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ABSTRACT

New Zealand has a regionally complex and diverse Cenozoic
geological record. However, few attempts have been made so far to
formulate a model of the Cenozoic tectonic development of New Zealand,
which reconciles this regional complexity and diversity. The
objective of this thesis is to work towards such a model. This has
involved the identification and resolution of five critical and
interrelated problems: (1) The age of inception of the New Zealand
sector of the Australia-Pacific plate boundary. (2) The tectonic
setting during the Paleogene. (3) The nature and location, north of
the Alpine Fault proper, of the relative plate motion which is evident
as dextral fault displacement on the Alpine Fault. (4) The total
amount of Cenozoic horizontal displacement through New Zealand. (5)
The Neogene and Quaternary extent and geometry of the subducted
Pacific Plate beneath northern New Zealand. The proposed solutions to
these problems are as follows: (1) The Australia-Pacific plate
boundary formed during the early Miocene, about 23 My B.P. (2) A
continental rift system developed through western New Zealand during
the Paleogene. (3) Northeast of the Alpine Fault the ;elative plate
motion was expressed as a combination of brittle and ductile shearing
that formed a recurved arc. (4) There has been a total of 500 km of
horizontal displacement through New Zealand. (5) The subducting slab
of Pacific Ocean lithosphere progressively increased its extent to the
southwest beneath northern New Zealand and concomitantly increased its

dip.

Based on these solutions, it is proposed that the Cenozoic
geological development of New Zealand may be modelled as a tectonic
succession, involving the oblique dislocation and tectonic
overprinting of a Paleogene north-south trending continental rift

system through western New Zealand, by a Neogene-Quaternary transform
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to obliquely convergent plate boundary. In this context most of the
regional complexity and diversity arises for the following reasons:
(1) The rift system developed as two independent segments, a North
Island segment and a South Island segment, and each in different ways.
(2) Rifting continued along some parts of the rift system after the
transform plate boundary had started to dislocate the South Island
rift segment in the early Miocene. Adjacent to the Alpine Fault in
central Westland, rifting ceased immediately following inception of
the plate boundary. However, the effects of the change in tectonic
regime were recorded later and to a lesser degree in the rift system
at localities further away from the Alpine Fault. (3) While the
relative plate motion was accommodated on a continent-continent
transform fault in the South Island, ocean-continent convergence
progressively emplaced a slab of Pacific Ocean lithosphere beneath the
North Island. The shallow dip of this slab beneath eastern North
Island is responsible for a portion of the compression which dominates
the Neogene and Quaternary record there. In northern and western
North Island, the emplacement of the slab and changes in its geometry
are responsible for the tectonic overprinting of the western rift
system; the southwestward direction of slab emplacement accounts for
the north to south overprinting of the North Island segment of the
former rift system. (4) A major contributor to the regional
complexity of the Cenozoic geological record is the nature of the
basement. Differences in the competence of the Tuhua Orogen (late
Precambrian-early Paleozoic) versus the Rangitata Orogen (late
Paleozoic-Mesozoic) caused the relative plate motion to be expressed
as Alpine Fault movement in the South Island but as the formation of a
mega brittle-ductile shear zone in Marlborough and eastern North

Island.



- iv -

ACKNOWLEDGEMENTS

I wish to acknowledge and thank my thesis supervisors, Professor
M.J. Selby and Dr C.S. Nelson, for their helpful assistance during the
course of this research. 1 thank Professor Selby for the invitation
to contribute two of the papers contained in this thesis to h{s book
on the Landforms of New Zealand. I am also very grateful to Professor
J.D. McCraw, Head of Earth Sciences, for creating the opportunity to

undertake this research.

I wish to especially acknowledge and thank one of my colleagues in
Earth Sciences, Mr David Lowe, who provided helpful comments of an
editorial nature on several parts of this thesis. Many other Earth
Scientists provided helpful comments of a technical nature on
different parts of the thesis, and I am extremely grateful for their
assistance. They are acknowledged separately at the end of each paper

in the thesis.

I thank Mr Ken Stewart and Mr Frank Bailey of the University of
Waikato for draughting assistance. I am grateful to Mrs Maryanne
Griffin and Mrs Elaine Norton, also of the University, for typing the

thesis.

I thank my wife, Betty-Ann, for her unfailing support during the

completion of this thesis.



CONTENTS

Abstract
Acknowledgements
Contents

Introduction

Previous applications of Plate Tectonics to New Zealand
Problem areas

Thesis objective

Organization of the thesis

References

Paper 1: Extent, continuity and tectonic development of an early

to mid-Cenozoic continental rift system through western
New Zealand, and implications for the age of Alpine
Fault inception

Abstract

Introduction

Late Oligocene shape of New Zealand

Extent and dimensions of the mid-Cenozoic western basins

North-south continuity of Eocene-Oligocene basins

A rift origin for the mid-Cenozoic western basins

Direction of rift propagation in the North Island segment

Age and degree of rift development in the South Island segment

The South Island pattern of rift development in relation to the
direction of rift propagation

Paleogeographic summary of rift development: implications for
the age of Alpine Fault inception

Relationship of the rift system to contiguous seafloor spreading

Summary and conclusions
Acknowledgements
References

Paper 2: Landforms of Hawke’'s Bay and their origin: A plate

tectonic interpretation
Introduction
Shape and coastline of Hawke'’'s Bay
Landform terrains of Hawke's Bay
Ruahine Range: Terrain 1
Inland depression: Terrain 2
Eastern uplands: Terrain 3
Northern Hawke'’s Bay: Terrain 4
Origin of Landform Terrains of Hawke's Bay
Plio-Pleistocene paleogeography of Hawke'’s Bay
References

ii

iv

13
16
19
21

25
26
28
32
37
51
51
63
65

73

75
81
86
89
90

104
105
106
107
110
112
114
118
119
123
125



- vi -

Paper 3: Landforms of Wairarapa in a geological context 127
Introduction 128
The nature and uplift rates of the Wairarapa coastline 128
Landform terrains of Wairarapa 130
Origin of the landform terrains of Wairarapa 138
Pliocene and Pleistocene paleogeography 138
References 140

Postscript to Papers 2 and 3 142

Paper 4: Age and origin of the New Zealand Orocline in relation

to Alpine Fault movement 144
Summary 145
The Alpine Fault in relation to the recurved basement structure 151
Age of Alpine Fault inception and major displacement 153
Paleomagnetic data on tectonic rotations within New Zealand 157
A new deformation model for New Zealand invoking two recurved

arcs 161
Origin of the Western Arc 164
Origin of the Eastern Arc 168
Late Cenozoic structure and tectonics of eastern North Island

in relation to the Eastern Arc 171
Late Cenozoic tectonic development of Marlborough in relation

to the Eastern Arc 177
Conclusions 181
Acknowledgements 183
References 184

Paper 5: Late Cretaceous-Cenozoic tectonic development of the

southwest Pacific region 191
Abstract 192
Introduction 194
New Zealand’'s pre-drift configuration and position within

eastern Gondwanaland 197
Pre-plate boundary shape of New Zealand 202
Late Cretaceous and Paleogene modification of New Zealand'’s

shape 206
An alternative pre-drift reconstruction of New Zealand within

eastern Gondwanaland 210
The late Cretaceous breakup phase 212

Latest Cretaceous-early Eocene (An32-An24) seafloor spreading 218
Middle Eocene-Oligocene (An21-An7) seafloor spreading and

New Zealand tectonics 220
Miocene-Recent development of the New Zealand sector of the

Australia-Pacific plate boundary 228
Summary and Conclusions 232
Acknowledgements 234

References 235



- vii -

Paper 6: Neogene and Quaternary extent and geometry of the
subducted Pacific Plate beneath North Island, New
Zealand: 1implications for Kaikoura tectonics 242
Abstract 243
Introduction 243
Summary of North Island Neogene volcanics 246
Present subduction geometry and Taupo Volcanic Zone volcanism 249
Age pattern of Neogene subduction derived volcanics 250
Neogene extent and geometry of the subducted slab 254
Implications 262
Acknowledgements 264
References 264
Paper 7: A proposed seafloor spreading and subduction origin
for the geophysical anomalies and igneous bodies off
the west coast, North Island 269
Abstract 270
Introduction 272
Distribution, composition and age of the offshore igneous
bodies 274

Critique of existing ideas on the origin of the northern
of fshore igneous bodies and their relationship to

onshore volcanism 276
The northern anomaly sources: incipient seafloor spreading

volcanics 278
Relationship of the northern anomaly sources to Norfolk Basin

spreading 282
The southern anomaly sources: a possible dual origin including

frontal arc andesites 284
Implications for Northland’s Paleogene volcanic geology 288
Conclusions 290
Acknowledgements 291
References ' 292

Paper 8: Subduction geometry and its control on the Quaternary

structure, volcanism and tectonics of northern

New Zealand 296
Abstract 297
Introduction 299
The dipping seismic zone 304
A plate interface in relation to the Wadati-Benioff Zone 305
Definition of the top of the subducting Pacific Plate through

Cook Strait 307
Geometry of the Pacific Plate beneath northern New Zealand 313
Pacific Plate geometry in relation to other geophysical

properties 316
State of stress of the overriding (Australia) plate 327
Quaternary volcanism and the subduction geometry 334
Late Cenozoic structure 344
Integration of the subduction geometry with the short and

longer term states of stress of the overriding plate 350
Conclusions 359
Acknowledgements 361

References 362



- viii -

Conclusions: A model of the Cenozoic tectonic development of
New Zealand

Introduction
A model of tectonic succession
Discussion of the model
Prelude to the Cenozoic
Paleogene - a time of extension
The plate tectonic development of the southwest
Pacific region

Tectonic overprinting of the rift system
Tectonic development of eastern North Island and

Marlborough
Final comments
References
Appendicies

I Geological Time Scale of the Cenozoic

II Kamp, P.J.J., 1980: Pacifica and New Zealand:
proposed eastern elements in Gondwanaland'’s
history

I1I Nelson, C.S., Briggs, R.M. and P.J.J. Kamp,
Nature and significance of volcanogenic deposits
at the Eocene-0Oligocene boundary, Hole 593,
Challenger Plateau, Tasman Sea (Abstract)

371

372
375
379
379
380
385
388
401
403
405
408

409

410

416



INTRODUCTION

New Zealand is geologically unusual, perhaps unique, in the extent
and thickness of Cenozoic marine strata which are now exposed onland.
This feature alone is indicative of profound and geologically recent
vertical tectonic movements; this is emphasised by the evidence that
much of this sediment accumulated at continental slope depths and
formed successions 2-3 km, or more, thick. These vertical crustal
movements are also spectacularly expressed in another way, as the
Southern Alps, where basement commonly occurs over 3000 m above sea
level. Biostratigraphic dating of the preserved Cenozoic marine cover
rocks in the North and South Islands, and K-Ar dating of the Alpine
Schists in the Southern Alps, indicate that the vertical movements
responsible for much of the present landscape of New Zealand have

occurred since the Oligocene, and largely since the Miocene.

The present outline of New Zealand and its geomorphology are due
also to horizontal movements - in fact, it can be argued that these
movements are of primary importance and that the later vertical
movements are a consequence of the lateral displacements. Both the
age and amount of horizontal movement is disputed; a popular view is
that the movement is wholly of late Cenozoic age and involves 1000 km,
of which 480 km is expressed as fault displacement on the Alpine Fault
and the remainder as drag forming the S-shaped recurved arc in the
basement structure (Wellman, 1975; Hunt, 1978). Alternatively, some
consider this lateral displacement and bending to be chiefly a
Cretaceous feature, although some late Cenozoic displacement is

accepted (e.g. Suggate, 1963, 1978; Grindley, 1974).



That there has been tremendous tectonic activity within New
Zealand during the Cenozoic was recognised from the early days of
geological exploration, and earth movements associated with historic
earthquakes reinforced this view. In Marlborough, Cotton (1916)
inferred from such movements a "Kaikoura orogenic period”. Since then
they have been widely known as the Kaikoura Orogeny. Suggate (1978)
redefined the Kaikoura Orogeny as those movements, whether continuing
or completed, which have led, without significant known reversal, to
the structural relations between Cenozoic and pre-Cenozoic rocks as
found today. It is not my intention to critically examine the merits
or otherwise of this definition; I am more interested in the nature,
timing and origin of the deformation, However, it is noteworthy that
in scientific articles where the concept of a Kaikoura Orogeny has
been applied or discussed, the post-depositional, and thus post-
Oligocene, deformation has been highlighted. Consequently, the
importance or even occurrence of Paleogene tectonics has often been
disregarded or diminished in importance, and the notion of tectonic
quiescence emphasised, if only by implication. For example, in the
two volumes of "The Geology of New Zealand” (Suggate et al., 1978),
the nature and pattern of Neogene and Quaternary tectonics is
discussed in Chapter 10 "The Kaikoura Orogeny," but there is no
comparable discussion of Paleogene tectonics. In fact there were
major vertical crustal movements during the Paleogene, and these
movements permitted and facilitated the accumulation of cover rocks -
the very materials subsequently uplifted and deformed during the

"Kaikoura Orogeny".



To more fully understand the place of the Kaikoura Orogeny
movements (as defined by Suggate, 1978) in the context of the Cenozoic
tectonic development of New Zealand, it is essential to understand the
tectonic setting that prevailed before the early Miocene imposition of
the Australia-Pacific plate boundary through New Zealand - the
probable cause of the Kaikoura Orogeny, as discussed further in this
thesis. This understanding is necessary as the development of the
obliquely convergent plate boundary reactivated pre-existing
structures, and because the preceding tectonic setting persisted into
the late Cenozoic in some regions long after the plate boundary had
developed elsewhere. A wider view of the Cenozoic tectonic
development of New Zealand will therefore incorporate the spatial and
temporal patterns of sedimentation, volcanism and structure both
preceding and accompanying the changes in tectonic setting. Moreover,
this approach allows an internationalisation of the geology, by
expanding it from the level of an understanding of the late Cenozoic
geologic development of New Zealand, to a New Zealand example of, in
this instance, the tectonic overprinting of a Paleogene continental
rift system by an obliquely convergent plate boundary. While there
have been major advances during the last decade in our understanding
of the characteristics and kinematics of passive, active and transform
margins, the next, or perhaps current, frontier, is in documenting,
comparing and understanding the consequences of one type of margin
tectonically overprinting another. Continents are an integration of
the effects of successive tectonic regimes, and this is nowhere more
obvious than in New Zealand, which has sustained at least three such
tectonic cycles. A central objective of this thesis therefore, is to

work towards an understanding of the last of these cycles, by



addressing critical problem areas in the interpretation of New
Zealand's Cenozoic geology, and then, to develop a model of the

Cenozoic tectonic development of New Zealand.

At this point it is pertinent to note that New Zealand has three
ma jor advantages over most other parts of the globe as a site for

attempts to model a tectonic succession.

(1) The geological time scales (mainly biostratigraphic) are
sufficiently refined to permit temporal resolution of spatial
differences in the tectonic development or response to overprinting.
On average, four biostratigraphic stages are identified for each of
the six major epochs (excluding the Holocene) of the Cenozoic.
Importantly, these are defined on the basis of microfossil zonations
and thus permit subdivision of the often thick deep-water mud-
dominated successions. The geological time scale that compares the
New Zealand divisions with the international divisions (Stevens, 1980)
is reproduced in Appendix I. Because of the understandable
unfamiliarity of overseas geologists with our local New Zealand
stages, every attempt is made in this thesis to use an equivalent
epoch name in applying or discussing ages. It should, however, be
appreciated that where otherwise not stated, the ages are based on
biostratigraphy.

(2) The tectonic succession has been sufficiently recent and rapid
that a useful balance exists between the amount of preservation of the
sedimentary and volcanic record of events, and the amount of removal
through erosion which has exposed these sequences and permitted their

investigation.



(3) Because the age of the ocean crust surrounding the New Zealand
subcontinent spans the ages of the last (Cenozoic) tectonic
succession, it is possible to integrate the onshore and offshore
geology. This is important as the age structure of the ocean crust
constrains the ages, amounts, rates and directions of plate motion
which caused the tectonic succession. California is another region
where these three advantages also apply and have been exploited (e.g.

Dickinson and Snyder, 1979; Howell et al., 1980).

Figure 1 illustrates a subdivision of New Zealand into the major
zones of deformation during the late Cenozoic. The map is given
chiefly to show the number and extent of different structural or
tectonic domains that can be identified in New Zealand. Since these
different domains developed concurrently, one may postulate that there
is an underlying order to the complexity and that it may be simply
explained. The application of the concept of plate tectonics has been
found elsewhere (e.g. California) to be a powerful means of unifying
and explaining geologic complexities, and I have applied this concept

to New Zealand in this thesis.

Previous applications of Plate Tectonics to New Zealand

The concept of plate tectonics has previously been applied to New
Zealand to explain several aspects of the regional Cenozoic geology.
Hatherton (1969, 1970a, b) was the first to do so, and importantly, he
identified the major elements of an active margin setting in northern
New Zealand and southwestern South Island. The active volcanic arc in

the North Island (White Island - Mt Egmont) was one of the circum-
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Pacific calc-alkaline arcs from which Dickinson and Hatherton (1967)
developed the well known andesite K»,0-h relationship. In 1971
Christoffel published a perceptive article showing how the 480 km of
Alpine Fault displacement could be accounted for in the last 10
million years by the dextral rotation of the Pacific Plate relative to
the Australia Plate about a finite pole to the south of New Zealand.
This was the first recognition that the onshore and offshore geology
could be reconciled. Subsequently papers, on a similar theme but
mainly dealing with the development of the plate boundary to the south
of the South Island, appeared by Christoffel and van der Lingen
(1972), Hayes and Talwani (1972) and Griffiths and Varne, (1972). 1In
1973 Wellman initiated the idea of microplates in the New Zealand
setting, a theme he has recently developed further (Wellman, 1983),
and importantly, showed that the average rate of displacement
predicted from the seafloor spreading data during the last 10 million
years almost matched the rate of dextral fault displacement through
New Zealand over the last 10 000 years. In 1974 Brothers attempted to
show how the complex upper Cretaceous to lower Miocene geology of
Northland originated in a subduction setting, but the ideas in this
work were not constrained by the age structure of the surrounding

oceanic crust.

From the middle 1970's onwards a new generation of articles on the
subject of the plate tectonic context of the Cénozoic geology of
different parts of New Zealand has been published. In Northland-
Auckland much of this work was inspired by Ballance who proposed
(1976) a series of Miocene to Recent volcanic arcs, which at the time

of their eruption, were aligned with the Tonga-Kermadec Arc, a



position from which each was successively rotated anticlockwise by up
to 70°. Subsequently, Hayward (1979) suggested that the different
orientations of the younger arcs could alternatively be explained by
successively different trench positions. An important contribution to
the resolution of this problem was the determination of an Oligocene
age of the South Fiji Basin, and the NE-SW orientation of the magnetic
anomaly lineations (8-12) (Malahoff et al., 1982). These new data
preclude the possibility of Miocene southwestward directed subduction
at a trench parallel to eastern Northland as proposed by Hayward.
These data also argue against the wholesale rotation of northern New
Zealand as originally proposed by Ballance (1976). In a more recent
paper (Ballance et al., 1982), the notion of 70° of anticlockwise
rotation was reduced to 20°-30°, but subduction at a trench east of
Northland was still an integral part of the model. Brothers and
Delaloye (1982) and Brothers (1983) have taken a different view of the
plate tectonic setting of Northland. They support the view of
Malahoff et al. (1982) that the Vening Meinesz Fracture Zone (VMFZ),
which parallels the east coast of Northland, is the structure which
accommodated the NW-SE spreading in the South Fiji Basin relative to
the continental crust of Northland. Moreover, they suggest that the
rootless igneous massifs which cover over 1500 km? of Northland are
ophiolite seamounts generated by shearing within the VMFZ during the
Oligocene interval of South Fiji Basin back-arc spreading. It is not,
however, clear why their obduction onto Northland was delayed by 5

million years after the transform motion ended.
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During the last six years there have been significant advances in
our understanding of the Cenozoic tectonic development of eastern
North Island, especially Hawke’s Bay. The early papers were published
in a collected volume of papers edited by Ballance and Reading (1980)
on sedimentation at oblique-slip mobile zones. Lewis (1980) showed
that between the coastline and the Hikurangi Trench is a 150 km wide,
imbricate-thrust controlled, accretionary borderland of seaward-
faulted, anticlinal ridges and landward-tilted basins. He considered
this borderland to have originated by subduction accretion. In a
complementary paper, van der Lingen and Pettinga (1980) showed that
the Miocene Makara Basin in Hawke’'s Bay was a fossil slope-basin now
onshore, which had similar characteristics to those described offshore
by Lewis (1980). This put much of the structurally complex geology of
Hawke’'s Bay into context as the uplifted inboard margin of an
accretionary wedge. Subsequently, Pettinga (1982) published a
detailed structural interpretation of coastal southern Hawke'’'s Bay and
showed convincingly how the thrust deformation was controlled by

subduction accretion.

The evidence for early Miocene subduction accretion in Hawke's Bay
adjacent to a very young (late Quaternary) volcanic arc (White Island
- Ruapehu) was viewed as a problem by Cole and Lewis (1981). They
also noted the absence of an accretionary prism opposite the Miocene-
Pliocene volcanic arcs of Northland-Coromandel. Accordingly, they
proposed a geologically economical solution by suggesting that the
eastern North Island accretionary prism originally lay in a forearc
position adjacent to Northland, when the arcs there were active, and

that this prism has subsequently been transferred along the VMFZ and a
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northern extension of the Alpine Fault to its present position.
Ballance et al. (1982) perceived the same problem and proposed a

similar solution.

A series of papers by Walcott and Bibby have also contributed
significantly to our understanding of New Zealand Cenozoic tectonics.
They showed from geodetic data (Bibby, 1976, 1981; Walcott, 1978a, b)
that horizontal fault displacements through New Zealand amounted to
only § to % of the total displacement; the rest was accommodated
aseismically by distributed ductile deformation. Walcott (1978a)
proposed the concept of the Axial Tectonic Belt - a belt of rapid
dextral shear some 70-100 km wide crossing New Zealand diagonally from
the Hikurangi Margin in the northeast to the Fiordland margin in the
southwest. He noted that an implication of the aseismic deformation
would be bending of reference lines. More recently Walcott et al.,
(1981) and Walcott and Mumme (1982) have published paleomagnetic data
interpreted as supporting 62° of post-0Oligocene dextral rotation in

eastern North Island and Marlborough.

In 1976, while Ballance was relating the onshore volcanic arcs to
plate motions, Carter and Norris (1976) were comparing the Cenozoic
history of the South Island with the plate tectonic predictions for
New Zealand made a year earlier by Molnar et al. (1975) from a major
synthesis of seafloor data to the south of New Zealand. The two major
predictions were: (1) that between 38 and 21 My B.P. (latest Eocene -
earliest Miocene) relative movement of the Australia and Pacific

plates formed the dextral transform system of the Alpine Fault; and
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(2) that between 10 My B.P. and the present, a major compressional
component appeared along the Alpine Fault. Carter and Norris (1976)
claimed an accord between these predictions and their geological
observations. In particular, they considered that transcurrent
movement on the Alpine Fault took place largely between the middle
Oligocene and late Miocene, and that the post 10 My B.P. compression
across the plate boundary was responsible for the mountain building
that formed the Southern Alps. Their interpretations have changed
slightly in subsequent papers (Norris et al., 1978; Norris and
Carter, 1982). They now consider that the sedimentary history is
consistent with latest Eocene inception of the Australia-Pacific plate
boundary as a zone of slow oblique extension, followed by a through-
going continental transform (early Miocene to late mid-Miocene), and

then by a late Miocene-Recent compressive transform system.

Since the synthesis of Molnar et al. (1975) on the plate tectonic
development of the southwest Pacific, other interpretations based on
an expanded catalogue of seafloor data have been published by Weissel
et al. (1977), Crook and Belbin (1978), Barron and Harrison (1979),
and Stock and Molnar (1982). Two of these papers have addressed the
question of the age of inception of the Australia-Pacific plate
boundary (Alpine Fault) through New Zealand. Weissel et al. (1977)
proposed an evolution of this boundary from the early Paleocene, while
Stock and Molnar (1982) offered two possibilities, one a late Eocene
age, and another a Late Cretaceous age. These differences are
dependent upon assumptions about the late Cretaceous-Cenozoic
integrity of Antarctica. The earlier ages (late Cretaceous-early
Paleocene) are predicted if no significant displacement occurred
within Antarctica; the late Eocene age is predicted if substantial

late Cretaceous-Paleogene displacements occurred.
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Finally, I wish to draw attention to the series of plate tectonic
maps of the circum-Pacific region published for the Circum-Pacific
Council for Energy and Mineral Resources by the American Association
of Petroleum Geologists, Tulsa, U.S.A. At present, four maps, one for
each quadrant of the Pacific region, have been published at a scale of
1:10 000 000, as well as a single map covering the whole of the region
at a smaller scale. Each of these maps illustrates the location and
character of the plate boundaries, the directions and rates of
absolute and relative plate motions, major intraplate structures,
earthquake epicentres and volcanic centres. In addition, and of
importance to this thesis, the maps show the distribution and age of
the seafloor magnetic anomaly lineations, and the distribution of
seafloor fracture zones. The maps are a statement of the present
plate tectonic setting, and thus the starting point in any

consideration of the evolution of the southwest Pacific region.

Problem areas

From the preceding discussion five critical problem areas have
been identified, which must be addressed to permit an improved
understanding of the Cenozoic tectonic development of New Zealand in

the context of plate tectonics:

(1) The age of inception of the New Zealand sector of the Australia-

Pacific plate boundary

As reviewed earlier, widely different views of the age of this
plate boundary, from considerations of both the onshore and offshore
geology, have been published. The resolution of this problem is
fundamental to the development and application of the concept of

tectonic succession to New Zealand'’'s Cenozoic record.
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(2) The tectonic setting during the Paleogene

A Cretaceous versus Miocene age of plate boundary inception
clearly has divergent implications for New Zealand’'s Paleogene
tectonic setting. The geologic record of the Paleogene is therefore
logically a critical area to investigate. Inm addition, if the plate
boundary originated during the Neogene, an understanding of the
tectonic setting which immediately preceded its development is also

critical to the development of the concept of tectonic succession.

(3) The nature and location, north of the Alpine Fault proper, of the

relative plate motion, which is evident as dextral fault displacement

on the Alpine Fault

The New Zealand and wider southwest Pacific region tectonic
interpretations reviewed earlier generally assumed that north of the
Alpine Fault the relative plate motion occurred as fault displacements
on a simple extension of the Alpine Fault through eastern North
Island. While this might be an attractive solution to the apparent
conundrum of discrepancies in the ages of the subduction prism and
volcanic arcs, it nevertheless complicates lithologic and age trends
in the basement rocks, when, in fact, it should simplify them as a
result of removing the late Cenozoic deformation. Moreover, the
notion of a single fault extension is not consistent with the late

Cenozoic pattern of deformation in eastern North Island.
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This problem is interrelated with the first problem of the age of
the Alpine Fault. One of Suggate’s (1963) arguments for a Cretaceous
age of the bulk of Alpine Fault movement, was the absence of clear
evidence in the Cenozoic structure and stratigraphy of the North

Island for hundreds of kilometres of transcurrent displacement.
The solution to problem 3 has important implications for the pre-
plate boundary shape of New Zealand, and this problem is interrelated

with the next one (4).

(4) The total amount of Cenozoic horizontal displacement through New

Zealand

Following Fleming (1970), Grindley (1974), Wellman (1975), and
Hunt (1978), it is generally considered that there has been 1000 km of
dextral displacement through New Zealand. This figure is measured
from the ends of the recurved arc. This arc is commonly viewed as a
gigantic fold which formed as a result of 500 km of bending
immediately before the Alpine Fault formed, and the remaining strain
was taken-up as 480 km of fault displacement. If, however, the
recurved arc is a Mesozoic (Rangitata Orogeny) feature, and the Alpine
Fault is a Cenozoic feature, the total amount of Cenozoic displacement
through New Zealand will be approximately 500 km. This will also be
the case if the bending was the expression in one part of the plate
boundary zone of the relative plate motion that was concurrently
expressed as fault displacement on the Alpine Fault. Recently
published paleomagnetic data by Grindley and co-workers, and Walcott
and co-workers, suggest that both of these possibilities exist - the

recurved arc or orocline may have multiple ages and origins. If the
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total amount of Cenozoic horizontal displacement is substantially
reduced, the published models of the late Cretaceous-Cenozoic tectonic
development of the southwest Pacific may need revision, as they have
assumed 1000 km of displacement through New Zealand. The resolution
of this problem also has implications for the pre-plate boundary shape

of New Zealand.

(5) The Neogene and Quaternary extent and geometry of the subducted

Pacific Plate beneath northern New Zealand

The preceding comments show that there is confusion over the
orientation of the Neogene and Quaternary volcanic arcs, the position
of the trench, and the attitude of the subducted slab from which the
calc-alkaline volcanics were derived. The Cenozoic volcanic record is
important as a potential monitor of the slab’s extent and geometry.
This is of wider importance because of the recognition in current
literature that subduction geometry is a principal control upon the
state of stress and thus the deformational style of the overriding

plate.

Thesis objective

The objective of this thesis is to work towards a model of the
Cenozoic tectonic development of New Zealand. This involves first
resolving the interrelated problems that have been identified, and
then, based on these solutions, to formulate a model of the Cenozoic
tectonic development of New Zealand. This objective has been
approached in a series of papers, which have been published or

e
submitt'd for publication, in the following way:
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Paper 1 is concerned principally with the Paleogene sedimentary
geology of New Zealand. It is postulated that during the middle
Eocene to early Miocene a 1200 km long continental rift system
occurred through western New Zealand. The age and continuity of this
rift system precludes any pre-Miocene transcurrent displacement on the
Alpine Fault. An early Miocene age of fault inception is indicated by
the age and pattern of disruption of the rift system. This paper

addresses problems 1 and 2.

Papers 2 and 3 on the landforms and late Cenozoic structure and

sedimentation patterns of Hawke’'s Bay and Wairarapa provide background
material to subsequent papers (4 and 8) which more specifically
address problems 3, 4, and 5. Papers 2 and 3 highlight the
consequences of oblique convergence of the Australia-Pacific plates at

a very shallowly dipping subduction zone.

Paper 4 addresses problems 3 and 4. It proposes that the relative
plate motion north of the Alpine Fault was dissipated through
Marlborough and eastern North Island as ductile shearing during the
early and middle Miocene, and as brittle-ductile shearing during the
late Miocene-Quaternary. The bittle-ductile deformation formed the
recurved arc structures in Marlborough-eastern North Island, and
since they developed concurrently with Alpine Fault displacement, only
approximately 500 km of dextral displacement has occurred through New

Zealand on the Australia-Pacific plate boundary.



Paper 5 considers the late Cretaceous-Cenozoic tectonic development
of the wider southwest Pacific region, and in particular, integrates
the continental geology of New Zealand with the age structure of the
surrounding oceanic crust. This builds upon the conclusions of papers
1 and 4 which provide the following constraints not previously
identified and hence not previously taken into account: (1) the
occurrence of a rift system through western New Zealand, (2) the
Australia-Pacific plate boundary did not transect the New Zealand
sector until 23 million years ago, and (3), there has been only about
500 km of dextral displacement on the plate boundary through New

Zealand.

Paper 6 addresses problem 5, and the controversial issue of the
younging direction of the Neogene and Quaternary orogenic andesites.
From the age-space distribution and composition of the North Island
volcanics, the Neogene and Quaternary extent and geometry of the
subducted Pacific Plate beneath the North Island is determined. This
forms the basis of evaluation of the influences of subduction geometry
on the general nature and pattern of the Neogene tectonics of the

North Island.

Paper 7 builds upon the conclusions of papers 1 and 6, and proposes a
seafloor spreading and subduction origin for the geophysical anomalies
and igneous bodies off the west coast of the North Island. Although
the origin of these features was not considered earlier to be a
fundamental problem, their origin is controversial (contrast Hatherton
et al., 1979 with Hayward, 1979), and should be considered in any

model of the Cenozoic tectonic development of New Zealand.
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Paper 8 also addresses problem 5, but more specifically the Quaternary
structure, volcanism and tectonics of northern New Zealand. From
consideration of the geophysical properties of mantle seismicity,
upper mantle structure, gravity anomaly patterns and heat flow
patterns it is postulated that the subducting Pacific Plate at present
is actually buckled. This geometry, coupled with the persistent
trenchward retreat of the slab, has controlled both the short term
(100 y) and longer term (1 My) state of stress and deformational style

of the overriding Australia Plate.

In the last chapter of the thesis a model of the Cenozoic tectonic
development of New Zealand is outlined and discussed. The model is
based upon the solutions to the problems identified and discussed in
the papers in the thesis. It should not be viewed as an ultimate

resolution, but rather as an advance towards one.

Organisation of the thesis

This thesis is organised and presented as a series of 8 papers.
At the time of binding 5 of these were published, a further 2 had been
submitted for publication, and one was still undergoing peer review.
Because of the different requirements of the different scientific
journals to which they have been submitted, each paper has a slightly
different format. A degree of duplication, particularly of critical
diagrams and some References, is one consequence of organising this
thesis as a series of papers. The duplication arises because each

paper is a discrete article.
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Referencing within the papers is done in the normal way, with
references cited in the text of a particular paper appearing in a
reference list at the end of that paper. For the reader’s
convenience, I have also cross-referenced the thesis paper numbers
with their appropriate references in a supplement following each

reference list.

Three appendices are included at the end of the thesis. The first
is a geological time scale. The second is a reprint of an article by
the author concerned with problems in the Mesozoic basement geology,
and the third is an abstract to a paper jointly authored with C.S.
Nelson and R.M. Briggs on Eocene-0Oligocene volcanic deposits on the
Challenger Plateau. These last two papers are mentioned in the
thesis, but as they are outside the scope of the topic, they are not
to be considered part of the thesis. They are included merely for the

reader to consult if desired.
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ABSTRACT

Analysis of the structure and sedimentary geology of western New
Zealand has identified a middle Eocene to early Miocene continental rift
system, 1200 km long and 100-200 km wide. Four phases of rift development
occurred: (1) infra-rift subsidence, (2) active axial trough subsidence,
(3) expanded rift subsidence involving collapse of the rift shoulders, and
(4) incipient seafloor spreading. The épatia] and temporal distribution
of these phases identifies a northern and a southern rift segment, and
shows that rifting propagated from both the north and the south. The
northern segment shows a simple pattern of rifting comparable with
Vink's model of rift propagation; the southern segment, with locked zones
and rift nucleation segments, is comparable with Courtillot's model of

rift propagation.

The seafloor spreading history of the southwest Pacific shows that
the northern rift segment linked with a seafloor spreading centre in the
Norfolk Basin, and the southern segment Tinked with the Southeast Indian
Ridge. This is corroborated by the good correlation between the ages of
seafloor magnetic anomaly lineations aligned with the rift and the

biostratigraphic ages of rifting.



The probable continuity of the rift system in its early development
precludes any pre-Miocene transcurrent displacement on the Alpine Fault;
an early Miocene (23 My B.P.) age of Alpine Fault inception is indicated
by the age and pattern of rift disruption attributed to compression
originating at the Australia-Pacific plate boundary. Therefore the
Australia and Pacific plates were not discrete entities until the early

Miocene.
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INTRODUCTION

The New Zealand subcontinent occupies an intra-oceanic position in
the southwest Pacific Ocean (Fig. 1). A distinctive characteristic of
this continental mass is the small proportion above sealevel. That any
part is emergent is due mainly to the effects of the late Cenozoic
convergence on the Australia-Pacific plate boundary, for the widespread
occurrence onland of thick middle Cenozoic marine successions shows that

the present landmass was formerly even less extensive.

The origin of this foundering has received little attention. It
has been suggested that it may have followed the late Cretaceous
separation of New Zealand from eastern Gondwanaland (Carter and others,
1974). Models of passive margin development show that subsidence is
certainly to be expected about the margins of a rifted continent, but
the problem with New Zealand is the extent of subsidence in the interior
parts of the subcontinent. This may be partly overcome by post-rift
subsidence about the finger-like re-entrants of the late Cretaceous New
Caledonia Basin and Bounty Trough, which both protrude into the sub-continent.
The objective of this paper is to document evidence for another rift system,
of Eocene-0ligocene age, which trended north-south through western New
Zealand from the Norfolk Basin to the Solander Trough (Fig. 1). This
rift, by dissecting the subcontinent, induced subsidence of its most
interior parts, and indicates that the foundering was associated with at
least two periods of rifting, one in the late Cretaceous and another in

the mid-Cenozoic.

The early to mid-Cenozoic rift system is now dextrally dislocated
480 km across the Alpine Fault suggesting that inception of the Alpine
Fault, and thus propagation of the Australia-Pacific plate boundary through
New Zealand, did not occur until the early Miocene. Therefore, in a strict

sense, the Australia and Pacific plates were not discrete entities until
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Fig. 2

the early Miocene, compared with the present understanding that this was
achieved by the late Eocene (Molnar and others, 1975; Weissel and others,

1977), or possibly as early as the late Cretaceous (Stock and Molnar, 1982).

The essential evidence for this rift system is the former occurrence
through western New Zealand of a 100-200 km wide zone of interconnected
normal fault bounded troughs and half grabens, which show many of the
structural features characteristic of modern rifts and of continental
margins in the early stages of passive margin development (Fig. 2). Paleo-
geograpnic considerations, and notably the spatial pattern of lateral diff-
erences in the degree of rift development, suggest that the rift system had
a northern and a southern segment, and that rifting propagated towards
central New Zealand from both the north and the south. At the Tate 0Oligocene
peak of its development, the northern segment linked with the southern segment
in NW Nelson, then a region of shallowly submerged plateaux with deeper

basins to the north and south.

Near the Oligocene-Miocene boundary, the tectonic style and sedimentation
patterns changed in the southern segment of the rift system; it is inferred
that movement began on the Alpine Fault, causing the rift system to become
dislocated and overprinted by obliquely compressional tectonics. Crustal
thinning which characterized the Paleogene setting changed to crustal re-
thickening, and this was manifest in the South Island by reverse movement
on the pre-existing normal faults, and thus rift basin eversion, uplift and
erosion. Further from the Alpine Fault, and notably in the North Island
segment, extension persisted until the late-middle Miocene, and the rift
system may have developed into the early stages of a passive margin with

incipient seafloor spreading.

Continental rift systems commonly connect with oceanic spreading

centres. Because this is not evident wnen tne Cenozoic rift system is
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compared with current plate tectonic syntheses of the SW Pacific (Molnar

and others, 1975; Weissel and others, 1977), a new synthesis of the sea-
floor spreading history has been developed, based on the constraints that
(1), there has been only 500 km of dextral displacement on the plate bound-
ary through New Zealand, and (2), that the Alpine Fault was not initiated
until the early Miocene. The result of such a reconstruction is that the
nortinern segment of the rift system becomes aligned with an Oligocene Norfolk
Basin spreading centre, and the southern segment with the Southeast Indian

Ridge.

The interpretation of the origin of the Eocene-0Oligocene depocentres in
western New Zealand advanced here, differs from other current models. Where-
as I attribute tne origin of these depocentres to continental rifting, with
subsequent dislocation of this structure by Alpine Fault movement, other
workers have viewed these basins as originating in an obliquely extensional
continental transform setting concurrent with, and indeed caused by, Alpine
Fault movement (McQuillan, 1977; Norris and others 1978; Norris and Carter,

1980, 1982; Knox, 1982).

The challenge that the Eocene-0ligocene depocentres did not originate
through transform displacement is based on the evidence that (1), the Alpine
Fault clearly had a different trend from that of the western zone of depo-
centres, (2), the depocentres extended up to many hundreds of km northwest
and southeast of the Alpine Fault, and (3), the depocentres originated bx
normal rifting rather than transtension. To show the extent and trend of
the rift system in relation to the Alpine Fault at the time of the fault's
inception, it is first necessary to establish the Tate Oligocene shape of

New Zealand.
LATE OLIGOCENE SHAPE OF NEW ZEALAND

Large scale changes in the plan shape of New Zealand have accompanied
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the evolution of the obliquely convergent Australia-Pacific plate boundary
through the New Zealand sector. Because of the widely different views

on the age of Alpine Fault inception, ranging from Cretaceous to middle
Miocene, it is not surprising that widely different pre-Miocene configurations
of New Zealand have thus far been nublished. Compare for example Carter
and Norris (1976), Stevens and Sugqgate (1978), Cutten (1979), Cole and
Lewis (1981), Ballance and others (1982), Cooper and others (1982), and
Walcott and Mumme (1982). These differences arise not only from their
different interpretations of the age of the Alpine Fault, but also from
their conclusions of the total amount of dextral displacement across the
plate boundary, and the nature and location of that displacement northeast
of the Alpine Fault. The latter two issues are intimately related to the
age and origin of the basement recurved arc (Macpherson, 1946) - itself

a controversial topic of New Zealand geology, but one that is critical

to the late Oligocene shape of New Zealand.

I have adopted the Walcott and Mumme (1982) configuration of
New Zealand as a basis to plot the rift system in relation to the trend
of the Alpine Fault. This can be justified in that it is the only shape
which can be shown to evolve, with development of the plate
boundary, into the present shape of New Zealand and satisfy the constraints
of (1) the distribution of basement terranes (Bradshaw and others, 1980),
(2) the occurrence in Marlborough and eastern North Island of a broad
zone of distributed faulting and aseismic strain (Walcott 1978; Bibby,
1981), and (3) onland ‘paleomagnetic data from both the Mesozoic basement
and Tertiary cover rocks (Fig. 3). Further details of this model will
be presented elsewhere, but the two main implications relating to the
total amount of dextral displacement permitted through New Zealand, and
the nature and location of that displacement northeast of the Alpine

Fault are briefly outlined.
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A characteristic of this model is the occurrence of two basement
recurved arcs compared with the present concept of a single arc
(Fleming, 1970; Hunt, 1979). The western arc is expressed by
the outcrop and geophysical pattern of the Stokes Magnetic Anomaly
System, of which the Dun Mountain Terrane is a part, and the second arc
is defined by the outcrop pattern of the Pahau Sub-terrgg;?.Tai.concept
that the basement comprises two arcs is consistent with the two available
sets of paleomagnetic data. One set suggests that the basement rocks
in western South Island, including the Dun Mountain Terrane, were bent
during the early Jurassic phase of the Rangitata Orogeny (Grindley and
others, 1977; Grindley and Oliver, 1979 and 1980; Oliver and others, 1979).
The other set of data from Tertiary cover rocks of eastern North Island
and Marlborough, suggests that the recurved arc formed during the Neogene
and Quaternary Kaikoura Orogeny (Walcott and others, 1981; Walcott and
Mumme, 1982). 1In the context of a single recurved arc these data are
contradictory, but are not so if the eastern arc developed during the
Neogene-Quaternary while the western arc, already recurved in the Mesozoic,

was linearly displaced on the Alpine Fault (Fig. 3).

The first implication of this model is that the Neogene and Quaternary
relative movements across the plate boundary were expressed differently
along different parts of the boundary. In the South Island they were
expressed mainly as Alpine Fault displacements, but in eastern North Island
and Marlborough, as the formation of a ruptured fold. The second
implication is that only 500 km of dextral movement on the plate boundary
is necessary to form the eastern arc and displace the Alpine Fault by the
recorded 480 km; it has consistently been inferred that the basement
recurved arc indicates a further 500 km of dextral movement additional to
480 km of Alpine Fault displacement (e.g. Hunt, 1978), and this assumption

has been built into SW Pacific plate tectonic syntheses (Molnar and others,
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1975; Weissel and others, 1977; Crook and Belbin, 1978).

EXTENT AND DIMENSIONS OF THE MID-CENOZOIC WESTERN BASINS

The extent and dimensions of the Cenozoic basins in western
New Zealand are illustrated in two maps. The first is a structure
contour map on basement covering the North Island and the part of the
South Island north of the Alpine Fault (Fig. 4), and the second map

covers SW South Island south of the Alpine Fault (Fig. 5).

Fig. 4 shows that a 100-200 km wide zone of north-south trending
basins occurs in the onshore and near offshore parts of western New Zealand,
and that this is separated from an eastern basin province by a thin strip
of outcropping basement. Prior to the early Pliocene the zone of outcropping
basement was much wider, and therefore the separation between the eastern
and western basinal provinces was much greater; the subsidence in the Taupo
Volcanic Zone is Quaternary in age (Grindley, 1960), and the Wanganui
Basin originated in the early Pliocene (Fleming, 1953). From the distribution
of isostatic anomalies (Fig. 4A) it seems that the Wanganui Basin subsidence
has not yet been isostatically compensated at depth. The origin of this
subsidence has recently been attributed to the changing extent and
geometry of the subducted slab of Pacific Ocean crust beneath the North
Island (Kamp, 1984). Critical to this paper is the evidence that the
Wanganui Basin was not part of the mid-Cenozoic zone of basins, and prior
to the Pliocene this basin was occupied by an extensive area of exposed

basement.

A persistent reduction in depth to basement southward through the
western basins to the Alpine Fault is another feature of Fig. 4. This
feature is examined in the following subsections together with the
evidence for the former continuity of mid-Cenozoic basins across the

plate boundary zone.
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Taranaki Basin

The mainly offshore Taranaki Basin extends from just east of the
modern shelf edge to the Taranaki Fault (Fig. 4) and contains New Zealand's
productive and most of its prospective hydrocarbon reserves. The basement
has been down thrown at least 4000 m over most of the basin but progressively
rises to sealevel in northern South Island. On stratigraphic and paleo-
geographic grounds a Western Platform has been identified as distinct
from the Taranaki Graben Complex, and the latter has been classified
into a northern and southern graben on structural grounds (Pilaar and

Wakefield, 1978).

Insufficient data are available to contour the depth to basement 1in
the northern part of the Taranaki Basin, however seismic profiles show
that the basin has an asymmetric form (Pilaar and Wakefield, 1978).
Basement is downthrown wup to 7000 m on the steeply normal to slightly
reverse Taranaki Fault, and rises to about 4000 m on the Western Platform;
the Cape Egmont Fault Zone, which separates the platform from the graben
complex, progressively displaces basement down to the east on ste;ply
dipping faults. The Taranaki Basin contains a near complete Cenozoic
sedimentary succession and was probably also the site of Albian sedimen-
tation (Fig. 6). For much of this time the Taranaki Fault separated the
basin from basement exposed to the east, but in the latest Oligocene to

early Miocene the North Wanganui Basin developed between basement highs.

The depth to basement north of the Taranaki Basin is not controlled
by well data, but onshore and limited offshore geophysical data indicate
that a trough of similar dimensions continues northward parallel to the
coastline. Basement crops out at or near the coastline up to the Port
Waikato Fault, but further north it is only exposed in a strip along the
eastern coastline of Northland Peninsula. Most of central and western

Northland is underlain by pervasively deformed Cretaceous-lower Tertiary
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Fig. 6

Time-stratigraphic sections showing the development of the southern
part of the North Island segment of the rift system. See Fig.

4 for the location of each section. The stratigraphic data after
Pilaar and Wakefield (1978), Hay (1978) and Knox (1982). The
geomagnetic polarity time scale simplified from the Plate

Tectonic Maps of the Circum-Pacific Region (Copyright: The

American Association of Petroleum Geologists, Tulsa, U.S.A.).
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strata, considered by some workers to comprise an allochthon (Ballance and
Sporli, 1979; Sporli, 1982), and thus it is difficult to infer anything
of the subsurface geology. However, several lines of evidence indicate
that the basement beneath western Northland and the western continental
shelf is regionally depressed as much as the Taranaki Basin. (1) The
onshore gravity maps (Woodward, 1971; Woodward and Reilly, 1972) show
values of -6 mgals along parts of the west coast of Northland, but these
values rise sharply to +35 mgals where basement crops out along the east
coast or at Port Waikato. (2) Onsinore drilling at laimamaku

on the west coast of Northland intersected basement at a depth of 3.0 km (Hornibrook
and others, 1976). (3) Detailed gravity surveys across the Port Waikato
Fault suggests that basement is downthrown 2.7 km at the coast on the
north side of the Fault (Hockstein and Nuuns, 1976). (4) A series of
east-west seismic sections across the continental shelf of western
Northland show basement at depths of 6 km (Hatherton and others, 1979).

On these bases it is inferred that the Taranaki Basin continues northward

parallel to the west coast of northern North Island.

A critical issue is whether or not the Taranaki Basin in the mid-
Cenozoic closed to the south as it does today (Fig. 4). The present
shallowing occurs by way of two ridges,named here Central Ridge and Kupe
Rise, and intervening troughs. These ridges however have different
Paleogene histories. The thickness and age distribution of strata upon
Central Ridge show that it was a basement high until the late Eocene,
and only accumulated a thin Eocene-0ligocene sequence (Pinchon, 1972)
(Fig.1). In contrast, Kupe Rise was initially a narrow trough and
accumulated a thicker Paleocene-Eocene sequence than elsewhere in the
south (Knox, 1982) (Fig. 6). Despite these initial differences both
ridges accumulated comparable thicknesses of early and middle Miocene

strata to other parts of the South Taranaki Graben, and both have been
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uplifted since the late Miocene by reverse movement on previously normal
faults. Knox (1982) measured from seismic sections 1000 m of reverse
throw at the north end of Central Ridge, and at least 2000 m near the
southern end. As there has been considerable late Neogene-Quaternary
uplift, the South Taranaki Graben might previously have been more
extensive to the south. However, Paleogene and early Neogene strata onland
in NW Nelson are thin,suggesting limited subsidence. The strata that

are present accumulated in non-marine to nearshore and shallow shelf
environments (Bishop, 1971; Johnston, 1979; Grindley, 1980; Lewis, 1980).
This strongly suggests that the Taranaki Basin did close into NW Nelson
in the Paleogene and that this closure was accentuated by the late

Neogene-Quaternary compression.

Westland-Nelson

Onland in Westland,between NW Nelson and the Alpine Fault, the
stratigraphy and outcrop pattern of the Cenozoic cover rocks suggest
the occurrence of a series of Eocene-0ligocene basins formerly of comparable
depth to the Taranaki Basin. A well documented feature of Westland's
geology is the occurrence of thicker Eocene and Oligocene strata upon the
basement-cored Paparoa, Brunner and Victoria ranges, than in the adjacent
Grey-Inangahua or Westport depressions (Wellman, 1946; Gage, 1951; Suggate,
1952) (Fig. 7). Accordingly, the concept was developed that since the
early Miocene the Eocene-Oligocene basins have been everted and the former
basement ridges have become the present depressions. Thus the present
pattern of basement relief in Westland (Fig. 4) is of Neogene and Quaternary
age and does not demonstrate the former continuity of Paleogene basins

south to the Alpine Fault.

As the Eocene-0ligocene successions have been widely eroded as a

result of their elevation (Fig. 8), the dimensions and configurations
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Fig. 7

Map showing the generalised late Oligocene distribution of coal
isorank values in relation to the present basement outcrop and
the Paleogene basement ridges. The isorank values in the
Murchison Basin have been decreased by four numbers (equivalent
to 4000 feet) from the values of Suggate (Inset map C) to

remove the diagenetic effect of subsequent loading by Miocene
sediments. Inset map A shows the pattern of structure contours
on the base of the transgressive Takaka Limestone (after Grindley,

1974).
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Fig. 8

Time-stratigraphic sections showing the development of the South
Island segment of the rift system and the tectonic overprinting
due to compression originating at the plate boundary. See Figs
4 and 5 for the location of each section. PEF stands for Port
Elizabeth Formation. Stratigraphic data after: Suggate (1950),
Nathan (1975, 1978b), Crooks and Carter (1976), Carter and
Lindquist (1977), Norris and others (1978), Norris and Carter

(1980), Hyden (1980), Carter and others (1982). The geomagnetic

polarity time scale simplified from the Plate Tectonic maps of the

Circum-Pacific Region (Copyright: the American Association of

Petroleum Geologists, Tulsa, U.S.A.).
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of the former basins cannot be reconstructed from the thickness
distribution of the remaining sequences. Coal rank is, however, an
approximate surrogate for succession thickness as coal measures invariably
accumulated near the base of the transgressive basin sequences (Gage,
1952; Suggate, 1950),and because coal rank is a measure of depth of

burial (Wellman, 1951, 1952; Suggate, 1959). The interpretation of an
isorank map as a late Oligocene basement relief map is limited by at

least two factors. Firstly, the rank values have been adjusted (Suggate,
1959) to the uppermost coal seam beneath the early Tertiary marine beds
and therefore does not include any underlying non-marine beds; this gives
a minimum estimate of depth to basement. Secondly, in the case of the
Murchison Basin,which continued to subside after the Oligocene, coal rank
will give an over-estimate of the depth to basement in the late Oligocene
if it is not adjusted; Suggate's isorank map (Fig. 7c) has been modified
to account for Miocene sedimentation in that basin (Fig. 7b). Undoubtedly
the validity of applying coal rank in this way is limited by regional
variations in coal ages and by differences in goa] type, however the depths
implied by the rank values are in accord with succession thicknesses

for localities where this data is available (Nathan, 1974).

To illustrate the regional variations in depth to basement implied
by the coal rank values, the isorank map has been transformed into a
3-dimensional perspective drawing (Fig. 9). This sketch shows that
four discrete north-south trending basins with depths to basement of 3
to 4 km existed in Westland immediately north of the future Alpine Fault.
This province of basins closed into NW Nelson where there was evidently
a shield region probably with basement exposed in places. Confirmation
that in NW Nelson there was minimal basement subsidence, and in particular
that the present pattern of basement relief reflects that in the latest

Oligocene, is offered by the structure contour pattern on the base of the
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transgressive late Oligocene-early Miocene Takaka Limestone (Fig. 7a).
From Figure 9 it is evident that in the late Oligocene the South Taranaki
Graben did close into Nelson, but that south of this shield region deep

basins were again established.

Southland to Solander Trough

The Oligocene extent and dimensions of basins in Southland are
difficult to reconstruct as this region has also sustained much late
Neogene-Quaternary compression and crustal shortening. The precise depth
to basement at present within the Te Anau and Waiau basins has not been
determined because of the lack of well control, and because gravity
modelling is frustrated by the very high densities of pre-Pliocene sediments.
However, the profoundly folded and reverse faulted character of the basin
sequences (Carter and Norris, 1977) means that the present depthh to basement
will not reliably indicate 0ligocene basin depths. This can only be
established by sedimentologic and paleoecologic studies; such studies
indicate Oligocene basin depths of 2-6 km (Turnbull and others, 1975;

Norris and others, 1978).

East of the Takatimu Mountains and Longwoods Range, but parallel
to the Waiau-Te Anau basins, are several shallower and largely undeformed
Oligocene-Miocene basins (Fig. 5 and 8). Most of the subsurface geology
is obscured, but gravity modelling suggests a sediment thickness in the
Oreti Basin of 1.8-3 km (Hatherton, 1966), which is consistent with the
Timited exploration drilling in this basin (Wood, 1966; McLeron, 1972).
The gravity anomaly values over the Mataura Basin (Reilly and Doone,
1972) suggest that it is shallower than the Oreti Basin. Later, it is
proposed that the Oreti Basin has the same relationship to the Waiau

Basin as the North Wanganui Basin has to the Taranaki Basin.

Offshore from southern South Island, seismic profiles show a pattern
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of fault-bounded basins (Norris and Carter, 1980) similar to the South
Taranaki Graben, and of a similar basement depth (2-6 km) to that envisaged

for the Waiau and Te Anau basins before their eversion (Fig. 5).

NORTH-SOUTH CONTINUITY OF EOCENE-OLIGOCENE BASINS

The north-south continuity of the Eocene-0ligocene basins through western
New Zealand becomes evident when their positions are plotted on a map of the
late Oligocene shape of New Zealand (Fig. 2). The eastern margin of the
zone was continuously flanked by an exposed basement land surface, although
there were at least two prominent enclaves : the North Wanganui Basin, and
the Oreti Basin. The western margin was apparently not so prominently flanked
by exposed basement; it was however exposed in central parts until the middle
Eocene (Fig. 6), and there is good sedimentologic evidence that, at least in
places, granitic basement was emergent along the southwest margin until the

early Oligocene (Laird and Hope, 1968; Germane, 1976).

Within this zone of basins, shallowly submerged and exposed plateaux
occurred in NW Nelson and Fiordland. Fiordland was flanked by deep basins
on all sides, whereas NW Nelson had deep basins only on its northern and
southern sides. The persistence there of a structural high across the zone

of basins serves to distinguish a northern segment from a southern one.

A RIFT ORIGIN FOR THE MID-CENOZOIC WESTERN BASINS

The interpretation of a rift origin for the western basins is based
on a comparison of their structural development with models of continental
rifting and passive margin development (e.g. Boillot, 1978; Curray, 1980;
Bally, 1981). Because the New Zealand rift system failed just before the
introduction of oceanic crust, the important comparative elements of these
models are those that characterize the transition from the subareal rift

valley stage to the start of seafloor spreading. Some of these elements
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are briefly outlined.

After the initial formation of a rift system, which may or may not be
preceded by crustal doming, lithospheric thinning may persist for another
20 My before any oceanic crust can be introduced. During this interval
there may be as much as 130% expansion in the width of the original rift
(Cochran, 1983). This is accomplished by a mechanical decoupling of the
brittle upper part of the crust from the ductile lower part of the
crust which thins by visco-elastic creep. This degree of lithospheric
stretching substantially modifies the original rift setting. The rift
shoulders collapse isostatically such that a more extensive zone of
half grabens and tilt blocks develop outward from the rift axis. The
shoulders collapse because of the loss of lateral support formerly
provided by the crust now depressed in the rift trough. Within this
extended rift terrane individual blocks may be several to 20-30 km long,
10-20 km wide, and may have sustained up to 30° of rotation on listric

faults (Montadert and others, 1979).

Taranaki Basin : a rift trough

Exploration data from the mainly offshore Taranaki Basin permit an
infra-rift and an active rift phase of subsidence to be distinguished
(Fig. 6). The infra-rift phase, of Paleocene and Eocene age, was
characterised by the accumulation of fluvio-deltaic coal-bearing sequences
in fault-angle depressions isolated by tilt blocks (Pilaar and Wakefield,
1978; Hil1l and Collen, 1978). The eastern margin was defined by
the Taranaki Fault, and by the late Eocene a 1000 m sequence of non-marine
beds had accumulated in a narrow trough between this fault and the Manaia
Fault (Fig. 6). The western margin of the basin at this time was poorly
defined as the half grabens extended across to the Western

Platform. The marked displacement on the Taranaki Fault indicates that
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the present asymmetry of the basin had its origins during this phase of
subsidence. Towards the end of the infra-rift phase the differential
subsidence culminated in the orderly transgression of nearshore and
shallow marine facies across the whole of the basin from the north and
west. An interval of slow deposition in the earliest Oligocene is

indicated by the widespread occurrence of glauconitic sandstones and limestones.

An active rift phase of subsidence was initiated in the middle
Oligocene. It started with the development of the Cape Egmont Fault
Zone, where differential faulting distinguished the Western Platform
from the down-faulted Taranaki Basin. In the context of rift tectonics,
the formation of this fault zone may be viewed as compensatory movements
for the continued extension which until then had been mainly accommodated
on the Taranaki Fault. The rate of subsidence increased markedly through
the late Oligocene and into the Miocene, and consequently terrigenous
flysch deposits accumulated in the basin, while calcareous oozes accumulated
on the stable Western Platform (Fig. 6). During this phase there is
no evidence of the tilting of basement blocks and the deposition in
fault-angle depressions that characterized Eocene sedimentation. Rather,
basin subsidence appears to have been controlled by faulting at the basin
margins; the trend for fewer faults and the marginal faults to control the
later phases of rifting has also been noted by Anderson and others (1983) in
the Basin and Range Province. The age of initial subsidence, the amount
of subsidence, and the axial location, suggest that the Taranaki Basin

represents the central trough of the rift system.

North Wanganui Basin : collapse of the rift shoulder

Pre-Miocene cover rocks south of Awakino are scarce (Fig. 10),
indicating that basement was exposed east of the Taranaki Fault during

the early stages of rifting. At the Oligocene-Miocene boundary the
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A sequence of progressively cumulated isopach maps of the

successive Oligocene and Miocene formations and groups in the

North Wanganui Basin, North Island. The extent of the maps is

Map A after Nelson (1978).
B, C and D from McQuillan (1977).

shown in Fig. 10. Data for maps



ig.

ig.

11

12

-15- 56

North Wanganui Basin (abbreviated NWB) suddenly developed between two
structural highs of Mesozoic basement : the Hauhaungaroa-Rangitoto

High to the east, and the Herangi-Patea-Tongaporutu High to the west (Fig.
10). Because the NWB Ties immediately east of the Taranaki Basin, and

its rapid subsidence followed the initiation of the active rift phase,

the possibility is explored that its origin results from the collapse

of the eastern rift shoulder, in the fashion predicted by the models of
continental rifting at the expanded rift stage. The origin of the NWB has
previously been attributed to transform tectonics (McQuillan, 1978).
Details of the stratigraphy and structure of the NWB are reported by
Nelson and Hume (1977) and Hay (1978).

Unfortunately the data available to reconstruct the present depth to
basement in the NWB are limited. There are no deep seismic-reflection
profiles, the low sampling density of a regional gravity survey does
not permit gravity modelling to identify in detail the present shape
of the basement surface (Hunt, 1980), and surface outcrops only expose
the upper few hundred metres of a 2 km thick sequence. I have attempted
to reconstruct the depth to basement and the sequential evolution of
the NWB, from formational isopach data measured from outcrops in the
north (Nelson, 1978), and from well logs in the central and southern
parts of the basin (McQuillan, 1978). The individual formation and group
isopach maps of McQuillan (1978) were progressively accumulated to
produce isopach maps for each of four "times" between the late Oligocene
and middle-late Miocene (Fig. 11). Because some formation and group
contacts are mildly diachronous, for example the Te Kuiti Group-Mahoenui
Group contact, each map is not strictly a stage in evolution. The
2-dimensional maps have been transformed into 3-dimensional diagrams to
help conceptualize the pattern of basement subsidence and to illustrate

thicknesses in cross-secticn (Fig. 12).
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Fig. 12 A series of block diagrams conceptualizing the evolution of the

North Wanganui Basin and showing the thickness distribution in

sections of the strata upon which the depths to basement are based.

Each block diagram is a 3-dimensional transformation of the

corresponding isopach map in Fig. 11.

Ld, Lw, Po, PL, Tt are

abbreviations for New Zealand biostratigraphic Stages (Stevens, 1980).
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These diagrams trace the sequential evolution of the North Wanganui
Basin and its structural highs. They show that at different times
the basin comprised four depocentres or sub-basins of the dimensions
typically developed at rifted continental margins (Montadert and others,
1979). A striking feature is the rate at which the exposed basement
was differentiated into the structural highs and depocentres B and C
(Fig. 11A and B). This happened within 4 million years. Subsequently
another depocentre (D) developed, and by the middle-late Miocene it had
merged with depocentre B to become the north to north-northeast trending
trough which Hunt (1980) identified from gravity modelling. Throughout
this time the Patea-Tongaporutu-Herangi structural high persisted but
its subareal exposure consistently decreased due to regional subsidence
across the whole rift system. A second north-south trending high is

inferred to have lain between depocentres B and C.

Despite the evidence of the rapid evolution of depocentres B, C and
D, there are few clues at the surface to reconstruct the manner in which
the subsidence was accommodated within the basement. Presumably faulting
was involved. The near absence of north-south trending faults at the surface
coinciding with the margins of these depocentres is strongly suggestive
of low-angle growth-faults in the basement, which were concealed by
contemporaneous sedimentation. I have inferred the subsurface locations
and attitudes of such faults from the shape and gradients of the
isopach structure contours; their surface projections are shown as
shadow zones in Fig. 11 B, C, D. The least number of faults required

to explain the first-order shapes of the depocentres have been shown.

The inference that subsidence of the depocentres was facilitated
by growth-fault displacements in the basement enables one to formulate
a structural concept which unifies evolution of the sub-basins and

structural highs (Figs 13 and 14). Depocentre B is conceived of as a
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Fig. 13 Block diagrams conceptualizing the late Oligocene-early Miocene
collapse of the basement shoulder marginal to the central rift
trough of the Taranaki Basin thereby forming the North Wanganui
Basin. They show the location and attitude of basement growth
faults, inferred from the shape of the depocentres (Figs 11 and
12), in which the subsidence of depocentres B and C are linked
to the differential uplift of tilt blocks. Ld, Lw and Po are
abbreviations for New Zealand biostratigraphic Stages (Stevens,

1980).
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Fig. 14 Cross-sections showing the inferred early to late Miocene

structural evolution of the North Wanganui Basin by collapse of
the rift shoulder adjacent to the Taranaki graben. The two
stages shown here follow on from Fig. 14 and correspond to

diagrams C and D in Figs 11 and 12.



-17-

half-angle graben developed by the clock-wise rotation about a north-
south axis of a 50 km wide block, with the upturned edge being the Herangi
High (Fig. 13B). Rotation of this block occurred between the Taranaki
Fault and the west-dipping segment of Fault Z. Depocentre C and the
submerged basement high separating it from depocentre B also originated

by rotation of a basement block. However depocentre D may have had a
different origin. The shape and gradient of the isopachs suggests that
the controlling fault lay between the Patea -Tongaporutu High and the sub-
basin, and logically, subsidence was achieved by anticlockwise rotation of
a basement block in this case "hinged" to the east. This suggests that
Fault Z is a scissors fault (zone) in the sense of an along strike change
in the attitude and direction of downthrow. Two lines of evidence support
this origin of depocentre D : (1) Hunt (1980) inferred from gravity data
the occurrence of a fault (Strathmore Fault) along the eastern margin of
the Patea-Tongaporutu High, and (2), the isopach gradients (Fig. 11) do
not support the notion of a fault on the eastern side of depocentre D,

and this is confirmed by the gravity data (Hunt, 1980). If, as suggested,
this fault dips east beneath depocentre D, the subsidence at D should not
be coupled to movement of the Patea-Tongaporutu high, in the way that
depocentre B is coupled to the Herangi High (Fig. 14A). Indeed, it is
noticeable that the Patea-Tongaporutu High became buried in the late
Miocene, perhaps because no part of that block was differentially loaded,

whereas the Herangi High remained emergent.

That subsidence of depocentre B was coupled to latest Oligocene-
Miocene uplift of the Herangi High is corroborated by a 30° shallowing
of dip through the Te Kuiti Group, Mahoenui Group and Mokau Group at the
eastern end of the Awakino Gorge (Nelson, 1973). This progressive
change in dip upward through the sequence, and the associated facies

changes, indicate wedging of the basin succession to the west. The

62
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occurrence of mega-slumps in shelf sequences of the Mohakatino Group
(Henderson and Ongley, 1923) on the flanks of the Herangi Range probably
originate from tilting of the high and indicate that it was still being
differentially uplifted in the middle Miocene. This was despite the

fact that overall its subareal extent was decreasing.

The structural concept of North Wanganui Basin evolution, characterized
by the collapse, Tandslide fashion, of high topography toward an adjacent
rift trough (Taranaki Basin), is consistent with the stage of an extended

continental rift system.

The growth faults inferred in the North Wanganui Basin are probably
Tistric faults of the type which have now been found to bound tilt
blocks in modern and former rift systems (Bally and others, 1981;
Anderson and others, 1983; Cape and others, 1983). High quality seismic-
reflection 1ines have shown that these faults, normal at the surface,
become curved at depth and sole-out as subhorizontal structures at about
10 km near the mechanical discontinuity between the upper brittle crust
and lower ductile crust. Not uncommonly the throw can vary along these
faults (Moore and Davidson, 1978); this is clearly the case in the North
Wanganui Basin. It is also not uncommon in rift settings for scissor
faults to occur. One can only speculate about the dip of the faults
at depth within the basement below the NWB, but if they are substantially
curved, they probably intersect one another and the master Taranaki
Fault at levels shallower than 10 km. This is similar to the fault pattern

identified at depth in p&rts of the Rio Grande Rift (Cape and others, 1983).

DIRECTION OF RIFT PROPAGATION IN THE NORTH ISLAND SEGMENT

The direction of rift propagation in the North Island segment is
revealed by the spatial and temporal differences in the degree of rift

development. Section A-A' of Fig. 6 in the context of Fig. 2, shows that
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near the Oligocene-Miocene boundary the initial rift trough, between the
latitudes of Kawhia and Ohakune, developed into an expanded rift. In
comparison, the region to the south between Ohakune and Nelson (section B-B')
never developed past the stage of a central rift trough. In view of Vink's
(1982) model of rift propagation, this pattern indicates a southward direction

of propagation.

The expanded stage of rift development in the latitude of the NWB, in
the context of the southward direction of rift propagation, predicts that
there might have been the introduction of oceanic crust north of Kawhia's
latitude. Coincidentally, large positive geophysical anomalies, in-line with
the Taranaki Basin and north of Kawhia (Fig. 2), have been reported by Hatherton
and others (1979), who considered them to be rift originated basaltic volcanics
because of their large size and flat-topped shape. Other workers have consid-
ered them to be subduction derived volcanics (Hayward, 1979) on the basis of
their proximity to early Miocene calc-alkaline volcanics in western Northland.
However, their position and inferred age (late Eocene-0ligocene) strongly suggest
that the more northern anomalies represent the centres of incipient seafloor
spreading; the more southern anomalies of Hatherton and others (1979) may have

a mixed rift and subduction origin.

The Cenozoic geology of western North Island north of the NWB corroborates
the north to south direction of rift propagation. In South Auckland from
Awakino to Port Waikato (Fig. 10), an extensive but thin Oligocene shelf
sequence, amounting to several hundred metres, accumulated east of the northern
extension of the Taranaki Fault (Kear and Schofield, 1959; Nelson, 1978). This
succession accumulated in a northward deepening epeiric sea between structural
highs, and except for a lesser amount of subsidence, is inferred to be tec-
tonically equivalent to the North Wanganui Basin, and to have originated by

collapse of the eastern rift shoulder. Thus the early Miocene pattern of an
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expanded rift zone passing southward to a single rift trough (Figs 2 and
6), was evidently a later repetition, 100 km to the south, of the Oligocene
setting where an expanded rifi??s South Auckland, between the Tatitudes

of Port Waikato and Awakino, lay north of the single rift trough of the
Taranaki Basin. From the occurrence of late Eocene coal measures in half
grabens beneath the 0ligocene marine sequence, the expanded rift started

to develop in South Auckland while the central trough of the Taranaki

Basin was near the end of the infra-rift stage (Fig. 6).

AGE AND DEGREE OF RIFT DEVELOPMENT IN THE SOUTH ISLAND SEGMENT
Southland : an Oligocene extended rift system

The disposition of basins and structural highs in Southland (Figs
5 and 8) is analogous to the pattern in the Taranaki Basin-North Wanganui
Basin section of the North Island rift segment. The Oreti Basin passed
northwards into a basement terrane which never had a cover of Cenozoic
marine rocks, just as the NWB passed southward into the Marlborough-
Wanganui shield (Fig. 2). A structural ridge, the Longwood-Takatimu
High, the equivalent of the Patea-Tongaporutu-Herangi High, separated
the Oreti Basin from the combined Waiau-Te Anau Basin, which extended
much further to the north, just as the Taranaki Basin extended further
south than the NWB. The'ana1ogous pattern in Southland suggests a northward
direction of rift propagation. In following current usage, the Waiau
and Te Anau basins and their more northern equivalents (Turnbull and others,
1975) are collectively referred to as the Moonlight Tectonic Zone (abbrevi-

ated MTZ).

The MTZ rapidly subsided in the late Eocene-early Oligocene and,
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unlike the Taranaki Basin, the basal beds were deposited directly on
basement without evidence of a regional blanket of infra-rift coal
measures (Fig. 8; D-D'). The occurrence of mass-emplaced breccias and
conglomerates which accumulated in subareal and submarine fans, attest
to the exposure and erosion of master fault scarps along the MTZ. That
the MTZ was rapidly down-faulted in the Oligocene is also shown by the
rapid change over a few kilometres from a 2 km thick fining-upward
basinal flysch succession to basin margin sequences only tens of metres

thick (Norris and others, 1978).

By way of comparison, the base of the adjacent Oreti Basin contains
a thin late Eocene coal measure sequence, and accumulated an Oligocene
succession of mainly calcareous siltstone Tithologies. An interpretation
of bore-hole data does however suggest the occurrence of a narrow and
deeper fault-controlledsub-basin adjacent and parallel to the Longwood-
Takatimu High, which was infilled with an early to middle Oligocene flysch
succession (Hyden, 1980) (Fig. 8; D-D'). The Oreti Basin as a whole
shallows to the east and has an asymmetrical form. Both the shallower
depth of the Oreti Basin and its slightly younger age, together with the
symmetrical form of the MTZ (Norris and Carter, 1980) suggest that the
MTZ was the rift trough and that its rapid subsidence induced subsidence

of the Oreti Basin by collapse of the rift shoulder.

Regional onlapping patterns and fining-upward trends show that the
differential subsidence of the MTZ and Oreti Basin was accompanied in the late
Oligocene-early Miocene by regional subsidence also involving the structural highs.
One manifestation of this is that by the late Oligocene both the Fiord-
land and Longwood-Takatimu Highs were submerged and ceased to be the
dominant source areas; a regional paraconformity developed within con-
densed sequences on the flanks of these highs (Carter and others, 1982).

The regional subsidence was, however, accompanied by differential movement

of the structural highs, and Norris and Carter (1982) concluded of them:
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"Tilting of the blocks probably occurred so that the margins of the
Fiordland and Takatimu blocks adjacent to the Waiau and Te Anau basins may
have been uplifted." Such tilting adjacent to the central trough and

in the context of regional subsidence is the pattern identified in the
Taranaki-Wanganui region, and;éhat characteristic of continental rifting

at the expanded rift stage. In this instance only the eastern shoulder

collapsed; the Fiordland block persisted as a large intra-rift plateau.

Northern Solander Trough : transform versus rift tectonics

Norris and Carter (1980) have synthesizZed a history of Cenozoic
sedimentation at the head of the Solander Trough from seismic profiles
tied into interpretation of the PARARA-T well log. They inferred tnat
Balleny Basin seismic units 1 and 2 derived from west of the Alpine
Fault, and that Solander Basin seismic units A and B (Eocene-middle
Miocene) derived from the Fiordland Block, considered by them to have been

dextrally displaced 20-30 km on the Fiordland Boundary Fault Zone (FBFZ).

Their evidence rests critically upon the inferred directions of
sediment supply; these are taken to pass outward from the thickest
part of each seismic sequence. There are two problems with their inter-
pretation of disappearing source areas. The notion that a source area
lay west of the Alpine Fault throughout the Eocene-middle Miocene is not
supported by the Cenozoic stratigraphy of south Westland, west of the Alpine
Fault. There, a brief late 0Oligocene-earliest Miocene unconformity is
bracketed by deep-marine lithologies, which for the Eocene-middle Oligocene
are characterized by foraminiferal Timestones and calcareous mudstones,
both indicative of distant source areas (Nathan, 1977; 1978a). The
second problem relates to the age of the Solander High and the source
of units A and B in the Solander Basin (Fig. 5). If the Solander

High was a structural high during the Eocene-middle Miocene, units A and
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B cannot have derived from Fiordland because the Solander High would have
lain directly between this source and the site of deposition. Therefore
Norris and Carter (1980) preferred the Solander High to have been uplifted
during the mid-late Miocene through a formerly enlarged Waitutu-Solander
basin. However, no seismic evidence was presented to show that this high
was uplifted after deposition of unit B, and in fact their seismic

profiles show that it is a primary feature.

Both these problems are eliminated if one interprets the basins and
highs as originating in a continental rift setting within which there was
no subsequent transcurrent displacement. The seismic profiles (Fig. 9,
B205, B211, MNorris and Carter, 1980) show that the Balleny Basin is an
asymmetrical basin where the succession thins towards the Big River
High by the sequential overstepping of units 1, 2 and 3 toward the east.
This, together with the observed angular discordance between units 2
and 3, are consistent with the rotation of a basement block such that
the Big River High was the upturned edge and source area. This model
not only impliesthe opposite direction of sediment transport, but also
attributes the decreasing thickness of successive seismic units to the
reducing area with time of the structural high which was gradually inundated
as a consequence of regional subsidence. This pattern of basin development
is essentially that of an extended continental rift system as earlier

outlined.

The asymmetrical shape in seismic sections of the Solander High,
and the sequential on]apbing of units A, B and C onto its western flank
(Fig. 7, D197, D201, D203, Norris and Carter, 1980), are also suggestive
of the clockwise rotation of a basement block to form the Waitutu
Sub-basin and concomitantly raise this high as a source area. This is
also supported by the angular discordance between each of units A, B

and C. The larger Solander Basin also has an asymmetrical form, and the
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Stewart Island Shelf and the Mid-Bay High were probably the major source

areas.

The Eocene age and the coal measure to shallow marine lithologies
of seismic unit A in the Solander-Waitutu basins, determined by correlation
with the stratigraphic log and interpretation of PARAPARA-1 exploration
well (Norris and Carter, 1980), suggest that an infra-rift phase of
subsidence and sedimentation preceded rapid subsidence and flysch
deposition. This initial rift development preceded initial
subsidence of the MTZ. The oblique NW-SE trend of the Hump Ridge-Mid bay
High (Fig. 5) was probably an initial and persistent basement threshold

between the MTZ and the Solander-Waitutu basins.

Westland : an inter-plateau section of the rift system

The identification above of Eocene-0Oligocene rift development to the

north and south of Westland logically suggests that this region should
at the same time.

also have evolved by crustal extension / The Paparoa Basin is the only
basin where there is sufficient information to reconstruct the style of
basin development. The isorank pattern (Suggate, 1959) (Fig. 7), the
thickness distribution of basin sequences (Wellman, 1948; Gage, 1952),
and the facies distribution of fault scarp-derived interbedded breccias
and conglomerates (Laird and Hope, 1968), together indicate (Laird, 1968)
that the Paparoa Basin comprises two half angle grabens, each downfaulted
along the same fault zone but in opposite directions, scissors fashion.
The position of the hinge is indicated by the saddle in the isorank
pattern (Fig. 7). The along strike changes in both the dip direction
and throw of this fault zone (Paparoa Tectonic Zone, PTZ), are identical
to those inferred for Fault Z in the North Wanganui Basin (Fig. 11).

Depocentres B and D are viewed as tectonic equivalents of the North and

South Paparoa basins. Moreover, just as Fault Z developed in the direction
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of rift propagation to form depocentre D after B (Fig. 11), there is good
evidence that once active faulting started in llestland (late Eocene-
Oligocene), it migrated northward along the PTZ also in the direction of

rift propagation. Whereas the interbedded breccias and conglomerates

are late Eocene in age throughout most of the PTZ, they are of early Oligocene

age in the northernmost part of the North Paparoa Basin (Laird, 1968;

Germane, 1976).

The change in dip direction of the PTZ and its more western location
suggest that the North and South Paparoa basins flanked the central parts
of the rift. The Victoria Basin sequence is so highly eroded that
confirmation that it was the equivalent of the MTZ or the Taranaki Basin
can only come from the geology of the Murchison Basin, a depocentre
along strike to the north (Figs 7 and 8, C-C'). Although the Murchison
Basin sequence is now steeply dipping and reverse faulted, the regional
mappability of groups shows that it was formerly a major middle Eocene
to late Miocene basin which accumulated at least a 3500 m thick sequence

(Fyfe, 1968; Suggate, 1976) (Fig. 9).

Detailed, though regionally restricted, stratigraphic and
sedimentologic studies have identified a unity of basin axis and basin
margin tectonostratigraphic events reminiscent of the relationship between
the MTZ and its margins (Crooks and Carter, 1976; Carter and others,
1982). Murchison Basin deposition started with the middle to late Eocene
infra-rift accumulation of a thin transgressive coastal fluvial to shallow
shelf sequence that typiéa]]y blankets much of Westland but clearly laps
onto basement highs (Fig. 8, C-C'). The sudden early Oligocene introduction
of turbidites into the quiet shelf environment, the subsequent
transition to submarine slope conditions, and the abundant evidence
for slumping, indicate and age the rapid onset of basin subsidence and

thus of boundary fault movementsassociated with active rifting. On the
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structural high (rift shoulder) marginal to the basin in the west, an
angular unconformity between the Eocene infra-rift sequence and
overlying Oligocene shelf limestones, together with the occurrence of
mass-transported fault-derived breccias and conglomerates (Fig. 8,
C-C'), show that the faulting was accompanied by basement tilting
(Kear, 1954; Carter and others, 1982). The dominance of biogenic and
authigenic deposits on the structural highs and the local hardground
development, attest to the low terrigenous input in the middle to late
0ligocene, which is consistent with submergence of the structural
highs in response to regional subsidence following the rapid and
differential subsidence of the adjacent basin. This tectonosedimentary
pattern of events is identical to that in the MTZ except for the

additional development of an infra-rift sequence (Fig. 8).

With the reversal of 480 km of Alpine Fault displacement, the
Murchison-Victoria basins 1ije some 50 km to the west off the trend of
the central rift troughs of the Taranaki Basin and MTZ (Fig. 2). That
a well developed infra-rift sequence can be universally distinguished
from active rift phase deposits in Westland, but notin the MTZ, suggests
that this off-rift displacement is real, and that different parts of
the South Island rift segment, now either side of the Alpine Fault,
responded differently to the initial crustal extension. Both the
off-trend displacement and infra-rift subsidence probably relate to the
occurrence in Westland of an earlier late Cretaceous rift systein (Laird,
1980). Laird (1968) showed that the PTZ was also the site of late
Cretaceous half-angle graben sedimentation and basic volcanism, which more
recently he has interpreted as part of a failed rift that intersected
the West Coast west of Fiordland and extended northwards into the Western
Platform. The mid-Cenozoic reactivation of late Cretaceous structures
was clearly easier than developing new crustal structures. It follows

that the lesser strength of the late Cretaceous structures also explains
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their earlier failure, thereby facilitating the infra-rift subsidence in

Westland despite its more northern location than the MTZ.

NW Nelson : the persistence of an intra-rift plateau

The cover rocks of NW Nelson range from middle Eocene to middle
Miocene and are mainly confined to the synclinal valleys that flank
the margins of uplifted basement anticlines and domes (Fig. 7)
(Bishop, 1971; Grindley, 1971, 1980). Non-marine coal measure deposition
commenced in half-angle grabens, now the Takaka and Aorere valleys, in the
middle Eocene (Couper, 1960),and was followed in the late Oligocene by
the deposition of a regionally transgressive limestone (Leask, 1980).
The occurrence of the shallow marine Takaka Limestone as outliers upon
the Haupiri Dome indicates that this plateau was only briefly submerged
during the late Oligocene to mid-early Miocene, and for most of the

life of the rift system resisted subsidence.

This transgressive sequence is not however the tectonostratigraphic
equivalent of the infra-rift transgressive sequences in the Westland,
Solander or Taranaki basins. (1) One difference is the occurrence of a
greensand facies at the base of the Takaka Limestone, which may indicate
an hiatus of the type described by Carter and Landis (1972). (2) The
Nelson succession does not contain the progression of depositional
environments typically found, for example, in Westland : coastal fluvial
(Brunner Fm.), bay beaches (Island Fm.), coastal lagoons (Kaiata Fm.),
longshore sand bodies (Little Totara Fm.), and marine shelf (Crooks
and Carter, 1976). (3) The transition to marine conditions in Nelson is
characterized by the introduction of bioclastic limestones; in Westland
and Taranaki it occurs via the clastic Kaiata Fm. (4) In the Aorere
Valley, early to middle 0ligocene non-marine breccias and conglomerates

which are indicative of active faulting precede the marine deposits
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(Leask, 1980), whereas breccias unconformably follow the transgression

in Westland. Thus the Takaka Limestone is the tectonostratigraphic
bioclastic (calcarenitic)

equivalent of the basin margin/Timestones in Westland (Whitecliffs

Fm.), rather than the earlier miciritic transgressive limestone in Westland

(Port Elizabeth Fm.; Crooks and Carter, 1976) (Fig. 8, C-C'). Furthermore,

the regional subsidence which induced transgressive deposition of the Takaka

Limestone, was equivalent to, bui??g My later than, the regional subsidence

in Westland which accompanied rapid basin subsidence and has been attributed

to the expanded rift stage. This subsidence was also later by about 5 My than

the initiation of rapid subsidence in the Taranaki Basin.

These differences highlight the lesser development of the rift system
in NW Nelson compared with other regions to the north and south. Moreover,
they indicate that most of NW Nelson remained emergent even at
the peak of rift development. During the Oligocene, parts of it may even
have been uplifted; an intra-0ligocene disconformity of regional extent

occurs on the southeast side of the main plateau (Germane, 1976).

THE SOUTH ISLAND PATTERN OF RIFT DEVELOPMENT IN RELATION TO THE DIRECTION
OF RIFT PROPAGATION

By comparison with the North Island segment of the rift system,
the South Island segment is considerably more complicated. It comprises
two intra-rift plateaux, one in NW Nelson which blocked the continuity
of the deep basins, and another in Fiordland which was surrounded by
deep basins (Fig. 2). In.addition, some of the basins sustained infra-
rift subsidence for up to 10 My before the initiation of active basin
subsidence, while the MTZ notably did not. This pattern of rift
development is however directly comparable with a model of continental
rift propagation by Courtillot (1982), who considered the case of a
series of locked zones in the initial stage of rifting. In the context

of this model, Fiordland and NW Nelson are viewed as the locked zones
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that resisted the infra-rift stage of subsidence, while the Westland
basins and Balleny-Solander basins were the regions of rift nucleation
with infra-rift subsidence. The occurrence of the MTZ indicates that
the Fiordland locked zone was eventually breached, but because this was

not the case in NW Nelson, a south to north direction of rift propagation

is indicated.

The Courtillot (1982) model of continental rift propagation predicts
an equivalent amount of horizontal extension across the locked zones
as across the rift nucleation sections. In view of the propagation
of rifting towards NW Nelson from two directions,the question arises of
why this region, and to a lTesser extent Fiordland, persisted as plateaux.
By comparison with the Rhenish Shield, which blocks the Rhinegraben,
the reason may relate to the basement composition. I1lies and Baumann
(1982) attributed the coherent uplift of the Rhenish Shield to the ductile,
tectonically incompetent behaviour of its metamorphic basement, which
thinned by stretching, and unloaded the subcrustal Tlithosphere thereby
triggering thermal expansion and consequently isostatic uplift. Apart
from the occurrence of granitic plutons, Nelson and Fiordland largely have
a high grade metamorphic basement, and therefore may have responded in a
similar manner to the Rhenish Shield. The stratigraphic evidence that the
NW Nelson plateau resisted subsidence until the late Oligocene, fully
20 million years after infra-rift subsidence started in Westland and
Taranaki, was outlined in the last section. That this shield may
actually have been uplifted like the Rhenish Shield is more difficult

to prove, but some evidence of this was noted earlier.

While a lithological control may be a compelling reason for the
persistence of the infra-rift shields in the South Island, there is not
enough change in basement type between, for example, NW Nelson and

Westland to cause such a difference in response to the Cenozoic tensional
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stress. Because Laird's West Coast Rift System involved Westland and

not Fiordland or NW Nelson, it is proposed that the late Cretaceous crustal
stretching and related fracturing pre-conditioned the crust in Westland

to brittle failure, and thus pre-disposed it to subsequent basin development.
Late Cretaceous crustal stretching may similarily explain the Eocene-
Oligocene subsidence of the Western Platform, and hence why the western
margin of the North Island rift segment was not as topographically

pronounced as the eastern margin (Fig. 2).

PALEOGEOGRAPHIC SUMMARY OF RIFT DEVELOPMENT : IMPLICATIONS FOR THE AGE
OF ALPINE FAULT INCEPTION

A series of three maps summarize the paleogeographic development
of the rift system in the context of the pre-Alpine Fault configuration
of New Zealand, and a fourth after 150 km of Alpine Fault displacement
(Fig. 15). The paleogeographic development is recorded by way of the
distribution, lithologic character and depositional environments of the
mainly sedimentary cover rocks. The coherent patterns of Paleogene
sedimentation shown by the first three maps corroborate

the adopted shape of New Zealand at that time.

The Paleogene deposits in western New Zealand (Fig. 15A) are mainly
non-marine coal measure lithologies, except in South Westland where deep-
marine foraminiferal limestones and submarine basaltic flows and volcanic
breccias of alkaline affinities accumulated (Nathan, 1977). Although the
non-marine deposits accumulated where the rift system later developed,
their deposition was probably controlled by basement irreqgularities
inherited from the earlier late Cretaceous phase of rifting. The marine
transgression in South Westland probably relates to isostatic subsidence
at the edge of the subcontinent, induced by lithospheric cooling following

seafloor spreading in the Tasman Sea which separated it from the thermal
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anomaly at the spreading centre.

By the late Eocene there had been 20 My of infra-rift subsidence in
Westland and shallow marine seas had transgressed northward into the
Murchison and Paparoa basins, although intervening basement ridges may
have still been emergent. Consequently, the extensive middle Eocene coal
measures are not shown on Fig. 15B. Active late Eocene faulting in the
Paparoa Tectonic Zone is evidenced by breccias and conglomerates. By
the late Eocene a thick infra-rift mainly non-marine succession with coal
measures had also accumulated in the Balleny and Solander basins. The
Eocene basalts in South Westland, by comparison with the Paleocene basalts,
are more alkaline, less differentiated, more voluminous and the sites of
extrusion are further north (Nathan, 1977). 1In the middle to late Eocene
the hydrocarbon productive fluvio-deltaic coal-bearing Kapuni Formation
accumulated through infra-rift subsidence in the Taranaki Basin;
its thickness demands considerable movement on a well defined Taranaki
Fault at that time. Economically important coal measures also accumulated
in north-south trending half grabens controlled by pene-contemporaneous
basement faulting in the Waikato Basin (Kear and Schofield, 1978) and
in eastern Northland (Kear, 1959); their northeastern location with
respect to the Taranaki Basin heralded the Oligocene development of an

expanded rift system in the more northern latitudes.

By the end of the Oligocene active subsidence had clearly formed
deep troughs and the accompanying regional subsidence had inundated
many of the intra-rift sdurce areas, such as the rift shoulders, and
consequently limestone deposition?ggcame widespread (Fiqg. 15c). The
Marlborough-Wanganui Shield can have been the only important source area
and probably supplied flysch sediments north to the Taranaki Basin,

east to the Murchison Basin, and south to the Moonlight Tectonic Zone.

Shallow marine skeletal limestones and volumetrically minor phosphorites

78
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and glauconites accumulated on the current swept rift shoulders and
intra-rift shields in clear waters above and away from the submarine
canyons funnelling terrigenous detritus to the basins. Calcareous
oozes accumulated in deeper water west of the basins which trapped the
terrigenous material. The basalt volcanics in the northern part of the
rift, considered to be indicative of incipient spreading, were probably

emplaced in the late Eocene and Oligocene.

The Paleogene sedimentation patterns in eastern New Zealand are
in sympathy with the concept of a rift system to the west. Kingma's
(1974) Eastern Basin of eastern North Island and Marlborough accumulated
mainly deep-marine fine-grained terrigenous deposits with calcareous
oozes in the southern part. The deposits became increasingly calcareous
and glauconitic into the Oligocene, and this probably reflects a combination
of the diminishing elevation of the land to the west, and the partial
reversal of drainage back to the west as the rift expanded. The Paleogene
deposits in the Canterbury Basin are quite different to those of the
Eastern Basin, and accumulated in shelf depths. The regional transgression
started in the late Cretaceous (Wilson, 1963) and may be due largely to
isostatic subsidence following rifting in the Bounty Trough (Fig. 1).
An impressive feature of the transgression is the regular sub-parallel
displacement of the shoreline to the northwest. This suggests that
the sea migrated up a gently southeasterly tilted basement surface.
In the Eocene-0ligocene this surface may have been additionally tilted
by the effects of rifting in the fashion of Bott and Mithen's (1983)
model; the shoreline may have been migrating to the hingeline. The
concept of a rift system in the west, andczi a consequence a southeasterly
tilted paleoslope in Otago and Canterbury, /explain the conundrum
perceived by Turnbull and others (1975) of Oligocene lacustrine deposits

only 10 km east of coeval basinal flysch deposits in the Moonlight Tectonic
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Zone.

Whereas the trend everywhere through the Eocene and Oligocene was
towards subsidence and transgression, exemplifying a unity of geologic
development, the early Miocene marked the time when this trend was
reversed, and the rift system was progressively disrupted (Fig. 15D).
This change parallels one in eastern North Island, where the once
unified Eastern Basin became differentiated and kneaded into numerous
and discrete basins by subduction accretion (van der Lingen and Pettinga,
1980; Pettinga, 1982), and in Marlborough, where olistostromes formed as

a result of basement faulting and uplift (Prebble, 1980).

There is a very definite pattern to the disruption of the rift
system. It started and became most pronounced in Westland, and
subsequently its effects were progressively imprinted later in time away
to the north and south. Disruption started in the early Miocene in
Westland, as marked by a widespread post-0ligocene to mid-early Miocene
unconformity; the time break ranges up to the late Miocene in South
Westland adjacent to the Alpine Fault (Nathan, 1978a), but is not
present north of the Alpine Fault in the Murchison Basin. This unconformity
together with the change from limestone to clastic sedimentation, records
a major crustal reorganization such that the former basins were everted
and became the structural highs and the former highs became the new
depocentres. The attitude of the normal faults active during the rift
phase determined the direction of overthrusting; the reoccupation of
these faults indicates cohpression and crustal re-thickening in the
opposite direction to the earlier extension. By the late Miocene the
continued compression in Westland had initiated marine regression from

the short-lived Miocene depocentres (Fig. 15D).

The early Miocene unconformity did not extend northwards into

NW Nelson, and the first indication of rift disruption there was the
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mid-early Miocene change from Takaka Limestone to Tarakohe Mudstone
deposition. Evidently, this region was still in an extensional mode
while compression was active in Westland. Further north in the Taranaki
Basin thg}£$$gcts of compression were delayed until the late Miocene,
and as discussed earlier, the amount of uplift progressively decreased
northwards. In Southland, now south of the Alpine Fault, the same
pattern is evident with a progression from completely everted basins
(northern MTZ c.f. PTZ), to uplifted and compressed basins (Waiau c.f.

Murchison Basin), to rift basins still in the marine realm (Solander

c.f. Taranaki Basin).

Age of Alpine Fault inception

The age and continuity of the rift system through western New Zealand
in relation to the trend of the Alpine Fault unequivocally precludes pre-

Miocene Alpine Fault displacement.

The evidence that disruption of the rift system started in
Westland adjacent to the Alpine Fault, and that the age and degree of
disruption symmetrically decreases away from this fault, would date the

inception of the Alpine Fault as early-early Miocene, about 23 My BP.

RELATIONSHIP OF THE RIFT SYSTEM TO CONTIGUOUS SEAFLOOR SPREADING

The differential degree of rift development through western
New Zealand and the directions of rift propagation strongly suggest
that in the Paleogene oceanic spreading cenfres propagated towards the
northern and southern par£§ of the subcontinent. A new interpretation
of the history of seafloor spreading in the southwest Pacific confirms
this prediction (Fig.16), and shows that the South Island segment linked
with the south-east Indian Ridge, and the North Island segment 1inked with
the Norfolk Basin spreading centre. This interpretation is different

to others (Molnar and others,1975; Weissel and others, 1977) because it is
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based on different constraints. Specifically, (1) that there has been only
= 500 km of dextral displacement through New Zealand, and (2), that the

displacement started in the early Miocene.

Figure 16 illustrates the plate tectonic setting at anomaly 7 time
(26 My B.P., late Oligocene) near the peak of rift system development.
It is reproduced from Kamp (1985) where the details of the maps construction
are given, and where the implications for New Zealand of the relative
plate motions leading up to and past the late Oligocene are fully discussed.

The following discussion is based on that paper.
Southeast Indian Ridge linkage

The main feature of the SW Pacific nlate tectonic setting at An 7 time
is the propagation of the SE Indian Ridge into New Zealand. A major

characteristic of the magnetic anomaly pattern of the South Tasman Sea

Fig. 16 Plate tectonic reconstruction of the southwest Pacific at
magnetic anomaly 7 time (26 My BP), showing how the South
Island segment of the rift system was Tinked to the Southeast
Indian Ridge, and how the Norfh Island segment was linked to

the Norfolk Basin back-arc spreading centre. See text for

discussion.
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is a magnetic unconformity defined by the different trends of An 24 and

An 21 lineations (Weissel and Hays, 1977). This unconformity indicates

a dramatic change in the orientation of seafloor spreading within the

space of 5 million years. Weissel and others (1977) considered for no

apparent reason that the set of east-west oriented lineations 21-12 immediately
south of this unconformity were too far east to have been generated at

an extension of the Southeast Indian Ridge. Like Molnar and others (1975),
they preferred these lineations to have been generated by oblique spreading

at a failed arm striking north from a triple ridge junction involving

a linked SE Indian and Pacific-Antarctic Ridge.

In this reconstruction (Fig. 16) the magnetic lineations 12 and 13,
now in the Emerald Basin 1ie opposite the lineations 18-12 south of the
unconformity, and together they indicate that a spreading centre must
have lain between them. These symmetrically placed anomalies define an
eastwards thinning wedge of Eocene and Oligocene crust naturally aligned
with the Southeast Indian Ridge, though mildly offset on fracture zones.
It is proposed that when this ridge finally broke through between
Australia and Antarctica, it rapidly propagated eastwards into southern
South Island. It possibly exploited a major east-west fracture zone that
offset the earlier north-south trending Tasman Sea spreading centre.
Subsequently (An 7-An 6), the Southeast Indian Ridge became further offset
on the fracture zones and linked with the Pacific-Antarctic Ridge (Fig. 1).
That this linkage was delayed until An 7-An 6 time is shown by the great
disparity in spreading rates on these ridges for the interval between
An 24 time to An 7-An 6 time (Cande and Mutter, 1982, c.f. Weissel and
others 1977). However, these ridges have had comparable spreading rates

since An 7-An 6 time.
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There is good correlation between the age of ocean crust produced at
the Indian Ridge adjacent ot New Zealand and the age of rifting in the
South Island segment of the rift system. It is difficult to judge the age
of the oldest seafloor adjacent to the rift (Fig. 16), but it is probably
of An15-An 13 age. This corresponds with the late Eocene-early Oligocene
age of active rift subsidence (Fig. 7); the infra-rift subsidence occurred
at a time (middle Eocene) when seafloor was being created (An 18) further
west (Figs 7 and 16). A corollary of the rift propagation models is that
rifting should cease once seafloor spreading stops. Significantly, rifting

ceased in the late Oligocene in the South Island segment about the time

the youngest seafloor (An 7) was introduced adjacent to New Zealand.

Norfolk Basin linkage

The North Island segment of the rift system 1lies at the southern
end of the western Pacific collage of island arcs, trenches and marginal
basins known collectively as the Melanesian borderlands (Coleman and
Packham, 1976). There is good magnetic and stratigraphic evidence that
the South Fiji Basin formed during the Oligocene by back-arc spreading
marginal to the Tonga-Kermadec arc-trench system. Magnetic anomaly
lineations 12 to 7A have been widely mapped (Watts and others, 1977;
Davey, 1982; Malahoff and others, 1982), and locally anomaly 13 has
been identified (Malahoff and others, 1982), indicating seafloor spreading
involving a triple ridge junctibn from 36 to 25.5 My BP. Although this
indicates the occurrence of an extensional regime to the north of
New Zealand, it is not directly linked to the rift system. Unfortunately
the magnetic anomaly pattern of the Norfolk Basin (Ma]ahoff and others,
1982) has not yet been analyzed. That the Norfolk Basin originated by
rifting and spreading has been consistently inferred (oleman and Packham,

1976 Crook and Belbin, 1978), and Davey (1977, 1982) has presented
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seismic reflection profiles showing the rifted basement morphology of

both its western and eastern margins.

In the absence of firm age control, the age and origin of the
Norfolk Basin has been inferred from tectonic models based on the age and
structure of the South Fiji Basin. Crook and Belbin (1978) and Davey
(1982) have both postulated that spreading was contemporaneous with spreading
in the South Fiji Basin, thus indicating an Oligocene age. The Norfolk
Basin spreading is viewed by Davey (1982) and Ballance and others (1982)
as a type of back-arc spreading resulting from the subduction of the
eastern plate of the South Fiji Basin spreading centre beneath the
Three Kings Rise volcanic arc. Davey (1982) considered that the Norfolk
Basin extension did not pass southward into western New Zealand because
he was unaware of "... large scale extension through New Zealand in the

Oligocene .... This paper has documented this evidence, and accordingly
it is proposed that the Norfolk Basin linked with the North Island

rift segment. Anomaly 12 to 7A seafloor spreading would exactly correlate
with the Oligocene age of active rift subsidence and incipient seafloor

spreading in the rift system.

SUMMARY AND CONCLUSIONS

The evidence of a 1200 km long continental rift system of middle
Eocene to early Miocene age through western New Zealand has been
documented. It comprised a 100 to 200 km wide zone of 2-4 km deep troughs
and half angle grabens bounded by normal and possibly Tistric faults. 1In
the Neogene and Quaternary this rift system was obliquely dislocated by
the Alpine Fault and tectonically overprinted by compression originating

at the Australia-Pacific plate boundary.

Four phases of rift development have been identified: (1) A 10 My

infra-rift phase of slow subsidence in broad depressions or half grabens
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characterized by the accumulation of coal measures, and subsequently,
shallow marine transgressive lithofacies. (2) An active phase of
subsidence which in as Tittle as 2 to 3 My created steep-sided central
troughs of slope to bathyaldepths in which submarine fan deposits
accumulated. Faulting was mainly localised on master fault zones at the
trough margins. (3) An expanded rift phase, characterized by the collapse
of the basement shoulders marginal to the central troughs, and the
creation of an expanded zone of tilt blocks and half grabens up to 2 km
deep, in which flysch deposits or shelf limestones and mudstone accumulated.
In the South Island this phase followed the start of phase 2 by only 2-3
My, but in the North Island it followed by 10 My. Although the edges

of tilt blocks were differentially uplifted, this occurred within an
expanded zone of regional subsidence in response to crustal stretching.
The regional subsidence submerged many of the terrigenous source areas

and permitted the widespread Oligocene development of skeletal shelf

and deep-marine foraminiferal limestones. Phase 4 involved the incipient
introduction of oceanic crust to the rift axis, and only occurred in

the northern part of the rift system.

From the spatial distribution of these phases of rift development
it is evident that the rift system had a northern and a southern
segment. The North Island segment was the simpler one, and the Tate
0ligocene south to north arrangement of phases 2, 3 and 4 indicate a
southward direction of rift propagation. This pattern is identical
to that predicted by Vink's (1982) model of rift propagation. By
contrast, the South Island segment comprised two locked zones which
developed into intra-rift shields flanked by sections of rift nucleation.
The South Island segment and its development are directly comparable
with Courtillot's (1982) model of rift propagation, and indicate a south

to north direction of rifting. Infra-rift subsidence was restricted
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to the rift nucleation sections, but the active rift subsidence of phase
2 occurred in the breached Fiordland locked zone at the same time as it
occurred in the rift nucleation sections. The occurrence of alternate
locked and nucleated zones is attributed to a combination of the factors
of basement composition and inherited crustal structure. The age of rift
development in the two segments was slightly different. Whereas each of
the transitions from phases 1 to 2 to 3 occurred at the same time in

the South Island segment, there is a perceptible southward migration of
these transitions in the North Island segment. This is evident for the

2 to 3 transition, which is of early 0Oligocene age between Port Waikato
and Awakino, and occurred in the middle Oligocene in the Taranaki Basin;
the rapid subsidence of western Northland occurred in the late Eocene-
early Oligocene (Hornibrook and others, 1976). This rift system, like the
Bay of Biscay margin, was not preceded by doming and was accompanied by

only minor volcanism.

The northern segment of the mid-Cenozoic rift system was linked
with a seafloor spreading centre in the Norfolk Basin, and the southern
rift segment was linked with the Southeast Indian Ridge after it broke
through between Australia and Antarctica, and before it Tinked with the
western end of the Pacific-Antarctic Ridge, about which spreading was
rejuvenated in the early Miocene. The New Zealand setting may be a
unique example where active spreading about a mid-ocean ridge was linked
via a continental rift system with an active marginal basin spreading

centre.

The age and continuity of the rift system precludes any pre-
Miocene transcurrent displacement on the Alpine Fault. An early Miocene
age of fault inception of approximately 23 My BP is supported here by
the age and pattern of disruption of the rift system which began adjacent

to the Alpine Fault. Therefore, the Australia and Pacific plates were
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Tinked via the New Zealand subcontinent until 23 My BP. Consequently
it is not valid to resolve through New Zealand the relative motion between
these plates which appears to be indicated before 23 My BP by the changing

pole positions (Molnar and others, 1975; Weissel and others, 1977; Stock

and Molnar, 1982).

In the context of the late Oligocene shape of New Zealand adopted here,
the concept of a western rift system provides a geotectonic framework which
unifies and explains the complex patterns of New Zealand's early and middle
Tertiary structure, stratigraphy and sedimentary geology (Fig. 15). More-
over, the documentation of a north-south trending rift through the New Zealand
subcontinent establishes that there were two different ages of rifting, one
in the late Cretaceous and the other in the mid-Cenozoic, and that both have

contributed to the near complete late Oligocene submergence of the subcontinent.
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234  Landforms of New Zealand

The landforms of Hawke's Bay—mountains,
plains, and coastal uplands—are the expression
on the surface of the Earth of crustal forces caused
by the interaction and subduction of the Pacific
Plate beneath the eastern North Island. The large
scale of the topography attests to the magnitude of
the forces involved, and the recent age of land
formation. An indication that these forces are still
active was the occurrence of fault displacements
during the 1931 Napier earthquake, reinforcing
the importance of tectonism as the dominant fac-
tor influencing development of Hawke’s Bay’s
landforms. Humid climatic processes involving
crosion and deposition, chiefly by water, have
modified the tectonic features and shaped the
detail of the landscape.

The most pronounced feature of the landforms
of central and southern Hawke’s Bay is the pat-
tern of a central belt of lowlands flanked on the
west and cast by parallel belts of uplands. This
marked topographic differentiation and parallel
alignment diminishes towards Hastings (Figure
12.1) and contrasts with the dissccted, gently slop-
ing, upliftcd platcau of northern Hawke’s Bay.
The pattern of the major landforms in central and
southern Hawke's Bay is thus similar to that of
Wairarapa: the Ruahine Range extends to the
SSW as the Tararua and Rimutaka Ranges, the
inland plains continue to Cook Strait although
they are interrupted near Ekctahuna, and the
coastal uplands are uninterrupted along the cast-
crn margin,

The study of landforms (geomorphology) is
important in the earth sciences because it gives
access to a late period in the history of the Earth
that is often scantily documented by sediments
(Cotton, 1926). The contribution of gcomorphol-
ogy to an understanding of Earth history is espe-
cially relevant in Hawke’s Bay, where, because
the country has so recently been so mobile, the
landforms reflect in an intricate manner the struc-
tural development of the region. However, there is
also an extensive sedimentary record, both of the
uplands and inland depression, from which the age
and pattern of uplift and subsidence can be estab-
lished. Thus, in Hawke's Bay, because of the par-
ticular geological and geomorphological setting,
there is an outstanding opportunity to study in
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one locality the spatial and temporal interrelation-
ships of landforms, structure, and sedimen-
tation—a rock cycle. Morcover, the rock cycle can
be related to a driving force—lithospheric plate
interaction. Interpretation of high quality
geophysical and geodetic data accords with
geological interpretations that Hawke’s Bay lies at
the northern end of an obliquely convergent plate
margin that bisects the still largely submerged
New Zealand subcontinent.

Shape and Coastline of Hawke’s Bay

The chief characteristic expressed in an aerial
perspective of Hawke’s Bay is the plan shape
defined by the coastline. A major feature of that
shape is the large crescent-shaped indentation of
Hawke Bay, which contrasts with the straight
coastline south of Cape Kidnappers. (Indeed, the
shape of the bay suggested to the carly Maoris the
shape of the fish hook by which the mythological
hero Maui raised his giant fish—the North
Island—from the sea).

The coastline south of Capce Kidnappers is
characterised by steep, extensively slumped clifls
of Cretaccous and Tertary rocks with narrow,
sandy and bouldery beaches and, sometimes, wide
shore platforms cut in mudstone (King, 1932).
These features and the occurrence in places of low
wave-cut terraces several thousand years old and
now up to 10 m above sea level (King, 1932; Beu
and Grant-Taylor, 1975) indicates that this is an
emergent coastline which is being uplifted at
2 mm/y (K. Berryman, personal communication).
There has been a significant amount of landward
advance of the coasdine since the Last Glacial
(circa 15 000 years), as the Last Interglacial (circa
125 000 years B.P.) terrace, evident for several
kilometres inland in northern Hawke's Bay, is
absent south of Cape Kidnappers (King, 1932;
Kingma, 1971).

Cape Kidnappers is carved from massive,
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