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ABSTRACT

The latest Eocene and Oligocene was a time of rdapgaeoenvironmental
change in Taranaki Basin, involving a transitioanfr the accumulation of coal
measures and inner shelf deposits to the developroénupper bathyal

environments. Up until the end of the Early Oligoeg(Lower Whaingaroan
Stage) Taranaki Basin had an extensional tectaeting. Marine transgression
culminated in the accumulation of condensed faoieshe Matapo Sandstone
Member of the lower part of the Ngatoro Group. Dgrithe Late Oligocene
(Upper Whaingaroan Stage) Taranaki Basin’s tecteaiting changed to one of
crustal shortening with basement overthrusting wasd into the basin on
Taranaki Fault. The major part of the Ngatoro Grauphickness, including the
Tariki Sandstone Member, Otaraoa Formation, Tikgr&ormation and Taimana
Formation, accumulated in response to this chamggectonic setting.

Various methods of stratigraphic and sedimentoligibaracterisation have been
undertaken to evaluate the stratigraphy of the ®&gatGroup. Wireline log
records have been calibrated through particle gizind carbonate digestion of
well cuttings. A suite of wireline motifs have bedafined for formations and
members of the Ngatoro Group. The integration waither lithological and
paleoenvironmental data sources has helped tor lidfme the Late Eocene —
Oligocene stratigraphy and sedimentary facies dstexn Taranaki Basin margin.

U-Pb geochronology by laser ablation inductivelyugled plasma-mass
spectrometry (LA-ICP-MS) has been used to deterrdetetal ages for over 350
zircons from 13 samples of Late Eocene — Oligosamelstone samples in eastern
Taranaki Basin and correlative onshore North Islands. The spread of ages
(1554 — 102 Ma) and the proportion of ages in paldr age bands integrated
with modal petrography data have aided provenawvatiation. A range of source
rocks contributed to the Late Eocene — Oligocerdingentary units analysed,
mainly the Waipapa Terrane (Early Permian to Lateaskic) as shown by
29%ppf3y zircon ages and the abundance of fine-grainedmsedary rock
fragments observed in samples. The Median Bath@lgh Darran/Median Suite



and Separation Point Suite) is also identified agaificant source, indicated by
Early Triassic to Early Jurassic and Early Cretasé8Pb/*®U zircon ages and
an abundance of quartz in samples. Other minorcssuidentified include
Murihiku and Caples Terranes, Rakaia Sub-terrarek @ossibly the Karamea
Batholith. The Tariki Sandstone and the HauturudStome have the same source,
with the main®**Pb7*®U zircon ages of aggregated samples (124 — 116 Mda a
121 Ma, respectively) consistent with a SeparaBoint Suite/Median Batholith
(124 — 116 Ma) source. Derivation of sediments flatfandmass that existed to
the east and southeast of the Wellington area ba® Inferred for the Late
Eocene — Oligocene units, with subsequent migraifsediments northward into
Taranaki Basin and the Waikato Region (i.e. Te iKGitoup depocentre) via
longshore drift.

New provenance data have been used to revise taodirsy about the

development of eastern Taranaki Basin margin thidbg Late Eocene to earliest
Miocene. Three new paleogeography maps are preséntéhe Runangan (Late
Eocene), Lower Whaingaroan (Early Oligocene) angddpVhaingaroan (early-

mid-Oligocene). New paleogeography interpretatiinstrate a dramatic change
in the basin development between Matapo Sandstaneef Whaingaroan) and

Tariki Sandstone (Upper Whaingaroan) depositiomsstent with an Upper

Whaingaroan age for the start of reverse movemefitamanaki Fault.
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CHAPTER ONE
INTRODUCTION

1.1 OVERVIEW

The character of the Late Eocene — Oligocene ssieesn Taranaki Basin’s
eastern margin reflects a change from a passivaildty extensional phase of
development to an active phase, characterised Ib§t fand fold-related
deformation associated with the formation of the s#alian-Pacific plate
boundary zone through New Zealand. Determiningettaet timing of this change
in basin style and associated sedimentation is ftapb because it has
implications for the types of structures that midpet oil-bearing, and hence for
concepts around exploration plays. Determinatiothefbasin’s paleogeography
is an outcome of better understanding about thee LEEbcene — Oligocene
sedimentary succession in eastern parts of tha.basi

Late Eocene — Oligocene units in Taranaki Basinemtirely in the subsurface
and hence there have been few detailed investigataf them. In terms of

sediment provenance, the conclusion of earliershgations is that the Kapuni
and Moa Groups (i.e. McKee Formation and Turi Fdimm and sandstone units
within the Ngatoro Group (i.e. Otaraoa Formatioikofangi Formation, Taimana
Formation) were derived from granitic terrane (Sem& Morton 1987; Smale

1996). This study presents a reassessment of twemance of these units using
U-Pb geochronology of zircon grains separated frilvam, integrated with

sediment petrography. The study aims to identify $specific source rocks of
selected Late Eocene — Oligocene units in eastaranaki Basin and to improve
information and understanding about the paleogedgrasetting of the eastern
parts of the Basin. Along with subsurface TaranBkisin samples, several
correlative units in the Te Kuiti Group east of daki Fault have also been

included in this analysis.
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1.2 RESEARCH OBJECTIVES
This study has the following research objectives:

1. To undertake an assessment of Late Eocene — Ofigosgbsurface
stratigraphic units in the eastern parts of TararBesin using
geophysical well logs to better define their fa@es lithostratigraphy.

2. To undertake re-assessment of the provenance dfatee Eocene —
Oligocene sediments along the eastern margin dbdka using zircon
U-Pb geochronology integrated with petrography.

3. To develop a paleogeographic synthesis of the &ovolof the eastern
margin of Taranaki Basin.

4. To test a hypothesis that the lower and upper pErthe Ngatoro
Group, which have different stratigraphic and sesfitologic
characteristics, reflecting their accumulation undéferent tectonic

conditions (extension versus shortening).

1.3 METHODS

Geophysical well log data have been obtained fraow@ Minerals, Ministry of
Economic Development (MED) open file petroleum tachl database. Using
major log types, a suite of distinct wireline mstiave been defined for the
subsurface Late Eocene — Oligocene formations/mesmhbeselected exploration
holes along the eastern basin margin. With theynat@n of other lithological and
paleoenvironmental data sources (grain size andonate content wireline log
calibration, well completion reports and biostredghy), the lithostratigraphy and
depositional facies have been defined, forminglthasis for interpretation of the
related depositional paleoenvironments.

From sampled well cuttings and outcrop samplesdorelative units onshore, the
light mineral, heavy mineral and zircon fractiorsvé been separated. The light
and heavy mineral fractions have been analysedogreohically via modal
analysis, revealing the mineral constituent ratasd allowing preliminary
provenance interpretations to be made. Detritalons have been U-Pb dated
using laser ablation inductively coupled plasmasrsgmsectrometry (LA-ICP-MS).
Age data prepared as simple histogram and probaliénsity functions have
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identified the various age peaks. When compareth wie U-Pb zircon age
characteristics and petrography of New Zealand rbasg specific basement

sources for Late Eocene — Oligocene units have inéemed.

The new provenance data for Late Eocene — Oligosabsurface and onshore
units, integrated with depositional facies data exidting paleogeographic maps
(King & Thrasher 1996, Tripathi 2009) have enabhtedv paleogeography maps
to be drawn for the Late Eocene — Oligocene intaaleng the eastern margin of

the basin.

1.4  THESIS STRUCTURE AND FORMAT

The results of this study are presented in thesapters. A brief description of
each chapter is given in the next section.

Chapter 2: Geological Setting

Chapter 2 discusses the geological and structettahg of the basin and its broad
Cretaceous — Cenozoic evolution. It also provide®werview of the underlying
basement geology and an introduction to the LateeB® — Oligocene
sedimentary units in the basin and of correlatimgésuonshore. The chapter also

discusses published ideas on the Paleogene evobiftibe Taranaki Fault Zone.

Chapter 3: Geophysical Well Log Interpretation

Chapter 3 provides an overview of the major logesypsed in geophysical well
log interpretation and their application to facidentification. This chapter also
describes a suite of wireline motifs defined fotd_&ocene — Oligocene eastern
Taranaki Basin margin units and discusses thestateces used and integrated in
determination of the depositional paleoenvironmeBtsed on this information,
defined wireline motifs are interpreted in termstloé existing lithostratigraphy,

depositional facies and environments.
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Chapter 4: Sedimentary Petrography

Chapter 4 includes modal petrography of the ligid beavy mineral fractions in
the Late Eocene — Oligocene subsurface and onghate This chapter also
presents modal abundance of mineral and lithic @mpts in

quartz/feldspar/lithics (QFL) ternary diagrams adi¢ators of provenance and
source rock types. It also includes descriptionghef results of grain size and

carbonate content on calibration of the wirelingslo

Chapter 5: U-Pb Geochronology

Chapter 5 outlines the LA-ICP-MS U-Pb zircon datimghnique used in this
study and the associated data quality considesat@owl issues. It then presents
and discusses data quality and sample charaaterfsti individual samples. This
chapter also presentSPbF3®U age probability density plots prepared for each
sample, concluding by outlining how these plots rhaysed in the interpretation

of sediment provenance.

Chapter 6: Provenance and Paleogeography

Chapter 6 provides an overview of the U-Pb zircge aharacteristics and
lithology of New Zealand basement. The provenarideate Eocene — Oligocene
units is inferred from comparison of the U-Pb agé petrographic characteristics
of samples with the U-Pb ages of zircons and theogephic characteristics of
New Zealand basement terranes. The paleogeograpthe eastern margin of
Taranaki Basin is discussed for five key interdusing accumulation of the Late
Eocene to earliest Miocene successions. This chajste discusses the Paleogene
evolution of Taranaki Fault zone, specifically #ngdence for the timing of the
start of shortening across the fault zone frombdwgn’s stratigraphy.

Chapter 7: Summary and Conclusions

Chapter 7 provides a summary of the major outcoohélsis study. No new data,
interpretations or ideas are introduced in thigtéa

Appendices included at the end of this thesis aontietails about samples,
wireline motif subdivisions in selected wells, aratious laboratory data.
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CHAPTER TWO
GEOLOGICAL SETTING

2.1 INTRODUCTION

Taranaki Basin has evolved since the mid-Cretacéoesk-up of New Zealand
from eastern Gondwanaland. It formed initially as mtra-continental rift
transform during the Late Cretaceous to Paleocernke weafloor spreading was
occurring in the Tasman Sea (83 — 57 Ma). DurirggEbcene — Early Oligocene
the basin’s developed was akin to passive develapméth a mild phase of
extension superimposed. The Neogene developmentheofbasin has been
characterised by active margin deformation andaatad sedimentation (King &
Thrasher 1996).

This chapter presents a literature review of th@aggcal and structural setting of
Taranaki Basin, as well as its broad Cretaceousnre@oic evolution particularly
of its eastern margin. The Late Eocene to eailitgtene subsurface stratigraphy
of the eastern margin is also discussed, incluéigg equivalent units in the
Waikato region (Te Kuiti Group), Taumarunui regigifaumarunui quartz
sandstone) and in the Otaihanga area (OtaihangdeQudf particular interest in
this study is the dramatic change in eastern marggin dynamics that occurred
between the Eocene (passive margin) and Miocerté&vgaconvergent margin)
phases, mainly involving shortening across the AakaFault Zone associated
with development of the Australian — Pacific comgemt plate boundary through
New Zealand. Lastly, alternative existing Late Hece Early Miocene Taranaki
Fault displacement models are discussed.

2.2 GEOLOGICAL AND STRUCTURAL SETTING

Taranaki Basin is predominantly an offshore bagimecing an area of around
100,000 krf, located along the western margin of North IslaNéw Zealand

(Fig. 2.1.A). The eastern margin of the basin lhaditionally been delineated by
the Patea-Tongaporutu-Herangi basement high, wigishmmediately east of the
subsurface Taranaki Fault (King & Thrasher 1998).i®@ western side, Taranaki
Basin passes beyond the present day shelf-slopgimand the boundary is
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arbitrarily defined by latitude 171°E (King & Thizer 1996). At present,
Taranaki Basin lies in a back-arc position behime Taupo Volcanic Zone (TVZ)

and Hikurangi Margin subduction zone (Fig. 2.1.A).
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Figure 2.1. A.Taranaki Basin location m. B. Map of enlarged Taranaki Basin area, illustra
structural provinces of the basin. Note locatiom dngth (~400 km) of Taranaki Fault (red).
Modified from King and Thrasher (1996) and Crowmkfials (2007).
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Taranaki Basin is floored entirely by continentalst with a complex subsurface
morphology. King and Thrasher (1996) structurajinked a broad subdivision of
the basin into the Western Stable Platform (WSRglatively featureless section
of seafloor, encompassing the western region ob#sin, and the Eastern Mobile
Belt (EMB), a structurally complex eastern regidrtlee basin (Fig. 2.1.B). The
EMB includes four main structural parts: North Treaki Graben (Northern
Graben), South Taranaki Graben (Central GrabenjatdaThrust Zone, and
Southern Inversion Zone (Fig. 2.1.B). Pliocenestmiene faults have a
predominant north or northeast strike. The nortlitscstriking Taranaki Fault,
which moved mainly during the Late Oligocene anadéne is identified as one
of the major structural features of the basin (FdL.B). At present, Taranaki
Fault is ~400 km in length and passes northwarth ftdanganui Basin through
Taranaki Peninsula and towards the Northland Bésing & Thrasher 1996).
This fault currently dips eastward (25 — 40°), twersting Murihiku Terrane
basement westward into Taranaki Basin, uplifting hasement surface by about 6
km relative to the basement surface beneath then lmagcession (King &
Thrasher 1996). The western margin of the overthslogk underlies the Herangi
Range in the north and forms the subsurface Pategaporutu High in the south.

2.3 CRETACEOUS - CENOZOIC EVOLUTION OF TARANAKI
BASIN

Five main phases of basin development have begroged by King and Thrasher
(1996). Each phase represents different tectomigraarments, the later ones
associated with the development of the modern Alist-Pacific plate boundary
zone, and each is associated with a particular gfatthe sedimentary fill of the
basin (King & Thrasher 1996). Figure 2.2 shows ldgend for paleogeography

maps presented in this section.

The first phase occurred from the mid — Late Cestas through to the Paleocene.
Following the Early Cretaceous fragmentation ote@msGondwanaland, Tasman
Sea spreading separated the New Zealand subcadntireen Antarctica and
Australia. The oblique Late Cretaceous rifting ewitlin Taranaki Basin would
not normally be expected during the spreading phafseontinental margin
development, and therefore it has been explainedTlmasher (1990) as a
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manifestation of propagation of a major mid-oceadge transform into
neighbouring continental crust, perhaps exploitiag pre-existing terrane
boundary. Figure 2.3 illustrates the Latest Cratasepaleogeographic setting of
the basin (from King & Thrasher 1996). The extensassociated with this phase
caused the formation of a series of relatively $iid&l — 50 km wide and 50 — 150
km long) Sub-basins and half-grabens (i.e. Manid Bakawau Sub-basins),
controlled by north and northeast striking nornmeallfs. Late Cretaceous strata
were deposited in these sub-basins during theimdton (King & Thrasher
1996).

The second phase of basin development occurredgitine Paleocene to Early
Oligocene as Taranaki Basin evolved as a type sdipa margin, characterised by
regional subsidence (King & Thrasher 1996). Figdrd illustrates the Late
Eocene paleogeography. A large northwest facingtlfm@st deepening) marine
embayment formed, bounded by land to the southeastl (Fig. 2.4). From the
Early Paleogene, as regional subsidence and mamimglation continued, this
embayment expanded with resulting southward antivaed onlap and marine
transgression (King & Thrasher 1996). Late EoceBmry Oligocene strata (e.g.
Turi Formation and the Matapo Sandstone Membergwabsequently deposited

with southward depositional onlap.

The third phase of Taranaki Basin development eedurduring the mid-
Oligocene to Early Miocene and involved culminatiohthe passive margin
phase and development of an active-convergent médy@gin setting, associated
with Australian-Pacific plate boundary developm#mbugh New Zealand (King
& Thrasher 1996). Tripathi and Kamp (2008) repdrattby 29 Ma the first
reverse movement across the Taranaki Fault Zone decurred. This
consequently caused large paleogeographic chatgaes e eastern margin of
the basin, with the Taranaki Fault forming a prosnineastern margin to the
basin. A north trending foredeep trough formed ealj to Taranaki Fault (Fig.
2.5), caused by overthrusting on Taranaki fault frtdifault deformation on the
Taranaki Fault Zone to the west (King & ThrasheB@) It is this change in
paleogeography (Eocene embayment to Oligocene depmd controlled
dominantly by the evolving Taranaki Fault Zone tisabf particular interest in
this study. From the Middle Oligocene, renewed ampoid subsidence caused
bathyal environments to develop in the foredeepolighout the later part (Late
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Oligocene) of this interval, mainly calcareous mode and limestone
accumulated in the foredeep (e.g. Otaraoa Formalikkorangi Formation and
Taimana Formation). By the Late Oligocene a contizeslope existed along the
eastern margin of the basin, with its upper enagunto the top of the basement

overthrust.

The fourth phase of basin development occurrednduthe Miocene and is
referred to as the convergent margin phase of &&rdasin, which reflects the
formation of the Australian-Pacific plate boundagne through New Zealand.
Carbonate sedimentation during the Oligocene gawey wo terrigenous
sedimentation (Wai-iti Group) at the Waitakean-@tastage boundary (King &
Thrasher 1996). This change marks the end of thenenransgressive megacycle
and the start of a regressive sedimentary megacgole northwestward
progradation of a shelf-slope sedimentary wedgeltha continued to the present
day. Figure 2.6 from King and Thrasher (1996) illates the Late Miocene
palaeography of the basin. It shows the starbofmvestward progradation of the
modern shelf-slope system that buried the traddefTaranaki Fault. The Tarata
Thrust Zone continued to be active into the Lateddne, and this interval also
included substantial inversion in the southerngafthe basin.

The last (fifth) phase of development occurred myithe Plio-Pleistocene, when
deformation behind the active magmatic arc (Taupmcahic Zone) caused
extension forming the Northern and Central Grab&hss period is characterised
by very high sediment input into the basin cauding continental shelf-slope
system to substantially widen (Fig. 2.7; Hansen&mio 2006).
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24 BASEMENT GEOLOGY

New Zealand basement has Cambrian to Early Crataceges and is of
sedimentary, volcanic and plutonic heritage, withme units exhibiting a
metamorphic overprint (Mortimer 2004). The disttibn of the basement
terranes and their ages are now well understoodrfshore parts of New Zealand,
with many workers contributing to the interpretatand classification of terranes
over the last few decades. Figure 2.8 displayst$ieibution of the terranes and
associated ages. The basement rocks underlyinatieeCretaceous — Cenozoic
sedimentary sequences of the Taranaki Peninsudaharee been assigned to the
Murihiku and Brook Street Terranes and to the Medsatholith. It is possible
that these terranes and others farther afield floanbasin (particularly south of
Taranaki Basin) acted as source rocks for the LEBEbeene — Oligocene
successions observed in the study area. In KingTdmdsher (1996) and Smale
(1996), Separation Point Batholith (Median Bathgliand Karamea Batholith are
interpreted as the dominant source of terrigenaangents for the Oligocene
Ngatoro Group. Brief descriptions of the Murihikerfane, Median Batholith and

Karamea Batholith (and related batholiths) are mivelow.

2.4.1 Murihiku Terrane

The distribution of the Murihiku terrane throughdgw Zealand is shown in Fig.
2.8. It crops out in Southland and as the Kawhiactiye in central-western North
Island. In western North Island, Murihiku basemeraks (Murihiku Supergroup)
mark the eastern boundary of Taranaki Basin forming hanging wall of
Taranaki Fault (King & Thrasher 1996). The eastenit is marked by the north-
south striking Waipa Fault. Murihiku rocks in theestern North Island area are
mainly volcaniclastic sandstone and siltstone deLEriassic to Late Jurassic age
(Briggs et al2004).

2.4.2 Median Batholith

The Median Batholith is a term used to define pistéhat have intruded the
contact between the Takaka Terrane and the BroodetSTerrane (Mortimer
2004). Figure 2.8 displays the distribution of edian Batholith through New
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Zealand, especially in Fiordland, northwest Nelsma extending to the north
offshore of western North Island. Median Batholisha composite cordilleran
batholith, comprising dozens of 1-10 km size galmbgoanitic I-type plutons
with Late Devonian (Riwaka Complex) to Early Cretags (Separation Point
Suite) ages (Muir et a1996; Mortimer 2004).
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2.4.3 Karamea, Paparoa and Hohonu Batholiths

The Karamea, Paparoa and Hohonu Batholiths ocauwrithwestern South Island
lying within the Buller Terrane (metamorphosedcsilastic basement) (Fig. 2.8).
The Karamea, Paparoa and Hohonu batholiths aregmhite dominated
(Mortimer 2004). The Karamea Batholith has middlé_ate Devonian (~375 Ma)
U-Pb zircon ages (Muir et .al996), the Windy Point Granite of the Paparoa
Batholith has mostly Carboniferous U-Pb zircon a¢€328 Ma) (Muir et al
1994) and the Hohonu Batholith has middle to Lagxdhian (Summit Granite)
to Late Cretaceous (French Creek Granite) agesgiwat al 1997).

2.5 TARANAKI BASIN SUBSURFACE STRATIGRAPHY

Many workers have analysed Taranaki Basin’s stiagpigy, however in the most
comprehensive synthesis appeared in the monogrgpKilg and Thrasher
(1996). Taranaki Basin has a Cretaceous — Cencaudanentary fill that is
mainly subsurface, with much of the information éasurced from geophysical
well logs from about 350 exploration wells drillddring the last 50 years (Crown
Minerals 2007), and over 20,000 km of seismic otiten profile data (King &
Thrasher 1996). Figure 2.9 displays the CretaceeuSenozoic stratigraphic
framework of Taranaki Basin. The lithostratigra@nd distribution of subsurface
units are related to the tectonic development afaiaki Basin, with the five
stages of basin development described in Sect®mstbwn on the figure. At the
broadest level the Cretaceous — Cenozoic sedimemnémord is considered a
major depositional cycle, with a transgressive phédiging the Late Cretaceous to
Early Miocene, followed by a regressive phase ihaingoing to the present day.
In this study the Late Eocene — Oligocene sedimgstizccession in the Taranaki
Peninsula area is of particular interest, spanttiegchange from passive margin
development with renewed extension to active mardonvergence)
development. The Late Eocene — Oligocene successaascribed in more detail
in the following section, together with brief dagtion of the underlying (Eocene
Kapuni Group) and overlying (Miocene Wai-iti Grougtyata. For more detailed
lithostratigraphic descriptions the readers areerrel to King and Thrasher
(1996).
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2.5.1 Kapuni Group

The Kapuni Group represents terrestrial and inteted marginal marine strata of
Paleocene to Eocene age. In this study MangaheddviaiKee Formation are
observed to underlie Moa and Ngatoro Group stiEte. Mangahewa Formation
is a terrestrial dominated formation, consistingcofal measures, interbedded
sandstone, siltstone and mudstone. It is at itkélst in the Taranaki Peninsula
area representing all terrestrial and marginal mealithofacies of middle to Late
Eocene age (excluding McKee Formation) (Fig. ZT®e McKee Formation is a
guartzose, fine to coarse grained carbonaceouswitfitan interpreted inner shelf
to coastal depositional setting, probably a traesgjve shoreface or barrier bar
complex (Palmer 1985; King & Thrasher 1996). The Kde Formation is
restricted to the Taranaki Peninsula area and HRgnangan (Late Eocene) age
(Fig. 2.9; King & Thrasher 1996).

2.5.2 Moa Group

The Moa Group represents an entirely marine suicesd Paleocene to latest
Eocene age. Figure 2.9 shows the age and latstabdtion of the Moa Group,
with the group distributed mostly in the west andthwest of Taranaki Basin.

2.5.2.1 Turi Formation

The Turi Formation is mainly a non calcareous, cadzeous, marine mudstone
with minor sandstone interbeds, trace lithics, teyrand glauconite (King &
Thrasher 1996). The deposition of Turi Formationrkeaa change from non-
marine and marine depositional environments witltlsoard depositional onlap,
reflecting the basin-wide and ongoing marine traesgjon. Although the Turi
Formation is recorded in the west and northweStaranaki Basin to have Early
Paleogene ages (Fig. 2.9), in the Taranaki Pernastda, Turi Formation is of
Late Eocene and possibly earliest Oligocene agee Tari Formation was
deposited in an Eocene embayment, with the thiclestumulation in the
northeast of the basin (over 800 m intersected uni-TI), reflecting north to
northwest deepening (King & Thrasher 1996). Thaatmm in Turi Formation
thickness through the basin possibly supports @noat the marine/non-marine
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interface, also accounting for the complete absefddécKee Formation and Turi
formation in some areas (Carter etl&l87a).

2.5.3 Ngatoro Group

The Ngatoro Group represents generally calcarentlsrof Oligocene — earliest
Miocene age in Taranaki Basin, reflecting depositio a moderately starved
basin setting, although considerable volumes oinseat still accumulated. The
Ngatoro Group succession is thickest in a fored@epgh along the eastern
margin of the basin, particularly in the centrafrdraki Peninsula area (King &
Thrasher 1996).

2.5.3.10taraoa Formation
Matapo Sandstone Member

Matapo Sandstone is a very condensed unit, tygi&atb 20 m thick, located at
the base of Otaraoa Formation. It is typically reefto coarse grained, partly to
highly calcareous, highly glauconitic sandstoné@iver Whaingaroan age (King
& Thrasher 1996). The accumulation of Matapo Samgst represents
submergence of the basin in the Taranaki Peninatda to outer shelf depths
(King & Thrasher 1996). Matapo Sandstone repressotghward migration of
facies as part of what appears to be a normal earamsgression.

Otaraoa Formation

Otaraoa Formation represents a sequence of calasglbstone and sandstone.
The Otaraoantra Member is a term used to define Otaraoa Formahahoccurs
between the base of the formation and the TarikidSeane Member (King &
Thrasher 1996). Otaraoa Formation is thicker th@@ in everywhere in the
eastern margin of the basin and is at its thickeste central Taranaki Peninsula
area where it exceeds 1000 m, with progressivaitingnto the south and west.
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Tariki Sandstone Member

The Tariki Sandstone Member of de Bock et(&990) is comprised mainly of
stacked clean sandstone interbedded with calcammodstone. In de Bock et.al
(1990), this sequence is interpreted as a seristaoked turbidites with an Upper
Whaingaroan age. This member is only observed dlo@geastern margin of the
basin in the Taranaki Peninsula area (Fig. 2. Qumeclating within the rapidly
subsiding Oligocene foredeep trough at bathyaltdepihe packets of turbidites
within the Tariki Sandstone reflect different stagef accumulation of a
submarine fan. The sediment forming the member clesly derived from the
direction of the Patea-Tongaporutu High although ¢skdiment may have been
worked along a shoreline from a more distant solmefere being captured by
shelf channels and redeposited down a slope. Adiindiariki Sandstone may lie
in close stratigraphic proximity to the Matapo Sstnde, these units accumulated

in completely different environments.

2.5.3.2Tikorangi Formation

The Tikorangi Formation is a limestone intervalttbacurs in various parts of
eastern Taranaki Basin. The formation is of loweaitdkian age and was
deposited on a west-facing slope (Hood et al. 2008orangi Formation is

mainly comprised of crypto to finely crystalline agmstone, alternating with
interbeds of packstone, wackestone, sandy limestoamleareous siltstone and
marl (King & Thrasher 1996). To the west of Tarar@kninsula, age equivalent
foraminiferal carbonate (marly) sediments were dépd at bathyal depths (King
& Thrasher 1996).

2.5.3.3Taimana Formation

The Taimana Formation is comprised of a calcareousistone between
Tikorangi Formation and the terrigenous Wai-iti Gpo The Taimana Formation
has a similar lithology to the Otaraoa Formatiod @m places where Tikorangi
Formation is absent, Otaraoa Formation and Taimaoemation are often
indistinguishable (King & Thrasher 1996). TaimanarrRation is mainly a
calcareous siltstone interval with fine sandstarterbeds. In the eastern margin
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of the basin, Taimana Formation has a lower Watakio upper Waitakian-
Otaian age. In the west of the basin (distal aréa)mana Formation gets as
young as Altonian to Clifdenian (King & Thrasher9s).

2.5.4 Wai-iti Group

The Wai-iti Group incorporates most of the Miocesgccession in Taranaki
Basin, dominantly a regressive, terrigenous suaes$n this study, the basin
floor mudstone and siltstone of Manganui Formatwerlie calcareous sediments
of the Ngatoro Group. The thick (2000 — 3000 m) d&4ioe Wai-iti Group
succession observed along the eastern margin diasia progressively thins to
the west and northwest. Following the initial fith of the Oligocene foredeep,
northwestward progradation of a shelf-slope mangiaurred. (King & Thrasher
1996; Hansen & Kamp 2006).

2.6 ONSHORE NORTH ISLAND AGE EQUIVALENT UNITS

The Late Eocene — Oligocene units in Taranaki Baiascribed above are
correlatives of the Te Kuiti Group exposed in thaik#ito area to the east of the
Herangi High. Some of the sandstones units in tbeKtiti Group and other
North Island correlatives have also been examipettrggraphically, Chapter 4)
in this study and U-Pb geochronology undertakemupicons (Chapter 5) from
them to help constrain Late Eocene — Oligoceneogalegraphic interpretations
(Chapter 6). For sampling locations and informatdiout onshore North Island

correlative units see Appendix |.

2.6.1 Te Kuiti Group lithostratigraphy, age and pakoenvironments

The Te Kuiti Group represents a succession domidnayecalcareous sandstone,
siltstone and limestone that outcrop discontinuptsthe east (upthrown side) of
Taranaki Fault, in central-western North IslandisTiixed carbonate-siliciclastic
succession is equivalent to Moa Group and the Niga&woup in Taranaki Basin.
The marine onlap evident in Taranaki Basin alsecéd the Te Kuiti Group
basin with a well known transition from terrestr@al measures (Waikato Coal
Measures) through to shelfal and upper slope liomest marl and terrigenous
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lithologies. Figure 2.10 displays a revised litmasgraphy and chronostratigraphy
for the Te Kuiti Group (Tripathi & Kamp 2008). Theodel presented in Figure
2.10 illustrates the stratigraphic evolution of @e Kuiti Group in relation to the

various stages of movement on the Taranaki Fauodt i@discussed in more detail
in Section 2.5. At the broadest level, the Te K@Gtoup is subdivided into two

subgroups, the basal Okoko Subgroup and overlyiastl€ Craig Subgroup. A

prominent unconformity marks the change from themidantly mixed carbonate-

siliciclastic sediments of the Okoko Subgroup te tbarbonate dominated
sediments of the Castle Craig Subgroup (Tripatkiadnp 2008).

The Glen Massey Formation is comprised of three begs) a lower flaggy
limestone (Elgood Limestone Member), overlying asdous siltstone (Dunphail
Siltstone Member) and calcareous sandstone (Alsiendstone Member) (Kear
& Schofield 1959; White & Waterhouse 1993). The rahi Sandstone Member
has been sampled and analysed in this study. Gess@&y Formation as observed
in outcrop has a Lower Whaingaroan (Early Oligo¢eage and was deposited in
inner to outer shelf environments (Tripathi 2009he Aotea Formation is
subdivided into five members, a basal carbonatégega¢Waimai Limestone
Member), a fine to medium sandstone with varyingoamts of carbonate
(Hauturu Sandstone Member, which is sampled in #higly), a massive to
crudely bedded fine muddy sandstone (Kihi Sandskdember), and a calcareous
sandstone with thin siltstone interbeds (Mangithd&tone Member) that grades
upward into a massive siltstone (Patikirau Siltstdvember) (Tripathi 2009).
Aotea Formation sediments have an Upper Whaingam®&untroonian age and
were deposited in shelf to upper bathyal water ldepKear & Schofield 1959;
Tripathi 2009).

2.6.2 Pungapunga Formation (Taumarunui quartz sandsne)

The Pungapunga Formation was used by Cartwrighfd3R@ define Te Kuiti
Group rocks observed in the central-eastern pétteeding Country, where they
overlie basement (Waipapa Terrane). Because th#zgicasandstone at the base
of the Pungapunga Formation was sampled from them@esunui area, it is
informally referred to in this thesis as Taumaruquiartz sandstone member. This
sandstone unit ranges from poorly to well sorted @na medium to coarse

sandstone which becomes glauconitic and calcareausts upper parts

Geological setting 21



44

om} Jeideyd

EH TARANAKI BASIN
INT Nz STAGE| 23 MOKAU-1 pLUTO1  SCHEMATIC GROSS SECTIONS TARANAKI GROUP TE KUITI DEPOCENTRE Cross- TE KUITI GROUP
Ma o% EASTERN MARGIN SUBGROUP / et
EPOCH|VA|/AGES &5 | schematic evoLution | W BASIN EASTERN MARGIN EVOLUTION E [Sunckoves S SCHEMATIC EVOLUTION sec No LEGEND
20 o — a " Upper Mahoenui Gp @ < & = — = & —
v TAMANAFM ~ ~ N £3g
- - P 1000 = LUO
Bl leo | |- /» it
© N - 8 \ 2000 g0
% % =21.7- - — \ 3000 ==
-~ . o -+ . =
S |22 — -
2z L e hmm o~ mEm | o] -
r|< <__ TIKORANGIFM 2 i} |:| Piopio Lst
5 e j:> ﬁﬂm ] 1000 8 <«
Lw e o 2000 (O] %
R % % ;‘? |:|Waitanguru Lst
24 AT R — o J— TK-6 sequence %] s glF
N e » = ols 5 Pakeho Lst
I | toeo =z Carter Zst
TIKORANGI FM lﬂnﬂﬂi// o < 5 |:|
— - basinal / 20004 —
c 252 ( f)ﬂﬁw / of = _TeAnga Lst
© 26 // o _ = TK-6 unconformity @ H [ 0 L |:|Raglan Lst
= L/ e = |= T | Manoiti Sst
B d || e o/ - | N ol £ ngtisst |
&) (ON I /L — e i (& Mangaotaki Lst
o &/ 2000 e x ]
_ I o it / e .
w 27.3 [e) TK-5 sequence @ Waimai Lst Kihi Sst
=z '<_t 01 i = |9 | .
w 28 o - e 5E |« Mangiti Sst
O upper zZ 1000 P b3 [= = |:|Hauturu Sst
8 B Wik 00 T o Patikirau Zst
M i Fault |
= o B - anga?Li a1k unconformity @ ég o] IIIA Lt Waikorea
. = waroa Ls Sst
o wa - - ‘ E z3EfF )
3oy Lwh- . | omracarm. [ - T Kotuku Zst
c & — ] e =L y o
8 B / - . & : ) |:|Ahirau Sst Ngapaenga
) / o . TK-4 sequence @ % . . Zst
o - - : 01 - - - e, —
= ! . o e s | ~ s & / [ @ )
o 1 — | oo i |x » N o Dunphail Zst
| ’ i = 7 R
32 U R P - |3|¢ -
G
lower [iaitn | s P TK-4 unconformity @ 8 |:| Elgood Lst
~ - " — ' 09 5 = = Q
& / 1000 S \ e e % ig
[} : G :
Matapo Sst Mbr | e ) E w (ZD S5s <
34 \HWH/ 2000 Z5E -
G -
% =343 = ~nnd TK-2 & 3 sequence @ Q 22X .
P = - -0 . o - . R
Ols - 1000 x|Z ¢ o - ///
Ole Ar - _ — ] [e] ém ,E / — L/ //
L _8 o ~| 20004 8DC _
(0] TURI FM Taranaki Fault Non d it 2 )l
W8 l36-36.0- 5 | - - b _n oo 8 _ - -
<o Ak |8 <= _
| s 1000 2 o/
—37.0- 2000 % @

(€002 WybumuED)

JUSWIUOIIAUS [eIAN]) Jd parse0d e ul palisodap alam pue ‘afe ueoseBureymn

Figure 2.10.Late Eocene — Early Miocene displacement modeT&oanaki Fault Zone with comparative chronostragpduic panels for the Te Kuiti Group and

Taranaki Basin. From Tripathi and Kamp (2008).

Jamo e aney AjayI| sipasuauolispues zienb inunsewne] (£00z Wybumue))



2.6.3 Otaihanga Outlier

The Late Eocene — Oligocene aged Otaihanga Ouwtleithe oldest cover rock
succession exposed in Wanganui Basin, and occutiseast of Wellington, near
Paraparaumu, were they are exposed as a sma#roagiainst basement (King &
Thrasher 1996, after Grant-Taylor & Williams 1977This small outcrop area
represents a remnant of what was once probably exdemsive Oligocene cover.
A guartz sandstone sample obtained from the ba#gedfuccession is referred to
as the Otaihanga Ouitlier in this thesis. This qusahdstone crops out in a quarry
as a 8 m-thick, bed with limonite stained grit (§i& Thrasher 1996). The quartz
sandstone is overlain by a glauconitic muddy samgéstp to 60 m thick, that is
thought to have a Whaingaroan age (early to Latigo®©¢ne). The quartz
sandstone may be Late Eocene or Early Oligocenagen The depositional
environment of the quartz sandstone is not clear msay have accumulated in a
fluvial or marginal marine depositional environm@ring & Thrasher 1996, after
Grant-Taylor & Williams 1977). In King and Thrashét996) this facies is
regarded as a possible lateral equivalent of th&keédcFormation, with the
overlying glauconitic muddy sandstone being of ged.ower Whaingaroan age
and a correlative of the Matapo Sandstone Memb&aranaki Basin.

2.7 PALEOGENE TARANAKI FAULT DISPLACEMENT

As mentioned in Section 2.3, Taranaki Basin evoldedng the late Paleogene in
different tectonic regimes. During the Late Eocand Early Oligocene there was
crustal extensional regime with possible normapldisement on Taranaki Fault
and related faults in the southern part of therbakhis represented the northern
end of a zone of continental extension in soutiaw Zealand that was co-linear
with sea floor spreading in the Emerald Basin (Kamp 1986; King 2000). From
about 29 Ma, according to Tripathi and Kamp (2008ranaki Fault started to
accommodate crustal shortening, which led, mainlyingy the Early Miocene
(Otaian), to overthrusting of Murihiku Terrane basmt into the eastern margin
of the basin. Stagpoole and Nicol (2008) have aheediming for the start of
shortening across Taranaki Basin in the peninsuga, avhich they place at about
40 Ma (Middle Eocene).
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Tripathi and Kamp (2008) base their evidence fanid-Oligocene initiation of
reverse displacement on Taranaki Fault is basedinterpretation of the
lithostratigraphy and sequence stratigraphy oflthee Eocene — Oligocene Te
Kuiti Group succession that crops out in the Waikahd King Country regions,
and they have drawn a useful series of cross-secto scale to show how the
displacement on Taranaki Fault changed from norioateverse (Fig. 2.10).
Comparative chronostratigraphic panels, one foranaki Basin succession and
the other for the Te Kuiti Group succession ar® asplayed in Figure 2.10,
showing how accumulation of particular formationsl anembers relate to the
timing and magniture of displacement. In this modeverse displacement across
the Taranaki Fault Zone started at c. 29 Ma (UMibaingaroan), but there was
minimal actual horizontal displacement at thatyeatage. This was followed by
episodic cycles of uplift and subsidence of thegianwall during the Oligocene
associated with 1 to a few km of horizontal dispfaent across the Taranaki
Fault Zone (Tripathi & Kamp 2008). The majority bbrizontal displacement
(overthrusting) is considered to have occurredmdutihe Otaian (Early Miocene).
Tripathi and Kamp’s 2008 model usefully shows clatien of Taranaki Basin
units with those of the Te Kuiti Group (Fig. 2.18)ew geological data presented
in this thesis for the eastern margin of TaranadsiB tests this model.
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CHAPTER THREE

GEOPHY3 CAL WELL LOG
INTERPRETATION

3.1 INTRODUCTION

Geophysical well logs (or more commonly wirelinegdd are a continuous
recording of sophisticated geophysical parametdrsuta the character and
composition of formations measured and plotted resgadepth along a borehole
(Rider 1986). Wireline logs are important interpretdatasets, used for studying
subsurface rocks and for enabling subsurface etivak between well sections.
In particular, wireline logging is used in petrategeology to analyse and define
subsurface stratigraphy, as an alternative tonguitore samples, which is very
expensive, and as an important means of evaluatatigcutting samples (Kearey
& Brooks 1991). The geophysical data obtained framreline logs can be

interpreted in terms of geological parameters, amambined with calibration

against well cuttings, wireline log interpretatioan result in precise definition of
formation characteristics such as thickness, ligp| porosity, permeability and
stratal dip (Asquith 1982; Rider 1986; Kearey & Bks 1991).

Because of the entirely subsurface nature of thhe Eacene — Oligocene units in
Taranaki Basin, most of the available lithostraic information is gained
through interpretation of geophysical data. Thigpthr outlines and discusses the
identification and interpretation of geophysicallieg patterns through the Late
Eocene — Oligocene section of selected wells aldaganaki Basin's eastern
margin, particularly around Taranaki Peninsula.ngsgeophysical wireline log
characteristics calibrated against geological dgsens from well completion
reports and samples obtained from well cuttingsuige of wireline motifs has
been described. Integration of wireline log datahwother lithological and
paleoenvironmental data sources has formed thes Hasi interpretation of
depositional paleoenvironments for the Late Eoaamd Oligocene sediments in
Taranaki basin. Understanding the distribution andurrence of Late Eocene —
Oligocene sandstones through the eastern margithefbasin using these
geophysical well logs has also been an importanteidor U-Pb geochronology
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and provenance interpretations to assist undensigquadout the paleogeographic
development of the basin (Chapters 5 & 6).

3.2 WELL LOG TYPES

An extensive suite of physical and geophysical petars can potentially be
measured during well logging, including measurenodisippontaneous phenomena
and induced reactions. In some cases up to 100hgsiocpl parameters can be
measured simultaneously during logging. Many o$¢hearameters are of interest
to geoscientists for geological interpretationsjlevbther parameters are also of
interest to engineers and drilling operators. Fewlggical interpretation however
there are a select few log types routinely usedoimunction with each other for
comparison and interpretation of geological infotiora These include gamma-
ray (GR) log, calliper (CALI) log, resistivity (RB3ogs, sonic velocity (DT) log
and spontaneous potential (SP) log, as summansé&dble 3.1 and discussed in
more detail in the following section.

Table 3.1Main log types, properties measured, and geological &sem Cant (1992).

Units

Log

Property Measured

Geological uses

Gamma-ray

Caliper

Resistivity

Sonic

Spontaneous potential

Farmations natural radioactivity, AR
related to decaying K, Th and U

Diameter of bore hole Centimetres

Formations resistive propertiesto an Ohrm-metre
applied current

“elocity of a compressional sound  Microsecond simetre

Wave

Matural electrical potential Mfillivalts

(campared to drilling mud)

Lithalogy proxy (shaliness),
correlation, curie shape
analysis

Evaluation of hole conditions
and reliability of ather logs

Fluid analysis and suggesting
porosity

Identification of porous zones
and tightly cemented zones

Lithology (in some cases),
carrelation, curve shape
analysig, identification of
porous zones
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3.2.1 Gamma-ray log

The GR log provides a record of the natural radigdyg (gamma emissions),
induced by the decay of uranium, thorium and patassn a formation. Most
rocks show some degree of natural radioactivity sldles have by far the
strongest emission of radioactivity because theradly occurring isotopes bond
more effectively to fine grained sediments, paftédy clay minerals (Rider 1986;
Cant 1992). Although the GR log is not directly undtion of grain size, the
ability of this log type to identify fine grained shale rich formations (high GR)
allows it to be used to distinguish between ‘dirithologies such as shale and
cleaner (clay-free) lithologies such as sandstamé lanestone (Fig. 3.1; Cant
1992). Hence the GR log is often used as a proxgtain size or as a shaliness
indicator, where an increase or decrease in a GPRorse reflects a decrease
(increase in clay content) or increase (decreaselap content) in grain size
respectively. While the relationship between GRugahnd shale volume/grain
size is complicated, in detrital sediments the @B provides a reliable first
indicator of lithology and grain size trends sgedphically, which should be
confirmed by other logs (Cant 1992). The GR lothes principal log used in this
study to define wireline motifs, interpret lithop@nd to correlate units between

wells/holes.

3.2.2 Calliper log

The CALI log provides a vertical recording of wbtire hole diameter with depth,
showing a formations mechanical response to dyil{Rider 1986). Hole size and
shape changes while drilling due to erosion bydineulating drilling mud and
from mud infiltration or caking. If a measured hadehe same size as the drill bit
(on-gauge), this suggests the formation is coheaadthard. Holes smaller than
the drill bit (over-gauge) are typical of permeabéds such as sandstone, where
the infiltration of drilling mud causes caking onetborehole walls decreasing
borehole diameter (Fig. 3.1; Rider 1986). Holeshwihuch larger calliper
measurements than the drill bit occur where parthef formation has been
‘washed out’ or eroded by the drilling mud. Thistygpical of unconsolidated
material and shales (Fig. 3.1). Calliper logs aneiraportant indicator of the
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reliability of other logs, as caving or ‘washoutsin create zones of poor data
guality on other logs, particularly GR logs (Rid&86; Cant 1992).
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= Zn

Upwards- [
finin

Figure 3.1. Some typical responses of major log types to changbasic lithology. Adapted fro
Rider (1986).

3.2.3 Resistivity log

Resistivity logs (RES) are a type of electrical,lpgoviding a measurement of a
formation’s resistivity to an applied electricalreent (Doveton 1994). Different
resistivity tools allow measurements at differeatl besolution, from anywhere
between the vicinity of the borehole wall, to d€&p- 3m) within the uninvaded
(not infiltrated by drilling mud) formation. Microesistivity tools are depth
limited, targeting the immediate vicinity of the rbbole, providing bedding
characteristic resolution (Rider 1986). Shallowglig) investigating tools target
the resistivity of the invaded (infiltrated by dinlg mud) zone, providing coarser
resolution, the right scale for bed-boundary intimes (Rider 1986). The deeper
(induction) investigating tools target the resigyivof the uninvaded formation,

with coarser resolution than laterlog measuremeXitaough the induction logs

28 Chapter three



give poor bedding resolution, the ‘averaging’ oé thedding effects makes this
log a good gross formation character indicator éRIB86). The major resistivity
log types encountered in this study include thepdi¢erolog (LLD), shallow
laterolog (LLS), deep induction log (ILD) and miespherically focused log
(MSFL). These resistivity log types are used injeoction with each other.

Resistivity logs are used for evaluating fluids hat formations and in the
petroleum industry are primarily used for the deiieation of hydrocarbon versus
water bearing zones (Asquith 1982). Resistivityslbigwever also have the ability
to indicate porosity and to a lesser extent inéidahology. As hydrocarbons,
freshwater and most grains and minerals makinghapratrix of a rock are non-
conductive, resistive properties are almost entiaeflunction of porewater salinity
and the cation exchange capacity of clay minefldisis as clay content decreases
or grain size increases, resistivity could be etgubcto decrease, causing
resistivity logs to typically mirror (oppose) GRetds, as illustrated in Fig. 3.1.
Deep induction logs may provide a good lithologgi@ator, with increasing
resistivity suggesting decreasing clay content éRID36).

3.2.4 Sonic log

The DT log provides a measurement of the transié tof a compressional sound
wave through a formation (Rider 1986). An interix@b-way travel time (twt) is
primarily dependent on lithology, matrix materialdaporosity. Sonic logs cannot
be used directly as an indication of lithology asnenon rock types do not show
diagnostic velocities. However, faster velocities eecorded in ‘higher velocity’
materials such as tightly cemented sandstone andomate, while medium
velocities are typically associated with sand ahdles and lower velocities are
typical of shale (Fig. 3.1; Cant 1992; Rider 198@yveton 1994). Rider (1986)
indicates that formation velocities for particukarizons are very typical between
wells within a given area, suggesting sonic logsy @ useful in regional
correlation. The most common use of sonic logs vewes in the calibration of
seismic lines and the calculation of a formatigrososity, possible if lithology or

the transit time for a formation’s matrix is kno{Rider 1986).
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3.2.5 Spontaneous potential log

The SP log provides a measure of natural electpcdéntials that occur in
boreholes, often termed the battery effect, whele tdifferences In
electrochemical factors between drilling mud (usudatesh water) and a
formations porewater (usually saline water) prodeieetrical currents, causing a
deflection observed on SP logs (Sheriff 1989; Donett994). Primarily this log is
used to identify impermeable zones such as shasisgermeable zones such as
sand (Asquith 1982). The SP log is not consideregb@d lithology indicator,
although shale typically possesses a relativeljufetess and positively deflected
SP curve, while permeable zones such as sandsallypghow a negatively
deflected SP curve (Fig. 3.1). In a sequence ofl sand shale, a ‘shale line’ is
commonly drawn through the anomaly maxima and adskne’ through the
anomaly minima, allowing sand to shale ratios tc#eulated (Fig. 3.1; Asquith
1982; Rider 1986; Doveton 1994). Although SP lod besolution is poor, sharp
deflections in SP log can be interpreted as pertaeladd boundaries, making
shale to sand boundary identification one of thedamental uses of this logging
tool (Kearey & Brooks 1991).

3.3 DATA ACQUISITION AND RESOLUTION

Using the Crown Minerals Group, Ministry of Econantbevelopment (MED)
open file petroleum technical database, a suiteLAS format (basic log
distribution format) geophysical wireline log exption well data were obtained
for fifteen wells/holes along the eastern margimafanaki Basin, from Turi-1 in
the north to Toko-1 in the south (Fig. 3.2). Thiee@n wells that were used in
analysis had complete Late Eocene — Oligoceneosscaind were selected on the
basis of their close proximity to Taranaki Peniasaihd Taranaki Fault.

Wireline logs can supply very fine resolution datath major log parameters
measured at 0.005 — 0.015 m intervals. The datdablea for each bore hole
consisted of up to 100 log types plotted againgdtideand all information
regarding hole drilling. Using geophysical log safte WellCAD", LAS log
data were viewed, particular logs of interest (&RLI, RES, DT & SP) were
displayed and certain target depths were thenteelend edited for analysis. The
availability of major log types through the fifteerells analysed are summarised

30 Chapter three



in Table 3.2. For most wells, the majority of tlog types of interest (GR, CALI,
DT, SP) were available in complete sections spanrime Late Eocene —
Oligocene interval. However, as noted in Table & 2pmplete set of resistivity
logs was often not available.

173°0E 173°30'E 174°30'E
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Turi-1-¢-

Awakino-1

Mokau-1-C>

Pohokura-1

L
173°0E 173°30E 174°0E 174°30'E 175°0E

Figure 3.2. Map illustrating the location of the fifteen wellselected for wireline mot
characterisation and interpretation. Note TaraRakilt in red.
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Table 3.2The availability of major log types for selectedliwaised in analysis. Complete &
incomplete logs for the Late Eocene — Oligocenerepeesented by blue checks or green checks,
respectively.
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Tariki-1 \/ \/
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Toetoe-1 \/ \/
Toko-1

Totara-1 \/ \/
Turi-1

3.4  WIRELINE FACIES IDENTIFICATION

The definition and interpretation of subsurfacadaaising wireline log data alone
is relatively imprecise and generalised, especiaitiiout the use of cores, such as
in this study, which would otherwise allow tradital facies analysis (Cant 1992).
A common approach to subsurface facies analyss isse the shape of well-log
curves (geometric appearance) to interpret depaositifacies, where distinctive
log shapes, trends and shifts may reflect subtlaboupt changes in lithology,
suggesting differing depositional environmentsamids changes. Characterisation
and classification may be made from a number ofofacincluding log trend
(decreasing upwards, increasing upwards, stable anelgular), curve
characteristics (smooth or serrated) and lowerwgmeer contact nature (abrupt or
gradational) (Fig. 3.3; Rider 1986). The relatiapsbetween different log types
may also be used to help interpret the data, famge, viewing GR and DT logs
together is a method used to reveal vertical logepas, as these two logs
commonly mirror (oppose) each other (Cant 1992yuie 3.4 illustrates the
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common vertical log patterns used in classificatona gamma-ray log, with
cylindrical, funnel shaped, bell shaped, symmelriaad irregular patterns
evident. The scale of these well-log curve pattenay vary significantly, from a

few metres to several hundred metres.

log trend curve characteristics| contact nature

decreasing increasing
upwards upwards

\/

stable complex smooth serrated gradational  abrupt

Figure 3.3. Terms used for wireline log characterisation arabsification, including log trend
curve characteristics and contact nature.

Cylindrical Funnel shaped Bell shaped Symmetrical Irregular
clean, no trend abrupt top, abrupt base, rounded base mixed clean and
coarsening upwards fining upwards an top shaly, no trend
0 150 0 150 0 150 0 150 0 150

Figure 3.4.The most common idealised GR log curve shapes. Bamh (1992).

3.5 WIRELINE MOTIF CLASSIFICATION

For each of fifteen wells in this study, a suitedidtinctive wireline motifs were
defined for Late Eocene — Oligocene units using khg types discussed
previously. For complete wireline motif subdivis®rin selected wells see
Appendix Il. Wireline facies have been interprefensin these wireline motifs
combined with lithology and compositional data frevell completion reports,
biostratigraphy reports, and the determinationrafrgsize and carbonate content
from well cutting samples. This method of lithologii discrimination is not ideal
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in contrast to outcrop geological investigationt Bunecessary considering the
completely subsurface occurrence of these the fawmsaand general lack of core

material.

3.5.1 Moa Group
3.5.1.1 Turi Formation

The Turi Formation is a homogenous mud-dominatéenml intersected over
much of Taranaki Basin. This is reflected in théatieely featureless wireline
signal of the main log types through this inter¥&ihg and Thrasher (1996) report
that any base-line shifts and breaks evident orliwe logs are indicative of
fluctuating sediment supply or changes in relabase level rather then changes
in lithology. However, close examination of the iT&ormation in the fifteen
wells has revealed subtle changes in wireline facies, pbssiflecting slight
changes in lithology and/or composition. Three inee motifs have been
identified through the Turi Formation, charactediggimarily by the geometric
appearance (overall shape of logs) of the mainypgs (RES, DT and SP logs),
but dominantly the GR log.

Motif Tul

Motif Tul represents sections of Turi Formationt ttigplay a relatively smooth
(low amplitude log variations) and stable (relaiymear), medium to high value
GR log with corresponding smooth and stable RES,abd SP logs. Motif Tul
typically displays a concave cylindrical log cursteape when comparing GR and
sonic logs together. Figure 3.5 illustrates theicgfo Tul wireline motif
characteristics in Pohokura-1. The relatively ‘teatess’ RES, DT and SP logs
and medium to high value GR log suggests that thetif supports very
homogenous and fine-grained lithology. A slight apes-increasing GR log trend
is typical of this motif. Before passing upwardgoirthe overlying Otaraoa
Formation a slight upwards-decreasing GR log tisrmbmmon (Fig. 3.5). Tul is

the dominant wireline motif observed within TurirRmation.
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Figure 3.5.Motif Tul, Pohokur-1. Note lower 10 m of Otaraoa Formation and upPemlof Tu2
shown for comparison.

Motif Tu2

Motif Tu2 represents sections of Turi Formationtttigplay a relatively smooth

to serrated, medium to low value GR log, with cep@nding smooth to serrated,
medium to high value RES and DT logs. Figure 3ifstiates the typical Tu2

wireline motif characteristics in Kaimiro-1. The dwem to low GR values

apparent in Tu2 suggest a sandier facies in cartrase finer grained Tul, and
as observed in Kaimiro-1, Tu2 displays an upwandseasing GR log trend,

suggesting a fining in lithology towards the overty Tul motif (Fig. 3.6). Of the

15 wells analysed, Tu2 is only observed in Kainfirand Pohokura-1.
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Figure 3.6. Motif Tu2, Kaimirc-1. Note lower 10 m of McKee Formation and uppemi@f Tul
shown for comparison.

T T

Motif Tu3

Motif Tu3 represents sections of Turi Formationt ttigplay a relatively serrated,

medium to low value GR log, with a correspondingigooth to serrated DT log

and a very negatively deflected, very serrateddgFsignal. Figure 3.7 illustrates

the Tu3 wireline motif characteristics in Turi-1bédve a casing change evident at
3357 m, the calliper log signal is very chaoticggesting a large semi-caved or
washed out zone (Fig. 3.7). Because GR logs caeberely affected by washed
out zones, the GT log has not been used in thesprgtation. The fluctuating SP

log suggests interbedding and the upwards-incrgdsih log trend suggests an

upwards-coarsening in lithology towards the ovedyDtaraoa Formation. Out of

the 15 analysed wells, Tu3 is only observed in-Turi
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Figure 3.7.Motif Tu3, Turi-1. Note lower 10 m of Otaraoa Formation eupper 10 m of Tu:
shown for comparison.

3.5.2 Ngatoro Group
3.5.2.10taraoa Formation
Matapo Sandstone Member

The thin (~5 m) and condensed nature of the Matgadstone Member makes
wireline log analysis difficult. Typically this unis picked on wireline logs by a
moderate positive shift in RES log passing upwaaimfthe underlying Turi
Formation (Gordon et all1993). The characteristic log pattern for Matapo
Sandstone is given by a shift from a relativelyhh{gR value to a relatively low
GR value across a very small (=2 m) distance. Gpoeding (mirrored)
responses occur in RES and DT logs, reflectinglithical and/or compositional
changes.
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In this study, two distinct wireline motifs have imig been defined for Matapo
Sandstone. These two wireline motifs have beenachensed by the geometric
appearance of the GR log, but also RES, DT ancb&® |

Motif Mal

Motif Mal represents sections of Matapo Sandstdnad tisplay a relatively
smooth to serrated, medium to low value GR log wittorresponding smooth to
serrated, medium to high value RES and DT log. reid8 illustrates the typical
Mal wireline motif characteristics in Tariki-1, wieethe relatively low GR value
of Mal can be seen in contrast to the underlyin@ Mwtif. In Tariki-1, Mal
displays an upwards-increasing GR log trend midolbg upwards-decreasing
RES and DT logs. This trend is quite typical of Madggesting an upward-fining
in lithology or decreasing carbonate content i averlying Otaraoa Formation.
Mal is the dominant wireline motif identified in kgo Sandstone, commonly
occurring above Ma2.

Motif Ma2

Motif Ma2 represents sections of Matapo Sandstdrad tisplay a relatively
smooth to serrated, medium to high value GR lodp wiirrespondingly smooth to
serrated, medium to high value RES and DT log. leid8 illustrates the typical
Ma2 wireline motif characteristics in Tariki-1, wigethe relatively high GR value
of Ma2 contrasts markedly to the overlying Mal mdti Tariki-1, Ma2 displays
a sharply upwards-decreasing GR log trend fromgd IBR value. Maximum
values for both the RES and DT logs also occur iwithis motif. These log
responses are quite typical of Ma2 indicating arse@ng in lithology or an
increasing carbonate content upwards into the ywerl Mal motif. Ma2

normally occurs in association with, and below, Mal
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Figure 3.8.Motifs Mal and Ma2, Taril-1. Note lower 10 m of Otaraoa Formation and up@em:
of Turi Formation shown for comparison.

Otaraoa Formation

The Otaraoa Formation is a calcareous mud dominatedval and occurs over
much of Taranaki Basin. The wireline signature@araoa Formation is typically
quite bland, reflecting a homogenous muddy lithglobhe lower half of Otaraoa
Formation typically shows an upwards-increasing IB& (upwards-decreasing
DT log) trend from its base. The upper half typicalisplays an upwards-
decreasing GR log (upwards-increasing DT log) tr8itee upper contact with the
overlying Tikorangi Formation is often quite gradatl, but can be abrupt.

Three distinct wireline motifs within the Otaraoarfation have been defined on
closer examination of the well logs. Each of thisee motifs likely reflect slight

changes in lithology and/or composition.

Motif Otl

Motif Otl represents sections of Otaraoa Formatiost display a relatively
smooth and stable, medium to high value, relatiwlyndrical shaped GR log
with corresponding smooth and stable, relativellindyical RES, DT and SP
logs. Figure 3.9 illustrates the typical Otl wineli motif characteristics in
Manganui-1, in which the GR, RES, DT and SP logggsst that this motif is
very homogenous and relatively fine-grained thraughthe interval. In

Manganui-1, an upwards-increasing GR log base shévident for the lower half

of Otl, suggesting a fining in lithology and/or actease in carbonate content

upwards. An upwards-decreasing GR log base shafis® evident for the top half
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of Otl, culminating in a sharp upper contact witlkofangi Formation. This
indicates a coarsening in lithology and/or an iasee in carbonate content
upwards towards the carbonate dominated Tikorangingtion (Fig. 3.9). Motif
Otl is the dominant motif observed in Otaraoa Foiona
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Figure 3.9. Motif Ot1l, Mangant-1. Note lower 10 m of Tikorangi Formation and uppem of
Turi Formation shown for comparison.
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Motif Ot2

Motif Ot2 represents sections of Otaraoa Formatlwat display a smooth to
serrated, symmetrical, medium to low value GR leih correspondingly smooth
to serrated, medium to very high value RES log smdoth to serrated, medium
to high value Dt log. Figure 3.10 illustrates thgoital Ot2 wireline motif

characteristics in Mokau-1. This log character ss)g) a carbonate-dominated
zone in contrast to the over and underlying secfidre GR, RES and DT logs
display a gradational upper contact between Ot2thadoverlying and ‘bland’

Otl motif (Fig. 3.10). Ot2 is identified in basata®aoa Formation in Mokau-1

and Awakino-1.
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Figure 3.10.Motif Ot2, Mokat-1. Note lower 10 m of Otl and upper 10 m of Mat§anadston
shown for comparison.
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Motif Ot3

Motif Ot3 represents sections of Otaraoa Formatiost display a relatively
smooth to moderately serrated, medium to low v&@é&elog with corresponding
smooth to serrated, medium to high value DT log andyhtly serrated SP log.
Figure 3.11 displays Ot3 in Turi-1. In Turi-1, froifme base of the Ot3 motif, an
upwards-increasing GR log trend is followed by gmvards-decreasing GR log
trend, suggesting an initial upwards-coarseningtimlogy followed by a fining
in lithology, respectively (Fig. 3.11). Motif Ot3 bnly observed in Turi-1 and in
the upper 220 m (out of 669 m) of Ahuroa-1.
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Figure 3.11.Motif Ot3, Turi-1. Note the lower 10 m of Tikorangi Formation amgper 1(m of

Turi Formation shown for comparison.
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Tariki Sandstone Member

Tariki Sandstone is comprised mostly of interbeddaddstone, siltstone and
mudstone lithologies (de Bock et. &990). In general Tariki Sandstone is
recognised on wireline logs by a distinct ‘bloclpyofile, reflecting amalgamated

sandstone intervals, separated by serrated insernedlecting the more thinly

interbedded facies (Higgs et 2D04).

For the fifteen wells analysed in this study, thoBgtinct wireline motifs have
been defined for Tariki Sandstone (after de Boci.€#990). These three wireline
motifs have been characterised by the geometrieappce of the GR log, while
the RES, DT and SP logs are also useful in inténgeones with significantly
different lithologies.

Motif Tal

Motif Tal represents sections of Tariki Sandstdra tisplay a relatively smooth
to serrated, relatively low value, blocky and cgtical shaped GR log, with a
negatively deflected SP log and serrated, mediumgio value RES and DT logs.
Figure 3.12 illustrates the typical Tal wireline tthan Toko-1, where the
characteristic blocky GR log shape reflects thekihamalgamated sandstone
packages that make up Tal. Sharp lower and uppe¢aats to Ta2 are evident in
all log types (Fig. 3.12).

Motif Ta2

Motif Ta2 represents sections of Tariki Sandstdra tisplay a relatively smooth
and featureless, medium to high value GR log winrespondingly smooth,

relatively low value RES and DT logs. This wirelimesponse suggests a
relatively homogenous and fine-grained successiagure 3.12 illustrates the
typical Ta2 wireline motif characteristics in Tokowhere the relatively high GR
value of Ta2 is observed in sharp contrast to trex and underlying Tal motif.

Of the fifteen analysed wells in this study, Ta2oisly seen in Toko-1 and

Ahuroa-1.
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Figure 3.12.Motifs Tal and Ta2, Toko-1.

Motif Ta3

Motif Ta3 represents sections of Tariki Sandstdra tlisplay a tightly serrated,
often irregularly shaped, low to high value GR &gl serrated, low to high value
RES and DT logs. This wireline signal suggests aemiaterbedded (sandstone-
siltstone-mudstone) nature in contrast to Tal aa?. Figure 3.13 illustrates the
typical Ta3 wireline motif characteristics in Taat. Here the very serrated (or
interbedded) nature of the GR, RES and DT log$e@rly observed in contrast to
the under and overlying Otaraoa Formation. An utag but symmetrical log
pattern is also evident when comparing GR-RES of03Rogs (Fig. 3.13). Ta3
is observed in Ahuroa-1, Toetoe-1, Tariki-1 andafatl.
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Figure 3.13. Motif Ta3, Totar-1. Note lower 10 m of Otaraoa Formation and upgenmil of
Otaraoa Formation’s Intra Member are shown for camspn.

3.5.2.2 Tikorangi Formation

Tikorangi Formation is a very highly calcareous,inhafine to coarse-grained
unit with a distinctive wireline log signature. Thver contact of this formation
is marked by the gradational to abrupt increaséaith GR and DT values in
comparison to the more argillaceous Otaraoa Foomaiithe upper boundary of
this formation is usually quite abrupt, marked bgradational to abrupt shift in

DT and GR log value passing upwards into the oirgglifaimana formation.

For the fifteen wells in this study, three distineireline motifs have been
identified within the Tikorangi Formation. Theseda wireline motifs have been
defined using the geometric appearance of majortypgs (RES, DT and SP
logs), although are dominantly characterised byGRelog.

Motif Tk1

Motif Tkl represents sections of Tikorangi Formatibat display a very smooth,
featureless and stable, cylindrical-shaped, lowe/aBR log, and a relatively
smooth, relatively high value DT log. This wirelisggnal suggests a relatively
homogenous, very clean and coarse-grained unitoar@Ahery high carbonate
content. Figure 3.14 illustrates the typical TkIrekne motif characteristics in

Mokau-1. In Mokau-1 the distinct cylindrical logree shape is apparent in GR-
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DT log comparison (Fig. 3.14). The sharp lower amber contacts are also
clearly illustrated in Mokau-1, with an abrupt cganupwards from the very
calcareous Otaraoa Formation, and again betweeilikio@angi Formation and
Taimana Formation contact. Motif Tkl is only seef uri-1 and Mokau-1.

Mokau-1
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Figure 3.14.Motif Tk1, Mokat-1. Note the lower 10 m of Taimana Formation andead® m of
Otaraoa Formation are shown for comparison.

Motif Tk2

Motif Tk2 represents sections of Tikorangi Formatibat display a moderately
serrated, medium to low value GR log together wathtightly serrated to
moderately serrated, medium to high value RES amdldys. Combined, this
wireline signal suggests an interbedded mudstomk samdstone interval with
high carbonate content. Figure 3.15 illustratesegaample of the typical Tk2
wireline motif in Toko-1, where the moderately s¢ed GR, RES and DT log
curve shapes are clearly observed. In Toko-1, T@alys an upwards-decreasing
GR log trend together with upwards-increasing RE8 BT log trends (Fig.
3.15). The contact between the underlying Otaraman&tion and the overlying
Tk2 motif of the Tikorangi Formation is subtle (Fi§.15), very different to the
sharp contact observed between Tkl and Otaraoaatorm(Fig. 3.14). Tk2 is
the dominant motif observed in the Tikorangi Foriorabver the 15 wells.
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Geophysical well log interpretation



Motif Tk3

Motif Tk3 represents sections of Tikorangi Formatihat display a poorly to
moderately serrated, blocky, relatively low valudk Gog (lower than Tk2)

together with a very serrated RES log and relativegh value DT log (higher

than Tk2). Figure 3.15 illustrates Tk3 wireline mhatharacteristics in Toko-1.

The decrease in GR log, increasingly serrate RESaled increase in DT log
value can be seen passing up from the underlyir@y m&tif, this trend is then
reversed up towards the overlying Taimana Formgtiog. 3.15). This wireline

signal suggests higher carbonate content and aeregrained interval in contrast
to Tk2. Of the wells in this study Tk3 is only obged in Toko-1.

3.5.2.3 Taimana Formation

Taimana formation is a fairly homogenous, highljcaeeous mud dominated
interval, similar to that of Otaraoa Formation (&i& Thrasher 1996). The lower
boundary of Taimana Formation coincides with thakpef a sometimes abrupt
change (increasing DT and decreasing GR log valbesyeen the underlying
Tikorangi Formation (Section 3.5.2.2) and the Taiemd&ormation (Young &
Carter 1989). The upper boundary of Taimana Foonas recognised by a fairly
abrupt deflection in GR between the underlying Teman Formation and the
overlying clastic dominated Wai-iti Group. Detailekamination of Taimana
Formation has resulted in the recognition of twgtidct wireline motifs.
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Motif Tm1l

Motif Tm1 represents sections of Taimana Formatiwet display a relatively
smooth to slightly serrated, medium to high value Bg with correspondingly
smooth to slightly serrated RES and DT logs. Thig $ignal suggests a fairly
homogenous lithology although some interbeddingapgparent. Figure 3.16
illustrates the typical Tm1 wireline facies chagadtics in Pohokura-1. Here an
increase in GR log value and corresponding decrisaBES and DT log values
are observed passing upwards into the Taimana Fom&iom the underlying
Tikorangi Formation, reflecting decreasing carbenaintent, typical of Taimana
Formation in general. Another typical characteristi Tml is a gradational GR
log increase passing up from Tml up into the dasth Wai-iti Group (Fig.
3.16). Tm1 is the dominant motif observed in th@nieaa Formation.

Motif Tm2

Motif Tm2 represents sections of Taimana Formatiat are similar to Tm1 but
display a very serrated, variably low to high vaeR log and relatively smooth
to slightly serrated RES and DT logs. This log aigndicates a more interbedded
unit in contrast to Tm1, with thick (~3 m) mudstoneercalated with sandstone.
Figure 3.17 shows a ~130 m (of a total 190 m) Tra2tisn in Kaimiro-1,
illustrating typical Tm2 motif characteristics. Hethe highly serrated Tm2 motif
is observed to overlie the significantly less serfBml motif (Fig. 3.17). Tm1l is
only observed in Kaimiro-1 in this study.
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3.6 INTERPRETATION OF PALEO-DEPOSITIONAL ENVIRONMENTS

The interpretation of depositional paleoenvironmeifitom subsurface units

should not only include wireline log characteristior log shape, but the
integration of many data sets, including recovesachples (core, side wall core,
well cuttings) and environmental information fromuha (paleoecology) (Rider
1986). Open file well completion reports availaklgough Crown Minerals

Group, Ministry of Economic Development (MED) pédéam technical database
provide an integration of drilling/stratigraphic tda including lithological

descriptions of units, mud log reports, core amtewall core descriptions, and
biostratigraphic data. The following section disms data sources used and
integrated to interpret depositional facies for thate Eocene — Oligocene

wireline motifs outlined in Section 3.5.

3.6.1 Wireline logs

The shape of well logs has been long used as aodhetfinterpreting depositional
paleoenvironments (Cant 1992). As mentioned ini®@e@&.2.1, because the GR
log may be used as an indicator of clay (shalejesingeometric log shapes may
indicate depositional facies. However, complicagionay arise as log shapes do
not diagnostically indicate a particular faciesr Erample the bell shaped GR-DT
log shape in Fig. 3.4, indicating an upwards-fingegjuence, may be interpreted
as an alluvial/fluvial channel, but may also indé&a transgressive sand sequence.
Similarly, the funnel shaped GR log may be indieif deltaic progradation or
deeper marine shelf progradation (Rider 1986). fnablem illustrates how a
more definite and accurate facies classificationomly possible with the
integration of other sedimentological data sou€&der 1986). Interpretation of
the lithology of each of the units here has beedarthrough comparison of the
major log types (GR, CALI, RES, DT and SP), obssg\ine relationship between
each and noting anomalous log readings or wherdylogs do not corroborate
each other, which may be a result of caving. Thermeted lithology is compared
where possible with other sedimentological datasesisuch as core/well cutting

descriptions, in order to build as robust an imtetigtion as possible.
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3.6.2 Drilling derived data — mud logs (well cuttings andcore)

The mud log is a geologist’s recording of the arglof a well, integrating any
lithological data derived from drilling mud and ¢taped well cuttings. Well
cuttings are small chips broken off the formatientlze drill advances, which are
then brought to the surface via circulating drglimud (after lag time). Well
cuttings are often forgotten about, but they atealy very important, being the
only continuous sample of formation lithology up@ehole (Rider 1986). By the
time well cuttings reach the surface however, they typically quite mixed and
heterogeneous due to the sometimes large drilaptece lag times, mixing of
chips in the drilling mud column and contaminatiomm up-hole caving (Rider
1986). Lithology on mud logs is usually expressedgercentage of chip types,
commonly recorded as sand, mudstone (shale) argstiane proportions. The
mud log can be thought to provide a gross lithaabiecord, which may be later
compared with lithology inferred from major log &% (Rider 1986). Cores
provide direct physical sampling of a targetedrvaé the only record of ‘real’
subsurface lithology. Cores are very expensivelti@aio (generally reserved for
reservoirs) but are very valuable, providing a sardus cylindrical sample of a
formation, and lithology can be assessed directlynfcores with no interpretation

necessary (Rider 1986).

3.6.3 Well cuttings calibration

Carbonate percentage (Section 4.4.1) and grain(Se&ion 4.4.2) data have been
obtained from sampled well cuttings, targeting #peevireline motifs for the
purpose of wireline log calibration. For sampledllsyeformation/member and
depths see Appendix Ill. Table 3.3 summarises tdate showing wells sampled,
formations targeted and particular wireline mottergeted depths, average grain
size results, and carbonate percentage resultedoh sample analysed. For
carbonate digestion and grain size data see AppéihdAs mentioned in section
3.6.2, well cuttings may not always be represevgadi a formation’s true depths.
Well cuttings retrieved in this study were also euxwith some proportion of
drilling mud. This is a problem when formation cheteristics resemble that of
the drilling mud, making it hard to distinguish Ween the two sources. Because
of this the validity of grain size data is questdnpossibly being misrepresented
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by an unknown proportion of drilling mud. This i@ true to some degree with
calculated carbonate percentage as some unknowomion of (non-calcareous)
drilling mud is processed together with the sampfedrval. Although this is a
problem, the calculated carbonate percentagedrdbesl in Table 3.3 broadly
complement those suggested by wireline log charabiehis study, because of
the potential problems of drilling mud contaminatigrain size data have not
been used directly in wireline log calibration, ahé carbonate percentages have
only been used as a broad indication of carborateeat.

Table 3.3. Summary of grain size and carbonate content wielmg calibration data, wit
associated sampled well and targeted formation/maendlepth and motif.

Wireline Average grain Wentworth Carbonate

well Formation/Member Depth (m) motif size (mm) size class content (%)
Awakino-1 Taimana Formation 1881-1884 Tml 0.042 Coarse silt 60
Kaimiro-1 Taimana Formation 3004 - 3007 Tm2 0.091 Very fine sand 12
Kaimiro-1 Taimana Formation 3145-3148 Tm2 0.031 Coarse silt 9
Toko-1 Taimana Formation 2863 -2866 Tml 0.04 Coarse silt 15
Toko-1 Taimana Formation 2914 -2917 Tml 0.022 Medium silt 17
Mokau-1  Otaraoa Formation 2740 - 2750 Oot2 0.013 Fine silt 61
Mokau-1  Otaraoa Formation 2700 - 2710 Oot2 0.017 Medium silt 59
Tariki-1 Otaraoa Formation 2346 - 2349 Oot1 0.025 Medium silt 44
Tariki-1 Otaraoa Formation 2583 - 2586 ot1 0.126 Fine sand 27
Toetoe-1 ~ Otaraoa Formation 2115-2118  Otl 0.021 Medium silt 51
(intra Member)
Toetoe-1 %f‘rglﬁﬂae;oggf‘“o” 2094-2097 Ot 0.037 Coarse silt 44
Ahuroa-1 (Ol\;gggi Zg;”&i:g’n”e Member) 32133216 Ma 0.024 Medium silt 57
Ahuroa-1 (Ol\;gggi ';g;”&i:g’n”e Member) 32223225 Ma2 0.059 Coarse silt 38
Tariki-1 (Ol\;gggi ';g;”&i:g’n”e Member) 30243027 Mal 0.018 Medium silt 62
Pohokura-1 Turi Formation 3312 Tul 0.247 Fine sand 11
Pohokura-1 Turi Formation 3390 Tul 0.024 Medium silt 9
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3.6.4 Biostratigraphy and paleoenvironmental asses®nt

Foraminifera (forams) are widely used to place latinee age on sedimentary
sequences based on the presence/absence of aplatgily significant taxa. The
stratigraphic extent of particular (mainly planktiorams define particular New
Zealand biostratigraphic stages, and routinely ftrenbasis for determination of
biostratigraphic age and correlation within andwesn basins. Forams are also
used widely in paleoenvironmental assessment, asy rb@nthic forams are
facies-bound and restricted to particular sedimgntanvironments. When
depositional environments change, forams typicallgrate with the facies (e.g.
Hayward et al1999 for a Taranaki Basin example).

In this study, existing foraminiferal data have meaised to make
paleoenvironmental assessments of the Late Eoce®digecene sedimentary
succession in Taranaki Basin. The foraminiferabinfation has been derived
chiefly from petroleum well completion reports l@thin the MED petroleum
Report Library. Matching particular taxa to specifvater depths is however
problematic, as depth is only one environmentalapgter affecting the
distribution of forams (Hayward et.dl999). Erosion, transport and reworking are
processes that can confound paleoenvironmentabsmsats from forams. In
some cases older taxa may be eroded and reworteegildnnger sediments. Both
benthic and planktic forams can also be transpottedifferent environments
causing faunal mixing (Hayward et 4999). Transport and reworking may also
be on quite large scales including reworking angodéion down slope and
through mass movement events (slumps, turbiditesising redistribution of
shallow water fauna to sometimes bathyal deptlgs (@riki Sandstone Member).
The resulting analysis of faunal populations mayabbroad paleowater depth

range.

3.7 WIRELINE MOTIFS, LITHOSTRATIGRAPHY AND
ENVIRONMENTAL INTERPRETATIONS OF LATE EOCENE —
OLIGOCENE UNITS IN TARANAKI BASIN

The lithological characteristics, facies and defmsal environments of Late
Eocene — Oligocene units in Taranaki Basin, intggat on the basis of wireline
log characteristics, lithological data from wellngpletion reports, well cuttings
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calibration data and paleoecological data are dgmliin this section. A summary
of the wireline motifs defined in Section 3.5, asated lithologies and

depositional environments are given in Table 3.4.

3.7.1 Turi Formation
Lithostratigraphy

The Tul wireline motif represents an interbeddedistane and siltstone interval
with minor sandstone. Typically, this interval igythly-to-partly carbonaceous,
slightly-to-very calcareous in part, micaceous,hwithic fragments, trace pyrite
and fine glauconite. Motif Tul displays a charaster upwards-fining lithology,
from a more clayey siltstone lithology to a siltkaystone lithology (Webster &
Rainy 1987; Carter & Rainy 1988; Murray 2001). Titeology of Tu2 and Tu3
wireline motifs are similar to that of Tul, but cear grained, dominated by
interbedded fine-grained sandstone, claystone drstoae (Murray 2000). Tu2
underlies Tul in Pohokura-1 and Kaimiro-1 suppgrtan upward fining in
lithology, possibly due to onlap (marine transgi@ss The presence of Tu3 in
the upper section of Turi Formation in Turi-1 inaties a slight upward-coarsening
before the transition into the overlying Otaraoanfation.

Time and spatial distribution

Turi Formation has a Bortonian (Middle Eocene) tpper Whaingaroan (Late
Oligocene) age. Although Turi Formation is fairlydespread through much of
Taranaki Basin, in many of the fifteen study weills the central Taranaki
Peninsula area (e.g. Ahuroa-1, Manganui-1, Ngator&tratford-1, Tariki-1,

Toetoe-1 and Totara-1) Turi Formation is fairlyrtl{<30 m) and is completely
absent in the south-east (Toko-1) (Fig. 3.18).dnt@al Taranaki Peninsula Turi
Formation is at its thickest in the west and ndRly. 3.18). The westernmost
well (Te Kiri-1) intersects approximately ~131 m ©bri Formation, and the
northernmost five wells (Turi-1, Awakino-1, Mokay-Rohokura-1 and Pohokura
South-1) intersect >120 m each, with 867 m in thehernmost of these (Turi-1).

Motif Tul has a similar thickness distribution it to that of Turi Formation as
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a whole, while Tu2 is limited to the central-nommd& aranaki Peninsula area and

Tu3 is only present in Turi-1 (Fig. 3.18).

Table. 3.4 Wireline motifs, agsociated wireline characteristics, dominant lithology and inferred depositional environments for
Late Eocene-Oligocene units, eastern margin, Taranaki Basin

o . . o ) Inferred
Wireline motif Wireline characteristics Dominant depositional
lithology environment
erelatively smooth and cylindrical GR log, medium- mudstone and siltstone with inner shelf (0-15m)
high API values minor sandstone
Tu1 «slight upwards-increasing GR log trend
efeatureless RES, DT and SP logs
5
® «smooth to serrated GR log, medium-low API values sandstone with interbedded inner shelf (0-15m)
E «smooth to serrated, medium to high value RES and mudstone and siltstone.
o Tu2 DT logs
1
=
eserrated SP log sandy mudstone and inner shelf (0-15m)
Tus «low AP| values . ) siltstone with sandstone
*smooth to serrated, medium to high value DT log interbeds
o esmooth to serrated GR log, medium-low API values calcareous interbedded outer shelf-upper bathyal
8 «smooth to serrated, medium-high value RES and mudstone, siltstone and (100-1000 m)
5 Mar DT logs sandstone
E «upper half displays upwards-increasing GR log
40
%)
o esmooth to serrated GR log, medium-high AP| values very calcareous mudstone, outer shelf (100-200 m)
& Ma2 +smooth to serrated, medium-high value RES and siltstone and sandstone.
= a DT logs glauconitic
= stypically very large positive GR deflection
erelatively smooth GR log, medium-high API values calcareous claystone, outer shelf-upper bathyal
erelatively smooth, medium-high value RES and DT siltstone with minor fine (100-1000 m)
Oot1 logs sand interbeds
[l o etypically lower half displays an upwards-increasing
.g .g GR log & upper half an upwards-decreasing GR log
® 5]
g % esmooth to serrated, symetrical GR log muddy limestone with outer shelf-upper bathyal
L WL op emedium to very high value RES and DT logs calcareous mudstone (100-1000 m)
s = «gradational lower and upper contacts interbeds
g 8
5 & | | ter shelf bathyal
o O etightly serrated SP lo calcareous claystone, outer shelf-upper bathya
o3 -sﬁwogth to moderatels serrated GR log siltstone with minor fine (100-1000 m)
sandstone interbeds
«smooth to serrated, blocky GR log, low API values fine-coarse gained outer shelf-upper bathyal
Ta1 «negatively defelcted SP log sandstone (100-600 m)
eserrated, medium to high value RES and DT logs ®
o
£ 5
5 erelatively smooth and featureless, GR log, high API mudstone with minor 2 outer shelf-upper bathyal
i) values sandstone interbeds @ (100-600 m)
5 Ta2 erare thin (~2m) low GR value peaks @
_UJ erelatively smooth, low value RES and DT logs %
= g
k~ «serrated to very serrated GR log, high-low fluctuating thinnly interbedded = o1u(t)%r 58515 If-upper bathyal
Ta3 AP| values mudstone and sandstone (100-600 m)
eserrated, low-high value RES and DT logs
esmooth, cylindrical GR log, low AP values bioclast dominated redeposited slope (~200 m)
Tk1 erelatively smooth, high value RES and DT logs limestone
g esharp lower and upper contacts
..g
e «moderatel ; muddy silty and sand redeposited outer shelf-
= y serrated GR log, medium-low AP| values uady, Siity andy
K Tk2 eserrated, medium to high value RES and DT logs bioclast dominate limestone upper bathyal (100-1000 m)
— egradational lower contact
=
©
o ) ) .
= epoorely to moderately serrated, blocky GR log, low bioclast dominated redeposited outer shelf-
- RPI va)llues Y y ¢ grainstone and packstone, upper bathyal (100-1000 m)
Tk3 every serrated RES log, limestone
«high value and blocky DT log
+smooth to slightly serrated GR log, medium-high calcareous mudstone with slope to bathyal (200-1000
S APl values minor sandstone m)
= TmA «smooth to slightly serrated medium-high value RES
g and DT logs
= «typically displays an upwards-increasing GR log
1
2 «very serrated GR log, variably low-high AP| values calcareous mudstone with slope to bathyal (200-1000
g Tm2 «smooth to slightly serrated, medium value RES and sahdstone stringers m)
E T logs
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Turi Formation
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Figure 3.18.Thickness (m) distribution of the Turi Formatiomdaassociated motifs (Tul, T
and Tu3). Taranaki Fault location marked in grey.

Paleoenvironmental data and depositional facies

Foraminiferal studies of Turi Formation indicate ianer shelf (0 — 30 m water
depth) depositional environment under neritic watess conditions (Carter
1983; Lock 1983; de Bock et al. 1985; Webster &Ral987; Carter & Rainy
1988; STOS 1988; Murray 2001). In Taranaki Penestihe Turi Formation
represents the initiation of highstand depositidme later part of an Eocene
regional transgressive phase (Carter & Rainy 18&8) & Thrasher 1996). This
is illustrated by the transition from underlying nda dominated, coastal
plain/marginal marine facies of the Mangahewa arakK&é Formations, through

to the overlying shallow marine inner shelf settofguri Formation.

3.7.2 Matapo Sandstone
Lithostratigraphy

The Mal wireline motif consists mostly of interbeddsiltstone, mudstone and
sandstone, intercalated with fine-to-course grainetbderately sorted silty
sandstone. Mal is typically moderately to very aadous, glauconitic, and in
parts pyritic (Palmer 1985; Carter et al. 1987[)e Tithology of Mal typically
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shows an upward-fining trend, with the upper pdrthis motif resembling and
gradationally passing into calcareous mud domin&tld motif (Carter & Rainy
1988). The lithology of Maz2 is typically finer gread than Mal, consisting of a
highly calcareous sandy mudstone, with abundantcglaite (Webster & Rainey
1987; STOS 1988).

Time and spatial distribution

The Matapo Sandstone has a Runangan (Late Eoceheyver Whaingaroan age
for the fiteen well sections investigated here.ickhess is fairly uniform,
between 5 to 15 m for most wells, and up to 56 migatoto-1. It is absent in
Manganui-1, Stratford-1 and Turi-1 (Fig. 3.19). Mahd Ma2 have similar
thickness distribution patterns, being thickesthim Ngatoro-1 and Mokau-1 areas
(Fig. 3.19).

Figure 3.19.Thickness (m) distribution of the Matapo Sandstbember, and associated moi
(Mal, and Ma2). Taranaki Fault location markedrieyg
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Paleoenvironmental data and depositional facies

In many of the well sections examined in this studyicrofauna were not
analysed from Matapo Sandstone samples with theptrn of McKee-1
(northern Taranaki Peninsula), where forams ineieat outer shelf (100 — 200 m)
environment, and Kaimiro-1, where fauna samplechfidal indicate outer shelf
to upper bathyal water depths (100 — 400 m) (Car883). The basal, highly
calcareous Ma2 motif (e.g. Table 3.3) represemsralensed sedimentary section
with significant glauconite content. Glauconite t(dal or authigenic) is
composed of around 5% potassium by weight, and%aeadioactive isotope of
potassium naturally emits gamma radiation as itagecBecause of this, the
presence of glauconite may induce its own gammavedye of 75 — 90 API
(Rider 1986). The strong gamma ray peaks obsermvedal? may be caused by
this phenomenon. Furthermore, glauconite format@ssociated with outer shelf
settings (McRae 1972).

During Matapo Sandstone deposition, water depthimasasing, with a decrease
in terrigenous sediment input to the shelf. Theuaudation of glauconite is

strongly dependent upon very low to minimal temiges sedimentation. The
overlying Mal motif and its sharp transition int@aerately calcareous Otaraoa
Formation suggests a marked increase in water deptlan increase in sediment

flux to the basin.

3.7.3 Otaraoa Formation
Lithostratigraphy

The Otl1 wireline motif represents an interbeddeystbne and siltstone interval,
with minor argillaceous very fine to fine grainedndstone intervals. Otl is
typically moderately to very calcareous (e.g. Tab@), with trace mica, pyrite
and carbonaceous flakes (Carter 1983; Webster &egal987; Carter & Rainy
1988). Although Otl is typically a thick intervalf to 500 m in Tariki-1),

lithologically it appears to be relatively homogeso As mentioned previously
(Section 3.5.2.1), Ot1l commonly shows an upwardegsing GR log trend from
the Matapo Sandstone, with a corresponding upwaitedsing DT log trend.
These trends reflect upwards-decreasing carbonatgert within Otaraoa.
Towards the top of Otaraoa Formation this trendersas, with an upwards-
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decreasing GR log trend and upwards-increasing B3 trend indicating

increasing carbonate content into the overlyingofiakgi Formation (Carter et al.
1987b). Ot3 lithology is similar to that of Otl babarser. In Ahuroa-1, Ot3
indicates a significant proportion of limestoneemiteds with minor very fine to
fine sandstone intervals (Carter et al. 1987a). @f@resents a fine grained
carbonate sequence with calcareous mudstone idterfae Bock et al. 1985;
STOS 1988). In Awakino-1 and Mokau-1, Otl passesiaggionally upward into

ot2.

Time and spatial distribution

The Otaraoa Formation is assigned an Upper Whaiagaio mid Waitakian age.
Otaraoa Formation therefore represents a subdtpotigon of the middle to Late
Oligocene succession in Taranaki Basin. It is tbstk(typically >100 m) along
the eastern margin of Taranaki Basin, adjacenheéoTaranaki Fault (Fig. 3.20),
and has a maximum thickness of over 1000 m in thehern-central Taranaki
Peninsula area (e.g. Waihapa Field) (King & Thradt$96). Otaraoa Formation
grades laterally into condensed carbonate of tker&ingi Formation, particularly
in its upper parts (King & Thrasher 1996). The cexdte dominated Ot2 wireline
motif is only observed in the lower section of @Gi@a Formation in the northern
wells, Awakino-1 and Mokau-1 (Fig. 3.20). Motif Oi2 an earlier occurrence of
a Tikorangi Formation-like interval within Otarad@rmation. Motif Otl has a
similar thickness distribution pattern to that dadoa Formation because it is the

main wireline facies and Ot3 is only observed winity of Ahuroa-1 (Fig. 3.20).
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Figure 3.20.Thickness (m) distribution of the Otaa Formation, and associated motifs (Ot1,
and Ot3). Taranaki Fault location marked in grey.

Paleoenvironmental data and depositional facies

Foraminiferal assemblages within Otaraoa Formaitiolicate an upper to mid-
bathyal depositional environment around 400 — 600frwater depth (King &
Thrasher 1996; H. Morgans pers comm. 2008). Dapasibf the Otaraoa
Formation occurred in response to the developména doredeep along the
eastern margin of central parts of Taranaki Ba3ihe deposits are chiefly
calcareous mudstone (Otl facies), with limestoaege$ (Ot2 and Ot3) at times.
The foredeep sediments may have been sourced froon directions, one
involving progradation from the south, which is gagted in some south-north
oriented seismic reflection lines, and the otheedaion being from the east. The
Murihiku Terrane basement forming the upthrown swoe Taranaki Fault
supported the Patea-Tongaporutu-Herangi High, upbich shallow marine
carbonate sediment was generated (Hood et al. 200@) limestone facies in
Otaraoa Formation (Ot2 & Ot3) represent progradatibrelatively coarse inner-
shelf carbonate sediments across a narrow shelf dowin a west-facing
continental slope, the top of which was pinnedn tip of the Murihiku Terrane
basement being thrust into Taranaki Basin fromUpper Whaingaroan onwards
(Tripathi & Kamp 2008). The Ot2 and Ot3 facies hawasiderable fine grained
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carbonate within them, reflecting the distal partghe redepositied carbonates
sourced from the basement high to the east of @&rdfault. Also, the slope

deposits have been foreshortened by subsequenec{akp Otaian) thrust

movement on Taranaki Fault such that the Otaraoen&®on as observed in the
well sections in the Peninsula area are now claséhne original shelf carbonate
source. The Otl facies can be interpreted as frased calcareous mudstone
having an origin as hemipelagic sedimentation, &l a&s redeposited slope

sediments.

3.7.4 Tariki Sandstone
Lithostratigraphy

The Tal wireline motif represents fine to mediund amccasionally coarse
grained, moderately to poorly sorted, calcareousligitly calcareous sandstone,
with abundant quartz, and occasional pyrite and tegments (Adams et al.
1980; Carter et al. 1987b). This motif has a datyndifferent lithology to Ta2
wireline motif, which is dominated by argillaceouspturbated mudstone with
minor thinly interbedded sandstone (Higgs et ab40The Ta3 wireline motif is
composed of thinly interbedded sandstone and aikéstwith minor mudstone,

chert and coal fragments (Carter & Rainy 1988).

Time and spatial distribution

The Tariki Sandstone is observed to have a strigplger Whaingaroan age and is
only observed in central Taranaki Peninsula welja@ent to Taranaki Fault (Fig.
3.21). In the fifteen wells studied, Tariki Sandsoshows large thickness
variations, with a maximum thickness of 321 m inkdd. A progressive
northward thinning of this unit is evident, with&4#n in Ahuroa-1, and less than
200 m in Tariki-1, Totara-1 and Toetoe-1 (Fig. 3.2Motif Tal is thickest in
Ahuroa-1 and Tariki-1, with a northward thinningidant (Fig. 3.21). Ta2 is
thickest in Toko-1 and shows a similar northwarthriing (Fig. 3.21). Ta3 is
thickest in Toetoe-1, and shows southward thinnmgAhuroa-1 and Tariki-1
(Fig. 3.21).
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Figure 3.21.Thickness (m) distribution of the Tariki Sandstdlember, and associated moi
(Tal, Ta2 and Ta3). Taranaki Fault location maikegtey.

Paleoenvironmental data and depositional facies

Tariki Sandstone contains mixed shallow and deewaforaminiferal
assemblages (de Bock et d990). In the central Taranaki Peninsula area
(Ahuroa-Tariki fields) taxa suggest an uppermosapgper bathyal (200 — 600 m)
depositional environment, while to the south (Tdkand Waiahpa-1), outer shelf
to uppermost bathyal (100 — 400 m) paleo-waterldepte interpreted (Higgs et
al. 2004, after Morgans & Waghorn 1999). Tariki Saodst is interpreted to
represent a series of upper bathyal (i.e. uppgesiurbidites, submarine channel,
crevasse splay and levee deposits that accumulated north-south trending
foredeep trough along the eastern margin of Taiddagin (de Bock et all990;
King & Thrasher 1996). The thick, clean to upwahihting sandstone (Tal)
dominant in Ahuroa-1 and Tariki-1 are interpretesl stacked channel sandy
debris flow deposits forming a slope to basin fldan. The thin sandstone
interbedded within siltstone beds (Ta2) are intetigut as distal lobe and overbank
deposits. The Ta3 facies are interpreted as disthidites (de Bock et all990;
Higgs et al2004). The appearance of Tariki Sandstone wither&a Formation
reflects the upper bathyal conditions that had gesl along the eastern margin
of the basin during the Upper Whaingaroan, and ftrenation of a trough
between the Taranaki Fault and the Tariki FaulteZdmeing a fold-fault thrust
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zone outboard of Taranaki Fault. It is possiblat tthe terrigenous sediments
forming the sandstone facies of Tariki Sandstoneewwansported from a
shoreline (where the textural maturity developediached to the Patea-
Tongaporutu High and across a narrow shelf befenegofed down the slope and

into the trough.

3.7.5 Tikorangi Formation
Lithostratigraphy

The Tkl wireline motif represents redeposited l@istdominated limestone beds
(SBPT 1975, STOS 1988). Wireline log records sugtes this interval has a
very high carbonate content (Hood et al. 2003). Sharp upper and lower
contacts with Taimana Formation and Otaraoa Foanatespectively (evident in
GR and DT logs), reflect this relatively pure lirtm®e interval (Fig. 3.14). The
Tk2 wireline motif represents an interbedded, &gdous, muddy, silty to fine
sand sized limestone dominated interval. This vralers typically well sorted,
composed dominantly of echinoderm and bivalve fragi® with minor quartz,
pyrite, glauconite and volcanic rock fragments (Adaet al. 1980; Carter et al.
1987a; Murray 2000, Hood et al. 2003). This intétyaically shows an upward
coarsening (cleaning upward) and upward increasargonate content from the
underlying very calcareous mud dominated Otaraoan&bon. The Tk3 wireline
motif is similar to that of Tk2 however is coarggmained, with grainstone and
packstone composed of very fine to coarse sanchg@dams et al. 1980). In
Toko-1 this interval displays a upward coarsenirend, showing a gradation
from the underlying silt to fine sand dominated Thibtif, to the bioclast
dominated grainstone and packstone of Tk3 (Adamat 4980).

Time and spatial distribution

Tikorangi Formation has a Waitakian age for thee@h wells in this study and it
occurs in the same depocentre as Tariki Sandstbaé;is, along the eastern
margin of Taranaki Basin and adjacent to TaranakiltHFig. 3.22). Tikorangi
Formation progressively thins to the north (25 mTuri-1) from its thickest
occurrence in Toko-1 (296 m) (Fig. 3.22). To thesty Tikorangi Formation thins
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rapidly, with a 51 m sequence observed in Stratfoethd no record in the three
westernmost wells (Ngatoro-1, Kaimiro-1 and Te Hiyi(Fig. 3.22). Tkl has a
similar thickness distribution to that of Tikorangormation (Fig. 3.22). Tkl is
only observed in the northern wells (Mokaul andi-Iyrand Tk3 is only
observed in Toko-1 (Fig. 3.22).

oo

Kaimiro-1 %
Ngatoro-1

Tk1 Tk2 Tk3

Figure 3.22.Thickness (m) distribution of the Tikorangi Fornoaiti and associated motifs (T}
Tk2 and Tk3). Taranaki Fault location marked inygre

Paleoenvironmental data and depositional facies

Planktonic foraminiferal assemblages and diversathmmic fauna suggest
deposition in outer shelf and upper bathyal wagstlls for Tikorangi Formation
(Adams et al. 1980; Lock 1983; STOS 1988; King &asher 1996). However
much of the shelfal taxa may be redeposited andcehean upper bathyal
depositional setting is preferred. Along the cdrgestern margin of the basin,
around Taranaki Peninsula, Tikorangi Formation \wesbably deposited on a
moderate westward dipping continental slope with upper part pinned to a
westward advancing basement thrust block. The catledominated nature of
Tikorangi Formation reflects the production of inrshelf carbonate around the

Patea-Tongaporutu-Herangi High.
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3.7.6 Taimana Formation
Lithostratigraphy

The Tm1 wireline motif represents a similar lithgjyoto the mud dominated and
calcareous Otaraoa Formation. Where Tikorangi Foomds absent these two
formations are often undifferentiated (King & Thnas 1996). Motif Tml is

typically a moderately calcareous mudstone inte(ead. Table 3.3), with trace
amounts of fine sandstone, glauconite and pyritas Tnterval shows a highly
calcareous base, with an upward decreasing cadaoatent into the overlying
Wai-iti Group (Murray 2000; Murray 2001). The litlhgy of Tm2 is similar to

that of Tm1, however it displays sandstone strisgerterbedded within Tm1’s

calcareous mudstone (Carter 1983).

Time and spatial distribution

The Taimana Formation has an upper Waitakian tea®@t@ge (King & Thrasher
1996). Taimana Formation is thickest adjacent teaiaki Fault and shows
westward thinning (Fig. 3.23). Tm2 has a similaickhess distribution to
Taimana Formation, being at its thickest in Mangdan(®>200 m). Tml is only
observed in Kaimiro-1 (Fig. 3.23).

Paleoenvironmental data and depositional facies

The faunal assemblage from Taimana Formation iteschathyal depositional
environments (200 — 1000 m water depth) (Adamd. t980; Carter 1983). The
composition of Taimana Formation indicates thaéerigenous mud source was
re-established at the beginning of the Miocene. Jitep contact often observed
on wireline logs between Taimana Formation andawerlying Wai-iti Group

reflects a sudden change to more terrigenous muoelsteeflecting the wider

distribution of material derived from the developiplate boundary through New

Zealand.
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Figure 3.23.Thickness (m) distribution of the Taimana Formatiamnd associated motifs (Tm1
Tm?2). Taranaki Fault location marked in grey.

3.8 CONCLUSIONS

The interpretation of various geological parameteosn wireline log records

illustrates the importance of wireline logging faexamining subsurface
stratigraphy. When log data are integrated witheotlithological data sources
(drilling derived data, recovered samples and pgbblil literature) and
paleoenvironmental data sources (biostratigraplty @aleoecological data from
foraminifera) a concise understanding of the phajsisubsurface geological
characteristics, the depositional age of units atide depositional

paleoenvironments of units can be obtained. Becatishe entirely subsurface
nature of the Late Eocene — Oligocene successidiaranaki Basin, wireline log

analysis has been employed as a tool to view theustace stratigraphy. Using
the geometric appearance of major log types (GR,ICRES, DT and SP) a suite
of wireline motifs have been defined for the Latec&ne — Oligocene section in
15 wells in the Taranaki Peninsula area of east&rgin Taranaki Basin. With
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the integration of lithological data and paleoeommental data sources, the
lithostratigraphy, time and spatial distributiordasepositional paleoenvironments
of the various wireline motifs have been subsedyemnterpreted, illustrating the
progressive change in depositional paleoenvironsnégmbugh the Late Eocene to
the Early Miocene. The Turi Formation accumulatedn inner shelf depositional
setting during the Runangan (Late Eocene), followgdcondensed outer shelf
facies in the Matapo Sandstone. This reflects eegsbuthward-directed onlap
within Taranaki Basin. Upper bathyal conditions cdewly developed during the
Upper Whaingaroan with accumulation of the Otardéarmation. Tariki
sandstone is a terrigenous fan deposit within @&Fformation and its formation
emphasises the development of a west-facing slépey dhe eastern margin of
the basin, as well as a shoreline along the westidmof the Patea-Tongaporutu
High where the textural maturity of the sandstoeeeibped (from alongshore
drift). The Tikorangi Limestone facies have a sanibrigin and distribution to the
Tariki Sandstone, except that the facies are cagrof carbonate. The carbonate
was sourced from productive shoreline areas onwibgtern side of the Patea-
Tongaporutu-Herangi High, transported across theonashelf and redeposited
onto the slope. The Taimana Formation is chieflgafcareous mudstone and
reflects the accumulation of hemipelagic depositsbathyal conditions. The
lithostratigraphic and paleoenvironmental data ulsed in this chapter helps
constrain paleogeographic interpretations presdatedin this thesis (Chapter 6).
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CHAPTER FOUR
SEDIMENTARY PETROGRAPHY

4.1 INTRODUCTION

Petrographic analyses of sedimentary rock sampieside insights into the
mineral constituents and their origins. Petrograplescriptions and the
identification and classification of mineralogicabntent is useful for the
comparison of samples, determination of the deposit environments of the
host rocks and provenance analysis (Carozzi 1988 chapter outlines the
samples obtained in this study and the methodolegpd for various types of
labratory analyses. Wireline log calibration (SextB.6.3) is also outlined with
respect to determination of the carbonate contetitgrain size character of well
cutting samples. This chapter primarily establisid® composition and
characteristics of the constituents of Eocene gdgkne sandstone units sampled
in this investigation. Using the modal mineral prapns and the characteristics
of samples, preliminary interpretations are drawrthis chapter about sediment

provenance.

4.2 SAMPLES

Twenty nine samples were obtained in this studydffierent analytical purposes
(see Appendix I), including petrographic analysigeline log calibration and for
U-Pb geochronology (Chapter 5). Table 4.1 summaribe 22 subsurface well
cutting samples obtained from Late Eocene — Oligecenits in the eastern
margin of Taranaki Basin (see Appendix I). Sandstosampled were analysed
petrographically and used for the purpose of U-Bbchronology. The more
argillaceous samples were used for wireline logbcation, where carbonate
content and grain size have been determined (sqeemlix IIl). Table 4.2
summarises the 7 onshore sandstone samples anatydad study, including 5
Te Kuiti Group samples from the Waikato Region, wartg sandstone from
Taumarunui and an Otaihanga quartz sandstone saafipddtained from outcrop
(see Appendix | for details about onshore samplééhough these onshore

samples are not Taranaki Basin units, they arenufas age to those sandstones.
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A sampling location map for North Island age eglemé units is included in
Appendix I.

Table 4.1. Subsurface sample summary, with sampled weltddion/member, depths and sample purg
Note most samples are used for the purpose ofimér&bg calibration.

Well Formation/Member Depth (m) Sample purpose
Awakino-1  Taimana Formation 1881 - 1884 Wireline log calibration
Toko-1 Taimana Formation 2863 - 2866  Wireline log calibration
Toko-1 Taimana Formation 2914 - 2917 Wireline log calibration
Kaimirg-1 Taimana Formation 3004 - 3007 Wireline log calibration
Kaimirg-1 Taimana Formation 3145- 3148 Wireline log calibration
Tariki-1 Otaraoca Formation 2346 - 2349 Wireline log calibration
Tariki-1 Ctaraca Formation 2583 - 2586 Wireline log calibration
Mokau-1 Ctaraoa Formation 2700- 2710 Wireline log calibration
Molkau-1 Ctaraoa Formation 274022750 Wireline log calibration
Tariki-1 Ctaraoa Formation (Tariki Sandstone Member) 2810- 2860 Petrography and U-Pb geochronology
Tariki-1 Ctaraoa Formation (Tariki Sandstone Member) 2870- 2920 Petrography and U-Pb geochronology
Tariki-1 Ctaraoa Formation (Tariki Sandstone Member) 2940- 2990 Petrography and U-Pb geochronology
Toetoe-1 Ctaraoa Formation (infra Member) 2094 - 2097 Wireline log calibration
Toetoe-1 Ctaraoa Formation (infra Member) 2115-2118  Wireline log calibration
Tariki-1 Ctaraoa Formation (Matapo Sandstone Member) 3024 - 2027 Wireline log calibration
Ahuroa-1 Ctaraoa Formation (Matapo Sandstone Member)  3213-3216  Wireline log calibration

Ahuroa-1 Ctaraoa Formation (Matapo Sandstone Member) 3222 - 3225 Wireline log calibration

MNgatoro-1 Ctaraoa Formation (Matapo Sandstone Member)  3550- 3600 Petrography and U-Pb geochronology

FPohokura-1  Turi Formation 332 Wireline log calibration
Foholura-1  Tur Formation 3390 Wireline log calibration
Foholura-1  Tur Formation 3420- 3470 Petrography and U-Fb geochronology
Kaimirg-1 MWckee Formation 3764 - 3740 Petrography and U-Fb geochronology
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Table 4.2 Onshore sample summary, with sample area, foonatiember and sample purpose.

Sample area Formation/ member Sample purpose

FortWaikato  Glen Massey Formation (Ahirau Sandstone Member) Petrography and U-Pb geochronology

Actea Harbour  Glen Massey Formation (Ahirau Sandstone Member) Petrography and U-Pb geochronology

Awamarino zlen Massey Formation (Ahirau Sandstone Member)  Petrography and U-Pb gecchronology
Hautapu Hill Aotea Formation (Hauturu Sandstone Member) Fetrography and U-Pb geochronology
Kihi Road Aotea Formation (Hautury Sandstone Member) Fetrography and U-Pb geochronology
Taumarunui Taumarunui guartz sandstone Fetrography and U-Pb geochronology
Otaihanga Otaihanga Outlier Fetrography and U-Pb geochronology

4.3 METHODS
4.3.1 Carbonate fraction analysis

Well cuttings samples were initially gently crushiex disseminate aggregated
grains. For sample information see Appendix Il rifbmate content was
determined by standard carbonate digestion proeedising dilute hydrochloric
acid, the carbonate content was dissolved from kmp a beaker. This solution
was then filtered and washed through filter papdter drying, the residual left
on the filter paper represented the clastic portbthe sample. Simple pre/post
sample weight calculations give the carbonate cwnts a proportion (or

percentage).

4.3.2 Grain size analysis

Well cuttings samples for grain size analysis werngally gently crushed to

disseminate aggregated grains. For sample infoomagee Appendix Ill. These
samples were then oven heated (dried), followe@dnjition of dilute hydrogen

peroxide, which further disseminated the grainan@as were then analysed,
using a Malvern-Mastersizer S instrument to deteemithe grain size

distributions.

Sedimentary petrography 71



4.3.3 Mineral separation

Heavy and light minerals were separated for sampgsstandard mineral
separation procedures. One kilogram sandstone sanfdm outcrop and well
cuttings were initially crushed using a jaw crusaed Bico disc mill in Waikato
University’s rock crushing facility. Samples weteeh separated based on grain
density using a Gemini Table. The heavier minerattion recovered was then
put through a heavy liquid (Sodium Polytungstat@52gm/cc) to separate light
from heavy minerals. The light mineral fraction ahé heavy magnetic mineral
fraction were retained for petrographic analysigc{®n 4.3.4). Zircon grains
were hand separated from the heavy mineral fra¢Bection 5.2).

4.3.4 Grain mounts

Grain mounts were made from the light fraction #mel heavy magnetic mineral
fractions respectively (Appendix IV provides samjiormation). Due to the
high carbonate content of samples analysed, carbahgestion was performed
on grains before slide mounting. A thin cover adigs was then applied to epoxy
resin covered microscope slides. Upon drying, graosunts were ground to a
thickness of approximately 0.03 mm. Modal analygs undertaken on the grain
mounts using a petrographic microscope. For eaamm gnount 300 points were
counted.

4.4 RESULTS
4.4.1 Carbonate content and calibration of wirelindogs

Because well cutting samples retrieved in this wthdd intermixed drilling

mud/fluid, an unknown proportion of (non-calcareoudrilling mud was

unavoidably processed along with the sampled faomatThis causes an
underestimate of the total carbonate content ofsdeple. As mentioned in
Section 3.6.2, well cuttings may not always be @spntative of formation depths
due to the mixing and contamination of cuttingsmast cases well cuttings are
representative of several metres of depth. Tat8eir®ludes carbonate content
determinations for 16 samples. For sample inforomateind carbonate digestion
data see Appendix Ill. Although there is no direamparison of calculated values
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to a standard, the values calculated in this studse somewhat expected and
seemed to complement carbonate content suggestedréline log signals and

well completion report descriptions.

4.4.2 Grain size and calibration of wireline logs

As mentioned in Section 3.6.3, the spread of depitign particular well cutting
samples and the presence of drilling mud also mtaveroblem in grain size
determination and the calibration of wireline log8ecause the formation
characteristics (very fine grained lithologies)emble that of the drilling mud, it
is hard to distinguish between the two. The resgltgrain size distributions
measured for each sample included any drilling rmadtion, likely causing an
underestimate of the mean grain size for a san@ble 3.3 includes the mean
grain size determinations for 16 samples. For sampgbrmation and grain size
data see Appendix Ill. The majority of the meanimgisizes over the Oligocene
interval are of fine to coarse silt (0.013 — 0.066) (Wentworth size classes).
The coarsest determined mean grain size is fing@ €847 mm)

4.4.3 Modal petrography of Late Eocene — Oligocene units

Modal composition data were obtained for the ligtmeral fraction as well as the
heavy magnetic mineral fraction for ten subsurface onshore detrital grain
mounts. For sample information and modal petrogyagdita see Appendix IV.
The purpose was to identify the main siliciclastiineral constituents. The
relative proportions of these constituents weresmheined by point counting of
the detrital mounts. The proportions and the preseri components are used to

interpret the provenance of the sediments.

McKee Formation
Light mineral fraction

The light mineral components of the McKee Formaaoa summarised in Figure
4.1. Sedimentary rock fragments (45%) and angulartg grains (34%) are the

primary components. Sedimentary rock fragmentstyieally quite weathered,
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fine grained and composed of silt-sized grainssTifishown in Fig. 4.1 where a
typical fine sand size sedimentary rock fragmerghewn with opaque minerals
(possibly ilmenite). Minor plagioclase feldspar (R%olcanic rock fragments
(7%), opaque minerals (limonite and magnetite; 28fthoclase feldspar (0.5%),
microcline feldspar (0.5%), amphibole and glaue®n#lso occur in small
quantities (Fig. 4.1).

Heavy magnetic mineral fraction

The magnetic heavy mineral fraction in McKee Foioratis dominated by
sedimentary and undifferentiated rock fragmentsli(sentary and/or volcanic),
with abundant limonite and glauconite-filled foramfeéra. The large proportion of
rock fragments recovered in the magnetic mineraktion of the McKee
Formation indicates the inclusion of significantcamts of magnetic minerals in

the rock fragments.
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Figure 4.1. A Photomicrograph identifying a sedimentary rock fmegt in the light minere
fraction of the McKee Formation, x200, under plgg@arised light andB. with x-nicols. C.
Component percentages from petrographic modal sisaly
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Turi Formation
Light mineral fraction

Similar to the McKee Formation, the Turi Formatisnprimarily composed of
sedimentary rock fragments (52%) and quartz grgiB8%). Figure 4.2
summarises the siliciclast content of the Turi Fation and illustrates a typical
sedimentary rock fragment, which appears similadhtse observed in the McKee
Formation (Fig. 4.1). Minor plagioclase feldspa@%d), orthoclase feldspar (4%),
volcanic rock fragments (4%) and trace amountsladapnite are also observed

(Fig. 4.2). Grains are typically angular and theagke is poorly sorted.

Heavy magnetic mineral fraction

Undifferentiated rock fragments (sedimentary andvolcanic) and limonite
dominate Turi Formation’s magnetic heavy mineracfion. Abundant opaque
minerals and minor glauconite were also observéw. [&rge proportion of rock
fragments recovered in the magnetic mineral fracBaggests the presence of

significant amounts of magnetic minerals in thekrbagments.
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Figure 4.2. A Photomicrograph identifying sedimentary rock fragmsein the light minere
fraction of the Turi Formation, x200, under planelapised light andB. with x-nicols. C.
Component percentages from petrographic modal sisaly
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Matapo Sandstone
Light mineral fraction

The Matapo Sandstone Member is composed mostlpak fragments (89%),
80% being sedimentary rock fragments and 9% vaicaock fragments. The
sedimentary rock fragments are composed of verg-dimained lithics, less
weathered than those observed in the McKee Formand Turi Formation (Fig.
4.3). Minor quartz (5%), and trace amounts of malgise feldspar (3%),
orthoclase (2%), glauconite, biotite and opaqueenails (limonite or magnetite)
are also observed (Fig 4.3). Matapo Sandstone Memli@er grained than other
subsurface samples analysed.

Heavy magnetic mineral fraction

Matapo Sandstone’s magnetic heavy mineral fraci®mlso dominated by
sedimentary rock fragments (~85%) with trace glaitep opaque minerals and
limonite being the other components. The abundaotesedimentary rock

fragments in the heavy magnetic mineral fractiodus to the content of magnetic

minerals.
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Figure 4.3. A Photomicrograph displaying the abundance of sediangmock fragments in th
light mineral fraction of the Matapo Sandstone, &20nder plane polarised light aBd with x-
nicols.C. Component percentages from petrographic modaysisal
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Taumarunui quartz sandstone
Light mineral fraction

The siliciclast content of this sample is illuse@tin Fig. 4.4 and is primarily
composed of quartz (56%) and sedimentary rock feagsn (22%). The

sedimentary rock fragments are typically very fgrained and sub-rounded (Fig.
4.4). Abundant plagioclase feldspar (13%), minolcanic rock fragments (6%),
trace amounts of orthoclase feldspar (3%) and opaginerals (limonite or

magnetite) are also observed (Fig. 4.4).

Heavy magnetic mineral fraction

The heavy magnetic fraction of the Taumarunui qusaindstone is dominated by
limonite, with abundant opaque minerals and tracknsentary and volcanic rock

fragments, amphibole and epidote.
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Figure 4.4. A Photomicrograph identifying sedimentary rock fragts in the light minera
fraction of the Taumarunui quartz sandstone, x20@er plane polarised light ar®l with x-
nicols.C. Component percentages from petrographic modaysisal
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Ahirau Sandstone
Light mineral fraction

Two Ahirau Sandstone samples were analysed pepbigedly. The average
siliciclastic composition of Ahirau Sandstone i®aim in Fig. 4.5. Angular quartz
(55%) is the primary component of Ahirau Sandstoflbundant sedimentary
rock fragments (18%), with minor plagioclase fels(6%), glauconite (6%), and
trace volcanic rock fragments (4%), orthoclasedeédt (4%), sphene, epidote and
biotite are also observed. Figure 4.5 shows a #&ymedimentary rock fragment
observed in Ahirau Sandstone alongside a large ifth® orthoclase feldspar

grain.

Heavy magnetic mineral fraction

Ahirau Sandstone’s heavy magnetic mineral fraci®rdominated by opaque
minerals with abundant amphibole and glauconiteingraMinor limonite,

sedimentary and volcanic rock fragments and sphenalso observed.
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Figure 4.5. A Photomicrograph identifying a sedimentary rock im&gt, orthoclase, quartz a
glauconite in the light mineral fraction of the Admi Sandstone, x200, under plane polarised light
andB. with x-nicols.C. Average component percentages from petrographéahamalysis.
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Tariki Sandstone
Light mineral fraction

Two Tariki Sandstone samples from different depth3ariki-1 were analysed
petrographically, and both have similar constiteenthe average siliciclastic
composition of Tariki Sandstone is summarised ig. 4.6. Quartz (51%),
plagioclase feldspar (21%) and sedimentary roclgnfents (21%) are the
dominant components, with trace amounts of ortlseckeldspar (4%), volcanic
rock fragments (4%), glauconite and limonite. Fegdt6 shows a medium sand
size sedimentary rock fragment from the Tariki Sode, which is composed of
very fine-grained material, similar to that obsertee McKee Formation, Turi

Formation and Matapo Sandstone. Some of the r@gafents resemble granitic

rock fragments, composed dominantly of quartz siedd and opaque minerals.
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Figure 4.6. A Photomicrograph identifying a sedimentary rock fmagt in the light minere
fraction of the Tariki Sandstone, x200, under plpakarised light an®. with x-nicols.C. Average
component percentages from petrographic modal sisaly
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Heavy magnetic mineral fraction

Tariki Sandstone’s magnetic heavy mineral fract®dominated by sedimentary
rock fragments, undifferentiated sedimentary/volcarock fragments, opaque
minerals and limonite. Trace glauconite, sphene guidote are also observed.
The abundance of sedimentary rock fragments innthgnetic heavy mineral

fraction suggests rock fragments have magnetic nasevithin them.

Hauturu Sandstone
Light mineral fraction

Two Hauturu Sandstone samples were analysed pafrioigally, and both had
similar constituents. The average composition ofitdal Sandstone is shown in
Figure 4.7, with the primary component being qué®&?0), consisting mostly of
angular crystals. Abundant plagioclase feldspar%{)l4and sedimentary rock
fragments (10%), with minor orthoclase feldspar J6&6d trace amounts of
glauconite (3%), volcanic rock fragments (2%), maine feldspar and
amphibole occur in both samples. Figure 4.7 showgpral sedimentary rock
fragment observed in Hauturu Sandstone. Rock fratgnare typically quite

fresh, with a few being moderately weathered.

Heavy magnetic mineral fraction

Hauturu Sandstone’s magnetic heavy mineral fracisodominated by opaque
minerals and glauconite. Minor limonite and traedismentary and volcanic rock

fragments, amphibole and sphene are also observed.
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Figure 4.7. A Photomicrograph identifying a rounded sedimentack fragment and quartz in tl
light mineral fraction of the Hauturu SandstoneQ®2under plane polarised light aBd with x-
nicols.C. Average component percentages from petrographéahamalysis.

4.5 MODAL PETROGRAPHY

The relative proportions of different types of tgenous grains in sedimentary
rocks can be used as a guide to interpret the enatuthe associated source rocks
(Dickinson & Suczek 1979; Dickinson et &4B83). A common approach is to plot
modal data on tectonic classification schemesgetheestablishing the nature of
the tectonic setting of the possible source arg@{gkinson et al1983). Figure
4.8 is a QFL (quartz, feldspar and lithics) ternphyt showing the relationship
between sandstone composition and tectonic setingprovenance type.
Dickinson & Suczek (1979) have classified all pnoamce types into three
general groups: continental blocks, magmatic ammsd recycled orogens.
Continental block provenances have sediment demigkr from stable shields
and platforms, or from uplifted (faulted) basemblucks (Dickinson & Suczek
1979; Dickinson et al1983). Within magmatic arcs, sediment sources lman

from within island arcs, or active continental masg (Dickinson & Suczek
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1979). Within recycled orogens, sediment sourcesfram uplifted sedimentary
strata and volcanic rocks in subduction zones, qalmilision orogens or within
foreland fold-thrust belts (Dickinson & Suczek 19Mickinson et al 1983).
These three broad provenance categories are fustiativided into specific
variants via specific plate settings.

Figure 4.9 shows the modal data obtained in thidysplotted on a QFL ternary
diagram. For QFL data see Appendix IV. The intamtis to identify the

provenance type for the sandstone samples. Mogtlearoluster in the recycled
orogen provenance category, with two samples piptin the magmatic arc
category. There is a clear trend between the quamtizlithics poles, with little

change in the total feldspar component between kesmjphis is also shown in
Fig. 4.10 where there is an obvious linear relatom between quartz and lithic
abundance, indicating that the feldspar componest hot varied much

stratigraphically between samples (that is, ovae}i Although there are limited
data points plotted, an age to QFL quartz percentalgationship is apparent. The
oldest three samples on this plot (McKee Formatiamj Formation and Matapo
Sandstone Member) have the lowest QFL quartz comtesh the youngest rock
samples (Hauturu Sandstone) have the highest QBktzjgontent (Fig. 4.10).

The increasing quartz content with decreasing agedcindicate an increase in
the importance of a granitic provenance of Latedbec— Oligocene Taranaki

Basin sediments over time.
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Figure 4.€. QFL plot showing broad provenance categories &ftekinson and Suczek (197
and provenance fields after Dickinson and Sucz8Kg), Dickenson et a{1983) and Marsaglia
and Ingersoll (1992).
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Figure 4.€. QFL plot showing provenan fields after Dickinson and Suczek (1979), Dicken
et al (1983) and Marsaglia and Ingersoll (1992), withttgld Late Eocene — Oligocene sandstone
samples.
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Figure 4.1C. Plot showing linear relationship between QFL tpaand rock fragmen
percentages, for Late Eocene — Oligocene sandsiamles. Note increasing quartz content
with decreasing age trend.

4.6 PROVENANCE INTERPRETATION OF THE LATE EOCENE —
OLIGOCENE UNITS

The modal abundance of mineral and lithic componeshd QFL ternary
diagrams may be used as indicators of provenameeagd source rock types for
the sandstone samples. Smale (1992) discusseitterdial source areas known
for Cretaceous — Oligocene sedimentary sequencé&argnaki Basin, including
Murihiku Terrane along the eastern margin of theirbalorlesse Terrane farther
to the east, basement in the northwest Nelsontard@ south, and basement in
eastern Nelson and western Marlborough in the seegh(Fig. 2.8).

Through the Cenozoic, movement on the TaranakitFead caused deformation
and uplift along the eastern margin of Taranakiia$he resulting uplift of
Murihiku Terrane, which includes the Patea-TongapoHigh, is the closest and
‘obvious’ source for both Late Eocene — Oligocemessirface Taranaki Basin and
onshore strata. Although some components may becedufrom Murihiku
Terrane, an origin from other Mesozoic or Paleozeicanes is likely. Modal
petrographic data for Murihiku Terrane is giverBinggs et al (2004). Feldspar
is the most common mineral constituent, averagetgveen 27 — 44%, of which
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plagioclase is most common (22 — 32%), orthoclase tommon (5 — 12%) with
rare microcline. Quartz is much less abundant wiflf2% modal average, ranging
from 18% (Late Triassic rocks) — 7% (Late Jurasseks) in. Rock fragments are
the most abundant of all components ranging from80% with a modal average
of 46%, of which, dominantly andesitic volcanic koftagments are the most
common type (Briggs et.&2004). By comparing sample constituent data obthine
in this study to that of Murihiku Terrane, the aifthe following subsection is to
hypothesise that the Murihiku Terrane may not leeddminant source of the Late
Eocene — Oligocene sediments in Taranaki Basin.

4.6.1 McKee and Turi Formations

The similarities in mineral proportions and graipgs between McKee Formation
and Turi Formation suggest a common source. Thehiasvn in Figure 4.9, with
very similar positions on the plot close to théitt pole (along the recycled
orogen and magmatic arc provenance boundary). Becahe dominant
component of these units is fine-grained sedimgntasck fragments, a
sedimentary rock provenance is likely, possiblyrayggacke source. Smale and
Morton (1987) and King and Thrasher (1996) howdare suggested a Karamea
Granite and Pikikiruna Schist (north-west Nelsooyrse for the grains within
these stratigraphic units. The ~30% modal quartnpoment observed within
McKee Formation and Turi Formation sandstone is hmhigher than that of
Murihiku Terrane, supporting a source from other shi®ic terranes (eg.
Waihapa, Torlesse and Caples Terrane) or from #heoRoic Greenland Group,
although some granitoid provenance is not precluddwe poorly sorted and
angular nature of grains observed in these uniiggest they are texturally

immature sandstone.

4.6.2 Matapo Sandstone

The position of Matapo Sandstone samples plotted~ignre 4.9 suggests a
magmatic arc provenance. However, sedimentary fragknents are the dominant
component observed which does not fit with volcksitc sand that might be
expected from an undissected arc (Dickinson .€t283). The abundance of fine-

grained sedimentary rock fragments suggests a domifme-grained sedimentary
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basement source for Matapo Sandstone. King andshéra(1996) and Smale
(1996), suggest a granitic provenance as the domns@urce of clastics for the
Ngatoro Group, with Separation Point Batholith aatamea Batholith inferred
as specific source rocks. Low-grade metamorphicenadtis recorded in Matapo
Sandstone in Okoki-1 (King & Thrasher, 1996).

4.6.3 Taumarunui quartz sandstone

Because the Taumarunui quartz sandstone is dordinate quartz and
sedimentary rock fragments with few if any volcarock fragments, derivation
from a quartz rich basement source area is likEhe fine-grained sedimentary
rock fragments also suggests a fine-grained sedaneprovenance, possibly a
greywacke source. The Taumarunui quartz sandsson®re quartzose than the
McKee Formation and Turi Formation samples analysed plots close to the
quartz pole (recycled orogen), similar to the cosigan of Ahirau Sandstone and
Tariki Sandstone (Fig. 4.9).

4.6.4 Ahirau Sandstone

The presence of large orthoclase feldspar graimsmvolcanic rock fragments
and the very abundant amphibole component observddle magnetic heavy
mineral fraction suggests a dominant igneous prawvea for Ahirau Sandstone,
possibly a Murihiku basement source. However, ##%) quartz component of
Ahirau Sandstone is much higher than for Murihikasdément as reported by
Briggs et al. (2004), suggesting more than one c®uwarea and including
derivation from a quartz rich basement source afddrau Sandstone has an
equivalent provenance field (recycled orogen) t@ thaumarunui quartz
sandstone, Tariki Sandstone and Hauturu Sandstamne4(9).

4.6.5 Tariki Sandstone

The abundant fine-grained sedimentary rock fragmemiponent of Tariki
Sandstone suggests a fine-grained sedimentary maiage, possibly a greywacke
source. The high (~51%) quartz component of TaB&ndstone is also much
higher than for Murihiku Terrane, suggesting ani@mthl source involving a
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quartz rich basement. This is supported by theepies of trace granitic rock
fragments in Tariki Sandstone samples. King anda3ltmer (1996) reported
volcanic rock fragments in Tariki Sandstone ancerirdd them to have been
derived from Brook Street Volcanics (Brook Streetréine) or Tasman Intrusives

(Median Tectonic Zone).

4.6.6 Hauturu Sandstone

Hauturu Sandstone is markedly quartzose (~65%arnch higher so than that of
Murihiku Basement. This is consistent with derigatifrom a quartz rich
basement such as a granitoid belt or quartz riskiant such as Torlesse Terrane

or parts of Caples Terrane (e.g. Momis Sandstomeblill 1979).

4.7 CONCLUSIONS

Twenty nine Late Eocene — Oligocene onshore ansustate samples have been
used for the purpose of wireline log calibratiord gsetrographic analysis. The
carbonate content and grain size of targeted fdarefaranaki Basin samples has
successfully aided wireline log interpretation (Pt 3). The results of
petrographic description and modal analysis fordseome samples are given in
this chapter. QFL ternary diagrams have been plofte the light mineral
fraction, revealing the broad provenance categadioeseach of the analysed
samples, which are interpreted to be mostly of clecl orogen provenance.
Mineral constituent data have also been used &ypret source rock types, with
comparisons made with the composition of Murihikerréne, an obvious and
nearby potential source unit. In most cases thl bigartz content observed in
samples discounts Murihiku Basement as a dominanirce, suggesting
derivation from granitic or other quartz rich bassm Although the mineralogical
characteristics and modal analysis of samples mdigate the type of source
rock, it cannot uniquely identify specific basemantts.

The following chapter (Chapter 5) reports U-Pb deonology results for zircon
grains from the same samples for which the mingsalbas been determined.
This has been undertaken in an attempt to moreifgpdly establish the

provenance of the Late Eocene — Oligocene silisiilacomponent of sediments

in Taranaki Basin.
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CHAPTER FIVE
U-Pb GEOCHRONOLOGY

5.1 INTRODUCTION

U-Pb dating involves measurement of the relativendance of uranium to lead in
uranium-bearing minerals, particularly zircon. Therre two radioactive decay
chains, one involving the decay BfU to 2°Pb, and the othérf®U to *Pb. Ages
can be derived independently using both of thesgnshby measuring the
20%ppP38y and 2°’PbF*U ratios. Zircon is one of the most common accessor
minerals in igneous, sedimentary and metamorphi&solt is very resistant to
physical abrasion and weathering, naturally costigh levels of uranium and
the atomic structure of zircon is effective at matay radiogenic lead. These
factors allow precise U-Pb ages to be calculatedgiizaro 1968; Cawood et al
1999). With significant development in the techmpyloof laser ablation and
inductively coupled plasma-mass spectrometry (IC®yNhstrumentation over
the last few decades, and capability of this te@gyto rapidly generate single
grain ages, U-Pb zircon dating has proved to berexige and increasingly
attractive dating technique (Campbell et24105).

In this study the U-Pb ages of more than 350 @étadircon grains were
determined from 13 clastic sedimentary rocks witbcéhe — Oligocene
stratigraphic ages (Appendix VII). The U-Pb agesw@sed to assist in establishing
the provenance of the source rock of the Eocendigo€@ne sandstone units
sampled in Taranaki Basin as well as the Te Kuibup. The U-Pb ages in this
study were obtained using a laser ablation indattivcoupled plasma-mass
spectrometry (LA-ICP-MS) technique adapted fromkdaao et al(2004). Zircon
age measurements are a powerful tool for detrigglinsentary provenance
investigations, basin analysis and stratigraphicetations (KoSler et al2002;
Vermeesch 2004). Patterns of zircon ages obtdorethe samples processed in
this study have provided valuable incites into zlieon-bearing source rocks and
the contemporary paleogeography (e.g. transpaattiims) (Cawood et .a1999;
KoSler et al2002).
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5.2 METHODS

Zircon grains were separated from sandstones bgdhemon mineral separation
procedures (see Section 3.3.3). About 1 kg sandstamples were crushed and
processed through heavy liquids to separate theylhmaaeral fraction, which was
further processed using a Frantz magnetic sepatat@roduce a zircon rich
fraction. From this fraction a representative zirqmopulation was handpicked

under a microscope.

A typological classification proposed by Pupin (@pP&see Appendix V) that
identifies and defines different zircon morpholagighe arrangement of crystal
faces) was used to separate the main zircon typdssabtypes in particular
samples. Colour was also used to sort zircon gnaitiin samples into groups.
Clear crystal appearance under reflected light ssiggelatively young zircon age
or low uranium and thorium content whereas colouwggtals (yellow, pink,
amber) tend to suggest older ages or higher uraranch thorium contents
(Catanzaro 1968, Garver & Kamp 2002). Includingoooland morphology as
criteria for identifying crystals for U-Pb dating useful as a means of ensuring
that the full range of zircon crystals in a sangole analysed.

With sub-populations sorted, crystals are mountedhin-section slides using
adhesive tape and a 25mm 10 x 10 grid. All sampiere then loaded into the
laser ablation microprobe sample cell together \aplpropriate standards to be
analysed using a methodology adapted from Jackisah €004). For LA-ICP-
MS operating conditions see Appendix V. Using tleuked laser of the
microprobe, targeted crystals were ablated foreioids using spot sizes of 30
um. Ablated material is carried into an ICP-MS feotopic quantification via a
helium carrier gas (Appendix V). Uranium and leaginal intensity data from
each crystal were measured for 60 seconds whiliabloccurred. Each sample
analysis includes several analyses of the standiecdns GJ-1 and Temora-1,
which are used to calibrate the analytical data @andn independent check on
data accuracy. Raw ICP-MS data were exported addceel using GLITTER
software allowing isotope signal range to be setkéétom which relevant isotope
ratios can be calculated and displayed. For datmisiton parameters see
Appendix V. These data were then exported to 1$0pI00 (a geochronological
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toolkit for Microsoft Excel) where concordia plotage calculations and age

probability density plots could be created for gapan analysis.

5.3 U-Pb AGES
5.3.1 Data quality
5.3.1.1Signal selection

For each crystal, raw ICP-MS data were imported (BLITTER software, a data
reduction program that sho®Pb, *°'Pb, 2°%pb, 2*2Th, %U, °si, ®’sr, 8%, %'zr
and'’'Hf isotope concentration signals over time, or @ldepth. A signal output
that shows constant and stable isotope concemntsatiger time is ideal indicating
homogenous ablation, however, over the course lafiab, isotope concentration
signals often appear to vary suggesting non-hon&tear an outside influence.
In many cases analytical error can cause the agpearof non-homogeneity
where error may arise from ICP-MS sensitivity, mgament error, or the
addition of foreign material into the system whislthen measured along with a
sample. However, the most likely cause of variaB®ope concentration is
variation in laser power. During probing, laser povgeems to always vary, in
some cases with momentary reductions of up to 30#amentary power peaks.
This causes changes in the amount of ablated mb#eri isotope concentration.
Other signal variations may reflect the non-homeggnof crystals caused by
lead loss, common lead gain, crystal surface conttian, or inherited older
cores (zoning) (Jackson et 2004).

Because zircon crystals are very robust mineralsstieg crystals may be
incorporated into, and ‘survive’, a younger igneonsit. During this process the
accretion or overgrowth of new material occurs atb@an older zircon core,
resulting in zoning. During analysis this zoningfgen evident from the bi-modal
nature, or ‘terraced’ appearance of signal intgnstfith zoned crystals one can
calculate core or rim ages using the differentaftsignal. This highlights the
importance of identifying crystal zonation so tléterent parts of the signal can
be analysed. Figure 5.1.A shows &i%b signal intensity for sample 10 (Matapo
Sandstone). Signal 1 involves the lower of twodaees with Signal 2 selected
from the later (deeper into crystal) section ofnalg These two signal sections

analysed independently on a concordia plot showifgigntly different age
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determinations with signal selection 1 and 2 paseg$®Pb/*®U ages of 280+17
Ma and 783+18 Ma, respectively (Fig. 5.1.B). Thasnple represents a zoned
zircon crystal with an older Neoproterozoic corel anPermian outer rim (Fig.
5.1.C). The presence of zoned crystals gives itsigghthe complex geological
histories that crystals can possess.

v/

B data-point error Sgipses are 53.3% conf.

ooz | *Pb 4T age = 280417 Ma

0.0 04 12 16

08
20?Pb1235U

Figure. 5.1 A. **Pb signal intensity for sample 10 (Matapo Sand3tomigh corresponding sign
selections 1 and B. Concordia plot with selections 1 and 2 plottewj aorrespondingd®Pb age
determinationsC. Schematic illustrating zoned nature of sampledtat. The older crystal core
and younger rim corresponding to signal selectian@ 1, respectively.
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Before signal data is exported to GLITTER softw#ras very important to
visually examine the data as a function of timeirdydaser ablation. For each
mass sweep, the data were examined carefully fg@mgipossible signal portions
to be used in analysis and age calculation. Fon sample the most concordant
section of signal was identified and exported tdTJIER. In most cases the most
stable section of signal typically lay 5 — 10 set®after ablation started. Signal

selection images are provided in Appendix VI.

5.3.1.2 Concordance

Unlike other radiometric dating techniques that asgngle decay series for age
calculation, uranium-lead dating uses two decayinsh&>%U-°Pb and?*U-
20’ph) and independent ages may be calculated forragioh If crystals have not
lost any parent or daughter material (i.e. thera idosed system) ages derived
from each of the’®Pb”®U and **PbF*U ratios should be the same, or
concordant. Most zircons crystals however are tmesadegree discordant,
indicating that there has been a degree of opet@raybehaviour. This is most
commonly due to bulk radiogenic lead loss, buteéhean also be loss 81Pb
relative to?°Pb (Catanzaro 1968). Catanzaro (1968) suggestsrékatts are
probably discordant if th&®Pbf**U and*°’Pb#**U derived ages differ by more
than 5%. Similarly, Scott and Palin (2008) disrelgdata that have more than
10% discordance.

Metamictisation is a process in which minerals Iths®r internal atomic structure
due to radiation damage. The increasing crystalogty caused by

metamictisation can lead to an increase in leasl logreasing U-Pb discordance
and increasing colouration of crystals are featueshetamictisation of zircon

(e.g. Dickin 2005). Ideally, concordant or near-wmnmdant crystals should be
considered for geological interpretation of U-Pleggwhile discordant crystals
should be disregarded in terms of having geololyicakaningful U-Pb ages. This
makes the examination of crystal concordance a wepprtant issue before age

interpretation.

Plotting ages on concordia plots aids interpretatd crystal age concordance.
Figure 5.2.A is a concordia plot for sample 5 (HautSandstone) illustrating
20ppP38y vs 2°PbF**U ages and the associated error ellipses. Forsarisple,
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one very discordant crystal is observed (whitgoséd), lying far to the right off the
concordia line (blue). This suggests some formnadysis error, contamination or
significant Pb-loss event. This one discordant talybas been removed from
further analysis with the remaining 34 crystalstigld (with associated error
ellipses in white) illustrated in Fig. 5.2.B. Theskipses are observed to lie in
close proximity to the concordia line (blue), susiijeg crystal concordance, and
that the crystals are from a ‘closed system’ wétdpect to U-Pb age.

A data-point error ellipses are b8.3% conf,
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Figure. 5.2 U-Pb concordia plot of single ¢lerror ellipses) zircon analysis from sampl
(Hauturu Sandstonep. Raw analysis with one very discordant ellipse @né8. Residual 34
concordant/near-concordant crystals after singleaddant crystal removed.
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Concordia plots have been prepared for each sgooplelation. In most samples
many crystals appeared to have concordant ages, iyiclose proximity to the
concordia line. However, in some samples more disod crystals were
observed. A lot of these ‘apparent’ discordant agay be associated with error
from ?°’Pb measurements. In relatively young crystals (€108) *°’Pb is present
in such small amounts that the use of tH&®bf**U decay chain becomes
ineffective (Black et al2004). This causes inaccurat¥Pb/**U ages to be
calculated with corresponding high errors, themefoausing apparent discordance.
Because of this, in some cases near-concordantatsysere not removed for
interpretation (Fig. 5.2) and age probability dimation plots (Section 5.3.3) were

constructed using®Pbf**U ages alone.

5.3.1.3 Zircon Standards

During sample analysis three standards were useddainate data quality and to
help calibrate the U-Pb ages. By comparing theityuaf concurrent analyses of
standard and sample zircon it is possible to ifenthe components of

imprecision that have arisen from the analyticalgedure and those that reflect
heterogeneity of the unknown crystals (Black e28D4). The standards used in

this procedure were Nist-610, GJ-1 zircon and Ter®eircon:

Nist-610 standard

The Nist-610 standard is a glass reference matahkited in the sample cell
before and after sample analysis for standardisafidis allows isotope ratios
from Nist-610 obtained during different sample gsak to be compared,
highlighting any drift in ICP-MS sensitivity or ¢hatation from sample to sample.

GJ-1 Zircon

The GJ-1 standard is employed as an external sthohal is the main standard
for GLITTER software, calibrating elemental fractagion. GJ-1 is probed
multiple times before and after sample analysesyelsas several times during
analysis. This standard zircon is well dated, wehaved and shows no zoning.
Jackson et a{2004) provides &'Pb?°®Pb age for this crystal of 608.5 + 0.4 Ma.
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Temora-2 Zircon

The Temora-2 zircon is used as an independentrnattstandard probed several
times during sample analyses to check ICP-MS acgusad precision. Black et
al. (2004) gives Temora-2?4°Pbf**U age of 416.8 + 1.3 Ma.

The effectiveness of these standards in reinfordatg quality is seen in Fig. 5.3,
where a concordia plot for sample 5 (Hauturu Sam#st shows the distribution
of a sample population (white) with GJ-1 zirconed)r and Temora-2 zircons
(blue). Most GJ-1 error ellipses can be seen tetetuaround the concordia line
between 550 — 650 Ma centred on 600 Ma. Temorae? ellipses show similar
character lying centred on 400 Ma. Waikato analyge® weighted mean
20%ppP38y ages of 602+12 Ma and 416+28 Ma for GJ-1 and Ter2ostandard
zircons respectively, very similar to the standaf@rence ages given above. The
larger associated errors reflect ICP-MS analysesugeTIMS analyses for the
standards.

A
data-point error ellipses are 63.3% conf. UO
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Figure. 5.3 U-Pb concordia plot of single zircon analysis froompée 5 (Hauturu Sandston:
showing sample population (white), GJ-1 standardori (red) and Temora-2 standard zircen 1
error ellipses.
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5.3.2 Sample analysis

The following section discusses data quality fochedample with respect to
concordia plots. Sample characteristics is alsoudised, including the presence of
different zircon morphologies, zircon colour andpptation *°°Pb?*®U age
patterns. A full set of?’Pb7*U and?*Pb/*®U GLITTER software isotope ratios
and age estimate data are provided in Appendix VII.

Sample 8 (McKee Formation)

Twenty nine zircon grains were analysed in thisgamnwith 27 concordant/near-
concordant ages used in its interpretation. Figudeis a concordia plot showing
individual crystal error ellipses withcluncertainty. Most crystals appear to be
concordant with a dominant cluster around 200 M@ arminor cluster around
450 Ma. Figure 5.5 shows individudl®Pb/*®U ages plotted with respect to
crystal morphology and crystal colour identified fbe entire samplé”®Pb/8U
ages range from 149.3 to 1554.2 Ma with a domiaget cluster around 170 Ma.
Although there is a large age range, the oldest(888.3 and 1554.2 Ma) crystals
may be thought of as rare outliers, as 89% of daglédelow 500 Ma and 40%
below 200 Ma. Pupin (1980) morphologies identifieclude P1, S5, S15 and S10
subtypes. However, there was no apparent relatjpristween morphology and
age. Analysed crystals were dominantly clear, h@wvdour coloured crystals
(pale amber, amber and pink) yielded the old®Bb/*®U ages (Fig. 5.5).
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Figure. 5.4 U-Pb concordia plot of single zircon analysis fronmpée 8 (Mckee Formation

showing the residual twenty seven concordant/neacardant crystals @lerror ellipses) used in
further age interpretation.
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Figure. 5.5°°Pb”*¢ age distribution for sample 8 (McKee Formation)thwiircon morphology an
colour outlined. Visual representation of zirconrpiwlogy (for Pupin (1980) morphologies see
Appendix V) and colour subdivisions given.
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Sample 12 (Turi Formation)

Eighteen zircon grains were analysed for this samplith 14 having
concordant/near-concordant ages. Figure 5.6 showlssidual crystal error
ellipses with & uncertainty. Most crystals appear to be concordatfit only two
near-concordant crystals. There does not appedée teignificant clustering of
ages, with a fairly even spread between 100 — 330 Mgure 5.7 shows the
individual 2°°Pb?%%U ages plotted with respect to crystal morphology emidur.
20ppP38y ages range from 102 — 572 Ma, with 86% falling he®00 Ma and
71% below 210 Ma. Only two Pupin (1980) morpholsgiere identified (P1 and
S5) and only clear crystals were found in the samphere does not appear to be

any relationship between morphology and age (Fig). 5

012 data-point error ellipses are 63.3% conf.
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(o)
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010 F :%\
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008 .
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Pb 006 | %‘
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00 0.2 04 08 0.8 1.0
20?Pb!235u

Figure. 5.6 U-Pb concordia plot of single zircon analysis froompee 12 (Turi Formation
showing the residual fourteen concordant/near-aafacd crystals (@ error ellipses) used in
further age interpretation.
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Figure. 5.7 “Pb”* age distribution for sample 12 (Turi Formation)ttwizircon morphology an
colour outlined. Visual representation of zircon rpfmlogy (for Pupin (1980) morphologies see
Appendix V) and colour subdivisions given.
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Sample 15 (Otaihanga Outlier)

Twenty six zircon grains were analysed in this sempwith all being
concordant/near-concordant ages. Figure 5.8 is mcordia plot showing
individual crystal error ellipses withcluncertainty. Most crystals appear to be
concordant with the exception of one near-concdrdi@termination at around
500 Ma. Although there is a fairly large age rangéhe data there is an obvious
cluster of ages between 200 — 300 Ma. Figure S5d@vshindividual?*Pb/*%U
ages plotted against crystal morphology and colti¥Pb/*®U ages range from
212.9 to 1103.4 Ma with 73% of ages occurring betw210 and 290 Ma. Pupin
(1980) morphologies identified include P2, S10 &1& subtypes. However, there
was no apparent relationship between grain morgiyoland age. Analysed
crystals were dominantly clear, however 10 crystald pale amber and amber
colours observed under reflected light. The twoestd®Pb/*®U ages included
one pale amber and one amber crystal, and the eigét coloured crystals
possessed similar ages to those that were clegargR).
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Figure. 5.8 U-Pb concordia plot of single zircon analysis froompe 15 (Otaihaga Outlier),
showing the twenty six concordant /near-concordaystals (& error ellipses) used in further
age interpretation.
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Figure. 5.9%°Pb** age distribution for sample 15 (Otaihanga Outligi}h zircon morphology an

colour outlined. Visual representation of zirconrpiwlogy (for Pupin (1980) morphologies see

Appendix V) and colour subdivisions given.
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Sample 10 (Matapo Sandstone)

Thirty two zircon grains were analysed in this sé&mpith 29 concordant/near-
concordant ages. Figure 5.10 is a concordia plowsiy individual crystal error
ellipses with & uncertainty. Most crystals appear to be concordatfit an even
spread of ages between 150 — 350 Ma. Figure 5.awssindividual®*®Pb/&U
ages plotted against crystal morphology and colti¥b7*®U ages range from
115.5 to 396.8 Ma with 76% of ages falling below)3@a and 41% below 200.
Unlike other samples where relatively young (<208) Mlusters are present, there
appears to be much more spread of ages throuds0ttMa within this population.
Pupin (1980) morphologies identified include P1, %5 and S15 subtypes.
However, there was no apparent relationships betwesphology and age. Only
clear crystals were identified and analysed in shisiple (Fig. 5.11).

oy
dat&?@nint error ellipses are B8.3% conf.
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Figure. 5.10U-Pb concordia plot of single zircon analysis froompée 10 (Matapo Sandston
showing the residual twenty nine concordant/neacodant crystals @l error ellipses) used in
further age interpretation. Note the very largeretlipse, reflecting high*’U/?*U error.
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Figure. 5.11°°Pb?* age distribution for sample 10 (Matapo Sandstowé)y zircon morpholog)
and colour outlined. Visual representation of zirenorphology (for Pupin (1980) morphologies see
Appendix V) and colour subdivisions given.

U-Pb geochronology 105



Sample 7 (Taumarunui quartz sandstone)

Thirty three zircon grains were analysed in thisygie with 31 concordant/near-
concordant ages. Figure 5.12 is a concordia plowsiy individual crystal error
ellipses with & uncertainty. Most crystals appear to be concordatit several
near-concordant older (>500 Ma) and younger (<3&) &yes. There appears to
be a dominant cluster between 150 — 400 Ma. Figui8& shows individual
20%ppP38y ages plotted against crystal morphology and col6Pb”®U ages
range from 145.9 to 859.8 Ma with 81% appearingwe300 Ma and 45% below
200 Ma. Pupin (1980) morphologies identified in@uel, P2, P3, S3, S4 and S8
subtypes. However, there was no apparent relatjpristween morphology and

age. Only clear crystals were found and analysehisnsample (Fig. 5.13).

data-point error ellipses are 68.3% conf,
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Figure. 5.12 U-Pb concordia plot of single zircon analysis froompie 7 (Taumarunui quar
sandstone), showing the residual thirty one coramaydear-concordant crystalss(&rror ellipses)
used in further age interpretation.
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Figure. 5.13 *Pb?* age distribution for sample 7 (Taumarunui quartmdstone), with zircol
morphology and colour outlined. Visual represeotatof zircon morphology (for Pupin (1980)
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Sample 1 (Ahirau Sandstone)

Twenty five zircon grains were analysed for thismpée, with all being
concordant/near-concordant ages. Figure 5.14 isorcocdia plot showing
individual crystal error ellipses withsluncertainty. Compared with other samples
most of the error ellipses for this sample appeachmsmaller, due to smaller
error associated witi°’Pb”°U measurements. Most crystal ages appear to be
concordant and many of the smaller ellipses apfmeae near-concordant. There
appears to be an even spread of ages between d@Da@rMa. Figure 5.15 shows
individual ?°Pb/*®U ages plotted against crystal morphology and colour.
20%ppf38Y ages range from 104.7 to 433.4 Ma with 88% of dgling below 280

Ma and 52% below 200 Ma. Unlike other samples whieeee is a cluster of ages
<200 Ma this sample shows a spread of ages threm@®0 Ma. Pupin (1980)
morphologies identified include P1, S5, S10 and Sdbtypes. However, there
are no apparent relationships between morphologyage. Only clear crystals

were found and analysed in this sample (Fig. 5.15).

o
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Figure. 5.14U-Pb concordia plot of single zircon analysis froormpke 1 (Ahirai Sandstone]
showing the twenty five concordant/near-concordapstals (& error ellipses) used in further
age interpretation.
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Figure. 5.15°Pb* age distribution for sample 1 (Ahirau Sandstoné)h wircon morphology an
colour outlined. Visual representation of zircon rpfmlogy (for Pupin (1980) morphologies see
Appendix V) and colour subdivisions given.
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Sample 2 (Ahirau Sandstone)

Twenty eight single zircon grains were analysethia sample, with 27 showing
concordant/near-concordant ages. Figure 5.16 isorcocdia plot showing
individual crystal error ellipses withcluncertainty. All crystals appear to be
concordant with a cluster of ages around 150 Mgurei 5.17 shows individual
20%ppP38y ages plotted against crystal morphology and colBPb7”®U ages
range from 132.8 to 1066.9 Ma with 74% of agesrglbelow 300 Ma and 56%
below 200 Ma. Pupin (1980) morphologies identifiedlude P1, S5, S9 and S10
subtypes. However, there are no apparent relatipsigletween morphology and
age. Only clear crystals were found and analysethfe sample (Fig. 5.17).
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Figure. 5.16 U-Pb concordia plot of single zircon analysis fronompée 2 (Ahirau Sandste),
showing the residual twenty seven concordant/neacardant crystals @lerror ellipses) used in
further age interpretation.
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Sample 3 (Ahirau Sandstone)

Thirty one single zircon grains were analysed iis sample, with 27 showing
concordant/near-concordant ages. Figure 5.18 isorcordia plot showing
individual crystal error ellipses withcluncertainty. Many crystals appear near-
concordant or discordant for this sample but hasenbkept on plots with a
suspicion that the?®’Pb/*®U measurementsnay be causing the apparent
discordance. A dominant cluster of ages is preenteen 200 — 250 Ma. Figure
5.19 shows individuaf®®Pb7*® ages plotted against crystal morphology and
colour. ?°PbP*®U ages range from 120.5 to 373.5 Ma with 81% of dg#ing
below 300 Ma and 52% between 190 — 250 Ma. Pup@8Q)L morphologies
identified include P1, P2, S5, S10 and S15 subtyptsvever, there is no
apparent relationship between morphology and agdy ©lear crystals were
found and analysed for this sample (Fig. 5.19).
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Figure. 5.18 U-Pb concordia plot of single zircon analysis froompée 3 (Ahirau Sandste),
showing the residual twenty seven concordant/neacardant crystals @lerror ellipses) used in
further age interpretation.
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Sample 9 (Tariki Sandstone)

Thirty zircon grains were analysed in this samplé&éhwa resulting 27
concordant/near-concordant ages used in intermretdtigure 5.20 is a concordia
plot showing individual crystal error ellipses with uncertainty. Compared with
other samples, there appears to be a lot more esswciated witf°’Pb7**U
measurements, which is shown by ellipse elongatiothe left/right direction.
This was possibly due to high’Pb background levels in the sample chamber that
were present on this day of probing. There doeschrewappear to be a dominant
cluster between 100 and 150 Ma. Figure 5.21 shogividual *>Pb”®U ages
plotted against crystal morphology and coldiPb?*®U ages range from 112.2
to 377.6 Ma with 89% of ages falling below 300 Mad&9% below 150 Ma.
Pupin (1980) morphologies identified include P1, P2, S5 and S15. However,
there are no apparent relationships between margiiohnd age. All crystals

found and analysed in this sample were clear G=i2f).
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Figure. 5.20 U-Pb concordia plot of single zircon analysis froompée 9 (Tariki Sandste),
showing the residual twenty seven concordant/neacardant crystals @lerror ellipses) used in
further age interpretation.
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Figure. 5.21°°Pb”¢ age distribution for sample 9 (Tariki Sandstoneithvzircon morphology an

colour outlined. Visual representation of zircon rpfmlogy (for Pupin (1980) morphologies see
Appendix V) and colour subdivisions given.

U-Pb geochronology 115



Sample 13 (Tariki Sandstone)

Thirty one zircon grains were analysed in this sempith a resulting 29
concordant/near-concordant ages. Figure 5.22 isorcocdia plot showing
individual crystal error ellipses withsluncertainty. Most crystals are concordant
with a clusters around 125, 250 and 350 Ma. Figu8 shows individual
20%ppP38y ages plotted against crystal morphology and colBPb7”®U ages
range from 110 to 363.9 Ma with 66% of ages fallmgow 200 Ma and 52%
below 150 Ma. Pupin (1980) morphologies identifiedlude P1, P2, S5 and S20
subtypes. However, there was no apparent relatipsisletween morphology and
age. All crystals found and analysed in this sarm@ee clear (Fig. 5.23).

data-point eror ellipses are 58.3% conf.
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Figure. 5.22U-Pb concordia plot of single zircon analysis froormpée 13 (Tariki Sandste),
showing the residual twenty nine concordant/neaicomdant crystals @lerror ellipses) used in
further age interpretation.
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Sample 14 (Tariki Sandstone)

Twenty nine single zircon grains were analysed s tsample with 23
concordant/near-concordant ages. Figure 5.24 isorcocdia plot showing
individual crystal error ellipses withcluncertainty. There appears to be several
near-concordant ellipses and compared with othempkes there is more error
associated with thé”’Pb*U measurements, which is shown by more ellipse
elongation in the left/right direction. This was sgibly due to high®’Pb
background levels in the sample chamber on this afagrobing. Figure 5.25
shows individuaf°®Pbf**U ages plotted against crystal morphology and colour.
20%ppf38Y ages range from 114.7 to 374.6 Ma with 70% of dgling below 250
Ma and 39% below 150 Ma. Pupin (1980) morphologlestified include P1, P2,
S5, S10, S15 and S20 subtypes. Analysed crystate weminantly clear,
however there were two pink crystals identifiedti® sample. There does not
appear to be any relationships between morphologg age or crystal

discolouration and age (Fig. 5.25).
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Figure. 5.24 U-Pb concordia plot of single zircon analysis fronmp&e 14 (Tariki Sandste),
showing the residual twenty three concordant/neacardant crystals @lerror ellipses) used in
further age interpretation.
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colour outlined. Visual representation of zircon rpfmlogy (for Pupin (1980) morphologies see
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Sample 5 (Hauturu Sandstone)

Thirty three zircon grains were analysed in thisngle, with a resulting 32
concordant/near-concordant ages. Figure 5.26 isorcocdia plot showing
individual crystal error ellipses withcluncertainty. Most crystals appear to be
concordant with a dominant cluster of ages betwi#h— 150 Ma. Figure 5.27
shows individuaf°®Pbf**U ages plotted against crystal morphology and colour.
20%ppf38Y ages range from 100.6 to 605.2 Ma with 81% of dgliag below 200

Ma and 68% below 150 Ma. Pupin (1980) morphologlestified include P1, P2,
S10 and S15 subtypes. However, there are no appeeftionships between
morphology and age. Only clear crystals were foand analysed in this sample
(Fig.5.27).
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Figure. 5.26 U-Pb concordia plot of sine zircon analysis from sample 5 (Hauturu Sandstt
showing the residual thirty one concordant/nearcoottant crystals (@ error ellipses) used in
further age interpretation.
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Sample 6 (Hauturu Sandstone)

Eighteen zircon grains were analysed in this sampliéh a resulting 17
concordant/near-concordant ages used in interpretdtigure 5.28 is a concordia
plot showing individual crystal error ellipses will uncertainty. Most crystals
are concordant for this sample and there is no damicluster of ages, but rather
a spread of ages between 150 — 350 Ma. Figuresh@®s individuaf®PbF38U
ages plotted against crystal morphology and colti¥Pb/*®U ages range from
110 to 361.3 Ma with 41% of ages falling betweefi 365 Ma and 53% below
200 Ma. Pupin (1980) morphologies identified indu&l, P2, S5 and S15
subtypes. However, there are no apparent relatipsigletween morphology and

age. Only clear crystals were found and analysehisnsample (Fig. 5.29).

data-point error ellipses are 58.3% conf.
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Figure. 5.28U-Pb concordia plot of single zircon analysis frormpke 6 (Hauturu Sandston:
showing the residual seventeen concordant/nearecdant crystals (@ error ellipses) used in
further age interpretation.
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Figure. 5.29°°Pb?* age distribution for sample 6 (Hauturu Sandstom)y zircon morphology an
colour outlined. Visual representation of zircon rpfmlogy (for Pupin (1980) morphologies see
Appendix V) and colour subdivisions given.
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5.3.3 Probability distribution plots

This following section discussé¥Pbf3%U age probability density plots prepared
as simple histogram and probability density funt$iaising Isoplot 3.00 software
for each of the 13 sample populations analysedsdIpdots allow dominant age
peaks and age distributions to be identified foPtJage interpretation. A full set
of 2Pbf*U and?°Pbf*®U GLITTER software isotope ratios and age estimate
data are provided in Appendix VII.

Sample 8 (McKee Formation)

Zircon 2°Pbf*®U age data from sample 8 (McKee Formation) showegy v
dominant age peak at 169 Ma (Middle Jurassic), siginificant minor peaks for
the intervals 270 — 302 Ma (Middle Permian to L&arboniferous) and 444 —
476 Ma (Late Ordovician to Early Ordovician), anke tremainder having
scattered Neoproterozoic and Mesoproterozoic dggsg.30).

Sample 12 (Turi Formation)

Figure 5.31 illustrates that the majority of agiesith the range 100 — 200 Ma.
Significant peaks occur at 103 Ma (late — Early t&zeous), 131 Ma (Early
Cretaceous), 161 (Middle Jurassic) and within titerval 189 — 204 Ma (Early
Jurassic to Middle Triassic) for sample 12 (TurrdRation). The remaining peaks
have Permian, Carboniferous and Neoproterozoic. ages

Sample 15 (Otaihanga Outlier)

Zircon *°°Pb7*% age data for sample 15 (Otaihanga Outlier) showesy
dominant age peak at 249 Ma (Early Triassic), withignificant minor peak at
220 Ma (Late Triassic), and the remainder scatt@mbbvician to Neoproterozoic

and Mesoproterozoic ages (Fig. 5.32).
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Figure. 5.30°°Pb/***U age probability distribution function for sampléMcKee Formation), witt
number of crystals per age range (bin) represessea simple histogram. Note dominant peak at
169 Ma.
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Figure. 5.31°*Pb/*U age probability distribution function for sample 12 (T#ormation), with
number of crystals per age range (bin) represagedsimple histogram. Note significant peaks at
103 Ma, 131 Ma, 161 Ma and between 189 — 204 Ma.
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Figure. 5.32%°Pb”**U age probability distribution function for sample 15 @hanga Outlier)
with number of crystals per age range (bin) repreesk as a simple histogram. Note the very
dominant peak at 249 Ma.

Sample 10 (Matapo Sandstone)

Zircon 2°°PbP3®U age data for sample 10 (Matapo Sandstone) shodonunant
peak, but rather a cluster of peaks with Early &redus to Late Devonian ages
(Fig. 5.33). The more significant peaks occur & M&a (Early Cretaceous), 149
Ma (Late Jurassic), 196 Ma (Early Jurassic), 241 (Maldle Triassic) and 315
Ma (Late Carboniferous). The remainder and lessifstignt peaks have Early

Permian and Late Devonian ages.

Sample 7 (Taumarunui quartz sandstone)

Zircon 2°Pbf**U age data for sample 7 (Taumarunui quartz sandstsimow a
dominant age peak at 173 — 185 Ma (Middle to Eadsassic) with significant
minor peaks at 147 Ma (Late Jurassic), 208 Ma (LH&tassic) and 265 Ma
(Middle Permian) (Fig. 5.34). The remaining ages hate Triassic to Early
Permian, Early Carboniferous to Late Permian, EafBambrian and
Neoproterozoic.
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Figure. 5.33?°Pb***U age probability distribution function for sample 10 (M@o Sandstone
with number of crystals per age range (bin) reprieskas a simple histogram. Note distribution of
significant peaks from 131 to 382 Ma.
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Figure. 5.34**Pb**U age probability distribution function for sample 7 (Taarunui quart;
sandstone), with number of crystals per age rabmyg (epresented as a simple histogram. Note
distribution of dominant peak occurring between 37185 Ma.
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Sample 1 (Ahirau Sandstone)

Zircon 2°®Pb7*®U age data for sample 1 (Ahirau Sandstone) showirgothage

peaks at 106 Ma (Early Cretaceous) and 136 Ma {E@rktaceous), with
significant minor peaks at 181 Ma (Early Jurassia)l 250 Ma (Early Triassic),
and the remainder have scattered Middle Jurasate Triassic to Early Permian,
Carboniferous and Silurian ages (Fig. 5.35).

Sample 2 (Ahirau Sandstone)

Zircon***Pb/*®U age data for sample 2 (Ahirau Sandstone) shogryadominant
age peak at 159 Ma (Middle Jurassic), with lesaiBog@nt peaks of Late to Early
Triassic, Carboniferous, Middle Devonian to Middl&ilurian and
Mesoproterozoic ages (Fig. 5.36).

Sample 3 (Ahirau Sandstone)

Zircon 2°°PbP3®U age data from sample 3 (Ahirau Sandstone) showominant
peaks, and rather a cluster of peaks with EarlyaCemus to Carboniferous ages.
The more significant of these peaks occur betwegd 4+ 143 Ma (Early
Cretaceous), at 193 Ma (Early Jurassic), 218 M&e(daiassic), 242 Ma (Middle
Triassic) and 356 (Early Carboniferous) (Fig. 5.37)

Aggregated Ahirau Sandstone (samples 1,2 and 3)

Aggregated Ahirau SandstoA®Pb/*®U zircon age data for samples 1, 2 and 3
show dominant age peaks at 141 — 159 Ma (EarlyaCeelus — Late Jurassic) and
229 — 243 Ma (Late - Early Triassic) with less sigant peaks at 105 Ma (Early
Cretaceous) and 356 Ma (Carboniferous) (Fig. 5.38).
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Figure. 5.35°°Pb”*U age¢ probability distribution function for sample 1 (Ahu Sandstone), wit
number of crystals per age range (bin) represeadetl simple histogram. Note range of significant
peaks, occurring at 106 Ma, 138 Ma, 181 Ma and\2&0
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Figure. 5.36°°Pb”**U age¢ probability distribution function for sample 2 (Ahu Sandstone), wit
number of crystals per age range (bin) represeagexdsimple histogram. Note very dominant peak
at 159 Ma.
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Figure. 5.37*°Pb/*U age¢ probability distribution function for sample 3 (Ahu Sandstone), wit
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Figure. 5.38 “°Pb*U age probability distribution function for aggregated ifdu Sandston
samples, with number of crystals per age range fleipresented as a simple histogram. Note age
range of dominant peaks, occurring between 1419-M&and 243 - 229.
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Sample 9 (Tariki Sandstone)

Zircon ?°PbF*%U age data for sample 9 (Tariki Sandstone) showraimhnt age
peak at 123 Ma (Early Cretaceous), and the ren@iages are scattered Late
Triassic to mid-Carboniferous and Middle Devoniges(Fig. 5.39).

Sample 13 (Tariki Sandstone)

Zircon 2°®Pb7*®%U age data from sample 13 (Tariki Sandstone) shalerainant
age peak at 112 — 124 Ma (Early Cretaceous), andetinaining ages are Middle
to Early Jurassic, Middle Jurassic and Early Calfeoous to late Devonian ages
(Fig. 5.40).

Sample 14 (Tariki Sandstone)

Zircon ?°Pb”®U age data for sample 14 (Tariki Sandstone) sholwrainant age
peak at 124 — 136 Ma (Early Cretaceous), with §icant minor peaks at 221 Ma
(Early Triassic), 246 Ma (Early Triassic) and 29% NEarly Permian), and the
remainder have scattered Carboniferous ages (Hif).5

Aggregated Tariki Sandstone (samples 9, 13 and 14)

Aggregated Tariki SandstoA&PbF3®U zircon age data for samples 9, 13 and 14
show a very dominant age peak within the intervd6 - 124 Ma (Early
Cretaceous) (Fig. 5.42). Significant minor peaksundetween 202 and 365 Ma
(Late Devonian — Late Triassic).
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Figure. 5.39%°Pb/”**U age¢ probability distribution function for sample 9 (TkirSandston), with
number of crystals per age range (bin) represemsea simple histogram. Note dominant peak at
123 Ma.
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Figure. 5.40?°°Pb”*U age probability distribution function for sample 13 Tla Sandstone), witl
number of crystals per age range (bin) represeased simple histogram. Note dominant peaks
between 112 — 124 Ma.
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Figure. 5.41%°°Pb?”*U age probability distribution function for sample 14 Tka Sandstone), witl
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Figure. 5.42 *°Pb”*U age probability distribution function for aggregated rikia Sandstone
samples, with number of crystals per age range) (fl@presented as a simple histogram. Note
dominant age peak, occurring between 116 — 124 Ma.
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Sample 5 (Hauturu Sandstone)

Zircon *°*Pb/*% age data for sample 5 (Hauturu Sandstone) shovers
dominant age peak at 120 Ma (Early Cretaceous)aasignificant minor peak at
135 Ma (Early Cretaceous), with less significanakgeshowing Late and Early
Jurassic, Carboniferous to Silurian and Neoprotaooages (Fig. 5.43).

Sample 6 (Hauturu Sandstone)

Zircon***Pb/*®U age data for sample 6 (Hauturu Sandstone) shiowenant age
peak at 117 Ma (Early Cretaceous) and a significainbr peak at 328 — 345 Ma
(Carboniferous) (Fig. 5.44). The remaining agesasianor peaks of Late and

Early Jurassic and Late Triassic ages.

Aggregated Hauturu Sandstone (samples 5 and 6)

Complied Hauturu Sandstone zirc@fPb”*®U age data for samples 5 and 6 show
a dominant age peak at 121 Ma (Early Cretaceous) less significant peaks at
136 (Early Cretaceous), 154 (Late Jurassic) and NAa8(Carboniferous) (Fig.
5.45).
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Figure. 5.43°Pb*® age probability distribution function for sampléHauturu Sandstone), wi
number of crystals per age range (bin) represeagexdsimple histogram. Note very dominant peak
at 120 Ma.
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Figure. 5.45 “*Pb”**U age probability distribution function for aggregated tiaru Sandston
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dominant age peak at 121 Ma.
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5.4 INTERPRETATION OF SEDIMENT PROVENANCES

If the U-Pb age or age distributions of potent@lree rocks supplying sediments
to a sedimentary basin are known, U-Pb dating ofitdkzircon within basin
sediments may be used to constrain the provendribese sediments (Campbell
et al 2005). In some cases there may be a direct coorlbetween U-Pb ages in
the source areas versus the sediments. Howeversitingtion may be more
problematic due to a range of factors including réeycling of zircon from pre-
existing sediments as well as multiple first cydeurces such as plutons.
Campbell et al(2005) describe first-cycle zircons as those thgstallised during
the orogenic event that created the topography framch the zircons were
exhumed in the most recent cycle of erosion andmssdation. Multi-cycle
zircons are those that are derived from pre-exyssedimentary rocks. The U-Pb
dating technique applied in this study does noedlly give an indication of
whether or not crystals are first cycle, or haverbeerived from an igneous
source. Provenance interpretation can also becaite ambiguous if populations
show mixed zircon age patterns such as bimodalimudtal peaks on age
probability distribution plots (Campbell et 2005).

Age patterns expressed in age probability distiaouplots (as included in Section
5.3.3) can be used to constrain provenance if tHeblhges of zircons within
potential source terranes are known (Campbell.20415). Many workers have
contributed to determination of the U-Pb ages ofaris within New Zealand
basement terranes. These data have been compiledobymer (2004) for

Cretaceous to Devonian terranes of volcanic, sedisng and plutonic heritage,
some of which exhibit metamorphic overprinting. Foe 13 sample populations
analysed in this thesis, grains with ages less #i@ut 200 Ma have possibly
been derived from igneous plutonic sources, gragieater than 500 Ma probably

have more complex histories as multi-cycle zircons.

5.5 CONCLUSIONS

As zircon is a common accessory mineral in mosk tgpes, U-Pb dating is a
widely applied technique to determine constraints formation ages. With
technology developments over the last decade U-&drigonology via laser
ablation ICP-MS has proved to be a reasonably geeand valuable tool. This
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chapter has outlined data quality issues encount&rkile performing laser
ablation ICP-MS dating on zircon populations froBllate Eocene — Oligocene
sedimentary rocks from Taranaki Basin and Northngdlequivalents, including
the Te Kuiti Group exposed onshore in central-weshorth Island. By plotting
concordia diagrams for the data derived for eachkhefsamples, the degree of
concordance, or otherwise, of the grains can berahed as an important means
of control on the quality of the data. The geolagjimterpretation of the U-Pb
data is best made by plotting tAf8Pb/®U age data on probability distribution
plots. This gives a spectra of the detrital ageseach sample and hence the

dominant ages.
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CHAPTER 6
PROVENANCE AND PALEOGEOGRAPHY

6.1 INTRODUCTION

This chapter summarises the U-Pb zircon ages fav Kealand terranes/sub-
terranes (Fig. 6.1) and discusses their generabgreiphy. The provenance of
Late Eocene — Oligocene sedimentary units investigan this study are

subsequently interpreted using petrographic andbUeg@ochronology data
developed in the preceding chapters. The chaptecludes by discussing the
paleogeographic evolution of eastern Taranaki Basangin for five intervals

through the Late Eocene to earliest Miocene.
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Figure 6.1. The dominant -Pb zircon age ranges for New Zealand basement. tAdidpom
Kimbrough et al 1994; Muir et al 1996; Waight et al1997; Cawood et all999; Adams et al
2002; Wandres et 82004a; Wandres et.&004b; Adams et aP007.
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6.2 U-Pb ZIRCON AGE AND LITHOLOGY OF BASEMENT
TERRANES

Brook Street Terrane

The Brook Street Terrane is a primitive intraoceaisland arc assemblage
dominated by basaltic volcanics, basaltic to artielsieccias, volcaniclastics and
associated sediments including limestone (Landialel999; Mortimer 2004;
Spandler et al2005). The Brook Street Terrane is situated weshe Murihiku
Terrane in the Nelson area and in the subsurfatieetaorth (Taranaki Basin) and
south of the Southland Syncline (Murihiku Terrame)eastern Southland (Fig.
2.8). In Adams et al2007) U-Pb zircon ages have been derived for tlooIB
Street Terrane in the Nelson area. Most U-Pb ziages range from middle to
Late Permian (265 —256 Ma), coinciding with theasgiraphic age of the Brook
Street Terrane. A minor peak of significantly old@B0O0 Ma) ages are possibly
derived from inherited grains.

Murihiku Terrane

The Murihiku Terrane is an andesitic volcaniclassandstone succession
dominated by volcanic rock fragments and feldsp#@h wnuch less abundant
detrital quartz (see Section 4.5) (Briggs e28D4). The Murihiku Terrane occurs
in outcrop along the western margin of the Nortland from Awakino to Port
Waikato, and in Southland (Fig. 2.8). The terraseinferred to occur in the
subsurface south of Awakino and to the north oft Rdaikato. In Adams et al
(2007) U-Pb zircon ages have been derived for thehku Terrane in the North
Island (Waikato Region) and South Island (Southl@tago) areas. Most U-Pb
zircon ages range from latest Devonian to Lates3icg361 — 141 Ma). The U-
Pb zircon ages are within the stratigraphic agethef terrane, which varies
between ~260 and 145 Ma (Late Permian — latessSigla(Adams et aR007).
The youngest U-Pb zircon ages constrain the yourages of magmatism in the
source region of the Murihiku Terrane, whereas dligest zircons are possibly
inherited or recycled.
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Maitai Terrane

The Maitai Terrane consists of an Early Permianiaipé belt (Dun Mountain
Belt) overlain by Permian — Triassic volcaniclagiitstone and sandstone (Matai
Group) (Adams et ak002). The Matai Terrane is situated east of theilvku
Terrane between Nelson and Auckland, and northhe@Murihiku Terrane in the
Southland area (Fig. 2.8). In Adams et (@D02; 2007) U-Pb zircon ages have
been derived for the Maitai Terrane in the Soutthland Nelson areas. Most U-Pb
zircon ages range from Late Devonian to Late Perr(8®4 — 251 Ma), with a
less significant older peak at >400 Ma). The yourggeup of ages are mainly in
the range 270 — 251 Ma and help constrain the yestrage of magmatism in the
source region (Adams et. &002). The old zircon grains are possibly inherited
(recycled) from other terranes.

Caples Terrane

Caples Terrane is a weakly metamorphosed sequdneelaaniclastic (mostly
andesitic) greywacke and argillite with rare lavelsert and limestone (Roser et
al. 1993; Mortimer 2004, after MacKinnon 1983). T@aples Terrane is situated
in east Nelson and in northern Southland and wésgd(Fig. 2.8). U-Pb zircon
ages for the Caples Terrane in west Otago, andbNe&nge from 347 to 221 Ma
(Carboniferous — Late Triassic) with the dominagé peaks at 260 and 221 Ma
(Late Permian — Late Triassic). The youngest ag82) Ma) correspond to the
depositional age of the Caples Terrane, which 8 2320 Ma (Adams et .al
2007).

Waipapa Terrane — Hunua - Bay of Islands Terrane

The Hunua - Bay of Islands Terrane (Bay of Islafdsrane) consists of basalt,
chert and limestone associations with mudstone quartz rich sandstone
(Mortimer 2004, after, Black 1994) and crop outngildhe east coast of Auckland
and Northland, including the Bay of Islands (Fig8)2 In Adams et a2007) U-

Pb zircon ages have been derived from the Baylahdis Terrane in the North
Auckland and Northland regions with two distinceagroups recognised, the first
between 158 and 152 Ma (mid — Late Jurassic) amdélcond between 262 and
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207 Ma (Middle Permian — Late Triassic). Both ageugs correspond with the

approximate depositional age of the Bay of Islahesane (Adams et.&007).

Waipapa Terrane — Waipa Supergroup

The Waipa Supergroup of Kear and Mortimer (2003p i®Median Batholith-
derived (granite dominated) volcaniclastic blankdt Late Jurassic to Early
Cretaceous age (Mortimer 2004). The Waipa Supepylocated along much of
the east coast of the North Island including BayPteEnty and eastern Waikato
areas (Fig. 2.8). In Adams et §007) and Cawood et.d[1999) U-Pb zircon
ages have been obtained for the Waipa Supergrouptfie Waikato and eastern
Bay of Plenty regions yielding mostly Early PermtanLate Jurassic (274 — 154
Ma) U-Pb ages, the youngest of which correspondbdalepositional age of the
Waipa Supergroup, which is 160 to 133 Ma (Adanmel.e2007).

Torlesse Terrane — (Rakaia Sub-terrane)

The Rakaia Sub-terrane (terrane) is mostly a turbidsequence of
guartzofeldspathic sandstone and mudstone of PermoialLate Triassic age
(Mortimer 2004). The Rakaia terrane occurs in @rmitlorth Island, east Nelson
and over much of central South Island (Fig. 2.8)Wandres et a{(2004b), U-Pb
zircon ages for the Rakaia terrane have been dkfirgan igneous clasts (both
volcanic and plutonic) obtained from terrane in tBolsland. The igneous clasts
produced U-Pb peaks at 292 to 243 Ma (Early Permilthddle Triassic), 325 to
356 Ma (Carboniferous) and 497 and 517 Ma (CampfMfandres et aP004b).
Ages have also been determined for two Rakaia samelsamples, being mostly
of Carboniferous — Triassic (349 — 237 Ma) agehwitains as old as 1,500 Ma
(Mesoproterozoic). The youngest ages determinede wer238 Ma (Middle
Triassic) reflecting the age of plutons contribgterosion products to the terrane
(Wandres et aP004b).

Torlesse Terrane — (Pahau Sub-terrane)

The Pahau Sub-terrane (terrane) has an inferregtleec Rakaia terrane and

Median Batholith provenance, with mostly quartzessmdstone and mudstone
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sequences with rare limestone and chert. Pahaangwccurs in central North
Island and in northeastern South Island (Kaikouem)(Fig. 2.8). In Wandres et
al. (2004a) U-Pb zircon ages for the Pahau terrane Ilheen derived from
igneous clasts (both volcanic and plutonic) fromnglomerate and from
sandstone conglomerate clasts. The igneous clasts Middle Permian to Late
Triassic and Late Jurassic to Early Cretaceous, ageging between 270 to 220
Ma and 147 to 123 Ma (Wandres et aD0O4a; Adams et al2007). Age
determinations for the sandstone matrix are mahkarly Cretaceous age (140 —
120 Ma), with the youngest being 111.7 Ma.

The Pahau Sub-terrane was probably derived fromitgrds of the Median
Tectonic Zone (Darren Suite and Electric Graniteyl ahe older parts of the
Rakaia terrane (Wandres et 2004a). A Pahau terrane provenance is not likely
for the Late Eocene — Oligocene sediments in T&raBasin as this terrane was
possibly not exhumed during this period, being duirbeneath the bathyal

Paleogene succession in Marlborough and eastetin MNdand.

Median Batholith Terrane

The Median Batholith is a composite batholith coisipg dozens of small (1-10
km size) gabbroic to granitic batholiths (see $#c#.4) (Mortimer 2004) situated
in the offshore western North Island, northwestsdaland Southland/Fiordland
areas (Fig. 2.8). In Scott and Palin (2008), intes from the Darran/Median
Suite have yielded Middle Jurassic to Early Cretaseages (160.6 - 127.9 Ma).
Zircons from the younger Separation Point Suiteehwelded Early Cretaceous
U-Pb zircon ages (123.5 - 116.3 Ma). In Kimbrougtale (1994) most plutonic

units from the Median Batholith have Middle Juradsi Early Cretaceous U-Pb
zircon ages. However, plutons of the Median BathoBuite with older Early

Triassic to Early Jurassic (247 — 195 Ma) and Caifboous (343 and 337 Ma) U-
Pb zircon ages have also been identified (Kimbroatghl 1994).

Karamea, Hohonu and Paparoa Batholiths

The Karamea, Hohonu and Paparoa Batholiths aratgm@ominated (Mortimer
2004) and are situated in northwestern South Is(&mgl 2.8) for which U-Pb

Provenance and paleogeography 143



zircon ages have been derived (Muir etl®96). U-Pb zircon ages yielded from
the Karamea Batholith are of Late Devonian agegirenbetween 380.4 to 370.7
Ma. Zircon ages from the Paparoa Batholith are geuand of Carboniferous age
(328.6 — 327.3 Ma) (Muir et all996). The Hohonu Batholith has mostly Early
Cretaceous ages (113.5 to 108.7 Ma) with peak8l23Ma (Late Devonian) and
81.7 Ma (Late Cretaceous) (Waight et1&97).

6.3 PROVENANCE OF LATE EOCENE-OLIGOCENE UNITS

In the following section the possible source rockthe Late Eocene — Oligocene
Taranaki Basin and Te Kuiti units are inferred froomparison of the U-Pb age
characteristics of samples (Section 5.3.3) withUkeb ages of zircons from New
Zealand terranes (Section 6.2). Potential basesmntes are then supported or
discounted based on the comparison of the petrbgraparacteristics of samples

and basement.

6.3.1 McKee Formation

The youngest and dominant U-Pb zircon age peak68f Ma (Fig. 5.30) is
consistent with the dominant U-Pb zircon peak aifgbe Murihiku Terrane and
Waipapa Terrane (Bay of Islands Terrane and Waipge®roup). A quartz
content of ~34% (Section 4.4.3) is much higher tMurihiku Terrane rocks,
discounting them as the primary source rocks fer McKee Formation. The
Waipapa Terrane has a similar quartz content toMioc&ee Formation. The
abundance (~45%) of very fine-grained sedimentagk rfragments in McKee
Formation samples (Section 4.4.3) also supportossiple Waipapa Terrane

provenance.

6.3.2 Turi Formation

On Fig. 5.31 for the Turi Formation four major ggEaks occur at 103, 131, 161
and 189 — 204 Ma. The youngest age (103 Ma) doefahavithin the dominant
U-Pb zircon age range of any New Zealand terrafigs 6.1), however, Torlesse
sediments in the Wellington and Bay of Plenty areage yielded U-Pb zircon
ages of 1065 Ma and 100+2 Ma respectively (Cawetoal 1999; Pickard et al
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2000) that are likely sourced from granites of Mhedian Tectonic zone. The 131
Ma age peak on Fig. 5.31 is consistent with the bU#tcon age of the
Darran/Median Suite of the Median Batholith. Thel Ma peak on Figure 5.31 is
consistent with the U-Pb zircon age range of theilMku and Waipapa terranes.
The main peak on Figure 5.31 (189 — 204 Ma) is isterst with the main U-Pb
zircon age peak for the Brook Street Terrane, MkuihTerrane and Waipapa
Terrane. The abundance of fine-grained sedimentarl fragments (52%) and
quartz grains (30%) in Turi Formation (Section d)4iscounts the Murihiku and
Brook Street terranes and supports a dominant WWaipkEerrane provenance
similar to that for McKee Formation, with an addral Median Tectonic Zone
and Darran/Median Suite source accounting for yeuage peaks of 103 and 131
Ma, respectively.

6.3.3 Otaihanga Outlier

The U-Pb zircon age probability distribution peak 249 Ma (Fig. 5.32) is
consistent with the dominant U-Pb zircon ages ef Murihiku Terrane, Caples
Terrane, Waipapa Terrane and the Rakaia terratieoddh no petrographic data
were obtained for this unit in this study the Ogaiba Outlier has been described
as a quartzose sandstone by King and Thrasher X, 1886ounting quartz poor
terranes (Murihiku Terrane) as dominant source sodk dominant Waipapa
Terrane, Caples Terrane and/or Rakaia terrane paoge are the most likely
sources of the Otaihanga Ouitlier.

6.3.4 Matapo Sandstone

The Matapo Sandstone has seven significant ages €&k 5.33) between 382
and 131 Ma, the younger of which are possibly miiegnostic of particular
source rocks. The 131 Ma peak is consistent wighntlain U-Pb zircon ages for
the Darran/Median Suite of the Median Batholithe 49 Ma peak (Fig. 5.33) is
consistent with ages for the Murihiku Terrane a#l aethe Darran/Median Suite.
The 196 Ma peak (Fig. 5.33) is consistent withrtien U-Pb zircon ages for the
Murihiku Terrane, Waipapa Terrane (Bay of Islandsrrdane and Waipa
Supergroup) and Median Batholith. The older age&kpem Fig. 5.33 (382 Ma,
315 Ma, 289 Ma and 241 Ma) are consistent with dewange of New Zealand
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terranes (including Brook Street Terrane, MurihiKerrane, Matai Terrane,
Caples Terrane, Waipapa Terrane, Torlesse Ternatie¢hee Median Batholith).

Matapo Sandstone has abundant fine-grained sedinyerick fragments and
relatively minor quartz (in the sample examinedygasting the Waipapa and/or
Caples Terrane as a principal source rocks. Howéveroccurrence of the
younger (149 and 131 Ma) zircons suggest a Medathdith source contributed
to Matapo Sandstone as well. The oldest peak ag@2 KMa; Fig. 5.33) are

consistent with U-Pb zircon ages from the Karamath@&ith.

6.3.5 Taumarunui quartz sandstone

The main U-Pb zircon age peak between 185 and 1aZ3(MW. 5.34) for the
Taumarunui quartz sandstone is consistent withntam U-Pb zircon ages for the
Murihiku Terrane and Waipapa Terrane (Bay of Istanterrane and Waipa
Supergroup). The youngest age peak (147 Ma) isistens with the youngest
parts of the Murihiku Terrane and the Darran/Medtamite of the Median
Batholith. The high quartz component (57%) of tleiharunui quartz sandstone
(Section 4.4.3) discounts the quartz poor Murihilerranes as dominant source
rocks, leaving the Waipapa Terrane and Median Bi#thas the main
provenance. The abundance of fine-grained sedimeraak fragments (22%) in
the quartz sandstone may also point to the Waipbpaane as the chief

provenance.

6.3.6 Ahirau Sandstone Member

U-Pb zircon ages for aggregated Ahirau Sandstomglea have Carboniferous to
Early Cretaceous ages (356 — 105 Ma) (Fig. 5.3Bg yioungest age peak of 105
Ma (sample 1) is consistent with ages yielded ffbonlesse sediments (i.e. 106
Ma, Pickard et al2000), which were likely derived from Median Bathiol
plutons. The age peaks of 159 and 141 Ma (LatesSigra Early Cretaceous) (Fig.
5.35) are consistent with the main U-Pb ages ofthgan/Median Suite of the
Median Batholith. The significant Middle Triassir ltate Triassic age peaks (243
— 229 Ma) observed (Fig. 5.38) are consistent wiehU-Pb zircon ages of many
New Zealand terranes, including Murihiku Terrangplés Terrane, Waipapa
Terrane and the Median Batholith. These Late TidassEarly Jurassic ages are
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likely derived from a mixture of Waipapa, CaplesdaMurihiku Terranes.
Dominant derivation from the Median Batholith (itbe Darran/Median Suite),
the Waipapa Terrane and/or Caples Terrane and thehiku Terrane is
supported by the abundant quartz component (~55aft) sedimentary rock
fragment component (~18%), large orthoclase feldgpains, minor volcanic
rock fragments and the very abundant amphibole coewuts (Section 4.4.3). The
oldest significant minor ages of Fig. 5.38 are pmg<derived from the Rakaia

terrane.

6.3.7 Tariki Sandstone Member

Aggregated U-Pb ages for several Tariki Sandst@mpkes identify an Early
Cretaceous (124 — 116 Ma) peak (Fig. 5.42), wisdiheé same as the U-Pb zircon
age range of the Separation Point Suite of the Me8iatholith. The high quartz
component (~51 %), trace granitic rock fragmentsdate and sphene content
(Section 4.3.3) of the sandstone supports a mgsar&gon Point Suite (granitic)
provenance. The abundant sedimentary rock fragmemponent (21%), trace
amounts of orthoclase feldspar (4%) and volcanak foagments (4%) observed
in Tariki Sandstone samples (Section 4.4.3) howestgggests an additional
sedimentary basement source (e.g. Waipapa Terrand)possibly to a lesser
extent a volcaniclastic sedimentary source (e.gritvku Terrane). The older
peaks that occur between 365 and 202 Ma (Late BermiLate Triassic) (Fig.
5.42) support Waipapa, Caples and Murihiku Terrgmmesenance. A dominant
Separation Point Suite source is therefore infefiedTariki Sandstone, with
additional Waipapa Terrane and minor Murihiku TeaaCaples Terrane and/or

Rakaia terrane provenance.

6.3.8 Hauturu Sandstone Member

The dominant Early Cretaceous U-Pb zircon age pdak21l Ma (Fig. 5.45)
yielded for 2 aggregated Hauturu Sandstone sanplery similar to that of the
Tariki Sandstone Member, consistent with a main admpn Point Suite
provenance. This is supported by the abundant zjgarhponent (65 %) and trace
occurrence of epidote observed in samples (Sedt®B3). A significant minor U-
Pb zircon age peak of 136 Ma (Fig. 5.45) suggestadalitional Darran/Median
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Suite source. Additional significant minor age peak 189 and 154 Ma (Fig.
5.45) correspond with the dominant U-Pb zircon esgges of the Waipapa and
Murihiku Terranes. The minor Carboniferous (~328alko (Fig. 5.45) corresponds
to the zircon ages for the Matai Terrane, Caplesahe and Rakaia terrane of the
Torlesse Supergroup. The abundant sedimentaryfragknents (10 %) (Section
4.4.3) in Tariki Sandstone discounts the Murihika &atai Terranes supporting
an additional sedimentary basement source, mady llkeing the Waipapa and/or
Caples Terrane and Rakaia terrane.

6.4 PALEOGEOGRAPHIC INTERPRETATIONS

The paleogeography of the eastern margin, TaraBakin, is discussed in this
section for five key intervals during accumulatiohthe Late Eocene to earliest
Miocene succession. Paleogeographic interpretatiomndased on the integration
of lithostratigraphy, biostratigraphy, U-Pb geoatwtogy, petrography and
interpreted paleo-depositional environments as Idped in the preceding
chapter. Three new paleogeography maps are prestmtéhe Runangan (Late
Eocene), Lower Whaingaroan (Early Oligocene) angddp/Nhaingaroan (Early
mid-Oligocene), displaying interpreted paleobathymedepositional extent and
potential provenance with associated sediment mgrapathways. New
paleogeography maps are presented for the Tardwkin area, drawn with
reference to a 30 Ma (Oligocene) distribution ofAN&ealand basement terranes
(Furlong and Kampn press) (Fig. 6.2). Paleogeography maps of the Waikato
Region from Tripathi (2009) are integrated with tieev Taranaki Basin maps.

148 Chapter six



SEDIMENTARY AND VOLCANIC ROCKS

Northem and East Coast Allochthons

o D Morrisville-Manaia Hill-Waioeka assemblage
T RN (Waipa Supergroup)
: Torlesse Composite

Hunua-Bay of Islands Terrane Terrane (eastern NZ)

— Pahau
Caples Terrane
Rakaia
Maitai Terrane

Murihiku Terrane

3>UIAOIg Widise3

Brook Street Terrane

Takaka Terrane

Buller Terrane

3>uIrolg
[UESELTTY

T
=
[=

TONIC ROCKS

Median Batholith

Karamea, Paparoa and
— Hohonu Batholiths

scale (km)

200

TV TTT

Figure 6.2. An Early Oligocene (~30 Ma) interpretation of thestdbution of New Zealan
Terrane. Black outline represents the inferredtlonaof the New Zealand continent, and the red
outline represent the modern day New Zealand Qutlihe dashed box represents the mapped area
of Figures 6.3 - 6.6. From Furlong and Kampress.
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6.4.1 Runangan (Late Eocene)

A new Runangan (Late Eocene) paleogeography maihdoraranaki Basin area
is presented in Fig. 6.3. Because of post Oligostioetening across the Taranaki
Fault Zone, the late Eocene and Oligocene locaifahis fault has been shifted
~10 km to the east, accommodating a wider she#icaaht to Taranaki Fault than
previously illustrated (i.e. King & Thrasher 199@egional subsidence and
southward directed onlap resulted in expansiorhefEocene marine embayment
in southern Taranaki Basin to the southeast, fagmannorthwest facing and
deepening marine embayment bounded by land todhth sand east (King &
Thrasher 1996). In the Wanganui Basin area, Late®&he inversion has stripped
away much of the pre-Miocene sedimentary recorchk& Kamp 2008), making
it difficult to interpret the pre-Miocene paleogeaghy. King and Thrasher
(1996) report that during the Late Eocene the meeth Nelson area was possibly
still emergent with a deeply weathered land barseparating the west coast of
the South Island from the Eocene embayment in sowtfaranaki Basin. Late
Eocene coal measures followed by shallow marinatastivere subsequently
deposited in estuarine environments in fault cdleograbens in southern
Taranaki Basin (i.e. Takaka, Aorere and Survilld-8asins) (King & Thrasher
1996). This marginal marine/estuarine/fluvial eoniment was likely present over
a large area in southern Taranaki Basin with aidlusystem passing eastward
through the area of the Otaihanga Outlier. A domtin&Vaipapa Terrane
provenance is inferred for the McKee and Turi Fdiomes, with an additional
Median Batholith source. With reference to the Gdigne (~30 Ma) location of
these identified source rocks (Fig. 6.3), it ielikthese sediments were derived
from a landmass that existed to the east and sasitbéthe Wellington area, with
subsequent migration of sediments northward to riekia Basin. McKee
Formation sediments were subsequently depositetcharginal marine/coastal
areas and Turi Formation sediments were depositaédher shelf environments.
Fine to coarse grained deep marine sandstone ofdhgaroa Formation were
deposited on a northwest-facing slope. The domiNgatpapa Terrane and/or
Rakaia Sub-terrane provenance inferred for theh@tgja Outlier also supports
derivation from an eastern landmass. Farrelly (198&oorted a granitic
provenance for Tangaroa Formation sediments.like$y these sediments have a
similar McKee/Turi Formation provenance, with doamh derivation from the
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Waipapa Terrane with additional Median Batholithrafgtic) input. In the
Walikato region the Waikato Coal measures were diggben basement in wide
valleys with southward onlap (Edbrooke et1£194).

Runangan (Late Eocene)

possible land

possible jand

. E‘
Qe
Qutlier

dominant source/ wells used for id shelf
7~~* sediment transport sand o paleogeographic mid she
minor source/ interpretation D ter shelf
- sediment transport mud outer shel
land
‘ major fault % carbonate ) . upper bathyal
R . D inner shelf
marginal marine/ . mid bathyal +
fluvial/ esturine

Figure 6.3.A new Runangan (Late Eocene) paleogeographic intetettor the Taranaki Basi
area illustrating the Turi Formation and Otaihay&lier depositional setting, a northwest facing
marine embayment paleogeographic setting. Adapted King and Thrasher 1996; Tripathi 2009.
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6.4.2 Lower Whaingaroan (Early Oligocene)

A new Lower Whaingaroan (Early Oligocene) paleogaphgic map for the
Taranaki Basin area is presented in Fig. 6.4. Ashle Runangan paleogeographic
map, the location of the Taranaki Fault has beaftesh~10 km to the east.
Because deposition of the condensed Matapo SamddMember was associated
with ongoing subsidence and basin deepening, thiaseexpansion of the Eocene
marine embayment beyond that during the Runangassilply extending further
to the southeast then previously understood. Bhasipported by the presence of a
possibly Lower Whaingaroan correlative of the Matafandstone Member
outcropping in the Otailhanga area (see Section3)2.6A dominant
Waipapa/Caples provenance with additional sedindentved from the Median
Batholith is inferred for the Matapo Sandstone sstigg derivation from a land
area to the east and southeast of Wellington. €derent dispersal pathway was
to the north and onto the contemporary TaranakirBskelf. The Taumarunui
qguartz sandstone possibly had a similar provenamitie sediment transport along
a shoreline into a coastal environment in the Tauma area. Marine conditions
became established across most of the Waikatorregth deposition of the Glen
Massey Formation, including the Ahirau Sandstonenldler at inner to mid shelf
depths. The provenance of Ahirau Sandstone inclaatynificant input from
Murihiku basement, but the age of the zircon graind the quartz content of the
sandstone suggests a source including the MedidmoBa. A southern tidal
seaway possibly connected the Waikato with Taranakowing sediment to
migrate along a shoreline from Taranaki Basin tgfointo the Te Kuiti Group
depocentre where it mixed with sediment erodedh&ffHerangi High.
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Lower Whaingaroan (Early Oligocene)
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Figure 6.4. A new Lower Whaingaroan (Early Oligocene) paleogapyic interpretation for th
Taranaki Basin area illustrating the Matapo Samdstdaumarunui quartz sandstone and Ahirau
Sandstone depositional setting and the expansiorthef northwest facing Eocene marine
embayment. Adapted from Tripathi (2009).
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6.4.3 Upper Whaingaroan (mid-Oligocene)

A new Upper Whaingaroan (mid-Oligocene) paleogeplga map for the
Taranaki Basin area is presented in Figure 6.5.cdntrast to the Lower
Whaingaroan map, the Taranaki Fault is placed satmbdern day location as
reversal and shortening across the Taranaki Famé had begun by this time.
During the Upper Whaingaroan Taranaki Basin sulosiesulting in upper to
middle bathyal depths in the foredeep trough adjade Taranaki Fault. A
Separation Point Suite (Median Batholith) provemaig inferred for both the
Tariki Sandstone and Hauturu Sandstone implyingnseat transport from the
south. Figure 6.2 indicates that during the Oligecé-30 Ma), part of the Median
Batholith was situated to the south and southedagteoWellington area, and this
was probably the part of the batholith that sourtlkeel Tariki and Hauturu
sediments. Much of this part of the batholith hasrbdistended, deformed and
eroded through subsequent plate boundary displadsnas the Alpine Fault
subsequently formed through this region. The sigaiice of sourcing the
sediments from this part of the batholith is thailaces the source on the eastern
side of Taranaki Basin during the Upper Whaingar&ediments likely migrated
northward along a north—south trending shorelineacaed to the Patea-
Tongaporutu High. The Tariki sediments may have edo&long a shoreline on
the western side of the high, while the Hauturuireedts migrated along a
shoreline along the eastern side of the high. TéwekiTsediments were possibly
captured by channels across a narrow shelf, andidadslope to accumulate in
the foredeep trough at upper to mid bathyal defEpssodic uplift of the Taranaki
Fault may have helped trigger the turbidity currant sandy debris flows that
comprise the Tariki Sandstone. Hauturu Sandstodensets were re-worked
across the inner shelf by littoral drift and depedias shoreface deposits in the Te
Kuiti Group depocentre to the east of the HeranghHTripathi & Kamp 2008).
The Tariki Sandstone is localised to the Taranakmifsula area adjacent to
Taranaki Fault, with deposits intersected from MeKein the north to Rimu-B1
in the south (southern Taranaki Peninsula) (Higgsle2004). Elsewhere in
Taranaki Basin Otaraoa Formation accumulation aecuat upper to mid bathyal

depths.
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Figure 6.5.A new Upper Whaingaroan (Ear- mid Oligocene) paleogeographic interpretation
the Taranaki Basin area illustrating the Tariki &stone/Hauturu Sandstone foredeep trough
paleogeographic setting of the Taranaki Basin afampted from King and Thrasher 1996;
Tripathi 2009.
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6.4.4 Lower Waitakian (Late Oligocene)

By the Lower Waitakian carbonate sediment influtoieastern Taranaki Basin
had become very significant. An Early Miocene pgtmgraphic map from King
and Thrasher (1996) (Fig. 6.6) illustrates thigdatOligocene — earliest Miocene
paleogeographic setting, with the presence of & verrow shelf along the
eastern margin of the basin and bathyal water deptler much of Taranaki
Basin. A carbonate factory located along the irstezif around a rocky shoreline
atop the Patea-Tongaporutu Herangi High sourceccéhneonate sediment shed
into Taranaki Basin to accumulate as the Tikordugimation (Hood et aR003).
For much of the Oligocene a pelagic carbonate $afieékorangi basinal facies)
accumulated in distal (western) parts of the ba#inTikorangi Formation
correlative, the Otorohanga Limestone, accumulaaedshelf depths in the
Waikato Region to the east of the Herangi High, #mel Takaka Limestone
accumulated at mid-shelf water depths in the naggtviNelson area (Hayward et
al. 1984).

6.4.5 Upper Waitakian (Early Miocene)

During the Upper Waitakian a terrigenous sourcéveehg muddy sediment to
Taranaki Basin was re-established. This expressself iin the calcareous
mudstone of the Taimana Formation. A narrow shellf existed west of the

Patea-Tongaporutu Herangi High where shelf carl@osatliment was still being
supplied to the slope to the west, a similar padeggaphic setting to that
illustrated in Fig. 6.6. More extensive shelf carhte was still accumulating as
Otorohanga Limestone to the east of Herangi Hidle hcrease in terrigenous
mud supply to the basin reflects the developingeptmundary zone through New
Zealand and associated tectonic movements. In tleekaftd Region, basal
Waitemata Group and Mahoenui Group sediments wegpodgited following

inversion, uplift and erosion of parts of the Teitk@roup during the latest
Waitakian. By the Altonian (Early Miocene) high eatof terrigenous sediment
was being supplied to the basin, resulting in dessaof accumulation of the

Ngatoro Group and the change to accumulation o¥\theiti Group.
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Figure 6.6. A Waitakian (Early Miocene) paleogeographic intetption for the Taranaki Bas
area illustrating the depositional setting of thileofangi Formation. From King and Thrasher 1996;
Tripathi 2009.
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6.5 EVALUATION OF TARANAKI FAULT DISPLACEMENT MODELS

Evidence of the timing of the start of shortenimgoss the Taranaki Fault Zone
may be evident stratigraphically within TaranakisBa If shortening across this
fault started during the Middle Eocene (e.g. Stafgp@& Nicol 2008) then one
might expect to see a middle-Late Eocene stratigcagignal of this, particularly
along the eastern margin of the basin. Although lthée Eocene Tangaroa
Sandstone fan may have a tectonic origin, Earlg@2ine sediments in the basin
have condensed character which is not really ctamtiswith reverse fault
movement and the uplift and erosion that might $oeiated with it. Moreover,
King & Thrasher (1996) have suggested that therg have been normal fault
movement associated with the development of sulmbas southern Taranaki
during the Late Eocene and Early Oligocene. Thisas§we margin”
sedimentation phase continued until the end of ltbever Whaingaroan as
reflected in the condensed nature of the calcarebs glauconitic Matapo
Sandstone Member. Although the Matapo SandstoneTanéi Sandstone are
separated by only a few metres stratigraphicallyjng the Upper Whaingaroan
the sea floor to the eastern part of the basiataypper to mid bathyal depths and
a foredeep had developed along the eastern marjimnwwhich the Tariki

Sandstone accumulated.

The northward transport of shoreline sedimentsipply the Tariki Sandstone fan
and the shoreline deposits of the Hauturu Sandstena reflection of the
development of Taranaki Fault as a reverse faulinguhe upper Whaingaroan.
The displacement on Taranaki Fault uplifted basénmenthe hanging wall.
Without this structural high (Patea-Tongaporutudtgi High) shoreline
sediments sourced from the south would not have bbk to migrate northward
and be emplaced from the east into the foredeefm origrate into the Waikato
region. An Upper Whaingaroan age for the staregérse movement on Taranaki
Fault is more likely than a Middle Eocene age tgkitio account the character of
the Late Eocene and Oligocene sediments in TardBasin and in the Te Kuiti

Group.
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6.6 CONCLUSIONS

Based upon sediment petrography and detrital Usebrz ages, new information
about Taranaki Basin sediment provenance and pabgwgphy has been
established. For most sedimentary units analysed McKee Formation, Turi
Formation, Otaihanga Outlier, Matapo Sandstone tled Taumarunui quartz
sandstone) the Waipapa Terrane has been ident#fgedh likely significant

basement source rock, with additional input frorheotNew Zealand terranes,
particularly the Median Batholith, Rakaia terra@gples Terrane and Murihiku
Terrane. Separation Point Suite is evidently anotgmt source for Tariki

Sandstone and Hauturu Sandstone sediments. ThaiBdtholith and Waipapa
Terrane contributed components to the Ahirau Sangstogether with Murihiku

Terrane.

With reference to the ~30 Ma New Zealand Terragenstruction of Furlong and
Kamp (n press) it is apparent that the sediments analysed instinidy may have
been largely derived from the parts of the New Zedlbasement terranes that lay
to the southeast of the southern part of TaranalsirB rather than having been
derived from due south of the basin, being the Neest Nelson area. In the
southeastern area numerous Late Paleozoic and bleszasement terranes were
juxtaposed and the Median Batholith lay on the Is@itle, contiguous with the
parts to the northwest, now cropping out west ofsbie in the Golden Bay area.
Three new paleogeography maps have been presenmtday intervals in the
basin’s development. These maps illustrate theifgignt paleoenvironmental
and paleogeographic changes that occurred betvesemmalation of the Matapo
Sandstone and the Tariki Sandstone. There was lplyoba extensive northwest
facing marine embayment in the Lower Whaingarodmnckvwas truncated in the
east by reversement on the Taranaki Fault, udliiasement immediately east of
it as hanging wall, and subsidence immediatelyh® west forming a foredeep
trough.
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CHAPTER 7
UMMARY AND CONCLUSONS

7.1 GEOLOGICAL SETTING AND BASIN EVOLUTION

Taranaki Basin is located along the western masfjdorth Island, New Zealand,
in a back-arc position behind the Taupo Volcanin&dTVZ) and Hikurangi
Margin subduction zone. Structurally, the basinsudivided into two broad
zones, the Western Stable Platform (WSP), a relgtifeatureless section of
seafloor encompassing the western region of then,basd the Eastern Mobile
Belt (EMB), a structurally complex eastern regidrntlee basin. The north-south
striking Taranaki Fault, which moved mainly duritige Late Oligocene and
Miocene is identified as one of the major strudtteatures of the basin, on which
basement was thrust westwards into the basin. Bsen lhas evolved since the
mid-Cretaceous break-up of New Zealand from easteamdwanaland. Of
particular interest in this study is the culminatiof the Paleocene to Early
Oligocene passive margin phase and the developofesthortening across the
eastern margin, associated with development of Abstralian-Pacific plate
boundary through New Zealand during the mid-Oligece Early Miocene. This
change in basin style and the associated changem@ngeography are reflected
in the subsurface Late Eocene — Oligocene sedimestecession of the basin,

particularly the eastern margin.

7.2 STRATIGRAPHY

Taranaki Basin has a Cretaceous-Cenozoic sedinyefitathat is mainly in the

subsurface. The Late Eocene — Oligocene successmominated by calcareous
rocks of the Ngatoro Group, which are of Oligocémesarliest Miocene in age.
Underlying the Ngatoro Group are the terrestrigdficalated marginal marine and
shallow marine (inner shelf) strata of the Kapumi &oa Groups. Overlying is
the Wai-iti Group, dominantly a terrigenous suct®ssnaking up most of the
thickness of the Miocene succession in TaranakinBd¥ell cuttings from the

McKee Formation, Turi Formation, Matapo Sandstoneenider, Otaraoa
Formation, Tariki Sandstone Member and Taimana Btom have been obtained
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in this study for the purpose of wireline log cadibon, to investigate the
sedimentary petrography and to undertake U-Pbglatirzircon grains. Onshore
North Island correlative units have also been sathphcluding Te Kuiti Group

sandstone units (Ahirau Sandstone and Hauturu 8ams a quartz sandstone
from the Taumarunui area (Taumarunui quartz sand¥toand a quartzose
sandstone from the Otaihanga area (Otaihanga OQutl@l obtained for

sedimentary petrography and U-Pb dating to helstraim interpretations of Late

Eocene — Oligocene paleogeography.

7.3  WIRELINE MOTIFS

A comprehensive assessment of Late Eocene — Ohgasigbsurface stratigraphy
using geophysical well logs has been undertakesuite of distinctive wireline
motifs were defined for Late Eocene — Oligocenetsunising the geometric
appearance of major log types. The relatively haanogis mud-dominated Turi
Formation interval was subdivided into three wmelimotifs. The Tul motif
represents background Turi Formation with relagiveinooth and ‘featureless’
appearance of major log types. The Tu2 motif indsaa sandy facies and Tu3
represents a large semi-caved and/or washed @nbe@tdded zone. The thin (-5
m) and condensed Matapo Sandstone Member was sidulinto two wireline
motifs. Motif Mal, the dominant Matapo wireline niatentified, indicates an
upward fining in lithology or upward decreasing lmamate content. Motif Ma2
that normally occurs in association with, and belg&l, commonly displays a
medium to high value GR log suggesting a finer rgdi facies then Ma2. The
calcareous mud-dominated Otaraoa Formation was\sded into three wireline
motifs, of which Otl represents most of the Otarfgoanation, characterised by a
relatively smooth and stable, medium to high vahedgtively cylindrical-shaped
GR log. Motif Ot2 represents sections that dis@ayedium to low value GR log
with log character suggesting carbonate-dominatatez. Similarly motif Ot3,
characterised by a medium to low value GR log agttly serrated SP log,
suggests an interbedded and carbonate-dominatesl Zdwe Tariki Sandstone
Member was subdivided into three wireline motifdotif Tal is characterised by
a relatively smooth to serrated, blocky and cylicalr GR log, reflecting
amalgamated sandstone packages. Motif Ta2, chassctdy a relatively smooth
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and featureless, medium to high value GR log suggeselatively homogenous
and fine-grained succession. Ta3 is a log charaggesting an interbedded
succession. The very highly calcareous Tikorangnédion was subdivided into
three wireline motifs. Motif Tkl is characteriseg & very smooth, featureless and
stable, cylindrical-shaped, low value GR log, imdiee of very high carbonate
content. Motif Tk2 is a log character indicativiean interbedded succession with
a very high carbonate content. Tk3 is similar td2 Tdut coarser grained. The
fairly homogenous, highly calcareous mud dominateterval of Taimana
Formation was subdivided into two wireline motifislotif Tm1 is indicative of a
fairly homogenous lithology with some interbeddiagparent. Tm2 displays a
very serrated, variably low to high value GR logdigative of mudstone
intercalated with sandstone.

7.4 BIOSTRATIGRAPHY AND DEPOSITIONAL ENVIRONMENTS

Turi Formation generally has a Bortonian (MiddlecEoe) to Upper Whaingaroan
(Late Oligocene) age and was deposited in an ishelf (0 — 30 m water depth)
depositional environment under neritic water masmsdgions. The Turi
Formation reflects marine inundation of the basind overlies sandy coastal
plain/marginal marine facies of the Mangahewa antKék Formations. The
Matapo Sandstone in the Taranaki Peninsula area IRasmangan (Late Eocene)
to Lower Whaingaroan (Early Oligocene) age and egsosited in outer shelf to
upper bathyal water depths (100 — 400 m). MatapmlS&ane deposition reflects a
decrease in terrigenous sediment input to the shéitated by its stratigraphic
condensation and abundant glauconite content. Tiaea@a Formation has an
Upper Whaingaroan (Middle Oligocene) to mid Waitak{earliest Miocene) age
and was deposited in an upper to mid-bathyal dépoal environment, around
400 — 600 m of water depth. Deposition of the Qiar&ormation occurred in
response to the development of a foredeep alongedkeern margin of central
parts of Taranaki Basin. The Tariki Sandstone geoled to have a strictly Upper
Whaingaroan (Middle Oligocene) age and was depbsitaipper bathyal water
depths. Tariki Sandstone is restricted to the TadaReninsula area, representing
turbidite deposits that accumulated in a northisdtgnding foredeep along the
eastern margin of the basin. The Tikorangi Fornmatiothe Taranaki Peninsula
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area has a Waitakian (latest Oligocene — earliescéme) age and represents
redeposited carbonate that accumulated on a medenastward dipping
continental slope at outer shelf and upper batweater depths. The Taimana
Formation has an upper Waitakian (earliest Miocdaeptaian (Early Miocene)
age and was deposited at bathyal water depths £20000 m). The Taimana
Formation reflects the start of terrigenous inmuthte basin that persisted during
the Neogene and reflects the development of thee gdaundary through New
Zealand.

7.5 MODAL PETROGRAPHY

The modal composition of Late Eocene — Oligocendinsents has been
determined as a preliminary assessment of sedinpgavenance. Modal
composition data of the light mineral fraction fobate Eocene — Oligocene
Taranaki Basin and onshore North Island units etbtin QFL plots reveal three
distinct groupings of samples. The Matapo Sandsibember plots by itself, near
the lithics pole, dominated by fine-grained seditagn rock fragments (80%)
with a minor quartz component (5%), indicative ofiree-grained sedimentary,
quartz poor provenance. The McKee Formation and Hammation plot closely,
nearest to the lithics pole. McKee and Turi seditmeare dominated by fine-
grained sedimentary rock fragments (45% and 52%) angular quartz grains
(34% and 30%). A significant sedimentary rock pravece is likely for McKee
and Turi Formation, possibly a greywacke sourcest\Moher samples cluster near
the quartz pole, including those from the Taumarwuartz sandstone, Ahirau
Sandstone, Tariki Sandstone and Hauturu Sandsidweedominant quartz (56%)
and sedimentary rock fragments (22%) of the Taumarwuartz sandstone
suggest a fine-grained, quartz rich sedimentarygmwance. The dominant quartz
(~55%), sedimentary rock fragment (~18%) and vdsynalant heavy mineral
amphibole component observed in Ahirau Sandstomples suggests more than
one source area, possibly a dominant Murihiku Terreontribution, but it also
includes sediment derived from a granitic sour@aail ariki Sandstone samples
have major quartz (~51%), plagioclase feldspar %R2hnd sedimentary rock
fragment (~21%) components, suggesting a fine-gdasedimentary provenance,
possibly a greywacke source and an additional icasource. The primary quartz
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(~65%) component observed in Hauturu Sandstone lsani consistent with
derivation from a quartz rich basement such asaaitgnid belt or quartz rich
sedimentary basement. An increasing quartz conteth decreasing age
relationship is apparent between samples, suggestin increase in the
importance of a granitic provenance for the Latedbe — Oligocene Taranaki

Basin sediments over time.

7.6  U-Pb GEOCHRONOLOGY

U-Pb geochronology has been adopted as a tookessshe provenance of Late
Eocene — Oligocene sediments. The U-Pb ages of thare350 detrital zircon
grains were determined in this study from 13 Latedhe — Oligocene aged
samples, using a U-Pb zircon LA-ICP-MS dating teghe. Results were plotted
on concordia plots allowing discordant ages to d@maaved and concordant/near
concordant ages to be used in further interpretsti8®Pb/**U ages yielded from
samples ranged from the Mesoproterozoic to Earkta@eous?*Pb/*U ages
prepared as probability density plots revealed dbminant age peaks and age
distributions of samples. The dominant age peakhefMcKee Formation was
169 Ma. The Turi Formation had multiple significgrgaks that occurred between
204 and 103 Ma. Similarly, Matapo Sandstone haduster of age peaks from
Late Devonian Early Cretaceous. The Otaihanga @utld a dominant age peak
of 249 Ma, and the Taumarunui quartz sandstoneagadeaks between 185 and
173 Ma. The Ahirau Sandstone has multiple peaksd®t 356 and 105 Ma. The
Tariki Sandstone has a dominant 124 — 116 Ma agk @&d the Hauturu
Sandstone has a dominant 121 Ma age peak.

7.7 PROVENANCE

The provenance of Late Eocene — Oligocene unitsimiagpreted by integrating
20%ppf3Y zircon age data with modal petrography data amparisons to New
Zealand basement. The McKee Formation has a pesSWdipapa Terrane
provenance. The Turi Formation also has an inferdipapa Terrane
provenance similar to that for McKee Formation, hwidn additional Median
Tectonic Zone and Darran/Median Suite source. Alghono petrographic data
were obtained for the Otaihanga Outlier, a Waipdgarane/Caples Terrane
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and/or Rakaia Sub-terrane provenance are the mke$t sources. The Waipapa
and/or Caples Terrane is the likely principal seumocks for the Matapo
Sandstone with an additional source from the Dévadian Suite of the Median
Batholith and possibly a minor source from the Kaga Batholith. For the
Taumarunui quartz sandstone, a dominant Waipapaieand Median Batholith
provenance is likely. Dominant derivation from theedian Batholith (i.e. the
Darran/Median Suite), the Waipapa Terrane and/oplgSaTerrane and the
Murihiku Terrane is inferred for the Ahirau Sandsto The Tariki Sandstone has
dominant Separation Point Suite (Median Batholignpvenance with minor
derivation from the Waipapa, Caples and Murihikurrdees and similarly,
Hauturu Sandstone has a main Separation Point fudeenance with an
additional Darran/Median Suite, Waipapa and/or €aplerrane and Rakaia

terrane source.

7.8 PALEOGEOGRAPHY

A reassessment of the paleogeographic evolutioreastern Taranaki Basin
margin at key intervals through the Late Eocendigo®ene has been undertaken.
Paleogeography discussions and interpretationbased on integration of data as
developed in the preceding chapters of this th&ssivation of sediments from a
landmass that existed to the east and southedbe diVellington area has been
inferred for the Late Eocene — Oligocene, with sgoent migration of sediments
northward to Taranaki Basin and to the Waikato Begi Three new
paleogeography maps are presented for the Runafigde Eocene), Lower
Whaingaroan (Early Oligocene) and Upper Whaingarodarly-Middle
Oligocene). In the Runangan, a northwest facing a@®sdpening marine
embayment bounded by land to the south and eastedxin southern Taranaki
Basin. A marginal marine/estuarine/fluvial envircamh was present over this
area, with a fluvial system likely passing eastwdindough the area of the
Otaihanga Outlier. Sediments of the McKee and Farmations derived from the
southeast migrated northward accumulating in T&iaBasin. By the Lower
Whaingaroan, the Eocene marine embayment had ezpgapdssibly extending
farther to the southeast then previously understauchdating the area of the
Otaihanga Outlier. A southern tidal seaway possiolgnected the Waikato with
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Taranaki Basin. Sediments migrating northward tcamaki Basin were deposited
at outer shelf depths as Matapo Sandstone and alaigreline from Taranaki
Basin to the Te Kuiti Group depocentre, accumudptina coastal environment in
the Taumarunui area (i.e. Taumarunui quartz sandsieposition) and at inner to
mid shelf depths in the Waikato region (i.e. Ahir&@andstone deposition).
During the Upper Whaingaroan most of Taranaki Basid subsided to upper to
middle bathyal depths and a foredeep trough hachddradjacent to Taranaki
Fault. Sediment transport from the south, derivednfthe Separation Point Suite
(Median Batholith), likely migrated northward alorgy north-south trending
shoreline attached to the Patea-Tongaporutu Higl.Tariki sediments may have
moved along a shoreline on the western side of High with subsequent
deposition in the Taranaki Peninsula area, whitie Hlauturu sediments migrated
along a shoreline along the eastern side of tha Hgpositing in the Te Kuiti

Group depocentre. By the Lower Waitakian, carborsgdiment influx into

eastern Taranaki Basin had become very signifieadt sourced from an inner
shelf around a rocky shoreline atop the Patea-Tmogdu-Herangi High to the

west, accumulating as Tikorangi Formation on a widggbing slope. During the

Upper Waitakian a terrigenous source delivering agudediment to Taranaki
Basin was re-established, however carbonate setlwenstill being supplied to
the slope (to the west) expressed as the calcamemidstone of the Taimana

Formation.

7.9 TARANAKI FAULT DISPLACEMENT

The hypothesis that the lower and upper partseNgatoro Group have different
stratigraphic and sedimentologic characteristicsflecting accumulation in

different tectonic settings has been tested byerewg the stratigraphic and
sedimentologic signals evident within the Late Emce Oligocene sedimentary
succession in Taranaki Basin, along with new padeggaphic data determined in
this study. The condensed nature of the calcaremas glauconitic Matapo

Sandstone (Lower Whaingaroan) is not really coeststvith reverse movement
on the Taranaki Fault and the uplift and erosiaat thight be associated with it,
suggesting deposition during a passive margin pha#@ough the Matapo

Sandstone and Tariki Sandstone (Upper Whaingarasn)separated by only a
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few metres stratigraphically, Tariki Sandstone adduturu Sandstone (age
correlatives) deposition is a reflection of the elepment of Taranaki Fault as a
reverse fault during the Upper Whaingaroan. Withiig structural high (Patea-
Tongaporutu-Herangi High) associated with shortgnand displacement on
Taranaki Fault, shoreline sediments sourced froemstiuth would not have been
able to migrate northward and be emplaced fronetst into the foredeep, or to
migrate into the Waikato region. An Upper Whaingarcage for the start of
reverse movement on Taranaki Fault is most likelking into account the

character of the Late Eocene — Oligocene sedimenkaranaki Basin and in the
Te Kuiti Group.
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APPENDIX |
SAMPLE INFORMATION

I.1 — Subsurface sample numbers (well cutting samg$) and types of analysis.

Carbonate Petroaranh U-Pb
Well Formation/member Depth (m) content/grain graphy
. sample No.

size sample No.

geochronology uow Coments

number
sample No.

Ahuroa-1  Matapo Sandstone  3210-3213
3213-3216
3216-3219

Sample returned to MED
Remainder of sample returned to MED
Sample returned to MED
Ahuroa-1  Matapo Sandstone  3222-3225 Remainder of sample returned to MED
3228-3231 - - - Sample returned to MED
Awakino-1 Taimana Formation  1878-1881 - - - - Sample returned to MED
1881-1884 4 - - - Remainder of sample returned to MED
1884-1887 - - - - Sample returned to MED
1887-1890 - - - - Sample returned to MED
Kaimiro-1 Taimana Formation — 2998-3001 - - - - Sample returned to MED
3001-3004 - - - - Sample returned to MED
3004-3007 ] - - - Remainder of sample returned to MED
3007-3010 - - - - Sample returned to MED
Kaimrio-1 Taimana Formation  3139-3142 - - - - Sample returned to MED
3142-3145 - - - - Sample returned to MED
3145-3148 6 - - - Remainder of sample returned to MED
3148-3151 - - - - Sample returned to MED

[ P I S

Kaimiro-1  McKee Formation  3739-3742 -
3742-3745 -
3745-3748 -
3748-3751 -
3751-3754 -
3754-3757 - - - - -
3757-3760 - - - - Sample retained and returned to MED
3760-3763 - - - = -
3763-3766 - - -
3766-3769 8 8 20090400 Aggregated depths 3739- 3?69 (excluding 3757-3760 m)

Mokau-1  Otaraca Formation  2700-2710 Remainder of sample returned to MED

g - -

Mokau-1  Otaraca Formation  2740-2750 7 - - - Remainder of sample returned to MED

Ngatoro-1  Matapo Sandstone  3550-3553 - -
3553-3556 -
3556-3559 -
3559-3562 -
3562-3565 -
3565-3568 -
3568-3571 -
3571-3574 -
3574-3577 - - - - -
3577-3580 - - - - Sample retained and returned to MED
3580-3583 - - = =
3583-3586 -
3586-3589 -
3589-3592 -
3592-3595 -
3595-3598 - - -
3598-3601 - 10 10 20090401 Aggregated depths 3550- 36[]1 (excluding 3577-3580 m)

Pohokura-1 Turi Formation 3305 - - - Sample returned to MED

3312 10 - - - Remainder of sample returned to MED
Pohokura-1 Turi Formation 3384 - - - - Sample returned to MED

3390 11 - - - Remainder of sample returned to MED

Pohakura-1 Turi Formation 3423-3426 -
3426-3429 -
3429-3432 -
3432-3435 -
3435-3438 -
3438-3441 -
3441-3444 -
3444-3447 - - - - -
3447-3450 - - - - Sample retained and returned to MED
3450-3453 - - - = -
3453-3456 -
3456-3459 -
3459-3462 -
3462-3465 -
3465-3468 - - - - -
3468-3471 - 12 12 20090402 Aggregated depths 3423-3471 (excluding 3447-3450 m)
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Subsurface sample numbers continued.

Tariki-1

Tariki-1

Tariki-1

Tariki-1

Tariki-1

Tariki-1

Toetoe-1

Toetoe-1

Toko-1

Toko-1

Otaraoa Formation

Otaraoa Formation

Tariki Sandstone

Tariki Sandstone

Tariki Sandstone

Matapo Sandstone

Otaraca Intra

Ctaraoa Intra

Taimana Formation

Taimana Formation

2340-2343
2343-2346
2346-2349
2580-2583
2583-2586
2586-2589
2808-2811
2811-2814
2814-2817
2817-2820
2820-2823
2820-2823
2823-2526
2826-2529
2829-2832
2832-2835
2835-2838
2838-2841
2841-2544
2844-2847
2847-2850
2850-2853
2853-2856
2856-2859
2868-2871
2871-2874
2877-2880
2883-2886
2886-2889
2889-2892
2892-2895
2895-2898
2898-2901
2901-2904
2904-2907
2907-2910
2910-2913
2913-2916
2916-2919
2919-2922
2940-2941
2941-2942
2942-2943
2943-2944
2944-2945
2945-2946
2946-2947
2947-2948.5
2948.5-2952
2952-2955
2955-2958
2958-2961
2961-2964
2964-2967
2967-2970
2970-2973
2973-2976
2976-2979
2979-2982
2982-2985
2985-2988
2988-2991
3021-3024
3024-3027
3027-3030
2109-2112
2112-2115
2115-2118
2119-2121
2091-2094
2094-2097
2097-2100
2860-2863
2863-2866
2866-2869
2911-2914
2914-2917
2917-2920

Sample returned to MED
Sample returned to MED
Remainder of sample returned to MED
Sample returned to MED
Remainder of sample returned to MED
Sample returned to MED

Sample retained and returned to MED

Sample retained and returned to MED

20090405 Aggregated depths 2940-2991 (excluding 2961-2964 m)

Sample returned to MED
Remainder of sample returned to MED
Sample returned to MED
Sample returned to MED
Sample returned to MED
Remainder of sample returned to MED
Sample returned to MED
Sample returned to MED
Remainder of sample returned to MED
Sample returned to MED
Sample returned to MED
Remainder of sample returned to MED
Sample returned to MED
Sample returned to MED
Remainder of sample returned to MED
Sample returned to MED
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Well location map.

173°30'E 174°30'E
T

Turi-1-¢-

Awakino-1

Mokau-1-C>

Pohokura-1

173°30 174°30'E
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.2 — Onshore samples

Onshore sample summary, with sampled well, forméati@mber and sample

purpose.

Sample area Formation/ member Sample purpose

FortWaikato  Glen Massey Formation (Ahirau Sandstone Member)  Petrography and U-Pb geochronology

Aotea Harbour  Glen Massey Formation (Ahirau Sandstone Member) Petrography and U-Pb geochronology

Awramarino Glen Massey Formation {Ahirau Sandstone Member) Petrography and U-Pb geochronology
Hautapu Hill Aotea Formation (Hauturu Sandstone Member) Fetrography and U-Pb geochronology
Kihi Road Aotea Formation (Hauturu Sandstone Member) Fetrography and U-Pb geochronology
Taumarunui Taumarunui quartz sandstone Fetrography and U-Pb geochronology
Otaihanga Otaihanga Outlier Fetrography and U-Pb geochronology

Sample 1 — Ahirau Sandstone

Location: Sunset Farm, Waikaretu, Port Waikato

Grid reference: longitude — 2664798, latitude — 68

Sample description: Light blue-grey to brownishygneell cemented sandstone.
Note: Sampled as part of Tripathi’s (2008) thesa{ples: WO33-016, 015, 018,
019).

Sample 2 — Ahirau Sandstone

Location: Orotangi Cliffs, Okapu Station, Aotearblaur

Grid reference: longitude — 2673640, latitude —335D

Sample description: Light blue-grey to brownishygneell cemented sandstone.
Note: Sampled as part of Tripathi’s (2008) thesa{ples: WO33-318, 319, 320,
321).

Sample 3 — Ahirau Sandstone

Location: Kairimu Road, South of Awamarino

Grid reference: longitude — 2668370, latitude —0&Z%5

Sample description: Light blue-grey to brownishygneell cemented sandstone.
Note: Sampled as part of Tripathi’s (2008) thesa{ples: WO33-461, 461).
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Sample 4 — Hauturu Sandstone

Location: Hautapu Hill, south of Hauturu

Grid reference: longitude — 2678955, latitude -39

Sample description: Light blue-grey to brownishygneell cemented sandstone.
Note: Sampled as part of Tripathi’s (2008) thesa{ples: WO33-342, 343, 344,
345, 346).

Sample 5 — Hauturu Sandstone

Location: 2 km east of Hauturu, south of Kihi Road

Grid reference: longitude — 2681500, latitude —Z&8D

Sample description: Light blue-grey to brownishygneell cemented sandstone.
Note: Sampled as part of Tripathi’s (2008) thesa{ples: WO33-358, 359, 363).

Sample 7 — Taumarunui quartz sandstone

Location: Oruaiwi, Taumarunui

Grid reference: easting — 2722240, northing — 38628

Sample description: Medium to coarse grained, quasth sandstone.
Note: Sampled as part of Cartwright’s (2003) thesis

Sample 15 — Otaihanga Outlier

Location: Otaihanga

Grid reference: unknown

Sample description: Quartz rich sandstone.

Note: Sample of zircons only, provided by Profed2eter Kamp (sample: 9801-
63).

Sample information A-1]5



Onshore North Island sample location map.
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APPENDIX I
WIRELINE MOTIFSIN SELECTED WELLS

1.1 — Wireline motif subdivisions in selected wel

The following figures present the wireline motifeat have been identified
through the Late Eocene — Oligocene successioth®d5 selected wells in this
study. Figures are adapted from well cards supiiethe Institute of Geological

and Nuclear Sciences Limited.

Wireline motifs A-ll]1



Ahuroa-1

Depth CALI oT Revised Stratigraphy 2003
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) I.Lwh
3100 =t ST
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3200 3197
______________ Matapo Sandstonc Mombaer
3229
Turi Formation
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Mangahewa Formation

Tk1: 2080 m — 2261 m
Ot3: 2261 m — 2480 m
Otl: 2480 m— 2930 m
Tal: 2930 m—- 2944 m
Ta2: 2944 m - 2960 m
Tal: 2960 m - 3100 m
Ta3: 3100 m—-3178 m
Otl1l: 3178 m— 3197 m
Mal: 3197 m—3211m
Ma2 3211 m—- 3229 m
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Awakino-1
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Tml: 1781 m—1917 m
Tk2: 1917 m— 1956 m
Otl: 1956 m — 2150 m
Ot2: 2150 m - 2240 m
Ot3: 2240 m - 2325 m
Mal: 2325 m—-2340 m
Tul: 2340 m - 2509 m
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Kaimiro-1
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Depth CALI —— oT Revised Stratigraphy 2003
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Tm2: 2979 m—-3170 m
Tml: 3170 m— 3225 m
Otl: 3225 m — 3493 m
Mal: 3493 m — 3498 m
Tul: 3498 m— 3558 m
Tu2: 3558 m— 3611 m
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Manganui-1

ILD
Depth CALI sp Revised Stratigraphy 2003
- 0.1 ohmm 1000
LLD
o |4 inches %) | 8 mv 120 K
£ 0.1 ohmm 1000 B < 0
] LLS Wireline | Lithology 2 2
(mbkb) | © GR _— DT Motif Revised Group/Formation | & e
0.1 ohmm 1000 o g
MSFL o .g
0 GAPI 200 | ———— | 200 us/ft 40 ['4
0.1 ohmm 1000
3000 1. Lw- Po
Manganui Formation
;‘ 3060
3100 L
H:
- Taimana Formation
Tm1 H:
3200 S :
H
d H:
S H:
a:
H: 3302 =
3300 - Tikorangi Formation
- Tk2 \ats - | e
3400 = - Ld
E Otaraoa Formation
Oot1
=
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% 3 . Lwh
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Tm1: 3060 m — 3302 m

Tk2: 3302 m—-3315m
Otl: 3315 m—-3527 m
Tul: 3527 m—3535 m
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Mokau-1
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3 — | 2ms
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Tmil: 2420 m - 2525 m
Tk2: 2525 m— 2551 m
Otl: 2551 m - 2600 m
Ot2: 2600 m — 2810 m
Mal: 2810 m— 2828 m
Ma2: 2828 m— 2836 m
Tul: 2836 m— 2956 m
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Wireline motifs
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Pohokura-1
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Tml: 3076 m— 3150 m
Tk2: 3150 m— 3194 m

Otl: 3194 m — 3256 m

Mal: 3256 m— 3261 m
Ma2: 3261 m— 3264 m
Tul: 3264 m— 3413 m
Tu2: 3413 m—-3521m
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Pohokura South-1

Tml: 3149 m—- 3263 m
Tk2: 3263 m—3335m
Ot1: 3335 m—3430 m
Ma2: 3430 m -3435 m
Tul: 3435 m—- 3506 m

Wireline motifs
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Stratford-1
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Tul: 4106 m—4117 m
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Ma2: 2876 m— 2878 m
Tul: 2878 m —2967 m
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Toetoe-1

Tk2: 1607 m— 1737 m
Otl: 1737 m— 1965 m
Ta3: 1965 m—- 2075 m
Ot3: 2075 m - 2124 m

Mal:

2124 m—-2132 m

Tul: 2132 m—- 2136 m
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APPENDIX Il

CARBONATE CONTENT AND
GRAIN SZE

l1l.1 — Samples forcarbonate digestion and grain size determination

Carbonate digestion and grain size sample numbignsaasociated sampled well,

formation/member and depth.

Carbonate digestion/

Well Formation/Member Depth (m) grain size sample
number
Kaimiro-1 Taimana Formation 3145-3148 6
Kaimiro-1 Taimana Formation 3004 - 3007 5
Toko-1 Taimana Formation 2914 - 2917 22
Toko-1 Taimana Formation 2863 - 2866 21
Awiakino-1  Taimana Formation 1881- 18584 4
hokau-1 COtaraoa Formation 2740 - 2750 7
hokau-1 Otaraoa Formation 2700- 2710 8
Tariki-1 COtaraoa Formation 2583 - 2586 14
Tariki-1 Otaraoa Formation 2346 - 2349 13
Toetoe-1 Otaraca Formation {infra Member) 2115-2118 19
Toetoe-1 Otaraca Formation {infra Member) 2094 - 2097 20
Ahuroa-1 Otaraca Formation (Matapo Sandstone Member) 3222 - 3225 3
Ahuroa-1 Ctaraoa Formation {Matapo Sandstone Member) 3213 - 3216 2
Tariki-1 Otaraca Formation {Matapo Sandstone WMember) 3024 - 3027 18
Pohokura-1  Turi Formation 3340 1
FPohokura-1  Turi Formation 3312 10
Carbonate content and grain size A-lll| 1



[11.2 — Carbonate content

Carbonate digestion raw data. Note that the sampheber refers to carbonate

digestion/grain size sample numbers referred tov@bo

Filter Paper +

Sample Sample Filter Paper Residue CO;

H 0, 0,

No. ) (@) Re?;lue (@) © %CO; % Error

2 4.95 1.82 3.94 2.12 283 572 + 0126 %
3 5.04 1.82 4.94 3.12 192 381 £+ 0.176 %
4 4.94 1.82 3.79 1.97 297 601 = 0121 %
5 5.35 1.82 6.54 4.72 0.63 1.8 = 0495 %
6 5.17 1.82 6.55 473 0.44 85 £ 0701 %
7 5.89 1.82 412 2.3 359 61.0 + 0.101 %
8 4.65 1.82 3.71 1.89 276 594 + 0.130 %
10 5.04 1.12 5.63 4.51 0.53 105 + 0586 %
11 4.51 1.82 5.92 41 0.41 91 £ 0754 %
13 4.85 1.82 455 2.73 212 437 = 0.162 %
14 5.23 1.82 5.64 3.82 1.41 270 £ 0232 %
18 5.18 1.82 3.79 1.97 3.21 620 £ 0.113 %
19 5.32 1.82 4.45 2.63 269 506 + 0.130 %
20 5.24 1.12 4.05 2.93 2.31 441 = 0149 %
21 5.15 1.12 55 4.38 0.77 15.0 + 0409 %
22 5.1 1.82 6.07 4.25 0.85 16.7 + 0373 %
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[11.3 — Grain size

The following figures illustrate the grain size cheteristic data for analysed
samples. Data have been obtained from a Malverrtéviger S instrument. Note
that the sample number refers to carbonate digeésgi@in size sample numbers

referred to above.

Carbonate content and grain size A-lll| 3



Sample 2

MASTERSIZER

Result Analysis Report

Sample Name: SOP Name: Measured:
2 Marine Sediment Thursday, 14 August 2008 1:37:28 p.m.
Sample Source & type: Measured by: Analysed:
bsh3 Thursday, 14 August 2008 1:37:29 p.m.
Sample bulk lot ref: Result Source:
Measurement
Particle Name: Accessory Name: Analysis model: Sensitivity:
Marine Sediment None General purpose Enhanced
Particle RI: Absorption: Size range: Obscuration:
1.500 0 0.020 to 2000.000 um 18.08 %
Dispersant Name: Dispersant Rl: Weighted Residual: Result Emulation:
Water 1.330 0.626 % Off
Concentration: Span : Uniformity: Result units:
0.0211 %Vol 3.053 1.07 Volume
Specific Surface Area: Surface Weighted Mean D[3,2]: Vol. Weighted Mean D[4,3]:
0.629 ma/g 9.546 um 24.154 um
d(0.1): 3.981 um d(0.5): 15.325 um d(0.9): 50.766 um
25
20
*
@ 15
S
=
(=]
> 10
5
00.01 0.1 10 1000 3000
Particle Size (um)
2. Thursday, 14 August 2008 1:37:28 p.m.

Size (pum) | Vol Under % Size (pum) | Vol Under % Size (um) | Vol Under % Size (um) | Vol Under % Size (um) | Vol Under % Size (um) | Vol Under %
0.050 0.00 0.980 0.00 31.000 78.38 88.000 98.92 250.000 99.74 710,000 100.00
0.060 0.00 2,000 0 37.000 ®0m 105.000 97.79 300.000 99.94 840000 100.00
0.120 0.00 3.900 9.60 44.000 77 125.000 98.36 350.000 100.00 1000.000 100.00
0.240 0.00 7.800 2683 53.000 90.85 149.000 9878 420.000 100.00 2000.000 100.00
0420 0.00 10.000 M2 63.000 9368 177.000 99.14 500.000 100.00
0.700 0.00 15,600 50.67 74.000 95.56 210.000 99.46 580.000 100.00

Operator notes:

Malvern Instruments Ltd Mastersizer 2000 Ver. 5.22 File name: Brad
Malvern, UK Serial Number : MAL102144 Record Number: 2
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Sample 3

MASTERSIZER

Result Analysis Report

Sample Name: SOP Name: Measured:
3 Marine Sediment Thursday, 14 August 2008 1:49:52 p.m.
Sample Source & type: Measured by: Analysed:
bsh3 Thursday, 14 August 2008 1:49:53 p.m.
Sample bulk lot ref: Result Source:
Measurement
Particle Name: Accessory Name: Analysis model: Sensitivity:
Marine Sediment None General purpose Enhanced
Particle RI: Absorption: Size range: Obscuration:
1.500 0 0.020 to 2000.000 um 16.88 %
Dispersant Name: Dispersant RI: Weighted Residual: Result Emulation:
Water 1.330 0.387 Yo Off
Concentration: Span : Uniformity: Result units:
0.0238 %Vol 3.429 2.25 Volume
Specific Surface Area: Surface Weighted Mean D[3,2]: Vol. Weighted Mean D[4,3]:
0.518 ma/g 11.591 um 58.895 um
d(0.1): 4.512 um d(0.5): 21.581 um d(0.9): 78.518 um
Particle Size Distribution
25
20
9
@ 15
£
=
2 10
5
%.01 0.1 10 1000 3000
Particle Size (pm)
(3. Thursday, 14 August 2008 1:49:52 p.m.

Size (pm) | Vol Under % Size (pm) | Vol Under % Size (um) | Vol Under % Size (pm) | Vol Under % Size (pm) | Vol Under % Size (pum) | Vol Under %,
0.050 0.00 0.980 0.00 31.000 8387 88.000 91.34 280.000 95.07 710,000 9823
0.060 0.00 2,000 0.8 37.000 7052 105.000 R77 300.000 95.43 840000 98.85
0.120 0.00 3.900 7 44.000 76.53 125.000 93.61 380.000 95.80 1000.000 99.39
0.240 0.00 7.800 2028 53.000 8210 148.000 94.12 420.000 96.31 2000.000 100.00
0.490 0.00 10.000 2606 63.000 8524 177.000 94.47 500.000 96.88
0.700 0.00 15.600 871 74.000 89.15 210.000 9476 530.000 97.50

Operator notes:

Malvern Instruments Lid Mastersizer 2000 Ver. 5.22 File name: Brad
Malvern, UK Serial Number : MAL102144 Record Number: 3

Carbonate content and grain size A-lI1| 5



Sample Name:
4

Sample Source & type:

MASTERSIZER

Result Analysis Report

SOP Name:
Marine Sediment

Measured by:

Measured:

Sample 4

Thursday, 14 August 2008 3:01:07 p.m.

Analysed:

bsh3 Thursday, 14 August 2008 3:01:08 p.m.
Sample bulk lot ref: Result Source:
Measurement
Particle Name: Accessory Name: Analysis model: Sensitivity:
Marine Sediment None General purpose Enhanced
Particle RI: Absorption: Size range: Obscuration:
1.500 0 0.020 to 2000.000 um 14.06 %
Dispersant Name: Dispersant RI: Weighted Residual: Result Emulation:
Water 1.330 0.520 % Off
Concentration: Span : Uniformity: Result units:
0.0183 %Vol 6.464 3.07 Volume
Specific Surface Area: Surface Weighted Mean D[3,2]: Vol. Weighted Mean D[4,3]:
8.21 mé/g 0.731 um 42.261 um
d(0.1): 0.192 um d(0.5): 12.477 um d(0.9): 80.844 um
18 Particle Size Distribution
16
14
;\? 12
) 10
5 s
(=]
= 6
4
2
%.01 0.1 10 1000 3000
Particle Size (um)
% Thursday, 14 August 2008 3:01:07 p.m.
Size (um) | Vol Under % Size (um) | Vol Under % Size (um) | Vdl Under % Size (um) | Vol Under % Size (um) | Vol Under % Size (um) | Vol Under %
0.050 0.1 0.980 18.13 31.000 7140 88,000 9079 250,000 9537 710000 90,93
0,060 076 2000 19.75 37.000 75.80 105,000 9203 300000 922 840,000 100.00
0.120 520 3,900 2762 44,000 79.88 125,000 9287 350,000 97.01 1000.000 100.00
0.240 1229 7.800 403 53000 8378 149,000 9350 420,000 97.97 2000000 100.00
0,490 17.50 10.000 4537 83000 .80 177.000 9408 500,000 9883
0700 1813 15.600 54.86 74000 8002 210,000 9485 590,000 9950

Operator notes:

Malvern Instruments Ltd
Malvern, UK

A-lll | 6

Mastersizer 2000 Ver. 5.22
Serial Number : MAL102144

File name: Brad
Record Number: 8
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Sample 5

MASTERSIZER

Result Analysis Report

Sample Name: SOP Name: Measured:
5 Marine Sediment Thursday, 14 August 2008 4:30:39 p.m.
Sample Source & type: Measured by: Analysed:
bsh3 Thursday, 14 August 2008 4:30:40 p.m.
Sample bulk lot ref: Result Source:
Measurement
Particle Name: Accessory Name: Analysis model: Sensitivity:
Marine Sediment None General purpose Enhanced
Particle RI: Absorption: Size range: Obscuration:
1.500 0 0.020 to 2000.000 um 1723 %
Dispersant Name: Dispersant RI: Weighted Residual: Result Emulation:
Water 1.330 0.368 % Off
Concentration: Span : Uniformity: Result units:
0.0204 %Vol 18.621 5.79 Volume
Specific Surface Area: Surface Weighted Mean D[3,2]: Vol. Weighted Mean D[4,3]:
7.91 mag 0.759 um 91.238 um
d(0.1): 0.204 um d(0.5): 15.014 um d(0.9): 279.775 um
14
12
10
g 8
@
5
35 6
>
4
2
%.01 0.1 10 1000 3000
Particle Size (um)
.5, Thursday, 14 August 2008 4:30:39 p.m.

Size (um) [ Vol Under % Size (umj | Vol Under % Size (um) | Vel Under % Size (um) | Vol Under % Size (um) | Vol Under % Size (um) | Vol Under %
0.050 0.28 0.980 1864 31.000 6348 88.000 80.95 250,000 89.40 710.000 96.87
0.060 0.70 2.000 21.08 37.000 6679 105.000 83.08 300.000 90.39 840.000 97.99
0120 4.82 3.900 2849 44,000 69.97 125.000 84.86 350,000 9135 1000.000 98.67
0.240 11.67 7.800 s ) 53.000 73.24 149.000 8634 420.000 9265 2000.000 100.00
0.490 17.24 10.000 4298 63.000 7609 177.000 87.51 500.000 94.04
0700 18.33 15.600 50.69 74.000 7855 210.000 88.49 560.000 95.41

Operator notes:

Malvern Instruments Ltd Mastersizer 2000 Ver. 5.22 File name: Brad
Malvern, UK Serial Number : MAL102144 Record Number: 15
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Sample 6

MASTERSIZER

Result Analysis Report

Sample Name: SOP Name: Measured:
6 Marine Sediment Thursday, 14 August 2008 4:17:52 p.m.
Sample Source & type: Measured by: Analysed:
bsh3 Thursday, 14 August 2008 4:17:53 p.m.
Sample bulk lot ref: Result Source:
Measurement
Particle Name: Accessory Name: Analysis model: Sensitivity:
Marine Sediment None General purpose Enhanced
Particle RI: Absorption: Size range: Obscuration:
1.500 0 0.020 to 2000.000 um 1527 %
Dispersant Name: Dispersant RI: Weighted Residual: Result Emulation:
Water 1.330 0.444 % Off
Concentration: Span : Uniformity: Result units:
0.0146 %Vol 7.084 2.99 Volume
Specific Surface Area: Surface Weighted Mean D[3,2]: Vol. Weighted Mean D[4,3]:
8.64 mé/g 0.695 um 31.307 um
d(0.1): 0.190 um d(0.5): 9.499 um d(0.9): 67.483 um
16
14
12
T
@
5 8
(=]
> 6
4
2
%.01 0.1 10 1000 3000
Particle Size (um)
[ll6. Thursday, 14 August 2008 4:1752 p.m.

Size (um) | Vol Under % Size (um) | Vol Under % Size (um) | Vdl Under % Size (um) | Vol Under % Size (um) | Vol Under % Size (um) | Vol Under %
0.050 030 0.980 2054 31.000 76.17 88.000 9292 250.000 97.58 710,000 100.00
0.060 075 2.000 2368 37.000 79.89 105.000 94.36 300.000 ar.97 840.000 100.00
0.120 516 3.900 2’98 44.000 8.6 125,000 9544 350.000 9834 1000.000 100.00
0.240 1258 7.800 4598 53000 85.50 149.000 9824 420.000 9884 2000.000 100.00
0.490 187e 10.000 51.07 63.000 89.09 177.000 96.80 500.000 99.34
0700 2007 15.600 80.70 74000 91.12 210.000 97.22 590.000 99.74

Operator notes:

Malvern Instruments Ltd Mastersizer 2000 Ver. 5.22 File name: Brad
Malvern, UK Serial Number : MAL102144 Record Number: 14
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Sample Name:
i

Sample Source & type:

Sample bulk lot ref:

MASTERSIZER

Result Analysis Report

SOP Name:
Marine Sediment
Measured by:
bsh3

Result Source:
Measurement

Measured:
Thursday, 14 August 2008 3:40:10 p.m.

Analysed:
Thursday, 14 August 2008 3:40:11 p.m.

Sample 7

Particle Name: Accessory Name: Analysis model: Sensitivity:
Marine Sediment None General purpose Enhanced
Particle RI: Absorption: Size range: Obscuration:
1.500 0 0.020 to 2000.000 um 16.35 %
Dispersant Name: Dispersant RI: Weighted Residual: Result Emulation:
Water 1.330 0.531 Yo Off
Concentration: Span : Uniformity: Result units:
0.0154 %Vol 4.108 142 Volume
Specific Surface Area: Surface Weighted Mean D[3,2]: Vol. Weighted Mean D[4,3]:
9.69 m2/g 0.619 um 12.887 um
d(0.1): 0.161 um d(0.5): 7.293 um d(0.9): 30.121 um
Particle Size Distribution
20 EmEEI
18
16
- 14
& 12
(]
c 10
=
5] 8
>
6
4
2
%.01 0.1 10 1000 3000
Particle Size (um)
7. Thursday, 14 August 2008 3:40:10 p.m.
Size (um) | Vol Under % Size (umj | Vol Under % Size (um) | Vo Under % Size (um) | Vol Under % Size (um) | Vol Under % Size (um) | Vol Under %
0,050 0.16 0,980 21.68 31,000 9052 88,000 96,94 250,000 100.00 710,000 100.00
0.080 068 2000 2362 37.000 93.32 105,000 9019 300.000 100.00 840.000 100.00
0.120 8.21 3900 33.69 44,000 95.40 125,000 9938 350,000 100.00 1000.000 100.00
0.240 15.22 7.800 5208 53,000 97.00 149,000 9956 420,000 100.00 2000.000 100.00
0,490 21.08 10,000 59.76 63000 97.98 177.000 9974 500,000 100.00
0700 21.67 15,600 73.66 74,000 9.5 210,000 99.90 50,000 100.00
Operator notes:
Malvern Instruments Ltd Mastersizer 2000 Ver. 5.22 File name: Brad

Malvern, UK

Serial Number : MAL102144

Carbonate content and grain size

Record Number

"
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Sample Name:
8

Sample Source & type:

Sample bulk lot ref:

MASTERSIZER

Result Analysis Report

SOP Name:
Marine Sediment

Measured by:
bsh3

Result Source:
Measurement

Measured:

Sample 8

Thursday, 14 August 2008 2:13:57 p.m.

Analysed:

Thursday, 14 August 2008 2:13:58 p.m.

Particle Name: Accessory Name: Analysis model: Sensitivity:
Marine Sediment None General purpose Enhanced
Particle RI: Absorption: Size range: Obscuration:
1.500 0 0.020 to 2000.000 um 17.64 %
Dispersant Name: Dispersant RI: Weighted Residual: Result Emulation:
Water 1.330 0.550 % Off
Concentration: Span : Uniformity: Result units:
0.0196 %Vol 4422 153 Volume
Specific Surface Area: Surface Weighted Mean D[3,2]: Vol. Weighted Mean D[4,3]:
8.68 mag 0.691 um 16.907 um
d(0.1): 0.164 um d(0.5): 9.031 um d(0.9): 40.102 um
Particle Size Distribution
20
18
16
= 14
)
= 12
@
£ 10
=
(=]
2 8
6
4
2
%.01 0.1 10 1000 3000
Particle Size (um)
.8, Thursday, 14 August 2008 2:13:57 p.m.
Size (um) [ Vol Under % Size (umj | Vol Under % Size (um) | Vel Under % Size (um) | Vol Under % Size (um) | Vol Under % Size (um) | Vol Under %
0,050 0.00 0.980 2027 31.000 84.83 88,000 5775 250,000 99,95 710000 100.00
0,060 011 2,000 21.5 37.000 88.53 105.000 98.39 300000 100.00 840000 100.00
0,120 497 3,900 .47 44,000 91.52 125,000 98.86 350,000 100.00 1000.000 100.00
0.240 1611 7.800 4800 53.000 94.01 149,000 9925 420.000 100.00 2000000 100.00
0,490 2023 10.000 5288 63,000 9572 177.000 9956 500,000 100.00
0700 2027 15.600 85.05 74.000 9.87 210.000 9980 500,000 100.00

Operator notes:

Malvern Instruments Ltd
Malvern, UK

A-lll | 10

Mastersizer 2000 Ver. 5.22
Serial Number : MAL102144

File name: Brad
Record Number: 5
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Sample Name:
10

Sample Source & type:

Sample bulk lot ref:

SOP Name:
Marine Sediment

Measured by:
bsh3

Result Source:
Measurement

MASTERSIZER

Result Analysis Report

Measured:
Thursday, 14 August 2008 3:26:19 p.m.

Analysed:
Thursday, 14 August 2008 3:26:20 p.m.

Sample 10

Particle Name: Accessory Name: Analysis model: Sensitivity:
Marine Sediment None General purpose Enhanced
Particle RI: Absorption: Size range: Obscuration:
1.500 0 0.020 to 2000.000 um 19.31 %
Dispersant Name: Dispersant Rl: Weighted Residual: Result Emulation:
Water 1.330 0.506 Y% Off
Concentration: Span : Uniformity: Result units:
0.0320 %Vol 37.869 8.77 Volume
Specific Surface Area: Surface Weighted Mean D[3,2]: Vol. Weighted Mean D[4,3]:
0.445 mé/g 13.479 um 247.449  um
d(0.1): 4.928 um d(0.5): 26.828 um d(0.9): 1020.883 um
22
20
18
16
= 14
g 12
= 10
)
> 8
6
4
2
00.01 0.1 10 1000 3000
Particle Size (Lm)
.10‘ Thursday, 14 August 2008 3:26:19 p.m.
Size (um) | Vol Under % Size (umj | Vel Under % Size (um) | Vol Uncer % Size (um) | Vel Under % Size (um) | Vol Urder % Size (um) | Vel Under %
0.050 0.00 0.980 0.00 31.000 5.7 88,000 7319 250,000 7696 710000 8157
0,060 0.00 2000 088 37.000 59.16 105,000 7418 300.000 7751 2840000 86.28
0120 0.00 3900 884 44,000 6340 125,000 7488 350,000 7802 1000.000 89.59
0.240 0.00 7.800 17.67 53,000 &7.17 149,000 7545 420,000 7879 2000000 100.00
0430 0.00 10.000 2278 63,000 £9.88 177.000 75.96 500.000 79.84
0700 0.00 15,600 0.9 74,000 7176 210.000 7648 590,000 81.29
Operator notes:
Malvern Instruments Ltd Mastersizer 2000 Ver. 5.22 File name: Brad

Malvern, UK

Serial Number : MAL102144

Carbonate content and grain size

Record Number: 10
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Sample Name:
11

Sample Source & type:

Sample bulk lot ref:

MASTERSIZER

Result Analysis Report

SOP Name:
Marine Sediment

Measured by:
bsh3

Result Source:

Measured:

Sample 11

Thursday, 14 August 2008 3:52:32 p.m.

Analysed:

Thursday, 14 August 2008 3:52:33 p.m.

Measurement
Particle Name: Accessory Name: Analysis model: Sensitivity:
Marine Sediment None General purpose Enhanced
Particle RI: Absorption: Size range: Obscuration:
1.500 0 0.020 to 2000.000 um 1850 %
Dispersant Name: Dispersant RI: Weighted Residual: Result Emulation:
Water 1.330 0.435 Yo Off
Concentration: Span : Uniformity: Result units:
0.0227 %Vol 3.965 142 Volume
Specific Surface Area: Surface Weighted Mean D[3,2]: Vol. Weighted Mean D[4,3]:
7.88 m2/g 0.761 um 24.067 um
d(0.1): 0.201 um d(0.5): 13.796 um d(0.9): 54.902 um
Particle Size Distribution
22
20
18
16
2 14
@ 12
€
= 10
o
> 8
6
4
2
%.01 0.1 10 1000 3000
Particle Size (um)
.11‘ Thursday, 14 August 2008 3:52:32 p.m.
Size (um) | Vol Under % Size (umj | Vol Under % Size (um) | Vo Under % Size (um) | Vol Under % Size (um) | Vol Under % Size (um) | Vol Under %
0,050 0.29 0,980 1762 31,000 7381 88,000 97.06 250,000 %934 710,000 100.00
0.080 072 2000 19.15 37.000 79.39 105,000 9818 300.000 9947 840.000 100.00
0.120 402 3900 2637 44,000 84.48 125,000 %877 350,000 9060 1000.000 100.00
0.240 11.79 7.800 779 53,000 89.21 149,000 9904 420,000 %76 2000.000 100.00
0,490 16.98 10,000 4270 63000 9275 177.000 99,16 500,000 9990
0700 17.62 15,600 53.13 74,000 95.22 210,000 99.25 50,000 100.00

Operator notes:

Malvern Instruments Lid
Malvern, UK

A-lll| 12

Mastersizer 2000 Ver. 5.22
Serial Number : MAL102144

File nama: Brad
Record Number: 12
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Sample Name:
13

Sample Source & type:

Sample bulk lot ref:

MASTERSIZER

Result Analysis Report

SOP Name:
Marine Sediment

Measured by:
bsh3

Result Source:

Measured:

Sample 13

Thursday, 14 August 2008 4:04:41 p.m.

Analysed:

Thursday, 14 August 2008 4:04:42 p.m.

Measurement
Particle Name: Accessory Name: Analysis model: Sensitivity:
Marine Sediment None General purpose Enhanced
Particle RI: Absorption: Size range: Obscuration:
1.500 0 0.020 to 2000.000 um 2195 %
Dispersant Name: Dispersant Rl: Weighted Residual: Result Emulation:
Water 1.330 0.377 Yo Off
Concentration: Span : Uniformity: Result units:
0.0286 %Vol 4.692 1.8 Volume
Specific Surface Area: Surface Weighted Mean D[3,2]: Vol. Weighted Mean D[4,3]:
8.55 mZ#g 0.702 um 25176 um
d(0.1): 0.168 um d(0.5): 11.926 um d(0.9): 56.118 um
Particle Si istribution
20
18
16
— 14
2
< 12
)
£ 10
=
o
2 8
6
4
2
00.01 0.1 10 1000 3000
Particle Size (um)
.13, Thursday, 14 August 2008 4:04:41 p.m.
Size (um) | Vol Under % Size (um) | Vol Under % Size (um) | Vol Undsr %, Size (pm) | Vel Under % Size (pm) | Vol Under % Size (pm) | Vol Under %
0,050 0.00 0980 2045 31.000 7505 8B.000 96.42 250,000 98,89 710000 100,00
0,060 0.21 2000 2166 37.000 7996 105.000 97.61 300.000 9905 840,000 100,00
0120 495 3900 2875 44,000 84.50 125,000 9827 350,000 99.24 1000.000 100.00
0.240 15.41 7.800 080 53000 8882 14,000 9858 420,000 99.49 2000.000 100.00
0.490 2034 10.000 4608 63000 9215 177.000 9871 500.000 972
0700 2045 15,600 56.42 74000 9455 210.000 9879 590.000 99.90
Operator notes:
Malvern Instruments Ltd Mastersizer 2000 Ver. 5.22 File name: Brad

Malvern, UK

Carbonate content and grain size

Serial Number : MAL102144

Record Number: 13

A-lll| 13



Sample Name:
14

Sample Source & type:

Sample bulk lot ref:

MASTERSIZER

Result Analysis Report

SOP Name:
Marine Sediment

Measured by:
bsh3

Result Source:

Measured:

Sample 14

Thursday, 14 August 2008 3:13:41 p.m.

Analysed:

Thursday, 14 August 2008 3:13:42 p.m.

Measurement
Particle Name: Accessory Name: Analysis model: Sensitivity:
Marine Sediment None General purpose Enhanced
Particle RI: Absorption: Size range: Obscuration:
1.500 0 0.020 to 2000.000 um 2278 %
Dispersant Name: Dispersant Rl: Weighted Residual: Result Emulation:
Water 1.330 0.351 Y% Off
Concentration: Span : Uniformity: Result units:
0.0363 %Vol 26.059 6.7 Volume
Specific Surface Area: Surface Weighted Mean D[3,2]: Vol. Weighted Mean D[4,3]:
8.84 mé/g 0.679 um 125.898 um
d(0.1): 0.165 um d(0.5): 18.059 um d(0.9): 470.779 um
Particle Size Distribution
14
12
— 10
I
@ 8
g
5 6
>
4
2
00.01 0.1 10 1000 3000
Particle Size (Lm)
.14‘ Thursday, 14 August 2008 3:13:41 p.m.
Size (um) | Vol Under % Size (umj | Vel Under % Size (um) | Vol Uncer % Size (um) | Vel Under % Size (um) | Vol Urder % Size (um) | Vel Under %
0.050 0.12 0.980 20.43 31.000 6055 88,000 76.10 250,000 8237 710000 o547
0,060 0.44 2000 21.66 37.000 8397 105,000 77.36 300.000 8414 2840000 97.15
0120 555 3900 27.31 44,000 &7.14 125,000 7833 350,000 8594 1000.000 .42
0.240 15.29 7.800 .15 53,000 70.20 149,000 79.18 420,000 8638 2000000 100.00
0430 2024 10.000 .85 63,000 7263 177.000 80.04 500.000 2088
0700 2043 15,600 7.2 74,000 7450 210.000 81.08 590,000 9317

Operator notes:

Malvern Instruments Ltd
Malvern, UK

A-lll | 14

File name: Brad

Mastersizer 2000 Ver. 5.22
Serial Number : MAL102144

Record Number: 9
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Sample 18

MASTERSIZER

Result Analysis Report

Sample Name: SOP Name: Measured:
18 Marine Sediment Thursday, 14 August 2008 1:24:34 p.m.
Sample Source & type: Measured by: Analysed:
bsh3 Thursday, 14 August 2008 1:24:35 p.m.
Sample bulk lot ref: Result Source:
Measurement
Particle Name: Accessory Name: Analysis model: Sensitivity:
Marine Sediment None General purpose Enhanced
Particle RI: Absorption: Size range: Obscuration:
1.500 0 0.020 to 2000.000 um 1593 %
Dispersant Name: Dispersant RI: Weighted Residual: Result Emulation:
Water 1.330 1.451 Yo Off
Concentration: Span : Uniformity: Result units:
0.0157 %Vol 2.893 0.917 Volume
Specific Surface Area: Surface Weighted Mean D[3,2]: Vol. Weighted Mean D[4,3]:
0.729 m2/g 8.230 um 17.833 um
d(0.1): 3.586 um d(0.5): 12.318 um d(0.9): 39.220 um
Particle Size Distribution
25
20
;\?
© 15
€
=
>° 10
5
%.01 0.1 10 1000 3000
Particle Size (um)
.18‘ Thursday, 14 August 2008 1:24:34 p.m.

Size (um) | Vol Under % Size (umj | Vol Under % Size (um) | Vo Under % Size (um) | Vol Under % Size (um) | Vol Under % Size (um) | Vol Under %
0.050 0.00 0.980 0.00 31.000 84.10 88.000 99.24 250.000 100.00 710.000 100.00
0.060 0.00 2000 148 37.000 8389 105.000 9977 300.000 100.00 840.000 100.00
0.120 0.00 3.900 1185 44.000 92.29 125.000 99.97 350.000 100.00 1000.000 100.00
0.240 0.00 7.800 3244 53.000 95.21 149.000 100.00 420.000 100.00 2000.000 100.00
0.490 0.00 10,000 41.73 63.000 97.14 177.000 100.00 500.000 100.00
0.700 0.00 15,600 59.55 74.000 98.37 210.000 100.00 590.000 100.00

Operator notes:

Malvern Instruments Lid Mastersizer 2000 Ver. 5.22 File nama: Brad
Malvern, UK Serial Number : MAL102144 Record Number: 1

Carbonate content and grain size A-1ll] 15



Sample Name:
19

Sample Source & type:

Sample bulk lot ref:

MASTERSIZER

Result Analysis Report

SOP Name:
Marine Sediment

Measured by:
bsh3

Result Source:
Measurement

Measured:

Sample 19

Thursday, 14 August 2008 4:42:43 p.m.

Analysed:

Thursday, 14 August 2008 4:42:44 p.m.

Particle Name: Accessory Name: Analysis model: Sensitivity:
Marine Sediment None General purpose Enhanced
Particle RI: Absorption: Size range: Obscuration:
1.500 0 0.020 to 2000.000 um 1863 %
Dispersant Name: Dispersant RI: Weighted Residual: Result Emulation:
Water 1.330 0.443 % Off
Concentration: Span : Uniformity: Result units:
0.0199 %Vol 2.980 1.01 Volume
Specific Surface Area: Surface Weighted Mean D[3,2]: Vol. Weighted Mean D[4,3]:
0.685 mag 8.763 um 20.743 um
d(0.1): 3.722 um d(0.5): 13.591 um d(0.9): 44.220 um
25
20
2
@ 15
£
=
(=]
> 10
5
%.01 0.1 10 1000 3000
Particle Size (um)
.19, Thursday, 14 August 2008 4:42:43 p.m.
Size (um) [ Vol Under % Size (umj | Vol Under % Size (um) | Vel Under % Size (um) | Vol Under % Size (um) | Vol Under % Size (um) | Vol Under %
0,050 0.00 0.980 0.00 31.000 80.36 88,000 9842 250,000 977 710000 100.00
0,060 000 2,000 1.15 37.000 85.60 105.000 98.99 300000 9988 840000 100.00
0,120 0,00 3,900 11.00 44,000 8980 125,000 %928 350,000 99,97 1000.000 100.00
0.240 000 7.800 .47 53.000 9348 149,000 9044 420.000 100.00 2000000 100.00
0,490 0,00 10.000 3867 63,000 95,80 177.000 9956 500,000 100.00
0700 0.00 15.600 55.27 74.000 97.40 210.000 9067 500,000 100.00

Operator notes:

Malvern Instruments Ltd
Malvern, UK

A-lll | 16

Mastersizer 2000 Ver. 5.22
Serial Number : MAL102144

File name: Brad
Record Number: 16
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MASTERSIZER

Result Analysis Report

Sample 20

Sample Name: SOP Name: Measured:
20 Marine Sediment Thursday, 14 August 2008 2:02:06 p.m.
Sample Source & type: Measured by: Analysed:
bsh3 Thursday, 14 August 2008 2:02:07 p.m.
Sample bulk lot ref: Result Source:
Measurement
Particle Name: Accessory Name: Analysis model: Sensitivity:
Marine Sediment None General purpose Enhanced
Particle RI: Absorption: Size range: Obscuration:
1.500 0 0.020 to 2000.000 um 1688 %
Dispersant Name: Dispersant Rl: Weighted Residual: Result Emulation:
Water 1.330 0.651 Y% Off
Concentration: Span : Uniformity: Result units:
0.0193 %Vol 4.378 1.68 Volume
Specific Surface Area: Surface Weighted Mean D[3,2]: Vol. Weighted Mean D[4,3]:
0.624 mé/g 9613 um 37.141 um
d(0.1): 3.738 um d(0.5): 17.340 um d(0.9): 79.653 um
22
20
18
—_ 16
- P
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g 12
210
= 8
6
4
2
00.01 0.1 10 1000 3000
Particle Size (Lm)
.20‘ Thursday, 14 August 2008 2:02:06 p.m.
Size (um) | Vol Under % Size (umj | Vel Under % Size (um) | Vol Uncer % Size (um) | Vel Under % Size (um) | Vol Urder % Size (um) | Vel Under %
0.050 0.00 0.980 0.00 31.000 €819 88,000 91.26 250,000 9775 710000 100.00
0,060 0.00 2000 147 37.000 7345 105,000 9308 300.000 9639 2840000 100.00
0120 0.00 3900 10.82 44,000 78.21 125,000 94.45 350,000 9690 1000.000 100.00
0.240 0.00 7.800 2703 53,000 &271 149,000 9552 420,000 943 2000000 100.00
0430 0.00 10.000 078 63,000 825 177.000 9638 500.000 9063
0700 0.00 15,600 4676 74,000 83.95 210.000 97.09 590,000 9999
Operator notes:
Malvern Instruments Ltd Mastersizer 2000 Ver. 5.22 File name: Brad

Malvern, UK

Serial Number : MAL102144

Carbonate content and grain size

Record Number: 4

A-lIl | 17



Sample 21

MASTERSIZER

Result Analysis Report

Sample Name: SOP Name: Measured:
21 Marine Sediment Thursday, 14 August 2008 2:28:43 p.m.
Sample Source & type: Measured by: Analysed:
bsh3 Thursday, 14 August 2008 2:28:44 p.m.
Sample bulk lot ref: Result Source:
Measurement
Particle Name: Accessory Name: Analysis model: Sensitivity:
Marine Sediment None General purpose Enhanced
Particle RI: Absorption: Size range: Obscuration:
1.500 0 0.020 to 2000.000 um 2205 %
Dispersant Name: Dispersant RI: Weighted Residual: Result Emulation:
Water 1.330 0.569 % Off
Concentration: Span : Uniformity: Result units:
0.0217 %Vol 8.845 577 Volume
Specific Surface Area: Surface Weighted Mean D[3,2]: Vol. Weighted Mean D[4,3]:
1.8 mé/g 0.510 um 40.497 um
d(0.1): 0.145 um d(0.5): 6.703 um d(0.9): 59.427 um
Particle Size Distribution
14
12
— 10
-
@ 8
E
I 6
>
4
2
%.01 0.1 10 1000 3000
Particle Size (um)
.21. Thursday, 14 August 2008 2:28:43 p.m.

Size (um) | Vol Under % Size (um) | Vol Under % Size (um) | Vdl Under % Size (um) | Vol Under % Size (um) | Vol Under % Size (um) | Vol Under %
0.050 043 0.980 23 31.000 80.13 88.000 9312 250.000 9557 710,000 98.94
0.060 1.08 2.000 30.18 37.000 a7 105.000 93.90 300.000 9589 840.000 99.53
0.120 739 3.900 070 44.000 8607 125,000 94.42 350.000 96.24 1000.000 99.90
0.240 17.70 7.800 53.00 53000 88688 149.000 9479 420.000 9879 2000.000 100.00
0.490 2573 10.000 57.9%5 63.000 90.61 177.000 9507 500.000 97.44
0700 271 15.600 8579 74000 9201 210.000 9532 590.000 98.15

Operator notes:

Malvern Instruments Ltd Mastersizer 2000 Ver. 5.22 File name: Brad
Malvern, UK Serial Number : MAL102144 Record Number: 6

A-lll| 18 Appendix 11



Sample Name:
22

Sample Source & type:

Sample bulk lot ref:

MASTERSIZER

Result Analysis Report

SOP Name:
Marine Sediment

Measured by:
bsh3

Result Source:

Measured:

Sample 22

Thursday, 14 August 2008 2:49:11 p.m.

Analysed:

Thursday, 14 August 2008 2:49:12 p.m.

Measurement
Particle Name: Accessory Name: Analysis model: Sensitivity:
Marine Sediment None General purpose Enhanced
Particle RI: Absorption: Size range: Obscuration:
1.500 0 0.020 to 2000.000 um 2222 %
Dispersant Name: Dispersant RI: Weighted Residual: Result Emulation:
Water 1.330 0.855 Yo Off
Concentration: Span : Uniformity: Result units:
0.0231 %Vol 6.932 279 Volume
Specific Surface Area: Surface Weighted Mean D[3,2]: Vol. Weighted Mean D[4,3]:
11.2 m2/g 0.536 um 21.739 um
d(0.1): 0.147 um d(0.5): 7.065 um d(0.9): 49.120 um
Particle Size Distribution
14
12
© 10
(]
c 8
=
o
= 6
4
2
%.01 0.1 10 1000 3000
Particle Size (um)
.22‘ Thursday, 14 August 2008 2:49:11 p.m.
Size (um) | Vol Under % Size (umj | Vol Under % Size (um) | Vo Under % Size (um) | Vol Under % Size (um) | Vol Under % Size (um) | Vol Under %
0,050 0.16 0,980 26.49 31,000 8165 88,000 9618 250,000 973 710,000 100.00
0.080 0.70 2000 28,62 37.000 85.11 105,000 97.04 300.000 99,03 840.000 100.00
0.120 6.9 3900 7.9% 44,000 88.22 125,000 97.58 350,000 929 1000.000 100.00
0.240 18.01 7.800 52143 53,000 9113 149,000 97.94 420,000 %057 2000.000 100.00
0,490 2568 10,000 57.52 63000 93.33 177.000 921 500,000 %79
0700 2643 15,600 67.14 74,000 9493 210,000 9846 50,000 2993
Operator notes:
Malvern Instruments Ltd Mastersizer 2000 Ver. 5.22 File name: Brad

Malvern, UK

Serial Number : MAL102144

Carbonate content and grain size

Record Number: 7

A-lIl | 19
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APPENDIX IV
PETROGRAPHY

IV.1 — Petrography samples

Subsurface and onshore samples analysed petrocgphivith associated
petrography sample numbers.

Sample location FormationiMember Depth (m) Sample number
Port Wailkato Glen Massey Formation (Ahirau Sandstone Member) ~ 1
Actea Harbour len Massey Formation (Ahirau Sandstone Member) ~ 2
Hautapu Hill Actea Formation (Hauturu Sandstone Wember) ~ 4
Kihi Road Actea Formation (Hauturu Sandstone Wember) ~ 5
Taumarunui Taumarunui quartz sandstone ~ T
Kaimiro-1 Mckee Formation 2784 - 3740 8
Tariki-1 Otaraoa Formation (Tariki Sandstone Member) 2940 - 2990 9
MNogatoro-1 Otaraoa Formation (Matapo Sandstone Member) 2550- 3600 10
Pohokura-1 Turi Formation 2420- 3470 12
Tariki-1 Otaraca Formation (Tariki Sandstone Member) 2870- 2920 13

IV.2 — Light mineral fraction

Table summarising light mineral fraction compositidata obtained by point
counting. Values expressed as percentage of total.

Sample No. Quartz Plagioclase Orthoclase Sed. Rock Volc. Rock Sphene Epidote Glauconite Opaque Microcline Other

1 51.5 4.9 57 174 34 04 0.0 30 1.1 0.0 26
2 476 8.1 29 19.0 55 00 0.7 8.1 26 0.0 55
4 57.4 13.0 57 119 1.0 00 0.0 1.0 0.0 0.0 0.0
5 53.3 145 55 78 23 00 0.0 43 0.8 04 12
T 56.3 127 30 217 5.0 00 0.0 0.0 0.3 0.0 0.0
8 343 9.3 07 453 B.7 00 0.0 0.0 20 03 13
9 497 157 50 243 4.0 00 0.0 03 0.7 0.0 0.3
10 50 30 1.7 80.0 9.0 00 0.0 03 0.3 0.0 0.7
12 30.0 10.0 4.0 520 4.0 00 0.0 0.0 0.0 0.0 20
13 50.7 268.7 27 167 30 0o 0.0 0.0 0.3 0.0 0.0

Petrography AV |1



IV.3 — Heavy magnetic mineral fraction

Table summarising heavy magnetic mineral fractiomgosition data obtained by
point counting. Values expressed as percentagestalf Note samples 8 and 10
do not have data expressed as percentages. Deswipt these two samples are

given below.

Sample No. Opaque Limonite Glauconite Sed. Rock Volc. Rock Amphibole Sphene Other

1 770 g0 a7 1.0 1.3 07 1.0 74
2 63.0 20 93 0.0 03 237 03 13
4 473 3.0 320 1.7 0.0 33 0.0 76
5 47.0 50 333 23 03 30 0.0 9.0
7 17.7 675 0.0 1.8 04 07 0.0 11.8
8 —~ —~ ~ —~ ~ —~ ~ —~

9 6.7 8.0 33 287 147 0.0 07 28.0
10 - - - - - - - -

12 8.7 2132 20 16.3 120 0.0 0.0 393
13 13.0 16.7 4.3 15.0 27 0.0 07 244

Sample number 8 is mostly composed of indistingab#d volcanic and

sedimentary rock fragments with some glauconite@adioclase feldspar.

Sample number 10 is mostly composed of sedimemntaty fragments with some

glauconite, opaque minerals and limonite.

IV.4 — QFL (quartz, feldspar, lithics) data

Table summarising quartz feldspar and lithics patages determined for the light

mineral fraction of samples.

Sample No. Feldspar Quartz Lithics

1 114 563 224
2 132 573 295
4 18.3 551 131
5 2179 575 10.8
7 157 565 278
8 107 355 538
9 204 503 2387
10 4.7 51 90.2
12 14.0 300 56.0
13 294 508 19.7

A-lV |2 Appendix 1V



APPENDIX V
LA-ICP-MS AND MORPHOLOGIES

V.1 — LA-ICP-MS specifications

The following summarises LA-ICP-MS operating coiadis and data acquisition

parameters.
ICP-MS
Model Elan 6100 DRECINCP-MS (Perkin Elmer Sciex)
Gas Flows
Flasma (Ar) 14 Limin
Alxillary (Ar) 1.2 Limin
Carrier (He) 1.0 Limin
Mebuliser 063 Limin
Sheild torch Used for most analyses
Yacuum pressure 1% 107 Tarr
Software Elan 3.3
LA
Model Mewy Wayve UP-213 Deep Nd YAG - Tempest 20 Hz
Wavelength Sth Harmonic @ 213 nm
Repitition rate 10 Hz
Pre-ahlation laser warm-up Laser Fired Caontinously
Pulse duration (FYWWHM) =4 ns (stablilty 3%)
Beamn - expander setting a
Focussing ohjective 2 fL =40 mm
Degree of defocusing Mat known
Spot size A0-B0 nm
Incident pulse energy ca. = 1 mJd per pulse
Energy density on sample ca. > 3md
Saftware Mew Wave Research (Merchantek) Laser Ablation

Systern 1.8.13.1

Data Acqusition Parameters

Data Acqusition Protocol Time resolved anyalses

Scanning mode Peak hopping, 1 point per peak

Detector mode Fulse counting, dead time correction applied

Isatopes determined 20pp, 2P, 2Py, #ETh, 28, g B gy By e VTHf
Dwyell time per isotope 15,30,10,10, 15,5, 5,5, 5, 5 ms respectively
Cluadrapole settling time ca. 2ms

Timefscan ca. 89 ms

Data acqusition (s) 180 = (B0 s gas hlank, up to 120 s ablation)

Software GLITTER (Version4 .4.1). Gemoc Laser [CP-MS

Total Trace Element Reduction
Samples & Standards

Mounts 25 mm diameter polished grain mounts
Standard: and standard mounts
Gem Zrcon "GJ-1", 609 Ma.
MIST 610 - Doped Glass standard
Gem Fircon "Temora 2", 416 Ma

LA-1CP-MSand morphologies AV |1



V.2 — Zircon morphologies

The following figure illustrates the zircon morpbgy classification used in this
study, that proposed by Pupin (1980). Different photogies reflect a difference
in the arrangement of crystal faces.
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Fig. 1. Main types and subtypes of the typologic classification and corresponding geothermometric scule. The approximative temperature
scale proposed (Pupin and Turco 1972c) was calibrated from the confrontation of the typology zircon data with the temperatures
normally accepted in literature for crystallization of pluto-volcanic rocks and minerals. In this work, we have particularly considered:
The limit of stability of the mineruls (i.e., the muscovite in granitic and metamorphic rocks): - the geothermometric data obtained
with other methods (i.e., on pyroxenes from charnockitic and volcanic rocks; on vitrcous inclusions): — the temperature ranges for
gneiss anatexy; — the temperature ranges for the beginning and the end of the magmatic crystallization in granites, diorites, gabbros
and effusive equivalents; - the temperatures of formation of minerals with which zircon synerystallized (i.e., fluorite, late-magmatic
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APPENDIX VI
S GNAL SELECTION

VI.1 — Signal selection images

The following images display signal selections fodividual crystal analysis
exported from GLITTER software.

Example?®Pb signal.

Ablation start Signal range
selected

Background signal

oo0.0 ) - 40P | P
100.0 = ”_\UULI_IP

Sgnal selection A-Vl|1



Glitter +.4.1 — Tima reeclved LA~ICP/MS signals
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Glitter +.4.1 — Tima reeclved LA~ICP/MS signals
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Glitter +.4.1 — Tima reeclved LA~ICP/MS signals
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Glitter +.4.1 — Tima reeclved LA~ICP/MS signals
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Glitter +.4.1 — Tima reeclved LA~ICP/MS signals
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Glitter +.4.1 — Tima reeclved LA~ICP/MS signals
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Oota file: ChSlitter\Laser Data\Brad — UPBNTO_july BAGT 7B\ 0_july OB01 —7b.rep
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Oota file: ChSlitter\Laser Data\Brad — UPBNTO_july BAGT 7B\ 0_july OB01 —7b.rep
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APPENDIX VI
U-Pb GEOCHRONOLOGY DATA

VII.1 — U-Pb geochronology samples

Sample location Formation/Member Depth (m) Sample number
Kihi Road Aotea Formation (Hauturu Sandstone Member) ~ 5
Hautapu Hill Aotea Formation (Hauturu Sandstone Member) ~ 4
Tariki-1 Otaraoa Formation (Tarild Sandstone Member) 2810 - 2860 14
Tariki-1 Otaraoa Formation (Tarikd Sandstone Member) 2870 - 2920 13
Tariki-1 Otaraoa Formation (Tarilki Sandstone Member) 2940 - 2990 9
Awamarino Zlen Massey Formation (Ahirau Sandstone Member) ~ 3
Aotea Harbour Glen Massey Formation (Ahirau Sandstone Member) ~ 2
Fort Waikato zlen Massey Formation (Ahirau Sandstone Member) ~ 1
Taumarunui Taumarunui quartz sandstone ~ T
MNoatoro-1 Otaraoa Formation (Matapo Sandstone Member) 3550 - 3600 10
Otaihanga Otaihanga Outlier ~ 15
Fohakura-1 Turi Formation 3420- 3470 12
Kaimiro-1 Mckee Formation 3784 - 3740 8

VII.2 — Isotope ratio and age estimate data

The following tables summaris8’Pb/**U and?°*PbF3*U isotope ratio and age

estimate data for the 13 analysed samples.

Table legend

e Standards

e Concordant/near concordant zircons

+ Discordant zircons

U-Pb geochronology data
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8 — McKee Formation

ISOPTOPE RATIOS AGE ESTIMATES (Ma)

Sample No. Pbh207/U235 1 ¢ error Ph206/U238 1 & error Ph207/U235 1 ¢ error Ph206/U238 1 ¢ error
MNISTE10-1 20,2741 0.4442 017393 0.00205 - - - -
MISTE10-2 19,8354 047457 017807  0.0021% - - - -

-1 0.63867 0.06535 007978 0.002584 501.5 4235 4349 16.95

52 0.73514 0.04576 0.0833  0.00187 5596 28.53 515.8 1112

5J-3 0.54115 004955 007974 0.00198 4392 3267 4946 11.81

5J-4 0.59774 0.04556 008405  0.00799 4758 292 5203 11.81

tern1-1 111748 014443 010538  0.0054% 761.8 £9.29 B51.7 31.99

tem1-2 0.658252 0.13933 011134 0.0061 52683 84.45 B80.5 3557

1 0.26624 0.02966 003921 0.0057 2597 2379 247 9 8.5

p 0.53931 006987 004754  0.00255 438 46,09 299.4 1548

3 05127 0.06432 0.0707  0.00255 4203 4317 440.4 17.18

4 0.5359 0.0544 006586  0.00247 4357 35.96 435.3 14.9

5 0.17204 0.08283 002528 0.00277 161.2 71.76 160.9 17.38

B 0.60847 0.06721 007233 0.00294 4526 42 42 4502 1768

B 0.49241 0.055821 006494  0.00255 406.5 39.61 405.6 15,7

9 0.59865 0.03457 007741 0.00171 476.4 2.1 430.7 10.24

10 0.34236  0.01968 0.0475 0.00102 299 14.89 2991 B.27

33 1.29995 0.08977 015561  0.00409 8457 39.65 9323 2252

34 1.28505 39711 013766 0.08116 8409 1761.51 831.4 453 .86

ENg 1.13051 0.09206 014241 0.00445 760 43.68 ga8.3 2512

EN 1.058252 007213 013454 0.00346 7448 3217 g13.7 19.64

GJ 7 1.04361 0.07621 014294 0.00381 7287 3787 861.2 21.51

35 2.7B972 016915 027263 0.00734 1347 .4 45 56 1554 .2 3716

11 0.29955 0.05051 004207 0.00201 266 39.47 2657 12.45

12 0.20118 0.08677 003043  0.00Z297 186.1 73.35 193.2 186

13 0.3113 0.04245 002716 0.001571 2752 32.89 1727 9.47

14 0.1666 0.0313 002343 0.00128 156.5 27.24 1459.3 8.09

15 0.19983 0.07162 002865 0.00257 185 B0.61 1821 16.13

18 0.18457 0.03301 002712 0.00748 172 28.29 1725 9.34

19 0.365936 0.03755 004276  0.00158 3192 2787 2699 9.52

20 016714 0.06342 002623 0.00216 1565 8517 166.9 13.5¢7

TEMZ 1 0.80018  0.19428 002061  0.00787 5569 105.558 5892 46.53

TEMZ 2 0.729587 0.14334 008853  0.00592 556.5 84.49 545.5 35.07

22 022545 0.05485 0.02406 0.00204 204.8 4545 153.2 12.86

24 0.94615 008574 01092 0.00378 E7EB. 1 45,33 BEE.1 21.9¢7

25 0.59141 0064584 007452 0.00285 4718 41,37 4651 17.06

26 0.36501 0.0657 4 004512 0.00287 3158 51.858 309.1 17.63

27 0.23706 0.05502 0.03408 0.00205 216 4516 2159 12.95

28 0.68085 0.08355 0.0303  0.00211 5273 50.49 192.4 13.22

24 0.21408 0.05563 003062  0.00221 197 45,53 194.5 13.8

a0 0.32137 0.04335 002653 0.00744 263 33.33 168.5 9.02

31 0.21912 0.0957 003121 0.00307 20.2 §3.04 1958.1 19.21

gj-8 0.94147 0.07261 013857  0.00574 B73.7 3797 8366 21.18

-9 1.02703 006727 014073 0.00344 7174 33.69 g48.8 19.48

gj-10 1.034584 0.07016 013768 0.00343 7213 35.M g31.6 19.44

gj-11 1.12325 0.07565 014104 0.0038 7645 37 .62 gal.5 21.45
MISTE10-3 32.13441 0.74013 0.28531 0.00366 - - - -
MNISTE10-4 34.82732 074247 031471 0.00405 - - - -

A-VII | 2 Appendix VII



12 — Turi Formation

ISOPTOPE RATIOS

AGE ESTIMATES (Ma)

Sample No. Pbh207/U235 1 ¢ error Ph206/U238 1 & error Ph207/U235 1 ¢ error Ph206/U238 1 ¢ error

NISTE10-1 2731509 103714 021732 0.00334
NISTE10-2 7 EMET 1188657 021208 0.00342 - - - -
gt 05191 008554 009776  0.00229 B075 3658 B01.3 1345
g2 090533 00705 010053 0.00233 B55.4 BT BI75  13B4
g3 071705 008083 009647 0.00226 5439 3597 5937 1326
i 078708 00408 009566  0.00227 EB35 3641 5889 1334
tern1_1 0489 006566 006414 0.00217 4042 4478 005 1313
tern1 2 051811 012911 0.0B345  0.00307 4239 3635 4265 1849
1 052114 010823 002825  0.00204 4259 72725 1796 1282
4 002314 004441 001803 000092 29 4633 1152 583
5 010831 002413 001594  0.00063 1044 2211 102 398
E 022708 001938 003215  0.00075 207 8 16.03 204 457
7 028082 012803 00361 000242 272 10475 2318 1A02
8 022974 00817 001955 000135 210 B7.46 1248 8.53
9 026074 O0O0S675 002387 000115 2512 4502 162.1 7.21
10 013948 004795 002084  0.00108 1326 4273 131.7 E.53
11 021101 005309 003224 000154 1944 4451 204 & 96
12 0208 005276 003085 0.00155 1927 443 195.9 967
term2_1 052612 008216 00775 0.00233 4292 546G 4225 1406
term2_2 038323 009517 008552 0.0025 ccch E9.61 409.1 15.16
o 080415  00B%4 009726 000253 £992 3906 5983 1488
gib 092104 00785 009856 0.00268 B629 4165 BOE 1571
13 018385 003447 002904 0.00125 1714 2956 1845 7.85
14 037482 D077 004585  0.00206 3232 50 2896 1267
16 23604591 9568575 201837 085068 56524  AD9.87 712156 181681
19 0368736 005914 005618 0.00229 24 4328 324 1397
20 1893332 362722 013EE3 0.03H IM3IWE 18476 g259 1877
21 0774 008162 00979 000213 5821 29 54 572 1259
22 01712 002488 002545 000087 1606 2147 162 5 46
23 016419 00BB32 002527 0.00176 1544  57.85 1609 11.06
g7 090265 008208 010143 0.00287 B53.1 438 E225 1681
o8 082285 007284 009765 000268 BO9E 4057 BIOGE 1576
g9 067193 009507 009798 0.00329 EIBE 5157 BO26  19.33
gi_10 062257 00783 009628 0.00333 4915 4903 502.5 19.6
NISTE10-3 707022 180743 021833 0.00479 - - - -
NISTE10-4 261B027 176248 020973 0.00457
U-Pb geochronology data A-VII'| 3



15 — Otaihanga Outlier

ISOPTOPE RATIOS AGE ESTIMATES (Ma)
Sample No. Ph207/U235 1 & error Ph206/U238 1 ¢ error Pbh207/U235 1 ¢ error Ph206/U238 1 & ervor
niste10-1 24 67768 0.40543 022168  0.00264 -
nistg10-2 24 4864 0.39823 022045  0.00262 - - - -
q-1 1.97181  0.05641 00286 00031739 1105.9 1927 E31.1 1048
qj-2 1.43744  0.04708 010433 0.00182 9047 19.61 G397 1063
i3 0eE776  0.03035 009757  0.00171 219.4 185 B00.7 10.02
qi-4 071433 0.03351 0099458 0.00179 547 3 19.85 B11.3 10.47
1 0.BE356 0.0542 008269  0.00184 516.8 33.08 5122 1099
2 030128 0.08537 004017  0.00173 267 4 432 2539 10,74
3 0eE107  0.03329 005526 0.00162 52153 20.35 827 .5 961
4 1.97024  0.104071 018662  0.00419 1105 4 3556 1103.4 2274
G 03209 0.02746 003932 0.00115 2826 211 2486 7.1
g 0252 002212 003957  0.00093 2252 17.94 2489 576
10 03169  0.035%6 004486  0.00732 2795 2773 28248 814
12 025734  0.0249 003512  0.00039 2325 2011 2412 613
14 033116 0.05705 003959  0.00201 290.5 4352 2509 12.45
tem1-1 044451 0.03548 006236 0.00153 3736 2353 396 93
tem1-2 044559  0.05228 006525 0.00235 3742 36.72 407 4 14.24
16 1.39208 0.04756 014747 0.00245 g55.6 20.19 5865 13.95
18 024217 0.01758 003774 0.0005 2202 1437 238.8 499
19 024705  0.05898 0.03979 0.0024 242 7245 2516 14.83
20 0.70701 0.092 003905  0.00344 543 2473 250 2037
21 031556 0.04763 004043  0.00147 2785 36.76 25855 9.14
X 026347  0.06877 004052 00022 2415 55.05 2561 13.7
23 075958  (0.05089 009278 0.00227 5738 2937 5719 1337
24 022195 0.02045 0033558  0.00037 203.5 17 2129 544
g5 070626 0.03605 0o0y  0.00194 542 5 2148 B18.5 11.36
5] 073154 0.03531 009532 0.0ME7 057 .6 2001 604 .6 10.95
tem1-3 045601  0.03912 0.06355 0.00315 3815 2728 397 .2 10,92
tem1-4 0.442  0.03634 005963 0.00155 37 2559 3734 9.4
25 026675 0.02034 0.03911 0.007102 2401 16.3 247 3 B.34
26 0245  0.02916 0040583  0.00122 2225 2378 2579 753
27 0.75957  0.06031 007709  0.00226 8738 345 4787 13.54
25 024137 0.01787 003495  0.00035 2195 14 62 2215 53
31 0.25711 0.0386 003864  0.00145 2323 31.18 244 .4 9
33 025159 0.04202 004092  0.00161 2519 33.29 258.5 9.95
34 027653  0.05253 004055 0.00174 247 9 41.78 2561 1075
36 02945 002328 0.04241 0.00123 2621 2218 267 8 761
37 026139 0.0344% 0.035351 0.003129 2358 2097 2237 8.03
Tem-1 042923 0.05888 002926 0.00231 3626 41.83 3711 14.05
Tem2-2 048844  0.05625 00BESE  0.00216 403.8 3837 415.4 13.08
ai-7 0GBEE9s  0.03437 0.09521 0.00me?y 52189 2094 5863 11.02
[e=] 07704 0.05189 00s257  0.00231 525 313 511.4 1377
g 078309 0.06001 009375 000255 457 2 3417 airT 15.04
gi-10 073476 0.04728 00935  0.00219 5593 27 68 5762 12.93
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10 — Matapo Sandstone

ISOPTOPE RATIOS AGE ESTIMATES (Ma)

Sample No. Ph207/U235 1 ¢ error Ph206/U238 1 6 ervor Pb207/U235 1 ¢ error Ph206/U238 1 & ertor
MISTE10-1 3188206 075419 0.25394  0.00392 - - - -
MIZTE10-2 2024925 0BYY 7B 0.21193 0.00293 - - - -

g4 08132 0.0553 010207 0.0022 BO7 & 3087 B26.5 12.88

oA 084552 003635 00973 000213 G224 31.m 58935 12.5

g_b 075767  0.08292 0.09982 0.0024 ar27 36.35 B13.3 14.06

o7 074983  0.05424 0.09342  0.00218 aE8.1 31.47 arad 12.88

tem1-1 051966  0.11543 0.06EEZ  0.00234 4249 773 M58 1713

tem1-2 051757 014794 0.06438 0.0044 4235 9398 4022 26.66

1 023513 0.04315 0.03246  0.00166 214.4 39.61 205.9 10.34

2 034659  0.06152 0.04684 0.002 3022 46.39 295.1 12,29

3 057866  0.25078 0.02643  0.00426 4636 161.28 168.1 2578

4 021106  0.08934 0.0255 0.0025 1944 74.91 187.4 15.66

L 021395  0.03009 0.03058  0.00104 196.9 2517 194.2 B.458

5 016843  0.05902 0.02603  0.00181 155.1 51.29 1B65.7 11.36

7 025475 002683 0.03753  0.00107 2304 2111 2375 B.B2

] 032644  0.08181 0.05009  0.00277 286.8 B2 63 3151 17

9 031962 003593 004106 000131 2816 27 B4 2604 8.1

10 028516 003134 0.03575  0.00116 2847 2476 226.4 7.25

1 026699 006777 0.044417 000277 2403 24 .31 280.1 17.09

12 0128389  0.06443 0.09913  0.00147 1231 57 .95 1221 9.3

13 043105 002344 006015 000124 3639 16.63 6.5 7.53

14 034635  0.05411 0.03977  0.00196 302 40.81 251.4 12.15

15 01262 0.06534 0.01982  0.00147 1207 B1.62 126.5 9.28

16 022758  0.05645 0.03698 000227 208.2 46 59 2342 14.14

tem_1 049321 004158 0.06525  0.00182 407 1 28.28 407 .5 11.02

tem2_2 04978  0.06429 0.06445 0.0021 4102 4399 402.8 12,69

gj_o 088276 007376 0.10898  0.00299 B42.5 3978 B49.4 17.42

g 9 083643 0.0/673 0.0%882  0.00302 B17.2 4243 BO7.5 17.71

g 10 074511 D.07594 0.095258  0.00303 aba 4 44189 4867 17.82

g 11 081754 0.03009 009943 000316 G067 4474 511 15.53

17 048785  0.06722 0.05137  0.00225 403.5 4587 3229 13.79

18 034223 0.04014 0.04458  0.00171 295.9 30.36 281.9 10.58

19 012438  0.1016& 0.01808  0.00251 119 91.81 1155 15.88

20 045678  0.04025 005302 00067 382 2805 3331 10.24

21 0.49601  0.03526 0.06158  0.00168 409 2393 385.3 10.2

22 015055 0.04679 0.02373 000142 142.4 41.29 151.2 8.93

23 02107 002692 0.03841 0.0011 2436 215 243 B.85

24 015103 0.06255 0.022 000164 1423 o521 140.3 10.32

25 015112 0.05036 002332 000119 142.9 44 43 1458.6 7.49

26 2124452 273147 017988  0.02351 3149.5 12465 1064.7 1595.83

27 0.49749 0.0756 0.0534%  0.00232 410 a21.26 396.8 17.67

25 036704 0.01763 0.04535  0.00094 3175 13.1 3138 5.8

29 015642  0.07151 002227 0072 147 6 G279 142 10.86

30 023536 032795 0.02385  0.00625 2146 269,56 183.3 39.37

31 021673 0123592 0.03044  0.00291 199.2 103.42 193.3 15.19

33 023461 0.04689 0.03829  0.00127 -271A E2.21 2422 7.89

GJ_12 096995  0.03544 0.09845 000315 G334 44 04 G053 15.46

GJ 13 076303 007355 0.10188  0.00307 5758 4236 B25.5 17.95

GJ_14 0799535 0.07599 0.10041  0.00307 5966 4288 E16.8 18

GJ_ 15 072935 007285 0.0%9813 0.003 5586.2 4277 B03.4 1762
MISTE10_3 28.43325 0.BO62Y 0.22415 0.0033 - - - -

MNISTE10_4 2986375 0.76411 0.23267  0.00354 - - - -

U-Pb geochronology data A-VII'| 5



7 — Taumarunui quartz sandstone

ISOPTOPE RATIOS AGE ESTIMATES (Ma)
Sample No. Ph207/U235 1 ¢ error Pb206/U238 1 ¢ error Ph207/U235 1 ¢ error Pbh206/U238 1 ¢ ervor
MISTE10-5 2FTIN3 057735 0.21558 0.00283 - - - -
MISTE10-6 2744323 057082 0.21306 0.00279 - - - -
g1-1 0742617  0.04378 0.0931 0.00194 563.9 2551 5738 11.42
g1-2 079349  0.04835 0.09356 0.0021 5931 2737 B0G 12.33
gi1-3 081362  0.04965 0.09539  0.00211 B04.5 27.81 B05 12.38
gjl-4 08926  0.05453 0.10223 D.00225 B47 5 2926 B27 .5 1317
Ternz-1 051633 0.07083 0.05758 D.00226 4227 47 3 3609 13.76
Tern2-2 045078  0.05276 0.05145 0.00188 3778 36.92 384.4 11.44
B 0.33509  0.02889 0.0426 0.00115 293.4 21.97 2689 714
7 1.43556  0.05298 0.14265 0.00233 903.9 2209 859.5 1317
g 0358322 00467 0.05445  0.00163 329.4 30.59 3415 9.99
tem2 3 04533 010427 0.06841 0.00306 96 72.85 426.6 18.46
temn2 4 0.4835 0.0568 0.05435 0.00282 400.5 59 41 4022 17.07
9 018122 0.02355 0.02312 0.00031 1651 2025 178.8 5.05
10 018338 0.05404 0.02475 0.001931 171 7211 157 B 12.04
11 0.28707  0.03899 0.04153 0.0014 256.3 30.76 2623 8.64
12 037795 0.04252 0.02672 0.00105 325.2 31.34 170 B.57
13 02667 012945 0.03847  0.00247 2396 103.82 243.4 153
14 0.15351 0.0967 0.02503  0.00124 145 85.12 1583 12.21
15 020659 011314 D.0285 D.00218 190.7 951 181.2 1367
16 03E274 011186 0.02895 0.00241 314.3 83.35 184 15.07
g1 b 0848338 0.05439 0.09328 0.00207 6238 2988 57489 1222
gl 5 084526  0.08551 0.09726 0.00247 B22 36.05 598.3 14.51
gl 7 076615 0.061M 0.10072 0.0025 5776 35.08 618.6 14.62
g1 & 079529  0.06086 0.09915  0.00243 959 3436 G094 14.23
g8 079452  0.04836 0.09464 D.00208 5937 2736 582189 1225
gj1-10 071082 0.04725 0.09558 0.00211 5452 28.05 588.5 12.41
gj1-11 081008 0.049 010027 D.00217 B02.5 2749 G116 1272
gj1-12 087/07  0.05178 0.09308 0.00219 63549 281 G059 12.84
Termn2 & 041375 0.08083 0.06255 0.00211 3516 43.69 391.3 12.8
Temn2 B 0.48625  0.05769 0.06285 0.00208 402.3 39.41 3928 12.61
17 017925 0.0205 0.02702  0.00077 167.4 17.65 171.9 4.85
18 016497 0.01126 0.02285 0.0005 155 9 .81 1459 317
19 024683 0.01768 0.02634 0.00065 224 14.4 167 .6 409
20 11.02824 1827953 f318.9 RS2 T 979673
21 0205899  0.04162 0.03256 0.00133 1927 34.96 206.5 8.33
22 030484  0.04486 0.03986 0.00152 270.2 34.91 2518 9.43
23 026158  0.03252 0.02392 0.00108 2358 26.18 183.6 B.77
24 020385 001773 0.0273  0.00073 188.4 14.95 173.6 4.6
TemZ_7 048437 0.03388 0.05503 0.00151 401.1 23.18 40B.2 913
Termn2 & 055114  0.03966 0.06764 0.00166 445 7 2596 4219 10.02
2B 034661  0.01668 0.04587 0.00085 3022 1258 2891 5.21
27 020547  0.01521 0.02381 0.00065 189.7 12.82 183.1 429
28 029836 0.03395 0.03382 0.00117 2651 26.57 214.4 727
29 043305 002323 0.05917  0.00115 3653 16.45 06 7.0
30 020292 001492 0.02967  0.00065 187 .6 12.59 188.5 4.32
3 026079  0.01848 0.02535 D.0006E 2353 14.89 161.4 415
32 0215857  0.02611 0.03207 0.00101 198.2 2181 203.5 5.32
33 03098 0.06893 0.03346 0.00186 274 53.44 2122 11.59
TEMZ-9 054114 0.03282 0.06747 0.00148 439.2 21.62 4208 8.93
TEMZ-10 066278 0.03553 0.07549 0.00156 516.3 A7 4691 9.34
gi_13 085785  0.04289 010296 0.00204 G289 23.44 631.5 1149
g 14 079943  0.04275 0.0957  0.00197 596.5 24.14 595 11.57
34 044895 0.05336 0.0423 0.00181 3766 44 4 267 1 1.2
35 041618  0.03066 0.05311 00013 353.3 2158 3336 7.95
36 04202 004738 0.05126 0.00118 3562 19.57 3223 [
37 033112  0.02658 0.03707 0.00101 290.4 2027 234.7 B.29
35 0.767596 0.0486 0.08407 0.00195 578.4 2792 520.3 11.79
39 149389  0.04764 0.09472  0.00161 9279 19.349 5834 Q.47
gi_15 077066  0.04455 0.05535 D.00202 580.1 2554 587 .4 11.87
gi_16 083262  0.04544 0.09637 D.00203 B15.1 2517 5931 11.96
gi_17 083068  0.04872 0.10016 D.00214 B41.4 263 B15.3 12.51
g_18 077408 0.04335 0.09519 0.002 5821 24 31 586.1 11.78
MISTE10-7 2772549 057473 0.21514 0.00278 - - - -
MISTE10-8 2797542 0.58096 0.22054 0.00287 - - - -

A-VII | 6 Appendix VII



1 — Ahirau Sandstone

ISOPTOPE RATIOS AGE ESTIMATES (Ma)
Sample No. Pbh207/U235 1 ¢ error Pb206/U238 1 ¢ error Ph207/U235 1 6 error Ph206/U2381 & error
nist610-1 2457221 DANTE 0.20687 0.00265 - - - -
nist610-2 2934963 0.5785%7 0.23057 0.00304 - - - -
gj_1 071474  0.02603 0.08664 0.00143 547 6 15.42 5356 8.51
g2 095302 0.04073 010329 0.0o85 6797 217 6337 1083
g3 0.86672  0.03635 0.10665 0.00131 G355 19.79 B53.4 11.14
g4 094166 0.03676 0.10295 0.00184 673.8 19.22 631.7 10,78
tem1-1 052921 0.04518 0.06925 0.00792 431.3 30 431.8 11.58
tem1-2 0.47533  0.02975 0.06682 0.00145 3949 205 417 8.76
1 032286 0.03613 0.04992 0.00178 2541 2773 314 10,92
2 0.21951 011457 0.0299 0.00579 201.5 9573 1899 2372
3 0.27554  0.03753 0.03952 0.00162 2471 2987 2498 10.03
4 0.17045  0.01556 0.0215 0.00066 158.5 13.5 13571 419
B 0.17541 0.0214 0.0279 0.0009 164.1 18.48 177.4 £.21
7 0.28085  0.01355 0.03982 0.00075 2512 11.01 2517 4 B7
10 018742 0.02418 0.02652 0.00105 174.4 20658 1706 661
11 033341 0.02156 0.04437 0.00105 2922 16.42 2798 647
12 0.19066  0.01325 0.02906 0.00067 1772 11.52 184.7 4.2
Tem1-3 0.52595 0.0307 0.06925 n.0o147 4291 20,43 4316 8.06
Tem1-4 0.54853  0.04173 0.06716 0.00185 444 2736 419 11.23
13 011134 0.0735%7 0.02245 0.00064 1072 12,76 143.3 4.01
14 0.18033  0.02453 0.03% 0.00095 168.3 21.45 2466 6.15
16 023726 0.02213 0.02471 0.000&83 21B.2 18.16 157 .4 523
17 02435 0.01585 0.03615 0.00083 2213 1294 229 515
20 052722 010372 0.06954 0.00293 430 B350 433.4 2367
21 018173 0.07464 0.0637 0.00053 143.4 12,91 1047 3.33
22 0.19174 0.0229 0.02785 0.001 1781 19.51 176.9 6.26
23 010882 0.01441 0.01645 0.00055 104.6 13.2 105.4 3.45
24 0.31143  0.04045 0.04309 0.00174 2753 31.34 272 10,75
25 025939 0.0534 0.03564 0.00201 2342 43.06 2287 12,52
N 0.76965  0.03045 0.10181 0.00175 5796 1747 525 1026
[EN= 072243 0.0Z765 0.0952 0.00158 5521 16.32 a6, 2 9.29
30 0129  0.01925 0.01731 0.00065 123.2 17.34 1106 4.4
32 013148  0.02375 0.02145 0.00091 1256.4 2132 137 572
33 0.4553 0.02158 0.0568 0.0011 381 15.05 356.1 5.71
34 0.24243  0.02473 0.03466 0.0011 2205 20.21 2197 6.84
36 024247  0.02553 0.0332 0.oomo7 2204 2118 2108 6.69
37 0.14543 0.01927 0.02096 0.00077 1537.8 17.08 133.7 4.88
Gl7 07539  0.03096 0.10241 0.0018 570.5 1792 6205 1051
N 0.82046 0.03275 0.10165 0.00177 BOS.3 1828 G243 1035
ENg- 075881 0.03375 0.09667 0.0018 5733 19.48 5948 1059
MISTE10-3 2496625 040937 0.21257 0.00267 - - - -
MISTE10-4 254689 D.42515 0.21619 0.00278 - - - -
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2 — Ahirau Sandstone

ISOPTOPE RATIOS AGE ESTIMATES (Ma)
Sample No. Ph207/U235 1 ¢ error Pb206/U238 1 6 ervor Pb207/U235 1 6 ervor Pb206/U238 1 ¢ ervor
std&10-1 2217056 0.38176 01985 000237 - - - -
stdB10-2rep 2539312 1.18648 02187 000485 - - - -
gj_1 058645  0.09735 009207 000465 465.6 B2.31 8675 2782
q_2 083586  0.12505 0090z 000476 G495 BB.97 5562 28.17
gj_3 082025 01205 0053362 000457 603.2 67.02 =3 e 272
gj_4 075205 010987 007907 000427 569.4 B3 .67 490.6 255
tem1-1 04565  0.02557 006255 000132 351.8 17.83 3911 7.8
tem1-2 0456593 0.02286 006205 000111 352.1 15.72 388.3 B.76
1 017182 0.02244 0.0221 0.0003 -191.4 2751 140.9 5.03
2 016755  0.01519 002247 000072 157.3 13.21 143.2 4.53
3 01802  0.03738 002421 000154 165.2 3259 154.2 8.71
] 01843  0.01655 00252 000073 171.8 14.19 160.4 4.6
12 028466  0.02698 0.04044 000132 2543 21.33 2856 8.19
13 021412 0.02132 003245 000105 197 17.83 2059 B.54
14 016737 0.03332 002397 000143 157.1 2893 152.7 8.02
15 035499  0.03936 0.05095 0.0015 330.7 28 .86 320.3 11.01
16 017315 0.02239 002545  0.00102 162.1 19.38 162 B.44
18 041854  0.03232 0.0E202 0.007 385 23.14 387.9 10.3
tem1-3 059697 0.03915 0076ES  0.00131 4753 2484 476 10.83
tem1-4 054615 0.07175 00731 000316 4425 4712 4354.58 18.96
19 054525  0.04762 007055 000222 441.9 31.29 439.6 13.37
20 014082  0.01096 002052  0.00057 133.8 976 132.8 3.61
21 020721  0.03639 002342 000162 191.2 30.6 180.7 10.15
23 020595 0.01834 0.03126 0.0003 1901 15.44 195.4 5.63
24 044927 0.06201 00559 000269 376.5 43.44 350.6 16.4
25 1.83525  0.07817 017999 000352 1055.2 25 1066.9 19.22
26 01829  0.04282 002567 0.00193 170.6 3675 163.4 12.1
27 050059  0.03706 008835 000187 4122 2507 426.4 11.27
28 015844  0.08278 002295 000235 149.3 7256 146.3 1759
29 023997  0.02679 0.03711 00014 2184 2194 2349 B.72
Gl & 0781353 0.03569 010803 000199 586.2 20.34 BE1.3 11.6
EN 5 080539 0.03733 010395 000199 6001 20,99 B37.7 11.64
TEMZ 2 061521 0.06445 005023 000239 486.5 40.52 4375 17.24
TEMZ2 3 059332 0.0772 007633 000326 473 4972 4742 19.52
) 034373 004228 004653 0003 300 3195 295 11.73
33 0136658  0.02681 002505  0.00131 130.1 2395 158.6 8.25
39 0159309 0.02305 002739 000117 179.3 19.61 174.2 7.33
42 023271  0.02608 003545 000131 2124 21.45 2246 8.19
43 016871 0.01467 002466  0.00074 158.3 12.74 157 4.B5
44 014389  0.02738 002354 000126 1409 24 64 150 7.93
45 017639 0.03466 002671 000143 1865 2992 169.9 5.958
45 0.4867V6  0.05243 006374  0.00239 4027 35.81 398.3 14.51
Gl_7 086685  0.04752 010955 000237 B33.9 2585 B70.2 13.74
=l 8 07935 0.0444 010904 000233 5352 2514 BB .2 13.57
=19 073537  0.03449 010561 000193 5597 2018 B47 2 11.54
stdB10-3 2569555 0.424B5 022952 000264 - - - -
stdg10-4 2587499 0.4277 02312 000267 - - -
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3 — Ahirau Sandstone

ISOPTOPE RATIOS AGE ESTIMATES (Ma)
Sample No. Ph207/U235 1 ¢ error Ph206/U238 1 6 error Ph207/U235 1 6 error Ph206/U238 1 6 error
nistb10-1 308763 0.99423 026218  0.00444 - - - -
nistb10-2 3174503 1.02409 026514 0.00454 - - - -
nists10-3 304248 0.98249 025926  0.00445 - - - -
gj1-1 0.8364 0.0547 00977y 0.00355 B17.2 46.83 B01.3 21.03
gj1-2 090014 0.08563 0.09551  0.00349 G51.8 4578 590.4 205
gj1-3 071605 0.07356 0.09452  0.00326 5483 4353 5846 1917
gjl-4 07333 0.06494 0.09623  0.00304 5535 3804 5926 1788
tem-1 053627  0.09769 0.0652 0.00=23 436 G4.56 4072 19.97
tem-2 040726  0.05863 0.05355  0.00219 346.9 423 399.5 13.26
2 0.4502  0.02995 0.05406  0.00129 354.4 20835 339.4 787
4 0.23037  0.03891 0.03534 0.0015 210.5 3211 211.4 9.37
B 038797 0.0216 0.05655  0.00114 3328 15.8 3571 B.98
7 024017 0.03102 0.035585 0.00$3 218.6 254 227 3.1
10 026277  0.03443 0.03861  0.00139 236.9 27 b5 2442 5.6
12 027493  0.04439 0.03556  0.00159 2466 3535 2252 94
14 -0.01142 0.03453 0.06342  0.00333 -7 ob.80 3964 2018
16 036533 0.02416 0.04306  0.00106 3162 17.97 2is B.55
tem1-3 056472 0.06337 0.07222  0.00214 454 6 41 .45 4495 1289
tem1-4 023126 003316 0.05947 0.0014 2112 3229 3724 8.53
1 3104157 021982 012355 -Mah S 12809 B79.52
19 017455  0.04105 0.01887 0.00313 163.4 35.49 1205 g2
20 042957 002135 0.05651  0.00109 3629 15.16 3a4.4 B.B3
21 030619 007734 0.03654  0.00225 2M.2 B0.12 2332 14
22 0.22437 002077 0.0301  0.00097 2058.5 17.23 191.2 B.06
24 030406  0.02669 0.03781  0.00109 2696 20,78 2393 B.77
25 026802 010923 00375 0.00257 2411 a7 .47 2373 17.85
2B 015132 0.01808 0.022532  0.00065 143.1 15.54 1423 4.1
TemZ-5 047084  0.03311 0.06155 0.0015 3918 27 3853 9.1
TemZ-B 048428 0.02176 006411 0.00107 407 .8 14.79 400 6 B.49
5)1-4 073055 007732 0.10561  0.00369 556.9 4537 B47.2 21.49
=16 076191 0.06319 0.09194  0.00306 5751 3957 a67 15.06
27 015904  0.02044 0.02117 0.0007 1499 17 .91 135 4.4
28 191.00916 2254815 -0.85802  1.56303 53354 119239 = S
29 0.25157  0.01754 0.03019  0.00089 2278 14.23 191.7 4.31
30 027376 001771 0.03857  0.00034 2457 14.12 244 5.19
32 21698811 155.9164 315526 22285 o467 .3 74023 91821 345772
34 0.27481  0.02963 0.03753  0.00117 246.5 236 240 725
3B 0133684  0.05052 002223 0.00134 127.4 4525 141.8 11.62
42 055937  0.04323 0.05602  0.00182 451.1 28.15 3a1.4 987
Tem2-7 049862  0.04517 0.0s505  0.00182 410.8 30.6 406.2 10,99
TemZ-5 0453314  0.02047 0.0643  0.00113 400.2 14.02 401.7 586
45 014765 0.01996 0.02052  0.00073 139.9 17 BB 1309 4 61
46 026378 0.04731 0.03157  0.00143 2377 35841 2003 925
48 029299  0.03561 0.03433 000126 260.9 2797 2207 782
50 016691  0.01895 0023 0.00072 156.7 16.49 146 6 4 56
5 0.4877  0.02545 0.05966 0.0012 403.3 17.37 3735 7.3
52 028108 0.02709 0.035322  0.00096 2515 21.47 2107 5.01
55 0.26657  0.03401 0.04012  0.00136 240.3 2726 2536 g.45
Gj1-7 088533 0.04182 0.09585  0.00183 E43.9 2242 BOG.5 10,74
5)1-3 077233 0.04225 010102 0.00195 551, 24721 B20.4 11.44
=14 077547 0.0566G 0.09355 0.0024 5529 32.4 a79 14.14
=1-10 091008 0.05123 00924  0.00213 B57.1 2724 B05.1 12.51
nists10-3 25.58705 04719 0205877 0.0024 - - - -
nists10-4 2P 10157 0.50664 021211 0.00253 - - - -
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9 — Tariki Sandstone

ISOPTOPE RATIOS AGE ESTIMATES (Ma)

Sample No. Pb207/U235 1 ¢ error Ph206/U238 1 ¢ error Ph207/U235 1 6 ervor Ph206/U238 1 ¢ error
MISTE10-1 2760842 059425 020905  0.00271 - - -
MISTE10-2 27 BE714 06234 0.21214  0.00276 - - - -

gj’ 079256 005334 0.09679 0.0022 5326 30.21 5956 1292

oj2 080761 005315 009578 0.00222 6011 29.86 5896 13.05

j3 080023 005235 0.09531  0.00216 837 29.83 586.9 12,69

o4 082586  0.05143 0.09565  0.00211 B11.3 28.6 588.9 12349

Tem1_1 0.49336 0.0421 0.06425 0.0013 407 2 28.63 401 .4 0.9

Tem! 2 0.53363 0.0693 0.06797  0.00235 4342 45.89 4239 14.18

1 0.26049 0.0477 002035  0.0012 2351 38.43 130.1 7.59

2 014524 D.04071 0.0182 0.00123 137.7 6.1 116.3 776

3 007224 005357 001883 0.00135 708 50.73 1207 8.55

4 022175 00473 0.03297  0.00154 203.4 34.69 2051 8.59

5 014521 015395 0.02212  0.00304 137.7 136.53 1411 19149

B 01332 003709 00189 000116 127 33.23 121.1 732

7 0.453058  0.05107 0.06052 0.00185 379.4 35.69 377 6 11.23

g 01331 009197 0.02088 0.00218 126.9 g2.42 132 13.749

9 022803 003354 0.03425 0.00129 208.6 2773 2171 8.03

10 -1262329  11.30208 031236 019124 -palM -987 32 1792.8

11 0.20554 0.049 001885 0.00124 189.8 41.27 118.5 7.85

12 01533  0.0631 0.02141 0.0016 1445 5605 136.5 10.07

13 02924 009521 004115 000237 260.4 748 260 14.7

14 1687582 022602 0.03513 0.00326 955.4 58.65 2226 20.32

15 044787  0.04766 0.05974  0.001935 3758 33.42 374 11.71

tem2_1 056708 003914 0.07061 0.00155 4561 2536 4398 835

tem2_2 052736 0.03035 0.0s835 0.00142 430.1 2019 4262 5.59

=] 079956  0.056E9 0.09595  0.00238 596.6 31.99 5965 13.56

ai_b 084756 006395 01016 0.00264 623.3 35.14 BZ3.8 15.46

16 026953 0.02759 0.032 000109 2424 22,15 246 6 B.759

17 059781 003257 0.04516 0.00112 4758 20.87 290.9 B.93

18 019368 002535 0.02075  0.00087 179.8 21.56 132.4 5.52

19 037384 002979 005105 0.00124 3225 22.M 3 7.58

20 0.42841 0.0564 0.04035  0.001581 362 40.09 2883 11.22

21 012302 007965 00192 00017 117.8 7202 1226 10.75

22 017881 002728 001918 0.00092 167 235 1225 584

23 012676  0.04364 0.077e 00013 121.2 39.33 113.5 8.26

26 017616  0.03012 0.018592  0.000296 164.7 26 120.8 B.04

27 013615 007023 0.07755  D.00152 129.6 B2.76 1122 9.63

25 0.36471 0.047 0.04717  0.00188 5.7 34.97 297 2 11.56

29 014871 003474 0.02141  0.00126 140.5 30.71 136.5 7.93

30 028872 003686 0.03642 0D.00128 2576 23.04 2306 7.94

) 014312 007392 002093 0.00145 1358 701 133.8 8935

32 025458 005325 0.03537 0.00155 230.3 43.12 2241 8963

a_’ 074225  0.04962 009782 000217 8637 28.92 B01.6 1272

g_b 080758 005274 010012 D.00226 601.1 2963 B15.1 13.26

oo 080608 005257 0.09519  0.00222 B00.3 29.86 592 13.04

g_10 091653 005651 010204 0.00232 BB0.5 301 B26.3 13.55
MIZTE10-3 2785942 047495 021522 000235 - - - -
MNISTE10-4 2739047 0.5916 0.2104 0.00276 - - - -
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13 — Tariki Sandstone

ISOPTOPE RATIOS

AGE ESTIMATES (Ma)

Sample No. Pb207/U235 1 ¢ ervor Ph206/U238 1 5 error Ph207/U235 1 ¢ error Ph206/U238 1 ¢ error

MISTE10-1 250542 057055 022342 000299 -
MISTE10-2 2867475 059213 023061  0.00311 - - -
it 073851 005284 010068 000223 5615 3066 G184 1304
o2 081526 005304 009733 000211 B054 2967 5988 12.41
o3 083864 004395 009154 000177 Bl84 2427 5646 1047
o 08036 00426 009265 000178 5989 2393 5706 1049
tarm1_1 042159 012668 0063 000348 06 8624 3939 2108
ternl 2 053462 01404 00708 000295 4738 a9 4 141 17.95
1 03052 006908 002026 D0.00149 2705 5374 129.3 9.44
2 048518 004326 00577 0.00173 I|0I 3013 FIE 1056
3 01303 001403 00178 0.00059 1244 12B1 137 372
4 D18072 D016 DO2116  0.00058 1425 1412 135 367
5 014297 008616 001963  0.00177 1357 7654 1253 11.19
6 041101 003055 00257 0.00211 96 E5.16 164 1327
7 032588 005125 003705 000139 265 39.24 2345 862
8 01331 002244 001951 0.00064 1322 2001 1246 403
9 014683 00752 001913 000203 1392  EBB53 1224 1283
10 019869 006675 002883 0.00142 184 5654 183.2 89
11 014058 028885 00193 000429 1336 25714 1233 2716
G.J_5 079523 004576 010074 000199 5941 2508 6188 1164
GJ_B 081941 004643 009993 000199 B077 2591 B14 1165
12 015474 010457 00193 000224 1461 9195 1232 1418
13 028139 005881 003798 000154 2518 166 2403 958
14 04196 003961 005379 000153 358 2833 337 8 938
15 033341 010398 004383 000272 2967  78.82 2765 1677
16 013897 00197 001934  0.00072 1321 1756 1235 458
17 D11B88 007026  0.01761  0.00198 122  B387 125 1256
18 013585 001393 001964 0.00059 129.4 1245 125.4 374
19 029729 004561 003832 0.00158 264.3 3’7 2455 9.81
20 012718 D0O0sB6 001724 000125 1216 5099 110.2 7.92
21 012512 00879 001994 000215 197 7933 1273 1357
22 014441 001829 001721 0.00066 137 16.23 110 421
TEMZ_1 054329 004372 007633 0.00206 4445 3253 4746 1232
TEMZ_2 056549 004201 007053 0.00169 4551 27.25 4397 10,15
P 04361 002858 005605 000134 #/E 2021 316 a18
24 016993 003169 003086 000114 159 4 75 1959 712
ki 076502 004631 010033 000211 5769 2664 BI63 1238
ai_B 083028 004703 010133 000212 F138 2609 F222 1241
25 025533 OO7SB6 003964 000236 2314 6117 2606 1461
26 015347 001347 001739 000048 145 1185 1112 306
27 046292 001808 005807  0.001 I|EI 1255 339 E.08
25 038344 003136 005289 000128 32 2294 322 787
29 014753 005486 002117 000172 1397 4837 135 10.86
30 017923 003515 002625 000105 167.4 3027 167 £.59
3 018195 004889 002476 000135 169.7 4028 187.7 8.49
GJ_9 083126 004866 010145 0.00205 B143 2587 6229 1202
GJ_10 078347 004604 009795 0.00208 5575 2621 B02.4 12.2
GJ_11 089021 004326 009629 0.00206 B4ES5 2646 5926 1212
GJ_12 079769 004863 009569 0.00211 5955 27.47 5891 12.39
MSTE10_3 2761048 05404 022212 0.00283 - -
MISTE10_4 313361 056394 025928 000328 - -
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14 — Tariki Sandstone

ISOPTOPE RATIOS AGE ESTIMATES (Ma)

Sample No. Pb207/U235 1 ¢ error Ph206/U238 1 & error Ph207/U235 1 ¢ error Ph206/U238 1 ¢ error
MISTE10-1 2919339 092527 022606  0.00351

Mist610-2 J1.214  0.92456 0.23663 0.00363 - - - -
g1 0788768 0.07702 0.05517  0.00256 5781 44,21 B03.7 15.03
gj_2 0.88153 0.07845 0.05988 0.00263 631 4278 B13.5 18.41
gj_3 079942 007817 009443  0.0025 5586.5 4411 a81.7 14.71
g4 067658  0.07101 0.05554 0.00245 8247 43.01 5580 14.56
TEM1_1 058455 0.15702 0.08665 0.00373 4576 100.59 418.2 2254
TEM1T 2 0.394598 018739 0.05452 0.00457 5102 314.48 404.5 27 .65
1 033658  0.0217 0.04622  0.00099 2946 16.45 291.3 B.05
2 0.38508 0.34536 0.05312 0.00576 3308 28318 333.7 35.29
3 0598485 0.28814 0.02277 0.00359 B55.8 148.59 145.1 228
4 031324 0.10763 003702  0.0023 2767 g3.25 234.4 14.3
5 005012  0.1386 0.02363 0.00184 583 13276 150.8 11.61
B 011627 0.12265 0.01755 0.00154 1.7 111.86 1147 9.74
7 017285 0.14312 0.01854 0.00157 161.9 123.9 115.4 11.66
g 251451  0.18953 0.03352 0.00206 1276.3 54.75 215 12.66
9 0.53531 0.106854 0.01811 0.00172 437.3 70.33 1May 10.68
10 062222 012015 0.05983 0.00353 451.2 75.2 3746 21.76
11 025757  0.28288 0.03542 0.00522 233 22833 2483 32.36
GJ 5 0.587802 0.08841 0.05623 0.00214 B39.9 35.99 592.3 128
GJ B 071166 0.06145 0.08755  0.00212 5457 Jg.45 /OO 12.45
12 024635 0.28531 0.01858 0.00342 2236 23243 118.7 21.67
15 0.37277 0.08444 0.04501 0.0022 321.7 62.45 3058.4 13.5
16 02288 0.08317 003305  0.0017 210 73.62 208.6 10.6
17 027608 0.17373 0.03553 0.00293 2475 13824 2466 18.49
18 1.46407 017694 0.0551 0.00319 8915.7 72.91 3458 19.48
20 0.25341 0.09737 0.04017  0.00175 253.4 77.43 253.8 10.63
21 1.88085 013711 0.08651 0.00239 1074.4 45.32 4151 14.43
22 060754  0.10964 0.05154 0.00274 452 63.25 324 16.79
q_7 0758186 0.06743 0.09505 0.00217 586.5 J5.45 585.3 1279
g_8 07816 0.06336 003458  0.0021 5586.4 36.11 582.6 12.36
temz_1 04621 0.12619 0.0853% 0.00263 3857 g7.64 438.1 15.66
temd 2 203414 0.42942 0.07362  0.00626 127 143.71 457 .8 37.59
23 021027  0.14262 0.02201 0.00189 1938 11966 140.4 11.92
24 0.14612  0.11437 0.021068 0.00188 1388  101.33 134.4 11.684
25 025465 0.04515 0.0383 0.00143 262.2 35.41 242.3 3.585
26 1.01852 013544 0.03003 0.00216 713.4 G562 190.7 13.49
27 01454 0.13971 0.02116  0.00203 1378 123.85 135 12.64
28 0.08855 0.07455 0.015828 0.00114 g6.5 B5.51 116.8 7.21
29 0.42405 0.04632 005742  0.0016 J58.9 33.35 358.8 9.78
30 035621 0.05479 0.03232 0.00153 3316 40.13 2051 9.54
31 031263 0.09329 0.0211  0.00136 2762 7217 1346 8.58
32 028544  0.1323 0.03837 0.00267 238 106.15 2427 16.6
g9 052253 0.08264 0.05652 0.00214 SN 34.59 595.7 12.57
gj_10 095168 0.08872 005958  0.0022 B54.2 35.57 B12 12.689
gi_11 0758354 0.06545 010108  0.00225 587.5 3726 620.5 1314

g_12 052578 0.08532 0.05756 0.00215 B13.5 36.25 G00.1 12.65
MISTE10-3 2852845 0.72376 022188 0.00297 - - - -
MISTE10-4 28.07682  0.71546 021772 0.00291
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5 — Hauturu Sandstone

ISOPTOPE RATIOS

AGE ESTIMATES (Ma)
Sample No. Ph207/U235 1 ¢ error Ph206/U2381 ¢ error Pbh207/U235 1 6 error Ph206/U238 1 & error

ist510-1 2531001 040702 020797  0.00233
nist510-2 2845439 045821 022322 0002456 - - -
-1 07436 002721 009466 000139 SR45 1585 583 82
gi-2 1.05725 004196 010137 0.00178 FRE 2071 6224  10.42
gi-3 079032 003529 010008 D0.00174 5914 2002 £14.9 10.2
tyi-4 074793 003259 009473 0.00163 567 18.93 5335 955
1 046101 002279 002191 0.00073 1516 1993 139.7 457
2 018003 00603 002321 000075 1419 2298 147 9 474
5 013993 001134 001885 0.00043 132.1 10.11 1205 274
9 038719 001483 005252  0.00083 I3 1093 329.9 5.06
12 012034 003313 00198 0.00099 1154 3003 1257 B.24
13 019748 003964 002867 000112 183 3361 182.2 7.04
15 021233 002903 002152 000078 1955 243 137 3 453
16 010305 004145 001572 000113 96 3|15 100 6 72
17 012939 003723 001979  0.00093 1235 3347 126.3 5.06
TEM-1 054333 007623  00BDSE  0.00274 44065 5015 4335 1654
TEM1-2 051716 003972 006378 0.00153 4233 2653 3986 9.27
18 012968 003405 001939 000097 1238 3061 1238 616
19 044479 002046 005084 00009 IF3IE 1438 3197 5 57
20 010545 001408 001883  0.00053 10168 1294 120.3 336
22 010672 001601 001778 0.00055 103 1469 1136 35
24 010281 003009 001875  0.00085 994 2771 119.7 5.39
2% 016347 005655 00187 0.00119 1537 4935 119.4 751
28 01521 003448 002458 000103 1438 3039 156 6 548
29 081732 002816 009843 000142 FEG 1573 A5 2 .91
G5 076496 003464 009419  0.00171 5768 19.93 5803 10.07
GJ-B 081867 003325 010076 0.00185 BOE2 2133 135 10.9
0 01213 0058 001725  0.00143 1165 5249 110.2 936
32 03389 001416 004885 000077 W63 1074 307 4 475
33 2180205 157883 017896 00167 3616 7124 10613 9132
3 013392 004006 001926 0.00125 1276 3587 123 7.08
F 01337 004614 002162 0.00154 1273 4133 137.9 975
40 045933 00334 005735 0.0014 I|IE 2529 305 851
42 016489 005617 00226 0.00167 155 48.95 144.1 10.55
44 022224 DOME72 D038 0.0007 2038 1383 1917 441
46 016323 002881 002413 000096 1835 2515 1637 603
o7 081267 003956 01032 0.00194 B03.8 2216 332 1135
4B 081124 003715 009942 0.00183 B03.2 2083 B11 10.74
tern1-3 051282 003012  00BEIE  0.00132 4203 2022 413 7.99
tern1-4 053226 004346 007039 000181 4333 288 4385 1083
48 052972 D000 0D0OR925 000107 4ME 1332 431 6 543
50 01425 003529 002116  0.00106 1353 3136 135 67
51 011643 001332 001871 0.00051 ma 1212 119.5 321
52 017282 0031 001829 0.00094 1519 3.2 116.8 5.94
53 015105 001528 002008  0.00063 1428 1348 128.2 3.98
55 04909 003117 D0B443 000144 M5F 2123 42 5 873
56 015377 001804 002128 0.0007 1452 1588 135.7 4.43
Gj9 086153 003992 009733 0.00161 B3 2178 5987 1064
Gi-10 080016 003556 009641  0.00172 5959 2006 5933 1012
G- 1 080327 003319 009944  0.00183 508.7 215 B11.1 10.72
12 084507 D0O3586 010081 000171 E219 1973 B174 1003
nist510-3 27 B9988 042383 022268 000247
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6 — Hauturu Sandstone

ISOPTOPE RATIOS AGE ESTIMATES (Ma)
Sample No. Ph207/U235 1 ¢ error Ph206/U238 1 ¢ error Ph207/U235 1 ¢ error Ph206/U238 1 ¢ erTor
nistg10-1 2594945 06315 020871 0.00243
nistg10-2 26.99044 060365 0.2173 000252 - - - -
gj1-1 076597 005413 0.09466 0.00182 aiv.4 313 55831 10.74
g1-2 073386 006228 009719 0.00193 558.8 36547 897 9 1162
gj1-3 090151 005643 0.03492 0.00197 G525 3547 55846 11.59
oj1-4 071441 005578 0.0905 0.001583 o474 34.81 2591 10.84
gl1-5 007227 007384 01015  0.00257 762 8624 bZ3.2 15.0¢
i1-6 081825 004653 009754 0.00196 G071 2601 5999 11.5
7 019493 0.02401 0.02433 0.00075 180.8 20.4 155.3 4.8
g 040972 002512 0.05436 0.00111 34587 18.09 341.2 6.75
9 021025  0.03537 002973 0.00126 193.8 29 B8 183.9 787
12 010604 002495 0.01775  0.00071 102.3 2291 113.4 4 47
13 011008 003755 0.01721 0.00102 106 34.35 110 G.49
14 035457 002514 0.05084  0.00111 305.4 18.84 397 b.63
15 0. 42345 0.0339 005765 000144 3621 2409 361.3 877
16 -0.5551 0.0443 0.01334 0.00103 -822.4 101.09 336 5.86
19 012957 007423 0.01976 0.0017 123.7 BE.72 126.1 10.75
20 035151 0.08022 0.04504  0.00286 3059 BO.27 3025 17 62
21 013593 002439 001832 0.00075 129.5 218 1202 475
25 025161 001855 0.036 0.00076 2279 15.05 225 476
27 0355844 002985 0.05533 0.00137 3332 21.83 3505 g.36
29 035395 0.03905 005112  0.00169 3077 2929 321.4 10.35
40 012456 00297 0.01344 0.00073 119.2 26.43 117.8 4.94
45 0195334 0.04951 0.02846 0.00143 183.7 41.95 180.9 g.93
a1 038865 0.02037 0.0524  0.00097 333.4 14.9 3292 593
53 02033 0.05294 002735 000165 187.9 44 57 177 1 10.32
ojl1-7 0.60304 008019 010415 0.00251 595.5 3349 B35.5 15.21
g1-8 085853 008355 0.098 000279 B259.3 3745 BO2.7 16.37
gj1-9 080071  0.05051 010295  0.00224 597 2 2845 B31.7 13.11
gj1-10 082466 0.05465 010014 0.00233 6106 30.42 G152 13.63
niste10-3 26.95192 0.5651 0.21769  0.00246 - - - -
niste10-4 27 14879 05693 021786  0.00247
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