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ABSTRACT

The totally subsurface Oligocene-Early Miocene Tikorangi Formation in Taranaki
Basin is New Zealand’s only commercially-producing fractured-carbonate
reservoir, but is poorly understood in a stratigraphic-sedimentological-diagenetic
context. Based on correlation between laboratory and geophysical well log data a
carbonate facies-based lithostratigraphy has been established for the first time for
the entire formation. Petrogenesis of this complex siliciclastic-carbonate-
dominated sequence, (re)deposited as a mix of retrogradational, progradational,
and aggradational sedimentary sequences across a range of shallow-shelfal,
foredeep and basinal settings, has been controlled by proximity to a rapidly
evolving convergent Australian-Pacific plate boundary, to changes in relative sea
level within an overall transgressive regime, to foredeep trough accommodation,
to location within a cool-water temperate latitude setting, and to the changing
availability and sources of carbonate and siliciclastic supply.

The history and nature of burial diagenesis have been instrumental in the creation
and subsequent modification of fracture porosity within the Tikorangi Formation
by producing a tight, low porosity/permeability rock; burial replacive
dolomitisation with no associated secondary porosity development; intense
fracturing, thrusting, and folding in association with compression at the
Australian-Pacific plate boundary; and precipitation of a complex suite of ferroan
calcite, baroque dolomite, celestite, and quartzine minerals within fracture
systems. Petrographic, trace element, stable isotope (8'°0 and 8'C), and fluid
inclusion data record a complex history of changing pore fluid chemistry and
heating during burial, punctuated by relative changes in the input of downward
circulating meteoric and upwelling basinal fluids. Precursory hydrocarbon-bearing
fluids from Eocene terrestrial source rocks have migrated along with aqueous
fluids after about 8 Ma, with major hydrocarbon emplacement within the fracture
systems since the Early Pliocene.

The Tikorangi Formation’s mixed siliciclastic-carbonate nature, heterozoan biotic
carbonate make-up, low-Mg calcite mineralogy of skeletons and cements, and
delayed deep burial diagenetic history are key features of current cool-water
carbonate models. However, these evolving models of temperate carbonate
sedimentation generally remain to incorporate several features exemplified by the
Tikorangi Formation deposits, including: the recognition of a full spectrum of
shelf-slope-basin facies and not simply shallow platform carbonates; the
importance of mass emplacement events in producing complex mixed shelfal and
deeper water skeletal assemblages; the textural diversity of deposits in which
mudstones, wackestones and packstones are more common than grainstones; the
ubiquitous occurrence of late diagenetic dolomite in the deposits; and the fact that
cool-water carbonate facies can form economically important fracture reservoir
rocks. While this study has provided new insights into the subsurface stratigraphy,
petrology and diagenesis of the cool-water Tikorangi Formation carbonate
fracture reservoir, an important research focus for the future is to further our
understanding of temperate carbonate-dominated depositional and diagenetic
systems as a whole, thereby enabling more concise assessment of their potential
economic significance.
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EXTENDED ABSTRACT

The totally subsurface Oligocene-Early Miocene Tikorangi Formation, Taranaki
Basin, is New Zealand’s only commercial carbonate and fracture-producing
reservoir. Despite its economic importance, the temperate-latitude Tikorangi
Formation is poorly understood in a stratigraphic-sedimentological-diagenetic
context in comparison to age-equivalent non-reservoir-bearing temperate
limestones exposed in onland New Zealand. This study is based on geophysical
and laboratory derived data from core material from seven onshore wells (Hu- Rd-
1/1A, Ngaere-2, Toko-1, Waihapa-2, -4, -5, -6) within the greater producing
Waihapa-Ngaere Field, Tarata Thrust Zone, and a single offshore well, Maui-1.
Correlation of laboratory-determined data with geophysical log data has defined
four major facies: Facies A — calcareous siliciclastites (siliciclastic-dominated,
slightly to moderately calcareous claystone to mudstone with <25% carbonate);
Facies B — very calcareous siliciclastites (moderately to highly calcareous
siliciclastic siltstone to fine sandstone with 25-50% carbonate); Facies C — muddy
limestones (muddy, very fine to fine sandy carbonates with 50-75% carbonate);
and Facies D - sparry limestones (pure, typically coarse sparry carbonates with
>75% carbonate). These facies form the basic framework for constructing a
previously unavailable full lithostratigraphy for the formation, comprising nine
major correlatable units as either single or interbedded combinations of the four
facies. Lower and upper boundaries are redefined while Waihapa-5 is nominated
as the best reference section for the Tikorangi Formation due to the availability of
core material, which is non-existent in the current type section at Mangahewa-1

well.

The formation comprises a vertically and laterally varied, and
lithostratigraphically complex, mixed siliciclastic-carbonate-dominated sequence.
Detailed petrography has delineated a spectrum of five petrofacies: I - mudstones;
I — wackestones; III — packstones; IV - poorly washed grainstones; V - sparry
grainstones. Skeletal varieties within these petrofacies have aided in the
identification of three texturally and compositionally distinctive megafacies for
the Tikorangi Formation: an earliest Miocene (Waitakian), near-situ, shallow-

shelfal limestone (bryozoans, barnacles, calcareous red algae, large benthic
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foraminifera) defined by Hu Rd-1A; an earliest Miocene (Waitakian) foredeep
megafacies (dominantly bivalves, echinoderms, planktic foraminifera) including a
prominent component of reworked and redeposited siliciclastics and shelfal
bioclasts; and an Oligocene-Early Miocene (Whaingaroan-Altonian) deeper-water
basinal megafacies (planktic foraminifera, nannofossils) at Maui-1. Depositional
settings for the three contrasting megafacies were controlled largely by the
interplay of the complex and evolving Australian-Pacific plate boundary setting,
including associated development of a foredeep trough, changes in relative sea
level within an overall transgressive regime, and the changing availability and

sources of carbonate and siliciclastic supply.

Geophysical ~ well-log  characterisation  has  provided a  surrogate
chronostratigraphic framework within which five major geophysical log
sequences, representative of sedimentary phases within the Tikorangi Formation,
have been identified and correlated. Phase I and II - retrogradation resulting from
deepening associated with foredeep subsidence. Phase III - progradation
associated with declining subsidence rates and movement of carbonate facies
basinward. Phase IV - prograding aggradation. Phases III and IV comprise often
thick, periodically mass-emplaced carbonate-rich units separated by thin, shale-
like units representing background sedimentation. Phase V - retrogradation and

the reintroduction of siliciclastic material following uplift of basement sources.

Tikorangi  Formation sediments record a history of substantial
porosity/permeability reduction by physical and chemical compaction and late
stage burial cementation occurring from about 0.5-1.0 km burial, including the
formation of replacive and ubiquitous (5-50%) concentrically zoned
nonstoichiometric Ca- and Fe-rich dolomite rhombohedra formed at 1.0-1.5 km
and 36-50°C. Mg sources were probably from clay-rich micrite, with Fe supplied
from siliciclastics and from within clay mineral structures. No secondary porosity
development was associated with dolomitisation, limiting the Tikorangi
Formation’s ability to act directly as a hydrocarbon reservoir outside of fracture
porosity. Dolomite is atypical of New Zealand and temperate carbonates
generally. Major controls on dolomitisation were: the rapid transition into, and

continued residency at, significant burial depths; the matrix/micritic-rich nature of
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the original sediments; and the formation of diagenetically closed
microenvironments by destructive burial diagenesis. Dolomite has resulted in
elevated trace element concentrations in the Tikorangi Formation carbonates in
comparison with wholly calcitic cool-water equivalents, giving them some false

affinities with warm-water carbonates.

From about 21-19 Ma (Early Miocene - Otaian) the Tikorangi Formation in the
Tarata Thrust Zone underwent intense thrusting, folding, and brittle fracturing
associated with compression at the Australian-Pacific plate boundary, creating
fracture porosity. A complex ferroan calcite, baroque dolomite, celestite, and
quartzine mineral assemblage precipitated within fracture systems, substantially
reducing porosity and permeability prior to hydrocarbon emplacement.
Petrographic, trace element, stable isotope (5'%0 and §C), and fluid inclusion
data record a complex history of changing pore fluid chemistry and heating during
burial, punctuated by relative changes in the input of downward circulating
meteoric and upwelling basinal fluids. First generation vein calcite precipitated as
ferroan LMC from Fe-rich, meteorically-modified marine fluids at temperatures
of 50-60°C and at burial depths of 1.4-1.8 km, from about 20-18 Ma. Baroque
dolomite formed later, mainly as a primary cement but also as a calcite
replacement at temperatures of 65-80°C, corresponding to burial depths of 2-2.5
km, and was associated with also volumetrically minor quantities of quartz and
celestite. Lastly second generation ferroan LMC formed at 53-65°C and shallower
depths of burial (1.6-2.0 km) following a period of inversion. The presence of
petroleum fluid inclusions in calcite phase II suggests in some cases precursory
hydrocarbon-bearing fluids have migrated along with aqueous fluids from 8§ Ma,
while major hydrocarbon emplacement has occurred in the last 5 m.y. since the

Early Pliocene (Opoitian).

While carbonates, both as limestones and dolomites, form globally important oil
reservoirs, the Tikorangi Formation is fundamentally different in character from
many of the worlds well studied limestone reservoirs because it formed in a cool-
water setting. The mixed siliciclastic-carbonate nature, cool-water carbonate
biotic make-up (echinoderms, planktic/benthic foraminifera, bivalves, calcareous

red algae, bryozoans, barnacles), low-Mg calcite mineralogy of skeletons and
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cements, and delayed deep burial diagenetic history are key features characteristic
of formation in temperate-latitude cool waters. While the complex sedimentary
and diagenetic history of the Tikorangi Formation is broadly appreciated, much
work remains to be able to better understand not only this hydrocarbon reservoir,
but temperate-latitude carbonates more generally. Evolving temperate carbonate
facies models do not easily incorporate much of the diversity and complexity of a
broad spectrum of skeletal facies and diagenetic features such as identified in this
study. Features such as redeposition, dolomitisation and tectonic fracturing
enabling them to host hydrocarbons will necessitate an expansion and greater
diversification of the shallow-marine temperate carbonate model in the future.
Further development of the temperate carbonate facies model will require
considerably more extensive and detailed studies in order to continue to better
understand the complexities of the burial diagenetic realm, dolomitisation, and the
geochemical changes involved with uplift and exposure to meteoric pore fluids.
Moreover the potential of cool-water carbonate facies to form petroleum host

rocks remains to be properly evaluated.
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luminescence is produced by hydrocarbon-bearing fluid
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PREFACE

The opportunity to study the Tikorangi Formation beneath Taranaki Peninsula,
Taranaki Basin, New Zealand, arose following my involvement in an out-of-house
report (Kamp & Hood 1994) commissioned by Petrocorp Exploration Ltd (now
Fletcher Challenge Energy Ltd) which made a preliminary investigation of the
petrography and geochemistry of vein mineralisation within the Tikorangi
Formation fracture systems. The study was conducted without reference to any

stratigraphic or other data.

During completion of this report, it became apparent that the Tikorangi Formation
was a poorly known and little studied carbonate-rich unit which provided many
exciting research opportunities. On approaching Petrocorp about the prospect of
continuing further research on the Tikorangi Formation, they consented to assist
with such a project and allow access to what was then closed file core material
(Ngaere-2 well) and publicly unavailable internal reports. Petrocorp also provided
digital wire-line data for the eight wells used in this study, for which some core

material was also available.

The Oligocene-Early Miocene Tikorangi Formation has afforded this study with
the opportunity to examine the formation from several viewpoints: (1) as a unique
and important oil producer in Taranaki Basin, the only non-sandstone reservoir
and the only fracture-producing reservoir within the basin; (2) as an example of a
temperate-latitude, cool-water carbonate-rich sequence; and (3) as a totally
subsurface carbonate quite compositionally, diagenetically, and geochemically
distinct from most uplifted and exposed age-equivalent deposits in onland New

Zealand.

Until this time the Tikorangi Formation has been scantily studied and poorly
understood in comparison to age-equivalent mid-Tertiary non-reservoir-bearing

limestones exposed onshore to the south (Takaka Limestone of the Nile Group,
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South Taranaki Basin) (Leask 1980) and northeast (Orahiri and Otorohanga
Limestones, Te Kuiti Group, North Wanganui Basin) (Nelson 1973, 1978; Nelson
et al. 1988, 1994). To date there has been no formally published articles written
specifically about the Tikorangi Formation, and in a sense it has consequently
remained hidden from the wider scientific community. This, coupled with a need
for a more comprehensive and detailed stratigraphic, sedimentologic, and
diagenetic evaluation of this important reservoir rock, has been the impetus for the

current research, the first detailed study of the Tikorangi Formation.

The study has been a challenging one for many reasons, but particularly because
of the completely subsurface nature of the formation (i.e., no outcrop), the lack of
core material away from the Waihapa-Ngaere Field wells, and the lack of a
complete core section through the entire Tikorangi interval. Despite this, the
research has shown the Tikorangi Formation to be a stratigraphically,

compositionally, structurally, geochemically, and diagenetically complex unit.

Another logistical difficulty for the study related to the location of petroleum
industry literature in the Ministry of Commerce library in Wellington and of core
material in the core store in Lower Hutt, posing constraints on ready accessibility,
viewing, and sampling of material. Descriptive rock terminology within the
petroleum literature is sometimes not that widely adopted within the
sedimentological community, while stratigraphic nomenclature used within well
completion reports is often “sloppy” and uses names derived from outcrop in
neighbouring North Wanganui (North Island) and West Coast (South Island)
Basins. For example, the nomenclature for the Tikorangi itself is often misleading,
and the unit has commonly been referred to as the Tikorangi Limestone despite its

mixed siliciclastic-carbonate nature.

Initial intentions of this study were for a basinwide study of the formation, but a
lack of core material outside of petroleum prospect areas has meant the study had
to be limited to seven wells in the greater oil-producing Waihapa-Ngaere Field in
Taranaki Peninsula (Fig. 1.4), and a single offshore well, Maui-1 (Fig. 1.7). The
physical study of this rock unit is therefore limited to glimpses provided by drill

core material whose nature, quantity, and location within the Waihapa-Ngaere
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Field have been controlled by the economic and spatial constraints of petroleum
exploration practices. This study is therefore based largely upon a north-south
cross-section through the Waihapa-Ngaere Field area, and then offshore to the
west to Maui-1 well. It is relevant to mention that while side-wall cores were
collected during drilling of many wells outside the Waihapa-Ngaere Field, these
have mainly been exhausted through use in previous work, particularly for
microfossil dating. Drill cuttings, although available for many wells, were highly

unsuitable for this study primarily because of their pulverised nature.

This thesis is written as a series of self-contained topics, as opposed to running
chapters, each with their own abstract, conclusions, and references. A complete
reference list for the thesis is contained after the Topic 8 reference list. This
format has been adopted to help facilitate the later submission of formal papers for
publishing. As a result there is some repetition of background information and
locality and stratigraphic figures between the eight topics presented. Topic 1
provides a background and historical overview of the Tikorangi Formation
without any input of new data derived from this study. Topic 2 develops a detailed
and previously unavailable carbonate and geophysical log-based lithostratigraphy
for the formation. Topic 3 examines well-log trends and builds on the little known
and poorly understood depositional history of the formation. Topic 4 explores the
petrogenesis of the formation and defines three megafacies which provide a shelf-
to-basin perspective for the formation. Topic 5 documents for the first time the
occurrence of dolomite in the Tikorangi Formation, explores its possible origin,
and seeks explanations for its paucity in exposed onland age-equivalent deposits.
Topic 6 builds on the paucity of geochemical data for cool-water carbonates in
general and provides insights into the diagnetic and dolomitisation history of the
formation. Topic 7 investigates the nature of hydrocarbon-bearing fracture
systems in the formation and provides a paragenetic sequence for the complex
history of vein mineralisation. Finally, Topic 8 provides a summary and
integrative synthesis of data, including the development of a paragenetic sequence

of events for the formation.

The referencing format in this thesis generally conforms to that of the New

Zealand Journal of Geology and Geophysics. However, for some references,
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particularly well completion reports where no author is recorded, less formal
notation has been necessary. For example the Ngaere-2 Well Completion Report,
produced by Petrocorp Exploration Ltd, is referenced with the company as author

in abbreviated form (i.e., PEL 1995).

Ages used in this study are mainly based on the biostratigraphic ages given in well
completion reports, and in the King & Thrasher (1996) geological synthesis of
Taranaki Basin, and refer to New Zealand stages (Appendix 1.2).
Lithostratigraphic nomenclature for the strata in Taranaki Basin is based on
Palmer (1985) and King & Thrasher (1996). Depths are generally reported as

mAH (metres along hole), unless otherwise stated.

Formal classification schemes for rock names are limited to petrographically
defined facies (petrofacies) and use the carbonate rock classification scheme of
Dunham (1962). The scheme has been applied in this study to rocks ranging
across the spectrum of siliciclastic-carbonate facies, and which are therefore not
always limestones in the strictest sense (>50% carbonate). However, rock
textures/fabrics are representative of the range defined by Dunham (1962),
involving a spectrum of grain-supported through matrix-supported to matrix-
dominant types. Where textual size terms are used they follow the Wentworth
grade scale (Folk 1962).

Department of Earth Sciences rock store numbers are included in the sample
catalogue in Appendix 2.2, but otherwise in the thesis collector sample numbers
are used. For completeness, a few samples taken from sidewall cores are included
in the sample catalogue, and if thin-sections were prepared also in the
petrographic data sheets; otherwise these data have not been directly incorporated

into the study.

Finally, it is noteworthy, and perhaps of some concern, that a recent publication in
the New Zealand Journal of Geology and Geophysics erected the formal
lithostratigraphic name Tikorangi Ignimbrite for an ignimbrite sheet in the
Matahana Basin, Taupo Volcanic Zone, North Island (Hildyard et al. 2000). The

lithostratigraphic name Tikorangi has been used in Taranaki Basin studies since

1 Preface



its introduction by van Rijen & van der Abeele (1963) for a carbonate-dominated
sequence recorded in the subsurface in the Mangahewa-1 well. That the name is
being used separately by sedimentologists and volcanologists for two distinctly
different formations is a problem that requires addressing in the future by the

geoscientific community.
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TOPIC 1:

BACKGROUND AND HISTORICAL OVERVIEW OF THE FRACTURED
MID-TERTIARY TIKORANGI FORMATION, A CARBONATE-
DOMINATED RESERVOIR IN TARANAKI BASIN, NEW ZEALAND

1.1 ABSTRACT

The Tikorangi Formation is a unique and important oil producer in the onshore
Waihapa-Ngaere Field, Taranaki Basin, being the only non-sandstone reservoir and
the only fracture-producing reservoir within the basin. The carbonate-dominated
Tikorangi Formation represents a totally subsurface, temperate-latitude, carbonate-
rich sequence formed during a tectonically quiescent, sediment starved period of
basin history at the peak of a regional marine transgression. Two major facies are
recognised. In western and northern parts of the basin, non-producing, largely
tectonically undisturbed, condensed deep-water basinal facies comprising carbonate
oozes accumulated during the Oligocene to Early Miocene (Whaingaroan — Otaian)
on the Western Stable Platform. A change in tectonic regime in the late Early
Oligocene produced sudden and rapid subsidence of the basin’s eastern margin with
development of a carbonate slope and foredeep. From a narrow, probably fault-
controlled shelf in the east, biota were reworked and redeposited westwards in the
earliest Miocene (Waitakian) to accumulate a “shelfal” (outer shelf to upper slope)
facies of fine- to coarse-grained skeletal carbonate. Southern margins of the basin
experienced shallow shelfal conditions, with deposition of the laterally equivalent
Takaka Limestone, while age equivalent Te Kuiti Limestones formed in the adjacent
North Wanganui Basin. In central and southwestern areas of the Taranaki Peninsula
the Tikorangi Formation is absent. Tectonic compression following the earliest
Miocene (Waitakian) brought about: (a) a change from carbonate to terrigenous-
dominated sedimentation; (b) the fracturing and allochthonous emplacement of low-
angle overthrusts of Tikorangi Formation in the Miocene; while Pliocene-Pleistocene

sediment packages are undeformed; and (c) the associated formation of domed and
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overthrust structures along the eastern margin of Taranaki Basin (Tarata Thrust
Zone), including the Waihapa asymmetric north-south trending anticline.
Hydrocarbons were generated from Eocene terrestrial coals and migration took place
late in the basin’s history as indicated by the Miocene or younger age of trapping

structures.

Despite its economic importance, the carbonate-dominated Tikorangi Formation has
been scantily studied and is poorly understood in a stratigraphic-sedimentological-
diagenetic context in comparison to age equivalent non-reservoir bearing limestones
exposed onshore to the south (Takaka Limestone of the Nile Group, South Taranaki
Basin) and northeast (Orahiri and Otorohanga Limestones, Te Kuiti Group, North
Wanganui Basin). The Tikorangi Formation will continue to be regarded as an
important potential hydrocarbon reservoir within Taranaki Basin, necessitating a

better understanding of its geological and sedimentological properties.

Keywords Ngatoro Group; Tikorangi Formation; Oligocene-Miocene; Taranaki

Basin; hydrocarbons; Waihapa-Ngaere Field; fractured reservoir; limestone

1.2 INTRODUCTION

The Tikorangi Formation is a productive hydrocarbon reservoir unit within Taranaki
Basin, currently New Zealand’s only commercial hydrocarbon-producing
sedimentary basin (Fig. 1.1A). The relatively recent discovery of the Waihapa oil
field in 1988 (Fig. 1.1B), struck within the fractured carbonate-rich rocks of the
Oligocene-Miocene Tikorangi Formation, proved to be one of the most exciting finds
in recent times that has opened up a new and substantial play in Taranaki Basin. Up
until this time, production of hydrocarbons had been exclusively from Paleocene to
Pliocene marine sandstones (Fig. 1.2). With the newly discovered economic
importance of the formation, the Tikorangi carbonates have become a focus of
continued exploration and development activity within the Waihapa Field and its

more recently discovered extension, the Ngaere Field. The combined Waihapa-
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Ngaere Field (Fig. 1.1B) is ranked fifth in size in New Zealand, with estimated
reserves of 28 MMBBL (million barrels of oil equivalent) (King & Thrasher 1996),

and has achieved to date the highest production rates of oil per well in the country.

The Tikorangi Formation is unique in Taranaki Basin, not only as the first non-
sandstone producing unit (Fig. 1.2), but also as the first fracture porosity-producing
reservoir. The carbonate-rich rocks themselves exhibit virtually no porosity and
production is entirely from extensive fracture networks. These networks were formed
by Neogene tectonic movements associated with the evolution of the
Australian/Pacific plate boundary through New Zealand (Fig. 1.3). The same
tectonism resulted in allochthonous sheets of Tikorangi Formation being thrust into
less competent overlying rocks. This active convergent plate margin setting has

played an instrumental role in Taranaki Basin’s hydrocarbon generation.

The subsurface position of the Tikorangi Formation, currently lying about 3 km
below Taranaki Peninsula, negates the opportunity to view and study this rock unit in
the familiar and ideal field setting. The physical study of this rock unit is therefore
limited to glimpses provided by drill core material whose nature, quantity, and
location within the Waihapa-Ngaere Field have been controlled by the economic and
spatial constraints of petroleum exploration practises (Fig. 1.1B, 1.4). The study of
core samples has inherent drawbacks because many of the sedimentological (e.g.,
sedimentary and biogenic structures) and diagenetic (e.g., dissolution seams and
stylolites) features commonly visible in outcrop, having been highlighted by
weathering, are masked by the rough and ribbed external surface of the drill core. It is
therefore not surprising that the Tikorangi Formation has been poorly studied, with
published general information being largely limited to the wider Taranaki Basin

geological synthesis made by King & Thrasher (1996).

Given the ever increasing need to discover new petroleum reserves in New Zealand,
Taranaki Basin remains the key centre of exploration activity. An improved
understanding of currently producing reservoirs and hydrocarbon systems such as the

Tikorangi Formation will aid in the identification and evaluation of new prospects

4 Background and historical overview
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Fig. 1.2 Taranaki Basin stratigraphy, depositional facies, and hydrocarbon fields and occurrences. The Tikorangi Formation
Carbonates form part of the Ngatoro Group. Modified from King & Thrasher (1996).
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within the basin.

The thickest Tikorangi Formation reservoir deposits were formed in the Taranaki
foreland basin (Fig. 1.5) (wedge-shaped basins lying adjacent to fold and thrust
belts). Such a foreland basin tectonic setting characterises many of the worlds major
oil fields, including the Alberta Basin of Canada, the giant fields of the Persian Gulf,
and many of the eastern and southeastern USA basins (Stern & Davy 1990). While
carbonates, both as limestones and dolomites, form globally important oil reservoirs
(e.g., Asmari Formation of dolomitic marly and chalky lithologies in onshore Iran
and northern Iraq is one of the most prolific hydrocarbon producing carbonate
reservoirs in the world) (North 1985), the Tikorangi Formation is fundamentally
different in character from many of the worlds well studied limestone reservoirs
because it is formed in a nontropical setting. The mineralogical, compositional,
diagenetic, and geochemical features of the Tikorangi Formation are generally those
characteristic of formation in temperate-latitude cool waters (Table 1.1) (e.g., Nelson
1988; Hayton et al. 1995; Hood & Nelson 1996). Because the traditional focus of
attention in limestone research has been away from these nontropical carbonates,
much work remains to be done to further develop and understand these cool-water

carbonate facies and their potential as petroleum host rocks.

Topic 1, compiled mainly from the rather limited account of previous work, provides
a background and historical overview of the fractured petroleum reservoir that is the
Oligocene-Miocene Tikorangi Formation of the Ngatoro Group in Taranaki Basin.
The geological parameters of general lithology, age, geographical distribution,
geological history, and the discovery and development of the formation as a
petroleum reservoir are documented and set within the framework of the structural,
stratigraphic, and tectonic setting and hydrocarbon systems of the producing
Waihapa-Ngaere Field and the wider Taranaki Basin. The justification for such an
overview derives from the paucity of published data on the Tikorangi Formation, and
the fact that most of the information that is available is scattered through petroleum
company reports which can be difficult to access due to commercial sensitivity and

confidentiality.
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Formal stratigraphic nomenclature for the Tikorangi Formation has been inconsistent,
the terms Tikorangi Limestone (Simpson 1992) and Tikorangi Formation (King
1990; King & Thrasher 1992, 1996) both being used synonymously. At its type
section (Fig. 1.6) the Tikorangi Formation is described as a sandy limestone,
calcareous sandstone, and white crystalline limestone interbedded with calcareous
mudstone (van Rijen & van den Abeele 1963). Generally speaking, the Tikorangi
Formation is dominated by limestone with common thin interbeds of mudstone
and/or siltstone. Given the often subordinate and interbedded nature of other facies,
the use of the term Tikorangi Limestone might appear defensible. However, this is
not so when the broad range of carbonate contents of the unit is considered, values
often dropping well below 50% (see Topic 2). Nelson (1978) showed that “true”
limestones in the laterally equivalent onland Te Kuiti Group had carbonate
percentages over 70%. Until more data are available we prefer to use the name
Tikorangi Formation for this carbonate-rich unit, but accept the usage of the terms

Tikorangi limestone, Tikorangi carbonates and Tikorangi facies in an informal sense.

1.2.1 Previous work

Previous study of the Tikorangi Formation is mainly documented in in-house
petroleum company well completion reports (WCRs) by the Petroleum Corporation
of NZ (Exploration) Ltd (Petrocorp) (now Fletcher Challenge Energy), or in specific
in-house or outside-commissioned reports. These reports typically have a rather
narrow focus related to specific and often technical aspects for gaining an improved
understanding of the prospectivity of the limestone. Some of the more relevant

references are cited below.

RUI Analytical (1989) were commissioned to undertake core analysis (chemical and
geomechanical) on Waihapa well core samples from Waihapa-2,-4,-5, and -6 (Fig.
1.4). The report includes a petrographic appraisal of the Tikorangi Formation as a
potential hydrocarbon prospect with a view to determining a relationship between
natural fracturing and lithology. Martin (1989) undertook a petrographic study of the

Tikorangi Formation and Moki Formation in the Northern Taranaki Basin to

8 Background and historical overview
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determine porosity characteristics of the reservoir. Johnston (1990) conducted a study
to evaluate the nature and prospectivity of the Tikorangi Formation, based on fracture
development and geochemical analyses of the hydrocarbons. Naish’s (1991) report
on the petrography of the Tikorangi Formation, based on a 2 m length of core from
the Toko-1 well (Fig. 1.4), documents fracture and porosity development. Simpson’s
(1992) in-house report provides a technical evaluation of the Tikorangi Formation
with the aim of predicting the reservoir potential of the formation throughout the
basin. Van der Lingen’s (1993) commissioned report focuses on fracture
development and stylolites within the Tikorangi Formation, Waihapa Field. Kamp &
Hood’s (1994) out-of-house report is a comprehensive investigation of the
petrography and geochemistry of vein mineralisation within the Tikorangi Formation

fracture systems.

More general Taranaki Basin publications, including Pilaar & Wakefield (1978),
King (1990, 1994), King & Thrasher (1992), Palmer & Andrews (1993) and King &
Thrasher (1996), give background information for the Tikorangi Formation set within
the context of Taranaki Basin history and petroleum prospectivity. In particular the
Taranaki Basin geological synthesis volume by King & Thrasher (1996) provides an
excellent foundation as a basis for more specific research, such as the present study
of the Tikorangi Formation. In-house well completion reports (WCRs) give relevant
information about depths encountered, thicknesses, and lithological descriptions (see
Fig. 1.4, 1.7 for location map of selected wells and Appendix 1.1 for well
stratigraphic data for onshore wells that have penetrated the Tikorangi Formation).
The key reports used in this study are contained within the corresponding (WCRs) of
Waihapa-2 (Carter et al. 1988), Waihapa-4 (Carter & Kelly 1989a), Waihapa-6/6A
(Carter & Kelly 1989b), Ngaere-2 (PEL 1995), Toko-1 (Adams et al. 1980), Hu Rd-
1/1A (NZ Oil & Gas 1992), and Maui-1 (Shell BP & Todd 1969).

10 Background and historical overview
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1.3 GEOLOGIC SETTING

1.3.1 Structural elements

Taranaki Basin is one of several New Zealand Late Cretaceous-Cenozoic aged
sedimentary basins that is centred immediately offshore central-western North Island
(Fig. 1.1A). The basin as defined by King & Thrasher (1996) is essentially a
subsurface feature that covers an area of about 100,000 km? of which 90% lies
offshore, and contains an up to 9 km thick succession of Late Cretaceous to Recent
sediments (Fig. 1.2). The eastern boundary is delimited by the Taranaki Fault (Fig.
1.1B) which vertically offsets the basement rocks on either side by more than 5 km
(Fig. 1.8), and separates the Taranaki Basin from the North and South Wanganui
basins to the east (King & Thrasher 1996). The positive basement relief immediately
east of the Taranaki Fault forms the subsurface Patea-Tongaporutu High in the south,
and the subaerially exposed Herangi High in the north (Fig. 1.1B) (Palmer
&Andrews 1993). The western limit of Taranaki Basin is marked by the extent of
prograding sediments onlapping from the east onto the basement deepwater platform,
the Challenger Plateau (Fig. 1.1A). The southern and northern basin margins are
arbitrary (Palmer & Andrews 1993) and merge with the Cretaceous-Cenozoic
sections in northwestern South Island and offshore Northland (King & Thrasher
1996).

The complex tectonic evolution of Taranaki Basin has produced two unique
structural provinces, the Western Stable Platform and the Eastern Mobile Belt (Fig.
1.1, 1.3, 1.8). The structurally simple Western Stable Platform (Fig. 1.8) comprises a
number of Cretaceous rift half-grabens infilled with Paleogene and younger
sediments which have remained largely undeformed by Neogene tectonism (King &
Thrasher 1996). It is separated from the much more structurally complex Eastern
Mobile Belt by a series of north-trending fault systems (Fig. 1.1B). The Eastern
Mobile Belt is further subdivided into a number of sub-provinces that include the

Northern and Central Grabens, Tarata Thrust Zone, and Southern (Inversion) Zone
(Fig. 1.1B).
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Table 1.1 Some contrasting environmental, compositional, and diagenetic features of temperate (nontropical) and tropical shelf carbonates (modified after Hood &
Nelson 1996; James 1997).

PROPERTY TEMPERATE (NONTROPICAL) CARBONATES TROPICAL SHELF CARBONATES

Setting Unrimmed open shelves and ramps Shallow rimmed shelves, open shelves, ramps, reefs

ey Hgheneryy Hgholowenergy
Hermagpicreefs  Absence of hermatypic reefs (polewards of 30°N {0 30°S)  Cormmon hermatypic coral eefs (rom 30°N (0 30°S)
Skeletal assemblages/types  Heteronoan (Foramo) skeletal types - bryozons,echinoderms, Photozoan (Chlorozoan) skelealtypes - Corals, calareous

bivalve molluscs, foraminifera green algae, molluscs, benthic foraminifera

Sedimentiexure  Gravelmdsmd textures dominate Smd md mud (extures dominate
Water temperature~~ Cool water (0-18°Cbotiomwate) Wamwater G22°Chotomwateyy
Carbonate saturation Satwrsedhndersawaed Sursedlsupersatwrated
Nonskelewl grains Absence of non-skeletal grains Common non-skeletal grins (ooids, aggregates)
Cementation Minor early cementation; late burial cements dominate Extensive early cementation by marine and meteoric cements
Carbonatemud ~ Minor carbonste mud (boerosion) Abundentcarbonste mud (micritsaion, precipitaion,
Mincralogy ~~ Low- and moderale-Mg calcite mineralogies dominate Aragonite and high Mg calcite minerslogies dominate
Diagenesis  Destrctive diagenesis (dissolution, maceration) Constructive dingenesis early cementation)
Sedimenwationrate  Typicallylow secumulationrates Typicaly high sccoumulation rates




The Northern Graben is bounded to the west by the Cape Egmont Fault Zone and to
the east by the Turi Fault zone (Fig. 1.1B). The Central Graben lies to the south of
the Northern Graben, is slightly younger, and is similarly bounded to the west and to
the east by normal northeast-southwest-striking faults. The Southern Zone is
characterised by Late Miocene-Pliocene inversion of Cretaceous-Paleocene rift half
grabens, and contains a number of reverse fault-bounded anticlines (King & Thrasher

1996).

The Tarata Thrust Zone (Fig. 1.1B) lies immediately west of the Taranaki Fault in the
eastern Taranaki Peninsula and northern offshore. The Tarata Thrust Zone is an area
of Early Miocene thin-skinned overthrusting associated with the Taranaki Fault
(King & Thrasher 1996). Here the Tikorangi Formation, together with the Upper
Kapuni Group (Fig. 1.2), primarily comprise allochthonous sheets which have been
thrust into less competent overlying mudstones (Fig. 1.9). The Tarata Thrust Zone
contains over 6000 m of Upper Cretaceous to Tertiary sedimentary rocks with a
depth to basement in the Waihapa area of about 7000 m (Fig. 1.8). Several anticlinal
structures with closure occur west of the Tarata Thrust Zone, formed variously in the
Oligocene to Early Miocene at approximately the same time as the Tarata Thrust

Zone (King 1994; King & Thrasher 1996).

1.3.2 Taranaki Basin sedimentary history

The sedimentary and tectonic evolution of the Taranaki basin, although complex, can
be divided into three main phases of development (King & Thrasher (1996). The first
phase of basin development was a Late Cretaceous to Paleocene phase of intra-
continental extensional rifting (Fig. 1.3A) which saw New Zealand separate from
Australia developing a series of rift half-grabens and normal-faulted sub-basins (King
& Thrasher 1996). Non-marine sediments were deposited into these fault-controlled
basins during the Late Cretaceous and subsequently were to become important
hydrocarbon source rocks. The terrestrial sediments included sands, silts,
carbonaceous mudstones, and coals (Rakopi Formation) of the Pakawau Group (Fig.
1.2). During the latest Cretaceous, rift sub-basins were flooded from the north by a

marine transgression with deposition of marine silts and sands of the North Cape
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Formation (Fig. 1.2) (King & Thrasher 1996).

A second phase of Eocene to earliest Oligocene in Taranaki Basin was characterised
by a passive margin setting associated with post-rift and regional subsidence, during
which the laterally equivalent Kapuni and Moa Groups formed (Fig. 1.2). The
Kapuni Group comprises predominantly terrestrial but also some marginal marine
sediments and includes the Farewell, Kaimiro, Mangahewa, and McKee Formations.
The Moa Group comprises Turi Formation shelf and slope mudstones and Tangaroa
Formation submarine fan sandstones. Basinwide sedimentation patterns were
characterised by comparative tectonic quiescence, peneplanation, and marine

transgression (King & Thrasher 1996).

The third phase of Oligocene to Recent Taranaki Basin history has been an active
marginal basin associated with evolution of the Australia-Pacific convergent plate
boundary through New Zealand (Fig. 1.3B). The basin became separated into two
contrasting tectonic settings, as an active eastern zone (Eastern Mobile Belt) and a
passive western zone (Western Stable Platform) (Fig. 1.1B, 1.3, 1.8). A change to
sudden and rapid subsidence occurred in the late Early Oligocene. It resulted from
oblique extension and westerly downthrow on the Taranaki Fault, possibly related to
the development of a proto-transform plate boundary through New Zealand (Holt &
Stern 1994; King & Thrasher 1992, 1996; Nelson et al. 1994). This foreland basin
subsidence (Fig. 1.5) was especially pronounced along the basin’s eastern margin
where an asymmetric foredeep/foreland basin developed west of the Taranaki Fault.
All but southern areas of the basin had reached bathyal depths by this time.
Calcareous siltstones and mudstones of the Otaraoa Formation were deposited in the
trough while in the east condensed carbonate sequences of the laterally equivalent
western Tikorangi Formation oozes accumulated (Fig. 1.2). Basin foundering in the
Oligocene and the initiation of a basinwide marine transgression, caused by foreland
thrust loading (Stern & Holt 1994), saw deposition of the earliest Miocene Tikorangi
Formation within the foreland basin, whose wedge-shaped development was thickest
in the east towards the Taranaki Fault, coinciding with the geometry of the foredeep

trough (King & Thrasher 1996).
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Peak transgression was reached in the earliest Miocene and culminated in the
maximum extent of deposition associated with the Tikorangi Formation. Eastern
areas of the carbonate foredeep (Fig. 1.5) were where the thickest sequences (up to
350 m) of the predominantly calcareous Ngatoro Group accumulated. The group
includes calcareous sandstones and siltstones in the east (Otaraoa Formation),
Tikorangi Formation limestones and marls, and Taimana Formation calcareous

mudstones and marls (Fig. 1.2).

Since Early Miocene, a dramatic change from carbonate- to terrigenous-dominated
sedimentation occurred as a result of major compression and basement thrusting from
the east, associated with accelerated plate convergence (Fig. 1.3B). A marked
increase in rates of uplift adjacent to the plate boundary provided a source for a
greatly increased terrigenous supply, initiating a major regression, and progradation
of the continental shelf edge north and northwestwards. Terrigenous clastic
sedimentation deposited a thick succession (up to x km) of deepwater lithologies
forming the Manganui, Moki, and Mt Messenger Formations (Fig. 1.2) (King &
Thrasher 1996). This compressional-convergent phase saw several phases of fault
reversal and sub-basin inversion in the east, while the Western Platform remained
largely unaffected. Low-angle thin-skinned overthrusts were emplaced along the
eastern margin associated with formation of the Tarata Thrust Zone. Several domed
and overthrust structures formed along the leading edge of the mobile fold/thrust belt,
including the Waihapa structure, which developed as an anticline initiated by deep
seated strike-slip movement on faults splaying off the main Taranaki Fault (King &
Thrasher 1996). The associated series of overthrust systems and structures have been

instrumental in the formation of the fractured Tikorangi Formation reservoir.

The Miocene Wai-iti Group (including Manganui Formation shelf to basin
mudstones and Urenui Formation slope mudstones and siltstones) (Fig. 1.2) is a
regressive sequence that records the influx of siliciclastic sediments into the basin
following convergent uplift, with rapid slope progradation towards the northwest and

expansion of southern and eastern shelf areas (King & Thrasher 1996). Sandstones
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were deposited on the basin floor and base of slope across the centre of the basin,
comprising Mt Messenger and Moki Formations (Fig. 1.2). Mohakatino Formation
consists of deep-water volcaniclastic sediments deposited in the northeast (Nodder et
al. 1990), while condensed deep-water marls of the Ariki Formation accumulated in

the northwest.

The Pliocene-Pleistocene Rotokare Group (including base of slope sandstones of
Mangaa Formation and fine-grained basin to shelf deposits in the north and west
comprising the Giant Foresets Formation) (Fig. 1.2) marks an acceleration of basin
infilling and progradation. Shelf, marginal marine, and terrestrial sequences form the
Matemateaonga Formation which are overlain by fine-grained shelfal deposits of the
Tangahoe Formation in the southeast (Fig. 1.2). In the Quaternary, increased plate
convergence resulted in the Taranaki Peninsula region being uplifted and tilted with
the initiation of active backarc andesitic volcanism through to the present. The long-
lived regressive phase of sedimentation through the Neogene continues today with
out-building of the Giant Foresets Formation (Fig. 1.2) (Palmer & Andrews 1993;
King & Thrasher 1996).

1.4 TARANAKI BASIN HYDROCARBON SYSTEMS

Taranaki Basin is New Zealand’s only commercially producing hydrocarbon basin
producing both oil and gas with reserves estimated at 1213.3 BCF (billion cubic feet)
gas, 210.3 BCF gas condensate, and 254.7 MMBOE recoverable oil (King &
Thrasher 1996). The composite evolution of this active margin hydrocarbon
producing basin owes much to the complex evolution of the Australia/Pacific plate
boundary zone through New Zealand (Fig. 1.3, 1.5). Neogene tectonism, episodes of
uplift and subsequent subsidence, and sediment burial have all been significant in
terms of the development of structures and source rock maturity. Deposition of thick
Miocene-Pliocene overburden in the eastern foredeep was instrumental in triggering
or enhancing hydrocarbon maturation after trapping structures had formed in the

Miocene fold/thrust belt of the Tarata Thrust Zone (King & Thrasher 1996). A high
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heat flow anomaly over the northern Taranaki Peninsula, thought to be related to
either magmatic intrusions into the crust or magmatic underplating at the base of the
crust, may also have important implications for oil generation in the basin (Allis et al.
1995). The modern geothermal gradient averages 29°C/km over much of the basin,
but ranges geographically from 22 to 33°C/km (Armstrong et al. 1994, 1996).

The majority of fields occur in the onshore Tarata Thrust Zone (Fig. 1.1B, 1.2), but
these account for only about 30% of reserves. The major producing fields include the
offshore Maui and onshore Kapuni and Kaimiro gas-condensate fields, and the major
onshore McKee oil field, with five smaller oil fields of Kaimiro, Stratford, and
TAWN (= Tariki, Ahuroa, and Waihapa-Ngaere). All major fields involve structural
traps formed in the Neogene within, or on the flank of, the Eastern Mobile Belt. Most
known reserves (Fig. 1.2) are hosted in Paleocene-Eocene shoreline and coastal plain
sandstones, with younger reservoirs in Miocene slope and submarine fan sandstones,
Miocene volcaniclastic sandstones, and Pliocene shelf sandstones, as well as in the
earliest Miocene Tikorangi Formation carbonates (Fig. 1.2). Within the Tarata Thrust
the reservoirs are located in near-crestal positions within allochthonous hanging wall
blocks uplifted by thrust faulting. Cap rocks within the basin are generally marine,

but sometimes terrestrial mudstones (King & Thrasher 1996).

Hydrocarbon source rocks for the Waihapa Field are Eocene (Mangahewa
Formation) (Fig. 1.2) hydrogen-rich terrestrial coals and carbonaceous mudstones
which accumulated in thick sequences in syn-rift/drift sub-basins (King & Thrasher
1996). These source rocks require at least 5 km of burial before hydrocarbon
generation occurs. King & Thrasher (1996) contended that much of the hydrocarbon
generation and migration took place relatively late in the basin’s history, in the
Pliocene. In Waihapa-1, Armstrong et al. (1996) suggested that the deepest parts of
the Eocene Mangahewa Formation may have begun expelling hydrocarbons in the
Late Miocene. It is estimated that hydrocarbon reserves discovered so far are less
than 1% of those potentially generated from all source rocks in the eastern part of the
basin (King & Thrasher 1996). The stacked nature of reservoirs and the complexity

of the petroleum systems suggest that there is very good potential for further
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Table 1.2 Some of the stratigraphic nomenclature applied to the Tikorangi Formation and accompanying Formations of the Ngatoro Group, Taranaki Basin.
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economic discoveries.

1.4.1 Waihapa-Ngaere structure

The Waihapa-Ngaere structure lies at the southern end of the Tarata Thrust Zone, a
north-south trending chain of overthrust features (Fig. 1.1B, 1.8). The Waihapa
structure is one of a number of successfully drilled structures with closure associated
with anticlines, others including the Kapuni, Kaimiro, and Stratford structures
(Hoolihan & Yang 1992). The Waihapa-Ngaere structure formed as a result of low-
angle thrust faulting to produce an asymmetric north-south trending anticline with a

steeply dipping western flank (35-40°), and an eastern flank dip of 15°.

The Waihapa-Ngaere structure culminates east of Ngaere-1 well, and plunges
northward to a broad saddle located north of Ngaere-2 well. The western flank rises
steeply towards Wharehuia-1 and may be discontinuous, while the eastern flank
appears to continue northward into the Ahuroa area. Thinning of the Taimana and
Manganui Formations onto the Waihapa anticline indicates that structuring occurred
during the Early Miocene. Normal faulting, consistent with a north-south right-lateral
transtensional regime, overlies the Miocene structure forming an en-echelon set of
NNE-striking grabens in the Pliocene to Recent section (Hoolihan & Yang 1992).
The Neogene normal faults link back with the Miocene thrusts. Thrusting is
characteristic from Piakau-1 well (Fig. 1.9) to Urenui to the north, while further
south in the Waihapa area, fault displacement of the Tikorangi Formation is minor
and the structure at the level of the Tikorangi Formation is essentially a north-south

elongated dome (Carter & Kelly 1989a).

Hoolihan & Yang (1992) suggested that compression, initiated during the Early
Miocene resulted in a net crustal shortening of 2.5 km across the structure, an amount
accepted by Sissons et al. (1994). While the climax of the compression was in the
Early Miocene, compression continued through the mid-Late Miocene (Hoolihan &
Yang 1992) resulting in about 1500 m of vertical offset in the Waihapa structure. In
addition to thrusting, elevation of the Waihapa structure was probably partially due

also to inversion (Sissons et al. 1994).
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1.4.2 Development history of Waihapa-Ngaere Field
This section summarise the exploration and development history of the commercially
producing Tikorangi Formation within the Waihapa-Ngaere oil field (Fig. 1.1B).

Wells within this field provide the Tikorangi Formation core material used for this

study (Fig. 1.4).

A structural high in the vicinity of Waihapa-1 (Fig. 1.4) was first mapped from
seismic data in 1973 by New Zealand Aquitaine Petroleum. At this time the structure
was thought to reach from Toko in the north to Eltham in the south. Subsequent
seismic lines run by Petrocorp in 1978-79 allowed remapping of the structure to
show two overthrust lobes emplaced from the east, namely the Toko and Toko South

structures (Adams et al. 1980).

The discovery of these structures led to the spudding of Toko-1 in 1978 (Fig. 1.4),
the first well to be drilled in the Waihapa-Ngaere Field. Toko-1, located at the
southern onshore end of the overthrust belt, was drilled to target the Kapuni Group
sandstones. While this well confirmed overthrust development, hydrocarbon results
in the Kapuni sandstones were disappointing, although while drilling over the
Tikorangi Formation interval unexpected mud losses, gas peaks, and oil shows were
encountered. However, unstable hole conditions meant Toko-1 was plugged and

abandoned without further testing (Adams et al. 1980).

In February 1985, Waihapa-1 (Fig. 1.4), the first of the Waihapa wells, was drilled to
similarly target sandstones of the Kapuni Group. Surprisingly the non-target
Tikorangi Formation interval again had oil shows and produced mud losses while
drilling. Testing did not immediately follow drilling, and it was not until March/April
1988 that the Tikorangi Formation in Waihapa-1 was flow tested with unexpected
and spectacular results of 2400 BOPD and 26 MMSCFD. Waihapa-1 was
consequently completed as a production well and yielded 4350 BOPD and 4.9
MSCEFD of gas by 1989. At this time the known Waihapa structure was interpreted as
a stretched dome over the Waihapa and Toko areas (PEL 1995).
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Waihapa-2 (Fig. 1.4) was the next well to be spudded in the field, in late July 1988,
being sited as a step-out about 500 m west of the Waihapa-1 wellhead. Waihapa-2
was also completed as an oil producer in limestone. By 1989 it had achieved similar
production rates to Waihapa-1 of 4000 BOPD, which stabilised at 3100 BOPD and 3
MSCEFD gas over the Tikorangi Formation interval (Carter et al. 1988).

Waihapa-3 (Fig. 1.4), spudded later that year in October 1988, was a deviated
appraisal-development well designed to evaluate the Tikorangi Formation’s reservoir
properties, and the oil-water contact in the southern part of the Waihapa Field.
Waihapa-3 was drilled from the Waihapa-2 site, but was deviated SSE. Due to
drilling difficulties the well was terminated in the Moki Formation above the drilling

target. The well was plugged and abandoned (Carter & Kelly 1989b).

Drilling of Waihapa-4 and -5 followed (Fig. 1.4), both being completed in the early
part of 1989. Waihapa-4 intersected the Tikorangi Formation near the northern
boundary of the Waihapa licence as a crestal test of the Waihapa structure. The well
was successfully tested with flow rates of 1600 BOPD and 1.8 MSCFD gas, and was
subsequently completed as a producer. Waihapa-5 was drilled as a vertical well to
test the southern flank of the Waihapa structure, after which it was drilled vertically
to the unreached target of Waihapa-3. The well was again completed for production

after giving oil flows of 1704 BOPD (Carter & Kelly 1989a; Young & Carter 1989).

Waihapa-6 and -6A (Fig. 1.4) were the last appraisal wells to be drilled in the
extensive 1988/89 drilling programme. Waihapa-6 was drilled to evaluate the
Tikorangi Formation and oil-water contact on the western side of the Waihapa
structure, but was unsuccessful, no fractures being encountered within the formation.
Waihapa 6A was side-tracked to intersect the structure updip NE of the original well,
kicked off from the original Waihapa-6 at 990 m. The well flow tested at 3000
BOPD and 2.8 MSCFD gas and the well was completed as an oil producer (Carter &
Kelly 1989b).

The last of the Waihapa drills to be spudded were Waihapa-7/7A and Waihapa—8
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(Fig. 1.4). Due to the public unavailability of the corresponding Well Completion
Reports, information is sparse. However, Spanninga G. pers comm. (1995) reported
that during drilling in 1995, Waihapa-8 encountered major drilling difficulties due to
a loss of circulation. King & Thrasher (1996) however report that oil was discovered

in the younger Mt Messenger Formation in mid-1995.

Hu Rd-1/1A, south of the Waihapa-Ngaere Field per se (Fig. 1.4), was spudded in
April 1991 with the primary objective of drilling the Tikorangi Formation play that
was considered to be analogous to that in the adjacent oil-bearing Waihapa Field (NZ
Oil & Gas 1992). Hu Rd-1/1A was a deviated well drilled towards the east from the
original Hu Rd-1 bore in 1991 to test a combined fault and dip closure. Hu Rd-1/1A
failed to produce hydrocarbons from the Tikorangi Formation, but did flow during
testing at 5000 BWPD (barrels of water per day) (NZ Oil & Gas 1992). The well
drilled into a thin-skinned imbricate structure between the Waihapa Field and the
Taranaki Fault, where allochthonous slivers of Mesozoic basement are incorporated
into the overthrust section. Hu Rd-1/1A thrusts involving both Tertiary sediments
and imbricate slices of basement sets this well apart from others in the Tarata Thrust
Zone which involve only Tertiary sediments (Hoolihan & Yang 1992). Hu Rd-1/1A
represents an unsuccessful fault-closed structure along the Taranaki Fault, in contrast
to closures associated with anticlines in the Waihapa-Ngaere Field which have been

successful traps (Hoolihan & Yang 1992).

Ngaere-1 (Fig. 1.4), the first of the Ngaere wells, was spudded in February 1993 from
the proposed Toko-B well site. The well was a deviated well drilled to evaluate the
northern extent of the Waihapa structure. The well encountered large losses in the
Tikorangi Formation due to extensive fracturing of the limestone. The well was
completed as an oil producer after testing with an initial stabilised rate of 6000

BOPD (PEL 1995).

Ngaere-2 (Fig. 1.4), spudded in September 1993, was drilled at an angle of 40°
through the Tikorangi Formation to optimise fracture intersection to test the

productive potential of the limestone-dominated succession north of the successful
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Ngaere-1 well. The well was expected to reduce the structural uncertainty in the area
between the Waihapa-Ngaere and adjacent Ahuroa structures. High drilling fluid
losses occurred indicating the presence of an open fracture network. Ngaere-2 was

similarly completed as a oil producer (PEL 1995).

Ngaere-3 was spudded on the 14th of February 1994 in PML 38141 onshore
Taranaki. The well is located approximately 7 km west of the township Stratford and
1.5 km south of the well Toko-1. Ngaere-3, a deviated appraisal/development well,
was drilled to evaluate the Tikorangi Formation at the northern extent of the currently
producing Waihapa/Ngaere structure and to evaluate the Mt Messenger and Urenui
formations for their reservoir potential. Ngaere-3 penetrated the Tikorangi Formation
at 3049 m AH, and large losses indicating the existence of an interconnected open
fracture system occurred from this depth until TD (total depth). Ngaere-3 reached a
total depth of 3259 m AHBKB on the 18™ of March 1994 and the well was
completed as an oil producer (PEL 1994).

Where it is fractured and encountered within the appropriate structural environment
the Tikorangi Formation has continued to be a prime reservoir target in new
prospecting areas away from the current producing fields. For example, in 1997
Fletcher Challenge Energy and Bligh Oil and Minerals NZ Ltd drilled the Piakau-1A
exploration well, side-tracked from the Piakau-1 well (Fig. 1.7, 1.9) along the trend
of the Waihapa-Ngaere oil field. The target depth of 2200 m was reached within the
Tikorangi Formation and oil and gas shows were encountered with an initial rate of
1400 BOPD and 1.4 MMSCEFD gas. The flow rate stabilised at about 700 BOPD day
(Ministry of Commerce 1997).

Since then, Brisbane-based Bligh Oil and Minerals NL and its subsidiary Marabella
Enterprises Ltd and partners drilled the Huinga-1 well in central onshore Taranaki
during 1999, east of the Waihapa-Ngaere Field, primarily targeting the Tikorangi
Formation interval. However, after problems with the well in mid-May 1999 when it
encountered thicker than expected Triassic-Jurassic basement rock, which effectively

removed the Tikorangi Formation interval from the deviated well bore, the well was
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plugged (Ministry of Commerce 1999). Currently (mid-1999) the US oil exploration
company Swift Energy New Zealand Ltd plan to spud Rimu-1, about 1.8 km
southeast of Hawera, with the primary target being Eocene-age sands within the
Kapuni Group, but an important secondary objective being the shallower fractured

Tikorangi Formation (Ministry of Commerce 1999).

Maui-1 (Fig. 1.7), the only offshore well that provides some core material for the
Tikorangi Formation, discovered the giant offshore Maui gas-condensate field in

1969 within the Kapuni Group (Shell BP Todd 1969; Palmer 1985).

1.5 TIKORANGI FORMATION

1.5.1 History of nomenclature

Many of the lithostratigraphic names used for the drilled sediments within Taranaki
Basin were historically and inappropriately adopted from adjoining onshore areas,
particularly the North Wanganui Basin (Fig. 1.1B), resulting in inconsistent and often
uncertain stratigraphic nomenclature. Palmer (1985) was the first to address this
problem and introduced new stratigraphic nomenclature for the Ngatoro Group,
much of which is retained today. Table 1.2 provides some of the stratigraphic
nomenclature applied to the Tikorangi Formation and accompanying formations of

the Ngatoro Group.

The stratigraphic name Tikorangi, named after the north Taranaki township of
Tikorangi, was first used by van Rijen and van der Abeele (1963) for earliest
Miocene limestones encountered in Mangahewa-1 within the Mahoenui Formation
(Fig. 1.6). It was informally named the Tikorangi Member of that Formation, while
Tikorangi Limestone was later used by Pilaar & Wakefield (1978) (see Table 1.2).
Van Rijen and van der Abeele (1963) recognised the similarity between the
subsurface Tikorangi unit and the onland Te Kuiti Group limestones, but considered
the Tikorangi limestone was a member of the Mahoenui Formation. Later, Adams et

al. (1980) used the Tikorangi limestone for subdividing the Mahoenui Formation into
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Upper (above) and Lower (below) portions. Palmer (1985) recognised that the
Tikorangi unit is a correlative of the Te Kuiti Group limestones and is therefore
overlain by Mahoenui Group. Glennie (1956) and Kear & Schofield (1959) had
defined Mahoenui Group in outcrop as all those earliest Miocene calcareous
mudstones, sandstones, siltstones, and limestones siting above the Oligocene Te
Kuiti (Group) Limestone or its lateral equivalent. Palmer (1985) therefore proposed
the name Tikorangi Formation for the limestone, restricted the use of Mahoenui
Group, as defined by to the overlying sequence, and the name Otaraoa Formation to

the mudstone immediately underlying the Tikorangi Formation (Table 1.2).

The Otaraoa Formation, named after Otaraoa Rd in northeast Taranaki, was therefore
defined by Palmer (1985) for a sequence of calcareous siltstones and sandstones
named Lower Mahoenui Formation by Adams et al. (1980). The type section for the
Otaraoa Formation occurs in Mangahewa-1 from 3250 to 3472 m depth and
comprises Early Oligocene (Late Whaingaroan) to earliest Miocene (Waitakian) grey,
very calcareous silty mudstone that is conformably overlain by Tikorangi Formation
(Fig. 1.6). Otaraoa Formation is restricted to eastern Taranaki Basin, while the time
equivalent on the Western Stable Platform is the Turi Formation, and the Abel Head

Formation in onshore northwest Nelson (Palmer 1985).

The Ngatoro Group, named after Ngatoro Stream in central Taranaki Peninsula was
defined by King (1988a, b) for rocks of Oligocene-earliest Miocene age with
generally high calcium carbonate content. The Ngatoro Group includes the Otaraoa,
Tikorangi, and Taimana Formations (Table 1.2). The Taimana Formation, named
from Taimana-1 well, was introduced by King (1988a, b) for a calcareous interval
between the Tikorangi Formation and the Wai-iti Group. Prior to this the beds were
included within the Mahoenui Formation or Group as previously used by Glennie
(1956), Kear & Schofield (1959), and Hay (1967, 1978) in the North Wanganui
Basin. However, King & Thrasher (1996) restrict usage of the name Mahoenui to
Early Miocene mudstones east of the Patea-Tongaporutu High, and not for Taranaki

Basin strata.
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Fig. 1.10 Tikorangi Formation occurrence, thickness, and facies in selected wells, Taranaki Basin. Data

compiled from Simpson 1992 and King & Thrasher 1996.
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1.5.2 Type section

The type section of the Tikorangi Formation was designated by van Rijen & van der
Abeele (1963) to be the 37 m-thick interval between 3213 m and 3250 m AHBKB
(along hole below kelly bushing) in the Mangahewa-1 well drilled in 1960 (Fig. 1.6).
They described the lower and upper boundaries of the formation as being
conformable with the Otaraoa Formation and the Mahoenui Group (now Taimana

Formation), respectively.

However, this type section is largely unsatisfactory due to a lack of any core material,
the general descriptions for the unit coming from ditch cutting samples taken every 3
m. It is recommended here that the Waihapa-5 well becomes a designated reference
section for the Tikorangi Formation because the availability of over 112 m of core
material provides a much firmer basis for lithological analysis. Core material is
available through the Ministry of Commerce, Wellington, located at their rock store,
Lower Hutt. A stratigraphic (mud) log is available in Young & Carter (1989),
publicly available report PR1851, housed in the Ministry of Commerce library,
Wellington.

1.5.3 General lithology

The Tikorangi Formation was described by van Rijen & van der Abeele (1963) at the
Mangahewa-1 type section (Fig. 1.6) as comprising 37 m of blue-grey sandy
limestone, calcareous sandstone, and white crystalline limestone interbedded with
calcareous mudstone. Palmer (1985) describes the Tikorangi Formation as a deep-
water bioclastic limestone. King & Thrasher (1992, 1996) described the formation as
ranging from both coarse-grained bioclastic limestone to fine-grained micritic
limestone, with varying proportions of terrigenous material. Simpson (1992), King &
Thrasher (1996), and others suggested the limestone often consists of reworked
bioclastic material deposited at outer shelf to upper slope depths. In general, well
completion reports give little descriptive detail for the unit, especially prior to the
drilling of Waihapa-1 in 1985, since the Tikorangi Formation had not been
considered a target. The formation commonly appears to grade into the more

terrigenous deposits of the Otaraoa Formation below, while the contact with the
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overlying Taimana is generally quite abrupt.

The Tikorangi Formation is typically a rather thin unit compared to others within
Taranaki Basin, ranging in thickness from <50 m to >200 m at its thickest (Fig. 1.10).
It corresponds to a condensed carbonate sequence capping a long-term (Late
Cretaceous to Oligocene) transgressive cycle (Fig. 1.11). The Tikorangi Formation is
underlain by Paleocene-Eocene passive margin sediments of the Kapuni Group and
overlain by the Miocene Wai-iti Group sediments which record a significant influx of

terrigenous clastics and the onset of regressive sedimentation (Fig. 1.2).

1.5.4 Facies

The Tikorangi Formation has been considered as a detrital temperate limestone
deposited in shelfal to upper bathyal depths by reworking and basinward transport of
shallow-water faunas (Johnston 1990; Simpson 1992; King & Thrasher 1996). It
grades basinward into a fine-grained marl which in turn grades basinward into a
foraminiferal ooze. The limestone was divided by Simpson (1992) and King &
Thrasher (1996) into two broad facies, one consisting of a shelfal (Simpson 1992) or
platform limestone (King & Thrasher 1996) with a high proportion of shallow-water
fauna and terrigenous sediment, and the other as a deeper-water bathyal (Simpson
1992) or basinal facies (King & Thrasher 1996) (Fig. 1.10). The main differences
between these two megafacies are summarised in Table 1.3. According to Simpson
(1992), the shelfal limestone can be divided into two separate facies: a southern
Taranaki Basin facies eastern Taranaki Basin facies of earliest Miocene (Waitakian =
Lw) age (see Appendix 1.2 for New Zealand Oligocene-Miocene time scale). The
bathyal Tikorangi Formation is found in the west and north of basin (Simpson 1992;

King & Thrasher 1996).

1.5.5 Age

The Tikorangi Formation shows spatial variations in age among the two distinct
megafacies (Fig. 1.12). It spans the Early Oligocene (Whaingaroan) to Early Miocene
(Waitakian-Otaian) in the western and northern bathyal facies of the Western Stable

Platform (King & Thrasher 1996) and in some onshore southern shelfal equivalents
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Table 1.3 Comparative properties of Tikorangi Formation shelfal and bathyal facies. Amended from Simpson (1992).

Property Shelfal Facies (platform) Bathyal Facies (basinal)
Typically grey to buff to white, but  Generally white to light grey, rarely
Colour occasionally olive to brown, rarely  yellow brown.
with green hues.
Generally packstone grading to Generally lime wackestone, but
Classification grainstone or wackestone. grading to lime packstone where
foraminifera are especially abundant.
Massive to well-bedded. Often Massive to well bedded, occasionally
. interbedded with calcareous siltstone interbedded with calcareous shales
Bedding . i
or mudstone and occasionally and siltstones.
sandstone.
Nature Generally argillaceous. Usually argillaceous.
Planktic foraminifera, echinoids, Rare shallow water fauna. Common
Calciclasts bivalves, calcareous red algae, to abundant planktic foraminifera,
barnacles, bryozoans. coccoliths.
Siliciclasts Generally contains rounded fine Commonly silty and with traces of
quartz sand. Often containing lithic  fine quartz sand.
Rarely contains pyrite and /or Rarely contains carbonaceous flecks
Authigenic/other carbonaceous flecks. Often containing and pyrite. Occasionally contains
glauconite. glauconite.
Lithification Generally firm to hard, occasionally Gcner.ally moderately hard to hard,
soft to very soft. occasionally soft.
Macro- to microcrystalline with Micro- to cryptocrystalline.
Cementation occas.lonal sparry calc1Fe, often Occasionally sucrosic.
associated with fracturing.
Occasionally sucrosic.
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(Waitakian-Otaian) in the western and northern bathyal facies of the Western Stable
Platform (King & Thrasher 1996) and in some onshore southern shelfal equivalents
(Takaka Limestone) (Leask 1980), but appears to be restricted to an earliest Miocene
(early Waitakian) onshore shelfal facies of the Eastern Mobile Belt (Palmer 1985;
Simpson 1992; King & Thrasher 1996). The age of the southern shelfal facies wells
(Cook-1, Fresne-1, Surville-1, Tasman-1, North Tasman-1) is not so definitive. King
& Thrasher (1996) suggest an earliest Miocene (Waitakian) age akin to the onshore
Taranaki shelfal facies. Palmer (1985) and Simpson (1992) suggest a broader
Oligocene (Duntroonian) to Otaian age in keeping with the exposed onland South
Island Takaka ages proposed by Leask (1980). Table 1.4 summarises dates from the
Tikorangi Formation and underlying overlying Otaraoa and overlying Taimana
Formations. Using foraminifera, Morgans (1985) dated the Tikorangi Formation in
onshore Waihapa-1 as early Waitakian (early Lw), the reference age generally
adopted in the other nearby Waihapa-Ngaere wells. At the onshore type section in
Mangahewa-1 (Fig. 1.6), microfauna are indicative of the same Waitakian age

(Palmer 1985).

1.5.6 Distribution and lateral equivalents

Stick columns have been constructed in Fig. 1.10 to show the presence or absence of
Tikorangi Formation at well sites, and the thickness and general facies of the
formation. The condensed, thin bathyal or basinal Tikorangi facies is widespread on
the Western Platform, while the shelfal facies is restricted to easternmost and
northernmost parts of the Taranaki Peninsula. The largely tectonically undisturbed
bathyal facies shows a general thickening towards the northeast (Fig. 1.10) to reach
226 m at Ariki-1. In wells offshore, west of the shelfal facies, the limestone is
generally less than 100 m thick, and thins offshore. The area immediately to the east
of the bathyal facies is one where Tikorangi Formation is not recorded and appears
not to have been deposited; it encompasses the region occupied by Maui-4, Moki-1,
Kupe-South-4, Toru-1, Kapuni-2/13, Te Kiri-1, and Tipoka-1 wells (Fig. 1.10). The

limestone is also absent further north at Kaimiro-1 and Okoki-1.

A thin (generally < 50 m) inner shelf lateral equivalent to the Tikorangi Formation,
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Thrasher (1996).



the Takaka Limestone, crops out in onland northwest Nelson, and is present in the
subsurface of several wells immediately offshore (Fig. 1.10). The Takaka Limestone
has been described by Leask (1980) as an inner to middle shelf deposit which is
isolated from the Tikorangi Formation to the north as it grades into a deep-water
calcareous mudstone. The offshore Takaka Limestone equivalent in the southern
offshore wells (Cook-1, Fresne-1, Surville-1, Tasman-1, North Tasman-1) is
generally thin, less than 60 m thick. Further to the north and offshore, in the Kea-1,
Moki-1, and Maui-4 wells, the Takaka Limestone equivalent is absent. In the Maui
well region, interbedded chalk and marl are well developed and have been described
as a transitional facies by King & Thrasher (1996) between the southern/eastern

shelfal facies and the western and northern true basinal facies.

The use of the term Cobden Limestone has in the past been used to describe the
Tikorangi Formation offshore, particularly within petroleum company reports i.e.,
Simpson (1992). However the name is now restricted to a distinctive muddy
limestone in the onland Paparoa Trough near Greymouth in the South Island (Nathan
et al. 1986). Apart from a usually higher carbonate content (75-80%), the limestone is
rather similar to the bathyal Tikorangi facies, being a highly bioturbated, light brown,
muddy limestone (Nathan et al. 1986).

In contrast to the bathyal facies, the shelfal limestone occurring under much of
eastern Taranaki Peninsula is structurally and stratigraphically complex (Fig. 1.8),
involving a number of allochthonous overthrusts sheets. Thrust sheets, divided by a
series of faults, have generally been thrust westward to penetrate overlying
mudstones (Fig. 1.9). Some northern wells may in fact have penetrated a number of
stacked thrust sheets. Johnston (1980) has described the Tikorangi Formation
encountered within the Waihapa, and Toko wells as being allochthonous. Correlation
of the Tikorangi Formation between individual wells is consequently extremely

difficult, and could necessitate an accurate reconstruction of pre-thrust positions.

The eastern shelfal facies tends to thicken southwards from Turi-1 (23 m) in the

north of the basin to reach a maximum thickness in the Toko (169 m) and Waihapa
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Table 1.4 Age control data for the Ngatoro Group, Taranaki Basin. Note: * denotes no specific dating undertaken - age inferred from nearby Waihapa-1. Data
derived from well completion reports for individual wells unless specified. Foram = foraminifera; nanno = nannofossils. New Zealand stage ages contained in

Appendix 1.2.
Taimana Fm & Equivalents Tikorangi Fm Otaraoa Fm
Well Age Dated interval Method Age Dated interval Method Age Dated interval Method
(NZ stage) (m) (NZ stage) (m) (NZ stage) (m)
Waihapa-1 Late Waitakian foram  Early Waitakian foram  Early Waitakian foram
Waihapa-2 *Late Waitakian *Early Waitakian *Early Waitakian
Waihapa-4 *Late Waitakian *Early Waitakian *Early Waitakian
near top Waitakian

Waihapa-5 to near base 2942-2951 nanno near top Waitakian upper 2/3 nanno

Otaian
Waihapa-6 - near base Otaian 3207-3244 nanno
Toko-1 Altonian 2123-2200 foram Otaian 2929-2974 Waitakian 3227-3476 foram

Altonian 22002687  foram Waitakian-Otaian  3974-3177 untroonian- 3476 3747 foram
Waitakian

Otaian 2687-2929 foram Waitakian 3177-3227 Whaingaroan 3742-3802 foram
Hu-Rd -1A n/a Early Waitakian 7% %% foram n/a
Maui-1 Late Miocene Whalngf'aroan i n/a

Otaian




areas (232 m), coinciding with the eastern side of the foredeep trough (Fig. 1.5), and
then thins to the west (Fig. 1.10). Simpson (1992) suggested without explanation that

the top of the Tikorangi Formation is missing from many eastern wells.

While the Tikorangi Formation was accumulating in Taranaki Basin, laterally
extensive limestones (Orahiri and Otorohanga Limestones) of the Te Kuiti Group
were forming in the adjacent North Wanganui Basin. These shelfal limestones are
widespread throughout the South Auckland region and have been extensively studied
by Nelson (1978), Nelson et al. (1988), and Nelson & Kamp (1994). The Orahiri
Limestone has an Oligocene (Duntroonian) age while the younger Otorohanga
Limestone, is like the Tikorangi Formation, Early Miocene (Waitakian) in age. The
Orahiri Limestone is up to 60 m thick and comprises a variety of lithologies, ranging
from sandy, glauconitic, and pebbly limestones, to pure limestones, some including
distinctive oyster beds (Nelson 1978). The Otorohanga Limestone is typically a very
pure limestone unit up to 60 m or more in thickness (Nelson 1978). These limestones
have low reservoir potential because of their tight pressure-dissolved and highly

cemented nature (Anastas et al. 1998).

1.6 CONCLUSIONS

This paper reviews the Tikorangi Formation in Taranaki Basin based on a variety of
mainly unpublished and occasional published sources. The Tikorangi Formation
reservoir, discovered while drilling other targets, has proved to be not only an
interesting find, but also a prolific producer. Hosting the fifth largest hydrocarbon
reserves in Taranaki Basin, the Tikorangi reservoir is unique because the host rock is
essentially non-porous temperate limestone, not porous sandstone as is the typical
situation in the basin, and production is exclusively from extensive networks of
fractures within the limestone. The formation of these fractures is associated with

Miocene compression and overthrusting along the Tarata Thrust Zone.

The Tikorangi Formation represents a condensed carbonate sequence at the top of a
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regional transgressive cycle, deposited in shelfal to upper bathyal depths by
reworking and basinward transport of shallow-water biota (shelfal facies). This facies
grades basinward into a fine-grained marl (transition facies) and eventually into a
bathyal ooze (bathyal facies). The Tikorangi Formation ranges in age from Early
Oligocene to Early Miocene (Whaingaroan to Otaian) in the bathyal facies, but
appears to be restricted to the earliest Miocene (Waitakian) in the shelfal deposits.
The bathyal facies, largely tectonically undisturbed, is widespread on the Western
Stable Platform, while the shelfal facies, restricted to easternmost and northernmost
parts of the Taranaki Peninsula, mainly occurs in fractured allochthonous sheets

thrust into less competent overlying mudrocks.

In the context of the projected decline of currently producing fields in New Zealand,
there is an obvious need to establish new petroleum reserves. Clearly Taranaki Basin
remains a focus of attention. An understanding of already discovered hydrocarbon
systems will greatly aid in the identification and evaluation of new prospects within
the basin. While the Tikorangi Formation must continue to be seen as an important
potential hydrocarbon reservoir within Taranaki Basin, an improved understanding of
its properties would aid in increasing its prospectivity. Unlike its onshore lateral
equivalents in the Te Kuiti Group, the Tikorangi Formation is largely unknown and
unstudied outside of petroleum circles, and there is a complete absence of any

detailed information about the formation in the published scientific literature.

While the complex sedimentary and tectonic history of the Tikorangi Formation is
broadly appreciated, much work remains to be able to better understand not only this
hydrocarbon reservoir, but temperate-latitude carbonates more generally. The
occurrence provides a rare opportunity to study limestone remaining within the
subsurface burial environment, unlike its onshore lateral equivalents (Te Kuiti
Group) which have been uplifted and exposed at the surface, and subjected to

physical and chemical changes associated with that uplift.
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TOPIC 2:

A CARBONATE AND GEOPHYSICAL LOG-BASED
LITHOSTRATIGRAPHY FOR THE SUBSURFACE MID-TERTIARY
TIKORANGI FORMATION RESERVOIR, TARANAKI BASIN, NEW
ZEALAND

2.1 ABSTRACT

This study presents a carbonate-based lithostratigraphy for the Oligocene-Early
Miocene Tikorangi Formation, currently New Zealand’s only carbonate and
fracture-producing reservoir. The formation in eastern onshore Taranaki Basin
consists of an earliest Miocene aged (Waitakian) foredeep facies of variably
siliciclastic, muddy, typically fine to very fine sandy limestones containing mixed
shelfal-slope skeletons interbedded with variably calcareous siliciclastites
(claystones to siltstones). Offshore to the north and west the formation comprises
basinal Oligocene-Early Miocene (Whaingaroan—Otaian) calcareous siliciclastites
as condensed deeper water basinal equivalents. The totally subsurface nature of
the Tikorangi Formation, absence of outcrop, and the lack of any complete core
through the interval, necessitates the use of less traditional methods for

lithostratigraphic discrimination.

Laboratory-determined data, derived from available core material for seven
onshore wells (foredeep facies), and a single offshore well (basinal facies), have
been pooled and correlated with a complete suite of geophysical log data. The
resulting correlation(s) have been applied to Dt (sonic) and GR (gamma-ray) log
data to derive interpretative carbonate logs for the entire thickness of the
Tikorangi Formation. Four major facies have been defined: Facies A — calcareous
siliciclastites (siliciclastic-dominated, slightly to moderately calcareous claystone
to mudstone with <25% carbonate); Facies B — very calcareous siliciclastites

(moderately to highly calcareous siliciclastic siltstone to fine sandstone with 25-
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50% carbonate); Facies C — muddy limestones (muddy, very fine to fine sandy
carbonates with 50-75% carbonate); and Facies D — sparry limestones (a purer,
typically coarser fine sandy more sparry carbonate with >75% carbonate). These
facies form the basic framework for identifying nine major lithostratigraphic units
in the Tikorangi Formation which comprise either single or interbedded
combinations of these four facies. A correlation panel for the eight wells in this

study is presented.

The results highlight the utility of integrating geophysical log and laboratory data
in stratigraphic analysis. Correlations derived in this study provide: a basis for the
construction of a complete and detailed stratigraphy for the Tikorangi Formation,
which was previously unavailable; the ability to identify more appropriate
formational boundaries based on compositional changes; the possibility of
extending this correlation to the many other wells penetrating this formation for
which no core material is available; a potential aid in delineating and correlating
those particular facies most likely to be the key ones for hosting hydrocarbon
reserves; and a sound stratigraphic framework and foundation for further detailed

studies of the formation.

Keywords carbonate; geophysical logs; lithostratigraphy; mid-Tertiary; Tikorangi

Formation; hydrocarbons; fractured reservoir, Taranaki Basin, New Zealand

2.2 INTRODUCTION

The Ngatoro Group was named by King (1988a, b) for a succession of generally
high-carbonate Oligocene-Early Miocene rocks within New Zealand’s only
commercially producing hydrocarbon basin, the Taranaki Basin (Fig. 2.1A-C).
The Ngatoro Group comprises the Otaraoa, Tikorangi, and Taimana Formations,
but is dominated by limestones of the Tikorangi Formation (Fig. 2.2). The

Tikorangi Formation is of particular interest as it constitutes New Zealand’s only
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Fig. 2.1 (A) Location of Taranaki Basin in New Zealand. (B) Major structural and tectonic elements and main
oil/condensate accumulations within Taranaki Basin. The Tikorangi Formation is dated as earliest Miocene in the
east (Waihapa-1) and Oligocene-Early Miocene in the west (Maui-1). Adapted from King & Thrasher (1996). (C)
Structural cross-section of a transect running WSW - NE through offshore Maui-1 and onshore through the
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carbonate and wholly fracture-controlled reservoir. It lies between two calcareous
siliciclastic-dominated units - the Otaraoa Formation below, comprising
calcareous sandstones and siltstones, and the Taimana Formation above,
consisting of calcareous mudstones and marls (Fig. 2.2). The Tikorangi Formation
onshore in the subsurface beneath Taranaki Peninsula has been described by King
& Thrasher (1996) as primarily a limestone consisting of varying proportions of
reworked bioclastic and siliciclastic material deposited at outer shelf to upper

slope depths.

Within the Tikorangi Formation two broad “mega-facies” have been previously
delineated by Simpson (1992) and King & Thrasher (1996) (see Topic 1, Table
1.1). An outer shelf/slope facies typifies the eastern margins of the basin beneath
onshore Taranaki, named here foredeep facies, and a deeper water bathyal facies,
named here basinal facies, occurs in western and northern areas of offshore
Taranaki Basin (Fig. 2.3). These end-member facies span different age ranges
from Early Oligocene-Early Miocene (Whaingaroan-Otaian — see Appendix 1.2)
in the offshore basinal facies, and principally earliest Miocene (Waitakian) only in

the shelf/slope facies (see Fig. 1.12).

Previously published work on the Tikorangi Formation, and indeed any previous
work outside of petroleum companies, is extremely limited and mainly included as
part of more regional studies of Taranaki Basin (King 1990, 1994; King &
Thrasher 1996). What knowledge there is about the Tikorangi Formation is often
largely inaccessible and held within petroleum company files, and then tends to be
of a rather specific or technical nature concerned with the commercial production
of hydrocarbons. This is hardly surprising given the commercially sensitive nature
of the formation and its entirely subsurface location. Other limitations on
information for the Tikorangi Formation include the uneven spatial distribution of
cored wells and the absence of any complete core coverage through the formation,

so that only isolated “windows of opportunity” exist for studying the limestone.

Particular limitations in this study result from the scarcity of basinwide cored
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material being available for only seven onshore wells (Fig. 2.1D) and a single
offshore well, Maui-1 (Fig. 2.3). This is despite the comparatively large number of
wells (80+) from onshore alone which penetrate the Tikorangi Formation (see
Appendix 1.1). The high costs of coring mean that the formation has been drilled
where the petroleum industry objectives have been to further geological
information within already known economic targets. The focus of such petroleum
exploration and development objectives within the Tikorangi Formation has been
in the onshore oil-producing TAWN wells (Tariki, Ahuroa, Waihapa, Ngaere)
otherwise forming the Waihapa-Ngaere Field (Fig. 2.1B, D), which has provided a
disproportionately large amount of drill core material (Appendix 2.1) from a very
localised area in relation to the known basinwide extent of the limestone (Fig.

2.3).

Given the above constraints, less traditional methods of stratigraphic evaluation
have been necessarily employed in this study, namely an analysis of the extensive
suite of geophysical or wireline logs available for each drill-hole. The integration
of these geophysical logs and laboratory-derived data can provide a basis for
unravelling an essentially complete and detailed lithostratigraphy, otherwise

previously limited to very general and basic information provided by mudlog data.

The aim of this paper is to produce a complete and detailed, and as yet
unavailable, lithostratigraphic framework for the Tikorangi Formation. The
analysis will provide the foundation for other more specific studies of the
limestone, including their petrography, diagenesis, geochemistry, and depositional
history. Detailed study of the two end-member “megafacies” mentioned above
will be made. Seven onshore eastern Taranaki wells (Toko-1, Ngaere-2, Waihapa-
4, Waihapa-6, Waihapa-2, Waihapa-5, and Hu Rd-1) (Fig. 2.1D) will be used to
represent the onshore shelf/slope facies, and a single offshore western Taranaki
basin well, Maui-1, is used to represent the offshore basinal facies (Fig. 2.3).
Background information relating to these wells is provided in Topic 1 as part of an
overview of the general nature, distribution, and characteristics of the Tikorangi

Formation. Other details about individual wells are contained within Appendices
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Fig. 2.3 Tikorangi Formation occurrence, thickness, and facies in selected wells, Taranaki Basin. Data
compiled from Simpson (1992) and King & Thrasher (1996) and well completion reports.
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and the Well Completion Reports (WCRs) of Waihapa-2 (Carter et al. 1988),
Waihapa-4 (Carter & Kelly 1989a), Waihapa-6/6A (Carter & Kelly 1989b),
Ngaere-2 (PEL 1995), Toko-1 (Adams et al. 1980), Hu Rd-1/1A (NZ Oil & Gas
1992), and Maui-1 (Shell BP & Todd 1969).

2.3 GEOLOGIC SETTING

Taranaki Basin, New Zealand’s only commercial hydrocarbon basin (Fig. 2.1A),
covers an area of about 100,000 km?. The basin is essentially a subsurface feature,
located mainly offshore, and is both composite and complex in nature (Fig. 2.1C).
It contains a pile of sediment up to nine km thick, with a broadly transgressive
record from the Late Cretaceous to Early Miocene, overlain by a regressive section
that is still forming today (Fig. 2.2) (King & Thrasher 1996). Late Cretaceous
sediments formed in fault-controlled sub-basins developed within an intra-
continental rift transform system. Following rifting, the basin evolved throughout
the Paleocene and Eocene into a passive margin. From Late Eocene, in association
with the evolution of the Australia-Pacific plate boundary through New Zealand
(see Topic 1, Fig. 1.3), fault-controlled sub-basins formed on the basin’s

southeastern margin.

From about the Early Oligocene, the basin underwent accelerated subsidence,
which was most pronounced and rapid in the east, culminating in the development
of a carbonate foredeep in which the shelfal/slope facies of Simpson (1992) and
King & Thrasher (1996) accumulated. These deposits, renamed here the foredeep
facies, included the thickest occurrences of the Tikorangi Formation (see Topic 1,
Fig. 1.5). A change in plate boundary configuration in the Early Miocene saw
overthrusting along the Taranaki Fault and formation of the Tarata Thrust Zone
and associated structures within the Eastern Mobile Belt (Fig. 2.1B, C). The
Waihapa-Ngaere structure (see Topic 1), formed during compression in the Tarata

Thrust Zone as part of the Eastern Mobile Belt (Fig. 2.1B), is the setting for the
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Plate 2.1 (A) Boxed 1 m lengths of core arranged stratigraphically for viewing and sampling (Waihapa-2, 100 mm-
diameter core). (B) Natural- and drill-induced fractures in the Tikorangi Formation core (Waihapa-2, 100 mm-
diameter core). (C) Core appears fine-grained and homogenous with concentrically ribbed outer surface as a result
of drilling, and yields little sedimentary information (Waihapa-4, 100 mm-diameter core). (D) Intense bioturbation
characterises much of the Tikorangi Formation core (Waihapa-4, 100 mm-diameter core). (E) Rarely macro-skeletal
material is evident in cores (Waihapa-2, 100 mm-diameter core). (F) Dark-coloured commonly occurring horsetail
stylolites at high-angles to bedding formed from tectonic compression. Pale grey colour is typical of the more
carbonate-rich facies (Waihapa-2, 100 mm-diameter core). (G) Major fracture surface showing multiple phases of
mineralisation and movement (Waihapa-2, 100 mm core). (H) Vein mineralisation occluding fracture porosity
within the smaller diameter 70 mm core from Ngaere-2. Scale in (D) to (G) is in metres; H is in centimetres.

Topic 2 57







wells used in this study as representative of the fractured foredeep facies (Plate
2.1A-C, G). In contrast, western areas of the basin (Western Stable Platform) (Fig.
2.1B) have remained tectonically quiescent (King & Thrasher 1996) and provide
the setting for the Maui-1 well, representative of the offshore deeper water basinal

facies.

2.4 BACKGROUND INFORMATION FOR TIKORANGI FORMATION

In the eastern onshore region of Taranaki Basin the Tikorangi Formation reaches
its maximum thickness of about 230 m in the vicinity of the Waihapa-Ngaere
Field at Waihapa-1 (Fig. 2.3), and generally thins to the north and south from here.
The formation is absent in a region directly west of onshore Taranaki Peninsula,
but the offshore basinal facies occurs as condensed carbonates some 20-30 m
thick further west, and becomes better developed and thicker (to >200 m) towards
the north of the basin. In the southwest corner of the basin is the age equivalent
shelf Takaka Limestone, usually <60 m thick (Fig. 2.3). This limestone is exposed
onshore in the Nelson region of South Island (Leask 1980). Other exposed onland
age equivalents (Te Kuiti Group limestones) are exposed in the adjacent North
Island North Wanganui Basin (Fig. 2.1B) where they have been extensively
studied by Nelson (1973, 1978), Nelson et al. (1988, 1994), and within the studies
by Hood (1993) and Hood & Nelson (1996).

The Tikorangi foredeep carbonates, beneath Taranaki Peninsula, restricted to
earliest Miocene (Waitakian) age, are often muddy and argillaceous (Plate 2.1A-
E) and interbedded with calcareous sandstones, siltstones and claystones (Carter et
al. 1988: Carter & Kelly 1989a, b; NZ Oil & Gas 1992; PEL 1995; Young &
Carter 1989) (see Appendix 2.8 for general mudlog descriptions). On well-logs the
base of the Tikorangi Formation is generally gradational over often tens of metres
with the underlying Otaraoa Formation, which contrasts with the typically abrupt

upper contact with the overlying Taimana Formation in which a marked increase
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in sonic log (Dt) and Gamma-ray log (GR) values occurs over a few metres (see

Section 2.7).

The Tikorangi Formation forms a major seismic reflector marker horizon in
Taranaki Basin (see Topic 1, Fig. 1.9) whose upper surface lies some 1,500-3,400
m below the present land surface of Taranaki. Appendix 1.1 provides summary
information for all onshore wells which have penetrated the Tikorangi Formation,
including: formation top and base where penetrated in both AH (along hole) and
TVSS (true vertical subsea); AHT (along hole thickness); mTV (metres true
vertical); TST (true stratigraphic thickness); isocore thickness; and eastings and

northings for the intersection of the top of the formation.

2.5 DRILL CORE

Drill core is rare for the Tikorangi Formation and is typically only available for the
Waihapa-Ngaere fractured reservoir zones (Plate 2.1). The focus of core drilling
has been in the onshore oil-producing TAWN wells (Tariki, Ahuroa, Waihapa,
Ngaere) in the Waihapa-Ngaere Field. Five onshore wells (Waihapa-2, -4, -5, -6,
and Ngaere-2) (refer Fig. 2.1B, D for location map) were cored discontinuously
within the onshore Waihapa-Ngaere oil field, giving a total of about 368 m of drill
core. This forms the sample basis for the present study (Appendix 2.1). Fig. 2.4
shows the disparity in thickness of the Tikorangi Formation in each of the cored
wells versus the actual length of core drilled (see also Appendix 2.4 for individual
well summary stratigraphic logs). The greatest percentage of cored formational
thickness occurs in the Waihapa-Ngaere wells (Fig. 2.1D) and ranges from <20%
in Waihapa-6 to >50% in Waihapa-5. In contrast, a paucity of drill core material
exists away from this field. The only other core material available within the
onshore foredeep facies of the Tikorangi Formation is from two wells located very
near the Waihapa-Ngaere field wells, namely Hu Rd-1A and Toko-1 (Fig. 2.1D).
These wells provide only eight metres (3% of formation thickness) and 2.2 m

(<1% of formational thickness) of drill- core, respectively. For the offshore
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basinal facies, about nine metres of drill core (Appendix 2.1) is available (6% of
formational thickness) only from the offshore Maui-1 well (see Fig. 2.3 for

location).

Cores are held in the Core Library, Gracefield, Wellington which is managed by
the Ministry of Commerce (MOC). Core is boxed in 1m lengths and access is time
consuming (Plate 2.1). The cores are whole, not slabbed, and provide little
immediate opportunity for detailed inspection. Core material commonly contains
natural (Plate 2.1G) or drilling-induced fractures (Plate 2.1C) and stylolites (Plate
2.1F), while some sections have been lost during drilling (Plate 2.1B). Natural
fractures are commonly partially filled by carbonate minerals (Plate 2.1G, H) (see
Topic 7). Protocol for sampling core dictates that no more than one third of any
section be removed, and sampling is to be conducted by a MOC representative or
technician. Core diameters differ between wells, ranging from large, heavy and
cumbersome 100 mm diameter core in the Waihapa wells (Plate 2.1A-G) to a

smaller 70 mm diameter core in the Ngaere-2 well (Plate 2.1H).

Difficulties were encountered in acquiring good lithological data from simply
viewing the raw core material. In particular, often continuous concentric ribbing of
the core surface (Plate 2.1C-E), produced during drilling, obscures definitive
textural and compositional details that might otherwise be available in hand-
specimen samples. When combined with the fact that MOC facilities prohibits
slabbing the cores lengthwise, the presence of a coating of drilling mud about
many cores, and the strongly bioturbated nature of the sediment (Plate 2.1D, E),
there was little opportunity for detailed study of the cores at a hand-specimen

level.

Information relating to drill core numbers, subsurface depths, percent recovery,
and other core statistics are contained in Appendix 2.1. A sample catalogue for the
236 samples of Tikorangi Formation drill core collected for this study is given in

Appendix 2.2.
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Table 2.1 Summary rock property trends with increasing DT and GR. Arrows to
right indicate increasing, to left indicate decreasing, while dash only denotes no
discernable trend.

ROCK PROPERTY As DT increases As GR increases
Whole rock composition

Carbonate % —> <+—
Total matrix/cement % <+ —>
Spar cement % —> <+
Micrite % +— —>
Bioclastic composition

Total bioclast % —> <+
Bivalves % —> <+
Echinoderms % —> <+
Benthic forams % —> <+
Planktic forams % —> <+
Calcareous algae % —> —
Spicules and spines % — <+
Siliciclastic composition

Total siliciclast % <+ —>
Quartz % <+ —>
Feldspar % <+— —>
Glauconite % —> —
Texture

Maximum skeletal grain size —> +—
Mean skeletal grain size —> <+—
Maximum siliciclastic grain size —
Mean siliciclastic grain size —> <+

Topic 2



2.6 CARBONATE CONTENT

Total carbonate percentage values were determined for a selection of 74
representative samples of Tikorangi Formation core (Appendix 2.3). These
determinations were obtained during trace element analysis using the procedures
outlined in Liddell (1993) and Winefield (1995). The carbonate represents the sum
of calcite and/or dolomite in samples, and percentage data are summarised in Fig.
2.5. Values range from about 15-99%, with an average content of 53%. However,
57% of the samples contained less than 50% carbonate and therefore are not

strictly limestones (Scoffin 1987). These samples are calcareous siliciclastic rocks.

Samples of the offshore facies from Maui-1 have carbonate values ranging from
32-41%, while samples from onshore Hu Rd-1 include the purest limestones,
containing up to 99% carbonate. Waihapa, Ngaere, and Toko well cores show a
wide range in carbonate values (15-86%) which can change rapidly over short
distances. Despite the discontinuous nature of core samples, general up-core
increases in carbonate content occur in Ngaere-2, and Waihapa-2 and -4, while

Waihapa-5 shows an overall small up-core decrease.

2.7 GEOPHYSICAL LOGS

Very little detailed lithostratigraphic information is available for the Tikorangi
Formation. While mudlogs provide some general sedimentological data based on
the percentages of different lithologies occurring in cuttings, the information is
much inferior to that provided by laboratory investigation of core material using
carbonate analysis and standard petrographic techniques. In this study an attempt
is made to use geophysical (electric) logs to provide some intraformational
stratigraphic details for the Tikorangi Formation since they are the only near-

complete data record available for the entire formation thickness.

Geophysical log data are contained on the disk (Appendix 2.5) accompanying this
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thesis, and graphic logs of the same data are shown in the columns in Appendix
2.4. Dt (or sonic) logs were available for all wells except Hu Rd-1A, in which no
Dt logs were run. The Dt value (us/ft) is the two-way travel time, and the smaller
this value the higher is the sonic velocity of the core sample. GR (gamma-ray)
logs and a suite of resistivity logs (LLS — Laterolog shallow, LLD — Laterolog
deep) were also available for all wells. A GR log for the sidetrack well Hu Rd-1

has been used as a surrogate for Hu Rd-1A.

2.7.1 Log defined Tikorangi Formation boundaries

The lower boundary of the Tikorangi Formation has previously been defined by
electric log character and is placed at a noticeable increase in sonic velocity
(decrease in Dt value) and resistivity (LLS, LLD), which is mirrored by a decrease
in gamma-ray (GR) values. The responses reflect a generally gradational change
from the argillaceous and silty nature of the underlying Otaraoa Formation
(Palmer 1985; King & Thrasher 1996) to the limestone beds of the Tikorangi
Formation (see summary logs in Appendix 2.4). The log appearance of the upper
boundary of the Tikorangi Formation is usually more dramatic and corresponds
with a sharp decrease in Dt and resistivity, and a corresponding increase in GR,
upon entering the siltstones and fine sandstones of the Taimana Formation. In
Waihapa-4 for example (see summary log - Appendix 2.4), the upper boundary of
the Tikorangi Formation is very definite with both low Dt and GR values. The
lower boundary is harder to place with the lower Tikorangi Formation calcareous
siltstones merging down into the underlying siltstones/mudstones of the Otaraoa
Formation (Carter & Kelly 1989a). Log correlation between Waihapa-4 and
Waihapa-2 was described by Carter & Kelly (1989a) as extremely good over the

upper part of the Tikorangi Formation.

2.8 CARBONATE FACIES

The carbonate percentage and petrographic database (see Topic 4) derived from

scattered core samples provides only small and isolated windows into the nature
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Zodog

Facies Name Log characteristics Carbonate % Occurrence Inferred textural characteristics
DT GR 25 50 75 100 | some common abundant | clay silt v.f. sand  f. sand
A Calcareous >68.0 | >73.5
siliciclastites
p | Verycalareous| oo o | 735.62.5
siliciclastites
C Muddy 64.2-60.4 | 62.5-51.0
limestones
D  Sparry <604 | <51.0
limestones

L9

Fig. 2.7 Summary characteristics of the four major carbonate facies in the Tikorangi Formation including: the corresponding limiting values of DT and GR; carbonate %; relative
occurrence in cores; and inferred textural characteristics.




of the lithologies comprising the Tikorangi Formation. However, this laboratory-
derived database takes on a new and heightened importance when it is correlated
with the comprehensive suite of geophysical log data available for the entire
Tikorangi Formation. Such a correlation provides the first opportunity for deriving
a much fuller and detailed lithostratigraphy applicable to the entire Tikorangi

Formation.

The derivation and application of this interpretative lithostratigraphic approach is
discussed below for the eight wells represented in this study. No attempt is made
here to extend this correlation to other wells for which no core sample material is

available.

2.8.1 Correlation method

The suite of geophysical logs available for correlation with the laboratory-derived
database are Dt, GR, and resistivity logs which typically provide measurements at
0.125 m AH intervals throughout the Tikorangi Formation. Initial groundwork
investigations involved the correlation of geophysical log data for individual well
samples with the laboratory-determined data from that well. This latter included
carbonate %, siliciclast %, total bioclast %, matrix/cement %, micrite %, the
proportions of particular skeletal grain types, the mean grainsize of skeletal and
siliciclastic material, and the general rock classification. The degree of correlation
between the two data sets was determined using R-squared values performed
using a transformed regression model on linear trendlines within Microsoft Excel

97 for Windows.

2.8.2 Correlation results

Trends in Dt and GR values with changing rock properties are summarised in
Table 2.1. The raw data correlation graphs for the entire sample database are
reproduced in Appendix 2.6 and 2.7. Wells for which the longest core lengths and
largest number of samples were available (Waihapa-2, -5 and Ngaere-2)
individually provided some good correlations. However, the limited length of core

and number of samples from some other wells, especially Maui-1 and Toko-1,
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Fig. 2.8 Carbonate lithostratigraphy derived from correlations of geophysical well-log and carbonate % data for Ngaere-2 well. Key: Facies A - calcareous siliciclastites (0-25%
carbonate); Facies B - very calcareous siliciclastites (25-50% carbonate). Facies C - muddy limestones (50-75% carbonate); Facies D - sparry limestones (>75% carbonate). Units are

labelled and marked and drawn across log panels. Solid red line denotes changed upper and/or lower Tikorangi Formation boundary from those defined in Well Completion Report
(PEL 1985). Dashed blue line denotes existing formation boundary. Core and sample locations and depths are shown. Interpreted whole rock compositions have been derived from
correlating geophysical well log data and petrographic data. Dt = sonic log, GR = Gamma-ray log. LLD = Laterolog deep, LLS = Laterolog shallow (resistivity logs).




provided less conclusive results. Because of this, all the laboratory-derived data
for all wells were combined and correlated with the corresponding geophysical log
data to provide a greatly increased sample pool. Therefore, instead of attempting
individual well correlations (maximum of 22 samples in one well), a combined
pool correlation (some 70 samples) was performed which both improved and

enhanced results.

With increasing sonic velocity (Dt), more competent and less porous rocks are
correlated with a general linear increase in carbonate content, reflecting cleaner
and generally coarser units having higher bioclast and spar cement contents, and
lower siliciclastic and matrix/cement contents (Fig. 2.6A). Not surprisingly these
trends are the opposite for GR results (Fig. 2.6B). As GR increases, or the
shaliness increases, grain size generally decreases, with linearly increasing matrix
(clay) and siliciclastic contents, and decreasing bioclast content. More specifically,
the highest degrees of correlation were achieved for both Dt and GR versus
carbonate %, which shows a clear increase with increasing sonic velocity
(reducing Dt value) and corresponding decreasing GR (clay mineral content).
These correlations were further improved by removing data from the offshore
basinal Maui-1 well so as to enhance the onshore foredeep database. Removal of
some of the Waihapa-4 had a similar enhancing affect, given a known miss-match
of core sample and geophysical logging depths for parts of that well (G.
Spanninga pers. comm. 1995). Gaps in the Dt data logs for Waihapa-2 and -5 also
resulted in reducing the number of final samples for which carbonate data were
available for correlation purposes to 42. The final correlations for carbonate %
with Dt and GR are shown in Fig. 2.6. Not only did carbonate % correlations
provide the best overall results, but the carbonate data also provides the most
useful basis for establishing a meaningful carbonate-lithostratigraphy within a
spectrum of carbonate-rich to carbonate-poor lithologies. To do this, lines
delineating carbonate values of 25%, 50%, and 75% were drawn on both the Dt
and GR plots so as to define four major carbonate facies: Facies A, <25%
carbonate; Facies B, <25-50% carbonate; Facies C, 50-75% carbonate; and Facies

D, >75% carbonate. The corresponding limiting values of Dt and GR for the four
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Fig. 2.9 Carbonate logs derived for the eight study wells using the well log data/carbonate data correlations in Fig. 2.6. Logs are drawn to the same scale with depth shown as mAH (metres along hole).
Base and Top of the Tikorangi Formation shown are those suggested in this study (see Table 2.2). Logs are extended into the lower and upper Otaraoa and Taimana Formationsto show the often marked
change in carbonate composition between these formations and the Tikorangi Formation. As no samples of either the underlying or overlying formations were used in the data correlation method the

accuracy.of the values for these intervals is presently uncertain. Gaps in the carbonate log result from missing geophysical data log.




facies are shown in Fig. 2.7.

In order to keep the level of accuracy commensurate with scale used, instead of
delineating the major carbonate facies in direct relation to Dt or GR, a moving
average with a period of eight was used (data commonly at 0.125 m) to give an
accuracy of scale of about 1 m, with the least resolvable thickness on the scale
used being closer to 2 m. The resulting facies boundary lines could then simply be
applied to the individual averaged well Dt logs in most cases, or the GR log in Hu
Rd-1. An example full stratigraphic log is provided for the Ngaere-2 well in Fig.
2.8, and for all wells in Appendix 2.4. It is important to appreciate the scale to
which the completed carbonate-based lithostratigraphy is shown, with 1 cm
equivalent to >30 m. By using the correlation equations (Fig. 2.6), carbonate logs

for the eight wells have been generated (Fig. 2.9).

2.8.2a Log versus laboratory-determined carbonate facies

As a test of the methodology outlined above, the geophysical log-determined
facies for the 74 samples for which carbonate % data were available were
correlated back to the facies determined solely from the laboratory carbonate data.
Fig. 2.10A shows the % occurrences of the four facies from laboratory carbonate
%,while Fig. 2.10B shows for the facies determined using the carbonate % Dt/GR
correlation method. Results are consistently good across the four facies, with a
significant 94% correlation between the two data sets. Small variation occurs in
the number of log-determined Facies D (>75% carbonate), being slightly over-
represented in the log compared to the laboratory analysis. Conversely, Facies B
(25-50% carbonate) is slightly under-represented in the log-determined
distribution. Facies A (0-25% carbonate) and C (50-75% carbonate) show direct

correlation between the two data sets.

2.8.3 Carbonate facies definition
The geophysical logs are used to define four broad carbonate facies, A to D (Fig.
2.7). Because the logs do not necessarily record sedimentary detail, any

sedimentological interpretations will tend to be rather generalised and rely heavily

7 Lithostratigraphy



A Laboratory determined
|
[*]
£ 40
g ]
§ 30
=
5 20 -
6\3 10 1
0 4
A B C D
Carbonate facies
B Geo . .
physical log determined
50
-]
2 40 -
£
=
3 30 A
(-}
2
g 20 -
g
< 10
0 4
A B C D
Carbonate facies

Fig. 2.10 (A) Carbonate facies distribution as determined from laboratory
chemical analysis (see Appendix 2.3 for data). (B) Carbonate facies distribution
for same samples as in (A) determined using geophysical well log data and
carbonate % data correlations summarised in Fig. 2.6. The two data sets show
good agreement pointing to the appropriateness of the correlation method.
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on concept and for this reason facies names reflect this and have avoided the use

of textural and petrographic terminology where possible.

2.8.3a Facies A (calcareous siliciclastites)

Facies A has carbonate contents of <25% and is a siliciclastic-dominated deposit,
or siliciclastite. From the general relationships of Dt and GR these rocks are
texturally the finest grained in the Tikorangi Formation and are grey to olive
brown calcareous siliciclastic mudstones/claystones with a high portion of clay-
sized material. Traces of very fine sand, glauconite, and skeletal material may
occur. Facies A has the lowest bioclast content and the highest matrix and

siliciclastic grain content in the Tikorangi Formation.

2.8.3b Facies B (very calcareous siliciclastites)

Facies B, defined by carbonate values of 25-50%, comprises very calcareous
siliciclastic rocks. Texturally this facies is typically coarser than Facies A, and is
dominated by siltstones and some fine sandstones with reduced matrix and clay
contents, and increased amounts of bioclasts. Samples are moderately to very
calcareous. These predominantly siltstone lithologies are generally olive grey,
hard, argillaceous, and contain abundant disseminated carbonaceous material,
visible skeletal material, traces of pyrite and glauconite, and scattered very fine

quartz and lithic sand grains.

2.8.3c¢ Facies C (muddy limestones)

Facies C samples have a carbonate content of 50-75%. They are impure, muddy,
light grey to olive grey, firm to hard, limestones. Facies C rocks typically contain a
variable mix of siliciclastic material, commonly fine quartz and lithic sand, and
traces of glauconite and pyrite. Skeletal material dominates these rocks and is
generally both fine grained and fragmented. Interparticle spaces are filled by

muddy matrix and less common sparry cement.

2.8.3d Facies D (sparry limestones)

Facies D comprises relatively clean (i.e., less muddy), generally off-white to
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Table 2.2 The abundance distribution of carbonate-based facies A to D in the Tikorangi Formation at each study well. Stratigraphic data compiled from
Well Completion Reports for individual wells (see Section 2.2). mAH = metres along hole. TVSS = true vertical sub sea. TST = True stratigraphic
thickness. * denotes well did not reach sufficient depth to confirm base of Tikorangi Formation. TD = total depth reached in well during drilling.

Maui-1 Toko-1 Ngaere-2 Waihapa-4 Waihapa-6 Waihapa-2 Waihapa-5 Hu Rd-1
STRATIGRAPHIC DATA
Tikorangi Formation top (mAH) 2510 2929 2861 2794 3012 2902 2994 3035
Tikorangi Formation top (mTVSS) ? 2772 2611 2567 2781 2655 2743 2782
Tikorangi Formation base (mAH) 2629 3227 3133 3051 3202 3094 3194 *3350TD
Tikorangi Formation base (mTVSS ? 2941 2836 2823 2968 2846 2943 ?
Thickness (mAH) 119 298 272 256 190 192 200 *315
Thickness (mTST) ? 298 227 257 153 168 199 ?
Suggested limestone top (mAH) 2482 2982 2854 2802 3008 2888 2986 3035
Suggested limestone base (mAH) 2627 3217 3132 3050 3193 3072 3196 3295
Suggested total thickness (mAH) 145 235 278 248 185 184 210 260
FACIES
Facies A
Thickness (mAH) 28 58 6 53 16 28 30 51
% Total thickness 19 25 2 21 9 15 14 20
Range thickness (mAH) 2-8 <2-14 <2 2-20 2-4 <2-20 <2-16 2-14
Facies B
Thickness (mAH) 117 54 36 79 40 55 64 63
% Total thickness 81 23 13 32 22 30 30 24
Range thickness (mAH) 1-37 <2-8 <2-4 2-22 <2-11 2-14 <2-10 2-18
Facies C
Thickness (mAH) 0 54 113 96 40 53 88 94
% Total thickness 0 23 41 39 22 29 42 36
Range thickness (mAH) - <2-14 <2-28 2-16 <2-6 <2-11 2-14 2-14
Facies D
Thickness (mAH) 0 69 123 20 12 48 28 52
% Total thickness 0 29 44 8 6 26 13 20
Range thickness (mAH) - 2-20 <2-21 3-6 <2-5 <2-10 2-9 2-25




medium to light grey limestones whose carbonate contents are >75%. These
limestones are usually very dense, hard, and finely crystalline, with high bioclast
contents. They are commonly associated with increased amounts of spar cement,

and generally have low matrix and siliciclastic contents.

2.8.4 Carbonate facies distribution

Appendix 2.9 documents the distribution of the various carbonate facies within the
individual wells. By way of example, Fig. 2.8 shows the complete
lithostratigraphy for a single well, Ngaere-2, plotted against well depth in m AH,
along with revised formation boundaries, the geophysical logs used in the
interpretation of the well stratigraphy, core and sample locations, interpretations of
whole rock composition, and delineation of several units discussed in later
sections. Complete stratigraphic interpretations for the other seven wells in this

study are given in Appendix 2.4.

Table 2.2 shows the abundance distribution of each carbonate facies in the
Tikorangi Formation at each well. Based on the distribution of these fac<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>