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UNIVERSITY OF SOUTHAMPTON

ABSTRACT

FACULTY OF SCIENCE

SCHOOL OF OCEAN AND EARTH SCIENCE

Doctor of Philosophy

A LONG-TIMESCALE HIGH-RESOLUTION FAULT ACTIVITY HISTORY FOR THE
WHAKATANE GRABEN, BAY OF PLENTY, NEW ZEALAND

by Susanna Katharine Taylor

The Whakatane Graben is a back-arc basin situated in the Bay of Plenty, North Island, New Zealand,
associated with the oblique westward subduction of the Pacific Plate beneath the Australian Plate. The
data presented in this thesis reveal both long-term and short-term normal fault behaviour in a fault
population surrounding and including one of the most active faults in the offshore graben.

Closely spaced (100 - 200 m separation) multichannel seismic and high resolution (chirp sonar, 3.5
kHz and boomer) profiles were collected during cruises in December 1999 and January 2001. These
data were processed and interpreted and fault displacement data were extracted.

The Rangitaiki Fault lies in the centre of the Whakatane Graben, and is now recognised as a 20 km
long, linked, segmented normal fault. The displacement profile of the fully linked Rangitaiki Fault
resembles that of a single fault, with a maximum close to the centre and displacements decreasing
towards the tips. The fault was found to have initiated as 5 isolated segments, which grew together
over 1 Ma. Fault tip propagation was the dominant faulting process initially, followed by the
development of relay zones and their subsequent breaching. The system became fully linked between
300 ka and 17 ka, and increased in displacement rate from 0.52 % 0.18 mm yr"' prior to linkage, to
1.41 4+ 0.31 mm yr"' afterward. Accurate observations of fault growth rates are hampered by the
limited age control of the seismic horizons.

The fault propagated northwards and the fault system present today is interpreted as a highly evolved
damage zone, where optimally oriented and located faults have linked to form the major Rangitaiki
Fault structure and have increased in displacement rate. Displacement is transferred southward from
the Rangitaiki Fault onto the newly identified Thornton Fault. The Thornton Fault is along-strike from
the onshore surface ruptures caused by the 1987 Edgecumbe earthquake (magnitude 6.3). A repeat
time of 320 — 600 years is inferred for Edgecumbe size events on the Rangitaiki Fault, close to the
maximum magnitude for that size of fault. The combined extension rate for all observed faults across
the pseudo-3D survey area for the last 17 & 1 ka is 2.4 — 3.4 mmyr”, increased from 0.7 — 0.9 mmyr’
for the time interval between 300 — 17 ka. The increase in extension rate observed in the Whakatane
Graben is interpreted as resulting from the eastward migration of the locus of deformation within the

Bay of Plenty towards the Hikurangi subduction zone.
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Chapter 1

Introduction

Understanding the growth of faults is important as they control fluid flow, create hydrocar-
bon traps and cause earthquakes. Fault systems are imaged in a variety of settings around
the world, in many different stages of development. The observed faults are the end results
of the fault development history, and often retain little or no information about the processes
that led to their formation. Sediment deposits in areas of syn-sedimentary faulting (where
faults are active at or near the surface at the time of sedimentary deposition) can retain
information about the location and timing of fault movements throughout the fault activity
history. The data presented in this thesis are from an area of syn-sedimentary faulting
that has recorded fault activity over the last ¢. 1.3 Ma. The data are from two pseudo-
3D seismic surveys that image an area around the Rangitaiki Fault, an actively growing,
syn-sedimentary, segmented normal fault in the Whakatane Graben, New Zealand. The
Whakatane Graben is ideal for this study because it is a young (< 2 Ma) and highly active
structure situated on the New Zealand continental shelf where it has been well supplied
with sediment. The sediment supply is sufficient to infill any accommodation space created
by the rapidly active faults, thus providing a record of past fault motions. Furthermore,
the shallow water depths (up to 200 m) of the graben on the continental shelf mean it is
well placed for acquisition of high-resolution seismic data and core samples.

The temporal resolution of fault growth provided by this study area means that fault
development processes could be well defined over both long-timescales (100s of thousands of
years) and short-timescales (thousands of years). The spatial and temporal constraints on
fault growth are used here to demonstrate which fault propagation processes occur, and the
rates and timescales over which they operate. In addition, the results are used to improve

the level of understanding of the tectonics of the Whakatane Graben and Taupo Volcanic

Zone.



CHAPTER 1. INTRODUCTION 2

This thesis focuses on recent fault activity within the Whakatane Graben, which is
situated on the continental shelf north of New Zealand in the Bay of Plenty. The graben is
the offshore extension of the Taupo Fault Belt, which is the youngest and current active rift
system within the Taupo Volcanic Zone (TVZ). In this chapter the geology and tectonics
of the region is outlined, before a review of normal faults and fault growth models is made,

and finally the thesis structure is summarised.

1.1 Regional Geology

1.1.1 Regional Tectonic Setting

The Whakatane Graben is situated in shallow water depths in the Bay of Plenty. The
graben is part of the Taupo Fault Belt, which is the youngest and current active rift system
within the Taupo Volcanic Zone (TVZ). The TVZ marks the zone of Quaternary back-
arc rifting and calc-alkaline volcanism associated with the oblique westward subduction
of the Pacific plate beneath the Australian plate at the Hikurangi plate-boundary margin
(Figure 1.1)(Wright, 1992). North of New Zealand, the oceanic Pacific Plate is subducted
beneath the continental Australian Plate forming the Lau-Havre back-arc system, passing
southward into the Taupo-Hikurangi subduction system on land (Cole and Lewis, 1981).
The subduction becomes progressively more oblique southwards as the Hikurangi Trough
merges with the Alpine Fault system. South of New Zealand the subduction is eastward;
with the Pacific plate overriding the Australian plate at the Puysegur Trench. The transition
between westward and eastward subduction occurs along the reverse dextral Alpine fault
and the associated compression and uplift has caused the development of the Southern
Alps. The pole of Pacific-Australian rotation lies close to New Zealand, at 62°S 174°E
(Chase, 1978), and has moved steadily southwards through time making different plate
configurations progressively stable and unstable (Ballance, 1999).

The 030° trending TVZ extends northwards from the Tongariro volcanic centre south
of Lake Taupo to up to 150 km offshore (Wright, 1992). Onshore, the TVZ contains the
Taupo fault belt and the Taupo-Rotorua depression to the northwest, and at the coast,
the Whakatane Graben. The Taupo fault belt is a zone of late Quaternary, dominantly
normal, mostly NNE-trending faults extending from Mt Ruapehu to the Bay of Plenty
coast (Grindley, 1960). The fault belt is about 20 km wide with an overall strike of 40°,
rotating to 055° in the northeast (Healy et al., 1964). Some fault movement in the fault
belt post-dates the 1.85 ka Taupo eruption {(Nairn and Hull, 1985) and historical surface
ruptures have been noted from 1922 (Grindley and Hull, 1986), 1983 (Otway, 1986) and
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Flgure 1.1: Map showing the Plate Boundary in Northern New Zealand. The
Australian Plate is subducted beneath the Pacific Plate at the Hikurangi Margin,
resulting in back-arc extension at the Havre Trough (HT) and Bay of Plenty (BOP)
and volcanism in the Taupo Volcanic Zone (TVZ) (yellow area, volcanic centres
shown by purple triangles. Active faults are shown by red lines, the faults are
extensional within the TVZ and dextral strike-slip in the North Island Shear Fault
Belt (NISFB). Bathymetry from Global Seafloor Topography from satelite altimetry
and ship depth soundings (Smith and Sandwell, 1997).

the Edgecumbe earthquake of 1987 (Beanland et al., 1990).The Taupo-Rotorua depression
is a back-arc graben containing rhyolitic volcanic centres infilled with 2 — 4 km of rhyolitic
pyroclastics and lavas erupted from at least four late Quaternary volcanic centres (Cole,
1990).

Offshore, the TVZ is bounded to the west and east by the Tauranga and White Island
fault zones respectively and comprises three parallel, tectono-morphological units (Wright,
1992). These units are (from southeast to northwest) the frontal, non-volcanic Whakatane
Graben, the volcanic Rurima Ridge and the volcanic back-arc Motiti Graben. Active fault-
ing in the offshore TVZ is largely restricted to the 15 — 20 km wide Whakatane Graben

where many laterally discontinuous northeast trending normal faults are observed (Wright
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1990) (Figures 1.2 — 1.4). The seismic profile interpreted by Davey et al. (1995) shows the
deep structure of the offshore TVZ; the faults are dominantly NW dipping and listric, and
sole out at c. 3 seconds TWT. The major listric faults (including the Rangitaiki Fault)
have resulted in several rotated blocks of greywacke basement. The faults in the overly-
ing sediment cover are generally steeper than the basement faults, and have less vertical
continuity.

The deep structure of the White Island Fault is poorly imaged on seismic data, possibly
as a result of a large velocity contrast across the structure. Davey et al. (1995) identify the
White Island Fault as the easternmost listric fault in the Whakatane Graben, but subsequent
analysis has shown that this is not the case (J. Bull, pers. comm. 2003). The feature now
identified as the White Island Fault is poorly resolved at depth, but has a notable surface
scarp.

The western boundary of the TVZ, the Tauranga Fault Zone, is clearly different to the
eastern boundary in that it is formed of several, relatively low displacement faults dipping
toward the southeast. Davey et al. (1995) suggest that the western margin of the offshore
TVZ is a caldera structure formed at the initiation of TVZ extension approximately 2 Ma
ago, with subsequent faulting propagating eastwards forming a crustal decollement. Figure
1.4 shows the top 2 seconds TWT through the TVZ and demonstrates the respective ages
of the western Motiti Graben and the younger Whakatane Graben to the east. Faulting
in the Motiti Graben affects deeper (older) sediments than in the Whakatane Graben, and
few of the faults in the Motiti Graben displace the surface sediments whereas the majority
of faults in the Whakatane Graben break the surface. These faults show that the Motiti
Graben is older and now less active than the Whakatane Graben.

East of the onshore TVZ (east of the Whakatane Fault; Figure 1.3) is the presently
active North Island Shear Belt (NISB), a zone of dextral strike slip faults that shows a total
Holocene shear displacement rate of 14 — 18 mmyr™" (Lensen, 1975). The NISB extends
through the North Island of New Zealand to the Bay of Plenty coast. The faults within
the NISB dominantly trend north-south where they approach and intersect the Whakatane
Graben (Nairn and Beanland, 1989). Despite the intersection of the Whakatane Graben
and the NISB, no shear faults are observed within the Whakatane Graben itself, either on
land or offshore. East of the Whakatane Graben, however, the NISB is clearly active, with

faulting observed onshore at Ohiwa (Sanderson and Bull, pers. com.)
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Figure 1.2: Active faulting in the Whakatane Graben, mapped prior to cruises TAN99-14
and KAH01-02. Offshore faults mapped by Wright (1990}, onshore faults mapped by
Nairn and Beanland (1989) (see figure 1.6 for complete map). The location of the
Edgecumbe earthquake main-shock epicentre is shown by a star. Locations of the
profiles shown in figures 1.4 and 1.7 are marked on the map.






