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Photomicrograph under cathodoluminescent light (6Lp silica-rich discrete dissolution seam
(central feature) in the Lower Steel unit, McDongl®parure Lime Quarry. Silica minerals are
blue, green, and black, and carbonate is orangeferRo Chapter 5, Figure 5.24C for further
details.



ABSTRACT

McDonald’s Oparure Lime Quarry extracts limestoroarf the latest Oligocene to earliest
Miocene aged Otorohanga Limestone formation of TeeKuiti Group. The quarry

produces a range of limestone grades that arsedilby various industries, including the
iron and steel, agricultural, and roading constomctindustries. One of the most
important aspects of production is quality contiblich is driven by quality restrictions

on the chemical composition of the limestones irepgogy the industrial end users. In
steel manufacture, silica is highly undesirablé &ss detrimental effects on downstream
processes such as the ability of calcium oxideetoave impurities from the steel and its
abrasiveness inside pipes transporting lime inéostieel making vessel. A guideline of

<1.7% silica content in the lime is required.

McDonald’s Lime Ltd and major shareholders HolcirawNZealand Ltd are aware that
silica levels vary across the Oparure limestoneues, and so hold some concerns about
their ability to maintain quality guidelines on thBmestone products. Consequently, it
is relevant that knowledge be gained about thereatlistribution, and origin of silica-
rich zones within the limestone resource so aslltavafor greater certainty in quarry

planning and operations.

The main aims of this study were to determine therdcal stratigraphy of the limestone
units in the quarry so as to assess primary sowfcssica in the intact limestone (host
limestone); to use field methods to measure thareaind distribution of a variety of
discontinuity features which separate the intack rblocks within the limestone rock
mass; to identify sources of secondary silica-n@dierials and their characteristics; and
to determine the overall distribution of silica kiit the limestone resource. Additionally,
a ground penetrating radar (GPR) trial was undertako establish whether this
geophysical technique is successful in detectihgwidace caves that may trap silica-rich

materials.

The host limestone or intact rock mass of the gquanits contains variable amounts of
calcium carbonate, as follows: Caprock (av. 89.58pper Steel (av. 98.2%), Aglime
(av. 94.5%), High Grade (av. 97.2%), Lower Ste®l @7.3%), and Sub-economic (av.
95%). The remaining non-carbonate component lamgaides in silica-bearing minerals
such as clay minerals, quartz, feldspar, and glatesobut also in authigenic minerals

such as pyrite and gypsum.
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In McDonald’s Oparure Lime Quarry six main discomity types are identified, all of
which are associated with silica-rich materialsheTsix discontinuity types are: (1)
discrete seams; (2) diffuse seams; (3) subhorizshgolites; (4) subvertical stylolites;
(5) joints; and (6) caves and other karst featuigges (1), (2), and (3) have formed as a
result of burial of the carbonate-rich sedimentsirdywhich pressure dissolution has
preferentially dissolved skeletal fragments, legvbehind and concentrating insoluble
residue (siliceous material). These are primaryees of silica. Types (4) and (5) are
produced as a result of tectonic activity, inclgdoeformation and uplift. Subvertical
stylolites formed by pressure dissolution assodiatith tectonic stresses during uplift of
the limestones, and their contained silica alsavdsrfrom a primary source inside the
limestone strata. Type (6) discontinuities aredpoed by dissolution by fresh water of
the subaerially exposed limestone. Joints, ceamed,other karst features trap silica-rich
materials sourced mainly from overlying overburdéthologies, including the
Quaternary Kauroa Ash and the early Miocene Mahio&raup mudstone; these are
secondary sources of silica. A distinctive leagt@ay mineral called palygorskite occurs
commonly as a chemical precipitate in both joimd eaves as an infill. A final source of
silica identified that is not a discontinuity mastrbut is operation induced, involves the
accumulation of blast and road dust coating roaases, here referred to as surface

accumulations.

The overburden units and discontinuity materiatsasl range of chemical compositions
and some, such as cave infills, comprise greaim 0% Si@. The main siliceous

minerals within overburden units and discontinuityaterials are clays (smectite,
palygorskite, gibbsite, vermiculite, halloysitelitd), quartz (and minor cristobalite),
feldspar (oligoclase), and glauconite. Carbonaiteerals including mainly calcite and

minor dolomite.

GPR successfully detected cave structures to actafé penetration of about 10 m, but

cave infills cannot be quantified using this method

The knowledge gained in this study about the distidn, location, quantities, and nature
of the silica materials in the limestone unitssely related to the different discontinuity
types identified, has the potential to assist irteining appropriate processing

techniques to minimise the silica issue at the OpgaQuarry.
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CHAPTER ONE

Introduction

Limestone is a very important industrial mineralaerce that can be quarried as a
raw material and used in the production of a wideety of end use products
(Siegel, 1967; Naydowski et al., 2001). In 1968dio New Zealand Ltd became
the major shareholder of the McDonald’s Lime compamho relocated (from
Otago Peninsula where it was originally based,ofeid by moves to Totara,
North Otago, and Kakanui near Oamaru) to theirenirfocations in the Waitomo
region. McDonald’s Lime Ltd operates a limestonargy in Oparure in the King
Country region of western central North Island, N&ealand. The quarry
produces a range of limestone qualities, includigdcultural (>90%), high grade
(>95%), and steel grade (>98%) lime. Stratigraghic the limestone extracted
comes from the Otorohanga Limestone of Waitakiae &25.2-21.7 million
years), the topmost formation in the predominar@ljgocene age (33.7-23.8
million years, Cooper; 2004) Te Kuiti Group (Nelsd978a).

All the industrial limestone grades are CaCé€vntent dependent due to the
presence of varying amounts of non-carbonate coemenThe latter are mainly
siliceous minerals, largely insoluble with acidatment, and are collectively
labelled ‘silica content’ in this study. Throughatis thesis the word silica is
synonymous with any of silica-bearing mineralsiceibus materials, insoluble
residue, and siliciclasts (non-carbonate grainst thave been eroded and
transported to a depositional environment), suclywstz, feldspar, glauconite,
and clay minerals. All non-carbonate componergsadso included as part of the
‘silica issue’ and include non-siliceous mineralsis as pyrite (iron sulphide) and

gypsum (calcium sulphate).

There are quality guidelines that must be met &mhelimestone unit including a
CaCQ content of 90%+ for agricultural limestone, >95%r fhigh grade
limestone, and >98% for steel grade limestone. mbst restricted grade is the

steel grade limestone. Steel grade limestoneed usthe manufacture of steel in
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which the chemical composition (i.e. silica andpsuwir) of the limestone must
meet strict specifications. Silica in particularan undesirable element if present
at high levels due to the negative effects siliaa bn certain stages in the steel
manufacturing process including mechanical wearseduby the abrasive
properties of silica, and its negative effects aaliy of the final steel product. It
has become apparent to quarry management stafDamiston Associates Ltd
(consultant geologists) that the limestone resoatcklcDonald’s Oparure Lime
Quarry is of variable quality because of variatiamghe content of silica in the

limestone.

This study will show that the silica in the quatlimestone units is mainly in
contained discontinuity features that are gendyicaksociated with different
periods of limestone evolution, namely:

(1) Diagenetic - discontinuities related to proessef burial and cementation
(compaction, pressure-dissolution) of the limest@oeh as dissolution seams and
subhorizontal stylolites.

(2) Tectonic - discontinuities related to deforraatiand uplift of the limestone
rock mass, such as subvertical stylolites, joiats faults.

(3) Weathering - discontinuities resulting from gtikition of limestone by
percolating fresh rain and ground water, such amels, caves, and collapse

features.

Silica associated with type (1) discontinuitiesinkerited from within the host
limestone itself, and so the silica minerals carrdgarded as of primary origin.
In contrast, the silica associated with types (&) &) discontinuities is mainly
introduced from some external source to the limesstoypically from infiltration

of fresh water carrying silica detritals down framerlying mudrock, volcanic
ash, and/or soil horizons, or precipitating minerad situ, and so the silica

minerals can be regarded as secondary in origin.

Since it is crucial that the limestones follow dyaguidelines, it is essential that
the zones of high silica be identified and more ieolge gained about their
distribution and origin to allow for greater ceni in quarry planning and

operations.
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1.1 Background

McDonald’s Lime Quarry is located on Oparure RoadrnOparure, about 6 km
west of Te Kuiti (Figure 1.1). The quarry sits viitha 67 hectare property,
currently the largest single limestone quarry ie thorth Island, and has been
operating since 1981 after initial exploratory ling programmes in 1977 and
1981. A number of drilling programmes have beedeutaken since the late
1970s to characterise the geology of the limestmposit and to identify features
such as fault patterns and displacements withingthery, including the use of
percussion, reverse circulation, and continuoudlirdyi methods (Simonson,
2005). A series of four drilling programmes haeeib undertaken since the year
2000 and are named the 200, 300, 400, and 500 rwri# series. Chipped
limestone samples and cores from drill holes hawdedain determining the

chemical composition of the deposit.

In June and July of 2005 Holcim New Zealand Ltdtigeged the most recent
drilling programme consisting of five continuousres, 64.1 mm in diameter,
collectively known as the 500 drill hole series.eTHrilling programme was
undertaken to provide data on the potential forieaghg expected quality
restrictions for each limestone grade. Detailedgiog was carried out by
Ormiston Associates Ltd, including core descrimiomajor element chemistry,
and rock mass characteristics such as core recamtydefect (discontinuity)
spacing on the 500 drill hole series. All five e@were sawn into two halves; one
half was powdered for X-ray fluorescence (XRF) gsial of chemical
composition, and the other half archived and starsite two large shipping

containers located on the quarry site.
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Figure 1.1Location map of study area (McDonald’s Lime Quarrggin roads and townships.

1.2 The silica issue

Due to concerns expressed by McDonald’s Lime Ltdualthe varied silica
content in the Oparure deposit and their abilityrtaintain the required quality
restrictions for the various lime markets, an irtiggdion was carried out in 2005
to monitor the changes in silica content from dnidle material to the crushed
product. These particular drill holes, known d®ts’, are drilled within the main
qguarry and produce pulverised rock unlike the cwmus cores drilled from
previous drilling programmes. A number of drilllés such as these are routinely
drilled to either provide chemical composition infation on the areas currently
being extracted or used as an entry point for esiyds to be inserted for blasting.
The investigation involved measuring the silicateom in raw materials sampled
directly from drill hole shots, and materials saetpkubsequent to blasting that
were then crushed and fed to a kiln. Results fKiRF analyses carried out on
these rock samples indicated differences in siieecentages between samples
from the drill hole, the blasted rock entering tkitns, and the finished lime
product. This experimental work demonstrated that silica content became
reduced on average by 0.51% due to blasting, diita@and crushing processes.
The method used and results of this experimentesm@ded in Appendix A-1.1.
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1.3 Aims

The main aim of this research is to identify théung, distribution, and origin of
silica material within the limestone at McDonald@parure Lime Quarry,
especially areas where the silica occurs in higicentrations. A secondary aim
is to comment on any possible separation technidaeseducing the silica
content in the crushed limestone. To achieve thess, the following objectives

are defined:

1. Determine the overall distribution of silica-beg minerals within the four

main quarry limestone units.

2. Measure the nature and distribution of discaities within the limestones and

describe rock mass features.

3. Determine the mineralogical and chemical contmosiof the limestones to

assess primary sources of silica.

4. ldentify potential secondary sources of silicatenials within discontinuities

and determine their textural, mineralogical, anednalzal composition.

5. Trial ground penetrating radar as a tool forntdging limestone cavities

suspected of containing secondary sources of silica

1.4 Study outline

Field work was largely based at the quarry and lireab outcrop descriptions and
measurements to describe rock mass characterssties to provide quantitative
data on discontinuities. Sampling of limestoned amaterials containing silica
was undertaken for analysis of chemical and minemahposition. Detailed
descriptions of several drilled cores were cargatin two large ship containers
located at the quarry followed by intensive sangpluoi one core to be used as a

reference core for subsequent detailed chemicahandral analysis.
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1.5 Thesis structure

This thesis is divided into eight chapters followsdreferences and appendices.

A sample catalogue is given in Appendix A-1.2.

Chapter 1 - Introduction: Briefly introduces the silica issue and the impoode
of the steel grade limestone to meet strict cartgoocantent specifications. It also
covers background information about the quarry afpem, study intentions, and

main aims of the study.

Chapter 2 - Literature review: A literature review which covers the following:
(a) Geological history of the Te Kuiti district and weidKing Country region
(b) Cenozoic limestones in New Zealand
(c) Economic importance of limestones worldwide antléw Zealand
(d) Site description and stratigraphy of McDonald’s kirQuarry, and end
uses of their limestone products

(e) The role of lime in the steel manufacturing procass the silica issue.

Chapter 3 - Discontinuities in outcrop: Introduces the various discontinuity
features in the quarry limestone units, how they associated with siliceous
materials, and discusses the characteristics amdafmn of these discontinuity
types. Results are also presented for rock massrés such as joint spacing and

joint infills for each of the exposed limestonetsni

Chapter 4 — Discontinuities in cores:Describes discontinuities in continuously
drilled limestone cores from the 500 series andsgmes results from detailed
logging of three of these cores. This chapter @apg focuses on the

identification and description of discontinuity B8 in the cores since they
commonly contain high concentrations of siliceaqugurities. The frequency and

total thickness for some of these discontinuitiealso quantified.

Chapter 5 — Petrographic, mineral, and textural chaacteristics: This chapter
covers the following:

(a) An introduction to carbonate rock terminology aimldstone classification
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(b) Results from detailed petrographic (microscopicyattions of quarry
limestone units and of the siliceous materials o@cg in some
discontinuities

(c) Determination of the mineral composition for eaéhhe quarry limestone
units, discontinuity materials, and overburdensunit

(d) Determination of the textural characteristics fesch of the quarry
limestone units, discontinuity materials, and oveden units.

Chapter 6 — Chemical composition:Describes the chemical composition (e.qg.
CaCQ content) of the quarry limestone units, overburdeits, and the siliceous
materials contained in discontinuities. The d#feres between the composition
of limestone units and discontinuity materials also highlighted which involves
comparing the composition of limestone excludingcdntinuity materials versus

limestone including discontinuity materials (butkngposition).

Chapter 7 — Ground penetrating radar: Briefly describes the ground
penetrating radar (GPR) technique, the applicatadn GPR in carbonate
environments, and presents results from a triakttaélen in McDonald’s Oparure

Lime quarry. Recommendations are also given faur@uGPR studies.

Chapter 8 — Summary, conclusions, and recommendatis: Summarises key
points from each chapter, concludes the thesisp#irds some recommendations

for future work.
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CHAPTER TWO

Literature review

2.1 Introduction

This chapter summarises some relevant backgrouiodmation for this study.
The material covered includes a general geolodiistory of the wider King
Country region and more specific geological infotiora for the Te Kuiti district;
some comments about New Zealand Cenozoic limestamésnodern carbonate
sediments, with particular reference to the Te iK@toup; and finally the
economic importance of carbonate rocks, a desoriptf the study site, the

effects silica has on steel manufacture, and tieasssue at McDonald’s Lime

Quarry.

2.2 General geology of Te Kuiti district

A geological time scale is shown in Figure 2.1 odticing the geological age
names that appear in the following account. A ganmmap of the geology in the
King Country region is shown in Figure 2.2, and eneyalised stratigraphic
diagram in Figure 2.3. Table 2.1 shows the maien&ss that have shaped the
landscape during geological development of the Kiauntry region.  Some

supporting details are given in the following sewti

2.2.1 Triassic-Jurassic (251 to 145.5 million yeago)

The oldest rocks in the Te Kuiti district and wid@ng Country region are late
Triassic-Jurassic bluish-grey marine sandstonemnafreywackes and siltstones
(sometimes argillites), collectively referred to @desozoic) basement rocks
(Figure 2.2). These rocks build the Rangitoto &alihungaroa Ranges to the
east, and the Herangi Range to the west, as wahdaerlying at depth all younger

rocks in the region (Nelson, 1993).
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Figure 2.1New Zealand geological timescale. Adapted fromg@o¢2004).

The sediments were derived from the eastern marigthe combined Australia
and Antarctica continents that formed part of tlem@wvana supercontinent during
the Triassic and Jurassic (about 251-145.5 miliears ago) and were deposited
in the deep seas bordering the supercontinent. tdtakthickness of the deeply
buried basement rocks reaches up to 10 km or nieés@n, 1993). West of a
north-south lineament (corresponding to the Waipaltfr through Te Kuiti, the
basement rocks are fossiliferous and include iewded volcanic ash layers
derived from coeval volcanism along parts of then@wana coastline. The
Waipa Fault marks the junction separating two @sting deposits of Mesozoic
sedimentary rocks that collided by sea-floor spirggacbout 100 million years
ago, and uplifted to add new land to the Gondwaaegm. This uplift event is
known as the Rangitata Orogeny (Nelson, 1993).wBen the two contrasting
rocks, a slice of basaltic oceanic crust becamghtawp in the collision zone at
the Waipa Fault, and is represented by serpentintiech is mined at the Wairere

Serpentinite Quarry near Piopio to the south.
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Figure 2.2 Geology of the King Country region, adapted fromidga (1993). Inset shows the
location of the King Country region in the Northalsd of New Zealand.

The serpentinite is a mainly subsurface featuréjwell exposed at the surface
at Dun Mountain near Nelson in the South Islandck® west of the Waipa Fault
form a broad north-south trending down warped fatbwn as the Kawhia
Regional Syncline. The basement rocks east dithieare structurally complex,

jointed, sheared, and faulted (Nelson, 1993).
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Table 2.1Geological history of the King Country region. Batourced from Nelson (1993), and
absolute ages from Cooper (2004).

Geological time Main event

Quaternary Volcanic ashes blanketed the King Country regionrsed from
(2.3 m.y. ago-present) Rotorua-Taupo, Tongariro, and Taranaki volcanoes.

Pliocene and Quaternary Onshore volcanism depositing lava flows, pyroctastflows, and
(since 5 m.y. ago) widespread ashfall over the region. Deposits smlifcom Pirongia,
Karioi to the north, and Taranaki, and Rotorua-Tawpwlcanic

centres.

Late Miocene The King Country region emerged out of the sea amakine
(11.2-7.12 m.y. ago) sedimentation ceases. North-south trending fdblsugh the King
Country region become active including Taranaki, nigtnui,
Marokopa, Waipa, Ohura, and Hauhungaroa Faults.is &ltive
faulting was part of a New Zealand wide activityokm as the

Kaikoura Orogeny.

Middle Miocene Deposition of sandstones and mudstones continues,intludes
(16.4-11.2 m.y. ago) volcanic particles and ash layers to form volcamogenudstones and
sandstones up to a few 100 metres thick known esvtbhakatino

Formation.

Early Miocene Limestone formation ceases and is replaced by d¢ipesition of thick
(23.8-16.4 m.y. ago)  (200-500 m) blue-grey mudstones and alternatings #dmudstone
and sandstone (flysch) as at Taumarunui referreabs tthe Mahoenui
Group. During deposition, the marine basins wagadly sinking (by
100s of metres) as a result of active faultingha tegion. Alpine
Fault forms initiating propagation of the preserat@ boundary
between the Australian and Pacific crustal platéSeas begin to
shallow about 20 million years ago and the MahoeBuoup is
overlain by sandstones of the Mokau Group; coainsealso formed
as seas shallowed sufficiently to allow formatidrcaal seams.

Late Eocene-Oligocene Coal deposits widespread and up to 100 m thickénwaikato region
(37-33.7 m.y. ago)  to the north. Inundation of shallow seas, depwalitareous siltstones,
calcareous sandstones, and limestones accumulating 33.7-23.8
m.y ago. These deposits are up to 100-200 m tlicHd are
collectively known as the Te Kuiti Group.

Late Cretaceous-EoceneTectonic processes initiate the separation of thew NZealand
(99.6-55.5 m.y. ago)  subcontinent from the Gondwana landmass, New Zdalsifts away
(from 80-55 m.y. ago) from Gondwana into the Pacifcean,
opening up the Tasman Sea. Mountainous landsdapaed as a
result of the earlier Rangitata Orogeny) becomemneally reduced

to a low-lying landscape.

Triassic-Jurassic Oldest rocks in the Te Kuiti district and wider IgitCountry region.
(251-145.5 m.y. ago) Bluish-grey marine sandstones and siltstones (gaeles) that form
the Rangitoto and Hauhungaroa Ranges (to westHanangi Range
to the east. Sediments derived from the easterrgimaof the
Australia-Antarctica continents (joined at the t)ntteat formed part of
the Gondwana supercontinent. The Waipa Faultdingnnorth-south
through the King Country region) marks the link @eging two
contrasting sedimentary deposits of Mesozoic radhieh collided as
a result of seafloor spreading about 100 m.y. agd, uplifted to add
new land to the Gondwana margin. The collisionnéve known as
the Rangitata Orogeny. Mesozoic rocks west olMfagpa Fault form
a broad, north- south trending, down warped foldvim as the
Kawhia Syncline. Rocks east of the fault are fdldeinted, sheared,
and faulted.
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2.2.2 Late Cretaceous-Eocene (80 to 45 million yeago)

As a result of upwelling and diverging of the manbeneath the Gondwana
supercontinent, the New Zealand landmass (parh@fAustralia and Antarctic

continent) rifted (broke away) from Gondwana dniftiinto the Pacific Ocean
from 80-55 million years ago, forming the Tasmam.S®rifting ceased at about
50 million years ago as the Antarctica continerpgasated from the Australia
continent. No rocks were deposited in the King @ouregion from 100-45

million years ago as the landscape was subaeraiposed. The region was
initially mountainous resulting from activities th&ad occurred during the
Rangitata Orogeny, but with time the region wasnévally reduced to a low-

lying landscape (Nelson, 1993; Edbrooke, 2005).

2.2.3 Late Eocene-Oligocene (45 to 25 million yeago)

The low-lying landscape provided a setting to suppswamps and coal
deposition. Freshwater coal deposits are widedptbeoughout the region,
including at Bennydale, Otewa near Te Kuiti, Okekest of Otorohanga, and in
the Waikato region to the north where there aréouf00 m thick (Nelson, 1993).
After coal deposition, shallow seas inundated theaadepositing calcareous
siltstones, calcareous sandstones, and limestooesdbout 40-25 million years
ago (Oligocene). The Oligocene was a period ddtingd tectonic quiescence
accompanied by widespread regional subsidence anaor rfaulting (Edbrooke,
2005). The limestones are characterised by ste#fs bsinkholes or tomos, and
crags in the landscape. These deposits reach U®@e€200 m thick and are
collectively known as the Te Kuiti Group (Nelso®9B). These marine deposits
unconformably overlie the Mesozoic basement rodkalgon, 1978a; Dodd and
Nelson, 1998).

2.2.4 Early Miocene (25 to 15 million years ago)

In the early Miocene the Australian-Pacific plataibdary in its present location
propagated through the New Zealand region (Dodd Neldon, 1998). This is
expressed as a major fracture lineament in thehSsland known as the Alpine
Fault. Deformation and strong differential upbitcurred along the plate margin
resulting in widespread subsidence in the King Gguregion that continued into
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the middle Miocene (Dodd and Nelson, 1998). Limmetformation ceased and
was replaced by the deposition of thick (200-500 bie-grey mudstones and
alternating beds of mudstone and sandstone (flysshat Taumarunui, referred to
as the Mahoenui Group. Mahoenui Group is charaetroy hummocky hills
that are often susceptible to slumping in the laads. During deposition of the
mudstones, the marine basins were rapidly sinkil@@g of metres) as a result of
active faulting in the region. Parts of the larajse became uplifted and eroded,
while others were depressed into troughs that aatated sand and mud detritus
(Nelson, 1993). Major movement of Mesozoic basdmecks overthrusting on
the Taranaki Fault also occurred during the earigdeine (Edbrooke, 2005).

Seas began to shallow about 20 million years agbtla® Mahoenui Group was
overlain by porous sandstones of the Mokau Grougu(E 2.2) which form
blocky bluffs in the landscape. Coal seams wese deposited as seas became
sufficiently shallow for formation of brackish mae to terrestrial sediments.
Some of these coal seams have been mined, as aiekish Ohura, and near
Taumarunui (Nelson, 1993).

2.2.5 Middle Miocene (15 to 10 million years ago)

As the deposition of sandstones and mudstonesnc@aj volcanic particles and
ashes sourced from andesitic volcanoes 40 km aHisfrom Marokopa, were
deposited over the Mokau Group forming volcanogemmtidstones and
sandstones up to a few 100 metres known as the hdtha Formation (Figure
2.2).

2.2.6 Late Miocene (10 to 5 million years ago)

By the late Miocene the King Country region was tiiggly emerging out of the
sea and marine sedimentation ceased, althougherdejosition continued to the
south in the inland Taranaki region and offshoreamaki Basin (Nelson, 1993;
King and Thrasher, 1996). North-south trendindtéatihrough the King Country
region became active, including the Taranaki, MaongaMarokopa, Waipa
(Figure 2.2), Ohura (Figure 2.2), and Hauhungam@alts. This fault activity was
part of New Zealand wide activity known as the Kaika Orogeny. All the rocks

in the King Country region became exposed, and roatdifferent elevations due
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to differential uplift. About 10 million years ageeathering, erosion, and rivers
continued to shape the landscape forming, for ex@mpgged steeplands in
greywackes (Nelson, 1993).

2.2.7 Pliocene-Quaternary (since 5 million yearsagg

After complete emersion of the King Country regipmducts of volcanism have
modified the landscape. This onshore volcanisnticoed spreading lava flows,
pyroclastic flows, and widespread ashfall over tbgion. Deposits are sourced
from Pirongia, Karioi to the north, and the Tararakd Rotorua-Taupo volcanic
centres (Nelson, 1993).

Coastal and river sediments also accumulated duttieg Pliocene-Holocene
(Figure 2.2). During the Quaternary, caldera fongneruptions from the Taupo
Volcanic Zone produced voluminous and widespreadimgrites that
accumulated particularly in topographic lows, agphtra deposits that mantled the
surface in the King Country region (Edbrooke, 2005)

2.2.8 Quaternary (2.3 million years ago to present)

Volcanic ashes blanket the King Country region ead be divided into three ash
ages that have been sourced from Taupo, Rotoruagafioo, and/or Taranaki
(Nelson, 1993). Old ashes include the Kauroa Aamliiton Ashes (2.3-0.1
million years old) that have weathered to reddisbwim clays, sourced from
Rotorua-Taupo volcanic centres. Middle (aged) sshelude the Rotoehu Ash
(50,000 years old) sourced from Lake Rotoma, cherised by fine cream sands;
Aokautere Ash (20,000 years old) erupted from n®&irakei, which are

pumiceous and widespread; and Holocene Ashes tadtrawn, friable and the
main parent soils for much of the King Country megi Several different thin

ashes now mixed and combined are known as the Maksh, sourced from

Taranaki, Tongariro, Rotorua, and Taupo centremung ashes include Taupo
Pumice Lapilli erupted 1,800 years ago from the dAmatangi Reefs area in

northeastern Lake Taupo (Nelson, 1993).
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2.3 Cenozoic limestones in New Zealand

Cenozoic limestones are widely distributed in batlands of New Zealand,

particularly in the Oligocene-Miocene. Three linme® megafacies occur in New
Zealand (Figure 2.4) including mainly deepwater Antimestones of Paleocene-
Eocene age, the temperate shelf Te Kuiti Groupdiores of Oligocene age, and
the shelfal Te Aute limestones of Pliocene-Plemstecage (Dodd and Nelson,
1998). Figure 2.4 shows the timing of tectonic reageand deposition of each
limestone megafacies, along with the other maholdgies deposited during the

Cenozoic.
Ma Age Column General Tectonic Tectonic  Tectonic Limestone
Lithologies Phase Event Cycle Megafacies
0 . _— o -
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Figure 2.4 Generalised Cenozoic sedimentary record for Newazelain relation to some major
tectonic events. Note that shallow marine limessonompletely dominate the Oligocene period
(Te Kuiti Group megafacies), occur sporadicallytia Pliocene-Pleistocene (Te Aute megafacies),
and that limestones having deep marine charadgtsrigtcur locally in the Paleocene-Eocene part
of the record (Amuri megafacies). Adapted from Dathd Nelson (1998).

A spectrum of CaC®contents (50-100%) exists in the New Zealand Ceicoz
limestones (Nelson, 1978b). Most limestones asoa@ated with terrigenous
formations either below or above, and sometimesptexty interbedded with

them. These Cenozoic limestones were mainly deggbsh non-tropical, cool-
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warm-temperate climatic conditions, in open mashelf or ramp environments,
between 60° and 35°S paleo-latitudes (Hayton et1#95). Evidence from
oxygen isotope records indicates that the meanwsdar temperature in New
Zealand since the Eocene was cooler than 20°C §Nel978b). Based on the Te
Kuiti Group megafacies, average sedimentation rates 1-2 c¢cm/1000 years
(Nelson, 1978b). The sediments are mainly calt#isit (<0.063 mm) or
calcarenites (0.063-2.0 mm) (Nelson, 1978b). Thdedtene to Eocene
limestones are dominantly calcilutites, and aréricted to the far north and east
coast of New Zealand. This is due to the landnh@ssg subaerially exposed at
the time, where coal swamps were forming (Nelso@78b). During the
Oligocene, highly calcareous sediments were deggbsiver much of the country
(>200 m thick) and include calcarenites and cattiias (Nelson, 1978b). The
Pliocene-Pleistocene limestones are dominantlyseoealcirudites and sometimes
coquinites (whole shell), and occur mainly in eastdorth Island (Hayton et al.,
1995; Hood and Nelson, 1996).

The Te Kuiti Group (50-250 m thick) and Te Aute distones (5-150 m thick)
were deposited in high energy open platform, ag tifluenced seaways at mid-
outer shelf depths, in warm-cool temperate climataditions. New Zealand
limestones show examples of both shallow buria@. (€e Aute megafacies, <700
m) and deeper burial (Te Kuiti Group megafacie€)0€m) due to a tectonically
complex setting at a convergent plate margin deeglesince the mid-Cenozoic.
Relatively deep burial (1-5 km) has contributeditseries of diagenetic fabrics in
New Zealand limestones (Dodd and Nelson, 1998).e Te Kuiti Group
limestones are typically well cemented, hard lirmees, whereas the Te Aute
megafacies limestones are commonly differentiadinented, varying from dense
well cemented limestones to soft friable, poorlyneated rocks (Hood and
Nelson, 1996).

The framework of New Zealand Cenozoic limestongwatically entirely made
up of the skeletal fragments of organisms (Nelsk9¥8a). The main skeletal
contributors to the New Zealand limestones are zogas, benthic and planktic
foraminifera, echinoderms, calcareous red algamadasées, and bivalves. Minor
contributors include brachiopods, solitary corafmstropods, ostracods, and
sponge spicules (Nelson, 1978b; Hayton et al., 198%ld and Nelson, 1998).
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Other skeletal material identified includes semisili coccolithophorids,
radiolarians (siliceous), and diatoms (siliceous)The occurrence of these
organisms is controlled by their preferred habjtatxluding a spectrum of
environmental tolerances (Hayton et al., 1995)nd8keletal grains such as ooids,
pellets, and aggregates are generally absent inZéahand Cenozoic limestones
because of normal marine salinities and temperhteatic conditions during
carbonate deposition (high temperatures and/or bajmities are required for
formation and/or preservation of ooids, pellets] aggregates) (Nelson, 1978b).
The skeletal material is typically fragmented abdaded as a result of biological
(e.g. boring by organisms) and physical processes (vave and current action),

and is the reason why whole macrofossil specimensaarce (Nelson, 1978a).

Initially the New Zealand Cenozoic limestones wgeaeralised into one skeletal
assemblage (foramol) using the scheme devised layweC(1967) and Lees and
Buller (1972). Subsequently, workers such as Hay&d al. (1995) have
established some important distinctive differenoebe limestones and generated
7 major skeletal assemblages: (1) barnamol = bbatiealve dominated; (2)
bimol = bivalve dominated; (3) bryomol = bryozoam#iive dominated; (4)
echinofor = echinoid/benthic foraminifera dominated5) nannofor =
nannofossil/planktic foraminifera dominated; (6pdalgal = calcareous red algal
dominated; and (7) rhodechfor = calcareous red l/alg@noderm/benthic
foraminifera dominated. The Paleocene-Eocene Alimadastone megafacies are
dominated by a nannofor assemblage (Hood and Nels@96), bryomol and
echinofor assemblages are typical in the Te Kuiaup, and barnamol and bimol
associations are typical in the Te Aute limestdiesid and Nelson, 1998). The
primary mineralogy of these skeletons is calcjiigdominantly low to moderate-
Mg calcite, although some local infaunal aragortiiicalves occur in the Te Aute

bimol and barnamol limestones (Dodd and Nelson8199

The lithification of New Zealand carbonate sedinsantolves the precipitation of
sparry calcite and/or ferroan calcite cement irespaces of original or modified
sediment (Nelson, 1978b). The cements in New Zedianestones are typically
sparry calcite comprising 5-25% of Te Kuiti Grouméstones, and 20-40% of Te
Aute limestones (Dodd and Nelson, 1998; Hood aniddye 1996). The cement
is dominantly coarsely (20-500 um) to finely (<2@)ucrystalline equant cement.

Up to 25% of the cement comprises rim (overgrowtlfenents associated with
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echinoderms (Dodd and Nelson, 1998). Other censsdsoccur in New Zealand
Cenozoic limestones, such as marine cements (dgnena) occurring inn situ
oyster and bryozoan mounds, or with unconformitiaed hardground
development. Marine cements have been identifredicDonald’s Oparure
Quarry in the Otorohanga Limestone (Te Kuiti Groufthin a bryozoan mound
(Nelson, pers. comm., 2007). Marine (or sea fle@nents form under special
conditions such as high hydrodynamic energy levatg] reduced or negative
sedimentation rates, and form relatively early e tdiagenetic history of a
limestone (Dodd and Nelson, 1998). This early agmoecurs in rocks with open
fabrics, where porosities of up to 45% pore volurar be retained (as a result of
the rock being made rigid by the marine cementjhe©sources of cement come
from pressure dissolution. The original porosifycarbonate sediment can be
40%; however, burial causes mechanical and chencmalpaction which can
reduce the porosity to close to 0% (Dodd and Nel4898). Beneath 500 m of
burial pressure dissolution is a major source ohe®. Approximately 5-20%
pore space is left in Cenozoic New Zealand limestprwhich consequently
becomes later filled by low-Mg calcite cement (Doaltd Nelson, 1998). Pre-
Pliocene limestones are typically well cemented] hard with low porosities,
whereas Pliocene-Pleistocene limestones are mhfféyentially cemented and

retain high porosities (Nelson, 1978b).

2.3.1 Modern carbonates

Modern non-tropical carbonate sediments also occNlew Zealand and are good
analogues for onshore New Zealand Cenozoic limest¢Nelson et al., 1988b).
New Zealand modern carbonate sediments have bediedtby several workers
(e.g. Nelson et al., 1982; Nelson and Hancock, %984useful compendium is
Nelson (1982). New Zealand sits astride the AlatrePacific convergent plate
boundary and consequently the continent experieactage tectonism, volcanism,
uplift, and high erosion rates that contribute itiwislastic detritus (Nelson et al.,
1988a). As a result, the majority of the contiaérshelf (ca. 250,000 Kmis
covered in siliciclastic sands and muds with re&si small amounts of carbonate
(<10%) (Kamp and Nelson, 1988). However, carbooatdent increases beyond
the shelf as depth increases (Nelson et al., 1988aproximately 50,000 km?2
(20% of the New Zealand continental shelf) of shallmarine platforms in <250

m water depth are covered in modern and relict tnmpical skeletal carbonate
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sediments comprising >70% CagO Surficial deposits are aged from 20,000
years B.P. to modern (Nelson et al., 1988a). WM main areas of modern
carbonate sedimentation occur off the north andthsaf New Zealand,
specifically on Three Kings platform (34°S) and @&sgplatform (48°S) (Nelson et
al., 1988b). A further 6,000 Kminvolve local occurrences of carbonate
sediments, such as off Wanganui and Otago, antdefdveaux shelf (Nelson et
al., 1988b).

Three main controls allow carbonate sedimentsnm fon the New Zealand shelf:
(1) terrigenous input from rivers and sedimentatiates are relatively low in

these areas; (2) the locally rocky and gravellyreabf the seafloor provides firm
hard substrates for epibenthos; and (3) high-enlengis on the open shelf brings
in high contents of nutrients for organisms (Nelstral., 1988a). New Zealand
modern carbonate sediments are closely associatd siliciclastic deposits

(adjacent), including mixed carbonate-siliciclassediment, and rapid facies

transitions (Nelson et al., 1988b).

Modern carbonate sediments in New Zealand are difpicoarse-grained sands
and gravels that are whole or fragmented; carbomaie is rare. Mineralogy of
the sediments is a combination of mainly calci®% and aragonite (<10%), the
former being predominantly high-magnesium calcite nrmrthern New Zealand
and low-magnesium calcite in the south (Nelsonl.etl888a). Skeletal material
is composed of bryozoans, molluscs, local foraramaif barnacles, calcareous red
algae, and echinoderms. The main skeletal assgmthat occurs is the bryomol
association (Nelson et al., 1988b).

Physical processes such as wave and current gstiorms in particular) cause
skeletal breakage and fragmentation. The waver@mvient on these carbonate
platforms is dominated by high energy waves and lperiod swells originating
from west and southwest of New Zealand. Storm ware generated from the
north. Tidal flows play an important role in théspkersal of modern skeletal
sediments (Nelson et al., 1988b). Carbonate sedsmeommonly experience
bioerosion such as boring activity which also plays important role in the
degradation and fragmentation of skeletal material; example, grazing of
coralline red algae coated surfaces by echinoidsife skeletal detritus. Macro-
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boring organisms include gastropods, polycheates sponges, and micro-boring
ones include algae, bacteria, and fungi. The digi@n of carbonate sediments is
a source of carbonate mud; however, the seemingjtpaf carbonate mud in the

modern New Zealand carbonates probably relatesheoldw supply rates of

bioeroded fine detritus and the flushing of mudnfriigh energy open-water

shelves (Nelson et al., 1988b).

2.3.2 Non-tropical carbonates in New Zealand

The shelf carbonate model developed by Irwin (196%) Heckel (1972) is based
on a theoretical model of shallow marine sedimématargely developed for
tropical carbonates. This depositional model id das been used to interpret
ancient shallow marine limestones such as the ¥wedwn modern tropical
deposits of the Bahamas, Persian Gulf, and thet@aegier reef (Dodd and
Nelson, 1998). The environmental controls and g@sees and products of
Cenozoic carbonate sediments in New Zealand, hawee different to the
tropical model. Traditionally, carbonate shelf iseehts were viewed as a low
latitude phenomenon (Nelson, 1978b). Chave (19633 one of the first to
collect information that showed that highly caleare sediments are being
deposited on many modern shelves beyond the trg¢hielson, 1978b). Studies
show that non-tropical carbonate sediments arespigad in areas such as New
Zealand, southern Australia, British Columbia, almeland. Cenozoic non-
tropical carbonates also have occurrences in Nealadd, southern Australia, and
the Mediterranean (Dodd and Nelson, 1998).

Non-tropical limestones are distributed in tempefatitudes and are also referred
to as cool water, temperate, or temperate latidaitbonates (Nelson, 1988). The
facies characteristics of non-tropical carbonatéews some fundamental
differences with carbonates developed in warm spital or tropical conditions.
Increased work on non-tropical limestones (e.g.sbigl 1978a, 1988; Nelson et
al., 1988b; Hayton et al., 1995; Hood and Nels®961 James, 1997; Hood et al.,
2003; Nelson et al., 2003; Hood et al., 2004) hmaplasised key differences that
occur between non-tropical and tropical sedimemsTable of differences for
tropical shelf carbonates, modern New Zealand shalbonates, and New
Zealand Cenozoic limestones are given in Append B One of the major

differences is that tropical carbonate sedimentgeha greater abundance of
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aragonite (>50%), whereas non-tropical sedimemedyr@ontain >50% aragonite,
and typically <10%. Aragonite usually dissolves non-tropical limestones
before lithification (hardening) of the carbonageslisnent during early diagenesis
(all processes acting on a sediment after depasigscluding metamorphism);
therefore evidence of any original aragonitic comgrtt is usually absent (Dodd
and Nelson, 1998). Grain textures are sand and daminated in tropical

carbonates whereas gravel and sand textures dammabn-tropical carbonates.

As mentioned earlier, non-tropical limestones inwN&ealand are almost
exclusively comprised of skeletal remains. Thesdude bryozoans, bivalves,
calcareous red algae, benthic foraminifera, anddzes (Nelson, 1988). Non-
skeletal grains such as ooids and aggregates aemtabln contrast, these non-
skeletal grains are common in tropical carbonatésspon, 1988). Non-tropical
shelves are typically dominated by the foramol stadlassemblage (foraminifera
and mollusc dominated). However, a skeletal diassion comprising a

spectrum of non-tropical foramol carbonates has heen developed (Hayton et
al., 1995). In contrast, the tropical shelvestgpécally dominated by chlorozoan
skeletal organisms such as calcareous green aBihergphyta) and hermatypic

coral ¢ooantharia) (Hayton et al., 1995). This contrast in organigipes is

controlled by the different environmental condisopresent, the waters being
>20°C, and saturated to supersaturated in Ga@O tropical carbonate

environments, compared to waters <20°C and, saulirad undersaturated in

nontropical carbonate environments (Hood and Nel$696).

2.4 Te Kuiti Group

The Te Kuiti Group was first established by Kead &chofield (1959) and has
been studied subsequently by other workers, inotudarrett (1967), Nelson
(1973, 1978a), Nelson al. (1988a, 1994), Hood and Nelson (1996), Dodd and
Nelson (1998), and Tripathi (in prep.). The nonteture of the group has also

been revised several times, most recently by Wdnitt\Waterhouse (1993).
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2.4.1 Lithologies

The Te Kuiti Group is a transgressional sequenchalfiow water predominantly
marine beds of late Eocene to early Miocene agest wiothe group falls largely
within the Oligocene age (Barrett, 1967; Nelson/8#%. These were deposited
on a gently undulating erosional surface, as tletsnsgressed from the north
(Barrett, 1967). The group accumulated on an gpatiorm or tide influenced
seaway, in mid-outer shelf depths (Dodd and Neld®98). The sedimentary
lithologies of the Te Kuiti Group in the South Alekd area lie above a regional
unconformity developed on Mesozoic basement roelksnging to the Murihiku
Supergroup and Manaia Hill Group (Nelson, 1978dhe group is generally
conformably overlain by the Mahoenui Group mudssoaed localised limestones
(e.g. Cherry Crag Limestone), and its northerly iegjent Waitemata Group.
Lithologies in the group include locally common nAmi@arine to marginal marine
coal measures, mudstones, and conglomerates, aredwespread calcareous
sandstones, calcareous siltstones, and sandy aadskeletal limestones. Muds
and muddy sandstones are predominantly massivéiandbated, and mud-poor
sandstones and limestones are thinly bedded (311@hack) (Nelson, 1978a).
Limestone beds are typically subhorizontal wavy &wdicularly stratified, and

are occasionally cross-bedded (Nelson, 1978a).

2.4.2 Formations

The group is subdivided into Lower and Upper subgsy shown in Figure 2.3.
Nelson (1978a) has identified six formations, sewembers, and named 30 beds
as a result of lithologic variation within the fomtions in the group. The six
formations are formally named Waikato Coal MeasuWbaingaroa Siltstone,
Aotea Sandstone, Orahiri Limestone, Waitomo Samgstcand Otorohanga
Limestone. Boundaries between the formations arangonly unconformities,
sharp, slightly irregular, often bored, pebbly, /ndylauconitic (Nelson, 1978a).
The seven members are Awamarino, Waitetuna, Maagaoke Anga, Pakeho,

Waitanguru, and Piopio members (Nelson, 1978a).
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2.4.3 Distribution

The group reaches a combined thickness of 200-3(Kear and Schofield, 1959;
Nelson, 1978a) and crops out throughout the Soutkkland Land District

between Papakura in the north and Taumarunui insthgh (Nelson, 1978a).
North of the latitude of approximately Mount Karigiltstones of the Te Kuiti
Group predominate. Limestones occur both north smath of this latitude,

particularly in the west, and thicken southwarde Kuiti Group thins as a group
to the south; however, limestones dominate themsmwth of Waitomo (Nelson,
1978a; White and Waterhouse, 1993).

2.4.4 Composition

The CaCQ content of the limestones ranges from 40-100% iandomprised
almost entirely of low-Mg calcite (Nelson et al98Bb). Some 80-90% of the
calcite occurs as skeletal fragments, mainly brgozo echinoderms, benthic and
planktic foraminifera, bivalves, barnacles, andatlore red algae, and the
remaining 10-20% occurs as chemically precipitateer- (between grains) and
intra- (within grains) particle cement (Nelson &t 4988b). The siliciclastic
(non-carbonate) component comprises a sand fraaifolquartz, plagioclase
feldspar, and volcanic and sedimentary rock fragsjeand a finer fraction of
qguartz, plagioclase, smectite, illite, and chlorit€xcluding smectite (probably
authigenic), the siliciclastic minerals are sourfein Mesozoic basement rocks.
Glauconite is common in most lithologies and isgérently concentrated near

unconformities (Nelson, 1978b).

2.4.5 Otorohanga Limestone

The following section briefly summarises properties the Otorohanga
Limestone, as the quarry resource is located withig formation. Otorohanga
Limestone may overlie Waitomo Sandstone, Orahirméstone, or Mesozoic
basement rocks, and seldomly Lower Te Kuiti Grompnfations (Figure 2.3). It
is commonly overlain conformably by Mahoenui Grougnd locally by

Pleistocene Pakaumanu Ignimbrites (Nelson, 1978¢cause of erosion, the
upper boundary of the Otorohanga Limestone is nosvtieund immediately

north of Waitomo County (Nelson, 1978a), so itas known if the formation was

Chapter two 25



more widespread beyond this direction. The OtanghaLimestone passes north
into calcareous siltstone (Te Akatea Siltstone)] @ replaced by calcareous
mudstones of the Mahoenui Group in the Mangapeafione(Nelson, 1978a).

The Otorohanga Limestone is characterised by \@tidfs in outcrop and forms
extensive karst topography (e.g. Waitomo Caves)tiqudarly in Waitomo
County. Otorohanga Limestone is characteristicallue-grey to white, flaggy
pure limestone (seldomly exceeding 10% terrigenousterial, except near
Kawhia) in which three members have been estalaislyeNelson (1978a). The
most characteristic macrofossil in the Otorohangaelstone is the large pecten
Athlopecten athleta of Waitakian (latest Oligocene) age, which is dls® age for
the entire limestone (Nelson, 1978a). Startindwhie basal limestone the three
members and associated abbreviations are knowralkesh® Limestone (OtA),
Waitanguru Limestone (OtB), and Piopio LimestondQ© Figure 2.5 gives
some details of these members. The topmost me(Riepio Limestone) is a
pure, flaggy limestone, is blue-grey when freshid pale cream when weathered.
Two beds occur within the Piopio Member (OtC): (pper flaggy limestone beds
that occur in the lower part of the member anddisénguished from the flaggy
beds in the Pakeho Limestone Member as being poaemg a greater variation
in flag thicknesses (2.5-20 cm), and more shalagrfilag seams; and (2)
argillaceous limestone beds that occur near th@aopof the member which have
shaley interflag seams >1 cm or more thick, andoimec progressively more
argillaceous as the member rapidly passes intootleelying Mahoenui Group
mudstones.  Pyrite grains and nodules are alsoemdis@ throughout the
limestones. The Waitanguru Limestone Member (aged mainly in the central
part of Waitomo) is characteristically white, andpeaars blocky, or knobbly,
and/or cavernous in outcrop. The member is verg puth >98% CaCe@content,
and seams are present but not always obvious ddieet&nobbly appearance.
Three beds occur in the Waitanguru Limestone Memi@B): (1) blocky
limestone beds which are thickly flagged (7-20 cmiccelerated weathering
along vertical joints gives the outcrop a blockystabby appearance. Knobbly
characteristics are not well developed; (2) padkeabbly limestone beds which
are white, very pure, , typically tightly packedthvicoarse bryozoan fragments;

and (3) open knobbly limestone beds which are ecarsery coarse grained.
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irregularly seamed limestone beds which appear dull and
porcellanous, and contain rare oysters and disseminated
Mesozoic basement pebbles

Age NZ stage |Group|Subgroup| Formation Member Description Photo
The OtC member of the Otorohanga Limestone is pure
and flaggy which is typically blue-grey unweathered, and pale cream
e oxidised. Upper flaggy beds occur within the OtC member and possess| Piopio
Piopio higher calcium carbonate content compared to the lower OtA member Limestone
Limestone which is also flaggy. Interflag seams are considerably (OtC)
(OtC) more shaley than the other members, and cross bedding is common McDonald’s
regionally. Upper limestone beds of OtC become increasingly Oparure
argillaceous towards the upper boundary and overlying Mahoenui Lime Quarry
Group mudstones. Furthermore, interflag thickness increases, and flagg (2007)
become richer in fine-grained siliciclastic material. Scattered
pyrite nodules and grains are also common.
latest Te | Upper | Otorohanga
Oligocene | Waitakian| kyiti Teplguiti Limestonge ; S ; i i
-earliest (ot) Typically white high purity beds that occur particularly in the
Miocene central Waitomo County region. The OtB member outcrops
weather to blocky/ knobbly cavernous rock faces. Due to Waitanguru
the knobbly appearance, developing seams are less obvious but Limest%ne
X present nonetheless. Where vertical joints have been exploited (OtB)
Waitanguru by weathering, beds appear blocky or slabby. There are also two McDonald's
Limestone types of knobbly limestone beds that occur within the OtB Oparure
(OtB) member including packed knobbly limestone beds which are very Lime Quarry
white, pure, and contain tightly packed bryozoans, and open (2007)
knobbly limestone beds which are characteristically coarse-grained
and possess a more open fabric
Thickest and most widespread member
of the Otorohanga Limestone. Contact
with overlying OtB may be sharp or Pakeho
gradational. Several beds occur within the member Limestone
and range from basal conglomerates containing (OtA)
Pakeho glauconite commonly found directly on Mesozoic basement, McDonald's
Limestone well developed flaggy limestone beds and sometimes _Oparure
(OtA) cross-bedding with local concentrations of pectinid valves, and le(g(%;z;\rry

Figure 2.5 Lithostratigraphy of Otorohanga Limestone in Waito@ounty. Note the use of abbreviations e.g. Oterohanga Limestone.
Adapted from Nelson (1978a).



The Pakeho Limestone Member (OtA) (lowest memlzethe most widespread
and thickest of the three members of the Otorohdrngeestone. Three beds
occur within the member and they are: (1) basalsb@tt are thin, gritty,
glauconitic limestones that have developed whezetorohanga Limestone rests
on Mesozoic basement rocks; (2) lower flaggy liraest beds which are well
developed, pure, and range from 5-10 cm thick; &)dirregularly seamed

limestone beds (Nelson, 1978a).

2.4.6 Distinguishing quarry units from geologicalnits

McDonald’s Oparure Quarry uses geological and egwnonames for the
stratigraphic sequence in the quarry. The sequisnsebdivided on the basis of
the end uses of each unit, that is Kauroa Ash fawrden), Mahoenui Group
mudstones (overburden), Caprock (overburden), USpeel (steel manufacture),
Aglime (agriculture), High Grade (road stabilisalio and Lower Steel (steel
manufacture). Because there are geological unitshe quarry as well as
economic units, Table 2.2 distinguishes the littadigraphic units from the
economic units. Using descriptions of the threemimers of the Otorohanga
Limestone from Nelson (1978a), the economic quaniys are correlated against

members in the Table.

2.5 Economic importance of limestones

Limestone and other carbonate rocks are undoubtedburce of one of the most
useful raw materials on Earth. For example, thadpction of CaC@ minerals
each year is of huge economic importance. Limesied for steel making, flue
gas desulphurisation, mining, construction, pulp graper, precipitation of
calcium carbonate, and water treatment. In 2008dnone production totalled
130 million metric tons (Willet, 2007). Figure 2sBows the production of lime
from various countries for 2006. The quarryingcafbonate rocks has dominated
industrial mineral economies at certain times,goample in the early 1960s more
than 70% of the total rock quarried in the Unitedt& was either limestone,

dolomite, or marble (Siegel, 1967).
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Table 2.2Geological units beside the corresponding quarity Ut = Otorohanga Limestone, and
the following letter is equivalent to one of themigers from the Otorohanga Limestone named by
Nelson (1978a). They are OtC = Piopio Limestonemider, OtB = Waitanguru Limestone
Member, and OtA = Pakeho Limestone Member.

Geological unit Quarry unit
Kauroa Ash Kauroa Ash
Mahoenui Group mudstones  Mahoenui Group mudstones
otC Caprock
OtB Upper Steel
OtA Aglime
OtA High Grade
OtA Lower Steel

Carbonate rocks are an important commodity as tayform permeable and
porous rock units that act as storage for waterifagu (Ben-ltzhak and
Gvirtzman, 2005; Kaufmann and Romanov, 2008; Beddetal., 2007), natural
gas, and petroleum products (Matavelli et al., 199&d et al., 2003; Aali et al.,
2006). Greater than 50% of the world’s known getrsn and natural gas
reservoirs are in carbonate rocks, and have beewrkmo host past and existing
metalliferous reserves (Han et al., 2007; Holllet2007; Misi et al., 2007). As
well as the economic importance of carbonate raitiese is the academic aspect
which in turn can often lead to the economic deweient and successful

exploitation of carbonate rocks (Siegel, 1967).

World lime production 2006

%) 30
(O]
< 25 -
8 20 A
£ 15 |
g 10 -
c 54
=
o Q& g @ Q) N & .o Q
g . N & S & o N ¢ S
&% ®®° & & & @@0 & W S
& v & SIS N
Countries N

Figure 2.6 World lime production for a range of countries. t®aourced from Willett (2007).
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2.5.1 Uses of carbonate rocks

The uses of carbonate rocks as a raw material hageme indispensable on a
global level in many industries. Their importantas led to the industrial
development of specifically limestone, dolomitedanarble (Naydowski et al.,
2001). The list of uses is impressive, amountmgeveral hundred. Figure 2.7
shows a selection of the many uses of limestorf@ a greater or lesser extent
limestone is involved in almost every industry (Mawski et al., 2001). Global
production of carbonate rocks is principally drivey this industrial demand.
Industries especially dependent on limestone irchin@ steel, building, and road

construction industries.

2.5.2 Limestones in New Zealand

New Zealand has prospective mineral deposits aaeiisknown for gold, silver,
coal, iron sand, aggregate, limestone, clay, ddnpumice, salt, serpentinite,
and zeolite production (Crowns Minerals, 2001).tHe five years since 1999, the
value of coal, metals, and industrial minerals maseased by 47% due to the
production of strong aggregates and constructiontemads and rises in
commodity prices. Figure 2.8 shows the relativetigbution of carbonate rock to
industrial mineral production. Aggregate produsteh as limestone underpins
infrastructure and building development, and liroast used as a fertiliser
supports the agriculture industry. In particulagment is one of the most
important materials, having an end value greatan t8100 million per year
(Christie and Barker, 2007).

A strong growth in construction in 2004 led to d@d increase from 2003 in the
production of limestone for marl and cement (Crovwimerals, 2005). An

annual report on mineral commodities from 2005/2806ws that the production
of agricultural limestone has increased by 35.6%.&9 million tonnes (Crowns
Minerals, 2007b). A total of 4.1 million tonnes lohestone for industry boosts
New Zealand’s mineral economy by greater than $illlom each year (Crowns
Minerals, 2007a). Figure 2.9 shows the percentddienestone produced that is

used by four main industry sectors.
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Limestone quarried includes high

quality rock utlised by iron and steel
industries, and agricultural lime
utilised by fertiliser companies.
McDonald’s Lime Quarry,Oparure,
New Zealand. Photo taken (2007).

Pods containing powdered lime

(arrow) transported by rail, and lime
stored inside a 520 ton silo at New
Zealand Steel, Glenbrook. Photo
courtesy of C.Holmes (2007).

Industrial applications
of limestone

‘Flux in iron and steel making (blast furnace)
-Ore concentration and refining
-Petrochemicals

‘Pharmaceuticals

‘Soap

-Studio snow

-Sulphuric acid purification

‘Paper manufacture

‘Glass making

-Sugar industry, e.g. sugar refining

‘Filler in some plastics

‘Cement manufacture/concrete

-Road construction, road stone

-Building stone e.g. construction, architectural/
monumental stone, sawn and cut, curbing, and
flagging

-Agriculture e.g. fertilisers, race fines

‘Forestry e.g. fertilisers

‘Rail road ballast

-Alkali manufacture

-Calcium carbide manufacture

-Coal mine dusting fill material e.g. dusting
agent to prevent fires

‘Fire extinguishers

‘Filler for e.g. asphalt, ceramics, chewing gum,

_| fabrics, floor coverings, insecticides, fungicides,

paint, plastics, putty, roofing, rubber, wire coating
-Acid neutralisation e.g. cast stone, disinfectant, animal
sanitation,oil-well drilling, rice milling, water treatment

-Chemical industry e.g. synthesis processes such as
ammonia soda + CaCO3 = sodium carbonate
-Filtration

‘Nutrition - mineral food

-Gelatin

-Tobacco

‘Table salt

-Toothpaste

-Poultry grit

-Abrasive e.g. scouring and polishing preparation
‘Varnish manufacture

‘Whiting

-Aggregate

‘Glue

‘Grease
‘Mineral treatment processes e.g. flotation

-Alcohol and phenol

-Athletic field marking

‘Bleaching powder and liquid

‘Brick glazing

-Creameries

-Electrical products

‘Explosives

‘Blackboard chalk

-‘Environmental protection e.g. raising pH in acidic
water bodies

Figure 2.7 Indtz uses of limestone as a raw material. | adapted from Siegel (19¢ andRohleder anHuwald (2001

Portland Cement Works, New
Zealand. Sourced from http://www.
hasle-refractories.dk/files/Cement/
Portland

High quality limestone getting
screened into different sizes.
McDonald’s Oparure Lime Quarry,
New Zealand. Photo taken (2007).




INDUSTRIAL MINERALS PRODUCTION

CALENDAR YEAR
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MILLION TONNES

B AGGREGATES (INCLUDING SAND FOR INDUSTRY)

Figure 2.8 The contribution of aggregates, carbonates, anerotjuarried commodities to
industrial mineral production in New Zealand. Sma from Crowns Minerals (2007b).

Limestone production in 1996

Aggregate for Filler and steel
roading industry
13% 12%

. Cement
Agriculture
manufacture
37%
38%

Figure 2.9 Limestone production in the four main industry sest Values sourced from Christie
and Brathwaite (1999).
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Though the limestone resource in New Zealand hayetdbeen quantified, it is
estimated to be large (in the tens of millions ofrtes or more in known
limestone areas), and sufficient to meet demandseoforeseeable future of local
demand in New Zealand (Christie and Barker, 2007).

The main areas that produce limestone in New Zea#aa Northland, Waikato,
southern Hawkes Bay, Wairarapa, North West Nelggestland, Canterbury, and
Southland (Thompson et al., 1995). Marble (metgmased limestone) is also
produced, including formations of Ordovician ageNorth West Nelson and
Fiordland. Figure 2.10 shows the occurrence oé$itone, marble, and dolomite
deposits and locations of production. The bestityukarge tonnage deposit in
New Zealand is in the South Waikato where Ca@Ontents of 95-100%
commonly occur (Christie et al., 2001). These dé@pa@re generally produced for

fertiliser, roading aggregate, steel productiord hydrated lime manufacture.

There are four main commercial end products forefitnne in New Zealand,
namely limestone, lime/quicklime, slaked lime, amgdraulic lime. Table 2.3

defines each limestone type, their associated asésthe properties of each type.

In addition to the extraction of limestone for vars uses, limestone caves in New
Zealand are a major attraction for the tourism stdu with some, like the
Waitomo Caves and Ruakuri Caves, having internatiappeal. Other attractive
limestone outcrops include the Mangapahoe NaturalgB near Waitomo, and
Pancake Rocks at Punakaiki (Figure 2.11) on thet\@east of the South Island
(Christie et al., 2001).
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Figure 2.10Locations of limestone, marble, and dolomite degpsind their production plants in
New Zealand. Sourced from Christie et al. (2001).
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Table 2.3Commercial types of limestone used in New Zealafwdapted from Christie et al.
(2001).

Corrtlmerical Composition Formation Uses
ype

Deposition of shells  Filler for carpet backings, surface coatings
) in seawater that have  for paper, plastics, paint, rubber and glass,
Limestone CaCoO3 experienced burial aggregate, agriculture, roading, building
forming a stone, cement manufacture
sedimentary rock

_Produced by heating  Steel manufacture, paper pulp manufacture,
calcining’ to 1000°C to  or mortar, soil stabilisation, sugar industry,

Lime/quicklime CaOo expel carbon dioxide water treatment, and in the cyanide
and water process in gold and silver mining
Quicklime converted
to stable slake lime to )
) Ca(OH)2 form calcium Sugar industry, water treatment and
Slaked lime hydroxide by the leather tanning
addition of water;
easily transported
Impure limestone Forms a cement
i i containing silica and under water;
Hydraulic lime alumina, clay sized produced by heating Cement for concrete emplaced under water
commonly

2

Figure 2.11Pancake Rocks, Punakaiki, West Coast, South Isied, Zealand. Photo courtesy
of Bowman (2008).

2.6 McDonald’s Oparure Lime Quarry

2.6.1 Site description

Figure 2.12 shows the layout of the study site.pdgvaphy of the study area
includes a broad west-east trending ridge crestreviiee quarry occupies the
eastern reaches of the ridge. Steep gullies inbiseidge to the north and south.

In the Were Block a long narrow tomo has been ifledt(Figure 2.12).
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Figure 2.12 Aerial photo site map of McDonald’s Oparure LiQaarry. Map (adapted) courtesy of Ormiston Asdesia

Ltd (2002).



The main excavated area occurs in the DevelopmieskBshown on Figure 2.12.
It comprises several working floors and has beereldped in a northwesterly
direction up to the current boundary. A large alees been rehabilitated,
including the construction of an airstrip to theutbo of the quarry within the
rehabilitation area. A crushing plant, Aglime gladrying plant, administrative

office, and entrance are situated towards the enside of the site.

2.6.2 Quarry geology

The geology at McDonald’s Oparure Lime Quarry isikar to the geology of the
Te Kuiti district (Figure 2.3). Quaternary undiéatiated ashes of the Kauroa
Ash are underlain by early Miocene Mahoenui Growmstones. Together the
Kauroa Ash and Mahoenui Group mudstones compreevkrburden units at the
quarry. Underlying the soft calcareous mudstorfeb@® Mahoenui Group is the
latest Oligocene-earliest Miocene aged Otoroharigeestone from the Te Kuiti
Group where the contact is generally conformaliiewsng a gradual increase in
the mud component in the top lithologies of the rolbanga Limestone. The
Otorohanga Limestone is the target geological unih view of the fact that the
Otorohanga Limestone is itself internally variabtehas been further subdivided
by the quarry operators into different grades afelstone according to their
chemical composition and end uses. From the botijowards these grades are as
follows: Lower Steel, High Grade, Aglime, Upper &teand Caprock (Figure
2.13). Being thin and of relatively low qualityhet Caprock is also treated as
overburden. Beneath the Lower Steel grade unitethe more limestone
belonging to the Otorohanga Limestone, but curyemtholds no interest to the
quarry as it is not yet economic to exploit. lhsmed the Sub-economic unit in

this study.

Figure 2.13 shows a generalised stratigraphic seguat the quarry derived from
a combination of drill core and field observatioriBhe Otorohanga Limestone is
exposed within the excavated area of the quarry @mmonly in outcrop in
surrounding farmland. Drill cores taken within amatside the quarry show that
Aotea Sandstone (oldest), Orahiri Limestone, andequivalent of Waitomo
Sandstone occur beneath the quarry. The WaitormasEane equivalent is a

sandy limestone in this location.
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. . : : oo Thickness|Depositional
Geological unit Geological group Quarry unit Description (m) safting Age
Extremely weathered tephra deposits and .
Kauroa Ash Over burden paleosols. Unconformably overlies Taumatamarie 8-12 | Terrestrial |Quaternary
Formation
' . . Over burd Weakly bedded to massive, calcareous fine to sandy ) Early
Taumatamarie Formation| Mahoenui Group ver burden mudstone, gradational contact with underlying 10-25 Marine Miocene
Otorohanga Limestone
Caprock Capping limestone, medium strength, light grey
flaggy limestone. Irregular contact with 2-5
(overburden) . ?
underlying Upper Steel unit
Strong, yellow to white limestone, flaggy or
Upper Steel knobbly/blocky. Lacks jointing. Wavy contact ~10
with underlying Aglime unit
Strong, bluish grey, light orange brown limestone.
. Flaggy, joint sets well developed (parallel fault).
Aglime Wavy bedding surfaces. Contact with underlying 10-20
Otorohanga High Grade is not obvious. Dissolution staining common,
Limestone lenses of higher quality rock
. Lenses of higher and lower quality rock, gradual changes Marine Latest
Te Kuiti Group High Grade in chemical composition. Flaggy, wavy discontinuous 15-25 Ollgolc;ene-
bedding surfaces. Joint sefs well developed. - earliest
Contact with underlying Lower Steel not obvious Miocene
Light yellow to white, flaggy, cross bedded, well
Lower Steel developed joint sets although fewer sets
than High Grade and Aglime units 10-15
Subeconomic Blue-grey rock, slightly sandy limestone, 15-20
bivalves common
*Waitomo Sandstone _ Massive, brown grey, calcareous glauconitic L
Equivalent fine-medium grained sandy limestone 5-15 Late-
Oligocene
Orahiri Limestone . Grey, flaggy limestone with oyster beds 5-14
Aotea Sandstone i Massive calcareous, glauconitic fine-medium 70+ E'a%f:é_
grained sandstone late-
Oligocene

MO NI 3INTe BT

Figure 2.13Generalised stratigraphic sequence at McDonalgar@e Lime Quarry. Note thicknesses are basatdtibmole data.
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Figure 2.14Mapped geology of quarry units at McDonald’s Oparime Quarry. Map (adapted) courtesy of Ormigdgmociates Ltd (2002).

Chapter two






Unfortunately previous drilling programmes have miniled deep enough to
confirm whether the Whaingaroa Siltstone or anyeothower Te Kuiti Group
formations are present. Mesozoic basement rockhieoMurihiku Supergroup

certainly underlie the quarry at depth.

Along the western side of the quarry, a singletfal@hding north-south splits into
two separate normal faults towards the south. fHudts are significant and
downthrow the main limestone resource to the wegstpproximately 20 m.

There appears to have been limited lateral movealeng the faults.

Several other faults have been inferred furthertveéshe main fault and are
shown on Figure 2.14. Figure 2.14 shows the mapipdbution of the quarry
units in the Otorohanga Limestone and the overlyMghoenui Group and
Kauroa Ash as in 2002. Although the area withim MhcDonald’s Lime property
boundary is subject to change due to quarry omersitithe mapped area outside
the property boundary at present holds true. lioeatof past drill holes and

sampling areas are also shown (Figure 2.14).

2.6.3 End-uses of quarried limestones

McDonald’s Lime Ltd produces mainly agriculturamistone (Aglime), high
grade limestone (High Grade), and steel qualityefitone (Upper and Lower
Steel). The end use applications are many acroasge of industries, including
steel manufacturing, gold mining, roading, pulp gvaber, water treatment,
mortar and planters, asphalt and manufacture, éelgary, tanning, aerial

application, fillers and extenders, farm racesyahifeeds, and landscapes.

Each quarry limestone unit has a broadly uniquemite composition which
typically dictates its end usage. The major indestthat use the limestones
generally require the purchased limestone to ntest particular specifications
(Figure 2.15). Consequently, it is necessary forDiéhald’'s Lime Ltd to
maintain a strict quality (chemical) control on tgearried limestone resource.
Particularly stringent requirements on the elemerdenposition of raw materials

are imposed by the iron and steel industry.
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Chemical constituents
Quarry unit thi(ﬁ(rr)f;rsos)(.(m) Product end use
CaCOq4 CaO SO, Sio,
Caprock >95% variable | variable | variable 2-5
Upper Steel >95% >53.48% | <0.09% <1.7% ~10 Steel manufacture
Aglime 90%+ | 50.40%+ | Nofimit | Nofimit | 10-20 | eruliser, aggregate,
industrial filler
52 64- Pulp manufacture,
High Grade 94-98% ’ <1.5% No limit 15-25 wastewater treatment,
53.48% ; I
soil stabilisation,
Lower Steel >95% >53.48% | <0.09% <1.7% 10-15 Steel manufacture

Note: Caprock is regarded as overburden and is not kiln fed.
Figure 2.15Quarry limestone units and their quality limits faln feed. Adapted from Simonson

(2005).

2.7 Steel manufacture at New Zealand Steel, Glenbok

There are several main phases involved in the psookchanging iron into steel.
They are iron manufacture, steel manufacture, asd-glab casting processing.
How they relate is shown in Figure 2.16. Figurg72shows a flow diagram of
the processes involved in the first two phasesvesthat this study is limestone
based, the green circles in Figure 2.16 represeniocations in which burnt lime
and limestone is used. Green circle 1 shows while grade limestone chip
(High Grade unit from McDonald’s Oparure Lime Quaris added, and green
circle 2 shows where steel grade burnt lime (derivem Upper and Lower Steel
limestone units from McDonald’s Oparure Lime Quawiiich has been burnt
(limestone that has been heated to ~1000°C to eXp®l and CQ) at the

Otorohanga Plant in Otorohanga and added by mdanblowing phase.

2.7.1 Use of imestone as a flux in steel manufacture

In general, the principal role of limestone in 8teel manufacturing process is to
act as a fluxing agent. Carbonate rock is commoskd as a fluxing agent for
removal of silica, alumina, and other undesirabigurities from ore rock.
Limestone is therefore an essential material foifying ore rock.

Limestone as a fluxing agent is used in produabibpig iron from iron ore in the
blast furnace process where a fluid slag is forméghpurities such as silica,

aluminium, and sulphur dissolve leaving the irotatieely pure (Christie et al.,
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2001). The slag floats to the top of the moltemiand is scooped off. Ideally the
limestone should contain less than 1.5% silica &@dl% of sulphur and

phosphorous. However, due to logistics in indigildaperations, more silica and
up to 0.5% sulphur may be tolerated (Siegel, 1963pme operations may use
limestone with 4-15% MgC@as a flux; however, a purer limestone, if avagabl

at the same cost, would contribute to a more efficprocess.

In open hearth smelting, limestone flux is ide@8f6 CaCQwith 2% impurities
such as alumina, silica, and traces of phosphordiswever, areas where purer
material is not available, flux may contain 5-10%@0;, 1.5% alumina, and 1%
silica. The capacity for phosphorous removal isséeed by higher MgCO
content and, as a consequence, more flux must & ufnh some instances if
transportation costs for acquiring purer fluxingeag are significant, a less
efficient material will be employed (Siegel, 1967). Nonetheless, the
concentrations of each element present are allgbatunique balance that needs

to be perfected to achieve success in the areef stanufacture.

2.7.2 Negative effects of silica at New Zealandebte'The silica issue”

The chemical composition and temperature of thg ditermines the chemistry
and hence quality of the steel. It is crucial floe slag to form as it removes
undesirable elements (e.g. silica, titanium, anbprawr). Phosphorous is also
undesirable and can be fixed by CaO (burnt limE)e relative amounts of each
element determine the physical property of the emklag, such as its melting
temperature, viscosity, and fluidity, which in tudatermines the ability to remove
impurities from the iron. An important slag parderes the basicity index which
involves the ratio of basic elements (i.e. CaO, Mgacidic elements (i.e. SO
TiO,, and ALO3).

At the New Zealand Steel plant, to achieve maxinnpurity removal the ratio
of burnt lime to impurities is generally 3.2:1. i§ls important as elements such
as silica have a major effect on the ability of Gadix phosphorous. As shown
in Figures 2.16 and 2.17, burnt lime, natural gasl oxygen are blown into the
floor of the Kombiniert/Combined Oxygen Blowing Maxette (KOBM) vessel

to assist the fluxing process (Figure 2.18).
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— 1. Coal +|high grade limestone chip|+ primary concentrate ironsand
heated and dried in 4 multl-hearth furnaces. Coal volatiles
driven off & converted to char, mixture heated to 650 C

v

2. Fed to four reduction kilns where the mix is converted to 80%
metallic iron. Residual char from above process used to
achieve chemical reduction of iron oxide to iron

Iron
manufacture — | *

3. Two melters converts mix to molten iron. Electricity used to
achieve final reduction of iron oxide and to liquify iron

v

4. Molten iron comprising iron + oxide impurities transferred
to vanadium recovery unit (VRU) and heated to above
melting temperature approx. 1480°C
so iron + slag can be tapped as liquids from furnace

Liquid iron

v

5. Molten iron key ingredient to steel manufacturing
process. Scrap metal + molten iron added to KOBM converter
where blow phase occurs including the addition of coke, FeSi, and
steel grade CaO (burnt lime)] If mixture needs to be cooled
high grade limestone chip/may be added as a coolant

Steel | *

manufacture 6. Refined at ladle treatment station (LTS), ferro-alloys
added to bring steel composition up to
required specification

v

7. Molten steel from LTS poured into continuous
| caster which forms steel slabs that are left to cool
Post-slab — *

manufacture— 8. Slabs reheated for hot rolling, cold rolling, and
processing = metal coating processes

Note: Boxed text indicates the addition
of a limestone product.

Figure 2.17Basic flow diagram of processes involved in steahofacture at New Zealand Steel,
Glenbrook. Adapted from Williams (2004a).
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The burnt lime, along with natural gas and oxygare blown through six
injection ports known as tuyeres (stainless stgelg) at extremely high pressures
of approximately 20 bars. The tuyeres are locatdle base of the KOBM vessel
and feed the burnt lime into the vessel. The Ipigfssure ensures that the molten
iron does not fall out the bottom of the KOBM vdsaad prevents blockages

(Holmes, pers. comm., 2007).

o _ Coke and FeSi
B ‘//" fuel additions

Main Blow

Oxygen blowing (top + battom)
+ Coke/FeSi fuel additions

59m + Cal (lime) for removal of 5+P.

A
\/

55m

Figure 2.18 Schematic of Kombiniert/combined Oxygen Blowing ¥atte (KOBM) vessel and
entry point for blowing phase. Adapted from Wittia (2004a).

The necessary high pressure in the pipes, howpeegs an additional problem.
It has been identified that any silica presenthia burnt lime causes mechanical
wear to the tuyeres leading to the KOBM vessel. Sihea has an abrasive effect,
abrading the tuyeres over time (Figure 2.19). likasicontent of 2.2% in the burnt

lime has a noticeable effect on the tuyeres (Holpess. comm., 2007).

In addition to burnt lime passing through the tegerburnt lime is transported
through pipes elsewhere in the steel manufactyiagt by compressed air. Any
silica in the burnt lime creates internal weardiesihese pipes as well, particularly
at bends in the profile.
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Damaged tuyere

Figure 2.19Injection ports (tuyeres) from KOBM. Photo cousted Holmes (2007).

The above information concerning the steel manufaa process provides good
insight to the validity of the stringent qualitystactions that McDonald’s Lime
Quarry must adhere to in order to maintain and ilfullfieir customers
requirements. Each economic unit is not entirelifasm in composition, with
lenses or layers of other rock quality commonlywdag within the dominant
rock type. Furthermore, the continuity of unitsnist consistent, and can be
further complicated by faulting within the quaridl of these issues add further

challenges to maintaining quality restrictions dtirthe quarry limestone units.
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CHAPTER THREE

Discontinuities in outcrop

3.1 Introduction

The quarry limestone units are fundamentally mage ofi host rock and

discontinuities. Discontinuities comprise any mally occurring feature that

separates the intact rock blocks within a rock massh as joints, faults, or
bedding planes (Wyllie and Mah, 2004). The hoskiig therefore the intact rock
blocks between the discontinuities. Four typesdafcontinuity have been

identified within the limestone resource, namelgsdiution seams, stylolites,
joints, and caves. All are associated with silic&his chapter discusses the
characteristics and formation of these discontyntyipes. Results from rock mass
description and discontinuities found in the qudmyestones (i.e. Upper Steel,
Aglime, High Grade, and Lower Steel) are also press along with the methods

used and the rock parameters measured.

3.1.1 Pressure dissolution

As carbonate sediments are buried they undergogelsaim fabric, composition,
rigidity, and porosity (Wanless, 1981). Elasticast increases at grain contacts
during sediment burial, leading to an increase otulslity at grain contacts
(chemical reaction) (Moore, 2001). lons releasedalution from the dissolution
at grain contacts are then carried (diffused) at@ag place of less elastic strain,
and precipitated as a cement on an unstrained ¢vioore, 2001). Precipitation
of the new cement occurs in nearby pore spaceegre#th interparticle (between
grains), or as intraparticle (within grains, comnyoinside the chambers of
skeletal material) cement (Nelson, 1978a). Thesmts occur as a result of
pressure dissolution. Pressure dissolution is ematal compaction process
responsible for the formation of diagenetic (albgesses that affect a sediment
after deposition, excluding metamorphism) dissolutseams and stylolites. It is
a phenomenon that has been studied by many woikelading Barrett (1964),
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Bathurst (1971), Buxton and Sibley (1981), Wanlé$381), and Evans and
Elmore (2006). It is also responsible for porosigduction in carbonate
sequences, and can be an important source of céralemt burial depths of

500 m (Dodd and Nelson, 1998). Figure 3.1 showsessketches of typical
pressure dissolution features (stylolites, wispyansg and solution seams)

encountered in limestones in the subsurface.

A STYLOUITE C°'\”"‘" _________ = 1. Sutured surface of interpenetrating columns
2. Laterally continuous surface of core scale
Amplitude 3. Amplitude 2 1cm
4. Variable insoluble residue accumulation among
surfaces and along individual surfaces
SR—— /1 Converging and diverging sutured to
B WISPY SEAM ) undulose surfaces
—-===2- 2. Individual surfaces laterally discontinuous
s, REE— on core scale
i Amplitude 3. Individual surface amplitude < 1cm
4. Insoluble residue accumulation along

individual surfaces < 1 mm
C SOLUTION SEAM \

1. Undulose surfaces
2. Laterally continuous on core scale

AY
Anastomosing Insoluble Residue 2 ;
Wispy Seam Aot 3. Insoluble residue accumulation > 1mm

Figure 3.1Pressure dissolution features commonly found irdtanes that have undergone burial
diagenesis. Sketches of a stylolite (A), wispysdistion seam, referred to as a diffuse seam in
this study (B), and a solution seam (C) which femed to as a discrete seam in this study. A list
of key characteristics for each feature is showtherright. Adapted from Moore (2001).

3.1.2 Dissolution seams

In limestones, preferential dissolution of calciikeletal fragments can occur at
levels in a deposit that are relatively enrichedarrigenous or silica materials.
These levels of dissolution often relate closelatprimary sedimentary control,
such as the alternation of carbonate sediments @am emplaced) and

siliceous/siliciclastic sediments (e.g. backgrouseldimentation between the
deposition of carbonate sediments). The influesfcsiliceous (silica) sediments
promotes accelerated pressure dissolution in catbosediments, and is a well
known phenomenon (Dodd and Nelson, 1998; Tada awtiS 1989; Hood et al.,

2003). Pressure dissolution of these depositgesuit in a sedimentary layering
of two characteristic bed types, namely thickerelstone beds relatively poor in
silica (flags), and thinner beds relatively enrithia silica materials involving

guartz, feldspar, clay, and glauconite mineraldledadissolution seams (Dodd

and Nelson, 1998). Solution or dissolution searas occur in limestones
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containing clay or silt sized particles where puesslissolution removes CagO
and leaves behind and concentrates the insolubleriaa(Barrett, 1964). These
burial features have been recorded as beginnidguelop at subsurface depths of
about 190 m (in marly lithologies) but are betteveloped at approximately 340
m (Nicolaides and Wallace, 1997). The flags aredhavell cemented,
diagenetically modified limestone beds commonly05etn thick, and are bound
by dissolution seams which are smoothly undulasngaces that preferentially
weather upon subaerial exposure, producing a flaggyearance in outcrop
(flaggy limestones). Flaggy limestones are comniorthe Te Kuiti Group
limestones in the Waitomo-Te Anga area (Barret64)9 The thin dissolution
seams are approximately 0.5-15 mm thick and gdgesaparate the limestone
flags (Dodd and Nelson, 1998). Thinner seams (81 wan occur close together,
merging and diverging irregularly, while thickeases (>1 mm) are characterised
by gently undulating surfaces with low relief (Bettr 1964). Skeletal material
near seams does not cross the seams, but is ®dnbgtthem; the truncated
material has been removed by dissolution. Penmnetraf skeletal fragments (due
to compaction) also results in the concentrationirsoluble material at the
surfaces of these contacts.

The relatively silica enriched dissolution seamsnfent donor beds) are thought
to supply the majority of CaGOcement precipitated in the limestone flags
(cement receptor beds) (Nelson, 1978b). The altenm of flags and dissolution
seam represents stratification that is partly pegesitional in origin that can
reflect original primary sediment characteristicd.ithologic differences and
sedimentary structures such as cross bedding mapyi sediments for example,
are emphasised and modified by selective integdargolution, also producing
rhythmic alternation of two contrasting, differeaily cemented sedimentary
fabrics (Nelson, 1978b).

3.1.3 Stylolites

Stylolites are also a product of burial diagenefsianing as a result of pressure
dissolution. Like dissolution seams these featuwestain insoluble residue
concentrated along surfaces. However, the kermiffce is that stylolites are

characterised by a serrated or sutured surfacar@nehuch thinner (<1 mm thick),
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and therefore, contain less siliceous material tfiagolution seams. In 3D, it is
observed as a column of one rock mass that fisssatkets in the other rock mass
(Bathurst, 1995). The suture amplitude is typicaiteater than the local grain
diameter. Stylolites die out laterally as the saitamplitude diminishes (Bathurst,
1995). Surface relief can range from 1 mm — detriése and in outcrop appears
as planar to interweaving sutured surfaces (Wanl€&l). Stylolites cut through
grains and matrix indiscriminately. They form iarp limestones that contain low
clay content (Bathurst, 1995). Stylolites occurpeadicular to the axis of
maximum principal stress (e.g. burial stresses feutphorizontal stylolites), and
grow in intact rock which has been made rigid bynealegree of cementation but
also retains some porosity and permeability (Bahut995). Previous studies
indicate that depths of 800-1000 m are requiredttier formation of stylolites
(Nicolaides and Wallace, 1997).

Some subhorizontal stylolites correspond with deposl bedding planes, and
others mark lithological changes (Bathurst, 1995)owever, other occurrences
are unrelated to bedding and are roughly paralebldique to bedding planes.
This is evident in cross cutting relationships ohirasting lithologies (Bathurst,
1995).

Subvertical stylolites can also occur and sometimethe same limestone that
contains subhorizontal stylolites (as observed e tquarry limestones).
Subvertical stylolites form as a result of compressectonic stresses. The
formation of these tectonic stylolites is contrdlley deformation forces other
than simple burial forces (Bathurst, 1995). Wtk exception of orientation, the
characteristics of stylolites of both subhorizordatl subvertical orientations are

generally the same.

3.1.4 Vertical joints

Sedimentary rocks such as limestones experienoagHistory of modification
over time. A typical sequence of sedimentary rfacknation involves deposition
in some surface sedimentary environment (e.g. @@affollowed by burial of up
to several kilometres, heat and pressure, and gubseuplift to the surface again

(Wyllie and Mah, 2004). As a result of these esetiite rock mass is often
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affected by deformation processes such as foldmfaulting. These strains can
exceed the rock strength and consequently causeotheto fracture thereby
forming discontinuities (Wyllie and Mah, 2004). dde fractures can contain
infills, either chemically precipitated mineralscbuas calcite or material that has
washed in from an external source. Joints arelsifinpctures that do not show
evidence of shear (no observable relative movenmniyineralisation, typically
occurring perpendicular to bedding of sedimentapgks (e.g. limestones)
(Odonne et al., 2007). They can intersect or teatei at primary surfaces such as
bedding, whereas faults show observable displace(iéyllie and Mah, 2004).
Joints are commonly found in deformed areas, bsb ah regions that are
undeformed (Gillespie et al., 2001). They arertiwst common brittle structures
found in the Earth’s upper crust (Becker and Grb996).

A joint set refers to a series of parallel joirasd two or more intersecting sets
produce a joint system (Wylie and Mah, 2004). tlskts are characterised by

consistency of orientations over wide areas (Ailegua Simon, 2001).

There are many reasons why joints are studiedy Tae be used to map regional
stress trajectories to help identify regions ofes$t Joints occur in shallow
tectonic environments, sometimes in relatively dadeed basins and platforms,
and as a consequence, are often the only avaiktbletures for mapping
orientation of paleostress (Arlegui and Simon, 300Joints also play a dominant
role in the failure process of a rock mass; lowerggth areas in the rock mass are
caused by the presence and arrangement of rodk j@ehle and Kutter, 2003).
This influence of joints in a rock mass is the oeawhy they are often studied in
detail in rock mechanics research (Gehle and Kug@®3). Joints also play an
important role for subsurface flow of fluids suck lydrocarbons and ground
water (Becker and Gross, 1996). Joints can als@®enigration pathways for
overlying materials such as Kauroa Ash and MahoeBuwup mudstones
(overburden quarry units), to wash down into undeg limestone units. Their
guantification becomes important and applicabla tange of societal needs (e.g.
oil production, and the assessment of environmemalblems such as
groundwater contamination). Fluid flow is influetby fracture or joint density
and orientation, and therefore factors that corjoinit spacing are often studied
(Becker and Gross, 1996).
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3.1.5 Caves

By definition, caves are natural holes in the gblarge enough for human entry
(Waltham et al., 2005). Caves are a weatheringufearesulting from the
dissolution of CaCg) which occurs as a result of acidic waters petiaga
limestones. Caves and associated karst (landscapated on soluble rock with
efficient underground drainage; Waltham et al., §)0@re widespread in the
western central North Island of New Zealand centnedhe King Country region,
and particularly Waitomo County (Williams, 2004b)The following account
gives details on the origin of these caves andt kansiscapes, based on the work
by Williams (2004b).

As discussed in Chapter 2, Section 2.2 carbonaliensats were deposited during
the Oligocene (33.7-23.8 million years ago) andyddiocene (23.8-16.4 million
years ago), followed by deposition of thick calcare mudstones (Mahoenui
Group) and sandstones (Mokau Group and Mohakatoren&tion) in the King
Country region (Nelson, 1993). Uplift initiated the Miocene (as a result of
tectonic deformation along the Pacific-Australialate boundary) resulted in
widespread erosion decreasing the formerly extensimestone outcrop to
discontinuous patches (Williams, 2004b). By théod@ne, stripping of the
overlying clastic sediments was well advanced & western North Island, and
karst evolved on limestone outcrops about 1-3 amillyears after the limestones
became exposed. In the King Country region kargiredominantly a doline or
sinkhole (closed depression in karst) landscapk déndritic cave systems with
well developed passages. This karst evolved simedtiocene in rocks of about

100 m in stratigraphic thickness (karst supporksdc

Karst evolution has been intermittently interruptgdburial with thick sheets of
welded ignimbrites (Coromandel Volcanic Zone froamlg Miocene to Pliocene,
and Taupo Volcanic Zone from the mid Pleistoceamy ashfall deposits from
North Island volcanics, decoupling karst from tlyglilogeochemical system for a
period of several hundred thousand years. The egeignimbrites provided a
relatively impermeable cover that prohibited peatioh. Karst in the King
Country region remained buried until exhumed andxgosed by late Quaternary

erosion.
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The main karst supporting rocks are the Orahiri@tmohanga Limestones in the
Te Kuiti Group. Williams (2004b) explains that thienestones have closely
spaced joints and therefore have a very high fesd§tequency. Fissures are
defined as cavities opened by dissolution alongck discontinuity (e.g. joint),

but are smaller than a cave passage (Waltham ,eR@05). Fissures in the
limestones have been exploited by hydrogeologicatgsses, and together with
other discontinuities such as faults permit doliméiation by providing a

preferred drainage path for infiltrating water (Wéins, 2004b).

The overlying Mahoenui Group mudstones (overburdenhe quarry) contain

pyrite nodules which yield acidic percolation tirateracts with limestone to form
gypsum. 100 years ago the landscape was entiosigred in dense evergreen
forest (80% cleared at present) (Williams, 2004bkorested, mild, humid

conditions together with acidic solution from thgrige nodules further aided

karstification, the formation of percolation pattysaand cave initiation during

the Miocene (Williams, 2004b).

Due to Upper Tertiary and Quaternary tectonic andienal processes, limestone
outcrop in the King Country is a fragmented mosaieering 400 krh Karstified
limestone connected to a hydrogeochemical systemedtle the surface further
extends the karstified area to 800%villiams, 2004b).

3.2 Methods for describing rock mass properties

3.2.1 Selection criteria for choosing rock mass sites

Rock mass work was carried out on four limestonaryuunits, namely Upper
Steel, Aglime, High Grade, and Lower Steel. Fig8r2 shows the locations of
the faces measured. The Caprock unit, locatetigsaphically above the Upper
Steel, is not included in the rock mass descripéistit is thin, difficult to access,
and is treated as overburden by the quarry opeatidcach face was selected
based on availability, accessibility, safety, ot&ion, and most importantly

freshness.
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Figure 3.2 Aerial photo of McDonald’s Oparure Lime Quarry shiogrrock mass study sites within
various exposed limestone units (i.e. Upper Stéglime, High Grade, and Lower Steel). Aerial
photo taken February 20t Courtesy c McDonald’s Lime Ltd




Consequently the selection criteria used to chdbsesites have the following
characteristics: 1) faces trending perpendiculaughly east-west) to the main
joint sets in the quarry; 2) faces that were nandpactively worked at the time of
data collection; 3) faces that were relatively firesuch as faces that ideally had
recently been blasted or had not experienced leng tveathering; and 4) safe
areas that could be accessed on foGtiteria 3 emphasises the fact that some
faces located particularly along high traffic are@pear significantly different to
freshly blasted faces. This makes it difficultftdly assess weathering features
such as discolouration on faces. Due to traficrflarge machinery (e.g. diggers
and dump trucks), older faces commonly possesacidccumulations including
quarry dust that has accumulated over time. Disooity infills are also likely to

be compromised and washed away over time due tthesmrag processes.

In addition, joints or fractures become more rethfeg. from vibrations of heavy
vehicles and blasting) and open compared to frebldgted faces due to long
periods of exposure. Fresh faces are thereforeb#ds to describe as they

represent better original characteristics.

Rock mass description was used to determine thie mass and discontinuities
present in each quarry unit. Discontinuities sashoints were measured using
the scanline mapping method to determine joint isggaand orientation (Wylie
and Mah, 2004). This, together with other rock snparameters described and
calculations used are discussed below. The proesdue more fully defined by
Wylie and Mah (2004).

3.2.2 Scanline mapping

All field measurements and descriptions were resgrdnto data sheets (e.g.
Figure 3.3). Scanlines, sometimes referred toiras happing, were used to
collect statistical data of geological featureg.(goint spacing, joint orientation),

and to describe infills, to create a representatata set for each quarry limestone
unit. Horizontal scanlines involved stretchingapeg measure horizontally across

a face to map discontinuities that intersect the.li
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Date 30.03.07

Location: McDonald's Quarry, Lower Steel Grade, northern face
Joint type: Master joint

Northing N6316251

Easting E2691507

Elevation (m) 118
Orient. of face  85/302

Line No. 1
Flag thick. Distance  App. joint Aperture

Flag No. (mm) Joint No. (m) spac. (m) No. of joints Dip°® Dip direction® Width (mm) Infill Moisture
1 0.0 0.0 3-4 75 184 40 yes moist
2 11.7 11.7 5 85 152 2-5 yes seepage
3 22.3 10.5 1 85 332 5-10 none dry
4 26.8 4.5 1-2 86 164 3-6 none wet
5 31.2 4.4 3-4 90 148 3-5 none dry-sl. Moist
6 40.2 9.0 3-6 86 133 20 yes dry
7 47.1 6.9 1-4 86 136 10-30 none dry
8 51.9 4.9 3 85 334 10-20 none dry

black discolouration near bottom, infill light brown clay
joints closely spaced, clay infill

aperture tight higher up

raining on the day

thin brown lining on joint surface

Comments e.qg. colour, infill material, weathering, discolouration

Figure 3.3Example of a field data sheet used to record roagsndlata for master joints in the Lower Steel, mutthern face. App = Apparent, spac. = spachg,

= slightly. Joint zones involve more than one foi@ther field data sheets can be found in Appe@dB.1.




Line lengths were usually between 50 and 100 e lifte length was based both
on the size of the exposure (face) and the numberagter joints which ranged

from approximately 10-20.

After initial field observations it was decided titaere were two distinct joint
types in the quarry. These were at different scaleluding: (1) large vertical
‘master’ joints that appeared to be continuousubhmut the rock mass typically
terminating at the top of the quarry benches. @&hemts are accentuated by
zones (typically 0.3 m either side of joint) of cidouration (oxidation) along
joint surfaces, and appear more relaxed (open) $haall joints (other type); and
(2) small vertical joints which are much smallervertical length than master
joints and terminate over much shorter distanggscally being persistent across
several or more limestone flags. These joints tiaveer apertures, and oxidation
and infills are less common or rarer than the migstats. In this study, small
joints represent the joints between master joilgery master joint was measured
on a horizontal scanline for each site exposurdstivo horizontal scanlines for
small joints were measured for each quarry unibeype. Each scanline for small
joints started at one of the master joints chogeramdom, and finished at the

neighbouring master joint (e.g. between mastetgdnand 4).

Some vertical scanlines were also measured wher¢afie was hung vertically.
These scanlines measured the vertical spacing batil@gs. Vertical scanlines
were also measured at two sites for each quartyexmposure, again a location

(usually midway) between two master joints chodaamadom.

Rock mass parameters

The dip and dip direction (perpendicular to strike) indicates orientation aof
discontinuity surface. If the dip of a surface8®° and dip direction 132°, the
orientation is expressed as 88/132. Orientatios maasured using a Freiberger
Préazision smechanik geological compass. The canlichss placed against the
surface and moved until it is level, which is iratied when the centring bubble is
within the circle. The needle is then releaseimdaicate dip direction, and the dip
simply read off the scale on the hinge (Wylie anahyi2004). Magnetic readings
are adjusted, for example for a magnetic declinatib20° east, 20° is added to
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the dip direction reading to obtain true north (Wyand Mah, 2004). The
estimated value of magnetic declination for theatam of the quarry is 20° 11’ E

(National Geophysical Data Center, 2007).

Dip and dip direction were plotted onto equatogiqual-area contoured stereonet
plots in the Rockware software program (RW2002)ndicate dominant joint
set(s), which shows as a cluster of poles (pointsmeasurements) on the
stereonet. To determine the average orientati@aah cluster, a series of bearing
and distance measurements were undertaken. Tiisaal@eved by using the

measuring tools in the Rockware software.

A bearing was measured for each cluster to giveditextion to the pole cluster
and 180° was added or subtracted to find the dgrtdon of the plane(s).

A distance was also measured for each cluster|aedconverted to a dip value

using the following equation (707 is the defaudirgbnet size):

a = 2 X sin* (distance/ 707)

Rock type includes features such as origin of the rock, wgland mineralogy.
The rock type of each limestone unit in this stindg been described as being
either sparry (dominant cement in the limestonspiar) defined as a mosaic of
calcite crystals, coarsely crystalline to appeangparent in thin section; or
micritic (dominant cement type in the limestone nsicrite) defined as
microcrystalline calcite, defined as having crystal4 ym in diameter and is
formed as organic or inorganic precipitates or asauct of the breakdown of

coarser carbonate grains (Scholle and Ulmer-ScHz0i@3).

Discontinuity types include joints, faults, bedding, and other discurities

identified at the quarry (i.e. dissolution seantglotites, joints, and caves).

Discontinuity spacingis the distance separating adjacent discontirsuitiBirect

measurements of the distance from the start oftlamline to each discontinuity
are recorded, and apparent spacings can be calduiam these. In order to
account for the relative orientation between theefand the discontinuities an
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average true spacing is calculated for each disugty set which gives the
perpendicular distance between joints based oavbege orientation for that set.

This is determined from the following equation:

S = Spsind

Sapp IS the measured apparent spacing, @rsl the angle between the face and
strike of discontinuities (Wylie and Mah, 2004). n Average true spacing is

calculated for each joint set identified.

Persistenceis the measure of the continuous length of theasiBnuity. This is

estimated for master and small joints.

Aperture is the perpendicular distance separating the adfamck walls of an

open discontinuity that is air or water filled.

Seepageis locations of water flow, and areas where thsrevidence of water

flow (e.g. iron oxidation staining; orange or y&iin colour).

Infilling/width is the perpendicular distance between adjacerk watls or the
width of a filled discontinuity. Any infill mateals are described, and are sampled
for mineralogical, textural, and chemical compasitanalyses (discussed later in
Chapter 5, Section 5.4).

Weathering is the reduction of rock strength due to disirign and
decomposition of the rock mass. Features of deositipn weathering include
rocks that contain iron which oxidises to produceyeallow or orange
discolouration, or carbonation involving the disgan of limestone. Weathering
is important in terms of the formation of clay nrials which are often associated

with joints.

3.3 Upper Steel rock mass results

Field data sheets containing rock mass informatdmout the Upper Steel

limestone are given in Appendix C-3.1.
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Weathering, rock type, and bedding: The Upper Steel limestone unit is
predominantly an oxidised, moderately weatheredarmyy white to light yellow
sparry limestone. Water was observed seeping dpgilg from the unit at the
time of observation. The rock mass shows two diffie bedding features.
Moving down the stratigraphy, the upper rock maas a knobbly appearance
(Figure 3.4D) equivalent to the Waitanguru Limestomember (OtB) of the
Otorohanga Limestone (Nelson, 1978a). From antisté appears to be slightly
flaggy, however, on closer inspection, the limestestylolitised which is often
referred to as pseudo-bedding. The knobbly limesis lensoidal and comes and
goes across the Upper Steel unit in the quarry;elvew it maintains a similar
stratigraphic level where observed. The lower nmass is flaggy and dominated

by predominantly subhorizontal flags.

Dip and dip direction data are plotted on steredrfet the limestone flags

(Appendix C-3.2). Bearing and distance measuresnesed to calculate dip and
dip direction from the stereonets are summarisefippendix C-3.3. The lower

rock mass is characterised by large, irregularr@pmately horizontal flags (0°

dip) ranging from 100-560 mm thick, with an averabé&kness of 240 mm

(Figure 3.4C). These flags occupy the lower twathoee metres of the unit,
comparable to the Piopio Limestone member (OtAthefOtorohanga Limestone
(Nelson, 1978a).

Discontinuities: Discontinuities in the Upper Steel unit includeddilution seams
(Figure 3.5), subvertical and subhorizontal (Fig®®) stylolites, and karst
features. Seams are typically discrete and corated; moist to wet, and
comprise rusty brown silt, ranging from <2-3 mm ftinickness, although
thicknesses up to 15 mm were recorded on otherviies but are not typical.
Stylolites of both orientations have similar chaeaistics (i.e. contain rusty
orange clay and are typically <1 mm in thicknessNo intact caves were
observed, however, there are many collapsed daddinddissures (Waltham et al.,
2005) trending north-south along the northwestercef(Figure 3.4A, B, E).
Collapsed dolines are defined as sinkholes whisie larmed by collapse of rock
into a cave passage or chamber (Waltham et al5)20Che faces are concave and
smoothly curved, and share characteristics tym€&iarst features. The features

are 1 m high by 1 m or more wide.
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collapsed |+ &1
doline

infill dispersed .
over blasted Iimesone

Figure 3.4Rock mass characteristics of the Upper Steel liomesunit: (A) Infill material washed
into a fissure in the limestone, eastern face nend. (B) Collapsed doline (karst feature), easte
face, north end. (C) Thick limestone flags (matifbeds), eastern face, north end. (D) Knobbly,
massive limestone, northern face, north end. (i) washed into cave feature, western face,
north end. (F) Infill probably sourced from overben units (Mahoenui Group mudstone or
Kauroa Ash) on blasted Upper Steel limestone, nemth
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Blasting has likely removed the main cave structward ‘left over’ a portion of
the caves. Infills are found inside or outsidesthéeatures (Figure 3.4A, E, and F)
and have been sampled for textural and chemicdysisa The infills are moist to
wet, orange brown clays, and are about 0.3 m thitkpugh thickness is difficult

to determine. The Upper Steel unit appears to havaaster joint systems.

Non-discontinuity features: Porous zones ranging from 10-40 mm thick are
common in the Upper Steel unit where calcite cenmastbeen leached from the
limestone along discrete horizons. The poroussaceasist of brownish leached
friable material (Figure 3.5) often associated wdlissolution seams (e.g. the
porous zones typically occur equally either sida sEam).

Figure 3.5 Discrete dissolution seam (arrowed) in the UppeeBlimestone unit with leached
limestone (L) either side. The seam is rusty brovamtaining silt and clay sized grains.

¥ VR

Figure 3.6 A subhorizontal stylolite in the Upper Steel limres unit. The stylolite (see white
arrows) is a thin feature (<1 mm thick), and caméailay mineral.
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3.4 Aglime rock mass results

Field data sheets containing rock mass informasibaut the Aglime limestone

unit are given in Appendix C-3.1.

Weathering, rock type, and bedding: The Aglime unit is typically an
unoxidised, fresh, blue-grey micritic limestoneheTunit was dry at the time of
observation. Oxidised zones of orange to lightwororock are common,
particularly along vertical master joint (Figure8A&. and B) surfaces and
occasionally on small joints. These discolouraiones occur on both sides of a
master joint surface, and are typically 0.30 m w@eproximately). Because this
width is an apparent width, the true width perpeufdir to joints is likely to be
smaller. Aglime has flaggy bedding characteristitsch are variable across the
quarry ranging from approximately horizontal (0-H)3) to wavy lozenge shaped
flags occurring with a range of thicknesses (i.2-200 mm), and an average
thickness of 100 mm. Both flag types (horizontatl avavy lozenge shaped)
usually occur at the same site close to each ottregppear as disorganised

bedding where a mixture of the two flag types osdogether.

Discontinuities: Discontinuities in the Aglime unit include disstn seams and
joints. Seams are mainly discrete (Figure 3.7)demsed, dry to damp, medium
brown or rusty orange or grey clay, ranging froi@mm in thickness. Diffuse
wispy seams (Figure 3.8D) are observed at one itogawithin large blasted
boulders up to 1 m or more in size. No stylolibescaves were identified in the
Aglime unit. Some surface coatings/accumulatioesensampled in the Aglime
limestone unit that were not joint infills. Theaecumulations comprise quarry
dust sourced from blasting and vehicular traffee(<hapter 5, Section 5.4.7 for
results for mineral composition, and Chapter 6,ti88c6.6.6 for results for

chemical composition).

Joints: To identify joint sets, dip and dip direction dat@ plotted on stereonets
for master and small joints (Appendix C-3.2). Begr and distance
measurements used to calculate dip and dip diredtiom the stereonets are
summarised in Appendix C-3.3. Using apparent sgadip direction of the face
(from field measurements), and the dip directiore@ath joint set(s), true spacing

has been calculated (summarised in Appendix C-3.4).
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Master and small joints both occur in the Aglimé&ne master joint set is
identified with orientations of 86/322 and 74/128verage true joint spacing is
0.31 £ 0.03 m. Master joint persistence is estuas >20 m and joint aperture
from 0-50 mm. All master joint surfaces observadged between dry and moist,
and contained infills that are slightly moist to isto Infills varied from light
medium brown to cream to orange silt, to rusty gearclay, to limestone
fragments (pebble size). Other infills include teHorittle material (up to 15 mm
thick), re-precipitated calcite (up to 50 mm thic&ipd palygorskite (clay mineral)
occupying up to 30 mm of the width of the fillecgdontinuity.

One small joint set is identified with orientationis85/149 and 88/323. Average
true joint spacing is 0.30 + 0.08 m. Small joietgistence was estimated at <1 m
terminating against limestone flags, and the jaiigtth from 0-20 mm. All small
joints are dry and most contained infills. Infiflse typically rusty orange clay (up
to 4 mm thick), palygorskite (5-20 mm thick), ardprecipitated calcite (15 mm
thick).

Figure 3.7 Thick discrete dissolution seams (white arrowshim Aglime limestone unit that have
preferentially weathered back to produce a flaggyestone, northern face, on road to drying
plant.
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Figure 3.8 Rock mass characteristics (arrowed) in the Aglimeestone unit: (A) Discolouration
from the oxidation of rock along a vertical magtént, compared with unoxidised rock either side
of this zone of discolouration, southern face. YB)tical master joints, southern face. (C) Infill
material in a vertical master joint typically costélg of brownish orange clays, white clays such
as palygorskite, and limestone fragments, soutlfi@en. (D) Diffuse and discrete dissolution
seams in a blasted limestone boulder. Note thpyappearance of the diffuse seams. Western
bench.
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3.5 High Grade rock mass results

Field data sheets containing rock mass informatidiout the High Grade

limestone unit are given in Appendix C-3.1.

Weathering, rock type, and bedding: The High Grade limestone unit is
typically an unoxidised, fresh, blue-grey sparmpdstone. Oxidised orange to
light brown rock is common, particularly along josurfaces. Discolouration is
present either side of many master joints, sinyiltolthe Aglime unit, occurring
up to 0.3 m wide either side. The face ranged fiimn to moist at time of
observation. High Grade limestone unit looks samib the Aglime unit, and has
variable flag characteristics across the quarrhest range from subhorizontal
regular thickness flags to wavy lozenge shapedu(Ei®.9D) flags involving
thicknesses ranging from 50-220 mm with an avecdde20 mm.

Discontinuities: Discontinuities in the High Grade limestone unitclude
dissolution seams, caves, and joints. Seams emeeth(typically <10 mm thick)
than the seams in the Aglime, but thicker thanhie Upper Steel (which have
seams that are typically <3 mm thick). Seams &@erete and concentrated, dry
to moist, dark blue grey or rusty brown silts oayd ranging from 2-4 mm in
thickness. One large cave approximately 2.5 m high 2 m wide was identified
(western side, second bench) and is shown in Figu@. Cave infills are moist
to wet, medium brown to orange clays. No stylslitgere observed in the High
Grade.

Joints: Once again to identify joint sets, dip and dip dilen data were plotted
on stereonets for master and small joints (Appe@d2). Bearing and distance
measurements used to calculate dip and dip diredtom the stereonets are
summarised in Appendix C-3.3. Using apparent sgadip direction of the face
(from field measurements), and the dip directiore@th joint set(s), true spacing

has been calculated (summarised in Appendix C-3.4).

Master and small joints both occur in the High @réichestone unit. One master
joint set is identified with orientations of 85/14hd 87/324. Average true joint
spacing is 2.45 + 0.32 m.
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Figure 3.9 Rock mass features in the High Grade limestone (AJtA relatively tight or closed
vertical master joint containing clay rich infill.(B) A relatively open vertical master joint
containing clay rich infill. (C) Vertical masteoints showing discolouration due to oxidation
(brown to light orange) zones along joint surfac€®) Unoxidised rock showing wavy, regular,
flaggy bedding. All photos taken of a northerngfac
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Figure 3.10A limestone cave in the High Grade unit containgaye infill, typically a brown,
moist, clay rich material. The infill is generaligcumulated near the sides and at the bottom of
the cave, western face.

Figure 3.11Palygorskite (creamy white clay mineral originalty) an exposed joint surface in the
High Grade limestone unit. Palygorskite has leathiéexible, and sheet like characteristics.

Master joint (Figure 3.9C) persistence is estimatele >20 m, and joint aperture
0-300 mm (maximum aperture corresponds to a opiah Zone). Joints ranged
from dry to moist. The majority of the master fsitnave infills (Figure 3.9A and

B). Infills are mainly dry, ranging from light bnan to orange or dark grey clays
(300 mm thick), limestone fragments (pebble sipajygorskite (3-10 mm thick)

(Figure 3.11), and re-precipitated calcite (up@am thick).
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One small joint set is identified with orientation81/141 and 81/337. Average
true joint spacing is 0.68 + 0.24 m. Small joirgstence is estimated at <1 m
terminating against limestone flags, and joint aper0-10 mm. All small joints
are dry and half contain infills. Infills are tygailly dry to moist, white or orange
yellow or grey silt (up to 5 mm thick) and palygkite (up to 2 mm thick).

3.6 Lower Steel rock mass results

Field data sheets containing rock mass informa@tout the Lower Steel

limestone unit are given in Appendix C-3.1.

Weathering, rock type, and bedding: The Lower Steel limestone unit is a
predominantly moderately weathered, mainly oxidise@amy white or orange
yellow sparry limestone. The upper two or thregra®eof the unit (Figure 3.12A)
are un-oxidised, blue-grey flaggy limestone, whehe flags are typically
horizontal (0-7° dip). In some locations, belovesh upper few metres, is a
relatively sharp contact between oxidised, lightioye, low angle cross beds
(Figure 3.12A) which are also flaggy. In otherdtions, it is not cross bedded
(approximately horizontal bedding). Discolouratioccurs either side of master
joints (top of Figure 3.12B), approximately 0.3-@n5Swide either side of the joints
if they are in unoxidised rock. Some parts of fimee are dry, and others seeping
at time of observation. Flag thicknesses rangevést 30 and 280 mm, and
average 120 mm.

Discontinuities: Discontinuities in the Lower Steel unit includessblution
seams, subvertical and subhorizontal stylolitesesaand joints. Seams are
typically discrete and condensed/concentrated linasminerals, dry to moist,
medium brown silt and clay, ranging from <1-3 mnckh White soft sand was
also observed rarely (10 mm thick). Stylolitesboth orientations are typically
<1 mm thick, and involve rusty orange clays. Oa ttorthwestern face of the
guarry, another cave is exposed (in the Lower Sitelstone unit) at the time of
observation that was approximately 1 m high by 2vidke. A period of heavy
rainfall occurred during description. A few minsitafter the rainfall event ended,

muddy water flowed out from the cave.
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unoxidised

Figure 3.12Rock mass features in the Lower Steel limestone (/) The top of the unit consists

of approximately 2 m of partially unoxidised subizontal flaggy limestone, which overlies

approximately 1 m of flaggy cross-beds, which tbegarlies more subhorizontal flaggy limestone
(oxidised), eastern face. (B) Tight vertical magténts, northern face. The High Grade unit is
shown overlying the Lower Steel unit (top).

Although the flow rate was not measured, the flowswelatively fast and
comparable to flow discharge of a storm drainage ifter heavy rainfall. Karst
features such as fissures are also present omuthe face and contain infills. The
face containing the Lower Steel limestone unitsecaras blasted the same day.
Cave infills were able to be sampled and are moistvet, medium brown to

orange clays.

Joints: To identify joint sets, dip and dip direction dat@ plotted on stereonets
for master and small joints (Appendix C-3.2). Beagr and distance
measurements used to calculate dip and dip diredtem the stereonets are
summarised in Appendix C-3.3. Using apparent sgadip direction of the face
(from field measurements), and the dip directiorrath joint set(s), true spacing
has been is calculated (summarised in Appendix4Q.-Master and small joints
both occur in the Lower Steel. One master joihis@lentified with orientations
of 87/172. Average true joint spacing is 3.70 %80m. Master joint persistence
is estimated at >20 m, and joint aperture from 23f. The majority of the
master joints have infills. Joints ranged between to wet where water was
flowing. Infills are dry to moist, comprising browclays (1-2 mm thick),

limestone fragments (pebble size), and palygorgkipeto 3 mm thick).
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Three small joint sets were identified with origidas of 84/174, 87/122, and
85/152. Average true joint spacings are 0.37 x00m, 0.13 £ 0.05 m,
0.17 £0.07 m. Small joint persistence is estimae <1 m terminating against
limestone flags, and joint aperture from 0-8 mnma$ joints ranged from dry to
wet (water flowing). The majority of small joink&ve little (<1 mm thick) or no
infills. Infills are dry to moist, and include precipitated calcite (up to 5 mm
thick), white to fawn clay (up to 2 mm thick), amdhite brittle material (up to 4

mm thick) later identified as calcite.

3.7 Discussion

Table 3.1 summarises the rock mass characteristitdse four quarry limestone
units. The Upper Steel and Lower Steel units aseerweathered than the Aglime
and High Grade units. The Upper Steel occurseatdp of the stratigraphy and is
therefore more exposed to infiltrating water thae other units; in addition, the
Upper Steel is locally porous. The level of thetavaable could have covered
most of the Lower Steel unit, and can be offered g®ssible explanation as to
why it is relatively more weathered, and almost ptately oxidised.

Discolouration of master joints, particularly inetlglime and High Grade units,
and some small joint surfaces provides evidencewlader is percolating down
along these discontinuities. Water is proposedthes most likely transport

mechanism for carrying joint infills from overlyingxternal sources (e.g.

Mahoenui Group mudstones and Kauroa Ash) downoaditiinto the joints.

All the units are well cemented limestones and predominantly flaggy
limestones, however, the Upper Steel unit does lsaedions that are knobbly,

and porous.

3.7.1 Dissolution seams

All limestone units contain dissolution seams whaxttur between flags as a
variety of thicknesses across the four quarry unitén decreasing order of
thickness, Aglime (typically 2-10 mm thick) has tinckest followed by the High
Grade (typically 2-4 mm thick), Lower Steel (typiga<l-3 mm), and Upper
Steel (typically <2-3 mm thick) units. Seam makgharacteristics are similar

for all units (rusty brown or blue grey silts andys).
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Table 3.1 Rock mass characteristics summarised for eachyjuait.

Flag Seam moisture Apparent
. - . , True ;
Quarry . Discontinuity thickness Flag _pparen .- . Joint
. Rock type Weathering . . colour, texture, joint spacing joint spacing . !
unit types present av;r%%gee(%wm) orientation thickness (mm) (m) (m) orientation
Creamy Dissoluti Moist-wet
U white/ issolution seams _ rusty
S‘t)geelr light yellow, uggﬁ:gig’ Subvertical and subhorizontal  100-560  Horizontal brown silt - - -
sparry stylolites Av. = 240 (<2-3 mm)
limestone Collapsed dolines (karst)
Blue-grey/ Dissolution seams Dry-damp,med Master = 86/322
) orangey Master joints 20-200 . brown or rusty Master = 2.53 Master = 0.31 74/128
Aglime yellow, Fresh Smaller joints between master 51",  Horizontal - brown or orange or
micritic joints - grey clay, Small =1.23 Small=0.30 Small = 85/149
limestone (2-10 mm) 88/323
Blue-grey/ Dissolution seams kE)ILyé/ng;%?/t r(ljjas':tl; Master = 85/141
. orange Master joints - Master = 2.66 Master = 2.45 87/324
CI;rIScTe yeHgW,y Fresh Smaller joints between master 50'_220 Horizontal brOV‘I’n silt/
sparry joints Av. =120 o5 Small = 0.74 Small=0.68  Small = 81/141
limestone Caves (2-4 mm), 81/337
Dissolution seams Dry-moist _
Cv\r/i?[?/y Master joints _ med brown Master = 3.70 Master = 87/172
Lower orangey  Moderately Smallerjomt?Oliaﬁtt;Neen master 44 5g Tgvczaonngt%/ (<8!|}Y1C|r?1¥n) Master = 7.40 : Small = 84/172
Steel ~ Yellow,  weathered g b ertical's subhorizontal AV = 120 crossibeds white, ' Small=049-069 Small=0.13-0.37  84/174
i spatrry stylolites soft sand 871159
Imestone Caves (10 mm),

NB: - = not present. Infill thicknesses if measured are quoted in brackets
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Table 3.1continuet.

Joint
aperture (mm)

Joint infill moisture, colour,
texture, thickness (width of
filled discontinuity (mm)

Stylolites

Cave infill texture,
colour, moisture, size

Seepage

Quarry  Joint persistence
unit (m)
Upper _
Steel
Master = >20
Aglime Small = <1

terminate against flags

Master = >20
Shgh, Small = <1

terminate against flags

Master = >20

Lower

Steel Small = <1

terminate against flags

Master = 0-50
Small = 0-20

Master = 0-300

Small = 0-10
Master = 2-40
Small = 0-8

Master: All joints have infill. Infill slightly
moist-moist. Fill material ranges from
light-med brown/cream/orange silt,
soft white leached limestone?, palygorskite
(30 mm), rusty orange clay, brittle white material
(15 mm), re-precipitated calcite (50 mm)
Small: Rusty orange clay (4 mm), palygorskite,
(5-20 mm) re-precipitated calcite (15 mm)

Master: Majority of joints have infill. Infill dry.
Fill material ranges from light brown-orange
sticky clay (300 mm),palygorskite (3-10 mm), dark
grey clay, re-precipitated calcite crystals (10 mm),
Small: Half the joints have infill. Infill dry-moist.
Fill material ranges from white/orangey yellow
coating (5 mm), grey silt, palygorskite

Master: Majority of joints have infill. Infill dry-
moist. Fill material ranges from light brown clay,
(1-2 mm), Palygorskite
Small: Majority of joints have either a thin coating
(<1 mm) to no infill. Re-precipitated calcite
(5 mm), white-fawn clay (2 mm), white
brittle material (4 mm)

<1 mm thick
rusty orange,
clay residue

<1 mm thick
rusty orange,
clay residue

Moist-wet, med
brown-orange
clay, approx.

1 m high by
1 m wide

Moist-wet, med
brown-orange
clay, approx. 2.5 m high
by 2 m wide

Moist-wet,
med brown-orange
clay

Face: Moist-water flowing,
surface water
Seam: Wet

Face : Dry
Master joints : Dry-very wet
Small joints : Dry
Seams: Dry-damp

Face: Dry-moist
Master joints : Dry-moist
Small joints : Dry
Seams: Dry-moist

Face: Dry-water flowing
Master joints : Dry-water
flowing
Small joints : Dry-water
flowing
Seams: Dry-moist

NB: - = not present. Infill thicknesses if measured are quoted in brackets



Moist seams are common, and are likely the redulateral water movement

along these horizons in the rock mass.

3.7.2 Stylolites

Two units contain subhorizontal and subverticalddites (Upper Steel and Lower
Steel). Stylolites show similar characteristicstfte Upper Steel and Lower Steel
units (i.e. thin <1 mm thick residues of clay).sBwlution seams and stylolites are

quantified in detail for each quarry unit in ChapteSections 4.3 and 4.4.

3.7.3 Caves and other karst features

Three units contain caves, collapsed dolines, arfddsures (Upper Steel, High
Grade, and Lower Steel). Since these have beenttifidd in three of the four
units it is probably reasonable to presume thatAhkme also has caves and/or
other karst features that are not currently exposéhe infills in the caves (all
clay rich) are likely to have been sourced fromhbtite overlying Mahoenui

Group mudstones and the Kauroa Ash.

3.7.4 Limestone flags

Flag orientation is generally horizontal in all gqyalimestone units, and low
angle cross-beds are common in the Lower Steel uRlag thickness varies
across the units. Figure 3.13 shows a box ploh@fmean, and variability of the
flag thicknesses. Summary statistics of flag theds are shown in Table 3.2 for
all quarry units. Upper Steel has the greategjeaf flag thicknesses (100-560
mm), followed by Lower Steel (30-280 mm), High Gea(b0-220 mm), and
Aglime (20-200 mm). In view of the fact that dikgton seams separate each
flag, thickness is important because it gives alicetion of the amount of silica

(associated with the seams) each unit contains.
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Figure 3.13 Box and whisker plot showing the distribution o&dl thicknesses in the quarry
limestone units.

Table 3.2 Summary statistics for limestone flag thickness jnfian Upper Steel, Aglime, High
Grade, and Lower Steel limestone units.

Statistics Upper Steel Aglime High Grade Lower Steel
Mean 237 101 122 123
Std error 15 4 5 6
Median 220 100 130 120
Mode 130 90 70 80
Std dev. 99 38 44 50
Range 460 180 170 250
Minimum 100 20 50 30
Maximum 560 200 220 280
Sum 995 905 869 925
Count 42 90 71 75

For example, if you have a unit with ten flags imatre, and another unit with
three flags in a metre, and assuming that the oot in both units contains the
same silica %, and seam thickness between eachsfldg same in both units,
you could expect the amount of silica to be morthéunit with ten flags as there

is more seam material present.

A t-Test was carried out to compare flag thickriestsveen the quarry units. Full
details on the t-Test results are given in Apper@@hi®.5. Table 3.3 shows results
of t-Test statistics with a null hypothesis statitigt each unit has the same
average flag thickness. The t-Test showed that.tiveer Steel and High Grade

have the same average flag thickness (large p vadund that all other units are
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from different flag thickness populations (i.e. ithiag thicknesses are not the
same). The p-values (Table 3.3) derived from thedts were small enough to
provide sufficient evidence to conclude that théea significant statistical

difference amongst the other units.

Table 3.3t-Test results that compare flag thickness betwpenry limestone units (Upper Steel,
Aglime, High Grade, and Lower Steel). The null bifgesis assumes equal variances across two

samples.
Unit Lower Steel vs. Lower Steel Lower Steel vs. High Grade High Grade vs. Aglime vs.
comparisons  High Grade vs. Aglime Upper Steel vs. Aglime Upper Steel  Upper Steel
Confidence 95% 95% 95% 95% 95% 95%
interval
p-value 0.9038 0.0010 3.2027x10™3 0.0009 1.3706x10™%  3.2303x10%
Result accept null reject null reject null reject null reject null reject null
same thickness different different different different different
thickness thickness thickness thickness thickness
3.7.5 Joints

Three units contain joint systems (i.e. Aglime, IHiGrade, and Lower Steel).
The average true master and small joint spacingsa@oss the units (Table 3.4).
Raw data for these calculations are given in Apped3.4. The small joints
appear to have similar orientations to the masietg and probably belong to the
same joint set as the masters, however, this guldgivided joints based on field
characteristics, therefore the data set for thesejoint types were dealt with
separately. Figure 3.14 shows the joint spacingstiatigraphic array for the
quarry units. In general, the master joint spagidgcrease from the lowest unit
(Lower Steel, av. 3.70 = 0.58 m) to the highest gAglime, av. 0.31 = 0.03 m)
with the High Grade having an intermediate averagester joint spacing of
2.45+ 0.32 m. There is a relatively large staddarror associated with the
Lower Steel master joint set (x 0.58 m) so more susaments would likely

decrease this error.

Table 3.4Joint spacing for quarry limestone units in outcrop

Joint type and  Apparent spacing

Quarry unit True spacing (m) No. joints Std. error

set number (m)
Aglime Master set 1 2.53 0.31 13 0.03
Small set 1 1.23 0.30 7 0.08
High Grade  Master set 1 2.66 2.45 22 0.32
Small set 1 0.74 0.68 4 0.24
Lower Steel  Master set 1 7.4 3.70 7 0.58
Small set 1 0.69 0.37 9 0.10
Small set 2 0.74 0.13 6 0.05
Small set 3 0.49 0.17 9 0.07
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Joint spacing in quarry limestone units

Aglime
g
c
o B Master set 1
c
% High Grade O Small set 1
) B Small set 2
g O Small set 3
2
S Lower Steel
3 Lower Stee

T T T T
0.0 1.0 2.0 3.0 4.0
True spacing (m)

Figure 3.14Joint spacing in stratigraphic array for quarrytsini

The small joints do not show the same pattern egrtaster joints, for example,
the Lower Steel has a range of joint spacings €tlsreall joint sets) ranging from
0.13-0.37 + 0.05-0.10 m, High Grade 0.68 + 0.24ang Aglime 0.30 + 0.08 m.
The Lower Steel and Aglime show similar small joépiacings whereas the High
Grade has quite different spacings. This is pribalresult of the lack of small
joint measurements in the High Grade unit (reldiveigh standard errors
associated with spacing) as we would expect thdl gomat spacings to also be
similar to the other units. Table 3.4 emphasibesvariation of the numbers of
joints measured in each unit. It is recommended #xtra measurements (of
more joints) are taken to create a more robust skttéo generate better statistics

in the future.

Master and small joint sets in the quarry are t@ct@ints with orientations that
correspond (parallel) to the main fault in the quaChapter 2, Section 2.6.1),
thus they are likely to be part of the same tectstriess fields. These joints have
formed as a result of uplift activity which has sad the limestones to fracture
(brittle deformation) as a response to horizonte¢sses. As uplift occurred,
valleys cut by rivers near the quarry region hasbably allowed stress release
causing some of the limestone to relax, and opegpings as a consequence. The
master and small joints were formed in the same, wayept more relaxation has

occurred along the master joints giving them déferfield characteristics, such as
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larger aperture, which in turn allows more wated anfills to percolate through
them, whereas small joints remained tight. Thetemra@ints are remarkably

regular in their spacing in each limestone un#éach limestone unit.

From the bottom unit (Lower Steel) to the top (Agd) unit shows a general trend
of decreasing joint spacings between the jointaréjoints have likely formed in
the higher units as overburden pressure (burig@ss#s) is not as significant
compared to lower units where overburden presssirmare significant. The
removal or decrease of overburden pressure allbessdck mass to expand and

thus more joints form.

Interestingly there are no obvious joint sets ia Wpper Steel unit. The Upper
Steel is dominated by fissures which have beenoéepl by the percolation of
water. Furthermore, collapse dolines are also comin the Upper Steel unit
where the dissolution of limestone has occurred tgreater extent than in the
underlying quarry units (based on what was exp@aséiine of observation). The
Upper Steel also possesses rock mass attributesatbadifferent to the other
guarry units. For example, the limestones are khyphlocally porous, and flags
are much thicker than the other limestone unitselsdbh (1978a) also found
marine cements in this unit (equivalent to Waitanglimestone Member,
Otorohanga Limestone) which are not found in tHeeoiimestone units in the
quarry. A possible explanation for the lack oinjmg could be that the Upper
Steel limestones may have responded differentiyreouplift and/or deformation
processes acting on the limestones. It is thewlnith has the least overburden
pressure compared to the other quarry units. tidgins caused by brittle
deformation, therefore, it is possible that the &lpBteel did not experience as
much brittle deformation as the other units, or beayt experienced different
deformation processes such as plastic deformatistead. It is most likely that
there were joints originally and that they havesaguently formed into fissures.
It is possible that one or more properties of tekrmass has caused the Upper

Steel to respond differently compared to the otiméts.

Joint infill types are similar for all units thabwtain vertical joints. These types
include calcite that has re-precipitated from tbkitson of limestone; limestone

fragments which have fallen down from above blasiads; clays which have
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been washed down from overburden units particuldvphoenui Group
mudstones and possibly Kauroa Ash also; and pakgerwhich is a leathery
clay mineral which precipitatds situ within joints, and is associated with silica

and calcite minerals.

3.7.6 Discontinuity classification

As a consequence of this work a discontinuity d&sdion has been devised
(Figure 3.15). The classification is based on plzg@®ns made in the quarry, as
well as the use of appropriate references, to tefme each discontinuity type.
Dissolution seams are subdivided into two typespela discrete (common) and
diffuse (rare) seams. Stylolites are also subdiithto two orientation types,
namely subhorizontal and subvertical. Verticahjsiare mainly subdivided on
the presence or absence of infills. Limestone €al@ not have any further

subdivisions.
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Discontinuity feature Feature types Description Examples
Dissolution Smooth undulating seam of insoluble residue without sutures
seams
) Condensed seam, insoluble residues concentrated and closely packed, seam
Discrete continuous at core scale
seams
Diffuse Also known as wispy seams, converging and diverging, insoluble residues
seams dispersed and loosely packed, seam discontinuous at core scale
Stylolites Produced by burial or tectonic processes, are a stratiform structure that displays
a serrated/sutured surface having variable insoluble residue
accumulation along these surfaces, amplitudes typically < 10 mm wide, laterally
continuous at core scale
Subhorizontal Produced by burial
stylolite
Subvertical stylolite Produced by tectonics
Joints Fractures in the rock mass formed as a result of deformation
processes such as folding, faulting, and uplift
Vertical joint Vertical joint with no infill
Vertical joint with infill/ Vertical joint with infill e.g. clays
precipitated minerals
Caves Cavities that are formed in the limestones as a result of
dissolution processes (weathering), that act as natural sediment traps

Figure 3.15 Discontinuity classification based on features obs@ in the quarry and references in the literafuee Moore, 2001, Bathurst, 1995; and Williams,

2004b). (A) Discrete dissolution seams in the sgliunit. (B) Subhorizontal stylolite in the Up&teel unit. (C) Vertical joint with infill in théligh Grade unit

(D) Limestone cave in the High Grade unit.



CHAPTER FOUR

Discontinuities in cores

4.1 Introduction

The 500 drill hole series includes five cores, ¢hoé which (BH501, BH502, and
BH503) were drilled outside the current extractaideindary of the quarry, and
two (BH504 and BH505) which have been drilled witkthie quarry itself. Figure
4.1 shows the locations and drill depths of thésedores. Details on quarry unit
thickness, elevation, and depth are given for eack in Appendix D-4.1. This
chapter presents the results of core logging chmwig on BH501, BH502, and
BH503 that especially focuses on the identificatiamd description of
discontinuity features in the cores since they comiyn high concentrations of
siliceous impurities in the limestones. The didoanty features are also

guantified for each quarry unit in terms of fregoygand thickness.

$BHS02

100 m
Figure 4.1 Aerial photo of McDonald's Oparure Lime Quarry shmgvdrill hole locations and

associated drill depths from the 500 series. Nfpths represent the length of core. Aerial
courtesy of McDonald's Lime Ltd (2005).
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4.1.1Drill cores

After drilling of the 500 drill hole series was cphated in 2005, the core was
stored in waterproof boxes in an onsite quarry sfieidure 4.2). Ormiston

Associates Ltd logged the five cores in reasondelail recording information

such as lithology, colour, weathering, and strengflo determine major element
chemistry, a half-split of the core was sampled @yniston Associates and
McDonald’s Quarry continuously at 0.3-1 m intervdts where there was a
lithological change) up to the base of the LowereBtand then at up to 3.0 m
intervals down into the Aotea Formation. The sasplere powdered and
analysed using x-ray fluorescence (XRF) by SpebtacLtd in Wellington. A

series of multi-page geology and chemistry logsemgroduced combining the
recorded information and XRF results (recorded nnExcel spreadsheet). An
example showing a portion of each of these logha@wvn in Figures 4.3 and 4.4.

The remaining logs are held by Holcim NZ Ltd.

Using the geological and XRF data provided by OtomsAssociates Ltd some
new single-page summary logs have been producédisrstudy for drill holes
BH501, BH502, and BH503 (Figures 4.5-4.7).

=

¢ b A { . y [ L
Figure 4.2Photo from inside core shed showing boxes of aanma fdrill hole BH502.
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Location Oparure Quarry, King Country Project No. 1/2195
Direction Vertical Elevation 211.3
Drilling Contractor Boart Longyear Easting 326614.9
Logged By T. Simonson Date 23 June-4 July 2005 Northing 538318.6
Major Element Chemistry
— =] ; - o = o
o = = o

ANEIEIEE Zla |l alo | S |2
= ks @ =]
Z|8|8|g| < SAMPLE DESCRIPTION 21 8 & 2 N
BRI = £ 2 . =2
Slole| &l £ Fle ZBE Bl E £l 3
al=19 =| 3 [ == =|= 51 =) & S =

b I T Limestone: Light grey-white, unweathered, homogeneous, |

1 T fine grained crystalline, strong, common shell fragments, o

] T vertical and low angle fractures with no lining, occasional b5

] T lithic inclusions (UPPER STEEL GRADE) &
-1 T l
bl : I :

W - -

] uw | Limestone: Gray with yellow-white bands, unweathered, T

] [ ] homogeneous, coarse grained crystalline, strong

1 ] occasional shell fragments, occasional wavy harizontal &
~ ] 1 | jointsipartings with dark orange clay lining, fractured %
Lk ] sample, occasional lithic inclusions and lithic bands

1 | [] (UPPER STEEL GRADE) l

b I

] | Limestone: Grey with yellow-white bands, unweathered, T

] [ ] homogeneous, coarse grained crystalline, strong
o I occasional shell fragments, occasional wavy horizental ]
«] L] jointsipartings with dark orange clay lining, fractured 8

1 | sample, occasional lithic inclusions and lithic bands

1 | L] (UPPER STEEL GRADE) Intermediate J[

] W T L] limestone: Dark grey with yellow-white bands,
1 T un eathered, homogeneous, coarse-medium grained
=7 T crystalline, strong, occasional shell fragments, occasional

1 Uw T} wavy and stepped horizental joints/partings with dark

] | arange clay lining, intact sample, occasional lithic

] | l‘inclusions and lithic bands (UPPER STEEL GRADE)

b ]
0] 1 | Limestone: Grey grading downwards to brown-gray,
L I unweathered, homogensous, coarse graine

B I strong, occasional shell fragments, occasional wawy

1 o I — horizontal jeints/partings with dark crange clay lining,

] uw I vedrtical fractures with white clay lining, occasional lithic

1 I i‘inclusions and lithic bands (UPPER STEEL GRADE)
w ] |
LR uw [} Limestone: Light grey-white, unweathered, homogeneous,

] I fine-medium grained crystalline, strong, commen shell

1 L]\ fragments increasing with depth, low angle wavy fractures

] 1 with na lining, occasional lithic inclusions (UPPER STEEL

] | L 1l GRADE)
[ xin
LR W T " Limestane: Light grey-white, unwaathered, homogeneous, o

1 [} fine grained crystalline, moderately strong, comman shell g

1 | fragments, vertical and low angle fractures lined with @

] SW L_§| crange and white clay. fractured sample, cccasional lithic

b 1 | 1|nc|u5|ons (UPPER STEEL GRADE) T
=] " ; - =
=7 | Limestone: Light orange brown, dark blue grey staining, <]

4 I slightly weathered, faintly bedded, fine grained crystalline, o]

1 I strong, common horizontal partings with dark orange

] T I brown clay lining (Smm) (AGLIME) l
@ ] W Limestone: Dark blue grey with alternating orange brown
=] L1 layers, slightly weathersd, faintly badded, medium grained

] Il crystalline, moderately strong. common horizontal lithic

] | | bands (20mm) (AGLIME)

] Sw I L} Limestone: Light orange brown, minar dark blue grey
- ] I staining. slightly weathered, homogeneaus, fine grainsd
< T ‘1\:|\J-3talllne‘ strang, common sub-herizontal wawvy partings :

—
S
== ORMISTON ASSOCIATES LTD Client Holci NZ Lud
e 5
BLLIANTS N GE CIECHN CAL EMGINEE NG, BECLOGY 8 ENGINEERING BEGLOG Project Oparure Quarry
300 Richmond Road, Grey Lynn
P O Box 47-822 Ponsonby, Auckland New Zsaland Page No. 4 of 21
Ph (00649} 378 1081 Fax (00549) 378 9834

Figure 4.3Chemistrylog data from 30-40 m depth (along hole) for diitle BH502. Elevation is
metres above mean sea level, and the grid cooedgystem is Mt Eden Circuit. Log courtesy of
Ormiston Associates Ltd (2005).
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Location Oparure Quarry, King Country Project No. 1/2195
Direction Vertical Elevation  211.39m
Drilling Contractor Boart Longyear Northing 538318.56
Logged By T. Simonson Date 29 June 2005 Easting 328614.91
Discontinuities
s Core
Rock \
~ % s = Defect Recovery
=182 = . . = | Strength | =
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GRADE)
31 l
T s, urweathered, | YW
homogeneous, coarse gra ;trc-ng.
£ occasional shell fragments, occasional w horiV-)nh\
S joints/partings with dark crange clay lin tured 0%
32+ l sample, occasional lithic bands (UPP ER LHTEEL GRADE)
T 25%
- 0%
239 § T T e EEm == 1
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J, h un..mthpre d, homogeneous x.-)ar_-.e med Ilum gl"nne(l \
- pped horizontal j)into pﬂrt\ng mth ke Uw 81%
% e clay lining, intact sample, occasional lithic bands
Bl = (UPFER bTEEL GRADE)
o | I N - . Uw
T unweat\
2 strong, oc
] harizontal tin
254 = vertical fractures with ulme clay lining, c-u:a%l-)nal lithic -
l bands (UPPER STEEL GRADE) 84%
L} |
= uw
2 talline, strong,
= th, low angle
07 T~ Uw
=] h . 0%
8 LIMESTONE: Light thite, unweathered
v homeoge £ ystalline, moderately strong,
‘]f common shell fraqmentf rtical and low angle fractures o
37 o o with crange and white clay, fractured sample SwW 100%)
2 ;‘.-:wu.aslonal lithic inclusions (UPPER STEEL GRADE)
1 ME: Light crange brown, dark blue grey staining, Sw
T =athered, faintl led, fine grained crystalline,
mmon horizontal r‘aml s with dark orange "
284 2 )
(I I s e : 100%)
T orange
l brown | d. medium
I grained talline, mo Pratel, Jtln)mg u)mm-)m horizontal
\ lithic bands (20mm) 5 SW
204 = v e e ————————— 4
E LIMESTONE: Light crange brown, minor dark blue grey
= staining, slightly jeathered h)m )gen.&:u’ ﬂn ained
talline, strong rtmga
I 1 ew E5%
- _——
404 =
—
— i Holeim NZ Ltd.
—— ORMISTON ASSOCIATES LTD Client
S— . . -
CONSULTANIS IN GECTECHNICAL ENGINEERING, BECLOGY & ENGINEERNG GECLOG Project Oparure Cement Review
300 Richmond Road, Grey L
. L. Sheet 4 of 21
Ph [00649) 376 1081  Fax (00649) 378 5834

Figure 4.4 Geology log data from 30-40 m depth (along hole)didll hole BH502. Elevation is
metres above mean sea level, and the grid cooedgystem is Mt Eden Circuit. Log courtesy of
Ormiston Associates Ltd (2005).
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Drill hole # BH501
Location McDonald's Quarry, Oparure, Te Kuiti district Elevation (m) 198.2
Direction Vertical Depth (m) 167.9
Drilling contractor  Boart Longyear Easting 2691360.3
Logged by O Hansen Northing 6317068.9
Date Oct 2007
Chemistry
=
= Si02 %
S ° 100
= =
= [] c
>
g« % 8) ; Total non-carbonate%
< o 5 =] 0 100
2 3 2 g
a 0] s & Description
§ Kauroa \15’35 Overburden - Kauroa Ash: Orange-brown or light
3 Ash SN grey with red staining, moderately weathered.
E S | homogenous, pumiceous, firm, dry-moist, occasional
7 S\ black and red-brown clasts, volcanic ash
3 Mahoenui AT
4 Group :ﬁ\:ﬁ\ Overburden - Mahoenui Group: Brownish grey to
[ IS | dark grey, slightly weathered, homogenous, weak,
3 LI | moderately calcareous siltstone
85
O_E Otorohangafr L] Caprock: Light yellow brown to bluish grey, slightly
Y7 Limestone I L weathered, fine grained, slightly bedded. moderately
3 i \slrong, limestone
E IC JCJE JC I
3 i i
84 e B Upper Steel: Light grey to grey, unweathered, fine-
E T : T : T : T : T : medium grained, slightly bedded, strong, highly
= I T 0o calcareous, occasional shell fragments, grey lithic
3 ICIC I inclusions, limestone
== i s ]
e T aranarar
= L LD Aglime: Dark-brown grey to blue-grey, unweathered,
E e fine-medium grained, faintly bedded, occasional
E*: bt shell fragn_lents, dark grey _sanc!y silt along bedding
E LLL L. surfaces, light yellow staining, limestone
= 0 7| T
B I 3C 3F 3C i
E TR High Grade: Blue-grey to light yellow, unweathered,
8 ] fine-medium grained, faintly bedded, very strong,
3 CECES e rare-common shell fragments, orange-brown or dark
3 : T : T : T : T : T grey silt lined bedding surfaces, limestone
3 s s ]
8? :J J T : I : T :J Lower Steel: Blue-grey. unweathered, fine-medium
= e e e e grained, mod ly strong, abundant shell
3 5 i e e fragments, limestone
8 e
< 3 I Sub-economic unit: Blue-grey, unweathered, fine-
] R medium grained, strong, silt lined bedding surfaces,
= common shell fragments, oyster fragments,
o 7 ¢
23 . limestone
E = e e ]
3 i T
= I Il
E e e
g{ I ! T ! T : I ! I !
3 e e s
3 e
E IESE IE 3T
3 i e o
7 i s
o 7 o e e |
@ EEEEEE S (e
4 Waitomo fx xxzixziz|fxzixzx = x|l Darkblue grey, fine-medium grained, unweathered,
1 Sandstone |F = 5.5 F 3= 55 = = 4| strong. abundant lithics. rare shell fragments.
o 1 eauivalent calcareous sandstone
4
3 Orahiri Dark blue-grey, unweathered, fine-medium grained,
3 Limestone strong, sandy texture, bivalve fragments, abundant
23 lithics, limestone
~ 4 Aotea - N
3 Formation Dark brown grey, unweathered, fine grained,
3 moderately strong, glauconitic, non-bedded, rare
84 shell fragments, sandstone

Figure 4.5 Geology log summarising lithologic descriptions, GCa content, non-carbonate
content, and Si©content for drill hole BH501. Depth (m) is thedblength of core, elevation is
metres above mean sea level. Grid coordinatemyist&lZ Map Grid. Data courtesy of Ormiston
Associates Ltd (2005).
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Drill hole # BH502
Location McDonald's Quarry, Oparure, Te Kuiti district Elevation (m) 211.3
Direction Vertical Depth (m) 206
Drilling contractor Boart Longyear Easting 2690997
Logged b O Hansen .
gged by Northing 6317069
Date Oct 2007
Chemistry
—
= Si0o2 %
g 100
= =
= [0 =
>
g/ % 87 ; Total non-carbonate%
o o 2 = 0 100
o [o] ©
) ) s =} -
o o 5 o Description
Kauroa Overburden - Kauroa Ash: Orange-brown or light
Ash grey with red staining, moderately weathered,
= homogenous, pumiceous, firm, dry-moist, occasional
9 Mahoenui black and red-brown clasts, volcanic ash
3*2 Group Overburden - Mahoenui Group: Brownish grey to
E| dark grey, slightly weathered, homogenous, weak,
E| Otoroh N moderately calcareous siltstone
83 Lir::st:;:ga ‘:':';“r‘w‘
3 IR Caprock: Light yellow brown, slightly weathered. fine
3 [ grained, slightly bedded, moderately strong, lithic
gf L i inclusions. lithic bands, limestone
3 S S |
° g L : I : I [ L : L } Upper Steel: Li_ght grey_with fre_quent ){ellnw bands.
B LI Lo unweathered, fine-medium grained, slightly bedded.
3 L L LI strong. highly calcareous. dark orange clay lining
3 B B B along bedding surfaces, occasional shell fragments,
83 I grey lithic inclusions, limestone
= R IR
3 T T T 17T
é o T | Aglime: Dark-brown grey to blue-grey alternating
2? e Te T aia! with orange brown layers, unweathered, fine-
3 T medium grained, faintly bedded, occasional shell
3 : T : T : T : T : T fragments, dark grey and brown sandy silt or clay
8 e s ] lining along bedding surfaces, light yellow staining.
3 e s [ .
3 SEEa e limestone
E| | i S
8€ : - : - : - : L : L High Grade: Blue-grey to light yellow grey,
E A N i m unweathered, fine-medium grained, faintly bedded,
o 3 EEEEEE very strong, rare-common shell fragments. orange-
== A brown or dark grey silt lined bedding surfaces,
= T e limestone
o g e
3 can a2 Lower Steel: Light grey to light brown grey,
S Waitomo unweathered, fine-medium grained, moderately
3 P strong, dark orange to light brown clay lining along
9 _3 Sandstone :
e equivalent Z=coiosin s o bedding surfaces. abundant shell fragments,
3 e limestone
o 3 Orahiri T T T L1
e Pl e Sub-economic unit: Light brown grey or blue-grey or
3\ Limestone o .
E dark yellow brown, unweathered, fine-medium
o 3 potea grained, strong. silt lined bedding surfaces, common
EE Eormation shell fragments, oyster fragments. limestone
o 3 Dark blue grey, fine-medium grained, unweathered,
e strong. abundant lithics. rare shell fragments,
g calcareous sandstone
o 3
975 Dark blue-grey, unweathered, fine-medium grained,
3 strong. sandy texture, bivalve fragments, abundant
o 3 lithics, limestone
~—
E Grey or dark brown grey, unweathered, fine grained,
o 3 moderately strong, glauconitic, non-bedded, rare
\“—’75 shell fragments, sandstone
8E Dark brown, unweathered, strong. homogenous,
- 3 occasional shell fragments, calcareous siltstone
SE Dark brown. unweathered, weak. homogenous, dark
« 3 brown mottles and staining, calcareous mudstone

Figure 4.6 Geology log summarising lithologic descriptions, G&&a content, non-carbonate
content, and Si©content for drill hole BH502. Depth (m) is theablength of core, elevation is
metres above mean sea level. Grid coordinateryist®Z Map Grid. Data courtesy of Ormiston
Associates Ltd (2005).
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Location

Date

Drill hole # BH503
McDonald's Quarry, Oparure, Te Kuiti district

Direction Vertical
Drilling contractor  Boart Longyear

Logged by O Hansen

Elevation 2214
Depth (m) 143
Easting 2690564
Northing 6316627

Depth (m)
Geological unit

Lithology

Description

Chemistry

i [
0.0 Sio2 A’100.0

Total non-carbonate%
0.0 100.0

Kauroa
Ash

Mahoenui
Group

20

Overburden - Kauroa Ash: Light yellow or orange-
brown or light grey with red staining, moderately
weathered, homogenous, pumiceous, firm, dry-
moist, occasional grey and red-brown clasts,
volcanic ash

Overburden - Mahoenui Group: Light grey to dark
grey. weathered to unweathered towards Caprock,
homogenous, weak,large pyrite crystal growths (30

Otorohangal
Limestone

30

40

50

60

70

80

920

100

mm), moderately calcareous siltstone

Caprock: Light grey, slightly weathered, medium
grained. slightly bedded, brown silt along bedding
surfaces, lithic concentration decreases with depth,
moderately strong, limestone

Upper Steel: Light yellow grey, or light blue grey
unweathered, medium-coarse grained. slightly
bedded, strong. highly calcareous, common grey
Ithic bands, occasional shell fragments. grey lithic
inclusions, limestone

Aglime: Light brown grey to blue-grey, unweathered,
fine-medium grained, very strong, faintly bedded,
occasional shell fragments, common dark grey or
orange-brown gouge along bedding surfaces, dark
grey lithic bands, limestone

High Grade: Light blue-grey or light brown grey,
unweathered. fine grained, faintly bedded, very
strong, occasional shell fragments, orange-brown or
dark grey lithic-rich lined bedding surfaces,
limestone

Lower Steel: Brown grey, unweathered,
homogenous, medium-coarse grained, moderately
strong, lithic bands, abundant shell fragments.
limestone

Sub-economic unit: Blue-grey or brown-grey,
unweathered. homogenous, fine-medium grained.
strong, lithic bands, common shell fragments,
occasional oyster shells,common lithics, limestone

Waitomo

110

equivalent

Sandstone |

Waitomo Sandstone equivalent: Light blue grey, fine
grained, unweathered, homogenous, strong,
abundant lithics, common shell fragments.
calcareous sandstone

120

Orahiri
Limestone

Aotea
Formation

130

140

Orahiri Limestone: Grey green, unweathered, fine-
medium grained. strong, rare shell fragments,
abundant lithics. glauconitic, limestone

Aotea Formation: Grey green, unweathered. fine
grained, moderately strong, glauconitic, dark grey
muddy bands, rare shell fragments, bioturbation
textures, calcareous sandstone

Aotea Formation: Grey brown, muddy. unweathered,
weak, conglomerate

Aotea Formation: Grey, unweathered. weak,
homogenous, muddy bands, bioturbation structures,
calcareous siltstone

Aotea Formation: Grey green, unweathered,
moderately strong, fine grained. glauconitic,
common pyrite nodules, bioturbation structures, grey
brown muddy bands, calcareous sandstone

Aotea Formation: Grey, unweathered. weak,
bioturbation structures, homogenous. minor
glauconite. grey brown muddy bands. calcareous
siltstone

Figure 4.7 Geology log summarising lithologic descriptions, GCx content, non-carbonate
content, and Si©content for drill hole BH503. Depth (m) is theablength of core, elevation is

metres above mean sea level.

Ormiston Associates Ltd (2005).

Grid coordinate reys$eNZ Map Grid.
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These summary logs include the following featurkestgd according to depth in
the cores: graphic logs of the lithology, the geadal units, and the quarry units;
general lithological information for each quarryitumnd two chemistry graphs
showing first the total CaC® and second the total non-Cag® with total
silica% superimposed upon it. Cores BH501, BHZ0®%| BH503 are expectedly
relatively similar in terms of stratigraphy and koenit characteristics. BH502
and BH503, however, have several different lith@egpresent in the Aotea
Formation in the lower part of the two cores (Feg4.6 and 4.7). Furthermore,
there are variations in the Cag@nd silica contents down the stratigraphy in all

three cores.

Following the initial re-logging of cores BH501, BB2, and BH503, they were
again re-logged in relationship to their litholagliddiscontinuity features in an
attempt to seek evidence that the variation iailand hence CaG@ontent in

samples, is primarily a function of the frequencydathickness of these
discontinuities. The following sections present thimrmation gained from this

discontinuity analysis.

4.1.2 Recognising quarry units in the field vs. the core

Contacts are levels or horizons that separaterdifferock units. These can be
sharp, irregular, wavy, or gradational (i.e. changetween two units can be so
minor or gradual that an exact contact is diffitaltliscern). Contacts can also be
difficult to recognise due to weathering. For epdan at first glance in field
outcrops the quarry units are indistinguishableé¢gk for the Upper Steel which
is knobbly in the upper parts), partly due to thetfthat the exposed units in the
quarry have weathered through oxidation to a smebtent to much the same
colours (i.e. white, fawn, or orangey yellow). TAglime and underlying High
Grade units are not entirely these colours wittispstill remaining unoxidised or
reduced; the rock is then medium to dark bluisly grareas where the limestone
is fawn are typically along master joint surfacesg( Chapter 3, Sections 3.4 and
3.5). Percolation of water down these joints postu an iron staining
(weathering) either side of the joint. A similaoplem is faced when describing
the core. Some portions are more weathered therotue to the percolation of

water beneath the subsurface. Because of thesbevieg colour variations the
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chemical composition analyses and other litholdgreaiations (e.g. bedding) are

often the best to use to subdivide the limestones.

The overall visual characteristics of the host Biaes are reasonably similar
down the quarry units except that the Caprock, rgliand Sub-economic units
contain more non-carbonate material compared to otiver limestone units.
Using what is known from field observations; belbtriefly mention the criteria

used to define the contacts between the quarrg.unit

The following general contact colour and weatheobgervations were made. In
all three cores the contact between the Mahoenougrand the Otorohanga
Limestone Caprock is transitional or gradationakreif relatively rapid (Figure

4.8A and 4.8B). As the contact is approached ugsvathe Caprock becomes
more argillaceous and finer grained, eventuallysipasinto the true mudstones of
the Mahoenui Group. In this case colour can aksip focate the contact, the

mudstones being dark greyish blue and the Caprowstone fawny yellow.

The Caprock and underlying Upper Steel (white-fawnijts are oxidised. The
contact (Figure 4.8C) between them in outcrop isntpabvious, both because
the Caprock is less pure and the Upper Steel asithless evident flaggy nature,
tending to a blocky, more irregular weathering appace that Nelson (1978a)
called semi-knobbly and knobbly. This weatheriagtire can not be seen in the
cores, so purity is used to position the contativeen the Caprock and Upper

Steel units.

The contact (Figure 4.8D) between the Upper Steel Aglime units is less
obvious. The main change involves the limestonétypand colour, from pure

and creamy white above (Upper Steel) to less pudedark grey below (Aglime).

The Aglime and High Grade units appear the mosiiaimThe Aglime and High
Grade are dominantly unoxidised (bluish grey) vaticasional oxidised horizons.
Exact contacts between the Aglime and High Gradts ame difficult to define in
the cores, and likewise between the High Grade laowler Steel units. The
Aglime, however, is less pure than the High Gradwe the High Grade less pure
than the Lower Steel unit.
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- inceasing depth (m)

Figure 4.8 Boxes of core showing the nature of various costdetween quarry units. A =
Mahoenui Group mudstone (bluish grey) and Otorohdrignestone Caprock (brownish yellow)
gradational contact shown by the red arrow, BH3fi% 6, 18.5-21.5 m depth. B = Mahoenui
Group mudstone (Mah) (brownish grey) and Otorohahiaestone Caprock (yellow brown)
gradational contact shown by red arrow. The cdnisicargillaceous and the core becomes
progressively less argillaceous with depth, BH3fdx 10, 35.5-38.3 m depth. C = Clear contact
(green arrow) between the Caprock and Upper Sieektone. The Upper Steel (USG) is much
purer than the overlying argillaceous (arg) Caprg¢Clap). Other features present include a
vertical stylolite (vsty) in the Caprock and porases (por) in the Upper Steel. BH502, box 10,
26.6-29.5 m depth. D = Clear contact (green arrogijveen the Upper Steel (USG) and Aglime
(Ag). Some other features present include disdidisd and diffuse (dif) seams. BH502, box 13,
35.1-38.1 m depth.
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The Lower Steel unit is predominantly unoxidisedhe contact between the
Lower Steel and Sub-economic units is not obviatieg the Sub-economic unit

being also predominantly unoxidised, but it is lpsee than the Lower Steel unit.

4.1.3Discontinuity classification

Except for cavities, the same discontinuities trat observed in outcrop are also
observed in the cores. Chapter 3 introduced theodtinuity types and discussed
their origin, formation, and characteristics. Amtaop-based discontinuity
classification was developed in Chapter 3, FiguEb3 This classification can
also be used to describe the discontinuities inctires (Figure 4.9) except that
core examples are used instead of field exampladditionally, Figure 4.10

shows some non-discontinuity features used toHegbres.

4.1.4 Discontinuity logs

Based on the discontinuity classification (Figur@)4he three cores were logged
in terms of their discontinuity features. The distnuities proper include
dissolution seams, stylolites, and vertical joifdsfined in Figure 4.9). On the
basis of visual differences, dissolution seams Hze@n further subdivided into
discrete and diffuse wispy seams adapted from M@2p©1). Stylolites have
also been subdivided into subhorizontal and sulvarstylolites, likely related to
fundamentally different origins. In many casesldiies depart from being
subhorizontal or subvertical, and they meanderaods over each other. Some
stylolites outline interesting shapes, includinggimlas. These types of stylolites
are classified as stylolite networks. And finallrtical joints are subdivided into
joints with no infill and joints with infill. Wedtering discontinuities (discussed in
Chapter 3, Section 3.1.5), such as caves or cayviie not included in Figure 4.9
due to the absence of these in the three coresvératlogged. Non-discontinuity

features as defined in Figure 4.10 include porauneg and host limestone.
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Discontinuity feature Feature types Description Examples
Dissolution Smooth undulating seam of insoluble residue without sutures '
seams
. Condensed seam, insoluble residues concentrated and closely packed, seam
Discrete continuous at core scale
seams
Diffuse Also known as wispy seams, converging and diverging, insoluble residues
seams dispersed and loosely packed, seam discontinuous at core scale
Stylolites Produced by burial or tectonic processes, are a stratiform structure that displays c
a serrated/sutured surface having variable insoluble residue ST &2
accumulation along these surfaces, amplitudes typically < 10 mm wide, laterally N Twa\:“""
continuous at core scale ‘*M ¥ ¢
Subhorizontal Produced by significant burial '
stylolite
Subvertical stylolite Produced by compressive tectonics
Stylolite network Combination of subhorizontal and subvertical stylolites
Joints Fractures in the rock mass formed as a result of deformation
processes such as folding, faulting, and uplift
Vertical joint Vertical joint with no infill
Vertical joint with infill/ Vertical joint with infill e.g. clays
precipitated minerals

Figure 4.9 Discontinuity classification used to log disconities in the BH501, 502, and 503 cores. A = Oxdisconcentrated discrete seam in the Sub-econBhiO3,
box 30, 88 m depth. A thinner seam can be seegrglivg off the main seam (right). B = Oxidisedspy, diffuse seams in the Aglime BH502, box 15mHepth. C =
Subhorizontal, oxidised stylolite in the Lower 3tB&1503, box 20, 60 m depth. The amplitude (r¢l@ffthe sutures is a few millimetres. D = Subiealt oxidised stylolite
in the Caprock BH502, box 10, 27 m depth. E = Masange-brown clay lining a vertical joint in thewer Steel BH505, box 15, 42 m depth.
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Examples

NOn-diSCOntinUity Description

features

Porous Post-depositional feature where water has preferentially and selectively leached

zones out calcium carbonate along localised horizons

B
Host Limestone between discontinuities which has
limestone background levels of insoluble residue
0.5cm

=0

G6

B = Host rock in the Upper Steel, BH502, box 13n88epth.

Figure 4.10Non-discontinuity classification used to log the ®H, 502, and 503 cores. A = Porous limestonkaripper Steel BH502, box 10, 27 m dept



4.2 Logging method

As mentioned in earlier chapters (e.g. Chapterd®continuities are generally
associated with silica-rich materials; therefores itelevant to attempt to quantify
the discontinuities in each quarry unit. Figur&l4shows how the logging was
setup. All of the features in the discontinuitysdification (Figure 4.9) were
described, measured, and recorded in relationgcith quarry units in the cores,
and recorded onto data sheets (e.g. Figure 4.Thp data sheets for all cores
appear in Appendix D-4.2.A (BH501), 4.2.B (BH503nd 4.2.C (BH503).

Figure 4.13 shows a box of core where each boxifin@belled with a letter.

These letters correspond to rows in the discortiinlog data sheets, where
discontinuity information was recorded. The sumynmaw data used to produce

graphs in the following sections are given in ApgigrD-4.3.

Only the limestone units (i.e. Caprock, Upper Stéglime, High Grade, Lower

Steel and Sub-economic units) have been loggedisoontinuity features. The
first five limestone units were logged entirely, avbas only a portion of the Sub-
economic unit was logged due to the fact that icusrently regarded to be
uneconomic to extract. The boxes logged are: bt®e38 (BH501), boxes 10-39
(BH502), and boxes 6-32 (BH503), totalling abou8 25. Each box was logged
separately.

Figure 4.11Tables set up outside the core shed for loggingodignuities in cores BH501, 502,
and 503.
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Discontinuity core log data sheet

Page 32 of 32

Logged by Orla Hansen
Location Mc Donald's Quarry
Date logged Apr-07
Borehole number 501
Box number 38
Depth (m) 118-120.9 2
Total thickness in box (m 2.9 el 2 2
Thickness described (m) if two E|l v |2
units in same box = I
Geological unit Otorohanga Limestone o | g | 8
Quarry unit Sub-economic unit N S

Discrete seam thickness (mm) Thicknesses (mm) [ Tot. thick. (mm)of | 2 | 5 [ 3
Box lines 1 | 24| 57| 81d 11-1B 1416 1719 (discrete sepms discreteseams | & | @ | @
Line A (bottom) 1 2 1 1 2,11,6,10,6 35 6
Line B 2 1 1 2 1 2,6,10,13,10,1,1 43
Line C 1 2 2 1 1 10,10,6,15,11,6,1 59 ]
Line D 2 1 2 1 8,8,7,11,11 36 2 2
Line E (top) 3 1 2 1 10,10,18,5,1,1,1 46 3 .
Total 8 2 7 9 4 1 1 219 11 5
Total broken thickness (m
No. of metres in box - brokel 2.9

Comments/notes e.g. porosity,
stylolite networks

Last box logged - getting too sandy

Figure 4.12Example of a core log data sheet used to recoobuliuity information observed in the limestonee All other data sheets are given in Appendid.DR.



Lines

Figure 4.13Box lines labelled by the letters A-E used in thiscdntinuity logging exercise for
each box of cores, showing the top of the core ((igitt) and bottom of the core (bottom left).

The areas where core recovery was poor were ngethghowever, the length of
broken core was recorded. It is evident that tive preferentially breaks or splits
along discontinuities such as dissolution seamsstyidlites. As a consequence,
it is important to appreciate the potential forskes of material from the cores
during processing. For example, during continudtiing the water used to

lubricate the drill bit could therefore potentialllemove loose material.

Furthermore, the subsequent sawing of the corehatees noted in Chapter 1,
Section 1.1 could have affected the original coodibf the cores and possibly

caused some silica-rich materials occurring alasgatinuities to be lost.
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4.3 Results for dissolution seams

Discrete and diffuse seams were counted to determhi@ir frequency, and their

thicknesses measured for each quarry limestone unit

4.3.1 Discrete seams

Figure 4.14A-D shows some examples of discrete seimimestone cores.
Discrete seams are by far the dominant discontintyipe in the limestones.
Figures 4.15, 4.16, and 4.17 show box plots geedritbm summary statistics
noted in Appendix D.4.4.A-C. The box plots show #pread of the discrete seam
thickness data in each core. In BH501 the Sub@oan unit has the largest
range of seam thicknesses, followed in decreasiterdoy Aglime, then Caprock,
High Grade, Upper Steel, and Lower Steel units.BHb02 the Sub-economic
unit again has the largest seam thickness rantiewtd by Aglime, High Grade,
Lower Steel, Caprock, and Upper Steel units. Hewnewn BH503 the Aglime has
the largest range followed by Lower Steel, Sub-eauin, Caprock, High Grade,
and Upper Steel units. All three cores show a rh@dast commonly occurring)
seam thickness of about 1 mm. There are variatonsaximum seam thickness

for the quarry units in each of the three cores.

The number of seams per metre was calculated @ctisp of their actual
thicknesses and is shown in Figure 4.18. All trereres show the same trends;
Aglime has the most seams per metre followed inredesing order by High

Grade, Sub-economic, Lower Steel, Caprock and UBtesl units.

The total thickness of discrete seams per metrealgascalculated and the results
are shown in Figure 4.19. The general trendsethihee cores show that Aglime
has the greatest seam thickness per metre follbyel@creased thicknesses in the

Sub-economic, High Grade, Lower Steel, Caprockldpger Steel units.

Figure 4.20 shows the percentage of core takernyupidoerete seams in the three
cores. Discrete seams are most abundant in thenéginit, moderately abundant
in the Sub-economic and High Grade units, and l@ashdant in Caprock, Lower

Steel, and Upper Steel units.
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B - High Grade

Figure 4.14Discrete seams arrowed in limestone core. A =latikely thick, unoxidised discrete seam that ightly concentrated. Subvertical stylolites canseen
branching off either side of the seam. Sub-econdi501, box 37, 115 m depth. B = Concentratedxidised discrete seam in the High Grade, BH50%, 18 53
m depth. C = Thin, oxidised discrete seam in tbevér Steel, BH502, box 37, 105 m depth. D = Twsriite seams of different thicknesses in the Agliai¢502,
box 13, 14 m depth. Photos B-D show sharp bouesdd@tween the seams and adjacent host limestone.
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Caprock Adlime Lowvetr Steel
Wles =0
Upper Steel High Gracde  Sub-economic % Mim-tise

Cuarmy unit

Figure 4.15Box plots for discrete seam summary statistics ftatBH501 (data in Appendix D-
4.4.7).

20

Discrete seam thickness (mim)

2 % = || H

Caprock Aglime Lowver Steel
Mean+=0
Upper Steel High Grade  Sub-economic %M;Tﬂax

Cuarry unit

Figure 4.16Box plots for discrete seam summary statistics ftatBH502 (data in Appendix D-
4.4.B).
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Figure 4.17Box plots for discrete seam summary statistics fat8H503 (data in Appendix D-
4.4.C).

Number of discrete seams per metre

25

20 |
15 @ BH501
m BH502
10 1 0 BH503
5* |1 I
, I [
> < ¥ > XS

N
‘OO 6@’ &\6\ & 6@’ 06\\
R S S O S
& & SN
R S 9 o~

Seams per metre

Quarry unit

Figure 4.18 Number of discrete seams per metre for limestorerguunits in cores BH501,
BH502, and BH503.
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Figure 4.19Total discrete seam thickness per metre for linmesiguarry units
BH502, and BH503.
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Figure 4.20 Percentage of core comprising discrete seams fiwestione quarry units in cores

BH501, BH502, and BH503.
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Figure 4.21Examples of mainly diffuse (dif) and discrete (digams in Aglime core. A = Oxidised diffuse seawth some thinner discrete seams, BH503, box 12,
38 m depth. B = Unoxidised diffuse seams withkércdiscrete seams (arrows), BH503, box 12, 38 pthdeC and D = Oxidised, wispy, diffuse seams, BR{5ox

15, 43 m depth.




4 .3.2 Diffuse seams

Figure 4.21A-D shows some examples of diffuse seanfimmestone cores. The
total thickness of diffuse seams per metre of ée@rghown in Figure 4.22. The
Aglime unit has the greatest thickness of diffusanss, followed by moderate
thickness in the Caprock and Sub-economic unitatively small thicknesses for
the Upper Steel and Caprock, and rare to absefusdiseams in the High Grade
and Lower Steel units.

Total diffuse seam thickness per metre

350

300 ~

250

200 | B BH501
m BH502
150 1 0 BH503

100 +

Total thickness (mm)

50 -

Quarry unit

Figure 4.22Total diffuse seam thickness per metre for limestguarry units in cores BH501,
BH502, and BH503.

Figure 4.23 shows the percentage of core takenyufiffuse seams in the three
cores. Diffuse seams are most abundant in themfgliless abundant in the
Caprock and Sub-economic units, and rare to ahigetite Upper Steel, High

Grade, and Lower Steel units.
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% of core comprising diffuse seams

35.0
30.0 -
25.0
20.0 -
15.0 ~
10.0 ~

o BH501
m BH502
0 BHS503

o a
o o
Il

% comprising diffuse seams

Quarry unit

Figure 4.23Percentage of core comprising diffuse seams faedtone quarry units in cores
BH501, BH502, and BH503.

4.4 Results for stylolites

Figures 4.24A-F show some examples of stylolites limestone cores.
Subhorizontal stylolites: The number of subhorizontal stylolites per mete f
each core is shown in Figure 4.25. All three cate®w variations in the number
of subhorizontal stylolites across the six quarnjtaiand there are no definite
trends, although the Lower Steel and Sub-economits imainly have the most

subhorizontal stylolites.

Subvertical stylolites: Figure 4.26 shows the number of subvertical stg@slper
metre found in the three cores. As for the sulziootial stylolites, there appears
to be no major trends and the quarry units intatté cores show variable data,
although overall the Caprock appears to containensoibvertical stylolites than
the other units.

Stylolite networks: These were recorded when observed, but overall are

relatively rare in the three cores.
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m‘; LT T v AT
Figure 4.24 Stylolites (arrowed) in limestone cores. (A) Faurfive subhorizontal, unoxidised
stylolites with relatively low relief in the Sub-egomic, BH501, box 37, 115 m depth. (B)
Subvertical, unoxidised stylolite branching off fica discrete seam (top) in the Sub-economic,
BH501, box 38, 118 m depth. (C) Two merging sulzwmtal, oxidised stylolites in the Lower
Steel, BH503, box 20, 60 m depth. (D) Subhorizpmteidised stylolite with relatively high relief
(>1 cm suture amplitude) in the Upper Steel, BHA8@ 11, 30 m depth. (E) Subhorizontal,
oxidised, low relief stylolite in the Lower Ste@H503, box 22, 65 m depth. (F) Subvertical,
oxidised stylolite in the Lower Steel, BH502, bok 87 m depth.
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Number of stylolites

Total number of subhorizontal stylolites per metre
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Figure 4.25Total number of subhorizontal stylolites per mdtrelimestone quarry units in cores

BH501, BH502, and BH503.

Total number of subvertical stylolites per metre
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Figure 4.26Total number of subvertical stylolites per metrelimestone quarry units in cores
BH501, BH502, and BH503.

4.5 Results for vertical joints

Two types of joints occur; (1) healed joints (oing where calcite precipitates
have healed fractures; and (2) unhealed open jwitttisor without infill. Types 1

and 2 joints are both rare in the cores. Typeirdgashow remnants of infill (i.e.
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small amounts present, and not enough to fill tiatjcompletely), with the
remaining infill probably lost to drilling or spting. Figure 4.27A and B shows
some examples of joint infills in limestone coreé. papery clay mineral later
identified by x-ray diffraction (Chapter 5 Sectiém.6) as palygorskite (Figure
4.27B) was present on several vertical joint sw$a@s well as an orange brown

clay (Figure 4.27A) on other joint surfaces.

»» b, . / 2cm

Figure 4.27 Examples of vertical joint infill in limestone coreA = Orange brown clays in a
vertical joint in the Upper Steel, BH503, box 8, ®4depth. B = Palygorskite (pal) (clay mineral)
forming on a joint surface in the Lower Steel linoe®e, BH503, box 21, 64 m depth.

4.6 Results for porous zones and host limestone

In general, the limestone hosting the discontiegitis tight and non-porous
(Figure 4.28). However, on occasions, zones obymiimestone (Figure 4.28)
are evident, most commonly in the Upper Steel aomdr Steel units, and rarely
in the High Grade, Aglime, and Sub-economic uni&rous zones were usually
associated with discrete seams and styloliteszahes occurring over thicknesses

up to 30 mm either side of these discontinuities.
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well cemented

e

porous

1cm r S A _." -'
Figure 4.28 Photos of (A) porous and well cemented limestoma] @) well cemented non-
porous limestone core from the Upper Steel unit58% box 10, 27 m depth.

4.7 Discussion

The data for dissolution seams are summarisedgar€i4.29 which shows the
seam thickness range, number of seams per mdakthickness of seam material
per metre, and percentage of core taken up by |digso seams in each of the
three cores. A variety of discrete seam thickmaeges occurs across the quarry
units. In decreasing order of thickness these/Agéme (1-19 mm), Lower Steel
(2-18 mm), Sub-economic (1-18 mm), High Grade (1rih), Caprock (1-6
mm), and Upper Steel (1-6 mm). The trend is dygtifferent in terms of the
number of discrete seams per metre, namely Aglive2(Q), High Grade (13-14),
Sub-economic (10-11), Lower Steel (9-10), Uppeeb{g-5), and (Caprock 4-5).
The Aglime has the most variation in number of gige seams per metre for all
three cores. The most important data here aradtual amount or total thickness

of discrete seam material present in a given metre.
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Results

. Quarry
Categories unit BH501 BH502 BH503 Al
Caprock 1-6 1-2 1-6 1-6
Upper Steel 1-6 1-2 1-5 1-6
Discrete seam Aglime 1-15 1-15 1-19 1-19
thick .
S my 9% | HighGrade | 112 | 114 | 19 | 1-14
Lower Steel 1-6 1-6 1-18 1-18
Sub-economic | 4 1g | 1.8 | 1-13 | 1-18
unit
Caprock 5 4 5 4-5
Upper Steel 5 3 3 3-5
Aglime 14 20 15 14-20
Number of discrete .
seams per metre High Grade 13 13 14 13-14
Lower Steel 9 10 10 9-10
Sub-economic
unit 10 1 10 10-11
Caprock 15 5 7 5-15
Upper Steel 9 4 6 4-9
Total thickness Agllme 37 61 37 37-61
of discrete seams ; _
per metre (mm) High Grade 28 22 28 22-28
Lower Steel 10 12 17 10-17
Sub-economic
Unit 37 24 20 20-37
Caprock 1.5 0.5 0.7 |0.5-1.5
Upper Steel 0.9 0.4 0.6 0.4-0.9
% of core Agllme 3.7 6.1 3.7 3.7-6.1
comprising discrete ;
seams High Grade 2.8 2.2 2.8 2.2-2.8
Lower Steel 1.0 1.2 1.7 1.0-1.7
Sub-economic
unit 3.7 24 20 |2.0-37
Caprock 26 155 224 | 26-224
Upper Steel 3 0 2 0-3
Total thickness Aglime 117 308 115 |115-308
of diffuse seams High Grade 0 3 0 0-3
per metre (mm)
Lower Steel 0 0 0 0
Sub-economic
unit 12 34 11 11-34
Caprock 2.6 15.5 224 |2.6-22.4
Upper Steel 0.3 0 0.2 0-0.3
i 11.7 30.8 11.5 [11.5-30.8
% of core Aglime
comprising diffuse |  High Grade 0 0.3 0 0-0.3
seams
Lower Steel 0 0 0 0
Sub-economic [ 12 3.4 11 [ 1.1-34
unit

Figure 4.29Summary data for discrete and diffuse seams inctpgéam thickness range, total
thickness per metre, and % of core comprising seams
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As expected, the lower quality limestones (i.e.igl and Sub-economic) have
the largest total thickness of discrete materiahigiven metre. This provides
strong evidence that it is the discrete seams pbé&ntially affect the overall
amount of silica in the rock (i.e. the amount oArsematerial in the limestones
corresponds to lower quality overall). The totsdckness of discrete seams per
metre for the remaining limestones is, in decrepsirder, High Grade, Lower
Steel, Caprock, and Upper Steel. Although the @aphas relatively low values
for discrete seam thicknesses, the fact thatataig-rich (argillaceous) makes it a
low quality unit. The units with the largest perntage of core taken up by
discrete seams shows a similar trend: Aglime (31246 highest), Sub-economic
(2-3.7%), High Grade (2.2-2.8%), Lower Steel (1%4)7/Caprock (0.5-1.5%), and
Upper Steel (0.4-0.9%).

Diffuse seams are less common in the cores thametiisseams. They are most
common in the Aglime (115-308 mm per metre), Capi@6-224 mm), and Sub-
economic (11-34 mm) units. They are rare to absenhe Upper Steel, High
Grade, and Lower Steel units. The trend is sinfiteirthe percentage of core
taken up by diffuse seams. Aglime core can coragimuch as 30% of diffuse
seams per metre.

Stylolites are also not as common as discrete sedingse are very thin features
mostly 1 mm or less in thickness. In terms of #iléca issue, they do not
contribute as much silica as the discrete and sBffdissolution seam types.
Subhorizontal stylolites are a lot more common tlabvertical stylolites. In
decreasing order the number of subhorizontal stgklper metre is as follows:
Sub-economic (10), Lower Steel (9), Upper Steel Ag)ime (4), and High Grade
(3) units. In decreasing order, the number of suial stylolites per metre is
Caprock (3), High Grade (2), Lower Steel (1), Sabromic (1), Aglime (1), and

Upper Steel (less than 1) units. Stylolite netvgaake rare in all cores.

Due to the fact that drill cores represent a reddyi small and narrow window of
the subsurface, one would not expect to intercepiocal joints often. However,
the cores studied do show joints that have eitteenbhealed by secondary

precipitation (calcite veins) or infilled with sious materials such as clays. The
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physical characteristics of these infills are sanito those observed in vertical
joints in outcrop (Chapter 3, Table 3.1).

The non-discontinuity (porous zones and host rgumk}ion of the cores shows
that the limestones are generally well cementedrods zones are occasionally
found in the Upper Steel and Lower Steel units.e Tibst rock is typically purer
in the Upper Steel and Lower Steel, and the Aglitdegh Grade, and Sub-

economic units are visually less pure.
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CHAPTER FIVE

Petrographic, mineral, and textural characteristics

5.1 Introduction

The objective of this chapter is to describe thenaralogical and textural
composition of the quarry limestone units sampledmf core BH502, the
overburden units (i.e. Kauroa Ash, Mahoenui Groupdstones), and siliceous
materials associated with discontinuities (i.e.cdite seams, diffuse seams,
stylolites, joint infills, cave infills) sampled dm outcrop in the main quarry.
Surface accumulations are also included in theyaral(in discontinuity materials
for convenience) which are scrapings sampled fronedtone faces that have
been coated with quarry dust sourced from vehi@éi¢ and/or blasting. An
introduction to carbonate rock terminology, limesalassification, and the basic

descriptions of the techniques used are first given

The mineralogy of six quarry limestone units (CaproUpper Steel, Aglime,

High Grade, Lower Steel and Sub-economic) is ddtexdhusing microscope
petrography (both standard and cathodoluminescantyor x-ray diffraction

(XRD) analysis. Because discrete and diffuse seand also stylolites, are
inherent parts of the limestone, their mineralogy also determined using
petrography. The CaGQontent for host rock and seams is also estimaued,
includes only the bioclast component and not thechmuess abundant
matrix/cement material (typically 5-25% in Te Ku@roup limestones; Dodd and
Nelson, 1998). Bioclasts and/or cement have beeyupgd together for
petrographic analyses to determine total carbor@téent because little would be
gained by separating the two from a commercialgemtve. It is all carbonate
therefore it is not an issue for commercial operati Porosity, fabrics, modal

grain size, grain shape, and sorting, are alsameted using petrography.
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The mineralogy of discontinuity types (includingscliete seam samples from
outcrop) is determined by XRD and their texturenst sieving and laser particle
size analysis. Scanning electron microscopy (S&#& also used to describe the
texture of both the limestones and discontinuifyes, The chemical elements in
some of the samples prepared were also determisied) the EDAX (energy

dispersive spectroscopy) attachment on the SEM.

5.1.1Limestone classification and carbonate terminology

In the past, limestones have been subdivided odkes of the dominant size of
their mechanically deposited grains, namely asiloite (grains <63 um),
calcarenite (grains >68m <2 mm), or calcirudite (grains >2 mm) (Scoffin,
1987). Several other methods have been proposed she 1950s to classify
limestones, mostly based on descriptive proped&seen under a microscope.
These include: (1) discrete carbonate grains @tgl42) fine grained carbonate
matrix (micrite); and (3) carbonate cement (sparajcite or sparite) which is
chemically precipitated from solution into interpele pore space. Incompletely
filled spaces are known as pores, responsible doogity (Scoffin, 1987). Two
microscope-based (petrographic) classifications lwmhestones have been
universally accepted, namely that of Folk (1959 &unham (1962). This study
uses the scheme devised by Folk (1959).

5.1.2 Folk classification

Folk’s (1959) limestone classification is shown kigure 5.1 and basically
considers whether the carbonate particles are thglether by carbonate cement
(spar) or sit within a carbonate mud (micrite) mxatrThe ratio of micrite to spar
is deemed to reflect different degrees of hydraahergy during deposition, the
lower the energy the higher micrite content. Os thasis Folk (1962) devised a
textural maturity classification for limestones d&te 5.2) which considers not
only the micrite:spar ratio but also the degreesofting and rounding of the
carbonate grains. Increasingly higher energy dépoal conditions go with
decreasing amounts of micrite, increased spar cenaewl better sorting and

rounding of grains. Note that on Figures 5.1 arl[@ack boxes highlight the
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limestone types that characterise the Te Kuiti @rbmestones, where bioclasts

are essentially the only carbonate grain type ptese

1 2
Sparry allochemical Micritic allochemical
limestones limestones
Sparry L/ i RSN
calcite T/OOOQ z?#l - ';(/\‘,/ff’ﬁ} )
A ey Intraclasts Piis oni e
B TN ; Y~ 5=
7] Gt
Intramicrite

Ooids ; @ '. \ 3

Oomicrite

Bioclasts

Peloids

Pelsparite Pelmicrite

4
Micritic
limestone Dismicrite Biolithite

Figure 5.1 Folk's (1959) classification of basic limestoneaygfrom Tucker and Wright, 1990).
The nomenclature is based on the nature of thegi@ilochems) and the relative abundance of
micritic matrix versus open pore space/sparry talthat may fill such pores. The main grain
types are listed down the middle of the figure.xBorefers to micritic matrix lacking allochems,
the dismicrite variety including blebs of sparryoite from burrowing. Box 4 is a biolithite which

is a biologically bound rock (i.e. a reef). Nohketbold box surrounds the only limestone types
found at the quarry.

The three main components in Folk’s limestone diaasion are grains, matrix,

and cement. There are four main grain types iestones generally: (1) Skeletal
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carbonate grains or fossils (abbreviated as bib)¢chvare the skeletal remains of

carbonate secreting organisms, referred to alsioatasts (used in this study).

_— R _ e —— . .
[_ Over 2/3 lime mud matrix Subequal Over 2/3 spar cement
" cant | -~ T RS spar and [ gorting | ing | Rounded |
‘ Percent 0-1% 1-10% Over 50% | fime mud | Sorting Sorting and
[ allochems poor good abraded |
} Fossili Poorl
Representative| Micrite and | Sparse Packed Y Unsorted Sorted Rounded
. i ferous Eea washed . 5 : :
rock terms dismicrite " biomicrite biomicrite . X biosparite | biosparite biosparite
micrite biosparite

- Micrite L[:*E Spjairy calcite cementﬁ o o

- —

Figure 5.2 Folk's (1962) textural maturity classification ahestones (from Tucker and Wright,
1990) showing 8 classes that generally reflecharease in environmental energy level from low
(left) to very high (right). Note the bold box sounds the dominant limestones found at the
quarry.

These are formed by the biochemical precipitatibi€aCQ; by organisms and
are the principal/and often only carbonate grapetin New Zealand limestones.
(2) Non-skeletal carbonate grains such as ooids do® small round grains with
radial or concentric internal structure. They fowithout organic intervention
where chemical precipitation from carbonated s#éddraseawater occurs. Ooids
contain one or more lamellae formed as success@engs around a nucleus such
as a fragment of a skeleton, pellet, another dalthclast, or siliciclastic grain.
Ooids are typically spherical or ovoid and 0.2-1 imndiameter. They generally
do not form in non-tropical latitudes and so ard faound in New Zealand
Cenozoic limestones. (3) Pellets (pel) form maifityn the ingestion of fine
calcareous detritus during grazing on organic setliment by marine organisms.
CaCQ is excreted with their waste products as faec#étsehaving elliptical,
oval, or rod-like shapes which are rich in orgamatter when fresh. If the faecal
pellets are exposed to supersaturated waters, rttagy harden with interstitial
precipitation of cement (Scoffin, 1987). Pellete aarely preserved in New
Zealand limestones. (4) Intraclasts (intra) amhotilasts or fragments of
limestone that have been derived from within theib@f deposition. They can
be well cemented or semi-consolidated (Scoffin,7298Again they are absent or

rare in most New Zealand limestones.
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In the Folk scheme, the petrographic limestone n@&neonstructed from the
abbreviations for the various carbonate grain tyfies bio, oo, pel, and intra
above) followed by the matrix or cement abbreviatathe (i.e. mic or spar), and
then the —ite rock suffix ending. Thus, bioclastsa micrite matrix define a
biomicrite, while in a spar cement the name wowddbibsparite. To encompass
different sizes of bioclasts (bios), Folk incorpedhthe names lutite (<0.06 mm),
arenite (0.06-2.0 mm), and rudite (>2.00 mm), swingi rock names like
biomiclutite, biospararenite, and biosparruditeecBuse sand-sized components
dominate in most limestones he also suggestedémiename could be dropped,
so that biospararenites would become biosparites lEinmicarenites would

become biomicrites.

In addition to carbonate material, non-carbonatdersd can also occur in
limestones, including terrigenous or siliciclaggi@ins (transported ones) such as
quartz and clay minerals, and authigenic (chenyicpiecipitated) components
like glauconite and pyrite. These non-carbonatenpmnents more or less
correspond to the silica materials responsiblettier so-called silica issue in the

guarry limestones.

5.1.3Bioclast types

At different periods of geological time differentpes of organisms have been
capable of producing calcareous skeletons (TuckérVeright, 1990). The main
factors that contribute to the changes in asserablagf biogenic (bioclastic)
grains are time and environment. Skeletal orgasisam be planktic (float in the
water column) or benthic (bottom dwelling). Idéictition of bioclasts relies on
determining their shape and size. Some commonmas found in Te Kuiti
Group limestones include foraminifera (Figure 5.8Jhich are unicellular
chambered skeletons ranging from 1-10 mm in sizek@&r and Wright, 1990).
Other bioclasts include the calcareous remains abiinederms (Figure 5.3),
including plates, sclerites and spines, where @achbehaves as a single crystal
of calcite; using a light microscope such partialigsplay unit extinction under
crossed polars led light (Tucker and Wright, 1998xyozoans (Figure 5.3) are

sessile colonial animals that can occur as enagiheets or plant-like tuffs,
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fleshy lobes, or erect branching calcareous strastuBody walls and chambers
(zooecia, Figure 5.3) occur in a cellular arrangatma thin section, making
bryozoans reasonably easy to identify. They ameapor grain contributor in the
guarry limestones. Useful compendiums includingcdetions and images of the
many different types of skeletal and non-skeletabonate grains are those by
Tucker and Wright (1990), Scoffin (1987), and Sthaind Ulmer-Scholle (2003).

I 7T S CTIINCAY ST N -

echinoderm A Z;-,'} " .,*;’o
] - -

planktlc.‘ .

. foram 7+ *®

Figure 5.3 Thin section of host rock in the Upper Steel linoest showmg bioclasts |nclud|ng
bryozoans and their body chambers or zooecia, edbims, and planktic forams set in sparite
cement. The fabric of the rock is open and theitgpaement occurs both within (intraparticle)
and between (interparticle) grains. PPL (= plaoknsed light). Field sample no. 24.1, BH502,
28.5 m depth.

5.1.4 Granulometric and morphometric properties

Although carbonate grain types are the most useful environmental

interpretation of limestones, granulometric (i.@aig size and sorting) and
morphometric (i.e. grain shape and roundness) piiepeare also important
(Tucker and Wright, 1990). Grain sizes in a rock& ased as a guideline of
energy levels in the depositional environment. hain size scale used in this

study is reproduced in Appendix E-5.1. Skeletahing have unique
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hydrodynamic properties. Some are porous or hollamd they have different
architectures and therefore disintegrate in diffeveays. For example, codiacean
algae likeHalimeda decay to sand and mud sized carbonate, whereasothe
Acropora forms gravel and sand sized fragments (Tucker \Amight, 1990).
Sorting characteristics can help determine enviemtal energy levels and are
dependent on the transportation and depositiommaimes and the nature of the

source material. A comparison chart can be uséedgoribe sorting.

Grain shape and roundness are a function of theuaimaf transportation and
abrasion a grain has experienced. One must bdéutavben describing this
property as grains such as ooids and pellets aeady well rounded and in the
case of bioclasts some, like many foraminifera, arginally round in shape
(Tucker and Wright, 1990).

5.1.5 Matrix

Matrix (Figure 5.4A) in carbonate rocks consistsdehse, fine grained calcite
crystals referred to as microcrystalline calcit@bonate mud, or micrite (used in
this study) where the carbonate crystals are % in size (Adams and
MacKenzie, 1998). Micrite appears dark coloure@ygo dark brown) under the
microscope (e.g. Figure 5.4A). Micrite can be [piated directly from sea water
(in which case it is strictly a cement) or can testom the disintegration and
erosion of skeletal grains (Adams and MacKenzi€Q8)9 Many matrices are
originally made of the carbonate crystals aragaaité high-Mg calcite which are
later replaced by low-Mg calcite during diagene@il processes which affect
sediments after deposition until early metamorphisrthe origin of micrite is
often difficult to determine and a number of sc@mare recognised (Tucker and
Wright, 1990): (1) Inorganic precipitation assoetwith high temperatures and
salinities or a change in partial pressure oJ@) Disintegration of calcareous
green algae; (3) Direct biogenic formation of nmiemccurs with accumulation of
shell fragments of calcareous plants like coccoptiorids; (4) Breakdown of
skeletal organisms other than plants, bioerosiorodganisms (rasp, crunch, or
borings) into carbonate substrates to form careomatud; and (5) Marginal

marine and freshwater algal marshes produced loypiiaion by cyanobacteria.
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5.1.6Cement

Burial cements, which are common in Te Kuiti Grdimpestones (Nelson et al.,
1988b), are cements that have been precipitateddarial environment. These
cements are mostly clear, coarse, calcite sparmsnjéucker and Wright, 1990).
Sparry calcite or sparite (Figure 5.4B) comprisgstals >5um in size and often
much larger (Tucker and Wright, 1990), and aredsity the pore-filling cement
responsible for the lithification (hardening) otlkeletal sediment into limestone.
Two common cement mosaic types occur, namely daaslysyntaxial. (1) Drusy
equant calcite is a pore filling cement that uguiltreases in crystal size towards
the cavity centre. Drusy mosaic occurs as a rasuthis growth competition
having a preferred orientation of optic axes nortoalhe substrate (Tucker and
Wright, 1990). (2) Syntaxial calcite spar occusaergrowths about echinoderm
fragments (Figure 5.4B and C), and can be zoneddikisy calcite spar. It forms
in optical continuity with its host substrate (Sttb@nd Ulmer-Scholle, 2003), in

this case single crystal echinoderm grains.

5.1.7 Porosity

Other features that limestones may possess inglodesity. Modern carbonate
sediments in general have porosities of 40% or muwevever, during burial of
the sediment, mechanical and chemical compactiarreduce the porosity close
to zero (Dodd and Nelson, 1998). Porosity is titerof total pore space to the
total volume of rock and is expressed as a pergentdn limestones it is mostly

of diagenetic origin.

Figure 5.4 (Facing page)These photomicrographs show examples of the maifmk cement
types, and some bioclast types in the quarry liorest. (A) Thin section under PPL of the Aglime
(field sample no. 12.3, BH502, 41.3 m depth) hoskr It is dominated by micrite which appears
as a dark grey, fine-grained intraparticle and rpaeticle material, especially evident in the
bryozoan zooecia (chambers). The fabric of thikris tight, and bioclasts are dominated by
fragments of bryozoans. Microspar (within bryozp@nrecrystallised micrite, which generally
ranges from 5-30um crystal size (Folk, 1965). TRBIn section under PPL of the Sub-economic
host rock (field sample no. 19.1, BH502, 87.6 mtdep It is dominated by interparticle sparite
cement. This sample is also bryozoan dominated,tla@ fabric is slightly open. In the lower
centre of the photomicrograph, syntaxial rim centeag formed around an echinoderm fragment.
(C) A porous sample under PPL from the Upper Stigelld sample no. 24.2, BH502, 28.55 m
depth) host rock. It is cement poor and has iateigle and intraparticle porosity, and is
dominated by bryozoan and some echinoderm fragmditits rock fabric is open.
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Porosity types range from fabric selective whereepoare defined by fabric
elements of the rock (e.g. grains or crystalshdo-fabric selective (Figure 5.5)
where porosity cross cuts the actual fabric ofrduk (e.g. fracture porosity), and
fabric controlled or not (Figure 5.5). Some of thain fabric selective porosities
include interparticle porosity resulting from theiginal, primary depositional
fabric of a sediment (Figure 5.4C). Types of pagkfabric are important in
controlling the shape of the pore space formedotiAer fabric selective porosity
is intraparticle porosity (Figure 5.4C). This psitg occurs within grains,
particularly in shell material. It is localiseddadependent on the skeletal grain
type (i.e. bryozoans have pores whereas bivalvastoand the overall fabric of
the rock. Intercrystalline porosity occurs betweeystals, and commonly occurs
in the replacement of dolomite (another Ca(MgzQarbonate mineral), and
represents secondary porosity. Mouldic porositygyfe 5.5) occurs when
shallow water carbonate grains such as aragoniténiggm Mg calcite (i.e. skeletal
types such as gastropods and infaunal bivalves)pasee to dissolution in
undersaturated water. Dissolution of bioclasts @sids leaves behind biomoulds

and oomoulds, respectively.

An example of a not-fabric selective porosity iscture porosity which cuts
across fabric elements of the rock (Figure 5.5hisTcan result from tectonic
deformation, slumping or solution collapse assedatith limestone dissolution,

and commonly greatly increases the permeability lohestone.

5.1.8 Burial features

Once carbonate sediments are deposited they ellgnindergo burial where a
number of processes can occur that begin to corkerioose sediment into a
hardened or lithified limestone. The physical am@mical processes involved
usually reduce porosity and permeability but somes can increase them
(Scholle and Ulmer-Scholle, 2003). In generalslot porosity and permeability
occurs with increased time and depth of burial. ySRial processes include
mechanical compaction (dewatering and deformatwrreorientation of grains),
as well as fracturing (Figure 5.6A) and shatter{Rggure 5.6B) of grains. The

rearrangement of particles and grains aids in packnd marks the early stages of
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compaction (Tucker and Wright, 1990). Compactioe tb overburden stresses
accounts for the thickness reduction in carbonatpisnces (Tucker and Wright,
1990).
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Figure 5.5 Porosity types which are either fabric selectivenot fabric selective, based on
Choquette and Pray (1970) modified from Tucker @fright (1990). Fabric selective porosity is
controlled by the grains, crystals or other physgteuctures where the pores do not cross these
boundaries. Not fabric selective porosity can sms grains.

J

Chemical compaction follows after physical compactgenerally and leads to
local rock compaction and puts Cagi@to solution for precipitation as cements
at other available pore space sites (Scholle anteU5choelle, 2003). Chemical
processes include cementation (filling of pore spat either a primary or
secondary origin with newly precipitated materialghich involves the local
dissolution of skeletal grains mainly along surfaseich as dissolution seams or
stylolites. Microstylolites (Figures 5.7A and Bpmetimes referred to as fitted
fabrics, also occur. These are formed by the peteetration of grains where
grain surfaces can be sutured, curved, or plangui® 5.8). They differ from
typical stylolites because they do not extend bdythe two grains in contact
(Tucker and Wright, 1990). Dissolution can alsadi¢o the leaching of unstable
minerals (e.g. aragonite, high-Mg calcite) to faetondary porosity (Scholle and
Ulmer-Scholle, 2003). In addition, these unstabirerals may become replaced
and re-precipitated as low-Mg calcite, which isitiely stable. Fractures formed
during burial stresses can also be healed by thatation of calcite cement as

calcite veins (Figure 5.9).
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Flgure 5.6 (A) Photomlcrograph of thin section under PPL ai uower Steel (f|eId sample no.
49.1, BH502, 70.7 m depth) host rock. The domicamtent is sparite, but note the fracturing that
has occurred throughout the rock. Although fraotur(a burial feature) can make grain
identification difficult, bryozoans and bivalvesnmain evident. (B) Photomicrograph of thin
section under PPL of a clay rich sample in the #gliunit (field sample no. 13.3, BH502, 42.9 m
depth). A few bryozoans can be identified. Theimfgature is the large broken skeletons
(echinoderms) in the image. It has been brokea eesult of burial stresses on the rock. The
fabric of the rock is tight and the bioclasts aegfmented.
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0.5mm : A N5 ,
Figure 5.7 (A) Photomicrograph of thin section under PPL of thigh Grade (field sample no.
15.1, BH502, 56.65 m depth) host rock. The rockdéght fabric and is dominated by bryozoans
and interparticle sparite cement. At the centrehef image is a microstylolite, a typical burial
feature produced by pressure dissolution at gaigrain contacts. Like stylolites, the feature is
sutured, but the term ‘micro’ implies that the feat does not extend beyond the two grains in
contact (Tucker and Wright, 1990). The two fragteénvolved are a bivalve (left) and bryozoan
(right). (B) Photomicrograph of the same microslifé¢ in (A) but at a higher magnification.
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Figure 5.8 This photomicrograph, under PPL from the Aglimelffisample no. 11, BH502, 40.2
m depth) host rock, shows another burial featumaroonly observed in the quarry limestones.
Burial stress has caused pressure dissolution tmroat the contact (black arrow) of two
interpenetrating bivalve fragments, where the hi@ain the right, has preferentially dissolved into

the bivalve on the left. Bryozoans and sparite egrare also present, and the rock fabric is tight.

) g, o e . . R “ . -
Figure 5.9 Photomicrograph of thin section under PPL of thgiHGrade (field sample no. 38,
BH502, 50.1 m depth) host rock. The dominant ceryge is interparticle sparite. Two calcite
veins are the dominant feature in the centre ofitteege, where fractures have been healed by

secondary calcite precipitation. Bryozoan biodast also common.
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5.2 Analytical methods

5.2.1Petrography

Petrography is the study of limestones, dolomites] associated deposits under
the electron or optical microscope (Scholle and é&fh&cholle, 2003).
Cathodoluminescence (CL) is also petrography usimifferent light source. In
CL, natural materials under an optical microscagebmmbarded with an electron
beam that emits visible light (Adams and MacKenzi®98). These CL
characteristics can provide information on the idieation and spatial
distribution of minerals for example carbonate usrsilica minerals (Scholle and
Ulmer-Scholle, 2003). To determine the distribntiof carbonate and non-
carbonate minerals, CL is an excellent techniquesto Calcite luminesces bright
orange or yellow, whereas silica minerals suchwsstg and feldspar, which are
often difficult to distinguish under only plane pdked light (PPL), luminesce to
brown (quartz), bright blue to green (feldsparheWway these minerals emit light
differently therefore makes them much easier ttirdjgish. Pyrite and clay do
not luminesce and show up black under CL lightrttar information on the CL
method is noted in Appendix E-5.2.

For this study, one core (BH502) from the 500 dridle series was chosen as a
reference core to carry out sampling of host raakd discontinuity features for
thin section study. The selection basis for samgplas that the rock needed to
be intact to assist with mounting the samples gtass slides for thin sectioning,
especially in the case of discontinuity featureshsas dissolution seams and
stylolites that otherwise are difficult to produéelly representative slices.
Approximately 60 thin sections were prepared usingre or less standard
procedures that are outlined in Appendix E-5.3lisRed thin sections provide a
better result for CL petrography, so that a sedectf thin sections was polished.
Using an optical microscope (4x objective), petagdric descriptions for each
thin section were recorded onto petrographic da¢ets, as shown in Figure 5.10.
Light sources used include plane polarised lighPL(P cross polarised light
(XPL), and cathodoluminescent light (CL). Photoragraphs taken during the

course of petrography work are given in Appendis.&9 on CD.
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Petrographic data sheet - McDonald's Lime Quarry 20 07
Sample number 18.4
Quarry unit Lower Steel
Analyst Orla Hansen
Photomicrographs
Total bioclast % 97
% Abundance limit
Bryozoans 94 very abundant
Echinoderms 2 some
Benthic foraminifera <1 rare

B Planktic foraminifera - absent

| Bivalves <1 rare
Pteropods - absent

(0]

Gastropods - absent

C
Calcareous red algae - absent

L Barnacles - absent

A Porifera - absent

S Brachiopods - absent

T [Corals - absent

S [Annelids - absent
Other - absent
Modal size 1 (mm) 2.16
Modal size 2 (mm) 0.97
Grain shape/abrasion slightly abraded
Sorting poorly

Total siliciclast grain % 3
% Abundance limit

S|Quartz - absent

I |[Feldspar - absent

L |Igneous rock fragments - absent

I |Sedimentary rock fragments - absent

C |Micas - absent

| |Pyrite grains <1 rare

C |Pyrite infills <1 rare

L |Glauconite pellets <1 rare

A |Glauconite infills <1 rare

s |Clays - absent

T [Modal size 1 (mm) 0.36

s |Modal size 2 (mm) 0.24
Grain shape/abrasion subrounded
Sorting poorly
Cements/porosity/fabric sparite, o porosity
Distribution of siliciclastics scattered or along stylolite
Oxidation characteristics oxidised

E Discrete seams - Orientation,
thickness (mm), mineralogy,

'_?_‘ oxidation state -

U Diffuse seams - Orientation, pattern,

R oxidiation state, mineralogy,

E thickness (mm) -

s |Stylolites - Orientation, suture hori. Amp = 0.5 mm, clay, big round
amplitude (mm), mineralogy, quartz & feldspar dominant crystals = .48
oxidation state mm long, glauconite
Microstylolites -

Figure 5.10Example of a petrographic data sheet used to rebordection information.
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Bioclast and siliciclast composition and other clcéristics (e.g. grain size,
sorting, cements, and porosity) were recorded. athendance limits used are as
follows: 0% = absent, <1% = rare, 1-5% = some, %15 many, 15-25% =

common, 25-50% = very common, 50-75% = abundanti an5% = very

abundant. Three main sections make up the dattsshe section for bioclasts
(the main carbonatecomponent), a section for siliciclasts (non-carltena
component), and a third section covering discoitindeatures such as

dissolution seams and stylolites.

5.2.2 Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) uses an eledieam to form magnified
images of specimens where special instruments oesolve detail to
approximately 3 nm (Fleger et al., 1993). The ShMduces images in 3D
showing texture and morphology of the specimemtdrest. The SEM used was
equipped with an energy dispersive analyser (EDAX)ch can provide semi-
quantitative chemical analysis (Fleger et al., 3388 thereby assist with mineral

identification.

SEM was used to analyse a selection of limestondsiesscontinuity materials for
their micro-texture using 3D imaging. Sample pragan for SEM is noted in
Appendix E-5.4. The scale of the samples in theges taken ranges from 6-100

um.

5.2.3 X-ray diffraction (XRD)

X-ray diffraction (XRD) analysis determines bulk maralogy, characterises the
spectrum of minerals present, and provides infaonabn crystal structure.

Crystalline materials possess characteristic ktt&tructures where atoms,
molecules, and ions are ordered in a 3D arraythéncrystal lattice, the ordering
is expressed as layers at different orientatiokBD measures the d-spacing (A)

which is the atomic spacing of a layer (Bertin, 397

The purpose of using XRD in this study is to idgnthe bulk mineral content

present in a range of samples, including quarryedtones and discontinuity
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material like Kauroa Ash, Mahoenui Group mudstahsgrete seams, cave infills,
surface accumulations, and joint infills. XRD isgaod tool to use when one
wishes to confirm a mineral that is suspected teiesent. Each sample (dried
powder) was analysed in the XRD, and diffractogramese generated by the

XRD software which recorded the mineral peaks tinterpreted.

An example of a diffractogram is show in Figure 15.1 Each peak on a
diffractogram is associated with a d-spacing orséog (symbol A) value,

position @, and a corresponding mineral. Using a list ofemats expected to be
in each sample, angstrom values from the main peaks recorded and looked
up in angstrom (d-spacing) mineral charts usingéhicsted in Hume and Nelson
(1982) and JCPDS International Centre for DiffractData (1980). As the peak
position indicates crystal structure, peak intgnséfers to the intensity of the
reflection from the total scattering from each glémthe crystal structure. This is
dependent on the distribution of atoms in the stmec(Connolly, 2003). The

intensity gives a first order approximation of nmaleabundance in a sample (i.e.
the larger the intensity the greater the mineraitent). The intensity of each

mineral was also recorded.

5.2.4Wet sieving

Wet sieving was used to determine the grain siaesdmples comprising grains
greater than 2 mm. The majority of discontinuiyypé samples were not wet
sieved because their grain sizes were less thanm2 lowever, 7 samples
contained limestone fragments which were largem thenm. These samples were
those taken exclusively from vertical joints whehe limestone fragments are
likely to have been sourced from the surroundirgknmass (possibly as a result
of shearing along joint zones, or blasting of oyied limestone into fragments
which has subsequently fallen into the joints). eTmineral palygorskite
(identified from XRD, discussed in Section 5.4.6tlms Chapter) was found in
some of the joint infills. It was taken out of tekemples before the sieving (does

not sieve effectively).
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Figure 5.11 Diffractogram (top) showing x-ray diffraction rewilof a sample taken from an
exposed joint surface in the Lower Steel, eastaea {field sample no. 100). It shows peaks of the
minerals palygorskite (P), calcite (C), and qué@z The lower chart shows the number of counts
for each peak corresponding to the above diffraetmg

This was dried then weighed and the values conyeani® a percentage of the
total sample. Each sample was shaken down a sdrieves with different phi
sizes (that had water running through). The amafirgample caught in each
sieve size was dried then weighed to determinenttight percent of sample in
each grain size class (or sieve size). Furthesrmmtion about the wet sieve
method is contained in Appendix E-5.5. Grain sizsses were determined using
Wentworth (Appendix E-5.1) size classes, found arkBhan (2001). Moisture

content was also calculated for these 7 samples.

5.2.5Laser particle size analysis

To determine the size fraction below 2 mm, lasetigia size analysis was carried
out on 28 samples. This included the less thamRfraction retained from the 7
joint infill samples analysed in the wet sievindgygpsamples of the Kauroa Ash,
Mahoenui Group mudstones, discrete seams, and odile A Malvern

Mastersizer-S instrument was used for analysisnd&preparations involved the
removal of organic and carbonate content. Furdimatytical details are noted in

Appendix E- 5.6. Grain size classes were alsorated using the Wentworth
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(Appendix E-5.1) grain size classes and, togeth#r the sieve data, the two data
sets were combined in a texture spreadsheet, kindije available by Dr Willem
de Lange (pers. comm., 2007), that calculates tals&tatistics such as mean

grain size and sorting.

5.3 Results for host rock in quarry limestones

5.3.1Caprock

The XRD data for Caprock samples are given in Apperg-5.7 and the

petrography information in Appendix E-5.8. XRD sal®that the dominant

mineral in the Caprock is calcite. The Caprockhis topmost limestone unit at
the quarry and becomes progressively finer graboggrd the contact with the
overlying Mahoenui Group mudstones. This is cleasident in the cores (see
Chapter 4 Section 4.1.2) where the limestone besamwe argillaceous (clayey)
towards the top. In thin section the uppermostle\wf the Caprock become
planktic foram and clay rich (Figure 5.12A), retiag the rapid transition from

shallow marine deposition to deep marine deposititaracterising the overlying
Mahoenui Group mudstone. Figure 5.13A shows therame composition of

bioclasts (70-95%) found in the Caprock. The l@etl(70-75%) component of
the samples near the contact is characterisedcbyp@entration of planktic forams
(Figure 5.12B) (abundant). The remaining bioclaisisnd near this contact

include echinoderms (some), benthic forams (soleg, bryozoans (some). In
contrast, samples taken beneath this transitionpaem bioclasts (80-95%) that
are dominated by bryozoans (very abundant), eckimsl (many), planktic

forams (some), benthic forams (some), and bivafie®). Figure 5.13C shows
the modal grain size distribution for the bioclaatsl siliciclasts across all the
Caprock samples. Bioclasts for both sample typesresthe same textural
characteristics. They are poorly-well sorted, matidy abraded, and have modal
grain sizes of medium sand, coarse sand, and \@agse sand (0.29-1.3 mm).

Both sparite and micrite are present, although igdigemicrite predominates.
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Figure 5.12(A) Photomicrograph under PPL of the Caprock (figdanple no. 20, BH502, 25.5 m
depth) host rock taken near the contact with therlging Mahoenui Group mudstones. The
sample is very fine-grained, and dominated by diaypnite and planktic forams. The fabric of
the rock is tight. (B) Photomicrograph under PRIthe Caprock (field sample no. 9.2, BH502,
26.25 m depth) host rock contains echinoderms ardbminated by clays. The rock also has a

tight fabric.
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Figure 5.13 (A) Average bioclast composition given as a peragat from petrographic
descriptions for Caprock host rock. (B) Averagpresentative percentages from petrographic
descriptions, of the different siliciclast typesufa in Caprock host rock. (C) Grain size
distribution from petrographic descriptions inclogli modal bioclast and siliciclast size for
Caprock host rock.
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No porosity was observed in the samples, fabrapesn or tight, and bioclasts are
generally packed and fragmented (except for foramigh are not fragmented).

Fractures are common and have been healed by segaralcite precipitation.

Average siliciclast composition is shown in Figbt@3B. The siliciclast (5-30%)
component consists of clays (very common), pyri@ng (some), pyrite infills
(rare), and glauconite pellets (rare). Clay, gyrénd glauconite commonly occur
within zooecia of bryozoans (intraparticle), and Bmonitised. These grains are
scattered throughout the host rock, poorly-welteshr subrounded, with modal
grain sizes of fine sand and medium sand (Figut8@®). (0.07-0.29 mm). Using

Folk’s (1959) classification, the Caprock limestosi@ packed biomicrite.

5.3.2Upper Steel

The XRD data for the Upper Steel are given in AmgenE-5.7 and the

petrography information in Appendix E-5.8. XRD sl®othat calcite is also the
dominant mineral in the Upper Steel unit. Figur&4® shows the average
bioclast composition for the Upper Steel limestor&oclasts comprise 98-99%
of the Upper Steel unit and are dominated by brgogo(Figure 5.15A) (very

abundant), echinoderms (common), benthic foramsn€3o planktic forams

(some), and bivalves (rare). Figure 5.14C showsttbdal grain size distribution
of bioclasts and siliciclasts. Bioclasts are talicmoderately sorted, moderately
abraded and fragmented, fine sand to granule msidal (0.12-2.52 mm). The
dominant cement type is sparite (Figure 5.15A)hwahe thin section showing
minor micrite. Some samples showed interpartickosgity as for example seen in
Figure 5.15B. The energy dispersive analyser stailve presence of calcium,
minor iron, magnesium, and silica (see inset ofufgég5.15B). Other samples
were not porous. The Upper Steel unit shows aerafidabrics, from tight where

the bioclasts are packed, squashed, and elongatethre open fabrics where the

bioclasts are only slightly packed or just onlypwint contact.

Chapter five 137



(A)

Average bioclast composition for Upper Steel

O Bryozoans

B Echinoderms

O Benthic foraminifera
O Planktic foraminifera

W Bivalves

(B)

Average siliciclast composition for Upper Steel

O Quartz & feldspar
W Pyrite grains

O Pyrite infills

O Glauconite pellets

B Glauconite infills

(©)
Grain size distribution for Upper Steel

w D
()
S 4
S
53
B J ]
S 1]
S
20 ‘ ‘

fine sand medium sand coarse sand  very coarse granule

sand

Grain size class

@ Modal bioclast size (mm) m Modal siliciclast size (mm)

Figure 5.14 (A) Average bioclast composition given as a peragat from petrographic
descriptions for Upper Steel host rock. (B) Averagpresentative percentages from petrographic
descriptions, of the different siliciclast typesufa in Upper Steel host rock. (C) Grain size
distribution from petrographic descriptions inclugimodal bioclast and siliciclast size for Upper
Steel host rock.
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Figure 5.15 (A) Thin section under PPL of host rock in the Upjsteel limestone showing
bioclasts including bryozoans, which are very alamgdand echinoderms. Sparite cement occurs
both within (intraparticle) and between (interpale) grains (field sample no. 24.1, BH502, 28.5
m depth). (B) SEM image of a porous limestone dadchfrom the Upper Steel unit. There is no
cement in the pore spaces (labelled). The inset §pectra showing results from the energy
dispersive analyser, which shows elements detentéite cemented portion of the sample. The
sample is dominated by calcium (Ca) (large peakgoaph), and contains minor silica (Si),
magnesium (Mg), and iron (Fe) (field sample no128H502, 28.5 m depth).
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Figure 5.14B shows the average siliciclast compwsit Siliciclasts (1-2%)
comprise pyrite grains (rare), pyrite infills (rarglauconite pellets (rare), and
guartz and feldspar (rare). Siliciclasts are scatt throughout the host rock, are
poorly sorted, subrounded to angular, and have dared to granule modal sizes
(0.12-2.4 mm) (Figure 5.14C). Under Folk’'s (19%58ssification, Upper Steel

limestones are unsorted biosparites or unsortesphroudites.

5.3.3Aglime

The XRD data for Aglime samples are given in Appen#-5.7 and the
petrography information in Appendix E-5.8. XRD sal®that calcite is the
dominant mineral in the Aglime unit. Figure 5.16RAows the average bioclast
composition. The bioclast (92-98%) component cosgwi bryozoans (very
abundant), echinoderms (rare), benthic forams )rgtanktic forams (rare), and
bivalves (some). Figure 5.17 shows one of the rAglisamples that had high
%CaCQ (bioclasts and cement) content, supporting evidetimt the main
concentration of silica minerals is in the discouiiies. Grain size distribution of
bioclasts and siliciclasts are shown in Figure 8.1@ioclasts are poorly sorted,
slightly abraded and fragmented, and have fine dandery coarse sand size
modes (0.05-1.68 mm). Micrite is the dominantripgeticle fill and often occurs
as intraparticle fill as well, particularly in brgoan zooecia. Minor sparite
cement also occurs. No porosity was observederstitmples. Fabrics are tight

and bioclasts are packed against each other. Ufiragis also common.

Average siliciclast composition is shown in Fig&t&6B. The siliciclasts (2-8%)
are composed of pyrite grains (some), glauconitéetse(some), pyrite infills
(rare), and glauconite infills (rare). These aworfy sorted, subrounded or
angular have mainly coarse silt to fine sand sinel@s (Figure 5.16C) (0.05-0.24
mm), and are scattered throughout the host rockndeU Folk’s (1959)
classification, Aglime limestones are unsorted pasges to unsorted

biosparrudites.
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Figure 5.16 (A) Average bioclast composition given as a percentdgen petrographic
descriptions for Aglime host rock. (B) Average negentative percentages from petrographic
descriptions, of the different siliciclast typesufa in Aglime host rock. (C) Grain size
distribution from petrographic descriptions incluglimodal bioclast and siliciclast size for Aglime
host rock.
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Figure 5.17(A) Photomicrograph under PPL of the Aglime (fisemple no. 11.2, BH502, 40.2 m
depth) host rock. The sample is mostly composeldrpézoans and sparite cement. The dark
black areas are either clays or micrite. The ffatkic is tight. (B) Photomicrograph of the same
sample in (A) under CL. The calcite luminescesepal bright orange, and indicates that the
sample is predominantly calcite.
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5.3.4High Grade

The XRD data for High Grade are given in Appendis.E and the petrography
information in Appendix E-5.8. XRD results shovatlcalcite is the dominant
mineral in the High Grade limestone. Average l@stlkcomposition is shown in
Figure 5.18A. Bioclasts (94-98%) comprise bryozdRigure 5.19B) (very

abundant), echinoderms (some), benthic forams (gopianktic forams, and

bivalves (rare). Grain size distribution of mott&clast and siliciclast sizes are
shown in Figure 5.18C. Bioclasts are poorly sqrtedderately abraded, are of
coarse sand to granule modal size (0.6-2.16 mmhe dominant cement is
sparite; micrite is minor and is found commonlyiasaparticle fill in bioclast

chambers (e.g. Figure 5.19A). Porosity is abserdllithe samples, and fabrics
range from tight (bioclasts packed) to open (bistslaouching). Bioclasts are
generally highly fragmented. Fractures are comiaiodh are typically healed by

secondary calcite precipitation.

Average siliciclast composition is shown in Figlel8B. Siliciclasts (2-6%)
comprise pyrite grains (some-many), quartz andsfedd (some), pyrite infills,
glauconite pellets, and glauconite infills (rarePyrite (Figure 5.19A) is more
abundant in the High Grade samples compared tootier quarry limestones.
Bioclasts are poorly sorted, angular or subrounded, have of very fine to fine
sand size (Figure 5.18C) (0.07-0.24 mm). Siligtdaare generally scattered
throughout the host rock and sometimes occur istets. Under Folk’s (1959)
classification, High Grade limestones are unsort@dsparites to unsorted

biosparrudites.
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Figure 5.18 (A) Average bioclast composition given as a peragat from petrographic
descriptions for High Grade host rock. (B) Averagpresentative percentages from petrographic
descriptions, of the different siliciclast typesufm in High Grade host rock. (C) Grain size
distribution from petrographic descriptions inclogimodal bioclast and siliciclast size for High
Grade host rock.
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Figure 5.19(A) Photomicrograph under PPL of the High Gradeldfisample no. 15.2, BH502,
56.7 m depth) host rock. The image is purposegrexposed to emphasise the presence of pyrite.
Pyrite is particularly common in the High Grade andghown as opaque (black) minerals in thin
section. (B) Photomicrograph under PPL of the Haylade (field sample no. 14.4, BH502, 52.6
m depth) host rock. The sample shows sparite nasindte or clay, where the latter occurs within
zooecia of bryozoan fragments, which are the dontibclast type. The rock has a tight fabric.
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5.3.5Lower Steel

The XRD data for Lower Steel are given in AppenBi%.7 and the petrography
information in Appendix E-5.8. XRD results shovatltalcite is the dominant
mineral in the Lower Steel unit. Average bioclesinposition is shown in Figure
5.20A. The bioclast (96-98%) component consistsrgbzoans (very abundant),
echinoderms (some), benthic forams (rare), biva(gesne), annelids (rare) and
planktic forams (rare). An example of a host reeknple under PPL and CL is
shown in Figure 5.21. Grain size distribution fupclasts and siliciclasts is
shown in Figure 5.20C. Bioclasts are poorly to eratkly sorted, moderately
abraded and fragmented, and have grain sizes iim#mium sand to granule
range (0.43-2.88 mm). Sparite is generally the idant cement, although a few
samples are dominated by micrite. No porosity alaserved in the samples. In

general, fabrics were open where bioclasts weghtsfi packed or just touching.

Figure 5.20B shows the average siliciclast compwsit Siliciclasts (2-4%)
comprise quartz and feldspar (some), pyrite grapsite infills, glauconite
pellets, glauconite infills, and sedimentary rockgments (rare). These are
poorly sorted, subrounded, and have modal sizékervery fine to coarse sand
range (Figure 5.20C) (0.1-0.72 mm), and are satter clustered throughout the
host rock. Clustered siliciclast grains were taflic limonitised. Under Folk’s
(1959) classification, Lower Steel limestones amsauted biosparites to unsorted
biosparrudites.
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Figure 5.20 (A) Average bioclast composition given as a peragat from petrographic
descriptions for Lower Steel host rock. (B) Averagpresentative percentages from petrographic
descriptions, of the different siliciclast typesufa in Lower Steel host rock. (C) Grain size
distribution from petrographic descriptions incllugimodal bioclast and siliciclast size for Lower
Steel host rock.
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Figure 5.21(A) Photomicrograph of a thin section under PPIrhm‘ Lower Steel (field sample no.
16.1, BH502, 74.1 m depth) host rock. Some spasgtaent occurs, as well as some echinoderm
fragments in the centre of the image. Under PRk difficult to pick out quartz and feldspar
grains as they are commonly white, like calcitestals. (B) Photomicrograph of (A) under CL.
The CL reveals quartz as greeny brown grains, alu$par that is blue and purple in colour. The
remaining and surrounding host rock is calcite Whigninesces bright orange.
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5.3.6 Sub-economic

The XRD data for Sub-economic are given in Append@&.7 and the

petrography information in Appendix E-5.8. OncaiagKRD results showed that
calcite is the dominant mineral in the Sub-econommit. Average bioclast

composition is shown in Figure 5.22A. The bioclg§90-96%) component
comprises bryozoans (Figure 5.23B) (very abundaethinoderms (some),
bivalves (some), annelids (some), benthic forarasefr planktic forams (rare),
and calcareous red algae (rare). Annelids (worbeg) are shown in Figure
5.23A and are more common in the Sub-economic econtpared to the other
limestones. Modal grain sizes for bioclasts afidisiasts are shown in Figure
5.22C. Bioclasts are poorly sorted, coarse sargtaoule sizes (0.72-2.64 mm).
Sparite is the dominant cement present, with mmarrite in several samples.
Porosity is absent. Fabrics range from slightlgropo tightly packed. Bioclasts

are slightly abraded and fragmented.

Average siliciclast composition is shown in Figw22B. The siliciclasts (4-

10%) comprise quartz and feldspar (some), pyritngs pyrite infills (some),

glauconite pellets, glauconite infills, and seditaey rock fragments (rare).
These are poorly sorted, subangular or subrourttaas modal grain sizes in the
very fine to coarse sand range (Figure 5.22C) Q068- mm), and are mainly
scattered throughout the host rock or sometimesterled. Under Folk’'s (1959)
classification, Sub-economic limestones are undofi@sparites to unsorted

biosparrudites.

5.3.7 Petrographic overview

Actual percentages for bioclasts and siliciclasts €ach thin section are
summarised into Tables (Appendix E-5.9 and E-5.1Dftails on thin section
number, approximate depth of sample, total % Ca@@d total % silica are also

included in these Tables. Grain size and shaeatatgiven in Appendix E-5.11.
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Figure 5.22 (A) Average bioclast composition given as a peragat from petrographic
descriptions for Sub-economic host rock. (B) Awerarepresentative percentages from
petrographic descriptions, of the different siliait types found in Sub-economic host rock. (C)
Grain size distribution from petrographic descops including modal bioclast and siliciclast size
for Sub-economic host rock.
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Flgure 5.23(A) Photomlcrograph shows a th|n section under PPLhef3ub-economic (field
sample no. 57.2A, BH502, 86.9 m depth) host ra8knelids or worm tubes are common in this
limestone, as evident in this image. (B) Photongcaph shows a thin section under PPL of the
Sub-economic (field sample no. 19.1, BH502, 87.6epth) host rock. The image is dominated
by a large bryozoan fragment. Echinoderm fragmeatsir to the bottom left. The fabric of the
rock is tight, and the main cement type is spdvitieite areas).

Chapter five 151



5.4 Results for overburden units and discontinuity mateials

Of the different discontinuity types, only the di$e and discrete dissolution
seams were able to be thin sectioned as part oir thest limestone.

Consequently, the petrographic approach for min@farmation could be used
for these seams, but for the overburden units ahdraiscontinuity materials
(e.g. joint and cave infills) only XRD and grainxtere features are used to

characterise their mineral make up.

The laser particle size data set for the discoityinype samples is summarised
into tables located in Appendix E-5.12. The indual analysis reports (PDF
format) can be found on Appendix H-5.17 on CD. $peeadsheets for combined
texture including grain size statistics for eacimgke are given Appendix H-5.18
on CD.

5.4.1 Kauroa Ash

The XRD data for Kauroa Ash are given in Appendis.E. XRD suggests the
minerals vermiculite, halloysite, gibbsite, andstobalite are present in varying
amounts, as well as unspecified iron oxide materialFurther analyses are
warranted to better identify the mineral componentthese tephras. Grain size
and sorting characteristics of the Kauroa Ash sampkre summarised in Table
5.1. These show it to be a poorly to moderatelyeslh medium silt sized with a

unimodal size distribution.

Table 5.1Results from textural analyses of Kauroa Ash samplEhe table includes mean grain
size, grain size class, size distribution, andisgrtharacteristics of each sample.

Kauroa Ash
Sample Mean size Sorting . . Size
number (mm) (ohi) Wentworth size class Sorting class distribution
72 0.01 0.82 medium silt moderately sorted unimodal
71 0.02 1.23 medium silt poorly sorted unimodal
167 0.01 0.81 medium silt moderately sorted unimodal

5.4.2 Mahoenui Group mudstones

XRD shows the main minerals present are clays (steemontmorillonite and
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illite), calcite, quartz, feldspar, and locally gy (Appendix E, 5.7). Large
crystals of gypsum are commonly found near the Hapnwith the underlying
Caprock limestone. Grain size and sorting charsties of Mahoenui Group
mudstone samples are summarised in Table 5.2. eT$teswv it to be a poorly to

moderately sorted, fine sand with a unimodal siggitution.

Table 5.2 Results from textural analyses of Mahoenui Groupdstone samples. The table
includes mean grain size, grain size class, sigwilgition, and sorting characteristics of each
sample.

Mahoenui Group mudstones

ﬁjrr:sg M(e(er:?n?)lze S&:ﬂgg Wentworth size class Sorting class dist?ilbzliion
22 0.194 0.93 fine sand moderately sorted unimodal
126 0.157 1.25 fine sand poorly sorted unimodal
127 0.201 0.91 fine sand moderately sorted unimodal

5.4.3Discrete seams

Examples of photomicrographs of discrete seamslaog/n in Figures 5.24 and
5.25A-24G. XRD suggests the minerals present anedesing order of abundance
are quartz, oligoclase (feldspar), calcite, clayg.(smectite and illite), and rarely
the Ca-Mg carbonate mineral dolomite (Appendix B}5.The principal peak for
dolomite was observed in one of the dissolutiomseamples (Appendix E-5.7).
Furthermore, dolomite rhombs associated with clagenals were identified in
CL petrography (Figure 5.24). This finding is irgsting because dolomite has
previously not been identified in the Otorohanganéstone, probably because
earlier studies analysed only the host rock andthetdissolution seams (e.qg.
Nelson 1978; White and Waterhouse 1991).
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Figure 5.24Photomicrograph of thin section under CL of thé-8gonomic unit (field sample no.
59.4, BH502, 88.9 m depth) containing a discretarseomprising crystals of dolomite rhombs.

Thin sections show that the total silica componeitlin the seams ranges from
9-90% (av. 56%), and the Cag@omponent range from for 10-91% (av. 44%).
Figure 5.25 shows the average mineral compositighinv23 discrete seams.
The petrography reflects the XRD results, with tpand feldspar (2-69%), clay
(5-64%), and calcite (10-91%) being identified. wéwer, the authigenic minerals
glauconite (0-5%) and pyrite (0-25%) have also hdentified in thin section but
are not detected by XRD. Calcite occurs as arfyagimented bioclasts, micrite,
or sparite cement. Grain size and sorting charatits are summarised in Table
5.3. The data for texture results can be foundigpendix E-5.13. Textural data
shows that discrete seams are poorly to moderateted, and have medium silt
sized grains with a unimodal distribution. Silileists range from angular to
rounded in grain shape.
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Figure 5.25(A) Photomicrograph of a thin section under PPlthef High Grade (field sample no.
43, BH502, 62.1 m depth) containing a discrete sehowing quartz and feldspar, sparite, and
clay. Host rock is shown in the lower right coriaexd is slightly fractured. (B) Photomicrograph
of the same thin section under CL. The discretensender CL light reveals quartz luminescing to
greenish brown, and feldspar luminescing to blue @urple.
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Figure 5.25(C) Photomicrograph of thin section under PPL @f tlower Steel (field sample no.
16, BH502, 74.1 m depth) containing a discrete sedie seam is surrounded by host limestone
(predominantly calcite) either side. The seamlfitge concentrated in clays, and quartz or
feldspar. (B) Photomicrograph of the same thirtiseaunder CL light. Quartz and feldspar can
now be distinguished as they luminesce to diffeceburs (i.e. quartz = greenish brown; feldspar
= blues and purples). Iron-stained clay does ootinesce and remains opaque. The calcite
luminesces bright yellow orange.
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Figure 5.25(E) Photomicrograph of thin section under PPL & tower Steel limestone (field
sample no. 51, BH502, 72.6 m depth) containingsardie seam. The seam is full of large quartz
grains that appear fractured. The remaining seatenml is predominantly iron-stained clay. A
small part of the image shows the surrounding hosk. The seam is well sorted. (F)
Photomicrograph of thin section under PPL of théirAg limestone (field sample no. 35, BH502,
39.45 m depth) containing a discrete seam. The méerals shown are quartz or feldspar, clay,
pyrite, calcite (as bioclasts and/or sparite ceneHbDst rock is shown on the bottom of the image
and strongly contrasts to the seam.
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Figure 5.25 (G)Photomicrograph of thin section under PPL of tighirAe limestone (field sample
no. 32, BH502, 37 m depth) containing a discretansgseam occupies entire image). The
dominant minerals present are quartz or feldspaitep(opaque minerals), and iron-stained clay.
The seam also contains calcite (either sparite neorebioclast fragments).

Average mineral composition in discrete seams

50

40 -

30 -

S
20 -
10 -
0 T
Calcite Clay Quartz &  Pyrite grains  Glauconite

feldspar pellets
Mineral

Figure 5.26 Average mineral composition of discrete seams deterd from thin section study.
See Appendix E-5.13 for data.
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Table 5.3Results from textural analyses of discrete seanpkesm The table includes mean grain
size, grain size class, and sorting characterisfiesich sample. Size distribution of the graiesi
data are generally unimodal.

Discrete seam

:Sg&leer Me(;nms)lze Sorting (phi) Wentworth size class Sorting class distﬁltfliion
171 0.01 1.39 medium silt poorly sorted bimodal
117 0.01 0.38 medium silt well sorted unimodal
141 0.01 1.11 medium silt poorly sorted unimodal
138 0.01 0.49 medium silt moderately well sorted unimodal
108 0.01 0.39 medium silt well sorted unimodal
118 0.01 0.83 medium silt moderately sorted unimodal
139 0.01 1.58 medium silt poorly sorted unimodal
163 0.02 1.49 medium silt poorly sorted unimodal
152 0.01 1.2 medium silt poorly sorted unimodal
172 0.02 1.33 medium silt poorly sorted unimodal
162 0.02 1.42 medium silt poorly sorted unimodal

5.4.4 Diffuse seams

Examples of some photomicrographs of diffuse seamesshown in Figures

5.27A-C. The minerals identified and their graizesand sorting were all

determined by petrography (Appendix E-5.13). Tdtaltsilica component in the

seams ranged from 30-60%, and the Ca€@m 40-70%. In decreasing order of
abundance the minerals present include calcite7080), clay (0-60%), quartz

and feldspar (5-10%), pyrite (0-5%), and glauco(0td.%).

Calcite is in the form of either fragmented biotdasnicrite, or sparite cement.
Textural data can be found in Appendix E-5.13. sehehow that diffuse seams
are generally well sorted, have angular to subamgrain shapes, and grain sizes

ranged from very fine sand to fine sand havingianodal distribution.
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Figure 5.27(A) Photomicrograph of thin section under PPL @& #glime limestone (field sample
no. 12.2, 41.25 m depth) containing a diffuse s€antire image). It shows pyrite (opaque),
quartz or feldspar, calcite, and bioclasts. (BytBmicrograph of same thin section under CL light
where the pyrite remains opaque, and the calcgelurainesced to bright orange. Here, feldspar
can be distinguished from quartz. The sample msidated by feldspar which luminesces blue and
purple. Quartz is probably present but does nat bght as obviously and the sample is quite
fine-grained.
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Flgure 5.27(C) Photomlcrograph of thin section under PPL efﬂgllme limestone (f|eId sample
no. 13.2, 42.85 m depth) containing a diffuse s€aatupies entire image). The seam shows
bryozoans surrounded by smaller quartz or feldgpains and clay. Calcite is also common in the
seam and is either sparite cement or fragmentezidsits.

5.4.5 Stylolites (subhorizontal and subvertical)

Photomicrographs of stylolites (defined in Cha@geBection 3.1.3) are shown in
Figures 5.28A-F. Due to their typical thinness @®in) the mineralogy of the
stylolites was determined by petrography. The maimerals found, in

decreasing order of abundance, are clay, quattisdar, pyrite, glauconite, and
calcite (as fragments of bioclasts). However, sutisal stylolites mostly contain

clays.
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Figure 5.28(A) Photomicrograph of thin section under PPL o ttower Steel limestone (field
sample no. 18.4, 78 m depth) containing a subhot@tylolite. The stylolite contains rounded
and subangular quartz grains and clay. A few quartfeldspar grains occur in the top right
corner. The majority of the image shows calcit®) Photomicrograph of same thin section under
CL light. The quartz grains are brown, and theirgran the top right corner are identified as

feldspar which have luminesced purple. The clagsdwot show as clearly as it did under PPL.
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Flgure 5.28 (C) Photomicrograph of thin section under PPL ofud»honzontal stylolite in the
Lower Steel limestone (field sample no. 17.3, BH5D27 m depth). The stylolite is difficult to
see but it is marked by a concentration of quartiellspar. The stylolite is surrounded by host
rock (calcite dominated), mainly as bioclasts. Hbptomicrograph of same thin section but under
CL light. The stylolite is clearly dominated byldepar shown as the blue and dark purple
minerals. Calcite luminesces to reddish orange.
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Figure 5.28 (E) Photomicrograph of thin section under PPL & tlower Steel limestone (field
sample no. 17.3, BH502, 73.7 m depth) showing twhsrizontal stylolites. Most of the section
contains calcite. The stylolites contain quartzfeldspar. (F) Photomicrograph of same thin
section under CL light. Calcite luminesces brighinge and the minerals in the stylolites are
identified as mainly feldspar and some quartz.
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5.4.6 Joint infills

Two joint infill types occur in the quarry limestes. The first type is typically
clay rich and contains limestone fragments. Theoiseé type, however, is a
rubbery, flexible sheet-like mineral identified BYRD as the clay mineral
palygorskite, (Mg, ARS;4010(OH). The two infill types are described sepasatel

below.

Type 1: The main minerals identified by XRD in the joinfilhsamples are clays
(smectite, palygorskite), quartz, calcite, and atigse (feldspar) (Appendix E-
5.7). Comparing the mineralogy of the Mahoenui pronudstones and Kauroa
Ash to the joint infills, the mineral suites ar@asenably similar. Combining the
wet sieving and laser particle size analysis datavs that the joint infills have a
bimodal grain size distribution (Table 5.4; whittewever, only shows the mean
grain size which ranges from fine silt to granul&yet sieve data (weight %) are
summarised in Table 5.5 and show that grain sizékd joint infills are as large
as pebble grade (4-32 mm). The remaining databeafound in Appendix E-
5.14. As a result of this bimodality the jointillsf are typically extremely poorly

sorted.

Type 2: XRD shows that calcite and quartz minerals are @atm with the

dominant clay mineral palygorskite (Appendix E-5Figures 5.29A and B show
palygorskite that has been dried after samplingd, arder the SEM, respectively.
The SEM image shows that palygorskite is very filstocharacterised by a
chaotic ordering of interlaced fibres. In additiortaking SEM images, an energy
dispersive analyser was used to identify the chemielements present.
Investigating different surfaces of the palygomskdonfirmed the presence of
silica and calcium (Appendix E-5.15). Table 5.@wh the weight percent (O-
41%) of palygorskite that occurred in the jointilisfprior to the wet sieving of

those infills. Texture can be described as papeaghery, rubbery, and extremely

fibrous, analogous to a woven cloth.
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Figure 5.29 (A) Joint infill type 2 palygorskite (clay minerafpund along joint surfaces in the
quarry limestones. The mineral looks and feelg lgaper when dry (field sample no. 105),
northern face, Lower Steel. (B) SEM image of palgfite showing a chaotic tangle of fibres.
Small crystals of calcite can be seen hanging astahg fibres (black arrows) (field sample no.
105), northern face, Lower Steel.
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Table 5.4Results from textural analyses of joint infill (yd) samples, including mean grain size,
grain size class, size distribution, moisture con{gome samples) and sorting characteristics of
each sample.

Joint infill
::rr:g; Me(i?ms)lze Sorting (phi)  Wentworth size class Sorting class cmct):asr:g&) dist?tftion
164 1.18 4.77 very coarse sand extremely poorly sorted 25% bimodal
168 1.19 4.36 very coarse sand extremely poorly sorted 18% bimodal
107 0.24 4.86 fine sand extremely poorly sorted 26% bimodal
169 1.21 4.28 very coarse sand extremely poorly sorted 37% bimodal
154 0.15 4.75 fine sand extremely poorly sorted 46% bimodal
165 2.38 4.78 granule extremely poorly sorted 29% bimodal
109 0.18 4.33 fine sand extremely poorly sorted - bimodal
114 0.009 0.5 fine silt moderately well sorted - unimodal
144 0.02 15 medium silt poorly sorted - unimodal
160 0.01 0.8 medium silt moderately sorted unimodal

Table 5.5 Results from wet sieving joint infills. Note th#diese data only include the weight
percent of sample >2 mm in diameter.

Wentworth size class
Weight % In Granule Weight % In Pebble

Sample number (2-4 mm) (4-32 mm)
164 6 57
168 11 56
107 4 44
169 11 45
154 2 38
165 0 31
109 7 38

Table 5.6Results of weight % for palygorskite from jointiits.
Samples
164 168 107 169 154 165 109
Weight% 2 4 0O 17 7 41 3

5.4.7 Surface accumulations

Surface accumulations are surface coatings sanmgedquarry faces which have
accumulated quarry dust including material fromrguaoads which have washed
down over the face. XRD shows the minerals pregebe palygorskite, quartz,
and calcite (Appendix E- 5.7). Grain size and isgrtproperties were not
determined as sampling involved taking a scrapswafped to a fine powder)

from the quarry face surface, so altering the oabtexture of the material.

5.4.8 Cave infills

The main minerals present determined by XRD argsc(@mectite or chlorite,
vermiculite, palygorskite), quartz, and calcite p&nadix E-5.7). Grain size and

sorting characteristics are summarised in Table Sfie textural analyses show
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that cave infills are moderately well sorted, medisilts with a unimodal

distribution.

Table 5.7 Results from textural analyses of cave infill sagsplincluding mean grain size, grain
size class, size distribution, and sorting charéties of each sample.

Cave infill
Sample Mean size Size
number (mm)  Sorting (phi) Wentworth size class Sorting class distribution
166 0.01 0.61 medium silt moderately well unimodal
146 0.01 0.69 medium silt moderately unimodal
143 0.01 0.47 medium silt well unimodal
161 0.01 0.59 medium silt moderately well unimodal

5.5 Discussion

5.5.1 Quarry limestone mineralogy

Figure 5.30 presents a stratigraphic summary obtbelast and siliciclast mineral
composition of the limestones at the quarry. Thestones are dominated by the
carbonate mineral calcite and contain small (tyhical0%) concentrations of
siliciclasts such as quartz, feldspar, glaucomuigite, and clay. Evidence of the
dominance of calcite is shown in XRD results (Tablg). In the host rock the
total CaCQ component (i.e. bioclasts, micrite, sparry cajcté the limestones
ranges from approximately 70-99% and the total #%idast material (silica
grains and infills) from about 1-30%. Figure 5&tbws that the limestone that
has the lowest % CaGO(determined by petrography) is the Caprock (7805
followed by the Sub-economic (90-96%), Aglime (®%), High Grade (93-
98%), Lower Steel (96-98%), and Upper Steel (98-p9% he trend is the
opposite for the siliciclast content i.e. Upperebt@l-2%) (lowest), High Grade
(2-7%), Sub-economic (4-10%), Aglime (2-10%), arapfdck (5-30%) (highest).
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Petrographic data: Drill hole #BH502
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Figure 5.30This figure summarises the petrographic data dalterom thin section study of host rock (i.e. nscdntinuities) from the quarry limestones. Theadare presented in relationship to depth (m) ftomof drill hole, and the graphic log
shows variations of the colour grey which corregisoto the variable silica across each quarry waitkker grey = higher silica content). The estimagiercentage of CaG@nd silica is shown as the blue and green graphbeoleft. The bioclast and
siliciclast composition is also shown as curvesie pPhotomicrographs to the far right of the figahmw examples of host rock: (A) Upper Steel (fisdanple no. 24.1, BH502, 28.5 m depth) host rockvsig interparticle (between) sparite cement,
echinoderms with syntaxial rims formed round thentarge benthic foram in the centre, and commownzwsns; (B) Lower Steel (field sample no. 16, BR574.1 m depth) host rock showing inter and iptdicle sparite cement and bryozoans
(dominant bioclasts); (C) Aglime (field sample &, BH502, 39.45 m depth) host rock containingripaeticle sparite cement between dominant bryozo&sd coordinate system is NZ map grid and eiewat metres above mean sea level. O =
Overburden, C = Caprock.
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Table 5.8Minerals present in each quarry limestone deterchime XRD, the position @ for the
main peaks and their intensities. Due to the fhat calcite is the dominant mineral in these
limestones, other minerals that occur in small eotrations are often not detected by XRD due to
the overwhelming amount of calcite present.

Position  Main peak

Quarry limestone unit Minerals present [226] intensities
Caprock calcite 29.38 100
39.40 18
35.93 14
Upper Steel calcite 29.60 100
39.37 18
35.92 14
Aglime calcite 29.34 100
39.45 18
35.92 14
High Grade calcite 29.36 100
39.39 18
35.94 14
Lower Steel calcite 39.37 3.04
39.37 18
35.95 14
Sub-economic calcite 29.37 100
39.33 18
35.95 14

5.5.2Quarry limestone bioclast composition

Figure 5.30 shows in order of decreasing overallndlnce that the bioclast
composition of the host rock comprises bryozoanokin®@derms, benthic forams,
bivalves, annelids, planktic forams, and calcareoed algae. Bryozoan
fragments are the most abundant faunal type injakry limestones units with
the exception of a few samples taken near the cbwoffathe Caprock with the
overlying mudstones of the Mahoenui Group wherakila forams predominate.
Echinoderm fragments show higher percentages inUthyger and Lower Steel
compared to the other units. Benthic forams shomilar abundances in all
guarry limestones, however, they are slightly mocoenmon in the Upper Steel
limestone. Bivalves are variable across the urisnelids are mainly present in
the Aglime, Lower Steel, and particularly in thebSeconomic unit. Calcareous
red algae are mainly absent in the quarry limestohat rare occurrences were

noted in a few samples from the Sub-economic unit.
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Figure 5.31 summarises the grain size distribugbmioclasts in the host rock.
The distribution in grain sizes ranges between ¥iewy sand to granule, however,
most grain sizes occur within the medium to coaaed size class. In general,
bioclasts are fragmented and rarely whole. Abrasioaracteristics of bioclasts
are similar for all quarry limestones, ranging fretightly abraded to moderately
abraded.

5.5.3Quarry limestone siliciclast composition

Siliciclast composition is shown in Figure 5.30. heT siliciclast components

identified in the host rock in decreasing ordeabfindance include pyrite grains,
pyrite infills, glauconite pellets, glauconite iigi quartz, feldspar, clays, and
sedimentary rock fragments. Figure 5.30 shows pyaite grains and pyrite

infills have highest values in the High Grade, Agd, and Sub-economic units.
Glauconite pellets increase in the Aglime, High d&aand Sub-economic units.
Glauconite infill percentages are generally simileare) for all of the quarry

limestones, however, infills are absent in the Geabrand Upper Steel. Quartz
and feldspar increase above a few percent in tga Brade and the Lower Steel,
as well as across most of the Sub-economic uhigratise they are generally rare
or absent. Clay material appears to be abserit quarry limestones except for
the Caprock limestone, although clear distinctiorifficult to make because of
fineness of grain size. Sedimentary rock fragmargggenerally absent except for

a few samples in the Lower Steel where they aee rar

Figure 5.32 summarises the grain size of silictslas the host rock. Similar to
the grain size distribution of the bioclasts, tliislast grain sizes range from
very fine sand to granule. However, the most commi@in size is in the fine
sand size class. There are generally no trendsrsiior siliciclast shape when
comparing all the limestones (e.g. shape ranges fngular to subrounded for
all), however, subrounded grains are most commdiliciclasts are almost
exclusively scattered within the host rock and lyacecur in clusters of several

associated grains.
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Figure 5.31 Grain size distribution results from thin sectictudy of bioclasts in the quarry
limestone units.
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Figure 5.32 Grain size distribution results from thin sectidady of siliciclasts in the quarry
limestones.

5.5.4 Cements

Micrite is the dominant cement type in the Caprackl Aglime units (typically
biomicrites). The major cement type in the othmrrfquarry units (Upper Steel,
High Grade, Lower Steel, and Sub-economic) is clgaarite (i.e. they are
biosparites), which occurs between and within tkeletal grains (interparticle
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and intraparticle cement, respectively). As wallisterparticle and intraparticle
cement, sparite also occurs in veins where it djpicheals fractures in the

limestones. Calcite veins sealing fractures amenaon in all the limestones.

5.5.5 Porosity and burial features

The majority of the host limestone samples acrtes gix quarry units lack
porosity. However, interparticle porosity is evilémsome thin sections from the
Upper Steel unit. Fracture and stylolitic poros#ynot uncommon in the Aglime,

High Grade, Lower Steel, and Sub-economic units.

The quarry limestones are dominated by tight fabréth occasional slightly
open fabrics (e.g. Upper Steel). The limestoneswsla combination of
mechanical compaction features (e.g. fragmenteddsts, shattered grains), and
chemical compaction features (e.g. dissolution uiest including dissolution
seams, subhorizontal and subvertical stylolites] amcrostylolites or fitted

fabrics, which have led to effective porosity destion.

5.5.6 Mineralogy of overburden units and discontinuity rexials

Table 5.9 shows a summary of XRD results of the emdils present in the
overburden units and discontinuity materials. émtcast to the limestone units,
minerals in the overburden units and discontinuityaterials are typically
dominated by non-carbonate minerals including clag@nectite, illite,

palygorskite), quartz, and feldspar (probably atigse). Calcite is found in most
(e.g. Mahoenui Group mudstones, discrete seanfasd# seams, stylolites, joint
infill, surface accumulation, and cave infill), but much lower concentrations

than in the limestones.

The joint infills and cave infills share similar maéral characteristics to the
Mahoenui Group mudstones and Kauroa Ash (overblirddmnis is significant
because it is highly likely that the joint infillare sourced from the overlying

overburden (i.e. ash and mudstones).
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Table 5.9 Minerals present and the positio® »f the main peaks and their intensities in
overburden units and discontinuity materials deteech by XRD.

Quarry unit/discontinuity . Position  Main peak
material Minerals present [°20] intensities
Kauroa Ash quartz 26.62 100
(overburden) 20.82 35
36.55 12
vermiculite (clay) 6.27 100
31.67 40
halloysite (clay) 8.74 100
gibbsite (clay) 18.29 100
cristobalite (quartz) 20.27 100
36.55 90
oligoclase (feldspar)  28.04 100
21.95 80
27.75 80
Mahoenui Group mudstones gypsum 11.70 100
(overburden) 20.77 50
calcite 29.39 100
39.42 18
quartz 26.58 100
smectite (clay) 5.55 100
illite (clay) 20.08 100
oligoclase (feldspar)  28.49 100
22.05 80
Discrete seams quartz 26.66 100
20.87 35
39.45 12
calcite 29.44 100
39.44 18
smectite (clay) 6.00 100
5.89 90
illite (clay) 9.94 100
19.75 90
dolomite (carbonate)  30.78 100
oligoclase (feldspar)  22.05 80
23.57 70
27.94 100
Diffuse seams calcite 29.40 100
39.41 18
quartz 26.60 100
20.99 35
oligoclase (feldspar)  27.97 100
27.84 80
Vertical joints
Type 1 smectite (clay) 6.04 100
19.77 80
palygorskite (clay) 19.68 80
quartz 26.62 100
20.82 35
calcite 29.43 100
39.43 18
oligoclase (feldspar) 21.98 80
Type 2 palygorskite (clay) 8.40 100
13.71 60
calcite 29.38 100
39.38 18
quartz 26.62 100
Cave infills smectite/chlorite 19.68 100
19.86 18
29.76 60
vermiculite (clay) 19.20 50
quartz 26.59 100
20.77 35
palygorskite (clay) 8.50 100
calcite 29.40 100
Surface accumulations palygorskite (clay) 8.37 100
27.93 18
smectite (clay) 19.77 18
calcite 29.41 100
39.40 18
quartz 26.61 100
20.82 35
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Vertical joints and cave infills contain palygorski which is not found in the
other discontinuities. Palygorskite is formiedsitu (i.e. not washed in like the
other jointinfills), and is commonly found in carbonate enwmineents (Post and
Crawford, 2007). The following section offers sonmeformation about
palygorskite, such as its physical and chemicatadtaristics, and occurrences in

New Zealand.

5.5.7 Palygorskite

Palygorskite was first found in 1860 near a plaakbed Palygorsk in the Perm
District in Russia. Palygorskite occurs as sheetension fracture zones, fault
zones, caves in rock strata (commonly hanging fcane roofs and sides in soft
dangling masses), and forming strata in alluviataes (Post and Crawford,
2007). Palygorskite has also been found in metaémin western United States
(e.g. Cosumnes Mine copper gold mine). These dibrays that occur in these
geologic host rock systems range from PaleozoiQuaternary ages (Post and
Crawford, 2007).

Chemical composition: Chemically, palygorskite is an hydrated magnesium
aluminium silicate (Mg, AQS;4010(OH). The elemental composition of some
New Zealand samples shows that palygorskite conteén Si, Mg, Ca, Na, K, and
Ti (Soong, 1992). It belongs to the group of clagslassed as a silicate, subclass
phyllosilicate (Post and Crawford, 2007). Physdical forms a fibrous matted
felted mass, commonly named ‘mountain leather'valties from white to pale
grey to lavender in colour, has a silky to dullttes and has perfect cleavage in
one direction forming thin sheets or flakes. Thatted masses are often
interwoven with attached calcite crystals and erdeddwith isolated quartz

crystals. Associated minerals include calciteygland serpentine (Soong, 1992).

Formation: The formation and persistence of palygorskite nexguicertain
conditions, and they are alkaline pH, high Mg and &d low Al activities.
Constituents necessary for formation of palygoeskiiclude the percolation of
subsurface water charged with soluble constitusatsced from the breakdown
of minerals (Soong, 1992).
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Occurrence and geochemistry:nterestingly, large deposits (e.g. Georgia, and
Florida, United States) of palygorskite are usediradustrial minerals as a
substitute for asbestos. In New Zealand, palygteskas first reported in 1961 by
the New Zealand Speleological Society as a regute exploration of caves in
the Te Kuiti district (i.e. Oyster Cave and Luckyrilg) (Lowry, 1964). The
mineral was described as white absorbent sheet# &mm thick, occurring as
fine matted fibres filling vertical joint openinga limestones of the Te Kuiti
Group (as seen in McDonald’s Quarry). Partial gsial showed that the
palygorskite samples contained 14.5% alumina, 8rB&gnesia, and low lime
(Lowry, 1964). At one location, palygorskite wasufd forming as a median
filling of a vertical joint where coarse calciteystals lined the joint; this has also
been observed at McDonald’s Quarry (see Chapt8e@tion 3.5). Other records
of occurrences include Mahoenui, Taranaki, Piogiang Country, Karori,
Wellington City, Cromwell Gorge, and Central Otaffdoong, 1992). These
occurrences were mostly associated with limestand, more recent occurrences

have been noted in fault gouges in greywacke ahidtsc

Although palygorskite at McDonald’s Quarry can acau significant amounts
(up to 41 weight % in joint infills), it is unlikglto have a major effect on the
silica issue. The properties of the mineral woalldw easy removal during the

crushing and screening process.

5.5.8 Dissolution seams — discrete and diffuse

Since petrographic information was collected iraddor dissolution seams (both
discrete and diffuse seams), Figure 5.33 was pemltc summarise the mineral
composition of these seams. This figure showsédlagive abundance of minerals
in each seam described, as well as thickness andrBonatdor each seam. In

contrast to the quarry limestone host rock, the &benate in the discrete and
diffuse seams ranges from 10-93% (70-99% in hosKk)rand the total %

siliciclasts from 7-90% (recall 1-30% in host rocKhis is significant and shows
how compositionally different the host rock is camgd to the discrete seams in
terms of carbonate and mineral content. Diffusarsehave a higher carbonate
content (40-70%) than discrete seams (Figure 5.38)lay material is the
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dominant siliciclast in both discrete and diffusamms. Quartz and feldspar are
far more common in the seams (7-70%) compared &ir trelatively low
abundances in the host rock for all the quarry $itoees (0-5%) (Figure 5.30).
Quartz and feldspar occur in lower abundancesendiffuse seams compared to

the discrete seams. Pyrite is common and glaweoaie within both seam types.

For discrete seams, Figure 5.33 shows that graapeshrange from angular to
rounded, and that grain sizes range from very 8aad to coarse sand. For
diffuse seams, grain shape ranges from angulaubargular, and grain sizes

from very fine sand to fine sand.

5.5.9 Texture summary

Sorting characteristics of the main discontinuitgterials and overburden units
are shown in Figure 5.34. Discrete seams showahiisorting (well to
extremely poorly sorted), cave infills and Kauroshfare generally moderately to
well sorted, and joint infills (moderately well &xtremely poorly sorted) show
the greatest variation due to the presence of tonesfragments in these samples,

as well as clays.

Figure 5.35 shows a summary of the grain size ididgion for representative
samples from the Kauroa Ash, Mahoenui Group mu@stodiscrete seams, joint
infills, and cave infills (all samples were plottédtially and can be found in
Appendix E-5.16). In general, the Kauroa Ash, Maha Group mudstones, cave
infills, and discrete seams show a unimodal distiiim. The joint infills show a
bimodal distribution. In terms of the silica issube grain sizes across the
discontinuities with the exception of the jointiilsf are fine enough to pass
through the scalper that is currently used ongiteeacrushing plant. The scalper
comprises a series of vibrating beds that have dapseen them that can be
adjusted. The main role of the scalper is to redihee amount of silica-rich
material that passes through and into the crusieeeens, and finally the stock
piles that are ready for pick up. The joint irfihave larger limestone fragments

(pebble size) which may or may not pass througlstiadper.
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Petrography data - Dissolution seams: Drill hole #BH502

Location McDonald's Quarry, Oparure  Elevation =~ McDonald's Quarry, Oparure
Direction Vertical Depth (m) 206

Drilling contractor Boart Longyear Easting 2690996.9

Petrography by O Hansen Northing 6316710.15

Date Oct 2007
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Figure 5.33This figure summarises the petrographic data caltbfrom thin section study of dissolution seanss. @iscrete and diffuse seams) from the quarrgdibones. The data are plotted against depth proftdrillhole. The graphic log
shows the units in different shades of grey whenigswith higher silica are shown in a darker shadé&e carbonate and silica percent are estimatddshown as the blue and green graphs on thefléffiedigure. Other information shown
includes seam thickness: note that diffuse seamsnach thicker than the discrete seams (thicker thim section glass) so their thicknesses arelutted. The other curves show the relative abnodaf the main minerals identified in the
seams. The following abbreviations are: r = ratE4), s = some (1-5%), m= many (5-15%), ¢ = comifidn25%), vc = very common (25-50%), a = abund&8t{5%), and va = very abundant (>75%). The mostroon grain size that occurs
in each seam is also noted (modal size column} alibreviations are: vfs = very fine sand, fs ® fand, ms = medium sand, and cs = coarse satih shape is also plotted next to this where thmelations are: a = angular, sa = subangular,
sr = subrounded, and r = rounded. The photomieggts on the far right of the figure show exampleseams: (A) An Aglime (field sample no. 13.2, BI25@2.85 m depth) diffuse seam which contains ¢lgyartz, and bioclasts; (B) A Lower
Steel (field sample no. 18,2, BH502, 77.9 m degib}rete seam which contains large quartz graidsatmindant clays. The surrounding host rock isvehat the bottom of the image; (C) An Aglime (fisddmple no. 32, BH502, 37 m depth)
discrete seam containing abundant clay, quarteldspar, and calcite. The seam occupies the entage. Grid coordinate system used is NZ map, gnid elevation is in metres above mean sea level.
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Figure 5.35 Cumulative graph showing combined texture (sievd kser particle size) data
including the grain size distribution of a represd¢ine sample from the Kauroa Ash, Mahoenui
Group mudstone, a cave infill, joint infill, andsdrete seam.The coloured lines next to the
sample numbers shown on the right of the figureespond to the sample type in the legend
below. The Kauroa Ash shows a distribution of vng sand (3 phi) through to fine silt (7 phi)
grain sizes, cave infills: fine silt (7 phi) to menh silt (6 phi), and discrete seams: fine silp{¥)

to coarse silt (4 phi). These all show a unimaodiatribution, whereas the joint infills show
bimodality and are characterised by clay (10 giipugh to pebble (-5 phi) sized grains.

It is unlikely that the composition of the fragmer(e.g. Aglime versus Upper
Steel limestone) will affect the overall bulk gigalof the unit being processed as

the contribution of these fragments to the undedyinit would be minor.

It is important to note that discrete seams arégdigrcemented to the limestones.
Consequently, although crushing will increase thance of ‘shaking’ off the

seams, some silica may be left behind and remairented to the limestones.
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CHAPTER SIX

Chemical composition

6.1 Introduction

On completion of the 500 drill hole series in 200f&ach core was cut

longitudinally in half and one half was sampledtommously over about 0.3-1.0 m

intervals from the Kauroa Ash to the base of the/¢oSteel limestone, and at 2.0
m intervals below this into the Aotea Formationadrere there was a lithological
change. These bulk samples were crushed to a poavakthen analysed by
SpectraChem Analytical for major and minor oxidesng x-ray fluorescence

(XRF). The complete data set are held by HolcimLXZ

Since the quarry limestones involve both host ltoes rock plus any
discontinuities (e.g. dissolution seams and joi@isapter 3, Sections 3.1.2, and
3.1.4) as shown in this study, it is highly relewvam distinguish between the
chemical compositions of the limestones versus riederials found in the
discontinuities, compositions otherwise masked h®y ¢ontinuous bulk sample
analyses. Such an approach can highlight any rdiffees in chemical
composition between the limestones constructinglitierent quarry units as well
as between the various siliceous materials founthéndiscontinuities that also

characterise these units.

This chapter initially presents the results of oamdite content analyses from acid
titration of a range of sample types, including rveden at the quarry (i.e.
Kauroa Ash, Mahoenui Group mudstones), the quamgdtones themselves, and
the associated discontinuity materials. A repregam selection of these samples
(60 in total) was then sent to SpectraChem Anaytio determine their major
(CaO, loss on ignition (LOI), Si)AI,Os, Fe&Os) and minor oxide (MgO, N®,
MnO, TiO,, KO, SQ, P,Os) composition using the same XRF procedure
originally employed for the continuous core anadysel Ol is the measure of

moisture or impurities lost when a sample is ighiteCarbonate samples are
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heated to 1000°C to expel volatiles such a® ldnd CQ, the weight% of the

sample before and after ignition being determined.

6.2 Acid titration determination of carbonate content

Results from an earlier chapter (e.g. Chapter 8ti@e 3.1) show that silica is
concentrated in discontinuities.  Since the mirgal and nature of the
discontinuity materials have been described (Chapte Section 5.4), it is
important to determine their chemical compositian & to ascertain if any
carbonate (CaC¥) is present in the discontinuities and to comphais CaCQ
value with that of the host limestone. Macroscopluservations show that
carbonate is certainly associated with some ofetldescontinuity features, such as

dissolution seams which are mainly diageneticalherited from the limestone.

Acid titration was carried out to determine thebcarate content of 64 samples
(Table 6.1). Samples were oven dried at 110°C aigint and ground to a fine
powder using a tungsten carbide ringmill. The pemsdwvere then back titrated
using an autotitrater using the procedures outlimed\ppendix F-6.1. The

treatment of errors is outlined in Appendix F-6Phe total percentage error was
calculated for each sample and ranged from 2.8892.9cross the 74 samples
titrated.

6.3 Results of carbonate analyses

6.3.1Quarry limestone units

The raw analytical data for each sample (from ayt@and/or drill core) that was
titrated and its associated CagContent are given in Appendix Table F-6.3.
These data are summarised in Table 6.1. Sampédgsad include the six quarry
limestone units (i.e. Caprock, Upper Steel, Aglirkigh Grade, Lower Steel,
Sub-economic), two overburden units (i.e. Kauroah A&ad Mahoenui Group
mudstones), and six materials associated with tt@iresponding discontinuity
types (i.e. joint infills, palygorskite, cave in§i| discrete seams, and diffuse

seams).
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Table 6.1 Results from acid titration carbonate content esedy This table shows the sample
numbers and corresponding units, %CaCihd an average %Cag®@alculated from all samples
in each unit. * = discrete seam that contains Calé&rhed sandy material.

Field numbers and Quarry unit/sample type  %CaCO, Average

standards CaCOg4
126 Mahoenui Group 35.6
127 Mahoenui Group 34.7 35.1
9 Caprock 92.2
27B Caprock 93.1
21 Caprock 86.9
27 Caprock 83.4
136 Caprock 96.8
26 Caprock 93.3
hg3a Caprock 74.1
hqg3b Caprock 96.2 89.5
121 Upper Steel 97.3
123 Upper Steel 98.0
135 Upper Steel 98.3
31A Upper Steel 98.8
29 Upper Steel 98.9
28 Upper Steel 98.0 98.2
36 Aglime 95.4
37 Aglime 94.6
35 Aglime 94.8
124 Aglime 94.5
151 Aglime 94.7
125 Aglime 93.0 94.5
13 Diffuse seam 84.1
34 Diffuse seam 87.4
61 Diffuse seam 84.6 85.4
42 High Grade 97.9
39 High Grade 99.5
41 High Grade 95.6
111 High Grade 95.3
156 High Grade 96.1
128 High Grade 98.7 97.2
112 Lower Steel 98.7
153 Lower Steel 97.1
46 Lower Steel 97.6
52 Lower Steel 96.9
48 Lower Steel 96.3 97.3
58 Sub-economic 94.9
56 Sub-economic 94.5
60 Sub-economic 95.6 95.0
40% calcite run A Standard 37.0
60% calcite run A Standard 54.7
80% calcite run A Standard 79.8
100% calcite run A Standard 97.0
100% quartz run A Standard -2.2
147 Discrete seam 20.8
159 Discrete seam 30.1
138 Discrete seam 26.8
130 Discrete seam 24.2
110 Discrete seam 43.9
145 Discrete seam 47.1
117 Discrete seam 27.6
141 Discrete seam 56.7
148 Discrete seam 62.1 37.7
155 Surface accumulation 73.3
150 Surface accumulation 68.7 71.0
107 Joint infill (type 1) 7.3
116 Joint infill (type 1) 94.6
119 Joint infill (type 1) 84.3
114 Joint infill (type 1) 5.8
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Table 6.1continued.

Flelds?;nnggf(;z and Quarry unit/sample type  %CaCO; AC\:/ae(r:aOg:

144 Joint infill (type 1) 78.5
102 Joint infill (type 1) 72.7

105 Joint infill (type 1) 95.9 62.7
143 Cave infill 0.3
154 Cave infill 10.7

146 Cave infill 2.7 2.7
140 Palygorskite (type 2) 68.8

100/101 Palygorskite (type 2) 65.1 67.0
100% calcite run B Standard 98.7
60% calcite run B Standard 59.1
80% calcite run B Standard 78.8
100% quartz A Standard 9.1
100% calcite B Standard 81.5
80% calcite C Standard 76.6
167 Kauroa Ash -5.0
71 Kauroa Ash -2.9

72 Kauroa Ash -3.3 0.0

Surface accumulations are also analysed that anplsascrapings sampled from
guarry faces that include accumulated quarry dudtraaterial washed down from
the above roads in the quarry. For convenien@settare graphed together with

discontinuity types. Standards were also run togare results.

Table 6.2 shows the range and average content@OC#r the different quarry

limestone units.

Table 6.2Acid titration carbonate analyses summary reswitgjbiarry limestones showing range
and mean %CaCO

Quarry limestone units  Number of samples %CaCO3 range %CaCO3 mean

Caprock 8 74.1-96.8 89.5
Upper Steel 6 97.3-98.9 98.2
Aglime 6 90.5-95.4 94.5
High Grade 6 95.3-99.5 97.2
Lower Steel 5 96.3-98.7 97.3
Sub-economic 3 94.5-95.6 95

Additionally, in Figure 6.1 the average values @aCQ in the six limestone
units are portrayed alongside one another usingpt@s. The Upper Steel
limestone has the highest Cagf&ntent (av. 98.2%) followed by the Lower Steel
and High Grade units which have similar values (8v.3% and 97.2%,

respectively). The Sub-economic limestone unit @#6) has a similar CaGO
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content to the Aglime unit (av. 94.5%), and the 1©ak (av. 89.5%) has the

lowest carbonate content of all the quarry limestonits.

Average carbonate content in quarry limestones

Caprock ]

Upper Steel

Aglime

High Grade |

Lower Steel |

Quarry limestone units

Sub-economic |

84 8 8 9 92 94 965 98 100
%CaCOs

Figure 6.1 Bar plot showing acid titration results for the eage CaC@ content of the host rock
from the quarry limestones.

6.3.2 Contrasting host limestone and discrete seams

As a short experiment, a slab of core sampled tt@mAglime with three discrete
seams was divided into 1 cm blocks and, togethén each seam, these were
analysed for CaCOcontent (total of 15 samples) (Figure 6.2). Thasth
limestone blocks gave CaG@ontents from 91-93%, while the discrete seams
yielded values from 16-29% (Table 6.3). Theseltesare also presented as bar
plots (Figure 6.2). The results emphasise the npiale carbonate disparity

between host limestones and their contained disugaty features.
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Host rock vs. discrete seams
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10
11
12
13
14

15 (Bottom seam)
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%CaCOg3

Figure 6.2 Bar plot (left) showing acid titration results ftne CaCQ content of 15 samples
consisting of 12 x 1 cm blocks of host rock andsgiette seams sampled from a slab of core taken
from the Aglime, sample 35, BH502, 39 m depth. Pheto on the right is the slab of core and
shows the discrete seams labeled with their recosdenple numbers.

Table 6.3Results from acid titration analyses from sampéd®n from a core slab of Aglime that
included three discrete seams and surroundingrboktdivided into 1 cm blocks (see Figure 6.2).
% CaCQ (right side) shows that the discrete seams haweich lower content than the host rock
samples.

Sample number Sample type % CaCOq4
1 Host 93
2 Host 93
3 Host 92
4 (Top seam) Discrete seam 29
5 Host 91
6 Host 93
7 Host 91
8 Host 95
9 (Middle seam) Discrete seam 16
10 Host 92
11 Host 92
12 Host 91
13 Host 91
14 Host 92
15 (Bottom seam) Discrete seam 27
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6.3.3Overburden units and discontinuity materials

Table 6.4 shows results from Cag@nalyses for the overburden units and
discontinuity materials. Note that there are teaf infill types namely type (1):
joint infills, that are clay rich and contain lintese fragments typically washed
down into the joint; and type (2): palygorskitesaktlay but forms as a precipitate
on the joint surface. The Cag€bntent of the overburden units and discontinuity
materials is much lower than the quarry limestonEsom highest to lowest av.
CaCQ content the order is: diffuse seams 85.4%, joifitl ittype 1) 62.7%,
surface accumulation 71%, palygorskite (type 2) 6tiécrete seams 37.78%,
Mahoenui Group mudstones 35.1%, cave infill 2.78l Kauroa Ash 0% (Figure
6.3).

Table 6.4 Acid titration carbonate analyses summary resulis éverburden units and
discontinuity types showing range and mean %GaCO

Discontinuity types
and o:j/ﬁirtt;urden Number of samples %CaCO3 range %CaCQO3 mean
Kauroa Ash 3 0 0
Mahoenui Group 2 34.7-35.6 35.1
Discrete seams 9 16-62.1 37.7
Diffuse seams 3 84.1-87.4 85.4
Joint infills (type 1) 7 5.8-95.9 62.7
Palygorskite (type 2) 2 65.1-68.8 67
Cave infills 3 0-10.7 2.7
Surface accumulations 2 68.7-73.3 71

Average carbonate content in overburden units
and discontinuity infills

%CaCOs
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Overburden units and discontinuity types

Figure 6.3 Bar plot showing acid titration results for the eage CaC@ content of the host rock
from the quarry limestones.
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6.4 XRF determination of elemental composition

McDonald’s Lime have their limestone samples aredy$or major oxides by

SpectraChem using specialised software calibragesgtifically for the quarry

limestone units at McDonald’s Oparure Lime Quartyor this thesis study 60
samples carefully chosen to represent the varithsldgies at the quarry, were
also analysed by SpectraChem using the same XRitothetin addition to these
60, 3 Kauroa Ash samples were chosen from McDosakRF data set from
BH502 to include in the results. Samples were ogigad (at approximately
70°C), crushed, and powdered using a tungstendmaring mill, and sent to the
SpectraChem laboratory in Wellington. Here, thengas were further prepared
for XRF by heating to 110°C prior to analysis. Téealytical procedures are
documented in Appendix F-6.4, and a report (produme SpectraChem) on the
raw elemental data presented in Appendix F-6.5.

After reviewing the XRF report the samples wereugex into the different
quarry limestone units, overburden units, and digoaity infill types (Appendix
Table F-6.6). Due to the nature of the data, cxidere divided into major (e.qg.
FeOs CaO, SiQ, Al,O3) and minor (e.g. MgO, N®, MnO, TiGQ, K0, SQ,
P,Os) oxides. Since McDonald’s Lime lists loss on tgm (LOI) together with
major oxides, LOI has been graphed together witfpmaxides for this study.
For presentation, the oxide values have been asédriny each quarry limestone

unit, overburden unit, and discontinuity type, hevegn Appendix Table F-6.7.

6.5 Major and minor oxide results for quarry limestone units

6.5.1Caprock (Figures 6.4A and B)

Relatively high values of CaO (43.53-53.97%) andl ld@cur in the Caprock
(Figure 6.4A). A range of SiJ)(1.73-12.09%) values occurs, the higher values
being associated with samples taken near the dontthcthe overlying Mahoenui
Group mudstones. Likewise, despite small amoutiis, FeO; and AbLO3

contents increase towards this contact.
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In terms of the minor oxides, MgO is relatively hid0.5-1.24%), SO is
abnormally high in one sample taken from the upgmrtact with the overlying
Mahoenui Group mudstones (possibly due to the poesef the mineral gypsum
[CaSQ2H,0), and the other elements remain consistently iowabundance
(Figure 6.4B).

A Caprock
60
50 A
40
X 30 4
20 -
10 4
0
Fe,0O3 CaoO S|02 A|203 LOI
Major oxides
\ —-HQ3a =9 HQ3b 21 26 - 27

B Caprock

18
1.6
1.4 A
1.2
1.0
0.8
0.6
0.4 4
0.2 4
0.0

%

MgO Na,O MnO TlOZ K>,O SO; P,0Os

Minor oxides

[+ HQ3a =9  HQ3b - 21 26 27|

Figure 6.4(A) Major oxide results from Caprock samples tak®m outcrop (HQ3A and HQ3B)
and drill hole BH502 (21, 26, and 27). (B) Minodde results from Caprock of the same samples
in (A).
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6.5.2 Upper Steel (Figures 6.5A and B)

Samples from thEpper Steel are dominated by high CaO (54.6-55.54%d)very
low FeOs, Si0; (0.23-1.19 %), and AD; content (Figure 6.5A).

MgO is variable across the Upper Steel sample$q@p4%), while the remaining
minor oxides occur in low concentrations (<0.1%p(fFe 6.5B).

A Upper Steel

60

50 A

40 -

%

30 1

20 1

10 ~

Fe, 03 CaO S|02 A|203 LOI

Major oxides

——28 =29 135 121 +3la <123

B Upper Steel

0.45
0.40 4
0.35 4
0.30 1
0.25 4
0.20 4
0.15 4

%

0.10 4

0.00 \

T
MgO Nazo MnO TlOZ Kzo 803 P205

Minor oxides

[+-28 =29 135 - 121 * 3la = 123]

Figure 6.5 (A) Major oxide results from Upper Steel sampldsetafrom outcrop (121, 123, and
135) and drill hole BH502 (28, 29, and 31a). (Binbt oxide results from Upper Steel of the
same samples in (A).
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6.5.3 Aglime (Figures 6.6A and B)

CaO (51.57-53.44%) occurs in high concentrationered&s the other major
oxides have low concentrations (<2%). The S#hge is 2-3.51% (Figure 6.6A).

MgO (up to 1.1%) and SQ(up to 0.4%) are variable whereas the other minor

oxides occur in lower, more similar concentrati¢x8.2%) (Figure 6.6B).

A Aglime
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B Aglime
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Figure 6.6 (A) Major oxide results from Aglime samples takeanh outcrop (124, 125, and 151)
and drill hole BH502 (35, 36, and 37). (B) Minoiide results from Aglime of the same samples
in (A).
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6.5.4High Grade (Figures 6.7A and B)

The major oxide content is dominated by CaO (5%878%) with low
occurrences of E®3 Al,Os, and SiQ (0.76-1.95%) (Figure 6.7A).

MgO (up to 0.9%) and SCup to 0.4%) contents are small but variable, evthle
other minor oxides occur in low, similar concentras across the samples
(<0.1%) (Figure 6.7B).
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Figure 6.7 (A) Major oxide results from High Grade samplesetakrom outcrop (111, 128, and
156) and drill hole BH502 (39, 41, and 42). (B)lgh oxide results from High Grade of the same
samples in (A).
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6.5.5Lower Steel (Figures 6.8A and B)

Samples from the Lower Steel are dominated by Bigh (54-55.12%) and very
low Fe0Os, Si0,(0.71-1.59%), and AD; content (Figure 6.8A).

MgO (up to 0.6%) is variable across the Lower Ssaghples and the remaining

minor oxides occur in low concentrations (0.15%y(iFe 6.8B).
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Figure 6.8 (A) Major oxide results from Lower Steel sampleketa from outcrop (112, 153, and
157) and drill hole BH502 (46, 48, and 52). (B)ldi oxide results from Lower Steel of the same
samples in (A).
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6.5.6 Sub-economic (Figures 6.9A and B)

CaO (53.91-53.96%) is dominant in the Sub-econodimestones, while Si©
(1.45-2.23%) occurs in slightly lower concentrasighan in the Aglime unit. The

other major oxides occur in low concentrations ($2ZPgure 6.9A).

MgO (up to 0.55%) is relatively high and,® and BOs slightly increased
compared to the other minor oxides, which are iradbt low (<0.01%) (Figure
6.9B).
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Figure 6.9(A) Major oxide results from Sub-economic sampkdeen from drill hole BH502 (56,
58, and 60). (B) Minor oxide results from Sub-emwiic of the same samples in (A).
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6.5.7 Contrasting bulk samples and host limestone

The following account compares major and minor exrgsults for (1) bulk
samples (includes discontinuities); (2) host limast samples; and (3) discrete
samples. Diffuse seams are not included in thepemison as they are generally
rare in the quarry limestone units except the Aglimnd there were only several
samples taken. The bulk analyses are taken froddviald’s Quarry XRF data
set (2005) held by Holcim. An average value (facreoxide) has been calculated
for each unit from a number of samples (i.e. 1 frGaprock sample, 10 from
Upper Steel, 10 from Aglime, 18 from High Grade,fidim Lower Steel, and 29
from Sub-economic). These bulk samples includexaune of the limestone host
rock and discrete and diffuse seams (discontim)itiefhe host rock and discrete
seam analyses are taken from this study (givenppeAdix F-6.7). The discrete
seams (9 samples in total) are further divided th® units they were sampled
from and an average (from ~2 discrete seams fdn aait) has been calculated.
The raw data are given in Appendix Tables F-6.8guifes 6.10-6.12 show a
series of bar plots for the three sample types byleside against each major
oxide. Note that discrete seam samples were tected in the Caprock because
the unit was dangerous to access, and the Sub-edonmit because it is not

exposed in the quarry at present.

CaO - bulk vs. host vs. discrete seams
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Figure 6.10 XRF results comparing the average CaO content fboith analyses used from
McDonald’s Quarry drill hole BH502 data set, hdstdstone, and discrete seam analyses from
this study.
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Figure 6.11 XRF results comparing the average (A) LOI, (B) si@nd (C) A}O; content from

bulk analyses used from McDonald’'s Quarry drill hddH502 data set, host limestone, and

discrete seam analyses from this study.
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Figure 6.12 XRF results comparing the average,®g¢ content from bulk analyses used from
McDonald’s Quarry drill hole BH502 data set, hdstdstone, and discrete seam analyses from
this study.

CaoO is higher in the host rock samples comparatedulk samples for all the
limestones except the Caprock (because it is aogilus), and it is also
considerably lower in the discrete seams (Figul®)6. LOI mirrors the trends
seen in CaO (Figure 6.11A). SiQAI,Os3, and FeOs; show similar trends where
content is higher in bulk samples compared to hosstone samples. Sj0n
discrete seams is extremely high (up to 50%) coetpdo the other oxides
(typically <15%). The content in discrete seamsth@se oxides is significantly
higher (Figures 6.11B and C, and 6.12). Figurd8-6.15 show a series of bar

plots showing the three sample types side by gideat each minor oxide.
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Figure 6.13 XRF results comparing the average MgO content fiortk analyses used from
McDonald’s Quarry drill hole BH502 data set, hdstdstone, and discrete seam analyses from
this study.
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Figure 6.14 XRF results comparing the average (A):S@®) K0, and (C) NgO content from
bulk analyses used from McDonald's Quarry drill hdH502 data set, host limestone, and
discrete seam analyses from this study.
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Figure 6.15XRF results comparing the average (APE (B) TiO,, and (C) MnO content from
bulk analyses used from McDonald’'s Quarry drill hdH502 data set, host limestone, and
discrete seam analyses from this study.
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MgO shows different trends amongst the limestofesexample Caprock, Upper
Steel, Lower Steel, and Sub-economic bulk sampde® thigher values than the
host rock samples, whereas Aglime host rock is drighan the bulk samples.
High Grade shows similar values for bulk and hosebktone samples. Discrete
seams show a significantly higher content than lbé and host limestone
samples (Figure 6.13). $Ghows that the host rock has higher values th#in bu
samples for Caprock and Aglime. Bulk samples haigher values than bulk
samples for Upper Steel, High Grade, Lower Stemd, Sub-economic. Values
for discrete seams are variable, with some unittnlgsseams with close to 0.01%
SO; and others (e.g. High Grade and Aglime) up to 25@ (Figure 6.14A).
K20, NaO, R.Os, TiO,, and MnO are all higher in bulk samples for atidistones
except the Caprock. This is probably due to thst fimestone samples being
taken close to the upper contact with the overlyWehoenui Group mudstones.
The discrete seams show significantly higher cadntigsn the bulk and host rock
samples in these oxides (Figures 6.14B and C, drheC).

6.6 Major and minor oxide results for overburden units and
discontinuity materials

6.6.1 Kauroa Ash (Figures 6.16A and B)

SiO, (29.32-57.1%) is the dominant major oxide in tkb aamples, followed by
high concentrations of AD; (up to 35%) and lesser &2 (up to 10%) (Figure
6.16A). One sample showed a relatively high CalDev&-58%).

MgO, (up to 2%) TiQ (up to 1%), and KO (up to 2%) occur in much higher
levels than in any of the quarry limestone unitig(jfe 6.16B). NgO is variable
(up to 1%), while MnO, S¢) and BOs show similar values in samples and occur

in low concentrations (all <0.25%).
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A Kauroa Ash
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Figure 6.16 (A) Major oxide results from Kauroa Ash samplesetakfrom drill hole BH502
(502001, 502002, and 502003). The inset showsdside exposure of the Kauroa Ash near the
quarry, Troopers Rd, Oparure. The ash is typicalfeddish brown weathered tephra that is a
likely source of cave infill and/or joint infill. (B) Minor oxide results from Kauroa Ash of the
same samples in (A).
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6.6.2 Mahoenui Group mudstones (Figures 6.17A and B)

SiO, (37.02-38.66%) is the most abundant major oxid¢hen Mahoenui Group
mudstones, followed by lesser amounts of CaO (<23%sDs, (<15%) and F£3
(<5%) (Figure 6.17A).

MgO and KO (both up to 2%) show relatively high values, cangg to the other
minor oxides which occur in much lower concentnagiq<1%) except for SO3

which has one sample showing a high value (~3%gufi 6.17B).
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Figure 6.17(A) Major oxide results from Mahoenui Group mudg@amples taken from outcrop
(126, and 127). The inset shows Mahoenui Groupshoue in the quarry, northern side, close to
current boundary. It is typically a grey or browighly weathered frittery mudstone that is likely a
source for cave and/or joint infill found washedoithe underlying limestones. (B) Minor oxide
results from Mahoenui Group mudstones of the saamkes in (A).
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6.6.3 Diffuse seams (Figures 6.18A and B)

CaO (47-49.51%) is moderately high in the diffusamss, but still lower in
concentration compared to all host limestones,Ofe&(<1%) ALOs (<3%), and
SiO, (7.4-9.21%) are overall relatively low, but océnrhigher levels compared

to the quarry limestones (Figure 6.18A).

MgO concentrations are approximately twice the eatration of some quarry
limestones (i.e. Upper Steel, High Grade, LowerelSt8ub-economic). N&®
(<0.2%), TiQ (<0.2%), KO (<0.5%), S@(<1%), and FOs (<0.2%) also occur in
much higher concentrations compared to the limestothut MnO and s
remain low (both <0.05%) (Figure 6.18B).
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Figure 6.18(A) Major oxide results from diffuse seam samplgeen from drill hole BH502 (13,
34, and 61). Inset shows a blasted block of Aglimthe quarry showing diffuse seams (darkish
grey streaky bands). (B) Minor oxide results frdiffuse seams of the same samples in (A).
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6.6.4 Discrete seams (Figures 6.19A and B)

SiO, (26.73-56.67%) occurs over a wide range of valoediscrete seams. CaO
(<30%), AbO3 (<15%), and F£3 (<8%) occur in relatively lower concentrations
but still at much higher levels than in the limess and diffuse seams (Figure
6.19A).

A range of MgO (up to 7%) and B@a (<2%) concentrations occur in discrete
seams (Figure 6.19B). One sample showed a rdiativgh value for S@ (~5%)
and for BOs (~6%). The remaining minor oxides occur at higb@ncentrations
compared to the limestones and diffuse seams (wethes typically up to 3%)
(Figure 6.19B).
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Figure 6.19 (A) Major oxide results from discrete seam sampdé®n from outcrop (110, 117,
118, 130, 138, 141, 145, 147, and 159). Inset shdigcrete dissolution seams (dark grey bands)
separating the intact host rock or limestone flegthe Aglime unit in the quarry, northern face
along road to drying plant. (B) Minor oxide resuftom discrete seams of the same samples in

(A).
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6.6.5 Joint infills

Type 1 (Figures 6.20A and B):SiO; is variable, ranging from 7.23-59.46%.
CaO is also variable ranging from 1.43-49.07% (Fegti20A).

MgO (up to 3%) and O (<2.5%) occur in relatively high concentrations,
although there is much variability across the sasplMnO and s occur in

low concentrations (<0.5%) (Figure 6.20B).
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Figure 6.20(A) Major oxide results from joint infill sampleaken from outcrop (102, 107, 114,
119, 144, and 148). Inset shows joint infill irethligh Grade unit in the quarry, northern side,
eastern face which typically consists of a stickgvin clay rich material that commonly contains
fragments of blasted limestone. (B) Minor oxidsulés from joint infills of the same samples in

(A).
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Type 2 (Figures 6.21A and B): CaO (36.94-38.02%) occurs in high
concentrations in palygorskite compared to mostafinuity materials, followed
in abundance by Si)(18.86-20.52%). F€©; (<0.1%) and AIO; (<0.5%) are
relatively low (Figure 6.21A). Palygorskite, earlidentified by XRD (Chapter 5,

Section 5.1.5), is associated with calcite andtguas reflected in these analyses.

MgO concentrations are particularly high in palyskite compared to the other
minor oxides (up to 3.8%) (Figure 6.21B). The otloxides occur in low
concentrations (<0.5%).
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Figure 6.21 (A) Major oxide results from palygorskite (jointfith type 2) samples taken from
outcrop (100, and 140). (B) Minor oxide resultsnfr palygorskite of the same samples in (A).
Inset shows palygorskite within a joint in the Upj@teel unit, northern face that has had water
seeping through it. In the quarry, it is a whitexible, leathery clay mineral.
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6.6.6 Surface accumulations (Figures 6.22A and B)

CaO (40.67-41.18%) occurs at the highest concémirat these samples. SiO
(12.91-15.08%) is also an important major oxidegspnt in relatively high

concentrations compared to the quarry limestonts (Rigure 6.22A).

The minor oxide content of surface accumulationswshhigh levels of MgO
(<2.25%) in patrticular, as well as,® (<0.75%) and S§€X<0.8%) relative to the
other oxides (<0.25%) (Figure 6.22B).
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Figure 6.22(A) Major oxide results from surface accumulatiamples taken from outcrop (150,
and 155). Inset shows a quarry face in the Aglismeithern side, western face showing material
that has accumulated on the surface over time. niderial is possibly sourced from joint infill
including any combination of clay, ash, or mudstoaother source could be quarry dust from
quarry operations such as blasting, or vehiculaffie (B) Minor oxide results from surface
accumulations of the same samples in (A).
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6.6.7 Cave infills (Figures 6.23A and B)

SiO, (49.71-61.49%) is the dominant major oxide in cenigls, along with high
concentrations of AD3; and FegOs (Figure 6.23A). CaO (1.04-8.91%) occurs in

low concentrations.

MgO (up to 2.7%) and O (~2%) have lower concentrations in cave infillan
in discrete and diffuse seams. Other minor oxidesuo at relatively low
concentrations, particularly $@<1%) (Figure 6.23B).
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Figure 6.23(A) Major oxide results from cave infill sampleskéam from outcrop (143, 146, and
154). Inset shows cave infill in the Upper Stesit,unorthern side which is a typically orange
brown sticky clay rich material, sitting in a rermh&ave which has been exposed from blasting.
(B) Minor oxide results from cave infills of theraa samples in (A).
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6.7 Discussion

6.7.1 Quarry limestone units — major elements

The major element composition of the quarry limestanits is summarised in
stratigraphic array for all samples analysed (Fegei24). Additionally, in Figure
6.25, the average values for each major elemeniénsix limestone units are
portrayed alongside one another using bar plotses& diagrams emphasise the

following major element properties for the quairgdstones:

1. CaO shows reasonably similar values throughouthalllimestone units,
but is highest in the Upper Steel, variable in @sgprock, similar in the
Lower Steel and Sub-economic units, and lowesh@éAglime. CaO is
associated with the mineral calcite, which is tleenthant mineral in the
limestone units (Chapter 5, Section 5.5.1).

2. LOI values parallel the CaO trends because it maiaflects the CQ
content in CaC@ Upper Steel has the highest average value felibly
Caprock, Lower Steel, and Sub-economic units withilar values, and

Aglime the lowest value.

3. SiO; shows higher values in the Caprock and Aglimesucimpared with
lower values in the Upper Steel, Lower Steel, H@hade, and Sub-
economic. SiQ is associated with the minerals quartz, feldspar,
glauconite, and clay minerals, all identified ie ttuarry limestone units in
Chapter 5, Section 5.5.3.

4. Al,O;3 is highest in the Caprock. Lower values occuthie Aglime and
similar much lower values occur in the other linoests. AJO3 is less
than, but mirrors, the SiCcontent because it largely resides in alumino-
silicate minerals such as feldspars, glauconitel atays. Caprock
contains the highest content of these minerals eoetpto the other

limestone units, recognised in Chapter 5, Sectiér85
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Figure 6.24Major oxide trends in stratigraphic array showihg thanges between each limestone unit. C = Clapt®G = Upper Steel, Ag =
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Figure 6.25 Summary of the average major oxide content founceach of the six quarry
limestone units. CaO dominates across all unitsereas Fg; Al,O;, and SiQ occur in
relatively low concentrations. Sj@s variable across the different units.

5. In general, Fg; shows higher values in the lower quality (loweiCCy
content) units (i.e. Caprock, Aglime, and Sub-ecoitd. The FgO; is
associated with glauconite and clay minerals, Imghest in the Caprock
unit which underlies the Mahoenui Group mudstond &ncommonly
distinctly argillaceous. Also being the topmostitutends to collect
weathering residues leaching down from above. Maaler values occur
in the Upper Steel, High Grade, and Lower SteetsuniFurthermore,
FeOs; is associated with ferroan calcite cements comimoiie Kuiti

Group limestones (ref).

A CaO vs. SiQ cross-plot is presented delineating the diffed@nestone
units (Figure 6.26A and B). The Caprock is vamahhd covers a large area
of the plot (i.e. the Caprock samples show a waridtvalues for CaO and
SiG,). The trend shows that as CaO decreases,iBoteases, with the higher
quality limestone units (Upper Steel, High Grade] &ower Steel) occurring
towards the left of the plot, and the lower qualityestone units (Caprock,

Aglime, and Sub-economic) towards the right sidéhefcross plot (increasing
SiOy).
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Figure 6.26(A) Cross plot delineating limestone fields. The Cakroccurs over a wide range of values compareldeather limestone units (Figure
6.26B). In general, as CaO increases,8&greases. A field is drawn around sample poortgie Caprock unit.
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Figure 6.26(B) Cross plot delineating limestone fields. The Aglimccurs over a wide range of values comparedemther limestone units. In general, as CaO igga
SiO,decreases. Fields are delineated by circles fdr eait (i.e. Upper Steel = orange, Aglime = bldggh Grade = cyan, Lower Steel = purple, and Sutmemic = brown).




6.7.2Quarry limestone units — minor oxides

The minor element composition of the quarry limastanits is summarised in

stratigraphic array for all samples analysed inheamit in Figure 6.27.

Additionally, in Figure 6.28, the average valuesdach major element in the six

limestone units are portrayed alongside one anotisémg bar plots. These

diagrams emphasise the following minor element erigs for the quarry

limestone units:
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MnO is highest in the Caprock and shows lower lmilar values in the
Upper Steel, High Grade, and Lower Steel units.e Aglime and Sub-
economic units have slightly higher values than tthgper Steel, High
Grade, and Lower Steel. MnO is a typical oxidentun carbonates or

associated with weathering with weathering products

TiO, shows variable values across the Caprock unit,l@andout similar
values in the Upper Steel, High Grade, Lower Stae§ Sub-economic
units. The Aglime shows a slight increase compdecethese units, but

values are not as high as in the Caprock.

K,0O shows similar trends to T§O It is variable across the Caprock and
occurs as low similar values for the Upper StegghHGrade, Lower Steel,
and Sub-economic units. There is a slight incréagbe Aglime (higher
values compared to the Upper Steel, High Grade, etofteel, Sub-

economic). KO is associated with clays and feldspars.

SO; shows the highest average value in the CaprodR; iSassociated
with the minerals pyrite (iron sulphide) and gyps@oalcium sulphate)
which are locally common in the Mahoenui Group ntadss which
overlie the Caprock. There is a substantial irsgeat SQ in the Aglime,
High Grade, and Sub-economic units correspondintpearelatively high
abundance of pyrite in these units (Chapter 5, i@ec.5.3). Lower

values occur in the Upper Steel, Lower Steel, anat&onomic units.

Chemical composition



X1s Jeideyd

LTC

XRF Minor oxide analyses for quarry limestone units

0,
050 %K,0 1/l0 %SO; 2/l0 %P;0s 1||o MgO% 2/l0  %NaO 1

MnO%O. TiO2% 0

05

Graphic log
Quarry unit

—
|

4

Figure 6.27Minor oxide trends in stratigraphic array showihg thanges between each limestone unit. C = Cap®G = Upper Steel, Ag = Aglime,
HG = High Grade, LSG = Lower Steel, and Sub = Sedmemic. Caprock is particularly variable for masinor oxides. The other limestones have
similar lower values. Aglime and High Grade shamne increases relative to the other units for,JK3O, SQ, and MgO. The various shades of purple
(graphic log) correspond to varying amounts otailin the units where the lighter the colour, theep the unit (in terms of CaG@ontent).



5. P,Os shows the highest values in the Caprock and vanighe Upper
Steel and Aglime. s occurs in relatively low similar amounts in the

High Grade, Lower Steel, and Sub-economic units.

6. MgO shows the highest average values in the Capaglkme, and High
Grade units. Lower values occur in the other limiess and in decreasing
content are Sub-economic, Lower Steel, and Uppsel $lowest). These
low values (i.e. <1% MgO) reflect the low-Mg cafcit<4 wt% MgCQ)

mineralogy of the limestone units (Nelson, 1978a).

7. Na&O shows highest values in the Caprock and AglimsumMaO occurs
as relatively lower values in the other limestorfggically <0.01%).
N&O resides in the mineral feldspar that has beentiféed in the

limestone units (Chapter 5, Section 5.5.3).

Quarry limestone units
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Figure 6.28 Summary of the average minor oxide content fourthesd the six quarry
limestone units. MgO occurs in much higher contetdtive to the other oxides such as
Na,O, MnO, and TiQ.
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6.7.3 Overburden units and discontinuity materials — majelements

The trends for the average major oxide contentha discontinuity types are
shown in Figure 6.29.

Overburden units and discontinuity materials
70
60 _
50
o 40 -
< 30 -
20 -
10 -
O i
Fe,0s CcaO SiO; Al,O3 LOL
Major oxides
0 Mahoenui Gp B Diffuse seams
O Discrete seams O Joint infills
B Palygorskite O Cave infills
B Surface accumulations O Kauroa Ash

Figure 6.29 Summary of the average major oxide content founthéneight discontinuity types.
Fe0; is relatively low and shows similar values fortak discontinuities. CaO, SjiAl,Os, and
LOI are variable across the units.

Figure 6.29 emphasises the following major elem@nbperties for the
discontinuity types:

1. CaO is variable across the overburden units andodiguity types.
Diffuse seams show the highest values followedurfase accumulations,
palygorskite, Mahoenui Group mudstones, joint Igfildiscrete seams,
cave infills, and Kauroa Ash (lowest). CaO resigethe mineral calcite
and has been identified (Chapter 5, Table 5.9) amamon mineral in the
diffuse and discrete seams (inherited from the dimees), palygorskite
(associated with formation), Mahoenui Group mudssor(calcareous

mudstone), joint infills (contain limestone fragn®n and cave infills (in

Chapter six 219



contact with the limestones). Surface accumulatiare also directly

associated with the limestones (scrapings fromdioree surfaces).

LOIl is variable across the discontinuity types.eTtend is similar as for
CaO and relates to the associated, €antent in CaC@ Diffuse seams
show the highest values followed by surface accatmanis, palygorskite,
Mahoenui Group mudstones, joint infills, discregams, cave infills, and

Kauroa Ash (lowest).

Si0, is highly variable across the overburden units alistontinuity
types. Mahoenui Group mudstones show the highedses followed by
cave infills, Kauroa Ash, discrete seams, joinillsyfpalygorskite, surface
accumulations, and diffuse seams (lowest). ,$@ely resides in quartz,
feldspar, a number of clays (i.e. smectite, palggioe, halloysite,
vermiculite), and in minor cristobalite. The miakr that have been
identified (e.g. Chapter 5, Table 5.9) in the oweden units and
discontinuity types that contain Si@re as follows: quartz and clays in
the Mahoenui Group mudstones; smectite, quartz/gpatkite in cave
infills; quartz, vermiculite, halloysite, and cidialite in the Kauroa Ash;
quartz, smectite, and oligoclase (feldspar) inréigcseams; clays, quartz,
and feldspar in joint infill type 1; palygorskiteé quartz in joint infill;
type 2 palygorskite and quartz in surface accunurat and quartz,

feldspars, and glauconite in diffuse seams.

Al,O3 is variable across the overburden units and digsuaity types.

Kauroa Ash shows the highest values followed byeadatfills, Mahoenui
Group mudstones, discrete seams, joint infills,ygaiskite, surface
accumulations, and diffuse seams (lowest). ;QAllargely resides in
aluminosilicates (clay minerals) and feldspars .(eoligoclase). The
Kauroa Ash contains clay minerals that includeQal (i.e. vermiculite,
halloysite), as well as gibbsite and oligoclaseaveCinfills also contain
many clay minerals (i.e. smectite, vermiculite,ygakskite) (Chapter 5,
Table 5.9). Clays also occur in the other discuiities, but the, ADs is

in much lower concentrations.
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5. All the discontinuity types have similar £ values. The F€; is
associated with the following minerals: clays (veutite, illite),

glauconite, pyrite (iron sulphide), and,Bg in calcite cement.

6.7.4 Overburden units and discontinuity materials — minelements

The trends for the average minor oxide contenthi@ overburden units and

discontinuity materials are shown in Figure 6.30.

Overburden units and discontinuity materials
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Figure 6.30 Summary of the average minor oxide content foundhi@ eight sample types
including overburden units and materials associafiétdl discontinuity types. MgO and,R occur

in larger concentrations than the other minor oxid&€he remaining oxides occur in relatively low
concentrations and are variable across the disudttitypes.

Figure 6.30 emphasises the following minor elem@moperties for the

discontinuity types:

1. MgO is variable across the overburden units andodisnuity types.

Palygorskite shows the highest values followed bgcréte seams,
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Mahoenui Group mudstones, cave infills, surfaceuamdations, joints

infills, Kauroa Ash, and diffuse seams (lowest).

2. N&O is variable across the overburden units and disuaity types.
Mahoenui Group mudstones show the highest vallesyved by discrete
seams, cave infills, Kauroa Ash, surface accunudati joint infills,

diffuse seams, and palygorskite.

3. MnO values are similar for all overburden units ahscontinuity types,

occurring in low concentrations.

4. P,Os shows generally low values across the overburdeits uand
discontinuity types; however, discrete seams shmnhtghest value which
is greater than twice the content found in the oth&continuity types. In
decreasing order the Mahoenui Group mudstones #iwecond highest
values, followed by surface accumulations, Kaurosh,Ajoint infills,

palygorskite, and diffuse seams.

5. TiO; is variable across the overburden units and digsuaity types. The
highest values occur in the Kauroa Ash, followed tgve infills,
Mahoenui Group mudstones, discrete seams, joinillsinfsurface

accumulations, diffuse seams, and palygorskite.

6. KyO is variable across the overburden units and disoaty types.
Mahoenui Group mudstones show the highest valuesved by discrete
seams, cave infills, joint infills, surface accuatigns, diffuse seams, and

palygorskite. As mentioned above;&is mainly associated with clays.

7. SG; is variable across the overburden units and disuaity types.
Mahoenui Group mudstones show the highest valdesmved by discrete
seams, diffuse seams, surface accumulations, pakit® joint infills,

Kauroa Ash, and cave infills.

The variation in the chemical composition of theurden units and fills in the

discontinuity types are a result of their differentirces and origins. For example,
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discrete and diffuse seams are diagenetic in grigauroa Ash has a volcanic
origin, Mahoenui Group mudstones have a deep marigin, and palygorskite

(joint infill type 2) is a secondary clay minerakpipitate.

Figure 6.31 shows a cross-plot (CaO vs. Jpiof the overburden units and
discontinuity infills delineated into their diffeme fields. The cross-plot shows
that as CaO decreases, Sicreases, and the overburden units and discatytinu

types are reasonably different from each other.

6.7.5 Contrasting bulk, host, and discrete seam samples

A comparison of bulk, host rock, and discrete sesamples was made to show
that host rock samples are purer in terms of Ga@@n bulk samples, which
contain discontinuities (i.e. a mixture of host dishone, discrete and diffuse
seams, and joint infills). Additionally, bulk satap were expected to have higher
CaCQ contents than the discrete seams, and thereforeintatmediate

composition between the host rock and discrete seam

Major elements: CaO (associated with the mineral calcite) is highehost rock
samples for the majority of the limestone unitsaptcfor the Caprock, whereas
discrete seams have much lower CaO content. Ttieeds have also been
observed in thin section study (see Chapter 5,i@eét5.1). Although Caprock
CaO values are an exception, probably due to tegitsn the samples were taken
for this study (i.e. mainly very close to the camtwith the overlying Mahoenui
Group mudstones). LOI results mirror trends obserm CaO. SiQ Al,Os, and
Fe,O; are generally higher in bulk samples comparedost hock samples, and
much higher in the discrete seams overall. Thesdes are associated with
minerals such as clays, quartz, glauconite, andspelr. The relatively high
content of these minerals within discrete seamsbleas observed in thin section

study as well (Chapter 5, Section 5.5.8).
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Figure 6.31Cross-plot delineating discontinuity fields. Caligely, the overburden units and discontinuityilisfcover a range of
values. Joint infills show the greatest variabilitn general, as CaO decreases,,3i0reases. Fields are delineated by circles (i.e.
diffuse seams = medium blue, surface accumulatiogeeen, palygorskite = purple, Mahoenui Group nmss = dark blue, cave
infills = brown, joint infills = magenta, and digte seams = orange.



Minor elements: In general, there appears to be no significafiédince in MgO
content between the bulk and host rock samplescrBie seams, however, have
much higher MgO contents in comparison. Resuksvaried for S@values for
bulk and host rock samples, although contentsaven both. The Caprock and
Aglime units show larger values in the host rockngkes, whereas the Upper
Steel, High Grade, Lower Steel, and Sub-economits show larger values in the
bulk samples. Sgis significantly higher in the discrete seams camed to bulk
and host rock samples, but only in the Aglime amghHGrade units; the discrete
seams in the others units show relatively low; $@ntent in comparison. 2K,
NaO, BO5, TiG,, and MnO generally show higher values in the mdknples
compared to the host rock samples, and discretessshow significantly higher
contents to the bulk and host rock samples.,ON&s associated with feldspars
which are common in discrete seams (up to 2% eéggré 6.19B), whereas Na

content in the limestone units rarely exceeds 0.15%

It is significant that we see differences betwdendverages in the bulk and host
limestone samples. There is strong evidence ti@ats calcite or CaO dominates
in host limestone samples, and is much less abtimdaliscrete seams. Discrete
seams are dominated by siliceous minerals andftiiereoy SiQ. Bulk samples
show higher Si@ contents than host rock, and less content thasredes seams.
The bulk composition is closer to the host rock position as opposed to the
discrete seam composition due to the overwhelmingO Ccontent that
predominates in the limestone units. Additionalhe total thickness of limestone
is much greater than the total thickness of discigams, which allows the
contribution of siliceous discrete seams to beiglgrtmasked by the abundance
of CaO.
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CHAPTER SEVEN

Ground penetrating radar

7.1 Introduction

Ground penetrating radar (GPR) is a geophysicdinigce commonly used to
study the shallow subsurface. Limestone cavess(@oudtinuity feature, Chapter
3, Section 3.1.5) are present in the McDonald’srOgaQuarry and are associated
with silica-rich infill (i.e. material accumulatingithin the caves that is likely to
have been washed in from an external source).ulin2D07 GPR was trialled to
investigate whether it is a good tool to use faraking caves in the limestone
deposit. If GPR can accurately predict areas ef NttDonald’'s resource that
contain caves or voids, quarry operators can maed@igiions of their locations in
confidence, and therefore make better decisionutare plans thus: (1) ensuring
improved safety of their team; and (2) identifyisiica rich areas. This chapter
describes the basic concept of how GPR works, theod used in the trial, and

results.

7.2 How GPR operates

This study used a RAMAC GPR (manufactured by Maldo&ience) that was
unshielded. Figure 7.1 shows the basic setupeof3RR system. Two antennae
are used to generate pulses of radar waves vianaotasignal sent from a
transmitter that is attached to one antenna. €heiver is attached to the other
antenna which measures the incoming radar wavée. trtinsmitter and receiver
are linked via fibre optic cables to a control aedorder unit (CRU) (usually
mounted onto a back pack worn by the operator)e CRU sends the signal to
the transmitter to generate radar pulses, and eaddlects the data from the
receiver. The CRU is linked to a portable PC lahddéth GPR software, by a

communication cable, where the data can be vieMaddm, 1996).
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The antennae are spaced at an equal distancelbgparfixed bar on a wooden
frame (attached to the transmitter and receivegutéi 7.1). The entire setup is
dragged or moved along the ground surface durin@g dallection. When

collecting a sample the control unit sends a sigiwalthe transmitter, the

transmitter generates pulses (through the antesfradar waves at a determined
frequency, and a wave train of radar waves thepggate away (large beam)
(Reynolds, 1997). The pulse reflects on any objager or structure beneath the
ground surface which alters the speed of transamissf the radar signal and is
echoed back to the receiver (Chamberlain et abDP0The moment the receiver
detects a signal, it collects a sample and pakgesfiormation to the control unit.

This is repeated at controlled intervals (fixedatse) where the operator hits the
enter button on the PC at the end of each interVal.help determine the end of
each interval, the operator walks along a measu&apg. The control unit collects

samples that make up a trace (along a transedsthatiked during collection).

A o = o Pyt sy e | & avs M M 3 <
Figure 7.1 RAMAC GPR setup showing the control unit mountetbcen backpack carried by the
operator. Attached to the control unit are fibpdiocables (orange) connected to a transmitter and
receiver each mounted onto antennae of 50 MHz é&ecy spaced 2 m apart. The control unit is
also connected via a communication cable to a plertaptop which is being held by the operator
in the photo. This photo was taken on top of tbevér Steel limestone on the western side of the
quarry (coordinates E2691273 N6316310 elev. 150 m).

The travel time (i.e. the time taken from instaifit t@nsmission to time of
detection by receiver) is in the order of tens housands of nanoseconds
(Reynolds, 1997). Two way time is converted totdepy the software which
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includes assumed travel velocities. However, cmsioa is not always successful.
For example the interpreted GPR thickness can somgtbe distorted if there are
changes in conditions or calibration of velocitieBhe total two-way travel time
range (scan) is displayed on the PC screen indime 6f a radar gram, so as the
antennae are moved over the ground the radar sbtimeflection profile
(Reynolds, 1997). Profiles (section created bytiplg traces side by side) are
generated by the GPR software where the horizanxial equals distance (across
transect), and the vertical scale equals two-wégaton time which is converted
into depth in metres for convenience by the GPRasoe. Further details on the
RAMAC GPR can be found in the MalA Geoscience safavmanual version
2.28.

7.3 Application of GPR in carbonate environments

GPR is widely used to study the shallow subsurfate construction,
archaeological, and landfill sites (Milsom, 1996}arbonate environments have
also been studied where good images of cave staschave been obtained using
GPR, indicating effective applicability of the meth Pre-published field work
trials suggest that GPR can effectively detect ril@iameter caves and fissures
in karstic terranes (Chamberlain et al., 2000).chSdetections of caves produce
prominent reflections on profiles (images) (Moldama et al., 2002). GPR has
lead to the success in interpreting the locatiooaskes for example in the Corozal
Basin in Belize (Moldoveanu et al. 2002). The dgta of caves is of interest
because they are natural sediment traps where ircedaposits contain
archaeological remains and Pleistocene fauna whitdty be preserved
(Chamberlain et al., 2000). However, for this gtedve detection is necessary
due to the association of silica with the caves, p@rhaps is more important for
safety reasons. Ground failure and flooding candib&cult to manage if
extensive karst occurs within quarry deposits. Thanoeuvring of heavy
machinery on top of voids can be potentially dangsrif the roof of the void was

to collapse.

GPR is commonly used in quarries and mine excava@ovironments for
detection of bedrock fractures, karst features, gmdlogical discontinuities
(Tillard and Dubois, 1995; Grasmueck, 1996; Botedind Mufti, 1998; Brobert
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and Abraham, 2000; Beres et al., 2001; Orlando32@xégorie et al., 2006).
Most GPR trials in limestone quarries focus on stigating different
stratigraphic layers. For example, Schack von KEdodf et al. (2003)
determined the location of high Caglryozoan (skeletal faunal species) mounds
and relatively silica rich flint beds, in a limest quarry in Southwest Sweden.
GPR has also been successful in detecting cave&aast features in limestone
guarries such as Kitley Caves within a DevonianeBtone, Yealmpton, South
Devon, U.K that intersect a disused lime quarryg@herlain et al., 2000). A
good example of the use of GPR in a limestone gusathe trial by Henson et al.,
(1997). A limestone quarry near Anna, lllinois tains clay and air filled karst
that disrupted quarry operations. GPR (using 5d 400 MHz antenna
frequency) successfully imaged the fine grainede$itone and chert quarry
deposit, providing information regarding fractureg® quarry operators.
Reflections of caves on the profile images appeagethalf) hyperbolas (Henson
et al., 1997).

7.4 Method

Site selection:For this study, two areas of interest were tadjéte the GPR trial.

These were confirmed locations of caves: (1) theeonled cave in the upper
bench of the High Grade unit (western face); andh@ cave structures above the
Upper Steel (north western face). Other sites wadresen at random, and

included a transect over at least one site in éa@stone quarry unit.

Transects: A transect is a line running across an area (@gr a cave). An
example of a transect used in this study is showrFigure 7.2. Walking
alongside a transect, the GPR setup is carriedhlassistant, side by side with the
operator (carrying the control unit and PC). Tiemd of each transect was chosen
at random, and in a few cases, a number of tremds orth-south versus east-
west) at the same site were measured. Transeetsnaimly across quarry
benches, however, one was also carried out neaaitb&ip southwest of the
guarry pit. Locations of all transect sites arevehm on Figure 7.3. Table 7.1
shows the location and number of each of the 13s&ets or profiles, and any

additional comments.
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Figure 7.2Photo taken o the transect a (rro) for Incﬁ. The transect is located on the
top of the second High Grade bench below whicimaditone cave is exposed, western side.

Settings: The GPR survey type used is fixed-offset profilwbere a constant
antenna spacing is maintained. Antennae frequesmyple distance, and the
antennae spacing was based on recommendations thienMalA Geoscience
software manual version 2.28, and settings usedoime trials from previous
workers, for example Henson et al. (1997); Sigwdsand Overgaard (1998);
Elfouly (2000). Two antennae with a frequency of [dBiz were linked by a
wooden bar at a fixed distance apart of 2 m. Audency of 50 MHz is suitable
for a target sizee5 m, has an effective penetration depth range 20 B, and a
maximum penetration depth of 20-30 m. A recommdnsi@mpling interval is
0.20-0.50 m. Consequently, samples were colldayettie GPR every 0.2 m, and

set as a sample collection interval on the PC.

Chapter seven 231



(A4

JepeJ Buiresisuad punois

100 m

028 |

-V

2l7 . \

NS 2120 255
BN
A8

23

029

031

Figure 7.3 Transect location map for all profiles measuredggiround penetrating radar in McDonald's Oparumad.Quarry. The cluster of points
(centre, top), are located on top of the upper Highade bench below which a limestone cave is exposkerial photo taken Feb 2007, sourced from
McDonald’s Lime Ltd..
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Table 7.1Transect information including profile number, Itoa, length, and comments for all measured prsfile

Transect and

Transect length

] Site location Transect description Radar gram comments
profile No. approx. (m)
19 On second High Grade bench, 2m from bench _edge, 3 m above existing cave, 30 Clear parabolic reflections, cave exposed and detected
western side trending from south-north
High h 4mf h isti ) )
20 On second Hig G_rade bench, m from benc _edge, 3 m above existing cave, 30 Clear parabolic reflections, cave exposed and detected
western side trending from south-north
High h f h isti ) )
21 On second Hig G'rade bench, 6 m from benc gdge, 3 m above existing cave, 25 Clear parabolic reflections, cave exposed and detected
western side trending from south-north
2 On second High G'rade bench, 14 m from bench'edge, 3 m above existing cave, 25 Clear parabolic reflections, cave exposed and detected
western side trending from south-north
23 On second High Grade bench, 2 m from bench e_dge, 3 m above existing cave, 12 Slightly angled reflections, cave exposed, and not detected
western side trending from east-west
2 On second High Grade bench, 5 m (north) from start point of transect 19, 3 m above 10 Subhorizontal reflections displaced by sharp vertical contact,
western side existing cave, trending from east-west possible master joint structure
25 On second High Grade bench, 30 m (north) from start point of transect 19, 3 m above 28 No reflections of structures, no caves or voids exposed, or
western side existing cave, trending from south-north detected
. Approx. 5 m from bench edge, approx. 18 m above Weak reflections convex in shape, cave indicated by 1) drill
On Aglime, east of road, o . . X X . X
26 . existing cave in upper bench of the High Grade, 90 hole information near location and 2) observed cave in the
western side : "
trending from south-north upper bench of the High Grade
27 On Aglime, on western road, Unknown ground (no exposed cave structures evident), 62 No reflections of structures, no caves or voids exposed, or
western side trending from south-north detected
South of western end of Unknown grpund, above soll profile, Kauroa Ashes, No reflections of structures, no caves or voids observed, or
28 o Mahoenui Group mudstones, and Otorohanga 47
airstrip, near farm fence . i detected
Limestone, trending from east-west, and north-south
29 On floor of quarry,_above Sub- Unknown ground, trending from south-north 42 Very weak ref_lectlons of a concave shape, no caves
economic observed, possible structure, cave or other discontinuity
20 On Lower Steel close to Unknown ground, approaching steel pipe near end of 74 Steeply angled reflections, close to quarry face, and steel
northern face transect, trending from south-north pipe, also slightly concave reflections of an unknown structure
a1 On second High Grade bench, Unknown ground, trending from east-west a4 No reflections of structures, no caves or voids exposed, or

south side

detected




7.5 Results

Some filtering of the data was conducted to attetopemove noise, focus the
images, and optimise data quality. However, thalable filters did not seem to

improve the radar grams, so only the raw profilespesented.

All radar gram profiles corresponding to each temsre located in Appendix G-
7.1. All profiles that indicate main structures.g(ecaves) show prominent
reflections corresponding to an effective peneairatiepth of between 6-10 m.
Features below the penetration thickness cannoebected by the GPR system,
therefore, anything shown on the profile below ¢iffective penetration depth are

multiples and are ignored.

At the time of the trial only one cave was exposaithin the quarry walls. This
cave (Figure 7.4) was located within the secondccberi the High Grade unit on
the western side of the quarry and provided a doodtion to test whether the
GPR could detect caves. Initially, the cave wasely inspected to estimate the
approximate depth from the top of the bench to tthe of the cave structure

(approx 3 m). The trend of this cave is approxatatast-west.

Transect numbers 19-24 (Table 7.1) are locatedpmtf this cave. Transects 19-
22 were parallel, and orientated north-south, petfmalar to the assumed cave
trend. The profile generated from transect 21hews in Figure 7.5. The
reflections shown in the profile reveal a hyperboshape, and indicate the
presence of a cave structure. The cave is noinailg shaped like a hyperbola
(more cylindrical), this is because the GPR recesignal from objects that are
not only directly beneath it, but objects that atea close distance. The time
required for the signal to travel from an object drack will vary depending on
the distance between the object and antenna. Mbeest time is received is
when the antenna is directly above the object wshas highest point on
hyperbola), therefore the cave cross section id lgathe GPR as a hyperbola.

Profiles 19, 20, and 22 show similar patterns.
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Figure 7.4(A) Photo of the western side of the quarry (logkimest) showing the location of the
main limestone cave exposed within the second @ynch of the High Grade unit. (B) Photo
showing entrance to limestone cave within the sédmench of the High Grade unit. Previous
blasting (indicated by rubble surrounding entrari exposed the cave.
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The depth to the cave structure only matched fiddervations for one profile,
that is profile 19 (Figure 7.6). The top of theusture occurs at approximately 3
m on the y axis, which was observed in the figltbwever, the other profiles for
the same cave do not match these observations,apjihrent depths of ~1-2 m.
This could be because the cave may be gettingrdlogke surface at these profile

locations.
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Figure 7.5 Radar gram of profile 21 trending N-S measured @erobserved limestone cave
within the second bench of the High Grade unit,teresside of McDonald’s Oparure Quarry. A
clear reflection of a cave structure is shown leydtrow.
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Figure 7.6 Radar gram of profile 19 trending N-S measured @erobserved limestone cave

within the second bench of the High Grade unit,teresside McDonald’s Oparure Quarry (2007).
A clear reflection of the top of a cave structuseshown by the black arrow. The blue line
indicates the depth to the top of this structure.
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Transects 23 and 24 were at different orientat{ers along the trend of the cave
east-west). Profiles from these transects (Appe@dv.1) do not show the same
reflections as the profiles measured perpendictdathe cave trend. Any

reflections that would indicate a structure areeahs However, there is a sharp
vertical line on profile 24 displacing the reflexts; it could represent a master
joint set. Nevertheless, the GPR does not deteatave if the transect is trending
parallel to the cave. Running multiple transetifferent orientations across the

same area is therefore crucial to the detectiaraoeés.

On top of the Aglime unit on the western side @& tuarry previous drilling has
intercepted a cavity not yet exposed at time ofttla located approximately 18
m from the top of the bench to the top of the gavi@ profile (transect 26) was
measured across this area (Figure 7.7). Againgti®ea clear cave structure
detected as indicated by the convex hyperbolicectifins. The question then
becomes is this the same cave detected in the lyimdesecond High Grade

bench?

FZ:FILE ROy F4:FILTERS F5:CURSORS F6:POS Ff:Util File:PROFZ6
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Figure 7.7 Radar gram of profile 26 trending N-S measured efste road on top of Aglime unit
where a drill hole has intercepted a cavity, westéde. The cave observed in the upper bench of
the High Grade is approximately 18 m below the seat. The black arrow points to a clear
reflection indicating a cave structure is present the white arrows represent multiples of cave
walls.

Chapter seven 237



It is likely that the GPR cannot effectively pemér this far, and reflections
suggest 2-3 m depth so the structure may be anséparate cave, or a different

cave within the same cave system that the High &casle belongs to.

Transects 25 (above upper High Grade bench pastawe below), 27 (above
Aglime on western road), 28 (near airstrip), 29fab Sub-economic on floor of
qguarry), 30 (above Lower Steel), and 31 (above ugdigh Grade bench,

southern) (Appendix 7.1) are all areas where caresnot detected. Lack of
major hyperbolic structures in the reflection pedi are evidence of this.
However, other orientations were not investigateal,it is recommended that
transect grids are setup to measure a range oftatiens for future studies. The
profiles typically show a series of horizontal eeflions (Figure 7.8). Transect 28
near the airstrip probably required changing thdRGRttings to obtain effective
penetration for a different medium (i.e. soils, esh and mudstones).
Nevertheless, the depth of the limestone at gréhtar 10 m (which essentially

contains the caves) probably exceeded effectivetpation.
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Figure 7.8Radar gram of profile 25 trending N-S measured tiversecond bench of High Grade,
western side. No obvious structure appears taésept.
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Since the GPR used was unshielded there is pdtéotianterference to occur,
particularly the interference of high quarry watlsse to the locations measured.
At transect 30 (above the Lower Steel), as a quaaty was approached with the
GPR some reflections displayed on the profile becpmogressively steeper as the
wall was approached closer and closer. FiguresfTodvs the profile from transect
30 showing these steeply dipping reflectors onrtgbt side of the profile. A
steel pipe was also lying on the ground near tlarguvall and could have also

caused some interference.
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Figure 7.9 Radar gram of profile 30 trending N-S measuredamdf the Lower Steel. To the
right of the profile steeply dipping reflectors (iteharrow) represent interference caused by a
quarry wall and possibly a steel pipe lying on gieund near the end of the transect. Slightly
curved reflections in the circle might representtiples of the interfering quarry wall. The black
arrow is a mouse pointer.

7.6 Discussion

Results from this trial show that GPR is a good foo identifying caves in the
shallow subsurface at McDonald’s Oparure Quarryred@ comparison of profile
21 (Figure 7.5) and others was able to be made auitbrop (below the profile)
containing a cave, verifying the integrity of th®& data. Due to the radar waves

moving at a higher velocity in air compared to didsonedium, caves are
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relatively easy to detect using GPR and therefae be identified prior to
blasting and drilling. The detailed interpretatiohthe size and shape of caves
detected is beyond the scope of this study. ThB &#ftware available for this
study is not capable of interpreting the data.is luncertain whether cave size,
continuity, and extent can be assessed from thesilep. Caves and karst
landscapes are complex 3D features. Previousestugicommend that data
integration combining other geophysical methodgy.(emicrogravimetric) is
important in achieving accurate interpretations@fe shapes and sizes (Beres et
al. 2000). Microgravimetric surveying measures uten variations in the
gravitational pull of the Earth, caused by diffezes in the density of rocks in the
subsurface. Voids and cavities can be interprited these readings and reveal
information on depth and shape (Reynolds, 1998his Thethod is sometimes
used in combination with GPR (Beres et al., 2000).

Furthermore, this GPR method is not a method foanttying cave infill.
However, cave infill can be studied once caves hHaseome exposed in the
guarry, where access into the caves is possibleant{ication could prove to be

difficult because one would need to enter the caweseasure infill thickness.

Another important aspect is the fact that the GPR detects caves when the
profiles are measured perpendicular to the trenttieicaves. It is recommended
that transects are oriented across a number @rdift trends to ensure caves are

definitely detected. This is recommended forfad locations that are measured.

Interference is a common problem with GPR. Metbiects and radio
transmitters can often saturate receiver electsofhtilsom, 1996). However, the
problem identified at the quarry is the interferermaused by the quarry faces in
the vicinity of the GPR equipment. It is recommeddhat a shielded GPR is
used in the future to avoid this. Another aspedike into consideration is that
the RAMAC GPR only has an effective depth penairatf approximately 6-10
m; therefore any features below this penetratiocktiess are not detected with
the GPR system.
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CHAPTER EIGHT

Summary, conclusions, and recommendations

8.1 Introduction

McDonald’s Lime Ltd operates an industrial quartyOgparure near Te Kuiti, in
the King Country region of North Island, New ZealarThis quarry extracts high
quality limestone (>90% CaGPpfrom the latest Oligocene-earliest Miocene aged
Otorohanga Limestone, the topmost formation in Tee Kuiti Group. The
geology at the quarry comprises two overburdersunamely Quaternary Kauroa
Ash overlying Early Miocene Mahoenui Group mudstodove the main
Otorohanga Limestone which has been subdivided sintoquarry units. The
topmost of these (Caprock) is thin (2-5 m) andréesated as overburden. The
remaining five units are Upper Steel, Aglime, Hi@hade, Lower Steel, and Sub-
economic, each of which has a particular produal ese, such as for the
agricultural industry (Aglime), road constructiomdustry (High Grade), or iron
and steel industry (Upper and Lower Steel). Thb-&obnomic unit represents
the limestone that is presently beneath the quatrgnd is currently uneconomic
to extract. The chemical composition of the défar limestone grades must
follow strict quality guidelines imposed by thefdifent industries. For example,
the iron and steel industry imposes a strict regment of <1.7% silica and
<0.09% sulphur in the burnt lime product deriveahirthe steel grade limestone.
Silica and sulphur have a negative effect on sorteges of the steel
manufacturing process as they are impurities whitfact the overall quality of
steel; furthermore, silica can act as an abrasiveldr high pressure) and cause
mechanical wear of equipment. The mechanical weaf greatest concern to

New Zealand Steel who use lime as a flux in thel steinufacturing process.

Throughout this study the use of the word silicen@re or less synonymous with
silica-bearing minerals, siliceous materials, inobt¢ residue, and siliciclasts
(non-carbonate grains that have been eroded andpweed to a depositional
environment), and includes minerals such as quittspar, glauconite, and clay

minerals. Other non-carbonate components can besifioeous minerals, such as
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pyrite (iron sulphide) and gypsum (calcium sulphat€ollectively, these non-
carbonate impurities constitute what is referredasothe ‘silica issue’ in this

study.

McDonald’s Lime are aware that silica levels vacyoss their Oparure limestone
resource, and so hold some concerns about thelityatw maintain quality
guidelines on their limestone products. Consedyent is relevant that
knowledge be gained about the nature, distribuaoil, origin of silica-rich zones
within the limestone resource so as to allow foeager certainty in quarry

planning and operations.

To achieve this aim a combination of field and dogging work was undertaken.
Rock mass characteristics were described and nmezhguthe field including the

description of physical properties of the intactkrkand discontinuities such as
joint spacing, aperture, and infill. Rock mass waso described in three
limestone drill cores. Additionally, the texturamineral, and chemical

composition was determined for the six quarry litnee units. This work shows
that silica-rich materials are mainly associatedhwhe discontinuities in the

limestone units.

8.2 Discontinuity types

Discontinuities are naturally occurring featureshsas joints and bedding that
separate the intact rock blocks (host limestondghiwia rock mass. This study
has identified that silica is mainly associatedhwstx discontinuity types in the
resource at McDonald’'s Oparure Lime Quarry. Silisaalso associated with
coatings of dust on rock surfaces, here referredsosurface accumulations,
sourced from quarry operations such as blastingvahttle traffic, but this source
is minor compared to the siliceous materials witthe six main discontinuity
types. A classification scheme has been devisedht six discontinuity types
(Chapter 3, Figure 3.15). These are:

(1) Discrete seams- Dissolution seams characterised by smoothly laihgj,

non-sutured, thin zones of insoluble residue/nabaaate materials. The
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insoluble residues are concentrated and closelygoh@nd are continuous at core

scale. In outcrop they range from rusty brownltefgrey silts and clays.

(2) Diffuse seams— Dissolution seams characterised by their wispyreathat
converge and diverge within the host limestonee mbn-carbonate materials are
dispersed within the limestone, are loosely packed, are continuous at a core

scale.

(3) Subhorizontal stylolites — Features produced by pressure dissolution during
burial that are stratiform and laterally continu@iscore scale. Stylolites display
a prominently sutured surface that concentrategabi@r amounts of insoluble
residue such as clays, quartz, and feldspar. Tdmplitudes are typically <10

mm high, and the stylolites themselves are geryerdllmm thick.

(4) Subvertical stylolites — Features produced by pressure dissolution due to
tectonic processes such as compressive stresbes tiaan simple burial forces.
Their characteristics are similar to these of suizbatal stylolites except for their

typically near-vertical (to bedding) orientation.

(5) Joints — Near-vertical fractures in the rock mass formeed a result of
deformation processes such as folding, faulting, @plift. Joints may have two
types of infill, including clays washed in from @&xternal source and/or clays
such as palygorskite which have chemically preaipd in situ within joints.
Two joint types have been identified in the quarased on their different field
characteristics: (1) master joints which are mopem) more persistent, and
commonly contain more joint infills than small jtsnand (2) small joints which
are mainly tight, persistent over shorter distarmmapared to master joints, and

rarely contain infill.

(6) Caves and other karst features— Caves, dolines, and fissures that have
formed in the limestones as a result of dissolutignpercolating fresh water
during weathering. These act as natural sedinaps ffor siliceous materials, the
infills being enriched in clay minerals, includipglygorskite as identified in joint

infills.
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8.3 Rock mass characteristics of quarry limestones

The rock mass characteristics of the quarry limestonits are summarised in
Figure 8.1. The Upper Steel, Aglime, High Grade] aower Steel units possess
different characteristics, the Upper Steel beirgy iiost distinctive of the quarry
limestone units. The Upper Steel comprises batkkyl bedding (upper section)
and flaggy bedding (lower section), while the otharts are predominantly
flaggy. All the limestones are well cemented; hearethe Upper Steel is locally
porous. The flaggy appearance is a result of gdingentary layering of two
characteristic beds types modified by pressureollissn during burial, namely
thicker limestone beds relatively poor in silicatarals (flags) and thinner beds
(dissolution seams) relatively enriched in silicaterials such as quartz, feldspar,
clay, and glauconite minerals. The location odistion zones relates closely to
a primary sedimentary control involving the altérma of carbonate-rich
sediments, possibly mainly storm emplaced, and msifieeous enriched
sediments associated with finer background sedaient between carbonate

deposition.

The average thickness of the dissolution seamsdagtihe limestone flags varies
across the four quarry limestones, decreasing fAglime, to High Grade, to

Lower Steel, to Upper Steel (Chapter 4, Sectionl4Rgures 4.15-4.17). The
limestone flags (referred to as host rock in thiglg) bounding the dissolution
seams show similar thicknesses for the Lower StedlHigh Grade units, while

Aglime has the thinnest flags, and Upper Steethiukest (Figure 8.1).

Figure 8.1 (Facing page)Rock mass characteristics of quarry limestonesuait McDonald’s
Oparure Lime Quarry including rock material, fldgckness, joint spacing and joint aperture.
Sparry limestone = sparite cement dominant, mdcritinestone = micrite cement dominant.
Percentage of core comprising stylolites, and discand diffuse seams are based on averages
calculated from drill core information in cores BHS5 BH502, and BH503. Joint spacing has
been converted to true spacing. Master jointschacteristically longer (extend beyond the
height of a quarry bench), more open, and commoaiyain joint infills, whereas small joints are
shorter (terminate across the distance of sevemastone flags), are tighter, and rarely contain
joint infill.  Image (A) shows an example of dolgkarst features) in the Upper Steel unit,
western face. (B) Shows an example of a radar grantaining recorded reflections (from
transmission of radar waves below the subsurfat®)wing a clear structure (likely a void or
cave) detected using ground penetrating radarei\glime unit. (C) A limestone cave exposed in
the High Grade unit containing limestone rubbleydo bench, western face. (D) A relatively
small void exposed in the Lower Steel unit, westace. Subhori. = Subhorizontal, Subvert. =
Subvertical.
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Figure 8.1 Rock mass characteristics of McDonald’s Oparure Lime Quarry limestone units

Quarry limestone

unit Rock material
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sparry limestone
Moderately weathered
Locally porous
Upper Steel Upper section knobbly
Lower section flaggy
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Chapter eight

245






Outcrop observations show that subhorizontal arfovestical stylolites occur
especially in the Upper and Lower Steel units, dare studies indicate that they

occur in all the limestone units.

Vertical joints generally become more closely spadem the bottom unit
(Lower Steel) to the top unit (Aglime) (Figure 8.and contain silica-rich infills
likely sourced from the overlying Mahoenui Groupdstones, and clay minerals
(palygorskite) that formedh situ. There appears to be no trend in average joint

aperture width.

Caves, collapsed dolines, and/or fissures occall iimestone units. These karst
features have clay-rich infills, most likely washadrom the overlying Mahoenui

Group mudstones.

8.4 Discontinuities in cores

The following results include information gainedrr the detailed logging of
discontinuity types in three drill hole cores frahe 500 series (BH501, BH502,
and BH503).

A variety of seam thicknesses occurs in the cdnesugh the different quarry
limestone units. In decreasing order of thicknibese are: Aglime (1-19 mm),
Lower Steel (1-18 mm), Sub-economic (1-18 mm), H@hade (1-14 mm),
Caprock (1-6 mm), and Upper Steel (1-6 mm). Thelahseam thickness is 1
mm for all limestone units. In terms of the numloérseams per metre, the
Aglime unit has the most (14-20), then High Gratig-{4), Sub-economic (10-
11), Lower Steel (9-10), Upper Steel (3-5), and @Gelp (4-5). The most
important data here relate to the total seam tleiskrof discrete seam material in a
given metre of limestone. The lowest quality linoees (i.e. Aglime and Sub-
economic) have the largest total thickness of discseam material per metre,
followed by High Grade, Lower Steel, Caprock, andpkr Steel. This trend
provides strong evidence that it is the discretmrsethat potentially affect the
overall amount of silica in the rock (bulk compasi), and so to a decrease in
overall carbonate quality. Regardless of the iradt small amount of seam

material in the Caprock, it is still low quality ¢euse the host limestone itself is
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very argillaceous or clay rich. Discrete seams mige up to 6% of the Aglime

unit, up to 4% in the Sub-economic unit, up to 3thie High Grade, up to 2% in
the Lower Steel, up to 1.5% in the Caprock, and s¥i¥%e Upper Steel unit. The
average (from the three cores) percent of limestammeprising discrete seams is

shown in Figure 8.1.

Diffuse seams are less common than discrete sedingy mainly occur within
the Aglime unit (up to 308 mm per metre), Caprogf (0 224 mm per metre),
and Sub-economic (up to 34 mm per metre) unitffufe seams are rare in the
remaining limestone units (Upper Steel, High Graaled Lower Steel). The
average percentage of limestone occupied by difiesans for each limestone

unit is shown in Figure 8.1.

Subvertical and subhorizontal stylolites are alsbas common as discrete seams.
Subhorizontal stylolites are much more common thalovertical stylolites. In
decreasing order the maximum number of subhoritatyolites per metre is as
follows: Sub-economic (10), Lower Steel (9), Upsteel (6), Aglime (4), and
High Grade (3) units. In decreasing order, the Ineinof subvertical stylolites per
metre is Caprock (3), High Grade (2), Lower Std¢| Sub-economic (1), Aglime
(1), and Upper Steel (less than 1) unit. The ayeeercentage of stylolites (from
the three cores) comprising the quarry limestorits is shown in Figure 8.1.

Joint infills are rare in the cores, but includécita veins (partially healing some
joints by secondary precipitation), and siliceoustenials such as clay minerals

(e.g. palygorskite).

Core logging has shown that all the limestone uamitswell cemented, and only
occasionally porous. Porous zones occur spordylicalthe Upper Steel and
Lower Steel units. The host limestone is typicallyer in the Upper Steel and
Lower Steel, and the Aglime, High Grade, and Sutmemic units are visually

less pure.
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8.5 Rock mass composition

Based on field and core measurements the percemfagarbonate and non-
carbonate material in the intact limestone (heseitone) has been calculated. In
addition, the percentage of non-carbonate matdraah discrete and diffuse
seams and joint infills has been calculated. Mu#s determined for all the
exposed limestone units in the quarry in an attemgptshow the relative
contribution of silica (non-carbonate material)nfraiscontinuities and the intact
rock, to the rock mass as a whole (Figure 8.2)er@hs some error involved in
the discrete and diffuse seam percentages asdhe sgacings were not able to be
converted to true spacings because their orientaicunknown. Furthermore,
some error was involved in the joint spacings, eisplg for the High Grade unit
due to the paucity of the number of joints measuréd determine the joint infill
percentage the number of joints per metre was ledéml together with the
average aperture width per metre. The joint infillassumed to fill in the full
width of the aperture. Figure 8.2 shows that tlagomity of the rock mass in each
unit comprises carbonate material, followed nexhbg-carbonate material in the
intact limestone except for the Aglime, then norboaate material in the discrete

and diffuse seams, and finally non-carbonate naterithe joint infills.

8.6  Mineral and textural composition of quarry limestone units

A summary of the mineral and textural compositibrthe quarry limestone units
is contained in Table 8.1. Low-Mg calcite is thendnant mineral in all the
quarry limestone units. The carbonate contenthef quarry limestone units
derives from the bioclasts or skeletons that canstthe limestones, and the
micrite and calcite spar cement that occurs withimd between these skeletal
grains, cementing them together. Carbonate contem$ determined by
petrography and ranged from 70-99% (estimate), with lower values in the
Caprock (av. 83%) and the highest values from tlyh KBrade (av. 96%), Upper
Steel (av. 99%), and Lower Steel (av. 97%). Aglifa@. 91%) and Sub-

economic (av. 94%) show intermediate values.
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80% 85% 90% 95% 100%

Upper
Steel o7.8%
Aglime w5
High
Grade 95.5% 27% 1.6%
Lower
Steel 96.2%
% of carbonate material in entire rock mass

% of non-carbonate material in host limestone

- % of non-carbonate material in discrete and

diffuse seams in entire rock mass

% of non-carbonate material in joint infills in
entire rock mass

Figure 8.2 The contribution of carbonate and non-carbonaterisds as a percentage of the entire
rock mass from host limestone, discrete and diffssams, and joint infills, for each of the
exposed quarry limestone units at McDonald’s Opatume Quarry.
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The dominant bioclast in all the quarry limestorsebryozoan skeletal fragments,
with the exception of some Caprock samples taken the upper contact with the
overlying deeper water Mahoenui Group mudstoneschvitontain abundant
planktic foraminifera. Other skeletal types, incaasing order of abundance,
include benthic foraminifera, echinoderms, bivaJvegorm tubes (annelids),
planktic foraminifera, and calcareous red algad|ectively typical of non-
tropical carbonates. Bioclasts are rarely whakegrhented, slightly to moderately
abraded, and typically of medium to coarse sanel. si2parite cement occurs in
interparticle and intraparticle pore space, andidatas in the Upper Steel, High
Grade, Lower Steel, and Sub-economic units (biogsr However, micrite
dominates over sparite in the Caprock and Aglimgsufbiomicrites). Calcite
also occurs in veins in thin section (common inliallestones except Caprock),
where it typically partially heals fractures in thmestone units. Interparticle
porosity is also common in the Upper Steel unithim section, and is observed
locally in outcrop.

The remaining portion of the quarry limestone umitsnprises siliciclasts (non-
carbonate fraction) ranging from 1-30%. Theseudelthe following siliceous
minerals, in decreasing order of abundance: pygriadns, pyrite infills, glauconite
pellets, glauconite infills, quartz, feldspar, dagnd sedimentary rock fragments.
Siliciclasts are predominantly evenly dispersedulghout the host limestone, and
range in their shape from angular to subroundeldrésunded most common), and
occur in a range of grains sizes from very finedsengranule, but typically fine

sand size.

8.7 Mineral and textural composition of overburdenunits and

discontinuity materials

The mineral and textural composition of overburderits and discontinuity
materials is also summarised inside Table 8.1coimtrast to the limestones, the
overburden units and discontinuity materials ammidated by siliceous minerals.
Kauroa Ash (overburden unit) comprises clays (veutite, halloysite, gibbsite)
and quartz (minor cristobalite, a polymorph of d¢marand Mahoenui Group

mudstones comprise clays (smectite, illite), calcguartz, feldspar, and locally
gypsum.
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Joint and cave infill material shows similar comgosal characteristics to the
overburden units (Kauroa Ash and Mahoenui Group starges). Type 1 joint
infills comprise clays (smectite, palygorskite),agiz, calcite, and oligoclase
feldspar, and type 2 joint infills comprise palyskite, quartz, and calcite.
Palygorskite [Mg, A}S;4010(OH)] is an unusual clay mineral precipitai@dsitu
as a joint infill and is also found in cave systenitsis characterised by a leathery
texture, is extremely fibrous, and commonly forraesd&screte sheets. Cave infills

have clays (smectite/chlorite, palygorskite), quaand calcite.

The mineral types in discrete and diffuse seamgelgrreflect the minerals
occurring in the host limestones. Mineral estimatgere obtained from
petrography and show that calcite (as micrite, igpacement, or bioclast
fragments) ranges from 10-93% (av. 44%) within @isz seams. In thin section,
diffuse seams show a carbonate content of about020-(av. 60%). Clays
(identified as smectite and illite from XRD) areetdominant siliceous mineral in
both seam types, followed by quartz and feldsp@®% (av. 19%). Pyrite and
glauconite are also present in both seams typésn Imiuch lower concentrations,
similar to that in the host limestone units (typiica2%). Discrete and diffuse
seam siliciclasts range from very fine sand to seaand in size, and are angular
to rounded in grain shape. The carbonate composedbminated by sparite
cement and less common bioclast fragments in therete seams; and micrite is
common together with common bioclast fragments iffuse seams generally.
An interesting finding was the identification of Idmite in some seams, a
carbonate mineral not previously identified in ti@orohanga Limestone,
probably because earlier studies analysed onlyhtis# limestone and not the

dissolution seams.

Stylolites are very thin discontinuity features ttiwllectively contribute very
small concentrations of silica to the overall cosifon of the limestones
compared to the seams (Figure 8.1). Clay is tmimnt silica-bearing mineral
found in these features, and quartz, feldspar, gladconite in minor amounts

occur as individual siliciclasts within the claysidue.
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Table 8.1 Mineral, chemical, and textural information foresliurden quarry units, quarry limestone units, alisiquity materials, and operation induced matsrighoCaCQ@
was determined by acid titration, the values onttipeline are a range, and the value on the selio@ds an average. Oxides were determined byyxfitmrescence where the
top values are also a range and the second liae sverage. Black dots indicate if a mineral isspnt determined by petrography and/or x-ray diffiom. Grain size and

sorting information was determined by petrographlaeer particle size analysis. Oper. Ind. = Ofi@nadnduced.

Chemical composition of quarry units and discontinu

ity materials at McDonald's Oparure Lime Quarry

Oxide range and average (%)

Quarry unit or discontinuity No. of % CaCOjrange & No. of
material samples average samples CaOo SiO, SO; Al,O3 Fe,03 MgO Na,O MnO TiO, K,O P,O5
Kauroa Ash 3 0 3 <0.01-1.23 29.32-57.10 0.06-0.14 21.82-36.01 7.03-9.59  0.42-1.88 <0.01-0.97 0.08-0.10 0.88-1.05 0.25-2.01  0.10-0.16
0 0.65 41.70 0.09 28.32 8.65 1.08 0.55 0.09 0.99 1.00 0.13
c
()
B
=}
g Mahoenui Group mudstones 2 34.7-35.6 2 21.32-21.72 37.02-38.66 0.01 -2.89 10.36-10.67 4.56-4.65 2.00-2.04 0.74-0.87 0.05 0.53-0.54 1.78-1.83 0.13-0.17
3 35.1 32.18 37.84 1.46 10.52 6.89 3.02 0.81 0.07 0.80 2.72 0.23
Caprock 8 74.1-96.8 6 43.53-53.97 1.73-12.09 0.02-1.62 0.42-2.91 0.29- 2.00 0.50-1.24 <0.01-0.29 0.02-0.03 0.02-0.15 0.09-0.64 0.11-0.35
89.5 49.35 6.29 0.30 1.66 1.07 0.89 0.11 0.03 0.09 0.34 0.18
Upper Steel 6 97.3-98.9 6 54.60-55.55 0.23-1.19 <0.01-0.02 0.06-0.32 0.05-0.15  0.29-0.39 <0.01 0.01 0.01 0.02-0.06  0.02-0.09
98.2 55.15 0.64 0.01 0.21 0.10 0.31 <0.01 0.01 0.01 0.04 0.05
Aglime 6 90.5-95.4 6 51.57-53.44 2.00-3.51 0.02-0.44 0.62-1.05 0.27-0.57 0.64-1.08 0.01-0.05 0.01-0.02 0.03-0.05 0.10-0.16 0.04-0.10
94.5 52.69 2.61 0.28 0.79 0.40 0.82 0.02 0.01 0.04 0.13 0.06
()
c
i<}
é High Grade 6 95.3-99.5 6 53.37-54.78 0.76-1.95 <0.01-0.37 0.23-0.48 0.17-0.27  0.44-0.85 <0.01-0.01 0.01 0.01-0.02  0.03-0.09  0.03-0.05
5 97.2 54.10 1.38 0.20 0.38 0.22 0.62 <0.01 0.01 0.02 0.06 0.04
Lower Steel 5 96.3-98.7 6 54.00-55.12 0.71-1.59 <0.01-0.15 0.18-0.41 0.12-0.22 0.39-0.57 <0.01 0.01 0.01-0.02 0.03-0.07 0.03-0.05
97.3 54.51 1.12 0.04 0.28 0.16 0.45 <0.01 0.01 0.01 0.05 0.04
Sub-economic 3 94.5-95.6 3 53.91-53.96 1.45-2.23 <0.01-0.01 0.36-0.41 0.18-0.44  0.43-0.54 <0.01 0.01-0.02  0.01-0.02  0.07-0.09  0.05-0.06
95 53.94 1.74 0.01 0.39 0.29 0.49 <0.01 0.01 0.02 0.08 0.05
Diffuse seams 3 84.1-87.4 3 47.00-49.51 6.31-9.21  0.02-1.01 1.88-2.74 0 .90-1.04 0.89-0.97 0.10-0.17 0.01 0.09-0.13  0.27-0.49 0.076-0.11
85.4 48.27 7.64 0.61 2.23 0.99 0.91 0.13 0.01 0.11 0.37 0.08
Discrete seams 9 16-62.1 9 14.86-26.18 26.73-56.67 <0.01-4.97 6.98-1 2.03 3.48-6.99 0.97-6.90 0.42-1.70 0.02-0.06  0.28-0.65 1.48-2.34  0.12-6.16
37.7 20.01 39.10 1.05 9.22 4.99 3.02 1.00 0.04 0.46 1.98 0.98
%)
8
% Joint infills (type 1) 7 5.8-95.9 6 1.43-49.07 7.23-59.46 <0.01-1.32 1.48-1 8.84 0.11-6.54 1.02-2.81 <0.01-0.63 0.01-0.05 0.01-0.81 0.05-2.19 0.01-0.30
E 62.7 30.67 27.02 0.26 7.93 3.54 1.72 0.29 0.03 0.32 0.97 0.15
E
£
€
3
.é’ Palygorskite (type 2) 2 65.1-68.8 2 36.94-38.02 18.86-20.52 0.26-0.49 3.86-4.33  0.64-0.94 3.51-3.52 0.02-0.12 0.02 0.05-0.07  0.20-0.26 0.11
67 37.48 19.69 0.37 4.09 0.79 3.51 0.07 0.02 0.06 0.23 0.11
Cave infills 3 0-10.7 3 1.04-8.91 49.71-61.49 <0.01 16.87-21.06 5.57-8.86 2.07-2.50 0.29-1.02 0.03-0.06 0.67-0.78 1.74-1.98 0.08-0.36
2.7 3.96 55.09 <0.01 18.86 6.96 231 0.57 0.05 0.72 1.86 0.22
S
E. Surface accumulations 2 68.7-73.3 23 40.67-41.18 12.91-15.08 0.34-0 .86 3.57-3.72 1.76-1.78 1.93-2.22 0.21-0.31 0.02 0.16-0.20 0.57-0.67 0.34-0.86
21;)_ 71 40.93 13.99 0.60 3.65 1.77 2.07 0.26 0.02 0.18 0.62 0.17
[e]
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Table 8.1continued. Note abbreviations: Dolo. = Dolomf{igisto. = Cristobalite, Feld. = Feldspar, Glauckuconite, Smec. = Smectite, Vermic. = Vermiculidalloy.
= Halloysite, Paly. = Palygorskite, Gibb. = Giblksitmod. = moderately, and ext. = extremely.

Mineral composition and textural characterisitics o

f quarry units and discontinuity materials

Quarry unit or discontinuity Clay minerals

Range & average

material Calcite Dolo. Quartz Cristo. Feld. Pyrite Glauc. Gypsum Smec. Vermic. Halloy. lllite Paly. Gibb. . _gr.am size of Sorting
siliciclasts (mm)
Kauroa Ash . . . . . . 0.002-0.18 poorly to mod.
av. 0.01
c
(]
E 0.01-0.84 sorted
g Mahoenui Group mudstones . . . . . . av.=0.01 poorly to mod.
3
Caprock . . . . . 0.07-0.29 sorted
mod. sorted
Upper Steel . . . . . 0.12-2.4 mod. sorted
Aglime . . . ° . 0.05-0.24 mod. sorted
Q
c
i)
aE"»’ High Grade . . . . o 0.07-0.24 mod. sorted
£
Lower Steel . . . ° . 0.1-0.72 mod. sorted
Sub-economic . . . . . 0.1-0.53 mod. sorted
Diffuse seams . . . . . 0.08-0.2 well sorted
Discrete seams . . . . . . . . 0.001-0.18 poorly to well
av.=0.01 sorted
0
8
£ Joint infills (type 1) o o . . . 0.002-32 mod. well to ext.
E av. = 0.66 poorly sorted
£
£
€
3
.é’ Palygorskite (type 2) . . . - -
Cave infills . . . . . 0.002-0.04 mod. to well
av.=0.01 sorted
]
£ Surface accumulations . . . - -
@
j=R
o
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8.8 Chemical composition of quarry limestone units

The range and average chemical composition of therg limestone units is
included in Table 8.1. The chemical compositionatif sample types largely

reflects their mineral composition.

In general, CaO associated with the mineral caligt@bundant in all quarry
limestone units where concentrations are similat,i$ highest in the Upper Steel
unit, variable in the Caprock, similar in the Lowgteel and High Grade, and
lowest in the Aglime and Sub-economic units. S$i@l,0; and FgO; are
associated with the minerals quartz, feldspar, aglaite, and clays and are most
common in the lower quality quarry limestones saslthe Caprock, Aglime, and
Sub-economic units compared to the High Grade, kdsteel, and Upper Steel
units. Minor oxides, including MnO, TQ KO, SQ, P,Os, MgO, and NgO,
occur in very low concentrations in all quarry lishenes (<2%). S£is
associated with the minerals pyrite and/or gypsunckvare locally common in
the Mahoenui Group mudstones which overlie the @dpr SQ is highest in
some Caprock samples (likely sourced from pyritethis unit), followed by
Aglime and High Grade where $@robably resides in pyrite grains or infills.
SGO; occurs in much lower concentrations in the UppeelS Lower Steel, and
Sub-economic units where pyrite occurs in relagivdbwer abundance

(determined from petrography) compared to the affo@rry limestone units.

8.9 Chemical composition of overburden units and

discontinuity materials

The chemical composition of overburden units anscatinuity materials is
summarised in Table 8.1. The chemical data arkljhigariable between these
deposits as a result of their different sources andins. The chemical
composition of the overburden units and mineral emat occurring in the

discontinuities is very different to that in theagry limestone units.

The highest CaO values occur in the Mahoenui Grmugstones because they are
calcareous (i.e. rich in calcareous fossils suctplasktic foraminifera). The

concentration of CaO is very low in the Kauroa Ash.3%).
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CaO concentrations are also relatively high in asiouity materials which have
been inherited from the limestone, such as diffuse discrete seams. Joint type
1 (smectite-rich) infills show a variation of Ca@lwes reflected in the relative
contribution of blasted limestone fragments in ¢gheamples. Joint type 2 infill
(palygorskite-rich) has relatively high CaO (av.9®8as formation of this clay
mineral is associated with limestone. Surface @cdations also show relatively
high CaO values because they are a dust coating lftasting and vehicle traffic

on roads.

Si0, and ALO; are also highly variable across the overburdensuaind
discontinuity materials. SiOlargely resides in the minerals quartz (and minor
cristobalite), feldspar, and a number of clays sashsmectite, palygorskite,

halloysite, gibbsite, and vermiculite (proven uskigD).

Al,O5 largely resides in aluminosilicate clay mineralsd afeldspars so, as
expected, clay rich overburden units and discoittimaaterials show high AD;
concentrations, including the Kauroa Ash, cavellgfiand Mahoenui Group

mudstones.

FeOs; shows a range of concentrations for overburdertsumdiscontinuity
materials, and surface accumulations, and is aa®acwith clay minerals such as

vermiculite and illite, and authigenic minerals Isas glauconite and pyrite.

Minor oxides including MnO (<0.1%), TiJup to 1.1%), EOs, (up to 6.2%), and
NaO (up to 1.7%) all occur at relatively low conceuibns. MgO occurs up to
7%, KO associated with clay minerals up to 2.4%, and &3ociated with pyrite
and gypsum (up to 5%) is more variable across veeboirden units, discontinuity

materials, and surface accumulations (Table 8.1).

8.10 Ground penetrating radar (GPR)

GPR was trialled in July 2007 as a geophysicalriegte for detecting subsurface
caves within the quarry. A cave exposed in theelolench of the High Grade on
the western side of the quarry was detected by GPRnsects trending north-

south (perpendicular to trend of cave) and east-\{gwallel to trend of cave)
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were completed, and showed that the cave was leésttdd when the transects
were perpendicular to the trend of the cave. Asottave in the Aglime unit

above was also detected.

However, some limitations in the trial were alsentfied, including: (1) cave
infills cannot be quantified as they are not imagethg the GPR technique; (2)
caves cannot be detected beyond an effective piostrdepth of about 10 m
with the system used; (3) quarry walls interfereéhwieceived reflections; (4)
caves are not detected if the GPR transects anelinige parallel to the cave
structure; and (5) shape, size, and continuityaves cannot be determined using

this system.

8.11 Conclusions

Sources of silica in McDonald’s Oparure Lime Quarg mainly associated with
discontinuities which can be grouped into primaoyrses (discrete and diffuse
seams, and stylolites) and secondary sources (jdiiis, cave infills). Surface

accumulations are also a source of silica but pegation induced, and arise from
blast and road dust coating rock surfaces. FiguB summarises the main
geological events that have introduced silica itite limestone resource over

time. This study has demonstrated the followingobasions:

= Significant quantities of silica are mostly asstmibwith discrete and
diffuse seams in the limestone units which effedtivcontrol the bulk

composition, including the CaG@ontent, of each quarry limestone unit.

= Silica levels inside the host rock limestone to soextent control their
chemical quality, particularly in the Aglime andi&seconomic units, but
values are much lower (typically less than 10%) parad to materials
within the discontinuities.

= High contents of silica are also associated wighdtierburden units at the

quarry, including the Kauroa Ash and Mahoenui Grouglstones.
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Discontinuities containing silica-rich materials viea been introduced
during different stages of limestone evolution tigb time (Figure 8.3),
Three broad types of discontinuities are identifigd) diagenetic
discontinuities involve discrete (concentrated) diiflise (more dispersed
throughout the limestone) dissolution seams, amth@izontal stylolites;
(2) tectonic discontinuities (vertical joints) asdbvertical stylolites; and

(3) weathering discontinuities (caves and othestki@atures).

Discrete and diffuse seams and stylolites are atiy associated with the
limestones and are cemented in the rock. Theesilis minerals in the
seams and stylolites were sourced during depositid@rmittently or
simultaneously with the associated skeletal catsosadiments, and have
become concentrated as a result of pressure dissolduring burial and

cementation of the limestones.

Vertical joints have silica-rich infills that hageen washed in and are
mainly sourced externally from the overlying Mahoe@Group mudstones
and Kauroa Ash (overburden units). Palygorskitay(anineral) also
forms in situ within joints as a chemical precipitate, acting awther

infill.

Caves have silica-rich infills that have mainly beeashed in and sourced
externally from the overlying Mahoenui Group muds&e and Kauroa
Ash. Palygorskite has also been identified in dafés, but is generally

less common than in joint infills.

Ground penetrating radar (GPR) has been succesdfigtecting caves in
the McDonald’s Oparure Lime Quarry resource, anddéserving of

further more detailed assessment as an exploriatan

The thickness relationships of the limestone fldgsst limestone) and
their contained seams are critical when quantifyting total amount of

silica present in the rock mass.
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8.12 Recommendations

The joint and cave discontinuity infill materialseaunconsolidated and so should
easily be shaken off the limestone during stonecgssing (e.g. blasting,

crushing), before ultimately reaching the stoclgil&oth these infills share some
characteristics with overburden units, such as @jran size and similar mineral

and oxide content. The infills cannot be easihgérprinted to see if they match
the compositions of the overburden units. Thibasause the materials washing
down into the caves and joints are likely to be adixn origin and to have been

substantially altered by weathering and duringdpamt in acidic waters.

Discrete and diffuse seams are inherited from withe limestone, so any method
to attempt to remove these discontinuities requardgferent approach. They are
cemented in the limestones by varying amounts wiNtg calcite cement. After
initial blasting, any discrete seam material ledhimd has important implications
for limestone processing. Any discrete seam nadten the host limestone block
surfaces would tend to drop off during crushing anceening of the limestone.
However, some significant residual seam materialccbe anticipated to remain
on the limestone block surfaces, and would recaidegree of encouragement to
maximise removal of remaining discrete seam mdterRersonal observations,
noted when cutting samples using a saw that isdated by water, show that

water effectively loosens discrete seam materahfthe host limestone surfaces.

Diffuse seams are much less common than discretmssecross the quarry
limestone units. From outcrop and core observationappears that diffuse
seams occur mainly in the Aglime where they conepup to 30% (and typically
12%) of the limestone, but they do also occur yaielthe other limestone units.
Because silica in diffuse seams is disseminatezligirout the limestone, it is not

readily removed during current processing procesiure

In regards to any further GPR work, it is imperatithat multiple transects at
different orientations are made in order to detaut caves that may be present.
The use of a shielded GPR is also advised, to awnb@iferences from features
such as quarry walls. This trial has confirmed B&R is a valid tool to use to

help detect caves beneath the quarry floor, whics hhree important
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implications: (1) the location of caves can be pred prior to quarry blasting;
(2) knowing cave locations can potentially imprdfie safety of quarry staff, as
they can anticipate any problems that are assaciatéh caves in quarry
operations; and finally (3) because caves have hdentified as traps for
siliceous materials, quarry operators can antieipaé interception of silica rich

zones prior to blasting and proceed more cautiously
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Appendix A-1.1: Sourced from Simonson (2005): Sumnmga report on the
2005 drilling programme undertaken at Oparure Quarry, Te Kuiti for
McDonald's Lime Ltd. Ormiston Associates Ltd. Ocbber 2005.

Ml Dy 1 e 1 sdl.

Oparrire Ciearry

1.4 Silica Concentration Limit

Recent experimental work on the silica concentration limit in the raw materials has been
carried out by McDonald’s Lime.  Cutnngs from four blast dnllholes within the lower
steel grade and one blast hole within the high grade lmestone were compiled into
composite samples, within one sample representing the entire shot. These samples were

analysed by XRE.

Ongee blasted the rock was crushed and samples collected of the sereened product for use
in the Ororohanga plant. The full quantnes of rock produced by the sampled blast was
used in the mal. The samples taken were riffled into a composite sample which was also
NRF-analysed by Spectrachem Lid. The results of the analyses are included in Table 2

below:

Table 2: Silica Concentrations, Raw Material VS Kiln Feed

PARAMETER

Fe,0y

A0y

Na,O
Lol

262C %7¢C 2%9¢C 264C
Shot | KinFeed | Change = Shot | KinFeed | Change | Shot | KinFeed = Change | Shot |KilnFeed | Change
024 o5 023 | 02¢ (HG)
00 0.00 par | o | om 009
0oz o0 a0 ooz | oo o
5435 nes 441 5372 05
007 00 0a? noE 002
D02 (1] D
001 ooe o2
028 2 071
025 ]
[ 4z
2 004
-Dog 4262
051 | 9378

051 reduczon
016 reducion

052 inirease
024 incrasse

The results confirm the suppositon previously observed that thar silica concentrations are
Pl I }

reduced by the processes of blasting, extractung and crushing the imestone.  An average

reduction of 0.31% was observed as above therefore the 510 mit was raised from the

previous 1.7% to 2.2% in the drill hole data for the purposes of this report. While the

results of the trial show a definute decrease mn silica levels from dnll hole dara to kiln feed,

it should be noted thar the L!Ll;!:'lli[:’l[l\'i: value of 0.5% is based on unl} four tests, within

which the decrease observed varied from 0.26% 1o 0.7

In order to more rigorously

define the sil should be undertaken.

ca limit, we recommend more testir

Ormiston Associaes Lid,
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The remainder of the results above indicate that most oxides remain unchanged through

]
/

the process, with the exception of a reductions in FexO; (0.07 and ALOs (0.16%0).
Given the low concentrations of these clements the reductions shown equate o

approximately one third of both the iron oxide and the alumina.

As both of these oxides can be considered related 1o weathering processes their losses
may be linked to fine gramed clays and joint-lining material being lost from the raw

material by the moving and crushing processes.

1.5 Calcium Oxide Concentration Limit

The Ca®) content in most of the test samples above increased by an average of 0.5%,
which is considered 1o be a proportionate reflection of the loss of silica. Therefore there
may be scope 1o decrease the CaO) limits in the raw material. However, the CaO) results
from the wial were variable, with Shot 252C decreasing by 0.57%, and the CaO) content of

the remaining three samples increasing by 0.58 to 1.15%. The standard deviation of the

results is (1.75, therefore we recommend further work is undertaken prior to applving any
change to the Ca0) raw material imits at this stage. This work 1s certainly significant, as a

decrease in required Ca0) content in the order of 0.5% could potentially greatly increase

the raw material volumes designated as steel grade guality.

Ormiston Assoctates |1
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Appendix A-1.2 Sample catalogue. Grid coordinate€NZ Map Grid) for McDonald’s Quarry are N6316539.8,E2691394.5 and
for drill hole BH502 N63167105, E2690996.9. Abbrétions: Argill. Ist = Argillaceous limestone, Spary Ist. = Sparry

limestone, Micritic Ist. = Micritic limestone, T-sect = Thin section, A-titration = Acid titration, XR F = X-ray fluorescence, XRD
= X-ray diffraction, Las-siz = Laser particle size analysis, SEM = Scanning electron microscopy, Surfaccum = Surface
accumulation, Handspec = Hand specimen, Ot = Otor@mga Limestone, Calc. mudstone = Calcareous mudst®n * = core

sample.
iznmnl;re]? E St’:\i:mre nErflt?er Lithological Quarry unit Location Sample type(s) Lab methods
1 W20080001 *9 Argill. Ist. Caprock, Ot BH502, box 9, 26 m depth Powder XRF, A-titration
2 W20080002 *9.1 Argill. Ist. Caprock, Ot BH502, box 9, 26 m depth T-sect Petro
3 W20080003 *9.2 Argill. Ist. Caprock, Ot BH502, box 9, 26 m depth T-sect Petro
4 W20080004 *10.1 Sparry Ist. Upper Steel, Ot BH502, box 10, 28 m depth T-sect Petro
5 W20080005 *10.2 Sparry Ist. Upper Steel, Ot BH502, box 10, 28 m depth T-sect Petro
6 W20080006 *10.3 Sparry Ist. Upper Steel, Ot BH502, box 10, 28 m depth T-sect Petro
7 W20080007 *11 Micritic Ist. Aglime, Ot BH502, box 14, 40 m depth T-sect Petro
8 W20080008 *12.1 Micritic Ist. Aglime, Ot BH502, box 15, 41 m depth T-sect Petro
9 W20080009 *12.2 Micritic Ist. Aglime, Ot BH502, box 15, 41 m depth T-sect Petro
10 W20080010 *12.3 Micritic Ist. Aglime, Ot BH502, box 15, 41 m depth T-sect Petro
11 W20080011 *13 Diffuse seam Aglime, Ot BH502, box 15, 43 m depth Powder XRF, A-titration
12 W20080012 *13.1 Micritic Ist. Aglime, Ot BH502, box 15, 43 m depth T-sect Petro
13 W20080013 *13.2 Micritic Ist. Aglime, Ot BH502, box 15, 43 m depth T-sect Petro
14 W20080014 *13.3 Micritic Ist. Aglime, Ot BH502, box 15, 43 m depth T-sect Petro
15 W20080015 *14 Sparry Ist. High Grade, Ot BH502, box 19, 53 m depth T-sect Petro
16 W20080016 *15.1 Sparry Ist. High Grade, Ot BH502, box 20, 57 m depth T-sect Petro
17 W20080017 *15.2 Sparry Ist. High Grade, Ot BH502, box 20, 57 m depth T-sect Petro
18 W20080018 *15.3 Sparry Ist. High Grade, Ot BH502, box 20, 57 m depth T-sect Petro
19 W20080019 *15.4 Sparry Ist. High Grade, Ot BH502, box 20, 57 m depth T-sect Petro
20 W20080020 *16 Sparry Ist. Lower Steel, Ot BH502, box 26, 74 m depth T-sect Petro
21 W20080021 *17.1 Sparry Ist. Lower Steel, Ot BH502, box 26, 74.6 m depth T-sect Petro
22 W20080022 *17.2 Sparry Ist. Lower Steel, Ot BH502, box 26, 74.6 m depth T-sect Petro
23 W20080023 *17.3 Sparry Ist. Lower Steel, Ot BH502, box 26, 74.6 m depth T-sect Petro
24 W20080024 *18.1 Sparry Ist. Lower Steel, Ot BH502, box 27, 78 m depth T-sect Petro
25 W20080025 *18.2 Sparry Ist. Lower Steel, Ot BH502, box 27, 78 m depth T-sect Petro
26 W20080026 *18.3 Sparry Ist. Lower Steel, Ot BH502, box 27, 78 m depth T-sect Petro
27 W20080027 *18.4 Sparry Ist. Lower Steel, Ot BH502, box 27, 78 m depth T-sect Petro
28 W20080028 *19.1 Sparry Ist. Sub-economic, Ot BH502, box 31, 88 m depth T-sect Petro
29 W20080029 *19.2 Sparry Ist. Sub-economic, Ot BH502, box 31, 88 m depth T-sect Petro
30 W20080030 *19.3 Sparry Ist. Sub-economic, Ot BH502, box 31, 88 m depth T-sect Petro
31 W20080031 *20 Argill. Ist. Caprock, Ot BH502, box 9, 25.5 m depth T-sect Petro
32 W20080032 *21 Diffuse seam Caprock, Ot BH502, box 9, 26 m depth T-sect/powder Petro, XRF, A-titration
33 W20080033 *22 Calc. mudstone Mahoenui Group BH502, box 9, 25 m depth Handspec Las-siz
34 W20080034 *23.2 Argill. Ist. Caprock, Ot BH502, box 10, 27 m depth T-sect Petro
35 W20080035 *24.1 Sparry Ist. Upper Steel, Ot BH502, box 10, 28 m depth T-sect Petro
36 W20080036 *24.2 Sparry Ist. Upper Steel, Ot BH502, box 10, 28 m depth T-sect Petro
37 W20080037 *24.3 Sparry Ist. Upper Steel, Ot BH502, box 10, 28 m depth T-sect Petro
38 W20080038 *25 Sparry Ist. Upper Steel, Ot BH502, box 12, 35 m depth T-sect Petro
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Appendix A-1.2 continued.

Eﬂnmntlar;? E SC'\.IOS-IOFE nL'J:rlslbder Lithological Quarry unit Location Sample type(s) Lab methods
39 W20080039 *26 Argill. Ist. Caprock, Ot BH502, box 9, 25 m depth Powder XRF, XRD, A-titration
40 W20080040 *27 Diffuse seam Caprock, Ot BH502, box 10, 27 m depth T-sect/powder Petro, XRF, A-titration
41 W20080041 27B Argill. Ist. Caprock, Ot BH502, box 10, 27 m depth Powder A-titration
42 W20080042 *28 Sparry Ist. Upper Steel, Ot BH502, box 10, 28 m depth Powder XRF, A-titration
43 W20080043 *29 Sparry Ist. Upper Steel, Ot BH502, box 11, 36.5 m depth Powder XRF, XRD, A-titration
44 W20080044 *30 Sparry Ist. Upper Steel, Ot BH502, box 13, 36 m depth T-sect Petro
45 W20080045 *3la Sparry Ist. Upper Steel, Ot BH502, box 13, 36 m depth Powder XRF, A-titration
46 W20080046 *32 Micritic Ist. Aglime, Ot BH502, box 13, 36 m depth T-sect Petro
47 W20080047 *34 Diffuse seam Aglime, Ot BH502, box 14, 38 m depth T-sect/powder Petro, XRF, XRD, A-titration
48 W20080048 *35 Micritic Ist. Aglime, Ot BH502, box 14, 38 m depth T-sect/powder Petro, XRF, A-titration
49 W20080049 *36 Micritic Ist. Aglime, Ot BH502, box 15, 41 m depth Powder XRF, A-titration
50 W20080050 *37 Micritic Ist. Aglime, Ot BH502, box 16, 44 m depth Powder XRF, XRD, A-titration
51 W20080051 *38 Sparry Ist. High Grade, Ot BH502, box 18, 50 m depth T-sect Petro
52 W20080052 *39 Sparry Ist. High Grade, Ot BH502, box 18, 50 m depth Powder XRF, XRD, A-titration
53 W20080053 *40 Sparry Ist. High Grade, Ot BH502, box 19, 55 m depth T-sect Petro
54 W20080054 *40.2 Sparry Ist. High Grade, Ot BH502, box 19, 55 m depth T-sect Petro
55 W20080055 *41 Sparry Ist. High Grade, Ot BH502, box 19, 55 m depth Powder XRF, A-titration
56 W20080056 *42 Sparry Ist. High Grade, Ot BH502, box 21, 56 m depth Powder XRF, A-titration
57 W20080057 *43 Sparry Ist. High Grade, Ot BH502, box 22, 61.5 m depth T-sect Petro
58 W20080058 *46 Sparry Ist. Lower Steel, Ot BH502, box 24, 67 m depth Powder XRF, A-titration
59 W20080059 *47 Sparry Ist. Lower Steel, Ot BH502, box 24, 67 m depth T-sect Petro
60 W20080060 *48 Sparry Ist. Lower Steel, Ot BH502, box 24, 67 m depth Powder XRF, A-titration
61 W20080061 *49.1 Sparry Ist. Lower Steel, Ot BH502, box 25, 70 m depth T-sect Petro
62 W20080062 *49.2 Sparry Ist. Lower Steel, Ot BH502, box 25, 70 m depth T-sect Petro
63 W20080063 *51 Sparry Ist. Lower Steel, Ot BH502, box 26, 73 m depth T-sect Petro
64 W20080064 *52 Sparry Ist. Lower Steel, Ot BH502, box 26, 73 m depth Powder XRF, XRD, A-titration
65 W20080065 *55 Sparry Ist. Lower Steel, Ot BH502, box 27, 76 m depth T-sect Petro
66 W20080066 *56 Sparry Ist. Sub-economic, Ot BH502, box 30, 85 m depth Powder XRF, XRD, A-titration
67 W20080067  *57.2A Sparry Ist. Sub-economic, Ot BH502, box 30, 85 m depth T-sect Petro
68 W20080068 *57.1B Sparry Ist. Sub-economic, Ot BH502, box 30, 85 m depth T-sect Petro
69 W20080069 *58 Sparry Ist. Sub-economic, Ot BH502, box 31, 87.3 m Powder XRF, A-titration
70 W20080070 *59.4 Sparry Ist. Sub-economic, Ot BH502, box 31, 88 m depth T-sect Petro
71 W20080071 *60 Sparry Ist. Sub-economic, Ot BH502, box 32, 90.5 m depth Powder XRF, A-titration
72 W20080072 *61 Diffuse seam Sub-economic, Ot BH502, box 32, 91 m depth T-sect/powder Petro, XRF, A-titration
73 W20080073 *66.1 Sparry Ist. Sub-economic, Ot BH502, box 34, 97.5 m depth T-sect Petro
74 W20080074 *66.3 Sparry Ist. Sub-economic, Ot BH502, box 34, 97.5 m depth T-sect Petro
75 W20080075 *66.4 Sparry Ist. Sub-economic, Ot BH502, box 34, 97.5 m depth T-sect Petro
76 W20080076 *71 Volc. ash Kauroa Ash BH502, box 1, 2 m depth Handspec/powder Las-siz, XRD, A-titration
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Appendix A-1.2 continued.

Running E Sc. Store Field

number No. number Lithological Quarry unit Location Sample type(s) Lab methods
77 W20080077 *72 Volc. ash Kauroa Ash BH502, box 2, 5 m depth Handspec/powder Las-siz, XRD, A-titration
78 W20080078 100 Joint infill Lower Steel, Ot Lower Steel, eastern face, McD's Q Handspec/powder XRF, XRD, A-titration
79 W20080079 102 Joint infill Lower Steel, Ot Lower Steel, eastern face, McD's Q Powder XRF, XRD, A-titration
80 W20080080 105 Joint infill High Grade, Ot High Grade northern face, McD's Q Handspec/powder SEM, A-titration
81 W20080081 107 Joint infill High Grade, Ot High Grade, eastern face, McD's Q Handspec/powder Sieving, Las-siz, XRF, XRD, A-titration
82 W20080082 108 Discrete seam High Grade, Ot High Grade, northern face, McD's Q Handspec Las-siz
83 W20080083 109 Joint infill High Grade, Ot High Grade northern face, McD's Q Handspec Sieving, Las-siz
84 W20080084 110 Discrete seam High Grade, Ot High Grade northern face, McD's Q Powder XRF, A-titration
85 W20080085 111 Sparry Ist. High Grade, Ot High Grade northern face, McD's Q Powder/handspec XRF, A-titration
86 W20080086 112 Sparry Ist. Lower Steel, Ot  Lower Steel, northern face, McD's Q Powder/handspec XRF, A-titration
87 W20080087 114 Joint infill Aglime, Ot Aglime, southern face, McD's Q Handspec/powder Las-siz, XRF, XRD, A-titration
88 W20080088 116 Joint infill Aglime, Ot Aglime, southern face, McD's Q Powder A-titration
89 W20080089 117 Discrete seam Aglime, Ot Aglime, southern face, McD's Q Handspec, powder Las-siz, XRF, XRD, A-titration
90 W20080090 118 Discrete seam Aglime, Ot Aglime, southern face, McD's Q Handspec, powder Las-siz, XRF
91 W20080091 119 Joint infill Aglime, Ot Aglime, southern face, McD's Q Powder XRF, XRD, A-titration
92 W20080092 121 Sparry Ist. Upper Steel, Ot  Upper Steel, northern face, McD's Q Powder/handspec/T-sect XRF, A-titration
93 W20080093 123 Sparry Ist. Upper Steel, Ot  Upper Steel, northern face, McD's Q Powder/handspec XRF, A-titration
94 W20080094 124 Sparry Ist. Aglime, Ot Aglime, southern face, McD's Q Powder/handspec XRF, A-titration
95 W20080095 125 Sparry Ist. Aglime, Ot Aglime, southern face, McD's Q Powder/handspec/T-sect XRF, A-titration
96 W20080096 126 Calc. mudstone  Mahoenui Group Mahoenui Gp, northern face, McD's Q Handspec/powder XRF, XRD, A-titration
97 W20080097 127 Calc. mudstone  Mahoenui Group Mahoenui Gp, northern face, McD's Q Handspec/powder XRF, XRD, A-titration
98 W20080098 128 Sparry Ist. High Grade, Ot High Grade, northern face, McD's Q Powder XRF, A-titration
99 W20080099 130 Discrete seam Upper Steel, Ot  Upper Steel, northern face, McD's Q Powder XRF, XRD, A-titration
100 W20080100 135 Sparry Ist. Upper Steel, Ot  Upper Steel, northern face, McD's Q Powder/T-sect XRF, A-titration
101 W20080101 136 Argill. Ist. Caprock, Ot Caprock, northern face, McD's Q Powder A-titration
102 W20080102 138 Discrete seam Upper Steel, Ot  Upper Steel, northern face, McD's Q Powder Las-siz, XRF, A-titration
103 W20080103 139 Discrete seam Upper Steel, Ot  Upper Steel, northern face, McD's Q Handspec/powder Las-siz, A-titration
104 W20080104 140 Joint infill Upper Steel, Ot  Upper Steel, northern face, McD's Q Powder XRF, A-titration
105 W20080105 141 Discrete seam Aglime, Ot Aglime, northern face, McD's Q Handspec, powder Las-siz, XRF, A-titration
106 W20080106 143 Cave infill Upper Steel, Ot Upper Steel, western face, McD's Q Powder Las-siz, XRF, XRD, A-titration
107 W20080107 144 Joint infill High Grade, Ot High Grade, northern face, McD's Q Handspec, powder Las-siz, XRF, A-titration
108 W20080108 145 Discrete seam High Grade, Ot High Grade, northern face, McD's Q Powder XRF, XRD, A-titration
109 W20080109 146 Cave infill High Grade, Ot High Grade, western face, McD's Q Powder/handspec Las-siz, XRF, XRD, A-titration
110 W20080110 147 Discrete seam Lower Steel, Ot Lower Steel, western face, McD's Q Powder XRF, XRD, A-titration
111 W20080111 148 Joint infill Lower Steel, Ot Lower Steel, western face, McD's Q Powder XRF, A-titration
112 WwW20080112 150 Surf. accum. Aglime, Ot Aglime, northern face, McD's Q Powder XRF, XRD, A-titration
113 W20080113 151 Sparry Ist. Aglime, Ot Aglime, southern face, McD's Q Handspec, powder XRF, A-titration
114 W20080114 152 Discrete seam Aglime, Ot Aglime, eastern face, McD's Q Handspec Las-siz
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Appendix A-1.2 continued.

Running  E Sc. Store Field

number No. number Lithological Quarry unit Location Sample type(s) Lab methods
115 W20080115 153 Sparry Ist. Lower Steel, Ot  Lower Steel, northern face, McD's Q Powder/handspec/T-sect XRF, A-titration
116 W20080116 154 Cave infill Lower Steel, Ot Lower Steel, western face, McD's Q Powder Sieving, Las-siz, XRF, XRD, A-titration
117 W20080117 155 Surf. accum. Aglime, Ot Aglime, northern face, McD's Q Powder XRF, A-titration
118 W20080118 156 Sparry Ist. High Grade, Ot High Grade, western face, McD's Q Powder/T-sect XRF, A-titration
119 W20080119 157 Sparry Ist. Lower Steel, Ot  Lower Steel, northern face, McD's Q Powder/handspec XRF
120 W20080120 159 Discrete Lower Steel, Ot Lower Steel, northern face, McD's Q Powder XRF, A-titration
121 W20080121 160 Cave infill Upper Steel, Ot  Upper Steel, northern face, McD's Q Handspec Las-siz
122 W20080122 161 Cave infill Upper Steel, Ot Upper Steel, western face, McD's Q Handspec Las-siz
123 W20080123 162 Discrete seam Upper Steel, Ot  Upper Steel, northern face, McD's Q Handspec Las-siz
124 W20080124 163 Discrete seam Upper Steel, Ot  Upper Steel, northern face, McD's Q Handspec Las-siz
125 W20080125 164 Joint infill Aglime, Ot Aglime, southern face, McD's Q Handspec Sieving, Las-siz
126 W20080126 165 Joint infill Aglime, Ot Aglime, southern face, McD's Q Handspec Sieving, Las-siz
127 W20080127 166 Joint infill Upper Steel, Ot Upper Steel, western face, McD's Q Handspec Las-siz
128 W20080128 167 Volc. ash Kauroa Ash Roadside outcrop, Trooper's Rd Handspec/powder Las-siz, XRD, A-titration
129 W20080129 168 Joint infill High Grade, Ot High Grade, western face, McD's Q Handspec Sieving, Las-siz
130 W20080130 169 Joint infill High Grade, Ot High Grade, western face, McD's Q Handspec Sieving, Las-siz
131 W20080131 171 Discrete seam Lower Steel, Ot Lower Steel, northern face, McD's Q Handspec Las-siz
132 W20080132 172 Discrete seam High Grade, Ot High Grade, northern face, McD's Q Handspec Las-siz
133 W20080133 HQ3a Argill. Ist. Caprock, Ot Caprock, northern face, McD's Q Powder XRF, A-titration
134 W20080134 HQ3b Argill. Ist. Caprock, Ot Caprock, northern face, McD's Q Powder XRF, A-titration
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Appendix B-2.1 Comparison of some properties typidaof the traditional tropical shelf carbonate model (A) with those for nontropical limestones as exeniified by
modern (B) and Cenozoic (C) carbonate deposits ofeMs Zealand. Modified from Nelson et al., (1988aHayton et al., (1995), and Hood and Nelson (1996)L.MC = Low
Mg calcite (<4 mol% MgCOs), IMC = intermediate Mg calcite (4-10 mol% MgCGs), HMC = high Mg calcite (>10 mol% MgCOs).

Environmental or
facies parameter

A. Tropical shelf carbonates

B. New Zealand modern shelf carbonatesC. New Zealand Cenozoic shelf limestones

Latitude
Depositional setting

Marine climate zone
Sea-water temp. (mean )
Sea-water temp. (min.)
Sea-water salinity

CaCQ saturation at/in sea bed

Water circulation

Tectonic regime
Shelf gradient
Reef structures

Sedimentation rates
CaCQ content
Siliciclastic grains
Glauconite

Dolomite and evaporite minerals

From 365 to 30N
Shallow rimmed shelves antf@lans

Tropical-warm subtropical
Above’e3

About 12

Normal-hypersaline
Highly supersaturated

Restricted-open

Stable, slow subsidence
<0.5 m/km
Common (especially coral/coralgal)

10-100+ cm/ky
>90%
Rare
Rare

Common-rare

Non-skeletal carbonate grains (e.g. ooids,Common-abundant

pellets)

From 49S to 33S

From 66S to 35S

Deeper open shelves, ramps and platforms nGipelves, platforms and seaways

Waroel temperate
13-19C
9-12C
Normal
didupersaturated to ?locally
undersaturated
Open, strongtyrat and
tide-dominated
Stableabiest
0.25-2 m/km
None (some oyster banks)

1-15 cm/ky, oftdict
50-100%
Rare-abundant
Common, especially in skeletal dieam

Absent

Absent

Warm-cool temperate
Below 26C
About 5C
Normal
Infer mild supersaturation to local
undersaturation
Open, storm- and tide- dominated
shelves/seaways
Stable-unstable
>0.5 m/km
Rare (oyster banks; bayormunds)

<5 cm/ky, many diastems
50-100%
Rare-aboinda
Common, pelletal and in skeletal chambers

Absent (locally rare late diagenetic
dolomite)
Absent
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Appendix B-2.1 continued.

Environmental or
facies parameter

A. Tropical shelf
carbonate model

B. New Zealand modern
shelf carbonates

Main skeletal assemblages
(Hayton et al. 1995)

Algal mats/stromatolites
Overall diagenetic regime
Carbonate mud

Main origins of carbonate mud

Primary sediment mineralogy

Chlorozoan
Chloralgal

Common
Constructive
Common-abundant

Disintegration cagieen algae and
inorganic pptn.
Aragonite > HMC > IM@.MC

Main environs. of alteration of metastable Subaerial/meteoric

carb. grains
Environment of major lithification

Timing of cementation
Major carbonate cements
Major sources of cements

Carbonate petrography

Submarine andaarial/
meteoric
Mainly early diagenetic
Aragonite and HMC
Sea water and dissolofiamagonite
grains
Mud-, wacke-, pack-, rudzingrand
boundstones

Bryomol Bryomol, Echinofor
Bimol Barnamol, Rhodechfor
(Nannofor) Bimol (Nannofor)
Absent (or not eresd) Absent
Destructive Destructive
Absent-rare, flushddy-passed offshordbsent-rare, locally as matrix, increases
offshore

Physical abrasion, bioeros. & maceration 8keletal abrasion and bioerosion;
skeletons nannofossils
LMC+IMC > HMC = aragonite LMC+IMC > HMC= aragonite
Beginning submarine Submarirghétlow burial, rarely
subaerial
Unlithified Subsurface burial, rarely subaerial/e@ic
- Rarely early, mainly later diagenetic
- Rare IMC, mainly LMC (often ferroan)
- Pressure-dissolution of calcitic skeletons

Grain- and rudstones Grain-, pack- and rudstones

C. New Zealand Cenozoic shelf limestones



Appendix C-3.1 Rock mass data sheets

Date 28.6.07
Location: McDonald's Quarry, Upper Steel, northern face
Joint type: Horizontal flags
Northing N6316540
Easting E2691661
Elevation (m) 177
Orient. of face 88/010
Line No. 1
Flag thick. Distance  App. joint Aperture
Flag No. (mm) Joint No. (mm) spac. (m) No. of joints Dip___ Dip direction Width (mm) Infill* Moisture
1 250 250 0 yes wet
2 190 440 0 yes wet
3 410 850 0 yes wet
4 130 980 1 159 0 yes wet
5 560 1540 0 160 0 yes wet
6 100 1640 1 148 0 yes wet
7 170 1810 0 yes wet
8 130 1940 0 yes wet
Comments e.g. colour, infill material, weathering, discolouration
up to 1 inch leached seam above/below dissolution seam
same seam material as others (rusty brown silt) up to 4 mm thick
stylotised
photo 16 leached seam
infill* = infill type is a dissolution seam
All upper steel scanlines - wet/seepage from top rain few days earlier
NB: Orients. Don't match flags i.e. 3 randomly measured orients. along scanline
Date 28.6.07
Location: McDonald's Quarry, Upper Steel, northern face
Joint type: Horizontal flags
Northing N6316540
Easting E2691661
Elevation (m) 177
Orient. of face 88/010
Line No. 2
Flag thick. Distance  App. joint Aperture
Flag No. (mm) Joint No. (mm) spac. (m) No. of joints Dip___ Dip direction Width (mm) Infill* Moisture
1 290 290 0 yes moist
2 290 580 0 yes moist
3 300 880 1 258 0 yes moist
4 160 1040 1 182 0 yes moist
5 230 1270 1 178 0 yes moist
6 120 1390 0 yes moist
7 320 1710 0 yes moist
8 220 1930 0 yes moist
9 220 2150 0 yes moist
Comments e.g. colour, infill material, weathering, discolouration
leached seam thick up to one inch
Rusty brown silt inside seams, max seam thickness is 3 mm
stylotised
infill* = infill type is a dissolution seam
NB: Orients. Don't match flags i.e. 3 randomly measured orients. along scanline
Date 28.6.07
Location: McDonald's Quarry, Upper Steel, northern face midway
Joint type: Horizontal flags
Northing N6316540
Easting E2691661
Elevation (m) 177
Orient. of face 88/010
Line No. 3
Flag thick. Distance  App. joint Aperture
Flag No. (mm) Joint No. (mm) spac. (m) No. of joints Dip___ Dip direction Width (mm) Infill* Moisture
1 200 200 0 yes moist
2 220 420 0 yes moist
3 370 790 0 yes moist
4 150 940 0.5 182 0 yes moist
5 410 1350 1 162 0 yes moist
6 280 1630 0 150 0 yes moist
7 170 1800 0 yes moist
8 260 2060 0 yes moist
Comments e.g. colour, infill material, weathering, discolouration
up to 1 cm thick leached seams
up to 3 mm thick seams
<2 mm thick rusty brown seams - silty
infill* = infill type is a dissolution seam
stylotised
NB: Orients. Don't match flags i.e. 3 randomly measured orients. along scanline
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Date 28.6.07

Location: McDonald's Quarry, Upper Steel, northern face east corner
Joint type: Horizontal flags

Northing N6316540

Easting E2691661

Elevation (m) 177
Orient. of face 88/010

Line No. 4
Flag thick. Distance  App. joint Aperture
Flag No. (mm) Joint No. (mm) spac. (m) No. of joints Dip___ Dip direction Width (mm) Infill* Moisture
1 210 210 0 yes moist
2 150 360 0 yes moist
3 350 710 0 197 0 yes moist
4 370 1080 1 194 0 yes moist
5 380 1460 1 124 0 yes moist
6 210 1670 0 yes moist
7 260 1930 0 yes moist

Comments e.g. colour, infill material, weathering, discolouration
Up to 2 cm thick leached seams
NB: Orients. Don't match flags i.e. 3 randomly measured orients. along scanline
infill* = infill type is a dissolution seam
<2 mm thick rusty brown seams - silty

[stylotised

Date 28.6.07

Location: McDonald's Quarry, Upper Steel, northern face east corner
Joint type: Horizontal flags

Northing N6316540

Easting E2691661

Elevation (m) 177
Orient. of face 88/010

Line No. 5
Flag thick. Distance  App. joint Aperture
Flag No. (mm) Joint No. (mm) spac. (m) No. of joints Dip___ Dip direction Width (mm) Infill* Moisture
1 200 200 0 yes moist
2 320 520 0 yes moist
3 140 660 0 yes moist
4 140 800 05 154 0 yes moist
5 250 1050 0.5 153 0 yes moist
6 150 1200 0 192 0 yes moist
7 170 1370 0 yes moist
8 130 1500 0 yes moist
9 130 1630 0 yes moist
10 240 1870 0 yes moist
Comments e.g. colour, infill material, weathering, discolouration
NB: Orients. Don't match flags i.e. 3 randomly measured orients. along scanline
<2 mm thick rusty brown seams - silty
infill* = infill type is a dissolution seam
stylotised
Date 19.4.07
Location: McDonald's Quarry, Aglime, south western
Joint type: Master joint
Northing N6316013
Easting E2691289
Elevation (m) 167
Orient. of face  88/295
Line No. 1
Flag thick. Distance App.joint No. of Dip Aperture
Flag No. (mm) Joint No. (m) spac. (m) joints  Dip direction Width (mm) Infill Moisture
1 0 0 1-dogleg 90 314 0-2 yes dry-damp
2 2.3 2.3 1 85 303 tight yes sl.moist
3 54 31 1 90 308 tight yes infill moist
4 9.5 4.1 1 82 312 0-10 yes dry+dry infill
5 11 15 1 80 324 tight-relaxed yes dry+moist infill
6 0 0 86 296 v.relaxed yes dry
7 25 25 4 85 302 0 yes wet
8 6.6 4.1 87 302 0 yes dry, moist infill
9 6.9 2.8 2 - - relaxed yes dry, moist infill
10 9.1 2.2 81 303/124 0-5 yes dry, infill wet
11 11.3 2.2 8 87 298 0-10 yes v.wet
12 12.4 1.1 1 86 296 tight yes wet seepage
13 15.4 3 1 74 108 tight yes dry,infill moist
14 19.7 4.3 4 89 309 tight yes dry,damp infill

Comments e.g. colour, infill material, weathering, discolouration

Joint infill med brown/cream/orange and soft white, infill moist, face dry, wetter higher up and paly

Light brown rock, soft white paly? Up to 3 cm of paly - v. moist-wet. Lots of infill

Light pink/brown coating on rock, and dry paly - relaxed probably blast induced

Cavern 30 cm wide, note extensive brown infill material, shattered hard brittle white material?unusual. Meanders, curvaceous,
Oxidised 30 cm each side of joint, 1-2 mm aperture at bottom

Paly infill, curvy joint, soft and wet near top, shear zone? Cavity? 1.5 m wide zone

Joint 7 is a joint zone

Another joint grey rock, discoloured 20 cm wide either side of joint, thin papery paly, white brittle infill material

Paly, orange stained, thick in places, rock lightish orange/whitish, shattered. Joints closely spaced, relaxed 30 mm at bottom
Paly thick up to 2 cm, brittle white crystals, light grey/brown infill, rusty orange clay

300-400 mm spacing, paly, mix of light brown yellow infill and joint surfaces dripping water off face, joints curve with some masters
Mostly semi-continuous. 0.5 cm calcite lining, 2.9 m joint zone

Apparent spacing measured from end of zone. Rock oxidised 30 cm either side of joint. Straight joint. Major paly up to

2.5 cm thick. Light brown/orangey clay, joint relaxed at bottom

Paly, calcite lining

Paly few cm thick, semi-continuous joints, some straight some curved, orange brown clay, joints 30-40 cm spaced, 2 continuous,
2 semi-continous. 4 joints in 1 metre zone.

- difficult surface to measure
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Date 19.4.07

Location: McDonald's Quarry, Aglime, south western
Joint type: Small joints between master J3 and J4
Northing N6316013

Easting E2691289

Elevation (m) 167
Orient. of face  88/295

Line No. 2
Flag thick. Distance App. joint No. of Dip Aperture
Flag No. (mm) Joint No. (m) spac. (m) joints  Dip direction Width (mm) Infill Moisture
1 1.77 1.77 80 131 0-2 yes dry
2 2.3 0.53 86 314 0-2 yes dry
3 2.8 2.27 87 142 3 yes dry
4 3.2 0.93 84 294 3 yes dry

Comments e.g. colour, infill material, weathering, discolouration
Gen tight, thin paly. Up to 4 mm rusty orange infill - damp
Paly 4 mm thick
Orange rusty clay infill, paly up to 0.5 thick
Orient not confident, paly up to 5 mm thick, jt relaxed

Date 19.4.07

Location: McDonald's Quarry, Aglime, south western
Joint type: Small joints between master J13 and J14
Northing N6316013

Easting E2691289

Elevation (m) 167
Orient. of face  86/296

Line No. 3
Flag thick. Distance App. joint No. of Dip Aperture
Flag No. (mm) Joint No. (m) spac. (m) joints  Dip direction Width (mm) Infill Moisture
1 0.25 0.25 87 127 0-3 yes dry
2 0.62 0.37 86 294 0 yes dry
3 1 0.63 0 yes dry
1-2.7  BLAST EFFECTED
4 3.1 2.47 87 305 0 yes dry

Comments e.g. colour, infill material, weathering, discolouration
Paly on calcite infill
Paly , calcite 1.5 cm thick + 2 cm paly, infill damp
Calcite + paly 0.5 cm thick

white calcite?, paly up to 2 cm thick

Date 19.4.07

Location: McDonald's Quarry, Aglime, south western
Joint type: Horizontal flags between master J13 and J14
Northing N6316013

Easting E2691289

Elevation (m) 167
Orient. of face  86/296

Line No. 4
Flag thick. Distance App. joint No. of Dip Aperture
Flag No. (mm) Joint No. (mm) spac. (m) joints  Dip direction Width (mm) Infill* Moisture
1 140 140 0 yes dry-damp
2 150 290 0 yes dry-damp
3 40 330 0 yes dry-damp
4 20 350 0 yes dry-damp
5 90 440 0 yes dry-damp
6 180 620 0 yes dry-damp
7 70 690 <1 294 0 yes dry-damp
8 130 820 0 yes dry-damp
9 90 910 0 yes dry-damp
10 120 1030 0 yes dry-damp
11 80 1110 0 yes dry-damp
12 130 1240 0 yes dry-damp
13 50 1290 0 yes dry-damp
14 80 1370 0 yes dry-damp
15 80 1450 0 yes dry-damp
16 120 1570 0 yes dry-damp
17 90 1660 0 yes dry-damp
18 60 1720 0 yes dry-damp
19 100 1820 0 yes dry-damp
20 140 1960 0 yes dry-damp
21 90 2050 0 yes dry-damp

Comments e.g. colour, infill material, weathering, discolouration
Interflag/seam infill med bwn clay material
Seam infill typically 3-4 mm thick
Seam material dry to damp
Tight apertures
infill* = infill type is a dissolution seam
Fault identified - flag offset 4 cm
NB: Orients. Don't match flags i.e. 3 randomly measured orients. along scanline
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Date 19.4.07

Location: McDonald's Quarry, Aglime, south western

Joint type: J3 and J4

Northing N6316013

Easting E2691289

Elevation (m) 167

Orient. of face  88/295

Line No. 5

Flag thick. Distance App. joint No. of Dip Aperture
Flag No. (mm) Joint No. (mm) spac. (m) joints _ Dip _ direction Width (mm) Infill* Moisture
1 120 120 0 yes dry
2 90 210 0 yes dry
3 110 320 0 yes dry
4 100 420 0 yes dry
5 70 490 0 yes dry
6 80 570 0 yes dry
7 150 720 10 294 0 yes dry
8 50 770 0 yes dry
9 40 810 0 yes dry
10 160 970 0 yes dry
11 60 1030 0 yes dry
12 50 1080 0 yes dry
13 110 1190 0 yes dry
14 80 1270 0 yes dry
15 70 1340 0 yes dry
16 150 1490 0 yes dry
17 90 1580 0 yes dry
18 90 1670 0 yes dry
19 110 1780 0 yes dry
20 30 1810 0 yes dry
Comments e.g. colour, infill material, weathering, discolouration

Tight apertures

Orient. - 10/294

Rusty bwn orange clay seam material

Grey unoxidised and orange oxidised zones

Up to 5 mm seam thickness typical

infills are dry, infill* = infill type is a dissolution seam

NB: Orients. Don't match flags i.e. 3 randomly measured orients. along scanline

Date 28.6.07

Location: McDonald's Quarry, Aglime, southern face

Joint type: Horizontal flags

Northing N6316036

Easting E2691251

Elevation (m) 143

Orient. of face  south

Line No. 6

Flag thick. Distance App. joint  No. of Dip Aperture
Flag No. (mm) Joint No. (mm) spac. (m) joints _ Dip direction Width (mm) Infill* Moisture
1 150 150 0 yes dry
2 90 240 0 yes dry
3 150 390 0 yes dry
4 140 530 1 82 0 yes dry
5 40 570 1 322 0 yes dry
6 80 650 1 28 0 yes dry
7 180 830 0 yes dry
8 100 930 0 yes dry
9 110 1040 0 yes dry
10 100 1140 0 yes dry
11 110 1250 0 yes dry
12 160 1410 0 yes dry
13 90 1500 0 yes dry
14 50 1550 0 yes dry
15 130 1680 0 yes dry
16 150 1830 0 yes dry
17 90 1920 0 yes dry
Comments e.g. colour, infill material, weathering, discolouration

dry

unoxidised seams

infill* = infill type is a dissolution seam

most typically 2-3 mm thick

NB: Orients. Don't match flags i.e. 3 randomly measured orients. along scanline
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Date 28.6.07

Location: McDonald's Quarry, Aglime, southern face

Joint type: Horizontal flags

Northing N6316036

Easting E2691251

Elevation (m) 143

Orient. of face  south

Line No. 7

Flag thick. Distance App. joint No. of Dip Aperture
Flag No. (mm) Joint No. (mm) spac. (m) joints _ Dip _ direction Width (mm) Infill* Moisture
1 140 140 0 yes dry
2 100 240 0 yes dry
3 100 340 0 yes dry
4 130 470 0 yes dry
5 90 560 0 yes dry
6 50 610 1 284 0 yes dry
7 120 730 0 348 0 yes dry
8 110 840 0 349 0 yes dry
9 110 950 0 yes dry
10 40 990 0 yes dry
11 130 1120 0 yes dry
12 200 1320 0 yes dry
13 100 1420 0 yes dry
14 130 1550 0 yes dry
15 80 1630 0 yes dry
16 120 1750 0 yes dry
Comments e.g. colour, infill material, weathering, discolouration

dry

oxidised seams

2 mm - 1 cm thick seams

wavy flag surfaces

infill* = infill type is a dissolution seam

tight apertures

2 mm aperture - rock affected by quarrying

photo 28 - wavy lower 2 m

29 subhorizontal - hori bedded flags

30 paly on joint

NB: Orients. Don't match flags i.e. 3 randomly measured orients. along scanline

Date 28.6.07

Location: McDonald's Quarry, Aglime, southern face

Joint type: Horizontal flags

Northing N6316036

Easting E2691251

Elevation (m) 143

Orient. of face  south

Line No. 8

Flag thick. Distance App. joint No. of Dip Aperture
Flag No. (mm) Joint No. (mm) spac. (m) joints _ Dip direction Width (mm) Infill* Moisture
1 150 150 0 yes dry
2 120 270 0 yes dry
3 140 410 0 yes dry
4 110 520 0 yes dry
5 50 570 0 yes dry
6 50 620 1 150 0 yes dry
7 90 710 1 148 0 yes dry
8 80 790 1 170 0 yes dry
9 110 900 0 yes dry
10 100 1000 0 yes dry
11 50 1050 0 yes dry
12 120 1170 0 yes dry
13 130 1300 0 yes dry
14 130 1430 0 yes dry
15 70 1500 0 yes dry
16 20 1520 0 yes dry
Comments e.g. colour, infill material, weathering, discolouration

up to 4 mm thick seams

rusty brown and blue grey

infill* = infill type is a dissolution seam

dry

NB: Orients. Don't match flags i.e. 3 randomly measured orients. along scanline
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Date 11.4.07

Location: McDonald's Quarry, High Grade, northern face
Joint type: Master joint

Northing N6316308

Easting E2691520

Elevation (m) 137
Orient. of face  75/028

Line No. 1
Flag thick. Distance App. joint No. of Dip Aperture
Flag No. (mm) Joint No. (m) spac. (m) joints _ Dip _ direction Width (mm) Infill Moisture
1 0 0 4 80 142 open zone yes dry
2 33 33 1 85 142 0-4 yes dry
3 8.7 5.4 2 81 120 ? yes dry
4 9.9 2.2 1 fallen n/a 0 yes dry
5 10.7 0.8 1 0 yes dry
6 15.2 4.5 1 84 124 0 yes moist
7 16.4 1.2 1 78 118 0 yes dry
8 19.4 3 1 89 141 0 yes dry
9 20.7 1.3 1 90 136 0 yes moist
10 233 2.6 1 80 128 0 yes moist
11 25.8 25 1 85 349 3/blast no dry
1la 25.9 2.6 no dry
12 30.1 4.3 6-7 90 296 0-4 zone
13 34.8 4.8 90 310 0 dry
14 405 5.7 2maijts 74 123 0 dry
15 42.6 21 1 83 294 0 yes moist
16 44.3 1.78 1 85 121 0 can't see dry
17 48.9 4.6 1 89 154 relaxed? no dry
18a 52.6 3.7 1 84 132 0 yes dry
18b 56.4 0.5 1 90 132 open-15 yes moist
18c 56.8 0.4 1 83 114 0 no dry
19 57.2 3.9 1 90 115 0 yes moist
20 61.1 1.5 1 85 115 0-3 yes moist
20a 62.6 2.7
21 65.3 3.65 1 90 122 v.relaxed yes dry
22 68.9 0.75 1 89 304 0-10 yes moist

Comments e.g. colour, infill material, weathering, discolouration
Joint descriptions begin on the right (east) of the face moving left. Joint zone 30+ cm clay and paly - sampled
Orange clay, sticky
30 cm wide joint zone, orange clay, light brown. Joint meanders
Paly. infill dark grey lining, relaxed and collapsed
paly, orange/brown
paly, brown/grey surface infill
orangel/yellow infill. Joint meanders, not good surface for measuring
1 cm thick paly.
light yellow-brown infill, fallen material, possible. Blast -pink coating
Light grey, dog legged joint, orange stained - thin coat
very tight, no discolouration, grey unoxidised rock
Shear zone? Some margin discolouration and paly in other grit
paly, light orange/yellow and brown/grey. Calcite crystals ininfilling - 1 cm thick
grey/brown clay infill and paly, generally blue unoxidised rock
little discolouration (3 cm) joint meanders around
Blue/grey clay infill, white powders, poss shear zone-crushed rock

stained. Paly and thin calcite, light brown/yellow infill

3-4 mm thick paly. Joint 20a semi-continuous

Med-brown infill. White powder on surfaces-associated with blast hole
very thick moist paly on calcite and more brittle material-paly?

joint zone. Paly brown/grey and light yellow/orange infill. Rock generally blue/grey, unoxidised. Blast? Relaxed at base-orange

Date 11.4.07

Location: McDonald's Quarry, High Grade, northern
Joint type: Small joints between master J11 and J12
Northing N6316308

Easting E2691520

Elevation (m) 137
Orient. of face  75/028

Line No. 2
Flag thick. Distance App. joint No. of Dip Aperture
Flag No. (mm) Joint No. (m) spac. (m) joints _ Dip _ direction Width (mm) Infill Moisture
1 0.4 0.4 319 0-10 yes dry
2 1.5 1.5 313 0 coating dry

Comments e.g. colour, infill material, weathering, discolouration
white, orangey pale yel thin coat-0.5 cm thick, little bit of paly. infill is moist
light grey powdery coating - above eye level darker grey coating and paly

288

Appendix C



Date 11.4.07

Location: McDonald's Quarry, High Grade, northern face
Joint type: Small joints bewteen master J17 and J18
Northing N6316308

Easting E2691520

Elevation (m) 137
Orient. of face  75/028

Line No. 4
Flag thick. Distance App. joint No. of Dip Aperture
Flag No. (mm) Joint No. (m) spac. (m) joints _ Dip _ direction Width (mm) Infill Moisture
1 0.45 0.45 75 126 0-4 yes dry
2 1.05 0.6 85 116 0-2 no dry

Comments e.g. colour, infill material, weathering, discolouration
Paly infill + light bwn/grey infill
Paly at top of scanline

NB: J18 is on left and 0 m on tape measure
Photo 62-64 of hori scanline
single flag fractures not counted in field

Date 11.4.07

Location: McDonald's Quarry, High Grade, northern face
Joint type: Horizontal flags between master J1 and J2
Northing N6316308

Easting E2691520

Elevation (m) 137
Orient. of face  75/028

Line No. 3
Flag thick. Distance App. joint No. of Dip Aperture
Flag No. (mm) Joint No. (mm) spac. (m) joints _ Dip direction Width (mm) Infill* Moisture
1 100 100 0 yes moist
2 60 160 0 yes moist
3 60 220 0 yes moist
4 90 310 0 yes moist
5 70 380 0 yes moist
6 100 480 1 348 0 yes moist
7 180 660 0 yes moist
8 170 830 0 yes moist
9 200 1030 0 yes moist
10 170 1200 0 yes moist
11 70 1270 0 yes moist
12 60 1330 0 yes moist
13 90 1420 0 yes moist
14 130 1550 0 yes moist
15 130 1680 0 yes moist
16 70 1750 0 yes moist
17 100 1850 0 yes moist

Comments e.g. colour, infill material, weathering, discolouration
Moist dk blue-grey infill, silty slightly gritty, unoxidised infill typically 0-4 mm thick
infill* = infill type is a dissolution seam
Rock is grey unoxidised, fresh
Photos 28-31
NB: Orients. Don't match flags i.e. 3 randomly measured orients. along scanline
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Date 11.4.07

Location: McDonald's Quarry, High Grade, northern face

Joint type: Horizontal flags between master J17and J18

Northing N6316308

Easting E2691520

Elevation (m) 137

Orient. of face  75/028

Line No. 5

Flag thick. Distance App. joint No. of Dip Aperture
Flag No. (mm) Joint No. (mm) spac. (m) joints  Dip _ direction Width (mm) Infill* Moisture
1 150 150 0 yes dry
2 70 220 0 yes dry
3 70 290 0 yes dry
4 120 410 0 yes dry
5 70 480 2 122 0 yes dry
6 140 620 1 111 0 yes dry
7 80 700 0 yes dry
8 130 830 0 yes dry
9 220 1050 0 yes dry
10 180 1230 0 yes dry
11 60 1290 0 yes dry
12 90 1380 0 yes dry
13 50 1430 0 yes dry
14 90 1520 0 yes dry
15 70 1590 0 yes dry
16 60 1650 0 yes dry
Comments e.g. colour, infill material, weathering, discolouration

tight apertures

dk grey infill up to 3 mm thick, silty slightly gritty

Dissolution seam dry, infill* = infill type is a dissolution seam

infill slightly moist

2/122, 1/111? Orient. No good surfaces to measure

big variation in flag thickness, wavy

NB: Compared to Lower Steel, High Grade difficult to measure orient on flat avail. surfaces

Rock sample taken from bet J17 and J18 code B

NB: Orients. Don't match flags i.e. 3 randomly measured orients. along scanline

Date 28.6.07

Location: McDonald's Quarry, High Grade, northern face

Joint type: Horizontal flags

Northing N6316306

Easting E2691383

Elevation (m) 121

Orient. of face  75/028

Line No. 6

Flag thick. Distance App. joint No. of Dip Aperture
Flag No. (mm) Joint No. (mm) spac. (m) joints  Dip _ direction Width (mm) Infill* Moisture
1 130 130 0 yes dry
2 180 310 0 yes dry
3 120 430 0 yes dry
4 120 550 0 yes dry
5 170 720 0 200 0 yes dry
6 170 890 1 189 0 yes dry
7 130 1020 1 186 0 yes dry
8 150 1170 0 yes dry
9 200 1370 0 yes dry
10 190 1560 0 yes dry
Comments e.g. colour, infill material, weathering, discolouration

rusty brown and blue grey

2-3 mm thick

infill* = infill type is a dissolution seam

dry

tight apertures

wavy flag surfaces

NB: Orients. Don't match flags i.e. 3 randomly measured orients. along scanline
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Date 28.6.07

Location: McDonald's Quarry, High Grade, northern face

Joint type: Horizontal flags

Northing N6316306

Easting E2691383

Elevation (m) 121

Orient. of face  75/028

Line No. 7

Flag thick. Distance App. joint No. of Dip Aperture
Flag No. (mm) Joint No. (mm) spac. (m) joints _ Dip _ direction Width (mm) Infill* Moisture
1 140 140 0 yes dry
2 100 240 0 yes dry
3 160 400 0 yes dry
4 170 570 1 200 0 yes dry
5 160 730 1 210 0 yes dry
6 180 910 1 206 0 yes dry
7 150 1060 0 yes dry
8 140 1200 0 yes dry
9 90 1290 0 yes dry
10 60 1350 0 yes dry
11 140 1490 0 yes dry
12 70 1560 0 yes dry
13 130 1690 0 yes dry
14 160 1850 0 yes dry
Comments e.g. colour, infill material, weathering, discolouration

dry

unoxidised blue grey seams

infill* = infill type is a dissolution seam

Seam thickness 3-10 mm

NB: Orients. Don't match flags i.e. 3 randomly measured orients. along scanline

Date 28.6.07

Location: McDonald's Quarry, High Grade, northern face

Joint type: Horizontal flags

Northing N6316306

Easting E2691383

Elevation (m) 121

Orient. of face  75/028

Line No. 8

Flag thick. Distance App. joint No. of Dip Aperture
Flag No. (mm) Joint No. (mm) spac. (m) joints _ Dip _ direction Width (mm) Infill* Moisture
1 120 120 0 yes dry
2 100 220 0 yes dry
3 130 350 0 yes dry
4 120 470 2 202 0 yes dry
5 150 620 2 208 0 yes dry
6 80 700 1.5 210 0 yes dry
7 170 870 0 yes dry
8 130 1000 0 yes dry
9 80 1080 0 yes dry
10 140 1220 0 yes dry
11 200 1420 0 yes dry
12 120 1540 0 yes dry
13 100 1640 0 yes dry
14 40 1680 0 yes dry
Comments e.g. colour, infill material, weathering, discolouration

dry

tight aperture

infill* = infill type is a dissolution seam

all oxidised blue grey

wavy flag surfaces

1-4 mm thick seams

\silty- clay

NB: Orients. Don't match flags i.e. 3 randomly measured orients. along scanline
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Date 30.03.07

Location: McDonald's Quarry, Lower Steel Grade, northern
Joint type: Master joint

Northing N6316251

Easting E2691507

Elevation (m) 118
Orient. of face  85/302

Line No. 1
Flag thick. Distance  App. joint Aperture

Flag No. (mm) Joint No. (m) spac. (m) No. of joints Dip __ Dip direction Width (mm) Infill Moisture
1 0 0 3-4 75 184 40 yes moist
2 11.7 11.7 5 85 152 2-5 yes seepage
3 223 10.5 1 85 332 5-10 none dry
4 26.75 4.45 1-2 86 164 3-6 none wet
5 31.15 4.4 3-4 90 148 3-5 none dry-sl. Moist
6 40.15 9 3-6 86 133 20 yes dry
7 47.05 6.9 1-4 86 136 10-30 none dry
8 51.9 4.85 3 85 334 10-20 none dry

Comments e.g. colour, infill material, weathering, discolouration
black discolouration near bottom, infill light brown clay
joints closely spaced, clay infill
aperture tight higher up
raining on the day
thin brown lining on joint surface

Date 30.3.07

Location: McDonald's Quarry, Lower Steel Grade, northern face
Joint type: Master joint

Northing N6316251

Easting E2691507

Elevation (m) 118
Orient. of face  86/132

Line No. 1b
Flag thick. Distance  App. joint Aperture
Flag No. (mm) Joint No. (m) spac. (m) No. of joints Dip __ Dip direction Width (mm) Infill Moisture

9 n/a n/a 1 86 132 blast effected yes dry
Comments e.g. colour, infill material, weathering, discolouration
exposed joint surf. Perpend. To main joint sets, light brown/white coating on surf. Med sand granules, 1-2 mm thick dry lining on surf. Extensive up to 1
m sq patches of ropey clay but not continuous (blobs on face) ubitquitous along joint surf. Rock face colour varies to pale yel, yel orange, med brown.
Many vert. joints terminate at disconformity (boundary bet. subhori. bedding and x-bedding 2/3 way up face. oxidised rock beneath disconfomrity and
approx. 1 m thick strip of unoxidised rock above. Sample OH100 taken on surface

Date 30.3.07

Location: McDonald's Quarry, Lower Steel Grade, northern face
Joint type: Small joints between masters J1 and J2

Northing N6316251

Easting E2691507

Elevation (m) 118
Orient. of face  85/302

Line No. 2
Flag thick. Distance  App. joint Aperture
Flag No. (mm) Joint No. (m) spac. (m) _ No. of joints Dip _ Dip direction Width (mm) Infill Moisture
1 2.53 2.53° 80 128 0 none wet
2 3.4 087! 85 152 0 none wet
3 3.75 035° 75 138 3 none wet
4 3.8 0.05° 85 9% 3 none
5 4.15 0352 88 140 0 none wet
6 4.38 023" 85 152 0-3 none wet
7 4.73 0.352 82 130 0-2 none seepage
8 4.87 0.143 87 280 0 none wet
9 4.94 0.07° 80 103 0-1 none wet
10 5.59 0.642 85 302 0 hard lining
5.59-7 2-3 none
11 7.23 1.64° 89 282 0-2 hard lining wet
12 7.75 052° 75 112 0-1 none wet
13 7.81 0.06° 79 135 0-3 none wet
14 7.97 0.162 74 135 0-6 none wet
15 8.25 028" 87 153 0-3 none wet
16 8.75 05° 89 106 ? ? wet
17 9.31 056" 89 339 0 hard lining wet
18 9.72 041" 90 150 <3 hard lining wet
19 103 058" 75 158 0-8 none wet
20 11.28 0.982 79 132 0-3 none wet

Comments e.g. colour, infill material, weathering, discolouration

many not well exposed, some have calcite lining (secondary precipitate) about 1-5 mm thick. Gap between joint 10 and 11 has 9 vertical joints
persistent through more than a single flag. All flags have similar pattern but no linking of joints. Day is wet, light showers. Joints are leading into a
joint zone of master joint 2.

Superscripts indicate joint set number for small joints in the Lower Steel unit
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Date 30.3.07

Location: McDonald's Quarry, Lower Steel Grade, northern face
Joint type: Small joints between masters J7 and J8

Northing N6316251

Easting E2691507

Elevation (m) 118
Orient. of face  85/302

Line No. 3
Flag thick. Distance  App. joint Aperture
Flag No. (mm) Joint No. (m) spac. (m) _ No. of joints Dip _ Dip direction Width (mm) Infill Moisture
1 0.17 0.17* 85 332 3 none dry
2 1.7 153" 80 162 tight-no side hard white lin
3 1.7-3 none dry
4 3.25 155 80 154 3 none dry
5 4.44 1192 90 132 2-3 none dry

Comments e.g. colour, infill material, weathering, discolouration
ininfill fawn to white, clay up to 2 mm thick. 6 vertical joints only occur through a single flag. White brittle lining 4 mm thick.
Superscripts indicate joint set number for small joints in the Lower Steel unit

Date 30.3.07

Location: McDonald's Quarry, Lower Steel Grade, northern face
Joint type: Horizontal flags between masters J1 and J8

Northing N6316251

Easting E2691507

Elevation (m) 118
Orient. of face  85/302

Line No. 4
Flag thick. Distance  App. joint Aperture
Flag No. (mm) Joint No. (mm) spac. (m) No. of joints Dip _ Dip direction Width (mm) Infill* Moisture
1 80 80 0 yes dry
2 90 170 0 yes dry
3 60 230 0 yes dry
4 100 330 0 yes dry
5 80 410 3 238 0 yes dry
6 120 530 0 yes dry
7 30 560 7 220 0 yes dry
8 90 650 0 yes dry
9 90 740 0 yes dry
10 70 810 0 yes dry
11 170 980 0.5 236 0 yes dry
12 120 1100 0 yes dry
13 60 1160 0 yes dry
14 90 1250 0 yes dry
15 120 1370 0 yes dry
16 110 1480 0 yes dry
17 80 1560 0 yes dry
18 80 1640 0 yes dry
19 80 1720 [o] yes dry
20 140 1860 0 yes dry
Comments e.g. colour, infill material, weathering, discolouration

All apertures tight, occassionally <1 mm wide

Brown oxidised material along every interflag surface v. thin 1 mm max.

infill* = infill type is a dissolution seam

Seam material contains trace clay (discolours hand) with some coarse grit

Rough coating on bedding surfs. Dry? But hard to tell today - rainfall on the day

NB: Orients. Don't match flags i.e. 3 randomly measured orients. along scanline

Date 30.3.07 Sheet 1 of 1

Location: McDonald's Quarry, Lower Steel Grade, northern

Joint type: Horizontal flags between masters J7 and J8

Northing N6316251

Easting E2691507

Elevation (m) 118

Orient. of face  85/302

Line No. 5

Flag thick. Distance  App. joint Aperture
Flag No. (mm) Joint No. (mm) spac. (m) No. of joints Dip___ Dip direction Width (mm) Infill* Moisture

1 100 100 0 yes moist
2 60 160 0 yes moist
3 130 290 0 yes moist
4 100 390 0 yes moist
5 160 550 0 yes moist
6 70 620 0 yes moist
7 240 860 0 223 0 yes moist
8 140 1000 0 yes moist
9 100 1100 0 yes moist
10 160 1260 0 yes moist
11 170 1430 0 yes moist
12 200 1630 0 yes moist

Comments e.g. colour, infill material, weathering, discolouration
Apertures all tight
Med. Bwn, soft sand, up to 1 mm thick seam material
White, soft, sand with trace clay up to 10 mm thick to v. pale bwn seam material
infill* = infill type is a dissolution seam
bwn infill finer than sample from jt. 97
All seams moist
Avg flag thickness = 13.5 cm
NB: Orients. Don't match flags i.e. 3 randomly measured orients. along scanline
NB: Orients difficult to measure
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Date 28.6.07

Location: McDonald's Quarry, Lower Steel Grade, northern face
Joint type: Horizontal flags

Northing N6316251

Easting E2691507

Elevation (m) 118
Orient. of face  85/302

infill* = infill type is a dissolution seam

rusty brown seam

<1 mm typical seam thickness

stylotised

NB: Orients. Don't match flags i.e. 3 randomly measured orients. along scanline

Line No. 6
Flag thick. Distance  App. joint Aperture
Flag No. (mm) Joint No. (mm) spac. (m) No. of joints Dip___ Dip direction Width (mm) Infill* Moisture
1 150 150 0 yes dry
2 140 290 0 yes dry
3 140 430 0 yes dry
4 50 480 0 yes dry
5 80 560 0.5 183 0 yes dry
6 160 720 1 183 0 yes dry
7 50 770 0.5 181 0 yes dry
8 160 930 0 yes dry
9 80 1010 0 yes dry
10 60 1070 0 yes dry
11 120 1190 0 yes dry
12 130 1320 0 yes dry
13 170 1490 0 yes dry
14 90 1580 0 yes dry
15 130 1710 0 yes dry
16 110 1820 0 yes dry
17 160 1980 0 yes dry
18 100 2080 0 yes dry
19 140 2220 0 yes dry
Comments e.g. colour, infill material, weathering, discolouration

<1 mm thick seams - silt rusty brown

all oxidised

stylotised

subhorizontal flag surfaces

infill* = infill type is a dissolution seam

tight apertures

dry

up to inch leached seam on some flags

NB: Orients. Don't match flags i.e. 3 randomly measured orients. along scanline

Date 28.6.07

Location: McDonald's Quarry, Lower Steel Grade, northern face

Joint type: Horizontal flags

Northing N6316251

Easting E2691507

Elevation (m) 118

Orient. of face  85/302

Line No. 7

Flag thick. Distance  App. joint Aperture
Flag No. (mm) Joint No. (mm) spac. (m) No. of joints Dip___ Dip direction Width (mm) Infill* Moisture
1 280 280 0 yes dry
2 130 410 0 yes dry
3 150 560 0 yes dry
4 100 660 1 200 0 yes dry
5 140 800 1 194 0 yes dry
6 100 900 0.5 168 0 yes dry
7 110 1010 0 yes dry
8 100 1110 0 yes dry
9 80 1190 0 yes dry
10 180 1370 0 yes dry
11 200 1570 0 yes dry
12 170 1740 0 yes dry
Comments e.g. colour, infill material, weathering, discolouration
dry
tight aperture
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Date 28.6.07

Elevation (m) 118
Orient. of face  85/302

Location: McDonald's Quarry, Lower Steel Grade, northern
Joint type: Horizontal flags

Northing N6316251

Easting E2691507

Line No. 8
Flag thick. Distance  App. joint
Flag No. (mm) Joint No. (mm) spac. (m) No. of joints Dip___ Dip direction Width (mm) Infill* Moisture
1 80 80 0 yes dry
2 150 230 0 yes dry
3 100 330 0 yes dry
4 210 540 0 yes dry
5 80 620 1 228 0 yes dry
6 80 700 1 218 0 yes dry
7 220 920 1 210 0 yes dry
8 130 1050 [o] yes dry
9 140 1190 0 yes dry
10 200 1390 [o] yes dry
11 180 1570 0 yes dry
12 230 1800 0 yes dry

all tight apertures

dry

infill* = infill type is a dissolution seam
rusty brown seam <1 mm thick
stylotised

leached seam up to 1.5 cm

Comments e.g. colour, infill material, weathering, discolouration

NB: Orients. Don't match flags i.e. 3 randomly measured orients. along scanline
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Appendix C-3.2 Stereonets

Upper Steel
N

Stereonet showing orientations of limestone flagsithe Upper Steel unit, northern face,
McDonald’s Quarry (2007). Bearing 0, distance = 0The beds are therefore horizontal.

Aglime

A Master joint:

OSmalI joints

|:| Limestone flags

Stereonet showing orientations of master joints ithe Aglime unit. There is one master joint
set indicated by the bottom right cluster with a dp/dip direction of 86/322. The master joint

to the top left is an outlier.
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Stereonet showing orientations of small joints inhe Aglime unit. There is one cluster of
small joints which falls across the circumference fothe stereonet. They have a dip/dip
direction of 85/149.

Aglime

N

A Master joints

OSmaII joints

|:| Limestone flags

Stereonet showing orientations of horizontal jointsor the Aglime unit. One joint deviates
from the main central cluster and is considered amutlier. The main cluster has a bearing of
0 and a distance of 0. The joints are therefore hizontal.
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High Grade

Stereonet showing master joints in the High Grade towing one master joint cluster
belonging to the same joint set. The dip/dip dirdtn is 85/141.

High Grade

AMasterjoint:

OSmaII joints

|:| Limestone flags

Stereonet showing small joints in the High Grade uib showing one cluster that belongs to
the same joint set which has a dip/dip direction 0f81/141.

298 Appendix C



High Grade

N

Stereonet showing orientations of horizontal jointsin the High Grade unit. The central
cluster of joints have a bearing of 0 and a distarc of 0. These joints are therefore
horizontal.

Lower Steel

A Master joint

OSmaII joints

|:| Limestone flags

Stereonet showing master joints in the Lower Steelnit. Three master joint clusters occur in
the top left and one in the bottom right. These disters belong to the same joint set and have
a dip/dip direction of 87/172. Spread of dip is 4° and dip direction is + 16°.
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Lower Steel

Stereonet showing small joints in the Lower Steelnit. There are five clusters in the small
joints, and an outlier. These are part of the sampint set also and have dip/dip directions of
84/172, 85/122, and 87/322.

Lower Steel

N

A Master joints

OSmaII joints

|:| Limestone flags

Stereonet showing orientations of horizontal jointsin the Lower Steel unit. The central
cluster has a bearing of 0 and a distance of 0. &hefore, these joints are horizontal.
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Appendix C-3.3 Dip and dip direction measurements

Stereonet measurement results (bearing and distangeshowing calculated dip and dip
direction for each joint set identified in each quary limestone unit. The orientation
(corrected for magnetic declination) of each facefahe units is on the left, followed by the
joint type, joint set number, and orientation data.

Quarry unit and

orient. of face Joint type Set No. Bearing Distance  Orient.

Upper Steel Flag 1 0 0 0/0
88/030
Aglime Master 1 142 482 86/322
88/315 Small 1 329 479 85/149
Flag 1 0 0 0/0
High Grade Master 1 321 478 85/141
75/028 Small 1 321 461 81/141
Flag 1 0 0 0/0
Lower Steel Master 1 352 488 87/172
85/322 Small 1 354 472 84/174
Small 2 332 447 85/152
Small 3 302 478 87/122
Flag 1 0 0 0/0
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Appendix C-3.4 True joint spacing calculations. Sgp = apparent spacing.

Quarry unit Joint type and  Apparent spacing  Apparent std. Dip dire. of face Dip dire. of True spacing (S = Sappsin8) True std.
set number (Sapp) (m) deviation No. joints (A) joint (B) 0 (A-B) (m) error
Aglime Master set 1 2.53 1.01 13 315 322 7 0.31 0.03
Small set 1 1.23 0.93 7 315 149 166 0.30 0.08
High Grade Master set 1 2.66 1.64 22 28 141 113 2.45 0.32
Small set 1 0.74 0.52 4 28 141 113 0.68 0.24
Lower Steel  Master set 1 7.40 3.03 7 322 172 150 3.70 0.58
Small set 1 0.69 0.53 9 322 174 148 0.37 0.10
Small set 2 0.74 0.77 6 322 152 170 0.13 0.05
Small set 3 0.49 0.60 9 322 122 20 0.17 0.07




Appendix C-3.5

t-Test data results comparing Lower Steel and HiglGrade flag thickness.

t-Test: Two-Sample Assuming Equal Variances

Lower Steel High Grade
Mean 12.33 12.24
Variance 24.74 18.98
Observations 75 71
Pooled Variance 21.94
Hypothesized Mean Difference 0
df 144
t Stat 0.1211
P(T<=t) one-tail 0.4519
t Critical one-tail 1.6555
P(T<=t) two-tall 0.9038
t Critical two-tail 1.9766

t-Test data results for comparing Lower Steel and glime flag thickness.

t-Test: Two-Sample Assuming Equal Variances

Lower Steel Aglime
Mean 12.33 10.06
Variance 24.74 14.57
Observations 75 90
Pooled Variance 19.19
Hypothesized Mean Difference 0
df 163
t Stat 3.3260
P(T<=t) one-tall 0.0005
t Critical one-tail 1.6543
P(T<=t) two-tall 0.0011
t Critical two-tail 1.9746

t-Test data results for comparing Lower Steel and Pper Steel flag thickness.

t-Test: Two-Sample Assuming Equal Variances

Lower Steel Upper Steel
Mean 12.33 23.69
Variance 24.74 99.00
Observations 75 42
Pooled Variance 51.21
Hypothesized Mean Difference 0
df 115
t Stat -8.2345
P(T<=t) one-tall 0.0000
t Critical one-tail 1.6582
P(T<=t) two-tall 0.0000
t Critical two-tail 1.9808
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t-Test data results for comparing High Grade and A§ime flag thickness.

t-Test: Two-Sample Assuming Equal Variances

High Grade Aglime
Mean 12.24 10.06
Variance 18.98 14.57
Observations 71 90
Pooled Variance 16.51
Hypothesized Mean Difference 0
df 159
t Stat 3.3857
P(T<=t) one-tail 0.0004
t Critical one-tail 1.6545
P(T<=t) two-tall 0.0009
t Critical two-tail 1.9750

t-Test data results for comparing High Grade and Uper Steel flag thickness.

t-Test: Two-Sample Assuming Equal Variances

High Grade Upper Steel
Mean 12.24 23.69
Variance 18.98 99.00
Observations 71 42
Pooled Variance 48.54
Hypothesized Mean Difference 0
df 111
t Stat -8.4433
P(T<=t) one-tall 0.0000
t Critical one-tail 1.6587
P(T<=t) two-tall 0.0000
t Critical two-tail 1.9816

t-Test data results for comparing Aglime and UppeiSteel flag thickness.

t-Test: Two-Sample Assuming Equal Variances

Aglime Upper Steel
Mean 10.06 23.69
Variance 14.57 99.00
Observations 90 42
Pooled Variance 41.20
Hypothesized Mean Difference 0
df 130
t Stat -11.3678
P(T<=t) one-tall 0.0000
t Critical one-tail 1.6567
P(T<=t) two-tall 0.0000
t Critical two-tail 1.9784
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Appendix D-4.1 Depth, thickness, and elevation datfor the 500 drill hole series. Adapted from Ormston Associates Ltd (2005).

Coordinates Coordinates Geology: Depth to Top of Unit (m)
Hole N E N E Collar Hole Overburden Otorohanga Limestone
No. (NZ Map Grid) (Mt Eden Circuit) R.L. Total Type | Kauroa | Taumatamaire Upper Steel
: Cap Rock
(m)  depth (m) Ash Formation grade

= BH501 6317068.9 2691360.3 538684.4 326970.9 198.4 167.9 Core 0.0 10.8 36.1 38.3

> BH502 6316710.5 2690996.9 538318.6 326614.9 211.3 206.0 Core 0.0 12.2 25.5 27.1

g BH503 6316627.3 2690563.9 538226.7 326183.7 221.4 143.0 Core 0.0 8.6 19.7 21.8
E BH504 6316539.8 2691394.7 538156.0 327016.1 159.1 113.7 Core
BH505 6316036.6 2691284.3 537650.6 3269159 162.2 133.3 Core

" BH501 6317068.9 2691360.3 538684.4 326970.9 198.4 167.9 Core 6.4 28.8 24 -37.6

T a BH502 6316710.5 2690996.9 538318.6 326614.9 211.3 206.0 Core 3.0 18.1 1.8 10.0

E % BH503 6316627.3 2690563.9 538226.7 326183.7 2214 143.0 Core 4.6 17.9 1.9 8.6
E BH504 6316539.8 2691394.7 538156.0 327016.1 159.1 113.7 Core
BH505 6316036.6 2691284.3 537650.6 326915.9 162.2 133.3 Core

_5 BH501 6317068.9 2691360.3 538684.4 326970.9 198.4 167.9 Core 198.4 187.6 162.3 160.1

§ BH502 6316710.5 2690996.9 538318.6 326614.9 211.3 206.0 Core 211.3 199.1 185.8 184.2

ﬁ BH503 6316627.3 2690563.9 538226.7 326183.7 221.4 143.0 Core 221.4 212.8 201.8 199.6
g BH504 6316539.8 2691394.7 538156.0 327016.1 159.1 113.7 Core
S BH505 6316036.6 2691284.3 537650.6 326915.9 162.2 133.3 Core

masl| = metres above sea level
mAH = metres along hole
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Appendix D-4.1 continued.

Geology: Depth to Top of Unit (m)
Hole Otorohanga Limestone
No. AglLime | High Grade Lower Steel Sub- Waitomo Orahiri Aotea
Grade economic | Sandstone Eq.  Limestone Formation

S BH501 46.5 59.2 77.5 79.0 129.5 139.2 149.2
oy BH502 37.0 48.2 65.8 68.5 112.2 121.7 132.0
2 BH503 31.6 42.4 60.2 77.1 103.8 117.0 123.2
S BH504 0.0 18.0 30.9 43.3 74.4 79.7 92.3
BH505 0.0 20.7 28.2 46.0 78.9 83.3 92.8
" BH501 0.0 0.0 0.0 0.0 0.0 0.0 38.6
- 3 BH502 -32.9 0.0 0.0 0.0 0.0 0.0 34.0
<é % BH503 -33.0 0.0 0.0 0.0 0.0 0.0 33.9
E BH504 0.0 0.0 0.0 0.0 0.0 0.0 37.9
BH505 -26.8 0.0 0.0 0.0 0.0 0.0 33.6
_5 BH501 151.9 139.2 120.9 119.5 68.9 59.3 49.2
T  BH502 174.3 163.1 145.5 1428 99.1 89.6 79.3
ﬁ BH503 189.9 179.1 161.3 144.3 117.6 104.4 98.2
g BH504 159.1 141.1 128.2 115.8 84.7 79.4 66.8
S BH505 162.2 141.6 134.1 116.2 83.3 78.9 69.4

masl = metres above sea
mAH = metres along hole

level




Appendix D-4.2.A Discontinuity data sheets for dril hole BH501

Discontinuity core log data sheet

Page 1 of 32
Logged by Orla Hansen
Location Mc Donald's Quarry
Date logged Mar-07
Borehole number 501
Box number 10
Depth (m) 35.5-38.3 ]
Total thickness in box (m) 2.8 El 2] 2
Thickness described (m) if two ElB]| 2L
units in same box 2.2 E|E| @
Geological unit Otorohanga Limestone 2 [ _S
Quarry unit Caprock I 5
Discrete seam thickness (mm) Thicknesses (mm) Tot. thick. (mm) of | 2 é _§
Box lines 1 2-4 | 5-7 | 8-10]11-13|14-16]17-19 (discrete seams) discrete seams a (%) (%)
Line A (bottom) 1 1 1,6 7 40 1
Line B 1 2 1 1,3,3,6 13
Line C 1 2 2 1
Line D 1
Line E (top) Mahoenui Group
Total 2 3 2 0 0 0 0 22 40 0 3
Total broken thickness (m) 0.69
No. of metres in box - broken 151
Comments/notes e.g. porosity,
stylolite networks Other 0.6 m = Mahoenui Group. Vertical joint 18 cm long lined with orange clay
Discontinuity core log data sheet
2 of 32
Logged by Orla Hansen
Location Mc Donald's Quarry
Date logged Mar-07
Borehole number 501
Box number 11
Depth (m) 38.3-41.5 ]
Total thickness in box (m) 3.2 Tl 2] 2
Thickness described (m) if two ElB]| L
units in same box E|E| @
Geological unit Otorohanga Limestone 2 IS _S
Quarry unit Upper Steel N 5
Discrete seam thickness (mm) Thicknesses (mm) Tot. thick. (mm) of | 2 5 3
Box lines 1 | 24| 57 ]810]11-13[14-16[17-19 (discrete seams) discrete seams a 7 3
Line A (bottom) roker
Line B 1 1 1
Line C 1 1 1,2 3
Line D 1
Line E (top) 2 1,1 2 7
Total 4 6 8
Total broken thickness (m) 1.42
No. of metres in box - broken 1.78
Comments/notes e.g. porosity,
stylolite networks Porous zones of limestone (30-50%), med brown seam material
Discontinuity core log data sheet
Page 3 of 32
Logged by Orla Hansen
Location Mc Donald's Quarry
Date logged Mar-07
Borehole number 501
Box number 12
Depth (m) 41.5-44.6 ]
Total thickness in box (m) 3.1 El 2] 2
Thickness described (m) if two ElB]| L
units in same box E|E| @
Geological unit Otorohanga Limestone 2 IS _S
Quarry unit Upper Steel N 5
Discrete seam thickness (mm) Thicknesses (mm) Tot. thick. (mm) of é é _§
Box lines 1 2-4 | 5-7 | 8-10]11-13|14-16}17-19 (discrete seams) discrete seams a (%) (%)
Line A (bottom) 1 1 1 6,1,2 9 6
Line B 2 1 522 9 4
Line C 1 1 1 521 8 3
Line D 2 2 21,31 7 10
Line E (top)
Total 4 6 3
Total broken thickness (m) 0.58 33 10 | 13
No. of metres in box - broken 2.52

Comments/notes e.g. porosity,
stylolite networks

Porous zones (7-10%)
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Discontinuity core log data sheet

Page 4 of 32
Logged by Orla Hansen
Location Mc Donald's Quarry
Date logged Mar-07
Borehole number 501
Box number 13
Depth (m) 44.6-47.6 ]
Total thickness in box (m) 3 Tl 2] 2
Thickness described (m) if two ElB]| L
units in same box 2.1 E|E| @
Geological unit Otorohanga Limestone 2 IS _S
Quarry unit Upper Steel N 5
Discrete seam thickness (mm) Thicknesses (mm) Tot. thick. (mm) of | 2 5| 3
Box lines 1 | 24 ] 5-7 [ 8-10]11-13[14-16]17-19 (discrete seams) discrete seams a 3 3
Line A (bottom) Aglime
Line B 2 1 1,41 6 1
Line C 5 1,1,1,1,1 5 6 1
Line D 4 1 1,1,1,1,2 6 2 1
Line E (top) 3 1,1,1 3 5
Total 14 2 20 6 14 2
Total broken thickness (m) 0.13
No. of metres in box - broken 1.97
Comments/notes e.g. porosity,
stylolite networks Line B is a transition zoen. Porous zones (1-5%)
Discontinuity core log data sheet
Page 5 of 32
Logged by Orla Hansen
Location Mc Donald's Quarry
Date logged Mar-07
Borehole number 501
Box number 13
Depth (m) 44.6-47.6 ]
Total thickness in box (m) 3 El 2] 2
Thickness described (m) if two ElB]| L
units in same box 0.9 E|E| @
Geological unit Otorohanga Limestone 2 IS _S
Quarry unit Aglime 2| 5|5
Discrete seam thickness (mm) Thicknesses (mm) Tot. thick. (mm) of E é _§
Box lines 1 2-4 | 5-7 | 8-10]11-13|14-16}17-19 (discrete seams) discrete seams a (%) (%)
Line A (bottom) 2 2,2 4 390 1
Line B 2 1 1 1 1,10,4,51 21 1 1
Line C Upper Steel
Line D Upper Steel
Line E (top) Upper Steel
Total 2 3 1 1 25 390 1 2
Total broken thickness (m)
No. of metres in box - broken 0.9
Comments/notes e.g. porosity,
stylolite networks Grey seams, difficult to distinguish diffuse seams from discrete seams
Discontinuity core log data sheet
Page 6 of 32
Logged by Orla Hansen
Location Mc Donald's Quarry
Date logged Mar-07
Borehole number 501
Box number 14
Depth (m) 47.6-50.5 2
Total thickness in box (m) 2.9 SN
Thickness described (m) if two E|l@| 2
units in same box E|E| @
Geological unit Otorohanga Limestone o] 9| 8
[Quarry unit Aglime . O I
Discrete seam thickness (mm) Thicknesses (mm) Tot. thick. (mm) of | 2 % _§
Box lines 1 2-4 | 5-7 | 8-10|11-13|14-16)17-19 (discrete seams) discrete seams a (%) (%)
Line A (bottom) 2 3 1 2,21521 13
Line B 3 2 1 1,1,7,8,7,1 25 1 1
Line C 2 3 1 1 2,7,10,5,7,2,15 48 2
Line D 1 1 1 1,10,2 13 50 1
Line E (top) 1 10 10 460 1
Total 6 6 6 4 1 109 510] 1 5
Total broken thickness (m)
No. of metres in box - broken 2.9

Comments/notes e.g. porosity,
stylolite networks

All grey seams
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Discontinuity core log data sheet

7 of 32
Logged by Orla Hansen
Location Mc Donald's Quarry
Date logged Mar-07
Borehole number 501
Box number 15
Depth (m) 50.5-53.5 ]
Total thickness in box (m) 3 2] 2
Thickness described (m) if two ElB]| L
units in same box E|E| @
Geological unit Otorohanga Limestone 2 IS _S
Quarry unit Aglime 2|1 5|5
Discrete seam thickness (mm) Thicknesses (mm) Tot. thick. (mm) of 2 é _§
Box lines 1 2-4 | 5-7 | 8-10]11-13|14-16}17-19 (discrete seams) discrete seams a (%) (%)
Line A (bottom) 2 2,2 4 490
Line B 5 6 1 26,1,321212121 24
Line C 5 5 3 2757143113211 38
Line D 9 1 1 16,1,1111,1311 18
Line E (top) 8 2 1,1,71,1,11,15,1 20 3
Total 27 14 7 104 490 3
Total broken thickness (m)
No. of metres in box - broken 3
Comments/notes e.g. porosity,
stylolite networks Small orange patches, orange and grey areas together with orange and grey seams
Figure * Example of a core log data sheet used tor  ecord discontinuity information observed in the lim estone cores.
Discontinuity core log data sheet
Page 8 of 32
Logged by Orla Hansen
Location Mc Donald's Quarry
Date logged Mar-07
Borehole number 501
Box number 16
Depth (m) 53.5-56.4 2
Total thickness in box (m) 2.9 SN
Thickness described (m) if two E|l@| 2
units in same box E|E| @
Geological unit Otorohanga Limestone 2] 9| 8
|Quarry unit Aglime 2| % k5
Discrete seam thickness (mm) Thicknesses (mm) Tot. thick. (mm) of | 2 % _§
Box lines 1 2-4 | 5-7 | 8-10|11-13|14-16)17-19 (discrete seams) discrete seams a (%) (%)
Line A (bottom) 5 2 2211111 9
Line B 5 1 2,1,1,1,1,1 7 2
Line C 9 1 1,1,1,2,1,1,1,1,1,1 11 1
Line D 4 4 1 1 10,3,2,1,5,24,1,1,1 30
Line E (top) 2 5 1 1 152,45,4,132,1 37 2
Total 25 13 2 1 94 60 3 2
Total broken thickness (m)
No. of metres in box - broken 2.9
Comments/notes e.g. porosity,
stylolite networks Porous zones (1%), orange and grey areas of limestone
Discontinuity core log data sheet
Page 9 of 32
Logged by Orla Hansen
Location Mc Donald's Quarry
Date logged Mar-07
Borehole number 501
Box number 17
Depth (m) 56.4-59.3 2
Total thickness in box (m) 2.9 12| 2
Thickness described (m) if two E|l@| 2
units in same box 2.77 E| £ @
Geological unit Otorohanga Limestone 2] 9| 8
[Quarry unit Aglime 2| 5|5
Discrete seam thickness (mm) Thicknesses (mm) Tot. thick. (mm) of | 2 % _§
Box lines 1 2-4 | 5-7 | 8-10|11-13|14-16)17-19 (discrete seams) discrete seams a (%) (%)
Line A (bottom) 3 2 1 1 51433111 28
Line B 4 9 1 4,54,2334,2321111 36 1
Line C 3 5 2 7344446111 35 1
Line D 6 3 1 53,3,3,11111,11 20 1
Line E (top) 6 3 2,2,2,1,1,1,1,1,1 12
Total 22 22 5 131 3
Total broken thickness (m) 0.1
No. of metres in box - broken 2.67

Comments/notes e.g. porosity,
stylolite networks

Last 13.5 cm of line A = High Grade & transition. NB: Ormiston logs show last 10 cm is High Grade (artificial cut),

grey seams
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Discontinuity core log data sheet

Page 10  of 32
Logged by Orla Hansen
Location Mc Donald's Quarry
Date logged Mar-07
Borehole number 501
Box number 17
Depth (m) 56.4-59.3 2
Total thickness in box (m) 0.13 el 2] 2
Thickness described (m) if two ElB]| L
units in same box E|E| @
Geological unit Otorohanga Limestone 2 IS _S
Quarry unit High Grade 2|1 5|5
Discrete seam thickness (mm) Thicknesses (mm) Tot. thick. (mm) of | 2 é .é
Box lines 1 2-4 | 5-7 | 8-10]11-13|14-16}17-19 (discrete seams) discrete seams a (%) (%)
Line A (bottom) 1 1 4,1 5
Line B
Line C
Line D
Line E (top)
Total 1 1 5
Total broken thickness (m)
No. of metres in box - broken 0.13
Comments/notes e.g. porosity,
stylolite networks Porous zones (1%), orange seams
Discontinuity core log data sheet
Page 11 of 32
Logged by Orla Hansen
Location Mc Donald's Quarry
Date logged Mar-07
Borehole number 501
Box number 18
Depth (m) 59.3-62.2 ]
Total thickness in box (m) 2.9 el 2] 2
Thickness described (m) if two ElB]| L
units in same box E|E| @
Geological unit Otorohanga Limestone 2 IS _S
Quarry unit High Grade a 2|1 5|5
Discrete seam thickness (mm) Thicknesses (mm) Tot. thick. (mm) of | 2 é .é
Box lines 1 2-4 | 5-7 | 8-10]11-13|14-16}17-19 (discrete seams) discrete seams a (%) (%)
Line A (bottom) 8 1 411111111 12 2
Line B 5 2 3211111 10 1
Line C 4 3 3,3,4,1,1,11 14
Line D 6 1 31,1,1,1,1,1 9
Line E (top) 2 3 22411 10 2
Total 25 55 5
Total broken thickness (m) 0.04
No. of metres in box - broken 2.86
Comments/notes e.g. porosity,
stylolite networks grey and orange seams
Discontinuity core log data sheet
Page 12 of 32
Logged by Orla Hansen
Location Mc Donald's Quarry
Date logged Mar-07
Borehole number 501
Box number 19
Depth (m) 62.2-65.2 2
Total thickness in box (m) 3 g1 S| 2
Thickness described (m) if two E|l@| 2
units in same box E|E| @
Geological unit Otorohanga Limestone 2] 9| 8
[Quarry unit High Grade 2| 5|5
Discrete seam thickness (mm) Thicknesses (mm) Tot. thick. (mm) of | 2 § _§
Box lines 1 2-4 | 5-7 | 8-10|11-13|14-16)17-19 (discrete seams) discrete seams a (%) (%)
Line A (bottom) 5 5 2222211111 15
Line B 5 4 223211111 14
Line C 4 7 1 3,3.2,43,3,52,11,11 29
Line D 4 5 443221111 19
Line E (top) 6 1 41,1,1,1,1,1 10 1 3
Total 24 22 1 87 1 3
Total broken thickness (m)
No. of metres in box - broken 3

Comments/notes e.g. porosity,
stylolite networks
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Discontinuity core log data sheet

Page 13 of 32
Logged by Orla Hansen
Location Mc Donald's Quarry
Date logged Mar-07
Borehole number 501
Box number 20
Depth (m) 65.2-68.2 ]
Total thickness in box (m) 3 l 2] 2
Thickness described (m) if two ElB]| L
units in same box E|E| @
Geological unit Otorohanga Limestone 2 IS _S
Quarry unit High Grade 2|1 5|5
Discrete seam thickness (mm) Thicknesses (mm) Tot. thick. (mm) of 2 é _§
Box lines 1 2-4 | 5-7 | 8-10]11-13|14-16}17-19 (discrete seams) discrete seams a (%) (%)
Line A (bottom) 3 5 1 1 3,10,4,2,3,3,7,1,1,1 35
Line B 4 5 2 44336621111 32
Line C 4 4 2 2,4,3,35,6,1,1,1,1 27
Line D 4 2 3 466261111 28
Line E (top) 3 4 1 4,3,2,3,51,1,1 20
Total 18 20 9 1 142 2
Total broken thickness (m)
No. of metres in box - broken 3
Comments/notes e.g. porosity,
stylolite networks All grey seams
Discontinuity core log data sheet
Page 14  of 32
Logged by Orla Hansen
Location Mc Donald's Quarry
Date logged Mar-07
Borehole number 501
Box number 21
Depth (m) 68.2-71.1 ]
Total thickness in box (m) 2.9 Tl 2] 2
Thickness described (m) if two ElB]| L
units in same box E|E| @
Geological unit Otorohanga Limestone 2 IS _S
Quarry unit High Grade N
Discrete seam thickness (mm) Thicknesses (mm) Tot. thick. (mm) of E é _§
Box lines 1 2-4 | 5-7 | 8-10]11-13|14-16}17-19 (discrete seams) discrete seams a (%) (%)
Line A (bottom) 5 1 6,1,1,1,1,1 11 1
Line B 5 3 33311111 14
Line C 4 1 1 53,1,1,1,1 12
Line D 4 1 4,1,1,1,1 8 1
Line E (top) 3 2 2 1 1 12,9,5,6,2,2,1,1,1 39 1
Total 21 7 4 1 84 1 2
Total broken thickness (m) 0.1
No. of metres in box - broken 2.8
Comments/notes e.g. porosity,
stylolite networks
Discontinuity core log data sheet
Page 15 of 32
Logged by Orla Hansen
Location Mc Donald's Quarry
Date logged Mar-07
Borehole number 501
Box number 22
Depth (m) 71.1-74.1 2
Total thickness in box (m) 3 g1 S| 2
Thickness described (m) if two E|l@| 2
units in same box E|E| @
Geological unit Otorohanga Limestone 2] 9| 8
|Quarry unit High Grade 2 s 5
Discrete seam thickness (mm) Thicknesses (mm) Tot. thick. (mm) of | 2 % _§
Box lines 1 2-4 | 5-7 | 8-10|11-13|14-16)17-19 (discrete seams) discrete seams a (%) (%)
Line A (bottom) 3 4 2324111 14
Line B 5 3 3,2,3,1,1,1,1,1 13 1
Line C 6 1 31,1,1,1,1,1 9
Line D 3 3 1 6443111 20
Line E (top) 4 4 1 522341111 20
Total 21 15 2 76 1
Total broken thickness (m)
No. of metres in box - broken 3

Comments/notes e.g. porosity,
stylolite networks

All grey seams
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Discontinuity core log data sheet

Page 16 of 32
Logged by Orla Hansen
Location Mc Donald's Quarry
Date logged Mar-07
Borehole number 501
Box number 23
Depth (m) 74.1-77.1 2
Total thickness in box (m) 3 el 2] 2
Thickness described (m) if two ElB]| L
units in same box E|E| @
Geological unit Otorohanga Limestone 2 IS _S
Quarry unit High Grade 2|1 5|5
Discrete seam thickness (mm) Thicknesses (mm) Tot. thick. (mm) of 2 é _§
Box lines 1 2-4 | 5-7 | 8-10]11-13|14-16}17-19 (discrete seams) discrete seams a (%) (%)
Line A (bottom) 4 3 2,2,2,1,1,1,1 10
Line B 3 1 2 652111 16
Line C 3 1 1 37111 13 1
Line D 5 1 41,1,1,1,1 9 2
Line E (top) 2 3 4,321,1 11
Total 17 9 3 59 1 4
Total broken thickness (m)
No. of metres in box - broken 3
Comments/notes e.g. porosity,
stylolite networks
Discontinuity core log data sheet
17 of 32
Logged by Orla Hansen
Location Mc Donald's Quarry
Date logged Mar-07
Borehole number 501
Box number 24
Depth (m) 77.1-80 ]
Total thickness in box (m) 2.9 el 2] 2
Thickness described (m) if two ElB]| L
units in same box 04 E|E| @
Geological unit Otorohanga Limestone 2 IS _S
Quarry unit High Grade 2|1 5|5
Discrete seam thickness (mm) Thicknesses (mm) Tot. thick. (mm) of | 2 5 3
Box lines 1 | 2-4 | 5-7 | 810]11-13[14-16[17-19 (discrete seams) discrete seams a 3 3
Line A (bottom) wer Steel
Line B wer Steel
Line C wer Steel
Line D wer Steel
Line E (top) 2 2 22,11 6 1
Total 2 2 6 1
Total broken thickness (m)
No. of metres in box - broken 0.4
Comments/notes e.g. porosity,
stylolite networks First 40 cm of line E is High Grade
Discontinuity core log data sheet
Page 18 of 32
Logged by Orla Hansen
Location Mc Donald's Quarry
Date logged Mar-07
Borehole number 501
Box number 24
Depth (m) 77.1-80 2
Total thickness in box (m) 2.9 g1 S| 2
Thickness described (m) if two E|l@| 2
units in same box 25 E| £ @
Geological unit Otorohanga Limestone 2] 9| 8
[Quarry unit Lower Steel 2|8 5
Discrete seam thickness (mm) Thicknesses (mm) Tot. thick. (mm) of | 2 % _§
Box lines 1 2-4 | 5-7 | 8-10|11-13|14-16)17-19 (discrete seams) discrete seams a (%) (%)
Line A (bottom) 6 1,1,1,1,1,1 6 2 1
Line B 7 2 3,31,1,1,1,1,1,1 13 2
Line C 6 1 2,1,1,1,1,1,1 8 3
Line D 3 1,1,1 3
Line E (top) 1 1 1
Total 24 3 31 7 1
Total broken thickness (m) 0.06
No. of metres in box - broken 244

Comments/notes e.g. porosity,
stylolite networks

First 40 cm of line E = High Grade. Seams med brown or grey. Porous zones (10-15%)
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Discontinuity core log data sheet

Page 19 of 32

Logged by Orla Hansen
Location Mc Donald's Quarry
Date logged Mar-07
Borehole number 501
Box number 25
Depth (m) 80-82.9 ]
Total thickness in box (m) 2.9 l 2] 2
Thickness described (m) if two ElB]| L
units in same box E|E| @
Geological unit Otorohanga Limestone 2 IS _S
Quarry unit Lower Steel N 5

Discrete seam thickness (mm) Thicknesses (mm) Tot. thick. (mm) of 2 é _§
Box lines 1 2-4 | 5-7 | 8-10]11-13|14-16}17-19 (discrete seams) discrete seams a (%) (%)
Line A (bottom) 5 1 2,1,1,1,1,1 7
Line B 5 1 411111 9
Line C 6 1,1,1,1,1,1 6
Line D 4 2 2,2,1,1,1,1 8 1
Line E (top) 6 1 3,1,1,1,1,1,1 9 3 2
Total 26 5 39 3 6
Total broken thickness (m)
No. of metres in box - broken 2.9
Comments/notes e.g. porosity,
stylolite networks All seams grey, some seams stringy (<1 mm)

Discontinuity core log data sheet
Page 20 of 32

Logged by Orla Hansen
Location Mc Donald's Quarry
Date logged Mar-07
Borehole number 501
Box number 26
Depth (m) 82.9-85.7 ]
Total thickness in box (m) 2.8 Tl 2] 2
Thickness described (m) if two ElB]| L
units in same box E|E| @
Geological unit Otorohanga Limestone 2 IS _S
Quarry unit Lower Steel N 5

Discrete seam thickness (mm) Thicknesses (mm) Tot. thick. (mm) of é é _§
Box lines 1 2-4 | 5-7 | 8-10]11-13|14-16}17-19 (discrete seams) discrete seams a (%) (%)
Line A (bottom) 6 1 3,1,1,1,1,1,1 9
Line B 4 1 51,111 9 1
Line C 2 3 2,2,2,1,1 8 1
Line D 4 1 6,1,1,1,1 10
Line E (top) 5 1 2,1,1,1,1,1 7
Total 21 5 2 43 2
Total broken thickness (m)
No. of metres in box - broken 2.8

Comments/notes e.g. porosity,
stylolite networks

Dark grey seams, and orange brown seams, stringy seams (couple).

speckly

. Porous zones (5-30%), highly porous box,

Discontinuity core log data sheet

Page 21 of 32

Logged by Orla Hansen
Location Mc Donald's Quarry
Date logged Mar-07
Borehole number 501
Box number 27
Depth (m) 85.7-88.7 L
Total thickness in box (m) 3.7 g1 S| 2
Thickness described (m) if two E|l@| 2
units in same box E g @
Geological unit Otorohanga Limestone o S| 8
|Quarry unit Lower Steel - 2 s 5

Discrete seam thickness (mm) Thicknesses (mm) Tot. thick. (mm) of | 2 % _§
Box lines 1 2-4 | 5-7 | 8-10|11-13|14-16)17-19 (discrete seams) discrete seams a (%) (%)
Line A (bottom) 2 1,1 2 3
Line B 4 11,11 4 2
Line C 4 1111 4
Line D 2 1,1 2
Line E (top) 5 1,1,1,1,1 5 3
Total 17 17 8
Total broken thickness (m) 0.63
No. of metres in box - broken 3.07

Comments/notes e.g. porosity,
stylolite networks

Porous zones (5-20%), seams all grey, seam material coarse dark grey sand
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Discontinuity core log data sheet

22 of 32
Logged by Orla Hansen
Location Mc Donald's Quarry
Date logged Mar-07
Borehole number 501
Box number 28
Depth (m) 88.7-91.7 2
Total thickness in box (m) 3 el 2] 2
Thickness described (m) if two ElB]| L
units in same box E|E| @
Geological unit Otorohanga Limestone 2 IS _S
Quarry unit Lower Steel ; N 5
Discrete seam thickness (mm) Thicknesses (mm) Tot. thick. (mm) of 2 é _§
Box lines 1 2-4 | 5-7 | 8-10]11-13|14-16}17-19 (discrete seams) discrete seams a (%) (%)
Line A (bottom) 7 1,1,1,1,1,1,1 7
Line B 7 1111111 7
Line C 8 1,1,1,1,1,1,1,1 8
Line D 7 1,1,1,1,1,1,1 7 1
Line E (top) 4 1,1,1,1 4
Total 33 33 1
Total broken thickness (m)
No. of metres in box - broken 3
Comments/notes e.g. porosity, Seams in line E <1 mm thick, granular, coarse dark grey. Vertical joint 51 cm long lined with whitish brown clay and
stylolite networks palygorskite, porous zones along seams (2%), seams all grey
Discontinuity core log data sheet
Page 23 of 32
Logged by Orla Hansen
Location Mc Donald's Quarry
Date logged Mar-07
Borehole number 501
Box number 29
Depth (m) 91.7-94.6 ]
Total thickness in box (m) 2.9 el 2] 2
Thickness described (m) if two ElB]| L
units in same box E|E| @
Geological unit Otorohanga Limestone 2 IS _S
Quarry unit Lower Steel —— 2|5 5
Discrete seam thickness (mm) Thicknesses (mm) Tot. thick. (mm) of é é _§
Box lines 1 2-4 | 5-7 | 8-10]11-13|14-16}17-19 (discrete seams) discrete seams a (%) (%)
Line A (bottom) 4 1,1,1,1 4 1
Line B 3 111 3 4
Line C 2 1,1 2 4
Line D 4 1111 4 2
Line E (top) All broken, not logged
Total 13 13 11
Total broken thickness (m) 1.12
No. of metres in box - broken 1.78
Comments/notes e.g. porosity,
stylolite networks All seams grey, stylolites 2 mm thick, dark green infill, box quite broken, porous zones (20%)
Discontinuity core log data sheet
Page 24  of 32
Logged by Orla Hansen
Location Mc Donald's Quarry
Date logged Mar-07
Borehole number 501
Box number 30
Depth (m) 94.6-97.4 2
Total thickness in box (m) 2.8 g1 S| 2
Thickness described (m) if two E|l@| 2
units in same box E|E| @
Geological unit Otorohanga Limestone 2] 9| 8
[Quarry unit Lower Steel 2|8 5
Discrete seam thickness (mm) Thicknesses (mm) Tot. thick. (mm) of | 2 % _§
Box lines 1 2-4 | 5-7 | 8-10|11-13|14-16)17-19 (discrete seams) discrete seams a (%) (%)
Line A (bottom) 3 1,11 3
Line B 4 11,11 4 1
Line C 3 111 3
Line D 4 11,11 4
Line E (top) 6 1,1,1,1,1,1 6 1
Total 20 20 2
Total broken thickness (m)
No. of metres in box - broken 2.8
Comments/notes e.g. porosity,
stylolite networks Porous zones (50%), all seams counted <1 mm, most of box porous and broken
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Discontinuity core log data sheet

25 of 32

Logged by Orla Hansen
Location Mc Donald's Quarry
Date logged Mar-07
Borehole number 501
Box number 31
Depth (m) 97.4-100.4 ]
Total thickness in box (m) 3 l 2] 2
Thickness described (m) if two ElB]| L
units in same box E|E| @
Geological unit Otorohanga Limestone 2 IS _S
Quarry unit Lower Steel N 5

Discrete seam thickness (mm) Thicknesses (mm) Tot. thick. (mm) of 2 é _§
Box lines 1 2-4 | 5-7 | 8-10]11-13|14-16}17-19 (discrete seams) discrete seams a (%) (%)
Line A (bottom) 6 1,1,1,11,1 6 1
Line B 4 1111 4
Line C 3 1,1,1 3
Line D 5 1,1,1,1,1 5 4
Line E (top) 4 1,1,1,1 4 1 1
Total 22 22 6 1
Total broken thickness (m) 0.3
No. of metres in box - broken 2.7

Comments/notes e.g. porosity,
stylolite networks

Seams in line C & E white/grey lining <1 mm thick. Dark grey seam material. Vertical cracks in limestone, porous

zones (10%)

Discontinuity core log data sheet

26 of 32
Logged by Orla Hansen
Location Mc Donald's Quarry
Date logged Mar-07
Borehole number 501
Box number 32
Depth (m) 100.4-103.3 ]
Total thickness in box (m) 2.9 Tl 2] 2
Thickness described (m) if two ElB]| L
units in same box E|E| @
Geological unit Otorohanga Limestone 2 IS _S
Quarry unit Sub-economic unit N 5
Discrete seam thickness (mm) Thicknesses (mm) Tot. thick. (mm) of E é _§
Box lines 1 2-4 | 5-7 | 8-10]11-13|14-16}17-19 (discrete seams) discrete seams a (%) (%)
Line A (bottom) 9 1,11,1,11,1,1,1 9 3 1
Line B 1 4 1 424631 20 1
Line C 1 4 44441 17
Line D 9 1,1,1,1,1,1,1,1,1 9
Line E (top) 7 1,1,1,1,1,1,1 7
Total 27 8 1 62 3 2
Total broken thickness (m)
No. of metres in box - broken 2.9
Comments/notes e.g. porosity,
stylolite networks All dark grey seams
Discontinuity core log data sheet
Page 27 of 32
Logged by Orla Hansen
Location Mc Donald's Quarry
Date logged Mar-07
Borehole number 501
Box number 33
Depth (m) 103.3-106.2 2
Total thickness in box (m) 2.9 g1 S| 2
Thickness described (m) if two E|l@| 2
units in same box E|E| @
Geological unit Otorohanga Limestone 2] 9| 8
|Quarry unit Sub-economic unit 2 5|5
Discrete seam thickness (mm) Thicknesses (mm) Tot. thick. (mm) of | 2 % _§
Box lines 1 2-4 | 5-7 | 8-10|11-13|14-16)17-19 (discrete seams) discrete seams a (%) (%)
Line A (bottom) 3 1 1 1 6,310,111 22 3
Line B 5 1,1,1,1,1 5 220
Line C 2 3 2 310,329,111 29
Line D 1 2 2 188,75 29 2
Line E (top) 3 2 321,11 8
Total 14 6 3 5 93 220 3 2
Total broken thickness (m)
No. of metres in box - broken 2.9

Comments/notes e.g. porosity,
stylolite networks

Stringy seams, all grey
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Discontinuity core log data sheet

Page 28 of 32
Logged by Orla Hansen
Location Mc Donald's Quarry
Date logged Apr-07
Borehole number 501
Box number 34
Depth (m) 106.2-109.10 2
Total thickness in box (m) 2.9 el 2] 2
Thickness described (m) if two ElB]| L
units in same box E|E| @
Geological unit Otorohanga Limestone 2 IS _S
Quarry unit Sub-economic unit N 5
Discrete seam thickness (mm) Thicknesses (mm) Tot. thick. (mm) of 2 é _§
Box lines 1 2-4 | 5-7 | 8-10]11-13|14-16}17-19 (discrete seams) discrete seams a (%) (%)
Line A (bottom) 2 3 1 3,5,3,4,1,1 17 4 1
Line B 2 2 4355 17 8 1
Line C 3 1 6,4,4,2 16 5 3
Line D 1 4 24431 14 3 2
Line E (top) 4 1 1,1,1,1,5 9 10 1
Total 7 12 5 73 30 8
Total broken thickness (m)
No. of metres in box - broken 2.9
Comments/notes e.g. porosity,
stylolite networks Whole box unoxidised, stylolites wispy, big shells
Discontinuity core log data sheet
Page 29 of 32
Logged by Orla Hansen [ o R . |
Location Mc Donald's Quarry
Date logged Apr-07
Borehole number 501
Box number 35
Depth (m) 109.1-112.1 ]
Total thickness in box (m) 3 el 2] 2
Thickness described (m) if two ElB]| L
units in same box E|E| @
Geological unit Otorohanga Limestone 2 IS _S
Quarry unit Sub-economic unit 2|5 5
Discrete seam thickness (mm) Thicknesses (mm) Tot. thick. (mm) of é é _§
Box lines 1 2-4 | 5-7 | 8-10]11-13|14-16}17-19 (discrete seams) discrete seams a (%) (%)
Line A (bottom) 4 2 1 3,6,4,1,1,1,1 17 5 1
Line B 4 1 41111 8 11
Line C 3 1 2227 13 7
Line D 2 1 3 7,553,111 22 10
Line E (top) 2 3,4 7 14
Total 10 9 5 67 47 1
Total broken thickness (m)
No. of metres in box - broken 3
Comments/notes e.g. porosity,
stylolite networks Stringy wispy seams, thick shell material up to 2 cm thick
Discontinuity core log data sheet
Page 30 of 32
Logged by Orla Hansen
Location Mc Donald's Quarry
Date logged Apr-07
Borehole number 501
Box number 36
Depth (m) 112.1-115.1 2
Total thickness in box (m) 3 g1 S| 2
Thickness described (m) if two E|l@| 2
units in same box E|E| @
Geological unit Otorohanga Limestone 2] 9| 8
|Quarry unit Sub-economic unit 5 2 5|5
Discrete seam thickness (mm) Thicknesses (mm) Tot. thick. (mm) of | 2 % _§
Box lines 1 2-4 | 5-7 | 8-10|11-13|14-16)17-19 (discrete seams) discrete seams a (%) (%)
Line A (bottom) 1 2 1 2,741 14 7
Line B 5 2 1 2,2,11,1,1,1,1,1 20 11
Line C 4 1 31,111 7 12
Line D 8 1 1 25,11,1,1,1,1,1,1 15 7
Line E (top) 6 1,1,1,1,1,1 6 8
Total 24 6 2 1 62 45
Total broken thickness (m)
No. of metres in box - broken 3

Comments/notes e.g. porosity,
stylolite networks

Stylolite thickness about 2 mm thick. Porous zones up to 5 mm either side of stylolites and seams
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Discontinuity core log data sheet

Page 31 of 32
Logged by Orla Hansen
Location Mc Donald's Quarry
Date logged Apr-07
Borehole number 501
Box number 37
Depth (m) 115.1-118 ]
Total thickness in box (m) 2.9 l 2] 2
Thickness described (m) if two ElB]| L
units in same box E|E| @
Geological unit Otorohanga Limestone 2 IS _S
Quarry unit Sub-economic unit N 5
Discrete seam thickness (mm) Thicknesses (mm) Tot. thick. (mm) of 2 é _§
Box lines 1 2-4 | 5-7 | 8-10]11-13|14-16}17-19 (discrete seams) discrete seams a (%) (%)
Line A (bottom) 2 1 1 12,4,1,1 18 20 | 10 2
Line B 1 1 1 451 10 13 1
Line C 2 2 1 10,12,10,16,12 59 3 3
Line D 1 1 1 1 1 1 17,15,10,12,6,1 61 6 1
Line E (top) 2 1 2 1 15,10,5,8,1,1 40 2 2
Total 6 2 3 5 4 3 1 188 20 | 34 9
Total broken thickness (m)
No. of metres in box - broken
Comments/notes e.g. porosity,
stylolite networks Shell material, stylolite bold than boxes 36 and 35
Discontinuity core log data sheet
32  of 32
Logged by Orla Hansen
Location Mc Donald's Quarry
Date logged Apr-07
Borehole number 501
Box number 38
Depth (m) 118-120.9 ]
Total thickness in box (m) 2.9 Tl 2] 2
Thickness described (m) if two ElB]| L
units in same box E|E| @
Geological unit Otorohanga Limestone 2 IS _S
Quarry unit Sub-economic unit N 5
Discrete seam thickness (mm) Thicknesses (mm) Tot. thick. (mm) of E é _§
Box lines 1 2-4 | 5-7 | 8-10]11-13|14-16}17-19 (discrete seams) discrete seams a (%) (%)
Line A (bottom) 1 2 1 1 2,11,6,10,6 35 6
Line B 2 1 1 2 1 2,6,10,1310,1,1 43
Line C 1 2 2 1 1 10,10,6,15,11,6,1 59 1
Line D 2 1 2 1 8,8,7111,1 36 2 2
Line E (top) 3 1 2 1 10,10,18,5,1,1,1 46 3| 2
Total 8 2 7 9 4 1 1 219 11 5
Total broken thickness (m)
No. of metres in box - broken 2.9

Comments/notes e.g. porosity,
stylolite networks

Last box logged - getting too sandy

Appendix D

317




Appendix D-4.2.B Discontinuity data sheets for drilhole BH502

Discontinuity core log data sheet

Page 1 of 35
Logged by Orla Hansen
Location McDonald's Quarry
Date logged Nov-06
Borehole number 502
Box number 9
Depth (m) 23.7-26.6 2
Total thickness in box (m) 2.9 g1 S| 2
Thickness described (m) if two E|l@| 2
units in same box 11 E| £ @
Geological unit Otorohanga Limestone I .§
Quarry unit Caprock o I i}
Discrete seam thickness (mm) Thicknesses (mm) Tot. thick. (mm) of | 2 % _§
Box lines 1 2-4 | 5-7 | 8-10|11-13|14-16)17-19 (discrete seams) discrete seams a (%) (%)
Line A (bottom) 131
Line B 5 1 2,1,1,1,1,1 7
Line C Mahoenui Group
Line D Mahoenui Group
Line E (top) Mahoenui Group
Total 5 1 7 131) 2 3
Total broken thickness (m)
No. of metres in box - broken 1.1
Comments/notes e.g. porosity,
stylolite networks Seam not distiguishable from host rock colour, stylolitic network
Discontinuity core log data sheet
Page 2 of 35
Logged by Orla Hansen
Location McDonald's Quarry
Date logged Nov-06
Borehole number 502
Box number 10
Depth (m) 26.6-29.5 2
Total thickness in box (m) 2.98 Tl 2] 2
Thickness described (m) if two ElB]| L
units in same box 0.47 E|E| @
Geological unit Otorohanga Limestone 2 IS _S
Quarry unit Caprock — 2|1 5|5
Discrete seam thickness (mm) Thicknesses (mm) Tot. thick. (mm) of é é _§
Box lines 1 2-4 | 5-7 | 8-10]11-13|14-16}17-19 (discrete seams) discrete seams a (%) (%)
Line A (bottom)
Line B
Line C
Line D
Line E (top)
Total 1 1 11370 1 1
Total broken thickness (m)
No. of metres in box - broken 0.47
Comments/notes e.g. porosity,
stylolite networks
Discontinuity core log data sheet
Page 3 of 35
Logged by Orla Hansen
Location McDonald's Quarry
Date logged Nov-06
Borehole number 502
Box number 10
Depth (m) 26.6-29.5 ]
Total thickness in box (m) 2.98 Tl 2] 2
Thickness described (m) if two ElB]| L
units in same box 251 E|E| @
Geological unit Otorohanga Limestone 2 IS _S
Quarry unit Upper Steel — N 5
Discrete seam thickness (mm) Thicknesses (mm) Tot. thick. (mm) of é é _§
Box lines 1 2-4 | 5-7 | 8-10]11-13|14-16}17-19 (discrete seams) discrete seams a (%) (%)
Line A (bottom)
Line B
Line C
Line D
Line E (top)
Total 4 2 2211171 8 13
Total broken thickness (m) 0.35
No. of metres in box - broken 2.16

Comments/notes e.g. porosity,
stylolite networks

Highly porous - (25% of limestone), stylolite amplitude = 2 mm, one stylolitic network
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Discontinuity core log data sheet

Page 4 of 35
Logged by Orla Hansen
Location McDonald's Quarry
Date logged Nov-06
Borehole number 502
Box number 11
Depth (m) 29.5-32.4 ]
Total thickness in box (m) 2.9 l 2] 2
Thickness described (m) if two ElB]| L
units in same box E|E| @
Geological unit Otorohanga Limestone 2 IS _S
Quarry unit Upper Steel N 5
Discrete seam thickness (mm) Thicknesses (mm) Tot. thick. (mm) of 2 é _§
Box lines 1 2-4 | 5-7 | 8-10]11-13|14-16}17-19 (discrete seams) discrete seams a (%) (%)
Line A (bottom)
Line B
Line C
Line D
Line E (top)
Total 1 2 2 1 2
Total broken thickness (m) 2.33
No. of metres in box - broken 0.57
Comments/notes e.g. porosity, Porous zones (40%), subhorizontal stylolites <2 mm amplitude, subvertical stylolite amplitude = >10 mm and
stylolite networks associated with porosity
Discontinuity core log data sheet
Page 5 of 35
Logged by Orla Hansen
Location McDonald's Quarry
Date logged Nov-06
Borehole number 502
Box number 12
Depth (m) 32.4-35.1 ]
Total thickness in box (m) 2.7 Tl 2] 2
Thickness described (m) if two ElB]| L
units in same box E|E| @
Geological unit Otorohanga Limestone 2 IS _S
Quarry unit Upper Steel N 5
Discrete seam thickness (mm) Thicknesses (mm) Tot. thick. (mm) of é é _§
Box lines 1 2-4 | 5-7 | 8-10]11-13|14-16}17-19 (discrete seams) discrete seams a (%) (%)
Line A (bottom)
Line B
Line C
Line D
Line E (top)
Total 4 1,111 4 5 1
Total broken thickness (m) 1.1
No. of metres in box - broken 1.6
Comments/notes e.g. porosity,
stylolite networks Two vertical joints with clay infill, porous zones (15%). 2-3 mm amplitude on stylolites
Discontinuity core log data sheet
Page 6 of 35
Logged by Orla Hansen
Location McDonald's Quarry
Date logged Nov-06
Borehole number 502
Box number 13
Depth (m) 35.1-38.1 2
Total thickness in box (m) 3 g1 S| 2
Thickness described (m) if two E|l@| 2
units in same box 1.9 E| £ @
Geological unit Otorohanga Limestone 2] 9| 8
|Quarry unit Upper Steel 2 s 5
Discrete seam thickness (mm) Thicknesses (mm) Tot. thick. (mm) of | 2 % _§
Box lines 1 2-4 | 5-7 | 8-10|11-13|14-16)17-19 (discrete seams) discrete seams a (%) (%)
Line A (bottom)
Line B
Line C
Line D
Line E (top)
Total 5 1 2 7 2
Total broken thickness (m) 0.43
No. of metres in box - broken 1.47

Comments/notes e.g. porosity,
stylolite networks

Porous zones (5%), stylolites 2-3 mm amplitudes, stylolitic network
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Discontinuity core log data sheet

7 of 35
Logged by Orla Hansen
Location McDonald's Quarry
Date logged Nov-06
Borehole number 502
Box number 13
Depth (m) 35.1-38.1 2
Total thickness in box (m) 3 el 2] 2
Thickness described (m) if two ElB]| L
units in same box 11 E|E| @
Geological unit Otorohanga Limestone 2 IS _S
Quarry unit Aglime 2|1 5|5
Discrete seam thickness (mm) Thicknesses (mm) Tot. thick. (mm) of 2 é _§
Box lines 1 2-4 | 5-7 | 8-10]11-13|14-16}17-19 (discrete seams) discrete seams a (%) (%)
Line A (bottom)
Line B
Line C
Line D
Line E (top)
Total 4 4 2 2 2 43,355,210,10,15,15,1,1,1,1 76 1110 1
Total broken thickness (m)
No. of metres in box - broken 1.1
Comments/notes e.g. porosity,
stylolite networks
Discontinuity core log data sheet
Page 8 of 35
Logged by Orla Hansen
Location McDonald's Quarry
Date logged Nov-06
Borehole number 502
Box number 14
Depth (m) 38.1-40.9 ]
Total thickness in box (m) 2.88 el 2] 2
Thickness described (m) if two ElB]| L
units in same box E|E| @
Geological unit Otorohanga Limestone 2 IS _S
Quarry unit Aglime 2|1 5|5
Discrete seam thickness (mm) Thicknesses (mm) Tot. thick. (mm) of é é _§
Box lines 1 2-4 | 5-7 | 8-10]11-13|14-16}17-19 (discrete seams) discrete seams a (%) (%)
Line A (bottom)
Line B
Line C
Line D
Line E (top)
3,3,3,3,3,3,5,5,5,5,55,5,5,
Total 12 | 15 | 10 2 222222844467.10 125 637] 3 | 4
Total broken thickness (m)
No. of metres in box - broken 2.88

Comments/notes e.g. porosity,
stylolite networks

Vertical joint with infill, stylolitic network, subvertical stylolites = 2 mm amp, subhorizontal stylolites = <10 mm amp

Discontinuity core log data sheet

9 of 35

Logged by Orla Hansen
Location McDonald's Quarry
Date logged Nov-06
Borehole number 502
Box number 15
Depth (m) 40.9-43.8 2
Total thickness in box (m) 3.18 g1 S| 2
Thickness described (m) if two E|l@| 2
units in same box E|E| @
Geological unit Otorohanga Limestone 2] 9| 8
[Quarry unit Aglime 2| 5|5

Discrete seam thickness (mm) Thicknesses (mm) Tot. thick. (mm) of | 2 % _§
Box lines 1 2-4 | 5-7 | 8-10|11-13|14-16)17-19 (discrete seams) discrete seams a (%) (%)
Line A (bottom)
Line B
Line C
Line D
Line E (top)

774444444444422

Total 14 39 14 1 1 2,2,2,22,22,22,12,1255 230 830 2 1

.5,55,555,33,33,3333

Total broken thickness (m)

3,3,3,3,3,3,3,3,6,6,6,6,10,12

No. of metres in box - broken

Comments/notes e.g. porosity,
stylolite networks

Stylolitic networks ranging <2-4 mm amp.
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Page 10 of 35
Logged by Orla Hansen
Location McDonald's Quarry
Date logged Nov-06
Borehole number 502
Box number 16
Depth (m) 43.8-46.8 L
Total thickness in box (m) 2.95 Tl 2 ]
Thickness described (m) if two E|l@| 2
units in same box E|E| &
Geological unit Otorohanga Limestone g1 R _§
Quarry unit Aglime o S i}
Discrete seam thickness (mm) Thicknesses (mm) Tot. thick. (mm) of | 2 % _§
Box lines 1 2-4 | 5-7 | 8-1011-13|14-16]17-19 (discrete seams) discrete seams a (%) (%)
Line A (bottom)
Line B
Line C
Line D
Line E (top)
Total 16 4 4222 26 1
Total broken thickness (m) 2.07
No. of metres in box - broken 0.88
Comments/notes e.g. porosity,
stylolite networks One stylolitic network, one vertical joint no infill
Discontinuity core log data sheet
Page 11  of 35
Logged by Orla Hansen
Location McDonald's Quarry
Date logged Nov-06
Borehole number 502
Box number 17
Depth (m) 46.8-49.5 L
Total thickness in box (m) 2.96 € %\ 2
Thickness described (m) if two Elo| 2
units in same box 153 El £ @
Geological unit Otorohanga Limestone 2 < .S
Quarry unit Aglime b H 5
Discrete seam thickness (mm) Thicknesses (mm) Tot. thick. (mm) of | 2 § _§
Box lines 1 2-4 | 5-7 [8-10 11-13 14-16 [L7-19 (discrete seams) discrete seams a (%) (%)
Line A (bottom)
Line B
Line C
Line D
Line E (top)
Total 21 5 2,233,4 35 35
Total broken thickness (m)
No. of metres in box - broken 1.53
Comments/notes e.g. porosity,
stylolite networks One vertical joint no infill, one vertical joint infill
Discontinuity core log data sheet
12 _of 35
Logged by Orla Hansen
Location McDonald's Quarry
Date logged Nov-06
Borehole number 502
Box number 17
Depth (m) 46.8-49.5 2
Total thickness in box (m) 2.96 € %\ 2
Thickness described (m) if two Elo| 2
units in same box 1.43 El £ @
Geological unit Otorohanga Limestone 2 < .S
Quarry unit High Grade N
Discrete seam thickness (mm) Thicknesses (mm) Tot. thick. (mm) of | 2 § _§
Box lines 1 2-4 | 5-7 [8-10 11-13 14-16 [L7-19 (discrete seams) discrete seams a (%) (%)
Line A (bottom)
Line B
Line C
Line D
Line E (top)
Total 9 7 2 2,2,2,6,33,354 39 4
Total broken thickness (m)
No. of metres in box - broken 1.43

Comments/notes e.g. porosity,
stylolite networks

Porous zones (3%), 2 vertical joints with infill

Appendix D
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Discontinuity core log data sheet

Page 13 of 35
Logged by Orla Hansen
Location McDonald's Quarry
Date logged Nov-06
Borehole number 502
Box number 18
Depth (m) 49.5-52.3 2
Total thickness in box (m) 2.88 el 22
Thickness described (m) if two E| @ %
units in same box E e
Geological unit Otorohanga Limestone 212 K]
Quarry unit High Grade 2|8 5
Discrete seam thickness (mm) Thicknesses (mm) Tot. thick. (mm) of £ § _§
Box lines 1 2-4 | 5-7 8-10 11-13 [14-16 17-19 (discrete seams) discrete seams a (2l %)
Line A (bottom)
Line B
Line C
Line D
Line E (top)
Total 32 5 1 3,7,2,2,2,2 50 5 1
Total broken thickness (m) 0.3
No. of metres in box - broken 2.58
Comments/notes e.g. porosity,
stylolite networks Stylolites 2 mm amp, 3 stylolitic networks, porous zones (<1%)
Discontinuity core log data sheet
14 of 35
Logged by Orla Hansen
Location McDonald's Quarry
Date logged Nov-06
Borehole number 502
Box number 19
Depth (m) 52.3-55.3 2
Total thickness in box (m) 3.04 € %\ 2
Thickness described (m) if two Elo| 2
units in same box EIE| 2
Geological unit Otorohanga Limestone 2 < .S
Quarry unit High Grade R
Discrete seam thickness (mm) Thicknesses (mm) Tot. thick. (mm) of | 2 § _§
Box lines 1 2-4 | 5-7 [8-10 11-13 14-16 [L7-19 (discrete seams) discrete seams a (%) (%)
Line A (bottom)
Line B
Line C
Line D
Line E (top)
Total 29 17 3,3,3,44,4,2,2,2,2,2,2,2,2, 72 8 1
2,22
Total broken thickness (m)
No. of metres in box - broken 3.04
Comments/notes e.g. porosity,
stylolite networks Two stylolitic networks
Discontinuity core log data sheet
15 of 35
Logged by Orla Hansen
Location McDonald's Quarry
Date logged Nov-06
Borehole number 502
Box number 20
Depth (m) 55.3-58.2 2
Total thickness in box (m) 2.88 € %\ 2
Thickness described (m) if two Elo| 2
units in same box EIE| 2
Geological unit Otorohanga Limestone 2 < .S
Quarry unit High Grade N
Discrete seam thickness (mm) Thicknesses (mm) Tot. thick. (mm) of | 2 § _§
Box lines 1 2-4 | 5-7 [8-10 [11-13 14-16 [L7-19 (discrete seams) discrete seams a (%) (%)
Line A (bottom)
Line B
Line C
Line D
Line E (top)
Total 24 5 1 1 7,2,4,414,3,3 61 20| 4] 2
Total broken thickness (m) 0.04
No. of metres in box - broken 2.84

Comments/notes e.g. porosity,
stylolite networks

Two stylolitic networks
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Discontinuity core log data sheet

Page 16 of 35
Logged by Orla Hansen
Location McDonald's Quarry
Date logged Nov-06
Borehole number 502
Box number 21
Depth (m) 58.2-61.1 2
Total thickness in box (m) 2.95 el 22
Thickness described (m) if two E| @ %
units in same box E gle
Geological unit Otorohanga Limestone 212 K]
Quarry unit High Grade 2|8 5
Discrete seam thickness (mm) Thicknesses (mm) Tot. thick. (mm) of £ § _§
Box lines 1 2-4 | 5-7 8-10 11-13 [14-16 17-19 (discrete seams) discrete seams a a | o
Line A (bottom)
Line B
Line C
Line D
Line E (top)
Total 21 19 4,44,4,2222222272 72 8 2 1
,.2,3,3,3.33
Total broken thickness (m) 0.03
No. of metres in box - broken 2.92
Comments/notes e.g. porosity,
stylolite networks Two stylolitic networks
Discontinuity core log data sheet
Page 17  of 35
Logged by Orla Hansen
Location McDonald's Quarry
Date logged Nov-06
Borehole number 502
Box number 22
Depth (m) 61.1-63.9 2
Total thickness in box (m) 2.85 € %\ 2
Thickness described (m) if two Elo| 2
units in same box EIE| >
Geological unit Otorohanga Limestone 2 < .S
Quarry unit High Grade I N
Discrete seam thickness (mm) Thicknesses (mm) Tot. thick. (mm) of | 2 § _§
Box lines 1 2-4 | 5-7 [8-10 11-13 14-16 [L7-19 (discrete seams) discrete seams a (%) (%)
Line A (bottom)
Line B
Line C
Line D
Line E (top)
Total 28 8 2 2222564443 59 3
Total broken thickness (m) 0.2
No. of metres in box - broken 2.64
Comments/notes e.g. porosity,
stylolite networks Three stylolitic networks, 6 vertical joints
Discontinuity core log data sheet
Page 18 of 35
Logged by Orla Hansen
Location McDonald's Quarry
Date logged Nov-06
Borehole number 502
Box number 23
Depth (m) 63.9-66.8 2
Total thickness in box (m) 2.87 € %\ 2
Thickness described (m) if two Elo| 2
units in same box 1.82 Ef £ @
Geological unit Otorohanga Limestone 2 < .S
Quarry unit High Grade I R
Discrete seam thickness (mm) Thicknesses (mm) Tot. thick. (mm) of | 2 § _§
Box lines 1 2-4 | 5-7 [8-10 11-13 14-16 [L7-19 (discrete seams) discrete seams a (%) (%)
Line A (bottom)
Line B
Line C
Line D
Line E (top)
Total 14 5 1 2,2,2,2,2,5 29 20 2
Total broken thickness (m) 0.07
No. of metres in box - broken 1.75

Comments/notes e.g. porosity,
stylolite networks

3 stylolitic networks

Appendix D
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Discontinuity core log data sheet

Page 19 of 35
Logged by Orla Hansen
Location McDonald's Quarry
Date logged Nov-06
Borehole number 502
Box number 23
Depth (m) 63.9-66.8 2
Total thickness in box (m) 2.87 el 22
Thickness described (m) if two E| o %
units in same box 1.05 E e
Geological unit Otorohanga Limestone 212 K]
Quarry unit Lower Steel 2|8 5
Discrete seam thickness (mm) Thicknesses (mm) Tot. thick. (mm) of £ § _§
Box lines 1 2-4 | 5-7 8-10 [11-13 [14-16 (discrete seams) discrete seams a (2l %)
Line A (bottom)
Line B
Line C
Line D
Line E (top)
Total 7 1,1,1,1,1,1,1 7
Total broken thickness (m) 0.42
No. of metres in box - broken 0.63
Comments/notes e.g. porosity,
stylolite networks 1 stylolitic network, 1 vertical joint with infill
Discontinuity core log data sheet
20 of 35
Logged by Orla Hansen
Location McDonald's Quarry
Date logged Nov-06
Borehole number 502
Box number 24
Depth (m) 66.8-69.7 2
Total thickness in box (m) 2.86 € %\ 2
Thickness described (m) if two Elo| 2
units in same box EIE| 2
Geological unit Otorohanga Limestone 2 < .S
Quarry unit Lower Steel 2|8 5
Discrete seam thickness (mm) Thicknesses (mm) Tot. thick. (mm) of | 2 § _§
Box lines 1 2-4 | 5-7 [8-10 11-13 14-16 (discrete seams) discrete seams a (%) (%)
Line A (bottom)
Line B
Line C
Line D
Line E (top)
Total 31 3 223 38 15| 2
Total broken thickness (m) 0.09
No. of metres in box - broken 2.77
Comments/notes e.g. porosity,
stylolite networks 1 vertical joint with infill
Discontinuity core log data sheet
Page 21 _of 35
Logged by Orla Hansen
Location McDonald's Quarry
Date logged Nov-06
Borehole number 502
Box number 25
Depth (m) 69.7-72.6 2
Total thickness in box (m) 2.97 € %\ 2
Thickness described (m) if two Elo| 2
units in same box EIE| 2
Geological unit Otorohanga Limestone 2 < .S
Quarry unit Lower Steel 2S5
Discrete seam thickness (mm) Thicknesses (mm) Tot. thick. (mm) of | 2 § _§
Box lines 1 2-4 | 5-7 [8-10 11-13 14-16 (discrete seams) discrete seams a (%) (%)
Line A (bottom)
Line B
Line C
Line D
Line E (top)
Total 16 5 2 2222563 38 20
Total broken thickness (m) 0.46
No. of metres in box - broken 244

Comments/notes e.g. porosity,
stylolite networks

3 stylolitic networks
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Discontinuity core log data sheet

Page 22 of 35
Logged by Orla Hansen
Location McDonald's Quarry e
Date logged i 7™ s
Borehole number 502 7 T——T
Depth (m) 72.6-755 2oy 2
Total thickness in box (m) 2.94 el 22
Thickness described (m) if two E| B %
units in same box E gle
Geological unit Otorohanga Limestone g o 2 K]
Quarry unit Lower Steel 2] 5|5
Discrete seam thickness (mm) Thicknesses (mm) Tot. thick. (mm) of £ § _§
Box lines 1 2-4 | 5-7 8-10 11-13 [14-16 17-19 (discrete seams) discrete seams a a | o
Line A (bottom)
Line B
Line C
Line D
Line E (top)
Total 24 3 2,23 31 28 1
Total broken thickness (m) 0.14
No. of metres in box - broken 2.76
Comments/notes e.g. porosity,
stylolite networks 1 vertical joint no infill
Discontinuity core log data sheet
23 _of 35
Logged by Orla Hansen
Location McDonald's Quarry
Date logged Nov-06
Borehole number 502
Box number 27
Depth (m) 75.5-78.6 2
Total thickness in box (m) 3 € %\ 2
Thickness described (m) if two Elo| 2
units in same box E g @
Geological unit Otorohanga Limestone 2 < .S
Quarry unit Lower Steel I
Discrete seam thickness (mm) Thicknesses (mm) Tot. thick. (mm) of | 2 § _§
Box lines 1 2-4 | 5-7 [8-10 11-13 14-16 [L7-19 (discrete seams) discrete seams a (%) (%)
Line A (bottom)
Line B
Line C
Line D
Line E (top)
Total 22 2 2,2 24 24 2
Total broken thickness (m) 0.35
No. of metres in box - broken 2.65
Comments/notes e.g. porosity,
stylolite networks 2 stylolitic networks
Discontinuity core log data sheet
Page 24 of 35
Logged by Orla Hansen
Location McDonald's Quarry
Date logged Nov-06
Borehole number 502
Box number 28
Depth (m) 78.4-81.3 2
Total thickness in box (m) 2.94 € % 2
Thickness described (m) if two Elo| 2
units in same box E g @
Geological unit Otorohanga Limestone 2 < .S
Quarry unit Lower Steel 2[5 %
Discrete seam thickness (mm) Thicknesses (mm) Tot. thick. (mm) of | 2 § _§
Box lines 1 2-4 | 5-7 [8-10 11-13 14-16 [L7-19 (discrete seams) discrete seams a (%) (%)
Line A (bottom)
Line B
Line C
Line D
Line E (top)
Total 23 2 4,2 29 10
Total broken thickness (m) 0.27
No. of metres in box - broken 2.67

Comments/notes e.g. porosity,
stylolite networks

1 stylolitic network

Appendix D
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Discontinuity core log data sheet

25 of 35
Logged by Orla Hansen
Location McDonald's Quarry
Date logged Nov-06
Borehole number 502
Box number 29
Depth (m) 81.3-84.4 2
Total thickness in box (m) 2.98 el 22
Thickness described (m) if two E| @ %
units in same box E e
Geological unit Otorohanga Limestone 212 K]
Quarry unit Sub-economic unit o 5| %
Discrete seam thickness (mm) Thicknesses (mm) Tot. thick. (mm) of £ § _§
Box lines 1 2-4 | 5-7 8-10 11-13 [14-16 17-19 (discrete seams) discrete seams a (2l %)
Line A (bottom)
Line B
Line C
Line D
Line E (top)
Total 20 9 3 2,2,2,2,2,3,3,354,7,6 61 13 6
Total broken thickness (m)
No. of metres in box - broken 2.98
Comments/notes e.g. porosity,
stylolite networks 1 vertical joint with infill, 3 stylolitic networks
Discontinuity core log data sheet
Page 26 of 35
Logged by Orla Hansen
Location McDonald's Quarry
Date logged Nov-06
Borehole number 502
Box number 30
Depth (m) 84.4-87.3 2
Total thickness in box (m) 2.92 € %\ 2
Thickness described (m) if two Elo| 2
units in same box EIE| 2
Geological unit Otorohanga Limestone 2 < .S
Quarry unit Sub-economic unit 2S5
Discrete seam thickness (mm) Thicknesses (mm) Tot. thick. (mm) of | 2 § _§
Box lines 1 2-4 | 5-7 [8-10 11-13 14-16 [L7-19 (discrete seams) discrete seams a (%) (%)
Line A (bottom)
Line B
Line C
Line D
Line E (top)
Total 27 |11 44443222222 46 100 8 [ 1
Total broken thickness (m)
No. of metres in box - broken 2.92
Comments/notes e.g. porosity,
stylolite networks 1 stylolitic network
Discontinuity core log data sheet
Page 27 _of 35
Logged by Orla Hansen
Location McDonald's Quarry
Date logged Nov-06
Borehole number 502
Box number 31
Depth (m) 87.1-90.1 2
Total thickness in box (m) 2.81 € %\ 2
Thickness described (m) if two Elo| 2
units in same box EIE| >
Geological unit Otorohanga Limestone 2 < .S
Quarry unit Sub-economic unit N
Discrete seam thickness (mm) Thicknesses (mm) Tot. thick. (mm) of | 2 § _§
Box lines 1 2-4 | 5-7 [8-10 [11-13 14-16 [L7-19 (discrete seams) discrete seams a (%) (%)
Line A (bottom)
Line B
Line C
Line D
Line E (top)
Total 23 19 1 3,3,3,3,3,3,2,2,2,2,2,2 75 30] 9
22,222,264
Total broken thickness (m) 0.23
No. of metres in box - broken 2.58

Comments/notes e.g. porosity,
stylolite networks

3 stylolitic networks
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Discontinuity core log data sheet

Page 28 of 35
Logged by Orla Hansen
Location McDonald's Quarry
Date logged Nov-06
Borehole number 502
Box number 32
Depth (m) 90.1-92.9 L
Total thickness in box (m) 2.86 el 22
Thickness described (m) if two E| @ %
units in same box E gle
Geological unit Otorohanga Limestone 212 K]
Quarry unit Sub-economic unit o 5| %
Discrete seam thickness (mm) Thicknesses (mm) Tot. thick. (mm) of | 2 § _§
Box lines 1 2-4 | 5-7 8-10 11-13 [14-16 17-19 (discrete seams) discrete seams a a | o
Line A (bottom)
Line B
Line C
Line D
Line E (top)
Total 13 16 3 6,6,6,2,2,2,2,2,2,2,2,2 72 483] 3 1
2234444
Total broken thickness (m) 0.15
No. of metres in box - broken 2.71
Comments/notes e.g. porosity,
stylolite networks 2 stylolitic networks
Discontinuity core log data sheet
Page 29 of 35
Logged by Orla Hansen
Location McDonald's Quarry
Date logged Nov-06
Borehole number 502
Box number 33
Depth (m) 92.9-95.8 2
Total thickness in box (m) 2.95 € %\ 2
Thickness described (m) if two Elo| 2
units in same box EIE| >
Geological unit Otorohanga Limestone 2 S .S
Quarry unit Sub-economic unit 2|8 5
Discrete seam thickness (mm) Thicknesses (mm) Tot. thick. (mm) of | 2 § _§
Box lines 1 2-4 | 5-7 [8-10 11-13 14-16 [L7-19 (discrete seams) discrete seams a (%) (%)
Line A (bottom)
Line B
Line C
Line D
Line E (top)
Total 19 16 3 4,55,53,2,2,2,2,2,2,2 69 9 1
2222222
Total broken thickness (m) 0.2
No. of metres in box - broken 2.75
Comments/notes e.g. porosity,
stylolite networks 2 stylolitic networks, vertical joint no infill
Discontinuity core log data sheet
Page 30 of 35
Logged by Orla Hansen
Location McDonald's Quarry
Date logged Nov-06
Borehole number 502
Box number 34
Depth (m) 95.8-98.6 2
Total thickness in box (m) 2.8 € %\ 2
Thickness described (m) if two Elo| 2
units in same box EIE| 2
Geological unit Otorohanga Limestone 2 IS .S
Quarry unit Sub-economic unit 2[5 %
Discrete seam thickness (mm) Thicknesses (mm) Tot. thick. (mm) of | 2 § _§
Box lines 1 2-4 | 5-7 [8-10 11-13 14-16 [L7-19 (discrete seams) discrete seams a (%) (%)
Line A (bottom)
Line B
Line C
Line D
Line E (top)
Total 26 7 3 2222333557 60 22
Total broken thickness (m)
No. of metres in box - broken 2.8

Comments/notes e.g. porosity,
stylolite networks

2 stylolitic networks
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Discontinuity

core log data sheet

31 of 35
Logged by Orla Hansen
Location McDonald's Quarry
Date logged Nov-06
Borehole number 502
Box number 35
Depth (m) 98.6-101.5 L
Total thickness in box (m) 2.9 el 22
Thickness described (m) if two E| @ %
units in same box E e
Geological unit Otorohanga Limestone 212 K]
Quarry unit Sub-economic unit o 5| %
Discrete seam thickness (mm) Thicknesses (mm) Tot. thick. (mm) of | 2 § _§
Box lines 1 2-4 | 5-7 8-10 11-13 [14-16 17-19 (discrete seams) discrete seams a (2l %)
Line A (bottom)
Line B
Line C
Line D
Line E (top)
Total 15 1 10 1 7,7,6,6,6,6,6,2,5,5,5,17 93 28 | 31
Total broken thickness (m)
No. of metres in box - broken 2.9
Comments/notes e.g. porosity,
stylolite networks 1 stylolitic network
Discontinuity core log data sheet
32 of 35
Logged by Orla Hansen
Location McDonald's Quarry
Date logged Nov-06
Borehole number 502
Box number 36
Depth (m) 101.5-104.4 2
Total thickness in box (m) 2.73 SN
Thickness described (m) if two E|B| 2
units in same box E| g @
Geological unit Otorohanga Limestone a1 S| 8
Quarry unit Sub-economic unit 2| & 5
Discrete seam thickness (mm) Thicknesses (mm) Tot. thick. (mm) of | 2 § é
Box lines 1 2-4| 5-7 [8-10{11-13|14-16]17-19 (discrete seams) discrete seams a (%) (%)
Line A (bottom)
Line B
Line C
Line D
Line E (top)
Total 9 9 4 3 4,4,4,6,6,2,22,2,2,7,3, 88 70 3
10,10,10,5
Total broken thickness (m)
No. of metres in box - broken 2.73
Comments/notes e.g. porosity,
stylolite networks 3 stylolitic networks
Discontinuity core log data sheet
33 of 35
Logged by Orla Hansen
Location McDonald's Quarry
Date logged Nov-06
Borehole number 502
Box number 37
Depth (m) 104.4-107.2 2
Total thickness in box (m) 2.8 € %\ 2
Thickness described (m) if two Elo| 2
units in same box EIE| 2
Geological unit Otorohanga Limestone 2 IS .S
Quarry unit Sub-economic unit 2S5
Discrete seam thickness (mm) Thicknesses (mm) Tot. thick. (mm) of | 2 § _§
Box lines 1 2-4 | 5-7 [8-10 [11-13 14-16 [L7-19 (discrete seams) discrete seams a (%) (%)
Line A (bottom)
Line B
Line C
Line D
Line E (top)
Total 4 6 1 2,2224153 34
Total broken thickness (m) 1.72
No. of metres in box - broken 1.08

Comments/notes e.g. porosity,
stylolite networks

1 stylolitic network
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Discontinuity core log data sheet

Page 34 of 35

Logged by Orla Hansen
Location McDonald's Quarry
Date logged Nov-06
Borehole number 502
Box number 38
Depth (m) 107.2-110 2
Total thickness in box (m) 2.87 el 22
Thickness described (m) if two E| @ %
units in same box E gle
Geological unit Otorohanga Limestone 212 K]
Quarry unit Sub-economic unit o 5| %

Discrete seam thickness (mm) Thicknesses (mm) Tot. thick. (mm) of £ § _§
Box lines 1 2-4 | 5-7 8-10 [11-13 [14-16 (discrete seams) discrete seams a a | o
Line A (bottom)
Line B
Line C
Line D
Line E (top)
Total 7 4 1 2 1 13,2,2,2,2,8,8,5 49 196
Total broken thickness (m)
No. of metres in box - broken 2.87
Comments/notes e.g. porosity,
stylolite networks

Discontinuity core log data sheet
Page 35 of 35

Logged by Orla Hansen
Location McDonald's Quarry
Date logged Nov-06
Borehole number 502
Box number 39
Depth (m) 110-112.9 2
Total thickness in box (m) 2.9 € %\ 2
Thickness described (m) if two Elo| 2
units in same box EIE| >
Geological unit Otorohanga Limestone 2 < .S
Quarry unit Sub-economic unit 2|8 5

Discrete seam thickness (mm) Thicknesses (mm) Tot. thick. (mm) of | 2 § _§
Box lines 1 2-4 | 5-7 [8-10 11-13 14-16 (discrete seams) discrete seams a (%) (%)
Line A (bottom)
Line B
Line C
Line D
Line E (top)
Total 17 3 1 1 3,18,7,10,2,2 59 91| 3
Total broken thickness (m) 0.22
No. of metres in box - broken 2.68

Comments/notes e.g. porosity,
stylolite networks

1 stylolitic network
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Appendix D-4.2.C Discontinuity data sheets for drilhole BH503

Discontinuity core log data sheet

Page 1 of 32
Logged by Orla Hansen | Sk i |
Location McDonald's Quarry -
Date logged May-07
Borehole number 503
Box number 6
Depth (m) 18.5-21.5 2
Total thickness in box (m) 3 el 2] 2
Thickness described (m) if two E|lG| 2
units in same box 18 E| & K2
Geological unit Otorohanga Limestone 2] 9| 8
Quarry unit Caprock o 5|5
Discrete seam thickness (mm) Thicknesses (mm) Tot. thick. (mm) of | 2 % _§
Box lines 1 2-4 | 5-7 | 8-10|11-13|14-16)17-19 (discrete seams) discrete seams a (%) (%)
Line A (bottom) 10 2
Line B 4 1 6,1,1,1,1 10 5
Line C 2 1,1 2 30
Line D 1 1.00 1
Line E (top) Mahoenui Group
Total 7 1 13 450 2
Total broken thickness (m)
No. of metres in box - broken 1.8
Comments/notes e.g. porosity,
stylolite networks Sandy
Discontinuity core log data sheet
Page 2 of 32
Logged by Orla Hansen
Location McDonald's Quarry
Date logged May-07
Borehole number 503
Box number 7
Depth (m) 21.5-24.4 2
Total thickness in box (m) 2.9 € % 2
Thickness described (m) if two E o %
units in same box 0.3 = A
Geological unit Otorohanga Limestone 2 IS _S
Quarry unit Caprock N
Discrete seam thickness (mm) Thicknesses (mm) Tot. thick. (mm) of | 2 5| 3
Box lines 1 | 24 | 5-7 | 8-10]11-13[14-16[17-19 (discrete seams) discrete seams 5|13 a
Line A (bottom) Upper Steel
Line B Upper Steel
Line C Upper Steel
Line D Upper Steel
Line E (top) 2 1,1 2 20
Total 2 2 20
Total broken thickness (m)
No. of metres in box - broken 0.3
Comments/notes e.g. porosity,
stylolite networks Sandy
Discontinuity core log data sheet
Page 3 of 32
Logged by Orla Hansen
Location McDonald's Quarry
Date logged May-07
Borehole number 503
Box number 7
Depth (m) 21.5-24.4 2
Total thickness in box (m) 2.9 € % 2
Thickness described (m) if two E o %
units in same box 26 El €@
Geological unit Otorohanga Limestone 2 IS _S
Quarry unit Upper Steel N 5
Discrete seam thickness (mm) Thicknesses (mm) Tot. thick. (mm) of 2 é _§
Box lines 1 2-4 | 5-7 | 8-10]11-13|14-16}17-19 (discrete seams) discrete seams a (%) (%)
Line A (bottom) 2 1 4,1,1 6 1
Line B 3
Line C 3 11,1 8 3
Line D 1 1 1 521
Line E (top) Caprocl
Total 6 1 1 17 4
Total broken thickness (m) 0.74
No. of metres in box - broken 1.86

Comments/notes e.g. porosity,
stylolite networks

Porous zones (1%), limestone pure white, whole box oxidised, light brown clay lining (possible joint zone?)
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Discontinuity core log data sheet

Page 4 of 32
Logged by Orla Hansen
Location McDonald's Quarry
Date logged May-07
Borehole number 503
Box number 8
Depth (m) 24.4-27.3 2
Total thickness in box (m) 2.9 € % 2
Thickness described (m) if two E o g
units in same box E gl o
Geological unit Otorohanga Limestone 2 IS _S
Quarry unit Upper Steel N 5
Discrete seam thickness (mm) Thicknesses (mm) Tot. thick. (mm) of 2 § _§
Box lines 1 2-4 | 5-7 | 8-10]11-13|14-16}17-19 (discrete seams) discrete seams a (%) (%)
Line A (bottom) 3 1,1,1 3 2 1
Line B
Line C broken
Line D broken
Line E (top) 1
Total 3 3 3 1
Total broken thickness (m) 1.78
No. of metres in box - broken 1.12
Comments/notes e.g. porosity,
stylolite networks Porous zones - 10 cm thick, porosity associated with stylolites
Discontinuity core log data sheet
5 of 32
Logged by Orla Hansen
Location McDonald's Quarry
Date logged May-07
Borehole number 503
Box number 9
Depth (m) 27.3-30.2 2
Total thickness in box (m) 2.9 € % 2
Thickness described (m) if two E o g
units in same box 0.8 E gl o
Geological unit Otorohanga Limestone 2 IS _S
Quarry unit Upper Steel 2|5 5
Discrete seam thickness (mm) Thicknesses (mm) Tot. thick. (mm) of | 2 5| 3
Box lines 1 | 24 | 5-7 | 810]11-13[14-16[17-19 (discrete seams) discrete seams a 3 3
Line A (bottom) Aglime
Line B Aglime
Line C Aglime
Line D Aglime
Line E (top) 1 1 3
Total 1 1 3
Total broken thickness (m)
No. of metres in box - broken 0.8
Comments/notes e.g. porosity,
stylolite networks
Discontinuity core log data sheet
Page 6 of 32
Logged by Orla Hansen
Location McDonald's Quarry
Date logged May-07
Borehole number 503
Box number 9
Depth (m) 27.3-30.2 2
Total thickness in box (m) 2.9 1282
Thickness described (m) if two E|lG| 2
units in same box 2.1 E| & Kz
Geological unit Otorohanga Limestone 2] 9| 8
[Quarry unit Aglime O I
Discrete seam thickness (mm) Thicknesses (mm) Tot. thick. (mm) of | 2 é _§
Box lines 1 2-4 | 5-7 | 8-10]11-13|14-16)17-19 (discrete seams) discrete seams a (%) (%)
Line A (bottom) 6 6
Line B 7 1 3 10 3
Line C 4 1 3 7 5 2
Line D 1 1 10 1
Line E (top) Upper Steel
Total 18 24 15 6
Total broken thickness (m) 0.39
No. of metres in box - broken 171

Comments/notes e.g. porosity,
stylolite networks

32 cm vertical joint with orange/brown clay lining. Discrete seams very wispy
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Discontinuity core log data sheet

Page 7 of 32
Logged by Orla Hansen
Location McDonald's Quarry
Date logged May-07
Borehole number 503
Box number 10
Depth (m) 30.2-33.1 2
Total thickness in box (m) 2.9 € % 2
Thickness described (m) if two E o %
units in same box El €2
Geological unit Otorohanga Limestone 2 IS _S
Quarry unit Aglime N I
Discrete seam thickness (mm) Thicknesses (mm) Tot. thick. (mm) of 2 § _é
Box lines 1 2-4 | 5-7 | 8-10]11-13|14-16}17-19 (discrete seams) discrete seams a (%) (%)
Line A (bottom) 2 6 22244211, 18 2 2
Line B 2 1 2 1 10,19,10,7,1.1 49 80 1 1
Line C 2 1.1, 2 4701 1
Line D 6 1 1 4,6,1,1,1,1,1,1 16 5 1
Line E (top) 2 3 333,11 11 2
Total 14 10 2 2 1 96 5500 11 4
Total broken thickness (m) 0.27
No. of metres in box - broken 2.63
Comments/notes e.g. porosity,
stylolite networks
Discontinuity core log data sheet
Page 8 of 32
Logged by Orla Hansen
Location McDonald's Quarry
Date logged May-07
Borehole number 503
Box number 11
Depth (m) 33.1-36.1 2
Total thickness in box (m) 3 € % 2
Thickness described (m) if two E o %
units in same box = A
Geological unit Otorohanga Limestone 2 IS _S
Quarry unit Aglime N I
Discrete seam thickness (mm) Thicknesses (mm) Tot. thick. (mm) of 2 § _é
Box lines 1 2-4 | 5-7 | 8-10]11-13|14-16}17-19 (discrete seams) discrete seams a (%) (%)
Line A (bottom) 5 5 1 2,3,2,6,241,1,1,1,1 24
Line B 8 3 32311111111 16 3 1
Line C 1 5 1 4226221 19 1 1
Line D 1 7 1 1 6,3,2,4,3,2,3,3,10,1 37 130 3 3
Line E (top) 1 4 46555 25 2 | 2
Total 15 21 7 1 121 1301 9 7
Total broken thickness (m)
No. of metres in box - broken 3
Comments/notes e.g. porosity,
stylolite networks stylolitic networks
Discontinuity core log data sheet
9 of 32
Logged by Orla Hansen
Location McDonald's Quarry
Date logged May-07
Borehole number 503
Box number 12
Depth (m) 36.1-39 2
Total thickness in box (m) 2.9 el 2] 2
Thickness described (m) if two E|lG| 2
units in same box E|E| &
Geological unit Otorohanga Limestone 2] 9| 8
[Quarry unit Aglime — O I
Discrete seam thickness (mm) Thicknesses (mm) Tot. thick. (mm) of | 2 § _§
Box lines 1 2-4 | 5-7 | 8-10|11-13|14-16)17-19 (discrete seams) discrete seams a (%) (%)
Line A (bottom) 6 6 3,24,323,1,111,1,1 23
Line B 6 4 1 2,2,6,2,3,1,1,1,1,1,1 21
Line C 6 3 1 1 4,3,4591,1,1,1,1,1 31
Line D 7 4 1 4,3,4,6,4,1,1,1,1,1,1,1 28
Line E (top) 5 6 3 224,23,6,3,651111]1 38
Total 30 24 6 1 141 550 1 1
Total broken thickness (m)
No. of metres in box - broken 2.9

Comments/notes e.g. porosity,
stylolite networks

NB: seams included inside diffuse portions recorded
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Discontinuity ¢

ore log data sheet

Page 10 of 32
Logged by Orla Hansen
Location McDonald's Quarry
Date logged May-07
Borehole number 503
Box number 13
Depth (m) 39-42 2
Total thickness in box (m) 3 € % 2
Thickness described (m) if two E o %
units in same box 0.6 E gl o
Geological unit Otorohanga Limestone 2 IS _S
Quarry unit Aglime N I
Discrete seam thickness (mm) Thicknesses (mm) Tot. thick. (mm) of | 2 5| 3
Box lines 1 | 24 ] 5-7 [ 8-10]11-13[14-16]17-19 (discrete seams) discrete seams a 3 3
Line A (bottom) h Grade
Line B gh Grade
Line C h Grade
Line D h Grade
Line E (top) 4 7 22222231111 19 1 1
Total 4 7 19 1 1
Total broken thickness (m)
No. of metres in box - broken 0.6
Comments/notes e.g. porosity,
stylolite networks
Discontinuity core log data sheet
Page 11 of 32
Logged by Orla Hansen
Location McDonald's Quarry
Date logged May-07
Borehole number 503
Box number 13
Depth (m) 39-42 2
Total thickness in box (m) 3 € % 2
Thickness described (m) if two E o %
units in same box 24 E gl o
Geological unit Otorohanga Limestone 2 IS _S
Quarry unit High Grade N I
Discrete seam thickness (mm) Thicknesses (mm) Tot. thick. (mm) of 2 § _é
Box lines 1 2-4 | 5-7 | 8-10]11-13|14-16}17-19 (discrete seams) discrete seams a (%) (%)
Line A (bottom) 3 4 2 455523111 25
Line B 6 4 1 3,2226,1,111,1,1 21 1 1
Line C 2 4 233211, 12 1 1
Line D 6 2 2,31,1,1,1,1,1 11 4
Line E (top) Aglime
Total 17 14 3 69 6 2
Total broken thickness (m) 0.12
No. of metres in box - broken 2.28
Comments/notes e.g. porosity,
stylolite networks Wispy stylolites
Discontinuity core log data sheet
12 of 32
Logged by Orla Hansen
Location McDonald's Quarry
Date logged May-07
Borehole number 503
Box number 14
Depth (m) 42-44.8 L
Total thickness in box (m) 2.8 1282
Thickness described (m) if two E|lG| 2
units in same box E|E| &
Geological unit Otorohanga Limestone 2] 9| 8
|Quarry unit High Grade Q9 ] 5
Discrete seam thickness (mm) Thicknesses (mm) Tot. thick. (mm) of | 2 § _§
Box lines 1 2-4 | 5-7 | 8-10]11-13|14-16)17-19 (discrete seams) discrete seams a (%) (%)
Line A (bottom) 3 7 3342443111 26 4 1
Line B 4 5 222441111 18 2 1
Line C 4 3 3341111 14 2
Line D 2 4 224211 12
Line E (top) 3 2 2 6,6,2,2,1,1,1 19 1
Total 16 21 2 89 8 3
Total broken thickness (m) 0.07
No. of metres in box - broken 2.73

Comments/notes e.g. porosity,
stylolite networks

wispy sandy seams
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Discontinuity core log data sheet

Page 13 of 32
Logged by Orla Hansen
Location McDonald's Quarry
Date logged May-07
Borehole number 503
Box number 15
Depth (m) 44.8-47.7 2
Total thickness in box (m) 2.9 € % 2
Thickness described (m) if two E o g
units in same box E gl o
Geological unit Otorohanga Limestone 2 IS _S
Quarry unit High Grade N I
Discrete seam thickness (mm) Thicknesses (mm) Tot. thick. (mm) of 2 § _§
Box lines 1 2-4 | 5-7 | 8-10]11-13|14-16}17-19 (discrete seams) discrete seams a (%) (%)
Line A (bottom) 7 4 2232111111, 16 1 2
Line B 4 4 1 6,2,3,3,2,1,1,1,1 20 1 2
Line C 5 5 2,2,2,2,3,1,1,1,1,1 16 1
Line D 4 3 2231111 11 1
Line E (top) 4 3 2,2,1,1,1,1 8 3
Total 24 71 5 6
Total broken thickness (m)
No. of metres in box - broken 2.9
Comments/notes e.g. porosity,
stylolite networks wispy seams very thin <1 mm thick
Discontinuity core log data sheet
Page 14  of 32
Logged by Orla Hansen
Location McDonald's Quarry
Date logged May-07
Borehole number 503
Box number 16
Depth (m) 47.7-50.6 2
Total thickness in box (m) 2.9 € % 2
Thickness described (m) if two E o g
units in same box E gl o
Geological unit Otorohanga Limestone 2 IS _S
Quarry unit High Grade N I
Discrete seam thickness (mm) Thicknesses (mm) Tot. thick. (mm) of 2 § _§
Box lines 1 2-4 | 5-7 | 8-10]11-13|14-16}17-19 (discrete seams) discrete seams a (%) (%)
Line A (bottom) 2 3 3 1 6,59,45.331,1 37 4 2
Line B 3 4 2 2,2,6,6,2,2,11,1 23
Line C 2 1 2 536,11 16 6 2
Line D 5 2 1 2,52,1,1,1,1,1 14 2 1
Line E (top) 2 5 3222411 15 1
Total 14 15 8 1 105 12 6
Total broken thickness (m) 0.08
No. of metres in box - broken 2.82
Comments/notes e.g. porosity,
stylolite networks wispy seam <1 mm thick
Discontinuity core log data sheet
15  of 32
Logged by Orla Hansen r .
Location McDonald's Quarry - —
Date logged May-07
Borehole number 503
Box number 17
Depth (m) 50.6-53.6 2
Total thickness in box (m) 3 SN
Thickness described (m) if two E|lG| 2
units in same box 2.8 E| & Kz
Geological unit Otorohanga Limestone 2] 9| 8
|Quarry unit High Grade Q9 ] 5
Discrete seam thickness (mm) Thicknesses (mm) Tot. thick. (mm) of | 2 é _§
Box lines 1 2-4 | 5-7 | 8-10|11-13|14-16)17-19 (discrete seams) discrete seams a (%) (%)
Line A (bottom) 4 3 223111111 13 5
Line B 6 2 2,2,1,1,1,1,1,1 10 4 1
Line C 6 1,1,1,1,1,1 6 2
Line D 6 1,1,1,1,1,1 6 2
Line E (top) 3 4 3,2,4,2,1,1,1 14 1
Total 25 9 49 11 4
Total broken thickness (m) 0.06
No. of metres in box - broken 2.74

Comments/notes e.g. porosity,
stylolite networks
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Discontinuity core log data sheet

Page 16 of 32
Logged by Orla Hansen '
Location McDonald's Quarry .
Date logged May-07
Borehole number 503
Box number 17
Depth (m) 50.6-53.5 2
Total thickness in box (m) 3 € % 2
Thickness described (m) if two E o g
units in same box 0.2 E gl o
Geological unit Otorohanga Limestone 2 IS _S
Quarry unit Lower Steel N 5
Discrete seam thickness (mm) Thicknesses (mm) Tot. thick. (mm) of | 2 5| 3
Box lines 1 | 24 ] 5-7 [ 8-10]11-13[14-16[17-19 (discrete seams) discrete seams a 3 3
Line A (bottom) 2 | 11 2 3
Line B gh Grade
Line C h Grade
Line D h Grade
Line E (top) h Grade
Total 2 2 3
Total broken thickness (m)
No. of metres in box - broken 0.2
Comments/notes e.g. porosity,
stylolite networks
Discontinuity core log data sheet
Page 17  of 32
Logged by Orla Hansen [ 4
Location McDonald's Quarry
Date logged May-07
Borehole number 503
Box number 18
Depth (m) 53.5-56.4 2
Total thickness in box (m) 2.9 € % 2
Thickness described (m) if two E o g
units in same box E gl o
Geological unit Otorohanga Limestone 2 IS _S
Quarry unit Lower Steel 2|5 5
Discrete seam thickness (mm) Thicknesses (mm) Tot. thick. (mm) of 2 § _§
Box lines 1 2-4 | 5-7 | 8-10]11-13|14-16}17-19 (discrete seams) discrete seams a (%) (%)
Line A (bottom) 6 3 22211111, 12 8
Line B 8 3 23211111111 15 2
Line C 2 3 2 7446411 27 4
Line D 2 4 1 3524411 20 4
Line E (top) 7 2 221,1,1,1,1,1,1 11 4
Total 25 15 3 85 22
Total broken thickness (m)
No. of metres in box - broken 2.9
Comments/notes e.g. porosity,
stylolite networks difficult to discern seams from stylolitic networks
Discontinuity core log data sheet
Page 18 of 32
Logged by Orla Hansen
Location McDonald's Quarry
Date logged May-07
Borehole number 503
Box number 19
Depth (m) 56.4-59.3 2
Total thickness in box (m) 2.9 1282
Thickness described (m) if two E|lG| 2
units in same box E|E| &
Geological unit Otorohanga Limestone 2] 9| 8
[Quarry unit Lower Steel 2|8 5
Discrete seam thickness (mm) Thicknesses (mm) Tot. thick. (mm) of | 2 é _§
Box lines 1 2-4 | 5-7 | 8-10]11-13|14-16)17-19 (discrete seams) discrete seams a (%) (%)
Line A (bottom) 3 4 1 62244111 21 1 2
Line B 2 2 1 1 1 4,3,18,16,8,1,1, 51 3 2
Line C 4 2 3,2,1,1,1,1 9 1
Line D 4 11,11 4 4 2
Line E (top) 5 5 4,2,2,2,3,1,1,1,1,1 18 1
Total 18 13 1 1 1 1 103 9 7
Total broken thickness (m) 0.07
No. of metres in box - broken 2.83

Comments/notes e.g. porosity,
stylolite networks
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Discontinuity core log data sheet

19 of 32
Logged by Orla Hansen
Location McDonald's Quarry
Date logged May-07
Borehole number 503
Box number 20
Depth (m) 59.3-62.2 2
Total thickness in box (m) 2.9 € % 2
Thickness described (m) if two E o %
units in same box E gl o
Geological unit Otorohanga Limestone 2 IS _S
Quarry unit Lower Steel N 5
Discrete seam thickness (mm) Thicknesses (mm) Tot. thick. (mm) of 2 § _§
Box lines 1 2-4 | 5-7 | 8-10]11-13|14-16}17-19 (discrete seams) discrete seams a (%) (%)
Line A (bottom) 6 1,1,1,1,1,1 6 6
Line B 5 11,111 5 2
Line C 3 21,11 5 7
Line D 7 1,1,1,1,1,1,1 7
Line E (top) 4 1 4,1,1,1,1 8 1 1
Total 25 1 31 16 1
Total broken thickness (m) 0.3
No. of metres in box - broken 2.6
Comments/notes e.g. porosity, NB: limestone preferentially breaks along stylolites. 30 cm long vertical joint lined with clay, porous zones up to 5 mm
stylolite networks thick either side of stylolites, coarse grains
Discontinuity core log data sheet
Page 20 of 32
Logged by Orla Hansen
Location McDonald's Quarry
Date logged May-07
Borehole number 503
Box number 21
Depth (m) 62.2-65.1 2
Total thickness in box (m) 2.9 € % 2
Thickness described (m) if two E o %
units in same box E gl o
Geological unit Otorohanga Limestone 2 IS _S
Quarry unit Lower Steel N 5
Discrete seam thickness (mm) Thicknesses (mm) Tot. thick. (mm) of 2 § _§
Box lines 1 2-4 | 5-7 | 8-10]11-13|14-16}17-19 (discrete seams) discrete seams a (%) (%)
Line A (bottom) 7 1 411,111,111 11 6
Line B 4 1111 4 2 1
Line C 7 1,1,1,1,1,1,1 7 4 2
Line D 1 1 1 4
Line E (top) 4 1,1,1,1 4 4
Total 23 1 27 20 3
Total broken thickness (m) 0.96
No. of metres in box - broken 1.94
Comments/notes e.g. porosity,
stylolite networks brown clay and palygorskite lining on broken limestone, probably a joint zone
Discontinuity core log data sheet
21 of 32
Logged by Orla Hansen
Location McDonald's Quarry
Date logged May-07
Borehole number 503
Box number 22
Depth (m) 65.1-68 2
Total thickness in box (m) 2.9 SN
Thickness described (m) if two E|lG| 2
units in same box E|E| &
Geological unit Otorohanga Limestone 2] 9| 8
|Quarry unit Lower Steel Q9 ] 5
Discrete seam thickness (mm) Thicknesses (mm) Tot. thick. (mm) of | 2 é _§
Box lines 1 2-4 | 5-7 | 8-10|11-13|14-16)17-19 (discrete seams) discrete seams a (%) (%)
Line A (bottom) 9
Line B 13
Line C 1 1 1 8
Line D 6 1,1,1,1,1,1 6 7
Line E (top) 8 1,1,1,1,1,1,1,1 8 2 1
Total 15 15 39 1
Total broken thickness (m) 0.07
No. of metres in box - broken 2.83

Comments/notes e.g. porosity,
stylolite networks

336

Appendix D




Discontinuity core log data sheet

Page 22  of 32
Logged by Orla Hansen
Location McDonald's Quarry
Date logged May-07
Borehole number 503
Box number 23
Depth (m) 68-70.9 2
Total thickness in box (m) 2.9 € % 2
Thickness described (m) if two E o %
units in same box 23 E gl o
Geological unit Otorohanga Limestone 2 IS _S
Quarry unit Lower Steel N 5
Discrete seam thickness (mm) Thicknesses (mm) Tot. thick. (mm) of | 2 5| 3
Box lines 1 | 24 ] 5-7 [ 8-10]11-13[14-16]17-19 (discrete seams) discrete seams a 3 3
Line A (bottom) conomic unit
Line B 1 1 1 11
Line C 12
Line D 3 1,11 3 5
Line E (top) 2 1,1 2 6
Total 5 6 34
Total broken thickness (m) 0.17
No. of metres in box - broken 2.13
Comments/notes e.g. porosity,
stylolite networks Broken limestone lined with clay
Discontinuity core log data sheet
Page 23 of 32
Logged by Orla Hansen
Location McDonald's Quarry
Date logged May-07
Borehole number 503
Box number 23
Depth (m) 68-70.9 2
Total thickness in box (m) 2.9 € % 2
Thickness described (m) if two E o %
units in same box 0.6 E gl o
Geological unit Otorohanga Limestone 2 IS _S
Quarry unit Sub-economic unit 2|5 5
Discrete seam thickness (mm) Thicknesses (mm) Tot. thick. (mm) of | 2 5| 3
Box lines 1 | 24 | 5-7 | 8-10|11-13[14-16[17-19 (discrete seams) discrete seams 5|13 a
Line A (bottom) 11
Line B Lower Steel
Line C Lower Steel
Line D Lower Steel
Line E (top) Lower Steel
Total 11
Total broken thickness (m)
No. of metres in box - broken 0.6
Comments/notes e.g. porosity,
stylolite networks
Discontinuity core log data sheet
Page 24 of 32
Logged by Orla Hansen
Location McDonald's Quarry
Date logged May-07
Borehole number 503
Box number 24
Depth (m) 70.9-73.8 2
Total thickness in box (m) 2.9 1282
Thickness described (m) if two E|lG| 2
units in same box E|E| &
Geological unit Otorohanga Limestone 2] 9| 8
|Quarry unit Sub-economic unit 2 5|5
Discrete seam thickness (mm) Thicknesses (mm) Tot. thick. (mm) of | 2 5 3
Box lines 1 [ 2-4 [ 57 [ 810]11-13]14-16]17-19 (discrete seams) discrete seams a 3 3
Line A (bottom) broken
Line B 3 11,1 3 8
Line C 6 1,1,1,1,1,1 6 7
Line D 4 11,11 4 5
Line E (top) 6 1,1,1,1,1,1 6 1
Total 19 19 21
Total broken thickness (m) 0.81
No. of metres in box - broken 2.09

Comments/notes e.g. porosity,
stylolite networks
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Discontinuity ¢

ore log data sheet

Page 25 of 32
Logged by Orla Hansen
Location McDonald's Quarry
Date logged May-07
Borehole number 503
Box number 25
Depth (m) 73.8-76.7 L
Total thickness in box (m) 2.9 € % 2
Thickness described (m) if two ElB S
units in same box 3 gl o
Geological unit Otorohanga Limestone ” a1 g8
Quarry unit Sub-economic unit ———— 215 5
Discrete seam thickness (mm) Thicknesses (mm) Tot. thick. (mm) of | 2 § .é
Box lines 1 2-4 | 5-7 | 8-10]11-13|14-16}17-19 (discrete seams) discrete seams a (%) (%)
Line A (bottom) 13
Line B 3 111 3 10
Line C broken
Line D 1 1 1 12
Line E (top) 2 1,1 2 16
Total 6 6 51
Total broken thickness (m) 0.67
No. of metres in box - broken 2.23
Comments/notes e.g. porosity,
stylolite networks
Discontinuity core log data sheet
26 of 32
Logged by Orla Hansen
Location McDonald's Quarry
Date logged May-07
Borehole number 503
Box number 26
Depth (m) 76.7-79.6 L
Total thickness in box (m) 2.9 € % 2
Thickness described (m) if two ElB 2
units in same box 3 gl o
Geological unit Otorohanga Limestone 21| 8
Quarry unit Sub-economic unit 215 5
Discrete seam thickness (mm) Thicknesses (mm) Tot. thick. (mm) of | 2 § .é
Box lines 1 2-4 | 5-7 | 8-10]11-13|14-16}17-19 (discrete seams) discrete seams a (%) (%)
Line A (bottom) 6 1 2,1,1,1,1,1,1 8 3
Line B 1 3 1 32371 16
Line C 2 1,1 2 4 1
Line D 7 1,1,1,1,1,1,1 7
Line E (top) 5 1,1,1,1,1 5 10
Total 21 4 1 38 17 1
Total broken thickness (m) 0.12
No. of metres in box - broken 2.78
Comments/notes e.g. porosity,
stylolite networks
Discontinuity core log data sheet
Page 27 _of 32
Logged by Orla Hansen
Location McDonald's Quarry
Date logged May-07
Borehole number 503
Box number 27
Depth (m) 79.6-82.4 2
Total thickness in box (m) 2.8 SN
Thickness described (m) if two E|lG| 2
units in same box E|E| @
Geological unit Otorohanga Limestone 2l g | 8
[Quarry unit Sub-economic unit 2] 5|5
Discrete seam thickness (mm) Thicknesses (mm) Tot. thick. (mm) of | 2 § _§
Box lines 1 2-4 | 5-7 | 8-10 |11-13]14-16]17-19 (discrete seams) discrete seams ala | o
Line A (bottom) 6 2 221,1,1,1,1,1 10
Line B 8 1,1,1,1,1,1,1,1 8 4
Line C 4 2 1,1,1,1,23 9 3
Line D 3 2 3111 6 5
Line E (top) 2 2 6,6,1,1 14 5
Total 23 6 2 47 17
Total broken thickness (m) 0.29
No. of metres in box - broken 2.51

Comments/notes e.g. porosity,
stylolite networks

broken limestone lined with clay
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Discontinuity core log data sheet

28 of 32
Logged by Orla Hansen
Location McDonald's Quarry
Date logged May-07
Borehole number 503
Box number 28
Depth (m) 82.4-85.2 L
Total thickness in box (m) 2.8 € % 2
Thickness described (m) if two ElB 2
units in same box 3 gl o
Geological unit Otorohanga Limestone ol g8
Quarry unit Sub-economic unit 215 5
Discrete seam thickness (mm) Thicknesses (mm) Tot. thick. (mm) of | 2 § .é
Box lines 1 2-4 | 5-7 | 8-10]11-13|14-16}17-19 (discrete seams) discrete seams a (%) (%)
Line A (bottom) 2 1,1 2 210 2
Line B 5 11111 5 4
Line C 7 1,1,1,1,1,1,1 7 7
Line D 4 3 2321111 11 2
Line E (top) 5 2 3,2,1,1,1,1,1 10 1 1
Total 23 5 35 210! 16 1
Total broken thickness (m) 0.35
No. of metres in box - broken 2.45
Comments/notes e.g. porosity,
stylolite networks 10 cm vertical joint with precipitated calcite, broken limestone lined with clay, sandy
Discontinuity core log data sheet
29 of 32
Logged by Orla Hansen
Location McDonald's Quarry
Date logged May-07
Borehole number 503
Box number 29
Depth (m) 85.2-88.2 L
Total thickness in box (m) 3 € % 2
Thickness described (m) if two ElB 2
units in same box 3 gl o
Geological unit Otorohanga Limestone 21| 8
Quarry unit Sub-economic unit 215 5
Discrete seam thickness (mm) Thicknesses (mm) Tot. thick. (mm) of | 2 § .é
Box lines 1 2-4 | 5-7 | 8-10]11-13|14-16}17-19 (discrete seams) discrete seams a (%) (%)
Line A (bottom) 3 4 2,2,2,2,1,1,1 11 1
Line B 6 2 22111111 10 1
Line C 7 3 233,111,111, 15 3 1
Line D 5 2 2,211,111 9 2 1
Line E (top) 3 1 4111 7 50| 7
Total 24 12 52 50 | 14 2
Total broken thickness (m)
No. of metres in box - broken 3
Comments/notes e.g. porosity,
stylolite networks stylolite feeds from seam
Discontinuity core log data sheet
Page 30 of 32
Logged by Orla Hansen
Location McDonald's Quarry
Date logged May-07
Borehole number 503
Box number 30
Depth (m) 88.2-91.1 2
Total thickness in box (m) 2.9 1282
Thickness described (m) if two E|lG| 2
units in same box E|E| @
Geological unit Otorohanga Limestone 2l g | 8
[Quarry unit Sub-economic unit 2] 5|5
Discrete seam thickness (mm) Thicknesses (mm) Tot. thick. (mm) of | 2 § _§
Box lines 1 2-4 | 5-7 | 8-10 |11-13]14-16]17-19 (discrete seams) discrete seams ala | o
Line A (bottom) 1 3 2 2,3,2,6,6,1 20 4
Line B 6 1,1,1,1,1,1 6 7
Line C 5 1 41,1,1,1,1 9 3 1
Line D 6 2 3,21,1,1,1,1,1 11 411
Line E (top) 4 3 2,4,4,1,1,1,1 14 3
Total 22 9 2 60 21 2

Total broken thickness (m)

No. of metres in box - broken

Comments/notes e.g. porosity,
stylolite networks
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Discontinuity core log data sheet

31 of 32
Logged by Orla Hansen
Location McDonald's Quarry
Date logged May-07
Borehole number 503
Box number 31
Depth (m) 91.1-94 L
Total thickness in box (m) 2.9 € % 2
Thickness described (m) if two El15| 2
units in same box 3 gl o
Geological unit Otorohanga Limestone a1 g8
Quarry unit Sub-economic unit N 5
Discrete seam thickness (mm) Thicknesses (mm) Tot. thick. (mm) of | 2 § .é
Box lines 1 2-4 | 5-7 | 8-10]11-13|14-16}17-19 (discrete seams) discrete seams a (%) (%)
Line A (bottom) 3 4 3,4,3,21,1,1 15 10
Line B 2 11 2 23
Line C 4 11,11 4 11
Line D 3 1,11 3 11
Line E (top) 5 2 6,5,1,1,1,1,1 16 8 1
Total 17 4 2 40 63 1
Total broken thickness (m) 0.14
No. of metres in box - broken 2.76
Comments/notes e.g. porosity,
stylolite networks intense stylolitisation, bold stylolites
Discontinuity core log data sheet
Page 32 of 32
Logged by Orla Hansen
Location McDonald's Quarry
Date logged May-07
Borehole number 503
Box number 32
Depth (m) 94-96.9 L
Total thickness in box (m) 2.9 € % 2
Thickness described (m) if two ElB 2
units in same box 3 gl o
Geological unit Otorohanga Limestone 21| 8
Quarry unit Sub-economic unit N 5
Discrete seam thickness (mm) Thicknesses (mm) Tot. thick. (mm) of | 2 § .é
Box lines 1 2-4 | 5-7 | 8-10]11-13|14-16}17-19 (discrete seams) discrete seams a (%) (%)
Line A (bottom) 3 2 1 1 12,7,78,1,1,1 37 2 1
Line B 2 1 2 1 10,3,4,6,13,8, 44 3
Line C 5 3 1 228411111 21 7 2
Line D 1 2 2 2 2,59,10,7,3,1 37 4
Line E (top) 2 2 2 10,10,12,11,1,1 45 1 2
Total 11 7 5 8 4 184 9 12
Total broken thickness (m)
No. of metres in box - broken 2.9

Comments/notes e.g. porosity,
stylolite networks

very sandy box, whole box unoxidised
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Appendix D-4.3. Discontinuity core log summary datancluding total quarry unit thickness, number of discrete seams per metre, thickness of diffuse seams

per metre, and number of stylolites per metre for ores BH501, 502, and 503.

Discontinuity core log summary data

Thickness of Total thickness of ~ Per Total thickness Per Number of Number of
Borehole Box Depth (m) . . . . . . . er .
number number along hole limestone Geological unit Quarry unit discrete seams metre of diffuse seams metre subhorl_zontal otre subvertlcal metre
logged (m) (mm) (mm) (mm) (mm) stylolites stylolites

501 10 35.5-38.3 151 Otorohanga Lst Caprock 22 15 40 26 0 0.0 3 2.0
11-13  38.3-47.6 6.27 Otorohanga Lst Upper Steel 59 9 16 3 35 5.6 2 0.5

13-17  44.6-59.3 12.37 Otorohanga Lst Aglime 463 37 1450 117 5 0.4 15 0.2

17-24 56.4-80 18.19 Otorohanga Lst High Grade 509 28 0 0 9 0.5 12 0.2

24-31 77.1-100.4 21.49 Otorohanga Lst Lower Steel 218 10 0 0 40 1.9 8 0.1

32-38 100.4-120.9 20.5 Otorohanga Lst  Sub-economic 764 37 240 12 173 8.4 27 0.1

502 9-10 23.7-29.5 1.57 Otorohanga Lst Caprock 8 5 244 155 3 1.9 4 2.5
10-13  26.6-38.1 5.8 Otorohanga Lst Upper Steel 21 4 0 0 21 3.6 3 0.5

13-17 35.1-495 8.47 Otorohanga Lst Aglime 514 61 2612 308 6 0.7 6 0.7

17-23  46.8-66.8 17.2 Otorohanga Lst High Grade 384 22 56 3 20 1.2 5 0.3

23-28  63.9-81.3 13.92 Otorohanga Lst Lower Steel 169 12 0 0 97 7.0 5 0.4

29-39 81.3-112.9 29 Otorohanga Lst ~ Sub-economic 698 24 998 34 101 35 9 0.3

503 6-7 18.5-24.4 2.1 Otorohanga Lst Caprock 15 7 470 224 0 0.0 2 1.0
7-9 21.5-30.2 3.78 Otorohanga Lst Upper Steel 21 6 9 2 10 2.6 1 0.3

9-13 27.3-42 10.84 Otorohanga Lst Aglime 401 37 1245 115 28 2.6 13 12

13-17 39-53.6 13.47 Otorohanga Lst High Grade 383 28 0 0 42 3.1 21 1.6

17-23  50.6-70.9 15.43 Otorohanga Lst Lower Steel 269 17 0 0 143 9.3 12 0.8

23-32 68-96.9 24.22 Otorohanga Lst  Sub-economic 481 20 260 11 240 9.9 19 0.8
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Apendix D-4.3 Discontinuity core log summary dataincluding quarry unit thickness, number of seams pe metre, and percentage of core
comprising seams for core BH501, 502, and 503.

Discontinuity core log summary data

Thickness of % core -
Borehole Box Depth (m) . . . . - % core comprising
number number along hole limestone Geological unit Quarry unit Number of seams metre _comprising diffuse seams
logged (m) discrete seams

501 10 35.5-38.3 151 Otorohanga Lst Caprock 7 5 15 2.6
11-13  38.3-47.6 6.27 Otorohanga Lst Upper Steel 34 5 0.9 0.3

13-17  44.6-59.3 12.37 Otorohanga Lst Aglime 171 14 3.7 11.7

17-24 56.4-80 18.19 Otorohanga Lst High Grade 232 13 2.8 0.0

24-31 77.1-100.4 21.49 Otorohanga Lst Lower Steel 191 9 1.0 0.0

32-38 100.4-120.9 20.5 Otorohanga Lst ~ Sub-economic 200 10 3.7 1.2

502 9-10 23.7-29.5 1.57 Otorohanga Lst Caprock 7 4 0.5 15.5
10-13  26.6-38.1 5.8 Otorohanga Lst Upper Steel 17 3 0.4 0.0

13-17  35.1-49.5 8.47 Otorohanga Lst Aglime 169 20 6.1 30.8

17-23  46.8-66.8 17.2 Otorohanga Lst High Grade 230 13 2.2 0.3

23-28  63.9-81.3 13.92 Otorohanga Lst Lower Steel 140 10 1.2 0.0

29-39 81.3-112.9 29 Otorohanga Lst ~ Sub-economic 309 11 2.4 3.4

503 6-7 18.5-24.4 2.1 Otorohanga Lst Caprock 10 5 0.7 22.4
7-9 21.5-30.2 3.78 Otorohanga Lst Upper Steel 13 3 0.6 0.2

9-13 27.3-42 10.84 Otorohanga Lst Aglime 165 15 3.7 115

13-17 39-53.6 13.47 Otorohanga Lst High Grade 188 14 2.8 0.0

17-23  50.6-70.9 15.43 Otorohanga Lst Lower Steel 152 10 1.7 0.0

23-32 68-96.9 24.22 Otorohanga Lst  Sub-economic 236 10 2.0 1.1
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Appendix D-4-4.A Summary statistics for discrete sams in BH501.

BH501 No. seams  Mean Median Mode Frequency of Mode Sum Minimum Maximum Std.Dev. Standard Error
Caprock 7 3.14 3 Multiple 2 22 1 6 212 0.80
Upper Steel 34 1.74 1 1 22 59 1 6 1.33 0.23
Aglime 171 271 2 1 84 463 1 15 2.70 0.21
High Grade 232 2.19 1 1 124 509 1 12 1.76 0.12
Lower Steel 191 1.14 1 1 176 218 1 6 0.59 0.04
Sub-economic 200 3.82 2 1 95 764 1 18 3.88 0.27
Appendix D-4-4.B Summary statistics for discreteesams in BH502.
BH502 No. seams  Mean Median Mode Frequency of Mode Sum Minimum Maximum Std.Dev. Standard Error
Caprock 7 1 1 1 6 8 1 2 0 0.14
Upper Steel 17 1 1 1 13 21 1 2 0 0.11
Aglime 169 3 2 1 67 514 1 15 3 0.21
High Grade 230 2 1 1 156 384 1 14 1 0.09
Lower Steel 140 1 1 1 123 169 1 6 1 0.06
Sub-economic 309 2 1 1 171 698 1 18 2 0.14
Appendix D-4-4.C Summary statistics for discrete seams in BH50
BH503 No. seams  Mean Median Mode Frequency of Mode Sum Minimum Maximum Std.Dev. Standard Error
Caprock 10 2 1 1 9 15 1 6 2 0.50
Upper Steel 13 2 1 1 10 21 1 5 1 0.37
Aglime 165 2 2 1 82 401 1 19 2 0.18
High Grade 188 2 1 1 96 383 1 9 1 0.11
Lower Steel 152 2 1 1 114 269 1 18 2 0.18
Sub-economic 236 2 1 1 166 481 1 13 2 0.15




Appendix E-5.1 Wentworth size scale

U.S. Stan-
dard sieve Grain Phi (¢) Wentworth size class
mesh diameter (mm) units
Use wire 4096 -12
squares 1024 10 Boulder
_ 256 8
EJJ 64 64 6 Cobble
z 16 4 Pebble
5 5 4 2
6 3.36 1.78
7 2.83 1.5 Granule
8 2.38 1.25
10 2.00 1.0
12 1.68 0.75
14 1.41 0.5 Very coarse sand
16 1.19 0.25
18 1.00 0.0
20 0.84 0.25
25 0.71 0.5 Coarse sand
30 0.59 0.75
35 0.50 Ya 1.0
a 40 0.42 1.25
Z 45 0.35 1.8 Medium sand
§ 50 0.30 178
: 60 0.25 Y 2.0
70 0.210 225
80 0.177 2.5 Fine sand
100 0.149 2.75
120. 0.125 Y 3.0
140 0.105 3.25
170 0.088 3.5 Very fine sand
200 0.074 3.75
230 0.0625 Ve 4.0
270 0.053 4.25
325 0.044 4.5 Coarse silt
B 0.037 4.75
7 0.031 Va2 5.0
0.0156 Yoa 6.0 Medium silt
Use 0.0078 Yis 7.0 Fine silt
pipette 0.0039 Vase 8.0 Very fine silt
or 0.0020 9.0
hydro- 0.00098 10.0 Clay
5 meter 0.00049 11.0
s 0.00024 12.0
0.00012 13.0
0.00006 14.0

Particle size terminology. This figure includes 5. standard mesh sizes used for sieving
samples, and corresponding grain diameter (mm), phinits and Wentworth size classes
(right). Sourced from Berkman (2001).
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Appendix E-5.2 Cathodoluminescence method

The cathodoluminescence (CL) microscope used wdéikan Eclipse E400 POL
powered by a U-PS power supply unit. The CL urodei used is CITL CL8200
Mk5-1. A Nikon Digital Still camera model DXM120& mounted to the
microscope connected to a PC to take digital phmtiagraphs. The figure below
shows the CL setup. ACT-1 software was used tdywe the photomicrographs.

Cathodoluminescent setup at the University of Waikp used for determining mineral type
and distribution in polished thin sections.
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Appendix E-5.3 Thin section preparation method

Equipment:

wooden spatula

plastic containers for mixing

etching tool to scribe sample number into glastesli
microscope slides 48 x 28 x 1.35 mm

glass plate

carborundum powder grit 600

diamond lap wheel

Struers Discoplan — TS

resin — K142 araldite (A) and hardener (B)

saw

hot plate

Sample preparation

1. Each limestone sample was cut using a diamond stwsmall blocks

approximately 50 x 25 x 20 mm. One surface was tp®und smooth
using a diamond lap wheel. Blocks were dried twotaplate over night at
60°C.

Each rock block was impregnated using araldite Kéd@ponent and a
hardener with a mixing ratio of 5 parts component part hardener. The
impregnation resin was mixed on a hot plate at 6Gj@ead onto the
smoothed block surface (also heated at same tetoperavith a spatula,

and cured over night at room temperature.

To level the surface that was impregnated, eactkblas polished using
water and 600 grit carborundum powder on a glaste plEach block was

then washed in clean water and dried on a hot pla®®°C over night.

Using Hillquist blockmounting resin, components éoifiponent) and B
(hardener) were mixed in a ratio of 7 parts compbne 3 parts hardener

on a hot plate set at 60°C. A small amount was t®pped onto the
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prepared block surfaces and spread evenly. Imnedgiafter, a glass
slide was placed onto the area that had the rasiit and using light
pressure with the finger tips, air bubbles wereka&drout. After all air
bubbles were removed, the blocks were cured, giide down, over

night.

Using a discoplan saw, any excess block was sawiin dhe block
(attached to the glass slide) was then ground dovetandard thin section
thickness, approximately 0.03 mm thick on the dian. Using an
optical microscope, correct thickness was achiebgdgrinding until
quartz grains became yellow under crossed polads skeletal fragments

became clear enough to identify for standard pedyaigy.

Finally, the sample number was etched into the ldoach glass slide

with a diamond tipped pen.
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Appendix E-5.4 Scanning electron microscopy (SEM) ethod

Sample preparation for SEM

Samples were prepared using the method outlineBldyer et al. (1993). Each
sample was dried and crushed into the size of dl gmhead and mounted
firmly with tape onto metal (aluminium) holders lea stubs. The samples were
transferred into a Hitachi Sputter Coater model 31@o be coated with an

electrically conductive substance (i.e. platinum).

The SEM instrument used was a Hitachi Field EmisssEM model S-4100
shown in Figure 1. Three sizes at different magaifons were selected for
imaging (i.e. 10Qum, 20um, and 6um). The best areas to image were large,
blocky, flat areas.

Energy dispersive analyser

Energy of the x-rays produced by the sample inSE& can be analysed EDAX
and can provide information about chemical compmsiof the sample (Fleger et
al. 1993). At 20um an image was taken to investigate elements présehe
samples. To identify elements, three or more lonatwere chosen on the SEM
image to measure elements present. These wereldhesd in a report using the
SEM software and saved.

Figure 1 Hitachi Field Emission SEM instrument model S-14B@he University of Waikato.
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Appendix E-5.5 Wet sieving method

A selection of screens from a standard sieve seraschosen e.g. 2 mm (-1.0
phi), 2.8 mm (-1.5 phi), 4 mm (-2 phi), 5.6 mm &2hi), 8 mm (-3 phi), 11.2 mm
(-3.5 phi), 16 mm (-4 phi), and 22.4 mm (-4.5 pHi)gure 1shows a schematic of

the set up.

1.

Samples were soaked in water over night to sepaeied lumps and to
suspend fine particles.

Mount the stack of sieves with a receiver at th&dmo onto the sieve
shaker. Add sample to the top sieve, secure lid tizs the liquid

dispersion nozzle which is tightly connected byibet attached to supply
the water. Also ensure that the tube leading oomnfthe receiver is
directed into an empty bucket (collector vesselradect fines (<2 mm

fraction).

Turn on the water that is fed through the sievesnvahg the water to pass
through slowly at a low pressure to avoid loss ample and sieve
damage.

Start the sieve shaker, leave on for approximdietyinutes or when the
water passing to the bucket is clear.

Stop shaker, allow water to drain, and disman#egesstack.

6. Tap the sample retained in each sieve into a pighed tin and put in

oven to dry.

. The fine particles that passed through into the&kbuare left over night to

settle out of suspension to be later sampled &arlparticle size analysis.

% Flexible tube from
supply vessel

~

g —E—d
H L

"o iy L
H S collector vessel
Sieve shaker

Figure 1 Schematic showing the wet sieve setup includingst of sieves with a receiver pan at
the bottom stacked onto a sieve shaker. The top tunning into the lid supplies the water; the
bottom tube transfers fine material to a collestessel (bucket).
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Appendix E-5.6 Laser particle size analysis prepait#on

The following method is for the preparation of s#spfor the Malvern-

Mastersizer S instrument, adapted from Konert aaddénberghe (1997).

1. Add 1 teaspoon of sample to a 50 ml beaker andipder fume cupboard.
Add 10 ml of 10% hydrogen peroxide (to remove orgamatter) to cover
sample and stir. Sample will effervesce if organatter is present.

2. After half an hour check progress and stir sampleeffervescence. If
there is no reaction organic matter has been effiti removed. If there is
still a reaction move to step 3, if not heat sangiea hot plate to remove
excess hydrogen peroxide.

3. Repeat peroxide additions until reaction ceasesatiBeaker gently on a
hot plate to speed up reaction and cool slightljotee next addition.
Organic matter removal is complete when the sarsfips effervescing
while stirring.

4. Once removal of organic matter is complete, cheelkngsize visually and
remove grains larger than 2 mm as the Malvern ambasures grains <2
mm in diameter.

5. To remove carbonate, add 25% (1:4) glacial acatid 80 cover sample
and wait for reaction to complete. Add more a€iequired to remove all

carbonate.
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Appendix E-5.7 X-ray diffraction results

v v

26 <
C
80
60 P

40

<

Counts

@]

9.406 [°]; 2.28665 [A]

20

35.936 [°]; 2.49912 [}\h

= 22.976 [°]; 3.87094 [Ah

Counts

80 |
60 |
40 -]
20

| A

0 oy L s e e " 2, : ol " b by hy
10 20 30 40

Diffractogram showing XRD results of a sample takerfrom drill core BH502, box 9 of the
Caprock host rock, sample 26. It shows peaks of ¢hmineral calcite (C) which dominates the
sample. The lower chart shows the number of countfor each peak corresponding to the
above diffractogram.
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Diffractogram showing XRD results of a sample takerfrom drill core BH502, box 11 of the
Upper Steel host rock, sample 29. It shows peak§tbe mineral calcite (C) which dominates
the sample. The lower chart shows the number of oats for each peak corresponding to the
above diffractogram.
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Diffractogram showing XRD results of a sample takerfrom drill core BH502, box 14 of the
Aglime diffuse seam, sample 13. It shows peakstbf mineral calcite (C), oligoclase feldspar
(0), and quartz (Q). The lower chart shows the nutmer of counts for each peak
corresponding to the above diffractogram.
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Diffractogram showing XRD results of a sample takerfrom drill core BH502, box 16 of the
Aglime host rock, sample 37. It shows peaks of thmineral calcite (C) which dominates the
sample. The lower chart shows the number of countfr each peak corresponding to the
above diffractogram.
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Diffractogram showing XRD results of a sample takerfrom drill core BH502, box 18 of the
High Grade host rock, sample 39. It shows peaks tifie mineral calcite (C) which dominates
the sample. The lower chart shows the number of oats for each peak corresponding to the
above diffractogram.
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Diffractogram showing XRD results of a sample takerfrom drill core BH502, box 26 of the
Lower Steel host rock, sample 52. It shows peaks the mineral calcite (C) which dominates
the sample. The lower chart shows the number of oats for each peak corresponding to the
above diffractogram.
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Diffractogram showing XRD results of a sample takerfrom drill core BH502, box 30 of the

Sub-economic host rock, sample 56. It shows peaks the mineral calcite (C) which

dominates the sample, and smectite (sm) (clay). &hower chart shows the number of counts
for each peak corresponding to the above diffractagm.
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Diffractogram showing XRD results of a sample takerfrom BH502, box 1 of Kauroa Ash,
sample 71. It shows peaks of the minerals gibbsi(&) (clay), smectite (sm) (clay), quartz
(Q), and the feldspar cristobalite (Cr). The lowechart shows the number of counts for each
peak corresponding to the above diffractogram.
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Diffractogram showing XRD results of a sample takerfrom BH502, box 2 of Kauroa Ash,
sample 72. It shows peaks of the minerals halloysi(H) (clay), vermiculite (V) (clay), quartz
(Q), and smectite (sm). The lower chart shows thaumber of counts for each peak
corresponding to the above diffractogram.
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Diffractogram (top) showing XRD results of a sampleof Kauroa Ash taken near a limestone
outcrop corner of Troopers and Oparure Road, samplel67. It shows peaks of the minerals
montmorillonite (M) (clay), calcite (C), quartz (Q), and feldspar oligoclase (O). The lower
chart shows the number of counts for each peak coesponding to the above diffractogram.
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Diffractogram (top) showing XRD results of a sampletaken from the Mahoenui Group
mudstones, northern face, sample 126. It shows gesaof the minerals gypsum (G), calcite
(C), and quartz (Q). The lower chart shows the nufmer of counts for each peak
corresponding to the above diffractogram.
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Diffractogram (top) showing XRD results of a sampletaken from the Mahoenui Group
mudstones, northern face, sample 127. It shows pgeaof the minerals smectite (sm) (clay),
calcite (C), and quartz (Q). The lower chart showghe number of counts for each peak
corresponding to the above diffractogram.
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Diffractogram (top) showing XRD results of a sampldaken from a discrete dissolution seam
on a freshly blasted boulder, Lower Steel, westerface, sample 147. It shows peaks of the
minerals smectite (sm) (clay), calcite (C), and quiz (Q). The lower chart shows the number
of counts for each peak corresponding to the abowffractogram.
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10 20 30 40
Diffractogram (top) showing XRD results of a sampldgaken from a discrete dissolution seam
on a freshly blasted boulder, High Grade, south wesrn face, sample 145. It shows peaks of
the minerals smectite (sm) (clay), calcite (C), doiite (D), feldspar oligoclase (O), and
quartz (Q), and feldspar oligoclase (O). The lowechart shows the number of counts for
each peak corresponding to the above diffractogram.
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Diffractogram (top) showing XRD results of a sampletaken from a diagonal discrete
dissolution seam, Upper Steel, northern face, sanmgI130. It shows peaks of the minerals
smectite (sm) (clay), illite (1) (clay), calcite (¢, and quartz (Q), and feldspar oligoclase (O).
The lower chart shows the number of counts for eaclpeak corresponding to the above
diffractogram.
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Diffractogram (top) showing XRD results of a sampleof a discrete dissolution seam on a
boulder, Aglime southern face, sample 117. It shawpeaks of the minerals smectite (sm)
(clay), calcite (C), and quartz (Q), and feldspar kigoclase (O). The lower chart shows the
number of counts for each peak corresponding to thabove diffractogram.
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Diffractogram (top) showing XRD results of a sampletaken from within a joint zone in the
Aglime, southern face, sample 114. It shows peaks the minerals smectite (sm) (clay),
calcite (C), oligoclase (0O), and quartz (Q). Theolver chart shows the humber of counts for
each peak corresponding to the above diffractogram.
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Diffractogram (top) showing XRD results of a sampletaken from within a joint in the
Aglime, southern face, sample 119. It shows peaks$ the minerals palygorskite (P) (clay),
calcite (C), and quartz (Q). The lower chart showghe number of counts for each peak
corresponding to the above diffractogram.
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Diffractogram (top) showing XRD results of a samplegaken from an exposed joint surface in
the High Grade, eastern face, sample 107. It showseaks of the minerals smectite (sm)
(clay), calcite (C), and quartz (Q). The lower cha shows the number of counts for each
peak corresponding to the above diffractogram.
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Diffractogram (top) showing XRD results of a sampldaken from an exposed joint surface in
the Lower Steel, eastern face, sample 102. It shevwpeaks of the minerals smectite (sm)
(clay), calcite (C), and quartz (Q). The lower cha shows the number of counts for each
peak corresponding to the above diffractogram.
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Diffractogram (top) showing XRD results of a sampletaken from a joint in the Lower Steel,
western face, sample 154. It shows peaks of thermarals smectite (sm) (clay), palygorskite
(P), calcite (C), and quartz (Q). The lower charshows the number of counts for each peak
corresponding to the above diffractogram.
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Diffractogram (top) showing XRD results of a samplegaken from an exposed joint surface in
the Lower Steel, eastern face, sample 100. It sheweaks of the minerals palygorskite (P),
calcite (C), and quartz (Q). The lower chart showghe number of counts for each peak
corresponding to the above diffractogram.
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Diffractogram (top) showing XRD results of a sampleof surface accumulation, Aglime, old
northern face along road to drying plant, sample 16. It shows peaks of the minerals
smectite (sm) (clay), calcite (C), and quartz (Q).The lower chart shows the number of
counts for each peak corresponding to the above @ihctogram.
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Diffractogram (top) showing XRD results of a sampletaken from a limestone cave in the
second High Grade bench, western face, sample 146.shows peaks of the minerals smectite
(sm) (clay), and quartz (Q). The lower chart showshe number of counts for each peak
corresponding to the above diffractogram.
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Diffractogram (top) showing XRD results of a sampletaken from a limestone cave, Upper
Steel, western face, sample 143. It shows peakstbé minerals chlorite/smectite (Ch/sm)
(clay), and quartz (Q). The lower chart shows thenumber of counts for each peak
corresponding to the above diffractogram.
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Appendix E-5.8 Petrographic data

sheets
Petrographic data sheet - McDonald's Lime Quarry 20 07
Sample number 20
Quarry unit Caprock
Analyst Orla Hansen
Photomicrographs
Total bioclast % 70
% Abundance limit
Bryozoans 2 some
Echinoderms 5 some
Benthic foraminifera 2 some
B Planktic foraminifera 61 abundant
| Bivalves - absent
Pteropods - absent
(0]
Gastropods - absent
C
L Calcareous red algae - absent
Barnacles - absent
A Porifera - absent
S Brachiopods - absent
T[Corals - absent
S [Annelids - absent
Other - absent
Modal size 1 (mm) 0.36
Modal size 2 (mm) 0.10
Grain shape/abrasion mod abraded
Sorting well
Total siliciclast grain % 30
% Abundance limit
S|Quartz - absent
I |Feldspar - absent
L |Igneous rock fragments - absent
I |Sedimentary rock fragments - absent
C [Micas - absent
| |Pyrite grains <1 rare
C |Pyrite infills - absent
L |Glauconite pellets - absent
A |Glauconite infills - absent
s |Clays 27 very commom
T [Modal size 1 (mm) 0.07
s |Modal size 2 (mm) 0.22
Grain shape/abrasion subrounded
Sorting well
Cements/porosity/fabric micrite dominated, packed
Distribution of Siliciclasts evenly scattered
Oxidation characteristics oxidised, limonitised
E Discrete seams - Orientation,
thickness (mm), mineralogy,
'_T_‘ oxidation state -
U Diffuse seams - Orientation, pattern,
R oxidiation state, mineralogy, Close to contact with Mahoenui Group,
E thickness (mm) argillaceous
s |Stylolites - Orientation, suture
amplitude (mm), mineralogy,
oxidation state -
Microstylolites -
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Petrographic data sheet - McDonald's Lime Quarry 20 07
Sample number 21
Quarry unit Caprock
Analyst Orla Hansen
Photomicrographs
Total bioclast % 75
% Abundance limit

Bryozoans 2 some

Echinoderms 3 some

Benthic foraminifera 5 some
B Planktic foraminifera 65 abundant
| Bivalves - absent

Pteropods - absent
o]

Gastropods - absent
C

Calcareous red algae - absent
L

Barnacles - absent
A Porifera - absent
S Brachiopods - absent
T [Corals - absent
S [Annelids - absent

Other - absent

Modal size 1 (mm) 0.29

Modal size 2 (mm) 0.96

Grain shape/abrasion mod abraded

Sorting poorly

Total siliciclast grain % 25
% Abundance limit

S|Quartz - absent
I [Feldspar - absent
L |Igneous rock fragments - absent
| |Sedimentary rock fragments - absent
C [Micas - absent
| |Pyrite grains <1 rare
C |Pyrite infills <1 rare
L |Glauconite pellets - absent
A |Glauconite infills - absent
s |Clays 24 common
T |Modal size 1 (mm) 0.19
s |Modal size 2 (mm) 0.12

Grain shape/abrasion subrounded

Sorting well

mmucCcH>mm

Cements/porosity/fabric

micrite dom, minor spar, no porosity, open-
touching, fractured

Distribution of Siliciclasts

scattered, more common within diffuse

Oxidation characteristics

oxidised

Discrete seams - Orientation,
thickness (mm), mineralogy,
oxidation state

Diffuse seams - Orientation, pattern,
oxidiation state, mineralogy,
thickness (mm)

oxidised, clays, tight fabric

Stylolites - Orientation, suture
amplitude (mm), mineralogy,
oxidation state

Microstylolites

366
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Petrographic data sheet - McDonald's Lime Quarry 20 07

Sample number 9.1
Quarry unit Caprock
Analyst Orla Hansen
Photomicrographs
Total bioclast % 95
% Abundance limit
Bryozoans 75 very abundant
Echinoderms 10 many
Benthic foraminifera 3 some
B Planktic foraminifera 5 some
| Bivalves <1 rare
Pteropods - absent
o]
Gastropods - absent
C
Calcareous red algae - absent
L Barnacles - absent
A Porifera - absent
S Brachiopods - absent
T [Corals - absent
S [Annelids - absent
Other - absent
Modal size 1 (mm) 1.08
Modal size 2 (mm) 0.31
Grain shape/abrasion mod abraded
Sorting well
Total siliciclast grain % 5
% Abundance limit
S|Quartz <1 rare
I |Feldspar - absent
L |Igneous rock fragments - absent
I |Sedimentary rock fragments - absent
C |Micas - absent
| |Pyrite grains - absent
C |Pyrite infills - absent
L |Glauconite pellets - absent
A |Glauconite infills - absent
s |Clays 5 some
T [Modal size 1 (mm) 0.29
s |Modal size 2 (mm) 0.14
Grain shape/abrasion subrounded
Sorting poorly

mmucC-H>»>mm

Cements/porosity/fabric

sparite and micrite, no porosity, open-touching
fragments, fractured areas

Distribution of Siliciclasts

conc. In stylolites

Oxidation characteristics

oxidised, limonitised zooecia

Discrete seams - Orientation,
thickness (mm), mineralogy,
oxidation state

Diffuse seams - Orientation, pattern,
oxidiation state, mineralogy,
thickness (mm)

Stylolites - Orientation, suture
amplitude (mm), mineralogy,
oxidation state

guartz, vertical

Microstylolites
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Petrographic data sheet - McDonald's Lime Quarry 20 07
Sample number 9.2
Quarry unit Caprock
Analyst Orla Hansen
Photomicrographs
Total bioclast % 89
% Abundance limit
Bryozoans 84 very abundant
Echinoderms 2* some
Benthic foraminifera <1 rare
B Planktic foraminifera 4 some
| Bivalves - absent
Pteropods - absent
o]
Gastropods - absent
C
Calcareous red algae - absent
L
Barnacles - absent
A Porifera - absent
S Brachiopods - absent
T [Corals - absent
S [Annelids - absent
Other - absent
Modal size 1 (mm) 0.72
Modal size 2 (mm) 1.30
Grain shape/abrasion mod abraded
Sorting poorly
Total siliciclast grain % 11
% Abundance limit
S|Quartz - absent
I [Feldspar - absent
L |Igneous rock fragments - absent
I |Sedimentary rock fragments - absent
C [Micas - absent
| |Pyrite grains <1 rare
C |Pyrite infills - absent
L |Glauconite pellets <1 rare
A |Glauconite infills - absent
s |Clays 10 many
T |Modal size 1 (mm) 0.12
s |Modal size 2 (mm) 0.24
Grain shape/abrasion angular
Sorting well

mmucCH>mmm

Cements/porosity/fabric

sparite, micrite, open-touching

Distribution of Siliciclasts

scattered

Oxidation characteristics

oxidised

Discrete seams - Orientation,
thickness (mm), mineralogy,
oxidation state

Diffuse seams - Orientation, pattern,
oxidiation state, mineralogy,
thickness (mm)

? Limonitised over seam, fragmented,
fine-grained

Stylolites - Orientation, suture
amplitude (mm), mineralogy,
oxidation state

vertical amp = 1.2 mm

Microstylolites

368
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Petrographic data sheet - McDonald's Lime Quarry 20 07

Sample number 23.2
Quarry unit Caprock
Analyst Orla Hansen
Photomicrographs
Total bioclast % 90
% Abundance limit
Bryozoans 69 abundant
Echinoderms 15 common
Benthic foraminifera 3 some
B Planktic foraminifera 3 some
| Bivalves - absent
Pteropods - absent
o]
Gastropods - absent
C
Calcareous red algae - absent
L
Barnacles - absent
A Porifera - absent
S Brachiopods - absent
T [Corals - absent
S [Annelids - absent
Other - absent
Modal size 1 (mm) 0.60
Modal size 2 (mm) 0.48
Grain shape/abrasion mod abraded
Sorting poorly
Total siliciclast grain % 10
% Abundance limit
S|Quartz - absent
I [Feldspar - absent
L |Igneous rock fragments - absent
| |Sedimentary rock fragments - absent
C [Micas - absent
| |Pyrite grains <1 rare
C |Pyrite infills - absent
L |Glauconite pellets <1 rare
A |Glauconite infills - absent
s |Clays 10 many
T |Modal size 1 (mm) 0.26
s |Modal size 2 (mm) 0.19
Grain shape/abrasion angular
Sorting poorly

mmucCH>mm

Cements/porosity/fabric

no porosity, micrite dom, minor spar, packed

Distribution of Siliciclasts

scattered

Oxidation characteristics

zooecia limonitised, oxidised

Discrete seams - Orientation,
thickness (mm), mineralogy,
oxidation state

Diffuse seams - Orientation, pattern,
oxidiation state, mineralogy,
thickness (mm)

Stylolites - Orientation, suture
amplitude (mm), mineralogy,
oxidation state

vertical, amp = 1.7 mm

Microstylolites
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Petrographic data sheet - McDonald's Lime Quarry 20 07

Sample number 27
Quarry unit Caprock
Analyst Orla Hansen
Photomicrographs
Total bioclast % 80
% Abundance limit

Bryozoans 68 abundant

Echinoderms 5 some

Benthic foraminifera 2 some
B Planktic foraminifera 5 some
| Bivalves - absent

Pteropods - absent
o]

Gastropods - absent
C

Calcareous red algae - absent
L

Barnacles - absent
A Porifera - absent
S Brachiopods - absent
T [Corals - absent
S [Annelids - absent

Other - absent

Modal size 1 (mm) 0.29

Modal size 2 (mm) 0.60

Grain shape/abrasion mod abraded

Sorting well

Total siliciclast grain % 20
Abundance limit

S|Quartz - absent
I [Feldspar - absent
L |Igneous rock fragments - absent
I |Sedimentary rock fragments - absent
C |Micas - absent
| |Pyrite grains <1 rare
C |Pyrite infills - absent
L |Glauconite pellets <1 rare
A |Glauconite infills - absent
s |Clays 0O- clay 19 common
T
S

Modal size 1 (mm) 0.24
Modal size 2 (mm) 0.17
Grain shape/abrasion mod abraded
Sorting moderately

mmucCH>mmm

Cements/porosity/fabric

v.muddy, micrite, minor spar, packed

Distribution of Siliciclasts

scattered, more common in discrete seam

Oxidation characteristics

v.limonitised, oxidised

Discrete seams - Orientation,
thickness (mm), mineralogy,
oxidation state

Diffuse seams - Orientation, pattern,
oxidiation state, mineralogy,
thickness (mm)

oxidised clays, argillaceous

Stylolites - Orientation, suture
amplitude (mm), mineralogy,
oxidation state

Microstylolites
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Petrographic data sheet - McDonald's Lime Quarry 20 07
Sample number 10.1
Quarry unit Upper Steel
Analyst Orla Hansen
Photomicrographs
Total bioclast % 99
% Abundance limit
Bryozoans 53 abundant
Echinoderms 45* very common
Benthic foraminifera <1 rare
B Planktic foraminifera - absent
| Bivalves - absent
Pteropods - absent
o]
Gastropods - absent
C
Calcareous red algae - absent
L Barnacles - absent
A Porifera - absent
S Brachiopods - absent
T [Corals - absent
S [Annelids - absent
Other - absent
Modal size 1 (mm) 0.84
Modal size 2 (mm) 0.36
Grain shape/abrasion mod abraded
Sorting well
Total siliciclast grain % <1
% Abundance limit
S|Quartz - absent
I [Feldspar - absent
L |Igneous rock fragments - absent
I |Sedimentary rock fragments - absent
C |Micas - absent
| |Pyrite grains <1 rare
C |Pyrite infills - absent
L |Glauconite pellets - absent
A |Glauconite infills - absent
s |Clays - absent
T |Modal size 1 (mm) 0.19
s |Modal size 2 (mm) 0.14
Grain shape/abrasion angular
Sorting poorly
slightly porous, spar dom, minor micrite, packed,
Cements/porosity/fabric bioclasts elongated
Distribution of Siliciclasts scattered, or along stylolite
= Oxidation characteristics oxidised, minor limonite
g |Discrete seams - Orientation,
A [thickness (mm), mineralogy,
T |oxidation state -
U |Diffuse seams - Orientation, pattern,
R |oxidiation state, mineralogy,
E [thickness (mm) -
S |Stylolites - Orientation, suture
amplitude (mm), mineralogy,
oxidation state thin vertical stylolite - siliciclasts oxidised
Microstylolites -
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Petrographic data sheet - McDonald's Lime Quarry 20 07

Sample number 10.2
Quarry unit Upper Steel
Analyst Orla Hansen
Photomicrographs
Total bioclast % 99
% Abundance limit
Bryozoans 83 very abundant
Echinoderms 15* common
Benthic foraminifera <1 rare
B Planktic foraminifera - absent
| Bivalves - absent
Pteropods - absent
o]
Gastropods - absent
C
Calcareous red algae - absent
L
Barnacles - absent
A Porifera - absent
S Brachiopods - absent
T [Corals - absent
S [Annelids - absent
Other - absent
Modal size 1 (mm) 0.48
Modal size 2 (mm) 0.72
Grain shape/abrasion mod abraded
Sorting moderately
Total siliciclast grain % <1
% Abundance limit
S|Quartz - absent
I [Feldspar - absent
L |Igneous rock fragments - absent
I |Sedimentary rock fragments - absent
C [Micas - absent
| |Pyrite grains <1 rare
C |Pyrite infills - absent
L |Glauconite pellets <1 rare
A |Glauconite infills - absent
s |Clays - absent
T |Modal size 1 (mm) 0.19
s |Modal size 2 (mm) 0.14
Grain shape/abrasion subrounded
Sorting poorly

mmuCH>mm

Cements/porosity/fabric

spar, no porosity, packed bioclasts

Distribution of Siliciclasts

scatttered

Oxidation characteristics

oxidised

Discrete seams - Orientation,
thickness (mm), mineralogy,
oxidation state

Diffuse seams - Orientation, pattern,
oxidiation state, mineralogy,
thickness (mm)

Stylolites - Orientation, suture
amplitude (mm), mineralogy,
oxidation state

Microstylolites
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Petrographic data sheet - McDonald's Lime Quarry 20 07
Sample number 10.3
Quarry unit Upper Steel
Analyst Orla Hansen
Photomicrographs
Total bioclast % 99
% Abundance limit
Bryozoans 82 very abundant
Echinoderms 15 common
Benthic foraminifera <1 rare
B Planktic foraminifera - absent
| Bivalves <1 rare
Pteropods - absent
o]
Gastropods - absent
C
Calcareous red algae - absent
L Barnacles - absent
A Porifera - absent
S Brachiopods - absent
T [Corals - absent
S [Annelids - absent
Other - absent
Modal size 1 (mm) 0.48
Modal size 2 (mm) 1.20
Grain shape/abrasion mod abraded
Sorting moderately
Total siliciclast grain % <1
% Abundance limit
S|Quartz - absent
I [Feldspar - absent
L |Igneous rock fragments - absent
I |Sedimentary rock fragments - absent
C |Micas - absent
| |Pyrite grains <1 rare
C |Pyrite infills - absent
L |Glauconite pellets - absent
A |Glauconite infills - absent
s |Clays - absent
T |Modal size 1 (mm) 0.12
s |Modal size 2 (mm) 0.24
Grain shape/abrasion angular
Sorting poorly
half porous, half spar, packed stringy squashed
Cements/porosity/fabric bryozoans
Distribution of Siliciclasts scattered
= Oxidation characteristics oxidised
g |Discrete seams - Orientation,
A [thickness (mm), mineralogy,
T |oxidation state small on edge-couple of quartz grains
U |Diffuse seams - Orientation, pattern,
R |oxidiation state, mineralogy,
E [thickness (mm) -
S |Stylolites - Orientation, suture
amplitude (mm), mineralogy,
oxidation state -
Microstylolites -
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Petrographic data sheet - McDonald's Lime Quarry 20 07
Sample number 24.1
Quarry unit Upper Steel
Analyst Orla Hansen
Photomicrographs
Total bioclast % 99
% Abundance limit
Bryozoans 87 very abundant
Echinoderms 7* many
Benthic foraminifera 5 some
B Planktic foraminifera - absent
| Bivalves - absent
Pteropods - absent
o]
Gastropods - absent
C
Calcareous red algae - absent
L
Barnacles - absent
A Porifera - absent
S Brachiopods - absent
T [Corals - absent
S [Annelids - absent
Other - absent
Modal size 1 (mm) 1.32
Modal size 2 (mm) 0.72
Grain shape/abrasion mod abraded
Sorting moderately
Total siliciclast grain % <1
% Abundance limit
S|Quartz - absent
I [Feldspar - absent
L |Igneous rock fragments - absent
I |Sedimentary rock fragments - absent
C [Micas - absent
| |Pyrite grains <1 rare
C |Pyrite infills - absent
L |Glauconite pellets <1 rare
A |Glauconite infills - absent
s |Clays - absent
T |Modal size 1 (mm) 0.12
s |Modal size 2 (mm) 0.26
Grain shape/abrasion subrounded
Sorting poorly
Cements/porosity/fabric sparite, no porosity, open fabric
Distribution of Siliciclasts scattered, one small cluster
Oxidation characteristics oxidised
E Discrete seams - Orientation,
thickness (mm), mineralogy,
'_T_‘ oxidation state -
y |Piffuse seams - Orientation, pattern,
R oxidiation state, mineralogy,
E thickness (mm) -
s |Stylolites - Orientation, suture
amplitude (mm), mineralogy,
oxidation state -
Microstylolites -
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Petrographic data sheet - McDonald's Lime Quarry 20 07
Sample number 24.2
Quarry unit Upper Steel
Analyst Orla Hansen
Photomicrographs
Total bioclast % 99
% Abundance limit
Bryozoans 75 very abundant
Echinoderms 19 common
Benthic foraminifera 3 some
B Planktic foraminifera 2 some
| Bivalves - absent
Pteropods - absent
o]
Gastropods - absent
C
Calcareous red algae - absent
L
Barnacles - absent
A Porifera - absent
S Brachiopods - absent
T [Corals - absent
S [Annelids - absent
Other - absent
Modal size 1 (mm) 1.08
Modal size 2 (mm) 3.60
Grain shape/abrasion mod abraded
Sorting poorly
Total siliciclast grain % <1
% Abundance limit
S|Quartz - absent
I [Feldspar - absent
L |Igneous rock fragments - absent
I |Sedimentary rock fragments - absent
C |Micas - absent
| |Pyrite grains <1 rare
C |Pyrite infills <1 rare
L |Glauconite pellets - absent
A |Glauconite infills - absent
s |Clays - absent
T |Modal size 1 (mm) 0.24
s |Modal size 2 (mm) 0.34
Grain shape/abrasion subrounded
Sorting poorly
Cements/porosity/fabric edge porous (open), sparite exclusive
Distribution of Siliciclasts scattered
Oxidation characteristics oxidised
E Discrete seams - Orientation,
thickness (mm), mineralogy,
'_T_‘ oxidation state -
y |Piffuse seams - Orientation, pattern,
R oxidiation state, mineralogy,
E thickness (mm) -
s |Stylolites - Orientation, suture
amplitude (mm), mineralogy,
oxidation state -
Microstylolites -
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Petrographic data sheet - McDonald's Lime Quarry 20 07
Sample number 24.3
Quarry unit Upper Steel
Analyst Orla Hansen
Photomicrographs
Total bioclast % 99
% Abundance limit
Bryozoans 82 very abundant
Echinoderms 15* common
Benthic foraminifera 2 some
B Planktic foraminifera - absent
| Bivalves - absent
Pteropods - absent
o]
Gastropods - absent
C
Calcareous red algae - absent
L
Barnacles - absent
A Porifera - absent
S Brachiopods - absent
T [Corals - absent
S [Annelids - absent
Other - absent
Modal size 1 (mm) 1.68
Modal size 2 (mm) 0.72
Grain shape/abrasion rounded
Sorting poorly
Total siliciclast grain % <1
% Abundance limit
S|Quartz - absent
I [Feldspar (plagioclase) <1 rare
L |Igneous rock fragments - absent
I |Sedimentary rock fragments - absent
C [Micas - absent
| |Pyrite grains <1 rare
C |Pyrite infills - absent
L |Glauconite pellets - absent
A |Glauconite infills - absent
s |Clays - absent
T |Modal size 1 (mm) 0.34
s |Modal size 2 (mm) 0.24
Grain shape/abrasion angular
Sorting poorly
Cements/porosity/fabric porous on one half, sparite Clays tight
Distribution of Siliciclasts scattered
Oxidation characteristics oxidised, limonitised pyrite/glau.
E Discrete seams - Orientation,
thickness (mm), mineralogy,
'_T_‘ oxidation state -
y |Piffuse seams - Orientation, pattern,
R oxidiation state, mineralogy,
E thickness (mm) -
s |Stylolites - Orientation, suture
amplitude (mm), mineralogy,
oxidation state -
Microstylolites -
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Petrographic data sheet - McDonald's Lime Quarry 20 07
Sample number 25
Quarry unit Upper Steel
Analyst Orla Hansen
Photomicrographs
Total bioclast % 98
% Abundance limit
Bryozoans 91 very abundant
Echinoderms 5* some
Benthic foraminifera - absent

B Planktic foraminifera <1 rare

| Bivalves <1 rare
Pteropods - absent

o]

Gastropods - absent

C
Calcareous red algae - absent

L
Barnacles - absent

A Porifera - absent

S Brachiopods - absent

T [Corals - absent

S [Annelids - absent
Other - absent
Modal size 1 (mm) 1.20
Modal size 2 (mm) 0.96
Grain shape/abrasion mod abraded
Sorting moderately

Total siliciclast grain % 2
% Abundance limit

S|Quartz - absent

I [Feldspar - absent

L |Igneous rock fragments - absent

| |Sedimentary rock fragments - absent

C |Micas - absent

| |Pyrite grains <1 rare

C |Pyrite infills <1 rare

L |Glauconite pellets - absent

A |Glauconite infills <1 rare

s |Clays - absent

T |Modal size 1 (mm) 0.36

s |Modal size 2 (mm) 0.24
Grain shape/abrasion subrounded
Sorting poorly

sparite, no porosity, open-touching, fragmented in
Cements/porosity/fabric places
Distribution of Siliciclasts clusters/conc. In stylolites/scattered
limonitised grains and chambers, edges of

F |Oxidation characteristics bioclasts, oxidised

E |Discrete seams - Orientation,

A [thickness (mm), mineralogy,

T |oxidation state -

U IDiffuse seams - Orientation, pattern,

R oxidiation state, mineralogy,

E |thickness (mm) -

S Stylolites - Orientation, suture hori. Oxidised, thinner stylolites
amplitude (mm), mineralogy, branching off main stylolite - limonitised,
oxidation state amp = 1.7 mm
Microstylolites -
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Petrographic data sheet - McDonald's Lime Quarry 20 07
Sample number 30
Quarry unit Upper Steel
Analyst Orla Hansen
Photomicrographs
Total bioclast % 98
% Abundance limit
Bryozoans 93 very abundant
Echinoderms 5* some
Benthic foraminifera <1 rare

B Planktic foraminifera - absent

| Bivalves - absent
Pteropods - absent

o]

Gastropods - absent

C
Calcareous red algae - absent

L Barnacles - absent

A Porifera - absent

S Brachiopods - absent

T [Corals - absent

S [Annelids - absent
Other - absent
Modal size 1 (mm) 0.72
Modal size 2 (mm) 2.52
Grain shape/abrasion mod abraded
Sorting poorly

Total siliciclast grain % 2
% Abundance limit

S |Quartz - absent

I |Feldspar - absent

L |Igneous rock fragments - absent

I |Sedimentary rock fragments - absent

C |Micas - absent

| |Pyrite grains <1 rare

C |Pyrite infills <1 rare

L |Glauconite pellets - absent

A |Glauconite infills - absent

s |Clays - absent

T [Modal size 1 (mm) 0.36

s |Modal size 2 (mm)

Grain shape/abrasion

Sorting

Cements/porosity/fabric sparite, no porosity, tight
Distribution of Siliciclasts few scattered grains and concentrated in stylolites

F Oxidation characteristics oxidised

E |Discrete seams - Orientation,

A |thickness (mm), mineralogy,

T |oxidation state -

U |Diffuse seams - Orientation, pattern,

R |oxidiation state, mineralogy,

E |thickness (mm) -

S |stylolites - Orientation, suture three horizontal stylolites, oxidised, avg
amplitude (mm), mineralogy, amp 0.72 mm, clay dominant, very minor
oxidation state guartz
Microstylolites -
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Petrographic data sheet - McDonald's Lime Quarry 20 07

Sample number 32
Quarry unit Aglime
Analyst Orla Hansen
Photomicrographs
Total bioclast % 98
% Abundance limit

Bryozoans 87 very abundant

Echinoderms <1 rare

Benthic foraminifera <1 rare
B Planktic foraminifera - absent
| Bivalves <1 rare

Pteropods - absent
o]

Gastropods - absent
C

Calcareous red algae - absent
L

Barnacles - absent
A Porifera - absent
S Brachiopods - absent
T [Corals - absent
S [Annelids - absent

Other - absent

Modal size 1 (mm) 1.20

Modal size 2 (mm) 0.36

Grain shape/abrasion slightly abraded

Sorting poorly

n-—4Hn>rO—0—r—wm

Total siliciclast grain %

2, 70% in seam

% Abundance limit
Quartz - absent
Feldspar - absent
Igneous rock fragments - absent
Sedimentary rock fragments - absent
Micas - absent
Pyrite grains <1 rare
Pyrite infills - absent
Glauconite pellets 2 some
Glauconite infills <1 rare
Clays - absent
Modal size 1 (mm) 0.10
Modal size 2 (mm) 0.19
Grain shape/abrasion subrounded
Sorting poorly

mmIucCH>mMm

Cements/porosity/fabric

micrite in equal amounts to sparite, no porosity,
fragmented, packed

Distribution of Siliciclasts

scattered or concentrated in seam

Oxidation characteristics

oxidised

Discrete seams - Orientation,
thickness (mm), mineralogy,
oxidation state

oxidised, 5 mm thick, 1 mm seam
branching off, limonite everywhere,
guartz & feldspar dominant, glauconite,

Diffuse seams - Orientation, pattern,
oxidiation state, mineralogy,
thickness (mm)

Stylolites - Orientation, suture
amplitude (mm), mineralogy,
oxidation state

Microstylolites

yes-bryozoans
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Petrographic data sheet - McDonald's Lime Quarry 20 07
Sample number 34
Quarry unit Aglime
Analyst Orla Hansen
Photomicrographs
Total bioclast % 98
% Abundance limit
Bryozoans 95 very abundant
Echinoderms <1 rare
Benthic foraminifera - absent
B Planktic foraminifera <1 rare
| Bivalves <1 rare
Pteropods - absent
o]
Gastropods - absent
C
Calcareous red algae - absent
L
Barnacles - absent
A Porifera - absent
S Brachiopods - absent
T [Corals - absent
S [Annelids - absent
Other - absent
Modal size 1 (mm) 1.20
Modal size 2 (mm) 0.55
Grain shape/abrasion slightly abraded
Sorting poorly
Total siliciclast grain % 2
% Abundance limit
S|Quartz - absent
I [Feldspar - absent
L |Igneous rock fragments - absent
I |Sedimentary rock fragments - absent
C [Micas - absent
| |Pyrite grains 1 some
C |Pyrite infills <1 rare
L |Glauconite pellets <1 rare
A |Glauconite infills <1 rare
s |Clays - absent
T |Modal size 1 (mm) 0.24
s |Modal size 2 (mm) 0.10
Grain shape/abrasion angular
Sorting poorly

mmucCcH>mm

Cements/porosity/fabric

minor sparite, major micrite filling zooecia, no porosity,
tightly packed, fractured

Distribution of Siliciclasts

scattered

Oxidation characteristics

unoxidised

Discrete seams - Orientation,
thickness (mm), mineralogy,
oxidation state

Diffuse seams - Orientation, pattern,
oxidiation state, mineralogy,
thickness (mm)

Stylolites - Orientation, suture
amplitude (mm), mineralogy,
oxidation state

Microstylolites
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Petrographic data sheet - McDonald's Lime Quarry 20 07
Sample number 35
Quarry unit Aglime
Analyst Orla Hansen
Photomicrographs
Total bioclast % 99
% Abundance limit

Bryozoans 96 vey abundant

Echinoderms <l1* rare

Benthic foraminifera - absent
B Planktic foraminifera <1 rare
| Bivalves <1 rare

Pteropods - absent
o]

Gastropods - absent
C

Calcareous red algae - absent
L

Barnacles - absent
A Porifera - absent
S Brachiopods - absent
T [Corals - absent
S [Annelids - absent

Other - absent

Modal size 1 (mm) 1.68

Modal size 2 (mm) 0.60

Grain shape/abrasion slightly abraded

Sorting poorly

n-4Hn>rO—0—r—wm

Total siliciclast grain %

1, 40% in seam

% Abundance limit
Quartz - absent
Feldspar - absent
Igneous rock fragments - absent
Sedimentary rock fragments - absent
Micas - absent
Pyrite grains <1 rare
Pyrite infills <1 rare
Glauconite pellets <1 rare
Glauconite infills - absent
Clays - absent
Modal size 1 (mm) 0.05
Modal size 2 (mm) 0.19
Grain shape/abrasion subrounded
Sorting poorly

mmuCH>mm

Cements/porosity/fabric

Sparite and micrite, no porosity, packed

Distribution of Siliciclasts

scattered or concentrated in seam

Oxidation characteristics

oxidised, limonitised zooecia

Discrete seams - Orientation,
thickness (mm), mineralogy,
oxidation state

4 mm thick, 2 mm thick, glauconite, clay
dominant, minor quartz & feldspar, minor

pyrite

Diffuse seams - Orientation, pattern,
oxidiation state, mineralogy,
thickness (mm)

Stylolites - Orientation, suture
amplitude (mm), mineralogy,
oxidation state

Microstylolites
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Petrographic data sheet - McDonald's Lime Quarry 20 07

Sample number 11
Quarry unit Aglime
Analyst Orla Hansen
Photomicrographs
Total bioclast % 90
% Abundance limit

Bryozoans 86 very abundant

Echinoderms <1 rare

Benthic foraminifera <1 rare
B Planktic foraminifera <1 rare
| Bivalves <1 rare

Pteropods - absent
o]

Gastropods - absent
C

Calcareous red algae - absent
L

Barnacles - absent
A Porifera - absent
S Brachiopods - absent
T [Corals - absent
S [Annelids - absent

Other - absent

Modal size 1 (mm) 1.56

Modal size 2 (mm) 0.84

Grain shape/abrasion mod abraded

Sorting poorly

n-4Hn>rO—0—r—um

Total siliciclast grain %

2, 60% in seam

% Abundance limit
Quartz - absent
Feldspar - absent
Igneous rock fragments - absent
Sedimentary rock fragments - absent
Micas - absent
Pyrite grains <1 rare
Pyrite infills - absent
Glauconite pellets - absent
Glauconite infills - absent
Clays - absent
Modal size 1 (mm) 0.48
Modal size 2 (mm) 0.12
Grain shape/abrasion subrounded
Sorting poorly

mmucCcH>mm

Cements/porosity/fabric

sparite, no porosity, minor micrite,

Distribution of Siliciclasts

scattered, or conc. In seam

Oxidation characteristics

oxidised, rare limonitised pyrite, zooecia
limonitised

Discrete seams - Orientation,
thickness (mm), mineralogy,
oxidation state

little seam 1-2 mm thick, quartz - big
round crystals .45 mm long, clay,
limonite, glauconite

Diffuse seams - Orientation, pattern,
oxidiation state, mineralogy,
thickness (mm)

wispy limonitised bits, quartz in them

Stylolites - Orientation, suture
amplitude (mm), mineralogy,
oxidation state

Microstylolites

382
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Petrographic data sheet - McDonald's Lime Quarry 20 07

Stylolites - Orientation, suture
amplitude (mm), mineralogy,
oxidation state

Sample number 12.1
Quarry unit Aglime
Analyst Orla Hansen
Photomicrographs
Total bioclast % 95
% Abundance limit
Bryozoans 91 very abundant
Echinoderms <1 rare
Benthic foraminifera 1 some
B Planktic foraminifera - absent
| Bivalves 2 some
Pteropods - absent
(0]
Gastropods - absent
C
Calcareous red algae - absent
L Barnacles - absent
A Porifera - absent
S Brachiopods - absent
T [Corals - absent
S [Annelids - absent
Other - absent
Modal size 1 (mm) 0.38
Modal size 2 (mm) 1.68
Grain shape/abrasion mod abraded
Sorting poorly
Total siliciclast grain % host 2-5, 7% in seam
% Abundance limit
S|Quartz - absent
I [Feldspar - absent
L |Igneous rock fragments - absent
I |Sedimentary rock fragments - absent
C [Micas - absent
| |Pyrite grains 2 some
C |Pyrite infills <1 rare
L |Glauconite pellets - absent
A |Glauconite infills <1 rare
s |Clays - absent
T |Modal size 1 (mm) 0.19
s |Modal size 2 (mm) 0.07
Grain shape/abrasion subrounded
Sorting poorly
minor spar, micrite dom, no porosity,
Cements/porosity/fabric tight,fragmented
on wispy seams and concentrated in discrete
Distribution of Siliciclasts seams, Clayswise scattered in host
F |Oxidation characteristics lots of limonite, oxidised
E |Discrete seams - Orientation,
A [thickness (mm), mineralogy, thin seams, quartz and limonite
T |oxidation state concentrated in seams
U [Diffuse seams - Orientation, pattern,
R |oxidiation state, mineralogy,
E [thickness (mm) -
S

Microstylolites
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Petrographic data sheet - McDonald's Lime Quarry 20 07
Sample number 12.2
Quarry unit Aglime
Analyst Orla Hansen
Photomicrographs
Total bioclast % 98
% Abundance limit
Bryozoans 96 very abundant
Echinoderms <1 rare
Benthic foraminifera <1 rare
B Planktic foraminifera <1 rare
| Bivalves <1 rare
Pteropods - absent
o]
Gastropods - absent
C
Calcareous red algae - absent
L Barnacles - absent
A Porifera - absent
S Brachiopods - absent
T [Corals - absent
S [Annelids - absent
Other - absent
Modal size 1 (mm) 0.96
Modal size 2 (mm) 0.72
Grain shape/abrasion slightly abraded
Sorting poorly
Total siliciclast grain % 2, 40% in seam
% Abundance limit
S|Quartz - absent
I [Feldspar - absent
L |Igneous rock fragments - absent
I |Sedimentary rock fragments - absent
C |Micas - absent
| |Pyrite grains <1 rare
C |Pyrite infills - absent
L |Glauconite pellets <1 rare
A |Glauconite infills <1 rare
s |Clays - absent
T |Modal size 1 (mm) 0.10
s |Modal size 2 (mm) 0.19
Grain shape/abrasion angular
Sorting poorly

mmIuCH>mMm

Cements/porosity/fabric

minor spar, micrite dominated, no porosity,
v.packed and fragmented

Distribution of Siliciclasts

scattered, or concentrated in seam

Oxidation characteristics

unoxidised

Discrete seams - Orientation,
thickness (mm), mineralogy,
oxidation state

4 mm and 1 mm thick, unoxidised, pyrite
grains, glauconite, quartz & feldspars

Diffuse seams - Orientation, pattern,
oxidiation state, mineralogy,
thickness (mm)

Stylolites - Orientation, suture
amplitude (mm), mineralogy,
oxidation state

glauconite in hori. Stylolite

Microstylolites
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Petrographic data sheet - McDonald's Lime Quarry 20 07

Sample number 12.3
Quarry unit Aglime
Analyst Orla Hansen
Photomicrographs
Total bioclast % 98
% Abundance limit
Bryozoans 95 very abundant
Echinoderms 1 some
Benthic foraminifera 1 some
B Planktic foraminifera - absent
| Bivalves - absent
Pteropods - absent
o]
Gastropods - absent
C
Calcareous red algae - absent
L
Barnacles - absent
A Porifera - absent
S Brachiopods - absent
T [Corals absent
S [Annelids 1 some
Other - absent
Modal size 1 (mm) 4.96
Modal size 2 (mm) 1.68
Grain shape/abrasion slightly abraded
Sorting poorly
Total siliciclast grain % 2
% Abundance limit
S|Quartz - absent
I [Feldspar - absent
L |Igneous rock fragments - absent
| |Sedimentary rock fragments - absent
C [Micas - absent
| |Pyrite grains <1 rare
C |Pyrite infills <1 rare
L |Glauconite pellets <1 rare
A |Glauconite infills <1 rare
s |Clays - absent
T |Modal size 1 (mm) 0.05
s |Modal size 2 (mm) 0.17
Grain shape/abrasion angular
Sorting poorly

mmucCcH>mm

Cements/porosity/fabric

minor sparite, micrite, no porosity, packed
bioclasts

Distribution of Siliciclasts

scattered small ones

Oxidation characteristics

oxidised, limonitised zooecia

Discrete seams - Orientation,
thickness (mm), mineralogy,
oxidation state

Diffuse seams - Orientation, pattern,
oxidiation state, mineralogy,
thickness (mm)

Stylolites - Orientation, suture
amplitude (mm), mineralogy,
oxidation state

Microstylolites
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Petrographic data sheet - McDonald's Lime Quarry 20 07
Sample number 13.1
Quarry unit Aglime
Analyst Orla Hansen
Photomicrographs
Total bioclast % 60?
% Abundance limit
Bryozoans 58 abundant
Echinoderms <1 rare
Benthic foraminifera <1 rare
B Planktic foraminifera - absent
| Bivalves - absent
Pteropods - absent
o]
Gastropods - absent
C
Calcareous red algae - absent
L
Barnacles - absent
A Porifera - absent
S Brachiopods - absent
T [Corals - absent
S [Annelids <1 rare
Other - absent
Modal size 1 (mm) 1.92
Modal size 2 (mm) 0.43
Grain shape/abrasion slightly abraded
Sorting poorly

n-4Hn>rO—0O0—r—wm

Total siliciclast grain %

30 (whole slide diffuse seam)

% Abundance limit
Quartz - absent
Feldspar - absent
Igneous rock fragments - absent
Sedimentary rock fragments - absent
Micas - absent
Pyrite grains 2 some
Pyrite infills - absent
Glauconite pellets <1 rare
Glauconite infills - absent
Clays - clays 38 very common

Modal size 1 (mm) 0.19
Modal size 2 (mm) 0.07
Grain shape/abrasion angular
Sorting well

mmucCcH>mm

Cements/porosity/fabric

micrite dominated, no porosity, minor sparite,
v.tightly packed

Distribution of Siliciclasts

scattered, clay concentrated in diffuseness

Oxidation characteristics

oxidised, v.limonitised

Discrete seams - Orientation,
thickness (mm), mineralogy,
oxidation state

Diffuse seams - Orientation, pattern,
oxidiation state, mineralogy,
thickness (mm)

clay dominant, limonite, minor quartz &
feldspar

Stylolites - Orientation, suture
amplitude (mm), mineralogy,
oxidation state

Microstylolites

386
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Petrographic data sheet - McDonald's Lime Quarry 20 07

Sample number 13.2
Quarry unit Aglime
Analyst Orla Hansen
Photomicrographs
Total bioclast % 80
% Abundance limit
Bryozoans 75 very abundant
Echinoderms <1 rare
Benthic foraminifera <1 rare
B Planktic foraminifera <1 rare
| Bivalves <1 rare
Pteropods - absent
o]
Gastropods - absent
C
Calcareous red algae - absent
L Barnacles - absent
A Porifera - absent
S Brachiopods - absent
T [Corals - absent
S [Annelids <1 rare
Other - absent
Modal size 1 (mm) 1.08
Modal size 2 (mm) 0.48
Grain shape/abrasion slightly abraded
Sorting poorly
Total siliciclast grain % 40 (whole slide diffuse seam)
% Abundance limit
S|Quartz - absent
I |Feldspar - absent
L |Igneous rock fragments - absent
I |Sedimentary rock fragments - absent
C |Micas - absent
| |Pyrite grains <1 rare
C |Pyrite infills - absent
L |Glauconite pellets <1 rare
A |Glauconite infills - absent
s |Clays - absent
T [Modal size 1 (mm) 0.17
s |Modal size 2 (mm) 0.12
Grain shape/abrasion angular
Sorting poorly

mmIucC-H>mm

Cements/porosity/fabric

no porosity, tightly packed fragments,
v.fragmented

Distribution of Siliciclasts

scattered, mostly concentrated in diffuse seams

Oxidation characteristics

oxidised, v.limonitised

Discrete seams - Orientation,
thickness (mm), mineralogy,
oxidation state

Diffuse seams - Orientation, pattern,

oxidiation state, mineralogy,
thickness (mm)

limonite, clay, quartz & feldspar,
glauconite

Stylolites - Orientation, suture
amplitude (mm), mineralogy,
oxidation state

Microstylolites
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Petrographic data sheet - McDonald's Lime Quarry 20 07

Sample number 13.3
Quarry unit Aglime
Analyst Orla Hansen
Photomicrographs
Total bioclast % 95
% Abundance limit
Bryozoans 91 very abundant
Echinoderms <1 rare
Benthic foraminifera <1 rare
B Planktic foraminifera <1 rare
| Bivalves - absent
Pteropods - absent
o]
Gastropods - absent
C
Calcareous red algae - absent
L
Barnacles - absent
A Porifera - absent
S Brachiopods - absent
T [Corals - absent
S [Annelids <1 rare
Other - absent
Modal size 1 (mm) 0.48
Modal size 2 (mm) 1.56
Grain shape/abrasion slightly abraded
Sorting poorly

n-—4Hn>rO—0—r—wm

Total siliciclast grain %

5, 60% in seam

% Abundance limit
Quartz - absent
Feldspar - absent
Igneous rock fragments - absent
Sedimentary rock fragments - absent
Micas - absent
Pyrite grains <1 rare
Pyrite infills - absent
Glauconite pellets 2 some
Glauconite infills <1 rare
Clays - absent
Modal size 1 (mm) 0.12
Modal size 2 (mm) 0.07
Grain shape/abrasion subrounded
Sorting poorly

mmucCH>mm

Cements/porosity/fabric

micrite dominated, no porosity,

Distribution of Siliciclasts

scattered and concentrated along seams and wisps

Oxidation characteristics

v.limonitised

Discrete seams - Orientation,
thickness (mm), mineralogy,
oxidation state

Diffuse seams - Orientation, pattern,
oxidiation state, mineralogy,
thickness (mm)

meandering wispy seams, quartz &
feldspar, clay, limonite

Stylolites - Orientation, suture
amplitude (mm), mineralogy,
oxidation state

Microstylolites

388
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Petrographic data sheet - McDonald's Lime Quarry 20 07

Sample number 38
Quarry unit High Grade
Analyst Orla Hansen
Photomicrographs
Total bioclast % 95
% Abundance limit
Bryozoans 91 very abundant
Echinoderms <1 rare
Benthic foraminifera <1 rare
B Planktic foraminifera <1 rare
| Bivalves <1 rare
Pteropods - absent
o]
Gastropods - absent
C
Calcareous red algae - absent
L
Barnacles - absent
A Porifera - absent
S Brachiopods - absent
T [Corals - absent
S [Annelids - absent
Other - absent
Modal size 1 (mm) 1.44
Modal size 2 (mm) 1.68
Grain shape/abrasion mod abraded
Sorting moderately
Total siliciclast grain % 5
% Abundance limit
S|Quartz - absent
I [Feldspar - absent
L |Igneous rock fragments - absent
| |Sedimentary rock fragments - absent
C |Micas - absent
| |Pyrite grains 4 some
C |Pyrite infills <1 rare
L |Glauconite pellets <1 rare
A |Glauconite infills - absent
s |Clays - absent
T |Modal size 1 (mm) 0.14
s |Modal size 2 (mm) 0.24
Grain shape/abrasion subrounded
Sorting poorly

mmucCH>mm

Cements/porosity/fabric

sparite, no porosity, micrite?, calcite veins, fractured

Distribution of Siliciclasts

scattered

Oxidation characteristics

oxidised

Discrete seams - Orientation,
thickness (mm), mineralogy,
oxidation state

Diffuse seams - Orientation, pattern,
oxidiation state, mineralogy,
thickness (mm)

Stylolites - Orientation, suture
amplitude (mm), mineralogy,
oxidation state

wispy thin, round quartz along it,
horizontal, oxidised

Microstylolites
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Petrographic data sheet - McDonald's Lime Quarry 20 07
Sample number 14
Quarry unit High Grade
Analyst Orla Hansen
Photomicrographs
Total bioclast % 95
% Abundance limit
Bryozoans 93 very abundant
Echinoderms <1 rare
Benthic foraminifera <1 rare
B Planktic foraminifera <1 rare
| Bivalves - absent
Pteropods - absent
o]
Gastropods - absent
C
Calcareous red algae - absent
L
Barnacles - absent
A Porifera - absent
S Brachiopods - absent
T [Corals - absent
S [Annelids - absent
Other - absent
Modal size 1 (mm) 1.68
Modal size 2 (mm) 0.72
Grain shape/abrasion slightly abraded
Sorting poorly
Total siliciclast grain % 5
% Abundance limit
S|Quartz
I [Feldspar 2 some
L |Igneous rock fragments - absent
I |Sedimentary rock fragments - absent
C [Micas - absent
| |Pyrite grains 3 some
C |Pyrite infills 2 some
L |Glauconite pellets <1 rare
A |Glauconite infills <1 rare
s |Clays - absent
T |Modal size 1 (mm) 0.17
s |Modal size 2 (mm) 0.10
Grain shape/abrasion subrounded
Sorting poorly

mmucCH>mm

Cements/porosity/fabric

sparite, no porosity, packed fragments

Distribution of Siliciclasts

scattered

Oxidation characteristics

unoxidised

Discrete seams - Orientation,
thickness (mm), mineralogy,
oxidation state

Diffuse seams - Orientation, pattern,
oxidiation state, mineralogy,
thickness (mm)

Stylolites - Orientation, suture
amplitude (mm), mineralogy,
oxidation state

Microstylolites

390
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Petrographic data sheet - McDonald's Lime Quarry 20 07

Sample number 40
Quarry unit High Grade
Analyst Orla Hansen
Photomicrographs
Total bioclast % 96
% Abundance limit
Bryozoans 93 very abundant
Echinoderms <1 rare
Benthic foraminifera <1 rare
B Planktic foraminifera <1 rare
| Bivalves <1 rare
Pteropods - absent
o]
Gastropods - absent
C
Calcareous red algae - absent
L
Barnacles - absent
A Porifera - absent
S Brachiopods - absent
T [Corals - absent
S [Annelids - absent
Clays - absent
Modal size 1 (mm) 1.32
Modal size 2 (mm) 0.72
Grain shape/abrasion mod abraded
Sorting poorly

n-4Hn>>rO—0—r—wm

Total siliciclast grain %

4, 80% in seam

% Abundance limit
Quartz - absent
Feldspar - absent
Igneous rock fragments - absent
Sedimentary rock fragments - absent
Micas - absent
Pyrite grains 3 some
Pyrite infills <1 rare
Glauconite pellets <1 rare
Glauconite infills - absent
Clays - absent
Modal size 1 (mm) 0.14
Modal size 2 (mm) 0.10
Grain shape/abrasion angular
Sorting poorly

mmucCH>mm

Cements/porosity/fabric

sparite, no porosity, fractured

Distribution of siliciclastics

scattered or concentrated along seam

Oxidation characteristics

unoxidised

Discrete seams - Orientation,
thickness (mm), mineralogy,
oxidation state

mm thick, diagonal, unoxidised, clay &
pyrite, quartz & feldspar

Diffuse seams - Orientation, pattern,
oxidiation state, mineralogy,
thickness (mm)

Stylolites - Orientation, suture
amplitude (mm), mineralogy,
oxidation state

horizontal stylolite, pyrite dominated,
clay, minor quartz & feldspar

Microstylolites

Appendix E

391




Petrographic data sheet - McDonald's Lime Quarry 20 07
Sample number 40.2
Quarry unit High Grade
Analyst Orla Hansen
Photomicrographs
Total bioclast % 94
% Abundance limit

Bryozoans 90 very abundant

Echinoderms <1 rare

Benthic foraminifera <1 rare
B Planktic foraminifera <1 rare
| Bivalves <1 rare

Pteropods - absent
O

Gastropods - absent
C

Calcareous red algae - absent
L

Barnacles - absent
A Porifera - absent
S Brachiopods - absent
T [Corals - absent
S [Annelids - absent

Other - absent

Modal size 1 (mm) 0.72

Modal size 2 (mm) 1.56

Grain shape/abrasion mod abraded

Sorting poorly

n-—4Hn>rO—0—r—wum

Total siliciclast grain %

6, 70% in seam

% Abundance limit
Quartz
Feldspar 2 some
Igneous rock fragments - absent
Sedimentary rock fragments - absent
Micas - absent
Pyrite grains 2 absent
Pyrite infills <1 infills zooecia rare
Glauconite pellets <1 rare
Glauconite infills <1 rare
Clays - absent
Modal size 1 (mm) 0.12
Modal size 2 (mm) 0.168
Grain shape/abrasion angular
Sorting poorly

mmucCH>mm

Cements/porosity/fabric

sparite, no porosity, slightly packed

Distribution of Siliciclasts

scattered or concentrated in seam

Oxidation characteristics

unoxidised

Discrete seams - Orientation,
thickness (mm), mineralogy,
oxidation state

3 mm thick, unoxidised, quartz &
feldspar, clay & pyrite

Diffuse seams - Orientation, pattern,
oxidiation state, mineralogy,
thickness (mm)

Stylolites - Orientation, suture
amplitude (mm), mineralogy,
oxidation state

Microstylolites
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Petrographic data sheet - McDonald's Lime Quarry 20 07
Sample number 15.1
Quarry unit High Grade
Analyst Orla Hansen
Photomicrographs
Total bioclast % 97
% Abundance limit
Bryozoans 91 very abundant
Echinoderms 3 some
Benthic foraminifera <1 rare
B Planktic foraminifera <1 rare
| Bivalves <1 rare
Pteropods - absent
o]
Gastropods - absent
C
Calcareous red algae - absent
L
Barnacles - absent
A Porifera - absent
S Brachiopods - absent
T [Corals - absent
S [Annelids - absent
Other - absent
Modal size 1 (mm) 1.44
Modal size 2 (mm) 0.48
Grain shape/abrasion slightly abraded
Sorting poorly
Total siliciclast grain % 3, 30% in seam
% Abundance limit
S|Quartz - absent
I [Feldspar - absent
L |Igneous rock fragments - absent
| |Sedimentary rock fragments - absent
C |Micas - absent
| |Pyrite grains 3 some
C |Pyrite infills <1 rare
L |Glauconite pellets <1 rare
A |Glauconite infills - absent
s |Clays - absent
T |Modal size 1 (mm) 0.12
s |Modal size 2 (mm) 0.19
Grain shape/abrasion angular
Sorting poorly
Cements/porosity/fabric sparite, no porosity, open-packed fabric
Distribution of Siliciclasts scattered or concentrated in seam
Oxidation characteristics unoxidised
E Discrete seams - Orientation,
thickness (mm), mineralogy, <1 mm thick, unoxidised, seam filled with
'_T_‘ oxidation state pyrite, minor quartz & feldspar, clay
y |Piffuse seams - Orientation, pattern,
R oxidiation state, mineralogy,
E thickness (mm) -
s |Stylolites - Orientation, suture
amplitude (mm), mineralogy,
oxidation state -
Microstylolites yes
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Petrographic data sheet - McDonald's Lime Quarry 20 07
Sample number 15.2
Quarry unit High Grade
Analyst Orla Hansen
Photomicrographs
Total bioclast % 95
% Abundance limit

Bryozoans 92 very abundant

Echinoderms <1* rare

Benthic foraminifera 2 some
B Planktic foraminifera - absent
| Bivalves <1 rare

Pteropods - absent
o]

Gastropods - absent
C

Calcareous red algae - absent
L

Barnacles - absent
A Porifera - absent
S Brachiopods - absent
T [Corals - absent
S [Annelids - absent

Clays - absent

Modal size 1 (mm) 1.56

Modal size 2 (mm) 0.48

Grain shape/abrasion slightly abraded

Sorting poorly

n-—4Hn>rO—0—r—wm

Total siliciclast grain %

5, 20% in seam

% Abundance limit
Quartz - absent
Feldspar - absent
Igneous rock fragments - absent
Sedimentary rock fragments - absent
Micas - absent
Pyrite grains 4-10 many
Pyrite infills <1 rare
Glauconite pellets <1 rare
Glauconite infills <1 rare
Clays - absent
Modal size 1 (mm) 0.22
Modal size 2 (mm) 0.10
Grain shape/abrasion subrounded
Sorting moderately

mmIucCH>mm

Cements/porosity/fabric

sparite, no porosity, fragmented, packed

Distribution of siliciclastics

scattered or concentrated in seam

Oxidation characteristics

unoxidised

Discrete seams - Orientation,
thickness (mm), mineralogy,
oxidation state

4 mm thick, unoxidised, pyrite
dominated, glauconite, quartz & feldspar,
clay

Diffuse seams - Orientation, pattern,
oxidiation state, mineralogy,
thickness (mm)

Stylolites - Orientation, suture
amplitude (mm), mineralogy,
oxidation state

Microstylolites
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Petrographic data sheet - McDonald's Lime Quarry 20 07
Sample number 15.3
Quarry unit High Grade
Analyst Orla Hansen
Photomicrographs
Total bioclast % 97
% Abundance limit

Bryozoans 93 very abundant

Echinoderms <1 rare

Benthic foraminifera <1 rare
B Planktic foraminifera <1 rare
| Bivalves <1 rare

Pteropods - absent
o]

Gastropods - absent
C

Calcareous red algae - absent
L

Barnacles - absent
A Porifera - absent
S Brachiopods - absent
T [Corals - absent
S [Annelids - absent

Other - absent

Modal size 1 (mm) 0.48

Modal size 2 (mm) 0.84

Grain shape/abrasion slightly abraded

Sorting poorly

n-4Hn>>rO—0O0—r—wm

Total siliciclast grain %

3, 30% in seam

% Abundance limit
Quartz - absent
Feldspar - absent
Igneous rock fragments - absent
Sedimentary rock fragments - absent
Micas - absent
Pyrite grains 2 some
Pyrite infills <1 rare
Glauconite pellets <1 rare
Glauconite infills <1 rare
Clays - absent
Modal size 1 (mm) 0.24
Modal size 2 (mm) 0.10
Grain shape/abrasion subrounded
Sorting poorly

mmucCH>mm

Cements/porosity/fabric

sparite, no porosity, micrite in chambers, packed

Distribution of Siliciclasts

scattered or concentrated in seam

Oxidation characteristics

unoxidised

Discrete seams - Orientation,
thickness (mm), mineralogy,
oxidation state

4 mm thick, mud sized particles in seam
micrite?or clay?, unoxidised, pyrite
dominant, quartz & feldspar, clay

Diffuse seams - Orientation, pattern,
oxidiation state, mineralogy,
thickness (mm)

Stylolites - Orientation, suture
amplitude (mm), mineralogy,
oxidation state

Microstylolites
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Petrographic data sheet - McDonald's Lime Quarry 20 07

Sample number 154
Quarry unit High Grade
Analyst Orla Hansen
Photomicrographs
Total bioclast % 98
% Abundance limit
Bryozoans 94 very abundant
Echinoderms <1 rare
Benthic foraminifera <1 rare
B Planktic foraminifera <1 rare
| Bivalves <1 rare
Pteropods - absent
o]
Gastropods - absent
C
Calcareous red algae - absent
L
Barnacles - absent
A Porifera - absent
S Brachiopods - absent
T [Corals - absent
S [Annelids - absent
Other - absent
Modal size 1 (mm) 1.44
Modal size 2 (mm) 0.60
Grain shape/abrasion mod abraded
Sorting poorly
Total siliciclast grain % 2, 20% in seam
% Abundance limit
S|Quartz - absent
I [Feldspar - absent
L |Igneous rock fragments - absent
I |Sedimentary rock fragments - absent
C |Micas - absent
| |Pyrite grains 2 some
C |Pyrite infills <1 rare
L |Glauconite pellets <1 rare
A |Glauconite infills <1 rare
s |Clays - absent
T |Modal size 1 (mm) 0.22
s |Modal size 2 (mm) 0.07
Grain shape/abrasion subrounded
Sorting poorly
Cements/porosity/fabric sparite, no porosity
Distribution of Siliciclasts scattered or concentrated in seam
Oxidation characteristics unoxidised
F Discrete seams - Orientation . . .
EIl . . ’ 5 mm thick, unoxidised, grains packed near seam-
A th'_Ckn?SS (mm), mineralogy, more open fabric elsewhere, pyrite, glauconite,
T oxidation state quartz & feldspar, clay
y |Piffuse seams - Orientation, pattern,
R oxidiation state, mineralogy,
E thickness (mm) -
s |Stylolites - Orientation, suture

amplitude (mm), mineralogy,
oxidation state

Microstylolites

396
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Petrographic data sheet - McDonald's Lime Quarry 20 07

Sample number 43
Quarry unit High Grade
Analyst Orla Hansen
Photomicrographs
Total bioclast % 93
% Abundance limit
Bryozoans 89 very abundant
Echinoderms <1 rare
Benthic foraminifera <1 rare
B Planktic foraminifera <1 rare
| Bivalves <1 rare
Pteropods - absent
o]
Gastropods - absent
C
Calcareous red algae - absent
L
Barnacles - absent
A Porifera - absent
S Brachiopods - absent
T [Corals - absent
S [Annelids - absent
Other - absent
Modal size 1 (mm) 0.96
Modal size 2 (mm) 2.16
Grain shape/abrasion mod abraded
Sorting poorly
Total siliciclast grain % 7, 70% in seam
% Abundance limit
S|Quartz
I [Feldspar 3 some
L |Igneous rock fragments - absent
I |Sedimentary rock fragments - absent
C |Micas - absent
| |Pyrite grains <1 rare
C |Pyrite infills 2 some
L |Glauconite pellets <1 rare
A |Glauconite infills - absent
s |Clays - absent
T |Modal size 1 (mm) 0.17
s |Modal size 2 (mm) 0.10
Grain shape/abrasion angular
Sorting moderately

Cements/porosity/fabric
Distribution of Siliciclasts
Oxidation characteristics

sparite, no porosity,some micrite, fractured
concentrated in seam or scattered/clusters
oxidised - zooecia limonitised

Discrete seams - Orientation,
thickness (mm), mineralogy,
oxidation state

2 mm thick, oxidised, limonite, clay,
glauconite, quartz & feldspar dominant

Diffuse seams - Orientation, pattern,
oxidiation state, mineralogy,
thickness (mm) -

mmucCH>mm

Stylolites - Orientation, suture
amplitude (mm), mineralogy,

oxidation state -
Microstylolites -
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Petrographic data sheet - McDonald's Lime Quarry 20 07
Sample number 47
Quarry unit Lower Steel
Analyst Orla Hansen
Photomicrographs
Total bioclast % 97
% Abundance limit
Bryozoans 94 very abundant
Echinoderms 2 some
Benthic foraminifera <1 rare
B Planktic foraminifera - absent
| Bivalves <1 rare
Pteropods - absent
o]
Gastropods - absent
C
Calcareous red algae - absent
L
Barnacles - absent
A Porifera - absent
S Brachiopods - absent
T [Corals - absent
S [Annelids - absent
Other - absent
Modal size 1 (mm) 1.92
Modal size 2 (mm) 1.44
Grain shape/abrasion slightly abraded
Sorting moderately
Total siliciclast grain % 3
% Abundance limit
S|Quartz - absent
I [Feldspar - absent
L |Igneous rock fragments - absent
I |Sedimentary rock fragments - absent
C |Micas - absent
| |Pyrite grains 1 some
C |Pyrite infills <1 rare
L |Glauconite pellets <1 rare
A |Glauconite infills <1 rare
s |Clays - absent
T |Modal size 1 (mm) 0.22
s |Modal size 2 (mm) 0.14
Grain shape/abrasion subrounded
Sorting poorly
Cements/porosity/fabric sparite, porous along parts of stylolite, packed
Distribution of Siliciclasts scattered or along stylolite
Oxidation characteristics small limonitised patches or zooecia
Fl~ . .
E Discrete seams - Orientation,
thickness (mm), mineralogy,
'_T_‘ oxidation state -
y |Piffuse seams - Orientation, pattern,
R oxidiation state, mineralogy,
E thickness (mm) -
s |Stylolites - Orientation, suture
amplitude (mm), mineralogy,
oxidation state vertical, clay dominant
Microstylolites -
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Petrographic data sheet - McDonald's Lime Quarry 20 07

Sample number 49.1
Quarry unit Lower Steel
Analyst Orla Hansen
Photomicrographs
Total bioclast % 97
% Abundance limit
Bryozoans 92 very abundant
Echinoderms <1 rare
Benthic foraminifera <1 rare
B Planktic foraminifera <1 rare
| Bivalves 3 some
Pteropods - absent
o]
Gastropods - absent
C
Calcareous red algae - absent
L
Barnacles - absent
A Porifera - absent
S Brachiopods - absent
T [Corals - absent
S [Annelids - absent
Other - absent
Modal size 1 (mm) 0.60
Modal size 2 (mm) 1.08
Grain shape/abrasion slightly abraded
Sorting moderately
Total siliciclast grain % 3
% Abundance limit
S|Quartz - absent
I [Feldspar - absent
L |Igneous rock fragments - absent
| |Sedimentary rock fragments - absent
C [Micas - absent
| |Pyrite grains <1 rare
C |Pyrite infills <1 rare
L |Glauconite pellets <1 rare
A |Glauconite infills <1 rare
s |Clays - absent
T |Modal size 1 (mm) 0.19
s |Modal size 2 (mm) 0.24
Grain shape/abrasion subrounded
Sorting poorly

mmucCH>mm

Cements/porosity/fabric

micrite, calcite veins, very fragmented

Distribution of Siliciclasts

scattered or along stylolite

Oxidation characteristics

oxidised

Discrete seams - Orientation,
thickness (mm), mineralogy,
oxidation state

Diffuse seams - Orientation, pattern,
oxidiation state, mineralogy,
thickness (mm)

Stylolites - Orientation, suture
amplitude (mm), mineralogy,
oxidation state

thin vertical stylolite <1 mm, clay, very
minor quartz & feldspar

Microstylolites
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Petrographic data sheet - McDonald's Lime Quarry 20 07
Sample number 49.2
Quarry unit Lower Steel
Analyst Orla Hansen
Photomicrographs
Total bioclast % 96
% Abundance limit
Bryozoans 91 very abundant
Echinoderms <1 rare
Benthic foraminifera <1 rare

B Planktic foraminifera <1 rare

| Bivalves 3 some
Pteropods - absent

o]

Gastropods - absent

C
Calcareous red algae - absent

L
Barnacles - absent

A Porifera - absent

S Brachiopods - absent

T [Corals - absent

S [Annelids - absent
Other - absent
Modal size 1 (mm) 1.56
Modal size 2 (mm) 0.43
Grain shape/abrasion slightly abraded
Sorting poorly

Total siliciclast grain % 4
% Abundance limit

S|Quartz - absent

I [Feldspar - absent

L |Igneous rock fragments - absent

I |Sedimentary rock fragments - absent

C [Micas - absent

| |Pyrite grains <1 rare

C |Pyrite infills <1 rare

L |Glauconite pellets <1 rare

A |Glauconite infills - absent

s |Clays - absent

T |Modal size 1 (mm) 0.12

s |Modal size 2 (mm) 0.10
Grain shape/abrasion subrounded
Sorting poorly
Cements/porosity/fabric micrite, no porosity, calcite veins, very
Distribution of Siliciclasts scattered or along stylolite
Oxidation characteristics limonitised zooecia

E Discrete seams - Orientation,
thickness (mm), mineralogy,

'_T_‘ oxidation state -

y |Piffuse seams - Orientation, pattern,

R oxidiation state, mineralogy,

E thickness (mm) -

s |Stylolites - Orientation, suture hori. Pushed up against bivalve
amplitude (mm), mineralogy, fragment, clay, minor quartz & feldspar,
oxidation state glauconite
Microstylolites -
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Petrographic data sheet - McDonald's Lime Quarry 20 07

Sample number 51
Quarry unit Lower Steel
Analyst Orla Hansen
Photomicrographs
Total bioclast % 98
% Abundance limit
Bryozoans 95 very abundant
Echinoderms <1 rare
Benthic foraminifera <1 rare
B Planktic foraminifera - absent
| Bivalves <1 rare
Pteropods - absent
o]
Gastropods - absent
C
Calcareous red algae - absent
L
Barnacles - absent
A Porifera - absent
S Brachiopods - absent
T [Corals - absent
S [Annelids <1 rare
Other - absent
Modal size 1 (mm) 1.68
Modal size 2 (mm) 3.12
Grain shape/abrasion slightly abraded
Sorting moderately

n-4Hn>rO—0—r—um

Total siliciclast grain %

2, 90% in seam

% Abundance limit
Quartz - absent
Feldspar - absent
Igneous rock fragments - absent
Sedimentary rock fragments - absent
Micas - absent
Pyrite grains <1 rare
Pyrite infills <1 rare
Glauconite pellets <1 rare
Glauconite infills - absent
Clays - absent
Modal size 1 (mm) 0.72
Modal size 2 (mm) 0.36
Grain shape/abrasion anhedral-subrounded
Sorting poorly

mmucCH>mm

Cements/porosity/fabric

sparite, sl packed

Distribution of Siliciclasts

clusters assoc. with oxidised material

Oxidation characteristics

oxidised along grains and inside chambers

Discrete seams - Orientation,
thickness (mm), mineralogy,
oxidation state

3 mm thick, oxidised, quartz & feldspar
dominant - large crystals 0.7 mm long,
clay, glauconite

Diffuse seams - Orientation, pattern,
oxidiation state, mineralogy,
thickness (mm)

Stylolites - Orientation, suture
amplitude (mm), mineralogy,
oxidation state

Microstylolites
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Petrographic data sheet - McDonald's Lime Quarry 20 07
Sample number 17.1
Quarry unit Lower Steel
Analyst Orla Hansen
Photomicrographs
Total bioclast % 96
% Abundance limit
Bryozoans 92 very abundant
Echinoderms 3* some
Benthic foraminifera <1 rare
B Planktic foraminifera - absent
| Bivalves - absent
Pteropods - absent
o]
Gastropods - absent
C
Calcareous red algae - absent
L
Barnacles - absent
A Porifera - absent
S Brachiopods - absent
T [Corals - absent
S [Annelids <1 rare
Clays - absent
Modal size 1 (mm) 0.72
Modal size 2 (mm) 1.68
Grain shape/abrasion mod abraded
Sorting poorly
Total siliciclast grain % 4
% Abundance limit
S|Quartz
I [Feldspar 2/3 some
L |Igneous rock fragments - absent
I |Sedimentary rock fragments - absent
C |Micas - absent
| |Pyrite grains <1 rare
C |Pyrite infills <1 rare
L |Glauconite pellets <1 rare
A |Glauconite infills - absent
s |Clays - absent
T |Modal size 1 (mm) 0.336
s |Modal size 2 (mm) 0.192
Grain shape/abrasion subrounded
Sorting poorly
Cements/porosity/fabric sparite exclusive, open fabric
Distribution of siliciclastics clusters or scattered
Oxidation characteristics oxidised, limonitised areas
Fl~ . .
E Discrete seams - Orientation,
thickness (mm), mineralogy,
'_T_‘ oxidation state -
y |Piffuse seams - Orientation, pattern,
R oxidiation state, mineralogy,
E thickness (mm) -
s |Stylolites - Orientation, suture
amplitude (mm), mineralogy,
oxidation state -
Microstylolites
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Petrographic data sheet - McDonald's Lime Quarry 20 07
Sample number 17.2
Quarry unit Lower Steel
Analyst Orla Hansen
Photomicrographs
Total bioclast % 98
% Abundance limit
Bryozoans 91 very abundant
Echinoderms 5 some
Benthic foraminifera 2 some
B Planktic foraminifera - absent
| Bivalves - absent
Pteropods - absent
o]
Gastropods - absent
C
Calcareous red algae - absent
L
Barnacles - absent
A Porifera - absent
S Brachiopods absent
T [Corals - absent
S [Annelids - absent
Other - absent
Modal size 1 (mm) 0.72
Modal size 2 (mm) 1.44
Grain shape/abrasion mod abraded
Sorting poorly

n-—4Hn>rO—0—r—wm

Total siliciclast grain %

2, 50% in stylolite

% Abundance limit
Quartz - absent
Feldspar - absent
Igneous rock fragments - absent
Sedimentary rock fragments <1 rare
Micas - absent
Pyrite grains <1 rare
Pyrite infills <1 rare
Glauconite pellets <1 rare
Glauconite infills <1 rare
Clays - absent
Modal size 1 (mm) 0.48
Modal size 2 (mm) 0.19
Grain shape/abrasion angular
Sorting poorly

mmucCH>mm

Cements/porosity/fabric

sparite, no porosity, open-packed fragments

Distribution of Siliciclasts

scattered or clusters

Oxidation characteristics

oxidised

Discrete seams - Orientation,
thickness (mm), mineralogy,
oxidation state

Diffuse seams - Orientation, pattern,
oxidiation state, mineralogy,
thickness (mm)

Stylolites - Orientation, suture
amplitude (mm), mineralogy,
oxidation state

hori. Oxidised, limonite, clay, minor
quartz & feldspar, pyrite, glauconite

Microstylolites

Appendix E
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Petrographic data sheet - McDonald's Lime Quarry 20 07
Sample number 17.3
Quarry unit Lower Steel
Analyst Orla Hansen
Photomicrographs
Total bioclast % 96
% Abundance limit
Bryozoans 91 very abundant
Echinoderms 3 some rare
Benthic foraminifera <1 rare
B Planktic foraminifera - absent
| Bivalves <1 rare
Pteropods - absent
o]
Gastropods - absent
C
Calcareous red algae - absent
L
Barnacles - absent
A Porifera - absent
S Brachiopods - absent
T [Corals - absent
S [Annelids - absent
Other - absent
Modal size 1 (mm) 1.32
Modal size 2 (mm) 1.20
Grain shape/abrasion mod abraded
Sorting moderately
Total siliciclast grain % 4
% Abundance limit
S|Quartz - absent
I [Feldspar - absent
L |Igneous rock fragments - absent
I |Sedimentary rock fragments <1 rare
C |Micas - absent
| |Pyrite grains <1 rare
C |Pyrite infills <1 rare
L |Glauconite pellets <1 rare
A |Glauconite infills - absent
s |Clays - absent
T |Modal size 1 (mm) 0.48
s |Modal size 2 (mm) 0.19
Grain shape/abrasion subrounded
Sorting poorly
Cements/porosity/fabric sparite, no porosity, open-packed
Distribution of Siliciclasts scattered or conc. In stylolite, clusters
Oxidation characteristics oxidised, filled zooecia
Fl~ . .
E Discrete seams - Orientation,
thickness (mm), mineralogy,
'_T_‘ oxidation state -
y |Piffuse seams - Orientation, pattern,
R oxidiation state, mineralogy,
E thickness (mm) -
s |Stylolites - Orientation, suture
amplitude (mm), mineralogy,
oxidation state two hori. Stylolites
Microstylolites -
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Petrographic data sheet - McDonald's Lime Quarry 20 07
Sample number 16
Quarry unit Lower Steel
Analyst Orla Hansen
Photomicrographs
Total bioclast % 97
% Abundance limit

Bryozoans 92 very abundant

Echinoderms 5 some

Benthic foraminifera <1 rare
B Planktic foraminifera - absent
| Bivalves - absent

Pteropods - absent
o]

Gastropods - absent
C

Calcareous red algae - absent
L

Barnacles - absent
A Porifera - absent
S Brachiopods - absent
T [Corals - absent
S [Annelids - absent

Other - absent

Modal size 1 (mm) 2.04

Modal size 2 (mm) 1.2

Grain shape/abrasion slightly abraded

Sorting poorly

n-—4Hn>»>rO—0—r—wm

Total siliciclast grain %

3, 80% in seam

% Abundance limit
Quartz 2 some
Feldspar - absent
Igneous rock fragments - absent
Sedimentary rock fragments - absent
Micas - absent
Pyrite grains <1 rare
Pyrite infills <1 rare
Glauconite pellets <1 rare
Glauconite infills - absent
Clays - absent
Modal size 1 (mm) 0.144
Modal size 2 (mm) 0.096
Grain shape/abrasion subrounded
Sorting poorly

mmucCH>mm

Cements/porosity/fabric

sparite, no porosity, fragmented, packed,

Distribution of Siliciclasts

scattered or concentrated in seam

Oxidation characteristics

oxidised

Discrete seams - Orientation,
thickness (mm), mineralogy,
oxidation state

1 mm thick, oxidised, limonite, clay,
quartz & feldspar, pyrite, glauconite

Diffuse seams - Orientation, pattern,
oxidiation state, mineralogy,
thickness (mm)

Stylolites - Orientation, suture
amplitude (mm), mineralogy,
oxidation state

Microstylolites

Appendix E
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Petrographic data sheet - McDonald's Lime Quarry 20 07
Sample number 55
Quarry unit Lower Steel
Analyst Orla Hansen
Photomicrographs
Total bioclast % 97
% Abundance limit
Bryozoans 92 very abundant
Echinoderms 4 some
Benthic foraminifera <1 rare
B Planktic foraminifera - absent
| Bivalves <1 rare
Pteropods - absent
o]
Gastropods - absent
C
Calcareous red algae - absent
L
Barnacles - absent
A Porifera - absent
S Brachiopods - absent
T [Corals - absent
S [Annelids <1 rare
Other - absent
Modal size 1 (mm) 1.68
Modal size 2 (mm) 0.96
Grain shape/abrasion mod abraded
Sorting moderately

n-4Hn>rO—0—r—wm

Total siliciclast grain %

3, 90% in seam

% Abundance limit
Quartz - absent
Feldspar - absent
Igneous rock fragments - absent
Sedimentary rock fragments - absent
Micas - absent
Pyrite grains <1 rare
Pyrite infills <1 rare
Glauconite pellets <1 rare
Glauconite infills 1 some
Clays - absent
Modal size 1 (mm) 0.58
Modal size 2 (mm) 0.24
Grain shape/abrasion subrounded/anhedral
Sorting poorly

mmucCH>mm

Cements/porosity/fabric

sparite, no porosity, packed, fractured one end

Distribution of Siliciclasts

clusters of limonitised grains/infill

Oxidation characteristics

oxidised

Discrete seams - Orientation,
thickness (mm), mineralogy,
oxidation state

1 mm thick, oxidised, diagonal, limonite
rich, clay dominant, quartz & feldspar -
large crystals

Diffuse seams - Orientation, pattern,
oxidiation state, mineralogy,
thickness (mm)

Stylolites - Orientation, suture
amplitude (mm), mineralogy,
oxidation state

<1 mm coming off seam, vertical, clays,
guartz & feldspar

Microstylolites
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Petrographic data sheet - McDonald's Lime Quarry 20 07
Sample number 18.1
Quarry unit Lower Steel
Analyst Orla Hansen
Photomicrographs
Total bioclast % 98
% Abundance limit
Bryozoans 91 very abundant
Echinoderms 5 some
Benthic foraminifera <1 rare
B Planktic foraminifera - absent
| Bivalves <1 rare
Pteropods - absent
o]
Gastropods - absent
C
Calcareous red algae - absent
L
Barnacles - absent
A Porifera - absent
S Brachiopods - absent
T [Corals - absent
S [Annelids - absent
Other - absent
Modal size 1 (mm) 1.44
Modal size 2 (mm) 0.84
Grain shape/abrasion mod abraded
Sorting moderately
Total siliciclast grain % 2
% Abundance limit
S|Quartz
I [Feldspar 2 some
L |Igneous rock fragments - absent
I |Sedimentary rock fragments - absent
C [Micas - absent
| |Pyrite grains <1 rare
C |Pyrite infills <1 rare
L |Glauconite pellets <1 rare
A |Glauconite infills <1 rare
s |Clays - absent
T |Modal size 1 (mm) 0.29
s |Modal size 2 (mm) 0.48
Grain shape/abrasion subrounded
Sorting poorly
Cements/porosity/fabric sparite, open-sl packed
Distribution of Siliciclasts scattered
Oxidation characteristics oxidised, limonitised in places
Fl~ . .
E Discrete seams - Orientation,
thickness (mm), mineralogy,
'_T_‘ oxidation state -
y |Piffuse seams - Orientation, pattern,
R oxidiation state, mineralogy,
E thickness (mm) -
s |Stylolites - Orientation, suture
amplitude (mm), mineralogy,
oxidation state small stylolites
Microstylolites -
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Petrographic data sheet - McDonald's Lime Quarry 20 07
Sample number 18.2
Quarry unit Lower Steel
Analyst Orla Hansen
Photomicrographs
Total bioclast % 98
% Abundance limit
Bryozoans 91 very abundant
Echinoderms 5 some
Benthic foraminifera <1 rare
B Planktic foraminifera <1 rare
| Bivalves <1 rare
Pteropods - absent
o]
Gastropods - absent
C
Calcareous red algae - absent
L Barnacles - absent
A Porifera - absent
S Brachiopods - absent
T [Corals - absent
S [Annelids - absent
Other - absent
Modal size 1 (mm) 0.96
Modal size 2 (mm) 2.04
Grain shape/abrasion mod abraded
Sorting moderately
Total siliciclast grain % 2, 90% in seam
% Abundance limit
S|Quartz - absent
I |Feldspar - absent
L |Igneous rock fragments - absent
I |Sedimentary rock fragments - absent
C |Micas - absent
| |Pyrite grains <1 rare
C |Pyrite infills <1 rare
L |Glauconite pellets <1 rare
A |Glauconite infills <1 rare
s |Clays - absent
T [Modal size 1 (mm) 0.29
s |Modal size 2 (mm) 0.60
Grain shape/abrasion subrounded
Sorting poorly
Cements/porosity/fabric sparite, no porosity, open-sl packed
Distribution of Siliciclasts scattered or highly conc. In seam
oxidised some areas unoxidised, limonitised
F Oxidation characteristics zooecia
E |Discrete seams - Orientation, 1.5 mm thick,oxidised, limonitised full of
A |thickness (mm), mineralogy, pyrite, clay, quartz & feldspar - huge
T |oxidation state crystals 0.5 mm long, glauconite
U |Diffuse seams - Orientation, pattern,
R |oxidiation state, mineralogy,
E |thickness (mm) -
S [stylolites - Orientation, suture
amplitude (mm), mineralogy, vertical stylolite coming off seam, minor
oxidation state quartz, clay
Microstylolites -
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Petrographic data sheet - McDonald's Lime Quarry 20 07

Sample number 18.3
Quarry unit Lower Steel
Analyst Orla Hansen
Photomicrographs
Total bioclast % 97
% Abundance limit
Bryozoans 93 very abundant
Echinoderms 2 some
Benthic foraminifera <1 rare
B Planktic foraminifera - absent
| Bivalves - absent
Pteropods - absent
o]
Gastropods - absent
C
Calcareous red algae - absent
L
Barnacles - absent
A Porifera - absent
S Brachiopods - absent
T [Corals - absent
S [Annelids <1 rare
Other - absent
Modal size 1 (mm) 0.96
Modal size 2 (mm) 2.88
Grain shape/abrasion mod abraded
Sorting poorly
Total siliciclast grain % 3
% Abundance limit
S|Quartz - absent
I [Feldspar - absent
L |Igneous rock fragments - absent
| |Sedimentary rock fragments - absent
C [Micas - absent
| |Pyrite grains <1 rare
C |Pyrite infills <1 rare
L |Glauconite pellets <1 rare
A |Glauconite infills <1 rare
s |Clays - absent
T |Modal size 1 (mm) 0.29
s |Modal size 2 (mm) 0.43
Grain shape/abrasion subrounded
Sorting poorly

mmucCH>mm

Cements/porosity/fabric

sparite, no porosity, open-sl packed

Distribution of Siliciclasts

clusters of pyrite or along stylolite, scattered

Oxidation characteristics

partly oxidised partly unoxidised

Discrete seams - Orientation,
thickness (mm), mineralogy,
oxidation state

Diffuse seams - Orientation, pattern,
oxidiation state, mineralogy,
thickness (mm)

Stylolites - Orientation, suture
amplitude (mm), mineralogy,
oxidation state

unoxidised very thin hori., pyrite & clay
dominated, glauconite

Microstylolites

Appendix E
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Petrographic data sheet - McDonald's Lime Quarry 20 07
Sample number 18.4
Quarry unit Lower Steel
Analyst Orla Hansen
Photomicrographs
Total bioclast % 97
% Abundance limit
Bryozoans 94 very abundant
Echinoderms 2 some
Benthic foraminifera <1 rare

B Planktic foraminifera - absent

| Bivalves <1 rare
Pteropods - absent

o]

Gastropods - absent

C
Calcareous red algae - absent

L
Barnacles - absent

A Porifera - absent

S Brachiopods - absent

T [Corals - absent

S [Annelids - absent
Other - absent
Modal size 1 (mm) 2.16
Modal size 2 (mm) 0.97
Grain shape/abrasion slightly abraded
Sorting poorly

Total siliciclast grain % 3
% Abundance limit

S|Quartz - absent

I [Feldspar - absent

L |Igneous rock fragments - absent

I |Sedimentary rock fragments - absent

C [Micas - absent

| |Pyrite grains <1 rare

C |Pyrite infills <1 rare

L |Glauconite pellets <1 rare

A |Glauconite infills <1 rare

s |Clays - absent

T |Modal size 1 (mm) 0.36

s |Modal size 2 (mm) 0.24
Grain shape/abrasion subrounded
Sorting poorly
Cements/porosity/fabric sparite, no porosity
Distribution of Siliciclasts scattered or along stylolite
Oxidation characteristics oxidised

E Discrete seams - Orientation,
thickness (mm), mineralogy,

'_T_‘ oxidation state -

y |Piffuse seams - Orientation, pattern,

R oxidiation state, mineralogy,

E thickness (mm) -

s |Stylolites - Orientation, suture hori. Amp = 0.5 mm, clay, big round
amplitude (mm), mineralogy, guartz & feldspar dominant crystals = .48
oxidation state mm long, glauconite
Microstylolites -
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Sample number 57.2A
Quarry unit Sub-economic
Analyst Orla Hansen
Photomicrographs
Total bioclast % 92
% Abundance limit
Bryozoans 85 very abundant
Echinoderms 2* some
Benthic foraminifera <1 rare
B Planktic foraminifera <1 rare
| Bivalves 2 some
Pteropods - absent
o]
c Gastropods - absent
L Calcareous red algae - absent
Barnacles - absent
A Porifera - absent
S Brachiopods - absent
T Corals - absent
S [Annelids 2 some
Other - absent
Modal size 1 (mm) 1.68
Modal size 2 (mm) 0.84
Grain shape/abrasion slightly abraded
Sorting poorly
Total siliciclast grain % 8
% Abundance limit
S |Quartz
I |[Feldspar 5 some
L |Igneous rock fragments - absent
I |Sedimentary rock fragments - absent
C |Micas - absent
| |Pyrite grains 1 some
C |Pyrite infills 2 some
L |Glauconite pellets 2 some
A |Glauconite infills <1 rare
s |Clays - absent
T |Modal size 1 (mm) 0.24
s [Modal size 2 (mm) 0.12
Grain shape/abrasion angular
Sorting poorly
Cements/porosity/fabric sparite, no porosity, tightly packed,fractured
scattered, patchy pyrite assoc. with bioclasts
Distribution of Siliciclasts inside zooecia/chambers
F Oxidation characteristics oxidised, filled zooecia
g |Discrete seams - Orientation,
A |thickness (mm), mineralogy,
T |oxidation state -
U |Diffuse seams - Orientation, pattern,
R |oxidiation state, mineralogy,
E [thickness (mm) -
S [Stylolites - Orientation, suture
amplitude (mm), mineralogy,
oxidation state -
Microstylolites -

Appendix E
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Petrographic data sheet - McDonald's Lime Quarry 20 07
Sample number 57.1B
Quarry unit Sub-economic
Analyst Orla Hansen
Photomicrographs
Total bioclast % 93
% Abundance limit

Bryozoans 83 very abundant

Echinoderms 5* some

Benthic foraminifera <1 rare
B Planktic foraminifera - absent
| Bivalves 2 some

Pteropods - absent
o]

Gastropods - absent
C

Calcareous red algae - absent
L

Barnacles - absent
A Porifera - absent
S Brachiopods - absent
T [Corals - absent
S [Annelids 2 some

Other - absent

Modal size 1 (mm) 1.92

Modal size 2 (mm) 0.84

Grain shape/abrasion mod abraded

Sorting poorly

n-4Hn>>rO—0O0—r—wm

Total siliciclast grain %

7, 50% in seam

% Abundance limit
Quartz
Feldspar 3 some
Igneous rock fragments - absent
Sedimentary rock fragments - absent
Micas - absent
Pyrite grains <1 rare
Pyrite infills 2 some
Glauconite pellets 1 some
Glauconite infills <1 rare
Clays - absent
Modal size 1 (mm) 0.10
Modal size 2 (mm) 0.17
Grain shape/abrasion subrounded
Sorting poorly

mmucCH>mm

Cements/porosity/fabric

sparite, no porosity, slightly open-packed

Distribution of Siliciclasts

scattered

Oxidation characteristics

oxidised, pyrite oxidised

Discrete seams - Orientation,
thickness (mm), mineralogy,
oxidation state

broken <1 mm seam, oxidised, limonite,
clay, rounded glauconite, quartz &
feldspars

Diffuse seams - Orientation, pattern,
oxidiation state, mineralogy,
thickness (mm)

Stylolites - Orientation, suture
amplitude (mm), mineralogy,
oxidation state

Microstylolites

412
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Petrographic data sheet - McDonald's Lime Quarry 20 07
Sample number 19.1
Quarry unit Sub-economic
Analyst Orla Hansen
Photomicrographs
Total bioclast % 95
% Abundance limit
Bryozoans 92 very abundant
Echinoderms 2 some
Benthic foraminifera <1 rare
B Planktic foraminifera - absent
| Bivalves <1 rare
Pteropods - absent
o]
Gastropods - absent
C
Calcareous red algae - absent
L Barnacles - absent
A Porifera - absent
S Brachiopods - absent
T [Corals - absent
S [Annelids <1 rare
Other - absent
Modal size 1 (mm) 2.16
Modal size 2 (mm) 0.72
Grain shape/abrasion mod abraded
Sorting moderately
Total siliciclast grain % 5
% Abundance limit
S|Quartz - absent
I [Feldspar - absent
L |Igneous rock fragments - absent
I |Sedimentary rock fragments - absent
C [Micas - absent
| |Pyrite grains 2 some
C |Pyrite infills 1 some
L |Glauconite pellets <1 rare
A |Glauconite infills <1 rare
s |Clays - absent
T |Modal size 1 (mm) 0.53
s |Modal size 2 (mm) 0.19
Grain shape/abrasion subrounded
Sorting poorly
sparite, no porosity, micrite-fill, calcite veins, open-
Cements/porosity/fabric sl packed
Distribution of Siliciclasts scattered
= Oxidation characteristics oxidised
g |Discrete seams - Orientation,
A [thickness (mm), mineralogy,
T |oxidation state -
U |Diffuse seams - Orientation, pattern,
R |oxidiation state, mineralogy,
E [thickness (mm) -
S |Stylolites - Orientation, suture
amplitude (mm), mineralogy,
oxidation state -
Microstylolites -
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Petrographic data sheet - McDonald's Lime Quarry 20 07
Sample number 19.2
Quarry unit Sub-economic
Analyst Orla Hansen
Photomicrographs
Total bioclast % 95
% Abundance limit

Bryozoans 92 very abundant

Echinoderms 2 some

Benthic foraminifera <1 rare
B Planktic foraminifera - absent
| Bivalves - absent

Pteropods - absent
o]

Gastropods - absent
C

Calcareous red algae - absent
L

Barnacles - absent
A Porifera - absent
S Brachiopods - absent
T [Corals - absent
S [Annelids <1 rare

Other - absent

Modal size 1 (mm) 1.44

Modal size 2 (mm) 2.64

Grain shape/abrasion slightly abraded

Sorting poorly

n-4Hn>rO—0—r—wm

Total siliciclast grain %

5, 90% in seam

% Abundance limit
Quartz
Feldspar 2 some
Igneous rock fragments - absent
Sedimentary rock fragments - absent
Micas - absent
Pyrite grains 2 some
Pyrite infills <1 rare
Glauconite pellets <1 rare
Glauconite infills <1 rare
Clays - absent
Modal size 1 (mm) 0.24
Modal size 2 (mm) 0.19
Grain shape/abrasion subrounded
Sorting poorly

mmucCH>mm

Cements/porosity/fabric

sparite, no porosity, calcite veins, fragmented

Distribution of Siliciclasts

scattered or conc. In seam

Oxidation characteristics

oxidised

Discrete seams - Orientation,
thickness (mm), mineralogy,
oxidation state

2 mm seam, oxidised, quartz & feldspar
dominant, glauconite, clay dominant
also, limonite

Diffuse seams - Orientation, pattern,
oxidiation state, mineralogy,
thickness (mm)

Stylolites - Orientation, suture
amplitude (mm), mineralogy,
oxidation state

Microstylolites
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Petrographic data sheet - McDonald's Lime Quarry 20 07

Sample number 19.3
Quarry unit Sub-economic
Analyst Orla Hansen
Photomicrographs
Total bioclast % 95
% Abundance limit

Bryozoans 91 very abundant

Echinoderms 2 some

Benthic foraminifera <1 rare
B Planktic foraminifera - absent
| Bivalves - absent

Pteropods - absent
o]

Gastropods - absent
C

Calcareous red algae - absent
L

Barnacles - absent
A Porifera - absent
S Brachiopods - absent
T [Corals - absent
S [Annelids 2 some

Other - absent

Modal size 1 (mm) 1.20

Modal size 2 (mm) 0.72

Grain shape/abrasion mod abraded

Sorting poorly

n-—4Hn>rO—0O0—r—um

Total siliciclast grain %

5, 30% in seam

% Abundance limit
Quartz
Feldspar 3 some
Igneous rock fragments - absent
Sedimentary rock fragments - absent
Micas - absent
Pyrite grains <1 rare
Pyrite infills 1 some
Glauconite pellets <1 rare
Glauconite infills <1 rare
Clays - absent
Modal size 1 (mm) 0.36
Modal size 2 (mm) 0.19
Grain shape/abrasion subrounded
Sorting poorly

mmucCH>mm

Cements/porosity/fabric

sparite, no porosity,open-s| packed

Distribution of Siliciclasts

scattered or conc. In seam

Oxidation characteristics

oxidised

Discrete seams - Orientation,
thickness (mm), mineralogy,
oxidation state

two 1 mm thick seams, clay, oxidised,
glauconite, quartz & feldspar

Diffuse seams - Orientation, pattern,
oxidiation state, mineralogy,
thickness (mm)

Stylolites - Orientation, suture
amplitude (mm), mineralogy,
oxidation state

Microstylolites
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Petrographic data sheet - McDonald's Lime Quarry 20 07

Sample number 61
Quarry unit Sub-economic
Analyst Orla Hansen
Photomicrographs
Total bioclast % 90
% Abundance limit
Bryozoans 87 very abundant
Echinoderms 2 some
Benthic foraminifera <1 rare
B Planktic foraminifera <1 rare
| Bivalves <1 rare
Pteropods - absent
o
Gastropods - absent
C
L Calcareous red algae - absent
Barnacles - absent
A Porifera - absent
S Brachiopods - absent
T [Corals - absent
S [Annelids - absent
Other - absent
Modal size 1 (mm) 2.04
Modal size 2 (mm) 1.08
Grain shape/abrasion slightly abraded
Sorting poorly
Total siliciclast grain % 3, 30% in diffuse seam
% Abundance limit
S|Quartz
I |Feldspar 3 some
L |lgneous rock fragments - absent
I |Sedimentary rock fragments - absent
C |Micas - absent
| |Pyrite grains 3 some
C |Pyrite infills 2 some
L |Glauconite pellets 1 some
A |Glauconite infills 1 some
s |Clays - absent
T |[Modal size 1 (mm) 0.24
s |Modal size 2 (mm) 0.14
Grain shape/abrasion angular
Sorting poorly

Cements/porosity/fabric

micrite, no porosity, tight, fragmented in places

Distribution of Siliciclasts

scattered or conc. In diffuse seam

Oxidation characteristics

unoxidised

Discrete seams - Orientation,
thickness (mm), mineralogy,
oxidation state

Diffuse seams - Orientation, pattern,
oxidiation state, mineralogy,
thickness (mm)

pyrite along wisps, unoxidised,
glauconite, clay, quartz & feldspar
dominant

mmIuVCH>MmMT

Stylolites - Orientation, suture
amplitude (mm), mineralogy,
oxidation state

Microstylolites

416

Appendix E




Petrographic data sheet - McDonald's Lime Quarry 20 07

amplitude (mm), mineralogy,
oxidation state

Sample number 66.1
Quarry unit Sub-economic
Analyst Orla Hansen
Photomicrographs
Total bioclast % 95
% Abundance limit
Bryozoans 87 very abundant
Echinoderms 2 some
Benthic foraminifera 1 some
B Planktic foraminifera - absent
| Bivalves 3 some
Pteropods - absent
o
Gastropods - absent
C
Calcareous red algae <1 rare
L
Barnacles - absent
A Porifera - absent
S Brachiopods - absent
T [Corals - absent
S [Annelids 2 some
Other - absent
Modal size 1 (mm) 1.56
Modal size 2 (mm) 0.84
Grain shape/abrasion mod abraded
Sorting poorly
Total siliciclast grain % 5
% Abundance limit
S|Quartz
I |Feldspar 3 some
L |lgneous rock fragments - absent
I |Sedimentary rock fragments - absent
C |Micas - absent
| |Pyrite grains 1 some
C |Pyrite infills <1 rare
L |Glauconite pellets 1 some
A |Glauconite infills <1 rare
s |Clays - rare
T |[Modal size 1 (mm) 0.29
s |Modal size 2 (mm) 0.12
Grain shape/abrasion angular
Sorting poorly
Cements/porosity/fabric micrite dominated, no porosity,
Distribution of Siliciclasts scattered or along mini stylolite or
Oxidation characteristics unoxidised
E Discrete seams - Orientation,
thickness (mm), mineralogy,
'_?_‘ oxidation state -
y |Piffuse seams - Orientation, pattern,
R oxidiation state, mineralogy,
E thickness (mm) -
s [Stylolites - Orientation, suture

unoxidised, glauconite, minor clay,
guartz & feldspar dominant

Microstylolites
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Petrographic data sheet - McDonald's Lime Quarry 20 07

Sample number 66.3
Quarry unit Sub-economic
Analyst Orla Hansen
Photomicrographs
Total bioclast % 95
% Abundance limit
Bryozoans 90 very abundant
Echinoderms 2 some
Benthic foraminifera <1 rare
B Planktic foraminifera - absent
| Bivalves 2 some
Pteropods - absent
o
Gastropods - absent
C
Calcareous red algae <1 rare
L
Barnacles - absent
A Porifera - absent
S Brachiopods - absent
T [Corals - absent
S [Annelids <1l rare
Other - absent
Modal size 1 (mm) 1.68
Modal size 2 (mm) 2.40
Grain shape/abrasion mod abraded
Sorting poorly
Total siliciclast grain % 5
% Abundance limit
S|Quartz
I |Feldspar 3 some
L |lgneous rock fragments - absent
I |Sedimentary rock fragments <1 rare
C |Micas - absent
| |Pyrite grains <1 rare
C |Pyrite infills <1 rare
L |Glauconite pellets <1 rare
A |Glauconite infills <1 rare
s |Clays - absent
T |[Modal size 1 (mm) 0.17
s |Modal size 2 (mm) 0.12
Grain shape/abrasion subrounded
Sorting poorly

mmIuVCH>MmMT

Cements/porosity/fabric

sparite, no porosity, fractured edge

Distribution of Siliciclasts

conc. Along stylolite

Oxidation characteristics

unoxidised

Discrete seams - Orientation,
thickness (mm), mineralogy,
oxidation state

Diffuse seams - Orientation, pattern,
oxidiation state, mineralogy,
thickness (mm)

Stylolites - Orientation, suture
amplitude (mm), mineralogy,
oxidation state

hori. Stylolite, unoxidised, glauconite,
clay, pyrite, minor quartz & feldspar

Microstylolites

418

Appendix E




Petrographic data sheet - McDonald's Lime Quarry 20 07
Sample number 66.4
Quarry unit Sub-economic
Analyst Orla Hansen
Photomicrographs
Total bioclast % 96
% Abundance limit
Bryozoans 92 very abundant
Echinoderms 3 some
Benthic foraminifera <1 rare
B Planktic foraminifera - absent
| Bivalves - absent
Pteropods - absent
0]
Gastropods - absent
C
Calcareous red algae <1 rare
L Barnacles - absent
A Porifera - absent
S Brachiopods - absent
T [Corals - absent
S [Annelids - absent
Other - absent
Modal size 1 (mm) 1.92
Modal size 2 (mm) 0.72
Grain shape/abrasion slightly abraded
Sorting poorly
Total siliciclast grain % 4
% Abundance limit
S|Quartz
I |Feldspar 3-5 some
L |lgneous rock fragments - absent
I |Sedimentary rock fragments - absent
C|Micas - absent
| |Pyrite grains <1 rare
C |Pyrite infills <1 rare
L |Glauconite pellets <1 rare
A |Glauconite infills - absent
s |Clays - absent
T |[Modal size 1 (mm) 0.29
s [Modal size 2 (mm) 0.12
Grain shape/abrasion subrounded
Sorting poorly
sparite, no porosity, micrite fill in zooecia, sl
Cements/porosity/fabric packed
Distribution of Siliciclasts scattered or conc. In stylolite
F [Oxidation characteristics unoxidised
E |Discrete seams - Orientation,
A |thickness (mm), mineralogy,
T |oxidation state -
U [Diffuse seams - Orientation, pattern,
R |oxidiation state, mineralogy,
E |thickness (mm) -
S [stylolites - Orientation, suture
amplitude (mm), mineralogy, hori. Unoxidised, clay and quartz along
oxidation state stylolite
Microstylolites -

Appendix E

419



Appendix E-5.9 Total carbonate and non-carbonate gdent and bioclast componentry in
quarry limestones for BH502. Approx. depth (m) = @pth along drill hole.

Quarry unit Thin section  Approx. Total Total % % Benthic % Planktic % % Calc. %
number depth (m) CaCO; % _silica % % Bryozoans Echinoderms forams forams Bivalves red algae Annelids

Caprock 20 255 70 30 2 5 2 61 0 0 0

21 25.8 75 25 2 5 3 65 0 0 0

9.1 26.2 95 5 75 10 3 5 0.5 0 0

9.2 26.25 89 11 84 2 0.5 4 0 0 0

23.2 26.69 90 10 69 15 3 3 0 0 0

27 26.75 80 20 68 5 2 5 0 0 0

Upper Steel 10.1 28.1 99 1 53 45 0.5 0 0 0 0

10.2 28.15 99 1 83 15 0.5 0 0 0 0

10.3 28.2 99 1 82 15 0.5 0 0.5 0 0

241 285 99 1 87 7 5 0 0 0 0

242 28.55 99 1 75 19 3 2 0 0 0

243 28.9 99 1 82 15 2 0 0 0 0

25 34.7 98 2 91 5 0 0.5 0.5 0 0

30 35.8 98 2 93 5 0.5 0 0 0 0

Aglime 32 37 98 2 87 0.5 0.5 0 0.5 0 0

34 38.4 98 2 95 0.5 0 0.5 0.5 0 0

35 39.45 99 1 96 0.5 0 0.5 0.5 0 0

11 40.2 90 10 86 0.5 0.5 0.5 0.5 0 0

121 41.2 95 5 91 0.5 1 0 2 0 0

12.2 41.25 92 8 96 0.5 0.5 0.5 0.5 0 0

123 41.3 98 2 95 1 1 0 0 0 1

131 42.8 60 40 58 0.5 0.5 0 0 0 0.5

13.2 42.85 80 20 75 0.5 0.5 0.5 0.5 0 0.5

133 42.9 95 5 91 0.5 0.5 0.5 0 0 0.5

High Grade 38 50.1 95 5 91 0.5 0.5 0.5 0.5 0 0

14 52.6 95 5 93 0.5 0.5 0.5 0 0 0

40 54.8 96 4 93 0.5 0.5 0.5 0.5 0 0

40.2 54.85 94 6 90 0.5 0.5 0.5 0.5 0 0

15.1 56.65 97 3 91 3 0.5 0.5 0.5 0 0

15.2 56.7 95 5 92 0.5 2 0 0.5 0 0

15.3 56.75 97 3 93 0.5 0.5 0.5 0.5 0 0

Appendix E-5.9 continued
Quarry unit  Thin section  Approx. Total Total % % Benthic % Planktic % % Calc. %
number depth (m) CaCO,; % silica% % Bryozoans Echinoderms forams forams Bivalves red algae Annelids

High Grade 15.4 56.8 98 2 94 0.5 0.5 0.5 0.5 0 0
43 62.1 93 7 89 0.5 0.5 0.5 0.5 0 0

Lower Steel 47 67.9 97 3 94 2 0.5 0 0.5 0 0
49.1 70.7 97 3 92 0.5 0.5 0.5 3 0 0

49.2 70.75 96 4 91 0.5 0.5 0.5 3 0 0
51 72.6 98 2 95 0.5 0.5 0 0.5 0 0.5
17.1 73.6 96 4 92 3 0.5 0 0 0 0.5

17.2 73.65 98 2 91 5 2 0 0 0 0

17.3 73.7 96 4 91 3 0.5 0 0.5 0 0

16 74.1 97 3 92 5 0.5 0 0 0 0
55 76.3 97 3 92 4 0.5 0 0.5 0 0.5

18.1 77.85 98 2 91 5 0.5 0 0.5 0 0

18.2 77.9 98 2 91 5 0.5 0.5 0.5 0 0
18.3 77.95 97 3 93 2 0.5 0 0 0 0.5

18.4 78 97 3 94 2 0.5 0 0.5 0 0
Sub-economic 57.2A 86.9 92 8 85 2 0.5 0.5 2 0 05
57.1B 86.95 93 7 83 5 0.5 0 2 0 2
19.1 87.6 95 5 92 2 0.5 0 0.5 0 0.5
19.2 87.65 95 5 92 2 0.5 0 0 0 0.5

19.3 87.7 95 5 91 2 0.5 0 0 0 2
59.4 88.9 94 6 89 3 0.5 0 0.5 0 0.5

61 91 90 10 87 2 0.5 0.5 0.5 0 0

66.1 97.5 95 5 87 2 1 0 3 0 2
66.3 97.55 95 5 90 2 0.5 0 2 0.5 0.5

66.4 97.6 96 4 92 3 0.5 0 0 0.5 0
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Appendix E-5.10 Siliciclastic componentry in quarrylimestones for BH502.

Quarry unit Thin section  Approx. Quartz & Sed. rock Pyrite Pyrite  Glauc. Glauc.

] T - % Clays
number depth (m) feldspar  frags. grains infills pellets infills
Caprock 20 255 0 0 3 0 0 0 27
21 25.8 0 0 0 0.5 0.5 0 24
9.1 26.2 0.5 0 0 0 0 0 5
9.2 26.25 0 0 0.5 0 0.5 0 10
23.2 26.69 0 0 0.5 0 0.5 0 10
27 26.75 0 0 0.5 0 0.5 0 19
Upper Steel 10.1 28.1 0 0 0.5 0 0 0 0
10.2 28.15 0 0 0.5 0 0.5 0 0
10.3 28.2 0 0 0.5 0 0 0 0
24.1 28.5 0 0 0.5 0 0.5 0 0
24.2 28.55 0 0 0.5 0.5 0 0 0
24.3 28.9 0.5 0 0.5 0 0 0 0
25 34.7 0 0 0.5 0.5 0.5 0 0
30 35.8 0 0 0.5 0.5 0 0 0
Aglime 32 37 0 0 0.5 0 2 0.5 0
34 38.4 0 0 1 0.5 0.5 0.5 0
35 39.45 0 0 0.5 0.5 0.5 0 0
11 40.2 0 0 0.5 0 0 0 0
12.1 41.2 0 0 2 0.5 0 0.5 0
12.2 41.25 0 0 0.5 0 0.5 0.5 0
12.3 41.3 0 0 0.5 0.5 0.5 0.5 0
13.1 42.8 0 0 2 0 0.5 0 38
13.2 42.85 0 0 0.5 0 0.5 0 0
13.3 42.9 0 0 0.5 0 2 0.5 0
High Grade 38 50.1 0 0 4 0.5 0.5 0 0
14 52.6 2 0 3 2 0.5 0.5 0
40 54.8 0 0 3 0.5 0.5 0 0
40.2 54.85 2 0 2 0.5 0.5 0.5 0
15.1 56.65 0 0 3 0.5 0.5 0 0
15.2 56.7 0 0 7 0.5 0.5 0.5 0
15.3 56.75 0 0 2 0.5 0.5 0.5 0
Appendix E-5.10 continued.
Quarry unit Thin section ~ Approx. Quartz & Sed. rock Pyrite Pyrite  Glauc. Glauc. % Clays
number depth (m) feldspar _ frags. grains infills___ pellets __infills
High Grade 15.4 56.8 0 0 2 0.5 0.5 0.5 0
43 62.1 3 0 0.5 2 0.5 0 0
47 67.9 0 0 1 0.5 0.5 0.5 0
49.1 70.7 0 0 0.5 0.5 0.5 0.5 0
Lower Steel 49.2 70.75 0 0 0.5 0.5 0.5 0 0
51 72.6 0 0 0.5 0.5 0.5 0 0
17.1 73.6 2 0 0.5 0.5 0.5 0 0
17.2 73.65 0 0.5 0.5 0.5 0.5 0.5 0
17.3 73.7 0 0.5 0.5 0.5 0.5 0 0
16 74.1 2 0 0.5 0.5 0.5 0 0
55 76.3 0 0 0.5 0.5 0.5 1 0
18.1 77.85 2 0 0.5 0.5 0.5 0.5 0
18.2 77.9 0 0 0.5 0.5 0.5 0.5 0
18.3 77.95 0 0 0.5 0.5 0.5 0.5 0
18.4 78 0 0 0.5 0.5 0.5 0.5 0
Sub-economic 57.2A 86.9 5 0 1 2 2 0.5 0
57.1B 86.95 3 0 0.5 2 1 0.5 0
19.1 87.6 0 0 2 1 0.5 0.5 0
19.2 87.65 2 0 2 0.5 0.5 0.5 0
19.3 87.7 3 0 0.5 1 0.5 0.5 0
59.4 88.9 2 0 1 2 0.5 1 0
61 91 3 0 3 2 1 1 0
66.1 97.5 3 0 1 0.5 1 0.5 0
66.3 97.55 3 0.5 0.5 0.5 0.5 0.5 0
66.4 97.6 4 0 0.5 0.5 0.5 0 0
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Appendix E-5.11 Bioclast and siliciclast shape anehodal sizes from thin section study of quarry lime®nes. Note that (B) = bioclasts and (S) = silidasts and
that there are two modal sizes for each. Grain sizclasses are based on the Wentworth scale; fs mefisand, ms = medium sand, cs = coarse sand, vogery
coarse sand, g = granule. mod. abraded = moderayehbraded, sl. abraded = slightly abraded.

3 xipuaddy

Sample/thin _ BIOCLASTS _ __ SILICICLASTS _
h Quarry unit . (B)Modal Grainsize  (B)Modal Grain size| .. . Grain size (S)Modal (S)Modal  Grain size
section No. Bioclast shape . . Siliciclast shape . .
size 1 (mm) class size 2 (mm) class class size 1 size 2 (mm) class
20 Caprock mod. abraded 0.36 ms 0.31 ms subrounded ms 0.29 0.14 fs
21 Caprock mod. abraded 0.29 ms 0.96 cs subrounded fs 0.19 0.12 fs
9.1 Caprock mod. abraded 1.08 vCs 0.31 ms subrounded ms 0.29 0.14 fs
9.2 Caprock mod. abraded 0.72 cs 1.3 vcs angular fs 0.12 0.24 fs
23.1 Caprock mod. abraded 0.34 ms 0.72 cs subrounded fs 0.19 0.07 vfs
23.2 Caprock mod. abraded 0.6 cs 0.48 ms angular ms 0.26 0.19 fs
27 Caprock mod. abraded 0.29 ms 0.6 cs subrounded fs 0.24 0.17 fs
10.1 Upper Steel mod. abraded 0.84 cs 0.36 ms angular fs 0.19 0.14 fs
10.2 Upper Steel mod. abraded 0.48 ms 0.72 cs subrounded fs 0.19 0.14 fs
10.3 Upper Steel mod. abraded 0.12 fs 0.24 fs angular fs 0.12 0.24 fs
24.1 Upper Steel mod. abraded 1.32 vCs 0.72 cs subrounded fs 0.12 0.26 ms
24.2 Upper Steel mod. abraded 1.08 vecs 3.6 g subrounded g 24 0.34 ms
24.3 Upper Steel mod. abraded 1.68 ves 0.72 cs angular ms 0.34 0.24 fs
25 Upper Steel mod. abraded 1.2 vCs 0.96 cs subrounded ms 0.36 0.24 fs
30 Upper Steel mod. abraded 0.72 cs 2.52 g subrounded ms 0.36 0.24 fs
32 Aglime mod. abraded 1.2 vCs 0.36 ms subrounded vfs 0.1 0.19 fs
34 Aglime mod. abraded 12 ves 0.55 cs angular fs 0.24 0.1 vfs
35 Aglime sl. abraded 1.68 vCs 0.6 cs subrounded cs 0.05 0.19 fs
11 Aglime mod. abraded 1.56 vCs 0.84 cs subrounded ms 0.48 0.12 fs
12.1 Aglime mod. abraded 0.38 ms 1.08 vCS subrounded fs 0.19 0.07 vfs
12.2 Aglime sl. abraded 0.96 cs 0.72 cs angular vfs 0.1 0.19 fs
12.3 Aglime sl. abraded 0.05 cs 0.17 cs angular cs 0.05 0.17 fs
13.1 Aglime sl. abraded 1.92 ves 0.43 ms angular fs 0.19 0.07 vfs
13.2 Aglime sl. abraded 1.08 vCSs 0.48 ms angular fs 0.17 0.12 fs
13.3 Aglime sl. abraded 0.48 ms 1.56 vCS subrounded fs 0.12 0.07 vfs
38 High Grade mod. abraded 1.44 vCs 1.68 vcs subrounded fs 0.14 0.24 fs
14 High Grade sl. abraded 1.68 ves 0.72 cs subrounded fs 0.17 0.1 vfs
40 High Grade mod. abraded 1.32 vCs 0.72 cs angular fs 0.14 0.1 vfs
40.2 High Grade mod. abraded 0.72 vCs 1.56 vCs angular fs 0.12 0.168 fs
15.1 High Grade sl. abraded 1.44 VCS 0.48 ms angular fs 0.12 0.19 fs
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Appendix E-5.11 continued.

Sample/thin ' BIOCLASTS . _ SILICICII_AS.TS __
: Quarry unit . (B)Modal Grainsize (B)Modal Grain size| .. . (S)Modal Grain size (S)Modal  Grain size
section No. Bioclast shape . . Siliciclast shape . :
size 1 (mm) class size 2 (mm) class size 1 class size 2 (mm) class
15.2 High Grade sl. abraded 1.56 ves 0.48 ms subrounded 0.22 fs 0.1 vfs
15.3 High Grade sl. abraded 0.48 ms 0.84 cs subrounded 0.24 fs 0.1 vfs
15.4 High Grade mod. abraded 1.44 vCS 0.6 cs subrounded 0.22 fs 0.07 vfs
43 High Grade mod. abraded 0.96 cs 2.16 g angular 0.17 fs 0.1 vfs
47 Lower Steel slightly abraded 1.92 fs 1.44 vcs subrounded 0.22 fs 0.14 fs
49.1 Lower Steel sl. abraded 0.6 cs 1.08 vcs subrounded 0.19 fs 0.24 fs
49.2 Lower Steel sl. abraded 1.56 ves 0.43 ms subrounded 0.12 fs 0.1 vfs
51 Lower Steel sl. abraded 1.68 vCs 3.12 g anhedral 0.72 cs 0.36 ms
171 Lower Steel mod. abraded 0.72 cs 1.68 vcs subrounded 0.34 ms 0.19 fs
17.2 Lower Steel mod. abraded 0.72 cs 1.44 vCs angular 0.48 ms 0.19 fs
17.3 Lower Steel mod. abraded 1.32 ves 1.2 vcs subrounded 0.48 ms 0.19 fs
16 Lower Steel sl. abraded 2.04 g 1.2 vCs subrounded 0.14 fs 0.09 vfs
55 Lower Steel mod. abraded 1.68 ves 0.96 cs subrounded 0.58 cs 0.24 fs
18.1 Lower Steel mod. abraded 1.44 ves 0.84 cs subrounded 0.29 ms 0.48 ms
18.2 Lower Steel mod. abraded 0.96 cs 2.04 g subrounded 0.29 ms 0.6 cs
18.3 Lower Steel mod. abraded 0.96 cs 2.88 g subrounded 0.29 ms 0.48 ms
184 Lower Steel sl. abraded 2.16 g 0.97 cs subrounded 0.36 ms 0.24 fs
57.2A Sub-economic sl. abraded 1.68 vecs 0.84 cs angular 0.24 fs 0.12 fs
57.1B Sub-economic mod. abraded 1.92 vcs 0.84 cs subrounded 0.1 vfs 0.17 fs
19.1 Sub-economic mod. abraded 2.16 g 0.72 cs subrounded 0.53 cs 0.19 fs
19.2 Sub-economic sl. abraded 1.44 vCs 2.64 g subrounded 0.24 fs 0.19 fs
19.3 Sub-economic mod. abraded 1.2 ves 0.72 cs subrounded 0.36 ms 0.19 fs
59.4 Sub-economic sl. abraded 1.8 ves 1.2 vcs subrounded 0.36 ms 0.17 fs
61 Sub-economic sl. abraded 2.04 g 1.08 vcs angular 0.24 fs 0.14 fs
66.1 Sub-economic mod. abraded 1.56 ves 0.84 cs angular 0.29 ms 0.12 fs
66.3 Sub-economic mod. abraded 1.68 vVCS 2.4 g subrounded 0.17 fs 0.12 fs
66.4 Sub-economic sl. abraded 1.92 vVCS 0.72 cs subrounded 0.29 ms 0.12 fs

NB: (B) = bioclast (S) = siliciclast
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Malvern data Samples
mm 117 146 114 141
Size Low Phi size Vol.% In Cumvol.% In  Vol.% In Cumvol.% In  Vol.% In Cumvol.% In  Vol.% In Cum vol.% In
1 0 0 0 0 0 0 0 0 0
0.84 0.5 0 0 0 0 0 0 0 0
0.71 1 0 0 0 0 0 0 0 0
0.59 15 0 0 0 0 0 0 0 0
0.5 2 0 0 0 0 0 0 0 0
0.42 2.25 0 0 0 0 0 0 0 0
0.35 2.5 0 0 0 0 0 0 0 0
0.3 2.75 0 0 0 0 0 0 0 0
0.25 3 0.21 0.21 0 0 0 0 0 0
0.21 3.25 0.4 0.61 0 0 0 0 0.02 0.02
0.177 3.5 0.55 1.16 0 0 0 0 0.32 0.34
0.149 3.75 0.65 1.81 0 0 0 0 1.32 1.66
0.125 4 0.72 2.53 0 0 0 0 2.18 3.84
0.105 4.25 0.76 3.29 0 0 0 0 3.05 6.89
0.088 4.5 0.85 4.14 0.41 0.41 0.01 0.01 3.99 10.88
0.074 4.75 0.96 5.1 1.08 1.49 0.14 0.15 4.49 15.37
0.063 5 1.06 6.16 1.88 3.37 0.27 0.42 4.25 19.62
0.053 5.25 1.4 7.56 3.13 6.5 0.42 0.84 4.16 23.78
0.044 55 1.94 9.5 471 11.21 0.61 1.45 3.76 27.54
0.037 5.75 2.38 11.88 5.52 16.73 0.77 2.22 2.97 30.51
0.031 6 3.16 15.04 6.51 23.24 1.14 3.36 2.7 33.21
0.0156 6.25 18.93 33.97 26.53 49.77 10.68 14.04 11.95 45.16
0.0078 6.5 19.49 53.46 18.85 68.62 20.1 34.14 16.28 61.44
0.0039 6.75 14.85 68.31 11.01 79.63 21.2 55.34 13.37 74.81
0.002 7 11.15 79.46 7.01 86.64 17.89 73.23 9.35 84.16
0.00098 7.25 7.91 87.37 5.1 91.74 13.41 86.64 6.59 90.75
0.0007 7.5 2.47 89.84 1.77 93.51 3.94 90.58 1.98 92.73
0.00049 7.75 2.51 92.35 1.77 95.28 3.11 93.69 1.8 94.53
0.00024 8 5.47 97.82 3.44 98.72 4.53 98.22 3.55 98.08
0.00012 8.25 2.01 99.83 1.19 99.91 1.6 99.82 1.65 99.73
0.00006 8.5 0.17 100 0.1 100.01 0.19 100.01 0.26 99.99
0.00005 8.75 0 100 0 100.01 0 100.01 0.01 100
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Appendix E-5.12 continued.

Malvern data Samples
mm 138 143 108 118
Size Low Phi size Vol.% In Cumvol.% In  Vol.% In Cumvol.% In  Vol.% In Cumvol.% In  Vol.% In Cum vol.% In
1 0 0 0 0 0 0 0 0 0
0.84 0.5 0 0 0 0 0 0 0 0
0.71 1 0 0 0 0 0 0 0 0
0.59 15 0 0 0 0 0 0 0 0
0.5 2 0 0 0 0 0 0 0 0
0.42 2.25 0 0 0 0 0 0 0 0
0.35 2.5 0 0 0 0 0 0 0 0
0.3 2.75 0 0 0 0 0 0 0 0
0.25 3 0 0 0 0 0 0 0 0
0.21 3.25 0 0 0 0 0 0 0 0
0.177 35 0 0 0 0 0 0 0 0
0.149 3.75 0 0 0 0 0 0 0.11 0.11
0.125 4 0 0 0 0 0 0 0.93 1.04
0.105 4.25 0 0 0 0 0 0 1.91 2.95
0.088 4.5 0.25 0.25 0 0 0 0 2.91 5.86
0.074 4.75 0.74 0.99 0 0 0.02 0.02 3.53 9.39
0.063 5 1.13 2.12 0 0 0.2 0.22 3.52 12.91
0.053 5.25 1.68 3.8 0 0 0.56 0.78 3.7 16.61
0.044 5.5 2.41 6.21 0.18 0.18 0.94 1.72 3.73 20.34
0.037 5.75 3.01 9.22 0.99 1.17 1.21 2.93 3.32 23.66
0.031 6 4.04 13.26 1.93 3.1 1.71 4.64 3.71 27.37
0.0156 6.25 23.81 37.07 17.19 20.29 15.47 20.11 18.66 46.03
0.0078 6.5 23.98 61.05 23.91 44.2 25.39 45.5 19.85 65.88
0.0039 6.75 16.77 77.82 20.97 65.17 22.99 68.49 13.95 79.83
0.002 7 11.06 88.88 15.5 80.67 16.11 84.6 9.64 89.47
0.00098 7.25 7.48 96.36 10.27 90.94 10.48 95.08 7.03 96.5
0.0007 7.5 2.35 98.71 2.67 93.61 3.18 98.26 2.26 98.76
0.00049 7.75 1.3 100.01 2 95.61 1.75 100.01 1.24 100
0.00024 8 0 100.01 3.09 98.7 0 100.01 0 100
0.00012 8.25 0 100.01 1.16 99.86 0 100.01 0 100
0.00006 8.5 0 100.01 0.14 100 0 100.01 0 100
0.00005 8.75 0 100.01 0 100 0 100.01 0 100
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Appendix E-5.12 continued.

Malvern data Samples

mm 139 144 72 160
Size Low Phi size Vol.% In Cumvol.% In  Vol.% In Cumvol.% In  Vol.% In Cumvol.% In  Vol.% In Cum vol.% In
1 0 0 0 0 0 0 0 0 0
0.84 0.5 0 0 0 0 0 0 0 0
0.71 1 0 0 0 0 0 0 0 0
0.59 15 0 0 0 0 0 0 0 0
0.5 2 0 0 0 0 0 0 0 0
0.42 2.25 0 0 0 0 0 0 0 0
0.35 2.5 0 0 0.16 0.16 0 0 0 0
0.3 2.75 0 0 1.2 1.36 0 0 0 0
0.25 3 0.31 0.31 2.7 4.06 0.13 0.13 0.24 0.24
0.21 3.25 0.86 1.17 3.42 7.48 0.27 0.4 0.42 0.66
0.177 3.5 1.46 2.63 3.61 11.09 0.32 0.72 0.56 1.22
0.149 3.75 2.09 4,72 3.51 14.6 0.37 1.09 0.66 1.88
0.125 4 2.67 7.39 3.29 17.89 0.49 1.58 0.75 2.63
0.105 4.25 3.04 10.43 3 20.89 0.73 2.31 0.85 3.48
0.088 4.5 3.35 13.78 2.9 23.79 1.17 3.48 1.05 4.53
0.074 4.75 3.45 17.23 2.93 26.72 1.73 5.21 1.3 5.83
0.063 5 3.28 20.51 2.79 29.51 2.2 7.41 1.52 7.35
0.053 5.25 3.52 24.03 3.06 32.57 2.97 10.38 2 9.35
0.044 5.5 3.68 27.71 3.34 35.91 3.77 14.15 2.56 11.91
0.037 5.75 3.25 30.96 3.12 39.03 3.86 18.01 2.73 14.64
0.031 6 3.13 34.09 3.16 42.19 4.11 22.12 3.1 17.74
0.0156 6.25 10.61 44.7 11.86 54.05 15.98 38.1 14.25 31.99
0.0078 6.5 9.73 54.43 11.46 65.51 16.2 54.3 16.65 48.64
0.0039 6.75 10.16 64.59 10.37 75.88 15.75 70.05 16.81 65.45
0.002 7 9.78 74.37 8.2 84.08 12.22 82.27 13.45 78.9
0.00098 7.25 9.39 83.76 6.43 90.51 8.29 90.56 9.8 88.7
0.0007 7.5 3.75 87.51 2.22 92.73 2.42 92.98 3.03 91.73
0.00049 7.75 3.75 91.26 2.04 94.77 2.06 95.04 2.56 94.29
0.00024 8 6.62 97.88 3.56 98.33 35 98.54 4.06 98.35
0.00012 8.25 1.97 99.85 1.48 99.81 1.32 99.86 1.46 99.81
0.00006 8.5 0.13 99.98 0.22 100.03 0.16 100.02 0.17 99.98
0.00005 8.75 0 99.98 0.01 100.04 0 100.02 0 99.98
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Appendix E-5.12 continued.

Malvern data Samples

mm 71 167 161 163
Size Low Phi size Vol.% In Cumvol%In Vol.% In Cumvol.% In Vol.% In Cumvol.% In  Vol.% In Cum vol.% In
1 0 0 0 0 0 0 0 0 0
0.84 0.5 0 0 0 0 0 0 0 0
0.71 1 0 0 0 0 0 0 0 0
0.59 15 0 0 0 0 0 0 0 0
0.5 2 0 0 0 0 0 0 0 0
0.42 2.25 0 0 0 0 0 0 0 0
0.35 2.5 0.76 0.76 0 0 0 0 0.31 0.31
0.3 2.75 1.41 2.17 0 0 0 0 1.26 1.57
0.25 3 2.5 4.67 0.22 0.22 0 0 2.67 4.24
0.21 3.25 2.82 7.49 0.42 0.64 0.03 0.03 3.38 7.62
0.177 3.5 2.85 10.34 0.57 1.21 0.08 0.11 3.68 11.3
0.149 3.75 2.78 13.12 0.69 1.9 0.12 0.23 3.72 15.02
0.125 4 2.75 15.87 0.81 2.71 0.14 0.37 3.57 18.59
0.105 4.25 2.76 18.63 0.91 3.62 0.18 0.55 3.21 21.8
0.088 4.5 3.04 21.67 1.05 4.67 0.27 0.82 2.93 24.73
0.074 4.75 3.45 25.12 1.19 5.86 0.45 1.27 2.85 27.58
0.063 5 3.76 28.88 1.29 7.15 0.67 1.94 2.68 30.26
0.053 5.25 4.6 33.48 1.63 8.78 1.07 3.01 3 33.26
0.044 5.5 5.51 38.99 2.11 10.89 1.63 4.64 3.44 36.7
0.037 5.75 5.47 44.46 2.34 13.23 2.03 6.67 3.44 40.14
0.031 6 5.69 50.15 2.79 16.02 2.62 9.29 3.71 43.85
0.0156 6.25 19.34 69.49 13.58 29.6 15.47 24.76 14.59 58.44
0.0078 6.5 12.75 82.24 14.66 44.26 20.82 45.58 12 70.44
0.0039 6.75 8.81 91.05 15.52 59.78 19.81 65.39 9.47 79.91
0.002 7 4,99 96.04 14.41 74.19 14.3 79.69 7.07 86.98
0.00098 7.25 2.02 98.06 11.23 85.42 9.56 89.25 4.7 91.68
0.0007 7.5 0.42 98.48 3.49 88.91 2.86 92.11 14 93.08
0.00049 7.75 0.37 98.85 3.09 92 2.45 94.56 1.45 94.53
0.00024 8 0.77 99.62 5.55 97.55 3.99 98.55 3.46 97.99
0.00012 8.25 0.33 99.95 2.19 99.74 1.32 99.87 1.75 99.74
0.00006 8.5 0.05 100 0.26 100 0.12 99.99 0.27 100.01
0.00005 8.75 0 100 0.01 100.01 0 99.99 0.01 100.02
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Appendix E-5.12 continued.

Malvern data Samples

mm 152 172 162 171
Size Low Phi size Vol.% In Cumvol.%In Vol.% In Cumvol.% In Vol.% In Cumvol.% In  Vol.% In Cum vol.% In
1 0 0 0 0 0 0 0 0 0
0.84 0.5 0 0 0 0 0 0 0 0
0.71 1 0 0 0 0 0 0 0 0
0.59 15 0 0 0 0 0 0 0 0
0.5 2 0 0 0 0 0 0 0 0
0.42 2.25 0 0 0 0 0 0 0 0
0.35 2.5 0 0 0.01 0.01 0 0 0 0
0.3 2.75 0.3 0.3 0.89 0.9 0.64 0.64 0 0
0.25 3 0.95 1.25 2.23 3.13 2.07 2.71 0.04 0.04
0.21 3.25 1.52 2.77 3.29 6.42 3.26 5.97 1.18 1.22
0.177 3.5 2 4.77 3.98 104 4 9.97 2.99 4.21
0.149 3.75 2.28 7.05 4.42 14.82 4.28 14.25 4.73 8.94
0.125 4 2.4 9.45 4.61 19.43 4.05 18.3 5.93 14.87
0.105 4.25 2.34 11.79 4.49 23.92 3.33 21.63 5.83 20.7
0.088 4.5 2.34 14.13 4.4 28.32 2.59 24.22 4.85 25.55
0.074 4.75 2.36 16.49 4.31 32.63 2.34 26.56 3.4 28.95
0.063 5 2.36 18.85 4.02 36.65 2.13 28.69 2.49 31.44
0.053 5.25 2.81 21.66 4.35 41 2.47 31.16 2.13 33.57
0.044 5.5 3.4 25.06 4.74 45.74 3.12 34.28 2.06 35.63
0.037 5.75 3.49 28.55 4.45 50.19 3.47 37.75 2.05 37.68
0.031 6 3.85 32.4 4,51 54.7 4.1 41.85 2.47 40.15
0.0156 6.25 15.94 48.34 15.48 70.18 17.7 59.55 12.83 52.98
0.0078 6.5 14.31 62.65 10.37 80.55 13.64 73.19 13.21 66.19
0.0039 6.75 12.24 74.89 6.81 87.36 9.38 82.57 11.06 77.25
0.002 7 9.97 84.86 4.67 92.03 6.38 88.95 7.63 84.88
0.00098 7.25 7.02 91.88 3.04 95.07 3.95 92.9 4.69 89.57
0.0007 7.5 1.93 93.81 0.9 95.97 1.16 94.06 1.46 91.03
0.00049 7.75 1.63 95.44 0.92 96.89 1.21 95.27 1.63 92.66
0.00024 8 3.1 98.54 2.09 98.98 2.96 98.23 4.25 96.91
0.00012 8.25 1.29 99.83 0.93 99.91 1.52 99.75 2.55 99.46
0.00006 8.5 0.16 99.99 0.11 100.02 0.24 99.99 0.53 99.99
0.00005 8.75 0 99.99 0 100.02 0.01 100 0.02 100.01
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Appendix E-5.12 continued.

Malvern data Samples

mm 107 166 165 169
Size Low Phi size Vol.% In Cumvol.% In  Vol.% In Cumvol.% In  Vol.% In Cumvol.% In  Vol.% In Cum vol.% In
1 0 0 0 0 0 0 0 0 0
0.84 0.5 0 0 0 0 0 0 0 0
0.71 1 0 0 0 0 0 0 0 0
0.59 15 0 0 0 0 0 0 0 0
0.5 2 0 0 0 0 0.08 0.08 0.28 0.28
0.42 2.25 0 0 0 0 0.82 0.9 1.16 1.44
0.35 2.5 0 0 0 0 2.14 3.04 1.76 3.2
0.3 2.75 0 0 0 0 2.31 5.35 1.46 4.66
0.25 3 0 0 0 0 2.67 8.02 1.24 5.9
0.21 3.25 0 0 0 0 2.09 10.11 0.61 6.51
0.177 3.5 0 0 0 0 1.63 11.74 0.36 6.87
0.149 3.75 0 0 0 0 1.59 13.33 0.71 7.58
0.125 4 0 0 0 0 2.05 15.38 1.69 9.27
0.105 4.25 0.55 0.55 0 0 2.83 18.21 3.05 12.32
0.088 4.5 142 1.97 0.44 0.44 3.76 21.97 4.57 16.89
0.074 4.75 2.24 4.21 1.23 1.67 4.41 26.38 5.73 22.62
0.063 5 2.85 7.06 1.94 3.61 4.41 30.79 6.11 28.73
0.053 5.25 3.63 10.69 3.02 6.63 4.61 35.4 6.87 35.6
0.044 5.5 4.25 14.94 4.25 10.88 4.8 40.2 7.09 42.69
0.037 5.75 4.15 19.09 4.58 15.46 4.23 44.43 6.25 48.94
0.031 6 4.45 23.54 5 20.46 4.07 48.5 5.88 54.82
0.0156 6.25 19.86 43.4 19.35 39.81 14.25 62.75 17.53 72.35
0.0078 6.5 19.24 62.64 18.19 58 13.18 75.93 11.36 83.71
0.0039 6.75 14.48 77.12 16.9 74.9 10.53 86.46 6.99 90.7
0.002 7 10.31 87.43 12.64 87.54 6.88 93.34 3.56 94.26
0.00098 7.25 6.53 93.96 7.83 95.37 4.28 97.62 1.87 96.13
0.0007 7.5 1.64 95.6 2.1 97.47 1.27 98.89 0.55 96.68
0.00049 7.75 1.3 96.9 1.83 99.3 1.11 100 0.59 97.27
0.00024 8 2.26 99.16 0.71 100.01 0 100 1.45 98.72
0.00012 8.25 0.78 99.94 0 100.01 0 100 1 99.72
0.00006 8.5 0.06 100 0 100.01 0 100 0.28 100
0.00005 8.75 0 100 0 100.01 0 100 0.01 100.01
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Appendix E-5.12 continued.

Malvern data Samples

mm 109 164 168 154
Size Low Phi size Vol.% In Cumvol%In Vol.% In Cumvol.% In Vol.% In Cumvol.% In  Vol.% In Cum vol.% In
1 0 0 0 0 0 0 0 0 0
0.84 0.5 0 0 0 0 0 0 0 0
0.71 1 0 0 0 0 0 0 0 0
0.59 15 0 0 0 0 0 0 0 0
0.5 2 0 0 0 0 0 0 0 0
0.42 2.25 0 0 0 0 0.11 0.11 0 0
0.35 2.5 0 0 0 0 0.67 0.78 0 0
0.3 2.75 0 0 0 0 1.09 1.87 0 0
0.25 3 0 0 0 0 1.45 3.32 0 0
0.21 3.25 0 0 0 0 1.21 453 0 0
0.177 3.5 0 0 0 0 1.01 5.54 0 0
0.149 3.75 0 0 0 0 1.09 6.63 0 0
0.125 4 0.61 0.61 0 0 1.57 8.2 0 0
0.105 4.25 2.13 2.74 0 0 2.29 10.49 0 0
0.088 4.5 3.46 6.2 0.01 0.01 3.18 13.67 0 0
0.074 4.75 4.34 10.54 0.64 0.65 3.89 17.56 0 0
0.063 5 4.43 14.97 0.99 1.64 4.14 21.7 0 0
0.053 5.25 4.74 19.71 1.59 3.23 4,78 26.48 0.16 0.16
0.044 5.5 4.75 24.46 2.32 5.55 5.24 31.72 1.28 1.44
0.037 5.75 4.1 28.56 2.76 8.31 4.8 36.52 1.82 3.26
0.031 6 4.1 32.66 3.43 11.74 4.82 41.34 2.65 5.91
0.0156 6.25 16.52 49.18 19.03 30.77 17.56 58.9 17.79 23.7
0.0078 6.5 16.99 66.17 22.02 52.79 15.17 74.07 22.67 46.37
0.0039 6.75 13.74 79.91 18.06 70.85 11.43 85.5 19.69 66.06
0.002 7 9.73 89.64 12.99 83.84 7.28 92.78 14.86 80.92
0.00098 7.25 6.59 96.23 8.43 92.27 4.5 97.28 9.86 90.78
0.0007 7.5 2 98.23 2.26 94.53 1.4 98.68 2.63 93.41
0.00049 7.75 1.77 100 1.78 96.31 1.31 99.99 2.06 95.47
0.00024 8 0 100 2.75 99.06 0 99.99 3.22 98.69
0.00012 8.25 0 100 0.86 99.92 0 99.99 1.17 99.86
0.00006 8.5 0 100 0.07 99.99 0 99.99 0.14 100
0.00005 8.75 0 100 0 99.99 0 99.99 0 100
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Appendix E-5.12 continued.

Malvern data Samples
127 126 22

mm Phisize  %invol  %incum  %invol  %incum  %invol  %in cum
1 0 0 0 0 0 0 0
0.84 0.5 1 1 0.12 0.12 0.07 0.07
0.71 1 1.11 211 1.06 1.18 0.98 1.05
0.59 1.5 3.18 5.29 2.81 3.99 3.17 4.22
0.5 2 1.74 7.03 1.62 5.61 1.76 5.98
0.42 2.25 1.95 8.98 1.86 7.47 1.93 7.91
0.35 2.5 6.45 15.43 6.13 13.6 6.38 14.29
0.3 2.75 9.23 24.66 8.69 22.29 9.24 23.53
0.25 3 12.01 36.67 11.02 33.31 11.83 35.36
0.21 3.25 13.83 50.5 11.39 44.7 13.31 48.67
0.177 3.5 18.29 68.79 12.5 57.2 17.99 66.66
0.149 3.75 5.6 74.39 3.81 61.01 5.68 72.34
0.125 4 5.43 79.82 4.02 65.03 5.57 77.91
0.105 4.25 5.42 85.24 4.59 69.62 5.6 83.51
0.088 4.5 4.33 89.57 4.51 74.13 4.48 87.99
0.074 4.75 3.23 92.8 4.19 78.32 3.32 91.31
0.063 5 2.56 95.36 4.26 82.58 2.59 93.9
0.053 5.25 1.75 97.11 3.91 86.49 1.72 95.62
0.044 5.5 1.12 98.23 3.35 89.84 1.06 96.68
0.037 5.75 0.77 99 2.85 92.69 0.7 97.38
0.031 6 0.6 99.6 2.32 95.01 0.71 98.09
0.0156 6.25 0.52 100.12 1.89 96.9 0.81 98.9
0.0078 6.5 0.44 100.56 1.52 98.42 0.62 99.52
0.0039 6.75 0.27 100.83 1.09 99.51 0.36 99.88
0.002 7 0.06 100.89 0.46 99.97 0.12 100
0.00098 7.25 0 100.89 0.002 99.972 0 100
0.0007 7.5 0 100.89 0 99.972 0 100
0.00049 7.75 0 100.89 0 99.972 0 100
0.00024 8 0 100.89 0 99.972 0 100
0.00012 8.25 0 100.89 0 99.972 0 100
0.00006 8.5 0 100.89 0 99.972 0 100
0.00005 8.75 0 100.89 0 99.972 0 100
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Appendix E-5.13 Petrographic descriptions of dissation seams: Results from thin section study of dé®lution seams (discrete and diffuse) in quarry
limestones. This table includes information suchsa% silica, % CaCO; within each seam, seam thickness, and actual pentages of siliciclastic
grains (clay, quartz and feldspar, glauconite pelles, and pyrite grains) alongside abundance limitsThese limits are abbreviated as ab = absent (0%),
r = rare (<1%), s = some (1-5%), m = many (5-15%); = common (15-25%), vc = very common (25-50%),aabundant (50-75%), and va = very
abundant (>75%). Sample depth = along hole.

Sample Sample . - Seam %Quartz
number depth Quarry unit  %Silica %CaCO; thickness Seamtype  %Clay Abund. and Abund. %Glauc. Abund.
(m) (mm) feldspar
32 37 Aglime 70 30 5 discrete 49 vC 20 c 1 S
35 39.45 Aglime 40 60 4 discrete 35 vC 3 s 1 S
11 40.2 Aglime 60 40 1 discrete 40 ve 19 c 1 S
12.1 41.2 Aglime 9 91 2 discrete 5 S 2 S 0 ab
12.2 41.25 Aglime 40 60 4 discrete 10 m 4 S 1 S
13.1 42.8 Aglime 30 70 40 diffuse 25 c 5 S 0 ab
13.2 42.85 Aglime 40 60 40 diffuse 59 a 10 m 1 S
13.3 42.9 Aglime 60 40 40 diffuse 54 a 5 S 1 S
40 54.8 High Grade 80 20 2 discrete 49 vc 20 c 1 S
40.2 54.85 High Grade 70 30 2 discrete 20 c 30 \' 0 ab
15.1 56.65 High Grade 30 70 1 discrete 18 c 2 s 0 ab
15.2 56.7 High Grade 20 80 4 discrete 5 S 7 m 1 S
15.3 56.75 High Grade 30 70 4 discrete 22 c 3 s 0 ab
15.4 56.8 High Grade 20 80 6 discrete 5 S 4 s 1 S
43 62.1 High Grade 70 30 3 discrete 48 vC 20 c 2 S
51 72.6 Lower Steel 90 10 2 discrete 20 c 69 a 1 S
16 74.1 Lower Steel 80 20 1 discrete 64 a 15 m 1 S
55 76.3 Lower Steel 90 10 1 discrete 50 Ve 40 ve 0 ab
18.2 77.9 Lower Steel 90 10 1 discrete 45 vC 40 vC 2 S
57.1B  86.95 Sub-economic 50 50 1 discrete 30 vC 15 m 5 S
19.2 87.65 Sub-economic 90 10 1 discrete 57 a 30 ve 3 S
19.3 87.7 Sub-economic 30 70 1 discrete 19 c 10 m 1 S
61 91 Sub-economic 30 70 40 diffuse 0 ab 9 m 1 S
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Appendix E-5.13 continued.

Grain

Sample Sample . %Pyrite Grain Modal size Grain size
Quarry unit : Abund. shape
number depth (m) grains shape (mm) class
abbrev.
32 37 Aglime 0 ab subangular sa 0.200 fs
35 39.45 Aglime 1 s subrounded sr 0.100 vfs
11 40.2 Aglime 0 ab rounded r 0.250 ms
12.1 41.2 Aglime 2 S subrounded sr 0.200 fs
12.2 41.25 Aglime 25 vC subangular sa 0.125 fs
13.1 42.8 Aglime 0 ab subangular sa 0.125 fs
13.2 42.85 Aglime 0 ab angular a 0.075 vfs
13.3 42.9 Aglime 0 ab subangular sa 0.075 vfs
40 54.8 High Grade 10 m subangular sa 0.150 fs
40.2 54.85 High Grade 20 c subrounded sr 0.150 fs
15.1 56.65 High Grade 10 m subrounded sr 0.075 vfs
15.2 56.7 High Grade 7 m subangular sa 0.100 vfs
15.3 56.75 High Grade 5 m subrounded sr 0.175 fs
15.4 56.8 High Grade 10 m subrounded sr 0.175 fs
43 62.1 High Grade 0 ab subangular sa 0.250 ms
51 72.6 Lower Steel 0 ab rounded r 0.750 cs
16 74.1 Lower Steel 0 ab subangular sa 0.150 fs
55 76.3 Lower Steel 0 ab subrounded sr 0.300 ms
18.2 77.9 Lower Steel 1 s subangular sa 0.250 ms
57.1B 86.95 Sub-economic 0 ab rounded r 0.250 ms
19.2 87.65 Sub-economic 0 ab subangular sa 0.250 ms
19.3 87.7 Sub-economic 0 ab subangular sa 0.375 ms
61 91 Sub-economic 5 S angular a 0.225 fs
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Appendix E-5.13 continued.

ﬁjml:r))(leer diztmhrzlri) Quarry unit Description

32 37 Aglime Oxidised, 5 mm thick, 1 mm seam branching off, limonite very common, quartz & feldspar dominant, glauconite, clay, minor pyrite
35 39.45 Aglime 4 mm thick, 2 mm thick, glauconite, clay dominant, minor quartz & feldspar, minor pyrite

11 40.2 Aglime Thin seam 1-2 mm thick, quartz - big round crystals 0.45 mm long, clay, limonite, glauconite

12.1 41.2 Aglime Thin seams, quartz and limonite concentrated in seams

12.2 41.25 Aglime 4 mm and 1 mm thick, unoxidised, pyrite grains, glauconite, quartz & feldspars

13.1 42.8 Aglime Clay dominant, limonite, minor quartz & feldspar

13.2 42.85 Aglime Limonite, clay, quartz & feldspar, glauconite

13.3 42.9 Aglime Meandering wispy seams, quartz & feldspar, clay, limonite

40 54.8 High Grade 2 mm thick, diagonal, unoxidised, clay & pyrite, quartz & feldspar
40.2 54.85 High Grade 3 mm thick, unoxidised, quartz & feldspar, clay & pyrite

15.1 56.65 High Grade <1 mm thick, unoxidised, seam filled with pyrite, minor quartz & feldspar, clay

15.2 56.7 High Grade 4 mm thick, unoxidised, pyrite dominated, glauconite, quartz & feldspar, clay

15.3 56.75 High Grade 4 mm thick, mud sized particles in seam micrite?or clay?, unoxidised, pyrite dominant, quartz & feldspar, clay
154 56.8 High Grade 5 mm thick, unoxidised, grains packed near seam- more open fabric elsewhere, pyrite, glauconite, quartz & feldspar, clay
43 62.1 High Grade 2 mm thick, oxidised, limonite, clay, glauconite, quartz & feldspar dominant

51 72.6 Lower Steel 3 mm thick, oxidised, quartz & feldspar dominant - large crystals 0.7 mm long, clay, glauconite

16 74.1 Lower Steel 1 mm thick, oxidised, limonite, clay, quartz & feldspar, pyrite, glauconite

55 76.3 Lower Steel 1 mm thick, oxidised, diagonal, limonite rich, clay dominant, quartz & feldspar - large crystals

18.2 77.9 Lower Steel 1.5 mm thick,oxidised, limonitised full of pyrite, clay, quartz & feldspar - huge crystals 0.5 mm long, glauconite

57.1B 86.95 Sub-economic Broken <1 mm seam, oxidised, limonite, clay, rounded glauconite, quartz & feldspars

19.2 87.65 Sub-economic 2 mm seam, oxidised, quartz & feldspar dominant, glauconite, clay dominant also, limonite

19.3 87.7 Sub-economic Two 1 mm thick seams, clay, oxidised, glauconite, quartz & feldspar

61 91 Sub-economic Pyrite along wisps, unoxidised, glauconite, clay, quartz & feldspar dominant




Appendix E-5.14 Sieve results

Sieve data Samples
164 168 107 169
mm Phi size Wt % In Cum wt% In Wt % In Cum wt% In Wt % In Cum wt% In Wt % In Cum wt% In
32 -5 0 0 0 0 30 30 0 0
22.63 -4.5 17 17 2 2 0 30 7 7
16 -4 15 32 21 23 8 38 15 22
11.31 -3.5 12 44 12 35 2 40 6 28
8 -3 9 53 12 a7 3 43 10 38
5.66 -25 4 57 9 56 1 44 7 45
4 -2 3 60 6 62 2 46 5 50
2.83 -1.5 2 62 3 65 1 47 3 53
2 -1 1 63 2 67 1 48 2 55
141 -0.5 0 63 0 67 0 48 0 55
Sieve data Samples
154 165 109
mm Phi size Wt % In Cum wt% In Wt % In Cum wt% In Wt % In Cum wt% In
32 -5 0 0 28 28 0 0
22.63 -4.5 28 28 0 28 0 0
16 -4 0 28 3 31 12 12
11.31 -3.5 6 34 0 31 15 27
8 -3 2 36 0 31 7 34
5.66 -2.5 2 38 0 31 4 38
4 -2 1 39 0 31 4 42
2.83 -1.5 1 40 0 31 2 44
2 -1 0 40 0 31 1 45
141 -0.5 0 40 0 31 0 45

Appendix E-5.15 Palygorskite EDAX spectra results

[aget-

Ca

Fe Fe

Chrsor=
[Wert=1436 Windowr 0.005 - 40.955= 46416 ot

Results from the scanning electron microscope energlispersive analyser for sample 105
(palygorskite). The main element peaks shown are & (calcium), Si (silica), Mg
(magnesium), oxygen (O), sulphur (S), and Fe (iron) Sample 105, northern face, Lower
Steel.
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Appendix E-5.16 Grain size distribution results fordiscontinuity
types
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Kauroa Ash
Mahoenui Group mudstones
Joint infills
Cave infills
Discrete seams

Cumulative graph showing a summary of combined textre (sieve and laser particle size)
data including the grain size distribution of Kauroa Ash, Mahoenui Group mudstone, cave,
joint, and discrete seam samplesThe top figure shows approximately 30 samples acreghe
discontinuity types, the coloured lines next to theample numbers shown on the right of the
figure correspond to the bottom legend. The KauroaAsh, cave infill, and discrete seams
show a unimodal distribution including clay (10 ph) through to medium silt (5 phi) grain
sizes, whereas the joint infills show bimodality ath are characterised by clay (10 phi)
through to pebble (-5 phi) sized grains.
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Appendix F-6.1 Acid titration method for %CaCO;
determination

Sample preparation

Grind sample using an agate mortar and pestleitigo a fine powder and oven
dry at 110°C. The autotitrator setup is shownigufe 1.

Method

Record weight of 100 ml sized beaker (titrationsedsand tare.

Weigh 0.05 g of powdered sample into tared beakémracord weight.

Pipette 30 ml of standard HCI solution with a cortcation of 0.1M to

sample.

4. Place beaker on a hot plate set at 60°C untilegfaing (fizzing) stops to
ensure reaction is complete. Swirl occasionallyelp reaction. At least
an hour is advised, however, do not take sampfasobiplate until
reaction is complete.

5. Cool to room temperature — this is VERY importaetdéuse temperature

affects pH and the auto-titrator works on measuitirggpH.

Set auto-titrator to method 006.

Flush titrator through and check that there arainbubbles before

running sample.

8. Squirt some distilled water over the probe in akiegfor waste) to clean
every time between samples.

9. Lower probes into beaker and make sure the probetitouching the
sides or bottom of the beaker. Ensure the HCl leweers the end
properly.

10. Start mixer (line up matching lines drawn in pererammarker)

11.Back titrate with NaOH 0.1M solution.

12.Push start and it shall back titrate NaOH and stien it is finished — the

titre number is read off the top of the print calbéled RS1 (mL).

wh e

No

Formula for % calcium carbonate determination
CaCQ-=

(conc. HCI x volume) — (conc. NaOH x volume titidjté 2 x (100.09/1000) x
(1/sample weight (g)) x 100

HCI = hydrochloric acid
NaOH = sodium hydroxide
100.09 = molecular weight of calcium carbonate
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Burette/

Printer

Figure Wetrohm Autotitrator, model 702SM Titrino.
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Appendix F-6.2 Treatment of errors for acid titration

Measurement errors can be a result of the caldrairor (accuracy or tolerance
limit) and the reading error (reading accuracy t)mior each piece of equipment

used.

To generate errors for the concentrations of th®Mland HCI, an oxalic acid

solution was made up to titrate against the NaORchvwas then titrated against
the HCI. Note the total percentage error for treON and HCI are based on
previous titrations carried out on similar carb@nsamples (pers. Comm. Dabell,

2005). The calculations of each error involvedha acid titration method are as

follows:
Oxalic acid units
Weight 1.2599 g
Molar mass 126.0658
Moles 0.0100
Volume 1.0000 I
Concentration 0.0100 mol/l
Errors
weight
absolute 0.0002 g
% 0.0159 %
Volume
absolute 0.4000 ml
% 0.0400 %
Total error 0.0559 %
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Total percentage error for NaOH
NaOH units

Conc Oxalic aid 0.01 mol/l

Volume Oxalic
acid 20 ml

Moles of Oxalic
acid 0.0002

moles NaOH = 2x moles Oxalic acid

therefore moles

NaOH 0.0004

mls NaOH used 4.111mls
conc NaOH 0.0972999mol/I
errors

oxalic acid % 0.0559 %
volume

absolute 0.04 ml
% 0.2 %
burrette

absolute 0.02 ml
% 0.4864996 %

Total error for
NaOH 0.7424 %

Total percentage error for HCI

HCI units
Conc NaOH 0.0973 mol/l
volume NaOH 11.361ml

moles of NaOH 0.001105

moles NaOH = 1x moles HCI

therefore moles

NaOH 0.001105
mls HCI used 10 ml
440

Appendix F



conc

HCI 0.110542 moll/l
errors

NaOH

% 0.7424 %
volume

absolute 0.04 mi
% 0.4 %
burrette

absolute 0.04 ml
% 0.352082 %

Total error for
HCL 1.4945 %

Weight error (balance)

Absolute error in the weight of the sample = + 0D

Percentage error in the weight of the sample =0200 x 100

Volume % for HCI (10 ml pipette)
Absolute volume error in HCI

Percentage volume error in HCI

Volume % for NaOH (burette)
Absolute volume error in NaOH

Percentage volume error in NaOH

Sample
weight (g)

=+ x%

= +0.04

=0.04 x 100
Volume
of HCI

=+ x%

=+0.04

.40 x 100

Volume titrated
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Appendix F-6.3 Acid titration results for carbonate % determination analyses.

Field sample No. Quarry unit/'sample Sample Conc. Conc. Vol. HCL Vol. titre Meq of Moles_ of - Molecular o Total %  Total % % Error Vol. % for Vol. % for Total %
and standards type wt.(g) HCL (M) NaOH (M) (ml) (ml) HoL SO Wt of - %CaCOs error for error for "¢ HCL NaOH error
i sample CaCOg; HCL NaOH .
9 Caprock 0.0502 0.1024 0.1013 30 21.197 3.072 2 100.09 92.2 1.4942 0.7424 0.3984 0.1333 0.1887  2.9570
27B Caprock 0.0524 0.1024 0.1013 30 20.704 3.072 2 100.09 93.1 1.4942 0.7424 0.3817 0.1333 0.1932  2.9448
21 Caprock 0.0529 0.1024 0.1013 30 21.261 3.072 2 100.09 86.9 1.4942 0.7424 0.3781 0.1333 0.1881  2.9361
27 Caprock 0.0522 0.1024 0.1013 30 21.736  3.072 2 100.09 83.4 1.4942 0.7424 0.3831 0.1333 0.1840 2.9371
26 Caprock 0.0518 0.1024 0.1013 30 20.791 3.072 2 100.09 93.3 1.4942 0.7424 0.3861 0.1333 0.1924  2.9484
31A Upper Steel 0.0539 0.1024 0.1013 30 19.824 3.072 2 100.09 98.8 1.4942 0.7424 0.3711 0.1333 0.2018  2.9428
29 Upper Steel 0.056 0.1024 0.1013 30 19.406 3.072 2 100.09 98.9 1.4942 0.7424 0.3571 0.1333 0.2061  2.9332
28 Upper Steel 0.0529 0.1024 0.1013 30 20.103 3.072 2 100.09 98.0 1.4942 0.7424 0.3781 0.1333 0.1990 2.9470
36 Aglime 0.0512 0.1024 0.1013 30 20.694 3.072 2 100.09 95.4 1.4942 0.7424 0.3906 0.1333 0.1933  2.9539
37 Aglime 0.0568 0.1024 0.1013 30 19.728 3.072 2 100.09 94.6 1.4942 0.7424 0.3521 0.1333 0.2028  2.9248
35 Aglime 0.0546 0.1024 0.1013 30 20.111 3.072 2 100.09 94.8 1.4942 0.7424 0.3663 0.1333 0.1989  2.9351
13 Diffuse seam 0.0596 0.1024 0.1013 30 20.439 3.072 2 100.09 84.1 1.4942 0.7424 0.3356 0.1333 0.1957  2.9012
34 Diffuse seam 0.0509 0.1024 0.1013 30 21546 3.072 2 100.09 87.4 1.4942 0.7424 0.3929 0.1333 0.1856  2.9485
42 High Grade 0.052 0.1024 0.1013 30 20.288 3.072 2 100.09 97.9 1.4942 0.7424 0.3846 0.1333 0.1972  2.9517
39 High Grade 0.0587 0.1024 0.1013 30 18.807 3.072 2 100.09 99.5 1.4942 0.7424 0.3407 0.1333 0.2127  2.9233
41 High Grade 0.0536 0.1024 0.1013 30 20.221 3.072 2 100.09 95.6 1.4942 0.7424 0.3731 0.1333 0.1978  2.9409
46 Lower Steel 0.0584 0.1024 0.1013 30 19.078 3.072 2 100.09 97.6 1.4942 0.7424 0.3425 0.1333 0.2097 2.9221
52 Lower Steel 0.055 0.1024 0.1013 30 19.814 3.072 2 100.09 96.9 1.4942 0.7424 0.3636 0.1333 0.2019  2.9354
48 Lower Steel 0.0509 0.1024 0.1013 30 20.66 3.072 2 100.09 96.3 1.4942 0.7424 0.3929 0.1333 0.1936  2.9565
58 Sub-economic 0.0533 0.1024 0.1013 30 20.348 3.072 2 100.09 94.9 1.4942 0.7424 0.3752 0.1333 0.1966  2.9417
56 Sub-economic 0.0521 0.1024 0.1013 30 20.612 3.072 2 100.09 94.5 1.4942 0.7424 0.3839 0.1333 0.1941  2.9479
60 Sub-economic 0.0577 0.1024 0.1013 30 19.443 3.072 2 100.09 95.6 1.4942 0.7424 0.3466 0.1333 0.2057  2.9223
61 Diffuse seam 0.0519 0.1024 0.1013 30 21.666 3.072 2 100.09 84.6 1.4942 0.7424 0.3854 0.1333 0.1846  2.9399
40% calcite run A Standard 0.0562 0.1024 0.1013 30 26.226  3.072 2 100.09 37.0 1.4942 0.7424 0.3559 0.1333 0.1525 2.8783
60% calcite run A Standard 0.0515 0.1024 0.1013 30 24773 3.072 2 100.09 54.7 1.4942 0.7424 0.3883 0.1333 0.1615 2.9197
80% calcite run A Standard 0.0515 0.1024 0.1013 30 22.219 3.072 2 100.09 79.8 1.4942 0.7424 0.3883 0.1333 0.1800  2.9383
100% calcite run A Standard 0.0555 0.1024 0.1013 30 19.702 3.072 2 100.09 97.0 1.4942 0.7424 0.3604 0.1333 0.2030  2.9333
100% quartz run A Standard 0.0505 0.1024 0.1013 30 30.546 3.072 2 100.09 -2.2 1.4942 0.7424 0.3960 0.1333 0.1310 2.8969
35(1 cm) Aglime 0.0528 0.1024 0.1013 30 20.616 3.072 2 100.09 93.2 1.4942 0.7424 0.3788 0.1333 0.1940 2.9427
35(2cm) Aglime 0.0559 0.1024 0.1013 30 20.039 3.072 2 100.09 93.3 1.4942 0.7424 0.3578 0.1333 0.1996  2.9273
35(3cm) Aglime 0.0526 0.1024 0.1013 30 20.747 3.072 2 100.09 92.3 1.4942 0.7424 0.3802 0.1333 0.1928  2.9430
35 (top seam) Discrete seam 0.0569 0.1024 0.1013 30 27.039 3.072 2 100.09 29.3 1.4942 0.7424 0.3515 0.1333 0.1479  2.8694
35 (4 cm) Aglime 0.057 0.1024 0.1013 30 20.058 3.072 2 100.09 91.3 1.4942 0.7424 0.3509 0.1333 0.1994  2.9202
35(5¢cm) Aglime 0.0551 0.1024 0.1013 30 20.185 3.072 2 100.09 93.3 1.4942 0.7424 0.3630 0.1333 0.1982  2.9311
35 (6 cm) Aglime 0.054 0.1024 0.1013 30 20.591 3.072 2 100.09 914 1.4942 0.7424 0.3704 0.1333 0.1943  2.9346
35 (7 cm) Aglime 0.057 0.1024 0.1013 30 19.677 3.072 2 100.09 94.7 1.4942 0.7424 0.3509 0.1333 0.2033  2.9241
35 (middle seam) Discrete seam 0.0522 0.1024 0.1013 30 28.681 3.072 2 100.09 16.0 1.4942 0.7424 0.3831 0.1333 0.1395  2.8925
35(8cm) Aglime 0.0582 0.1024 0.1013 30 19.71 3.072 2 100.09 925 1.4942 0.7424 0.3436 0.1333 0.2029  2.9165
35(9 cm) Aglime 0.0537 0.1024 0.1013 30 20.612 3.072 2 100.09 91.7 1.4942 0.7424 0.3724 0.1333 0.1941  2.9364
35 (10 cm) Aglime 0.054 0.1024 0.1013 30 20.674 3.072 2 100.09 90.6 1.4942 0.7424 0.3704 0.1333 0.1935  2.9338
35 (11 cm) Aglime 0.0542 0.1024 0.1013 30 20.65 3.072 2 100.09 90.5 1.4942 0.7424 0.3690 0.1333 0.1937  2.9326
35 (12 cm) Aglime 0.0584 0.1024 0.1013 30 19.682 3.072 2 100.09 924 1.4942 0.7424 0.3425 0.1333 0.2032  2.9156
25 (bottom seam) Discrete seam 0.0573 0.1024 0.1013 30 27.253  3.072 2 100.09 27.2 1.4942 0.7424 0.3490  0.1333 0.1468  2.8657
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Appendix F-6.3 continued.

. . Moles of Total %  Total %
Field sample No. Quarry unit/sample  Sample Conc. HCL Conc. NaOH Vol. HCL Vol. titre (ml) Meq of CO4in Molecular wt. % CaCO; error for  error for % Error  Vol. % for Vol. % for Total %
and standards type wt. (9) (M) (M) (ml) HCL sample of CaCOjy HCL NaOH for wt. HCL NaOH error
126 Mahoenui Group 0.0523 0.1024 0.1013 30 26.655 3.072 2 100.09 35.6 1.4942 0.7424 0.3824 0.1333 0.1501 2.9024
127 Mahoenui Group 0.0533 0.1024 0.1013 30 26.679 3.072 2 100.09 34.7 1.4942 0.7424 0.3752 0.1333 0.1499 2.8951
136 Caprock 0.0532 0.1024 0.1013 30 20.171 3.072 2 100.09 96.8 1.4942 0.7424 0.3759 0.1333 0.1983 2.9442
121 Upper Steel 0.0526 0.1024 0.1013 30 20.229 3.072 2 100.09 97.3 1.4942 0.7424 0.3802 0.1333 0.1977 2.9479
123 Upper Steel 0.0569 0.1024 0.1013 30 19.324 3.072 2 100.09 98.0 1.4942 0.7424 0.3515 0.1333 0.2070 2.9284
135 Upper Steel 0.0542 0.1024 0.1013 30 19.813 3.072 2 100.09 98.3 1.4942 0.7424 0.3690 0.1333 0.2019 2.9408
124 Aglime 0.0542 0.1024 0.1013 30 20.227 3.072 2 100.09 94.5 1.4942 0.7424 0.3690 0.1333 0.1978 2.9367
151 Aglime 0.0593 0.1024 0.1013 30 19.249 3.072 2 100.09 94.7 1.4942 0.7424 0.3373 0.1333 0.2078 2.9150
125 Aglime 0.0525 0.1024 0.1013 30 20.699 3.072 2 100.09 93.0 1.4942 0.7424 0.3810 0.1333 0.1932 2.9441
111 High Grade 0.0533 0.1024 0.1013 30 20.308 3.072 2 100.09 95.3 1.4942 0.7424 0.3752 0.1333 0.1970 2.9421
156 High Grade 0.0527 0.1024 0.1013 30 20.336 3.072 2 100.09 96.1 1.4942 0.7424 0.3795 0.1333 0.1967 2.9461
128 High Grade 0.0521 0.1024 0.1013 30 20.180 3.072 2 100.09 98.7 1.4942 0.7424 0.3839 0.1333 0.1982 2.9520
112 Lower Steel 0.0594 0.1024 0.1013 30 18.763 3.072 2 100.09 98.7 1.4942 0.7424 0.3367 0.1333 0.2132 2.9198
153 Lower Steel 0.0555 0.1024 0.1013 30 19.694 3.072 2 100.09 97.1 1.4942 0.7424 0.3604 0.1333 0.2031 2.9334
147 Discrete seam 0.0556 0.1024 0.1013 30 28.049 3.072 2 100.09 20.8 1.4942 0.7424 0.3600 0.1333 0.1426 2.8726
159 Discrete seam 0.0524 0.1024 0.1013 30 27.215 3.072 2 100.09 30.1 1.4942 0.7424 0.3817 0.1333 0.1470 2.8986
138 Discrete seam 0.0562 0.1024 0.1013 30 27.350 3.072 2 100.09 26.8 1.4942 0.7424 0.3559 0.1333 0.1463 2.8721
*139 Leached seam 0.0556 0.1024 0.1013 30 19.711 3.072 2 100.09 96.8 1.4942 0.7424 0.3597 0.1333 0.2029 2.9326
130 Discrete seam 0.0557 0.1024 0.1013 30 27.664 3.072 2 100.09 24.2 1.4942 0.7424 0.3591 0.1333 0.1446 2.8736
110 Discrete seam 0.0596 0.1024 0.1013 30 25.170 3.072 2 100.09 439 1.4942 0.7424 0.3356 0.1333 0.1589 2.8644
145 Discrete seam 0.0558 0.1024 0.1013 30 25.146 3.072 2 100.09 47.1 1.4942 0.7424 0.3584 0.1333 0.1591 2.8874
117 Discrete seam 0.0537 0.1024 0.1013 30 27.403 3.072 2 100.09 27.6 1.4942 0.7424 0.3724 0.1333 0.1460 2.8883
141 Discrete seam 0.0584 0.1024 0.1013 30 23.797 3.072 2 100.09 56.7 1.4942 0.7424 0.3425 0.1333 0.1681 2.8805
148 Discrete seam 0.0508 0.1024 0.1013 30 24.103 3.072 2 100.09 62.1 1.4942 0.7424 0.3937 0.1333 0.1660 2.9296
155 Surface accumulation 0.0519 0.1024 0.1013 30 22.823 3.072 2 100.09 733 1.4942 0.7424 0.3854 0.1333 0.1753 2.9306
150 Surface accumulation  0.0596 0.1024 0.1013 30 22.244 3.072 2 100.09 68.7 1.4942 0.7424 0.3356 0.1333 0.1798 2.8853
107 Joint infill 0.0503 0.1024 0.1013 30 29.599 3.072 2 100.09 7.3 1.4942 0.7424 0.3976 0.1333 0.1351 2.9027
116 Joint infill 0.0511 0.1024 0.1013 30 20.794 3.072 2 100.09 94.6 1.4942 0.7424 0.3914 0.1333 0.1924 2.9537
119 Joint infill 0.0544 0.1024 0.1013 30 21.277 3.072 2 100.09 84.3 1.4942 0.7424 0.3676 0.1333 0.1880 2.9256
114 Joint infill 0.0529 0.1024 0.1013 30 29.725 3.072 2 100.09 5.8 1.4942 0.7424 0.3781 0.1333 0.1346 2.8826
144 Joint infill 0.0561 0.1024 0.1013 30 21.643 3.072 2 100.09 78.5 1.4942 0.7424 0.3565 0.1333 0.1848 29113
102 Joint infill 0.0547 0.1024 0.1013 30 22.485 3.072 2 100.09 72.7 1.4942 0.7424 0.3656 0.1333 0.1779 2.9135
143 Cave infill 0.0515 0.1024 0.1013 30 30.299 3.072 2 100.09 0.3 1.4942 0.7424 0.3883 0.1333 0.1320 2.8903
154 Cave infill 0.0532 0.1024 0.1013 30 29.208 3.072 2 100.09 10.7 1.4942 0.7424 0.3759 0.1333 0.1369 2.8828
146 Cave infill 0.0545 0.1024 0.1013 30 30.616 3.072 2 100.09 -2.7 1.4942 0.7424 0.3670 0.1333 0.1307 2.8676
140 Palygorskite 0.0518 0.1024 0.1013 30 23.292 3.072 2 100.09 68.8 1.4942 0.7424 0.3861 0.1333 0.1717 2.9278
100/101 Palygorskite 0.0590 0.1024 0.1013 30 22.746 3.072 2 100.09 65.1 1.4942 0.7424 0.3390 0.1333 0.1759 2.8848
105 Joint infill 0.0523 0.1024 0.1013 30 20.429 3.072 2 100.09 95.9 1.4942 0.7424 0.3824 0.1333 0.1958 2.9481
100% calcite run B Standard 0.0574 0.1024 0.1013 30 19.154 3.072 2 100.09 98.7 1.4942 0.7424 0.3484 0.1333 0.2088 2.9272
60% calcite run B Standard 0.0532 0.1024 0.1013 30 24.122 3.072 2 100.09 59.1 1.4942 0.7424 0.3759 0.1333 0.1658 29117
80% calcite run B Standard 0.0529 0.1024 0.1013 30 22.098 3.072 2 100.09 78.8 1.4942 0.7424 0.3781 0.1333 0.1810 2.9290
100% quartz A Standard 0.0519 0.1024 0.1013 30 31.261 3.072 2 100.09 -9.1 1.4942 0.7424 0.3854 0.1333 0.1280 2.8832
100% calcite B Standard 0.0541 0.1024 0.1013 30 21.633 3.072 2 100.09 81.5 1.4942 0.7424 0.3697 0.1333 0.1849 2.9245
80% calcite C Standard 0.0537 0.1024 0.1013 30 22.217 3.072 2 100.09 76.6 1.4942 0.7424 0.3724 0.1333 0.1800 2.9224
167 Kauroa Ash 0.0515 0.1024 0.1013 30 30.832 3.072 2 100.09 -5.0 1.4942 0.7424 0.3883 0.1333 0.1297 2.8880
hg3a Caprock 0.0533 0.1024 0.1013 30 22.539 3.072 2 100.09 74.1 1.4942 0.7424 0.3752 0.1333 0.1775 2.9226
hq3b Caprock 0.0556 0.1024 0.1013 30 19.774 3.072 2 100.09 96.2 1.4942 0.7424 0.3597 0.1333 0.2023 2.9319
71 Kauroa Ash 0.0505 0.1024 0.1013 30 30.617 3.072 2 100.09 -2.9 1.4942 0.7424 0.3960 0.1333 0.1306 2.8966
72 Kauroa Ash 0.0511 0.1024 0.1013 30 30.663 3.072 2 100.09 -3.3 1.4942 0.7424 0.3914 0.1333 0.1305 2.8918




Appendix F-6.4 XRF method

SPECTRACHEM ANALYTICAL

X-RAY FLUORESCENCE ANALYTICAL
PROCEDURES FOR MAJOR OXIDE ANALYSIS

1. INITIAL SAMPLE PREPARATION — LIME SAMPLES

The sixty samples were received as pre-ground semi-fine powders. A
small number were considered to be fairly coarse and were re-ground in a
Zr ring mill.

The samples were oven-dried at 110°C for at least 24 hours prior to the
determination of loss on ignition. All remaining material is stored.

2. LOSS ON IGNITION [LOI] DETERMINATION

Oven dried sub-samples of approximately 3g were ignited at 1000°C for
60 minutes.

Following ignition and final weighing, ignited residues were stored at 60°C
in air-tight screw-cap vials in readiness for fusion preparation.

LOI calculations from inputted weights were carried out in an Excel
database.

3. SAMPLE PREPARATION

. For Major Oxide Analysis.

Weighed fractions of ignited sample material were fused with a lithium
borate flux in a semi-automated agitating furnace, cast into platinum

moulds at 1100°C and air-jet cooled to form glass discs.

Sample fusions were carried out as soon as possible following the
determination of ignition loss.

[All geochemical reference standards used for the calibration of individual
elements are prepared in exactly the same manner].
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4, X-RAY FLUORESCENCE ANALYSIS
. Instrumentation and Analytical Programs

Major oxide analyses were carried out using a Siemens SRS3000
wavelength dispersive X-ray spectrometer. The instrument has an
automated 90 position sample loader and 3kW Rh anode end window
tube.

Automation and all on-line matrix and other inter-element corrections were
carried out using the most recent version of Spectra®“ software.
Measurement times and parameters for major analysis were optimised to
lower limits of detection of <0.01%. Results for major oxides are reported
to the nearest 0.01%.

. Standard Reference Materials
Each of the major oxide analyte lines in the analytical program is

calibrated using a combination of matrix-appropriate geochemical SRMs
and chemical [synthetic] standards prepared from Specpure compounds.
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Appendix F-6.5 SpectraChem Analytical XRF report

SPECTRACHEM ANALYTICAL

CLIENT . UNIVERSITY OF WAIKATO

ADDRESS . PRIVATE BAG 3105, HAMILTON

EMAIL . koh2@waikato.ac.nz

TEL : 029 299 0537

ATTENTION : ORLA HANSEN JOB REFERENCE : SA11034
CLIENT REFERENCE : 150765

SAMPLE TYPE[S] . Limestones / Siltstones - 60 samples.

DATE OF SAMPLE RECEIPT . 16/07/07 CONDITION : DRY POWDERS
ANALYSES CARRIED OUT : XRF MAJOR OXIDES

REPORTING BASIS : OVEN-DRIED [110T]

The analytical results presented in this report apply to the sample(s) received by SpectraChem Analytical.

Analysis Method used LLD Unit
LOI Ignition loss at 1000 deg.C 0.01 %
Major oxides Borate fusion / X-ray spectrometry 0.01 %
Comments

° report other than those indicated (%), have been carried ont by SpectraChenm or by a sub-contracted

. SpectraChem Analytical Limited is an LANZ accredited analytical laboratory. All analyses presented in this

boratory in dance with the requi s of I Accreditation New Zealand.

l iaborator . o ) .
Y This report may not be reproduced either in part or whole without the prior consent of the

undersigned.

Date : 8/1/2007 Signed : Craig Fraser IANZ Signatory

SpectraChem Analytical Limited : 36 Seaview Rd : Lower Hutt : www.spectrachem.co.nz
P O Box 38-680 Wellington Mail Centre : Tel. 04 589-6333 : Fax. 04 569-6605 : Email. spectra@spectrachem.co.nz
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UNIVERSITY OF WAIKATO

JOB REFERENCE : SA11034
X-RAY FLUORESCENCE MAJOR OXIDE ANALYSES

Field sample No.

Fe 03

0.58
1.04
157
0.61

MnO

LOI = loss on ignition at 1000 for 1 hour.
Results are expressed as weight % on oven dried 110T basis.

UNIVERSITY OF WAIKATO

JOB REFERENCE : SA11034
X-RAY FLUORESCENCE MAJOR OXIDE ANALYSES

Field sample No.

60
61
100
102
107
110
111
112
114
117
118
119
121
123
124
125
126
127
128
130

Fe,0;

0.18
1.04
0.94
3.84
6.54
5.76
0.19
0.14
6.54
6.82
4.21
0.11
0.05
0.15
0.33
0.57
4.56
4.65
0.24
4.73

MnO

0.01
0.01
0.02
0.03
0.03
0.06
0.01
0.01
0.05
0.06
0.05
0.01
0.01
0.01
0.01
0.01
0.05
0.05
0.01
0.04

LOI = loss on ignition at 1000C for 1 hour.
Results are expressed as weight % on oven dried 110T basis.

TiO,

0.05
0.13
0.10
0.05

TiO,

0.01
0.10
0.07
0.08
0.64
0.37
0.02
0.01
0.81
0.65
0.48
0.01
0.01
0.01
0.03
0.05
0.54
0.53
0.02
0.60

Cao

53.95
48.30
36.94
42.12

8.42
26.18
53.70
55.12

143
16.59
18.58
49.07
55.55
55.09
53.22
51.57
21.32
21.72
54.04
19.57

K0

0.09
0.36
0.26
0.41
1.83
1.68
0.08
0.04
219
242
1.85
0.05
0.02
0.04
0.11
0.16
1.83
1.78
0.08
2.25

SO;

0.01
1.01
0.26
132
<0.01
<0.01
0.22
0.02
<0.01
<0.01
251
0.12
0.01
<0.01
0.35
0.06
<0.01
2.89
0.30
<0.01

P205

0.05
0.11
0.11
0.14
0.19
0.37
0.03
0.03
0.18
0.29
0.14
0.01
0.02
0.05
0.04
0.10
0.17
0.13
0.05
6.16

SiO,

2.23
7.40
20.52
14.03
50.76
33.06
1.69
0.71
59.46
41.66
36.35
7.23
0.28
0.71
2.00
351
38.66
37.02
1.62
39.12

Al,05

0.36
2.06
4.33
1.84
17.22
7.46
0.39
0.18
18.84
12.03
9.81
1.48
0.14
0.25
0.65
1.05
10.67
10.36
0.42
11.82

MgO

0.43
0.97
3.52
1.38
2.19
1.59
0.85
0.39
2.81
2.33
5.51
1.59
0.21
0.30
0.89
1.08
2.00
2.04
0.57
2.28

Na,O

<0.01
0.10
0.12
0.18
0.38
0.42
<0.01
<0.01
0.63
0.99
147
<0.01
<0.01
<0.01
0.01
0.04
0.74
0.87
0.01
111

LOI

LOI

4251
38.33
32.89
34.45
11.71
22.84
42.74
43.35

6.97
16.10
19.02
40.08
43.52
43.25
42.31
41.54
19.39
17.76
42.56
11.60

SUM

Sum

99.84
99.78
99.97
99.80
99.89
99.79
99.91
99.98
99.91
99.95
99.98
99.75
99.82
99.86
99.96
99.74
99.92
99.81
99.92
99.28

Appendix F
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UNIVERSITY OF WAIKATO
JOB REFERENCE : SA11034
X-RAY FLUORESCENCE MAJOR OXIDE ANALYSES

Field sample No.

135
138
140
141
143
144
145
146
147
148
150
151
153
154
155
156
157
159

HQ3a

HQ3b

Fe, 05

0.08
4.26
0.64
3.48
8.86
1.14
4.86
5.57
3.83
3.05
1.76
0.39
0.16
6.44
1.78
0.26
0.14
6.99
2.00
0.29

MnO

0.01
0.03
0.02
0.03
0.05
0.02
0.03
0.06
0.02
0.04
0.02
0.01
0.01
0.03
0.02
0.01
0.01
0.02
0.03
0.02

LOI = loss on ignition at 1000 for 1 hour.
Results are expressed as weight % on oven dried 110C basis.

448

Tio,

0.01
0.55
0.05
0.38
0.78
0.10
0.43
0.70
0.28
0.28
0.16
0.03
0.01
0.67
0.20
0.02
0.01
0.43
0.15
0.02

Cao

55.39
16.99
38.02
24.71

1.95
47.33
23.57

1.04
14.86
35.66
40.67
52.50
54.69

8.91
41.18
53.37
54.20
19.05
43.53
53.97

K0

0.03
2.34
0.20
1.48
1.86
0.31
1.64
1.98
221
1.03
0.57
0.14
0.05
1.74

0.09
0.06
1.92
0.64
0.09

SO,

0.02
<0.01
0.49
1.96
<0.01
0.04
4.97
<0.01
<0.01
0.09
0.34
0.40
0.03
<0.01

0.31
0.15
<0.01
1.62
0.02

P,0s

0.02
0.54
0.11
0.12
0.36
0.09
0.33
0.08
0.44
0.30
0.18
0.06
0.05
0.21

0.05
0.03
0.46
0.35
0.13

Sio,

0.42
45.11
18.86
26.73
54.06

8.70
30.70
61.49
56.67
21.96
15.08

2.64

0.90
49.71
12,91

1.95

1.44
42.48
12.09

173

AlLO,

0.18
11.35
3.86
7.34
21.06
2.44
7.87
18.64
6.98
5.77
3.57
0.77
0.23
16.87

0.48
0.27
8.30
291
0.42

MgO

0.27
1.76
3.51
6.90
2.07
1.02
4.30
2.37
0.97
1.32
2.22
0.85
0.40
2.50

0.81
0.39
1.58
1.24
0.50

Na,O

<0.01
1.70
0.02
0.78
0.40
0.01
0.75
1.02
0.78
0.26
0.21
0.05
<0.01
0.29

<0.01
<0.01
1.03
0.29
<0.01

LOI SUM
43.44  99.87
15.29 99.92
34.11 99.89
25.96 99.87

8.47 99.91
38.38  99.59
20.37  99.82

6.88 99.85
12.90 99.92
30.20 99.95
35.00 99.79
41.94 99.78
43.23 99.75
1257 99.93
36.04 99.80
42.47 99.81
42.96  99.67
17.45 99.73
34.72  99.56
42.66 99.86
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Appendix F-6.6 XRF oxide analyses.

4 Xipusddy

147

Major oxides Minor oxides
Field sample

Sample type No. Fe,03 CaO SiO, Al,03 LOI MgO Na,O MnO TiO, K20 SO, P,05 SUM
Kauroa Ash 502001 9.33 1.23 38.67 27.12 19.29 0.93 0.97 0.08 1.04 0.74 0.14 0.16 99.71
Kauroa Ash 502002 9.59 0.07 29.32 36.01 2227 0.42 0.13 0.10 1.05 0.25 0.06 0.14 99.43
Kauroa Ash 502003 7.03 <0.01 57.10 21.82 8.84 1.88 <0.01 0.08 0.88 2.01 0.08 0.10 99.82
Mahoenui Gp 126 456 21.32 38.66 10.67 19.39 2.00 0.74 0.05 0.54 1.83 0.01 0.17 97.33
Mahoenui 127 465 21.72 37.02 10.36 17.76 2.04 0.87 0.05 0.53 1.78 2.89 0.13 94.42
Caprock HQ3a 2.00 4353 12.09 291 34.72 1.24 0.29 0.03 0.15 0.64 1.62 0.35 96.78
Caprock 9 0.58 52.45 3.09 0.87 41.83 0.75 0.01 0.03 0.05 0.17 0.03 0.11  99.57
Caprock HQ3b 0.29 53.97 1.73 0.42 42.66 0.50 <0.01 0.02 0.02 0.09 0.02 0.13 99.58
Caprock 21 157 47.99 7.65 1.96 38.67 0.96 0.08 0.03 0.10 0.44 0.04 0.20 98.88
Caprock 26 0.61 52.19 3.31 0.97 41.66 0.81 0.01 0.02 0.05 0.16 0.04 0.11 99.56
Caprock 27 1.40 46.02 9.84 2.85 37.42 1.08 0.14 0.03 0.15 0.54 0.06 0.21 98.76
Upper Steel 28 0.05 5551 0.23 0.06 4351 0.29 <0.01 0.01 0.01 0.02 <0.01 0.05 99.64
Upper Steel 29 0.13 54.60 1.19 0.31 42.83 0.38 <0.01 0.01 0.01 0.06 <0.01 0.09 99.43
Upper Steel 135 0.08 55.39 0.42 0.18 43.44 0.27 <0.01 0.01 0.01 0.03 0.02 0.02 99.78
Upper Steel 121 0.05 55.55 0.28 0.14 43.52 0.21 <0.01 0.01 0.01 0.02 0.01 0.02 99.75
Upper Steel 3la 0.13 54.75 0.98 0.32 43.07 0.39 <0.01 0.01 0.01 0.04 <0.01 0.06 99.63
Upper Steel 123 0.15 55.09 0.71 0.25 43.25 0.30 <0.01 0.01 0.01 0.04 <0.01 0.05 99.75
Aglime 124 0.33 53.22 2.00 0.65 4231 0.89 0.01 0.01 0.03 0.11 0.35 0.04 99.42
Aglime 125 0.57 51.57 3.51 1.05 4154 1.08 0.04 0.01 0.05 0.16 0.06 0.10 99.36
Aglime 35 0.38 53.01 2.50 0.78 41.97 0.71 0.01 0.01 0.03 0.10 0.38 0.05 99.36
Aglime 36 0.44 52.39 2.83 0.90 41.75 0.74 0.02 0.01 0.04 0.14 0.44 0.05 99.07
Aglime 151 0.39 5250 2.64 0.77 41.94 0.85 0.05 0.01 0.03 0.14 0.40 0.06 99.14
Aglime 37 0.27 53.44 2.18 0.62 42.45 0.64 0.01 0.02 0.03 0.10 0.02 0.06 99.61
High Grade 39 0.20 54.78 0.76 0.23 43.24 0.47 <0.01 0.01 0.01 0.03 <0.01 0.03 99.69
High Grade 111 0.19 53.70 1.69 0.39 4274 0.85 <0.01 0.01 0.02 0.08 0.22 0.03 99.56
High Grade 156 0.26  53.37 1.95 0.48 4247 0.81 <0.01 0.01 0.02 0.09 0.31 0.05 99.34
High Grade 128 0.24 54.04 1.62 0.42 4256 0.57 0.01 0.01 0.02 0.08 0.30 0.05 99.46
High Grade 41 0.27 54.16 1.28 0.44 4273 0.57 <0.01 0.01 0.02 0.06 0.37 0.04 99.45
High Grade 42 0.17 5457 0.98 0.32 43.16 0.44 <0.01 0.01 0.01 0.03 <0.01 0.03 99.63
Lower Steel 46 0.12 5491 0.72 0.23 43.29 0.40 <0.01 0.01 0.01 0.03 <0.01 0.03 99.68
Lower Steel 153 0.16 54.69 0.90 0.23 43.23 0.40 <0.01 0.01 0.01 0.05 0.03 0.05 99.61
Lower Steel 48 0.22 54.00 1.37 041 4295 0.57 <0.01 0.01 0.02 0.06 0.01 0.04 99.53
Lower Steel 157 0.14 54.20 1.44 0.27 42.96 0.39 <0.01 0.01 0.01 0.06 0.15 0.03 99.41
Lower Steel 112 0.14 55.12 0.71 0.18 43.35 0.39 <0.01 0.01 0.01 0.04 0.02 0.03 99.88
Lower Steel 52 0.19 54.15 1.59 0.38  42.87 0.53 <0.01 0.01 0.01 0.07 0.03 0.03  99.71
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4 Xipusddy

Appendix F-6.6 continued.

Major oxides Minor oxides
Field sample

Sample type No. Fe,03 CaO Sio, Al,O4 LOI MgO Na,O MnO TiO, K20 SO, P,0s SUM
Sub-economic 56 0.26 53.91 1.54 0.40 4291 0.51 <0.01 0.02 0.02 0.07 <0.01 0.05 99.53
Sub-economic 58 0.44 53.96 145 0.41 42385 0.54 <0.01 0.01 0.02 0.07 0.01 0.06 99.65
Sub-economic 60 0.18 53.95 2.23 0.36 4251 0.43 <0.01 0.01 0.01 0.09 0.01 0.05 99.66
Diffuse seam 13 1.04 47.00 9.21 2.74 38.02 0.89 0.17 0.01 0.13 0.49 0.02 0.06 99.07
Diffuse seam 34 0.90 49.51 6.31 1.88 39.05 0.88 0.10 0.01 0.09 0.27 0.82 0.07 98.63
Diffuse seam 61 1.04 48.30 7.40 2.06 38.33 0.97 0.10 0.01 0.10 0.36 1.01 0.11 98.20
Discrete seam 159 6.99 19.05 42.48 8.30 17.45 1.58 1.03 0.02 0.43 1.92 <0.01 0.46 96.89
Discrete seam 145 4.86 23.57 30.70 7.87 20.37 4.30 0.75 0.03 0.43 1.64 4.97 0.33 9242
Discrete seam 141 3.48 2471 26.73 7.34 25.96 6.90 0.78 0.03 0.38 1.48 1.96 0.12 9591
Discrete seam 147 3.83 14.86 56.67 6.98 12.90 0.97 0.78 0.02 0.28 221 <0.01 0.44 96.98
Discrete seam 138 426 1699 4511 1135 15.29 1.76 1.70 0.03 0.55 2.34 <0.01 0.54 96.46
Discrete seam 130 473 1957 39.12 11.82 11.60 2.28 1.11 0.04 0.60 2.25 <0.01 6.16 90.23
Discrete seam 110 5.76 26.18 33.06 7.46 22.84 1.59 0.42 0.06 0.37 1.68 <0.01 0.37 9731
Discrete seam 117 6.82 16.59 41.66 12.03 16.10 2.33 0.99 0.06 0.65 242 <0.01 0.29 96.53
Discrete seam 118 421 1858 36.35 9.81 19.02 5.51 1.47 0.05 0.48 1.85 2.51 0.14 94.96
Joint fill 102 3.84 4212 14.03 1.84 34.45 1.38 0.18 0.03 0.08 0.41 1.32 0.14 97.83
Joint fill 148 3.05 35.66 21.96 5.77 30.20 1.32 0.26 0.04 0.28 1.03 0.09 0.30 98.21
Joint fill 114 6.54 1.43 59.46 18.84 6.97 2.81 0.63 0.05 0.81 219 <0.01 0.18 96.69
Joint fill 119 0.11 49.07 7.23 1.48 40.08 1.59 <0.01 0.01 0.01 0.05 0.12 0.01 99.56
Joint fill 144 1.14 47.33 8.70 2.44 38.38 1.02 0.01 0.02 0.10 0.31 0.04 0.09 99.02
Joint fill 107 6.54 8.42 50.76 17.22 11.71 2.19 0.38 0.03 0.64 1.83 <0.01 0.19 97.20
Palygorskite 100 0.94 36.94 20.52 4.33 32.89 3.52 0.12 0.02 0.07 0.26 0.26 0.11  99.26
Palygorskite 140 0.64 38.02 18.86 3.86 34.11 3.51 0.02 0.02 0.05 0.20 0.49 0.11 99.02
Cave infill 143 8.86 1.95 54.06 21.06 8.47 2.07 0.40 0.05 0.78 1.86 <0.01 0.36 96.86
Cave infill 154 6.44 8.91 49.71 16.87 1257 2.50 0.29 0.03 0.67 1.74 <0.01 0.21 97.29
Cave infill 146 5.57 1.04 6149 18.64 6.88 2.37 1.02 0.06 0.70 1.98 <0.01 0.08 97.01
Surface accumulation 150 1.76 40.67 15.08 3.57 35.00 2.22 0.21 0.02 0.16 0.57 0.34 0.18 98.51
Surface accumulation 155 1.78  41.18 1291 3.72 36.04 1.93 0.31 0.02 0.20 0.67 0.86 0.17 97.87
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Appendix F-6.7 XRF oxide average values based time different sample types in Table F-6.6.

Major oxides Minor oxides
Sample type Fe ,03 CaO SiO, Al,O; LOI MgO Na,O MnO TiO, K,0 SO; P,0s5 SUM
Kauroa Ash 8.65 0.65 41.70 28.32 16.80 1.08 0.55 0.09 0.99 1.00 0.09 0.13 99.65
Mahoenui Gp 6.89 32.18 57.17 10.52 28.27 3.02 0.81 0.07 0.80 2.72 1.46 0.23 145.66
Caprock 1.07 49.36 6.29 1.66 39.49 0.89 0.11 0.03 0.09 0.34 0.30 0.18 99.15
Upper Steel 0.10 55.15 0.64 0.21 43.27 0.31 <0.01 0.01 0.01 0.04 0.01 0.05 99.73
Aglime 0.40 52.69 2.61 0.79 41.99 0.82 0.02 0.01 0.04 0.13 0.28 0.06 99.43
High Grade 0.22 54.10 1.38 0.38 42.82 0.62 <0.01 0.01 0.02 0.06 0.20 0.04 99.58
Lower Steel 0.16 54.51 1.12 0.28 43.11 0.45 <0.01 0.01 0.01 0.05 0.04 0.04 99.69
Sub-economic 0.29 53.94 1.74 0.39 42.76 0.49 <0.01 0.01 0.02 0.08 0.01 0.05 99.69
Diffuse seams 0.99 48.27 7.64 2.23 38.47 0.91 0.13 0.01 0.11 0.37 0.61 0.08 98.83
Discrete seams 4.99 20.01 39.10 9.22 17.95 3.02 1.00 0.04 0.46 1.98 1.05 0.98 96.78
Joint infills 3.54 30.67 27.02 7.93 26.96 1.72 0.29 0.03 0.32 0.97 0.26 0.15 98.59
Palygorskite 0.79 37.48 19.69 4.09 33.50 3.51 0.07 0.02 0.06 0.23 0.37 0.11 99.33
Cave infills 6.96 3.96 55.09 18.86 9.31 2.31 0.57 0.05 0.72 1.86 <0.01 0.22 98.03
Surface accumulations 1.77 40.93 13.99 3.65 35.52 2.07 0.26 0.02 0.18 0.62 0.60 0.17 98.57




Appendix F-6.8 Host limestone vs. discrete seams. \milk samples

SiO, Caprock Upper Steel Aglime High Grade Lower Steel Sub-economic

Bulk 5.71 0.93 5.54 2.68 1.97 5.28

Host 6.29 0.64 2.61 1.38 112 1.74
Discrete seams - 42.12 34.91 31.88 49.57 -

AlL,O3 Caprock Upper Steel Aglime High Grade Lower Steel Sub-economic

Bulk 157 0.03 1.63 0.72 0.42 0.85

Host 1.66 0.21 0.79 0.38 0.28 0.39
Discrete seams - 11.58 9.73 7.67 7.64 -

Fe,O4 Caprock Upper Steel Aglime High Grade Lower Steel Sub-economic

Bulk 1.03 0.14 0.72 0.42 0.30 0.68

Host 1.07 0.10 0.40 0.22 0.16 0.29
Discrete seams - 4.49 4.84 5.31 5.41 -

CaO Caprock Upper Steel Aglime High Grade Lower Steel Sub-economic

Bulk 49.60 54.30 49.99 52.38 53.16 50.96

Host 49.36 55.15 52.69 54.10 54.51 53.94
Discrete seams - 18.28 19.96 24.87 16.96 -

LOI Caprock Upper Steel Aglime High Grade Lower Steel Sub-economic

Bulk 40.14 43.20 40.17 42.00 42.67 40.56

Host 39.49 43.27 41.99 42.82 43.11 42.76
Discrete seams - 13.44 20.36 21.61 15.18 -

MgO Caprock Upper Steel Aglime High Grade Lower Steel Sub-economic

Bulk 0.89 0.39 0.77 0.62 0.52 0.61

Host 0.89 0.31 0.82 0.62 0.45 0.49
Discrete seams 2.02 4.91 2.94 1.27

SO, Caprock Upper Steel Aglime High Grade Lower Steel Sub-economic

Bulk 0.71 0.05 0.23 0.30 0.09 0.41

Host 0.30 0.01 0.28 0.20 0.04 0.10
Discrete seams - 0.01 1.49 2.49 0.01 -

K,0 Caprock Upper Steel Aglime High Grade Lower Steel Sub-economic

Bulk 0.31 0.05 0.28 0.13 0.09 0.21

Host 0.34 0.04 0.13 0.06 0.05 0.08
Discrete seams - 2.29 1.92 1.66 2.07 -

Na,O Caprock Upper Steel Aglime High Grade Lower Steel Sub-economic

Bulk 0.12 0.04 0.16 0.11 0.08 0.09

Host 0.11 0.01 0.02 0.01 0.01 0.01
Discrete seams - 1.41 1.08 0.58 0.90 -

MnO Caprock Upper Steel Aglime High Grade Lower Steel Sub-economic

Bulk 0.04 0.02 0.02 0.01 0.01 0.02

Host 0.03 0.01 0.01 0.01 0.01 0.01
Discrete seams - 0.03 0.05 0.05 0.02 -

452 Appendix F



TiO, Caprock Upper Steel Aglime High Grade Lower Steel Sub-economic

Bulk 0.08 0.01 0.08 0.04 0.02 0.04

Host 0.09 0.01 0.04 0.02 0.01 0.02
Discrete seams - 0.58 0.50 0.40 0.35 -

P20s Caprock Upper Steel Aglime High Grade Lower Steel Sub-economic

Bulk 0.13 0.05 0.07 0.05 0.04 0.06

Host 0.18 0.05 0.06 0.04 0.04 0.05
Discrete seams - 3.35 0.18 0.35 0.45 -
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Appendix G-7.1

EIgINY F3:DISPLAY F4:FILTERS F5:CURSORS F6:POS F7:Util File:PROF19
. a o [nl
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18.04 28.09 30.13 48.18 58,22 [rnl
Radar gram of profile 19 trending N-S measured owean observed limestone cave within the
second bench of the High Grade unit, western side dDonald’s Quarry (2007). A clear
reflection of a cave structure is shown by arrow.

FZ:FILE Uiy iiiy F4:FILTERS FS:CURSORS F6:POS F¥:Util File:FROFZ8

1.
2.
3.
4.
5.
6.
¥.
8.
9.

16.04 28. A9 38.13 48.18 5@, 22
Radar gram of profile 20 trending N-S measured ovean observed limestone cave within the
second bench of the High Grade unit, western McDondis Quarry (2007). A clear
reflection of a cave structure is shown by arrow.
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F2:FILE [FPPIENQYY] F4:FILTERS F5:CURSORS F6:PDS F7:Util  File: PROF21
[nl
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1
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16, 84 Z8. 30,13 18,18 58, 22 tnl
Radar gram of profile 21 trending N-S measured owean observed limestone cave within the
second bench of the High Grade unit, western sideA clear reflection of a cave structure is
shown by the arrows.

F2:FILE |gEEpussgisy F4:FILTERS FS5:CURSORS F6:P0S5 F¥:Util File:PROFZZ
et s
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160.84 Z8.[a9 30.13 40.18 56.22 Ll

Radar gram of profile 22 trending N-S measured ovean observed limestone cave within the
second bench of the High Grade unit, western side &Donald’s Quarry (2007). A clear
reflection of a cave structure is shown by arrow.
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Radar gram of profile 23 trending NNW-SSW measured along the length of an observed
limestone cave within the second bench of the HigBrade unit, western side McDonald’s
Quarry (2007).
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Radar gram of profile 24 trending NNW-SSW measured along the length of an observed
limestone cave within the second bench of the HigBrade unit, western side McDonald’s
Quarry (2007).
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Radar gram of profile 25 trending N-S measured ovethe second bench of High Grade,
western side. No obvious structure appears to begsent.
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Radar gram of profile 26 trending N-S measured easbf the road on top of Aglime unit

where a drill hole has intercepted a cavity, wester side. The cave observed in the upper
bench of the High Grade is approximately 18 m belowhe transect. The larger black arrow

points to a clear reflection indicating a cave strature is present, while the white arrows

likely indicate multiples of cave walls. The smadlr black arrow is a mouse pointer.
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Radar gram of profile 27 trending N-S measured ovethe west road on top of Aglime unit,
western side McDonald’s Quarry (2007). The blackraow is a mouse pointer.
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Radar gram of profile 28 trending W-E measured near the airstrip south west of the quay
close to paddock fence. Southern side McDonald'su@rry (2007).
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Radar gram of profile 29 trending N-S measured overfloor of quarry on top of Sub-
economic unit . McDonald's Quarry (2007).

106. B4 26,69 36.13 40,18 56,22 [l
Radar gram of profile 30 trending N-S measured ondp of the Lower Steel. To the right of
the profile steeply dipping reflectors represent iterference caused by a quarry wall and
possibly a steel pipe lying on the ground near thend of the transect. The black arrow is a
mouse pointer.
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Radar gram of profile 31 trending W-E measured over the top of the second High Grade
bench, south side McDonald's Quarry (2007).
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