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Abstract

This projectdocuments the sedimentary geolagfya shallowmarine,limestone
bearingPliocenesuccession (Mangaheia Grougp to 1.5 kmthick) within the
Wairoa Synclineporthern Hwk e 6s Bay. T h ethr@ercoofvaer y f oc u s
ARTe Aypeo | i miate succession the eirlg OpoitianageOpoiti
Limestone(5-10 m thick) the late OpoitiarageWhakapunak&imestone(30-100

m thick) andthe WaipipianageTahaenui Limestonél0-30 m thick)i that form
locally spectacular outcrops the Wairoa distat. Lithostratigraphically, the
limestones are given formational status while the encasing siliciclastic sandstones
and mudstones are lumped into a newly defined Wairoa Formation which can be
informally classified as A, B, C or D depending on position wéspect to the
three limestone formations. Three field lithofacies grolipsimestone (L),
sandstone (S) and mudstone (Mare erected, and variabilityithin these groups

is recognisd by subdivision into three lithofacies typé&4-3, St3 and M13.

The massive OpoitLimestone(35-65% CaCQ; L3 and S2)comprise poorly
sorted, variably sandyarnacleepifaunal bivalveand locally brachiopodebris
well-cemented by lowg calcite (LMC) (micro)spariteand micrite. Opoiti
Limestone is @ioclastic quartofeldspathicarenite tobiosparrudite occasionally
dolomitebearing.Occasionalcalcite infilled biomoulds aréestament to former
aragonitemolluscanskeletons. Opoiti Limestonenconformably overlies Wairoa
Formation A (2-200 m thick), and grades up intodifferentially cemented
mudstoneof Wairoa Formation B(700-800 m thick) which is unconformably
overlain byWhakapunake Limeston&he late Opoitian Whakapunake Limestone
(up to 85% CaC@ L1, L2 and S1) comprisg&ross)bedded and differdially
cemanted interbeds of fossiliferougnd more siliciclasticich facies. The
limestonesare typically poorly sortellivalve-barnaclebiomicriteto biosparrudite
cemented by variable amounts of fringe and laquant LMC (micro)spar,
sometimes includg abundant zoned stoichiometric dolomite rhombohedra
Fabrics are moderately open to tight with somenspicuous limonitised
glauconite. Whakapunake Limestone passes conformabfy into massive
calcareous mudstone of Wairoa Formation C (latest Oppitia@ m thick. A

shallow angular unconformity separates théhakapunake Limestonandor



Wairoa Formation Cfrom the overlying welcemented flaggy Tahaenui
Limestone(50-80% CaCQ; L1), a bivalve-barnaclebiosparite tobiosparrudite
with some neomorphosedormer aragonite skeletonsnd a moderately open
fabric. In this limestone aly formed dull luminescent isopachous fringing
cements (host specific) precede varigibee occlusion by dirtyMC (micro)spar

and/or micrite

The three imestone formatios accumulated on theeastern sideof a narrow
forearc basin seaway (Ruataniwha Strait) within the Hikgr subduction
complexatop and about antiform upthrust ridges inagtive convergentargin
setting Tectonics was the main control on the location araniy lensoidal
geometry of the limestone units, whilPliocene glacioeustatic séavel
fluctuationsplayed a secondary rol€rossbedded andnterbeddedimestone
sandstonédacies attest to deposition undbe influence of strong tidal flows and
repeaed storm events that producddgh-energy hydraulic conditionsand
reworking of variably mixed terrigenoiskeletal sandén the shallow (<30 m)
seaway during PlioceneRedeposition down flank from antiform summits

provided accommodation space for sedintenid-up.

The calcitedominated cooivater skeletal makap of these limestonesombined
with their relatively shallow burial depths(150-700 m) has resulted irthem
retaining significant macroporosifyp to 20%) Consequentlyas well ashaving
application as a lime or hard rock resouticey also haveeservoirpotentialfor
hydrocarbon#n the subsurface
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1 Chapter One

| ntroducti on

1.1 Study area

The study area iIs | ocated in the wider W
1.1). It covers an area of approximately 300° km either side of the NNBSW

trending, plungingasymmetrical Wairoa Synclin&ig. 1.2). SH 36/Tiniroto Road

closely follows the syncline axisand divieges the study area into eash and

wesern halvesThe shape of the study area (outlined in pale yellow in Fig. 1.2) is

defined roughly by the chronostatigraphicboundary between the Miocene and
Pliocenesedimentarysequencesin this study, all grid references are given in

New Zealand Map Grid (NZMG 1949), which are covered by topomap X18 and

X19 of NZ260 series produced by the Department of Survey lzantd

Information (now Lad Information New Zealand (LINJL

Large portions of the lanareaare mainly used for sheep and beef farming, with

localised forestry operations. The topography comprises rdillhgnd steeghill

country with deeply entrencle r i ver vall eys, typical o f
region. The geology has a strong influence on shaping the local landsdape. T

region is covered mostly bypper Tertiary sedimeni&ann 1960. The country

in general is ruggedhe soft younger Tertiary sediments beirgsily eroded and

deeply incised by rivers and streams. The majority of the Pleooecks are sandy

mudstone (often tuffaceous), interbedded sandstone and mudstone (flyseh), lens

like sandstone and occasional sandy to coquina limegkmveards 198y These

strata often form scar@nd theydip stronger (up to 30°) on the eastside of the

syncline axis than on the westside.
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1.1.1 Mangapoike River section

The Mangapoike Riveregtion (showng asthered star in Fig. 1 2) on the eastern
limb of the Waioa Synclines selected as a key section in this study. It has been
reported on by a number of geologisighe pasie.g.Kennett & Watkins 1974
Hornibrook 1984 Wright & Walcott 1986 Edwards 198) The section provides
areasonably completgiostratigraphic recortbr the Pliocene time peridockto
the early Miocene, andhas beennformally divided into the lower and upper
Mangapoike sectio by the poorly exposed MiocenBliocene boundary
(X19/970086; Wright & Walcott 1986 Edwards 198) This particular section
along with the Blind River sectigin Marlborough in the nortlie South Island,
has been regarded psoviding evidencefor cool subtropical(warm temperate)
paleotemperature oscillationduring the late Mioceneearly Plioceng with
perhaps one subantarctic interval dutiihglatest Miocene tim¢Edwards 198y

1.1.2 Whakapunake Plateau

The Whakapunake Trig, namedefthe Whakapunake Plateau,tli® point of
highestelevationin the area, at an altitude of almost 1000 m amsl (Fig. Ti®.
plateau is a major topographic feature in the study are& formed on a large,
localised limestone sheet, which is gently dipping westsvatdabout 8, and
occupies the deeply cut Mangapoike River valley as a limestone, gibrge
Haupatanga Gorgen the eatern limb of the Wairoa Syncline. The prominent
limestone cliff (shown by bold red line in Fig. 1.2pn the eastern side of the
plateau runs almost parallel to thyncline axis (Wairoa Synclinér 15 km fran
the trig to Hereheretau Roé@ig. 1.2)
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Figure 12: Simplified map of the field area showing the distribution of the Pliocene depositsding the
limestone bluffs on the eastern side of the Whakapunake Platedhe position ofhe Wairoa Syncline

axis



Chager One Introduction

1.2 Neogene stratigraphy of study area

The NeogendMiocenePliocene)sedimentary ecor d i n northern H;
has been divided into two lihostratigraphic groupsthe Tolaga Group and

Mangaheia GrougBland et al. 2007). The stratigraphic focus in this study is the

Mangaheia Groupinvolving Early Pliocene (earliest Opoitian) to Late Pliocene
(Waipipian) siliciclastic deposits that include three emaker carbonatenriched

units that crop out about the Wairoa Syncline. The general stratigraphy for the

Late Neogens t r at a 9 Bay iddbsamniarséd in Fig. 1.3hd stratigraphic
nomenclaturdor the Pliocenalepositsin particularinnor t her n Hawkeds |
poorly defined byprevious studies. One of the aims of this study is to improve the

current stratigraphic moenclature for the region into a simpler one. A revised

version isprovidedin Chapter 4

HAWKES BAY
TIME|AGE | NZ STAGES CENTRAL
(Ma) NORTH Inland Coastal SOUTH
— Haweran |Wq
o8B
S|E
8=
1 €| _|Castlecliffian| We
IE: i
2+ Nukumaruan|Wn| ~— | = [ gl S — ]
1 |e
3] = Mangapanian Wm[™
% Waipipian | Wp b | —
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| T
| |Z| Opoitian L ~ -
o . ; Y N
Q
5_
. * . Conglomerate )
| Sandstone 0oL - - - - - — —
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Figure 13: Chronostratigraphipanel showing the complex distribution of some of th&in Pliocene Te
Aute limestoneoccurrencedrom north to south in centraldith Island(Nelsonet al. 2003. The present

study area is contained in the NORTH column.
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1.2.1 Tolaga Group

The name Tolaga Group is derived from the Tolaga Bay, NE of Gisborne. The
Tolaga Group encompassocene agesedmentaryrocks (Waitakian to Upper
Tongaporutuan)n the Tauwhareparae area inland from Tolaga Bay. 1.9,
(Mazengarket al 1991 Blandet al.2007).

As in the Tolaga Group of Mazengagbal (1991), shallowwater beds of Early

to Late Miocene age are | imited in extent
succession isdominated by massive degmter mudstones and redeposited

sandstones. Mazengarb and Speden (2000) extended the definitien Taflaga

Group to includeall rocks of Early to Late Miocene age cropping out in the area

of the Raukumara QMAP sheet. Blagihl. (2007) have included beds of similar

age, lithology and inferred depositional environmént§ olaga Groughat crop

out widely througbutthen or t her n parts aof centr al Hawkebd

1.2.2 Mangaheia Group

The name Mangaheia Group isrided from the Mangaha River, NE of
Gisborne.Steinele (1934 first named the Mangaheia Formatitmat occurred
immediately south of the Tauwhareparae akdazengarket al (1991) redefined
the succession at Tauereparae in the vicinity of East Cape as the Mangaheia
Group, which encompasses mainly shaloarine sandstone and limestone

facies from Late Miocene (Kapitedmliocene(Blandet al.2007).

Later, Mazengarb and Sgken (2000) broadened tldefinition andoccurrence of
the Mangaheia Group from areas soutiafiwhareparato encompas rocks of
similar age and facies in the WairaadMahia regiongBlandet al.2007). In this
study, the Mangaheia Groupfers torocks of entirely Pliocene ageithin the

Wairoa Syncline
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1.3 Significance of Limestones

Limestones represent a significgot 20%)partintheEar t hds sedi ment al
record(Moore 1989). Understanding both physical and chemoltaracteristics of

limestone depositare vital to unraveling paleoenvironmental conditioasd

depositional process Textural and structural properties of limestones can

indicate the environmentahergy conditionsA range of geochemical properties

reflects physiochemical conditionsacted upon the sediments at the time of

formation and diagenesis, which include majomeats, cathodoluminescence,

oxygen and carbon isotope values (Hood 1998)dem carbonate sediments
deposited around t he wor | a dnany anciemta n s ar ¢
limestone deposits. Close studies of these modern carbonate deposits can also

help interpret depositional environments of their ancient relatives (James & Clark

1997). Limestone deposits have much practical and economical significance. The

porosity in limestones acts as aquifers, and as reservoirs for hydrocarbegs

are also an important source of CaO in the chemical industry, as an essential
element in cement amufacture. Purer limestones are required for agricultural

lime and smeltingHood 1993).

1.4 Cool-water carbonates and New Zealand equivalent

Carbonate sediments are fundamental building blocks of all limestone deposits
aroundthe globe.The modern carbomatsediments are found in both marine and
terrestrial settings, but the place of greatest abundancetige shelf segment or
deeper on the sea flqon tropical and temperate regions (Fig. 1.4) (Hood 1993).
The traditional view of shelf carbonate seditation saw it asa (sub)tropical
phenomenon. It is almost 45 years ago s@oave(1967) suggested otherwise by
turning attention to carbonate formations on modern shelves beyond the tropics.
He argued that the condition for carbonate sedimentation is not just clisedte it

but is fundamentally related to locally low ratef siliciclastic sedimentation.
Consequently, the occurrences of shallow marine carbonate sediments are
primarily depended on the overall tectonic setting and its control on the
introductionandsel oor di sper sal routes of silici
(1967) unconventional views on carbonate sedimentation were acknowledged,

there has been a growing appreciation about the occurrence of modern and ancient

7
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carbonate sediments in temperate itghér latitudegFig. 1.4) Many researchers
started to slowly expand towards a more realistic picture of the global distribution

patterns of modern shallemarine carbonate facies.

Lees & Buller (1972 analysed attribies of modern carbonate sands and gravels
from shelvesetween60°N and 60°Satitudes andto hopefullydetermine some
distinctive featuresbetween lowlatitude and midatitude carbonate sediments

that would help distinguisthe two in the rock record.hEyrecognised he -6 c o o |
waterd carbonates <comprised mainly of
associated skeletal grains of echinoderms, bryozoans, barnacles, ostracods,
sponges, worms, ahermatypic corals and coralline algae. Since ttleoyver a

dozen researchers (e.grees 1975 Nelson 1978 Alexandersson 19781979
Leonardet al. 1981; Rao 1981 Nelson & Bornhold 1984Nelson & Hancock

1984 compiled theébasic facies characteristics of cawhter carbonates, and dre
attention to manyther distinctive differences between the carbonates of warm
(sub)tropical latitudes and those of temperate origin (Table ThE)term cool

water or nortropical was then introduced to define limestones that formed at
shelf regions polewards of about 30° latitude and at water depths less than 200 m
(Nelson 1988c More recently,Kamp & Nelson(1987, Kamp et al. (1988,
Nelsonet al. (1988a 1988h; Haytonet al. (1995, Nelsonet al. (2003, Bland et

al. (20043, amongst othershave further expanded the cewhter carbonate
concept in relation to the active margin setting of the New Zealandmsulment.

The dynamic depositionand tectonicsettingstrongly influencedoth the style

and subsequent diagenegiolution of the limestong®elsonet al.2003)

Around 50,000 kmof shallowmarine (<200 m) platforms off northern (34°S)
and southern (48°S) New Zealand are covered by modern skeletal carbonate
sedimentsdespie the geographic of these regions being close to an active plate
boundary(Nelsonet al. 19883). These carbonate sediments are exclusively-cool
water in origin,dominated by skeletalssemblages such as foramol and bryomaol,
with lacking tropical chlorozaafacies (Hood 1993).

mo |
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Coolwater shelf limestones are widely distributedhe New Zealand Cenozoic

rock record, and well developed in the Oligocene (Nelson 1978). They formed

between latitudes 35 and 60S under coetemperate to warAemperate

condiions The skeletal facies distributions of these limestones are best illustrated

by a coolwater shelf carbonate model (Fig. 1.5).

@ Warm-water (tropical) shelf carbonates

@ Cool-water (temperate) shelf carbonates

Figure 14: The dobal distribution of modern (sub)tropical and temperate shelf carbonateeseslifadapted
from Nelson1988).

Pelagic Benthic Fine Skeletal Coarse Skeletal  Gravels & Hard
Mud Skeletal Mud Sand Sand Substrates
< GRADED SHELF
Sediment

S

oo e
H-
INNER SHELF TIDAL FLAT

Depth 0 m =
4446/ Wave Abrasion Zone

- Thermocline

=120 Swell wave base MIDDLE SHELF

OUTER SHELF

|—250Storm Wave Base

Figure 15: Hydrodynamic zones on a ceehter carbonate shelf showing skeletal facies distribution (adapted

from James & Clar&1997).
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Table 11: Summary of typical tropical vs. nemopical shelf carbonatgystemgNelsonet al.2003.

Tropical shelf carbonat

Nonttropical shelf carbonat

Warm water >20°
Saturated to supersature
Rimmed and unrimmed sh
High to low energ
Hermatypic coral ree
from 30°N to 30°
Non-skeletal grair
(ooids, aggregate
Bioclastic sediment
coralcalcareous green alg
molluscanrbenthic foran

Photozoan grain associat
Sand and mud textur
dominate, c in situ frameworl

Constructive marine diagene

Aragonite and higtMg calcite
mineralog»
Typically high (>10 cm/ke
accumulation ratt

Cool water <20°
Saturated to undersatura

Unrimmed she
High energ
No hermatypic ree
beyond 30°N and

No nonskeletal grain

Bioclastic sediment
bryozoanrechinoderrrbivalve
molluscanbenthicplanktic
Heterozoan grain associat

Gravel andsand textur

Destructive marine diagene

Low- and intermediatég
calcite mineralog

Typically low (<10 cm/ke
accumulation rate

10
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1.5 Neogene active margin limestones

MiocenePliocene agdimestones area volumetrically small but nevertheless
significant part of the Neogene marine sequences now expotmudin eastern
North Island, New Zaland (Nelson et al. 2003. These limestonesconsist
exclusively of skeletal hashes, dominatedboyozoans, bivalves, barnaclasd
foraminifers,typical of coolwatercarbonategKamp & Nelson 198) They are
locally thick (up to &ew hundred metres) aridrm typically as isolated pods and
sheets within siliciclasticrich deepwater facies. The tectonic uplift and
subsidence of the sea floor resulted formation of imbricatesttinidges and fault
bounded platforms provided depositional settings of these localisedvaten
carbonatesThere aresomemajor differences between the Miocene and Pliocene
limestones in respedf their dstribution, geometry, thicknessnd componest
(Kamp & Nelson 1988 as noted below.

Miocene limestones

The onshore sequence within the northern patti@forearc basin contains mg
Miocene age limestone pods or lenses ranging from a few hundred square metres
in extent and 8.0 m thick, up to 4 kfin area and over 100 m thi¢kamp &

Nelson 1988) Those Miocene limestones are outer shelf to upper slope channel
fill deposits basean their geometry and facies characteristics and components.
Most of the limestones crop out within very thick and massive mudstones and
sandstones. Some smaller limestone bodies are separated by a channellised
contact from the underlying lithologies. Theye usually poorly bedded and
internally massive, and consist of whole or fgraired shell hash in an
argillaceous, often micritic matrix, and some inverse grading and internal
laminations(Kamp & Nelson 1988 All the features above suggest the limestones

representedepositedacies

Pliocenelimestones (Te Aute lithofacies)

The limestones of Pliocene age ocquite extensively withinthe central and

souhern parts of thékuataniwha Strajtin part of the forearc basifFig. 16).

11
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They often form locally spectacular scarps and dip slopesasterrNorth Island

(Fig. 17). Their distinctive lithology, loosely cemented barnacle coquamal
scarpforming character mean the limestones can be expressed in the topography
continuously over long distances, while others vary in thickness dramatically over
only a few kilometres. The Pliocene limestones augte similar in their
lithological chaacteristics suggesting that the same depositional setting was
repeated in timeThey are characterised by an unusually high content of barnacle
plates, and more broadly a typical cewter skeletal association involving
barnacles, epifaunal calcitic lailves, and locallyrich brachiopod materials
(Kamp et al. 1988 Beu 1995 Haytonet al. 1995. The limestones are typically
well-bedded, locally tabulaand/or trogh crossstratified and show varying but
generally small degreeof cementation(Kamp & Nelson 1988 The shallow
water skeletal carbonatiepositsare a particular indicator of the position of the
marginal facies of the 1 seaway that formerly occupied the region duthng
Plioceng named the Ruataniwha Stréeuet al. 1980. The faunal assemblages
and beding characteristicalso indicatethat the barnaclelominated limestones
formed in highenergy settings dominated by tidal and subtidal cur{@®eksonet

al. 2003)

12
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Figure 16: General distribution of Pliocene limestones, eastern North Island. Modified from Netlsdn
(2003).
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Figure 17: Spectacular dippinglate Opoitian Whakapunake Limestorie the Haupatanga Gorge,
Mangapoike River, northern Wairoa district. A shéepircled in redn the background for scale.

The Pliocene limestones in the Ea3bast Basin are referred to &s Aute type
limestones. The name is derived frohe villageof Te Aute (V22/210458Fig.

1.6) at the foot of the Ruakawa Range. The Te Aute liomes were first
mentioned by Hector (1887) and formally defined as Te Aute Formation by Lillie
(1953). The name wamcegiven to all thePliocenemarine sediments overlying
the regional mostly angular unconformity on uppermost Miocenesection
(Harmsen 198p

The Te Aute limestorsformed at paleolatitudes neari4@°S, where theate and
extent ofterrigenous sediment accumulatias highly variables a result ofhe
thrust faulting and foldingn an active plate margisettingduring the Pliocene
Pleistocene(Nelson 1988t Nelson et al. 2003. Beu (1995) summarised the
history of stratigraphic nomenclaturerthe Te Aute limestones in the East Coast

Basin based on a detailed study of the pectinid lineages of the limestones. He
14



Chager One Introduction

suggested abandioig the formal lithostratigraphic name Te Aute, aindtead
subdivided the limestones into 6 groups, 45 formatiand,12 members based on
their pectinid age, outcrop distribution and lithology. The majority of the Te Aute
limestones scattered over eastern North Island have Iyosghilar lithological
characteristics, being coarse skeletal calcarenites, skeletatudats and
coquinas with variable amounts of siliciclastic materials (Fig) MNelsonet al.
2003. Their colours aremostly creamto yellow or yellowish brown, anthey
commonly occur in a cyclic fashion in betwemnidstone or sandstoiidaywick
1992 2000. In general, these neropical limestones are horizontally bedded and
crossbedded on a wide range of scales. The spectf crosshedded structures
oftenshowsbi-directional foreset orientatiorifg&amp & Nelson 1988

The three limestones n nort hern Hawkmramed thB ®poiti, st udy
Whakapunake, and Tahaenui Limestones, are unconfebwoityd and separated

by thick sections of soft, siliciclastic sandstone and mudstone, all variably
fossiliferous and locally tuffaceous. The limestones typically form prominent
cliffs in outcrop and extend also into the subsurface. The limestones are typical
nontropical skeletal carbonate deposits that formed under the influence of
commonly strong tidal flows along an actively deforming and differentially
uplifting forearcbasinseavay, near inboard of the PacHfustralian subduction

plate boundary during the Pliocer{dlelson et al. 2003. The two younger
limestone formations thicken and thin dramatically from place to place. The
Opoiti limestore is a relatively thin unit (c. 12 m), with rather consistent thickness
throughout the field area. All three limestones are composed of much coarse
brokenshell materialand coquina(whole shells), especially barnacles, pectinids
(Phialopecten marwicki and Towaipecten ongleyi Table 1.3, oysters
(Crassostreangeng, and include variable amounts of siliciclagtiaterial. They

show significant differences their degree of cementatiam different areagBeu

1995. The latter characteristic means they caaveh high porosities (and
permeabilities), and so they afford clear targets as potential petroleum oil and gas

reservoirs in the subsurface.

15
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Table 12: Summary ofage diagnostic pectinids in the limestones

New Zealand Stage names in Fig. 1.3.

nort her nBetl OO Sed s

Age

Family pectinidae

Late OpoitiarWaipipian

Early Opoitian

Phialopecten marwicki

Towaipecten ongleyi

The skeletal composition of some of tAe Aute lithofacies limestones was

summarised by Kamet al. (1988 and no&d that the most unusual characteristic

was their predominance dfarnaclefragments [Fig. 18). Barnacle plates are

fragile and easily abraded, and will not survive transport disance ottens of

metresso their presence is suggi@e deposition near thdiving site (Beu 1995.

This distinctive charactealong with the barnacle taxhave been recognised as

important clues in determining the environment of deposition.

Arthropoda
Mollusca
Bryozoa

Foraminifera
Brachiopoda
Rhodophyta

Other taxa

Terrigens
Glauconite

Porosity

Arthrooda
Mollusca
Bryozoa

Foraminifera
Brachiopoda
Rhodophyta
Other taxa

Terrigens
Glauconite
Cement/matix
Porosity

Echinodermata |

Cement/matrix |

Echinodermata |

Te Onepu Lst
excluding giant

Te Onepu Lst
giant cross-bed

Kairakau Lst

IRl

cross-bed facies facies
L 1 | L i 1 L | |
0 10 20 0 10 20 0 10 20
Percentage Percentage Percentage
1

Awapapa Lst
excluding
cross-bed facies

Awapapa Lst
cross-bed facies

]

1

—

0 10 20
Percentage

0

10 20
Percentage

Scinde Island
Frn {Member A)

—

]

L 1
10 20
Percentage

T

Figure 18: Composition ofcentral Hawke's By Te Autefacies limestone formations, from Kangp al

(1988.
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1.6 Objectives of study

The primary aim of this project was to unravel the sedimentary and diagenetic
history and origin of the threPliocene limestone unitaithin the otherwise
siliciclasticdominated Rocene successionin the wider Wairoa district of
northern H aThek pra@est inBodved. considerable fieldwork with
descriptions and local mapping of outcrops #melconstruction of stratigraphic

logs to show the main sedimentological features etlinee carbonate units in the
field. The encasing siliciclastic sandstones and mudstones weraasbin a

more general way. Together these records help in unravelling the main external
(tectonic,sealevel and climate changes) and internal (sedimgnégvironment)
controls on the development of this mixed carbossdieiclastic succession

during the Pliocene.

In the laboratory, texture armbmposition of samples weamnalysed using both
standard and d¢aodoluminescence petrography, whilealatum carbonate
percentage and grain size data were determined using standard methods.
Geochemical analyses were taken to determine the bulk elemental composition of
all three limestones facies and subsequently some sandstone and mudstone facies.

These d&a will provide further understanding of the Te Aute limestones and other

sedi mentary deposits in northern Hawkeos

17
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1.7 Historical studies

Geological researchithenor t hern Hawkeds Bay region has
lithostratigraphy, biostratigraphy, magnetostratigraphy and zircon fisisiok

analyses in the past. The study area was mapped previou€lydnnell(1940,

Haw (1958 andFrancis(1993, mostly for the purpose of petroleum exploration.

Smith (1876) and McKay (1887) were some the first geologists to carry out

studies of the sedimenar y f aci es in the northern Hawked

Somemore recent studies involved detailed geological investigation that focused

on the distribution of sedimentary facies and geologic structures from Gisborne to

Wairoa as part of the petroleurelated pojects. Moore & Hatton(1985 carried

out an investigation onhé limestone resources in the northern and central

Hawkeds Bay region, which included the stu
the Pliocene deposits were carried outdngley (1930 andKennett & Watkins

(1974 in the study areavicinnes(1964), Scott (1978), Beu (1978), Hornibrook

(1984) and Edwards (1987) have published studies of the biostratigraphy of the

Pliocene sections in the study arétornibrook (1984) and Kamp &u (2002)

carried out zircon fissietrack studies to unravel the Neogene thermal history of

the Hawkeds Bay Basin.

Regarding the limestones, Ongley (1928), Marwick (1965), &el (1980) and

Beu (1995) carried owdome specific studies (Table },.3nd assigned different
ages to each of the three limestones based on Rhéalopectenlineage. Past
studies gave many different names to the same limestones and their lateral
equivalents. Table.3 is a summary of the limestones occurring in the wider
not hern Hawk e &amp & Belsonr(1O8y7) 1688), Kangi al (1988),
Nelsonet al (2003) and Blancet al (2008) have also published studies that
include mention of the limestones in the ared. revised stratigraphic

nomenclaturdor the Pliocene lirastonewill be mentioned lateiin Chapter 4

18



Chager One

Introduction

Table 13: Previously published names for the various Pliocene limestones in northern Hawke's Bay.

Name Author Distribution Age
Tahaenui Limestone Moore & Hatton 1985
(informal), Edwards Northern Hawke's Waibioian
1988, Kampet al 1988, Bay PP
Beu 1995 (formal)
Long Point McKay 1887 : .
Limestone/Tahaenui Loqg Point (Mahia Waipipian
. Peninsula), Tahaenu
Limestone
Waihua beds (basal Ongley 1928
part)/Tahaenui WairoaTiniroto Waipipian
Limestone
Whakapunake Limeston Beuet al. 1980, Kampet Northern Hawke's Opoitian
al. 1988, Beu 1995 Bay P
Maungaharuru Smith 1870, Bewt al Northern Hawke's
Limestone/Whakapunak 1980 . : Opoitian
. Bay-Mahia Peninsula
Limestone
Opoiti Series/Limestone Ongley 1928, 1930 WairoaTiniroto Opoitian
Opoiti Limestone (Mbr) Beuet al 1980 ,
(informal), Beu 1995 Northern Hawke's Opoitian

(formal)

Bay
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2 Chapter

Geol ogicahdsettuatgur al oV

2.1 Introduction

The three Pliocene limestones n t he nort he rfomedHa wk e
paleolatitudes near 481n a tidal currentdominated ancient forearc seawagrt

of the modern day East Coast Basin, eastern North Island, Neand¢slelson

et al. 2003. The tectonic elementassociated witlthis dynamic depositional
setting have been importacntrolson the distribution, charactand subsequent
diagenetic evolution of tlee limestones. This chapter briefly sumnsasi the
presenbroad tectonic setting of the East Coast Basinthaaontraing elements

thatinfluenceddeposition othePliocene sedimentary facies in the study area.

2.2 Present day tectonic setting

The modern ndo-Australian plateboundary transecting the New Zealand -sub
continent comprises northern, central and southern segments (Fig. 2.1): (1)
Hikurangi margin, eastern North Island; (2) continental transform system through
most of the South Island; and (3) RBagur active continental margin in
southernmost South Island and offsh@ik@mp & Nelson 1988 The northern

part of this modern plate bodary, the Hikurangi margin where the oceanic crust

of the Pacific Plate subducts obliquely beneath the eastern North Island, partially
transforms at northernmost South Island. The continental transform system
between the two subduction systems is mosilyasented by the Alpine Fault of

the western South Island. Here the continental crust of the Pacific Plate obliquely
overthrusts continental crust of the Indastralian Plate, and relative plate
motion is taken up by dextral strigip movemen{(Cole & Lewis 198]). Further
south, the oceanic crust of the Irdastralian Plate is being obliquely subducted
beneath the continental crust of the Pacific Plate at the Puysegur Trench and
beneath Fiordland in southernmost South Island, in the opposittiatréo that

occurring in the Hikurangi margin to the nofButherlandet al. 2006.
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Chager Two Geological setting and structural overview

Continental crust
[ Oceanic crust
" Modern NZ landmass
—v— Subduction zone
—Faults

Indo-Australian

Pacific Plate

Figure 21: Plate tectonic setting of the New Zealand continental block. Adapted from Beu (19P5).
Hikurangi margin, (2) Alpine Fault (continental transform boundary) and (3) Puysegur active continental

margin.
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2.3 East Coast Basin

The East Coast Basin (Fig. 2.8es along the NE margin of the New Zealand-sub
continent of the Inddustralian Platelt marks the southern end of tiengad
Kermadec subduction systettmat stretches fooover 3000 km, where the Pacific
Plate isbeing subduced obliquely westwards beneath the North Island, New
Zealand at a rate of about 43 mm/ydaig. 2.1) (Lewis & Pettinga 1993
Campbellet al. 2008. The basin iorientated in a NNESSW direction, parallel

to the subduction system. It has an area of approximately 70,09@&ximnding

650 km from East Cape to Cape Palliser in eastern North Island, and also includes
the northeastern got of the South Island, encomgsng the regions of
Raukumar a, Hawkeds Bay, Wa i (Ragersetpah and
1999 Campbellet al. 2008. In this study we restrict our attention to the northern

part of the Hawkeds Bay region.

The East Coast Basin is bounded to thetvag the North Island axial ranges, and
continues offshore across the continental shelf and slope to theintasthe
Hikurangi subduction complex he width of the basin varidsom 60to 110 km,
about a halbf whichis off shore(Field et al. 1997).

2.4 Hawke Bay

Hawke Bay isthe large embaymemdf sea partly enclosed by Mahia Peninsula
and Cape Kidnappers (Fig. 2.2). Water depths in HaBdie are on average less
than 120 m, and the seadk is smooth and gently digswardsthe east at less
than F. Further eastards, the continental shalicludes Hawke Bay itselfand
has a total width of 70 kifField et al. 1997).
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Coastal fault zone
[ ] Study area
Axial ranges
East Coast Basin

Indo-Australian
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ast Cape
[ Raukumara
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Figure 22: Tectonic elements of the East Coast Basin. Adapted from Beanland (1995).
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Hikurangi Trough

I Forearc basin

Accretionary prism

/
)
Axial range
/
(= wairoa Syncline

“‘é Mt Ruapehu
|
|

i

h -J—— Coastal fault zone
[ |54—t— Mahia Peninsula

<\'\' Shear belt

/Hikurangi Plateau

: / 20

. 40
Australian Plate Pacific Plate

Depth (km)

60

80

100

A’ 200 180 160 140 120 100 80 60 40 20 O A
Distance away from trough (km)

Figure 23: CrosssectionAG&A in Fig. 2.2 Modified from Barnegt al (2002).

2.5 Tectonic elements across thEikurangi margin

The Hikurangi margin is 500 km long by 480 km wide, and is a region of
transition between the oceacean subductiorat the Kermadec rénch and
continentalcontinental strikeslip collision in the northern and central South
Island (Nicol & Wallace 2007. Off eastern North Islandhe Pacific Plate is
subducting obliquely at a rate of about3® mm/yr beneath the Indbdustralia
Plate (Fig 2.1) (Nelsonet al. 2003. At a large tectonic scale the Hikurangi
margin includesfive tectonegeomorphic elements from -& across the
convergent margin: (1) Backarc region, (2) Taupo Volcanic Zone (volcanic arc),
(3) North Island Axial Ranges, (4) Hikurangi Forearc Basin, and (5) Hikurangi
SubductionComplex The axial ranges, foreabasinand subduction complex are
all within the East Coast regidifrig. 2.2, 2.3) The subsequentlevelopment of
the Hikurangimargin hadmore direct influencesto the evolution of theEast
Coast Bsin since the Early Miocenesompared to other basiremound New
Zealand(Field et al. 1997).

The margin exhibits complex tectonic structure and stratigraphictemol(e.g.,
Lewis & Pettinga 1993Collot et al 1996;Field et al. 1997 Barneset al. 2002;
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Barnes& Nicol 2004; Haryset al. 2006; Nicolet al. 2007). The northern margin
off Raukumara Peninsula is characterized by-aceretion and tectonic erosion
associated with seaymant impact scarfLewis et al. 1997, 1998 2004 Collot et
al. 200)). To the south off th&Vairarapacoast exists a momdassicalexample of
animbricated thrustvedge domiated by accigon (Daveyet al. 1986 Lewis &
Pettinga 1993Collot et al. 1996 Barnes & Mercier de Lépinay 199Zewis et al.
1997. The very southern end of the margia relatively narrow andies in the
transition from oblique subduction to continental stiske deformation, where it
is incised by Cool&trait Canyor(Holt & Haines 1995Barneset al. 1998 Barnes
& Audru 1999 Mountjoy et al.2009.

Backarc region

The backarc region is a continental segment extension of the nearly 2700 km long
TongaNew Zealand offshore backarc systé@amble& Wright 1995. It lies
140400 km to the W and NW of the current frontablcanic arc It is
characterised by a mudhulted basirandrange topography involving Mesozoic
basement rocks, Cenozoic sedimentary deposits and basic Quaternary mafic
volcanics, the latter in five main fields: Alexandra, South Auckland, Auckland,
Whangarei, and KaikohBay of IslandgCole & Lewis 198).

Volcanic arc

The modern arc, Taupo Volcanic Zone (or TVi8)pne of the mostolcanically
active regions on &th. It is a volcanetectonic depression that lies between the
frontal ridge and the backarc region of the subduction margin in central North
Island.The subductingceanidithosphere melts beneath the continental catist
depth of 80100 km andthroughout he Quaternary has fuelled a wide range of
volcanic activity stretching from Ruapehu volcano in the south to offshore White
Island in the Bay of Plentylhis zone of Quaternary volcanism sites parabtel

the subduction margin (Fig. 2.2), is-30 km wide,and filled with 24 km of
mostly rhyolitic pyroclastic deposi{€ole & Lewis 1981 Healy 1992.
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North Island axial ranges

The axial ranges of the North Islaffdontal ridge)have been defined variously
on geographical, lithological, structural and tectonic groyiasd et al. 1997).

The rangesextend nearly continuously from Cape Palliser in the south to East
Capein the north,and aredisrupted only by struaral sags at the Manawat
Gorge, and at two hovoaupiedbyhe Bapierfaihapgea wk e 0 s
and NapieirTaupo highways. The Kaimanawa and Raukunf@eeges in the
north are broad and strike northeasst, contrast to the Tararuand Ruahine
Rangsin the south which are narrow and strike nartiitheast(Kamp 1988.

The NESW-trending axial ranges consist of highly tectonised Triassic to Early
Cretaceous greyackes and argillites belonging to the Torless Ter(aredd et al.
1997. The uplift history of the axial ranges has been long and vastadijng
perhapsin late Early Miocene time and increasingiimiensity during the Plie
Pleistocenghrough to the present d@yield et al. 1997).

Forearc basin

The Pliocene deposits investigated in this studg t he northern Haw
regionare located within the forearc basin of the Hikurangi margie fbrearc
basincomprisestwo pars: an inner and an aatforearcseparated by aoastal

fault zone wich runs in a NNESSW directionfrom offshore Raukumara,

through part of Mahia Peninsuland continuouslyut onto the Wairarapahelf

(Fig. 2.2)(Field et al.1997).

The forearcbasin is a major topographic and structural depression that isdmbund
by the structural ridge of axial ranges to the west and the deformation front
offshore to the eagkamp 1992. The Hikurangi forearc v&aformed in response

to the inception and development of the Pacific and -Wadstralian subduction
plate boundary since the end oligdcene(Ballance 1993 It stretches from the
southernterminus of the Tong&ermadec Tench to Cook Strait. The inner
forearc is mostly exposed abowealevel The ouer forearc is completely
submergedand extends easards towardsthe deformation fron{Field et al.

1997. Most of the Tertiary marine sediments in the Hikurangi forearc are best
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exposed subaerially along the present day East Coast réiggonegon having
beenuplifted in the late Neogen&elseyet al. 1995.

Hikurangi subduction compte

The Hikurangi subduction complex comprises the structural trench and the
accretionary prism/slope. The structural trench, named the Hikurangi Trough,
marks the modern subduction plate boundary. It is a regional structural low (c.
3000 m deep) located #te base of the continental slope offshore eastern North
Island (Fig. 2.2 (Cole & Lewis 198). Compared to the Kermadec Trench (c.
9000), the Hikurangi Trough is shallower, and the plate interface here dips at a
gentle angle of abol®’ for at leas 100 km beneath the subduction margin before
steepening under the North Islafidhveyet al. 1986 Henryset al. 2006 Barker

et al.2009. The subduction front curls around tbastern North Island and comes
onshore neaMarlborough.It nevertheless marks the positiwhere the Pacific
oceanic lithosphere starts to subduct beneath the North I¢amp 1992. A
complex series ofow-anglethrust faultcontrolled antichical ridges and slope
parallel basins &ve developedince the late Neoger(eewis & Pettinga 19983
These structuresre oriented NESW, parallel to the Hikurangi Trobhg The
slopeparallel basins are typically30 km wide and 180 km long(Nelsonet al.
2003.

2.6 East Coast Basin evolution

The East Coast Basin consists of a broadly finipgards, transgressive, passive
margin Early Cretaceous to Paleogene succession of marine shelf tdoasope
conglomerates, breccias, sandstone, mudstone and flysch, which is overlain by a
thick Neogene @nvergent margin sequenckeike mostsedimentary basins in
New Zealandthe East Coast Basin is a composite basiowingseveralkstagesof
structural evolutiorand depositional fill. The basin evolution reflects thead
tectonic development of the Newe&@land sufzontinent through the last 110y
(King et al. 1999. The mmplex geological history of the basin has createdp
to 10 kmthicknessof mostly finegrained marine sedimerassociated witlthree
distinctive tectonic intervals from theitltlle Cretaceous t@resent(Field et al.
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1997. Onshore, within the forearc basin, a series of deformed Cretaceous to
Paleogene sedimentary rocks deposited in a passive mseging prior to
subductionare overlain by less deformed Neogene marine sedirfeantsd after

the onset subductiohis was followed by sedimentatidhat wasdriven by
eustatic oscillation®f sealevel, evident also in other basins in New Zealand
(Field et al.1997).

The basement rocks of the East CoaasiB are highly tectonised, indurated
metagreywackes of Triassgarly Cretaceouage belong inhte Torlesse Terrane
(Mortimer 1995. They originally formed part o palecfrontal accretioralong
the edge of the GondwatendmasgLewis & Pettinga 1998 These are onlapped
by Early Cretaceous shelf sandstores] succeeded by a thick interval of Late
Cretaceous through to Paleogene eeafer sandstones and mudstofemed in

a passive margin settir{gield et al. 1997).

The transgressive sedimentation in the basin duhegCretaceous began about
15 Maearlier than in Taranakasin on the westarside of North Island (Fig.
2.2). The deposits consist of conglomerate and shafoarine sandstonén
Marlborough,followed by deeper water flysch anudstone(Field et al. 1997).
Passive margin sedimentation and subsidence thrdoghPaleogenanvolved
limited sediment sources within East Coast Baaitrelativelylow depositional
rates (Field et al. 1997 King et al. 1999. Siliceous mudstone (Whangai
Formation) and organidich mudstone (Waipawa Black Shale) succeeded Late
Cretaceous shelf sandstenéBentonitic mudstone of Eocermge {Vanstead
Formaton) and marl of Oligocenage Weber Formationcomplete the passive
margin depositioal sequencéField et al. 1997. The Cretaceous and Racene
sediments contain known hydrocarbon source rocks, in particular the Whangai
Formation and Waipawlack Shalebothof whichsource onshore active oil and
gas seepat the present dgjrRogerset al. 1999.
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2.7 Structures in the study area

In most of the area, structure is dominated by combination of reverse faults and
anticlines folds. Main folds from west &ast, the main fold structures are Clyde
Syncline (part of the Wairoa Synclinorium), Mangone Anticline (to the east of the
study area), Nuhaka Syncline, and Morere Anticline, with the associated
Opoutama Anticline (Fig. 2.4). The plunge of these foldgeistle except near the
Tahaenui Fault Zone, where south plunge on the Mangaone Anticline increases
abruptly. The Nuhaka Syncline is divided into two parts; the main fold trends
generally northeast, the continuation southward swings towards amvesist

orientation before trending southwestly into Hawke Beayancis 1998

There are three major fault zones that associated with the major folds across the
region (Fig. 2.4) The N to NNE trending Opoutama Fault Zonms through
Opoutama, to the east of the Mangaone Anticline, near Mahia. The main eastern
fault is located by foraminiferal dates, and overlain by late Quaternary sands
(Haw 1958. Several minor faults are detectable from both surface and petroleum
well (Opoutamal). Local outcrop pattern from Opoutaiiborere suggests

reverse faultingFrancis 1993

The Mangaone Fault Zone is recognized from the displacement of the Tahaenui
Limestone, and extends into Tangihau Mudstone on the eastern limb of the
Mangaone Anticline. The eastern limb of the syncline is much thirmvzer the

west, Francis (1993) suggests the difference in thickness of either limbs of the

syncline is the result of a reverse faulting.

The Tahaenui Fault Zone trends ESE, displaces upper MioCEmeanui
Sandstone and youngeahd possibly Pliocene stra@ahaenui Limestone and

Wairoa Formation to some extent westwautaw 1958.
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Figure 24: Structural setting of the study area (QMAP).
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3 Chapter Thr

Met hods

3.1 Introduction

This chapter outlines both field and laboratory techniques used in this study to
unravel the stratigraphy and patrgy of the Pliocene limestones and associated
siliciclastic rocks in the study area. The main laboratory techniques employed
include standar and cathodoluminescence petrography, powetasdiffraction,

grain texture analysis, CaG@nalysis, and stable oxygen and carbon isotopes.

3.2 Field work

A reconnaissancé r i p t o the nort made hyProfa®aie 6 s
Nelson and Michele Drinnan in September 2009. Field work was done largely on
foot, in the early part of the 2010. Sample locations and stratigraphic columns
were recorded with the assistanceadsPS instrument (Garmin) using the New
Zealand MapGrid, andthe accompaging maps ofthe NZMG 260 Topo Series,
sheets X1§Tiniroto) and X19(Wairoa) Sample andithological information is
shownon stratigraphic columsusing a templatenodified from those used by
Bland (2001), and are presented seprateAppendix|. Photographsf outcrop
stratigraphic characteristics are included each chapter. Scalein these
photographs areften represented by a geological hamnogra 5 cm scale bar
from Geological Society of New Zealand Field Wallet.

Rock slds of all three Pliocene limestones were cut and scamsiad a colour
scannefor closer lithological analysis. The scanned imagepresentedor each

limestonein the relevanthapter
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3.3 Bulk sample mineralogy

Both x-ray diffraction and CaCg@analyss were done to provide sefuantitative

bulk sample mineralogic characteristics.

X-ray diffraction

Fresh unweathered rock samples were selected and powdered using a ring mill.
Samples generally required about 25 seconds of milling to achieve a suitably f
powder, although some more indurated samples required up to 30 seconds of
milling. The bulk XRD analysis was performed onanentated powder mounts
using a Philips analytical-say diffractometerwith a PW 1729 Xray generator

and a PW 1840 diffractoeter control. Ascanrangeo20 degr ees 2d was
at a scan speed of 0.02° per second. Bulk XRD data are included in Appendix
and are depicted in graphical form in Chapters 5 to 8. Bulk mineralogy of the
samples was then determingdm peak pogions. The intensity of each peak is
relatedbroadlyto the relative abundance of each mineral present in the sample.
This allows for a sermjuantitative estimate of the abundance of the minerals

present in each sample.

CaCQO; content

The content ofCaCQ; in a sedimentary rocks particularly important for helping
classify different lithofacies. The term limestone is given tesamplethat has a
CaCQ contentO50% For this analysisiepresentative samples were powdered
so as to ensure their rapid digestiin acid. Both sample and filter paper
(Whatman No.2 18.5 cm) were first dried over night at 25°C. The samples were
then left in a well aerated environment (i.e. the fume hood) for at least 1 hour
before beginning aciddigestion The filter papers were rgweighed on a
microbalance. 5 grams of sample was placed in a 250 ml beaker and mixed with 1
molL™ HCI in the digestion process. The HCI solution fully covered each sample
to ensure a full reaction. The residue from the digestion was filtered and washed
down with distiled water. The residue and filter paper were then driezhioven

at less tha®0°C over night and weighed the next day.
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To classify samples, th€aCQ data were plotted together with thertgenous
mud and sand contenits a ternary digram developed for this study (Fig1B.
This gave the samples an appropriate lithological name. Samples contining
100% CaCQ are termed limestone. The relative proportiohserrigenous mud
(clay and silt), terrigenous sand amf@hCQ content providedefinitions for
mudstone andandstone (Fig. B). Sandsize ranges fror63 to 2000 pnand mud
size is < 63um.

% CaCOg3
100

75% CaCOg3

Limestone

50% CaCOs3

Mudstone Sandstone 25% CaCO3

% Mud 100 100 % Sand

50

Figure 31: Ternary pot developed for field samplasesthe CaCQ, terrigenous sand artérrigenousmud

content to determine lithological name

3.4 Grain texture

The texture of noitarbonate (terrigenous) grains was examined in order to assist

the lithological description and naming of the Pliocene r¢Elg 3.1).

The texture of nortarbonate grains saanalysed using a Malvern Mastersiger

laser particle sizer at the University of Waikato. This analysis used a 300RF mm
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range lens (0.05 u880 um). All samples were broken down to {s&se chips
instead of using the powder which was prepared for Ga@alysis which would

not have preserved the original grain texture of the rocks. All samples were
digested in 1 moltt HCI acid. The grade scale of particle size proposed by
Wentworth (1922) was used here to define the particle sizes. The normally
acceptedsize dasses are showing in Table 3The non-carbonateparticlesize

data were plotted onta ternarysandsilt-clay diagram (Fig. &) adopted from
Boggs (2004).

Table 31: Table of Wentworthscale of particle size ranges showing the clay, silt and sand sizes in um
(Wentworth 1922).

Clay <3.9pum

Silt 3.9-63 pm

Sand 63-2000 pm

% Sand
100
Z = Silt z = silty S
S = Sand s = sandy
M = Mud m = muddy
C =Clay c = clayey
cS mS |\ zS
50% 50%
sC sM sZ
Joc | owm oz N

Figure 32: Ternary diagranshowing terrigenous sample names based ondlasis silt and sandize particle
content(Boggs 2004
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3.5 Stable oxygen and carbon isotopes

The stable isotopeompositionof carbonate deposits can reflélse composition,

salinity and temperature of the host fluids from the environment in which they
formed, and the origin of the carbonate source fliison & Smith 1996 21

samples of nestone/calcareous sandstone, including some fossil, stwié

analysed for stable oxygen and carbon isotope composition of their carbonate
fraction at NIWA in Wellington. The isotope resylé&dong with calculated burial
temperatures and depthare preented in AppendidV. Five to seven samples

from each limestone were selected and powdered, and also one sample from each
age diagnostic pectinidossil (early Opoitian, late Opoitian and Waipipian).

Samples were reacted with 3 dropdHaPQO, at 75°C in arautomated individual
carbonatereaction (Kiel IV) device coupled with a Finnigan MAT253 mass
spectrometerinternal precision of measurements is 6002 0 8 & ii'*® and

0.0:0. 06 &aU™¢,ande xt ernal pr ecit¥d oan di sO .00.20a3 af of
U*C, relaive to vPDB (Pee Dee Belemnite of Cretaceous addl.values are

reported relative to vPDB, whei#®C has a val uei®»fiasa 1. 954
value of -2 . 2 0 & thef standardNBS19 calcite The NBS18 standardvas

additionally run due tothe material submitted, wher&3C has a valueof

5. 014 au*anadavalueol 3. 2043

Burial temperatures have beestimated r o m t H% vahes luding thean
U0 value of seawater (VSMOWOf -0.37 for Opoiti Limestone, andD.02 for
Whakapunake and Tahaenui limeston@sooke et al. 2008. The palee

temperature equation froBhackletor(1967) was used:
T (°C)=16.94.38(°0,.)+0.1(*0¢.)?

where %0, is the isotope composition of the calcite cemeADLyuik pectinid
minus that of water. Burial depths of the rocks have lbsived assunng a
starting depositional bottonvater temperature of 12°@n average geothermal
gradientof 24°C/km depth is used, tlsame as tit presented in the Raukumara
Basin fact file (NZ Petroleum & Minerals 2011)he results also include the data
from Drinnan (2011).
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The raw da&%an &0 wete plotted against each oti{eaw data see
Appendix V). All crossplot of oxygen and carbon isotope valyests are used
to provide clues about the diagenetic environmentdtefationof the limesbnes,
such as beingeteoricallyor burialinfluenced(Nelson & Smith 1996 All cross

plots includealsothe raw data from Drinnan (2011).

3.6 Thin section preparation

Thin sections were preparéor rock samples using standard procedures. Due to
the often poorly cemented and rather figabature of mosof thelimestones they
were impregnated using araldite to assist-t#@ntion production and to prevent

the loss of any porkning carbonate cement.

Thin sections were examined under plane polarised light (PPL) and some were
also examned under cathodoluminescent light (CL)The usual technique of
finishing thin sections on a glass plate with fine carborundum powder was
employed for the standard petrography work. For CL petrography, soithe of
samples were finished on a Buehiéetaserv grindepolisher, initially using fine

grit metallographic paper and then a polishing cloth so that any obvious surface
imperfections were removed. All thin sections are storelabeledboxes and

kept in the Advanced Microscopecility, in the Department of Earth and Ocean

Sciences, University of Waikato
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3.7 Petrography

The petrographic work was done at the University of Waikato. Standard PPL and
CL petrographic techniques were employed for dieéermination of the basic
textural and compositional properties of the Pliocene limestones. Petrographic
observations were made usiag Olympus AX70 petrographic microscope, and

thin section photomicrographs were taken with a Nikon DXM 1200 digital @mer
under both plane polarised light (PPL) and cross polarised light (XPL). Skeletal
grain identification was aided by the imagesntainedin Scholle and Ulmer
Scholle (2003). Basic petrographic data were recorded on petrographic data sheets
(Fig. 3.3) adaped from those used by Nelson (1973), and pictorially summarised

in pie/histogram diagrams in Chapters 5to 7.

Percentage abundance determination of total skeletal grains, total siliciclasts, and
cementmatrix were estimated with the aid of the comparatarts published in
Scholle & UlmerScholle (2003). Individual skeletal grain and siliciclastic grain
type abundances were determined as part of the whole rock composition, and are
indicated using a series of abbreviated letters (F&). Grain size wasneasured

using an internal graduated bar scale in the eyepiece, while grain sorting and grain
roundness properties were determined with the aid of the comparator charts also
published in Scholle & Ulme®cholle (2003). Any diagenetic features of note

wererecorded on the dataeets (see Appendi).

Petrographic terminology

The term bioclasts refers to the fragmented carbonate shells of marine life forms.
The terrigenous components include any-narbonate, detrital materials, such as
quartz, feldsparrad rock fragments thaurvive weathering and are transported to
the depositional site as clagtuthigenic materials are those of Rdetritus, such

as glauconite and pyrite that fonm situ within the depositional site in response

to geochemical process. Porosity refers to any void between and within in the

clastic grains.
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Matrix refersto anyfine-grained sedimentary matesahat are transported to the
depositional site; include clagjlt and microbioclastan which larger grains are
embeddedCements are calcitic materials that are precipitated around or within
carbonate skeletal grainfhe dominant cement types are sparite and micrite.
Sparite is commonly a diagenetic product tipatcipitated around or within
carbonate skeletal grains from Cag€upersaturated pore fluids within rock or
sediment. This type of cement can form from both burial and meteoric fluids, and
is typically seen in the Pliocene limestones. Micrite cement®faea made up
from microbioclasts, in which large quantity of highly fragmented shell remains
indiscriminately mixed in carbonate mud. Micrite is often associated with low
energy depositional environments that allow time for the very-gmaeed
materialsto settle.Intrinsic fills refer to any materials thatfilled pore spaces
between grains, while extrinsic fills are materials infill the space within mainly

skeletal chambers and borings.

Cathodoluminescent light (CL) petrography

Cathodoluminescence amboscopy has become a common tool in petrology
studies, revealing diagenetic features that are invisisider conventional
transmitted light microscopyThe CL technique isespecially useful studying
limestoneswhere one may observethe residue radiatioemitted ly carbonate
crystals afterexcitation by an electron beam. As the cements emit a stable
luminescence during the electron bombardment, the conditions of observation can
be reproduced.The technique s sensitive to subtle changes in chemical
composiion and structure of the host crystals, in particafzrite The colour and
intensity of the luminescence are relatedi®mineralogy of the crystals arite
geochemistry of the trace elements incorporated in the crystal |adtiber in
interstitid or in substitution positions. These changes are commonly controlled by
changes in porluid chemistry. This technique is widely uséat elucidating

both the growth patterns of cement precipitates and the different stages of

cementatior{Caron 2002
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Cathodoluminescer® petrography was carried out using a CITL (Cambridge
Image Technology Imited) cathodoluminescence MHR5 instrument, and
photomicrographs were taken by Dr Steve Hood using a NikeBND& camera.

The electron gun current was set at 350 mA and 16 kV.
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Strat Col No.

Sample No.

Bioclasts

Tot Bioclasts %

Bivalves

Barnacles

Brachiopods

Bryozoans

Echinoderms

Calc red algae

Benthic forams

Planktic forams

Size: Max

Mode 1

Mode 2

Sorting

Abrasion

Siliciclasts

Tot Terrigenous %

Quartz

Feldspar

Rock fragments

Mica

Clay

Size: Max

Mode 1

Mode 2

Sorting

Shape

Authigenic

Tot Authigenic %

Glauconite pellets

Size (av.)

Glauconite infills

Pyrite grains

Size (av.)

Pyrite infills

Diagenetic

Matrix-Cement %

Intrinsic material

Extrinsic material

Spar cement

Micrite

Porosity %

Other features

Figure 33: Petrographic data sheet used in this study for recording thin section observations.
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Data sheets
Keys used in petrographic analysis

Semi-quantitative abundance limits:

Abbreviation Description Percentage
VA Very abundant >75
A Abundant 50-75
VC Very common 25-50
C Common 156-25
M Many 5-15
S Some 1-56
R Rare <1
- Absence 0
Sorting:
EW Extremely well sorted
w Well sorted
MW Moderately — well sorted
M Moderately sorted
MP Moderately — poorly sorted
P Poorly sorted
Shape:
Bioclasts:
UA Unabraded
U-MA Unabraded — moderately abraded
MA Moderately abraded
M-WA  Moderately abraded — well abraded
WA Well abraded
Siliciclasts:
A Angular

SA  Sub-angular
SR Sub-rounded

R Rounded
Intrinsic and extrinsic cements:
M Micrite
S  Sparite
Diagenetic features:
NEO Neomorphic
feature
PD Pressure
dissolution
MB Micro-boring
L. Limonitisation
ISO Isopachous rind
BIOM Biomold

Figure 34: Abbrevition letters used opetrographic data sheetFig. 3.3)include semiquantitative
abundance lim#, sortingand shape of both bicand siliciclastiegrains, content of both intrinsic anc
extrinsic cement, and additial diagenetic features gamples.
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3.8 Petrographic classification for limestones

There is a need fdyoth carbonate and nararbonateock classification schemes

to satisfy a comprehensive description of #anple in this study. Consistent
classification andconcise naming of rocks are absolutely essential for effective
communication throughout the international scientific community. An ideal
classification scheme combines objective, quantifiable description of readily
observable features that are grouped mamned categorieéScholle & Ulmer
Scholle 2003 The name will reflect the mechanisms of formation, environments
of deposition, and the like. Thereave beena number of carbonate rock

classification schemes developed over the last 50 years.

The schemesleveloped focarbonate rockbave divided thenmto many classes
according to th&ind and proportion of skeletons and other allocheansl their
texture and cement fabricBespite the number dflassifications proposed for
carbonate rocksonly two, those of Folk (1962) and Dunham (1962have
succesillly met the test of time. In this studiolkd €1962) classification ibetter

suited for describingthe carbonate rocks in thin sectionts uses multiple
descriptive terms with eleven basic names which generated based on the
nature of the grains and the relative abundance of micrite matrix versus open pore
spaces (or sparry calcite cement infilling such pores). The ratio of micrite to
sparite is deemed to indicate the degree of hydraulic energy dfefisitional
environment (Fig. %). Another component of the Folk (1959, 1962)
classification is based on the textural maturity of samples which comsildethe
roundness and sorting of the carbonate grains (Fay. 8.third component of the

full Folk name relates to the average grain size of the carbonate grains in the rock
(Fig. 37).
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Hydraulic energy
High - |ow

SPARRY

MICRITE
MATRIX

FOSSILS

BIOMICRITE

Sparry Calcite
Cement

Figure 35: Fol kés (195 Jopsiliferbuscarlzonafe irocka. Frok@emdall{2006).

Folk's Textural Classification of Carbonate Sediments

Over 2/3 Micrite Matrix Subequal Over 2/3 Spar Cement
Percent 5 Spar & Sorting Sorting |Rounded &
Allochems 0-1% 1-10% 10-50% Over 50% | micrite Poor Good Abraded
Quiet Water Deposition <& P Wave/Current Activity
<—— Matrix Supported Allochems Grain Supported Allochems =3
Rock Micrite 7,:3’:::: Sparse Packed ;::hrgvd Unsorted Sorted Rounded
Names Biomicrite Biomicrite | Biomicrite Biosparite Biosparite | Biosparite | Biosparite
k'ti

Sparry Calcite
cement

Lime Mud
Matrix

Figure 36: A textural spectrum for carbonate deposits defingéolk (1962).

Transported

carbonate constituents

64 M V. Coarse
Coarse

16 mm— . irudi
Medium Calcirudite
4 mm— .
Fine
1 mm

Coarse
0.5 mm— .
Medium .
0.25 mm— Calcarenite

0.125 mm  Fine
V. Fine

0.062 mm C

0.031 mm-] MZ:{;‘;

0.016 mm— Calcilutite

Fine
0.008 mm—| V. Eine

Figure 37: A grainsize scale for carbonate rocks defined by Folk (1962). F8oholle & UlmerScholle
(2003)
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There is also need of an appropriagadstone classificatidior the rocks in the
study area. The sandstone classificattmmeme adopted here is from Boggs
(2004) (Fig. 3). According to Boggs (2004) the sandstone classificaidrased

on the abundances of three mineral components: Q (quartz), F (feldspar) and L
(lithic grains, rock fragmentsPercentage of argillaceousatrix is represented by

a vector extending towardbke rearof the ternary diagram. The term arenite is
restricted to rocks consisting of 586 less matrix; sandstones containing more
matrix are wackegBoggs 2004)This scheme is modifietom Dott (1964)and

Folk et al. (1971), anduses appropriate terminologies to desctihhe ratio of
abundancefaquartz, feldspar and lithiggig. 3.8)

Quartz

Quartzarenite
90%

100 %
Feldspar

Figure 38: Classificationschemdor sandstone Modified fromDott (1964) and~olk et al (1971).

46



4 Chapter Fou

Pli ocene stratigraphic nome

4.1 Introduction

The purpose of this chapter is to appropriately defthe stratigraphic
nomenclaturefor the Pliocene deposits in the study aread to establish a
lithofacies sheme for their characterisation. This should assist with better
understanding the geological evolution of the Pliocene succession in the northern
part of the forearc basin seawa

4.2 Stratigraphic nomenclature

The current lithostratigraphic nomenclature for the Pliocene deposits in the
northern Hawkeos Bay has been amended i
rationalise the Pliocene stratigraphy. Figdré summarises the lithostrgtaphic

nomenclature used in this study in comparison to that advanced byeFiald

(1997).

Firstly, it is inappropriate to use the name Opoiti for both a member (i.e. Opoiti
Limestone Member) and the enclosing formation (i.e. Opoiti Formatidedberg

1976. The proposal here is to elevate the name Opoiti Limestone to formatio
status, as the oldest of three limestone formations witkeirPtiocene Mangaheia
Group. The nam®poiti Limestone is used despite the highly variable CaCO
content of the unit, varying from about-30%, so that it ranges from sandy
limestone to biocldg sandstone facies. Nevertheless, like the two other younger
limestones formations, the Opoiti Limestone is both coarser grained and better
cemented than the immediately bounding strata (typically mudstone) and, as a
consequence, protrudes prominentitime | andscape as a oOcl if
typical of the Te Aute limestones in general. So the Opoiti Limestone is a

continuously mappable unit at the surface and is also traceable in the subsurface.
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The formation names Tahaenui Limestone and Whakapuhekestone are

retained in this study for the younger Pliocene limestones.

There is a need to find a new name for the former Opoiti Formation now that the
term 6Opoiti 6 has been restricted here to
original Opoiti Formation involved principally mudstones (plus muddy
sandstones) above the Opoiti Limestone but below the Whakapunake or Tahaenui
Limestones. Pliocene mudstones below the Opoiti Limestone were assighed t
Mapiri Formation fate Kapitearearly Opoitian), ad those above the Tahaenui
Limestone to the Wairoa Formation (Waipipian or younger)weéicer, the three
limestoneshave lensoidal geometriesn a range of scaleand are typically
surrounded by and encased by mudstoesesthatit becomes difficult to know
which mudstone formation name is appropriate to apply. Moreover, since the
mudstones are all lithologically very similar it makense to assign them the
samename. In this study, the name Wairoa Formation is chosen for the Pliocene
age siliciclastiedominated successions in which the three limestones are encased.
If desired, the three limestones can be used to subdivide the Wairoa Formation
into (A), (B), (C) and (D) portionsas conceptually portrayed in Fig. 4.2. The
potential for subdividing the WaieoFormation into members of mudstone and
sandstone remains, but is not considered in this study. The stratigraphic
nomenclature changes made herecassitate a small redefinition of the
Mangaheia Group now incorporatingly Pliocene strata in the studyearwhile

the Tolaga Group no longer includes any Pliocene deposits (Fig. 4.1).
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N S N S
Present study Field et al. 1997
[
(&)
Age § Gp Formation Gp Formation
P
~3
Ma : . 3 . .
o3 Wairoa Formation (D) Wairoa Formation
8l
B
— ___lahaenuiLimestone | o [___Tahaenui Limestoné
Wairoa Formation S
S () 1 Whakapunake
® g | Whakapunake OF ~ < _Limestone _ — ~
S G| Limestone 2 Sy w2 T
o W= i S <
L 2 o S
Q | ® D O
NEIRS & | Sandstones & deep &
L§ S S Wairoa Formation (B) = water mudstones S
S 2
%
S
|~ "Opoifi Limestone ~ — | Dpoiti Limestone Member
o Wairoa Formation (A) o
B - ((DU Mapiri Formation
Slele|e . , >
HEIGIES Mapiri Formation 3
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Figure 41: Comparison of formational nomenclature formerly applied to the latest Miocene iandnel

strata of the study ar¢adapted from Fielet al 1997)and that used in the present study.

4.3 Lithofacies

A facies classificatiorf o r

t he

Pl

ocene

deposits

region has been developed in combination with the studprinnan (2011) It

was our intenbn to create a simplified faciesasksification which is able to

incorporate all thePliocenest r at a

n

t he nort hern

recognised iDrinnard £011)area in the wider Mahia ar@acluded three facies

types which are not present in thpgesent Wairoastudy area The faies

classification developedrom field outcrop observations and descripsai the

litho-units is shown inTable 4.1. The main distinguishing features are the
physical characteristics of colour, lithology, texture and sedimentary structures, as
well as relative carbonate content. There are twelve additional characteristics
included to assist further detailed description of each lithofacies. The fossil
content is not considered a major part of the facies descriptions in this case. The
various facies hav been assigned facies codes for ease of reference on the

stratigraphic columns and elsewhere (Table 4.1). It is likely that each lithofacies
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reflects a particular depositional environment. This study has identified three main
lithofacies groups (limestonesandstone and mudstone) with a total of 9
lithofacies types to encompass the entire Pliocene Mangaheia Group strega in

northern Hawkedés Bay region (Table 4.
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Chapter Four

Table 4.1:Summary of sedimentary lithofaciestablished for the Pliocene strata in the vicinitMafiroan or t her n Ha

Lithofacies

Description

Other features

Limestone
L1
Bioclastic limestone
L2
Coquina
L3
Sandy limestone

Sandstone

S1
Calcareous sandstone

S2
Bioclastic sandstone

S3
Volcaniclastic sandstone

Mudstone
M1
Massive mudstone

M2
Bedded mudstone

M3
Fossiliferous mudstone

Massive to poorly bedded, variably indurated, barnacle-rich pure limestone
Sandy limestone with indurated coquina shell beds

Massive to poorly bedded, moderately indurated, mixed siliciclastic-bioclastic limestone

Massive, moderately indurated, calcareous fine sandstone

Thickly bedded, moderately indurated, fossiliferous fine sandstone, with common
macrofossils 1 - 2 cm in size

Non-calcareous, volcaniclastic fine sandstone

Massive, weakly to moderately indurated, calcareous mudstone

Hb - Horizontal bedding
Xb - Giant cross bedding
S - Siliciclastic rich

Mc - Mudstone clasts (<5 mm)
G - Glauconite rich

Gl - Glauconite laminae
Bra - Brachiopod rich

Biv - Bivalve rich

P/O - Pectinid / oyster rich
Bio - Bioturbation

Bor - Boring

Fe - Iron stained

Differentially cemented (20 - 30 cm thick), weakly to moderately indurated, highly calcareous mudstone

Massive, weakly indurated, fossiliferous mudstone
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4.3.1 Limestone lithofacies

Three limestone facies (L13) have been identified within the Pliocene barnacle
dominated limestones (Table 4.1). These are the major facies types in the three
carbonateich units in the study ared Opoiti Limestone, Whakapunake
Limestone and Tahaenuirhestone. The carbonate content of these facies varies
from 65 to 85%, thus from sandy/impure limestone to pure limestone. The
limestone facies comprise variable amounts of skeletal grain types and siliciclastic
materials. The facies commonly contain asgouous quantity of barnacle plates

and fragments, and locally can also be brachiepdd The degree of
cementation across the facies is highly variable, from friable to well lithified.
According to Kampet al. (1988), he barnacles represented in Hawke Bay Te
Aute limestone facies more widely arBlotobalanus vestitus(Darwin),
AustrimegabalanugNotomegabalanysmiodecorusBuckeridge andA. decorus
argyllensisBuckeridge,Fosterella tubulatugWithers), andBalanus variegates
Darwin (Buckeridge 1988 The same species probably contribute to the limestone
facies in the present day study area as wWélé presence of L1 and L2 facies is
restricted to the two youngearbonate units, the Whakapunake Limestone and
the Tahaenui Limestone, while L3 is almost exclusively the facies building the
Opoiti Limestone, with the exception of the basal coquina facies L2. Both
Whakapunake Limestone and Tahaenui Limestone sharey rhtimofacies
characteristics, and there is no speciation event separated the Opoitian and
Waipipian forms ofPhialopectenBeu 199%, and so they can be difficult to tell

apart in some places.

Bioclastic limestoné.1

This facies consists almost entirelya#rbonate skeletons and cement, including
in exploration cores retrieved from the vicinity of Wairoa. The CaCanhtent
often reaches over 78®0%. The facies is generally coarskelly and very porous,
with usually onlyof small amounts (<5%9f siliciclastic grains. The carbonate
grains are mostly barnacle fragments. The facies commonly includes
disarticulated valves and fragments Bhialopectenmarwicki. Facies L1 is
masive to weakly bedded (Fig. A3 B). Where fresh, the facies appears bhui

grey in colour and moderately to highly indurated. More commonly outcrops are
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variably weathered with a pale cream to light brown colour and less indurated
(Fig. 4.3). This facis overlies L2+S1 at the sectiatong the farm trdcat the

end of KotareRoad (Fig. 4.B). Pectinids date the facies as occurring friate
Opoitian to Waipipian age.

CoquinalL2

Coquina is a common carbonate lithofacies in the Te Aute type limestottes in
widerHawk e 6 s B athe eastemn iNorth IslaniNelsonet al. 2003. The
facies consists ofmainly barnacle plates and disarticulated epifaunal bivalve
shells ofPhialopeceén marwickiandCrassostreangens(Fig. 4. & E), but also
variable amourt of siliciclastic material.A juvenile pectinid ofPhialopecten
marwicki (c. 35 cm across; Fig. 4B was found at the limestone scarp along
Tiniroto Road, north of Te Reinga. The differentially cemented limestone below
the massive to weakly bedded limestone here is likely toMbakamnake
Limestone (Fig. 4.38). Facies L2 commonly occurs as indurated and thin discrete
coquina beds (c. 1B5 cm thick) within the differentially cemented and giant
planar crosdedded outcrops in both the Whakapunake Baithenui limestones
(Fig. 4.35). Itis commonly interbedded with S1 sandstone facies.

Sandy limestonk3

This lithofacies type almost exclusively belongghin the Opoiti Limestone in

the study area. It comprises typically massive to poorly bedded, light to dark
brown, moderately indurade glauconiterich, mixed siliciclast-bioclastic
limestone (Fig 4.4A). Disarticulated pectinid shells and fragments of
Towaipecten ongleyare common components (Fig. B)4 Facies L3 may also
include commonNeothyris aff. obtuse brachiopods and occasial Tucetona
lacticostatabivalves (Fig. 4.A). The CaCQ content ranges from 685%. Facies

L3 is found only in the ridge exposure on either side of the Ruakituri River, on the
western limb of the Wairoa Synclinat other places the Opoiti Limestone gead

into fossiliferous sandstone with abundant pecsimfiTowaipecten ongleyand

brachiopods.
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T
marwicki
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Figure 43: A & B) Typical outcrop of massive barnacle and bivalidlh Tahaenui Limestone (L1) unconforme
overlying the differentiallicemented coquina beds and calcareous sandstone of Whakapunake Limestone (L2+:
location: type locality of the Whakapunake Limestone at Haupatanga Gore X19/042468. C) Close up st
Tahaenui Limestone, a pale orange colour, slightly weatheoedse graied barnacle and bivalvach limestone (L1
facies, withadark coloured caskardered suiface. Same location as Fig. A.3D) Figure shows abundtage diagnost
adult pectinig of the Waipipian Phialopecten marwickin Tahaenui Limestone.dcation X19/033464E) The oyste
Crassostrea ingensithin the Tahaenui Limestone (L2), found exposed in the scarps along the Tiniroto Road, na
Reinga. Location X18/037550. F) Juvenialopecten marwickbccursat the same localitas in E. Ba (1995
assigned theujyenile pectinid to late Opoitian age, and belongs to the Whakapunake Limestone. At this Itiee
Tahaenui Limestone magonformably overliethe Whakapunake Limestone. Locati¥i8/037550.G) Differentially
cemented limestonepossibly the Whakapunake Limestongith interbeds L2 and S1, and overlain by Tahe
Limestone (L1)acies. Location as in Fig. £2
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S iR TR TING S
Tucetom laticostata
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Figure 44: A) Typical ridge exposures of Opoiti Limestone in the Ruakituri Valley, on the western
of the Wairoa Syncline. Figure shoves abundance othe barnaclesNeothyris aff. obtusend the
bivalves Tucetona laticostatan L3. Location X18/958576. B) Typad age diagnostic early Opoitie
pectinid ofTowaipecten ongleyabout 810 cm acrossementd in L3. Location as in Fig.4AL

4.3.2 Sandstone lithofacies

Three siliciclastic sandstone lithofacies have been defined for the sedimentary
succession in thsetudy area (Table 4.1). They make up a significant proportion of
the sedimentary succession in the Wairoa Syncline. The siliciclastic sandstone
facies are variable in their thickness, composition and texture. They form massive
and thick (4 m) early Opoitiasandstone within Wairoa Formation A and also less
indurated, thin (8.0 m) siliciclastic interbeds within the late Opoiti&aipipian
limestone formations. The sandstone facies comprise variable amounts of skeletal

and authigenic materialand haveCaCQ contentganging from about 3@0%.

Calcareos sandstoné&s1

Facies S1 is the most widely distributed of the sandstone facies. It often forms an
important constituent of the two younger (Whakapunake and Tahaenui) limestone
formations. It also occurs ahick and massive early Opoitian sandstones in
outcrop. The facies is moderately calcareous (40%), moderately indurated and
locally fossiliferous. Facies S1 is variabfetexture (from silt to fine sand size)

and thickness, ranging from tens of centingetiee a few metres thick. It is often
unconformably overlain byny of the three limestonkcies,with the contact

zone showing evidence of mild to strong biotdidaor burrowing (Fig. 4.8).
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Bioclastic sandstong&2

This lithofacies consists of thick massive to weakly bedded fossiliferous
sandstone, often dark brown in colour and moderately to highly indurated. The
vagudy bedded sandstone seemingly comprises amalgamated units, each about
0.51 m thick separategbhresimablyby diastems. Facies S2 mostly occurs as the
lateral extent of the Opoiti Limestone on the eastern limb of the Wairoa Syncline
and in the northernmost outcrops (Fig. 5& C). However, an isolated
occurrence was also identified at the sectionvalibe Hangaroa River (Fig.

4.9B). The facies often has a glauconite content up to 20%.

Volcaniclastic sandstong3

The volcaniclastic sandstone facies is a light grey to light brown, structureless,
weakly indurated, fine tuffaceous sandstone. It often forms thin and discontinuous
beds or lenses (c. ZD cm thick) encased within massineidstone faciesHg.

4.5D). The origin of these tuff beds is associated with the eruptions generated
from Coromandel Volcanic Zone during the Pliocene (239 Ma). All the tuff

beds encased within the Mangaheia Group correlate to the particular period of
time when WaihiKaimai Volcanc Centres dvere active. Therefore, these tuff
beds are most likely to be the distal fall deposits feonptions from thé&Vaihi-

Kaimai Volcanic Centre@riggset al.2005.
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=2 Opoiti Limestone
UnconTormity
S~
S

Intense burrowing

Figure 45: A) Massive calcareous sandstone (S1) of early Opoitian Wairoa Formatias
unconformablyoverlain bythe Opoiti Limestone at the limestone type locality. Figure shows moder.
strong burrowing directly below the unconformity. Location X19/062450. By$We to weakly bedde:
indurated bioclastic sandstone (S2) of Wairoa Formation B graddyicarad conformably overlies th
calcareous mudstone (M1) in outcrop above the Hangaroa River. Location X18/098658. C) '
bedded, moderately indurated biodasiandstone (S2) facies of the Opoiti Limestone expostt gtpe
locality along Mangapoike Road. Location X19/061451. D) Thin beds and lenses of soft volcan
sandstone (S3) of WairoBormation B encased withimassive calcareous mudstone (M19ng the
Parikanapa Road, north of the Whakapunake Trig. Location X18/105594.
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4.3.3 Mudstone lithofacies

The mudstone lithofacies is the dominant lithology in the Pliocene Mangaheia
Group in the study area, and is often associated with roadside slips in the region.
Three mudstone lithofacies types have been identified (Table 4.1). These facies
are about 20300 m thick, andare generally bluish grey in colour, weakly
indurated, and slightly fossiliferous in outcrop. They have typically been
thoroughly bioturbated. Some show differential cem@matMaster bedding
surfaces are common featureoccurrenceswithin the mudstone facies. The
contacts between most of the mudstone facies and their bounding lithofacies are

mainly gradational.

Massive mudstonél

This facies comprises bluish grey, thick (c. ZID m), massive and frittery
weathering, weakly to moder&teindurated calcareous mudstone. Facies M1 is
found commonly throughout the siliciclastiominated Wairoa Formation, in
particubr Wairoa Formation A (Fig. 4A&B).

Bedded mudstond?2

This facies comprises differentially cementéainly bedded(20-30 cm thick),
weakly to moderately indurated calcareous mudstone. It is an easily identified
lithofacies in the stratigraphy, often forming impressive bl(fig. 4.6C) Facies

M2 is mostly noticeable at the Haupatanga Gorge. Here disonformaby
overlain by the L1+L2+S1 facies (Whakapunake Limestone) and dips-E°16
towards the west (Fig. 4.

Fossiliferous mudstond3

This facies comprises massive, bluish grey to light grey, weakly indurated,
fossiliferous mudstone. The bivalv8ucetona dticostata and gastropod

Stiracolpussp. dominate the faunal contenwith occasional specimens of the
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pectinid Phialopecten Facies M3 typically represents the gradational zone

between a carbonateh facies ad the mudstone facies (Fig. B

Figure 46: A) Typical outcrop of M1 facies,
common light greyfrittering mudstone of Wairoe
Formation C that overlies the late Opoitial
Whakapunake Limest® along side of the roa
about 100 m after the junction bridge betwe
Mangapoike Road and Hereheretau Road. Loce
X19/029428. B) Massive light greyfrittering
mudstone (M1) beneath the foot bridge at the en
Kotare Road. Location X19/469021. C) Thir
bedded/diffeentially cemented mudstone M2 (c. 1
m thick) forns animpressive mudstone scarp, aac
disconformably overlain by the two younger
Pliocene limestonesQutcrop is located on the
eastern end of Haupatanga Gorge. Loca
X19/038457. D) Afossiliferous mudstone of M.
facies,atthesame locality as in Fig 446
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5 Chapter Fi

Opoi ti Li mestone

5.1 Introduction

This chapter describes for the first time in a moderately comprehensive way the
lithostratigraphy, petrology and geochemical characteristics of the Opoiti

Li mestone (Earl vy Pl i ocene) deposits i
Limestone is the oldest of rde carbonateich units within the Pliocene
Mangaheia Group (redefined in this study). Stratigraphic columns were
constructed and representative samples of the Opoiti Limestone were collected in
the field for laboratorybased petrological work. The stgataphic columns are
presented in Appendik which includes definition of all the symbols used on the
columns. The laboratory data presented in this chapter for the Opoiti Limestone
include standard and cathodoluminescence (CL) petrography, bulay X

diffraction, and CaCg&and grain size analysis results.

5.2 Name and definition

The name Opoiti Limestonis derived from a small settlement about 1 km north
of the junction of Tiniroto Road and Kotare Road, west of the Haupatanga Gorge,
in northern Wairoa (X1988481). Belet al (1980) assigned Opoiti Limestone as

a member and the lowest unit of earliest Opoitian age within the Opoiti Formation
(redefined as part of the Wairoa Formation in this study), which was later adopted
by Fieldet al (1997). The Opoiti Imestone crops out on both sides of the Wairoa
Synclinein the northern Wairoa district. A similar aged limestone, also named
Opoiti Limestone, is identified to the east on Mt Moumoukai and along the
coastal area on the W and SW side of Mahia Penir{8da 1995 Field et al.

1997 Drinnan2011). The deta#d distribution of the limestone is presented later

in this chapter.

61



Chapter fve Opoiti Limestone

The Opoiti Limestone contains the age diagnostic pectinid fassilaipecten
ongleyifound in early Opoitian deposits throughout eastern North Island, from
Poverty Bay in the north to northern Wairarapa in the s¢Béu et al. 1980.

Other age correlative limestones from outside the present study area are shown in
Table 5.1, and include th@rmond Limestone near Gisborne, taungaharuru
Limestone andairakau Linmestonewithin the Titiokura Formation in the central
and southern Hawkeds Bay, and the Haurangi
southern Wairarap@/ella & Briggs 1971 Beu et al. 198Q Morris 1982 Wells

1989 Bland et al. 2004h. In early oil and gas exploration reports the Opoiti
Limestone has been called Otamaharua Limestone and Parikanapa Limestone
(Beu 1993.

Table 51: Early PlioceneageTe Aute limestone unitg the eastern North Island, New Zealgbdsed on
Beu 1995; Fieldet al 1997; Nelsonet al 2003) The limestones listed below are part of the widely
distributed early Opoitian lateral correlatives tltantain the age diagnostic pectinid fosBdwaipecten

ongleyi
New Zealand
Age stage and Limestone érmation
albreviation
Earlv Pliocene Early Opoitian Ormond,Kairakau,
y (Wo) Maungaharuru, Haurangi, Opoi

The Mangapoike River sectiohas been previously noted in other studies.
Edwards (1987) regarded this section as one providing a complete biostratigraphic
record of strata from the Late Miocene through most of the Pliocene period,
spanning the uppermost part of the Tolaga Group amd/idmgaheia Group. The
Opoiti Limestone is here treated as the lowest limestone formation within the
Pliocene Mangaheia Group, otherwise dominated by shmlidstonesandstoa,

and thin lensoidal tuff bed¥'he Pliocene sedimentary recasdseparated ém

the underlying Late Miocene (Tongaporutukapitean) bathyal mudstone and
sandstone of the Mapiri Formation by a regionalamfiermity (Field et al. 1997).

In the Mangapoike River section the Opoiti Limestone is a 10 m thick, moderately

indurated, sandy, shelly, massive to podrédded fossiliferous sandstone with
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abundantTowaipecterongleyi, which is conformably overlain by 76800 m of
differentially cemented mudstone and sandstone. In this study, Opoiti Limestone
is defined asa massive, dark brown to grey, bioclastic sandstone to sandy
limestone formation, which unconformably overlies shelfal mudstand
sandstoneuccessions assignémlWairoaFormationA. The thickness of Wairoa
Formation A ranges widely from c. 3 m to nea?¥0 m throughout the study

area.

5.3 Type locality and reference sectios

Beu (1995) formally defined the Opoiti Limestone and established a type locality
(X19/061451) as the outcrops on either side of the deeply entrenched Mangapoike
River, 2.5 km upstream from the junction with Makaretu Stream (Fig. 5.1). This
section represents the easternmost outcrop of the Opoiti Limestone in the present
study area. Here themiestone rests unconformably on the Early KapHeste
Opoitian sandstone and mudstone formerly assigned to the Mapiri Formation by
Beu (1995). The Pliocene portion of the Mapiri Formation is now assigned to the
Wairoa Formation A (new name, Fig. 5.2). Tingoer boundary of the limestone

is not exposed at most of the outcrops, but is gradational at the section above the
Hangaroa River (Fig. 5.3). The lower part of the limestone is reasonably
accessible, and Beu (1995) designated a reference section @avénddlls of the
Makaretu Stream alongside Hereheretau Road, 4 km east of the junction with
Mangapoike Road (X19/051417lthough this site was not visited in the present
study.

- Wairoa Formation

Figure 51: Steeply dipping (c30°) OpoitiLimestone type locality, 2.5 km upstream from the junction with
Makaretu Streamin the deeply entrenched Mangapoike Vall€ie limestonaunconformably overlieshe
Wairoa Formation A (formerly Mapiri Formation). Location X@61451
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i ic Column No:
Strtiodpiic Colume Mo NZMS 260 Sheet: X19
Region: Wairoa District, Northern Hawke's Bay
Section: Mangapoike Section
. po. : Grid Reference: 062450
Location: Outcrop is located along the Mangapoike
Rd, towards Tukemokihi Station
Stage oo ot| €/ £ Stratigraphic | Sedimenta
Int{NZ| Unit 5 ;‘:::)E L?)g 'i:;g::resry swf‘e o
10
'''''' Dark brown to orange-brown, sandy, fine grain,
massive to poorly bedded, well sorted, moder-
ately to highly indurated, brachiopod and
o glauconite-rich, calcareous sandstone,
&
S2
&
5| e
2|8l %
@
B2 & | &
& & E=
o>
< c
3 (e)
41
et Y ; Contact is sharp, undulates, and is strongly
% ot g Ungbnformity burrowed (see figure above)
< Massive, light grey, moderately indurated, fossiliferous
5 1561 and highly calcareous sandstone.
p=3
E S1
S Outcrop is slightly weathered.
g |
= =
= : / 4

Figure 52 Stratigraphic column for the Opoiti Limestone at the type locality along Mangapoike Road
(X19/062450).
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An excellent easily accessibleadditional reference sectionoccurs in the
northernmost part of the study ar@ang Tiniroto RoadX18/099658 Fig. 5.3).

Hood (1993) briefly described the petrology of the limestone at this lochility.

other good sections are: (1) the ridge exposure on both sides of the Ruakituri
River (X18/958577 to 972587); and (2) along Ruakaka Road and upstfeam
Mangapoipoi Stream (X18B2652to 03565Q0. A simplified stratigraphic panel
diagram for the Opoiti Limestone is presented in Figuresbatvingthe location

of each of the five columns and their dominant facies tyfdé® graphic

illustration for eaclof the stratigraphic columns is presented in Appehdix
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Figure 53: Newly designated reference sectifor the Opoiti Limestone along the Tiniroto Road at

X18/099658, above the Hangaroa Riveh{®ographby C. Nelson)

5.4 Lithology

The Opoiti Limestone is a siliciclastigch limestone (L3) to fossiliferous and
glauconitic calcareous sandstone (S2) that shows only a relatively small variation
in thickness from about-22 m over its outcrop extent (Fig. 5.4)ost typically,

field exposures of the Opoiti Limestone anere or less massive or structureless,
partiaularly at outcrops above the Hangaroa River and Ruakituri Valley.
Sometimes the limestone shows faint bedding as it passes into more silieiclastic
rich or sandstone facies, especially at Ruakaka Roadthetype Mangapoike
River localities (Fig. 5.4)Opati Limestone is typicallydark brown to grey in
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Figure 5.4. Simplified paned diagram for the Early Plocens Opoti Limestore north of Wairoa.
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colour(Fig. 5.5), and includes common barnacle plates and fragments, and locally
disarticulated epifaunal bivalve-@ cm) and brachiopod debris. SmaHl2Tm)
mudstoneclast are common at the base of the limestone, and are conspicuous and
larger (810 cm) at the Ruakituri Valley locality. The limestone is moderately to
highly indurated, with a variable CaGQ@ontent from about 365%. Case
hardening is a common featurenaost outcrops. The limestone lacks any visible
porosity in hand specimen. The Opoiti Limestone can exhibit intense burrowing
locally, especially in its basal part. The predominantly massive nature of the

Opoiti Limestone likely results from indiscriminiapioturbation.

Mangapoike section (location 1, Figure 5.4)

The Opoiti Limestone is steeply dipping (>20°) towards the SW in the
Mangapoike Valley (Fig. 5.5A). At outcrop, this limestone is a dark brown to
grey, moderately to highly indurated, glauconiticacrofossibearing sandstone

of Facies S2 with abundamfowaipecten ongleyilt is vaguely bedded and
contains occasional small mudstone clasts, commonly 1 cm across (Fig. 5.6A).

Hangaroa River section (location 2, Figure 5.4)

The Opoiti Limestone dip25-30° SW at the locality above Hangaroa River (Fig.
5.5B). The lower 2 m of the formation ranges from a massive, grey, moderately to
highly indurated sandstone Bacies S2 to a sandy limestone of Facies L3, and
contains common oysters and large pectand brachiopod shells visible in both

the outcrop and in rock slabs (Fig. 5.6B). The unit grades upwards into a light
grey, massive mudstone, and further into an orange brown, moderately weathered,

macrofossirich, calcareous sandstone.

Ruakaka Road s&on (locations 3 & 4, Figure 5.4)

Here the Opoiti Limestone dips at c. 10° SE and exhibits variations in lithology
(Fig. 5.5C). The basal 1 m is a light grey to light brown, biogiabt (mainly
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brachiopod and bivalve material; Fig. 5.6C), and highlgumated calcareous

sandstone. It grades upwards into a barrackesandstone (Fig. 5.6D).

Ruakituri Valley section (location 5, Figure 5.4)

The Opoiti Limestone is more of a massive sandy limestone (Facies L3) in the
Ruakituri Valley (Fig. 5.5D), simdr to the limestone above the Hangaroa River.

It forms a 312 m thick band of light brown to orange, glauiticncoarse sandy
limestone of Rcies L3 (barnacle and pectinid dominated; Fig. 5.6E) at the top of
the ridges on either side of the Ruakituri RiMers thicker on the southern side of
the river (c. 1612 m). The limestone dips 32° SE. This limestone includes small

mudstone clasts, c:Amm in size (Fig. 5.6E).

Opoiti Limestone

S,
P

Figure 54: A) Type locality of the Opoiti Limestone along Mangapoike Road, showing the vaguely b
calcareoussandstondacies with a CaC@content of about 40%. Location X19/061451. B) The ne
designated reference section for the Opoiti Limestone above the Hangaroa River showing a m:
structureless Opoiti Limestone in sharp contact with calcareous sandstonead A@imation A (c. 3 m
thick; 35% CaC@), which in turn rests unconformably on the Tongaporutuan-dedgr mudstone of th
Mapiri Formation. Location X18/099658. C) Ruakaka Road outcrop shows over 6 m thick of massi
brown to grey Opoiti Limestee (40% CaCg) with faint bedding (separated by diastems). Loca
X18/033651. D) Dipping Opoiti Limestone comprises 3 m of massive sandy limestone (65%)C
cropping out in the Ruakituri Valley. Location X18/967582. Sheep in foreground is circled.
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"= Struthiolaria (caﬁssu_s’aﬁ.-a)‘

S Mst clast . | Barnacle
<« —Bivalve / -—

Barnacle

. 2cm

Barnacle™ Brachiopod M Figure 55: Lithological variability of the Opoiti
\ Limestone is evident in slabbed specimens.

- A) Fossiliferous sandstone from the type loca
contains common bivalves and barnacle fragme
and other common macrofossils from early Opoit
(e.g. Struthiolaria cassusaria)and small, irregulai
shaped mudstone clasts. Sample loca
X18/099658.

B) Fossiliferous sandstone to sandy limestone fi
the Hangaroa River locality shows a macrofo:
content of whole and disarticulated bivalve sh
including the early OpoitiarTowaipecten ongleyi
Sample location X18/099658.

C & D) Both fossiliferous andstones collected froi
Ruakaka Road outcrops on the western limb of
Wairoa Syncline are texturally similar to samp
from the type locality, being rich in a range
skeletal fragments. Sample locations X18/033€
036651. C) Includes some intact dk¢ons of
barnacles, bivalves and brachiopod) Includes

more fragmented carbonate skeletons of biva

Brachiopod

» and barnacles set in a sandy matrix.
’\\{Mst clast g
: E) coarsegrained andy limestone from Ruakitul
Valley contains disarticulated bivalve shells
Towaipecten ngleyiand brachiopod fragments, al
conspicuous, irregularly  shaped limonitis
mudstone clasts from2 cm across. This facies h
# a CaCQ content of 65%, and is the only tn
limestone in the Opoiti Limestone Formatic
occurring on the western limb ofhe Wairoa
Syncline. Sample location X18/958577.
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5.5 Lower and upper contacts

The lower contact of the Opoiti Limestorseasharpdisconformity, ofterheavily
burrowed below (Fig. 5.7A, B)This is conspicuous amost outcropsalong
Tiniroto Road and Ruakaka Road, and in the Mangapoike Valleyhetype
locality, theunderlying lithology is 220 m of mudstone and sandstone,reefty

the Wairoa FormatiorA. The very top (c. 2 m) of Wairoa Fortian A is a
calcareous sandstone of facies type S1 exposed at the type |@e@itp.7A).
Elsewhere the thickness of Wairoa Formation A vaaesl the same facies (S1)

of calcareous sandstone is only about 3 m thick at the reference section for the
Opati Limestone above Hangaroa River. The Wairoa Formation A is a light

yellowish grey, massive, moderately indurated, calcareous sandstone or mudstone.

The upper contact appears to be conformable throughout the study area in the
form of a gradational containto thin (c. 45 m) mudstone facies of M1 (Fig

5.7C) which passes up into fossiliferous sandstone facies of $2eitWairoa
Formation B (Fig. 5.0). The upper contact has been observed only at the outcrop
along Tiniroto Road above the Hangaroa RivEnee is same 70B00 m of
Wairoa Formation Babove the Opoiti Limestone. It consists of differentially
cemented shallownarine mudstone and sandstone facies,camdmon tuff beds

(Fig. 5.7E)
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Figure 56: A) Facies S2 of Opoiti Limestone and underlying Wairoa Formation A (sandstone fac

are separated by a sharp disconformity. The top part of the underlying deposit is heavily bioturbe
type locality in the Mangapoike Valley and in many otleealities. Location X19/061451. B) The Op
Limestone (S2) exposed at Ruakaka Road is also separated by a disconformity from underlyin
calcareous sandstone (S1) of Wairoa Formation A, and the contact shows moderate to strong
(hammeras scale circled in red). Location X18/035650.L86)vermost part of the Wairoa Formatiot
(M1) conformably overlies (gradational contact) the Opoiti LimestoneL@2at the Hangaroa Riv
section. The deposit comprises massive, light grey, frittery resloa mudstone (M1). Locati
X18/099658. D) Boclastic (bivalve and barnacle fragments) sandstone (S2) overlies massive, li(
mudstone above the Opoiti Limestone at Hangaroa River section. Logdi8é099658 E) Differentially
cemented shelfal muttsie of M2, and sandstone facies S1 that includes common tuff horizon
overlie bioclastic sandstone (S2) in the Wairoa Formation B at the Hangaroa River section. The

of the exposed section is ¢. 70 m. Location X18/901658.
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