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ABSTRACT 15 

Pre-existing intra-basement structures can have a strong influence on the evolution of rift 16 

basins. Although 3D geometric relationships provide some insight into how intra-basement 17 

structures determine the broad geometry and spatial development (e.g. strike and dip) of rift-18 

related faults, little is known about the impact of the former on the detailed kinematics (i.e. 19 

nucleation and tip propagation) of the latter. Understanding the kinematic as well as 20 

geometric relationship between intra-basement structures and rift-related fault networks is 21 

important, with the extension direction in many rifted provinces typically thought to lie 22 

normal to fault strike. We here investigate this problem using a borehole-constrained, 3D 23 

seismic reflection dataset from the Taranaki Basin, offshore New Zealand. Excellent imaging 24 

of intra-basement structures and a relatively weakly-deformed, stratigraphically simple 25 
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sedimentary cover allow us to: (i) identify a range of interaction styles between intra-26 

basement structures and overlying, Plio-Pleistocene rift-related normal faults; and (ii) 27 

examine the cover fault kinematics associated with each interaction style. Some of the normal 28 

faults parallel and are physically connected to intra-basement reflections, which are 29 

interpreted as mylonitic thrusts related to Mesozoic subduction and basement terrane 30 

accretion. These geometric relationships indicate pre-existing, intra-basement fabrics locally 31 

controlled the position and attitude of Plio-Pleistocene rift-related normal faults. However, 32 

through detailed 3D kinematic analysis of selected normal faults, we show that: (i) normal 33 

faults only nucleated above intra-basement structures that experienced Late Miocene 34 

compressional reactivation; (ii) thrusts and folds resulting from Late Miocene reactivation 35 

and upward propagation of intra-basement structures acted as nucleation sites for Plio-36 

Pleistocene rift-related faults; and (iii) despite playing an important role during rifting, intra-37 

basement structures do not appear to have been significantly extensionally reactivated. Our 38 

analysis shows how km-wide, intra-basement structures can have a temporally and spatially 39 

far-reaching influence over the nucleation and development of newly formed normal faults, 40 

principally due to local perturbation of the regional stress field. Because of this, simply 41 

inverting fault strike for causal extension direction may be incorrect, especially in provinces 42 

where pre-existing, intra-basement structures occur. We also show that a detailed kinematic 43 

analysis is key to deciphering the temporal as well as simply spatial or geometric relationship 44 

between structures developed at multiple structural levels.   45 
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1. Introduction 46 

Crystalline basement typically hosts a variety of mechanical anisotropies consisting of 47 

structures at different scales; e.g. metamorphic mineral fabrics, brittle faults, fracture 48 

networks, ductile shear zones, and major tectonic boundaries. Pre-existing structures may 49 

control the strike and distribution of normal faults developed during rifting, resulting in the 50 

formation of non-colinear fault networks (e.g. Korme et al., 2004; Morley et al., 2004; Reeve et 51 

al., 2015). However, non-colinear fault systems may also form in response to multiphase 52 

rifting (Duffy et al., 2015), the breaching of relay zones bound by otherwise co-linear faults 53 

(e.g. Trudgill, 2002), the development of release faults (e.g. Destro, 1995), or local stress 54 

perturbation around major faults (Maerten et al., 2002). Understanding the causal mechanism 55 

underlying the formation of non-colinear faults is crucial when attempting to infer and 56 

reconstruct the stresses and overall tectonic history of an area (cf. Peace et al., 2017). Intra-57 

basement structures can affect large-scale rift development, as recognized in the North Sea 58 

(e.g. Bartholomew et al., 1993; Doré et al., 1997; Fossen et al., 2016; Phillips et al., 2018), the 59 

Barents Sea (e.g. Ritzmann and Faleide, 2007; Gernigon et al., 2014), the East African Rift (e.g. 60 

Ring, 1994; Modisi et al., 2000), and the Taranaki Basin (Muir et al., 2000). Offshore-onshore 61 

correlations, combined with aeromagnetic data, suggest pre-existing basement structures can 62 

control the position of major basin-bounding fault systems, shaping the overall rift 63 

physiography (e.g. Muir et al., 2000; Gernigon et al., 2014; Fazlikhani et al., 2017). However, at 64 

the scale of individual fault segments, the influence of intra-basement structures appears 65 

uncertain, suggesting structural inheritance may be scale-dependent (Kirkpatrick et al., 2013; 66 

Reeve et al., 2013; Phillips et al., 2016). 67 

3D seismic reflection data allow the three-dimensional geometric relationships between 68 

intra-basement structures and normal faults to be resolved (e.g. Reeve et al., 2013; Bird et al., 69 

2014; Siuda et al., in review). Analysis of 3D seismic data from the North Sea show that pre-70 
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existing structures can be either reactivated or cross-cut by later normal faults, with dip and 71 

obliquity with respect to the new extension direction thought to be the key factors controlling 72 

their selective reactivation (Phillips et al., 2016; Claringbould et al., 2017; Fazlikhani et al., 73 

2017). However, intra-basement structures may exert their influence through other processes 74 

rather than simple reactivation, for example by acting as nucleation sites for later-formed 75 

normal faults, or by perturbing the local stress field such that faults have strikes oblique to the 76 

prevailing extension direction (Phillips et al., 2016). New normal faults may nucleate 77 

preferentially in the weak regions offered by pre-existing structures, even when pre-existing 78 

structures are not directly reactivated; such examples of this spatial and kinematic 79 

relationship are shown in the physical models of Faccenna et al. (1995), Henza et al. (2010), 80 

Henza et al. (2011), and the numerical models of Deng et al., (2017). Furthermore, local stress 81 

perturbations near pre-existing structures are supported by inversion of earthquake focal 82 

mechanisms (Morley, 2010), analysis of borehole break-out data  (King et al., 2010), and the 83 

outputs of numerical models (Homberg et al., 1997; Maerten et al., 1999; Maerten et al., 84 

2002). Recently, Duffy et al. (2015) highlighted the potential of three-dimensional, 3D seismic 85 

reflection-based kinematic analysis for reconstructing the evolution of complex fault 86 

interaction styles and genetic relationships. However, to the best of our knowledge, this 87 

powerful approach has not yet been applied to the interactions between intra-basement 88 

structures and overlying, rift-related normal fault networks. 89 

In this study we: i) identify and characterise a range of three-dimensional geometric 90 

relationships between intra-basement structures and overlying normal faults; ii) use growth 91 

strata and fault displacement distribution mapping to perform a kinematic analysis of the 92 

normal faults; and iii) based on their geometric and kinematic relationships, interpret how 93 

intra-basement structures influenced the development of the rift-related normal faults. To do 94 

this we use 3D seismic reflection and well data from the western margin of the Taranaki 95 
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Basin, offshore New Zealand (Fig. 1). The shallow depth of the crystalline basement (c. 3.5 96 

km) results in excellent seismic imaging of the intra-basement structures; this, combined with 97 

a stratigraphically simple, relatively low-strain setting, makes this an ideal location to 98 

examine the early-stage interactions between intra-basement structures and overlying, rift-99 

related normal faults. We first use qualitative, plan-view- and cross-section-based 100 

observations to show that, to the first-order, intra-basement structures controlled the growth 101 

of the later, rift-related normal fault network (Bird et al., 2015; Peace et al., 2017). We then 102 

conduct a quantitative, three-dimensional analysis of throw distributions on individual fault 103 

surfaces to understand how each interaction style evolved (cf. Duffy et al., 2015). Our 3D 104 

kinematic analysis shows how local perturbation of the regional stress field and preferential 105 

nucleation from pre-existing structures can strongly influence the development of overlying 106 

rift-related normal fault network, resulting in characteristic spatial and temporal 107 

relationships between structures at different levels. 108 

 109 

2. Geological framework 110 

The Taranaki Basin is situated mostly offshore the west coast of New Zealand’s North Island. 111 

The basin is defined by two major, approximately N-trending fault systems: the Cape Egmont 112 

and Taranaki faults (Fig. 1). Our study area sits mostly on the footwall of the Cape Egmont 113 

Fault (Fig. 2B). 114 

 115 

2.1. Basement geology 116 

The basement structural grain of the Taranaki Basin developed during Mesozoic subduction 117 

and terrane accretion along the SW-Pacific margin of Gondwana (e.g. Bradshaw, 1989; Fig. 118 

2A). By the Early Cretaceous, subduction had resulted in the juxtaposition of three 119 
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approximately N-trending basement terranes (Bradshaw, 1993; Kimbrough et al., 1993; Fig. 120 

1): (i) the Western Province, consisting of a Gondwana fragment made up of mainly meta-121 

sedimentary rocks (Bradshaw et al., 1997; Mortimer et al., 1997), (ii) the Eastern Province, 122 

comprising arc volcanic and arc-derived meta-sedimentary sequences (e.g. Bradshaw, 1989) 123 

and (iii) the Median Tectonic Zone, a narrow belt of plutonic rocks, which separates the 124 

Western and Eastern Provinces (e.g. Bradshaw, 1993; Mortimer et al., 1999). This basement 125 

fabric influenced the subsequent structural evolution of the sedimentary cover during the 126 

Cenozoic, with the Cape Egmont and Taranaki Faults exploiting the boundaries between 127 

basement terranes (Muir et al., 2000; Fig. 1). 128 

 129 

2.2. Structural Evolution of the Southern Taranaki Basin 130 

The Taranaki Basin developed in response to Late Cretaceous-Early Eocene and Plio-131 

Pleistocene rifting (Fig. 2A). During the Eocene-Miocene, regional extension was punctuated 132 

by a phase of tectonic quiescence and basin inversion. The Late Cretaceous-Early Eocene rift 133 

event is related to the break-up of Gondwana, and was associated with thermally induced 134 

uplift, resulting in the development of a major regional unconformity at the top of the 135 

crystalline basement (Moore et al., 1986; Strogen et al., 2017). Normal faulting initiated in the 136 

Mid-Cretaceous and continued until the Paleocene, with the cessation of faulting being 137 

diachronous across the Taranaki Basin (Strogen et al., 2017). This rift event formed a series of 138 

NE-trending half-graben (e.g. Maui Sub-basin, Pakawau Sub-basin, Kiwa Sub-basin) that filled 139 

with up to 1800 m of fluvial-deltaic-to-shallow marine sediments sourced from the adjacent 140 

fault scarps (North Cape and Farewell formations; King and Thrasher, 1996; Fohrmann et al., 141 

2012; Reilly et al., 2015; Strogen et al., 2017). Once rifting ceased, post-rift thermal 142 

subsidence resulted in an overall deepening of the basin and the deposition of mudstone-143 
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dominated, marine sediments (Turi Formation; King and Thrasher, 1996; Strogen, 2011; 144 

Strogen et al., 2014). 145 

In the Mid-Eocene, in response to the onset of subduction of the Pacific Plate along the 146 

Hikurangi Trough, compression initiated across much of the Taranaki Basin (e.g. Rait et al., 147 

1991; Stagpoole and Nicol, 2008). During the Miocene, compression spread westwards from 148 

the eastern boundary of the Taranaki Basin, with inversion of the Cape Egmont Fault 149 

occurring in the late Miocene (Nicol et al., 2005). Shortening was associated with the 150 

formation of NE-to-NNW-trending reverse faults and folds, which occasionally exploited pre-151 

existing normal faults and basement fabric (Reilly et al., 2015). In the Southern Taranaki 152 

Basin, compression was rapidly followed by back-arc extension at about 4 Ma, with this 153 

tectonic regime continuing to the present day (e.g. Giba et al., 2010; Mouslopoulou et al., 154 

2012). The dominant strike of the Plio-Pleistocene rift-related normal faults is NE-SW, with 155 

NNE-SSW-striking normal faults prevailing west of the Cape Egmont Fault (Reilly et al., 2015). 156 

This fault pattern is consistent with the current NW-SE regional extension direction indicated 157 

by borehole breakouts and focal mechanisms (Giba et al., 2010). During Plio-Pleistocene 158 

rifting, reactivation and upward propagation of pre-existing, predominantly Late Cretaceous-159 

to-Paleocene faults resulted in the formation of relatively small (in terms of displacement), N-160 

S-striking segments (Giba et al., 2012). The magnitude of Plio-Pleistocene regional extension 161 

is relatively small (stretching factor β=1.014), being largely focussed on the Cape Egmont 162 

Fault (Reilly et al., 2015). 163 

 164 

3. Dataset 165 

We use a 1500 km2, pre-stack time-migrated, 3D seismic reflection dataset and seven wells 166 

(Fig. 3), the latter containing well-log, formation top and biostratigraphic data. Two wells 167 
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(Maui-2 and Rahi-1) penetrate the uppermost part of the crystalline basement. The 3D survey 168 

has a record length of 5500 ms two-way time (TWT), and a vertical sampling interval of 3 ms, 169 

with an inline (N-trending) and crossline (E-trending) spacing of 25 m and 12.5 m, 170 

respectively. Seismic data are presented with SEG normal polarity, such that trough events 171 

(blue reflections) correspond to a downward decrease in acoustic impedance and peak events 172 

(red reflections) correspond to a downward increase in acoustic impedance. The dominant 173 

frequency decreases downwards from c. 50 Hz in the Pliocene interval (c. 750 ms TWT) to c. 174 

35 Hz in the shallow crystalline basement (c. 2700 ms TWT); taking velocity data for the 175 

sedimentary cover from wells, and by assuming a velocity of 5500 ms-1 for the crystalline 176 

basement based on its lithologic composition (i.e. metasedimentary rock; cf. Muir et al., 2000), 177 

we estimate a downward decrease of the vertical seismic resolution from c. 10 m to 40 m.  178 

 179 

4. Methods 180 

To map the plan-view distribution of the intra-basement structures we used a seismic 181 

attribute sensitive to amplitude contrast (i.e. Root Mean Square or ‘RMS’ amplitude attribute), 182 

and one revealing the normalized dip of the reflections (i.e. Dip Illumination). We mapped the 183 

Top Basement and eight key seismic horizons across the survey area, tying them to wells 184 

using checkshots and synthetic seismograms (Fig. 2A). To constrain the onset of rift-related 185 

faulting, we created isochron (thickness) maps between the Top Basement and the Top 186 

Farewell Formation, the Top Upper Manganui and Intra-Giant Foresets formations, and the 187 

Intra-Giant Foresets and the Top Giant Foresets formations (Fig. 2A). We compared the 188 

spatial distribution of intra-basement structures and normal faults at different stratigraphic 189 

levels, and evaluated their connectivity in cross-section, thereby revealing their three-190 

dimensional geometric relationships.  191 
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To determine how each geometric relationship developed, we carefully reconstructed the 3D 192 

geometry of, and throw distribution on, key faults. We infer regions of high-displacement 193 

represent fault nucleation points, whereas local throw minima represent areas of fault linkage 194 

(Walsh and Watterson, 1987; Mansfield and Cartwright, 1996; Walsh et al., 2003; Giba et al., 195 

2012). Throw distribution on the fault surface can thus be used to determine if the fault grew 196 

as a single, isolated structure, or whether it evolved through the coalescence of initially 197 

isolated segments. We mapped faults on seismic sections taken orthogonal to fault strike at 198 

intervals of 62.5 m, paying particular attention to tip line position and degree of linkage with 199 

intra-basement structures. We determined the footwall and hanging wall cut-offs for 8-15 200 

horizons to constrain throw variations across the fault surface. In order to remove the effect 201 

of fault-related folding, and to thus account for the continuous (ductile) component of strain, 202 

we projected the regional trend of horizon dip away from the fault-related folds (Appendix B). 203 

We displayed throw values as throw-depth (T-z) plots, where the throw is plotted against the 204 

depth to the midpoint between hanging-wall and footwall cut-offs (e.g. Muraoka and Kamata, 205 

1983; Cartwright et al., 1995; Hongxing and Anderson, 2007; Baudon and Cartwright, 2008a, 206 

b and c). From these data we compiled fault strike-projections (e.g. Walsh and Watterson, 207 

1991; Duffy et al., 2015). Finally, we converted our TWT kinematic analysis to the depth 208 

domain using a simple best-fit second-order polynomial relationship derived from the time-209 

depth curves of two nearby wells (Appendix C). The measurement error imposed by well-210 

derived velocity variations increases downwards from 10 m in the Pliocene interval to 190 m 211 

immediately above Top Basement. Given the simple velocity structure of the sedimentary 212 

cover, this error may influence the absolute throw values presented, but will not significantly 213 

influence the overall throw pattern on, or kinematic interpretation of, individual segments (cf. 214 

Baudon and Cartwright, 2008c; Conneally et al., 2014; Duffy et al., 2015). In addition, because 215 

of: (i) the stratigraphically simple, sub-horizontally layered nature of the host rock; and (ii) 216 
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the relatively low throw values, meaning footwall and hangingwall strata are not buried to 217 

significantly different depths, we argue that primary throw distribution will not be 218 

substantially altered by ongoing and/or subsequent compaction or differential compaction 219 

(cf. Mansfield and Cartwright, 1996; Taylor et al., 2008). 220 

 221 

5. Interpretation of intra-basement structures 222 

5.1. Types of intra-basement reflections 223 

Intra-basement reflections are well-imaged within the upper ~1000 ms TWT of the basement 224 

rocks (c. 5500 m below Top Basement). The crystalline basement is generally acoustically 225 

transparent, with sub-horizontal reflections in the upper part (Figs. 4D and E). The most 226 

prominent features in the crystalline basement are medium-to-high amplitude, continuous to 227 

semi-continuous, gently west-dipping (15° to 30°) reflections defined by a peak-trough-peak 228 

wave train (Fig. 4). Based on their amplitude, spacing, and vertical and lateral continuity, 229 

these reflections can be subdivided into three types (Figs. 4C, D and E): 230 

 Type 1 consists of a c. 2.5 km-wide zone of shallowly dipping (15°-20°) reflections (Fig. 231 

4A). The seismic character changes laterally within this package, from high-amplitude, 232 

continuous reflections at the boundaries, to chaotic, discontinuous, folded reflections 233 

towards the centre. Type 1 reflections typically offset Top Basement (Fig. 4C). 234 

 Type 2 is represented by narrow (c. <100 m-wide), isolated, high-amplitude reflections 235 

that dip at 20°-30° and have a lateral spacing of 1-2 km (Fig. 4B). Reflections are vertically 236 

continuous from the Top Basement to the survey record length (5500 ms). Type 2 237 

reflections typically offset Top Basement (Fig. 4D). 238 
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 Type 3 has similar characteristics to Type 2, but the reflections are weaker and vertically 239 

segmented (<200 m high; Fig. 4E). Type 3 reflections are truncated by the Top Basement 240 

Unconformity (Fig. 4E). 241 

 242 

5.2. Plan-view distribution 243 

Type 1 reflections are only observed in a broadly N-trending, 5 km-long, 2.5 km-wide zone in 244 

the northern part of the survey (Fig. 5A). The eastern and western boundaries of this zone are 245 

relatively sharp. In contrast, the southern boundary is gradational, with several Type 2 246 

reflections splaying off from the package of Type 1 reflections (Figs. 5B and C). Type 2 and 247 

Type 3 reflections are typically 1-15 km long, curvilinear (Fig. 5C), and trend NNW to NNE 248 

(see rose diagram in Fig. 5C). Type 2 reflections are concentrated in the central part of the 249 

survey (Fig. 5C) and are laterally continuous (Fig. 5B). In contrast, Type 3 reflections occur in 250 

the eastern and western sectors (Fig. 5C), and are segmented along strike (<3 km long 251 

segments; Fig. 5B). Type 2 and Type 3 reflections are often interconnected, displaying an 252 

anastomosing geometry (Fig. 5C). 253 

 254 

5.3. Top Basement Structures 255 

The Top Basement is dominated by reverse faults and folds in the central and south-western 256 

parts of the survey, with minimal normal faulting in the east (Fig. 6B). Reverse structures are 257 

curvilinear in map-view, and are up to 15 km long, strike NNW-SSE to NNE-SSW (see upper 258 

rose diagram in Fig. 6C), and dip westwards. Of the 22 reverse displacement structures (i.e. 259 

thrusts and folds), 16 correlate with the intra-basement reflections on time-slice 2871 ms for 260 

at least some of their strike length, with 6 thrusts being physically connected to intra-261 

basement reflections for their total strike length (Fig. 6C). In particular, the eastern boundary 262 
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of the Type 1 reflections zone, and the entirety of a Type 2 reflection connected to it at its 263 

southeastern corner, are expressed by prominent anticlines and reverse faults at Top 264 

Basement level (Figs. 4C, D and 6C). By contrast, the Type 3 reflections in the eastern part of 265 

the survey, and the closely spaced Type 2 reflections in the central part of the survey, are 266 

truncated by the Top Basement Unconformity (Fig. 6C), with flat-lying reflections overlying 267 

them in the sedimentary cover (Fig. 4E). Normal faults at Top Basement level are linear and 268 

strike NE-SW to NNE-SSW (see lower rose diagram in Fig. 6C), with a maximum length of 7 269 

km (Fig. 6B), and displacements of 25-65 ms TWT (50-125 m). They generally show no direct 270 

spatial correlation with the intra-basement reflections on time-slice 2871 ms (Fig. 6C) and 271 

three of them terminate along-strike against reverse structures (Fig. 6B). In cross-section, 272 

reverse faults have a vertical extent of 100-200 ms TWT (150-350 m), with a maximum throw 273 

of 30 ms TWT (60 m) at Top Basement (Figs. 4C and D). Reverse faults are typically overlain 274 

by west-facing monoclines (Fig. 4C) and anticlines (Fig. 4D), and are physically connected to 275 

Type 1 and Type 2 reflections (Figs. 4C and D). In some instances, reverse faults at Top 276 

Basement level may become normal faults at shallower levels (Figs. 4A and B). 277 

 278 

5.4. Origin of intra-basement reflections 279 

Prominent intra-basement reflections are typically interpreted as the seismic expression of 280 

mylonites within ductile shear zones (e.g. Brewer et al., 1983; Wang et al., 1989; Reeve et al., 281 

2013; Phillips et al., 2016). In particular, the trough-peak-trough wavetrain of intra-basement 282 

reflections (Fig. 4) are interpreted as the result of the interference between stacks of 50-100 283 

m thick layers of mylonitic and relatively undeformed rock (Fig. 4) (e.g. Fountain et al., 1984; 284 

Hurich et al., 1985; Reeve et al., 2013; Phillips et al., 2016). In addition, the anastomosing 285 

geometry of the intra-basement reflections (Fig. 5) strongly resembles the typical pattern of 286 



13 
 

shear zones (e.g. Arbaret and Burg 2003; Carreras et al., 2010; Rennie et al., 2013). We 287 

therefore interpret the thick package of reflections (i.e. Type 1; Fig. 4C) as the seismic 288 

expression of a stack of mylonitic and intervening, relatively undeformed protolith layers (cf. 289 

Phillips et al., 2016). The chaotic seismic character in the centre of the Type 1 structure (Fig. 290 

4C) could be due to lateral variations in composition, different amounts of strain, or complex 291 

internal geometries (Klemperer, 1987; Brocher and Christensen, 1990; McDonough and 292 

Fountain, 1993; Lenhart et al., in review). An alternative interpretation is that the 293 

discontinuous, complex reflections may be related to destructive interference between 294 

adjacent mylonitic bands (Phillips et al., 2016). The low dip (20°-30°) of the isolated 295 

reflections (i.e. Type 2 and Type 3; Figs. 4B, D and E) suggests they may have formed as 296 

mylonite-bearing thrusts. The higher amplitude of Type 2 (Fig. 4D) compared to Type 3 (Fig. 297 

4E) structures may reflect an increase of the acoustic impedance contrast due to the 298 

development of preferred crystallographic orientations and mineralogical segregation during 299 

mylonitization (e.g. Robin, 1979). 300 

The erosive truncation of intra-basement structures by the Top Basement Unconformity (Fig. 301 

4E) indicate they developed before the onset of sedimentation, and thus before the Paleocene 302 

(Fig. 2). Furthermore, the shallow dip of intra-basement structures suggests development 303 

during a phase of horizontal shortening, making Mesozoic subduction and basement terrane 304 

accretion the most likely event responsible for their origin (e.g. Muir et al., 2000). This 305 

hypothesis is also supported by the strike of the intra-basement structures, which is broadly 306 

parallel to the Mesozoic basement terrane boundaries (cf. Figs. 1 and 5C). The successive 307 

kinematic history of the intra-basement structures was reconstructed based on their 308 

expression on Top Basement (Fig. 6) due to the lack of pre-kinematic markers within the 309 

basement rocks (i.e. reflective, pre-kinematic layering). The plan-view correlation and 310 

physical connection between several intra-basement structures and the Top Basement 311 
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thrusts/folds (Fig. 6C) suggest compressional reactivation and upward propagation of the 312 

former (e.g. Mitra, 1990; Erslev and Mayborn, 1997; Brandes and Tanner, 2014), with 313 

vertically and laterally continuous intra-basement structures (i.e. Type 1 and 2) being 314 

preferentially reactivated. We attribute this compressional reactivation to the late Miocene 315 

inversion (e.g. Reilly et al., 2015), as this is the only compressional event that affected the 316 

Taranaki Basin during the Cenozoic. 317 

 318 

6. Structures within the sedimentary cover 319 

6.1. Structural style 320 

The Top Tikorangi Horizon illustrates the structural style at a distance of 350-450 ms TWT 321 

(650-850 m) above Top Basement (Fig. 2A). Here, deformation is characterised by several 322 

(n=45), low displacement (<50 m) normal faults, concentrated in a N-trending zone in the 323 

central part of the survey area (Figs. 7A and B). Most of the normal faults strike from NNE-324 

SSW to NE-SW and dip to the west, although some strike NW-SE to N-S (Fig. 7B). The fault 325 

segments are generally 5 km long with a lateral spacing of 1-2 km in the central survey area, 326 

increasing to > 4 km in the eastern and western areas (Fig. 7B).  327 

The Intra-Giant Foresets Formation Horizon illustrates the fault pattern at a distance of 1850-328 

1950 ms TWT (2000-2100 m) above Top Basement (Fig. 2A). In the central-eastern part, the 329 

horizon is cross-cut by several (n=23), low-displacement (<30 m), closely-spaced (<3 km) 330 

normal faults (Figs. 7C and D). The normal faults strike from NNE-SSW to NE-SW, except for 331 

three N-S-striking fault segments in the north of the survey (F7a, b and c; Figs. 7D and E). 332 

Most of the normal faults dip to the west, being >5 km long and linear in map-view (Figs. 7C 333 

and D); only one fault is curvilinear, curving to a N-S strike in the central portion (see red box 334 

in Fig. 7D). 335 
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6.2. Timing of normal faulting 336 

Having established the geometry of the normal fault network, we use thickness and seismic-337 

stratigraphic patterns to deduce its temporal evolution. In particular, we describe and 338 

interpret the isochron maps of the stratigraphic intervals corresponding to the main rifting 339 

events shaping the southern Taranaki Basin (i.e. Paleocene and Pliocene intervals). 340 

The Paleocene succession (65-55 Ma) comprises the Farewell Formation, which 341 

uncomformably overlies the crystalline basement (Fig. 2A). The isochron for the Top 342 

Basement - Top Farewell Formation interval illustrates an overall northward thickening from 343 

40 to 170 ms TWT (c. 250 m; Fig. 8A), with localised thinning (<30 ms TWT, c. 50 m) above 344 

intra-basement structures. For example, we clearly observe thinning of this interval 345 

corresponding to the eastern boundary of the Type 1 structure (see red box in Fig. 8A). The 346 

absence of thickening into the hanging-wall of normal faults (Fig. 8A), and the lack of wedge-347 

shaped seismic geometries (Fig. 2A) in the Top Basement - Top Farewell Formation interval 348 

(65-55 Ma), together suggest the study area was not affected by Late Cretaceous-Early Eocene 349 

rifting. This interpretation is supported by the development of conformable, flat-lying, 350 

onlapping reflections on the Top Basement (Fig. 2A), suggesting simple infill of inherited relief 351 

during the Paleocene. 352 

The overlying Pliocene succession (5.3-2.5 Ma) comprises northward prograding clinothems 353 

of the Giant Foresets Formation (e.g. Hansen and Kamp, 2002, 2004; Chenrai and Huuse, 354 

2017; Fig. 2A). In our study area, this succession can be split into two parts based on a vertical 355 

change in seismic facies defined by the Intra-Giant Foresets Formation horizon (Fig. 2A). The 356 

interval between the Top Upper Manganui Formation and the Intra-Giant Foresets Formation 357 

horizons (5.3-3 Ma) thickens northwards from 170 to 270 ms TWT (c. 100 m; Fig. 8B). Within 358 

this interval, minimal thickness variations have been observed across the normal faults. The 359 

interval between the Intra-Giant Foresets Formation horizon and the Top Giant Foresets 360 
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Formation (3-2.5 Ma) locally thickens (20 ms TWT, c. 20 m) across the NNE-SSW-striking 361 

segments (F1, F2 and F6) and the N-S striking segments (F7a-c), delineating two distinct 362 

Pliocene depocentres (Fig. 8C). These across fault thickness variations constrain the onset of 363 

faulting 3-2.5 Ma (cf. Giba et al., 2010). The rapid change in the thickness pattern between the 364 

5.3-3 Ma and 3-2.5 Ma intervals (cf. Figs. 8B and C), and the elongated shape of the 365 

depocentres (Fig. 8C) suggest the bounding normal faults relatively rapidly established their 366 

total length in <0.5 Ma. 367 

 368 

6.3. Basement structure-cover faults plan-view relationships 369 

In this section, we compare the structural trends immediately below (Fig. 5) and at Top 370 

Basement level (Fig. 6) with the normal faults defined at multiple structural levels in the 371 

overlying sedimentary cover (i.e. Top Tikorangi Formation, Fig. 7B; and Intra-Giant Foresets 372 

Formation horizon, Fig. 7D). Cover faults having different degrees of physical connectivity to 373 

intra-basement structures generally display different strikes and vertical extent. Nine normal 374 

faults appear physically connected to intra-basement structures for ≥ 90 % of their strike 375 

length (blue segments in Figs. 7B and D). These dominantly connected normal faults strike 376 

NNW-SSE to N-S (Fig. 7) and generally only extend <1500 m above Top Basement (cf. Figs. 7B 377 

and D). Within this group of normal faults, only the N-S-striking fault segments that are 378 

connected to the Type 1 structure (F7a-c) extend through the whole sedimentary succession 379 

and cross-cut the Intra-Giant Foresets Formation horizon (Fig. 7E). On the other hand, the 380 

majority of normal faults (36 out of 45) are physically disconnected or are connected to intra-381 

basement structures for ≤ 50% of their strike length (brown segments in Figs. 7B and D). 382 

These partially connected/disconnected normal faults strike NE-SW to NNE-SSW (Fig. 7D) 383 

and extend up to 3000 m above Top Basement, crosscutting almost the entire cover 384 
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succession (cf. Figs. 7B and D). Interestingly, the physical connection between intra-basement 385 

structures and normal faults only occurs where also the former strike NE-SW to NNE-SSW, 386 

resulting in limited twisting of the fault surface. 387 

 388 

7. 3D geometry and throw distribution on cover normal faults 389 

We identify four possible styles of interaction and linkage between normal faults in the 390 

sedimentary cover and intra-basement structures based on their 3D geometric relationships, 391 

and throw distribution on the former. These styles are: I) normal faults physically 392 

disconnected from intra-basement structures; II) NW-SE-striking normal faults physically 393 

connected to Type 2 structures; III) NNE-SSW-striking normal faults physically connected to 394 

Type 2 structures; and IV) N-S-striking normal faults physically connected to the Type 1 395 

structure. 396 

 397 

7.1. Normal faults physically disconnected from intra-basement structures  398 

Faults F1 and F2 are representative of the NE-SW to NNE-SSW-striking normal faults that are 399 

physically disconnected from the intra-basement structures (Fig. 9E). Both F1 and F2 are 400 

linear in map view (Fig. 9E), dip westwards (Fig. 9B), and are characterised by minor, across-401 

fault thickening of the interval between the Intra-Giant Foresets Formation and the Top Giant 402 

Foresets Formation horizons (20 ms TWT, c. 20 m; Fig. 8C). However, we note that the 403 

expansion index is c. 1 at the lateral tips of F1 and F2 (Fig. 9D), suggesting that, in these 404 

regions at least, the faults never reached the surface and remained blind. The tip line of F1 is 405 

semi-elliptical, with a flat upper tip line in the Pliocene interval, and an arcuate lower tip line 406 

in the Eocene/Miocene succession (Fig. 9A). The fault is tallest (c. 2000 m) at its centre (Fig. 407 

9A). The throw contours on the fault surface define a “bullseye pattern”, centered on a throw 408 
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maximum (c. 30 m) in Miocene strata. The throw gradient is higher towards the upper tip line 409 

than the lower or lateral tips (Fig. 9A). F2 is up to 2400 m tall, with a relatively irregular, 410 

concave downward, crescentic fault surface (Fig. 9A), which may reflect the strain shadowing 411 

(e.g. Gupta and Scholz, 2000) due to the flanking faults (F1 and F6; Fig. 7D). The lower tip line 412 

is c. 200-500 m above an underlying, N-trending Type 2 intra-basement structure (Figs. 9B 413 

and E) that, differently from several other Type 2 intra-basement structures, do not appear to 414 

have been significantly reactivated during the late Miocene inversion, as indicated by the 415 

absence of associated thrusts and folds at Top Basement level. T-z profile for F2 is broadly 416 

symmetrical, with a single throw maximum at the fault centre (c. 30 m) decreasing radially 417 

and smoothly away from this point towards the tip line (Figs. 9A and C; cf. “C-type” profiles of 418 

Muraoka and Kamata, 1983). 419 

 420 

7.2. NW-SE-striking normal faults physically connected to Type 2 structures 421 

Faults F3-5 represent examples of NW-SE-striking normal faults that are physically connected 422 

to Type 2 structures along most of their strike length (Fig. 10E). F3-5 are <1500 m tall, 423 

offsetting only the lowermost part of the sedimentary cover (Fig. 10B), and are not associated 424 

with any significant across-fault thickness variations (Figs. 8 and 10D). F3 is c. 3 km long, with 425 

its upper tip line located in Middle Miocene strata, c. 1500 m above Top Basement (Figs. 10A 426 

and B). F4 and F5 are shorter (c. 1 km) than F3, terminating upwards in Eocene strata, c. 800 427 

m above Top Basement (Fig. 10A). Each fault displays a single throw maximum (c. 30-40 m) in 428 

Eocene strata (Fig. 10A), with throw decreasing smoothly away from this point towards its tip 429 

line (Fig. 10A). The key difference between F3-5, and normal faults physically disconnected 430 

from intra-basement structures (i.e. F1-2), is the negative (i.e. reverse) throw region (up to -431 

30 m) just above Top Basement (cf. Figs. 9A and 10A). 432 
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7.3. NNE-SSW-striking normal faults physically connected to Type 2 structures 433 

Fault F6 is representative of the numerous NNE-SSW-striking normal fault physically 434 

connected to Type 2 structures (Fig. 11E). F6 consists of two vertically offset, c. 5 km long 435 

segments (F6a, lower segment; and F6b, upper segment), with a total fault height of c. 2900 m 436 

(Fig. 11A). The lower fault segment, F6a, is physically connected to the underlying Type 2 437 

structure along its central portion (for c. 50% of its total length; Fig. 11A) as well as to the 438 

overlying normal fault segment F6b (for c. 1 km; Fig. 11A). No across-fault thickness 439 

variations occur in association with F6a, although the Paleocene thins slightly from the fault 440 

footwall to its hangingwall (Fig. 8A; see also expansion index values <1 in Fig. 11D). The T-z 441 

plot for F6a reveals a throw maximum in Eocene strata (c. 60 m) and, in a similar way to F3-5, 442 

negative throw values (up to -40 m) near Top Basement (Fig. 11C). This Eocene throw 443 

maximum is elongated, approximately corresponding to the area of physical linkage between 444 

this and the underlying intra-basement structure (Fig. 11A). The upper segment F6b is 445 

associated with across-fault thickening of Pliocene strata (Fig. 8C) and a flat upper tip line 446 

(Fig. 11A). The throw maximum on F6b is located in Miocene rocks (c. 60 m), with the throw 447 

profile being slightly skewed towards the fault lower tip (Figs. 11A and C). Throw values are 448 

higher towards the zone of physical connection with the lower segment (F6a) than towards 449 

the tip line (Fig. 11A). 450 

 451 

7.4. N-S-striking normal faults physically connected to the Type 1 structure 452 

Fault F7 represents the normal faults physically connected to the Type 1 structure, which is 453 

located in the northern part of the study area (Figs. 12B and E). F7 is at least c. 5 km long and 454 

3200 m tall (Fig. 12A), with its northern extent located beyond the limit of the 3D seismic 455 

survey (Fig. 12A). F7 is physically connected to the underlying Type 1 structure for its entire 456 
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length and strikes approximately parallel to it (i.e. N165°; Fig. 12E). Similar to faults 457 

physically connected to the Type 2 structures (i.e. F3-6), F7 is characterised by negative 458 

throw values (up to -60 m) and expansion index values <1 immediately above Top Basement 459 

(Figs. 12C and D). Approximately 1300 m above Top Basement, F7 splays upwards into three, 460 

left-stepping, en-echelon segments (F7a-c; Fig. 12A), which extend to the Intra-Giant Foresets 461 

Formation horizon (Fig. 12F). However, at this structural level, segments F7a-c strike N180°, 462 

oblique to and defining a 15° clockwise rotation from the lowermost part of the fault (cf. Figs. 463 

12E and F), resulting in twisting of the fault surface. Furthermore, the upper segments dip 464 

more gently than the lower part of the fault, resulting in a broadly sigmoidal cross-sectional 465 

geometry (Fig. 12B). The T-z plot reveals a B-shaped throw profile, with two throw maxima 466 

(c. 60-80 m) in Eocene and Miocene strata (Fig. 12C). On the fault surface, the lower throw 467 

maximum extends laterally for almost the entire fault length, whereas we observe three 468 

discrete throw maxima in the Miocene succession, corresponding to the individual segments 469 

(F7a-c; Fig. 12A). 470 

 471 

8. Interpretation and Discussion 472 

8.1. Growth History of Normal Faults  473 

The cover normal faults physically disconnected from the intra-basement structures (e.g. F1 474 

and F2; Fig. 9) show a more regular throw distribution than those are physically connected 475 

(e.g. F3-7; Figs. 10, 11, 12). The former display a single throw maximum in the Miocene 476 

sedimentary sequence that decreases radially towards the tip line (Fig. 9), whereas the latter 477 

display an area of negative throw at the base of the fault plane (i.e. in Paleocene strata, 200-478 

300 m above Top Basement; Figs. 10, 11 and 12), with a positive throw maximum located in 479 

Eocene strata (400-500 m above Top Basement; Figs. 10, 11 and 12). Of the faults physically 480 
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connected to intra-basement structures, some display a single throw maximum in Eocene 481 

sedimentary sequence (Fig. 10), whereas others display an additional throw maximum in 482 

Miocene sedimentary cover, resulting in B-shaped throw profiles (Figs. 11 and 12). 483 

Importantly, the areas of negative throw at the fault base are commonly overlain by folds 484 

(Figs. 4C and D), suggesting: (i) intra-basement structures were compressionally reactivated 485 

during late Miocene inversion and propagated upwards into the sedimentary cover as blind 486 

structures, resulting in fault-propagation folds (e.g. Mitra, 1990; Erslev and Mayborn, 1997; 487 

Figs. 13 A and B); and (ii) intra-basement structures were slightly, if at all, extensionally 488 

reactivated during Plio-Pleistocene rifting, as any hypothetical normal slip must be smaller 489 

than the late Miocene reverse displacement (Fig. 13C). We consider this lack of or only very 490 

limited extensional reactivation reflects: (i) the shallow dip of intra-basement structures (20°-491 

30°, Fig. 4), making them unfavourable structures to accommodate extension (Sibson, 1985); 492 

and (ii) the relatively small amount of regional extension (low beta-factor) accommodated in 493 

the Taranaki Basin during the Plio-Pleistocene (Giba et al., 2010). 494 

Given the lack of evidence for significant extensional reactivation of the intra-basement 495 

structures, we infer the cover normal faults preserved broadly the original throw distribution, 496 

which can thus be used to infer their growth history (cf. Deng et al., 2017). Hence, we 497 

interpret that the lower (i.e. Eocene) and the upper (i.e. Miocene) throw maxima represent 498 

nucleation of normal faults in Eocene and Miocene sedimentary succession, respectively (cf. 499 

Mansfield and Cartwright, 1996; Hongxing and Anderson, 2007). Normal faults must 500 

necessarily initiate after the deposition of the stratigraphic package hosting their nucleation 501 

sites; this implies that normal faults with nucleation sites in Miocene strata formed during the 502 

Plio-Pleistocene rifting event, whereas normal faults with nucleation sites in Eocene strata 503 

reflect Cretaceous-Early Eocene or the Plio-Pleistocene extension. However, rift-related 504 

extensional activity ceased by the end of the Paleocene in the western part of the Taranaki 505 
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Basin (Strogen et al., 2017), where our study area is located (Fig. 1). Furthermore, in the 506 

Paleocene interval we see no fault-related thickness variations that could be attributed to 507 

normal faulting of this age (Fig. 8A). These stratigraphic considerations suggest the studied 508 

normal fault network formed during the Plio-Pleistocene rifting event (Fig. 13C). 509 

Furthermore, Plio-Pleistocene normal faulting is clearly indicated by distinct fault-related 510 

thickness variations (Fig. 8) and, in some cases, by flat upper tiplines associated with steep 511 

throw gradient (Fig. 9; cf. Nicol et al., 1996; Childs et al., 2003; Baudon and Cartwright, 512 

2008c). However, we cannot rule out that some normal faults first developed during 513 

Paleocene-Early Eocene rifting and were subsequently compressionaly reactivated during late 514 

Miocene inversion. The B-shaped profiles of some normal faults physically connected to intra-515 

basement structures (Figs. 11 and 12) likely reflect dip linkage between initially isolated, and 516 

occasionally still partly disconnected (Fig. 11), fault segments that nucleated in Eocene and 517 

Miocene sedimentary succession. Importantly, our stratigraphic considerations suggest the 518 

lower and the upper fault segments developed during the same rifting event (i.e. Plio-519 

Pleistocene rifting), implying they may have been kinematic coupled (Fig. 13, case 2). 520 

However, the normal faults disconnected from intra-basement structures, which nucleated in 521 

the upper part of the cover (i.e. in the Miocene sedimentary succession), grew freely by simple 522 

radial tip line propagation, suggesting only limited mechanical and kinematic constraints by 523 

deeper fault segments as well as intra-basement structures (Fig. 13C, case 1). 524 

 525 

8.2. Influence of Intra-basement Structures on Normal Faulting 526 

Having established that the studied normal fault network largely developed during a single 527 

phase of Plio-Pleistocene extension, we argue that the variability of fault strikes within this 528 

relatively small area (Fig. 7) reflects the variable influence of pre-existing mechanical 529 
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anisotropies in the underlying basement rocks, rather than a temporal or spatial change of 530 

extension direction. Given the intra-basement structures have been poorly, if at all, 531 

extensionally reactivated during the Plio-Pleistocene rifting event, their influence on the 532 

development of normal faults cannot be explained by simple extensional reactivation and 533 

upward propagation. Hence, other processes must be invoked to explain the spatial 534 

correlation and the physical connectivity between intra-basement structures and cover faults 535 

(Figs. 10, 11 and 12). The negative throw region just above the physical connection to intra-536 

basement structures (Figs. 10, 11 and 12) suggests that cover faults initiated as thrusts due to 537 

late Miocene reverse reactivation and upward propagation of intra-basement structures. The 538 

sharp transition from this negative throw region to elongated positive throw maxima (Figs. 539 

10, 11 and 12) indicates that Plio-Pleistocene normal faults nucleated at a short distance 540 

away, and possibly directly, from the upper tip of late Miocene thrusts. The localisation of new 541 

normal faults at a short distance from pre-existing structures may reflect: (i) accumulation of 542 

stress on pre-existing structures (i.e. intra-basement structures and the overlying late 543 

Miocene thrusts; Jackson and Rotevatn, 2013); (ii) and, possibly, preferential nucleation of 544 

new normal faults from pre-existing weak anisotropies (i.e. late Miocene thrusts). 545 

A variety of mechanisms can contribute to the nucleation of faults within the damage zones of 546 

thrusts and folds, rather than within intact country rock: (i) strength reduction due to 547 

pervasive fracturing (e.g. Gudmundsson, 2011; Sun et al., 2017); (ii) reduction of the effective 548 

stress due to higher permeability and pore fluid pressure (e.g. Sibson, 1995); and (iii) a range 549 

of strain weakening effects, including gouge formation, mineral transformation and 550 

microstructural re-arrangement (e.g. Bos and Spiers, 2002). The positive feedback between 551 

these processes may result in propagation and linkage of fractures, leading to the final 552 

development of through-going faults (cf. Vass et al., 2014). The nucleation of normal faults at 553 

the upper tips of deeper lying, pre-existing thrusts is also observed in both physical models of 554 
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and natural examples presented by Faccenna et al. (1995). Furthermore, these models 555 

support the possibility that new normal faults can nucleate also from pre-existing structures 556 

that do not undergo extensional reactivation. In a more general sense, nucleation of new 557 

normal faults from pre-existing structures has been widely documented during multiphase 558 

extension, with new normal faults nucleating from older normal faults (e.g. Henza et al., 2010; 559 

Duffy et al., 2015; Withjack et al., 2017). Interestingly, when normal faults emanated from 560 

pre-existing structures striking nearly perpendicularly to the Plio-Pleistocene extension 561 

direction (i.e. NW-SE; Giba et al., 2012), they propagated to the upper part of the cover 562 

through nucleation and dip linkage of kinematically related segments (Fig. 11). In contrast, 563 

when normal faults emanated from pre-existing structures striking strongly obliquely to the 564 

Plio-Pleistocene extension direction, they remained restricted to the lower part of the cover 565 

(Fig. 10). This selective upward propagation of normal faults suggests the regional stress field 566 

becomes dominant over the intra-basement structures as distance from the latter increases, 567 

allowing only for favourably oriented structures to propagate to the upper part of the cover 568 

(Fig. 13C, case 2). The dominant influence of the regional stress field in the upper part of the 569 

cover is supported also by the nucleation and growth of optimally-oriented (i.e. NE/NNE-570 

striking) normal faults in the Miocene-Pliocene sedimentary succession (Fig. 13C, case 1). 571 

 572 

8.3. Evidence for km-scale perturbation of the regional stress field 573 

We have now established the general geometric and kinematic relationships between intra-574 

basement structures and cover normal faults. However, the 3D geometry and throw 575 

distribution on the cover faults physically connected to the Type 1 intra-basement structure 576 

(i.e. the 2.5 km wide package of reflections in the northern part of the study area) suggest a 577 

more complex relationship, with additional mechanisms acting in this case. The faults 578 
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physically connected to the Type 1 structure (i.e. F7, F7a-c; Fig. 12) are the only normal faults 579 

oblique to the Plio-Pleistocene extension direction (i.e. NW-SE; Giba et al., 2012) that 580 

propagated through the entire sedimentary succession (Fig. 13C, case 3). Furthermore, 581 

differently from the other cover faults they display a clear up-sequence rotation of fault strike, 582 

with the obliquity to the Plio-Pleistocene extension direction decreasing progressively 583 

towards the upper part of the sedimentary cover (cf. Figs. 12E and F). Similar up-sequence 584 

strike rotation has been interpreted to reflect emanation and upward propagation of new 585 

normal faults from pre-existing, buried, oblique structures (Giba et al., 2012; Withjack et al., 586 

2017). However, our kinematic analysis indicates that F7, F7a-c likely initiated as isolated 587 

segments that eventually linked to form a single, somewhat sigmoidal fault plane. Hence, new 588 

normal faults geometrically and kinematically related to the intra-basement structures (i.e. 589 

F7a-c) appear to have nucleated at a significant distance from the latter (c. 1500 m), 590 

propagating to the upper part of the cover (Fig. 12). Such far-reaching influence of the intra-591 

basement structures on normal fault geometry suggests local perturbation of the overall rift-592 

related stress field extended a considerable distance up into the sedimentary cover. In 593 

contrast the oblique normal faults physically connected to Type 2 intra-basement structures 594 

have limited vertical extent (<1500 m above Top Basement; Fig. 10); this implies any 595 

hypothetical local perturbation of the stress field associated with the Type 2 structures must 596 

have been restricted to only a few hundreds metres above Top Basement. Our work suggests 597 

that the width of intra-basement structures exerts a first-order control on the magnitude of 598 

the stress field perturbation, with only km-wide intra-basement structures capable of 599 

determining stress-field perturbation affecting substantial thicknesses of the cover 600 

succession. Stress field perturbations originated by similar km-wide intra-basement 601 

structures are also suggested by Phillips et al. (2016) based on the geometric relationship 602 

with the overlying normal faults. Furthermore, Morley (2004) suggests that km-wide 603 
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perturbation of the stress field can be related to pervasive intra-basement fabrics, which are 604 

reasonably expected within a stack of mylonites inferred to define the Type 1 structure. 605 

 606 

8.4. Implications for non-colinear rift fault network  607 

We reconstructed the evolution of a non-colinear rift fault network overlying crystalline 608 

basement, highlighting different geometric and kinematic relationships between normal faults 609 

and intra-basement structures (Fig. 13). Non-colinear rift fault networks can develop both in 610 

single-phase and multiphase rifts (Reeve et al., 2015). In single-phase rifts, non-colinear fault 611 

systems are generally only locally developed, typically associated with stress pertubations 612 

adjacent to major faults (Duffy et al., 2015). However, our study suggests that the influence of 613 

intra-basement structures can lead to the development of pervasive non-colinear fault 614 

networks (Fig. 7B) during a single rifting event. In similar cases, discriminating between 615 

single-phase and multiphase fault networks is not straightforward, and discerning the 616 

influence of intra-basement structures on normal faults development is thus crucial.  617 

The best way to determine whether underlying intra-basement structures influence the 618 

development of the overlying rift-related normal fault network is by comparing the 619 

distribution and geometry or both sets of structures, and, if possible, their kinematics. 620 

However, intra-basement structures are often poorly imaged in seismic data and are rarely 621 

preserved along with the overlying normal faults in the same outcrop, implying we typically 622 

rely on only qualitative correlation between seismically imaged normal faults and basement 623 

tectonic trends observed onshore (e.g. Roberts and Holdsworth, 1999; Wilson et al., 2006). By 624 

comparing the basement-influenced fault network in our study area with the multiphase fault 625 

network described by Duffy et al. (2015), we propose some key-characteristics that could help 626 

determine the origin of a non-colinear fault network, when knowledge of the intra-basement 627 
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structures is not accessible. For example, in multiphase rifts, the most common linkage style is 628 

represented by sharp, abutting intersections, with the second stage faults having a single 629 

throw maximum near the branchline (Duffy et al., 2015). In contrast, in our study, no abutting 630 

intersections are observed, fault strike changes gradually along the fault length (Fig. 7B), and 631 

throw maxima are positioned near the fault centres (Figs. 9, 10, 11 and 12). In addition to the 632 

interaction styles and the kinematics, the vertical extent of the non-colinear fault network 633 

may also help to discriminate between different causal mechanisms. In fact, the influence of 634 

intra-basement structures appears to have a limited vertical extent, resulting in non-colinear 635 

fault network restricted to the lower part of the sedimentary cover. 636 

 637 

9. Conclusions 638 

Based on the integration of time-structure maps, cross-sections and detailed 3D kinematic 639 

analyses, we draw the following key conclusions regarding the influence of intra-basement 640 

structures on the development of rift-related normal faults in the Taranaki Basin, offshore 641 

New Zealand: 642 

1. In the study area, intra-basement structures appear to have played a key role during 643 

the Plio-Pleistocene rifting, as suggested by several normal faults mimicking the 644 

underlying intra-basement structures and physically connected to them. This resulted 645 

in non-collinear faulting, with normal faults striking obliquely to the regional trend of 646 

the rift. However, in the upper part of the cover there are also normal faults that do not 647 

seem to be affected by intra-basement structures. 648 

2. The normal faults physically connected to underlying intra-basement structures 649 

typically show a sharp transition from positive to negative throw near Top Basement. 650 

Negative throw is interpreted as the result of compressive reactivation and upward 651 
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propagation of the intra-basement structures during the late Miocene. The 652 

preservation of the original negative throw suggests that intra-basement structures 653 

were not significantly reactivated during the Plio-Pleistocene rifting. This implies that 654 

extensional reactivation is not a fundamental condition for intra-basement structures 655 

to have an influence on rift-related normal faults. 656 

3. The normal faults physically connected to intra-basement structures display throw 657 

maxima (i.e. nucleation points) at a short distance (100-200 m) from, and with 658 

approximately the same lateral extent as, the area of negative throw just above Top 659 

Basement. This throw distribution suggests that during the Plio-Pleistocene rifting 660 

normal faults nucleated from underlying late Miocene reverse structures, which 661 

resulted from preceding reactivation and upward propagation of intra-basement 662 

structures. 663 

4. Our kinematic analysis highlighted the development of normal faults striking parallel 664 

to the underlying Type 1 intra-basement structure and obliquely to the regional trend 665 

of the rift, although the nucleation points are located 1500 m above Top Basement. 666 

This far-reaching influence over normal faults suggests that the Type 1 structure 667 

perturbed the local stress field throughout the whole sedimentary cover. No similar 668 

effect has been observed in association with Type 2 structures, suggesting that only 669 

km-wide intra-basement structures, like Type 1, can originate long-length 670 

perturbation of the stress field.  671 

5. Nucleation from pre-existing structures and perturbation of the local stress field can 672 

be the core of the influence of basement structures on rift-related faults and not just 673 

ancillary processes with respect to simple reactivation. Future models for structural 674 

inheritance in rifting settings should incorporate long-length influence of pre-existing 675 

structures and kinematic coupling between structures at different levels. Kinematic 676 
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analysis proved to be a fundamental tool to extract information from 3D seismic data, 677 

posing important constraints to analogue and numerical models.  678 
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 932 

Caption Section  933 

Fig. 1. Map illustrating the main structural elements of the Southern Taranaki Basin (modified 934 

from Miur et al., 2000). Underlying basement terranes are shown in grey. Note the plan-view 935 

correlation between basin-bounding faults and basement terrane boundaries. The red box 936 

indicates the location of the 3D seismic survey. Inset – plate tectonic setting of the Taranaki 937 

Basin. Note the location of the Taranaki Basin between the Tasman Sea Rift and the Pacific 938 

Plate Subduction Zone. 939 

 940 

Fig. 2. Stratigraphic and structural setting of the study area. (A) Stratigraphic framework 941 

indicating the interpreted seismic reflection events. The Maui-6 synthetic seismogram, which 942 

was used to tie the seismic reflection data to stratigraphic data, is also shown. Seismic-943 

stratigraphic packages are correlated to the major regional tectonic events, using 944 

biostratigraphic data provided in well Maui-3 (location of wells shown in Fig. 3). The 945 

stratigraphic position of key TWT-structure maps (i.e. Figs. 5, 6 and 7) and time-thickness 946 

maps (i.e. Fig. 8) presented in this study are also shown. (B) Regional seismic line showing the 947 

structural setting of the study area and the main stratigraphic units (location shown in Fig. 1; 948 

see Appendix A for enlarged uninterpreted and interpreted versions of this section). Note the 949 

position of the study area in the uplifted footwall of the Cape Egmont Fault and the low-strain, 950 
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stratigraphically simple setting (stratigraphic correlation across the Cape Egmont Fault based 951 

on Nicol et al., 2005). 952 

 953 

Fig. 3. Map illustrating the location of the 3D seismic survey and wells used in this study.  954 

 955 

Fig. 4. Series of uninterpreted seismic profiles and geo-seismic sections illustrating the key 956 

characteristics of intra-basement reflections (locations of sections shown in Fig. 5C; see 957 

Appendix A for enlarged uninterpreted and interpreted versions of the sections). (A) Seismic 958 

and geo-seismic section oriented orthogonal to the Type 1 reflections in the northern part of 959 

the survey area. Note the linkage between the Type 1 reflections and the overlying normal 960 

fault. (B) Seismic and geo-seismic section oriented orthogonal to Type 2 and Type 3 961 

reflections in the centre of the survey area. (C) Close-up of the Type 1 reflections. Note the 962 

high-amplitude reflections at the boundaries and the chaotic seismic facies towards the inner 963 

zone. (D) Close-up of a Type 2 reflection, which typically offset Top Basement and are often 964 

associated with an anticline. (E) Close-up of a Type 3 reflection. Note the flat-lying reflections 965 

above Top Basement. 966 

 967 

Fig. 5. Seismic attributes and interpreted intra-basement reflections in the shallow crystalline 968 

basement. (A) Root Mean Square (RMS) Amplitude and (B) Dip Illumination on time slice 969 

2871 ms (see Fig. 2A). Note the high-amplitude zone corresponding to the Type 1 reflections 970 

in (A). (C) Interpreted intra-basement reflections based on the maps of RMS Amplitude (A) 971 

and Dip Illumination (B). The inset rose diagram highlights the orientation of the intra-972 

basement reflections; note that the strike varies from NNW-SSE to NNE-SSW.  973 

 974 
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Fig. 6. (A) TWT-structure map of Top Basement. (B) Line drawing of the structures at Top 975 

Basement level based on the Top Basement map in (A). (C) Map showing Top Basement 976 

structures (in black) together with the intra-basement reflections interpreted on time-slice 977 

2871 ms (in grey). Note the plan-view correlation between Top Basement reverse structures 978 

and intra-basement reflections. 979 

 980 

Fig. 7. TWT-structure maps and line drawing illustrating the structural style at different levels 981 

of the sedimentary cover (see Fig. 2A). (A) TWT-structure map of Top Tikorangi Formation 982 

and (B) line drawing of the interpreted structures. Grey lines delineate the underlying Top 983 

Basement structures. Note the plan-view correlation between Top Basement reverse 984 

structures and later rift-related faults. (C) TWT-structure map of the Intra-Giant Foresets 985 

Formation Horizon and (D) line drawing of the interpreted structures. The mean fault strike 986 

highlighted by the inset rose diagram is NNE-SSW. (E) Map showing the normal faults on 987 

Intra-Giant Foresets Formation Horizon (coloured segments) together with the underlying 988 

intra-basement structures (in grey) in the northern part of the survey (location shown in Fig. 989 

7D). Note the plan-view correlation between the Type 1 structure and the overlying normal 990 

faults.  991 

 992 

Fig. 8. TWT-thickness maps of the stratigraphic intervals corresponding to the rifting events 993 

of the Taranaki Basin (see Fig. 2A). (A) Top Basement - Top Farewell Formation interval 994 

(Paleocene). The red box indicates a local thickness decrease corresponding to the edge of the 995 

underlying Type 1 structure. (B) Top Upper Manganui Formation - Intra-Giant Foresets 996 

Formation Horizon interval (pre-Pliocene rifting). (C) Intra-Giant Foresets Formation Horizon 997 

– Top Giant Foresets Formation interval (Pliocene rifting). Note that across-fault thickness 998 

variations are only observed in (C). The location of the maps is shown in Fig. 7D. 999 
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Fig. 9. Quantitative analysis of faults F1 and F2. (A) Throw distribution on faults F1 and F2. 1000 

Each fault surface displays a single throw maximum, with broadly elliptical contours. Dashed 1001 

lines indicate the intersection of the fault planes with the seismic section and the map shown 1002 

in Figs. 9B and E, respectively. The grey surface is Top Basement. (B) Seismic section oriented 1003 

orthogonal to F1 and F2 (location shown in Fig. 9E). Note the straight, steep (60°) fault 1004 

surfaces and the presence of a Type 2 structure under the cover faults. (C) T-z and (D) 1005 

expansion index plots taken from the seismic section in (B). Note the broadly, symmetrical 1006 

throw profiles. (E) Simplified map based on Top Tikorangi Formation showing the location of 1007 

F1, F2 and the other normal faults disconnected from intra-basement structures (in red). 1008 

 1009 

Fig. 10. Quantitative analysis of F3, F4 and F5. (A) Throw distribution on F3-F5. Each fault 1010 

displays a single throw maximum, and negative throw values near Top Basement. Dashed 1011 

lines indicate the intersection of the fault planes with the seismic section and the map shown 1012 

in Figs. 10B and E, respectively. The grey surface is Top Basement. (B) Seismic section 1013 

oriented orthogonal to F3 (location shown in Fig. 10E). Note the physical linkage between F3 1014 

and the underlying Type 2 structure. (C) T-z and (D) expansion index plots taken from the 1015 

seismic section in (B). Note the rapid transition from negative to positive throw values near 1016 

Top Basement. (E) Simplified map based on Top Tikorangi Formation showing the location of 1017 

F3, F5, and the other NW-SE-striking normal faults physically connected to Type 2 structures 1018 

(in red). 1019 

 1020 

Fig. 11. Quantitative analysis of F6a and F6b. (A) Throw distribution on F6a and b. The fault 1021 

segments are physically connected along a small portion of their length, and display two 1022 

distinct throw maxima. Dashed lines indicate the intersection of the fault planes with the 1023 

seismic section and the map shown in Figs. 11B and E, respectively. The grey surface is Top 1024 



43 
 

Basement. (B) Seismic section oriented orthogonal to F6a and b (location shown in Fig. 11E). 1025 

Note the physical linkage between F6a and the underlying Type 2 structure. (C) T-z and (D) 1026 

expansion index plots taken from the seismic section in (B). (E) Simplified map based on Top 1027 

Tikorangi Formation showing the location of F6a, b and the other NE-SW to NNE-SSW-striking 1028 

normal faults physically connected to Type 2 structures (in red). 1029 

 1030 

Fig. 12. Quantitative analysis of F7. (A) Throw distribution on F7. The fault plane splays 1031 

upwards into three, en-echelon, left-stepping segments, having discrete throw maxima (F7a, 1032 

F7b and F7c). A fourth, elongated throw maximum is present on the lower part of the fault. 1033 

Dashed lines indicate intersection of the fault planes with the seismic section and the maps 1034 

shown in Figs. 12B, E and F. (B) Seismic section oriented orthogonal to F7 (location shown in 1035 

Fig. 12E). Note the sigmoidal cross-sectional geometry of the fault surface, and physical 1036 

connection with the underlying Type 1 structure. (C) T-z and (D) expansion index plots taken 1037 

from the seismic section in (B). Note the B-shaped profile and the negative throw values near 1038 

Top Basement. (E) Simplified map based on Top Tikorangi Formation showing the location of 1039 

F7 and the other normal faults physically connected to the Type 1 structure (in red). (F) 1040 

Simplified map based on Intra-Giant Foresets Formation horizon. Note the presence of three 1041 

distinct fault segments at this stratigraphic level (F7a, b and c; in red). 1042 

 1043 

Fig. 13. Synoptic figure illustrating the structural evolution of the study area. Block diagrams 1044 

have been cut along horizontal sections to highlight the possible geometric relationships 1045 

between structures at different levels. (A)-(B) Note the selective reactivation and upward 1046 

propagation of intra-basement structures during late Miocene inversion. (C) Pre-existing 1047 

structures offered sites for the nucleation of new normal faults and locally perturb the 1048 

regional stress field during Plio-Pleistocene rifting. Note that type, strike and reactivation 1049 
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history of intra-basement structures determine whether, and to which extent, they influence 1050 

overlying normal faults, producing different geometric and kinematic relationships (cf. case 1, 1051 

2 and 3). 1052 
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