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ABSTRACT

Pre-existing intra-basement structures can have a strong influence on the evolution of rift
basins. Although 3D geometric relationships provide some insight into how intra-basement
structures determine the broad geometry and spatial development (e.g. strike and dip) of rift-
related faults, little is known about the impact of the former on the detailed kinematics (i.e.
nucleation and tip propagation) of the latter. Understanding the kinematic as well as
geometric relationship between intra-basement structures and rift-related fault networks is
important, with the extension direction in many rifted provinces typically thought to lie
normal to fault strike. We here investigate this problem using a borehole-constrained, 3D
seismic reflection dataset from the Taranaki Basin, offshore New Zealand. Excellent imaging

of intra-basement structures and a relatively weakly-deformed, stratigraphically simple



26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

sedimentary cover allow us to: (i) identify a range of interaction styles between intra-
basement structures and overlying, Plio-Pleistocene rift-related normal faults; and (ii)
examine the cover fault kinematics associated with each interaction style. Some of the normal
faults parallel and are physically connected to intra-basement reflections, which are
interpreted as mylonitic thrusts related to Mesozoic subduction and basement terrane
accretion. These geometric relationships indicate pre-existing, intra-basement fabrics locally
controlled the position and attitude of Plio-Pleistocene rift-related normal faults. However,
through detailed 3D kinematic analysis of selected normal faults, we show that: (i) normal
faults only nucleated above intra-basement structures that experienced Late Miocene
compressional reactivation; (ii) thrusts and folds resulting from Late Miocene reactivation
and upward propagation of intra-basement structures acted as nucleation sites for Plio-
Pleistocene rift-related faults; and (iii) despite playing an important role during rifting, intra-
basement structures do not appear to have been significantly extensionally reactivated. Our
analysis shows how km-wide, intra-basement structures can have a temporally and spatially
far-reaching influence over the nucleation and development of newly formed normal faults,
principally due to local perturbation of the regional stress field. Because of this, simply
inverting fault strike for causal extension direction may be incorrect, especially in provinces
where pre-existing, intra-basement structures occur. We also show that a detailed kinematic
analysis is key to deciphering the temporal as well as simply spatial or geometric relationship

between structures developed at multiple structural levels.
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1. Introduction

Crystalline basement typically hosts a variety of mechanical anisotropies consisting of
structures at different scales; e.g. metamorphic mineral fabrics, brittle faults, fracture
networks, ductile shear zones, and major tectonic boundaries. Pre-existing structures may
control the strike and distribution of normal faults developed during rifting, resulting in the
formation of non-colinear fault networks (e.g. Korme et al.,, 2004; Morley et al., 2004; Reeve et
al, 2015). However, non-colinear fault systems may also form in response to multiphase
rifting (Duffy et al, 2015), the breaching of relay zones bound by otherwise co-linear faults
(e.g. Trudgill, 2002), the development of release faults (e.g. Destro, 1995), or local stress
perturbation around major faults (Maerten et al., 2002). Understanding the causal mechanism
underlying the formation of non-colinear faults is crucial when attempting to infer and
reconstruct the stresses and overall tectonic history of an area (cf. Peace et al., 2017). Intra-
basement structures can affect large-scale rift development, as recognized in the North Sea
(e.g. Bartholomew et al, 1993; Doré et al., 1997; Fossen et al, 2016; Phillips et al., 2018), the
Barents Sea (e.g. Ritzmann and Faleide, 2007; Gernigon et al., 2014), the East African Rift (e.g.
Ring, 1994; Modisi et al.,, 2000), and the Taranaki Basin (Muir et al., 2000). Offshore-onshore
correlations, combined with aeromagnetic data, suggest pre-existing basement structures can
control the position of major basin-bounding fault systems, shaping the overall rift
physiography (e.g. Muir et al., 2000; Gernigon et al., 2014; Fazlikhani et al.,, 2017). However, at
the scale of individual fault segments, the influence of intra-basement structures appears
uncertain, suggesting structural inheritance may be scale-dependent (Kirkpatrick et al., 2013;
Reeve et al.,, 2013; Phillips et al.,, 2016).

3D seismic reflection data allow the three-dimensional geometric relationships between
intra-basement structures and normal faults to be resolved (e.g. Reeve et al., 2013; Bird et al,

2014; Siuda et al, in review). Analysis of 3D seismic data from the North Sea show that pre-

3
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existing structures can be either reactivated or cross-cut by later normal faults, with dip and
obliquity with respect to the new extension direction thought to be the key factors controlling
their selective reactivation (Phillips et al, 2016; Claringbould et al, 2017; Fazlikhani et al,
2017). However, intra-basement structures may exert their influence through other processes
rather than simple reactivation, for example by acting as nucleation sites for later-formed
normal faults, or by perturbing the local stress field such that faults have strikes oblique to the
prevailing extension direction (Phillips et al, 2016). New normal faults may nucleate
preferentially in the weak regions offered by pre-existing structures, even when pre-existing
structures are not directly reactivated; such examples of this spatial and kinematic
relationship are shown in the physical models of Faccenna et al. (1995), Henza et al. (2010),
Henza et al. (2011), and the numerical models of Deng et al,, (2017). Furthermore, local stress
perturbations near pre-existing structures are supported by inversion of earthquake focal
mechanisms (Morley, 2010), analysis of borehole break-out data (King et al, 2010), and the
outputs of numerical models (Homberg et al, 1997; Maerten et al, 1999; Maerten et al.,
2002). Recently, Duffy et al. (2015) highlighted the potential of three-dimensional, 3D seismic
reflection-based kinematic analysis for reconstructing the evolution of complex fault
interaction styles and genetic relationships. However, to the best of our knowledge, this
powerful approach has not yet been applied to the interactions between intra-basement
structures and overlying, rift-related normal fault networks.

In this study we: i) identify and characterise a range of three-dimensional geometric
relationships between intra-basement structures and overlying normal faults; ii) use growth
strata and fault displacement distribution mapping to perform a kinematic analysis of the
normal faults; and iii) based on their geometric and kinematic relationships, interpret how
intra-basement structures influenced the development of the rift-related normal faults. To do

this we use 3D seismic reflection and well data from the western margin of the Taranaki

4



96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

Basin, offshore New Zealand (Fig. 1). The shallow depth of the crystalline basement (c. 3.5
km) results in excellent seismic imaging of the intra-basement structures; this, combined with
a stratigraphically simple, relatively low-strain setting, makes this an ideal location to
examine the early-stage interactions between intra-basement structures and overlying, rift-
related normal faults. We first use qualitative, plan-view- and cross-section-based
observations to show that, to the first-order, intra-basement structures controlled the growth
of the later, rift-related normal fault network (Bird et al., 2015; Peace et al., 2017). We then
conduct a quantitative, three-dimensional analysis of throw distributions on individual fault
surfaces to understand how each interaction style evolved (cf. Duffy et al., 2015). Our 3D
kinematic analysis shows how local perturbation of the regional stress field and preferential
nucleation from pre-existing structures can strongly influence the development of overlying
rift-related normal fault network, resulting in characteristic spatial and temporal

relationships between structures at different levels.

2. Geological framework

The Taranaki Basin is situated mostly offshore the west coast of New Zealand’s North Island.
The basin is defined by two major, approximately N-trending fault systems: the Cape Egmont
and Taranaki faults (Fig. 1). Our study area sits mostly on the footwall of the Cape Egmont

Fault (Fig. 2B).

2.1. Basement geology

The basement structural grain of the Taranaki Basin developed during Mesozoic subduction
and terrane accretion along the SW-Pacific margin of Gondwana (e.g. Bradshaw, 1989; Fig.

2A). By the Early Cretaceous, subduction had resulted in the juxtaposition of three
5
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approximately N-trending basement terranes (Bradshaw, 1993; Kimbrough et al., 1993; Fig.
1): (i) the Western Province, consisting of a Gondwana fragment made up of mainly meta-
sedimentary rocks (Bradshaw et al,, 1997; Mortimer et al., 1997), (ii) the Eastern Province,
comprising arc volcanic and arc-derived meta-sedimentary sequences (e.g. Bradshaw, 1989)
and (iii) the Median Tectonic Zone, a narrow belt of plutonic rocks, which separates the
Western and Eastern Provinces (e.g. Bradshaw, 1993; Mortimer et al., 1999). This basement
fabric influenced the subsequent structural evolution of the sedimentary cover during the
Cenozoic, with the Cape Egmont and Taranaki Faults exploiting the boundaries between

basement terranes (Muir et al., 2000; Fig. 1).

2.2. Structural Evolution of the Southern Taranaki Basin

The Taranaki Basin developed in response to Late Cretaceous-Early Eocene and Plio-
Pleistocene rifting (Fig. 2A). During the Eocene-Miocene, regional extension was punctuated
by a phase of tectonic quiescence and basin inversion. The Late Cretaceous-Early Eocene rift
event is related to the break-up of Gondwana, and was associated with thermally induced
uplift, resulting in the development of a major regional unconformity at the top of the
crystalline basement (Moore et al., 1986; Strogen et al., 2017). Normal faulting initiated in the
Mid-Cretaceous and continued until the Paleocene, with the cessation of faulting being
diachronous across the Taranaki Basin (Strogen et al., 2017). This rift event formed a series of
NE-trending half-graben (e.g. Maui Sub-basin, Pakawau Sub-basin, Kiwa Sub-basin) that filled
with up to 1800 m of fluvial-deltaic-to-shallow marine sediments sourced from the adjacent
fault scarps (North Cape and Farewell formations; King and Thrasher, 1996; Fohrmann et al.,
2012; Reilly et al, 2015; Strogen et al, 2017). Once rifting ceased, post-rift thermal

subsidence resulted in an overall deepening of the basin and the deposition of mudstone-
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dominated, marine sediments (Turi Formation; King and Thrasher, 1996; Strogen, 2011;
Strogen et al., 2014).

In the Mid-Eocene, in response to the onset of subduction of the Pacific Plate along the
Hikurangi Trough, compression initiated across much of the Taranaki Basin (e.g. Rait et al,
1991; Stagpoole and Nicol, 2008). During the Miocene, compression spread westwards from
the eastern boundary of the Taranaki Basin, with inversion of the Cape Egmont Fault
occurring in the late Miocene (Nicol et al, 2005). Shortening was associated with the
formation of NE-to-NNW-trending reverse faults and folds, which occasionally exploited pre-
existing normal faults and basement fabric (Reilly et al, 2015). In the Southern Taranaki
Basin, compression was rapidly followed by back-arc extension at about 4 Ma, with this
tectonic regime continuing to the present day (e.g. Giba et al, 2010; Mouslopoulou et al,
2012). The dominant strike of the Plio-Pleistocene rift-related normal faults is NE-SW, with
NNE-SSW-striking normal faults prevailing west of the Cape Egmont Fault (Reilly et al.,, 2015).
This fault pattern is consistent with the current NW-SE regional extension direction indicated
by borehole breakouts and focal mechanisms (Giba et al, 2010). During Plio-Pleistocene
rifting, reactivation and upward propagation of pre-existing, predominantly Late Cretaceous-
to-Paleocene faults resulted in the formation of relatively small (in terms of displacement), N-
S-striking segments (Giba et al., 2012). The magnitude of Plio-Pleistocene regional extension
is relatively small (stretching factor $=1.014), being largely focussed on the Cape Egmont

Fault (Reilly et al.,, 2015).

3. Dataset

We use a 1500 km?, pre-stack time-migrated, 3D seismic reflection dataset and seven wells

(Fig. 3), the latter containing well-log, formation top and biostratigraphic data. Two wells
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(Maui-2 and Rahi-1) penetrate the uppermost part of the crystalline basement. The 3D survey
has a record length of 5500 ms two-way time (TWT), and a vertical sampling interval of 3 ms,
with an inline (N-trending) and crossline (E-trending) spacing of 25 m and 12.5 m,
respectively. Seismic data are presented with SEG normal polarity, such that trough events
(blue reflections) correspond to a downward decrease in acoustic impedance and peak events
(red reflections) correspond to a downward increase in acoustic impedance. The dominant
frequency decreases downwards from c. 50 Hz in the Pliocene interval (c. 750 ms TWT) to c.
35 Hz in the shallow crystalline basement (c. 2700 ms TWT); taking velocity data for the
sedimentary cover from wells, and by assuming a velocity of 5500 ms-! for the crystalline
basement based on its lithologic composition (i.e. metasedimentary rock; cf. Muir et al., 2000),

we estimate a downward decrease of the vertical seismic resolution from ¢. 10 m to 40 m.

4. Methods

To map the plan-view distribution of the intra-basement structures we used a seismic
attribute sensitive to amplitude contrast (i.e. Root Mean Square or ‘RMS’ amplitude attribute),
and one revealing the normalized dip of the reflections (i.e. Dip [llumination). We mapped the
Top Basement and eight key seismic horizons across the survey area, tying them to wells
using checkshots and synthetic seismograms (Fig. 2A). To constrain the onset of rift-related
faulting, we created isochron (thickness) maps between the Top Basement and the Top
Farewell Formation, the Top Upper Manganui and Intra-Giant Foresets formations, and the
Intra-Giant Foresets and the Top Giant Foresets formations (Fig. 2A). We compared the
spatial distribution of intra-basement structures and normal faults at different stratigraphic
levels, and evaluated their connectivity in cross-section, thereby revealing their three-

dimensional geometric relationships.
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To determine how each geometric relationship developed, we carefully reconstructed the 3D
geometry of, and throw distribution on, key faults. We infer regions of high-displacement
represent fault nucleation points, whereas local throw minima represent areas of fault linkage
(Walsh and Watterson, 1987; Mansfield and Cartwright, 1996; Walsh et al., 2003; Giba et al.,
2012). Throw distribution on the fault surface can thus be used to determine if the fault grew
as a single, isolated structure, or whether it evolved through the coalescence of initially
isolated segments. We mapped faults on seismic sections taken orthogonal to fault strike at
intervals of 62.5 m, paying particular attention to tip line position and degree of linkage with
intra-basement structures. We determined the footwall and hanging wall cut-offs for 8-15
horizons to constrain throw variations across the fault surface. In order to remove the effect
of fault-related folding, and to thus account for the continuous (ductile) component of strain,
we projected the regional trend of horizon dip away from the fault-related folds (Appendix B).
We displayed throw values as throw-depth (T-z) plots, where the throw is plotted against the
depth to the midpoint between hanging-wall and footwall cut-offs (e.g. Muraoka and Kamata,
1983; Cartwright et al.,, 1995; Hongxing and Anderson, 2007; Baudon and Cartwright, 2008a,
b and c). From these data we compiled fault strike-projections (e.g. Walsh and Watterson,
1991; Duffy et al, 2015). Finally, we converted our TWT kinematic analysis to the depth
domain using a simple best-fit second-order polynomial relationship derived from the time-
depth curves of two nearby wells (Appendix C). The measurement error imposed by well-
derived velocity variations increases downwards from 10 m in the Pliocene interval to 190 m
immediately above Top Basement. Given the simple velocity structure of the sedimentary
cover, this error may influence the absolute throw values presented, but will not significantly
influence the overall throw pattern on, or kinematic interpretation of, individual segments (cf.
Baudon and Cartwright, 2008c; Conneally et al., 2014; Duffy et al,, 2015). In addition, because

of: (i) the stratigraphically simple, sub-horizontally layered nature of the host rock; and (ii)
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the relatively low throw values, meaning footwall and hangingwall strata are not buried to
significantly different depths, we argue that primary throw distribution will not be
substantially altered by ongoing and/or subsequent compaction or differential compaction

(cf. Mansfield and Cartwright, 1996; Taylor et al., 2008).

5. Interpretation of intra-basement structures

5.1. Types of intra-basement reflections

Intra-basement reflections are well-imaged within the upper ~1000 ms TWT of the basement
rocks (c. 5500 m below Top Basement). The crystalline basement is generally acoustically
transparent, with sub-horizontal reflections in the upper part (Figs. 4D and E). The most
prominent features in the crystalline basement are medium-to-high amplitude, continuous to
semi-continuous, gently west-dipping (15° to 30°) reflections defined by a peak-trough-peak
wave train (Fig. 4). Based on their amplitude, spacing, and vertical and lateral continuity,
these reflections can be subdivided into three types (Figs. 4C, D and E):

e Type 1 consists of a ¢. 2.5 km-wide zone of shallowly dipping (15°-20°) reflections (Fig.
4A). The seismic character changes laterally within this package, from high-amplitude,
continuous reflections at the boundaries, to chaotic, discontinuous, folded reflections
towards the centre. Type 1 reflections typically offset Top Basement (Fig. 4C).

e Type 2 is represented by narrow (c. <100 m-wide), isolated, high-amplitude reflections
that dip at 20°-30° and have a lateral spacing of 1-2 km (Fig. 4B). Reflections are vertically
continuous from the Top Basement to the survey record length (5500 ms). Type 2

reflections typically offset Top Basement (Fig. 4D).

10
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e Type 3 has similar characteristics to Type 2, but the reflections are weaker and vertically
segmented (<200 m high; Fig. 4E). Type 3 reflections are truncated by the Top Basement

Unconformity (Fig. 4E).

5.2. Plan-view distribution

Type 1 reflections are only observed in a broadly N-trending, 5 km-long, 2.5 km-wide zone in
the northern part of the survey (Fig. 5A). The eastern and western boundaries of this zone are
relatively sharp. In contrast, the southern boundary is gradational, with several Type 2
reflections splaying off from the package of Type 1 reflections (Figs. 5B and C). Type 2 and
Type 3 reflections are typically 1-15 km long, curvilinear (Fig. 5C), and trend NNW to NNE
(see rose diagram in Fig. 5C). Type 2 reflections are concentrated in the central part of the
survey (Fig. 5C) and are laterally continuous (Fig. 5B). In contrast, Type 3 reflections occur in
the eastern and western sectors (Fig. 5C), and are segmented along strike (<3 km long
segments; Fig. 5B). Type 2 and Type 3 reflections are often interconnected, displaying an

anastomosing geometry (Fig. 5C).

5.3. Top Basement Structures

The Top Basement is dominated by reverse faults and folds in the central and south-western
parts of the survey, with minimal normal faulting in the east (Fig. 6B). Reverse structures are
curvilinear in map-view, and are up to 15 km long, strike NNW-SSE to NNE-SSW (see upper
rose diagram in Fig. 6C), and dip westwards. Of the 22 reverse displacement structures (i.e.
thrusts and folds), 16 correlate with the intra-basement reflections on time-slice 2871 ms for
at least some of their strike length, with 6 thrusts being physically connected to intra-

basement reflections for their total strike length (Fig. 6C). In particular, the eastern boundary
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of the Type 1 reflections zone, and the entirety of a Type 2 reflection connected to it at its
southeastern corner, are expressed by prominent anticlines and reverse faults at Top
Basement level (Figs. 4C, D and 6C). By contrast, the Type 3 reflections in the eastern part of
the survey, and the closely spaced Type 2 reflections in the central part of the survey, are
truncated by the Top Basement Unconformity (Fig. 6C), with flat-lying reflections overlying
them in the sedimentary cover (Fig. 4E). Normal faults at Top Basement level are linear and
strike NE-SW to NNE-SSW (see lower rose diagram in Fig. 6C), with a maximum length of 7
km (Fig. 6B), and displacements of 25-65 ms TWT (50-125 m). They generally show no direct
spatial correlation with the intra-basement reflections on time-slice 2871 ms (Fig. 6C) and
three of them terminate along-strike against reverse structures (Fig. 6B). In cross-section,
reverse faults have a vertical extent of 100-200 ms TWT (150-350 m), with a maximum throw
of 30 ms TWT (60 m) at Top Basement (Figs. 4C and D). Reverse faults are typically overlain
by west-facing monoclines (Fig. 4C) and anticlines (Fig. 4D), and are physically connected to
Type 1 and Type 2 reflections (Figs. 4C and D). In some instances, reverse faults at Top

Basement level may become normal faults at shallower levels (Figs. 4A and B).

5.4. Origin of intra-basement reflections

Prominent intra-basement reflections are typically interpreted as the seismic expression of
mylonites within ductile shear zones (e.g. Brewer et al, 1983; Wang et al.,, 1989; Reeve etal,
2013; Phillips et al, 2016). In particular, the trough-peak-trough wavetrain of intra-basement
reflections (Fig. 4) are interpreted as the result of the interference between stacks of 50-100
m thick layers of mylonitic and relatively undeformed rock (Fig. 4) (e.g. Fountain et al., 1984;
Hurich et al, 1985; Reeve et al, 2013; Phillips et al, 2016). In addition, the anastomosing

geometry of the intra-basement reflections (Fig. 5) strongly resembles the typical pattern of
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shear zones (e.g. Arbaret and Burg 2003; Carreras et al, 2010; Rennie et al, 2013). We
therefore interpret the thick package of reflections (i.e. Type 1; Fig. 4C) as the seismic
expression of a stack of mylonitic and intervening, relatively undeformed protolith layers (cf.
Phillips et al, 2016). The chaotic seismic character in the centre of the Type 1 structure (Fig.
4C) could be due to lateral variations in composition, different amounts of strain, or complex
internal geometries (Klemperer, 1987; Brocher and Christensen, 1990; McDonough and
Fountain, 1993; Lenhart et al, in review). An alternative interpretation is that the
discontinuous, complex reflections may be related to destructive interference between
adjacent mylonitic bands (Phillips et al, 2016). The low dip (20°-30°) of the isolated
reflections (i.e. Type 2 and Type 3; Figs. 4B, D and E) suggests they may have formed as
mylonite-bearing thrusts. The higher amplitude of Type 2 (Fig. 4D) compared to Type 3 (Fig.
4E) structures may reflect an increase of the acoustic impedance contrast due to the
development of preferred crystallographic orientations and mineralogical segregation during
mylonitization (e.g. Robin, 1979).

The erosive truncation of intra-basement structures by the Top Basement Unconformity (Fig.
4E) indicate they developed before the onset of sedimentation, and thus before the Paleocene
(Fig. 2). Furthermore, the shallow dip of intra-basement structures suggests development
during a phase of horizontal shortening, making Mesozoic subduction and basement terrane
accretion the most likely event responsible for their origin (e.g. Muir et al, 2000). This
hypothesis is also supported by the strike of the intra-basement structures, which is broadly
parallel to the Mesozoic basement terrane boundaries (cf. Figs. 1 and 5C). The successive
kinematic history of the intra-basement structures was reconstructed based on their
expression on Top Basement (Fig. 6) due to the lack of pre-kinematic markers within the
basement rocks (i.e. reflective, pre-kinematic layering). The plan-view correlation and

physical connection between several intra-basement structures and the Top Basement
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thrusts/folds (Fig. 6C) suggest compressional reactivation and upward propagation of the
former (e.g. Mitra, 1990; Erslev and Mayborn, 1997; Brandes and Tanner, 2014), with
vertically and laterally continuous intra-basement structures (i.e. Type 1 and 2) being
preferentially reactivated. We attribute this compressional reactivation to the late Miocene
inversion (e.g. Reilly et al, 2015), as this is the only compressional event that affected the

Taranaki Basin during the Cenozoic.

6. Structures within the sedimentary cover

6.1. Structural style

The Top Tikorangi Horizon illustrates the structural style at a distance of 350-450 ms TWT
(650-850 m) above Top Basement (Fig. 2A). Here, deformation is characterised by several
(n=45), low displacement (<50 m) normal faults, concentrated in a N-trending zone in the
central part of the survey area (Figs. 7A and B). Most of the normal faults strike from NNE-
SSW to NE-SW and dip to the west, although some strike NW-SE to N-S (Fig. 7B). The fault
segments are generally 5 km long with a lateral spacing of 1-2 km in the central survey area,
increasing to > 4 km in the eastern and western areas (Fig. 7B).

The Intra-Giant Foresets Formation Horizon illustrates the fault pattern at a distance of 1850-
1950 ms TWT (2000-2100 m) above Top Basement (Fig. 2A). In the central-eastern part, the
horizon is cross-cut by several (n=23), low-displacement (<30 m), closely-spaced (<3 km)
normal faults (Figs. 7C and D). The normal faults strike from NNE-SSW to NE-SW, except for
three N-S-striking fault segments in the north of the survey (F7a, b and c; Figs. 7D and E).
Most of the normal faults dip to the west, being >5 km long and linear in map-view (Figs. 7C
and D); only one fault is curvilinear, curving to a N-S strike in the central portion (see red box
in Fig. 7D).
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6.2. Timing of normal faulting

Having established the geometry of the normal fault network, we use thickness and seismic-
stratigraphic patterns to deduce its temporal evolution. In particular, we describe and
interpret the isochron maps of the stratigraphic intervals corresponding to the main rifting
events shaping the southern Taranaki Basin (i.e. Paleocene and Pliocene intervals).

The Paleocene succession (65-55 Ma) comprises the Farewell Formation, which
uncomformably overlies the crystalline basement (Fig. 2A). The isochron for the Top
Basement - Top Farewell Formation interval illustrates an overall northward thickening from
40 to 170 ms TWT (c. 250 m; Fig. 8A), with localised thinning (<30 ms TWT, c. 50 m) above
intra-basement structures. For example, we clearly observe thinning of this interval
corresponding to the eastern boundary of the Type 1 structure (see red box in Fig. 8A). The
absence of thickening into the hanging-wall of normal faults (Fig. 8A), and the lack of wedge-
shaped seismic geometries (Fig. 2A) in the Top Basement - Top Farewell Formation interval
(65-55 Ma), together suggest the study area was not affected by Late Cretaceous-Early Eocene
rifting. This interpretation is supported by the development of conformable, flat-lying,
onlapping reflections on the Top Basement (Fig. 2A), suggesting simple infill of inherited relief
during the Paleocene.

The overlying Pliocene succession (5.3-2.5 Ma) comprises northward prograding clinothems
of the Giant Foresets Formation (e.g. Hansen and Kamp, 2002, 2004; Chenrai and Huuse,
2017; Fig. 2A). In our study area, this succession can be split into two parts based on a vertical
change in seismic facies defined by the Intra-Giant Foresets Formation horizon (Fig. 2A). The
interval between the Top Upper Manganui Formation and the Intra-Giant Foresets Formation
horizons (5.3-3 Ma) thickens northwards from 170 to 270 ms TWT (c. 100 m; Fig. 8B). Within
this interval, minimal thickness variations have been observed across the normal faults. The

interval between the Intra-Giant Foresets Formation horizon and the Top Giant Foresets
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Formation (3-2.5 Ma) locally thickens (20 ms TWT, c¢. 20 m) across the NNE-SSW-striking
segments (F1, F2 and F6) and the N-S striking segments (F7a-c), delineating two distinct
Pliocene depocentres (Fig. 8C). These across fault thickness variations constrain the onset of
faulting 3-2.5 Ma (cf. Giba et al, 2010). The rapid change in the thickness pattern between the
5.3-3 Ma and 3-2.5 Ma intervals (cf. Figs. 8B and C), and the elongated shape of the
depocentres (Fig. 8C) suggest the bounding normal faults relatively rapidly established their

total length in <0.5 Ma.

6.3. Basement structure-cover faults plan-view relationships

In this section, we compare the structural trends immediately below (Fig. 5) and at Top
Basement level (Fig. 6) with the normal faults defined at multiple structural levels in the
overlying sedimentary cover (i.e. Top Tikorangi Formation, Fig. 7B; and Intra-Giant Foresets
Formation horizon, Fig. 7D). Cover faults having different degrees of physical connectivity to
intra-basement structures generally display different strikes and vertical extent. Nine normal
faults appear physically connected to intra-basement structures for = 90 % of their strike
length (blue segments in Figs. 7B and D). These dominantly connected normal faults strike
NNW-SSE to N-S (Fig. 7) and generally only extend <1500 m above Top Basement (cf. Figs. 7B
and D). Within this group of normal faults, only the N-S-striking fault segments that are
connected to the Type 1 structure (F7a-c) extend through the whole sedimentary succession
and cross-cut the Intra-Giant Foresets Formation horizon (Fig. 7E). On the other hand, the
majority of normal faults (36 out of 45) are physically disconnected or are connected to intra-
basement structures for < 50% of their strike length (brown segments in Figs. 7B and D).
These partially connected/disconnected normal faults strike NE-SW to NNE-SSW (Fig. 7D)

and extend up to 3000 m above Top Basement, crosscutting almost the entire cover
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succession (cf. Figs. 7B and D). Interestingly, the physical connection between intra-basement
structures and normal faults only occurs where also the former strike NE-SW to NNE-SSW,

resulting in limited twisting of the fault surface.

7. 3D geometry and throw distribution on cover normal faults

We identify four possible styles of interaction and linkage between normal faults in the
sedimentary cover and intra-basement structures based on their 3D geometric relationships,
and throw distribution on the former. These styles are: I) normal faults physically
disconnected from intra-basement structures; II) NW-SE-striking normal faults physically
connected to Type 2 structures; III) NNE-SSW-striking normal faults physically connected to
Type 2 structures; and IV) N-S-striking normal faults physically connected to the Type 1

structure.

7.1. Normal faults physically disconnected from intra-basement structures

Faults F1 and F2 are representative of the NE-SW to NNE-SSW-striking normal faults that are
physically disconnected from the intra-basement structures (Fig. 9E). Both F1 and F2 are
linear in map view (Fig. 9E), dip westwards (Fig. 9B), and are characterised by minor, across-
fault thickening of the interval between the Intra-Giant Foresets Formation and the Top Giant
Foresets Formation horizons (20 ms TWT, c. 20 m; Fig. 8C). However, we note that the
expansion index is c. 1 at the lateral tips of F1 and F2 (Fig. 9D), suggesting that, in these
regions at least, the faults never reached the surface and remained blind. The tip line of F1 is
semi-elliptical, with a flat upper tip line in the Pliocene interval, and an arcuate lower tip line
in the Eocene/Miocene succession (Fig. 9A). The fault is tallest (c. 2000 m) at its centre (Fig.

9A). The throw contours on the fault surface define a “bullseye pattern”, centered on a throw
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maximum (c. 30 m) in Miocene strata. The throw gradient is higher towards the upper tip line
than the lower or lateral tips (Fig. 9A). F2 is up to 2400 m tall, with a relatively irregular,
concave downward, crescentic fault surface (Fig. 9A), which may reflect the strain shadowing
(e.g. Gupta and Scholz, 2000) due to the flanking faults (F1 and F6; Fig. 7D). The lower tip line
is ¢. 200-500 m above an underlying, N-trending Type 2 intra-basement structure (Figs. 9B
and E) that, differently from several other Type 2 intra-basement structures, do not appear to
have been significantly reactivated during the late Miocene inversion, as indicated by the
absence of associated thrusts and folds at Top Basement level. T-z profile for F2 is broadly
symmetrical, with a single throw maximum at the fault centre (c. 30 m) decreasing radially
and smoothly away from this point towards the tip line (Figs. 9A and C; cf. “C-type” profiles of

Muraoka and Kamata, 1983).

7.2. NW-SE-striking normal faults physically connected to Type 2 structures

Faults F3-5 represent examples of NW-SE-striking normal faults that are physically connected
to Type 2 structures along most of their strike length (Fig. 10E). F3-5 are <1500 m tall,
offsetting only the lowermost part of the sedimentary cover (Fig. 10B), and are not associated
with any significant across-fault thickness variations (Figs. 8 and 10D). F3 is c. 3 km long, with
its upper tip line located in Middle Miocene strata, c. 1500 m above Top Basement (Figs. 10A
and B). F4 and F5 are shorter (c. 1 km) than F3, terminating upwards in Eocene strata, c. 800
m above Top Basement (Fig. 10A). Each fault displays a single throw maximum (c. 30-40 m) in
Eocene strata (Fig. 10A), with throw decreasing smoothly away from this point towards its tip
line (Fig. 10A). The key difference between F3-5, and normal faults physically disconnected
from intra-basement structures (i.e. F1-2), is the negative (i.e. reverse) throw region (up to -

30 m) just above Top Basement (cf. Figs. 9A and 10A).
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7.3. NNE-SSW-striking normal faults physically connected to Type 2 structures

Fault F6 is representative of the numerous NNE-SSW-striking normal fault physically
connected to Type 2 structures (Fig. 11E). F6 consists of two vertically offset, c. 5 km long
segments (F6a, lower segment; and Féb, upper segment), with a total fault height of c. 2900 m
(Fig. 11A). The lower fault segment, Fé6a, is physically connected to the underlying Type 2
structure along its central portion (for c. 50% of its total length; Fig. 11A) as well as to the
overlying normal fault segment F6b (for c. 1 km; Fig. 11A). No across-fault thickness
variations occur in association with Fé6a, although the Paleocene thins slightly from the fault
footwall to its hangingwall (Fig. 8A; see also expansion index values <1 in Fig. 11D). The T-z
plot for F6a reveals a throw maximum in Eocene strata (c¢. 60 m) and, in a similar way to F3-5,
negative throw values (up to -40 m) near Top Basement (Fig. 11C). This Eocene throw
maximum is elongated, approximately corresponding to the area of physical linkage between
this and the underlying intra-basement structure (Fig. 11A). The upper segment Fé6b is
associated with across-fault thickening of Pliocene strata (Fig. 8C) and a flat upper tip line
(Fig. 11A). The throw maximum on F6b is located in Miocene rocks (c. 60 m), with the throw
profile being slightly skewed towards the fault lower tip (Figs. 11A and C). Throw values are
higher towards the zone of physical connection with the lower segment (F6a) than towards

the tip line (Fig. 11A).

7.4. N-S-striking normal faults physically connected to the Type 1 structure

Fault F7 represents the normal faults physically connected to the Type 1 structure, which is
located in the northern part of the study area (Figs. 12B and E). F7 is at least c¢. 5 km long and
3200 m tall (Fig. 12A), with its northern extent located beyond the limit of the 3D seismic

survey (Fig. 12A). F7 is physically connected to the underlying Type 1 structure for its entire
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length and strikes approximately parallel to it (i.e. N165° Fig. 12E). Similar to faults
physically connected to the Type 2 structures (i.e. F3-6), F7 is characterised by negative
throw values (up to -60 m) and expansion index values <1 immediately above Top Basement
(Figs. 12C and D). Approximately 1300 m above Top Basement, F7 splays upwards into three,
left-stepping, en-echelon segments (F7a-c; Fig. 12A), which extend to the Intra-Giant Foresets
Formation horizon (Fig. 12F). However, at this structural level, segments F7a-c strike N180°,
oblique to and defining a 15° clockwise rotation from the lowermost part of the fault (cf. Figs.
12E and F), resulting in twisting of the fault surface. Furthermore, the upper segments dip
more gently than the lower part of the fault, resulting in a broadly sigmoidal cross-sectional
geometry (Fig. 12B). The T-z plot reveals a B-shaped throw profile, with two throw maxima
(c. 60-80 m) in Eocene and Miocene strata (Fig. 12C). On the fault surface, the lower throw
maximum extends laterally for almost the entire fault length, whereas we observe three
discrete throw maxima in the Miocene succession, corresponding to the individual segments

(F7a-c; Fig. 12A).

8. Interpretation and Discussion

8.1. Growth History of Normal Faults

The cover normal faults physically disconnected from the intra-basement structures (e.g. F1
and F2; Fig. 9) show a more regular throw distribution than those are physically connected
(e.g. F3-7; Figs. 10, 11, 12). The former display a single throw maximum in the Miocene
sedimentary sequence that decreases radially towards the tip line (Fig. 9), whereas the latter
display an area of negative throw at the base of the fault plane (i.e. in Paleocene strata, 200-
300 m above Top Basement; Figs. 10, 11 and 12), with a positive throw maximum located in

Eocene strata (400-500 m above Top Basement; Figs. 10, 11 and 12). Of the faults physically
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connected to intra-basement structures, some display a single throw maximum in Eocene
sedimentary sequence (Fig. 10), whereas others display an additional throw maximum in
Miocene sedimentary cover, resulting in B-shaped throw profiles (Figs. 11 and 12).
Importantly, the areas of negative throw at the fault base are commonly overlain by folds
(Figs. 4C and D), suggesting: (i) intra-basement structures were compressionally reactivated
during late Miocene inversion and propagated upwards into the sedimentary cover as blind
structures, resulting in fault-propagation folds (e.g. Mitra, 1990; Erslev and Mayborn, 1997;
Figs. 13 A and B); and (ii) intra-basement structures were slightly, if at all, extensionally
reactivated during Plio-Pleistocene rifting, as any hypothetical normal slip must be smaller
than the late Miocene reverse displacement (Fig. 13C). We consider this lack of or only very
limited extensional reactivation reflects: (i) the shallow dip of intra-basement structures (20°-
30°, Fig. 4), making them unfavourable structures to accommodate extension (Sibson, 1985);
and (ii) the relatively small amount of regional extension (low beta-factor) accommodated in
the Taranaki Basin during the Plio-Pleistocene (Giba et al., 2010).

Given the lack of evidence for significant extensional reactivation of the intra-basement
structures, we infer the cover normal faults preserved broadly the original throw distribution,
which can thus be used to infer their growth history (cf. Deng et al, 2017). Hence, we
interpret that the lower (i.e. Eocene) and the upper (i.e. Miocene) throw maxima represent
nucleation of normal faults in Eocene and Miocene sedimentary succession, respectively (cf.
Mansfield and Cartwright, 1996; Hongxing and Anderson, 2007). Normal faults must
necessarily initiate after the deposition of the stratigraphic package hosting their nucleation
sites; this implies that normal faults with nucleation sites in Miocene strata formed during the
Plio-Pleistocene rifting event, whereas normal faults with nucleation sites in Eocene strata
reflect Cretaceous-Early Eocene or the Plio-Pleistocene extension. However, rift-related

extensional activity ceased by the end of the Paleocene in the western part of the Taranaki
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Basin (Strogen et al., 2017), where our study area is located (Fig. 1). Furthermore, in the
Paleocene interval we see no fault-related thickness variations that could be attributed to
normal faulting of this age (Fig. 8A). These stratigraphic considerations suggest the studied
normal fault network formed during the Plio-Pleistocene rifting event (Fig. 13C).
Furthermore, Plio-Pleistocene normal faulting is clearly indicated by distinct fault-related
thickness variations (Fig. 8) and, in some cases, by flat upper tiplines associated with steep
throw gradient (Fig. 9; cf. Nicol et al, 1996; Childs et al, 2003; Baudon and Cartwright,
2008c). However, we cannot rule out that some normal faults first developed during
Paleocene-Early Eocene rifting and were subsequently compressionaly reactivated during late
Miocene inversion. The B-shaped profiles of some normal faults physically connected to intra-
basement structures (Figs. 11 and 12) likely reflect dip linkage between initially isolated, and
occasionally still partly disconnected (Fig. 11), fault segments that nucleated in Eocene and
Miocene sedimentary succession. Importantly, our stratigraphic considerations suggest the
lower and the upper fault segments developed during the same rifting event (i.e. Plio-
Pleistocene rifting), implying they may have been kinematic coupled (Fig. 13, case 2).
However, the normal faults disconnected from intra-basement structures, which nucleated in
the upper part of the cover (i.e. in the Miocene sedimentary succession), grew freely by simple
radial tip line propagation, suggesting only limited mechanical and kinematic constraints by

deeper fault segments as well as intra-basement structures (Fig. 13C, case 1).

8.2. Influence of Intra-basement Structures on Normal Faulting

Having established that the studied normal fault network largely developed during a single
phase of Plio-Pleistocene extension, we argue that the variability of fault strikes within this

relatively small area (Fig. 7) reflects the variable influence of pre-existing mechanical
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anisotropies in the underlying basement rocks, rather than a temporal or spatial change of
extension direction. Given the intra-basement structures have been poorly, if at all,
extensionally reactivated during the Plio-Pleistocene rifting event, their influence on the
development of normal faults cannot be explained by simple extensional reactivation and
upward propagation. Hence, other processes must be invoked to explain the spatial
correlation and the physical connectivity between intra-basement structures and cover faults
(Figs. 10, 11 and 12). The negative throw region just above the physical connection to intra-
basement structures (Figs. 10, 11 and 12) suggests that cover faults initiated as thrusts due to
late Miocene reverse reactivation and upward propagation of intra-basement structures. The
sharp transition from this negative throw region to elongated positive throw maxima (Figs.
10, 11 and 12) indicates that Plio-Pleistocene normal faults nucleated at a short distance
away, and possibly directly, from the upper tip of late Miocene thrusts. The localisation of new
normal faults at a short distance from pre-existing structures may reflect: (i) accumulation of
stress on pre-existing structures (i.e. intra-basement structures and the overlying late
Miocene thrusts; Jackson and Rotevatn, 2013); (ii) and, possibly, preferential nucleation of
new normal faults from pre-existing weak anisotropies (i.e. late Miocene thrusts).

A variety of mechanisms can contribute to the nucleation of faults within the damage zones of
thrusts and folds, rather than within intact country rock: (i) strength reduction due to
pervasive fracturing (e.g. Gudmundsson, 2011; Sun et al.,, 2017); (ii) reduction of the effective
stress due to higher permeability and pore fluid pressure (e.g. Sibson, 1995); and (iii) a range
of strain weakening effects, including gouge formation, mineral transformation and
microstructural re-arrangement (e.g. Bos and Spiers, 2002). The positive feedback between
these processes may result in propagation and linkage of fractures, leading to the final
development of through-going faults (cf. Vass et al,, 2014). The nucleation of normal faults at

the upper tips of deeper lying, pre-existing thrusts is also observed in both physical models of
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and natural examples presented by Faccenna et al. (1995). Furthermore, these models
support the possibility that new normal faults can nucleate also from pre-existing structures
that do not undergo extensional reactivation. In a more general sense, nucleation of new
normal faults from pre-existing structures has been widely documented during multiphase
extension, with new normal faults nucleating from older normal faults (e.g. Henza et al., 2010;
Duffy et al, 2015; Withjack et al, 2017). Interestingly, when normal faults emanated from
pre-existing structures striking nearly perpendicularly to the Plio-Pleistocene extension
direction (i.e. NW-SE; Giba et al, 2012), they propagated to the upper part of the cover
through nucleation and dip linkage of kinematically related segments (Fig. 11). In contrast,
when normal faults emanated from pre-existing structures striking strongly obliquely to the
Plio-Pleistocene extension direction, they remained restricted to the lower part of the cover
(Fig. 10). This selective upward propagation of normal faults suggests the regional stress field
becomes dominant over the intra-basement structures as distance from the latter increases,
allowing only for favourably oriented structures to propagate to the upper part of the cover
(Fig. 13C, case 2). The dominant influence of the regional stress field in the upper part of the
cover is supported also by the nucleation and growth of optimally-oriented (i.e. NE/NNE-

striking) normal faults in the Miocene-Pliocene sedimentary succession (Fig. 13C, case 1).

8.3. Evidence for km-scale perturbation of the regional stress field

We have now established the general geometric and kinematic relationships between intra-
basement structures and cover normal faults. However, the 3D geometry and throw
distribution on the cover faults physically connected to the Type 1 intra-basement structure
(i.e. the 2.5 km wide package of reflections in the northern part of the study area) suggest a

more complex relationship, with additional mechanisms acting in this case. The faults
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physically connected to the Type 1 structure (i.e. F7, F7a-c; Fig. 12) are the only normal faults
oblique to the Plio-Pleistocene extension direction (i.e. NW-SE; Giba et al, 2012) that
propagated through the entire sedimentary succession (Fig. 13C, case 3). Furthermore,
differently from the other cover faults they display a clear up-sequence rotation of fault strike,
with the obliquity to the Plio-Pleistocene extension direction decreasing progressively
towards the upper part of the sedimentary cover (cf. Figs. 12E and F). Similar up-sequence
strike rotation has been interpreted to reflect emanation and upward propagation of new
normal faults from pre-existing, buried, oblique structures (Giba et al., 2012; Withjack et al,,
2017). However, our kinematic analysis indicates that F7, F7a-c likely initiated as isolated
segments that eventually linked to form a single, somewhat sigmoidal fault plane. Hence, new
normal faults geometrically and kinematically related to the intra-basement structures (i.e.
F7a-c) appear to have nucleated at a significant distance from the latter (c. 1500 m),
propagating to the upper part of the cover (Fig. 12). Such far-reaching influence of the intra-
basement structures on normal fault geometry suggests local perturbation of the overall rift-
related stress field extended a considerable distance up into the sedimentary cover. In
contrast the oblique normal faults physically connected to Type 2 intra-basement structures
have limited vertical extent (<1500 m above Top Basement; Fig. 10); this implies any
hypothetical local perturbation of the stress field associated with the Type 2 structures must
have been restricted to only a few hundreds metres above Top Basement. Our work suggests
that the width of intra-basement structures exerts a first-order control on the magnitude of
the stress field perturbation, with only km-wide intra-basement structures capable of
determining stress-field perturbation affecting substantial thicknesses of the cover
succession. Stress field perturbations originated by similar km-wide intra-basement
structures are also suggested by Phillips et al. (2016) based on the geometric relationship

with the overlying normal faults. Furthermore, Morley (2004) suggests that km-wide
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perturbation of the stress field can be related to pervasive intra-basement fabrics, which are

reasonably expected within a stack of mylonites inferred to define the Type 1 structure.

8.4. Implications for non-colinear rift fault network

We reconstructed the evolution of a non-colinear rift fault network overlying crystalline
basement, highlighting different geometric and kinematic relationships between normal faults
and intra-basement structures (Fig. 13). Non-colinear rift fault networks can develop both in
single-phase and multiphase rifts (Reeve et al, 2015). In single-phase rifts, non-colinear fault
systems are generally only locally developed, typically associated with stress pertubations
adjacent to major faults (Duffy et al, 2015). However, our study suggests that the influence of
intra-basement structures can lead to the development of pervasive non-colinear fault
networks (Fig. 7B) during a single rifting event. In similar cases, discriminating between
single-phase and multiphase fault networks is not straightforward, and discerning the
influence of intra-basement structures on normal faults development is thus crucial.

The best way to determine whether underlying intra-basement structures influence the
development of the overlying rift-related normal fault network is by comparing the
distribution and geometry or both sets of structures, and, if possible, their kinematics.
However, intra-basement structures are often poorly imaged in seismic data and are rarely
preserved along with the overlying normal faults in the same outcrop, implying we typically
rely on only qualitative correlation between seismically imaged normal faults and basement
tectonic trends observed onshore (e.g. Roberts and Holdsworth, 1999; Wilson et al.,, 2006). By
comparing the basement-influenced fault network in our study area with the multiphase fault
network described by Duffy et al. (2015), we propose some key-characteristics that could help

determine the origin of a non-colinear fault network, when knowledge of the intra-basement
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structures is not accessible. For example, in multiphase rifts, the most common linkage style is
represented by sharp, abutting intersections, with the second stage faults having a single
throw maximum near the branchline (Duffy et al.,, 2015). In contrast, in our study, no abutting
intersections are observed, fault strike changes gradually along the fault length (Fig. 7B), and
throw maxima are positioned near the fault centres (Figs. 9, 10, 11 and 12). In addition to the
interaction styles and the kinematics, the vertical extent of the non-colinear fault network
may also help to discriminate between different causal mechanisms. In fact, the influence of
intra-basement structures appears to have a limited vertical extent, resulting in non-colinear

fault network restricted to the lower part of the sedimentary cover.

9, Conclusions

Based on the integration of time-structure maps, cross-sections and detailed 3D kinematic
analyses, we draw the following key conclusions regarding the influence of intra-basement
structures on the development of rift-related normal faults in the Taranaki Basin, offshore
New Zealand:

1. In the study area, intra-basement structures appear to have played a key role during
the Plio-Pleistocene rifting, as suggested by several normal faults mimicking the
underlying intra-basement structures and physically connected to them. This resulted
in non-collinear faulting, with normal faults striking obliquely to the regional trend of
the rift. However, in the upper part of the cover there are also normal faults that do not
seem to be affected by intra-basement structures.

2. The normal faults physically connected to underlying intra-basement structures
typically show a sharp transition from positive to negative throw near Top Basement.

Negative throw is interpreted as the result of compressive reactivation and upward
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propagation of the intra-basement structures during the late Miocene. The
preservation of the original negative throw suggests that intra-basement structures
were not significantly reactivated during the Plio-Pleistocene rifting. This implies that
extensional reactivation is not a fundamental condition for intra-basement structures

to have an influence on rift-related normal faults.

. The normal faults physically connected to intra-basement structures display throw

maxima (i.e. nucleation points) at a short distance (100-200 m) from, and with
approximately the same lateral extent as, the area of negative throw just above Top
Basement. This throw distribution suggests that during the Plio-Pleistocene rifting
normal faults nucleated from underlying late Miocene reverse structures, which
resulted from preceding reactivation and upward propagation of intra-basement
structures.

Our kinematic analysis highlighted the development of normal faults striking parallel
to the underlying Type 1 intra-basement structure and obliquely to the regional trend
of the rift, although the nucleation points are located 1500 m above Top Basement.
This far-reaching influence over normal faults suggests that the Type 1 structure
perturbed the local stress field throughout the whole sedimentary cover. No similar
effect has been observed in association with Type 2 structures, suggesting that only
km-wide intra-basement structures, like Type 1, can originate long-length
perturbation of the stress field.

Nucleation from pre-existing structures and perturbation of the local stress field can
be the core of the influence of basement structures on rift-related faults and not just
ancillary processes with respect to simple reactivation. Future models for structural
inheritance in rifting settings should incorporate long-length influence of pre-existing

structures and kinematic coupling between structures at different levels. Kinematic
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analysis proved to be a fundamental tool to extract information from 3D seismic data,

posing important constraints to analogue and numerical models.
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Caption Section

Fig. 1. Map illustrating the main structural elements of the Southern Taranaki Basin (modified
from Miur et al, 2000). Underlying basement terranes are shown in grey. Note the plan-view
correlation between basin-bounding faults and basement terrane boundaries. The red box
indicates the location of the 3D seismic survey. Inset - plate tectonic setting of the Taranaki
Basin. Note the location of the Taranaki Basin between the Tasman Sea Rift and the Pacific

Plate Subduction Zone.

Fig. 2. Stratigraphic and structural setting of the study area. (A) Stratigraphic framework
indicating the interpreted seismic reflection events. The Maui-6 synthetic seismogram, which
was used to tie the seismic reflection data to stratigraphic data, is also shown. Seismic-
stratigraphic packages are correlated to the major regional tectonic events, using
biostratigraphic data provided in well Maui-3 (location of wells shown in Fig. 3). The
stratigraphic position of key TWT-structure maps (i.e. Figs. 5, 6 and 7) and time-thickness
maps (i.e. Fig. 8) presented in this study are also shown. (B) Regional seismic line showing the
structural setting of the study area and the main stratigraphic units (location shown in Fig. 1;
see Appendix A for enlarged uninterpreted and interpreted versions of this section). Note the

position of the study area in the uplifted footwall of the Cape Egmont Fault and the low-strain,

39



951

952

953

954

955

956

957

958

959

960

961

962

963

964

965

966

967

968

969

970

971

972

973

974

stratigraphically simple setting (stratigraphic correlation across the Cape Egmont Fault based

on Nicol et al,, 2005).

Fig. 3. Map illustrating the location of the 3D seismic survey and wells used in this study.

Fig. 4. Series of uninterpreted seismic profiles and geo-seismic sections illustrating the key
characteristics of intra-basement reflections (locations of sections shown in Fig. 5C; see
Appendix A for enlarged uninterpreted and interpreted versions of the sections). (A) Seismic
and geo-seismic section oriented orthogonal to the Type 1 reflections in the northern part of
the survey area. Note the linkage between the Type 1 reflections and the overlying normal
fault. (B) Seismic and geo-seismic section oriented orthogonal to Type 2 and Type 3
reflections in the centre of the survey area. (C) Close-up of the Type 1 reflections. Note the
high-amplitude reflections at the boundaries and the chaotic seismic facies towards the inner
zone. (D) Close-up of a Type 2 reflection, which typically offset Top Basement and are often
associated with an anticline. (E) Close-up of a Type 3 reflection. Note the flat-lying reflections

above Top Basement.

Fig. 5. Seismic attributes and interpreted intra-basement reflections in the shallow crystalline
basement. (A) Root Mean Square (RMS) Amplitude and (B) Dip [llumination on time slice
2871 ms (see Fig. 2A). Note the high-amplitude zone corresponding to the Type 1 reflections
in (A). (C) Interpreted intra-basement reflections based on the maps of RMS Amplitude (A)
and Dip Illumination (B). The inset rose diagram highlights the orientation of the intra-

basement reflections; note that the strike varies from NNW-SSE to NNE-SSW.
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Fig. 6. (A) TWT-structure map of Top Basement. (B) Line drawing of the structures at Top
Basement level based on the Top Basement map in (A). (C) Map showing Top Basement
structures (in black) together with the intra-basement reflections interpreted on time-slice
2871 ms (in grey). Note the plan-view correlation between Top Basement reverse structures

and intra-basement reflections.

Fig. 7. TWT-structure maps and line drawing illustrating the structural style at different levels
of the sedimentary cover (see Fig. 2A). (A) TWT-structure map of Top Tikorangi Formation
and (B) line drawing of the interpreted structures. Grey lines delineate the underlying Top
Basement structures. Note the plan-view correlation between Top Basement reverse
structures and later rift-related faults. (C) TWT-structure map of the Intra-Giant Foresets
Formation Horizon and (D) line drawing of the interpreted structures. The mean fault strike
highlighted by the inset rose diagram is NNE-SSW. (E) Map showing the normal faults on
Intra-Giant Foresets Formation Horizon (coloured segments) together with the underlying
intra-basement structures (in grey) in the northern part of the survey (location shown in Fig.
7D). Note the plan-view correlation between the Type 1 structure and the overlying normal

faults.

Fig. 8. TWT-thickness maps of the stratigraphic intervals corresponding to the rifting events
of the Taranaki Basin (see Fig. 2A). (A) Top Basement - Top Farewell Formation interval
(Paleocene). The red box indicates a local thickness decrease corresponding to the edge of the
underlying Type 1 structure. (B) Top Upper Manganui Formation - Intra-Giant Foresets
Formation Horizon interval (pre-Pliocene rifting). (C) Intra-Giant Foresets Formation Horizon
- Top Giant Foresets Formation interval (Pliocene rifting). Note that across-fault thickness

variations are only observed in (C). The location of the maps is shown in Fig. 7D.
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Fig. 9. Quantitative analysis of faults F1 and F2. (A) Throw distribution on faults F1 and F2.
Each fault surface displays a single throw maximum, with broadly elliptical contours. Dashed
lines indicate the intersection of the fault planes with the seismic section and the map shown
in Figs. 9B and E, respectively. The grey surface is Top Basement. (B) Seismic section oriented
orthogonal to F1 and F2 (location shown in Fig. 9E). Note the straight, steep (60°) fault
surfaces and the presence of a Type 2 structure under the cover faults. (C) T-z and (D)
expansion index plots taken from the seismic section in (B). Note the broadly, symmetrical
throw profiles. (E) Simplified map based on Top Tikorangi Formation showing the location of

F1, F2 and the other normal faults disconnected from intra-basement structures (in red).

Fig. 10. Quantitative analysis of F3, F4 and F5. (A) Throw distribution on F3-F5. Each fault
displays a single throw maximum, and negative throw values near Top Basement. Dashed
lines indicate the intersection of the fault planes with the seismic section and the map shown
in Figs. 10B and E, respectively. The grey surface is Top Basement. (B) Seismic section
oriented orthogonal to F3 (location shown in Fig. 10E). Note the physical linkage between F3
and the underlying Type 2 structure. (C) T-z and (D) expansion index plots taken from the
seismic section in (B). Note the rapid transition from negative to positive throw values near
Top Basement. (E) Simplified map based on Top Tikorangi Formation showing the location of
F3, F5, and the other NW-SE-striking normal faults physically connected to Type 2 structures

(in red).

Fig. 11. Quantitative analysis of F6a and Féb. (A) Throw distribution on F6a and b. The fault
segments are physically connected along a small portion of their length, and display two
distinct throw maxima. Dashed lines indicate the intersection of the fault planes with the

seismic section and the map shown in Figs. 11B and E, respectively. The grey surface is Top
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Basement. (B) Seismic section oriented orthogonal to F6a and b (location shown in Fig. 11E).
Note the physical linkage between F6a and the underlying Type 2 structure. (C) T-z and (D)
expansion index plots taken from the seismic section in (B). (E) Simplified map based on Top
Tikorangi Formation showing the location of F6a, b and the other NE-SW to NNE-SSW-striking

normal faults physically connected to Type 2 structures (in red).

Fig. 12. Quantitative analysis of F7. (A) Throw distribution on F7. The fault plane splays
upwards into three, en-echelon, left-stepping segments, having discrete throw maxima (F7a,
F7b and F7c). A fourth, elongated throw maximum is present on the lower part of the fault.
Dashed lines indicate intersection of the fault planes with the seismic section and the maps
shown in Figs. 12B, E and F. (B) Seismic section oriented orthogonal to F7 (location shown in
Fig. 12E). Note the sigmoidal cross-sectional geometry of the fault surface, and physical
connection with the underlying Type 1 structure. (C) T-z and (D) expansion index plots taken
from the seismic section in (B). Note the B-shaped profile and the negative throw values near
Top Basement. (E) Simplified map based on Top Tikorangi Formation showing the location of
F7 and the other normal faults physically connected to the Type 1 structure (in red). (F)
Simplified map based on Intra-Giant Foresets Formation horizon. Note the presence of three

distinct fault segments at this stratigraphic level (F7a, b and c; in red).

Fig. 13. Synoptic figure illustrating the structural evolution of the study area. Block diagrams
have been cut along horizontal sections to highlight the possible geometric relationships
between structures at different levels. (A)-(B) Note the selective reactivation and upward
propagation of intra-basement structures during late Miocene inversion. (C) Pre-existing
structures offered sites for the nucleation of new normal faults and locally perturb the

regional stress field during Plio-Pleistocene rifting. Note that type, strike and reactivation
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1050 history of intra-basement structures determine whether, and to which extent, they influence
1051  overlying normal faults, producing different geometric and kinematic relationships (cf. case 1,
1052 2 and 3).

1053
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