eocene cover rocks is associated with the Kaikoura Orogeny and the development of the modern-day
plate boundary (Reay and Pye, 1993; Rattenbury et al., 2006; Willis, 2017). Sedimentary cover rocks
crop out sparsely across the MFS region and are generally exposed adjacent to the major MFS faults
(Fig. 5.2A).
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Figure 5.2. A. Simplified geological map of the Marlborough Fault System, divided into basement and cover
rock and Quaternary rocks (adapted from GNS Shapefile Data © GNS Science 2016). The area northwest of
the Wairau Fault is greyed out. Pink boxes indicate locations of B and C. NCD: North Canterbury Tectonic
Domain. PPAFZ: Porters Pass to Amberley Fault Zone B. The Tapuaenuku igneous complex (red) in the
northeast MFS remains undeformed between the Awatere and Clarence faults, indicating minimal internal
strain between the major faults. C. Folds within the cover rocks appear ‘dragged’ by the Hope Fault, indicating
internal strain within the NCD. Faults in red indicate faults that ruptured during the 2016 Kaikoura earthquake.
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Figure 5.3. The Pahau Terrane, part of the Torlesse basement terrane is the dominant outcropping geology
within the MFS and NCD. This basement terrane consists of turbidites that were deformed in an accretionary
complex from the Gondwanan subduction zone in the Cretaceous. A. Photo taken of facing North from the
Clarence Valley, of a section of the Inland Kaikoura Range, showing folded turbidites within the Pahau
Terrane. B Photo taken facing SE within the Clarence Valley, of a section of the Seaward Kaikoura Range,
showing recumbent folds within the Pahau Terrane.

5.2.3. Accommodating plate motion

Plate reconstructions indicate ~800 km relative dextral strike-slip offset between the Australian and
Pacific Plates, across New Zealand, since 45 Ma (Stock and Molnar, 1987; Sutherland, 1995; Little and
Jones, 1998). The dextral offset of basement terranes across the Alpine Fault is 460 km, indicating that
it has accommodated just over half of this relative plate motion since its initiation at ~25 Ma. More
recently, Lamb et al. (2016) proposed that prior to the initiation of the Alpine Fault as a dextral strike-
slip fault, there was > 225 km of sinistral displacement across Zealandia, which has been subsequently
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reversed by the Alpine Fault. Lamb et al. (2016) therefore argue that the Alpine Fault has a cumulative
offset of around 700 km, accommodating close to the entire dextral strike-slip displacement of New

Zealand across central South Island.

Hall et al. (2004) proposed a total dextral displacement of 273 + 52 km across the major MFS faults,
calculated from a kinematic model of deformation of elongate fault blocks. Most other estimates of the
cumulative strike-slip displacement across all of the major faults of the MFS are slightly less than 200
km, these estimates are calculated from the offset of the Esk Head Subterrane (Fig. 5.2A) (Little and
Roberts, 1997; Little and Jones, 1998). The Wairau Fault accounts for ~140 km of this ~200 km dextral
displacement (Little and Roberts, 1997; Little and Jones, 1998), and the cumulative displacement along
the other major faults is 55 — 65 km. Individual dextral offsets on the other major faults are ~ 7 — 16
km on the Awatere Fault , <18 km on the Clarence-Kekerengu-Fidget faults (Little and Jones, 1998),
~20 km on the Hope Fault (Van Dissen and Yeats, 1991) and ~2 km on the Porters Pass to Amberley
Fault zone south of the Hope Fault (Cowan et al., 1996).

GPS horizontal velocity data do not provide strong evidence for rotation and diffuse deformation within
the present-day MFS (Wallace et al., 2007, 2012). The basement fabric and smaller faults within the
MFS have a remarkably consistent trend. Features such as the Cretaceous Tapuaenuku igneous
complex and the associated radiating dyke swarm, located between the Awatere and Clarence faults
(Fig. 5.2B), appear undeformed. These observations suggest that there has been little penetrative
deformation within the blocks between the MFS faults since the emplacement of the Tapuaenuku
igneous complex. This implies that all of the deformation within the MFS at the current level of
exposure must be localised along faults, with almost no internal strain between them. These
observations compliment GPS horizontal velocity measurements across the MFS (Wallace et al., 2012),
which indicate deformation within fault block interiors are unlikely to be detectable within the GPS
measurement uncertainty. Conversely, in the NCD the basement fabric and faults have variable
orientations, and a large syncline has been rotated or dragged into the PPAFZ (Fig. 5.2C), which
indicates that internal deformation has accumulated within the block south of the Hope Fault. This is
also consistent with Wallace et al.'s (2012) fault block interpretation, in which a more diffuse zone of

faulting such as the PPAFZ has been proposed south of the Hope Fault.

Mid-crustal seismicity is distributed across the MFS rather than being limited to discrete fault zone at
the surface (Eberhart-Phillips and Bannister, 2010). This is thought to reflect widening of shear zones
and large-scale distributed deformation at depth (Wannamaker et al., 2009; Eberhart-Phillips and
Bannister, 2010).

5.3. Data Analysis
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5.3.1. Palaeomagnetic data

The palaeomagnetic data used in this investigation (Fig. 5.4A) is taken from Lamb, (2011) and Randall
et al., (2011), who present new and compiled palaeomagnetic rotations measured in samples collected
from volcanics and sedimentary cover rocks from the MFS and NCD. The principle techniques of
deriving palaecomagnetic rotation data are described by Butler (1992). Randall et al. (2011) explain in
the detail the method of palaecomagnetic data collection, processing and analysis for those measurements
within the Marlborough region, which are summarised by Lamb (2011). The principle problem with
palaeomagnetic data collection from the Marlborough region is the dominance of sedimentary rocks,
which have very weak natural remnant magnetisms. The sedimentary rocks with a high enough remnant
magnetism for measurement were the micritic limestones, mudstones and siltstones within the cover
rocks of the MFS (Lamb, 2011; Randall et al., 2011). However, these sedimentary rocks still gave an
80% failure rate in the presence of a primary magnetisation. To alleviate this problem, hundreds of
measurements were taken within the same stratigraphic units within close proximity (Lamb, 2011).
Natural remnant magnetisms were stronger within the igneous rocks of the MFS. The palaeomagnetic
data from within the MFS is therefore limited to the sedimentary cover rocks and igneous rocks. The
tectonic rotations determined from the paleaomagnetic data are summarised in Figure 5.4A. These
rotations are relative to the Pacific Plate, which is essentially the same as true north for the Neogene
(Lamb, 2011). Figure 5.4A differentiates rotations that occurred before and after 10 Ma. This
distinction has been made because 10 Ma represents the approximate time when the Hikurangi
subduction zone and Alpine Fault begin to interact, leading to distributed deformation and the
subsequent the development of the MFS. Hence, < 10 Ma old palaeomagnetic data records rotation that
occurred during the development of the MFS, whereas older data represents rotations prior to the

development of the MFS (in its present day strike-slip regime).

Pre-10 Ma palaeomagetic data records rotations between 51° and 146°. Paleopole rotations > 88° are
limited to the eastern MFS and are associated with a series of thrust sheets within the cover rocks
between the Clarence and Hope faults, which rotate with the strike of bedding by up to 180°. Clockwise
palaeomagnetic rotations within this area range from 97° to 146°, averaging ~120°. In other parts of the
MFS, >10 Ma rotations generally decrease southwards, with minimal values in the NCD. Close to the
Hope Fault >10 Ma rotations range from 51° to 54° and within the central MFS they are between 21°
and 88°.

Significant post-10 Ma palaeomagnetic data is confined to the north-eastern edge of the MFS, northeast
of Little and Roberts’ (1997) hinge (Fig. 5.4A). Here paleopoles record an approximately consistent
clockwise rotation between 20° and 35° (with one outlier at 44°) that coincides spatially with a ‘kink’
and change in orientation of bedding and faulting within the MFS. Outside of this hinge zone <10 M

palaeomagnetic data indicates negligible rotation.
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Figure 5.4. See next page for continued figure and figure description
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Figure 5.4 A. A simplified geological map of the MFS with arrows representing palacomagnetic rotations
from Randall et al. (2011) and Lamb et al. (2011). The blue dashed lines are proposed hinge lines for the axis
of rotation within the MFS. Hinge LR is the hinge line for the rotation proposed by Little and Roberts (1997).
Hinge R’ is the hinge line proposed by Randall et al. (2011), marking their proposed change in location
between small km scale fault blocks to the south and larger 10 km scale fault blocks to the north. The dark
blue dashed line represents the general change in strike of bedding in basement rocks from Hall et al. (2004).
The white dashed lines are generalised bedding form lines within the MFS basement rocks. Faults are shown
in black, with dashed lines representing faults within the basement and solid lines representing faults
associated with cover rocks, including the MFS faults. The Kaikoura earthquake ruptures are shown in orange.
Rose diagrams at right plot strikes of bedding and faults in basement and cover rocks of the MFS and NCD,
north and south of the Hope Fault, respectively. B. Detail of the northern part of the MFS showing consistent
strike of the bedding and basement faults and a distinct ‘kink’ in their orientations in the northeast. C. The
Clarence Fault crosscuts bedding form lines and the faults within the basement rocks in the central MFS.

5.3.2. Structural data

Publicly available, Geological and Nuclear Sciences (GNS) shapefiles (© GNS Science 2016) were
used to constrict the geological maps presented in Figures 5.2 and 5.4. Analyses of generally steeply
dipping bedding and fault strike orientations within the MFS and NCD were carried out using form
lines and by generating rose diagrams from data sets provided by GNS (Fig. 5.4A). Faults were
subdivided into older faults (i.e., faults that occur in the basement rocks) and younger faults (i.e., faults
that are in or are linked to the cover rocks).

Figure 5.4A shows that bedding within the MFS strikes in a remarkably consistent NNE — SSW
direction and that older faults within the basement rocks are oriented parallel to it.
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A number of faults occur within the basement rocks between the major MFS faults, particularly between
the Wairau and Awatere faults (Figure 5.4A). These faults are straight and appear to interconnect with
each other. These older faults parallel the strike of bedding in the basement (Fig. 5.4A and Fig.5.4B).
Faults that are labelled as active in the GNS dataset tend to be oriented similarly to the major ENE-

WNW trending MFS faults and they mostly crosscut the bedding form lines of the basement (Fig. 5.4C).

Bedding strikes and fault trends kink and rotate at least ~25° clockwise in the northeast portion of the
MFS, consistent with palaeomagnetic data for this area (Figs. 5.4A and 5.4B). Bedding and fault
orientations rotate significantly in the eastern section of the map where there is a stack of deformed
thrust sheets, as labelled on Figure 5.4. Following the cover rocks constrained between the Clarence
Fault and Hope Fault, the strike of the bedding and the thrust sheet orientations rotate up to 180 ° in this
region (Fig. 5.4). This area corresponds with the ~120 ° clockwise palacomagnetic rotations identified

in the previous section.

Bedding orientations within the NCD are much more variable compared to the MFS (Fig. 5.4A). Rose
diagrams for the NCD show larger spread in the strike of the bedding with a mean NNW — SSE trend,
which is ~40° clockwise from the strike of the bedding in the basement rocks of the MFS. Bedding
form lines in basement rocks indicate a ~90° clockwise rotation in the MFS relative to the NCD (Fig.
5.4A). The general south to north increase in the amount of rotation indicated by paleopoles that are
older than 10 Ma is consistent with the observed change in orientation of bedding in the basement.

Faults within the NCD basement rocks also have a much wider array of orientations compared to those
within the MFS and tend to follow basement bedding form lines (Fig.5.4A). In general, the active faults

within the NCD have similar orientation to the MFS faults.

5.4. Review of current tectonic models

Some interpretations of the MFS do not consider vertical axis rotation within the system (King, 2000;
Wood and Stagpoole, 2007; Ghisetti, 2021). Although previous palaecomagnetic studies comprised data
restricted to the northeast margin of South Island (Little and Roberts, 1997), the work by King (2000)
was published prior to the publication of palaecomagnetic data within the central MFS (Hall et al., 2004).
The rotation in King's (2000) tectonic model is confined to the North Island, which is consistent with
Wood and Stagpoole (2007) who suggested that the required rotation was accommodated by the
deformation along the East coast of North Island, rather than the MFS. Ghisetti's (2021) proposed
interpretation of the tectonic development of South Island was developed following the plate tectonic
template of Zealandia from Miller et al., (2019), which in turn follows plate tectonic models of King,
2000, and Wood and Stagpoole (2007). Since Ghisetti's (2021) model is confined to the period since 10
Ma, the rotation that occurred prior to this time is outside the scope of her study and therefore not

considered in her model of tectonic development of South Island.
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Wood and Stagpoole (2007) showed the development of the MFS by faulting along the edges of crustal
blocks over the last 8 Ma, which is consistent with the interpretations of Hall et al. (2004), Lamb (2011)
and Randall et al. (2011). King (2000) suggested that the ‘proto’ MFS faults developed as strike-slip
faults as early as 21 Ma to connect the Alpine Fault to the Hikurangi subduction zone, following
evidence presented by Audru and Delteil, (1998) for strike-slip faulting in southern Marlborough in the
early Miocene. Ghisetti (2021) interpreted the ‘proto’ MFS faults as normal faults located in NE South
Island, consistent with present-day faulting within the Chatham Rise.

Where paleomagnetic rotations within the MFS are considered for tectonic reconstructions of New
Zealand, rotation is generally hypothesised to have occurred by either: 1) rotation about a migrating
hinge that was coincident with the termination of the Hikurangi subduction margin against the Chatham
Rise (Little and Roberts, 1997). 2) rigid block rotation (Hall et al., 2004), or 3) a combination of these
hypotheses (Lamb, 2011; Randall et al., 2011; Wallace et al., 2012). The main hypotheses for the
location of this hinge and how rotation is accommodated within the MFS are summarised below (Fig
5.5). Both Hall et al (2004), and Randall et al (2011) used the observed clockwise change in orientation
of the basement fabric from the NCD into the MFS to support hypothesis for rigid block rotation
between 20 Ma and 8 Ma.

The bulk rotation of NE South Island is generally considered to be both caused and controlled by the
anticlockwise rotation and subsequent slab rollback of the Hikurangi subduction zone about its
termination point, which occurred as an oroclinal event between 20 Ma and 10 Ma (L.ttle and Roberts,
1997; Lamb, 2011; Randall et al., 2011; Willis, 2017). At 20 Ma propagation of the Hikurangi
subduction zone had reached the Hikurangi Plateau and the Chatham Rise causing subduction to
terminate and initiating the anticlockwise rotation and slab rollback, as demonstrated in the numerical
models by Willis (2017) and the more general numerical models of orocline formation by Moresi et al.
(2014).

In the existing literature, rotation is often described to occur around a ‘hinge’ line. This hinge line is not
a vertical point but rather a horizontal line on a map that differentiates domains that have rotated by
differing amounts. For consistency, we continue to refer to such lines as hinge lines throughout this
chapter. The hinge line facilities rotation about a vertical axis point, which in the case of rotation in the

MFS, is associated with the Hikurangi subduction zone and its termination, as described below.

5.4.1. Flexed Telephone Book Model (Little and Roberts, 1997)

Little and Roberts (1997) proposed that the ~100° clockwise vertical axis rotation within the MFS
occurred about two hinges associated with two crustal boundaries near the east coast of Marlborough
since 20 Ma (Figs. 5.4A, 5.5A). The hinges developed southwestward with ~50° rotation occurring on
the northeast hinge from 20 — 4 Ma, and a further ~30 — 50° rotation after 4 Ma about a hinge further to
the southwest (Figs 5.1, 5.4A). In this model, MFS contained pre-existing faults that reactivated from
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~ 8 Ma once they were rotated into a favourable orientation (Fig. 5.5A). The bulk of the MFS remained
undeformed during this time, while the northeastern edges accommodated the rotation, generating the
hinge line (Fig. 5.5A). The axis of rotation shifted southwestward, following the propagation of the
Hikurangi subduction zone, creating a migrating hinge with faults bent around it, akin to a ‘flexed
telephone book.” It should be noted that the palacomagnetic data available in 1997 was constrained to
the NE corner of the MFS and is perhaps why there is no interpreted rotation for the central MFS. Little
and Roberts (1997) attributed rotation greater than ~100° (recorded by palacomagnetic data near
Kekerengu associated with the thrust sheets labelled in Fig. 5.4A) to local shear zone effects, and
concluded that such large rotations are not representative of northeast South Island as a whole.
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Figure 5.5. Schematic diagrams illustrating two hypotheses for the evolution of the Marlborough Fault
System. A. In the ‘flexed telephone book’ model (Little and Roberts, 1997), pre-existing weaknesses
reactivate sequentially southward. As the migration of the Hikurangi subduction zone margin continues
southwards, rotation occurs in the northeastern edges of the MFS about a crustal scale hinge. B. In the ‘floating
block’ model (Hall et al. 2004), pre-existing weaknesses oriented 080° to the relative plate motion rotate with
the propagation of the Alpine Fault and Hikurangi subduction zone. As the pre-existing weaknesses become
sub-parallel with the relative plate motion vector, they reactivate sequentially southward.

5.4.2. Floating Block Model (Hall et al., 2004)

Hall et al. (2004) combined palaeomagnetic rotations along with the change in orientation of basement
trend to determine that there has been ~100° clockwise rotation within the MFS since 50 Ma. The

98



majority of this rotation occurred between 25 — 8 Ma, contemporaneously with the motion on the Alpine
Fault during this time period. Hall et al. (2004) concluded that the palacomagnetic data indicates rotation
of rigid crustal blocks with no evidence for faulting or shearing internally within these blocks. They
account for this rigid block rotation via a ‘floating block” model (Fig. 5.5B) in which rigid crustal blocks
are bounded by pre-existing, accretionary upper crustal scale thrust faults overlying a deformable
ductile lower crust. In order to match the required distributed finite shear strain in the lower crust, Hall
et al. (2004) estimated that the entire upper crust of the MFS must have rotated ~100° as rigid elongate
fault-bounded blocks. At 8 Ma the pre-existing thrust faults became favourably aligned for reactivation,
which occured sequentially southward to form the MFS.

A further ~30° clockwise rotation has occurred on the block edges since 8 Ma. Hall et al. (2004) account
for this by the northeastern fault block edges becoming more equidimensional due to the southwest

propagation of the Hikurangi subduction zone.

5.4.3. Combination model (Randall et al., 2011)

Randall et al. (2011) present the most recent palacomagnetic data and combine this with previous
palaeomagnetic data to interpret ~130° of clockwise rotation since 20 Ma. They hypothesised that the
MFS originated as pre-existing, northwest trending thrust faults, inherited from the earlier Cretaceous
accretionary complex, which rotated ~80° in the central MFS, in a manner similar to the ‘floating block’
model, until their orientation became favourable for reactivation. The faults reactivated sequentially
southward to form the present-day northeast trending strike-slip faults of the MFS. Randall et al. (2011)
estimated that a further 40 — 50° of clockwise rotation occurred in the northeast MFS due to higher
shear strains arising from the southwestward migrating subduction zone but did not attribute this
rotation to a change in fault block shape, suggesting this rotation was more similar to the ‘flexed
telephone book” model. Randall et al. (2011) estimated that the rotated elongate fault blocks in the
central MFS are 50 x 10 km in size, while crustal blocks in the southern MFS are on a scale of 1 — 10
km. The line indicated in Figures 5.1 and 5.4A marks the change from small blocks in southern

Marlborough to elongate blocks in the central MFS.

5.4.4. Insights from numerical and analogue modelling

Following numerical geodynamic experiments of orocline development by Moresi et al. (2014), Willis
(2017) presented numerical models with tectonic boundary conditions similar to those of northeast
South Island at 20 Ma. These models reproduce similar rotations of the subduction zone and associated
accretionary complex that are consistent with palaecomagnetic data (Little and Roberts, 1997; Hall et al.,
2004; Lamb, 2011; Randall et al., 2011). However, unlike previous interpretations, the crust in the
numerical models deforms by toroidal flow around the rotating subduction zone, rather than via the

rotation of rigid crustal blocks.
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Analogue laboratory experiments (Chapters 2, 3 and 4) have been used to investigate the development
of transition zones at the termination of continental transform faults, where the ‘connecting’ plate

boundary is ‘misaligned’, with particular focus on the development of the MFS (Chapter 4) (Fig. 5.6).
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Figure 5.6. A. Fault outlines of the major faults in NE South Island New Zealand, illustrating the MFS has
developed across a transition zone where the two major plate boundaries are misaligned. The fault outlines
have been rotated for comparison with the analogue experiment. (Fault geometries © GNS Science 2016) B.
The traced fault outline of a ‘transition zone’ analogue experiment at 30 mm displacement of a modified
analogue shear box. The analogue experiment is simulating a transition zone with a basal boundary condition
of distributed deformation in a position analogous to the transition zone of the MFS, and an upper crustal
analogue is subject to deformation by these basal boundary conditions. The region of proposed distributed
shear is highlighted in orange each for each example. Red arrow indicates direction of plate motion. DSS =
Distributed Simple Shear. TZ = Transition Zone. SZ = Subduction Zone. TF = Transform Fault. (Modified

from Chapter 2).

The results suggest that the MFS has a fault pattern that is consistent with other plate boundary transition
zones across the globe, such as the southern termination of the San Andreas Fault and the western
termination of the North Anatolian Fault (Chapter 2). The fault pattern that develops in the analogue
model with basal boundary conditions analogous to the plate boundary transition zone in NE South
Island, appears strikingly similar to the present day MFS (Fig. 5.6). Therefore, we consider the
development of the faults within this analogue model to be a reasonable analogue for the development
of the MFS faults. Results from the analogue experiments demonstrate that this fault pattern develops
as a result of brittle upper crustal deformation above a lower crust deforming by distributed simple shear,

consistent with interpretations from geophysical data of the MFS (Wannamaker et al., 2009; Eberhart-
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Phillips and Bannister, 2010) (Chapter 1 and 4). When viewed in an orientation consistent with South
Island, the experimental faults develop sequentially southward across the region of distributed simple
shear from zones of diffuse shear strain that localise to form through going faults (Fig. 5.7). These faults
develop as crustal-scale Riedel shears (Schreurs, 2003) that are equally spaced and oriented ~18 °
clockwise relative to the direction of strike-slip plate motion. The experimental results are consistent
with Yang et al., (2019) and Zuza et al., (2017), who show that fault spacing is controlled by brittle-

layer thickness, viscous lower crust thickness, the strength contrast between active faults and

surrounding intact blocks, and lower crust viscosity.
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Figure 5.7. Schematic diagrams showing hypothesis of development of the MFS based on analogue
modelling results. Distributed simple shear within the transition zone between the Alpine Faults and the
Hikurangi subduction zone results in sequential north to south nucleation of the MFS faults.

In contrast to the previous hypotheses for development of the MFS summarised above, the analogue
experiments indicate that fault systems analogous to the MFS can develop without reactivation of pre-
existing crustal scale weaknesses (Fig. 5.7). It is important to note that the analogue experiment reported
here and in Chapters 2-4 only intended to model the development of the MFS since 10 Ma, which is the

approximate time of initiation of distributed simple shear across the transition zone between the Alpine
Fault and the Hikurangi subduction zone. The experiments are not designed to investigate how rotation

and associated deformation was accommodated before 10 Ma.

5.5. Discussion

5.5.1. Comparison of existing hypotheses for the development of the MFS

Most of hypotheses reviewed above for the development of the MFS involve the sequential reactivation
of pre-existing crustal scale weaknesses (Little and Roberts, 1997; King, 2000; Hall et al., 2004; Wood
and Stagpoole, 2007; Randall et al., 2011; Ghisetti, 2021). However, recent analogue modelling
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(Chapters 2, 3, and 4) suggest it is possible to form faults with the orientations and spatial patterns

observed across the MFS, without the need for reactivation of pre-existing weaknesses.

The ~ 100° clockwise rotation of northeast South Island between 20 Ma and 10 Ma, prior to the
development of the MFS, must be accommodated with minimal penetrative deformation of the upper
crust. Hence, the generally accepted hypothesis for this rotation is via vertical axis rotation of rigid
crustal blocks (Hall et al., 2004; Lamb, 2011; Randall et al., 2011). However, because complex fault
arrays are required to accommodate vertical axis rotations of separate crustal blocks, it would be
unlikely to preserve the remarkably consistent strike of basement structures across the MFS region.
Furthermore, such rotations would create geometric space problems between fault blocks that should
be accommodated by additional intra-block deformation.

5.5.2. Interpretation of existing data
20 — 10 Ma: Accommodation of 90° clockwise vertical axis rotation

The consistency between the palaeomagnetic and structural data suggests that the bend in the basement
to the south of the Hope Fault is due to relative rotation between the NCD and the MFS, consistent with
previous interpretations (Hall et al., 2004). This change in bedding strike orientation occurs slightly
south of the Hope Fault and thus is accounts for the wider range of basement strikes in the NCD
compared to the MFS. This rotation is also consistent with the mapped change in orientation of the Esk
Head Subterrane going from the NCD into the MFS (Fig. 5.4A).

The Torlesse terrane consists of a folded and faulted accretionary stack of turbidites deformed in the
East Gondwanan subduction zone in Late Jurassic to Early Cretaceous time (Willis, 2017). During this
accretionary history, bedding, faults and fold hinges within the Torlesse terrane would have been
oriented broadly perpendicular to the maximum shortening direction, and therefore sub-parallel to the
trace of the subduction zone. Although there is some m- to km variation of accretionary structure
orientation (e.g., Fig. 5.3) due to smaller scale deformation, the strike of bedding and faults are very
consistent strike throughout the basement rocks of the NCD and MFS. The rotation of bedding and fault
orientations within the MFS relative to the NCD must therefore reflect rotation of the region as a whole,

along with the rotation of the Hikurangi subduction zone from 20 Ma to 10 Ma.

This change in orientation of basement structure occurs slightly south of the Hope Fault (Fig. 5). We
propose that this location represents the approximate hinge of the palacomagnetically constrained ~90 °
rotation that occurred prior to 10 Ma. This hinge line (Fig. 5.4A) has been drawn by linking the points
of maximum curvature on the bends in basement bedding form lines and differentiates a domain in the
NCD that shows no rotation, with the domain in the MFS that shows 90° clockwise rotation. The point
of maximum curvature and location of the hinge line therefore shows 45° rotation. The proposed hinge
line connects with the termination of the Hikurangi subduction zone and Chatham Rise, providing

further evidence that rotation about this hinge is coeval and coaxial with the rotation of the Hikurangi
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subduction zone. The Hikurangi subduction zone propagated southward to reach its current termination
at 20 Ma (Willis, 2017). Randal et al. (2011) propose that the lithosphere in southern Marlborough has
remained largely ‘warm’ and weak because it is further away from the cooling effects of subduction,
whereas the lithosphere in northern Marlborough has remained relatively ‘cool’ since it has been located
above a downgoing slab since subduction initiated in the Miocene. Therefore, the lithosphere south of
the Hope Fault in southern Marlborough is likely to have lower bulk strength, and thus is capable of
accumulating more internal deformation. In contrast, the area over the subducted slab will have higher
bulk strength due to a steeper geotherm. A change the relative bulk strength of the crust between the
NCD and MFS due to the initiation of subduction at 20 Ma could have facilitated the observed ~90°
rotation. If present day slab termination is rotated anticlockwise to its likely position at 20 Ma (e.g. Fig.
5.8), the resulting location corresponds reasonably well with hinge of rotation proposed in Figure 5.4.

Rotation about this hinge line would allow the higher bulk strength proto-MFS region to rotate without
accumulating significant internal strain, as indicated by the undeformed nature of the radiating dyke
swarm around the Tapuaenuku Igneous Complex (Fig. 5.2B). The relatively lower bulk strength of the
NCD may explains the higher amounts of internal deformation such as the region folding of cover rocks
south of the Hope Fault (Fig. 5.2C).

The form lines appear to accommodate rotation around this hinge via flexural slip. Rotation being
accommodated in this manner does not reflect rotation of individual, rigid crustal faults blocks, as
proposed by (Hall et al., 2004; Lamb, 2011; Randall et al., 2011) and does not leave any geometric
space problems. Perhaps the only effects of accommodation of rotation via flexural slip around a hinge
could be elongation of bedding and associated structural features within the MFS, similar to the limbs
of a fold. This could perhaps be an additional contributor to the extremely consistent bedding strike and

the elongate faults in the northern MFS.

To summarise this interpretation: we propose the 90° clockwise rotation, which occurred between 20 —
10 Ma, is accommaodated by flexural slip around a rotating hinge line located to the south of the present
day Hope Fault (Fig 5.4A & 5.8A-C). The hinge line connects to the termination point of the Hikurangi
subduction zone and underwent vertical axis rotation about this termination point, coeval and coaxial
with the rotation of the subduction zone between 20 — 10 Ma. We propose the hinge was generated due
to a change in bulk strength in the crust overlying the subducted slab. Rotation via flexural slip about
this hinge describes adequately the rotations shown by the palaeomagnetic and structural data, allowing

the bulk proto-MFS to rotate without internal deformation.

10 Ma to present: Development of the MFS

The major MFS faults developed in an orientation consistent with Riedel shears associated with
distributed progressive simple shear with a shear plane parallel to the relative plate motion vector for

South Island (Chapters 2, 4) (Schreurs, 2003). These faults are also oriented 20° clockwise relative to
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the trend of both bedding and older faults in the MFS basement rocks, which they crosscut (Figs.
5.4A,C), and they offset the Esk Head Subterrane dextrally (Hall et al., 2004; Rattenbury et al., 2006).
The consistent NNE-SSW trending structural features in the basement are inherited weaknesses from
the Gondwanan subduction-accretion complex in which the basement rocks formed. This evidence
suggests that the MFS faults may not be inherited accretionary structures and suggests that the MFS
could have formed in its present orientation without reactivation of pre-existing crustal-scale

weaknesses.

Analogue modelling results show the development of each fault from a region of diffuse faulting,
consistent with hypotheses that the PPAFZ is an incipient fifth fault in the system (Cowan et al., 1996).
The structural data in Figure 5.4A shows that this diffuse faulting within the NCD has a wider range of
orientations than the MFS faults. The diffuse nature of the faulting with a wider array of orientations
suggests there is no major pre-existing crustal scale fault in this region to reactivate and form the next
major fault in the system. If there were a crustal scale weakness, we would expect the faulting to be

localised on this weakness.

The array of orientations within the PPAFZ has been attributed to use of the previously structured crust
to grow and evolve (Quigley et al., 2019). However, the basement structures that are suggested to
influence to growth of the PPAFZ are on a much smaller scale than the hypothesised crustal scale pre-
existing weaknesses. Smaller scale structures within the basement likely have an influence on the
locations and propagation of the smaller scale faults in the zone of diffuse faulting, prior to the
localisation of this zone of diffuse faulting into a continuous crustal scale fault, which overprints

basement structures.

To summarise this interpretation: At 10 Ma the Alpine Fault and Hikurangi subduction zone were close
enough to interact but sufficiently misaligned, which caused distributed simple shear to occur across
the transition zone between the major plate boundary faults. The MFS developed sequentially
southward as crustal scale Riedel shears, to accommodate the basal distributed simple shear occurring
across the transition zone (Fig. 5.8C-H). Each fault developed from a zone of diffuse deformation,
which localised to form a continuous crustal scale fault. The development of small-scale faults across
the zone of diffuse deformation may be influenced by small-scale basement structures, however with
continued deformation the tectonic regime prevails and the crustal scale strike-slip fault develops, which

overprints the existing structures.
10 Ma — Present: Accommodation of 30° clockwise vertical axis rotation in NE Marlborough

The ~120° rotations in the eastern MFS, recorded by pre 10 Ma rocks, are associated with thrust sheets
with strikes that rotate in orientation by up to ~180°. The rocks perhaps record this extreme rotation
because they incorporate both the rotation prior to 10 Ma (of ~ 90 °) and the subsequent rotation of the
northeast portion of the MFS in the last 10 Myrs (~ 20 © - 30 °). Hence, these rotations are northeast of
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the hinge line proposed by (Little and Roberts, 1997). We propose these rotations occurred via flexural
slip around the hinge line proposed by (Little and Roberts, 1997) (Fig.5.4A,B & Fig.5.8C-H). This extra
rotation is likely associated with ongoing compression and subsequent toroidal flow of the overriding
plate from the subduction zone, and the hinge therefore likely rotated about a vertical axis constrained

by the subduction zone (Fig 5.8).

5.6. An alternative interpretation for the structural development of the MFS

A series of schematic diagrams are presented in Figure 5.8 that illustrate proposed new reconstructions
of NE South Island and the development of the MFS from 20 Ma to the present. These reconstructions
are based on the synthesis of palaecomagnetic and structural data reviewed above and the analogue
modelling results presented in Chapters 2-4.

5.6.1. Building the schematic reconstruction

The schematic reconstructions (Figure 5.8) were made using a combination QGIS and InkScape. The
present-day outline of New Zealand was traced from Google Earth imagery and the major faults were
added from GNS fault data (© GNS Science 2016) using the Geotrace plugin in QGIS (Thiele et al.,
2017). This map was then imported into Inkscape and the Hikurangi subduction zone and Chatham
Rise were added from Randall et al. (2011). The geological units were simplified and added from GNS
shapefile data.

Key aspects of the reconstruction or retrodeformation from the present day back to 20 Ma were carried

out by conforming to the following ‘rules’ (from Section 5.5.2):

From 0 Ma to 10 Ma: The Esk Head Subterrane is gradually restored as each major MFS fault is
removed at ~ 2 Ma intervals. Each 2 Ma interval also incurs a 5° anticlockwise rotation about the
northeast hinge proposed by (Little and Roberts, 1997) of structures northeast of this hinge, including
the small section of the North Island that is included in the diagrams (Fig 5.8C-H). This axis for this
rotation is the point where the proposed hinge intersects the Hikurangi subduction zone. A total of 30°
anticlockwise rotation is therefore removed from 0 Ma to 10 Ma. North Island also rotates anticlockwise
30 ° over this 10 Ma period and ~140 km of dextral slip is restored on the Wairau Fault over the same

interval.

From 10 Ma to 20 Ma: The Hikurangi subduction zone, the hinge line to the south of the present-day
Hope Fault and everything to the north of that hinge line in the 10 Ma schematic, are rotated 90 °
anticlockwise from their position at 10 Ma (this also corresponds to their present-day locations). The
vertical axis for this rotation is coincident with the southern termination of the Hikurangi subduction
zone against the Chatham Rise. For simplicity and assuming steady-state conditions, we apply a 45°

anticlockwise between each of 10 to 15 Ma and 15 to 20 Ma. The same rotations are also applied to
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bedding form lines north of the hinge line, while bedding to the south does not rotate. This is achieved
by rotating the entire system about the termination of the Hikurangi subduction zone and then bending

the form lines where they cross the hinge line to restore the rotation to the south/east of the hinge line.

It should be noted that this reconstruction applies only to the MFS and NCD in South Island. The
southern edge of the North Island has been added to Figure 5.8 to show the continuation of the Esk
Head Subterrane into North Island and its offset by the Wairau Fault. We have purposely not attempted
to restore specific details in the development of North Island, such as the offset of the North Island
Shear Belt or extension within the Havre Trough. Likewise, specific details of the structural

development of the Alpine Fault in northern South Island have also been omitted.

5.6.2. Structural history of NE South Island from 20 Ma to present

20-10 Ma

The propagation of active subduction along the Hikurangi subduction zone reaches the continental
Chatham Rise by 20 Ma where the subduction zone terminates. The position of the subduction zone at
20 Ma shown in Figure 5.8A is consistent with other reconstructions (King, 2000; Wood and Stagpoole,
2007; Lamb, 2011; Randall et al., 2011). The Torlesse terrane sits south of the Chatham Rise and its
internal structures parallel the Cretaceous Gondwanan subduction-accretionary complex (MacKinnon,
1983; Reay and Pye, 1993; Bassett and Orlowski, 2004; Rattenbury et al., 2006; Willis, 2017). The
Alpine Fault, which initiated at 25 Ma (Lamb et al., 2016) is well established to the south but is still
some distance from the Hikurangi subduction zone (and therefore is not shown in Fig. 5.8A,B) and the

two plate boundaries are not connected.

Following the termination of subduction against the Chatham Rise, clockwise rotation of the Hikurangi
subduction zone begins. The termination of the subducting slab creates a change in bulk strength of the
overlying lithosphere (Randall et al., 2011), whereby cool strong lithosphere overlies the subducting
slab, and warm weak lithosphere occurs to the south. This change in bulk strength of lithosphere creates
a hinge in the overlying lithosphere that is corresponds with the lateral edge of the underlying
subducting slab. Between 20 and 10 Ma this hinge and everything to its west rotates ~90° clockwise
with the Hikurangi subduction zone, about its termination with the Chatham Rise (Fig 5.8A-C). This
allows bulk vertical axis rotation the region that will form the MFS, without any internal deformation,
allowing the Tapuaenuku igneous complex and its radiating dyke swarm to remain undeformed. The
rotation of the hinge causes the Torlesse basement terrane to its west, which parallels the Chatham Rise,
to be dragged in to northeast South Island. Despite being dragged into northeast South Island, the
basement to the west of the hinge line does not rotate (5.8A-C), consistent the palaeomagnetic data and
the structural trend of the basement rock. The proposed ~ 90 ° clockwise rotation being accommodated

in this manner is consistent numerical models for the rotation of the Hikurangi subduction zone by
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Figure 5.8. (Above) Schematic reconstruction of northeast South Island, New Zealand from 20 Ma to present,
with simplified geological units (see legend) modified from shapefile data © GNS Science 2016. Bulk ~ 90°
clockwise rotation between 20 Ma and 10 Ma occurs by flexural slip around a rotating hinge. The hinge is
generated by a change in bulk strength of the lithosphere overlying the subducted slab. The hinge rotates
around the termination point of the Hikurangi subduction zone, coeval with the rotation of the subduction
zone. Distributed simple shear (DSS) begins at 10 Ma, causing the sequential southward development of the
MFS from zones of diffuse deformation (DD) from 10 Ma to present. An extra ~ 30° clockwise rotation has
occurred around a hinge in the northeast of the system since 10 Ma.

Willis, (2017) and models of congested subduction and orocline development by Moresi et al., (2014),
in toroidal flow of the crust occurs around the rotating subduction zone.

10 Ma

The Alpine Fault has propagated to within ~ 200 km of the Hikirangi subduction zone (Fig. 5.8C). The
locations and orientations of the Hikurangi plate margin and the Alpine Fault are sufficient to initiate
distributed simple shear across the transition zone between the two plate boundaries (Wilson et al., 2004;
Wannamaker et al., 2009; Eberhart-Phillips and Bannister, 2010). Accommodation of deformation by
distributed deformation causes the rotation of the Hikurangi subduction zone and its associated

basement and cover rocks to cease.
8 Ma

A zone of diffuse faulting develops over the region of the present day Wairau and Awatere faults, caused
by distributed deformation (5.8D).

6 Ma

The Wairau and Awatere faults develop sequentially, with the bulk of the deformation being
accommodated on the Wairau Fault, which develops as a continuation of the Alpine Fault (5.8E).
Further south in the transition zone, a zone of diffuse faulting develops over the region of the present
day Clarence Fault, where transpression also begins due to a component of compression of the
overriding plate from the subduction zone. This transpression causes the northeast portion of the MFS

to begin to rotate clockwise about the hinge proposed by Little and Roberts (1997).
4 Ma

The Clarence Fault initiates as a strike-slip fault (5.8F). This fault develops in the centre of the transition
zone between plate boundaries and propagates outwards towards the Alpine Fault and the Hikurangi
subduction zone, consistent with the fault propagation model proposed by Ghisetti (2021) and field
observations by Vermeer et al. (2021). Diffuse faulting develops over the present day Hope Fault and

rotation of the NE corner of the system is ongoing.

2 Ma
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The Hope Fault develops in the same manner as the Clarence Fault, propagating back towards the
Alpine Fault and towards the Hikurangi subduction zone from the centre of the transition zone (Fig
5.8G). The PPAFZ begins to develop to the south of the Hope Fault. Rotation of the northeast corner

of the system is ongoing.
Present Day

These processes since 20 Ma lead to the present-day MFS and NCD. The MFS has developed into a
series of four well-established crustal scale faults, accommodating the bulk of deformation across the
transition zone between the Alpine Fault and the Hikurangi subduction zone (Fig. 5.8H). The evolution

of the PPAFZ into a continuous fault is ongoing.

5.7. Conclusions

Published palaeomagetic data from northeast South Island show that the geology within the MFS
underwent a clockwise ~90° rigid body rotation between 20 Ma and 10 Ma. The rotation in basement
strike is also consistent with palaeomagnetic rotations in the NCD and MFS. A hinge line can be defined
south of the Hope Fault that separate basement rocks to north that underwent a distinct ~90° clockwise
rotation from those to the south in the NCD that did not rotate (Fig. 5.4). This proposed hinge line links
with the termination of the Hikurangi subduction zone (Figs. 5.4, 5.8). We propose that this hinge line
location coincides with the surface projection of the termination of the underlying slab at 20 Ma, which
caused a change in bulk strength of the lithosphere from warm and weak south of the slab, to cool and
strong above the slab. Rotation of the hinge line occurred about a vertical axis constrained by the
subduction zone termination, and was coeval and coaxial with rotation of the subduction zone. Rotation
of the overlying crust occurred by flexural slip about this hinge line, similar to how bedding bends
around an axial trace of a fold. Flexural slip around this hinge line caused bulk rotation of the region of
the proto-MFS without any internal strain, and no rotation to the east of the hinge line, without the

requirement of pre-existing crustal scale weaknesses to accommodate vertical block rotation.

At 10 Ma, bulk vertical axis rotation of northeast South Island ceased when the Alpine Fault and
Hikurangi subduction zone were close enough but suitably ‘misaligned’ to generate distributed
deformation between the two plate boundaries. From 6 Ma to present day, the MFS developed
sequentially southward across the transition zone, with each fault developing from a zone of diffuse
deformation that developed into a continuous, crustal scale fault that crosscut bedding, pre-existing
faults and terrane boundaries within the basement, without requiring the reactivation of a pre-existing
crustal scale faults (Fig 5.8C-H).

Palaeomagnetic rotations within the last 10 Ma are limited to the northeast corner of the MFS, which

has rotated clockwise by ~30° and occurred by flexural slip about a hinge line proposed in Little and
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Roberts' (1997) ‘flexed telephone book’ model (Fig. 5.8C-H). This rotation is attributed ongoing

compression in the overlying plate from the subduction zone.

The evolutionary model for the MFS proposed here combines aspects from previous hypotheses (Little
and Roberts, 1997; Hall et al., 2004; Randall et al., 2011; Willis, 2017; Ghisetti, 2021) (Chapters 2 &
4) and satisfies all existing palaecomagnetic, geological and structural datasets, as well as findings from
recent analogue laboratory experiments. The model is also consistent with the development of similar
fault patterns at the termination of other major transform faults, including the southern termination of
the San Andreas Fault and the western termination of the North Anatolian Fault.
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Chapter 6

Discussion and Conclusions
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6.1. Key Findings

This thesis investigates the development of fault networks that accommodate deformation across plate
boundary transition zones in which a continental transform fault is ‘misaligned’ with its connecting
plate boundary (e.g., Fig 6.1). To achieve this, a series of scaled analogue experiments were conducted
to simulate the first-order strike-slip boundary conditions of continental transform faults and adjacent
large transition zones. The resulting analogue models were analysed using Digital Image Correlation
(DIC) and X-Ray Computed Tomography (XRCT) scanning techniques, and compared to natural
examples. These results were used specifically to provide insight on the development of the
Marlborough Fault System (MFS), a plate boundary transition zone located in northeast South Island,
New Zealand, which has developed to accommodate deformation between the continental transform
Alpine Fault and the Hikurangi Subduction Zone (Fig. 6.1). These results were combined with
palaeomagnetic and structural data to propose a new, alternative hypothesis for the development of

northeast South Island, New Zealand, from 20 Ma to present day.

Plate boundaries can become misaligned when the plate boundary transition develops by propagation
of a transform fault towards its ‘connecting’ plate boundary. Examples where this occurs in nature are
the southern termination of the San Andreas Fault, the northern termination of the Alpine Fault and the
western termination of the North Anatolian Fault. We refer to the region where the plate boundary is
‘misaligned’ as a transition zone. Deformation of the ductile lower crust of these transition zones
becomes distributed, rather than being localised on the plate boundary faults (Legg et al., 2004; Wilson
et al., 2004; Wannamaker et al., 2009; Eberhart-Phillips and Bannister, 2010) (Fig. 6.1). The upper

crustal rocks are therefore subjected to distributed simple shear as a basal boundary condition.

Our analogue experiments show that fault networks that form over regions of distributed simple shear
develop as individually operating, equally spaced, crustal scale Riedel shears (Fig. 6.1). The first faults
to form over the region of distributed simple shear are those closest to the primary transform fault, with
each new continuous fault localising sequentially outwards within a zone of diffuse deformation. Each
of these faults propagate from the surface downward to the basal boundary. These faults may also
propagate laterally to eventually intersect the primary transform fault, creating a surface fault pattern
similar to that of branching splay faults. However, these similar fault patterns do no form in the same
manner or scale. As shown by experiments with localised strike-slip deformation above a basal velocity
discontinuity and 1-10 km scale natural examples, typical branching splay faults are helicoidal in 3D
and propagate upwards from single vertical basement fault to define either positive or negative flower
structures. This contrasts with the 10-100 m scale of transition zone faults, which are vertical, propagate
downwards from the surface and have an abutting or approaching relationship with the primary
transform fault. We therefore argue that faults that develop across transition zones adjacent to

continental transform faults should not be classified as splay faults.
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Figure 6.1. Map of New Zealand’s major plate boundary faults overlain with the DIC Image of the transition
analogue experiment at 30 mm displacement of the sandbox (Experiment 4, Chapter 2. Chapter 4). The
transition zone between the Alpine Fault and Hikurangi Subduction Zone (S.Z.) is highlighted, this is the
location where the Marlborough Fault System (MFS) has developed to accommodate plate motion. The
transition zone has developed because the Alpine Fault is ‘misaligned’ with the Hikurangi subduction zone,
which has caused a transition from localised simple shear (LSS) along the Alpine Fault to distributed simple
shear (DSS) across the transition zone.

The MFS has been hypothesised to have developed by sequential reactivation of pre-existing crustal
scale weaknesses from ~ 6 Ma to present day (Little and Roberts, 1997; Townsend, 2001; Hall et al.,
2004; Wilson et al., 2004; Wood and Stagpoole, 2007; Wannamaker et al., 2009; Randall et al., 2011;
Ghisetti, 2021). These crustal scale weaknesses are proposed to have developed as part of a subduction-
accretion complex associated with a subduction zone that was active at the margin of Gondwana during
the Cretaceous. However, our experimental results suggest that the development of the MFS did not
require pre-existing crustal scale weaknesses to be present (Fig. 6.1). The sequential localisation of each
fault from a zone of diffuse deformation is consistent with observations from the present-day Porters
Pass to Amberley Fault Zone (PPAFZ), south of the MFS, which may represent an incipient fifth fault
in the MFS system (Cowan et al., 1996). The timing of development of faults within the analogue
experiments scales favourably with distributed simple shear developing across the transition zone at ca.
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10 Ma, which is the hypothesised to be the time when the Alpine Fault and Hikurangi subduction zone
began to interact (Randall et al., 2011).

Our analogue experiments indicate that the PPAFZ may be undergoing a significant increase in shear
strain due to this ongoing localisation process, and speculate that this was the likely cause for the
initiation of the 2016 Kaikoura earthquake. The complexity of earthquake ruptures within this region
south of the Hope Fault may therefore be attributed to the absence of a major crustal scale fault in this
part of the region.

Palaeomagnetic data from northeast South Island, New Zealand, indicate that the region that would later
form the MFS underwent a 90° clockwise vertical axis rotation between 20 and 10 Ma (Lamb, 2011,
Randall et al., 2011). This rotation is coincident and coeval with an oroclinal event, which saw the
Hikurangi subduction zone rotate 90° clockwise about its termination with the Chatham Rise. Structural
features such as the radiating Cretaceous Tapuaenuku dyke swarm and the remarkably consistent strike
of basement structures within the region indicate that there has been minimal internal deformation of
the MFS basement rocks. We propose that this rotation occurred by flexural slip about a rotating ‘hinge’
to the south of the present day MFS, which is defined by a distinct 90° change in strike of basement
structures and connects to the southern termination of the Hikurangi subduction zone. This hinge may
have been generated by a change in bulk strength of the crust overlying the subducting slab and the
hinge rotation was coincident and coeval with rotation of the Hikurangi subduction zone, occurring
about the southern termination of the subduction zone. Rotation around this hinge allowed bulk rotation
of the proto-MFS without internal strain and without requiring the presence of pre-existing crustal scale

faults to accommodate rigid block rotation.

Bulk rotation of NE South Island stopped at 10 Ma. At this time, distributed shear began to develop
across the transition zone between the Alpine Fault and the Hikurangi subduction zone. We suggest that
the onset of distributed simple shear caused sequential southward development of the MFS, overprinting
existing structures in the basement rocks. A further 30 ° clockwise rotation has occurred in the NE
corner of the MFS region since 10 Ma, which has been attributed to compression in the overriding plate
from the subduction zone. This rotation occurred about a hinge line first proposed by Little and Roberts
(1997) and we propose that this hinge line also accommodated rotation by flexural slip.

6.2. Suggestions for future work

The following section discusses potential future work that arises from my research project that is

outside the scope for completion of this PhD thesis.

6.2.1. Analogue modelling of a transition zone: Distributed simple shear apparatus

Analogue modelling results of this thesis show that the faults that develop over the zone of distributed

simple shear are much longer in length but with a similar orientation and spacing to Riedel shears that
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develop over a region of localised simple shear, prior to the formation of a through-going strike-slip
fault. If we assume the faults that form in the region of distributed simple shear are also Riedel shears,
it would be interesting to investigate whether increased bulk displacement would result in these faults
being abandoned in favour of a single fault that directly connects the plate boundaries (consistent with
observed results over the region of localised deformation). Such a study is beyond the scope of this
thesis due to the finite limit of stretch of the material we used at the base of the sandbox. | suggest that
such an investigation would require a specially designed analogue apparatus for modelling large finite
shear strains in both localised and distributed simple shear and the transition between these regimes
(Fig. 6.2). This proposed new sandbox would replace the stretchable material used in this thesis to
generate distributed simple shear, with a mechanical shear plate made up of rotating, extendible parallel
slats (A.R. Cruden, Personal Communication 2021). Schreurs, (2003) designed a similar sandbox which
simulated distributed simple shear across the entire box, however his specially designed basal plate has
not been used to simulate a transition between localised and distributed simple shear in a single
experiment. Such a specific apparatus would also minimise basal boundary effects in the experiments
and would allow the use of a ductile lower crustal analogue beneath the upper crustal analogue. The
presence of a lower crustal analogue would allow investigation into the influence of pre-existing crustal
scale weaknesses over the region of distributed simple shear, following the method outlined in section
1.4.1.
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Figure 6.2. Proposed design of analogue shear zone apparatus that will be used to model a transition from
localised to distributed simple shear, simulating a plate boundary ‘transition zone’ (A.R. Cruden, Personal
Communication 2021).

6.2.2. Analogue modelling transpression and transtension

This thesis only considers the strike-slip component of transform plate boundaries and transition zones.
In nature these plate boundaries have elements of transpression or transtension (despite being
dominantly strike-slip). For example, the Alpine Fault is subject to transpression, which has caused the
uplift of the Southern Alps, and there is an element of transpression within the MFS, which has caused

the uplift of the Seaward and Inland Kaikoura ranges (Chapter 1).

Future work should incorporate transpression and transtension in analogue experiments using the

recently developed Multibox at the Universitdt Hamburg. The Multibox has the unique capability of
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imposing simultaneous horizontal shearing and transverse shortening (Fig. 6.3) (Eisermann et al., 2021).
The box consists of two halves, each of which contains a computer controlled, motorised piston. One
half can also be displaced laterally relative to the other half in a similar manner to the apparatus used in
this thesis. Variations in transpressive or transtensional deformation regimes can be achieved by

changing the relative velocities of the box halves orthogonal and parallel to the displacement direction.

50 cm 50 cm Linear drive
- for piston

im
Piston
> B
Piston

—
$:¢

/ Control unit

Figure 6.3. Plan view, cross section and 3D CAD rendering of the MultiBox apparatus at Universitdt Hamburg
that would allow analogue modelling of transpression and transtension. (From Eisermann et al. (2021)).

6.2.3. Placing the new interpretation for the development of Northeast South Island in a

broader context

Chapter 5 focused on the development of northeast South Island, New Zealand. This chapter presents a
schematic sequence of diagrams for the development of northeast South Island. Future work should
expand this interpretation for the whole of New Zealand.

The roles of North Island, and the regions west of the Alpine Fault and the south of the North Canterbury
tectonic domain are not considered in the tectonic model presented in Chapter 5. Analysing
palaeomagnetic and structural data for all of New Zealand would be the next step in expanding this

interpretation.

6.3 The Kaikoura Earthquake

The 2016 Mw 7.8 Kaikoura earthquake is the most structurally complex earthquake in the modern
record (Hamling et al., 2017; Shi et al., 2017; Berryman et al., 2018; Morishita et al., 2018). The 2016
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Kaikoura earthquake is associated with ongoing transfer of displacement and stress across the transition

zone between the Alpine Fault and Hikurangi subduction zone.

The Kaikoura Earthquake initiated in the North Canterbury Tectonic Domain (NCD). The zone of
diffuse faulting in the NCD is yet to develop into a single, through-going fault that propagates from the
surface to the lower crust to accommodate displacement across the transition zone, as the other major
MFS faults have already done (Cowan et al., 1996).

6.3.1. Possible explanation for the complexity of the Kaikoura earthquake

Results from Chapter 4 suggest that deformation is localising in the PPAFZ and it will eventually
develop into an incipient fifth fault in the MFS. This increase in shear strain in the PPAFZ, without the
presence of a significant plate boundary fault, may explain the initiation and complex rupture pattern

of the Kaikoura earthquake south of the Hope Fault, supporting the work by Ulrich et al. (2019).

Structural analyses of fault and bedding orientations (Chapter 5) indicate that the NCD contains a
number a smaller faults with a wider array of orientations when compared to the MFS (Fig 6.4A), which
may explain why surface ruptures within this region had such a complex pattern (Hamling et al., 2017;
Litchfield et al., 2018; Morishita et al., 2018; Nicol et al., 2018; Williams et al., 2018). Ruptures in the
basement rocks of the NCD on faults that had not been previously mapped are oriented more N-S than
ruptures on known faults (Hamling et al., 2017; Shi et al., 2017) (Fig. 6.4C). These ruptures followed
bedding form lines in basement rocks and likely reactivated pre-existing weaknesses. These
reactivations essentially linked the 2016 Kaikoura earthquake ruptures from the region of diffuse
faulting in the NCD to the MFS and may have played an important role in the transfer of displacement
between these tectonic domains. The scale of these reactivated basement structures is an order of
magnitude smaller than the major MFS faults. These basement structures are not crustal-scale
weaknesses and will ultimately be abandoned in favour of a crustal-scale fault within the NCD

consistent with that of the main MFS faults.

When the earthquake propagated into the MFS, well-established faults were available for ruptures to
follow, and so the earthquake was constrained to these faults within the system (Fig. 6.4B). Ruptures
occurred on the Fidget and Kekerengu faults (Kearse et al., 2018; Little et al., 2018) (Fig. 6.4C). These
faults have a similar orientation to the main MFS faults and they crosscut bedding form lines in
basement rocks. The Fidget and Kekerengu faults are thought to have formed to accommodate

transpression within the MFS, as explained in Chapter 1.

The results from analogue experiments in Chapter 4 cannot explain the propagation of earthquake
ruptures onto the thrust faults within the MFS. | suggest that the Kaikoura earthquake was the result of
two different structural processes occurring within the transition zone. The earthquake epicentre and

initial ruptures south of the Hope Fault were likely initiated due to a developing strike-slip regime in
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the NCD. These ruptures caused a northward cascading effect into the MFS onto faults associated with
transpression. This may explain the high amount of energy released on the Kekerengu Fault (Hamling
etal., 2017; Berryman et al., 2018), which would have had the largest level of stored elastic strain to be
release during the earthquake. Future work, including analogue modelling of transpression, could help

investigate this hypothesis.
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Figure 6.4. A. Simplified geological map of northeast South Island, showing the palacomagnetic data (arrows)
and structural trends of the basement rocks (dashed white and dark blue lines) within the region. (From Chapter
5, Fig. 5.4A). Bedding and fault orientations are illustrated in the rose diagrams. The boxes outline the location
for B and C. B. Faults that ruptured during the 2016 Kaikoura earthquake in the North Canterbury Tectonic
Domain (to the south of the Hope Fault), which had not been mapped prior to their rupture during the
earthquake. C. Faults that ruptured during the Kaikoura earthquake within a section of the Marlborough Fault
System.
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6.4 Concluding Remarks

Continental transform faults accommodate hundreds of kilometres of strike-slip plate motion, and their
role is to ‘transform’ plate motion between their connecting plate boundaries. Where the plate boundary
connection develops by propagation of the transform fault towards the existing plate boundary, the plate
boundaries can become ‘misaligned’. Relative plate motion must therefore be transferred across a broad
intervening transition zone between the two plate boundaries. The result of analogue experiments
presented in this thesis show that faults that form within these transition zones develop in a consistent
and predictable manner, related to distributed simple shear of the brittle upper crust. These faults are
effectively crustal-scale Riedel shears that localise sequentially across the transition zone. The
consistency between the experimental results and the present-day Marlborough Fault System in NE
South Island, New Zealand (Fig. 6.1) suggests that this fault system did not require reactivation of pre-
existing crustal-scale weaknesses, and that it likely developed in a similar manner to other transition
zones, including the southern termination of the San Andreas Fault, and the western termination of the
North Anatolian Fault.
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Appendix A: Digital Appendix

The Digital Appendix for this thesis has subfolders containing the following items:

Appendix 1: Supplementary data from Chapter 1

Folders 1.1, 1.2 and 1.3 contain sub-folders with the original photographs and incremental shear strain
maps calculated from DIC from Experiments 1 — 3 respectively, presented in Chapter 1.

Appendix 2: Supplementary data from Chapter 2

Folders 2.1 — 2.5 contain sub-folders with the original photographs and incremental shear strain maps

calculated from DIC from Experiments 1 — 5 respectively, presented in Chapter 2.

Appendix 3: Supplementary data from Chapter 3

Folders 3.1, 3.2 and 3.2 contain the XRCT scans conducted during experiments 1-3 respectively, as
presented in Chapter 3.

Folder 3.4 contains the 3D model of the Marlborough Fault System as a HTML document and the
python code to generate the model as a Jupyter Notebook. The code can also be downloaded from
https://github.com/lachlangrose/Withers_2021 MFS

Appendix 4: Supplementary data from Chapter 4

Folders 4.1 contains sub-folders with the original photographs and incremental shear strain maps

calculated from DIC from the transition experiments presented in Chapter 4.

These fileset can be downloaded via the following link: 10.26180/17209493
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Appendix B

Original XRCT scan slices of Figures 3.5 and 3.6 from Chapter 3, without interpretations of fault
locations. These are results from experiments 1, 2 and 3 presented in Chapter 3. The purple box shows

the location of the stretchable fabric at the base of the box.

Plan View Slice —
location of X Sections

A. Experiment 1 — Localised Simple Shear  x sections

B. Experiment 2 — Distributed Simple Shear x sections

—

Figure 3.5, without fault interpretations
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