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ABSTRACT 

 The complex polyphase tectonic evolution of the southwest Pacific, from Late Cretaceous 

to Neogene time, was recorded by the various offshore sedimentary basins of greater Zealandia. 

The Reinga Basin, offshore of northwestern New Zealand, exemplifies the interaction between 

the regional tectonic evolution and local variations in the mode of structural and sedimentary 

responses.  While the principal phases of the Reinga Basin’s evolution are well-established, the 

spatial and temporal migration of active structural and sedimentary reactions to tectonic events 

has not been the focus of an in-depth analysis. This study seeks to elucidate the locus and timing 

of active deformation through the lens of tectonostratigraphic seismic interpretations and 

sequential structural restoration. An integrated workflow of deliberately chosen methods and 

software solutions yields a set of diagnostic seismic sections, and a representative depth-

converted and restored section. By these methods, a conceptual model is proposed for the 

dynamics of the Reinga Basin’s sedimentary and structural response to an evolving tectonic plate 

reconfiguration. A systematic development of both extensional and compressional deformational 

features is proposed that embraces both the kinematic aspects of deformation as well as the 

causative tectonic forces. The result of this research is an enhanced understanding of the local 

response to regional tectonic events in the southwest Pacific. Economic significance may be 

found in the further constrained evolution of principal petroleum reservoir system components. 

Furthermore, this study compliments the established record of Reinga Basin research, offers a 

new and pragmatic interpretation of a well-studied seismic data set, and reduces the negative 

influences of interpretational uncertainty.  
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CHAPTER 1 - INTRODUCTION 

1.1 Area of Interest 

The Reinga Basin is a deep water sedimentary basin northwest of the North Island of 

New Zealand (Figure 1.1a). Petroleum industry interest in the region has waxed and waned since 

the 1970’s, demonstrating the potential for significant hydrocarbon accumulations but leaving 

the area largely unexplored. A single well, the Waka Nui-1 was drilled in 1999, 200 km 

southeast in the contiguous Northland Basin (Figure 1.1b) and promptly plugged and abandoned. 

While the hydrocarbon prospectivity of the basin is not a significant component of this study, it 

is of economic significance to New Zealand and has therefore been the impetus for the collection 

of critical data and research used in this study. Aside from potentially harboring valuable natural 

resources, the Reinga Basin is a significant source of information regarding the complex tectonic 

evolution of the Zealandian microcontinent and the greater southwest Pacific region.  

Zealandia is an under-acknowledged fragment of continental crust, rifted off the Pacific-

facing margin of the Gondwana supercontinent by Late Cretaceous sea floor spreading. The 

North and South Islands of New Zealand represent the roughly 10% of continental land mass that 

is not submerged below sea level. The southwest Pacific region surrounds Zealandia and is 

marked by an arrangement of prominent oceanic basins, magmatic arcs and ribbons of 

continental crust (Bache and Mortimer, et al., 2014a). In aggregate, these features depict a long 

and gradual history of plate reconfiguration during the Cenozoic. The Reinga Basin’s 

deformational fingerprint highlights three key events: 1) rift to drift transition following the 

breakup of Gondwana (Bache et al., 2012); 2) the initiation and subsequent clockwise rotation of 

the Tonga-Kermadec subduction zone (Sutherland et al., 2017); 3) and the development of the 

transform margin that bisects the South Island of New Zealand (Wallace et al., 2012). 
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Figure 1.1 Bathymetry map of greater Zealandia and key tectonic elements (a), and physiography 

of the Reinga Basin and surrounding structures. The principal REI09 seismic survey, other key 

lines, and wells are shown (b). Bathymetry data comes from CANZ (2008). (Modified from 

Bache et al., 2013b) 

1.2 State of the Basin 

 An expansive collection of research has been produced regarding New Zealand’s various 

offshore basins and the nature of their deformational response to regional tectonic stresses. In the 

Reinga Basin specifically, much of the work is focused on the tectonic evolution of the basin in 

terms of two main themes, the petroleum prospectivity of the basin and constraining and 

validating the timing of key regional tectonic events. While much has been said about the 

tectonostratigraphic response to regional events, there is little detail regarding the kinematics and 

dynamics of deformation in the basin. Moreover, deformational episodes are lumped into the 

greater tectonostratigraphic scheme while the spatial and temporal migration of active structures 

and deformation is largely unrepresented.   
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 In consideration of the recent global depression of the oil and gas market and the 

subsequent exodus of several large operators in New Zealand’s offshore basins, the economic 

value of exploration-based research is questionable. Combined with the recent ban of oil and gas 

exploration and development in New Zealand’s waters, the opportunity for further data 

collection and exploration appears unlikely. Nonetheless, if the global oil and gas industry is any 

indication of the possible influences this climate may have on future research, the outlook is not 

completely grim. This current downturn has seen a boom of necessity driven technological 

advancement and a redistribution of research focus that has, similar to this study, distilled more 

information from old datasets using resourceful techniques. 

1.3 Research Objectives 

The primary objective of this research is to employ new seismic interpretations and a 

complimentary structural restoration to refine the tectonic evolution of the basin. A 

tectonostratigraphic method of seismic interpretation, in which seismic stratigraphic horizons are 

delineated based on their genetic link to tectonic events, is applied to constrain the timing of 

specific deformational structures. To date, the regions tectonic evolution is broadly delineated, 

concentrated on defining tectonic deformational events in basin-wide terms. This study adds 

granularity to the current evolutionary model by recognizing and detailing the spatial and 

temporal migration of active deformation. This analysis is made possible by a substantial 

collection of publicly available data that have, to date, never been fully incorporated (at least in 

publication) into a detailed structural analysis and restoration. The result of this study is a further 

developed understanding of the region’s tectonic evolution, one that bolsters the argument for a 

particular breed of plate tectonic evolution model of the southwest Pacific and has clear 

implications to the formation and preservation of exploitable hydrocarbon resources. 
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CHAPTER 2 - GEOLOGIC BACKGROUND 

 

2.1 Basin Overview 

The Reinga Basin is a northwest-southeast trending rift basin that extends roughly 450 

km offshore of the North Island of New Zealand (Figure 1.1b). The most prominent structural 

elements are basin bounding basement ridges. To the southwest, the basin is bounded by two 

parallel ridges, the Wanganella Ridge and West Norfolk Ridge and to the northeast by the 

Reinga Ridge and the Vening Meinesz Fracture Zone (VMFZ) (Figure 2.1). The pre-rift 

basement architecture is not well constrained due to poor seismic reflectivity and lack of well 

control. However, it is inferred to be comprised of the extrapolated extent of successive 

Mesozoic terranes that crop out on New Zealand’s North and South Islands, as well as in dredge 

samples and correlated in wells within the Taranaki and Northland Basins (Browne et al., 2016; 

Bache et al., 2012; Herzer et al., 1997). The Mesozoic basement is overlain by a ~ 7km thick 

succession of Late Cretaceous, Eocene, Paleocene, Oligocene and Neogene strata, of which, the 

nature of deposition is directly linked to a complex series of Cenozoic tectonic events. 

2.2 Structural Framework 

 The structural framework in the Reinga Basin was aligned and emplaced by the transition 

from Gondwana subduction to continental breakup (Stagpoole et al., 2009). The northwest 

striking normal faults that dominate the basins structural framework are parallel to and indicative 

of the orientation of the Cretaceous subduction zone. Based on interpretation of all available 

seismic data, Bache et al. (2013b) described two distinct structural domains within the basin 

(Figure 2.1). The northwest domain is distinguished by folds and reverse and inverted normal 

faults and the southeast domain is predominantly extensional in nature and characterized by 

horsts and grabens, and the obducted nappe of the Northland Allochthon (Bache et al., 2013b). 
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Figure 2.1 Structural map of the Reinga Basin highlighting two distinct structural provinces. The 

northwestern sector (blue) is predominantly reactivated and inverted normal faults and associated 

folds. The southeastern sector (yellow) is characterized by extensional structures. (Bache et al., 

2013b). 
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2.3 Tectonostratigraphic Evolution of Reinga Basin 

The southwest Pacific region has endured a complex sequence of tectonic events and 

plate boundary reconfigurations, the evidence of which was inherited by the numerous oceanic 

basins, continental ribbons and magmatic ridges that characterize the region (Bache et al., 

2013a). Anchored by comprehensive regional seismic interpretation, well and dredge sample 

biostratigraphy and radiometric dating, seven elemental phases are widely accepted for the 

tectonostratigraphic evolution of Reinga Basin region. A principal aspect of this study is the 

correlation of regional tectonic events to the more local spatial and temporal migration of active 

structural elements and related depocenters within Reinga Basin. The following is a synopsis of 

each tectonic phase that incorporates the corresponding regional tectonic setting interpreted to 

control the local stratigraphic and structural basin frameworks.  

 

Figure 2.2 Correlation panel of seismic stratigraphic units of the Reinga and Aotea (New 

Caledonia Trough) basins (Herzer et al., 1997; Bache et al., 2012), corresponding regional 

tectonic phases (Bache et al., 2013a), regional lithostratigraphic correlatives (Mortimer et al., 

2014), and the distribution of sandstones, mudstones and limestones. (Modified from Browne et 

al., 2016) 
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2.3.1 Gondwana Convergent Margin Phase (Triassic to Early Cretaceous) 

Throughout the Triassic to Early Cretaceous the eastern Gondwana margin was 

characterized by the southwest dipping subduction of the Pacific-Phoenix plate. A prolonged 

period of convergent tectonics resulted in terrane accretion, uplift, and erosion (Laird and 

Bradshaw, 2004). The Pacific-facing margin represented the youngest portion of the subduction 

margin system that ultimately shut down around 105 Ma (Laird and Bradshaw, 2004). This 

protracted phase of Mesozoic compression, uplift, and subsequent erosion was most likely 

accompanied by a significant amount of sedimentation, the spatial extent of which is not well 

known in the Zealandia region. Still, the presence of Late Cretaceous to Eocene age 

retrogradational deposits lapping on to erosional surfaces suggest that an erosion prone 

environment persisted for some time following the breakup of Gondwana and prior to 

widespread submergence (Figure 2.4) (Bache and Mortimer, et al., 2014a).  

2.3.2 Rifting (Middle to Late Cretaceous) 

The middle Cretaceous saw a rapid transition from convergent to extensional tectonics, 

setting up the graben and half-graben geometries characteristic of the region and attenuating the 

continental crust up to 35-40% based on gravity models (Herzer et al., 1997). The transition from 

convergent margin to rifting is still a matter of debate, with proposed controls that include mantle 

plume activity (Weaver et al., 1994), subducted slab capture (Luyendyk, 1995), and the 

impingement of an oceanic spreading center (Mortimer et al., 2006). The subduction-dominated 

regime ended around 100 Ma (Laird and Bradshaw, 2004), reversing motion and setting in place 

a structural framework that would become the guiding underprint for deformation throughout the 

rest of the Reinga Basin’s tectonic history (Figure 2.3). The change in tectonic regime is 

regionally marked by an angular unconformity separating folded and faulted basement terranes 
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from younger, less deformed strata. Both the youngest truncated basement rocks, and the oldest 

strata deposited above the unconformity contain fossils of Albian age (~100 Ma), suggesting a 

remarkable and very rapid change from compressional to extensional tectonism (Laird and 

Bradshaw, 2004).  

 

Figure 2.3 Detailed tectonic reconstruction showing the configuration of rifting during the Late 

Cretaceous. During this time, the Zealandian continental fragment was rifted from the Gondwana 

supercontinent following a long period of subduction. This phase of extensional tectonism is 

proposed to set-up the early structural framework in the Reinga Basin. (Modified from 

Sutherland, 1999) 

Between 105 Ma and 65 Ma (middle to Late Cretaceous), syn-rift sediments were 

deposited across a wide zone of rifted fault blocks. Early rifting is characterized by deposition of 

terrestrial deposits and coal measures within widely-spaced, fault controlled embayments (Figure 

2.4). The tail end of rifting (85 - 65 Ma) and consequent submergence is differentiated by the 
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relatively seismically bland marine, graben-filling clastic sequence comprised of shelf sands and 

bathyal muds (Herzer et al., 1997). Rifting continued in areas of the basin into the Paleocene 

(Stagpoole et al., 2009). During this phase, transgressive marine conditions dominated the 

region, the result of thermal subsidence linked to final separation of Zealandia from the 

Australian continent (80 Ma), and the subsequent opening of the Tasman Sea (80-55.5 Ma) 

(Bache et al., 2012; Stagpoole et al., 2009; Veevers and Li, 1991). 

2.3.3 Passive Transgressive Phase (Late Cretaceous to Late Eocene) 

Following the isolation of Zealandia from Gondwana and the end of widespread 

extensional tectonism, Zealandia passively subsided. Some local areas continued to experience 

punctuated, albeit minor, extensional fault growth. Reactivation of normal faults appears to be 

isolated to the center of the basin (Herzer et al., 1997). The Zealandia continental landmass 

slowly subsided and, in concert with subaerial erosion, was progressively flooded (Figure 2.6). 

Passive margin deposition persisted through most of the Paleogene, driven by thermal 

contraction and subsidence. At this time the Reinga Basin was positioned along the northern 

margin of Zealandia, exhibiting a progression from coastal marine and estuarine conditions to 

shelf and bathyal environments and an incipient northward-thickening continental shelf 

depositional sequence as the shoreline retreated (Stagpoole et al., 2009). The southwestern 

margin of the basin is marked by continual onlap onto what is now the Wanganella and West 

Norfolk Ridges. The northwestern half of the basin margin was inundated by the Paleogene sea 

and sediments onlapped small, isolated basin highs (Herzer et al., 1997). Dredge samples from 

the TAN1312 cruise confirmed that folded strata of Paleocene and Eocene age, originally 

situated in the deeper axis of the basin, were deposited in deep water, bathyal environments 

(Browne et al., 2016). The presence of a northward thickening, continuous continental shelf 
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sequence suggests there was no northeastern basin margin where the Reinga Ridge now resides 

(Herzer et al., 1997).  

Eustatic influences are recognized in this post-rift stratigraphic sequence. Erosional 

truncations of reflectors in unit U3 on the flanks of horst black in the Northland Basin are 

correlated with a late Paleocene sea level drop and inferred to correspond with black shales of 

the Waipawa Formation sampled in the Waka Nui-1 well and are consistent with a relative sea-

level fall (Schiøler et al., 2010; Uruski, 2008; Bache et al., 2012).  

2.3.4 First Compressional Phase (Late Eocene) 

 The shift from passive margin to a compressional tectonic environment led to folding of 

seismic units U1-U4, inversion of normal faults, new reverse faulting, erosion of topographic 

highs, and subsequent deposition of the eroded sediments (seismic unit U5). Significant 

deformation of seismic units U1-U4 clearly exemplifies this contractional event in the 

northwestern part of Reinga Basin, however, it is apparent that while substantial shortening 

occurred in the Reinga Basin, the magnitude of deformation decreases in the southeastern sector 

of the basin and northwestern New Zealand.  Gentle deformation is observed on both margins of 

the southern New Caledonia Trough (Aotea Basin) and subtle folding and reverse faulting on the 

Taranaki fault has been described (Stagpoole and Nicol, 2008). The late Eocene compressional 

phase is characterized in the Waka Nui-1 well (Northland Basin) by an undeformed condensed 

section (Bache et al., 2013b).  

In the southwest Pacific, the Eocene was a period of widespread continental and oceanic 

compressional plate failure that began between 53-48 Ma and lasted until 37-34 Ma. This 

tectonic event is attributed to a global reorganization of tectonic plate boundaries that coincides 

with initiation of Tonga-Kermadec subduction. The attitude of structural elements within the 
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northern Reinga Basin suggests that the emerging subduction thrust dipped toward the southwest 

(Figure 2.6b). Regional compressive stresses persisted for nearly 20 m.y., with an orientation of 

maximum horizontal stress inferred to be perpendicular to the subduction zone. The end of 

reverse faulting is determined by dating undeformed bioclastic limestones deposited over 

inversion related growth strata (Sutherland et al., 2017).  

Inversion, reverse faulting and folding continued until 37-34 Ma, when convergence gave 

way to extension and subsidence. The cause of late Eocene geodynamic changes is not clear, 

however observations detailed by Sutherland et al. (2017) demonstrate a ~15 m.y. delay between 

compression and extension following the onset of Tonga-Kermadec subduction.  

2.3.5 Second Subsidence Phase (Late Oligocene to Early Miocene) 

 The termination of compressional tectonics was followed by greater than 1 km of 

subsidence. Seismic unit U6 was deposited during this time, as the basin subsided from shelf to 

bathyal depths (Herzer et al., 1997). Older uplifted and folded units, including the Reinga and 

West Norfolk Ridges, were progressively planed-off as shoreline transgression exposed positive 

topographic structures to wave erosion (Bache et al., 2012).  

In the late Oligocene to early Miocene (25-22 Ma) the tectonic regime shifted, the basin 

continued to differentially subside, while the Northland Allochthon was obducted over Northland 

and the southeast portion of Reinga Ridge (Figure 2.7). Northland arc volcanism occurred 

coevally, sustained by ongoing subduction northeast of the basin (Herzer et al., 1997). Volcanic 

edifices at the base of seismic unit U6 confirm the early Miocene age of unit U6 (Bache et al., 

2012). During the Early Miocene, the Norfolk Basin was extending in a northwest-southeast 

direction (Figure 2.7b), coeval extension along the western margin of the Reinga Basin suggests 

that incomplete decoupling along the Vening Meinesz Fracture Zone (Herzer et al., 1997). 
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2.3.6 Second Compressional Phase (Middle-Late Miocene) 

 By the middle Miocene, compression had been locally restored within the Reinga Basin, 

migrating southeastward, triggering basin inversion in the northwestern portion of the basin, 

uplift and planation of the southeastern portion of Reinga Ridge, and uplift of the Wanganella 

Ridge (Herzer et al., 2009). This final phase of compression is not expressed with any 

significance in the adjacent New Caledonia Trough, nor further north. In the Reinga Basin this 

phase is indicated by onlap terminations of seismic unit U7 along Wanganella Ridge (Bache et 

al., 2012). Water depths were sufficient to prevent significant erosion of the ridge. Depocenters 

occurred mainly near the basin margins. Northland arc volcanism had ceased and the Northland 

Peninsula was supplying clastic sediments to shelf and slope prograding sequences in the 

southern sector of the basin (Figure 2.8) (Herzer et al., 1997).  

2.3.7 Tectonic Quiescence (Late Miocene to Present) 

 The style of sedimentation changed considerably in the late Miocene. Syn-tectonic 

depositional sequences gave way to deposition of shelf and foreset beds in Northland proximal 

areas and pelagic and hemipelagic ooze in distal, deep parts of the basin (Bache et al., 2013b; 

Herzer et al., 1997). With the exception of the proximal progradational sequences, most 

deposition occurred along the basin axis, pinching out onto basin margin highs and erosional 

surfaces, suggesting that basing bounding ridges had subsided below sea level and were no 

longer prominent sediment sources. Pliocene intrusive and extrusive volcanic activity is observed 

in the northwestern part of the basin in a northeast trending belt east of the Wanganella Ridge. 

Although coincident with the ridge, suggesting a tectonic source, their composition and later 

timing of emplacement favor a hot-spot origin (Herzer et al., 1997). 
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Figure 2.4 Interpreted paleogeography (A) and paleotectonic setting (B) of the Reinga Basin Region at Middle Cretaceous time (~100 

Ma). Grey – No data or subaerially exposed land undergoing erosion; Green – Terrestrial and non-marine deposition; Light blue – 

Continental shelf deposition; Dark blue-green – Continental slope; Darkest blue – Abyssal plain. Highlighted seismic profiles in panel 

A are from the REI09 seismic survey and are shown in Figures 4.3-4.6. (Modified from Stagpoole et al., 2009; Browne et al., 2016; 

Matthews et al., 2015). 
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Figure 2.5 Interpreted paleogeography (A) and paleotectonic setting (B) of the Reinga Basin Region at Late Cretaceous time (65 Ma). 

Grey – No data or subaerially exposed land. Orange – Turbidite deposits; Yellow – Major channels; Green – Terrestrial and non-

marine deposition; Light blue – Continental shelf deposition; Dark blue-green – Continental slope; Darkest blue – Abyssal plain. 

Highlighted seismic profiles in panel A are from the REI09 seismic survey and are shown in Figures 4.3-4.6. (Modified from 

Stagpoole et al., 2009; Browne et al., 2016; Matthews et al., 2015). 
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Figure 2.6 Interpreted paleogeography (A) and paleotectonic setting (B) of the Reinga Basin Region at Late Eocene time (~34 Ma). 

Grey – No data or subaerially exposed land undergoing erosion; Green – Terrestrial and non-marine deposition; Light blue – 

Continental shelf deposition; Dark blue-green – Continental slope; Darkest blue – Abyssal plain. Highlighted seismic profiles in panel 

A are from the REI09 seismic survey and are shown in Figures 4.3-4.6. (Modified from Stagpoole et al., 2009; Browne et al., 2016; 

Matthews et al., 2015). 
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Figure 2.7 Interpreted paleogeography (A) and paleotectonic setting (B) of the Reinga Basin Region at Early Miocene time (~20 Ma). 

Grey – No data or subaerially exposed land undergoing erosion; Orange – Turbidite deposits; Yellow – Major channels; Green – 

Terrestrial and non-marine deposition; Light blue – Continental shelf deposition; Dark blue-green – Continental slope; Darkest blue – 

Abyssal plain. Highlighted seismic profiles in panel A are from the REI09 seismic survey and are shown in Figures 4.3-4.6. (Modified 

from Stagpoole et al., 2009; Schellart et al., 2006; Browne et al., 2016). 
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Figure 2.8 Interpreted paleogeography (A) and paleotectonic setting (B) of the Reinga Basin Region at Late Miocene time (~5 Ma). 

Grey – No data or subaerially exposed land undergoing erosion; Orange – Turbidite deposits; Yellow – Major channels; Green – 

Terrestrial and non-marine deposition; Light blue – Continental shelf deposition; Dark blue-green – Continental slope; Darkest blue – 

Abyssal plain. Highlighted seismic profiles in panel A are from the REI09 seismic survey and are shown in Figures 4.3-4.6. (Modified 

from Stagpoole et al., 2009; Schellart et al., 2006; Browne et al., 2016).
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CHAPTER 3 - DATA SETS 

3.1 Well Data 

There are no wells drilled within the Reinga Basin proper, however the nearest well, 

Waka Nui-1 (see location in Figure 1.1b), penetrates contiguous sedimentary basin fill and pre-

rift basement rocks in the Northland Basin. It was drilled to a TD of 3,657 m below mean sea 

level, to test what was predicted to be Cretaceous coal measures. However, an 40Ar/39Ar age of 

158 ± 2 Ma calculated from side wall cores extracted near bottom hole confirms a late Jurassic 

age (Foland, 1999). No oil shows, and only trace gas amounts of gas were recorded during 

drilling, the well was immediately plugged and abandoned (Stagpoole et al., 2009).   

Down-hole lithology and stratigraphy from mud logs as well as standard LWD logs were 

acquired. The log suite includes natural gamma ray, resistivity, photo-electric effect, bulk density 

and neutron porosity. Most notably, no sonic logs or check shots were collected (Stagpoole, 

2011). Post-drill analyses included: petrographic analyses (XRD, SEM and descriptions of 

cuttings and sidwall core), biostratigraphic analysis (Milne and Quick, 1999), and radiometric 

age dating of select sidewall core samples (Foland, 1999).  

Although not directly utilized in this study, it is significant to recognize a number of 

wells located in contiguous, albeit, distant basins. Other works have made significant use of 

wells to the south, off the Taranaki coast (Herzer et al., 1997; Bache et al., 2012, 2013b, 2013a). 

Regional seismic stratigraphic and well based litho- and bio- stratigraphic correlations (Figure 

3.1) have made contraining the age and lithology of the Reinga Basin’s key seismic stratigraphic 

elements possible. 
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Figure 3.1 Regional lithostratigraphic and tectonostratigraphic correlations interpreted from wells in the Northland and Taranaki 

Basins. (Bache et al., 2013b)
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3.2 Seismic Data 

 The principal dataset utilized for this research is the REI09 2D seismic survey (Figure 

3.2). Acquired in 2008 and 2009, it is the highest quality publicly available survey collected in 

the basin. It is comprised of 5135 km of 159 fold data, sampled at an interval of 2 ms with a 

record length of 8000 ms. The survey was collected and processed to pre-stack time migration, 

by CGGVeritas (Sutherland et al., 2012). While many earlier reconnaissance lines exist, they are 

of considerably lower quality, low-fold and mostly single channel data (Stagpoole et al., 2009). 

A more recent multi-client survey was acquired in 2015 by TGS, but has not been made 

available to the public.  

 The REI09 survey consists of 6 lines oriented parallel to the long axis of the basin and 14 

lines aligned orthogonally to the strike of major structural features in the basin. A preliminary 

investigation of all lines was carried out to assess the relative quality of each line and identify 

demonstrative and critical lines for this study.  The majority of the lines suffered from both a low 

dynamic range in amplitude of reflectors and reduction in amplitude with depth, making it 

difficult to interpret key horizons and structures. Based on the objectives of this study, the 

preservation of original amplitudes was deemed unnecessary, and a variable combination of 

Trace AGC (automatic gain control) and Time Gain signal processing attributes was utilized to 

enhance the quality of each line.  

 Four 2D lines were selected that best represent the major structural provinces identified 

within the basin. One line, REI09-014, was designated for TWT-depth conversion by way of an 

interval velocity model utilizing TWT-depth relationships formulated by Stagpoole (2011). This 

line was then restored using Midland Valley’s 2D kinematic modeling module in Move to 

constrain the temporal and spatial migration of active structures within the seismic cross-section.
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Figure 3.2 Summary map of publicly available 2D seismic data in the Reinga Basin region. Yellow dashes highlight select 2D lines 

used in this study. (Stagpoole et al., 2009)



22 

 

3.3 Dredge Data 

The age of tectonic events is not well constrained in the Reinga Basin due to a lack of 

nearby wellbores. Rocks dredged from the sea floor have been the only empirical method of 

determining the age and lithology of rocks from within the boundaries of the Reinga Basin. 

Herzer et al. (1997) applied information gained from three separate voyages to constrain the ages 

of seismic stratigraphy and timing of tectonic events in his inaugural model of the Reinga 

Basin’s tectonic evolution. These early dredge surveys were limited in the sense that they were 

designed without consideration of 2D seismic profiles, targeting basin bounding uplifts and other 

bathymetric expressions of outcropping structures. They therefore lacked direct correlation to 

seismic stratigraphy.  

A fourth dredge survey, Tangoroa TAN1312, was commissioned in 2013 by GNS 

Science with the sole purpose of refining the age of tectonic events and seismic stratigraphic 

units observed in the REI09 2D seismic survey. Cretaceous to Eocene rocks folded and uplifted 

during the Eocene to Oligocene transition remain unburied and therefore were easily sampled 

and yielded information about some of the deeply buried stratigraphic successions in the basin. 

In all, 38 localities were successfully sampled (Figure 3.3) and high definition multi-beam swath 

bathymetry, gravity and magnetic data were simultaneously gathered. Dredged rock samples 

were high-graded for a range of analyses (paleontological, petrographical, X-ray diffraction, 

porosity and permeability), the data from which is publicly available and reported in great detail 

(Bache and Sutherland, et al., 2014; Browne et al., 2016, 2014; Lawrence et al., 2014). The 

Tangoroa TAN1312 survey was a critical component of the selection criteria for the seismic 

profiles designated for this study. 3 of the 4 selected lines possess multiple dredge sites and 

associated bathymetric expressions of folded and uplifted rocks (Figure 3.3). 
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Figure 3.3 Locations of dredge samples collected on the Tangoroa TAN1312. Key seismic lines 

and other relevant dredge samples (Herzer et al., 1997) are shown. (Modified from Browne et al., 

2016) 
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CHAPTER 4 - SEISMIC INTERPRETATION 

4.1 Data Conditioning 

 The preliminary phase of seismic interpretation was comprised of basin-wide 

reconnaissance and seismic data conditioning. The intent of this initial inspection was to 

determine the quality of the REI09 2D seismic survey, identify key seismic sections and 

establish a workflow to process the data in such a way that optimized the survey for structural 

and stratigraphic interpretation. The dataset suffers from a conspicuous amplitude variation 

between adjacent lines, making it difficult to tie interpretations from line to line. Additionally, 

because of the great length of the section lines, and the overall discontinuous nature of the 

reflectors there in, 2D autopicking of horizons proved problematic. Autopicking is the process of 

placing seed picks on a target reflector that may then be used to train the autopicking algorithm 

to detect similar features in adjacent traces. The effectiveness of an autopicking tool depends 

heavily on the amplitude and continuity of the reflector and on the size of the search window 

designated by the interpreter. In many cases, especially in environments with laterally vast 

datasets, autopicking is a critical time-saving member of the seismic interpretation workflow. 

The REI09 seismic dataset was not initially optimized for 2D autopicking, and therefore 

benefited from an iterative seismic attribute conditioning workflow that increased the continuity 

of reflectors, the sharpness of horizon cutoffs and normalized amplitudes within each line and 

the survey as a whole.   

 Schlumberger’s Petrel (2016) software platform was utilized for the initial inspection and 

processing of data as well as to correlate interpreted seismic stratigraphic horizons between lines. 

The iterative processing workflow consisted of a varying combination of three seismic attributes 

available in Petrel’s geophysics bundle: Structural Smoothing, Trace AGC and Time Gain.  
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 Structural Smoothing increases the continuity of seismic reflectors by smoothing the 

input signal, guided by the local structure. A filter size is designated that determines the number 

of traces that are used for the calculation, and, in this case was set to include approximately 12 

traces on either side of the target trace (Schlumberger Petrel [2016] Online help).  

 Trace AGC, or Trace Automatic Gain Control, effectively normalizes the amplitudes of 

the entire trace by scaling the instantaneous amplitude with the root-mean-square amplitude over 

a user-specified window, in this case, 9 samples (Schlumberger Petrel [2016] Online help). The 

effect, in the REI09 dataset, was a boosting of weak reflectors that had been previously made 

indistinguishable by the strong reflectors above them (Bruce, 2013).   

 Finally, Time Gain was employed to slightly boost the weak reflectivity in the acoustic 

basement and assist identification of the basement emanating structural framework. Time gain, 

using a user-defined exponent greater than one, will increase the instantaneous amplitude with 

increasing time. The opposite is true for exponent values less than one. The results of this 

seismic data processing workflow are shown in Figure 4.1. 

 

Figure 4.1 Example of the pre- and post-processed REI09 PSTM seismic data. 



26 

 

4.2 Seismic Stratigraphic Interpretation 

 

 The stratigraphic framework that underpins this study is based on the works of Bache et 

al. (2012, 2013a, 2013b, 2014). Eight broad tectonostratigraphic intervals (Figure 4.2) 

representative of the seven major tectonically driven basin filling phases, have been delineated 

and correlated basin-wide and, in many cases, regionally with the Northland, Taranaki and Aotea 

Basins. They represent an exhaustive effort to resourcefully constrain lithologies and ages by 

integrating an unfortunately limited data set. While the tectonostratigraphic context for each unit 

remains essentially identical to that of Bache et. al. (2013b) the bounding seismic stratigraphic 

horizons have been independently reinterpreted and extended beyond currently published 

interpretations. Subintervals of unit U1 are added to increase the granularity of the syn-rift 

characterization of the Reinga Basin and to emphasize the genetic link between active faulting 

and stratigraphic architecture.  

 

Figure 4.2 Tectonostratigraphic units applied in this study and their inferred age, associated 

phase and typical stratigraphic architecture. (Modified from Bache et al., 2012) 
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 The uppermost basement surface is moderately well imaged in the seismic data, however 

a base is not discernable. The top is a high-amplitude, highly discontinuous reflector. It is 

characteristically difficult to detect stratal geometries in the poorly imaged and chaotic acoustic 

basement, however, in some areas of the basin, horizons are clearly parallel, folded and truncated 

by an upper erosional surface (Figure 4.4). Furthermore, this early sequence is deformed by the 

northwest striking normal faults that define the basin’s structural framework. A small interval of 

the basement was penetrated in the Waka Nui-1 well (see location in Figure 3.3), identified as a 

segment of the Murihiku Supergroup and dated as middle Jurassic. Younger rocks, also 

interpreted to be Murihiku Supergroup, were sampled in the onshore Waimamaku-2 well (Figure 

3.3), 120 km northeast of Waka Nui-1, and yielded ages of Early Cretaceous. The upper part of 

the basement present in the Reinga Basin has previously been interpreted to be the Early 

Cretaceous Taniwha Formation, a succession of coals, sandstones and calcareous shales. The 

basement unconformity may therefore be bracketed between Early Cretaceous rocks of the 

Murihiku Supergroup and the early Paleocene age of the strata that onlaps the unconformity 

surface. Combined with the seismic reflectors regional extent, previous authors suggest the top 

unconformity is likely reflective of the transition from Gondwana subduction to continental 

break up at 100-105 Ma (Bache and Mortimer, et al., 2014a).  

 Intervals U1 and U2 (Figure 4.2) represent the syn- and immediate post-rift sequences 

within the Reinga Basin, unconformably deposited over basement highs and within grabens and 

half-grabens. U1 is comprised of widely divergent, high-amplitude, discontinuous reflectors, 

while U2 exhibits moderately divergent reflectors and comparatively lower amplitudes than U1 

(Figures 4.3-4.6). In this study, U1 is broken into two subintervals, UB1a and UB1b. UB1a 

consists of high reflectivity, low continuity reflectors with relatively lower divergence than 
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UB1b, potentially Cretaceous coal measures. UB1 has a comparatively muted seismic character 

and highly divergent reflectors. Due to their rift-bound nature, U1 and U2 are not continuous and 

have not been penetrated by wells, nor have they been tied to wells in contiguous basins. In the 

Taranaki basin, the analogous lithostratigraphic unit, based on seismic character and stratigraphic 

position, is the Pakawau Group, made up of two constituent members, the coal rich Rakopi 

Formation and shallow-marine facies dominated North Cape Formation (King and Thrasher, 

1996). Dredge samples of Late Cretaceous sandstones (d32-34, Figure 3.3), marine black shales 

(GO351, Figure 3.3), and coal measures (RE5, Figure 3.3) from the basin bounding ridges 

suggest that shallow marine and terrestrial facies are regionally pervasive and can be projected 

into the Reinga Basin with a reasonable amount of certainty (Herzer et al., 1997; Browne et al., 

2016).  

 Seismic intervals U3 and U4 are regionally continuous, directly sampled in the Reinga, 

Northland and Taranaki basins and correlated in the Waka Nui-1 well. U3 is a relatively thick, up 

to 1.0-1.2 s TWT, sequence of parallel, low amplitude reflectors with varying levels of 

continuity. Relative to unit U3, U4 is thin (0.2-0.4 s TWT).  U4 is interpreted as the early syn-

inversion strata. Both units are significantly folded by compressional events and planed-off in 

areas by the UB5 unconformity (Figure 4.6). The combined interval correlates with the Turi 

Formation in the Northland and Taranaki Basins. Foraminifers provide estimated ages of 

Paleocene to Early Eocene for U3 and Early to Late Eocene for U4 (Bache et al., 2012).  

U5 is characterized by both parallel continuous reflectors of medium to high amplitude 

and discontinuous parallel reflectors of low amplitude (Browne et al., 2016). It is predominately 

confined to depocenters formed by folding of units U1-U4 (Figure 4.6) and is considered to 

include both late syn- and post-inversion strata. The upper surface of unit U5 is the UB5 
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unconformity, a regional marker that represents a long hiatus through late Eocene to early 

Oligocene based on correlation to a hiatus between 35.8 – 39.8 Ma identified in the Waka Nui-1 

well (Milne and Quick, 1999). The uppermost lithostratigraphic unit of U5 is the Tikorangi 

Formation, a carbonate condensed sequence of Oligocene age (Bache et al., 2012).  

U6 is fairly well constrained, sampled and correlated between the Waka Nui-1 well and 

other data points in the Taranaki Basin. It is characterized by parallel reflectors of varying 

amplitude and continuity that onlap the UB5 horizon and conical volcanic bodies that downlap 

onto the UB5 unconformity (Figure 4.5). Its bounding members, the Tikorangi Formation and 

the Lower Maganui Formation were deposited during the early Oligocene and early Miocene 

respectively (Browne et al., 2016; Bruce, 2013). Extrusive and intrusive volcanic features 

(volcanoes, sills and dikes) are pervasive within the Reinga Basin (Figure 4.4, 4.5), attributed to 

Oligocene-Miocene onset of Northland Arc volcanism (Bache et al., 2012).  

U7 is a regionally continuous package of low amplitude, high continuity parallel 

reflectors with relatively low impedance contrast. It is easily discriminated from lower units by a 

series of high amplitude reflections at its base (Bruce, 2013).  U7 is considered syn-

compressional strata, downlapping onto a basal unconformity and lapping onto late Miocene 

uplifted ridges in the northwest portion of the basin (Figures 4.4-4.6). It is correlative with 

middle-late Miocene sandstone-dominated turbidite sequences of the Moki Formation and deep 

water volcanoclastics of the Mohakatino Formation in the Taranaki Basin (Bache et al., 2012), as 

well as Neogene sandstone, mudstone and carbonate sampled during the TAN1312 dredge 

survey (Browne et al., 2016). 

U8 is the final and current phase of deposition within the Reinga Basin. It is characterized 

by low amplitude, low contrast, high continuity draping reflectors. In proximal areas it is 
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equivalent to progradational deposits and distal chaotic facies in the Northland Basin and Plio-

Pleistocene Giant Foresets Formation in the Taranaki Basin, in the deeper basin it is dominated 

by pelagic and hemipelagic ooze and drifts (Stagpoole et al., 2009; Bache et al., 2013a). 

4.3 Structural Interpretation 

 

 A number of structural styles, indicative of both compressional and extensional tectonic 

environments, are observed in the REI09 seismic dataset (Figure 4.3). Late Cretaceous rifting 

setup an extensional normal fault network that remained active, in differing capacities, for much 

of the basin’s tectonic evolution. Normal faults within the Reinga Basin display both curvilinear 

(listric) and planar geometries. Faults are indecipherable in the acoustic basement but are 

predicted to project into the basement a certain distance, likely to the brittle-ductile transition, 

dependent upon the assumed relationship between the amount of displacement present on the 

fault and its length and height. 

 Compressional features in the Reinga Basin are wildly disparate. Compressional strain is 

accommodated through numerous structural styles that include reverse faults (NE portion of 

Figure 4.4), normal fault inversion (center of Figure 4.5), fault propagation folds (NE portion of 

Figure 4.4 and Figure 4.6), imbricated thrust faults (NE portion of Figure 4.5) and thin-skinned 

thrusts (NE portion of Figure 4.7). The variation in structural style is most prominent along the 

northeastern margin of the basin and does not appear to follow any systematic trend. 

Compressional fault plane interpretation is complicated in the REI09 dataset due to the 

complexity of many of the features, the near-certainty of out-of-plane deformation, and the 

virtual absence of fault plane reflectors. Many of the faults are therefore model-based, assuming 

established relationships between fold geometry and the orientation of the fault.  
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Figure 4.3 Structural map of the Reinga Basin highlighting the key interpreted seismic lines. The 

northwestern sector is predominantly reactivated and inverted normal faults and associated folds. 

The southeastern sector is characterized by extensional structures. (Modified from Bache et al., 

2013b).
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Figure 4.4 Interpretation of the REI09-002 seismic line (a) and the uninterpretated line (b). Line 002 is the northwestern most line 

interpretated and exemplifies the interplay between extensional and compressional tectonic environments. The SW portion of the line 

is comprised of extensional normal faults with minor inversion features. The NE portion is heavily folded, relying mostly on new 

reverse faults with relatively minor reactivation of older normal faults.  
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Figure 4.5 Interpretation of the REI09-010 seismic line (a) and the uninterpretated line (b). Line 010 lies near the center of the seismic 

survey in an area where the transition from extensional to compressional structure feature is most evident. In this line, the extensional 

center basin is preserved, bound by two compressional uplifts, the Wanganella Ridge and Reinga Ridge. A fault scarp of the Vening 

Meinesz Fracture Zone (VMFZ) is visible to the NE.  
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Figure 4.6 Interpretation of the REI09-014 seismic line (a) and the uninterpretated line (b). Line 014 is located approximately 60 km 

southeast of the 010 line and portrays a much different compressional structural style. Compressional deformation migrate from the 

SW to the NE, buttressed by the West Norfolk Ridge. Compressional strain is accomodated by uplift and rotation of the southwestern 

most fault block, an uplifted and folded pop-up structure, inversion on normal faults and fault propagation folding on the South Maria 

Ridge.  
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Figure 4.7 Interpretation of the REI09-024 seismic line (a) and the uninterpretated line (b). The 024 line is the southeastern most line 

interpreted in this study. It is representative of the mostly extensional portion of the basin. Compressional strain is accomodated by 

thin-skinned thrusting of the Northland Allochtion, in essence sparing the existing basin structures from reactivation and folding. 
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4.4 TWT to Depth Conversion 

 While the REI09 seismic interpretations were carried out in the time-domain, a depth 

converted section is required for restoration. Seismic in the time domain is often distorted by 

velocity anomalies and therefore does not represent an accurate depiction of the subsurface. 

Accurate and balanced structural restoration requires that the interpretation of the stratigraphic 

and structural frameworks be as true to nature as possible and represent a geometrically 

congruent model.  

 Conventionally, depth conversion is a practice in data integration and is carried out in the 

presence of significant datasets. Any given conversion will utilize a unique combination of well 

tops, sonic logs, stacking velocities, vertical seismic profiles (VSP) and check-shot surveys. 

These data sources do not exist within the Reinga Basin and thus depth conversion may be met 

with an appropriate level of uncertainty. However, this research strives to clarify the timing of 

tectonic events and the migration of active structures based on stratigraphic interactions and 

geometries indicative of particular tectonic stress environments. It therefore does not rely heavily 

on accurately predicting the depths of horizons or structures. While, the depth converted seismic 

section used in this study may be considered schematic in its representation of the subsurface, 

care was taken, in an iterative depth conversion process, to create a section that honored 

established depth ranges (Herzer et al., 1997; Stagpoole et al., 2009; Bache et al., 2012, 2013a, 

2013b) and geologically acceptable fault geometries.  

 Depth conversion of the REI09-014 section made use of TWT-depth relationships for the 

Waka Nui-1 well by Stagpoole (2011). The analysis is based on stacking velocities determined 

from the CNL95-034 2D seismic line, which directly intersects the well path and the STRATUS-

09 2D seismic line which passes within 2 km of the well (Figure 4.8). The Dix equation (Dix, 
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1955) was used to convert the stacking velocities to interval velocities, which were used in 

conjunction with TWT thicknesses to derive interval thickness in meters and ultimately a time-

depth relationship (Figure 4.9). Further calibration was applied by comparing the TWT-depth 

relationship to the density log collected in the well and making minor adjustments to better tie 

significant density variations with strong seismic events (Stagpoole, 2011).  

 

Figure 4.8 Layout of the REI09 2D seismic survey, STRATUS-09 and CNL95-034 2D lines. 

Stacking velocities from lines in blue were used by Stagpoole (2011) to derive the Waka Nui-1 

TWT-depth relationship. Blue lines were utilized to make seismic stratigraphic correlations in 

the REI09 survey. The extrapolation distance between the Waka Nui-1 well and the REI09-014 

line, used in the restoration, is noted. Bathymetric data comes from CANZ (2008). 

 In order to extrapolate the Waka Nui-1 interval velocities to the REI09-014 section, the 

STRATUS-09 line, which ties the well to the REI09 survey (Figure 4.8), was used to correlate 

the lithostratigraphic picks in the well to the REI09-014 line. Correlations were achievable for 

the Paleogene through Neogene section (U3-U8), as well as the acoustic basement, however the 
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Cretaceous section present in the REI09-014 section (U1-U2) is not present in the Waka Nui-1 

well, having been drilled into an uplifted basement fault block. Interval velocities for the 

Cretaceous section were determined by interpolating the TWT-time depth curve. The 

fundamental weaknesses with extrapolating interval velocities a great distance and to a much 

greater depth than they reside in the well render a reasonably high level of uncertainty in the 

depth conversation. However, this method is considered to be the best solution possible given the 

available resources and appropriate for the purposes of this study.  

 Midland Valley’s Move (2017) was used to calculate the depth conversion, streamlining 

the process from interpretation to restoration. The software platform allows for multiple methods 

of simple depth conversions, including a user-specified database of interval velocities for each 

seismic stratigraphic unit.  

 

Figure 4.9 TWT-depth relationships derived by Stagpoole (2011). Color fill corresponds to the 

stratigraphic nomenclature in this study and interval velocities for each are noted. (Modified 

from Stagpoole, 2011) 
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CHAPTER 5 - RESTORATION 

 2D structural restoration is a method of structural analysis used to validate the 

interpretation of, in this particular case, a 2D seismic section. The method involves sequentially 

removing the deformational effects of geologic processes such as sediment compaction, erosion, 

thermal subsidence, faulting and folding. The process renders time-step reconstructions and, 

ultimately, the initial, undeformed state of the section. In addition to substantiating the geologic 

permissibility of the interpretation, a restored section approximates strain magnitudes and 

constrains the relative timing of significant geologic components.  

 2D restoration is afflicted by the all-pervading pitfalls of geologic analysis, particularly in 

the assumption of plane strain, ignorance of sub-seismic resolution deformation and the 

incompatibility of kinematic modeling algorithms to the subject tectonic or structural 

environment (Groshong et al., 2012). Nevertheless, restoration remains a best-practice and 

meaningful tool, improving the accuracy of the interpretation by incorporating a conceptual 

geologic evolution model (Bond et al., 2012), adherence to geologic principals and robust 

computational techniques.  

 In the Reinga Basin, the complex tectonic evolution convolutes the timing of active 

structural regimes and their spatial distribution through time. Furthermore, the extreme structural 

and stratigraphic complexity, in combination with the lack of well data and poor-imaging of key 

structures and intervals in the seismic data impart significant uncertainty to any interpretation 

(Groshong et al., 2012). Not withholding the implicit weaknesses of 2D kinematic modeling and 

restoration, restoring a representative seismic interpretation in the Reinga Basin improves the 

veracity of the current understanding of the tectonic evolution and reduces the snowballing of 

interpretational uncertainty. 
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5.1 Restoration Workflow 

 Effective restoration is the product of careful consideration and integration of all 

available datasets and is best applied when designed to adequately answer the questions in mind. 

The key outcomes of this research were specifically tuned to enrich and not be hindered by a 

minimal dataset. Commonly, a well dataset of relatively higher density than the one available in 

Reinga Basin is utilized to harvest the necessary information regarding: lithostratigraphy (rock 

types and depositional environment), biostratigraphy (ages and paleo-water depths), paleo-

bathymetry (restoration datums), petrophysical properties (porosity and density) and seismic 

velocities (TWT-depth relationships). Due to scarcity of such data within the Reinga Basin, it is 

more challenging to calibrate the model and a number of key assumptions were adopted to 

construct the best possible restoration.  

 In summary, seismic stratigraphic control comes from the Waka Nui-1 well, dredge 

samples, and previous seismic interpretations. Seismic interval velocities from the seafloor down 

to the top of the Cretaceous section (UB2) and the Jurassic basement are obtained from TWT-

depth relationships by Stagpoole (2011) (Figure 4.9). The sub-Cretaceous (U2, U1a, U1b) 

interval velocities are estimated assuming a similar downward extrapolation of the time-depth 

curve published by Stagpoole (2011). Paleo-water depths are approximated from biostratigraphic 

analysis (Browne et al., 2016) and bolstered by established paleogeographic maps (Herzer et al., 

1997; Bache et al., 2012, 2013b; Stagpoole et al., 2009). Similar to Stagpoole et. al. (2009) the 

model assumes an overall increase in water depth through time. Non- to marginal marine 

environments into the Late Cretaceous, upper to middle bathyal depths during the Paleogene and 

rapid subsidence to lower bathyal depths in the Neogene. Rock properties are derived using 

Move defaults and the proportions of sand, shale and limestone by Stagpoole et. al. (2009).
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Figure 5.1 Interpretation of the REI09-014 seismic line (a) and the uninterpretated line (b). The 014 line was used as the representative 

section for structural restoration in this study. The depth converted interpretation is shown in Figure 5.7J, the depth-converted seismic 

section is not included due to the low quality of seimic image processing in Move. 
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 An interpretation of the REI09-014 seismic section line (Figure 5.1) was selected for 

restoration based on the following principles: 1) It is among the most well-imaged seismic 

sections in the REI09 seismic survey; 2) It represents all the general structural styles observed in 

the REI09 seismic survey (i.e., extensional normal faulting, compressional reverse faulting, 

compressional inversion of normal faults); 3) It lies in the transitional zone between dominantly 

extensional tectonics and dominantly compressional tectonics, and therefore exemplifies an area 

of complicated interplay between the two tectonic regimes; 4) It presents an opportunity to 

elucidate the evolution of what has become the quintessential Reinga Basin seismic section, 

published first by Stagpoole et. al. (2009) and subsequently reused and reinterpreted by 

numerous others (Bache et al., 2012, 2013a; Bruce, 2013; Browne et al., 2016; Sutherland et al., 

2017). 

 Midland Valley’s Move (2017) software was utilized for restoration because it contains 

the most robust set of tools to construct, restore and analyze a balanced cross-section. The 

sequential restoration workflow in Move is best described as repetitious and iterative. An 

example of the workflow is depicted in Figure 5.2. Simplistically, it consists of consecutively 

unfaulting, unfolding and decompacting each horizon from top to base. The value in this 

progression is that it exposes inconsistencies and errors in the initial interpretation, which are 

then corrected and propagated through the subsequent time steps. The result, depending on the 

techniques used, is a section in which area and line length are preserved. Algorithm choice is a 

critical component to the geological viability of the restoration and is best selected by 

considering the tectonic and structural context and the desired outcome of the restoration.  
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Figure 5.2 Example structural restoration workflow utilizing 2D Kinematic Modeling modules 

within Midland Valley’s Move (2017). (Modified from Midland Valley Move software 

documentation)  

5.2 2D Kinematic Modeling 

The following is a summary of the methods used in this study, compiled from Midland 

Valley’s Move (2017) Online Help documentation. It represents a succinct account of each 

method and emphasizes their applicability to this study based on the aforementioned objectives 

of the restoration. For further detail on these and other methods and workflows, refer to the 

extensive Help documents provided within the Move 2017 software.  

5.2.1 Unfaulting  

In the case that the subject horizon is faulted, the first step of restoration is removing the 

slip on the fault, returning the horizon cutoffs to their position at the time of deposition. In the 

case of post-depositional faulting, the resulting horizon would be continuous and conform to the 

assumed orientation at the time of deposition. Where faults are active over a protracted period of 
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time, or reactivated periodically, the slip on the fault is incrementally adjusted until the current 

horizon is near its inferred original depositional geometry. For example, in the case of syn-rift 

sedimentation, rifting may outpace sediment deposition and yield an under-filled, fault bound 

sub-basin. In this instance, returning the target horizon to a continuous, flat surface would 

overemphasize the slip on the fault and render a geologically invalid illustration.  

 Move has 6 different methods of modeling movement on faults. Of them, three are 

intended to be used exclusively for forward modeling of contractional structures (i.e., fault bend 

folds, fault propagation folds and detachment folds). The remaining three, simple shear, fault 

parallel flow and trishear, are all suitable for forward modelling and to restore deformation. Each 

was selected, case-by-case, on the basis of the style of faulting in question and the geological 

suitability of their results.  

The simple shear method in Move is based on the work of Verrall (1981), Gibbs (1983), 

and Withjack and Peterson (1993), who defined the relationship between the geometry of 

hanging wall deformation and the shape of the active fault plane. This method is therefore adept 

at restoring listric faults in which slip decreases with depth and the curvature of the fault is 

linked to the orientation of deformation in the hanging wall fault block. The algorithm operates 

under the principals that the area of the hanging wall block must be conserved, and the length of 

the pins (a series of parallel shear vectors) remain constant. These fundamental aspects are 

shown in Figure 5.3. Many of the faults in the REI09-014 seismic section are interpreted to have 

listric geometries and rotated hanging wall fault blocks or rollover anticlines. In most cases, 

movement on these faults was restored using the simple shear algorithm with inclined shear 

vectors. This method, through an iterative experimental process, was found to most effectively 

and accurately restore the rollover anticline geometries in many of the hanging wall fault blocks.  
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Figure 5.3 Diagram depicting the fundamental principles of the simple shear Move-on-fault 

algorithm in Midland Valley’s Move (2017). (Move Online Help documentation) 

 Fault parallel flow is a method that is intended to model hanging wall movement over a 

ramp-flat fault plane in fold and thrust belts, however, due to its adherence to plane strain and 

particulate flow parallel to the fault plane, it proved to be suitable to restore the displacement on 

geometrically simple normal and reverse faults in the Reinga Basin structural framework. This 

method was developed in collaboration with the University of Keele (Kane et al., 1997; Egan et 

al., 1997) and follows the principals that the footwall remains undeformed and is not translated, 

and that line length of the fault associated horizons remains constant, making it particularly 

suitable when attempting to approximate strain magnitude.  

 Finally, the trishear method of move-on-fault restoration in Move was developed in 

conjunction with Colorado State University (Erslev, 1991). The algorithm is designed to model 

the behavior of fault propagation folds, in which beds are deformed in a triangular zone of shear 

that emanates from the tip of the propagating fault (Figure 5.4). It more correctly reproduces the 

curved geometries in fault propagation folds than other previous kinematic models. Trishear was 

employed to restore the contractional fault propagation folds in the northeast end of the REI09-

014 section and the southwest limb of the pop-up structure located near the southwest end of the 

section (Figure 5.7G).  
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Figure 5.4 Conceptual models of trishear kinematics in contractional and extensional settings. 

(Brandes and Tanner, 2014) 

5.2.2 Unfolding 

Unfolding is the act of restoring horizons to their pre-deformational state. Move enables 

this process by two methods, simple shear and flexural slip. Simple shear translates folded beds 

vertically to the undeformed position, disregarding line length (Figure 5.5a). Flexural slip, like 

folding the proverbial deck of cards, translates deformation between the layers of the model and 

therefore preserves line length (Figure 5.5b). Considering one of the goals of this research is to 

approximate the magnitude of contraction and extension in this area of the Reinga Basin, simple 

shear is not an adequate method of accurately restoring the section. With that being said, a 

limitation of the flexural slip method is that it does not allow a target horizon to be partially 

restored. In other words, if the desire is to return the horizon to a conceptualized paleo- 

topographic or paleo- bathymetric surface, as opposed to perfectly flat, restoring the horizon to 

80-90% of the total folding using simple shear can achieve such a result. This temporary surface 
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may then be used as a datum for the flexural slip algorithm, striking a balance between a more 

geologically illustrative restoration and the critical preservation of initial line lengths.  

 

Figure 5.5 Comparison of the two unfolding algorithms available in Midland Valley’s Move 

(2017). Simple shear transposes horizons vertical, while flexural slip applies bedding parallel slip 

and in turn is the only of the two algorithms to preserve line length. (Move Online Help 

documentation) 

5.2.3 Decompaction and Isostasy 

The final phase in each phase of restoration is the stripping off of the uppermost interval. 

The decompaction module in Move facilitates the reversal of compaction due to porosity loss 

with burial depth as well as isostatic rebound as a result of the reduced sediment load. The 

Sclater & Christie (1980) method, represented by the function below, was utilized in this 

restoration and, as mentioned, the calculated default values for porosity, based on lithological 

ratios by Stagpoole et. al. (2009) were applied. In the formula, ! represents the present-day 

porosity, !" is the initial porosity at surface conditions, c is the porosity-depth coefficient (km-1) 

and y is the present depth (km).  

! = !"	(&
'()) 

 Move offers two methods of isostatic correction: airy isostasy and flexural isostasy. The 

former is most applicable to sections in which the thickness of the sediment load does not change 
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drastically laterally. In other words, the isostatic compensation is applied locally, and the lateral 

effects of loading are not accounted for. Alternatively, the flexural isostasy method 

accommodates long sections with lateral variations in sediment loads that impart a flexural 

response upon a significant length of the section. The module requires input values for mantle 

density, elastic thickness, Young’s modulus and flexural wavelength. A mantle density of 2800 

kg/m3 and an elastic thickness of 15 km, the modeled thickness of the attenuated lithosphere 

under Reinga Basin, were adopted from Herzer et. al. (2009). 

5.3 Restorations 

The results of the sequential restoration of the REI09-014 seismic interpretation are 

shown in Figure 5.6 and Figure 5.7. Time-steps were selected that coincide with the top of each 

defined tectonostratigraphic unit. Each time-step therefore represents the cumulative result of all 

the deformation and sediment deposition that occurred between that time-step and the preceding 

time-step. Fault status is highlighted in each panel to emphasize the temporal and spatial changes 

in active faulting and the reactivation and inversion of earlier structures. Additionally, the length 

and amount of cumulative extension or shortening at that time are annotated.  

5.3.1 100 Ma (Middle Cretaceous) 

 Figure 5.6A represents the section during the Middle Cretaceous, prior to the breakup of 

Gondwana and subsequent rifting. Little is known about the pre-rift paleo-environment of the 

Reinga Basin region and the seismic data offers little suggestion of the structure of the pre-rift 

interval. It is, for the purpose of this restoration, assumed to be subaerially exposed.  

5.3.2 ~ 90 Ma (Late Cretaceous) 

Figure 5.6B represents the early rifting phase of the basin and deposition of the syn-rift 

unit U1a. The onset of rifting occurs slowly, and sediment deposition roughly equals the rate of 
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subsidence. Active-fault bound sub-basins may initially be isolated, but sediment eventually 

spills over into adjacent basins, effectively healing over the rotated fault blocks. The magnitude 

and style of subsidence differs along strike. Greater subsidence is experienced by the 

southwestern area of the section and is primarily accommodated by two large sub-basin margin 

faults on the West Norfolk Ridge and the intra-basin ridge.  

5.3.3 85 Ma (Late Cretaceous) 

 Figure 5.6C represents the rift climax phase of the basin and deposition of syn-rift unit 

U1b. The rate of displacement on southwestern dipping faults has increased dramatically relative 

to northeast dipping faults. Maximum displacement occurs proximal to the intra-basin ridge. 

Paleo-water depth are assumed to be marginal to non-marine. Based on its ability to essentially 

fill and heal over of the fault bound sub-basin, U1b is inferred to include both the rift climax and 

immediate post-rift strata. 

5.3.4 66 Ma (Top Cretaceous) 

 Figure 5.6D represents continued basin extension, subsidence and deposition of post-rift 

unit U2. Subsidence of the basin is assumed to be the product of both sediment loading and post-

rift thermal contraction. Paleo-water depth increases during this period to shelf depths. 

Subsidence of the large basin depocenters occurs relative to two basement rooted ridges, the 

West Norfolk Ridge to the southwest and the unnamed intra-basin ridge, accommodated by 

roughly equal displacement on the existing West Norfolk Ridge fault and a new normal fault that 

splits the intra-basin ridge.  

5.3.5 49 Ma (Early Eocene) 

Figure 5.6E captures both the end of the extensional phase and the onset of compression 

in this portion of the basin. Unit U3 may be considered both late syn-rift and inversion-initiation 
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strata. In the northeastern portion of the section, U3 drapes over the paleo-bathymetric 

expression of the early rifted structure and a number of normal faults remain active. The most 

northeastern extent of the section subsides dramatically as the latest vestige of a northeastern 

migrating extensional front. Maximum extension of roughly 18% has been achieved by this time 

and an abrupt transition to a compressional tectonic stress regime creates a large wavelength fold 

in the southwestern most portion of the basin, buttressed against the West Norfolk Ridge.  

5.3.6 40 Ma (Late Eocene) 

Figure 5.7F represents the ongoing period of compression and deposition of the syn-

inversion unit U4. Basin inversion, in the form of continued reverse faulting and reactivation of 

pre-existing structures, migrates northeastward, buttressed to the southwest by the West Norfolk 

Ridge. U4 drapes over the extended northeast portion of the section and fills the now inverted 

basin depocenters. Deformation has been interpreted to evolve in-sequence. The southwestern 

most fault block is uplifted, rotated, and exposed to wave action that eventually produces the 

distinct wave-ravinement surface. Paleo-water depths are in the upper to middle bathyal range, 

between 400m and 800m (Sutherland et al., 2017; Browne et al., 2016). 

5.3.7 35 Ma (Top Eocene) 

Figure 5.7G represents the latest syn-inversion phase and deposition of syn-kinematic unit U5. 

Compression is accommodated by inversion of a number of reactivated normal faults. Uplift of 

the South Maria Ridge makes use of existing northeast extensional faults and produces a number 

of tight fault propagation folds verging to the northeast (modeled here, for simplicity, by a 

conceptualized fault propagation fold). U5 laps onto and is folded in unison with the uplifting 

South Maria Ridge, maturing pop-up structure and inversion anticlines in the central basin 

depocenter. 
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5.3.8 ~15 Ma (Middle Miocene) 

Figure 5.7H represents the deposition of post-inversion unit U6 and the culmination of a 

prolonged period of subsidence and erosion of the basin bounding South Maria Ridge (Figure 

4.3). The basin subsided greater than 1km to bathyal depths and deposition is confined to the 

basin axis, lapping onto prominent uplifted and folded structures of units U3-U5. The basin is 

largely under-filled, and subsidence significantly outpaces sedimentation. South Maria Ridge has 

been completely emplaced and progressively planed-off by wave action as the basin subsides and 

the shoreline retreats to the northeast. A wave-ravinement surface truncates the earlier fault 

propagation folds adjacent to the South Maria Ridge. 

5.3.9 5 Ma (Top Miocene) 

Figure 5.7I represents the period of continued subsidence and the deposition of unit U7. 

While unit U7 is considered syn-compressional in the northwestern part of the basin (Bache et 

al., 2012), lapping onto the uplifting Wanganella Ridge (Figure 4.4), there is no indication of this 

second phase of compression in this section. In the REI09-014 section, U7 onlaps the prominent, 

although currently inactive, pop-up structure and pinches out onto the basin margin highs. Water 

depth is assumed to be advancing towards modern day lower bathyal depths.  

5.3.10 0.0 Ma (Present) 

 Figure 5.7J represents the section in its present-day configuration. Deposition of unit U8 

occurred in a subsiding and quiescent tectonic environment. Water depths are in the bathyal 

range and deposition of pelagic sediments dominates, prograding to the southwest. The basin 

remains under-filled, U8 laps onto, and does not appear to drape over the prominent southwest 

pop-up structure. Folding of units U6, U7 and U8 on the southwestern flank of the pop-up 

suggests minor late-stage compression and reactivation of the pop-up related back-thrust. 
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Figure 5.6 Panels A-E illustrate the structural evolution of the REI09-014 interpretation from 

middle Cretaceous to early Eocene. The entire extensional phase is captured in these six panels. 

Ages, section lengths and amount of cumulative strain are annotated for each time-step. 
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Figure 5.7 Panels F-J illustrate the structural evolution of the REI09-014 interpretation from late 

Eocene to present-day. Progressive compressional strain leads to reverse faulting and 

reactivation of existing faults. Subsidence, followed by tectonic quiescence persists through the 

last 15 million years. Ages, section lengths and amount of cumulative strain are annotated for 

each time-step.   
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CHAPTER 6 - DISCUSSION 

6.1 Review  

 This study seeks to explore the tectonic evolution of the Reinga Basin following the 

philosophy that the stratigraphic architecture of the basin yields critical insights into not only the 

evolution of deformation (kinematics), but the tectonic forces that drive the deformation 

(dynamics) (Lamb, 2011). For this purpose, 4 key seismic lines were presented that exemplify 

the tectonostratigraphic assemblages in the basin and the characteristic variations of structural 

style along the basin’s length. Additionally, a structural restoration was employed to breakdown 

the timing and location of active deformation based on the stratigraphic relationships interpreted 

from the seismic data. From these analytical methods, a conceptual model is constructed that 

elucidates some of the complex overprints of extensional and contractional deformation features 

and validates the interpretations of previous authors. 

6.2 Significance of Key Findings 

 Interpretation and application of the principal results of this study is provided in the 

following sections. Much of this discussion is centered around an interpretation of the kinematics 

and dynamics of the Reinga Basin’s tectonic evolution. The objective of this discussion is not 

only to honor the information produced by this research, but to integrate it constructively with 

the works of previous authors. 

6.2.1 Migration of Active Faulting 

 The results of this study highlight a pervasive understatement of the complexity of the 

structural evolution of the basin. The boundaries of the established tectonostratigraphic 

classification delineate 7 major phases of evolution but don’t account for the overprint caused by 

the continuation of tectonic processes well into another phase of the evolution. The sequential 
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restoration offers a model, albeit non-unique, of the prolonged activity and sporadic reactivation 

of most of the original basin forming faults.  

 Poor imaging of the basement structures and syn-rift strata makes the timing of specific 

structures, active during the rifting phase of evolution, difficult to constrain. It appears the rifted 

structure of the Reinga Basin developed in accordance with the conceptual model of normal fault 

array evolution established by Gawthorpe and Leeder (2000). The model, which is based on 

tectonostratigraphic relationships observed in analogous rift basins (e.g., the Northern North Sea 

and Gulf of Suez), demonstrates a similar displacement rate profile to that interpreted in the 

Reinga Basin (Figure 6.1). The magnitude of displacement on normal faults increased slowly, 

confined to a series of isolated normal faults and became increasingly focused and rapidly 

subsiding on a system of linked, large graben bounding faults through time. This progression is 

primarily driven by segment linkage, although, similar to the West Natuna Basin in Indonesia, 

the basin transitioned from fault-controlled to thermally-controlled subsidence, and only the 

largest faults remained active (Burton and Wood, 2010). Thermal contraction and subsequent 

sediment loading drove extension well into early to middle Eocene, likely overlapping with the 

onset of compression.  

 The variation in structural style along the strike of the basin is perhaps its most 

remarkable characteristic. The contractional deformational features that abut the basin’s 

northeast margin exhibit significantly different styles and, even within a certain style 

classification, express different geometries. These structures may be placed into 4 categories: 1) 

Large-scale fault propagation folds of opposing northeast and southwest vergence (Figure 6.2a); 

2) Southwest verging imbricated thrusts (Figure 6.2b); 3) Northeast verging, small-scale fault 

propagation folds (Figure 6.2c); and 4) Low-angle thrust faulting (Northland Allochthon, Figure 
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6.2d). The diversity in deformational style is interpreted to be the product of the configuration 

and rotation of the Tonga-Kermadec subduction zone. Secondarily, the thickness of sediment 

acted upon by the compressional front, the strength of coupling to the basal surface and the 

impingement of the Reinga and South Maria Ridges play key roles in the nature of deformation. 

 

 

Figure 6.1 Evolution of a normal fault array, similar to the interpreted extensional fault 

framework in the Reinga Basin. (A) Fault initiation stage (early rifting) - characterized by 

numerous small-displacement normal fault segments. (B) Fault linkage stage - deformation in the 

fault array becomes increasingly localized along major fault zones. (C) Through-going fault zone 

stage (rift climax) - deformation is localized along major bounding fault zones (e.g. 1, 2 & 3) 

creating major half-graben and graben depocenters. (Modified from Gawthorpe and Leeder, 

2000) 
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Figure 6.2 Compilation of interpreted seismic lines from the REI09 2D seismic survey. The NE 

portions of panels A-D exhibit the diversity of contractional deformation styles present along the 

NE margin of the Reinga Basin.  
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 The sequential restoration demonstrates the possibility of a significant temporal disparity 

between uplift and erosion of opposing basin margin highs (see wave-ravinement surfaces in 

Figure 6.2). Combining this result with an interpreted northeastward succession of younger 

inversion of structures and syn-kinematic strata, the results here suggest compressional tectonic 

forces acted initially upon the southwestern part of the basin, adjacent to the West Norfolk 

Ridge. Beginning in the middle Eocene deformation migrated northeastward, culminating in 

intense deformation along the basin’s northeast margin. The Reinga Basin represents the 

northeastern most member of a large swath of early to late Eocene compressional deformation 

that stretches 2000 km southwest to the Tasman abyssal plain (Figure 6.3). This protracted 

period of compression is interpreted to have coincided with initiation of Tonga-Kermadec 

subduction (Bache and Mortimer, et al., 2014a; Sutherland et al., 2017).  

 

Figure 6.3 Location of seismic interpretations linking Eocene compressional deformation to 

Tonga-Kermadec subduction initiation, the configuration of which is marked by a dashed black 

line. Black bars represent the inferred Eocene shortening direction. Reinga Basin (A); southern 

Norfolk Ridge (NR); southern New Caledonia Trough (NCT, location B); southern Lord Howe 

Rise (C); Tasman abyssal plain (D); Gippsland Basin (E); New Caledonia (NC, location F). 

(From Sutherland et al., 2017) 
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 Eocene contraction favors activation of new reverse faults; inversion of normal faults is 

not nearly as prevalent as originally anticipated (Figure 6.2). This is likely the result of the 

overall steep-dipping nature of the normal fault framework as interpreted in the basin. Inversion 

commonly exploits lower-angle faults with listric geometries, a phenomenon detailed by Coward 

(1994). The direction of principal compressional stress is inferred to trend perpendicular to the 

orientation of the emerging Tonga-Kermadec trench and corresponds with the strike of late 

Eocene reverse faulting and the axis of folding in the northeast Reinga Basin. Similar to the 

present-day Hikurangi trench, many of the large-scale fault propagation folds observed in the 

REI09 survey verge toward the subducting oceanic plate (i.e. northeast) (Barnes et al., 2010). 

However, where the Reinga and South Maria Ridges are uplifted, albeit relative to the subsided 

basin center, and encroaching on the thick sedimentary package in the northeast, vergence flips, 

creating two opposing fold belts. It is possible that the robust sedimentary interval (>2000ms 

TWT), combined with enhanced basal coupling induced by the sediment load facilitates this 

unique geometry. In contrast, where the sediment column is relatively thin, the sedimentary 

package appears to decouple and ride over the incoming ridge (Figure 6.4). Admittedly, this may 

be the collective result of both a reduced coupling strength on the basal surface, and the low-

angle ramp-like attitude of the Reinga Ridge in this portion of its extent.  

 The imbricated thrust faults seen in Figure 6.2b are the only example of this structural 

style in the Reinga Basin. Coincidentally, the section in which they penetrate is among the 

thinnest along the northeast compressional front and the only one void of earlier faulting for 

compressional stresses to exploit. These structures are seen as the deformational alternative to 

the small-scale, immature fault propagation folds (interpreted in Figure 6.2c), which apparently 

benefited from the pre-defined structural “grain” of small-scale normal faults. Some basinward 
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thrusting is interpreted in the most northeast portion of REI09-014 but may considered 

speculative. 

 

Figure 6.4 Uninterpreted (A) and interpreted (B) example of NE verging fault propagation folds 

decoupled from the basal Reinga Ridge along the NE margin of the Reinga Basin. An exemplary 

wave ravinement surface (dashed), an indication of middle to late Miocene uplift, transgression 

and subsequent erosion. 

 Figure 6.2d depicts yet another unique mode of compressional deformation along the 

basin’s northeast margin. The southwestern limit of thin-skinned thrusting (obduction) of the 

Northland Allochthon is apparent in the southeastern portion of the REI09 seismic dataset but 

does not appear to extend into the Northland Basin. It represents renewed compression following 
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a ~15 m.y. hiatus (Sutherland et al., 2017). During the latest Oligocene to earliest Miocene 

(between 25 and 20 Ma) the proto-Hikurangi subduction margin, and its northwest projection, 

the Tonga-Kermadec trench, were oriented parallel to sub-parallel to the strike of the Northland 

Peninsula, the thrust front of the Northland Allochthon, the Reinga Basin, and the incipient 

Vening Meinesz Fracture Zone (VMFZ).  

 

Figure 6.5 Tectonic setting reconstructions from 26 Ma thru 15 Ma. The evolution of the Tonga-

Kermadec Trench, consisting of clockwise rotation and eastward retreat is inferred to apply 

compressional and transpressional stresses on the Reinga Basin (RB) from Eocene to middle 

Miocene. (Modified from Mortimer et al., 2007) 

 The Northland Allochthon, an assemblage of Cretaceous to earliest Miocene oceanic 

igneous and deep-marine sedimentary rocks, was emplaced, as a “flake” peeled from the 

subducting slab (Lamb, 2011). The southwest thrust transport direction (Figure 6.6) of the 

allochthon confirms the southwest dipping direction of plate convergence during the late 

Oligocene to early Miocene and is constrained by structural analysis of shear bands, minor folds, 

minor thrust and shear zones, conjugate shear fractures and groups of minor faults measured at 

numerous sites on the Northland Peninsula (Rait, 2000).  
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Figure 6.6 Map showing average thrust transport directions obtained from kinematic indicators at 

various locations on the Northland Peninsula. The thrust transport direction inferred from these 

observations is congruent with the orientation of the late Oligocene to early Miocene convergent 

boundary adjacent to the Northland Allochthon. (From Rait, 2000) 

 

 Obduction was promptly followed by right-lateral VMFZ faulting, differential uplift and 

subsidence of various sub-basins and fault blocks along the VMFZ (Herzer et al., 2009). 

Movement along the VMFZ was active by 18-20 Ma and accommodates decoupling of the 

Reinga Basin from back-arc extension in the Norfolk Basin (Figure 6.5) (Mortimer et al., 1998). 

The timing of allochthon emplacement and subsequent VMFZ translation is notably concurrent 

with the development of the two northwest trending, andesitic volcanic belts active between 22 

Ma and 16 Ma (Herzer, 1995), and located southwest and northeast of the Northland Peninsula 

(Figure 6.5) (Rait, 2000; Mortimer et al., 2007).  
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 The final large scale compressional event came in the late Miocene, inverting southwest 

basin margin normal faults and uplifting the Wanganella Ridge. Deformation along the ridge 

migrated southeastward, exemplified in the northwest by uplifted basement slivers and more 

diffusely in the southeast by large-wavelength folds (Herzer et al., 1997). The late stage folding 

interpreted along the southwest flank of the pop-up structure in the REI09-014 (Figure 6.2c) is 

inferred to have occurred near the end of this phase, symbolizing one final gasp of contraction on 

a predisposed structure. This final phase of compression is not expressed with any significance in 

the adjacent New Caledonia Trough, nor further north. The period of late Oligocene to late 

Miocene compressional deformation is widely recognized as the inception point of the Alpine 

Fault and the transpressional boundary through Southern New Zealand (Bache et al., 2012). 

Deformation in the Reinga Basin may represent the earliest extent of a southward progressing 

deformational wave caused by ongoing clockwise rotation of the Tonga-Kermadec subduction 

zone and its associated transpressional stress regime.   

6.2.2 Economic Significance 

 The Reinga Basin is located within the New Zealand Economic Zone and Extended 

Continental Shelf, an area of exclusive mineral rights, among other resources of environmental 

and cultural value. Based on consideration of significant source rock potential, burial history, 

thermal maturity and a number of structural and stratigraphic trapping mechanisms, much of the 

basin is considered to be moderately to highly prospective for the production of hydrocarbons 

(Stagpoole et al., 2009). Prospective plays within the Reinga Basin include: anticlines and 

inversion structures, transgressive deposits, volcano-related traps, channels, turbidites and basin-

floor fans. Unfortunately, none of these play types have been tested outside the Taranaki Basin 

(Bache and Stagpoole, et al., 2014).  Investigation of sea-surface slicks identified a number of 
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likely seepage slicks broadly correlated with the areas of Neogene deformation and reverse 

faulting. Furthermore, seismic amplitude analysis has indicated the presence of a number of 

possible hydrocarbon expulsion pathways associated with faults and anticlines (Stagpoole et al., 

2009; Bruce, 2013).  

 The Jurassic to Late Cretaceous pre- and syn-rift strata, believed to be comprised of 

various interbedded marine and non-marine lithologies including sandstone, marls, coaly 

mudstones and coal measures, represent the most likely source rocks in the basin. Rock-Eval 

analysis of correlative rocks in the northern Taranaki Basin indicates the presence of oil- and 

gas-prone type II and III kerogen respectively. Reservoir rocks are inferred at multiple 

stratigraphic levels from Mesozoic to Pliocene and are suggested to include clastic fluvial, 

transgressive coastal, and deepwater turbidite sands, carbonate reef, and fine-grained limestone. 

Many of the proposed seismic reservoir facies include potential siltstone or mudstone forming 

sealing lithologies as part of an upward-fining fluvial cycle (Stagpoole et al., 2009).  

 Inferences made in regard to the presence of source, reservoir and seal lithologies are 

uncertain and represent the most significant exploration risk in the Reinga Basin. Without well 

penetrations in the basin, the assessment of reservoir system viability relies solely on seismic 

facies interpretation and models of the structural and stratigraphic development of similar basins 

(Stagpoole et al., 2009). While many of the seismic stratigraphic units in the basin may be 

regionally expansive, it is difficult to predict the variations in reservoir quality that may arise 

from differences in depositional environment, burial depth and diagenesis.  

 Beyond the inherent geologic risk, the current state of the global oil and gas market, 

combined with the recent ban of offshore drilling in New Zealand’s waters makes the economic 

significance of the basin’s resource potential a tenuous subject. Nevertheless, in general terms, 
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this study produces an evolutionary model that offers further insight into of the formation and 

preservation of all key petroleum system elements by the late Eocene. 

6.2.3 Interpretational Uncertainty 

 In recent years, increasing emphasis is being placed on the impacts of interpretational 

uncertainty. The various industries that utilize geoscientists share in a uniting adversity to risk, 

however, conceptual uncertainty, or the staggering range of possible interpretations for any one 

data set, is largely unaccounted for. Subsurface data interpretation is an inherently subjective 

practice and the foremost burden of a geoscientist is competing with a ubiquitous lack of data. 

There is no “complete” dataset; each one suffers from its own characteristic quality and 

resolution deficiencies (Bond et al., 2007). Where the data is incomplete, rules of thumb, guided 

by experience, are inserted. These heuristics are unfortunately biasing and are shown to 

introduce a great deal of inaccuracy and uncertainty to our interpretations (Tversky and 

Kahneman, 1974). A growing volume of research shows that the quality of our interpretations 

relies profoundly on our ability to apply a scientific and pragmatic methodology, that includes 

collaboration and integration interpretations (Kuhn, 1970; Tversky and Kahneman, 1974; Wood 

and Curtis, 2004; Bowden, 2004; Bond et al., 2007, 2012; Bond, 2015; Polson and Curtis, 2010; 

Macrae et al., 2016). It is by this principal, and not suggesting any misdeeds by previous authors, 

that value is seen in this objective reinterpretation, applying new and complementary methods 

and incorporating the great breadth of available information. 
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CHAPTER 7 - CONCLUSIONS AND RECOMMENDATIONS 

 

7.1 Conclusions 

 

 The structural and tectonostratigraphic seismic interpretations, in conjunction with 

sequential structural restoration represent a new and pragmatic validation of the models of 

evolution developed by Herzer et al. (1997, 2009); Stagpoole et al. (2009); Bache et al. (2012, 

2013b, 2013a); Bache and Mortimer, et al. (2014b); Browne et al. (2016); Sutherland et al. 

(2017). Furthermore, it offers an increased level of granularity by analyzing and describing the 

spatial and temporal migration of active structure and their linked stratigraphic units. In review, 

the principal conclusions of this study are: 

1) The currently accepted tectonic evolution phase distinctions are accurate and 

illustrative of the complex polyphase history, however the level of complexity of the structural 

evolution of the basin is understated. This study presents an enhanced model for the basin’s local 

response to regional stress, highlighting a systematic and sequential development of 

deformational structures.  

2) Trenchward vergence of late Eocene fault propagation is indicative of the presence 

of a southwest dipping subduction zone during the middle to late Eocene and bolsters the 

hypothesized link between widespread compressional deformation and the initiation of the 

Tonga-Kermadec subduction zone. 

3) During the Late Cretaceous to early Eocene the Reinga Basin was extended 

approximately 18%, in line with similar rifted basins (i.e. the North Sea). In consideration of the 

35-40% crustal attenuation estimated by Herzer et al. (1997), it is likely that there is a significant 

component of extension unaccounted for. The summation of extension on sub-seismic resolution 

faults may potentially account for an additional 25-60% extension (Marrett and Allmendinger, 
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1992). Additionally, this principal, combined with assumed out-of-plane strain, deficiencies in 

the restoration methodology and the rotating obliquity of the principal compressive stresses, may 

account for the assumed underestimation of the compressional strain magnitude. 

4) Due to the planar geometry of many of the basin forming normal faults, 

compressional strain, unlike in other inverted basins, favors new reverse faults. The reactivation 

of earlier structures is less common and restricted to normal listric faults with low dip-angles. 

5) The characteristic variation of compressional deformational style on the northeast 

margin of the basin is driven by southwest dipping subduction and further attributed to the 

thickness of sediment acted upon by the compressional front, the strength of coupling to the 

basal surface and the impingement of basin margin highs. 

7.2 Recommendations for Future Work 

 This study demonstrates the causative link between regional tectonic events and local 

deformational response. Within the Reinga Basin, due to the obliquity and rotation of principal 

compressive stresses, this response is proposed to occur in a systematic and sequential manner. It 

is likely that this pattern may be expanded to include the greater region, particularly the Taranaki 

and Northland Basins to the south and southeast respectively. Seismic interpretation and 

structural restoration in these areas of considerably higher data density, that integrates the 

observations presented in this study, could validate this hypothesis. 

 Within the datasets utilized in this study, there is significant potential for validation and 

expansion of the conclusions made here. Continuation of the tectonostratigraphic method of 

seismic interpretation and additional restorations will further cultivate the comprehension we 

have of how sedimentary basins depict the influences of complex regional tectonic events.  
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 Furthermore, a 2D seismic data set that greatly enhances the density of the 2D grid over 

Reinga Basin and its neighboring basins was acquired by TGS in 2015 (Figure 7.1). While the 

New Zealand government supports and mandates the release of all prospectivity data within a 

defined time period, it is unclear what the multi-client and proprietary status of this dataset 

means for its future public availability. That said, this 2D survey represents an invaluable asset to 

future researchers. Its tighter line spacing offers the resolution necessary to accurately correlate 

structural and stratigraphic frameworks line-to-line and across the basin. Additionally, it opens 

the door to identification and delineation of stratigraphic architectures (i.e. fans, deltas, channels, 

etc.) indicative of the depositional environment in which they were derived, exposing the basin 

to a level of detail it has never enjoyed. 

 

Figure 7.1 Map of the NWF14 and reprocessed REI09 2D seismic surveys, offering substantial 

improvement in the quality of the current REI09 dataset and an overall improved density of data 

coverage. (From TGS, 2015) 
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