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ABSTRACT

Clay mineral, bulk mineral and chemical data for
Mesozoilc to Recent onshore sediments and Recent western shelf
surficial sediments from central Western North Island are
presented with the aim of determining the significance of
i;eal and stratigraphic variations in clay mineral distribu-

ions,

Sample analysis procedures using mainly X~-ray diffracto-
metry have been determined that are relatively simple, rapid
and applicable to this wide variety of sediment types. Clay
mineral analysis was carried out on the <2u size fraction of
all samples, and on the <lp, 2-4u, 4-8y and 8-l6y size
fractions of selected samples to compensate for any mineral-
ogic bias imposed through the selection of the traditional
<2p fraction. The predominance in the same samples of illite
and chlorite in coarser fractions but of montmorillonite and
kaolinite in finer fractions emphasises that the geologic
interpretation of clay mineral distributions in sediments

may be significantly influenced by the grain size fraction
chosen for analysis, Clay mineral mounts prepared using

S

smear-on-glass slide technigues
and similar gquantitative results

dropper—~on-glass slide and
gave identical gualitative

so that the former simpler technique was used.

Mesozocic to Recent sediments in Hamilton, Taranaki
and YWanganui Districts contain varying amounts of kaolinite,
illite, montmorillonite, chlorite and mixed-~layer clay
minerals. Clay mineral assemblages of mudstones, limestones
or concretions, represent best these assemblages existing at
the time of sediment deposition; c¢lay minerals in sandstones
are prone to diagenetic zlteration because cof their generally
greater perosity,

The clay miperal of [esozoic to Pleistoccene ssdi-
ments bears the imprint ¢of 2 complex set of factors, including
provenance, climate, t=agionism, depositional environment.and
diacenesis. The illits, zhlorite and mixsd-layer clay mineral
suifs of Mesozoic s=cimznts is consistent with derivation
from an ignecus/metamoronic provenance, partly modified by
transformation during burial diagenesis. The abundant
kaolinite in Upper Zocene Uaikato Coal fMeasures is in part .
detrital from scils daveloped by prolornged chemical u?atherlng
of TIesozoic sediments, and in part diagenetic f;om clay
mineral transformations uncder acid lgachigg condltlons
associated with carbonaceous Sedi@ents, %he_abquant Lo
crystalline montmorillonite in Ql;g;c§ne sediments (Te Kuiti
Group) was primarily neoformed in sha%;gu marine basins
characterised by extremely slow cepcsiticn a@d carbonate .
sedimentation. The abundant crystallins 11%1te and Chlquue
charactaristic of most Miocene to Lower Pleistocene sed%T?nts
were mainly detrital from Mesozolc sediments gnder C?ndlLlOﬂS
of increasing topographic relisf and more ?avld ?h¥51c§l .
erosion as a result of accelerating tecﬁinc activity during
this period. fontmorillonite in Lower fiiccene
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sediments (Hanoen.s and.Nogégegigupsaoigiei:rEZizmorillonite

ifted Oligocene sedli . 1ot - e e
E;Ogiggi;FMiocenegsediments (Mohakatino GEOE:)Vgi:aiz£—VLd
primarily from the alteration of cgnteonLaf, ”uh;F LS enne
products while much of the montmorillonite 1n ngllmwz‘ﬁns)
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was detrital from Mohakatino lithologies. LIHQ i cr:-q 9.
abundance of montmeorillonite in Plio-P%elsuocen?L§e:1mE s
results from the alteration of increasing gquantities O

i i i t us lcanism
volcanogenic material derived from contemporaneaous Vo

in central and western North Island.

The clay mineralogy of western shelf sediments 1s
dominated by illite and montmorillcnite, with lesser amognts
of chlorite and mixed-layer clays, and some kaolinite. Cn
the basis of the distribution and origin of these clay
minerals, five petrologic zones are distinguisned:

(1) Hamilton Shelf - Abundant montmorillonite, rars tc

common poorly crystalline illite, and lesser kaclinite,
mixed=layer clays and poorly crystalline chlorite; primarily
detrital from Oligocene mudstones, some montmorillonite
neoformed from Quaternary vclcanoagenic material. (2) fiorth
Taranaki Shelf -~ Abundant crystalline 1illite, comnmcn nmixed-
layer clays and crystalline chlorite, minor montmorillonite;
primarily detrital from fMiocene mudstones, 2) Central
Taranaki 5Shelf - Abundant crystalline illite, very ccmmon
montmorillonite, common chlorite and mixed-lazyer clays, and
some kaolinite, Neoformation of montmorilloriie from Zgmont-

derived volcanogenic matzarial contemporanesus viih denositicn

of detrital illite, montmorillcnite, chlorite =ng mixed-layer
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CHAPTER 1

INTRODUCTION

1.1 THE SIGNIFICANCE OF CLAY PETROLOGY IN THE EARTH
SCICNCES.

Clay minerals are major constituents of mudstones
and related argillaceous rocks, which together constitute
some 75% of sedimentary deposits, and occur in significant
amounts in a further 20% of sediments (cf. WUeaver, 1958a,
p.254; Picard, 1971). This volumetric abundance implies
that the study of clay minerals and clay-rich sediments 1is
of vital importance in understanding earth processes. The
development of clay mineralogy as a science has grown from
the need to understand the physical and chemical factors
controllince the properties of this gconomically important
group of sediments., Such properties determine the agricul-
tural potential of soils and the ceramic qualities of clay

materials, they have a significant influence on the engineer-

[

0]

ing properties of sediments and on the cap rock and reservolr
properties 1in petroleum geology. and they provide information

on the nature and position of hydrothsrmal ore deposits.

or
[\4]

3.
[=R]

sentially economic roots

w

Clay geology evolved from se e
and led to detailed investigations of aresal and stratigraphic
variations in clay mineral assemblages with several major
aims:

(1) to establish relationships between clay mineral
species and environments of deposition;

(2) to attempt to establish criteria for distinguishing

. . . . -
between detrital and authigenic clay minerals;



(3) to assist in paleogeographic and provenance studies;

(4) to provide a tool for assisting stratigraphic

correlation;

(5) to investigate the location and economic potential
of clay minerals and clay deposits.

Many workers have shown that clay mineral distribu-
tions vary systematically with physical and chemical differ-
ences in sadimentary environments, both ancient and recent,
although in many instances the interpretation of these
distributions is equivocal, However, Weaver (1958b) has
demonstrated clearly that when clay data are combined with
petrographic, paleontologic and field evidence, significant
geologic conclusions can be made.

1.2 AREA OF STUDY AND GEOLGBGIC BACKGROUMD.

This account presents the results of a detailed
study of the clay mineralogy of Mesozoic to Recent ssdiments
in the South Auckland te Wanganui region and cof Recent sedi-
ments from the adjacent western continental shelf of the
North Island, New Zealand, a combined total area of about

2 .
70,000 km® (Fig.l.1). The onshore study area includes most

of the Waikato, King Country, Ta

Lo}

anakli and wanganui lLand

w
Y

Districts., F 5 hi
tricts. For convenlence, this arsa is divided into the

’ 1 a ul D St t LF 2 i aese
ric S NG - g....l)' 'y

b g q -
\Y 24d :)V - = ‘._50,00

Zealand Geologic Survey maps of Lensen 2t al (1959)
—_— . A

K
ear (1960) and Hay (1967), respectively., Place names and
ma ; . .
Jor physiographic features referred to in this thesis ar
~ S ~ e
present i i
ed in Fig.1.2. The distribution of the ma jor sedi

mentary units j a
in the anshor —
re study area i i B
1s daescribad in
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Figure 1.3 and their generalised stratigraphy and lithology

summarised in Table 1.1, Details of stratigraphic, litho-

logic and sample locality data are presented in Appendix
Tables 1.1 and 1.2. Table 1l.1 is complemented by a glossary
of photographs illustrating most of the sedimentary units

in the sequence (Pls. 1.1 - 1.,24) more detailed sedimento-
logic characteristics are discussed in Chapter 3. The
offshore area covers that part of the western continental
shelf of the North Island extending from the Manukau Harbour
in the north to the mouth of the Rangitikei River in the
south and seaward to about the 175m isobath (Fig.l.1l).

1.3 PURPOSE OF STUDY

The main purposes of this study are:
(1) to determine the techniques of study most readily

applicable to this group of sediments;

(2) to document the clay mineralogy and related character-
istics of Mesozoic to.Recent onshore sediments of the central
Uestern North Island and to determine the significance of

areal and stratigraphic variations in clay mineral distribu-

tions,

(3)

to document the clay mineralogy and related character-
istics of modern continental shelf sediments of the central
Western North Island and to determine the significance of
variations in clay mineral distribution,

l.4 PREVIOUS WORK

mineral
08y of New Zealand rocks and sediments Most public
tion . "
s have concerned themselves with the mineralogy f
la)
specifi i
€ economic clay deposits, or have dealt with 1
clay



STRATIGRAPHY CENCRALISED LITHOLOGY Plets
Raferance
Perliod Epoch Series N, 2.Stege Croup Formstion )
Recent (Ne) Volcanic mah and enils. -
Queternary _H.&I._QQ Silt, mnnd, araval nnd volrannqanir dnhrlw, -
Pletstoasns Castleciiffien (Vo) A 1Untana, waod, oonlomarnte. s atoll bedn, -
venganui | Nukumsruen (Wn) Limantnne, s{ltntons, mandatons, shwll bads snd lignite bands, -
Pliocens Wo = Um Tangahoe Pudstons (Tg) Renntve bluo~grey muydatons with mome sandatons end concretiona. 1,23, 1,24
¢
™ = ¥Wo Matamstwaonga Sl"dEH:')" Blue—grey mudatons, sandstone, conglomerste, shell beds end some concretions. | 1,22
Up, Tt Urenul Stltetone (ur) Miracenus blun-gray ailtatons with esome concretions, 1,21
g Mrasive and bindded asndatons and leossr mydntone. slightly tuffaceous, with
Up.Miocens Tarensk{ |Lr,=f1d, Tt nt.Messsnger Snnd-?;rsn) boms conl bada end slung stroctures. ' ’ 1.19, 1,20
Lr. Tt Tewariki Mudstons (Tw) Blua-grey mudstons and sandstons tuffaceous in part, 1,18
Sw Ferry Sandstone  (Fy) Non~tuffaceous mendatons with some mudatone and alump structures, 1.16, 1,17
Mid.Miocene | Souythlend | Sw - Lr,.Tt Mohskating Omomo Formation {Om) Alternating bade of micaceaus asndatone and elitstons with minor volcenie
detritus, -
St = Sw .
Puruputu volcenic h:zl;“on' Tuffaceous sandatons and mudstons Interbedded in pert, 1.14, 1,15
1,16
fid.~Up, PL Pengarara Sandstone (Ng) Tuffsceous calcaresous sandstons with some 1imestons. 1:14
mid, Pl Upper Mokau Snnds;t(znl ) Blus-gray srgillaceous fine sandstons with some conglomerstes and concretions.|1.14
U.Mo
nid, P1 Pokau Meryvilie Coel Measures (My)( Uppar snd lowsr cosl zones snd cacbonaceous shele sepsrated by osrbonsceous
eandatona, -
Lr.Miocene |Psreors Lr,=hid,P1 Lover Mokay s’"“""(’:'n’) Masaive, ferruginous, argillecsous sandstone, carbonsceous or thin opel soems,f 1,11, 1,17
. 1.13
Tertisry Po = P1 Pshoenul | Taumarunui Formation Flysh-typs graded beds of sltsrnating sendstons and mudstone, 1.10
(Taz) Masnive blue~grey mudatons with some sandstons and 1imestons, 1.9
Up,ly = Po Teumatemaire Formation
. . (Tmt)
. w Otorohange Limsstone (0t) Crystallins fleggy llmestons, 1.7, 1.8
{d - tw . Weltomo Sandatons {Wt) Mesnive calcareous esndstons, 1.7
1d =L Orshird Limestons (Or) Sandy 1imestons, flaggy in part, 1.6, 1.7
Oligecens Lenden ;Ld Pangapehi Sandstone (Mp) Cnlcarsous, glauconitic sandetone, -
Mid,Lwhed d Te Kuitd | Te Akutes Slitstone (T.4) Calcoreous mudstons, -
Mid.Lwh-ld Aotea Sandetone (a0} Calcareous sandatens with some mudstone snd 1limestons, 1,3, 1,5
Lpo=Mid.twh Vhaingeroa Siltstone (wWh} Massive blue-grey, celcarmous siltstone with occasional limestone, i:;' 1.4
Lwh Glen Massey Sandstone (G.M) | Calosreous mudstone, sandetona and limeatons, -
Ar = {wh Pangekotuky Slltstons (M) Carbonaceous, purple~brown, non-cslcarecus siltstons with some concretione. -
Up.Eocens Arnold Ar = Lr.Lwh Joikato Coal Messures (wWk) Carbonaceous mudstons, cosl bsds end some ssndstone and conglomecete. 1,2
Otake Slightly lndurated mudstone, sandstons and conglomsrete with some tuft, -
Jureseio Kawhis, Indurated mudstons and sandstons with some tuff. 1.1
Herangd
Trieseie Balfour ,

Table 1.1, Summary of the stratigraphy and lithology of ma jor sedimentary
units (note abbreviations in brackets) in the study area (after Kear and
Schofield, 1959; Lensen et al., 1959; Kear, 1960; Hay, 1967; Happy, 1971).
Where sedimentary structures, colour and degree of induration of lithologies
are specified, the property is generally diagnostic of the bulk of the strati-
graphic unit, Additional "lift-out" copy available in back pockst,



pedology. The clay mineralogy documented for rocks, tephras

and soils of the region is summarised below.

It is relevant to summarise briefly the petrographic
character of Mesozoic basement rocks which represent the
primary source of terrigenous material for Cenozoic sedi-
ments in the study area. The range in composition of
Mesozoic rocks is large, Martin (1967) shouwed that Mesozoic
basement sandstones of the Oparau Facies in the uwestern
Hamilton District (Figs. 1.1 and 1,3) are rich in acid
andesine plagioclose and volcanic (mainly andesitic) rock
fragments set in a conspicuous argillaceous matrix., In
contrast, the Mesozoic basement sandstones of the Morrinsville
Facies in the eastern Hamilton District (Figs. 1.1 and 1.3)
are dominated by volcanic and other rock fragments and quartz,
with lesser oligoclase-andesine plagioclase and little matrix
(Finlou-Bates, 1970). Nelson (1973) showed that the bulk
mineralogy of Mesozoic sandstones and mudstones in the
Waitomo County is dominated by clay minerals (av. 30-45%),
Plagioclase (av, 25-35%) and quartz (av. 20~-25%), although

the mudstones may contain Considerably greater quantities

of clay minerals than the suggested average. 1In general the

Mesozoic sandstones and mudstones have a clay fraction

dominated by illite angd chlorite and by mixed-layer clays
?

wi . .
ith lesser montmorlllonlte, muscovite and biotite (Fieldes

et al., 1968; Nelson, 1973),
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rocks (Fig. 1.4). He considered that the small to moderate
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Fig. 1.4, Relative clzy mineral abundance in the <4y size
fraction of Mesczoi T2 Xuiti and Mahosnui Group sediments
P Lo 3 - 4 ~ a5 L] \ o 4
pf the Lzaitome LOUn {after Nelson, 187%;. fies = Mesozcll
sandstones and mud 2s3 Uik = Waikato Coal Measures;
Uh = whaingarsa 5% me2; Ao = Aoteza Sa tone; UOr =
Orahirti Limestones Jaitamo Sards gt = Otorohanga
Limestone; 1wt = amaire Formati mudstones,
quantities of i1l1ite znd chlorite in the Te Kuiti Group are
< . . ; : 3 - o | +
probably mainly detrital, b=22ing derived directly from the

Mesoz0Oic sandstones and mudstones. The small amounts of
kaolinite in the Waikato Coal Measures sediments were

regarded as a product of acid leaching associated with

carbonaceous material. The scarcity of montmorillonite in
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poorly crystallised halloysite —3» well crystallised halloy-
site —> metahalloysite., (Kirkman, 1975).

By far the most commonly developad soil materials
on Mesozoic and Tertiary sediments are the yesllou~brown
earths (Fieldes et al., 1968). This group of soils forms
under a wide range of climatic and leaching conditions and
the clay fraction of the different soils is complex, compris-
ing variable amounts of chlorite, illite, vermiculite,
montmorillonite, kaolinite and mixed-layer clays. UWhile the
composition of the soils is dependent initially on the com-
position of the parent material, with increasing weathering
intensity and time soils with a high kaolinite content are
typical (Fieldes et al., 1968). Mesozoic sandstones and
mudstones have sometimes been subjected to varying degrees
of weathering for a considerable period of time, and the
often very deep red weathered profile, up to 30m thick, is
indicative of an advanced state of alteration, These thick
sections of weathered rocks contain a variety of clay
minerals intermediate between those in the parent roccks

4z

and those in the soil, but kadiil
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minerals in surface soils, a3 wall as in buried paleocsois

i sland and andesitic
derived from central North Isiang c
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tephras, are dominantly allophane, (i

i i/or | inite (in tephras >10,000
in age) and halloysite and/or kaglinitse {in tephra ia,

+ £ + 31 L
years in age). Lesser amounts of montmoarillonite and

micaceous clay minerals are also present (Fieldes, 1968;
pullar et al., 1973; Kirkman, 1976). The similarity of

clay mineralogy between paleosols and parent tephras indicates
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that during the comparatively short period (generally
<2,000 years) between tephra deposition and subsequent
burial by later ash or loess the paleosols have been only
weakly weathered, Loams and sandy loams developed on the
younger ( <12,000 years in age) andesitic Mount Egmont
derived ashes in the southuwestern Taranaki District are
composed of subequal amounts of allophane and hydrous feld-
spar (Fieldes, 1968; Symes and UWells, 1973).

1.5 TERMINOLOGY

Several terms used in this thesis are applied with
various meanings in the literature, Accordingly, the
definitions used here are defined below so as to avoid any
ambiguity,

Clay Size., Clay-sized particles are those particles
having <2y equivalent spherical diameter (see Carrol, 1970,
p.2) for a discussion of the upper size boundary; equivalent
spherical diameter, or e.s.d, is a measure of particle size,

equal to the computed diameter of a hypothetical sphere of

(93]

specific gravity 2.55 {i.e. quartz) having the same setiling
velocity and same density =2s those calculatsd for a given
sedimentary particle in the same fluid).

R ~ s e . .
Clay Mineral. UClay minerals are crystalline, hydrous

silicates with layer or chain latiicses consisting of Si-0
tetrahedral sheets arranged in hexagonal form and condensed
with octahadral layer (Al-0-0H). Each shest has planes of
cations (Si, Al, Mg, Fe) with each surroundad by either four
(tetrahedral) or six (octahedral) 0 and OH ions. Mixed-layer

ctla i . i
Y mlnerals are either randomly or regularly interstratified

i . .
intergrowths of two or more clay minerals, (Carro‘l, 1970)
. L4



Detrital Inheritance. The process whereby clay
minerals are derived from a landmass and remain unmodified
because of their stability. Such clay minerals are detri-
tally inherited, or simply detrital clays (Millot, 1970).

Transformation. The process whereby clay minerals

undergo lattice changes by processes acting within the
environment which may involve the subtraction (degradation)
or addition (aggradation) of ion constituents. Such clays
are transformed clays (Millot, 1970),

Neoformation., The process whereby clay minerals are

in large part or wholly precipitated from products dissolved
in the hydresphere., In leaching environments clay mineral
neoformations result from the subtraction of ions during the

tization of feldspars, chloritization of ferromagnesian

e
Pt

(D)

seric
minerals, eveclution s5f volcanic glass into montmorillonite
and the kaolinization of crystalline rocks., In confined

environments clay mineral neoformations occur through the

recombinaticn and addiiion of ions to form products such as

montmeorillonite, atfapulicgite and sepiclite. Such clays are

¢
W
$ed
Al
{
*

7
neoformed cliays |\

chemical rsaciz

depos

neofermed clays can
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CHAPTER 2

TECHNIQUES OF STUDY

2.1 INTRODUCTION

Clay mineral investigations, especially quantitative
analysis, are hampered by the fine size and diverse chemistry
and structure of clays. Conseguently a largz volums of
literature exists concerning techniques of clay mineral
analysis, esspecially those utilising X-ray diffraction (XRD),
but inevitably the recommendatiaons are not entirely satis-
Factory for all sediment types (cf. Thorez, 1975, pp. XV-XVI).
In this study the clay mineralogy of a large number of samples
of widely differing ages and of diverse texture and composi=-

tion bas been investigated. Accordingly, preliminary experi-

E T U s + 33
mentation was necessary toc establish methads of analysis
that were not v id reprod i i
hat ot only rapid and repr duciblie, but also applicable
N - s . . .
to most samples, fhis chapter details the various techniques

N D oo . L.
attempted and Tinally used in this study, in the anticipation
fr + [ P 3 3
that the information wil l to other workers embar!
e WOT, mbDark—

samples of Mesozsic to
©“Sifig & hammer and chisel or

Hamiiton, Taranaki

-Onsiderable carc was taken to avoid
sampling obvious} ueatharg a 3oh ho=
g Ly ered material, Stratigranhij lit
- | | apnic, litho
logic ang sample locality data are presented in A pandi
ke O Appe X
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Fig. 2.1l. Sample localitlies of onshore and harbour and
river samples. Additional "]ift-out" copy available in

back pocket,
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Tables I.1 and I.2 and correlation of thesis sample
localities and sample nuﬁbers with those used during field
work is given in Appendix Table II.1. Each sedimentary
formation was sampled at several locations, including at

or near type and/or reference sections, and samples uere
taken from the various lithologic sub-units in the formation,
The density of sampling was governed by three factors:

(1) The number of formations in the study areaj (2) the
necessity to sample formations in sufficient density to
detect any major vertical or lateral variations in clay
mineralogy between samples from the same formation; and

(3) the time available for study. The results of all analyses
were tabulated in stratigraphic order (Appendices I1I-1X).
This permitted ready comparison of variations in mineral
abundances in samples between and within formations and
between different localities, Initial results showed that
within formations the qualitative clay mineralogy of samples
was generally similar, but that there could be marked differ-
ences in quantitative clay mineralog; that were largely a

function of lithology. Reasons for these differences are

discussed elsewhere (pp. 91-94), It became apparent that

the clay mineralogy of mudstones in formations represented

best the average formational mineralogy., Within the limits

of guantitative clay mineral interpretation (i.e. £10%, see

PP. 51-55) there exists only small variations in clay

mineral abundance between mudstone samples from the same

formation. On this basis the sampling density achieved uwas

considered adequate, and trends in clay mineral abundance

plotted from formational average data are considered to
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represent realistic differences or similarities in clay

mineral suites between formations., The wuriter realises

that more detailed sampling might produce different values
for formational averages, but predicts that these differ-
ences would be small and alter only slightly the ma jor

trends in the clay mineral distribution patterns obtained,

2.2.2 QOFFSHORE SAMPLES

Sixty-eight surficial sediment samples from the
western continental sheIf (Fig. 2.2, A-C prefix numbers)
were provided by the New Zealand Oceanographic Institute,
The location and depth of samples, the recovery methods, and
the texture of the sediments are described by McDougall and
Brodie (1967, Table 1). Of the 48 samples used ;n clay
mineral analysis in this study, 3 were collected with an
Agassiz trawl, 6 with a cone dredge and 39 with either a
Petersen or a Dietz grab sampler., The New Zealand Oceano-
graphic Institute also provided 6 surface seston (suspended
solids) samples from western continental shelf locations off
Raglan Harbour and Cape Egmont (Appendix Table I.3; Fig.2.2,
N prefix numbers). An additional 24 surficial sediment
samples were collected by the uriter in Auqust 1973 from
tidal flats of harbours and river mouths bordering the shelf
using a plastic scoop (Appendix Table 1.4, Figs. 2.1 and 2.2).
The samples from Raglan Harbour were collected by Sherwood
(1973) using a 500cc capacity Marukawa grab. With the
exception of the Raglan Harbour samples, the harbour and
river samples uere analysed within a few weeks of their

recovery and while still damp.
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and river samples,
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The use of wvarious types of sediment

the analysis of samplies in different states

samplers and

of dryness

1mpose some restrictions on the comparative interpretation

of clay mineralogic data (Siegel and Pierce, 1973). Some
workers have reported no appreciable effects on the cliay
mineralogy of the < 2p size fraction as a result of drying
of samples (Griffin, 1962, p.740; Griffin and Goldberg,
1963, p.729). Houwever, Biscaye (1965, p.807) did observe
"...that a partly expandable, vermicultite-type mineral
present in the wet samples of the 2 - 20p size fraction may
have altered to chlorite upon drying of the core material',
By comparing clay mineral contents of Recent marine sedi-
ments collected as piston and gravity cores and grab samples,
Siegel and Pierce (1973) have shown that care must be taken
in making comparisons of semiquantified clay mineral

abundances in Recent marine sediments if the same sampling

device has not been used to extract bottom sediment. Such
differences in the clay mireral suites may result from

washing out sam

R
[
@
H

selective

ct
(5]
w
b

recovery, or may be dues toc differences 1n sedimen mpling

i o © sefimants anal i in thi
acticn. The majority of offshore secimants analysed in this

- el St
study were collected with would expect

those samples cecllected with equipment to

be less representative of mineralogy
because of possible washing out of during sampler
recovery. On the other hand the river and harbcur samples,

collected with a plastic scoop, woulc be most representative

of "true" bottom sediment composition. Time and economic

. o 3 o+ ard .
factors prevented collection of samples with standard gear
<



2,3 ANALYTICAL PROCEDURES

2.3.1 FRACTIONATION PROCEDURE

Steps involved in the preparation of samples for both
bulk compositional and clay mineral analysis are summarised
in a flow chart (Table 2.1). Details of sample preparation
for specific instrumental analysis are discussed in the

following section,

2.3.2 EXAMINATION PROCEDURES AND INSTRUMENTAL TECHNIQUES,

2,3,2R X-RAY DIFFRACTION

X-ray diffraction proved to be the most useful and
the most rapid method of mineral analysis. XRD techniqgues
ware used both for determining the modal mineral composition

of sediments and for clay mineral analysis,

BULK AND MCDAL MINERAL ANALYSIS

The XRD modal analysis method of Nelson and Cachrane
/ - . . - .
{1970) was used for the guantitative determinations of
quartz, plagioclase, potash feldspar and clay minerals

{n . . -
\Appendix Tables III,1 and 1I1I1.2.), Becaus=z CaCQ

OCCUTS
3
as both aragonite and calciie in scme samplss, CaCG3 vas
detesrmined by chemical methods, Apart from the initial

standardisation of procedure ard equipment the XRD modal
analysis technique is very rapid {about 7 minutss per sample),
and although the estimated accuracy is Gnly about & 10% it
is considered to provide reliable indications of gensral
mineral trends in samples (Nelscon and Cochrane, 13970), Many
of the sediments studied wers very fine-grained and conven-
tional pointecount

ing techniques would have been both

1nadequate and subject to large errors. Moreover, many
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RAYW SAMALE

air dry

I Refarance sample
Jaw crushed

Ring mill (5-10 sec)

|

I
. [ 1 r 1
oo—calc;reous Calcareous Non—calcaraous Calcarsous
samples samples samplea sample
H 0, (6%X) !
2 zl Hznz (6%) Hzn2 (e%) HOAc (4.4 M)*, wash
I H,0, (6%)
Centrifuge, wash Centrifuge, wash Cantrif ee—
I l entrifuge, waah
ory a0 °¢ ory 40 °c
l Disperse with

Uu_‘ll.gh calgon (1 g/1)

HOAc (4,4 M)* l

Wash, dry, weigh — % CaCDS Wet sleve 240-mash (4f) sieve
Ringmill Centcifugation, Coarser than
(3 min.) decantation (3x) ag matarial

Size fractionation,
sslected samplaa <2 fraction Dry
all samples

l "CIGS. SUGS.

— i

Unoriented l | T
powder sample Oriented l
I 0.0.G.S. Ory (toom temp,) Oriented Urisnted

sem XRF XR0 XRO X8]F 1 xR0 cg;;zzihon
! I I l I S
Rock fabric Bulk Bulk Reference Clay minersl composition Refsrsnce Sard
angd elomental minsral sample sample Fraction
mineralogy composition composition composi-
tion
Table 2.1. flow chart summarising steps in the preparation
of samples for bulk compesitional znd clay mineral analvsis,
Clay minerals were mounted for AK—ray diffraction analysis
using the dropper-on-glass slide {(DO035) and the smear-cn-glass
slide (SO0GS) technigues. Anzalyses wsre carried out employing
: ; Ve =N . [aTa T —_—a
the following methods: X-ray ciffraction (XND;, X—~Tay
fluorescence {XRF), infrared absorption {IR), transmission
electron microscopy (TEM), and scanmning elecircn microscopy
(SEmM).
i 5-~10 seccnds to facilitate acid

+ Samples were milled for
digestion. Preliminary tests showed that crushing for 5-10
seconds in the ring mill did not alter the distribution of
clay mineral species in the various size fractions, After
milling, samples were split by pouring into a cone and

quartering.

% Carroll and Starkey (1971) have shown that clay minerals
are not altered by treatment with acetic acid if solution
strengths are less ‘than 4.4M,
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samples were unconsolidated or friable and contained suell-
ing clays, which would have made thin-section preparation

both difficult and time~consuming.

Sample Preparation and Analysis

The quantitative procedures were carried out on a
Philips P.Y. 1050 geiger-~counter X-ray diffraction spectro-
meter using nickel-filtered copper radiation at the

folloying machine settings:

KV 36
MA 16
Time constant 4
Attenuation 2
Chart speed 20 mmn/min.

Scanning speed

2° 28/min.

High voltage 56%
Window level L —
Louer level 17%
Oscillator high
Slits -~ divergence 1°

- scatter 1 mm
Ratemeter setting 4 or 10

Tnitial . fp s
nitial operating conditions were standardised

method similar to that suggested by WNs and Cochrane

(1870, p.152). 1In this study, housver. a
J E - — A s -

fermanent quartz

t N . .
standard wvas prepared by grinding a pure sample of quartz

t 3 f
0 less than 350-mesh (45u) particle size, mixing the

Pouwder with araldite resin in a Philips powder sample holder

and yh set i i i
enh setl, grinding the mixture flush with the sample

holder, 3 i
The standard mineral pouder mixtures used by Nelson
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and Cochrane (1370) were obtained from the Department of

Geology, University of Auckland. The mixtures were run

]
from 187 28 to 32° 2% at a ratemeter setting of 400 cps

(RMS 4); an additional ratemeter setting of 1000 cps

(RMS 10) was employed when peaks under analysis were off-

scale,

Interpretation of Data

A straight regional background line is drawn on
each diffractometer trace betueen 189 and 32° 2&., The
vertical distance betuween peak apex and background line,
expressed as the number of small grid units on the diffracto-
meter trace to the nearest half unit, is taken as equal to
the peak height intensity of the mimeral under analysis.
Reflections used for measuring peak height intensities abcve

background are given in Table 2,2.

Mineral Ditffractometer Peak Positicn
Setting %9 af

Quartz RMS & 23,8 4,25
Plagioclass RMS 4 28,C 3.20
Potash feldspar RMS 4 27,5 3,25
Calcits RIS & 29,4 3.04
Clay minerals RMS 4 19,9 4,46
Quartz RMS 10 26,6 3,34
Plagioclase RMS 10 28,0 3,20

Table 2.2. Reflections used for measurin
ahove background at selected instrument s



50— SR —— 08
T T 77 100
-~ : 10
[ ! @ g ] = }
oo . : ) n 90~ & .
o w N o 9
8 % S 4
40 -4 — o BOL b=
5 . i 4 R < e
“ : o ~ ~
~ - ~
: / ] : =4 7"}* 9 ?F
o . | ; 2 o
2 12 Zw 24
(=] . [#] o 8
S 3 S L <}
X x S0 % St
Q é Q
q < < 4
[+1] . [+ @ [+
¥ g g g ¢
g & @ @
< ) < X 30 g
: :
g g E 3k z?
x N
x x
x 4 x < < 9 F
AT § g E ¥
[ N N Y S B L o a
I I i M Rt (g T T T R N T e By T 0 W 20 30 <0 5 60 7 8
WEIGHT PERCENT QUARTZ WEIGHT PERCENT OUARTZ WEIGHT PERCENT CLAY MINERALS
WEIGHT PERCENT POTASH FELDSPAR
85,
3 100
10 50 o —~ .
~ ° & ~ 90 & N3
& 90 o g5t 2 . - Eay
o Y . N - 2 .
© o o~ BOF d
o . .
= 9 S wr 3 3
P=3 o~ ™ 70.
~ ™ - . £ ™
: 70 % 35 : . %
< ¢ o § 601 . %
9 so- = 305 . ;
4 o o« g
5 x G 50r x
e ! Y] ¥ Q
© 50- 525 Q ]
S ' & o 40 R @
3 4 wogr g &
w [+ @ 301 @
> @ < <
g < 18- [
2 % & % 20 &
- (= =
I w [ . W I
o 20 I 10 x
@ | 10} G
I £ 0 . b * é n
X ~ L . > w . 5 L L i ra—
1 & 8 & P R S W 20 50 60 70 80 S0
‘2’ C (] ) D 0w @ 30 d0 e o 0w ¢v wzzorsrq:'o PERCENT CALCITE
N . . P S VU WEIGHT PERCENT CALCITE
0 10 20 30 4 s) 60 0 W 20 30 40 S0 60 M
WEIGHT PERCENT PLAGIOCLASE WEIGHT PERCENT PLAGIOCLASE

Fig. 2.3. Intensity concentration curves for quartz (A at RMS 4; B at RMS 10),
plagioclase feldspar (C at RMS 43 B at RMS 10), potash feldspar (E at RMS 4),
clay minerals (F at RMS 4) and calcite (G at RMS 4; H at RMS 10). The linear
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Carlson and Rogers (1973) suggaested that more accurate
results would be obtained by measuring peak area rather
than peak height. However in this study peak area measure-
ments uwere made and they did not improve the accuracy of the
method so that the simpler peak height measurements were
adopted., The peak height intensities above background were
plotted against the weight percent of minerals in the 44
standard powder mixtures. The data suggest that an approxi-
mately linear relationship exists between peak height and
concentration for quartz, plagioclase, potash feldspar,

clay and calcite (at RMS 10), but a parabelic curve best
fits the data for calcite at RMS 4 {Fig.2.3 G). Statistical
analysis shows that plots A to F, and H, are best represented
by straignht lines and th the data carrelate well with these

at
.3). A log/iog plot of calcite at

N

calculated linas (Fi

i)

RMS 4 shows that a simple parabolic curve does not fit the
data w=2ll; hence a freeshand line was drawn through the
points., Nelson and Ccchrane (1970, p.1561) suggested that
the accuracy of the technigue is abeout £ 10% of the true
modal value but dif nnt mantion the basis on which this
figure was derived Feor the standard powder mixtures the
accuracy of the technigue cbviously varies with mineral type
and machine setting { and i+ is r=zascnable to assume

that this will be the case + rock ‘unknoun! determinaticns.

0

\ . c . _ Ca .
The standard errors 1n minerads concantration determined

statistically for each of the linear intensity-concentration
d \ 4 . -
plots (Fig.2.3) are: quart:z (RMS 4) = £ 4,2%; quartz

’MS 4) = 1 3.0%

e

(rRMS 10) = 4+ 4.4%; plagioclase

plagioclase (RMS ig0) = £ 4.6%; opotssh feldspar (RMS L) =
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+ 3.4% and calcite (RMS 10) = + 6.6%., These data shouw that
the standard errcrs are less than + 5% except for calcite,
and give an estimate of error for the unknown mineral
quantifications. The standard error in mineral cocncentration
represents the average deviatien of the points from the best
fit intensity-concentration line in the x~axis direction and
is not a maximum deviation., However, for reasons discussed
in the remainder of this section, the errors in certain
individual mineral concentration determinations are probably
larger than thosz suggested by the standard errors and makes
calculation of errors for individual minerals difficult,
Because of this Nelson and Cochranes' (197C) estimate of
error of £ 10% for the technique is considered to be of the
right order of magnitude and is probably nzarer the upper
limit of error for the technigue.

Problems imposed by the quantity of iron in samples

(Nelson and Cochrane, 1972, 2.153) were overccme by using

4 . - ENE N R = : 7 - . .

a louer level windouw filter set at 17%, fhlis reduced iron
£ = ~ ~ 1 —_ 3 i 4

Fluorescencs to such a lsval that it caus=ad no appreciable

differencas in backgrounsg hzicht an diffrac

[

problems inherent in ihis

U
4]
)]
9]
J
J

important in this study. Fi

s ~+8v, tng clay percentages is the
least accurat ft
e curate o he determinat} it i i
T Powag delerminations as it is derived from a
non-basal peak whose Meinhi 3 j
Peak whose height is Sreatly aifected by the

crystallinity of the clay latti

cse

increase i a i
in peak height represents a large increase in clay

c sy .
ontent, the pPositioning of the base~line can affect the

ClaV Lotal SEB on cne Lt 4 - e ]
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1s complicated when more than one feldspar species is

present, Slow-scan runs for a number of samples indicated

that up to three species of plagioclase were present, 1In

several instances it was difficult to determine whether

certain minor X-ray peaks represented genuinely discrete

plagioclase compositions, Because of this the feldspars uwere

designated plagioclase A (28.0° 29), plagioclase 8 (27.75°
2e), and plagioclasse C (28.5° 2¢)., In general the relative
abundances of these plagioclase species uwere as follous:
plagiocclase A » plagioclase 8 > plagioclase C.
However, 1in volcanogenic sediment samples plagiocclase A is
subequal in abundance to plagioclase 8., In the Mount Egmont/
Palmerston North area feldspars from Quaternary andesitic
0

ashes show paaks at 27.8° 2&, 28.0° 2& and 26.7° 2, uhereas

the feldspar from '"greywackes" has only a single peak at

[

2¢ corresponding to a more acid feldspar (Symes and

Uells, 1973). To aid in the discrimination of these multiple

N N T 10 A
(27.5O 2%), all samplizs uwara scanned slouly (3~ 2o per

c - 1 - >
minute ) through the 287 <o 26° 2¢& region and the positions

tot
. c e v o L .
sum of the individuazsl plagicclase and potash feldspar

percentages.

ty of the

e

iabil

Hf
@
[

Becausa of the varyin

Q
]
e
H
0]
D
O]
(9]

ct

the sum total of

w
I~
(20
Q
3

method in establishing modal compe

03
()
R

s}

minerals was not recalculated to 12Tk, fcreover, other

7 . : Pl .
minerals (e.g. analcite, oL-cristobalite, and ferromagnesian
I
minerals) may be present in sufficient guantity to
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significantly lower the total count. If any ocne other
mineral was present in sufficient gquantity a rough estimate
of its abundance could be made by subtraction,

The presence of non-clay minerals was recorded in

on of samples

0
t
e

both bulk samples and the <2y size fra

—
m

n ble 2.3, but no

e

using the peak positions indicated
attempt was made to quantify their presence in the clay

fraction,

0
Mineral d A hk1l Remarks
3.34
Quartz : 101
4,26 100
Flagicclase A 3.18 Ga2 Bligoclase - Andesine
Flagioclas= B 3,21 282, G40 Andesins ~ Labradarite
Potash feldspar 3.24 ga0
Ampnlbpie 3,45 110 Corresponds tg plane of
perfect claavage
o —cristobalite 4,85 121 8
iz . 131 Broad-bassd pzak
Analcite Je43 =59
5.57 211

- . ,
'gble 2.3, XRD data for ths identification gf non-clay
ml—-s + Dy = .' _____ ! ] ‘ o !
Coaera%i‘presenb 1n samples., Plagioclase fesldspar

osi A Sy i . ; :

position determined by optical microscoov.

CLAY MINERAL ANALYSIS

This section describes the methods of clay mineral
r . . .
preparation and analysis, with special referenca to tech-
niques i i
q found applicable for semiguantitative XRD analysis
L]

The <2y size fraction of all samples was analysed (Appendi
a £ >nd ix
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Tables IV.1 ~ IVv.3). 7o complement this data,

39 samples representative of most onshore formations and

houwever,

some offshore locations uvere further size fractionated

into <1y, < 2p, Z—Qp, 4-@p and 8-16u fractions, Most off=-

shore samples were toc small for particle size fractiocna-

tion analysis. Because no universally accepted standard

procedure exists for size fractionating clay mineral

suspensions, the technique used in this stucy is detailed

in Appendix Table V.1, The distribution of clay mineral

species in the various size fractions is listed in Appendix

Table V.2 and summarised in Figs. 2.4 and 2.5,
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Fig. 2.4 Distributicn of major clay mineral species in
[ 3 - [ e . * A . F
selected size fractiocns. Note that mcn;mDrLlLau;te? .
heat labile (h.1.) chlgrits =2rnd kaclinite are relatively
! - ! - - ~ — «
more abundant in the smallar particle size rractlons,\
} 3 ’ 1 amS R emb ol +
whereas illite, crystalline {c) chlorite and total (,,‘._
chlorite are relatively more abundant in the larger particle

size fractions,

indi the j ' mineral ies are
The data indicate that the major clay mineral specile
size segregated in samples and are most abundant in the
following fractions: montmorilleonite in <liuy, kaolinite in

<2u, mixed-layer clays in 4-8u, and chlorite and illite in
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Size fraction (p)
N
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Clay mineral abundance (°/s)

Fig, 2.5, Distribution of chlorite species and mixed-layer
clay minerals in selected size fractioms. Note that
crystalline (c) chlorite and chlorite-illite mixed-layer

clay (C~I are relatively more abundant in the larger

particle size fractions, whereas heat labile (hl) chlorite,
chlorite-montmorillonite mixed-layer clay (C~M) and chlorite-
vermiculite mixed-layer clay (C—Ug are relatively more
abundant in the smaller particle size fractions.

8-15p. Transmission electron micrographs of clay fraction
separates confirm the abundance of montmorillonite in finer
size fractions {cf. Pls., 3.6, 3.11 and 3,15). Mixed-layer
clay and chlorite species (szs pp. 45-51) are also size-
segregated (Fig. 2.5). These data support findings of otherx

1~ o : - (3 T N o~ - - . - .
wcrkers (e.,9, Grim, 1953; Gibbs, 1$65) and indicate that

(=
$—
jrt

particie size segregation wi

the g=o0logic interpretation of clay minesral data {(Fig. 2.63
/7y ! S » . -

cf. Toue, 1974). Although the bulk of the clay minerals do

3 L. o - > v < - 1 »
occur in the <%p fraction, the bias included in the selection

l.-—l

of the traditional <2u fraction is compensated for, in this

study, by analysis of other size fractions,
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montmorillonite to dominate the smaller particle size fractions and for illite
and chlorite to dominate the larger particle size fractions,
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Sample Preparation and Analysis

Methods of sample preparation have been described
earlier (Table 2.1), The several different methods available
for mounting clay iminerals for XRD analyses have been criti-
cally reviewed by Gibbs (1965). Those used in the present
study are described briefly belouw:

(1) Dropper-on-glass slide (DOGS) methcd: Most clay
fractions in this study were mounted using this technique.

An aliquot of clay suspension was shaken and an oriented

clay mount prepared by transferring with an eye~dropper

some 2-4 ml of clay suspesnsion on to each of three microscope
slides (25 x 32 mm), The specimens were evapgorated to dry-
ness under atmospheric conditions in a dust—-free container,
Although the DOGS method has been criticised {(Gibbs, R.3.,

1965, 1968), the reprcduc

il

i

y of the technique is good,

L

and the patterns cf clay mirsral distributions are correct

and preocduce a coherent picture (Stokke and Carson, 1973).

No attempt was made to standzrdise the amount of solid

placed on each slide hecauszz the optimunm clay thickness
T2quired to oroduce gvan, non-curling surfaces varied from
sample to sample. Stokks z2nc Czrson {1972) nave shoun that
the relative irtensitiss -~ mazcr clay mineral XAD peaks can
vary with the guantity of samziz mounted. In this study the
clay density in sample-mounts ranges from 1 to 3 mg/cm2 which,

on the basis of Stokke and Carsons!

+ [V 1 1 3 1
that the maximum variation in clav minsrai abiyndances uould
be 8% for & ori i 7A° F

/& for montmorillonite (174 )y 6% For illite (108°), and
275 for kaolinite (78°),
2 > —_—r o :
(2) Smear-on-glass slide (S0GS) method: ihe extremely



lou settling velocity of montmorillonite meant that it was

Nccessary to concentrate the clay suspensions in a super—

centrifuge, After decanting the supernatant liquid, the

Temalning paste uas smeared, uwith one stroke, onto a micro~

scope slide (25 x 32 mm) using a flexible plastic spatula.
(3) Powder~press method: 4 number of <2p particle-size

; . a8 .
Suspensions were dried at 40°C, crushed to a fine powder,

and mounted in Philips XRD powder sample holders using the
back-filling technique. These unoriented pouder samples
were analysed to determine the position of the d (080)
raflections of chlorite and illite.

XRD analysis of untreated sample mounts indicated
that saveral further treatments were necessary for the

=~

on of clay mineral species. These are

’.h

positive identificat
described below:
(1) The untreated slide was glycolated using the

vapour pressure methed {Srunton, 1955) to determine the

r)
4

presencs of montmorilisnite. A desiccator with about 2 cm

of ethylene clyccl in thz bottom was found to bs a convenient,
portable container oo this purpose. Specimens were placed
in tnis cgontainer {cor 12 hours, heatsd at 60°C for a further
1 hour, and A-rzysd =2TIsr cooling.

{2} The aglycoclztad slide was hesated at 500°C for
1 hour to destermina the nature of the chlorite minerals
present {(see pp. 45=~Z1).

=]

. . ~ kb H 3 ! 3 [gle 1
(3) Clay mineral suspensions were boiled in 10% HC1

'.

3 . ‘ s .
For 5 minutes to distinquish, whers necsssary, betueen

e?

kaolinite and chlorite (Brindley, 1972

(4) Selected specimens were saturated in 1NKOH for
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in the <2p size fracticn from 48 samplss using the dropper-
on-glass slide (D0GS) and the smesar-on-glass slide (SCGS)
mounting technigues. The dashed lines. are draun to show a
1:3 relationship between D0OGS and 30GS data,

from mineral mounts prepared by both the DOGS and SO0GS

technigues differ significantly at the 99% confidence level.

Clay mineral percentages determined using the two methods
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are compared in Figures 2.7 A=C. The scatter of values
about the line are, in part, a function of inconsistencies
inherent in slide preparation technigues that can cause
variations in clay mineral abundance up to + 10% (Stokke
and Carson, 1973). The distribution of data points
predominantly above the line in the case of montmorillonite
and predominantly below the line in the case of chlorite +
kaoslinite + mixed-layer clays, suggests that compared to
the SOGS technigue the DOGS technique gives montmorillonite
percentages that are slightly higher and chlorite + kaolinite
+ mixed-=-layer clay values that are slightly lower. This is
comparable to trends noted by other workers (e.g. Grim, 1953;
Gibbs, 1965; 1968),

The differences in absolute values obtained using the
DOGS as opposed to the SOGS technique alter only slightly
the patterns of clay mineral distributions (Fig. 2.8)
derived from either method. For this reason the less time
consuming DOGS method was used for slide preparation in this
study.

Semiquantitative analysis of clay minerals was carried
out on the same machine and at similar machins settings to
those used for modal analysis {p.22). Samples were run from

-» 0 (@] {
37 to 357 20 and some sleou scans (3° 2& per min.) were made

. o] 0 . . <
over the 3~ to 14° 2% region to allow mor

4

0]

accuyrate deter-

c s . , c-
minations of clay mineral peak pousitions. A4 number

0]

f.‘
specimens were examined for regularly interstratified
(superlattice) clays by scanning slouly over the 2 to 5° 2@

Tégion with narrow slit settings (4°9),
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CQualitative Evaluation of Clay Mineral Data

The clay mineral species occurring in this study were
identified by comparing their characteristic basal X-~ray
diffraction maxima, The positions of the (001) reflections
for each mineral after various treatments are summarised in
Table 2.4. Several non-clay minerals, including quartz,
plagioclase, potash feldspar, o{-cristobalite, amphibole and
analcite, also cccur in the <2p particle size mounts, and
their distributions are recorded.

Illite: Illite was identified by the strong basal

)
) reflection at 9,82 A in the untreated samples which

]

0

j—

-

remained unaffected after glycolation, heat and acid treat-

1

te is indirated

]

b

N

=0

ty of ill

-
}-
F4

ments, The degree of crysta

th fine-grained, pcorly

b..u

by the shape of the peaks, w

0
H
<<
&)
t+
]
b
1=
e
3
0]
e
|
Jte
Ias
(]
w
=)
W
<
e
3
i8]
oy
H

oad peaks and highly crystalline

illites (or muscovites) sharp narrou peaks. \UWhere applicable,
t

fha mruatalliad b 2 o P : : :

“ne erystallinity index of iiliis was determined using a

matinmA . - - R - . o~ s

methcod similar to that o islsr {1%58). In ihis study the
. i e

2 zs the ratio of the peak

widkt L > ~ ! p . ; - : -
wilih at half-psak height ts thns gceak height above the back-

Ground trace. This ugeful caram2ier could be deitermined
raD. '1‘./ Y 3 '%-‘ My oo = o o~ J T <
2ld.y on 1nitial scans of samples, 1T 18 knoun that the
chemicg c 5iti t
ical compositicn of the occtahedral layer of illites
determines the lati int iti .
t reiative intensities of the S & {002) and

0
the 10 A (001) peaks (Brown, 1955), Those



Toble 2.4,

Diogram illustrating the
moverent of (001) X-roy
diffraction pesks when clay
minerals are subjected to

various treatments,

U
G = glycolated sample,

H = haoted at 500 °C for 4 hour,
HCl = boiled for 5 min, in 0% HCY,

KOH =1 N KOH for 15 hrnfnllouud
Ly 1 N KCH st 90 "C for 1 hr

untreatod sample,

- | —~= = broad rezuyltant peak

m.0, Montmorillenite referas tu
montmorilinnite derfved from the
alteration of micacoous matoerial,
Mixed-layor clsy minerals are
designated ss followa:
montmerillonita~chlorite (ML)
chlorlte-vormiculito (C-V},
{1lite-nontmorillonite (I»N),
1114te~chlorite (I-C), and
11litewchlorite-montmorfllonite
(I~C-1)e

(After Millot, 1970),
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micas with octahedral layers rich in iron and magnesium
002 - .

(e.g. biotites) tend to have a lou gﬁﬁTg ratio while those

with mere aluminous octahedral layers have high ratios.

This ratio was determined for illites from all the mudstene

and sandstone samples analysed.,

Montmorillonite: The mineral name, "montmorillonite®

refers to both a group of clay minerals and to a member of

the group (Ross and Hendricks, 1945). Minerals whose (001)
0
peak expanded to 17 A on glycolation were designated as

montmorillonite., Before treatment the (001) peak ranges
o o}
from 12 to 15 A and after heating collapses to 9.82 A.

From the position of the (001) pesak it is possible to

estimate the type of exchangeable cations presen

one layer of water and probably Na®t s 14 to 15

2+

of water and probably Ca and/or Mg + (Ueaver, 1958a,

P.268). On this basis X-ray diffractograms indicate that
most montmoriiionite in both the offshaore and nfshnore

. . . - + o +
sediments contains Ca and/or Mg as the exchangeable

s . . . . -
cation associated with two layers cf water, Some basal

[(U

Kuiti Group montmorillonites (e.g. Mk : 102143 GM : 10216
S <y s = ’

T Ae1 . + .

in217, 10218) may contain Na as the exchangeatbls cation

associated with one layer of water. 4 useful parameter f{or

- . . . .
describing montmorillonites is the crystalliinity

as defined by Biscaye (1965, P.805), where V is the dept

measu t i
surement of the "valley® on the low angle side of the
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peak and P the height of the peak above background. Thus

a

perfectly crystalline montmorillonite has a Y value of
unity uhereas less crystalline montmorillonites are

represanted by smaller or even negative fractions. Montmor-

illonites examined in this study showed a wide range of

crystallinities., Many montmorillonites exhibit broad-

based peaks indicative of small particle size, £E£lectron
microscopy confirmed this (cf. Plate 3,11).

Although the montmorillonites had intense 17 2 (oo1)
reflections they were characterised by extremely weak higher
order basal reflections (Table 2,5) that is typical of layer
silicates with random stacking (i.e. turbostratic arrange-

ment), parallel to the a and b crystallographic axes

(8rindley, 1967, p.1i5),

d g Intensities of basal reflections
091 for a glycolated montmoriliaonite
031 17.CC 100
002 8.67 4
303 5,52 2
004 £.5Z 0.5
005 3,25 ; 3
H !
H H
g » g Intensities of hasal refliections for 2 glycolated
Table Z.9. intensiliaes - - g et o
+marillonite in the <2y fraction From Lne Whalngaroa
monomol oL 2WivLwe i M L PR YAy in iti ti
S5iltstone (Sample 16219)." Note the low intensities cf the
il bl ~ :
hicher order basal reflections,
L Bt

. : weimm Yo l-...;r,hl, tUPbO—
il i S 1C f examaole of a nig ¥
Montmorillonites provicde a good exam

X bonding betueen layers and
stratic structure due to the weax DO g < y

to their hydrated state and complex distribution of inter-

- \
layer cations (Brindley, 1867, p.15).
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The montmorillonites were further categorised
ccording to their reaction to treatment with HC1 (Table
2.4), Certain montmorillonites, particularly those of
known volcanic origin, dissolved following acid treatment
and these were designated as tricctahedral, General speaking,
dioctahedral montmorillonites are far more resistant to acid
treatment (MacEwan, 1972, p.186). Ueaver (1958c) has shouwn
that treatment with KOH (cf. Table 2.4) causes montmorillon-
ites derived from 2:1 mica-type minerals such as muscovite
and biotite to collapse from 14 g to 10 g because of their
relatively high inherited charge. Of the 16 samples treated
in this study none shoued complete collapse to 10 g, many
showed partial collapse (12-13 g) and some remained unchanged
(14,2 R) (Table 2.6). This indicates that the montmorillcn-
ite in these samples is more likely to have bezen derived

from lou-charged non-micacsous minerals sucn as volcanic

material, mafic rocks and minerals, or chlcrite (Ueaver,
1958¢c). Two of the samples treated in this study (Table 2.6;

s
[

u:l g7 r:210327) A~ F=inmo S R " y
Pu:l0297; Ur:10327) contained montmorillonite that was most

The clay minsrai montmorillonite, as defined by the
structural and chemicai cha ter of i ol i
W Cthemlcal character of its hasic lattice,
does not absorb Potassium and collanse to Szcome illite
gcome illite,
Tllite and muscovite can have some of their int
otassiun . it
p 1um removed and are then described as degraded illites

s T .
(Jllm, 1951) or "yauning” illites (Mill*t, 13738}, or can
- w y ES L™
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Sample Sediment Position of (001) montmorillonite
Number description o
(dA) after KOH treatment.
B 796 Western shelf mud 12.62
10376 Kawhia Harbour mud 12,62
10351 Hawera fine sand 13,59
10358 Hawera mud 13,59
10335 Matemate aonga sandstona 12,62
10327 Urenui sandstone 14,25
10324 Urenui mudstone 12.62
10323 Mt .Messenger sandstone 12.62
10307 Ferry mudstcns 13430
10297 Purupury sandstone 12.81
10296 purupuruy mudstone . 13.81
10293 flangarara sandstone 13.59
10285 Taumatamaire mudstone 13,00
10265 Taumatamaire mudstone 12,80
10247 Otorohanga limestone 14.40
10223 Whaingaroa siltstaone 12,95
Table 2.6. Position of monimorillonite {(001) con treatment
of <2) size fraction materials with KCH after the me thod
of tlgaver (19%58c,.

ot

have potassium remcved to the exten that water 1s absorbed
petueen the layers and the clay mineral will expand on
glycolation, and thus superficially resemble montmorillonite.
hen such clays are placed in a potassium solution they
contract to 10 R (Brown, 1953; Kunze and Jeffries, 19533

van der Marel, 19543 Rich and Obershain, 19553 lWeaver,

1958c) Of the wide variety of montmorillonitic samples
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treated with KOH in this study (Table 2.6) none showed
collapse to 10 g indicating that those minerals peaking

at 14 8 wvere indeed true montmorillonite and not degraded
illites., The XRD identification of illite and montmorill-
onite is also supported by tramsmission and scanning
electron microscope examination of samples. Degraded
illites typically have low crystallinity. (Dunoyer de
Segonzac, 1970, p.319). Thus 14 8 minerals that expand to
17 R on glycolation, and have a high crystallinity (e.g.
those 14 8 minerals identified as montmorillonite in

Oligocene sediments) are unlikely to be degraded illites,

Kaolinite and Chlorite: It is difficult to disting-

uish between kaoclinite and chlorite using XRD techniqgues
when beoth are present in the same clay mineral assemblage.
This is due to similar d=-spacings of the kaolinite (001)
and chlorite (002) at 7 8, and the kaolinite {(002) and
chlorite (004) at 3.5 A, Distinction using the (060)
reflections is usually not possible because of masking by
d (060) reflection of other layer silicatss present. The

technigue described by Johns et al. (1954), based on the

=

oreferential destruction of chlerits basal planes other

than (001) by heating to 450°C for 45 mins. was attempted,

YRR i3 =
tul proved unsuccessful because of diffarencss in c

stal-

Lo}
-

linity between samples. Distinction betueen kaolini
and chlorite (004) at 3.5 g using the method of Biscaye
(1964) was not applicable to samples of this study.
Distinction was made finally using an acid dissolution
technique (Ualkden, 1872); after boiling the sample for

. - . ¢/ O
S minutes in 10% HC1 any peak left at 7 A was considered to
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be due to kaolinite. The validity of this technique was

affirmed by the complete dissolution of highly crystalline

chlorites, those most resistant to

|

acid dissolution (Ross,

1959; Br

J=e

ndley, 1972), in samples which from transmission

electron microscopy contained no kaolinite,

Chlorite and Chlorite Mixed=Layer Clays: Chlorite

is an important component of many clay mineral suites in
this study and is composed of non-expandable layers with a
series of (001) diffraction maxima of 14 ﬁ periodicity.
The identification of chlorite and chlorite mixed-layer clay
minerals (hereafter called chlorite species) proved difficult
and a suitable classificatiocn scheme, detailed below, uas
established conly after some researche.

The identification of chlorite species in this work
was difficult for the £ollouing reasons:

0
intzansity of the 14 A (001) chlorite

O

-
T
®
b=
@]
€
[

£ the (001) chlorite peak by other

cn heating at temperatures as
5= mistaken for vermiculite.

L F=)
. — =~ + 3 Ar fa] e
( .\! T Jice Af:"r‘--'!:! m Of sk 511008 a..d Shdp S Oi

. L L — 4 o O
the (001) chlorite peak followlng heating at 500°C for one
e < < ’

fication of

(=0

ent

ry
ot
T
m
£
Q.

1 t j o
hour (a2 routine rest adopted

chlorites).

pn1l chlorites examined show pronounced (002) and (004)

reflections but comparatively veak (Gﬂl) and (003) reflect~

E, <k - = l 583’
10 e



p.266). Unoriented poud
of about 1.54 R indicati
(Brindley, 1972, p.267).

To deduce the nat
present in the sediments

(1)

heated to temperatures r

Ten represen

46.

er samples show a d (060) spacing

ng the chlorites are trioctahedral
ure of the varicus chlorite species

two lines of approach were adopted.
tative samples (Table 2.7) uere

anging from 350°C to about 650°C

~ o
Sanple Sampla Dascription Temperature C
Numbar
» 350 | 400 | 450 | 500 | sso i 00 | es0 650
8319 | Recant sediment e | e | X e o | O
8545 " 3 s o [ | o o O
Ba1s " e | o e | XX | o | 3@
€353 " ° | X | o | ®
10311 | Farry sandstona. 2 ° > @ o
10307 | Ferry mudstone 3 @ - ¢ ® @
10295 | Purupuru sandstons £ ® x< ®
10294 | Purupuru mudstona © ) o @ ]
16293 Mangarara sandstons @ L] =< @
[
10257 | Teumatamaira mudstona | @ | 5 e | X |®! s
fable 2.7, Tempe:gtures at which heating for 1 hour produces
-~ k] : P i - - N
collapse of the 14R chloritz {2) and 78 chlorite (x)
g + 3 { = = . n
Lullecblons: (&8 = Rangz o nosratures at which samples
. n s i P - . .
wers Nheatsd)}), Note fthai & Z_.zhlorite pge=ak collapses at
2 lower temperature than = 4 chlorits peak,
£ ™ 1 i Lol I F; $ - - § 3 T - L) H 3
FOT a perloc of one hour, and the shifts and changes in
shape t aks of ti chlars :
pes of the peaks of the chlorito specles were compared.
Ol‘ 1 3 + LA q 4 % L) .
i heating, the 14 A (D01) chlorite peak in different samples
collaps £ { T i cnnfe
psed at temperatures ranging fram 508°C to over GSDOC,

while the corresponding

lowver temperatures (Table 2.7).

stones of interbedded sandstone/mudstone

7 R (002) peaks collapsed at slightly
Chlorite peaks from sand-

seguences tendead
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to collapse at lower temperatures than those from mudstones

from the same seqgquences,

The above data are explained by considering the
mechanisms of chlorite decompositiaon as detailed by Brindley
(1972). Differential thermal analysis and weight-loss
determinations of chlorites show that two endothermic
dehydration reactions followed by an exothermic recrystal-
lation are involved in the dehydration and decomposition
of chlorites. The first dehydration reaction corresponds
to a loss of water from the brucite layers which produces
small changes in lattice parameters but large changes in
reflected intensities. The second dehydration reaction
corresponcs to a loss of water from the talc layers. The
final reaction involves recrystallisation of new products,
notably olivine (Mg Fe}25i04. The temperatures of the
dehydration reactions, and the extent to which they are
clearly separated, depsend on the composition, crystallinity,
particle size and thermal conditions {(e.g. rate of heating)
of the system. Clear demarcation between the two dehydretion
reactions is evident under heating conditicns. With rapid
heating, a small particle siz

- - R C il o & ) SUc as
e Wwo ro ESSE’S ‘!‘ (@ vV C v nea T 1
(o L pe - p o} L] 8] L I /S < [S la]s S ‘T s

ediments, decocmpose at

3
ot
0]

those generally found in Reced
0

e A AR stale-
W 300°C {Bradls 1553} well cryst
temperatures as low as 300 C (B Ve

r A &8085
composs at arguns ood

r
o
m

(=]
=

0

lised minerals fnowev

/ ! - ; a n

- o OC
take place at temperatures of about 600 C and 800

. ch e _ $ally
tively With iron-rich chlorites, and especially
respec .

a icl ize, the
those of pooOr crystallinity and smzll particie size,
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reactions take place at lower temperatures and are complicated
both by the oxidation of iron and partial dehydration due to
loss of hydroxyl ions,

In the present study, the collapse cof certain chlorites
under conditions of rapid heating at low temperatures accords
with the fact that they are trioctahedral (Fe2+), iragn-rich
chlorites of low crystallinity (IIb polytype) and small
particle size (~<gp). The relative intensities of the (001)
peaks of the more stable chlorites indicate they too are
iron-rich and probably owe their stability to a higher degree
of crystallinity. Mudstone samples from interbedded sand-
stone/mudstone sequences contain less readily decomposed
(i.e. more stable) chlorite minerals, perhaps because the
mudstones are far less permeable and therefore offer the
least modified image of the original clay minerals composi-
tion, The less stable chlorites from the sandstones have
probably formed through degradation by percolating formation
fluids.

(2) The influence of mineral compasiticon on the
decomposition temperature of the chlorite snoecies was further
illustrated by cbserving the effects of heating oriented
<2p size fraction mounts at SG0°C for one hour. The

resulting XRD patterns (Fig. 2.9 A=C) show *hat this treate-

or
o

ment causes the 14 A (001) chlorite peak o do one or other
of three things. It may decrease in height but remain
similar in shape (Fig. 2.9A); it may decrease in height
and widen (Fig. 2.9B): or it may be displaced towards 12 E

to produce a poorly defined plateau (Fig. 2.9C), The first

turve is typical of iron-rich stable chlorite (Carrol, 1570,
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1\. Stable chlorite

B. Heat-labile chlorite \.« L

C. Chlorite-vermiculite &/o
chlorite-montmorillonite \\vx“ﬁwJﬁrh’

(o]
A 10 1%
T e,
Degrees 26 12 9 6 3
|
Fig. 2.9. Changes in shape and positicon of the (001
g PR ~ -
chlgrite ARD reflecticon after heating <2y sample mounts at
500°C fgor cone hour., 2iable chlorite is characterised by a
sharp pezx at 148 whzrszas heat-labile and mixed~lavyer
chlorites produce la2ss intense and asymetric reflections,
p.53). The szgoond iz charzcteristic of heat-labile chlorite
(Dunoysr d2 Segonzac, 1970, £.326). The third case is
. . . N rs
probably due to ths prsssnce of either disorderecd (randomly

interstratified) mixed-layar chloritza-montmorillenite (C-M)
. - . - v s /
and/or discrdered ghleorite-vermiculite {(C~VY), These two

5 3 < Lo~ o iV > :
minerals can be readily differentiated as C~-M imbibes

Cunoyer de Segonzac,

ethylene glycol (Shover, 1984, p.é

1970, p.326) The presence of chlorite-vermiculite and/or
’ . .

ified in the glycolated

0]
<
Q
™
[N

chlorite—-montmorillonite clays i

chlorite peak on

~
=0
-~
o]
O
N
-

sample by the asymmetry of the
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the lou—angle side and asymmetry of the 17 A (001)
montmorillonite peak on the high-angle side. The presence
of chlorite-vermiculite tends to reinforce the 14 R (col)
peak relative to the 7 g (002) peak in glycolated samples.
Other XRD patterns indicate that other chlorite varieties
exist as intermediates between the four major chlorite
species described above. MacEwan (1972, p.186) suggested
that "When dealing with an unknown clay, one must be
prepared for any combination of chlorite, vermiculite and
montmorillonite or gradation betueen them.... These
different types of minerals probably grade into one another."
Two further typss of chlorite mixed-layer clays have
been identifisd, A peak at 12.3 E unaffected by glycolation

cates the presence of a randomly interstrati-

Jude

and heatinc ind

C~1) mixag-layer clay. The positiaon

fied chlorite-~il

=t
|24
ct
W]
7~

of the peak suggests that thz ratio of chlorite to illite

1s approximately 1:1. The preszsnce of a three component

»}
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d mixed-layer clay, namely illite-
I+ fmAarntlinaesdta T K : 3 :

chlorite-monimorillionite {I-C-%), is indicated by a peak at

- . 1 - - . o

in the untreated semzlz which shifts to 14,2 A on

a2lve tinam A ~ R : ' (0]
2lycolation and forms a brsad cezk centred at 11.5 A after

In summary, the following six varieties or species
of chlorite are pressnt in the samples studiad: crystaliine
stable iron-rich chlorite; hesat-labile ir
disordered mixed~layer chlorite-vermiculite
mixed-layer chlorite—montmcril?onite; chlorite-illite mixed-

la . ~ s 1 > S
yers and L*llte-chlorlte~montmorillonite mixed-layer
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. 0

A peak at 10,855 Ay which increased
g

«82 A on heating,

was attributed to the (001)/(001) basa: reflection of a

randomly interstratified illite - montmorillonite (1-1)

mixed-layer clay, Using the method of Ueaver (1956, p.206)

it was estimated that this mixed-layer mineral contained
approximately 209% expandable layers. The position of the

(001) "montmorillonite" peak in some Lower Tertiary samples

suggests that the montmorillonite present may, in fact,
contain a few percent of non~expandable layers and is not
aluvays "pure'" montmorillonite.

In some samples poor resolution of clay mineral
peaks did not allow positive identification of individual
mixed-layer clay minerals and it was commenly convenient
to label the mixed-layer clay peak in the 12 R to 13 g

region as undifferentiated mixed~layer clay.

Chlorite mixed-layer clay minerzais were discussed

eariier (pp.45-50),

o

3

Semi—-quantitative Evaluation 2f Da

Because there are many variables affecting the
. - N . N . . imeni
quantitative evaluaticn of clay mineral species in sedimesnts
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i 1 1 ample: The major methods currently
clay minerals present 1n samples. i J

in use have been reviewed by Pierce and Siegel (1969, p.192)
. N L )
ho gave preference to no one single calculation techniqgue
W
since " each is as well founded as any other in a true
- * o ©

i i " i udy calculations of
tquantitative' sense’, In this study ¢
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relative amounts of clay minerals were based on peak area
measurements made with a variable compensating planimeter,
the peak area being that area bounded by the peak and a
free-hand draun base-~line constructed by the method of
Porrenga (1966). The technique used was a modification of
that presented by Johns et al. (1954). Results are consid-
ered to be semiquantitative only, but probably accurate to
within * 10% of the true value. The calculation methods
described here are not necessarily applicable to all clay
sediments and the follouwing points should be emphasised:

(l) The reported clay minerals are considered to
comprise 100% of the sample, whereas in some samples there
are other minerals present as well as amorphous material,

(2) The refracting ability of clay minerals of the
same species, which is dependent on cemposition and degree
of crystallinity, is considered to be constant.

(3) The weighting corrections (see next section)
salected for individual clay mineral species are assumed

to be valid,

Calculation Methqd: In establishing the rslative

abundance of each clay minsrzl spsciss in samples al

[

components were compared to the illits phase, after first
weighting the different minerals in such a manner as to

compe : Y i iff fiici i i
mpensate for their different eriiclencies in scattering

along the (001) row line. The steps used for the semi-

quantitative analysis of the clay minerals are listed belou

and a worked example follous:
(1) ©n the XRD pattern of the untreated sample the

reflected intensities (peak areas) of tha 3.3 g (illite)
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- O - .
and the 3,5 A4 (kaolinite and chlorite) peaks were compared

o
directly (i.e, 529 g 2reay
3.3 A area
samples gave extremely weak higher order reflesctions and the

- In this study montmorillonite

montmorillaonite componant in the 3.5 g peak could usually

be neglected;

(2) On the XRD pattern of the glycolated sample peak

o o)
areas at 17 A (montmorillonite), 10 A (illite), 11 i (illite-

montmorillonite), 12-13 A (undifferentiated mixed-layer clay)
and 14 8 (illite-chlorite-montmorillonite mixed-layer clay)
vere measur=sd. To correct for low anmgle polarisation, the
peak areas were divided as follous: 17 g by 4, and 11 ﬁ,

o o]
12-13 A, and 14 A by 2., The corrected peak areas were then

o
divided by the 10 A peak area, summed along with the value

o
: a 13 -
pPop S+ A 3rea pirained in (1), and recalculated to 100%;
3.3 8 area
(3) On the diffraction pattern of the HCl treated
o) o o
sample the 10 A (illite} and 7 A (kaclinite) peaks were
o . .
measured, the 7 A peak =are=2 divided by a factor of 2, and
O - N 3 - —
compared to the area of the 10 A peak. This ratio 1s an

- . ed - - .~ N . . P _!H . e

plus vaolinite » vaius calculated 1 ine last step of (2).
cnita 9 iz tnzn calculat and the chlorite %

The kaalinite » 13 “NE. caliculated y
obtained by subtrac
peak in ths

- R I3 p 3% - 3 .
(¢) By noting tne shape cf the 14
/

1 c0n°c) sample (cf. Fig. 2.9)
diffractogram of the heated (500°C) mp (cf. g )

ne | ! Il ) an ) 2 7 | i E'd i |9 o) Cl‘yStal
',-“u‘l cTr [:""0'] ; tlle mx X‘Jd‘

i i lorit and
chlorite, heat-labile chlorite,

inguished using the
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layer chlorite specles were ois

glycolated diffractogram;
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Hence the clay mineral compositicn of the sample is

kaolinite 3%; illite 39%; montmorillenite 32%;

chlorite 22% and chlorite-illite mixed-layer clay 4%.

2.2.28 TRANSMISSION ELECTRON MICROSCOPY

Transmission electron microscopy (TEM) was used to
examine morphologic characteristics of clay size material
to help confirm clay mineral identifications made using XRD,
to identify halloysite (XRD identification of dehydrated
halloysite is difficult in the presence of illite), and
to search samples for fine-grained amorphous substances
(e.g. allophane).

Clay suspensions prepared from 32 sediment samples
(Appendix Table VII.1l) were treated with 6% H,0, to remove
organic matter, washed in a centrifuge, dispersed using a
solution of calgon {1 g/l) and distilled water, and then
diluted to 0.1% concentration. An aliguot of this suspension
was placed on a Formvar coated copper grid using a squeeze
bulb and was allowed to air dry. An attempt was made to

. R PR
Frepze-dry several samples using liguld nitrogen but this

ct
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i i TR T specimen
method resulted 1m agrmvar specim

ere shadcued with

€

support. The preparad suspensions

$ ine i + o

latinum from carbon electrodes at an incident angle of
p n f

a5° hefore examination.
Mineral idantification uwas made by ccmparing the
l! Aa 1w 1 - L

i s with t displayed in other works
electron micrographs with those olay

. o o Van
(e.g. Fieldes and Williamson, 13853; gegutelspacher and Van

d Marel, 1968; DOertel, 1973) and by examining the electron
er Ma ’

i graphs in the light of XRD data from the same sample.
microc
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XD analysis of these samples indicates that they consis-~

+ n . . .
tently contain small Quantities of o - cristobalite and it

is possible that the "blebs" represent the of - cristobalite
component in these samples., Clay-size cristsobalite has
besn described elsewhere in the literature (e.g. Wermund
and Moila, 19663 Reynolds, 13970) but "blebs" similar in
shape and size to those found in this study were only seen
figured in Beutelspacher and Van der Marel (1968, pP.218,
Fig. 209),.

Also in the <2p size fraction of some samples (e.g.
10235, P1.3.12; 10219, P1.3.13), lath-shaped aggregates
of montmorillonite occur. Such aggregates are typical of
neoformad montmorillonite (Roy and Sand, 1956; Kotelnikov,

1965). They are generally rare, perhaps because mechanical

and chamical dispersion procedures are likely to damage or
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e s . . Do
ni £ j € ' ' in vate and inaccurate
techniques would have been botn inadegq .
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Moreover many samples are unconsglidated or friable and

contained swelling clay minerals which would have made
thin section preparation both difficulc and time consuming,
- 9 -

sr was used to examine 28 samples {(Appendix Table VII.1l).
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Freshly fractured sediment chips of about 4mm size wuwere
urapped in tissue paper and placed in air-tight 30 ml glass
"spnap-cap" vials along with some silica gel some 48 hours
before analysis, After drying, the samples were mounted in
groups of 10 in a circular pattern on 2 cm diameter brass
sample stubs using clear fingernail polish as the mounting
medium. Seston collected on millipore filter medium was
dried and mounted on brass sample stubs using double-sided
sellotape as the mounting medium. The samples were coated
with gold in a rotary shadower and stored in a desiccator
prior to analysis.

Mineral identification was made by cocmparing the
electron micrographs to those displayed in other works

(e.g., O'Brien, 1970; Hughes ard Bohor, 1971; Eswaran,

19723 Sarkisyan, 19713 Sarkisyan, 1972; Wilson and Pittman,

1977) -and by examining the electron microgr

¥

ohs in the light

of XRD and TEM data from the sams sample,

unorientated fabrics predominmate {e.g. P1s.3.10. 3.17 and
2.30). Such random grain fabrics are characteristic of
many marine nudstiones and whils thay may represent a primary

dan 1 i I Fohris b a7 Sy S lmAa owm # £ i 3

cspositional fabric they may 2lsa resuli from biogenic
~le N T I i s ~ = =~ /

reworking of the sediment {cf. 3Syars, 1874). The only well

R c e LA
orientated grain fabric was that from =2 kaolinite=-~ric

Waikate Coal Measures sample {10218, P1.3.5) in which the

grain fabric parallels the plane of the bedding
Scanning electron microscopy does illusirate the

considerable differences in grain fabric that may exist on

a micro-: a i i
T 8~scale bhetween what are otherwise in hand specimen
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similar mudstone samples (cf. Wh: 10222, P1.3.10 to Tg:

10341, P1.3.32). Purpuru Volcanic Sandstones (e.g. 10257,

Pls.32.18 and 3.19) exhibit mammillary e{-cristobalite uhose

relationship to feldspars and montmorillonite suggests it
formed subsequent to these minerals and that it is, in fact,
diagenetic. Two samples (Mks 10215, Pl.3.8; Pu: 10296,
P1.3.20) contained concreticnary bodies of montmorillonitic

clay that possibly represent aggregates of reworked soil

material,

2.3.2D0 X-RAY FLUDRESCENCE SPECTROMETRY

Using X~ray fluorescence (XRF) spectrometry the
concentrations of selected elements were determined for the
insoluble residues of all sediment samples and for a number
of clay fractions separated from these samples Appendix
Tables VIII.,1 - VIiIlI.4. Advantages of XRF spectrometry
include:

(1) Qualitative scans of samples are simple and
rapids;

rting-up" is completed the

-
=

w
[ie]
ct

(2) After initial '
3 5 i = ] ':f!'
quantitative analysis of samples 1s 2lso rapic;

(3) The analytical process is non-destructive and

[

samples can be used for
(4) Only small samples are required.

ignificant variati i 1k rock
The data shouws no signiflcant variations in bulk

m trends in composition

that were predicted from preceding mineralocgic analyses,.

i sults i ion
For this reason the technigues, results and interpretatio

of XRF analyses are included only 1in Appendix VIII,
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vide variety of sediment types (Table 2.1).

X-ray diffraction proved to be the most useful and
rapid method of quantitative bulk mineral analysis for
quartz, plagioclase feldspar, potash feldspar and clay
minerals. Caleite and aragonite contents were determined.
by acid digestion.

Clay mineral identification was made follouwing XRD
analysis of untreated samples (Table 2.4). Semiquantitative
calculations of the amounts of clay minerals in samples were
made using a modification of the method of Johns gt al.
(1954). The crystallinity index was determined for the
illite, chlorite and montmorillonite component of samples
where applicable. Analysis was carried out on the <2p size
fraction of all samples, anc on the <1ly, < 2u, 2-4u, 4-38p
and 8-16uy size fractiens of 3% selected samples to compensate
for any bias inherent in the selection of the traditional

nance of illite and chlorite in

b

<2j1 fraction. The predom

W

the larger size fractions compzared to montmorillonite and

kaolinite in the smzller size fractions (Fig

[47]

ignificantly aiter geolcg:

R S $ a 1. N + z 3
cistributicns in sediments {f . Clay minerals were

mountad for XRD analysis uaing fhe

Q
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{D0GS) technigue, Compariscn of this mounting method with
the smear-on-glass slide ({S0GS) technigue produced the same
e~ 19 ~ =3 N - = _ 4 + H 3

qualitative results but the sszak resolution in scmz DOGS

preparations was poorer and gave montmorillonite percentages

that were slightly higher and chlorite + kao

iinite 4+ mixed~

layer clays values that uwere slightly 1lo

&
®
H

than S3GS values

Fig. 2, The i :
(Fig. 2.7). These differences are less than those predicted
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by Cibbs, R.,J. (1965; 1968) and show that the patterns and

hd +_ -— > . -
interpretation of the clay mineral distributions derived

from eithar method (Fig. 2.8) are similar,

The montmorillonite minerals investigated are mostly
dioctahedral, shouw a turbostratic stacking arrangement,
contain two layers of water and have Ca2+ and/or N92+ as
the exchangeable cation. [Montmorillonites were further cate-
gorised according to their reaction te treatment with HCl.
Trioctahedral montmorillonites of "knocun" volcanic origin
dissolved following HCl treatment. While it is accepted
that trioctahedral montmorillonites are acid-labile

(Macfwan, 1972, p.l186), the trioctahedral acid-labile

I
pote

montmorillonites in this study were all ef volcanic origin.

Hence for the onshore sediments investigated, at least, the

1iC1 treatment {the sams a2s that used in the identification
of kaolinite) prcovides a simple test for volcanogenic
mcntmorillonite,

The identificzticn of chlorite and chlorite mixed~-
layaer clays prsvzc 5ifficuylt, but heating tests indicated
the precence 5 3 nozcirum of chlorits species including
crystalilline s~zhble irco-zich chlorite, neat-labile iron-—
rich chlcrita, discroereEcs mixed—layer chlorite-vermiculite,
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copy provides data on

lay particle morphology. The ma jority of clay minerals
C =}

are anhedral and orobably detrital in
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of euhedral montmorillonite laths and fine grained<{-cristo—
balite occur liocally,

Scanning electron microscopy gives information on
grain fabrics. Most samples exhibited unorientated grain
fabrics although mudstones from the Waikato Coal Measures
show a well orientated grain fabric.

X~-ray fluorescence spectrometry was used to determine
the concentrations of selected elements (Al, Si, K, Ca, Ti,
Mn and Fe) in the insoluble residues of all samples and for
a number of clay fractions. Infrared absorption spectrometry
confirmed the nature of clay minerals provided by other
techniques, but as the identification of discrete clay
minerals in the presence of interstratified clays proved

difficult the technigue was not pursued.
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CHARPTER 3

CLAY PETROLOGY OF

ffESCZ0IC TO RECENT ONSHORE SEDIMENTS

3.1 AREA OF STUDY AND GEGCLOGIC BACKGROUND

The onshore study area includes the Hamilton, Taranaki

and Uanganui Districts and covers some 25,000 km2 (Fig. l.l).

Structural basins of Cenozoic sedimentation included within

Morth Wanganui, South Wanganui

K

this area are the Waikato,

and Taranaki Basins (Fig. 3.1).
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"z,
Stages Thickness
(in matres)
S1 Rohakatine Formation ¢ Andesitic tuffacsous ssndstones and siltetones (confined to
E south—usstern arsa). 250 | o
. 4
! Slc IS Fokau Sandstones 1 Messive and bedded sandstones, poorly fossiliferous and Kl
c P % Bl calcareous. n . 260 | B
< 2 & calc . sssive sandstonss frequently leeched and {ron stained, -
- []
i . . PRahoenui Forsation 1 Blue—grey meassive calcareous siltstone with thin sandy E
- limestons beds overlain by sesndstons and rare calcarsous siltstons. 215 ‘:
Lw Otorohanga Limestons 1 Creas coloured, flaggy, crystalline limestons, 43
_\luto-n Sandstone 1 PFassive, calcarsous alightly glauconitic fine sandstone, 18
commonly lesched and wsathered.
Orahiri Limestone 1 Upper snd lower flaggy crystalline limestonss ssparated by a
laysr containing oystsr bands snd calcsrsous gleuconitic sendetons seams. 15 H
Ta Akatea Siltstone 3 Brittle light chocolats brown fine calcarsous siltstone, s
Locally contains ssndstons bands, cherty layers and a basal limestone, 20 §
Aotss Ssndstone 3 Grey calcarsous fine to medium sandetons, locally glauconitic ‘é
a and contains the Waltetuna Limestons member. 15 ';
2
§ 2 whaingaroa Siltstons i1 Medius blue—grey calcarsous siltstone . with a characteristic =
1 a
.3 -t conchoidal fracturs, Sandetone bands locally present, especially near contact 46 5
-t -
3 "é with the overlying Actea Sandstons, E
€
2 Glen Massay Forsatien x
Glen Massay Sandstone Membar t Intsrbedded calcarsous silty fins sandstones :-r._’
37
and sandy siltstones.
Dunphail Siltstons Member t Blue—grey calcarsous siltstons, glsuconitic at
10
bass.
Elgood Limestone member 3 Crystalline siightly glauconitic flaggy unutom_ 8
with a highly glauconitic sandstons,
Lwh Rangakotuku Siltstone t Fassive non—cslcarsous siltetona, oftsn mors sandy neer e
base, weathers to e dark ochre brown, Locally concrstionary.
Waikato Coal Measures 1 Coal ssasurs interbadded with firsclays, brown—gqrey
upper Ar midstones or siltstones, rarer sandstones and conglomeratss, Locally, upper 148
Cocena
beds are sideritic.
H
Jrassic S1]1tstonea, sandstones and conglomerstes with tuffaceous bads snd rare 6100 g
L] concretions, Less indurated than the Triassic rocks. Kl
S s
H 11tstones, conglomeratss near base, with -3
2 Trisseic Indursted sandstones and s . ] 2900 ‘:‘
tuffaceous beds. 2

Table 302-

Stratigraphic sequence of exposed Mesozoic

sediments in the Hamilton District (after Kear, 1960).

and Tertiary
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.2,
Stages

Thickness
in estres)

W o—\dm

Pliocens

Thedo

Tangatoe Pudstones Messive blue—grey sandy mudstons with scattersd concretions, thin

sandstons bande in topmoat beds.

Matemsteaconga Sandstonss Sandatone and some msudstone with nusearous conglosarstic shell

bads, and sowe concrstionary bands,

610

270

Tt

Upper

Tt

Tt

Riddle
Rohsketina Group

Miocene

Urenul Siltstone: Massive blue—grey micaceous siltstone with soses concretionary laysrs
and rare thin tuffsceous sandstons bands, Some conglosaratic bande containing pebbles
from s westerly source, and slumped bads, Esstwarde away fros Type arss, charactaristic
festures are lost and siltstones bacome indistinguishable from Rt. Messanger and
Rohakatino eediments.

At, Messanger Sandstonay Banded sudetons with occasional tuffaceous sandatone overlain
by argillaceous sandstons with concretionary bands, (astward the sediments grade into a
sandy olaystone thst is difficult ta distinguish from Urenui snd Rchskatire eediments,
Tawariki Claystone: Massive blue—grsy sudatons with sandstone and thin tuffsceous bands
that decressa in asbundance to the asst,

farry Sandetonet Gresnish non-tuffacecus micsceous sendstons with soes cleyetons bands,

Omosc formations Massive tuffacecus sicacecus sendstones and interbedded blue—grey
aicaceous ssndstones and sudstonsas contsining variable amounts of volcanogenic materials
and some concretions. Defined by Happy (1971) to describas farry and Tawariki sedisents
in the Awskine arsa.

Purupury Tuffaceous Sandatonas Tuffaceous msudstona (15 m) locally containing tuffacecus
ssndstons bands, overlain by tuffsceous mudetore (30 w), Locally contains lenses of
tuffacesous foraminiferal limestons up to 9 m thick,

Rengsrars Sandstonss Gray sandatons with thin conglomarats st base, locally containing

limsstons lensea up to 30 @ thick,

460

730

76

46

n

Lower

Poksu Croup

Upper Mokau Sandstons) Wall bedded, blus—grsy, argillascecus sandstone with conglosaratic
and shelly lensss and a few concretions.

Maryville Coal Messursa3 Upper and lower coal semas and carbonacecus shale 10nes
saparated by 15 m of messive carbonscecus sandstone,

Lowsr Mokm Sandatonel Pasaive argillacecus sandstona with some mudstons laminations

and concretions. Llower part carbonacsous or with thin coal ssams.

170

120

Thicknsas in Type Saction ares

P1

Rahoenul Greup

West Taranaki €ast Taranaki

Taymatasairs Formation Taumarunui forsation
Pesaive blue—grey spheroidally westhersd Altarnating sandstona/mucstone flysch=type
calcarsous audstons with some beds up to 610 = thick,
concretionary and sandatone bands. At
western edge of depositional basin sudstone
give way in part to argillacecus calcareous
sandstons and limestons laysrs (the Upper
snd Lowsr Awaking Limestona), Sediments up
to 210 m thick in Aweakino Vslley,

Oligocsne

Te Xuitl Group

Lwh

Uppar
Cocense

Otorohanga Limsstones Pure whits crystalline flsggy limestone containing pebbly
laysrs near top.

Orahiri Limestones white crystalline limestons with oyster beds that somstimas show
sandy, flaggy, or greywacks pebble horisons,

Aangapshi Sandatones Hard blue—grey calcareous sparasly fossiliferous fins sand,
Occasionally glasucenitic or concretionary,

Aotaa Sandstonet Grey calcareous fine —~ madium esndstone. Locally contalne the
flaggy Waltstuna Limeatone meamber,

Whaingaroa Siltstone: Maseive blue—grey calcareous ailtstone with a characteristic
cencholdal fracture, In Awakino area unit contains the Awarsarino Limestone meaber
near base.

Walkato Coal Masaurass Intsrbedded coal msasures, carbonaceous claystonss, ssndstonss

end conglomerates. Rere sideritic concrations.

76

185

Thickness 10 Awekins Ares

durasasic

Pasozoic

Sandstones and mudstones, with grit, conglomerate, plant remains and
tuff. Less indurated than the Triassic rocks,

Triaseic

Sandstones and mudstones uith some 9rit, conglomerate, plant remalins
and tuff,

thickness

Avetrage

Table 3.;. Stratigraphic sequence of exposed Mesozoic
and Tertiary sediments in the Taranaki District (after
Hay, 1967; Happy, 1971).



(after Lanaan Bt st al,, 1959),

NeZeo
Staqes - —
o Includes river sanda and silts, duna sanda which areo rich in titaniferoua rmognotito to tho wost 5\.2 l
§ of Wanganul, river tarrace sedimants composod of bouldors,coarse graval and sand, and unsortod § § |
§ ondesitic material of lahar flows, Mt. Egmont dorived volcanic ash mantles much of the araa. E é
o ¢
St., Johns and Papaitl Formations : Dominantly non-marins gravels sands and silts.
Rapanul Formation : Basal conglomerato overlain by merina sands, duna sands, lignite bands,
Hawera with laharic debris. 3 &
. Brunsuwick Fopmation : Andesitic grevels, marine sands, pumice, clay and dune sands. o
E Kalatea Formation : Quartzitae, arglllite and greywacke gravels, volcanlc ash and dung sand, « €
o .
§ Shell conglomerats,siltstones and shell grit cverlain by pumiceous sand and siltstons with shell
e % We bseds and sha}l grit. Topmost beds composed of alternating sands shsll beds and siltstones,
g Upper WUn : Blue-grey sand, silt and clay with non-marine beds, capped by non-marine current baedded f? o
5 wn sands, silts, clays and lignita. § E
Lower Wn t Fine to medium grained, brown micaceous sands with numarous coquina limestuna bands '§ z
anp some concrstionary muddy sands., " °
ol o Wm Massive mudstone, shell conglomerate and muddy sands grading lnto loose sands with lenticular
E .E shell beds, overlain by micaceous sands and numerous sholl beds,
E :3 Wp Complox sequsnca of intsrbsdded mudstone, coarsa to fine sands and numerous shall beds. g
i B Wo Blus-gray massive mudstones overlain by massive madium to fine cross~beddad sands with 5
lenticular shell beds. | -
Table 3.,4. Stratigraphic sequence of aexposed Tertiary and Quaternary sedimants in the Wanganui District

*69
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3.,1.2 PHYSIOGRAPHY

The major - physiographic features of the onshore study
area are summarised in Fig. 3.2.

The Hamilton District is bordered to the west by
high (300-600 m) coastal ranges formed in well dissected
Mesozoic rocks and Quaternary volcanic cones (Fig. 3.2).
Tertiary rocks, moderately to well dissected, lap on to the
coastal ranges at lower levels. To the southeast the eroded
Mesozoic rocks of the Rangitoto Range rise to 900 m, and
are flanked at lower levels by ignimbrite sheets and further
to the west by Tertiary sandstones and limestones., The
northeastern part of the Hamilton Lowland is bordered to
the west, north and east by ranges cut in Mesozoic sand-
stones and mudstones and contains low lying Quaternary
rhyolitic sands and gravels with some peat deposits.

The central depression of the Taranaki District is
bordered to the northwest by the rugged Herangi Range
(800 m) and to the northeast and east by the Hauhungaroa
Range (750-1100 m), both ranges being cut in Mesozoic rocks,
The lower well dissected plateau betueen these ranges dips
gently to the south and west, forming the northern part of
the Taranaki Basin., In the north and east the interfluves
of Tertiary rocks are capped by remnants of a once extensive
ignimbrite sheet. The southern topography is characterised
by deeply entrenched rivers. In the southeast a lahar
plain reaches out from the Central Volcanic Region and to
the southwest a chain of andesitic volcanoes rise above a

plain dotted with low hills formed by erosion of volcanic

mud flow debris.
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The uplands of the Wanganui District consist of well
dissected cut surfaces with an alluvial veneer and maturely
dissected, slightly tilted, Plio-Pleistocene marine sedi-
ments. South of Wanganui the Upper Pleistocene (or Hawera)
aggradational surfaces slope gently seawards and form the
coastal louwlands.

3.1.,3 STRUCTURE

The major structural elements of the onshore study
area are summarised in Fig. 3.3.

The western Mesozoic rocks of the Hamilton District
are broadly folded into the regional north-trending Kawhia
Syncline, a structure cut by faults running parallel to the
synclinal axis and bordered to the east by the major Waipa
fault, The eastern ranges of Mesozoic rocks are part of a
complex anticlinal structure that is fault-bounded on its
wvestern border. Tertiary and Quaternary sediments of the

Hamilton Lowlands are 2ith

©

r flat-lying or very broadly

folded and block~faulting i

i

common {(Kear, 1960),

In the Taranaki Distrizt the Herangi Range, a

=g

structural extension of the Kauhia Syncline to the norih,

orobably extends southwzrds under Tertiary rocks. The
structure of thes eastern rances is uncertain., The strati-
graphy of the sediments in the northern Taranaki District

tiffers from that in the sscuthern Hamilton District

(cf. Tables 3.2 to 3.4), the tus regions be

fe
0

ng segparated by

| Il - - » . -
a shallow threshcld near Piopio named the Piopio Threshold

(Hay, 1967). Structurally the Taranaki District has been

W)

described as ".,.. a much faulted monocline dipping south

and west and divided into two parts by the north-south
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trending Patea-Tongaporutu Gravity High" (Hay, 1967). The
western side of the High is bounded by the Taranaki Ffault,
which dounthrows basement 6000 to 7500 m to the west and
defines the eastern limit of the Taranaki Basin. Here,
subsurface geology shows an almost complete succession from
Eocene to Recent (Cope and Reed, 1967). East of the Patea-
Tongaporutu High the North Wanganui Basin contains Etocene
to Miocene sediments, while the South Wanganui Basin shouws
a thick (5,000 m) sequence of Plio-Pleistocene sediments
marked by a strong negative gravity anomaly (Reilly, 1965).
The North and South Wanganui Basins are separated by an
east-west structural high that divides discrete sedimentary
basins of contrasting histories. For the North Wanganui
Basin the margins are approximately defined by the Maracopa
Fault in the north, the Herangi Range in the northuwest, the
Rangitoto and the Hauhungaroa Ranges in the east, the
subsurface Patea Tongaporutu High in the southuwest and the
ill-defined east-west Pipiriki High defines the southuestern
boundary of the basin (NcQuillan, 1977). The North Wanganui
basin contains many north to northeast trending faults which
are generally normal and upthrown on the northuest, and
contains a few small fold and fault structures. Local
flexures are a feature of the major fault zones, those along
the Ohura Fault being especially prominent., The Patea-~
Tongaporutu High is interpreted as a horst-like feature
which emerged in the Oligocene and was active in the Miocene
and Pliocene, During Mohakatino, Mt. Messenger and Urenui
times, the Patea-Tongaporutu High influenced sedimentation,

and different sediment types accumulated on the flanks (Hay,

1967; Nelson and Hume, 1977).
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The sediments of the Wanganui District, occupying
the South Yanganui Basin, have a simple regional structure,
dipping southwest touards Cook Strait and thickening east-
wards, The Uouth Wanganui Basin is a complex graben
consisting of secondary horsts and grabens ogver which the

Tertiary and Quaternary strata drape in gentle anticlines

and synclines {(Lensen et al., 1959),

3.2 COMPOSITIONAL CHARACTERISTICS OF THE SEDIMENTS

Sediment compositional data is presented in a manner
that shows the petrographic character of the major sedi-
mentary units in the onshore study area. Figures 3.4A and
3.48B, and 3.5 and 3.5 summarise the average bulk mineral

and clay mineral composition of the sediments, while

fJ

deviations from these average values are detailed in Appendix

-+

Tables 11 TYy.l and described in the text.

o
o |
a

1
A

o
*

The distributizsn of quartz, piagioclase, potash feld-

=N

~d clay minerals in the acid nscluble residues of

r_; RGN

5P

0

. ' P R E e e 3 ™ + 3 ,ll
sedimenis and the cist=isutiosn of calcium carbonate 1n bulk

ed in Appendix Tables III.1 and

i S 3 e fdatail
sedimant sampli=ss 2T& SL8-32-
5 3 - 4 A, - =
11].2 ana summarised in fxdS. 3.4A and B,
A . L- i
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Quartz OCCULTS il only smalil quantities 1n all lim

: 5 s aquartz averages 10-30%
stonz lithologies. In mudstones guartz averag L %

fh Te Kuiti (i Jait
but increases in abundance in basal fe Aulti (i.e. Waikato

Coal Measures and Mangakotuku 5iltstone), louer Mokau Group
oa S

B ts The absolute abundance
and faryville Coal Measures sedlmentse. The .
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of quartz is generally low in the Te Kuiti Group because

of the highly calcareous nature of the sediments; quartz,
however is a major component in the insoluble residues of
the Te Kuiti Group sediments., The qguartz distribution in
sandstones is more complex, averages 16-30%, but increases
locally in massive sandstones (e.g. L.Mo: 10275, 10276,
10277, 10281; Om: 10303; Mt. M: 10317, 10318, 10319),
leached sandstones (e.g. Ao: 10226) and on-basement samples
(e.g. Wk: 10205, 10238, 10239). The quartz distribution

in interbedded sandstone/mudstone sequences parallel

quartz distribution in the massive sandstone and mudstone
units. UWithin the major lithologic type in any one formation
the quartz abundance varies by about + 5% (Appendix Table
I1II.1), but shous local increases in on-basement lithologies

and in leached sandstones.

3.2.1B PLAGIOCLASE FELDSPAR

The distribution of plagioclase roughly parallels

that of guartz with a2 few notable exceptions. The relative

}.-.l

-

abundance o agicclsa

0

P g to quartz decreases markedly in
lower Te Kuiti and lower fickau Croup sandstones and mudstones

but is generally subequal in abundance to quartz threoughout

!

}—a
8]

e

Te Kuiti sedimentation. The plagioclzse abundance incrsases

o
[

in volcanogenic sandstones {i.e. rupurye, Omoao, Urenui

and Hawera) and in Recent ashes, where X-ray diffractcgrams
indicate the presence of two types of plagioclase feldspar
(A and B) of subequal abundance. The variations in plagio-
clase abundance within individual lithologic units of a

a

formation are less than for quartz (i.e.< + 5%).
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Fig. 3.6. Bulk variations in average clay mineral crystallinity for the major
sedimentary units in the onshore study area as determined by XRD analysis.
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7/ . . -
Kaolinite constitutes less than 10% of most Mahocenui

samples., The Taumatamaire Formation has less than 5%

kaolinite, except in on-basement lithologies where values
reach 10% (e.qg. 10252, 10258, 10260). 1In the flysch bads of
the Taumarunui Formaticn however, the kaclinite content may
be as high as 10-20%.

Lower and Upper Mokau sandstones and mudstones are
kaolinite poor {( <5%) except for samples from on-basement
lithologies (e.g. L.Mo: 10278), from the carbonaceous
faryville Coal Measures (e.g. My: 10282) from close to major
fault systems (e.g. Aria Fault L.Mo: 10278; Ohura Fault
L.Mo: 10275), and from shore-line facies (e.g. L.Mo: 10281;
U.Mos: 10290, 10291).

Throughout Mangarara, Purupuru and Omoao times,
Laplinite is virtually absent. In upper Mohakatinc timas

i+t constitutes less than 5% of the clay fractior, increasing

)]

_ L. . o \ . .
iocally to 10%. The Upper Miocene t leistocene sedimencts

Q
-

. . . . . o - RN . - < Cf\
investigated in this =tudy, contain little kaolinite (<5%).

The Xe-Tav d':;':ﬁ;OGIEHS indicate that the kaolinites
il 2y R "R 8 i
- s s . stalls h those from
from the ©coalr MeasUITsSs zre ore cryava_l;ne than t© Ti
t =mdYla i 5 eatincg
jeached sandstones anc 23325, 2 nroperty supported by h ing

- Al PR - . o3
in maost of the sediments studied (Fig. 3,5), In Triassic

5 =t o -~ tion
4 Jurassic sediments it forms some £o° of the clay fraction.
an 31C

3

small amounts of

3
[
<

iti s ntai 0
The lower Te Kuiti mudstones contain

ij1lite ( <10%) but in the upper Te Kuiti lithologies the
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jllite content increases tao 20-25%. Illite is locally more
abundant in the Te Kuiti sediments including for example,

in some Mangakotuku siltstones, (e.g. 10214), in certain

less intensely leached sediments of the Waikato Coal Measures
(e.g. 10207, 10208), in mudstones and limestones from on-
basement locations (e.g. Ao: 10223; O0Ot: 10245, 10246), in
intensely leached sandstones (e.g. Ao: 10226), and in
glauconitic sandstones (e.q. Ao: 10225, Ot: 10244).

Above the Te Kuiti Group the amount of 1illite in the
clay fraction of sediments increases markedly. The Taumata-
maire mudstones contain 20-25%, increasing to 30-50% adjacent
to basement highs such as the Herangi High. To the east

the Taumarunui flysch beds contain from 20-50% illite with

highest values in the northern area, In the lower Mokau

L

(@3]

beds the sandstcnes contain

u

0-50% illite, whereas the

interbedded sandstones and mudstenes contain 80% and 35%

illite respectively. I

o]

the Upper Mokau mudstones the
illite content reaches S530~2C%, but above this level and

through to the Recent the illiite abundance in mudstones

et 3§ ~ e A T R T, - [ s
Fraccion oFf most sanGasicnes, Sut increases to 60-70Y9

n b} 1 (2 A .
10318, 10319) and decreases tgo 0=5% in u

/
stones (e.g. Purupuru and Urenuij), The illite

- o
interbedded sandstone/mudstcne sequences shows similar
to

trends t i ; i it
their more massive lithologic counterparts. As

! d es Co ta;.. more llllbe } Mt
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Non-volcanogenic upper Mohakatino mudstones and

sandstones contain 20-30% montmorillonite, The abundance

of montmorillonite declines markedly in the Mt. Messenger

= ccf : 5 2 3 :
sandstones (5% montmorillonite), but in younger sediments

montmorillonite again increases in abundance (e.g., Urenui
mudstones 20-30%, Matemateacnga sandstones 30%, Tangahoe
mudstones 30-50%, and Hauera sandstones 40-50%). The
Plio-Pleistocene increase in montmorillonite content is
reflected in all litholagies,

Both Jurassic and Triassic sediments contain
montmorillonite of moderate crystallinity (Fig. 3.6). The
crystallinity of montmorillonite in the basal Te Kuiti sedi-
ments (i.e. Yaikato Coal Measures and Mangakotuku siltstones)

nder and bulk of the Te Kuiti
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iitholcgies and in the fahoenui Greup, the crystallinity is
moderate to high.,. In the Mokau sediments montmorillonite

crvstallinity suddenly decreases and, in the mudstones at
7 == - 7

least, remains cgnstancly lou until Recent times., The
s+allinity in sancstcnes shows a gensrally similar trend
cryscalliniyy o 200 S
but is complicated oy s sharp increase in montmorillonite
18] -— \_«_uu'._a.'. [ < - oyl 4
A v1imitv inm wolmerooenic sandstones (e.g. Mangarara,
Cr‘/:u L IDINY an o L= =
] 30 - e d 4 T 2 i
Curupury, Omgag, &anc Ureonui), and a pronounced cecrease 1n
A - e . H

arvstallinity in massive, pOrous sandstones

(e.g. Gmoaoc and
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sands (e.g. Casctieclili
icate that most of the

n CaZt and/or mg2+ as

X-ray diffractograms in

111 1 i ti ntai
montmorillonites imvestigated coi

i 5 iat 1ith twoc layers of water,
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Fault). Chlorite persists in amounts of 10-20% in most

sediment i i i i i i
S until middle-Pleistocens times, after which it

becomes rare. Exceptions te this genaral rule are as

follows: (1) NG, or only trace amounts of chlorite occur
in volcanogenic sandstones, and interbedded volcanogenic
mudstones contain only 10-15% chlorite; (2) chlorite
increases in abundance (25-30%) in sediments from areas of
uplift (e.g. OM: 10299, 10301; adjacent to Herangi Range),
and in sediments adjacent to major fault systems (e.g. fy:
10305, 10309, 10312 and Tw: 10316; adjacent to Ohura Fault).
The crystallinity curves for chlorite parallel those
of illite, although the chlorite is usually less crystallins
than illite, Chlgcrites from the Mesozoic and Te Kuiti
sediments are the heat-labile varieties (Fig., 3.7). Stable
chlerites first appear in the Taumatamaire mudstones and
sandstones adjacent to the Herangi Range, but do not cccur
in the cther Mahoenul sediments, The stable species of
chlorites, aleng with heat-labile chlorite, persist in
sediments until the end of the Nukumaruan., Ffrom Castlecliffian
times onwards chlorites are of the heat-iabile and mixed-

g that the chlgorite

b}
4}

] ] ) o) T = 1 A1
layer varietles. XRD analyses, indic

w

T es is a Mg-rich variety, while in all other

v
=

in riassic 3am

have az large fFe/Mg ratio.

ct
W
(5]

sediments the chlori

= 2.2 MIXED=LAYER CLAYS
The distributicn of mixed-layer clay mineral species
in the clay fraction of sediments is presented in Appendix

Table IV.1 and summarised in Figs, 3.5 and 3.7. Mixed-layer

clay minerals (mostly C~VU) are a major component (45%) of

i t
the clay fraction of Triassic sediments but are less abundan
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Fig. 3.7. The occurrence of chlorite and mixed=-layer clay
mineral species in ssdiments of the onshore study area,
Abbreviations of formation names defined ir Table 1.1.

(20%) in Jurassic samples. In ths Te Kuiti and Mahoenui

Group sediments mixed-laysr clays (mostly C-V and C-M) are

of minor importance (0-1G
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sediments of nearshore facies {e.q. Mangakotul
in Taumatamaire sediments and {

adjacent to the Herangi Range (10-15% ,

and in the Middle and Upper Miccens formations (approximately
20%).

Volcanogenic sandstones, however, contain only trace

amounts of these minerals, In Pliocene zngd Pleistocenea

sediments mi - i i
ents mixed-layer clay minerals are of minor importance.



3.2.2F OTHER MINERALS

Quartz is the dominant accessory mineral in the <2y

. s . . cy s
fraction in the lower to middle Te Kuiti Group sediments,

Plagicclase feldspar occurs in most samples, and in the

volcancgenic sandstones (e.q. Purupuru, Urenui and Hawera)

there are two plagioclase species (A + B) occurring in

subequal guantities. Amphibole cccurs in Te Kuiti samples

and in sediments of volcanic origin, o, -cristobalite is

present in some Te Kuiti sediments (Whaingaroa Siltstone,

Aotea Sandstone, and Te Akatea Siltstone) and in velcano-
genic sediments (Purupuru Volcanic Sandstone and Omoao

Formation sandstones). Analcite occurs only in volcanogenic

sediments (e.g. Omoao and Urenui tuffaceous sandstones).
3.2.3 RELATIGONSHIP BETUEEN SEDIMENT LITHOLOCY AND CLAY
MINERAL COMPOSITION
The trends in clzy mineral abundances and crystallinities
shoun by mudstones ars paralleled by the clay minerals from
jimestones (figs., 3.3 2nd 3.5). Sandstones, houwever, shou
quite different pattarns In their clay mineral composition
(Figs. 3.5 and 3.6 tnz2t mazv be related to differences in
source materials and/or To diagenetic alteration, Ffor example,
the mudsicnes in intsroeddsd mudstone/sandstone seguences
qanarally contain moTe montmoriilonite and chlorits relative
;o illite and mixed—layer clay minerals than do thes sand-
stones. This gesneralisaticn does rot apply to volcanogenic

; ~ Gria t iagenesis
ogiments During the early deep-burisl stage of diag
SE e -

of transformation

oG

porosity 1s commonly high, and mapy types

a result of circulation nf formation waters

may gccur as
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s s . .
of the original sediment pore waters, sandstones serve as
channeluays for solutions from a uide area which affect

the degradation of clay material.

If the clay mineral composition of sandstone and

mudstone lithologies was similar at the time of deposition,

then existing differences in compositicn may be explained
by post—-depositional alteration of the clay minerals in the
more porous sandstones. However until it is proven that
the clay mineralogy in a sandstone sample is the same as
that existing at the time of deposition of the sediment
clay mineral data from sandstones must be applied cautiously
in paleocenvironmental analysis. In this study a technique
that involved comparing the clay mineralogy of concretions
to that of their host mudstones was used with a vieuw to
determining whether or not the clay mineralogy of the mud-
stone was reprasentative of that existing at the time of
deposition. Concretions are most commonly formed at an
early ctage in the lithification of sediments (Muller, 1967;

i [ 4 it is s to assume that
curtis st al., 1972) and it is reasonable S sur ,

nce Iornod t||ei;_ i;.xpa—u..aeablc nature would pIDtECt the
8] c SR ]

nclosed clay minerals from major diagenstic alteratiaon.
e < A I - 1S

t lay mi assemblages in concreticns
A compariscn of the clay mineral assempial in
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Fige 3.9. Relative abundance of the major clay mineral

species in concretions and host mudstones (based on 30
samples).

3.3 ORIGIN OF THE CLAY MINERAL SPECIES
3.3.1 MES0ZDIC (TRIASSIC AND JURASSIC SEDIMENTS)

Cnly a small number of Mesozoic samples have been
analysed and the clay mineralogy documented belgow for the
Triassic and Jurassic sediments may not be fully representa-
tive of Mesczoic sediments generally,

The Triassic samples analysed in this

L
(%

udy and

0]

that illite, chlorite
y minerals (mostly

rite-montmorillionite) are the

+f

dominant clay mineral species {Fig, 3.5)., Both illite and

he]

chlorite are highly crystalline (Fig. 3.6} and dominantly

anhedral in form (P1l, 3.1) suggesti

}.a
-
(8]
3]
Q.
[44]

istrital origin.

train fabrics examined by scanning electron microscopy and

thin section analysis show no evidence for the authigenic

grouth of clay minerals., The small amounts of poorly

crystalline montmorillonite could be detrital fraom the
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lan'm 3) t .
d ass(eq, that bordered the Triassic sedimentary basin(s),

4+
or they could have been derived by the diagenetic alteration
of volcanogenic detritus that occurs in Triassic sediments

(Coonmbs, 1960; Kear, 1960). Their poor crystallinity would

suggest that if the latter process was operative then the
montmorillonite must have suffered some degradational
alteration subsequent to its formation. It is possible that
the concentration of montmorillonite was originally greater
than exists at present, However, the indurated nature of
the Triassic sediments, the abundance of chlorite-vermiculite
and chlorite-montmorillonite irregqular mixed-layer clays,

the high chlorite to illite ratio and the magnesium=-rich

nature cf the chlorite (cf.p

.
(63}
0

), all indicate that any such

montmorillcenite would ! been transformed via chlorite=-

0
<
®

raontmorilleonite and chl

0

rite-~vermiculite into chlorite by

)

discasnetic aggradation in a magnesium-rich environment,

Y

nite in the Triassic sediments could be

e

The absence of kacl
5 - — EN L2 Fa)

provenancea controlied cor result from the transformation o

inzd alkaline environment over the

see Dunoyer de Segonzac,
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that montmorillonite was rare in

ely common in the

<

. . L s
volcanic material is relatl
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the Jurassic sediments (Kear, 1960) it is likely that muct
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regime is potentially an important factor in controlling

Uaikato Coal Measures clay mineral assemblages., Although

parent materials can exert a strong influence on soil clay
mineralogy, studies in areas with a wide range of climates
(e.g. Birkeland, 1969) suggest that parent materials may be
of secondary importance to climate in determining clay
mineral composition. To understand more fully the effect
that climate may have had in forming clays in the Waikato
Coal Measures it 1s necessary to examine the envirocnmental
conditions that existed at the time of sediment deposition.
In the Eocene the South Auckland region was characterised by
tectonic quiescence (Fleming, 1962). UYaikato Coal fMeasures
deposition began uhen a relative rise in sealevel initiated
deposition on coastal plains flanked by subdued hills formed
‘ocsozoic ssdiments (Kear and Schefield, 1959; Nelson,
1973, King, 1976)., The late Cretaceocus to early Tertiary
jew Zealand region ranged from warm tempera-

ture to marginally tropical but was predominantly subtropical

> - C a
(Flemii 1952+ Deueraux, 195873 Hernibroock, 18713 Savin,
- W liiy g < 7 s
- $ -3 Amg ~agt i m1 r 1 ‘-.e,?ica1
1977). These condiiisns fcstered dominantly chem 1

~ite {Fiesldes, 1968). Thus much

. P 3. T ~ — 1 " - es Sedi;_‘(ents Could
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of the kaosollinite 2

ssed on the low hills of
have [

if the cli r e

) czolic nhasement rocks. Eyen if the climate was mor
es

temperate the long period of subaerial exp

Cretaceous to Locene
wesozoic rocks, from the Upper Cretaceous c
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sediments would seem to rule out a volcanic heritage. It
could be that changing climatic conditions across the
Eocene-Cligocene boundary (Fleming, 19623 Devereux, 1967)
led to the development of montmorillcnite in the soils of

the adjacent landmass. Some evidence for this is suggested
in scanning electron micrographs (Pls. 3.8 and 3.9) wherein
ball-shaped aggregates of montmorillonitic clay are of
possible pedogenetic origin., UWhile montmorillonite can

form readily in the marine environment the low crystallinity
of the Mangakotuku montmorillonite suggests it is more likely
detrital, The similarity of clay mineral suites in concretions
to those of the host mudstones (Appendix Table IV.1l) rules
out an early diagenetic origin for the Mangakotuku
montmorillonite (cf. pp.93~94).

The marked variation in clay mineral composition
betwueen samples of Mangakotuku Siltstones from different
locations (cf, Appendix Table IV.1l) relates mainly to the
availability of kaolinite at a particular depositional site,
particularly the proximity or stheruise of the kaolinite-
rich Waikateo Coal Measures,

Compariscn of th
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assemblages with those from the stratigraphically louwer

kaoclinite-rich WYaikato Coal Measuraes sediments and thse

ct

stratigraphically higher montmorilionites-rich Cligocense

sediments shows that the Mangakotuku deposits are mineral-

0gically transitional between Waikato Coal

ieasures and

younger Oligccene sediments (Figs. 3.4 to 3.6), This ties-

in with previous studies (Kear and Schofield

1973) and pe

s 1959; Nelson,

rsonal field observations which have shown that
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in the Oligocene sediments (Figs. 3.5 and 3.6) suggests
that the occurrence of montmorillonite is not a function
of sediment lithology.

The clay fraction of Oligocene sediments could
have evolved by one or more of the following processes:
(1) detrital from Mesozoic sediments and/or frem the soils
developed on them; (2) neoformation or transformation in
the marine environment from materials derived from the
neighbouring landmasses,

To explain the possible origin of the abundant

moentmorillonite, it is necessary to examine in more detail

[

the environmental conditions existing in the South Auckland

region at the time of sediment deposition. Sea temperatures
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Lower Oligocene (Luh) to

=2

ranged from warm temperate

4

in the Upper Oligocene (Lw) (Devereux,

[

marginally subtropica
. - \ ~ .y
1967; Nelson, 1973, p.561,. Some floral evidence suggests

the climate was perhaps drier than at most athar times in
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Cenozoic (rleming, 1652, ©.75). Despite some conflicting
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ciimate (Fleming, 1975) cznszensus of opinion indicates that
canerally wvarm temperate c:sncizicns prevailed (Hornibrook,
1971, Savin, 1%77). The hichly calcareous and fossiliferous
nature cof the sediments {(Fia. 3.48) testifiss o a dominantly
bicchemical sedimentary regime. Sedimentation rates were

extremely low, averaaing only 1-2 cm/

'—_J
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(=]
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vrs, and short

s o s S .
periods of active sedimentation probably alternated uwith

longer period ; it
g p s of slou deposition, non-deposition, and by-

passing or erosion (Nelson, 1973), The small total volume

of terrigenous m i i
> ater t it
g 8 material in the Te Kuiti Group sedime

L
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indicates regional stability of the South Auckland area
during the Cligocane (Nelson, 1973, p.556),

The exact naturs of tha Oligeocene soils is unknouwn

but a reasconable estimate of their mineralogic composition

can be made by Considering the sogil types developed on

Mesozaic sandstones and mudstones in New Zealand at the

Present-day under varying climatic conditions, The yellow=-

browun earths constitute the most extensive zonal class of

so0ils developed on these parent materials, Several sub-

classes are recognised within the average climatic limits

of yellowu-broun earth formation, their clay mineralogy being

related to the intensity of weathering and the severity of

leaching at the so0il site (Fieldes, 19685 Table 3.5). The

Weatharing Ueakly Modarately Strongly
stage lsached lsachad lesachsd .
of soil ( 50% basa sat,) { (30-~50% basa sat,)|{({ 30% bass sgc,)

Y - Illité
?zgg?ggsg - B Vermiculits
?
1780 mm)
* I11it ¥ illi‘s*

1114 ite t
mOdzﬁat:;y HiiEe YVermiculite Ver?icu%ite
w?ao ?r Montmorillonits Mentmorillonita Nontmc?lllonita
56;DCESAD mm) Kaolinite Kaolinite
Strongly Mont ilionits Kaciinitas

fMontmerillonite Montmerilionit Kaocl
%?:gr?rad | Kaolinita

. et ’ ~
12702540 nmm)

3 ls derived from micacaocus
distribution of clay minerals ) us
TiblB i;sin lgilou-brown earths under varyxngz?aat?;rfzguandiiizfglns
minara 197 ° itta% o :
isldas, 19683 Nslson,. L .
coz;itizgiaﬁi:;gieg hydro&s micas, Leaching definsd on thes parcentags
and/or

basa saturatlion shouwn.
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evolution of montmorillonite 1s favoured under warmer
climates and poorly drained conditions where metallic ions
and silica released during hydrolysis can accumulate (Keller,
lQ%D), as is the case for several modern calcimorphic soils
(Millot, 1970, p.1l1l1l and 325)., Any growth of montmorillonite
in the soils would enhance the development of a compact,
tight and therefore poorly drained soil under wetting and
drying conditions, and thus promote conditions conducive to
further montmorillonite development, particularly by
neoformation. Such conditions undoubtedly existed locally
on the adjacent low lying, stable landmass.

Primary clay minerals of the Mesozoic sandstones
and mudstones, plus secondary sericite and chlorite
produced by weathering of feldspar and ferromagnesian
minerals, may be transformed by the Ffollowing degradational
pathuays to montmorilleonite (Millot, 1970, p.307):

I —— I-y —— ¢ > Y=l — s M

C

> LY —™ ¥V —— V- —s n
fiore intensive lsaching may yield kaoclinite and secondary
silica., Treatment of selected Uligocene samples with KOH

—_ 3\ : TR : .
(Table 2.6) indicates that the montmorillonites are unlikely

N .- .
to have originated from micacecus material, Any transformed

montmorillonite in the soil horizons developed on Mesczoic

1 + 1 +
sediments and subsequently transportad is the Oligocene

marine sedimentar asins (o} ithi i
y basins would be stable uwithin this neuw

envirenment (Millot, 1970, p.361). Houever, if pedogenically

013i ety .
ligocene sediments one might have expected to find more

c . . . . .
lay minerals intermediate in the soil transformation
' e
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scquence to montmorillonite (cf. Fig, 2.6). It is concluded

that detrital pedogenic monimorillonite is only a minor

comgponent in the Oligocene clay mineral suite but that the

« T ] (] b= 3 3 3 3
small amounts of anhedral, poorly crystalline illite, chlorite

and mixed-layer clays are most probably derived from the
Uligocene soils (Pls, 3.11 and 3,12).

Detailed studies (Nelson, 1973) have shown that
during the 0Oligocene, the adjacent tectonically stable
landmass was a source of dissclved chemical products for
the marine sedimentary basins and %that sedimentation in the
shallow carbonate-rich seas was extremely slou, Under

conditions such as these, transformation to and necformation

e

nerals

e

of montmorillonitic clay m s e2specially favoured
the

(i"illct, 1970). OFf the two processes wuriter prefers
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n H s
(mainly cement) from outcrops at the present day (rielson,

1973, p.514)., Some samples containing glauconitic material

show an increase in illite abundance at the expense of
montmorillonite in the clay fraction. Such sadiments
generally occur as intensely burrowed basal facies (e.g.
basal Actea Sandstone lithofacies). Nelson (1973, p.é62)
suggested that the low sedimentation rates and reducing
conditions ecccurring in these facies may have favoured the

2+

uptake of K¥ and Fe into montmorillonitic lattices

thereby promoting their transformation to glauconite,

3.3.3 LOUER MIDCENE (MAHOENUI AND MOKAU GRCUPS)

The clay mineralogy of Lower Miocene sediments is
characterised by montmorillonite and crystalline illite,
with minor mixed-laysr clays and crystalline chlorite
(Figs. 3.5 and 3.63 Pls. 2,14 to 3.17). Abundant kaolinite

restricted to the Maryville Coal Measures. Compared to

¢t
o)
i}

Lower Miocene deposits contain

}
6]

o of lower crystallinity,

and show a marked increas=z in coth illite and chlorite

abundance .and crysta ¥y Lrigs, 3.5 and 3.5) together
" . o g L2 ? !

GitR 1 a1
with the aopsarancz of

¢

¥staziline chlorite (sse pp.44-=51

nmd E . C s -

and fig. 3.7), a minaral sfeclzs not prasent in Oligocens
A SES

sediments, inrough the Louwer Miccene sedimsnts there is

a sy matic i ; i
systematic decrease in thes asundanca of montmorillonite

and an increase in the content

Cl l\.:.'lte d [ Ed- -~ er cla pe=) l 3 2 1 n e S1S¢
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. . -
through all size fractions (Fig, 2
Poss i . .
ossible origins for the Lguer Mioccene clays include
1y S5 inc

their being detrital from sediments

and soils an the adjacent
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Lover Miocene landmass(es), or transformed and neoformed
in the marine sedimentary basins and/or during sediment
diagenesis, This section considers these possible origins
in turn.

In Lower Miocene sediments illite and chlorite
particles are generally anhedral and the illite commonly
shows irregular diffraction patterns produced by strain
within the lattice (Pls. 3.14 and 3.16). This latter
phenomenon is commonly associated with clay material that
has undergone advanced uweathering (cf. p. 56). These features
strongly suggest that the majcrity of illite and chlorite
in Lower Miocene sediments is detrital. Both scanning
electron microscopy (Pls., 3.15 and 3.17) and thin section
examination show no evidence for the authigenic growth of
clay minerals in samples. Treatment of selected samples
with KOH (Table 2.6) indicates that the montmorillonites
are unlikely to have ariginated via the transformation of
micacecus material, either in the soils of the source area
or during subsequent sediment diagsnesis., Thin saction
examination indicates that the high concentration of clay
mimerals in bulk samples {Fig. 3.4B) is caused partly by
imcreased amounts of ill

i i T j i t hit ntent of calcium
sand size fractions. The decrease in the ccntent {

. . .
carbonate (Fig. 3.48) counled with the increase 1N abundance
< ~ L

=}

Fi 3.17) 1551 rom the 0Oligocen
of rock fragments (Fig. 3.17), on passing Fro
: o ¥t if 1
:to and through the Lower Miocene sediments testify to a
in ;

. . Cfal
hange from a predominantly hiochemical to a more detrite
c

i i : i i >ase
dimentary regime. From thin section data, the 1ncreas
sedil

i i i logic
T t by bulk mineralog
in plagiocla se feldspar content snown By
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analysis reflects mainly an increase in rock fragment

abundance (cf. Figs. 3.4A and 3.17). If Mahoenui Group
clays are detrital from hinterland sediments, they would
have as their source Mesozoic sandstones and mudstones and
possibly Oligocene sedimentary rocks that probably flanked
the north-south trending Lower Mioccene sedimentary basins
(Fig. 1.3). Data from this study and others (e.g. Fieldes
et al.,, 19683 Nelson, 1973) show that direct erosion and
breakdoun of Mesozoic sandstones and mudstones would be
expected to produce a clay mineral assemblage rich in
crystalline illite and chlorite and in mixed-layer clay
minerals. UWhile these clay minerals are present in the
Mahoenui clay mineral suite, they are in general less
abundant than montmorillonite, Thin section analysis of the
Mahocenui sandstones reveals the presence of sandstone and
mudstcone rock Fragments and flakes of sand size illite and
chlorite compatible with a Mesozoic source for the sediments.

- . . .
Sand/shale ratios determined from oil well logs (fMcQuillan,
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1977) suggest that during Mahcenu
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and illite in the north as compared to

montmorillonite dominates (Fig. 3.10),

Clay mineralogy
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alteration, differential flocculation and size segregation,
The chemical alteration viewpoint considers that, upon
entering the marine environment, those clay minerals not in
chemical equilibrium with seawater will alter, via trans-
formations, to more stable forms., Johns and Grim (195¢8)
attributed clay mineralogic changes in Mississippi River
delta sediments to transformation of part of the montmoril-
lonite fraction to illite by Kt uptake within the montmor-
illonite lattice. Milne and Early (1958) considered that
similar factors determined clay mineral distribution

patterns in Gulf of Mexico sediments. Powers (1957)

recorded the development of chlorite from illite via mixed-
layer clay mineral intermediates in Chesapeake Bay sediments,
Differential flccculation can occur uwhen clay particles are
transported from a non-marine to a marine environment,

Clay minerals ncrmally have a negative surface charge arising
from broken intermolecular bonds at the edges of the clay
mineral lattice and from cationic substitutions within the
lattice., The total negative charge is balanced by a double
layer of hydrated cations. The stebility of this layer is

HA N - -‘_. —~ —~ -— LIS i
dependent on the ionic concentration of the surrocunding

sy and as the ionic concentration rises (a2.g. on moving
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18603 Gibbs, 1977). 1n general illite, chlorite and

kaolinite flocculate before montmorillonite. Gibbs (1977)
considered that particle size segregation and differential
settling were responsible for the decreased abundance of
montmorillonite but increased abundance of illite and
kaolinite in Atlantic Ocean sediments as the Amazon River
source was approached. Furthermore, he contended that
preferential flocculation may be unimportant in the marine
environment where natural organic and metalloid coatings
give all clay minerals similar flocculation properties.
Comparison of the above works with results from this
study (Fig. 3.10) suggests that lateral variations in clay
mineral abundance in Taumarunui sediments can be attributed
to either preferential flocculation or sedimentation of
clay materials. These explanations would support Glennie's
{1556} argument for a northern source for the Taumarunui
flysch-type sediments. The sampling density in Taumarunui

tive importance of
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The Mahoenui sediments are dominated by mudstones.

Fvidence already presented suggests significant relief and
rapid mechanical erosion uwere characteristic of the garly
Lower Miocene (Nelson and Hume, 1977). Under such conditions,
the Mahoenui Group would be expected to contain an abundance
of coarser terrigenocus material, This apparent ambiguity is
considered to be largely provenance-controlled. In the
western part of the study area, Mesozcic sediments are
largely relatively incompetant Jurassic shelf mudstones

and muddy sandstones (Kear, 1971). These sediments were
deeply weathered during the Cretacesous and early Tertiary
(see pp.99-100 ), with thick soil development (Fieldes

L

et al.,, 1968). Oligocene sadiments are largely biochemical
products with the terrigencus Ffraction being dominated by
argillaceous products, Earliest Miocene tectonism would
have resulted in the stripping of these Mesozoic and

Oligocene sediments as Fault blocks were elevated. The

abundant terrigenous muds crcbab

[d

y accumulated rapidly in
5cth nearshore and offshors environments (¢f, McCavs, 1971).
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late Oligocene - early Lower Miocene, which gave rise to

the thick Mahoenui Sequence, was reversed in the late

Lowar Miocene such that sedimentary thinning, and erosion

became the mode, It is likely that there was considerable

revorking of Mahoenui sediments because of uplift eof the
area east of Taumarunui. Stainton and Gibson (1964)
determined that upwards of 300 m of section was eroded from
the Mahoenui Group over the area east of Ohura before the
Mokau sediments were deposited.

Thick Lower Mokau sandstones, with clay mineral
assemblages characterised by montmorillonite, crystalline
illite, chlorite and mixed-layer clays, were deposited under
shallcw, nearshore conditions. The montmorilleonite in the
sandstones 1s probably mainly detrital from the readily
erodible shelf and flysch-type Mahoenui sediments and
perhaps also Cligocene mudstones that were elevated both
to the east of the depositional basin by movement on the
Ohura Fault and to the north by movement in the vicinity of

T
i

: fF— 2 ~ + - . 3 P
the Picpio Threshold {fig. 3.3). he louer crystallinity

to
e

cf the montmorillonite in the Mokau sediments compared

: impmte is =1 i+
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The predomina f
. nan ini i i
niriance or quartz and kaolinite associated with

abtundant carbonaceous material is strongly suggestive of

<aolinite formation by in _situ leaching associated with
the passage of acid pore waters throuch the sediments
(cf. Keller, 1970, Pp.797-799),

In Upper Mokau times predominantly deep water muds
were deposited., The source of the Upper Mokau clays is
considered to be similar to that described for the Lower
Miokkau sandstones. However, the higher proportions of
1llite and chlorite relative to montmorillonite in the
Upper Mokau sediments suggests that the Mesczoic sandstone
and mudstone provenance was more dominant.

The Lower Miocens climate was apparently mainly
subtropical (Devereux, 1967; Hornibrook, 1971; Savin,

1977), with some flcrzl svidence suggesting a higher rainfall

comparacd to the Oligocene (Fleming, 1962), There is

considerzable evidencz *to indicate that in contrast to the
Olicccene the bLower ficcene was a period of more active

Nelson and Hume, 1977). These
- . . . - N
data, together with mineralogic evidence, suggest that

n of usliands would be preornounced, soiil

mechanical srosion o
2 | ~ \ o3 ral .eathe-ed f‘rOn
devalcocoment wculd 53 r=cuced. Clay minerals u T 7
~is would have mainly by-passed the soil profile
e N — il e d 7

hy - -
v fFlushed to the marine basins. I he

increasin abuncance 97

{2

st 5 al nts in Mahoenui
and also of sandstone and mudstone rock fragments !

through to flokau sediments, suggests
sediment source became less
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ttle evidence to support an authigenic

=t
[ )

There is

origin for the clay minerals in the Lower Miocene sediments,

I1f the minerals uere of transformatiocnal origin, larger
guantities of mixed-layer clays would be expected (Fig. 2.6).
The tLower Miocene montmorillonites are unlikely to be
neoformed as the clay fraction contains no lath-shaped
particles or aggregates of montmorillonite, no o -cristobalite
and the montmorillonite is of only moderate crystallinity
(cf. p.106). Also, environmental conditions of increased
tectonism, high relief, rapid erosion and high rates of
sedimentation are not conducive to the development of
transformed and neoformed clays (cf. Millot, 1970). The
absence of primary volcanic deposits and vclcanogenic

material (Table 3.6) in the sediments precludes a voleanic
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heritage for the clay mineral assemblages,
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nat the Lower Mioccene clays zare unlikely to have formed

during burial diagenesis [cf.pp. 93-94 ),

3-3.4  HMIDDLE MIGCENE {MCHI¥ATING GROUP)
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the abundance of anhedral illite and chlorite, suggests

these minerals are detrital. Together with montmorillonite

(and mixed-layer clays) they uere probably derived from
Mesozoic to Lower Miocene sediments in the catchments
surrounding the middle Miocene depocentres. The numerous
lath-shaped dioctahedral montmorillonite particles (Pl. 3.21)
and the presence of o -cristobalite may indicate the
montmorillonite is neoformed (cf. p.107). Houever, the
mudstone montmorillenite is notably less crystalline

compared to the tricctahedral montmorillonite of the
tuffaceous sandstcnes. Thus montmorillonite in the tuffacegus
mudstones is perhaps polygenetic, originating from the
reworking of both subaerially exposed Maohakatino tephras

:nd pre-fMohakatino non-volcanic sediments. The louer
crystallinity of the montmorillonite in the mudstones
compared to the sandstones perhaps reflects a mixing cf
crystalline neoformed volcanogenic montmorillonite and less
crystalline detrital montmorillonite. Furthermeore treatment
with KCoH {Table 2.85) suggests the montmorillonite is
unlikely to have been transformed from micacesous material,

; K /
The younger members of the Mohakatino Group (ferry

i,,po . { [} (4 \
and Tawariki Mudstones; are non-tuffaceous {Table 3.3).
i [ A
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In general their cla

i 3 thout here is an increase in
earlier Mokau sediments, althcugh there

i tailinit f illite and chlorite
the abundance anc crystailinity O illite

(Figs. 3.5 and 3.6)., A detrital origin for the illite and

chlorite is supported by their anhedral form and by clumps

i r
or books of clay minerals betueen grains of quartz, feldspa

d rock fragments (P1s. 3.22 and 3.23). The abundance of
an
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sandstone and mudstone rock fragments in the sandstones
(Fig. 3.17) suggests that Mesozoic sediments were a possible
source for the crystalline illite and chlorite. MMontmoril-
onite is unlikely to have been formed by the transformation
of micaceous material (cf. Table 2.6). fontmorillonite,
mixed-layer clays, illite and chlorite could have been
reworked from Oligocene to Lower Miocene sediments. The
high crystallinity of detrital chlorite suggests little
degradation of this clay by pedogenesis of either lMesozoic
or Tertiary source sediments,

Variations in sand/shale ratios indicate that land
masses east and west of the basin supplied clastic sediments,
particularly from the northeast and from the Herangi Range
area in the northuest (McQuillan, 1977). Intraformatioral
slump structures in Middle Miocene sedimenis adjacent to the
Patea-Tongaporutu Gravity High (Henderscn and Ongley, 1923)
suggest local tectonic movements throughout this period,
which probably =zided erosion and reworking of fMesozcic to

Lover Miocen= sediments,

3.3.5 UPPER MICCENE TO PLIOC

The clay mineralogy of Upper Miocene tc Pligcene

sediments is charac i abs
cterised by abundant crystalline illite,

4 c

Figs .
( 1gs. 3.5 and 3.6)., UWith decreasing age the sediments

a .
decreasing content of illite and chlorite (Fig. 3.5)
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Possible
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marine sedimentary basins and/or during sediment diagenesis,

A detrital origin for ths bulk of the Upper Miocene

to Pliocene clays is suggested by the dominance of anhedral
illite and chlorite (Pls. 3.24, 3,26, 3.28 and 3.31) and by
certain grain fabric relaticnships which shouw clay material
coating, and in packets betussn, sand and silt-size minerals

or rock fragments (Pls. 3.25, 3.29, 3.30 and 3.32). The

montmecrillonite in these samples is unlikely to be neoformed
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electron micrograph and thin section data suggest that the
abundance of clay minsrzls in bulk sediments (Fig. 3.4B)
is due to tne common occurrence of coarse-grained detrital

2 ehlgrits in :the sediments (P1l. 3.32) as well as

the relatively high contsnt of sedimentary and volcanic rock
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fFilled channels in the predominantly sandy Mt. Messenger
sediments (Glennie, 1558)., To the south there is a general
coarsening of sediments towards the basement Pipiriki High
which persisted as the southern margin to the North Wanganui
Basin (Figs. 3.1 and 3.3). The ncrthern boundary of the
Basin is unknown beyond the present limit of erosion

(Fig. 1.3). Urenui times sau the deposition of predominantly
mudstones and a decrease of activity of the Patea-Tongaporutu
High which was eventually buried, althouch the Pipiriki High
persisted as a southern barrier (fMcQuillan, 1977). Rare
tuffacecus beds in the Urenui sequence (Pl, 1.21) indicate
that volcanism continued at this time, As the depcsiticnal
basins shallowed, mudstonzs wers replaced by more sandy,
gravelly and shelly facies of thsa Matemateaonga Fermation

(P, 3.30). Th
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s change 1in sedimsntary pattern coincided
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. + : .
Now crop out and uwhere Taulting was most active from the

Middle Miocene to Recent (Cope, 1963).

li

Moreover, it is

kely that the erosion of older or perhaps contemporary
Tertiary lithologies, dominated by mudstones, supplied
illite, chlorite, montmorillonite, kaclinite and mixed-
layer clays to Upper Miocene and Pliocene sediments.
Possible stratigraphic evidence for significant reworking
is seen in an 0il well log from the Pipiriki High area
where the absence of Mt. Messenger Sandstone beds has been
interpreted as due to erosion prior to Urenui sediment
deposition (McQuillan, 1977). The crystalline nature of
detrital chlorite in Upper [Miocene to Plioccene mudstones
sugqgests that sgil profile development over this period

was slight, perhaps a reflection of increasing tectonism

~’

(cf. Melson and Hume, 1977

The common occurrence of veolcanic rock fragments

o

throughout Upper Miocene to Pliocene sediments probably
reflects erosion of clder volcaniclastic seguences (e.g.

. . R . e - : .
Mohakatinc sediments). However, tuffacesous material in

it PMlessenger (Hay, 195\-‘ nd Urenui sediments (B.g. Pl. 1,21)
‘i . b /

as probably derived larqely from active volcanic cer tres
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mineralogically the Mohakatlino voicanic sandstones (
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montmorillenite in the clay

dstones (Fig. 3.5; Pls. 3.256 and 3.27) is considered
sangs .

to have a similar origin to that in the Mohakatino Volcanic
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=

sediments wvhere mixed

-layer clays and crystalline illite

and chlorite are formed during deep burial diagenesis,
Transformed Kaolinite is locally abundant in Waikato Coal

Measures and Maryville Coal Measures sediments, Throughout

the Cenozoic stratigraphic record transformed kaolinite,

illite and mixed-layer clayes occur locally in porous and
Permeable sandstones uwhere they have formed through post-
depositional degradatiocnal alteration of existing clay
minerals, Neoformed clays include rare kaolinite and
abundant montmorillonite. The latter occurs at several

horizons in the stratigraphic column, notably in the

Oligocene carbonate-rich sediments and in volcanogenic

deposits,

More detailed microscopic analysis af central
Jestern North Island ssdimants, particularly of the sand-
stones, may establish that transformed and neoformed clays

are perhaps more abundant in the column (cf. WUilson and

*-q
r
(=1

Pittman, 1977). 5 unlikely houever, that they wculd

+ : oo,
prove Lo be aof ma
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materials., Clays so derived are detrital, and the great

majority of clay minerals in sedimentary rocks are probably

of this origin (Ueaver, 1958 a; Grim, 19683 Millot, 1970,
pP.33). In general provenance control is invoked when the
clay mineral suite of a sediment is similar to that in
"known" source rocks or sediments. In studies of Holocene
sediments this approach is fairly straight-forward as the
provenance is known and its contribution may be readily
assessed through mineralogic comparison., In studies of
pre-Holocene sediments the parent materials may still be
identifiable but the weathered products and soils have
usually been removed from the stratigraphic column by
reworking. Thus for older sediments the situation is more
complex ard it 1is more difficult to determine whethar the
clays in the sediments represent those formed in the
provenance areas (i.e. detrital clays) or those formed in
the sediment (i.e. transformed and rneoformed clays).

The nature of clay material being released from a

3 -3 s -~ =
ticn and chemical weatheringj; <ci&;

arcsas reflect the soil clay minsralogy. Conversely,
e 2]

. == roc3an A lavs
increasing tectonism proguces physical erosicn and cia

Hzsins tend to reflect
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the clay mineralogy. Houever kaolinite is primarily ar
indicator of an acid leaching environment uhere it forms

by authigenesis (Millot, 1970, p.164). The abundant
carbonaceous material in the Waikato Coal Measures would
have provided an environment conducive to kaolinite authi-
genesis. Thus clay mineral data alone do not demonstrate a
climatic control. -Dther evidence, houever, suggests that
climate played an important role in forming Waikato Coal
Measures clays, The Cretaceous to early Tertiary kaolinite-
rich regolith developed aon Mesozoic sandstones and mudstones
in many parts of New Zealand is indicative of a climatic
control for kaolinite formation., The climate through this
period probably was varm temperate to marginally tropical

(cf. =p. 85-100) and wcould have provided conditions

=

L

\
conducive to kanliniis development (cf. Rateev et al., 1969).

(U]
f:

Morecver the long period cf time (up to 90 m y) over which

these conditions prevailed would have been sympathetic to
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{cF, Birkeland, 1969).

4

In Olingeesns tirss, the small total volume of

terrigancus materiszl Ingicaues regicnal stability on the

adjzcant lzndmass (Mel=zan, 1973) and the highly calcareous
nature of %theg sedimsnis testifies To 2 dominantly chemical
sedimentary regime. These features, znd the bulk and clay

! i 1 red me ials and highly degraced
duced primarily dissolved materialis and g g

ate climate suggested
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clays (cf. pp. 99-100). The warm
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c

}e

(Millot, 1970, p.99-134). For this reason tecten
quiescence may have been an important factor in determing
the nature and supply of materials to the depocentres by
allowing time for pedoganic dissoluticns to take place
(cF. Birkeland, 1969).

Pleistocene sediments shcw a marked decrease in
illite and chlorite crystallinity with decreasing age.,
There is little evidence to suggest that this change results
from diagenetic effects or from a change in source area
(cf. pel135). Decreasing crystallinity of illite and chlorite
commonly parallels an increasing intensity of soil forming
processes (Fieldes, 1968; M™Millct, 1970). For Mesozoic
parent materials, these changes could be accomplished by a

change to a uarmer climate (Fieldes, 1968), perhaps assoc-

[

iated with the Pleistocens intesrglacial periocds (cf, p.136).
With decreasing age, Cenczoic sediments of the central
Western forth Island show 2 marksd change from a predominantly

authigenic minerzl assemblaga characterised by crystalline

assemblages characterised by crvstalline illite and chlorite

s - T B - - Y Ny L e imi 3 :
\Figs. 3,% and 3,83 Section 3.3}, Similar patterns in clay
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sediment deposition {cf. pp.93-94).

In summary, therefore, climate was an important
factor in determining clay mineral assemblages at certain
periods in central Western North Island sediments, especially
in the Upper Eocene Waikato Coal Measures and Pleistocene
sediments, but overall it does not appear to have been an
important control in determining bulk clay mineralogic

characteristics,

3.5.3 TECTONICS

It is fairly well established that while many factors
affect sedimentation, and hence the bulk characteristics of
sedimentary rocks, the most fundamental is probably tectonics
(Krumbein and Sloss, 19633 Pettijohn, 1975), The nature of
a sediment is determined not only by the intensity of
formative processes acting on it but also by the time or
duration that the processes are active {(Pettijohn, 1975,
p.571-584), Tectonism controls the residence time of
sediments in the source arez, and thus the degree to which
they are weathzsred, the rate of subsidence in basins of
deposition and, to a lesser degree, the diagenetic modifica-

ion of sediments through folding and faulting., Moreover,

imant are

)
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rea lithology

respectively, the vclumetric importance of

specific sedi-
+ s .
mentary environments and source rocks is profoundly affected

by tectenism (Folk, 1968)., When tectonics are active_ slopes
) ¥
are generally too steep and the energy of waters too vigorous

to permi . R .
permit significant widespread development of soils. Under

t ey - . .
hese conditions mechanical erosion 1is predominant and

+
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ueat i ] i £ i
eathering 1is slight, Erosion products are rapidly trans-

+_ - - -
portec to depositional basins where sedimentation is

v s . . .
overwhelmingly detrital and mineral suites are characterised

by both stable and unstable mineral types and rock fragments,

Clays are typically more crystalline and their composition
reflects provenance. A Uériant of the above process is
tectonic rejuvenation that initiates erosion after a long
period of tectonic calm. Deep soils developed during the
guiescent period are eroded and swept to the sedimentary
basins and sedimentation is again detrital., When tectonics
are slight soil formative processes have much longer to
operate., Undar temperate and tropical climates luxuriant
vegetation develops protecting the soil profile, dissolution
tive and the dissclved products and degraded minerals
are transported to ssdimentaery basins where sedimentation
is predocminantly chemical. The resulting mineral suites

are characterised by 2 few stable minerals, such as qguartz,
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all provid i i
p e evidence of a contrel on Mokau sedimentation

by movements on the Chura Fault (Hay, 1967). The removal

of some 300 m of Mahoenui beds prior to Mokau deposition

in the area east of QOhura (Stainton and Gibson, 1964)

supports considerable uplift and reworking, In Middle to
Upper Miocene sediments, locally developed but spectacular
intraformational subaqueous slump structures and conglomerate-
filled channels have been attributed to periodic movements

of the presently subsurface Patea-Tongaporutu Basement

High (Glennie, 1958; Hay, 1967). The general southerly
shift in the zone of maximum sediment accumulation with

time, as evidenced by sediments younging to the scouth

(Fig. 1.3), culminated in rapid downsinking and sedimentation
in the South Wanganui Basin whers over 4 km of sediments

sccumulated in Pleistocene times (Fleming, 1953).

I

Usinc field and laboratory data from this study,

18

together with some additional data frocm Henderson and

Ongley (1923}, Hay (1567), Xatz (1968}, Haddock (1970),

©

S

Happy (1671) and Nelson (1973), sedimentary featur
characteristic of contrasting tectonic regimes are compared
using sedimentary leogs for cenczoic sediments of the study
area to gauge the relative importance of tactonism in
controlling the sedimant prcperties.

Sedimentary features indicative of tectonically

ica ;g scef enviranments have
active versus tectonically guiescent

i 3y, Mmillot 7 latt et al.
been described in Folk (1968), Mmillot (1970) B

bt
N

H s a at s related teo
(1972), pettijohn (1975) and sever eature

nis (=} < 23d

‘1‘1 |'|8 l(-,’ll(iz()ll: .c)e(lll] ]ll,j are C i .L dla rO oS a S 0O
t e on on y (:, I n oW



Tectonically Unstabls

1. High relisf
2, Thick sadimantary units
3, High sadimentation rates

4, Many mineral typas, both stabla
and unstable; dstrital
materials e.g. quartz, feldspar
and/or rock fragments, crystal—
line illite and chlorite

S, Litharasnitss~lutites-muddy
rudites

6, Immature sadimantsj
matrix;

muddy
unsortad sadimants

7. Fossila rare

8, Slumping, redeposition,
turbidity currants

9, Graded bedding

10, Volcanic activity common

Tatle 3.7, Sedimzntoclogi
tectonically stable
Folk, 19683 Millot,

19753,

0

facies chan

{®]

for this ccmparison

generalised to highlight only the ma jor

sedimentary characteristics of

sequence, It 1is

in Table

evaluate the relative importance of tectonic

sedimentation.

as and

cne

emphasised that thez

Tectonically Stabls

Low reliaf
Thin ssdimentary units
Low sedimentation rates

Faw minsral typas, only stable

ones and chamical products

e.g. quartz, sscondary clays
(glauconits, neoformad crystal-

line montmorillonite), CaCo,,
o« —cristobalite

Quartz arenitas-limsstonas—coals
and assoclated kaolinitic
fireclays

Mature seadimantsg
cemsnts

pore spaces;
sorisd sadimants

Fossils common

Wave actisn, tidal currents
Cross—bsdding, horizontal
stratificaticn

Volcanic activity rars or absant

features

3.7 must be considered collectively in order to

s during
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3.5.3A SEDIMENTARY LOGS
The bulk mineral content of the sedimentary units
varies with lithology (cf. Figs. 3.4A, 3.4B, 3.5 and 3.6).,

To compensate for this, and tc obtain "truer" formational
averages, percentages plotted on the compositicnal locgs
are uweighted according to bulk lithologic content of
individual formations (Apperdix Table IX.1l).

A short discussion of each of the sedimentary logs

follows,.

SEDIMENT LITHOLOGY

The Tertiary formaticns consist of varying proportions

of mudstones, sandstones and limestcnes, with rare coal beds

(Appendix Table I.2; Figs. 3.13 and 3.14). Apart from the
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Sequence sandstones of Middle to Upper Oligocene and late

Louver to Middle fiocene are notably the most texturally

mature (Fig. 3.13),

Cenozoic sediments are commonly massive (Fig. 3.14;
Pls. 1.12, 1.13 and 1.18 -~ 1,24) owing to the deposition of
predominantly fine terrigencus material under uniformly lowu
energy conditions and homogenisation of bottom sediments by
burrowing organisms (cf. Byers, 1974), Horizontal-and
cross-bedding, indicative of significant tractive current
action, are common in 0Oligocene and Middle lMiocene formations
but generally rare in other sedimentary units (Fig. 3.1#).
Graded bedding and flysch-type sequences (Bouma, 1962)
typify Taumarunui Formation sediments (Fig. 3.14; P11, 1,10),
while the occasional graded beds in Waikato Coal Measures

and Purupuru volcanic sandstones reflect scrting by river

currents (Nelson, 1973) and shallow marine bottom currents

respectively.

-n

lysch=1like seguences (Van der Lingen, 1968) occur
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that of shell fragments. Volcanic rock fragments are most
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abundant in Middle Fiocene volcanogenic sediment (Fig )
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THICKNESS AND SEDIMENTATION RATE

Petti john (1975, pp.57l—572) suggested that tectonism
was the most fundamental control on sedimentation mainly
through its influence on total sediment supply and rate of
subsidence so that variations in the values for thickness
and sedimentation rate should closely approximate variations
in the degree of tectonic activity.

From formation thicknesses (Tables 3.2 -~ 3.4) and
age (Appendix Table IX.l) data "rock" sedimentation rates
have been estimated for the sedimentary units on the basis
of absolute ages proposed for the New Zealand Cenozoic stages
by Berggren {1972). It is recognised that some limits are
imposed on the accuracy of these daté as:

1. Deposition was not continucous fer the full
time span of formations as there were periods cof non-
deposition and/cr erosion.

2. Some formations are partial time equivalents
of others e.,g. Actea Sandstcne and Crahiri Limestone;
Taumatamaire and Taumarunui Formations.

3. Pre-lithification sedimentation rates might be

up to a maximum of 50

For these reasons the data are in no uway construed

p-e

as b

o}

Y o + ; T valic ¢ i i

ng absolute but are probably valid for displaying

major trends in sedimentary rates with time
o + e g +

Each of the 0Oligocene and late Lower fliccene to

fliddle Miocene formations are typically <50 m thick, while

eac "t : 11
h of the early Louer Miocene and Upper fMiocene to

Bleistoce ati i
tocene formations have thicknesses of a few to several
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SYNTHESIS

A brief interpretation of the sedimentary logs in
terms of those sedimentologic features characteristic of
tectonically active and quiescent sedimentary basins
(Table 3.,7) follous.

Relative tectonic quiescence is suggested for
Oligocene times by the highly calcareous and fossiliferous,
texturally mature, and locally coaly and glauconitic 0Oligocen
sediments (Figs. 3,13 and 3.14). The generally low carbonate
and high terrigenous grain content of post-0ligocene forma-
tions is indicative of imcreasing tectonism ocver this time.
Periods of more intensified movements early in the Louer
Miocene and in the Upper Miocene to Pliocene are suggested
by the texturally immature character of formations of these
ages, and by the local occurrence cf flysch-type and
syndepositional slump structures in the same formations,

The sesdiment thickness and sedimentation rate curves (Figs.
3.15 and 3.16) strongly suggest increased tectonism in the
early Lower Miocene and Upper fiocere to Flesistocene periods.
Low rates of tectonism in 0Oligocene sediments are indicated
by the high carbonate content of the bulk samples ard by the

ively high quartz content in the acid inscluble

ct
t-

rela
residues., The high quartz content, along with the
of scarce degraded illite and chlorite in the clay fraction,
results from the more complete weathering

s e 1 : v K N
minsrals in Mesozoic source rocks under tectonica

lly quies=
cent co itions ’ . i
nditions. Abundant crystalline montmorillenite was

neof . . .
'e0vormed in marine sedimentary basins, ch

rates of zgdi ti >
sedimentation, from products derived by the weather
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N . .
of Mesozoic materials on an adjacent tectonically stable

landmass. Compared to Oligocene lithologies younger

<
-

ediments have, in general, more diverse mineral assemblages

ludirg quartz, plagioclass feldspar, rock fragments and

lay minerazlogy characterised by detrital crystalline

illite and chlorite. The mineralogy is compatible with

derivation from a Mesozoic provenance which is gesnerally

tectonically active and in which mechanical erosion predom-

inates. The moderate calcite and montmorillonite contents

of the early Lower Miocene formations is anomalous insofar
as much of the carbonate and clays were probably derived
frcm the reworking of

highly calcareous, montmcrillonite-

rich Oligocene sediments (cf. pp.112-119). The peak
plagicclase and montmecrillonite values in Middle Miocene
cediments are the result of contempcranacous volcanism.
Collectively the sedimentary log data show that the
change from a pradominantly authigenic Oligocene clay
mine1 1 assemblage tc = orzdominantly detrital [Miocene to
Dleistocen= clay minarsl asszmblage is paralled by an
inmcrease in tectonlism. Tu= Zata indicate the relative
intensity of tsctaoniss "as ~ot bsen uniform but shows an
ouersll imcreases in imtsnsify with decrsasing age. Previocus
2 s ; the ge(s) was
Jiscussicns gave reaschs as ts why the{se) change(s
i ii diagenesis,
unlikely to hzve been determined by ciimate OF diage
1 i nc that tectonism
In view of the consicderable svidence Tnat ist
| | i t cnerties it is highly likely
influenced other sadimentary propervis
that increasing tectonism played a majorl role in determining
the post-0ligocensg clay mineralegic character. A more
of thes tectonic implications that

. i
detailed interprctation



can be inferred from the relationships between sedimentary

properties and tectonics is giver in Nelson and Hume (1977;

see back pocket).

3.5.4 DEPOSITIONAL ENVIRONMENT

The relationship of clay'minerals to depositional
environments has been described by several authors (e.g.
Grim, 19583 Keller, 19703 Millot, 1970}, but the effective-
ness of clay minerals as environmental indicators is still
debatable. Clay mineral environmental relationships have
‘been inferred largely from studies of Recent sediments and
this information has been extrapoclated to ancient sediments.
Weaver (1958a, 1967), on the basis of hundreds of analyses
of clays from ancient sediments showed that no single clay
mineral is specific to any one environment, zven in such

broad terms as marine and non-marins. His data do shou
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howaver that illite and montmorillonite are more characteristic

of marine sedim
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use of clay

&+ interpretatian was extremely
. s L A . - h]
limited unless the clay minerals 'formed there! could ke
[ R vl Vi — (V- Wy w
differenti ' i
di tiated fr ase T 4 t ; H i i
om those *found there', o 2mphasised
. .
that clay minsral data cannot be used on their own in
palecenvironmental interpretation and that as far as possibl
at ar as ssible

investigat S 1
=tiGators should use clay mineral data in conjunction

with other ¢ ; .
er techniques cf environmental analysis
lysis,
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The depositional or local environment exerts a

control on clays through a number of physical and chemical
Factors (Pettijohn, 1975, pp.532-542), Physical factors

such as current type (air, water, ice, etc.), current
energy, direction and persistence operate to sort and
redistribute material arriving in the environment. Chemical
factors, including salinity, temperature and pH, modify clay
minerals in the depositional basins if they are unstable
under that chemical regime. In addition, biologic factors
may be important, such as sediment reworking by burrowing
organisms and the production of reducing microenvironments
associated with the decay of organic debris.

Both previous literature (Henderson and Ongley, 1923;
Hay, 1967; Katz, 196833 Haddock, 1970; Happy, 1971;
Nelson 1973) and field data indicate tha Cenozoic sediments
of the central Western North Island are primarily shelf

. . s . . . "
deposits with rare marginal marine and fresh water bads,

-t

Farlier (pp.91-93) it was shoun that because post~depositiona
alteration of clay minerals is relatively common in porous
y mineral data from mudstones and

i amos should be usad for palecenvironmental analysis.
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rig. 3.19 illustrates schematically
amounts of clay minerals found 1n
7 3oy 1

environments in centras

ineral data shouw
ments. The clay mine

ricted toc a particular

o
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1. Ms one clay mineral 1s res

environment.
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ini i in fluvial sediments
2. Kacglinite is most common
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T . - .
=N support of this the mudstone fabrics in the Waikato Coal
Mzasures show the clays were deposited in a non-flocculated

4+
state, presumably therefore under fresh water conditions,

As kaolinite is most zabundant in continental sedi-

ments it

[N

s highly likely that it has the potential to be

e

reuvorxed into adjacent margiral marine sediments.

Mangakotuku siltstones contain a marginal marine fauna (cf.
pP.101) and the generally abundant kaolinite in the clay
fracticn is compatible with such an environment of depocsition.

More detailed work by Kear arnd Schofield (1959) and Nelson

(1973) has shown the Pangakoiuku Siltstone has, in fact,

mary features characteristic cf estuarins or lagoonal
environments. Kaolinite 1is =zlso common in marginal marine
carbcrnac=ous siltstones and conglomerates of the Lower and
Upper Mokav Groups. The recogniticn of abundant kaalinite
in marginal marine ssdiments accords with the findings of
severz) other studies {e.g. Sriffin and Goldberg, 1963,
Parham, 1396€; Kellero, 1970).

The bulk of ins sediments in the study area
accumulatad in an 2gEn ~zrirs shelf anvironment. The
Taumarcmui Fermatlicon flysch howeveT uas probably deposited
in a deeper; localissd, tectonic trough. Iin gernaral, these
marinz2 sedimants have nan-diagnostic clay mineral assemblages.
Within socme fFarmaticns houever, there are lateral variations

in clay mineral g1

conditions OT to relativ
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poorly defined limits, uhere the clay minerals may undergo
continuous evolution (Dunoyer de Segonzac, 1970, p.333).

Early diagenesis occurs largely in the zone of Recent
sedimentation. The upper limit is the sediment-water inter-
face and the lower limit is where the sediment has lost about
50% of its connate waters and uwhere lithification normally
commences. Clay mineral assemblages may be complex in this
environment as all species can be inherited. During early
diagenesis clay minerals are essentially immobilised but
circulating interstitial solutions carry dissolved substances
which may cause clay mineral transformations and neoformations.
Initially, trapped water within the sediment has much the
same compesition as the original fluid medium, but differences
begin to appear as soon as the sediment is szaled from free
circulation by deposition of later material, Changes in pH
and £h are accompanied by an increase in concentration of
selective ions in sclution. Such conditions promote clay
mineral aggradations rather than dsgradations. Aggrada-

.'.
("

e

cnal transformaticn commonly involves absorpition of g

to form chlorite and/or chlorite mixed~laver clays, or K*

n

+ f=3 3 3 - - b i IR ¥

to form illite and/er illits mixed-laver clays. Nezoforma-
tlons may be considerable, especially of montmorillonite in
confined lacustrine and marine envirsnments and by the
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ansformaticn and neoformation reactions that take place.

t
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r is still present there is little dehydration and

kaolinite and montmorillonite ar

o

statble., In more acid
"siliceous" environments kaolinite is commonly formed., In
more alkaline environments, rich in K* and N92+, illite and
chlorite are typically formed via mixed-layer clay mineral
species,

Deep burial or late diagenesis is a more confined
environment characterised by increasing pressure and

temperature, more intense dissolution, and the compaction

and expulsion of water, While compaction tends to expel

ct

part af the interstitial solutions, ths clays, acting as
osmctic filters, tend to concentrate ions. This contrasts
with middle diagenesis uhere ions may be both leached and

concentrated. Ouring late diagenesis kaolinite and

- - . . _
montmorillonite are unstable and clay mineral transforma

tisns aluays lead te crystalline illite ang chlorite. The
expulsion of water fros the interlayers of clays under
ijncreasing pressurss 1s an important process in the trans=-
formaticn of montmorilionizte.

1t spyaral lsv=lis in the Cenczolc stratigraphic
column teds of volcanlic srigin have been recognised that
w [
. . . s L1k
ontain nacformed montmorillonite, and either Jd-cristcbalite
contain Nzl uldle 3

shwhile considering these minerads
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out of its highly saturated solution, perhaps as ~cristobalite,

| Sy : : . .
‘ence £ -cristobalite is considered a secondary product in the

crystallisation of montmorillonite. [ore chemical work needs

+ . . ) - .
to be done to verify this suggested mineral formation sequence.,

Although only scarce analcite occurs in the Purupuru Volcanic

Sandstones it is largely assumed, from mineral associations,

to be authigenic.

Authigenic analcite coexists with neoformed montmorile—
lonite in the Urenui tuffaceous sandstone. Analcite is
commonly associated with sedimentary rocks {e.g. Keller,
1852; Norin, 1953; Deffeyes, 1959; 1Iijima and Utada,

1966) where it has been shoun to form through the action of
alkalire {(Na-~rich) pore waters on volcanic ash. The
volc-.nogenic nature of the Urenuil sandstone strongly suggests
that this is a plausible origin., The mode of occurrence of
the zeolites indicates they are authigenic and that they

T s - \ -
subsequent toc montmorillionite (cf. p.133)., Uithout

w
s
"
3
®
L

further study it is difficult to say whether the alkaline
1 . - -3

from Oligocene soils com

basins to neoform montmorilis
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concentrated than seauater and the likely increases in pH
and M92+ close belou the sea floor (cf. pp.l08-109), are
all compatible with neoformation of montmorillonite in
confined alkaline environments during early diagenesis.,
Comparison of the clay mineralogy of early diagenetic
concretions with those of their host mudstones indicates
that the mudstone clay mineralogy approximates that existing
at the time of, or shortly after, sediment deposition
(Fig. 3.9). Similar compariscons could prove a useful
indicator of clay mineral diagenetic changes in other sedi-
ments, particularly if the time of concretion formation is
determined (cf. Curtis et al., 1972).
Comparison of Cenozoic clay mineral assemblages in
sandstones with those in interbedded mudstones (cf. Fig.
3.8) strongly suggests.that the clays in the sandstones have

upcergone degradational transformations, particularly as they

©

are significantly less crystalline than clays in associated
mudstones., Similarly the assaciation of massive sandstones
(e.g. Mt. Messengar and Omoao sandstones) with increased

abundances of mixed-laver clay minerals

abundance and crystallinity of montmorilignite sugge
alteration of clay minerals has been fac

permeable

3
cr

ature of these lithaloni

transformations is, housver, difficult to det
LS v
recognised species of mixed-layer clavys c

an occur in

significan uantiti i
t quantities in both mudstones and concretions

(CF. A i
ppendix Table IV.1), suggesting that a pronortion of
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T .
'ne Purupuru and Urenui volcanogenic sandstones

contain abundant montmorillar

e

te in the clay fraction uhile

the intertedded mudstones are characterised by illite,
chlorite, montmorillonite and mixed-layer clays., The
mineralogy contrasts markedly with the general clay mineral-
0ogic relationships determined for sandstones versus mudstones
in this study (see previous discussion) and indeed, in other
works (e.g. WUeaver, 1958a; Keller, 1970). Grain fabric
analysis shows that the volcanogenic sandstones are cemented
by o -cristobalite and analcite that formed subsequent to

the mcntmorillonite {Pls. 3.19 and 3.27). It is most
probable that the early diagenetic montmorillonite was

protected from diagenetic alteration by these cements which

would have greatly reduced the permeability of the sandstones.
The assocciatisn of abundant kaolinite and carbonaceous
naterial in sanrdstonzs and nudstones of the Waikato Coal

Measures suggests the kaolinit
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Measures a

may owe its crigin, =t ieast in pari, to the degradational
transcTormation of sxisting clays as a result of the circula-
Li~pn of dilute sSrgsnLic zcids generated by the passage ot
por=2 uWecters through™ fTTz cz2Trbonaceaous lithologies (cf. Glass
st al., 19533 S5moct, 1989 Keller, 1968b). The presance
of highly degragdec i12ites, chlorite;, montmorillenite and
mixed-layer clays in ihe sadiments suggests the transforma-
tions affected mainly 2:1 clays that vere detrital from

ad jacent sediments and scills (cF. 5p.97-100 and pp.l22-123),
but part of the Waikato Coel leasures kaclinite possibly

' i 11 i1 d/tri (—Al
i i i KCLO.L.L llte,

basement roc
from soils developed ©
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n

Fte

landmass {cf. p, 100 ). The abundance of kaclinite
both mudstones and sandstones indicates that a sandstone
environment is not a prerequisite for the diagenetic trans-

f kaolinite. It may occur as long as the

ct
e

formatio

3
[»]

circulation of dilute acid solutions takes place. Rare
neoformed kaolinite in Mangakotuku sediments (cf. Pl. 3.7)
is compatible with lccalised acid leaching environments in
the sediment (cf. Keller, 1968b), perhaps forming during
the leaching of the scattered carbonate shells from the
sediments during and/or soon after deposition {cf. Kear

1

and Schofield, 1958; Nelson, 1973). Similarly the assoc-

ct

iation of abundant kaolinitz with poorly crystalline illite

and chlorite in the bandecd Aotsa sandstone (cf. pp.111-112)
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is compatible wi
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cid leaching environment, although
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r

a diagenetic orig the clays has not been proven,

Because the stability of kaolinite is very decendent on the

e

chemistry of th= environment, its distributicn in the

geologic column is net strictly related tc temperature
and pressure, Ffor this rzassn kaolinite is a poor burial
depth indicator {Junoysr Z= Seconzac, 1970, PEL.285-286),
The abscnce of dirsct ~inzsralogic =vidence as tg the
nature of the clay minesralccy of scurce mzaterials fFor
“esczolc sediments allows only 2n estimate to 52 made of
their existing contznt of dians b3 ] Tri
22X L1ag by QO u..r;.-:,g_,n.»;‘-.,lc C.A.ays, I ri1assic
sadiment : . Lopriame B HER T 3 3
ediments are characterissc by largely llite, chlorite and
mixed~} T s (C=V)Y 3 . .
tayer clays (C-V) in the clay fraction, bUhile their

mineralogy could be detrital {cf

of montn i1 it , s s
nontmorillonite may be anticipated as estimates of depths

of burial f he s i s
+ Tor the sediments of greater than 4 km (Kear 1960;
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characterise most of the Mahoenul to Nukumaruan (Miocene-

Lower Pleistocene) sediments were mainly detrital from
Mesozoic sediments under conditions of increasse topcographic
relief, and rapid physical erosion as a result of accelerating
tectonic activity during this period. The montmorillonite

in Mahoenui and Mokau sediments (Louer Miocene) was largely
detrital and derived from the erosion of uplifted Te Kuiti

sediments, Montmorillonite in the Mohakatino sediments

(o R

(Middle Miocene) was derived primarily from the alteration

hile much of the montmorillonite in

£

of volcanic products
Mt. Messenger to Tangahoe sediments (Upper fMiocene to
Pliocene) was derived from ercsion of Mohakatino lithologies.
The Flio-Pleistocene increase in montmorillonite abundance
probably resulted from alteration of increasing quantities

of volcanogenic material in these sediments derived from
contemporanegus volcanism in the Central Volcznic and

western Taranaki regions of the North Island.
Analysis of central Western North Island sediments
shows that almost all kinds of clay minerals ococur im the

o co s \ . - , )
ma jor depositional envircnments. fhus the potential value

transformed and neoformed clay minerals, Criteria found
- < ()
useful in distinguishing these clay mineral groups are
- pe) i

summarised in Table 3.8. It
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1s a diagnostic indicator and also that no: all

of these criteria will be applicable to other s
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mprint of a complex set of factors,

e

North Island bkears the

climate, tectonisnm,

including the influence of provenance,
the depositional environment and diagenesis. In this clay
petrologic study, as in many other fields of interpretive
geology, it was freguently not possible to obtain direct
proofs cor unique interpretations. In many instances,
however, sediments show significant variations in their
clay mineral composition which can be related to different
types and intensities of environmental ccnditions in the
source and depositional areas,

Provenance was an impcrtant factor in determining
the detrital nature of Miocene to Pleistocen= sediments.
These clays were primarily inherited from lessozoic sediments,
—~

revorked from previously depcsited Tertiary sadiments, and/or
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neoformed from volcancgenic mater icenous source
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for clays was fostered by the dily erodibtles nature of the

dominantly argillacecus Tertiary sediments,
Climate is considsrec to have been an important
Factor in delermining the atuncant kaolinits in the Unikato
Coal Measures. The kaolinite 1s in part detrital oricina
fiaiialing ’ 45 -
tipo th 2h srolenced (SO = Y des :
ting through prolenged (S0 =...; Sesp chemiczal ueathering
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es chemical weathering of the land surface uas effected
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ng periocd of regional stability and yara temperats
climate. These conditions resulted in Mminimai .
Ht Lt a3 L terrlgenous
input and the transport cf largely disgglyea
»LaVed products to
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ol Clays mainly detrital| soils; Poofly CTys
= from parent rocks and| talline illite,
o scils; moderately chlorite and mixed-
— crystalline illite layers. C}ays '
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fig. 3.20, Diagram illustrating clay mineralcgic end-
membars that are likely to bz found in sediments uwhen
"esozelic sandstone and mudstone source materials are
subjected to varying climatic and tectonic intensities,
Note that diagenesis may modify any of these clay mineral
suites,




uevelop,the climate is conducive tg growth of vegetation

uhich further protects the thick weathered profile,

disscluticns are considerable and highly degraded clays
ant dissclved products are transported to the sedimentary
Yasins uwhere

montmorillonite may be neoformed. An arid or
cold climate is generally unfavourable for soil development
But tectonic guiescence allous more time for pedogenesis
to take place,.
No fundamental relationship exists betueen clay

mineralogy and depositiecnal environment in the study area.

y of the major species of clay mineral can occur in
sediments formed in continentzl, margiral marine and
stallow marine environments, Kaolinite is, however, most
commonly associated with freshwater and marginal marine
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shallow burial diagenesis kaolinite formec, or was recon-

J

t dilute acid

fie

stituted, under the influence of circulating
solutions associated with carbonaceous material in Waikato
Coal Measures and Maryville Coal Measures sediments. A
number of the more porous Tertiary sandstones contain
kaolinite and mixed-layer clays formed by the degradational
alteration of pre-existing clays by formaticnal fluids.
The abundant chlorite and chlorite mixed-~layer clays in
Mesozoic and particularly Triassic sediments may in part
reflect progressive transformation of montmeorillonite
during deep burial diagenesis,

In conclusion, this study emphasises that no
definitive relationship exists betueen’cley mineralogy and

depositicnal environment., [lorecver, there is no single
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are necessary

prerequisites befecre any environmental assessment can be

attempted. The distincticn mzy only be established using
collectively the evicsnce of ciay compositisn, mcrphslogy,
structure and distribution, =2 ov ccnsidsering these factors
in conjuncticn with the tullk gpatrologic properties of the
sediment, Clay minerals zr= us=ful for provenance and
ﬁ"\]eoe—j\,{“,—,‘ Mo 4+ l . ' - [ S - . ~

sal nvirsamenta interprezzasion only in svourable cases.
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CLAY PETROLOGY OF

SURFICIAL WESTERN SHELF SEDIMENTS

4.1 INTRODUCTION

This chapter describes the mineralogy, in particular
the cley mineralogy, of the surficial sediments on that
part of the western continental shelf of the North Island
between the fManukau Harbour in the north and the mouth of
the Rangitikei River in the south, and seaward to about the
175 m isobath, a total area of some 45,000 km2 (Figs. 1.1

and 4.1).

4,1.1 UESTEZRN SHELF MORPHOLGGY

For the purposes of this discussion the western shelf

is subdivided into the Hamilton, North Taranaki, Central
Taranaki and South Taranaki Shelves, and the North Cook

.l); the last named area refers to the

o

Strait Basin (Fig.

o Coco S+ragi 0 3y 2o ad v i .
northern part of the Cock Strait Sasin defined by Lewls and

Fade (1974).

3 n o o s . r 4+
Seaward of Manukau Hardoudr the outer edge of the

harply defined some 40 km offsnhore,

th Leen Manukau Harbour and Cape
Further to the souun: betuwsen Manu

i i i 5 85 i and the shelf-slope break
cgmont, tne shelf widens to $5 km and 1

. -
f i 1+ Cap F~mont the continental
less definite. South of Lape oo C

i 'i' [ iO| a} CE
SO | n i ) < i n n llHkS Wil c po n
O Gl coO tl ues CO Ulde a d lllt, l‘t f ""‘]

helf running northeast from Cape Farewell (northuestern
she (]

- ' . t l F
South Island). Morphcloglcally, the continental she
J

CN i asi and
consists of two parts: (1) the Cook Strait Basin,
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(2) the western shelf proper; these are separated by the

Farewell-Egmont Rise (Lewis and Eade, 1974, p.1).

The western shelf is a smooth submarine plain sloping
seawards about 0°%17! between Manukau Harbour and Raglan
Harbour and decreasing to 0% ' betueen Raglan Harbour and
Cape £gmont, Local topographic irregularities occur off
Cape Egmont uhere volcanics occur on the shelf, in the
vicinity of several rocky outcrops off Patea, and adjacent
to the Farewell-Egmont Rise (uhere the Cape Egmont Fault
forms a low submarine ridge about 3 m high). West of Cape
Egmont, the presence of marked irregularities in the 125 m
isobath (Figs. 4.1) and strong subsurface reflectors
indicate the presence of a submerged and largely buried
shoreline named the Egmont Gulf (FcDougall and Brodie, 1967,
p.42; cf. Fig. 4.1).

The coastline morphology varies considerably through-

out the study area. Ffrom the Manukau Harbour to Raglan

Harbour narrow sandy beaches give way to subdued cliffs of

t

313 £ o
Tertiary and Quaternary strata, The coastline south from
: 3 ; ~ o [ ~
Raqglan Harbour 1is characterised by thes presence of thrse
< =

hY
Raclan, Aotea and Kawhia Harbours)

N

large challow harbours

hes bac’ by 1 e dunes Extending
ard narrow, sandy beacnes Sacked by larg .

X3

i T t i north of fisw Plymouth are
south from Kawhia Harbour fto just n

[l LS| . . {-!. 2 O Y igll CUt
j i with cliffs up to m h
very narrou sandy beacnes 4 [

M 3 sedi t raised coastal
in Mesozoic and Upper Miocene se01lmMENtS, or

i Mimi iver soutt to
i i < r 0 tﬂu Vlaml i h
terraceb l.Jltl i ObSll dU|leg. T N o2 1 ? =

iHawera gravelly beaches and sandy inlets are backed by cliffs
raw

aging 30 m high in fossil dunes and andesitic lahar
aver

I . Il : .Vu \Jler>/
f F m thi int h the Rangitikeil River
lous. rom this poinzt south to t
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narrow sandy beaches give way to cliffs up to 45 m high
cut in coastal terraces with fossil and active dunes.

Harbours, rivers and streams entering the sea drain

a wide variety of lithologies (Fig. 1.3).

4,1,2 WESTERN SHELF SEDIMENTOLOGY

In the southern part of the study area, oceanic
circulaticn is governed by the northeasterly flowing
iestland Current, a branch of which enters Cook Strait as
the D'Urville Current (Fig. 4.2). 1In the north, the southerly
flowing West Auckland Current probably results in a zone of
mixing extending as far south as Raglan Harbour (Brodie,
1960).

Sediments of the western shelf are mainly muddy
fine sands, muddy very fine sands, and sandy muds (Fig. 4.3).
North of Cape Egmont, the fine sand zone in the middle shelf,
unlike the outer and inner very fine sand zones, contains
material up to very coarse sand and granule size,. Sediments
of the Central Mud Belt contain less than 167 sand. In
general, much of the coarser material censists of

calcareous

. . N . T - .
biogenic fragments, fhe coarser sadiment zones ad jacent to

ape E£gmcnt and in the northern North

Cook Strait Basin are

mainl

<

slightly gravelly and gravelly medium to very coarse

sands, the former area containing numerous andesite cokbles

and beoulders up to 10 km From shore h

ct
0]

4. H ]
. At snelf edge and

on the upper slope, sediments consist mainly of molluscean

bryozoan and benthic foraminiferal debris, Further douwn

[] C i l
1 Lo are typlc

or 1 .

1975, p.230).

1972; Carter
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Glacial maximum, the land bridge would have stood about

'25 m above sealevel and was some 40 km wide at its louest
and narrowest place. A shallou depression, the Egmont
Gulf, opened to the north from this saddle (lLeuis and Eade,
1974).

During the Post~Glacial rise of sealevel about
15,000 yrs ago, the sea breached the Farewell-Egmont Rise
at the saddle to link the Tasman Sea and the Pacific Ocean.
From 15,000 - 10,000 yrs B.P. the sea covered most of the
Egmont~Farewell Rise and sands, now represented by relict
sediments north of Cape Egmont and in the North Cook Strait,
wvere deposited on most of the present middle shelf., The
present regime of deposition commenced about 6,000 yrs ago
when the sea rose to within a few metres of its present
level (Lewis and Eade, 1974).

Contemporary sediments are derived from river trans-
ported material, from cliff-line erosion, from biogenic
material, and from relict sediments reworked by currents,
wvave actlion and burrowirg organisms, ilodern sediments are
principally terrigenous muds and very fine sands that are
being deposited in a coastal belt some 10-30 km wide, and
in local areas free of straong currsnts {McDougall and Brodie,
1867). The interaction of the D'Urville Current (Fig., 4.2)
with tidal and westerly flowing wind-generated currents
leaves areas of comparatively guiet water in the region of

the Central Mud Belt and in the centre of the Cook Strait

Basin (Figs. 4.1 and 4.3). Mud=laden water from Yestern

Tivers appears to flow rapidly into Cook Strait. Some of

the mud is carried directly through Cook Strait to the
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mineral concentration isoline diagrams (Figs. 4.4 - 4,15).
The concentration of each major mineral species in river

and harbour sediments is given in the oval adjacent to each
river and harbour. Sampling sites (cf. Fig. 2.2) are shoun
by the large dots. The diagrams were constructed by drawing
lines of equal mineral abundance about mineral concentration
spot values. The reliability of the resulting mineral
distribution patterns are dependent on the density of spot
values, This, in turn, limits the amount of interpretation
that can be placed on the data. For these reasons the
isoline diagrams show only general trends in mineral
abundances over the shelf., For example, Fig. 4.15 shous
that montmorillonite is abundant in the clay fraction of

Hamilton shelf sediments, common in Central Taranaki Shelf

—_
<

(0]

in

6]
w
0O

=
=3

t

~
w

s}

Lo}

ediments and is relatively th Taranaki Shelf,

.
+

ook Stra Basin sediments.

]
Q

South Taranaki Shelf and North

2,2.1 BULK MINERALGGY

sediments consists almost exclusively of bicgeric material
(Fig. 4.4). High concentirazisns of calcium carbonate west
cf the Mokau River mouth anz szuth of Cape Egmont result

from the widespread occurrence of skeletal material
(dominantly molluscan and Bryzoan Fragments) in these areas
cencentrations

of carbonate material west af Raglan Harbour and west and
southwest of Cape Egmont contain Numerous foraminiferal
and/or coccolith shells {(P1, 4.1), twhich attest to lou rates

H

. .
oF terrigenous sedimentation in these areas
S e
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Siliceous biogenic material also occurs in shalf
sediments, particularly as diatom tests (P1. 4.1), but
optical, TEM and SEM examination of samples indicate the
total ahbundance of this material is lou.

The abundance of components in the non~carbonate
fraction was determined using XRD modal analysis and can be
assessed from Fig, 4.4. Quartz, plagioclase feldspar, and
crystalline clay minerals are the most abundant constituents,
but "other" components, including amorphous material (mostly
volcanic glass and allophanic clay), opague and ferromag-
nesian minerals, potash feldspars, and siliceous organisms
are locally common., The distribution patterns of the major
non-carbonate components vary widely and in many instances
mineral abundances offshore bear little resemblance to
those being delivered from adjacent rivers and harbours,

This undoubtedly reflects the fact that western shelf
sediments are the product of a variety of processes including
shoreline erosion, fluvial input, mineral authigenesis, and
the effects of past and present hydrodynamic regimes.,

To the north and west of Cape EZgmont, gquartz abundance

)

(Fig, 4.5) tends toc increas

19
(8]

seayards

W)

s but south of Cape
£gmont guartz is most abundant in a middle shelf position.
Although plagioclase tends to be most abundant over the

eastern portions of the shelf (Fig

£

and to the extreme

S~

. 4.0

- N . . . .
southwest, its distribution is less regular than that of

quartz., The plagioclase feldspar component of most samples

is characterised by the presence of both the A and B species
(cf. Pp.26-27), In general, quartz and feldspar abundances

shou little quantitative similarity to adjacent river and
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harbour sediments,

Potash feldspar constitutes less than about 10% of
most samples and shouws an irregular distribution pattern.
The total clay mineral distribution pattern (Fig.
4.7) follous only partly the distribution of mud size
material (Fig, 4.,3) on the shelf. HMud is concentrated in
outer and inner zones north of Cape Egmont and in a broad
sauthuwesterly trending zone off Cape Egmont. Crystalline
clay minerals are most abundant in sediments of the Taranaki
Shelf and North Cook Strait Basin, Clay mineral concentra-
tions are localised in two groups within the Mud Zone. One
lies in a central shelf position west of Cape Egmont, the
other constitutes the southwestern part of the Mud Zone and
lies parallel to the Farewell-Egmont Rise with its north-
eastern lobe extending through the saddle. In general the
abundance of total crystalline clay minerals in river and
harbour sediments bears little resemblance to that in
ad jacent westarn shelf sediments.

"Other!" constituents are caoncentrated in nearshore
areas, west of Raglan Harbour, and in a feu isolated middle
itions (Fig, 4.8}. Opagque minerals
titanomacneiite) and andesitic rcck fragments
the sthar material at tuo nearshore

cornstitute the bulk of

5 ; BES Ti iistribution of
ng57 and B&£53). The distr tior

sites (Fig. 2.2
o d

i 1 in we .tn shelf sedimenis h
+itanomagnetite 1N western shelid e

O
)

s been des

v

{

ibe
b 1cDougall (1961). At the remaining locations (Fig. 4,8),
y FMcD all
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s s materx much o ich cou ijatom fragments
i terial, much cof which co 1d be diato agn
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of X-ray amorphous material west of Raglan Harbour and
the Waikato River mouth lie in an area nou occupied largely

by relict sediments (McDougall and Brodie, 1967).

4,2.2 CLAY MINERALOGY

Uestern Shelf sediments contain mostly illite and
montmorillonite, lesser amounts of chlorite and mixed-layer
clays, and minor kaolinite. Trace amounts of halloysite

are present in a few samples,

4,2.2A KAGLINITE

Kaolinite is rare or absent south of Cape Egmont
but consistently forms some 5 to 10% of the clay mineral
fraction in sediments to the north of the Cape (Fig. 4.9).
The distribution of kaolinite in river and harbour sediments
ad jacent toc the shelf shows a parallel trend, Kaolinite is
most abundant in sediments from Raglan Harbour and the PMokau

and Mohakatino Rivers,

4,2,28B TLLITE

Overall, illite is the dominant clay mineral in
western shelf sedimsntis, it is most abundant in sadiments
of the North Taranaki Shelf, Scuth Taranaki Shelf and North
Cook Strait Basin (Fig. 4.10). Crystallinity decreases
towards the north (Fig, 4.11). The trends in both illite
abundance and crystallinity are paralleled by generally
similar trends in these properties for illite in the adjacent
river and harbour sediments and in the onshore sediment

formations,
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4,2.,2C CHLORITE

Although less regular, the distribution pattern for
chlorite is similar to that for illite, with both chlorite
abundance and crystallinity decreasing northwards (Figs. 4.12
and 4.13). Chlorite is most abundant and crystalline in
sediments from the southuwestern part of the shelf. These
general trends are matched in part by trends in the abundance
and degree of crystallinity of chlorite in the clay fraction

of adjacent river and harbour sediments,

4,2.2D MIXED~LAYER CLAYS

Mixed-layer clays are most abundant south of Cape
Egmont and in the North Taranaki Shelf sediments, but overall
form on irregular distribution pattern (Fig. 4,14). Both the
western shelf and the river and harbour sediments contain
several different species of mixed-layer clay minerals
(Appendix Table IV.l), the most common of which are C~V and
C~M with lesser amounts of Z~I, The freguency distribution
of individual mixed-layer clay mineral species in both shelf

and harbour sediments is random so that these mirerals appear

1 . ~ 3 . N
Hamilton Shelf sediments, commoen in Central

sediments and is relatively scarce in saesdimen

+ . A, . - . ,
raranaki 5helf, South Taranaki Shelf

Basi (Fj 1 The o o k2 -
in (Fig. 4.,15), the systematic increase in abundance of

montmorillonite i i T r £
e 1n sediments ncorth of Cape tEgmont is

paralleled b simila i 1
Yy @ similar trend in the sediments of adjacent
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from the erosion of Mesozoic sediments, 0Oligocens limestones,
calcareous sandstones and calcareous mudstones plus duaternary
volcaniclastic sediments (Fig. 1.3 and Table 1.1). The main
source of clays for the Hamilton Shelf sediments is probably
the readily erodible Oligocene mudstones (Pls. 1.4 and 4.3)
outcropping extensively on the coast and in the surrounding
catchment (Fig. 1.3)., The clay fraction of the widespread
WWhaingaroa Siltstone, for sample, contains 80-90% montmoril-
lonite and some poorly crystalline illite and chlorite

(Figs, 3.5 and 3.63 Pl, 3,13)., The small amounts of kaolinite
in Hamilton Shelf sediments are probably derived from the soils
developed on Mesozoic sediments (see pp.,105-107) and to a
lesser extent from erosion of Waikato Coal Measures., The
importance of the four large harbours (i.e. ffanukau, Raglan,
Aotea and Kauwhia) to the shelf clay mineral budget can be
assessed from LANDSAT imagery which shows suspanded sediment
plumes extending up to Z0 km offshore from the mouths of

these harbours, The plumes either extend straight out onto

the shelf or show a significant up~coast drift (Pls. 4.4 -

4,8)., The available imagery (30 Octaober 12753 15 and 16

currents on the Hamilton Shelf flou northwards - results

compatible with those obtained by drift card measurements

in the area (Brodie, 1960). Analysis of seston from shelf
location : i i G i

ions west of Raglan Harbour (Fig, 2.2; Samples N377-
379) shows that terrigenous material is more abundant in

nNearsnore samples., The nearshore seston (Samples N377 and

378) contains very common diatom fragments and clay material,

chiefly montmorillonite, and rare glass shards (Pls, 4.9



4.12). The outer shelf seston (N379) contains unidentified

amorphous material, rare d
amounts of clay suggesting that little terrigenous material
reaches the outer shelf (P1l, 4.13),
The notably high concentrations of montmorillonite

in Hamilton Shelf as compared to adjacent harbour sediments
(Fig. 4,15) is possibly the result of differential floccula-
tion and/or sedimentation of clay minerals on passing from
the harbour to the shelf envirsnment, A number of studies
(e.g. Powers, 1957, Whitehouse et al., 1960; Porrenga, 1966;

FEdzwald and O'melia, 1975; Gibb, 1977) have attributed

t
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that suggest that any preferential flocculation would
already have occurred before the clay minerals entered the
shelf environment,

The possibility exists that the montmorillonite in
the clay fraction of middle and outer shelf sediments is
authigenic, being derived from the alteration of volcanic
material (cf.pp.126-127) emplaced at these locations during
Quaternary lower stands of sealevel. During the (Quaternary,
active erosion of the extensive rhyolitic and andesitic
volcanic deposits of the Central North Island (Fig. 1.3;
Table 1.1) provided considerable quantities of volcaniclastic
material to large rivers such as the Waikato, which debouched
onto the shelf (Hume et al., 1975). Uinds also may have

carried tephra material to the contirnental shelf and beyond.
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origin of montmorillonite in Hamilton Shelf sediments is
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elaborated upon later in this chapter.

4.3.2 NORTH TARANAKI SHELF SEDIMENTS

North Ta i 3 " sedi
ranaki 3helf sediments are characterised by

a clay mineral assemblage containing abundant moderately

cr . . .4 -7
ystalline illite (40-60%), common to very common mixed-

layer clay minerals (10-30%), common moderately crystalline

chlorite (10—20%), rare to common montmorillanite (0-20%3)
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and rare to scarce kaolinite (5-10%) (Figs. 4,9 - 4,15;
Pl. 4.14). Figs. 4,9 - 4.15 show that the abundance and
crystallinity of clay minerals in the North Taranaki Shelf
sediments are comparable to those in the bordering river
sediments (i.e. Auakino to Uaitara Rivers) suggesting that
the shelf clay mineral distribution patterns aré related to
regional changes in the onshore geology. Hinterland sedi-
ments are dominated by noncalcareous Miocene sandstones and
mudstones (Fig. 1.3 and Table 1.1) uvhose clay minerals are
chiefly illite, chlorite and mixed-layer clays (Figs. 3.5
and 3.6). In the north specific source rocks include mainly
the rahoenui mudstones (Pls. 1,9, 1,10 and 4.15), which
account for the increasing amounts of montmorillonite in

the northern North Taranaki Shelf sediments. In the south
source rocks are the fokau (Pl, 1.13), Mohakatino (Pls. 1.15,
1.16 and 1.18), fit Messenger and Urenui (P1l, 1.21) mudstones,
which produce the crystalline illite-and chlorite~rich clay
fraction. Rapid erosion of the easily weathered mudstones

is facilitated by the rugged topography (reiief up to 600 m)
and high rainfall (150 - 500 cm/yr) and erosional detritus

tively carried tc the she fore weathering signifi-
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LANDSAT imagery of the area indicates that sediment
being discharged from the rivers bordering the shelf
produces suspended sediment plumes extending out some 40 km
onto the shelf (Pls. 4.7 and 4,8); the shape of the plumes
suggests there is a general southerly drift of suspended
sediment on the North Taranaki Shelf. This is contrary to
what might be expected if the major WUestland Current (Fig.
4,2) exerted a significant influence on the direction of

suspended sediment movement,

4,3,3 CENTRAL TARANAKI SHELF SEDIMEMTS

Central Taranaki Shelf sediments are characterised
by a clay fraction that contains abundant crystalline illite,
(40-60).) very common montmorillonite (20-40:.), common chlorite
(10-20:0), and rare to scarce mixed-layer clays ( <1055) and
rare kaolinite ( <5%) (Figs. 4.9 - 4,15; Pls. 4.16 and 4.17).
The clay fraction of sediments from rivers that flank the
Central Taranaki Shelf (i.e. the Yaiwakaiho to Waiaua Rivers)
contain no crystalline clay minerals (Appendix Table Iv.1;
Fieldes, 1968), suggesting that the clays of the shelf are
unlikely to be inherited from these rivers and their
surrcunading catchments, Rivers flanking the Central Taranaki

Shelf drain mainly Quaternary and
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Possible origins for the shelf clay mineral suite

include: (1) derivation from rivers entering the North

and South Taranaki Bights (Fig. 4.1), with subsequent trans-

portation of the ¢ S
lays onto the shelf area by ocean currents;






entirely detrital. Adjacent source areas are by comparison
relatively depleted in montmorillonite (Fig. 4,15), An
alternative source for the montmorillonite is from the
marine alteration of volcanogenic materials, The [fount
Egmont region consists entirely of volcanogenic deposits
(Fig. 1.3) and soils are rich in allophanic clays and glass
shards (pp.l0-12). Rivers and streams discharge this
material directly ontc the shelf where it may alter to
montmorillonite, Surprisingly, allophane appears to be
absent from the clay size fraction of Central Taranaki
Shelf sediments. However samples do show an abundance of
fine grained, lath-shaped flakes of montmorillonite and

some possible amorphous silicsous material (Pls. 4.16 and

C

4,17)., Similar features weres shown earlier to be charactesr-

istically associated with neoformed montmoriilonite (crf.

Pls. 4,16 and 4.17 with P1,
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.21 and Table 3.6). Central
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and in fact may alter during transport (Dunoyer de Segonzac,
1970, p.293; cf. PP.173-174). The absence of allophane
in the clay fraction of the Central Taranaki Shelf sediments
and its surficial abundance in ad jacent onshore areas raises
the question of its fate on entering the marine environment.
It is possible that allophane alters readily to montmoril-
lonite in the same manner as qlass shards do (cf. pp.173~174).
The origin of montmorillonite is discussed further in section
4,3.6.

Montmorillonite in the Central Taranaki Shelf sedi-

ES

ments 1s thus considered to be both detrital and neoformed,

4,3,4 S0OUTH TARANAKI SHELF SEDIMENTS

The Clayhfraction of South Taranaki Shelf sediments
contains abundant to very abundant crystalline illite (50-
6C.), very common mixed-layer clays (20~40/5) and crystalline
chlorite (20-403), rare to common montmorillonite (C0-20%)
and rare kaolinite ( <5%) (Figs. 4.9 - 4.,15; Pl. 4.20).
Because of its location (Fig. 4.1) it is unlikely that the

uch terrigenous sediment
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Analysis of LANDSAT imagery (P1s. 4.21 - 4,23) shaus
that suspended sediment is carried from the western and
northuestern coasts of the South Island to the South Taranaki
Shelf and Cook Strait Basin, presumably by the Uestland and
D> Urville Currents (Fig. 4.2). No evidence exists for
significant suspended sediment contributions to the South
Taranaki Shelf from rivers of the South Taranaki B8ight.

While there is little data available on the clay
mineralogy of sediments from the northern and western South
Island it is likely that crystalline illite and chlorite
dominate., Bulk chemical analyses show that the KZU content
of western shelf sediments is highest in the southwest
(Appendix Fig, VIII.4), presumably partly due to the large
quantity of crystalline illite in the clay size fraction of
sediments (Figs. 4.10 and 4.11), GOptical examination of
the sand - and silt-~size fractions of the sediments shouws
appreciable guantities of micas that were probaoly derived
from the erosicn of plutonic rocks in north-western South
Island and subsequently carried north by the Uestland
Current, The KZG distribution in shelf sediments indicatss
that micas ares perhaps carried as far north as Cape &gmont.

Chlorite is most abundant and most crys:
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(Figs. 4.12 and 4.12), This probably results from the
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illite and chlorite in South Taranaki Shelf sediments is

Supported by the anhedral habit of these clays (P1l, 4.20)






mineral distribution patterns are provenance controlled
(Fig. 1.3 and Table 1.1), Most rivers flanking the Morth
Cook Strait Basin drain catchments of Pliocene -~ Pleistocene
sediments, although the major Wanganul River cuts back into
older Mesozoic to Miocene sediments. Onshore sediments are
mainly easily erodible mudstones of the Mt Messenger

(P1., 1.20), Urenui {Pl., 1.21) and Tangahoe (Pls. 1.23 and
4,24) formations and Louer Quaternary deposits (Fig. 1.3).
The clay mineralogy of these sediments is dominated by .
crystalline illite with very common montmorillonite and
common crystalline chlorite, scarce mixed-layer clays and

rare kaolinite (Figs. 3.5 and 3.6), features similar to

<
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soil. Inland, relief up to 532 m and the moderately high

Fy

ainfall (125 - 250 cm/yr) cnsure rapid erosion of the mud-

tone slopes so that fthers is minimal alteration of the

]

clay minerals transported to ths Cook Strait Basin, Other
s+iAd3 eI ReY 11 an TQrmn-io 1257 -

studies (FcUougall and Crofi=, 13557; Carter, 1975) have
suggested that in the Nortn Zook Strait Basin the

input of

modern terrigenous mud from rivers of the South

P

Taranak

L ~ s . ~ ] ] * i
adequately disperse all the sediment uwith the result that

mud blankets relict terrigenous and bion

@

nic deposits,

{

LANDSAT imagery indicates that su

[9)]

pended sediment

0elng discharged from the rivers bordering the North Cook

l;{—ra.t * P t d' - ﬁb t '\1‘] ! FF h
- L or td « ~ ! ore



229,

(Ple. 4.25 and 4.26). North of the Wanganui River plumes

extend directly out from the coast while south of the River
suspended sediment clearly moves southuards along the coast
(P1. 4,25) suggesting the influence of a northerly branch
of the D'Urville Current (Fig. 4,2). Both textural studies
(HcDougall and Brodie, 1967; Lewis and Eade, 1974) and
LANDSAT imagery suggest that at least some of this sediment
is swept south to Cook Strait (P1., 4.25). Available LANDSAT
imagery indicates that most sediment from South Taranaki
Bight Rivers is deposited relatively close to the coast
and not in the Central Mud Zone of the Cook Strait Basin

as suggested by Carter (1975), This implies that much of
the clay material in the North Cook Strait Basin ultimately

has a northwestern South Island provenance.

4.4 FACTORS CONTROLLING CLAY MINERAL DISTRIBUTIONS

It appears that the frequency distribution patterns
of clay minerals in uestern shelf sediments (Figs. 4.5 -

4.15) can be largely interpreted in terms of changes in the
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and by the locally variable hydrologic regime. The follou=-

ing discussion considers the relative roles that provenance
and shelf processes play in controlling the present frequency

distribution patterns of clay minerals on the western shelf,

4,4,1 DPROVENANCE

The frequency distribution of clay minerals in shelf
sediments is dependent in part on the type and availability
of clay material in onshore catchment areas.

Comparatively little clay material is thought to be
detritally inherited from soil and tephric units because
XRD, TEM and SEM analyses show that the shelf clay mineral-
ogy is more comparable to that of the onshore sediments,

The absence of distinct volcanic beds in western shelf
sediments and the small proportion of glass shards in the
sediments indicate that vclcanism was not a significant
source in terms of quantity, that volcanic materials have
been dispersed by the hydraulic regime and diluted with other
sediments by shelf processes, and/or that the glassy and
finest ash material has besen altered to other minerals.

It is likely that mudstones supply the bulk of the
clay material to wsestern Nerth Island rivers and harbours,
and ultimately to the shelf, because they are the most
abundant lithology onshore, they contain significantly more
clay minerals than other litholoniss, and they are generally
readily erodible. Clay mineralogic data suggest that
Hamilton Shelf clays are derived largely fr

om Cligocene

mudstones, and North Taranaki Shelf clays from Miocene mud-

stones. North Cook Strait Basin clays, on the other hand
-~ ?

are supplied partly from Upper Miocene-Pliocene-Quaternary



mudstones and partly from western South Island derived

seston, while South Taranaki Shelf clays are probably also

supplied mainly from the latter source.

4.4.2 RELICT VERSUS RECENT SEDIMENTS

fficDougall and Brodie (1967), Leuwis and Eade (1974)
and Carter (1975) have shoun that modern terrigenous sedi-
ments narth of Cape Egmont are represented by a coastal zone
of very fine sands and muds (Fig., 4.3) extending some 10-30
km onto the shelf., The auter shelf very fine sand zone and
the middle shelf fine sand zone are, on the basis of their
texture, presumed to be relict sediments deposited during
and/or following the Last Glacial maximum (fcDougall and
Srodie, 1967). The carbonate-rich deposits west of the

liokau River mouth are formed from abundant relict skeletal

materizl consisting mainly of coarse molluscan and bryozoan
fragments. 0On thes cuter Hamilton Shelf the carbonate material
is dominated by cocccoclith tests (Pl1. 4.1; ricDougall, 1972).
The fact that little tesrrigsncus material is presently being
supplisd to the outer ~zmilion Shelf is indicatec by seston
analyses (Pl=. 4.5 - -.1CZ5.
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4,8). Significantly the plumes extending out from the
harbours bordering the Hamilton Shelf may drift north at

the same time as those from rivers bordering the Morth
Taranaki Shelf drift south (Pls. 4.7 and 4.8). This suggests
that over the inner and perhaps middle shelf, surface current
directions are influenced little or not at all by major
currant systems (cf. Fig. 4.2). The southerly directed
currents may result from local interactions of ocean, tide
and wind generated currents, or in the case of North
Taranaki Shelf, from a possible southerly directed backwater
effect produced by the northerly passage of the major Westland
Current past Cape Egmont, Satellite imagery has revealed a
similer effect on the eastern shelf of the 3cuth Island where
the northerly directed Southland Current flows past Banks
Peninsula (A.J.R. Male pers. comm. 1977),

The featureless morzchoclooy af the western shelf

[83]

surface probably exerts littis influence on the distribution

of clay minerals. MNorthuarcds from Cape Egmont, clay mineral
abundance =nd crystallinity zones on the shelf correspond
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sediments in the North Cook Strait Basin which consists

largely of béth relict and Recent skeletal material
(McbDougall and Brodie, 1967; Leuis and Eade, 1974), This
area coincides with the major eastuard flowing branch of
the D'Urville Current (Fig. 4.2) which serves to keep the
sediment relatively free from Recent fine terrigenous
material. It -is possible therefore that some of the clay
material in this area is also relict. 1In the nearshore
region the North Cook Strait Basin clay material is
undoubtedly modern because LANDSAT imagery shows sediment
emerging up to 10 km onto the shelf (Pls., 4.25 and 4,26).
LANDSAT imagery (Pls. 4,22 and 4.23) and clay mineralogic
data indicate that clays in the Mud Zone on the South
Taranaki shelf are also modern, being derived principally
from rivers draining the west and northwest coast of the
South Island with material subsequently being carried north-
east by the UWestland Current., 1In the offshore parts of the
North Cook Strait modern clays of similer compositian to

those on the Sguth Taranaki she
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wes th
tern South Island provenance. The northern montmorillonite-—

rich zone on the Central Taranaki Shelf similarly receives

illite and chlorite from the same source but these clays

are dilutec by locally derivec authigenic montmorillonite.

4.4.,3 AUTHIGENESIS

The possible contribution of authigenesis to the
present distribution pattern of western shelf clays has
been mentioned earlier (pp.217-225), TEM data for western
shelf clays generally suggest that illite and chlorite are
detrital in origin., Kaolinite is most probably derived from
an onshore source as it is vnlikely toc form in the marine
environment (Keller, 1970). <Cfertain mixed-layer clay mineral

species may be tran

-t

ormed in the marine environment (cf. p.221).
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1t is considered that montmcrillonite in western shelf sedi-
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and B are present in many samples, a feature characteristic

of onshore Quaternary volcanogenic sediments (p.78), but
plagioclase A is usually most abundant, The generally.
random distribution on the shelf of all these properties,
which otherwise proved useful in characterising neoformed
montmorillonite in onshore samples, would suggest that
authigenic montmerillonite occurs at many localities on

the shelf, The absolute concentration of authigenic mont-
morillonite in the clay fraction is therefore governed
primarily by dilution by detrital clay minerals, including
detrital montmorillonite. The relative abundance of montmor-
illonite in middle and outer Hamilton Shelf sediments, and
particularly in Central Taranaki Shelf sediments (Fig. 4.15),

is considered to reflect concentration of authigenic montmor-
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modern/relict biogenic sands and muds on the ocuter shelf,
Mixed modern/relict mud occupies most of the Central and
South Taranaki Shelves. North Cook Strait Basin sediments
are dominantly mixed modern/relict biogenic and terrigenous
sands and gravels,

The CaC0., fraction of western shelf sediments consists

3
-almost exclusively of biogenic material that forms significant
concentrations (20-30%) at certain middle shelf (areas of
relict skelstal debris) and outer shelf (areas of louw terri-
genous input) locations (Fig. 4.4). Quartz, plagioclase
feldspar, and clay minerals are the most abundant constituents
in the non-biogenic fraction.

-

The clay fraction of western shelf sediments consists

mostly of

illite and montmorillonite, lesser amogunts of
chlorite and mixed-layer clays, and some kaclinikte. In
general the crystallinity of both illite and chlorite
increases towards the south,

The distribution and origin of clay minerals esta-
blished in this study supports the recognition of fiye
petrologic zones on the western shelf (Fig, 4,1):
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Analysis of the frequency distribution patterns of
clay mineral species on the western shelf shous that there
is no simple relationship between clay mineral distribution,
clay mineral provenance OT environmental conditions. This
is because western shelf sediments are the product of the
interplay of a variety of physical, chemical and biochemical
processes that have produced both detrital and authigenic
sediments., Also, shelf sediments represent both madern
and relict material,

Sattelite imagery is considered to be a useful tool
for determining clay mineral provenance and suspended
sediment distribution patterns in Recent sediments. However,
the data should be applied with an appreciation that bottom
currents may differ from surface currents and, furthermore,
because of the complex interplay of factors controlling clay
mineral distributions in surficial sediments, sattelite
imagery is best used in conjunction with standard petrologic

techniques in studies of bottom sediments.
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FUTURE WQRK

The information obtained in this study suggests a

number of lines of research that are worthy of future

investigation,

1. Comparison of clay mineral data obtained in this
study, particularly those aspects relating to the effects
of source and environmsnt on clay mineral distributions,
with data from:

(a) The uwestern shelf sediments at depth.

(b) Other parts of the New Zealand continental

=

shelf, particularly those areas uwhere different source or
environmental conditions exist,

(c) The subsurface eguivalents of the Cenozoic
sediments exposed in the Taranakili and Wanganui Districts.

{(d) Cenczcic sequences from other parts of New

i 1 ! i i t onic
land, particularly those areas having different tecto

Zea
historias such as in Southland and Northland where tectonism
Tl s wl L Lo i -
influenced sadimentziisn in the Oligocens, or alcng the
1) e [ e S | - e —_—
Islien T imentation has
Ccast of the orih Isliand uvhere sediment
Fast Ccast of ths nos
c o ed by both tectonism and volcanism.
[ tronoly infTluensed by both tectoni
been s:troncly i
o - 2 - T -
2 The application of clay petrologic data cbtained
Z o ' § -
tuds i i i nics
fFrom the above menrtioned studies to the fields of ceramics,
[ [ el

1 + 1 o o l =y
gineering and petroleum Geo0.04Y.
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APPENDIX I

sampla numbers

. i 3 f Waikato
1, Sample : Rafers to University o d harbour samples.

(W.T. seriaes) in cases of onshora, river an

s Refors Lo New Zealand Bcaanographic Iinstitute sample

numbsrs in casas of wastern shalf samples.

2. Local. : Sample locality of onshors, river and harbour
semples (Fige 2.1)e

3, Strat., : Gensralisad stratigraphic position of samples.

Rec Recent

Huw Hawera

We Castlecliffian

wn Rukumartan

Tg Tangahoe Mudstons

nt Matamateaonga Sandstons
Ur Urenui Siltstons

Mt.m Mount Massengsr Sandstone
Tuw Tawariki Mudstone

Fy Ferry Sandstone

Om Omoao Formation

Pu Purupuru Yolcanic Sandstone
Mg Mangarara Sandstonse
u,.Mo Uppar Mokau Sandstons
My flaryville Ccal Masasures
L.Flo Lower fiokay Sandstona
Tar Taumarunul Formation
Tmt Taumatamairs Formation
gt Dtorahanga Limasions
Wt Waitomo Sandstone

Or Orahiri timsstona

Mp Mangapahi Sandstons

TeA Ta ARkatea Siltstons

Ro Aotea Sandstons

Whn Whaingaroa Siitstons
G.M Glan Massay Sandstaora
Mk Mangakotuky Silistone
Uik Waikato Coal Measurss
ds Jurassic

Ts Triassic

4, Lith, : Generalissd dascription of sampls lithsology
~ ~CUY e

a soil

md mud

sd sand

1st limastona

mst mudstons

zst siltstons

sst sandstona

cgl conglomeratyg
TABLE I,b1.

Key to abbraviations

) § i1ons usad in i

{Appendix 1) and compositional data shaatztE2;;Z;3?h1° sactions )
icss 11 to Ix .
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S,

Lith,

I.mst
IoSSt
con
sty
Ce
carb

259,

g Interbeddad mudstone and sandstone units
concretion

stylolite

calcarsous

carbonaceaous

Generalised description of sample lithology {(continued).

Key for symbols usad in the stratigraphic sections,

Claystons

Siltstone

fiudstone

Sandstone

Conglomarate

Limastone

H 3 < desoy.
?‘!SSDZOLC SanciETan

)
o
2

©®

mudstones



260,

APPENDIX I

STRATIGRABHIC SECTIONS

Locality 2 1 (NSB/654767)
Area : Huntly, McVie Road Mine.
Rafarence fFigurs 2 1.2

Type Section Area 3 Waikato Coal Measures

Thicknass Sample
in metres number
Black, bituminous coal. Bands with
plant roots touwards base,. 4,0
0
[s)]
=
3
(7]
o]
& .
= B
— Grey-brown, carbonaczcus claystone. 0.3
o ===
o . 10210
0 L ight grey, carbonacecus claystone =
with frittered surfacs. 1.3
o . == °
49
]
>
e Black bituminous cczl in 53-8 cm seams
3 intercolated with light grey bands of 1.0
carbonacsoys claystone, -
| on g ——
Grey-brouwn, carbonacsecus claystione, = 0.3
*
tight grey, claystcne, frittsred. 1.4
TABLE 1.2 S i i
.2. Stratigraphic and lithologic dataiil

exposed at localities and secticns sampled in Ehgfsiegimsnts
ugy

Sample descripti

c X ar
otroti flptlon? only are presented for thase sit aa,
graphic sactions were not erscted 0 sites where






Locality :

Area :

262,

4 (N56/568664)

Te Akatea

Type Section : Te Akatea Siltstone

Thickness

in metres

_— S
2 mMottled grey, carbonacesous, silty Mg
0 8 fine sandstone. .0 10.0
@ 0 faot —
U -0 . -
o c =
2 » Friable,loose,grey medium sandstone, .
weathers deep broun. L. “. 3.3
Brittle,light chocolate-brown, fins,very = 13.3
o2 calcareous siltstone with cherty bands,. — = °
£ 8 ——=
T 4 —_—
X O —
‘:J;:_‘: Light grey siltstone, e .
-w Brittle,light chocolate-~brown, fins grained, .:EEZEE: .
very calcarecus siltstone. = 4.0
— —— .
- - —_—_— re—
Glauconitic brown siltstense. FE?E:E:
E 8 Calcaresous sandstone. S }: 3.2
[o]
E o §'§ Flaky,light gray mudsteone with concretisnary — =
2 S 873 layers. = 3.0
.'_! D 'm |m > - A -
@ =< L | jght grey-broun madium sandstons. . - 2.0
.« * - e
o ——
o] == -
5 ==
= —_— =
e Medium bluz grasy calcareous silistone ey
e : < 13.0
© —_——
L —_—
3 =
P —
o & Brounish-cream carbonaceous claystong. —_——
ey o P 2.3
Q 3
X e~ 0
o~ @ @
U 0O b —
30 = _——
et

Sampls

number

10234

10235

10235

10220

10211
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Locality ¢+ 5 (MS6/597647 ~ 603643)
Area : Dunphail Bluffs

Type Section : Glen Massey Formation

Massive, yellow, calcarssus, fine sandstonas

Thickness
in metres

S 7
g‘m with extremely rare greywacke psbbles. -
0 C
Q0 O
E 4O w
[
§ €L Interbsdded, silty fine sandstones and
“3 S8 2 sandy siltstones. 24
€ ©
=~ — C
o -+ O
L [ e o]
P S B )
Qo P 3
> SHE y {
§ 32 EBlus—grey siltstonse, frittered,; glauconitic -
@ © at base.
= c
[ © B [ 1
bt € @ 9 Crystallina, slightly glauconitic limestone )
— o 0O : y g ° mes 9
v O EE  yith shelly greensand units above and balow. —ErjjJ
e e
Groy, beddsd, calcarscus siltstons. T
[a)
cC
3
3 Massive, dark gra2y siltstone, weathering 24
= ochre brown, fritisced.
w
)
=
3
-
o
~ —
& S
5 1adi dstona, Tine towards base. e, 20
I Madium blua sandstonsy 1 R
E -. -‘.
=== 3
- 3 4 _'e —_——
o Blue—-grey, Noncaicaresus siltstona with rer ==
o o fossils. = = =
® sofm —_— —— -
§.g é Dark purpla brouwn, carbonaceou: ?ug;:?ne, Sbsoure 14
S a (= —_ —
Too sandy near top, plant leaves n [ =
20

3
o]
¢
Q
N
o]
P
2]
o
]
w
©
3
@
2
(3

3+

|

Samplse
numrber

10216

10218

10215



Locality : 6 (saa Table 1.4.)

Locality : 7 (N64/492463)

Area : Raglan Harbour, shoreline cliffs,
Reference Figure : 1.4

Type Section Area : Whaingarca Siltstone
Sample Dascription : UWhaingaroa Siltstone

10222 : Frittered, medium blue—gray,calcareous siltstons.

Locality : 8 (N65/583442)
Area : Whatauwhata
Sample Descriptions : Scils devalopsd on Mesozoic samdclencs and
mudstonsg,
10364 : Yellow clay lsam.

18365 : Rad clay loanm.

+

Locality 3 9 {N64/495428}
Area : Raglan Harbour, Maunurima Cresk,
Typa Section : Yaitstuna Limestone Membar of the Aotea Sandst
10231 : Coarsely flaggad, siightly
limestons.
10232 : Fine 1 d
nely flagged, sandy, slightly

crystalline limastons,

Locality : 10 (ses Table I.4.)
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Locality : 11 (N73/379199)
Area : Aotea Harbour, shoreline cliffs

Reference Figure : 1.3

Type Section : Agtea Sandstone Formation

Top of Thickness Sampla
, in metres  number
Cliff
obscure 4,0
Q
C - -
S foe
8 Steeply bluffed, massive, grey, slightly -:..°.-
g glauconitic, calcarsous, fines sand, R
n Weathsrs to a yellow-pale brown. L 8,0
i Intensively bored at base. T .,
4+ . ..
e SRR 10227
Gradational et
Massive, grey, calcareous, fina sand, o
contact et 8.0
massive, gray, calcareous, fine-—very finse :'.: _
sand similar to that above. Sl 5.0
- ] us siltstona P 3.0
Frittered, grey, calcaracus siiist . =
§ g Blocky, grey, calcarsous siltstons. {g?g;?; 1.2
© 43 £ 14 = 1.5
g Frittered, gray, calcaresus siltstone. === 10221
— ——==
£% . ===| 2.0
3 Blocky, grey, calcareous siltstons. —_— .

Beach
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Locality : 12 (N73/405151)

Area : Kawhia, Provincial State Highway 31

Thickness
in metras

Jurassic

.

ccccec

Blue—-grey,noncalcareous,

indurated siltstone with

bands of calcareous concrations (cccc)
up to 0.3 m thick,

11

Sample
number

10203

DA

Locality : 13 (N74/846118)

Area : Te Kawa, State Highway 3.

Sample Description : Jurassic mudsione of the Kawhia series
10204 ¢ Slightly weathsred, grey~brown, limonite stained,

indurated siltstons,

Locality : 14 (N74/657023)

Area : Te Raumauku Hill, roadside outcrop

Sample Description : Aotea Sandstone
10228 : Moderately weathered, slightly glauconitic, slightly

frittered, muddy sandstone,

10202
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Locality : 15 (N74/64294% 640545)
Area 3 014 Otorohanga Limestone Company Quarr

Reference Figure : 1.7
Type Section : Waitomo Sandstons, Orahiri Lim

Limastone,

Ys Yaitomo Valley Road.

sstona, Otorohanga

Thicknass
in matres

Otorohanga Limostone

Cr}stalline limestones that are

well—incipiently flagged (10250, 10248)

containing cross bedded limestons units,

ruddy glauconitic limestonss (16244),

and massive sandy limestons beds (10249).

=71 45

gradational

Waitomo

Sandstona

contact

Massiva, calcarsous, fins s
lsached and weathered, Glau
a

B 18

Orahiri

Limastoneo

flaggy crystalline lime
Irraqularly flagged i3
and sandy in placss, ¢
oyster shells up to &0

.
one, glauconitic
ing bands of
i

N F - 17

Aotea Sandstongo

Tep marked by a psbb
glauconitic, berad,

U

Usathered. modara
srous, nuddy sand

Passss down into a blue-grsy, sandy
mudstons.

i 53

Waitetuna
Limestone

~ ’_;
Massive, incipiently sesamed, sii
glauconitic sandy limestena, peb

at topo

T w

17

Mesozoic basement rocks.

Samplae
numbear

10250

10244

10249

10248

10243

10242
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Locality : 19 (N83/673780)
Areza : Te Kuiti, National State Highway 3.
Sample : Taumatamaire Siltstone.
10264 : Massive,fossiliferous, blue—-grey, calcareous, sandy

siltstona,

Locality : 20 (NB3/627704)
Area : Te Kuiti, National Stats Highway 4,
Sample : Taumatamaire Siltstone
10263 massiva,Frittered, fossiliferous, blus-grey,

calcareous, siltstons,
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Locality : 21 (NB3/652687 — 642677)

Area : Te Kuiti, off National Stats Highway 4.

Thickness  Sample
in metres  pumber

. ) 10367
Red (10367) and white (10366) silty 10366
= clay soils developsd on underlying
O~ y i
= Tertiary sediments. 17
o O
[s=g iy}
@ Blue—-grey, noncalcareous,fine sandstone NI 10285
8 showing incipient bedding in places. L) 17
R 30 e v
g @ T . .
axy o .
[ R « B <o .° .
oDE wn RN
° . . c s i MR 10273
@ Interbadded, iron-stained, fossilifarous medium |[—=—— 027
s sandstonas {10273} and blus-grey non- o 10272
539 calcaracus siltsitanes (10272), == 18
3 X C . .
3 g 8 Chocolate-grey, non-calcarszous fins sandstcne e ~
with carbonaceous laminations. . 10276
c ===
D o L 1 - i
= Massive, frittered, blue-gray - =
g calcarsous siltstensz. s —
= at the base of vertical Mokauy —== 70
o Sandstone cliffs, ——
Q T
e =
-t -
£ —_— =
G —_—
4 =
o T
e ==
=2 T =
(48] '—_——— —
= —_— =
=S 10262
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Locality : 22 (N91/540549)
Area : Piopio Serpentine Quarry
Sample Oescriptions : Lowar Mokau Sandstone

Massive, brownish, medium sandstone (10278) containing

rara calcareous concretions (10274),

Locality : 23 (N92/8394587)
Area : Bennedale, Mangapehi Mine.

Typas Section : Mangepshi Sandstonz

Thickness Samplse
in metres number

Taumatamaire
Formation

I

Mangapehi Sandstone

!
|

Waikato

Coal

Calcarscus, blue-grey, siltstone. =i
—_— e e — e am e e e e — —dUNISE8N
Dark brown, glauconitic, calcareous 8
siltstons.
-0
Brown, w=zathered, fine sandstons, . ." 33
e 10238
Dark blue—gray silty fine
sandstona with fragiles fossils, 33
Wsathers &5 = brown colour.
1023¢
_— — — — - = == = == = 77 7" "1unseen
290
5]
o
i (8)5)
P Interbedded carbonaceous mudsteonss (10206) T T 102
i and sandstones (10205) with carbonaceocus RO 5 10205
= e ——

horizens,
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Locality : 24 (N91/532565)
Arsa : Piopio, Wairerse Falls
Sample Descriptions ¢ Oterohanga Limestone
10246 : Flaggy crystalline limestone — Louwar Flaggy Limastons.

10245 : Flaggy crystalline limestone -~ Upper Flaggy Limestonsa.

Locality : 25 (N92/720521)
Area : Mapiu, National State Highway 4,
Sample Description : Mangarara Sandstons
10292 : Massive, grey, fossiliferous, calcareous, fins

sandstonsg,

Locality ¢ 26 (N91/303472)

Arsa : Awakino, National State Highway 3,

Reference Figure : 1.9

Sampla Descriptions : Taumatamaire Mudstones
Massiva, frittered, blue-—grey, calcareous, silistones
(10258) with prominent 5znds of calcareous concretions

(10260) up to 60 cm thick.

Locality 3 27 (N92/74045%)

T

Area : Tangitu, Tangituy Road,

Sample Descriptions : Taumarupui

Formation

1EY mm N , . . .
Blue~grey; calcarecous, fine sandstone, with some carbonaceous

material i : 5 S ;
s forming beds 53-8 cm thick (10271), alternating with

beds of gray, frittersd, calcarsous, siltstona 15-23 cm thick

(10288).






Locality

Locality

274

: 29 (see Table 1.4.)

s 30 (N91/270427 — MN91/274427)

Area : Awakino, Bexley Road.

Refersnce Section : Taumatamaire Formation (Happy, 1971)

Mokau Group

Matoanul

Group

Taumatamaire Formation

Thickness  Sample
— in metres number
Massive,farruginous,medium sandstone....-’
obscur 3
S R 10255
Upper Hard, slightly sandy, fine—grained :L}'_Lj
limestone., Blocky to flaggy. T 10
S P
Lt
Y S O
. 10257
A . e ..
wakino Fine,calcarecus sandstona {(10257) | - . -- 6 10259
with scattered fossils and .l
concretions (10259). T
I
Limest
mestane Blocky, pinkish, fine-grained I T*J
. limestons. 1 7
4L 10254
Calcarecus fine sandstone with ::'::.
scatterad fossils. < 8
Massiva,blue—grey, calcareous E?éﬁi?:
siltstone, =
— 45
10261
Calcareous sandstons. L - . 2
oLy, timin o s ey i
- one with fraagme o
Limestone gmanted fossils, 3
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Locality : 38 (N91/160350)
Area : Mokau River Mouth
Sample Descriptions - Ferry Sandstons
Grey, micaceous, calcareous,madium sandstone with some voleanic
debris, forming beds 3 em thick (10301), alternating with

beds of blue—grey calcaraous siltstona, forming bads 1 m thick

(10299) and containing rare concrstions (10293),

Locality

37 (see Table 1,4.)
Locality : 38 (N100/207288 - NS1/184300)
Area : Mohakatino Road

Reference Figure : 1.)7

Sample
i i numbar
Type Section : Mghakatino Group
Greenish, micaceous,tuffaceous R
Ferry sandstone (10311), interbeddad with == 10311
Sandstone blue-grey, tuffaceous, siltstona S 10307
(10307). A
"' o‘ .' ..
Upper Non—-calcaraous, claystons,
5 Purupurs containing volcanic dabris, = 10224
8 Volcanic
< Sandstorsa
8 Lower . :,:;;,
pi Purupuru Grey, calcarsous, medium Boptepdll )
g Volcanic sandstone containing abundant AR 10285
> 3 { g - v ety
2 Sandstone volcanic dabris {10295) and ol
E tuffacesous mudstcne, - T
Mangarara Crey, calcareous; medium sandstons SR
containing abundant volcanic debris |, ,* -, .
Sandstons Thin basal conglomerats. Lt 10293
o~ O oo
C e e 10286
Blue-gray, non calcareous, o 1028
carbonaceous fine sandstons. L.
jo BN o .
g 3 PR
X 0O .
Q . .
= O .
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Locality : 39 (N101/702248)
Area : Okahukura, Opoitiki Road
Sample Description : Ferry Sandstone

10312 : Green, micaceous, tuffaceous sandstona.

Locality : 40 (see Table 1.4.)

Locality : 41 (N101/737205)

Area ¢ Taumarunui, National State Highway 4.

Sample Dascriptions : Ferry Sandstona,
Laminated, browunish—green, micaceous, fine sandstone (10310)
interbedded with bands of massive, gray-gresn, micaceous sandy

siltstone (10306).

Locality : 42 (N100/150170)

Area : Ahititi, National State Highway 3,
Rafeéance Figure : 1.}9

Sample Description : Mt, Messengar Sandstona

P . . .
10317 : Massive, blus-grey, mlcacaous, madium sandstons.

Locality : 43 (N108/267157)

Arsa : Kotars, Provincial State Highway 40,

Sample Description Ferry Sandstons
Blue-grey, non-calcarsous, micaceous madium sandstone

(10308) interbedded with blua—gray, micacsous, mudstone

(10304) with rare fossils,
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Locality : 44 (N100/318168)
Area : Yaitaanga, Provincial Stata Highway 40.
Sample Description Upper Mckau Sandstone

10284 : Massive blue-grey, calcareous, siltstone.

Locality : 45 (N101/755158)
Area : Taumarunui, National Stats Highway 4,
Type Section Area : Taumarunui Formation
Sample Descriptions : Taumarunui Formation
Grey, calcareous, sandstons (40270) interbsdded with blue~grey,

calcareous siltstone (10275).

Lecality : 46 (MN100/133110)
Argea : Uruti, National State Highway 4.

Type Section Araa : Mi, Massenger Sandstone

10318 : Brownish, micacsous, non-calcareous medium sandstone ~

10323 ¢ Blue-gray, micaceous, slightly calcarecus siltstone
with some carbonacsous material - Urenui Siltistons,
10320 : Calcareous concraticn from 10323,

Locality : 47 (N100/447103)

Area : Ohura, Tatu Coal Mina,

3 i - 1 l—ne
Sample Description : Louwsr Mokay Sandsto

and
10281 : Creamy-brouwn, carbonacsous, non-calcareovs, sandy

mudstona.



Locality : 48 (N100/446093)
Area : COhura, Waro Road, Tatu Mina.,
Sample Descriptions : Upper Mokau Sandstone
10290 : Gresn, carhonacsous, sandy siltstona.

10291 : Green-brown sandy conglomsrate.

Locality : 45 (see Table Toha)

Locality : 50 (N99/032041)
Area : Uruti, National State Highway 3.
Refersence Figure : 1.2
Typa Section Area : Ursenui Siltstona
Sample Description : Urenui Siltstone
Blus—~-grey, micaceous, calcareous siltstaone (10324), with thin

tuffaceous sandstone bands (10327) and concraeticnary bands (10321).

Locality : 51 (N100/451036)

T ~r [ -y - Pl S . .
Arsa ¢ Tangarakau Gorge, Provincial State Highway 43,
Sample Description : Tawariki Mudstaonas

10315 : Massivs, blus—gray, micas

@

10315 : Calcarsous concration from 10315.

Locality : 52 ({ses Tabls Tolie
Locality : 53 (ses Table I.j.)
7
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Locality : 54 (N100/355004)
Arsa : Tangarakay Gorge, Provincial State Highway 43,

Sample Description : Lower Mokau Sandstone

10275 : Massive, blue—-grey, non-calcareous madium sand.

Locality

S5 (see Table 1.4.)

Locality : 56 (N110/337914)
Area : Tahora Saddle, Provincial State Highway 43,
Sample Description : Ferry Sandstons
Brown-green, micaceous, non-calcareous, madium sand (10309)

interbeddsd with blue-grey, micaceous, non-cazlcareous siltstons

(10305).

Locality : 57 (N110/286855)
Area : Whangamomona, Provincial State Highway 43,
Sample Description : Tawariki Mudstons
10316 : Messive, blue-grey, slightly calcareous mudstone with
sparse fossils,

10314 : Calcarenus concration from 19315,

Locality : 58 (N111/855874)

Area : National Park, National State Highuway 4.

Reference Figures : 1.0
Sample Description : Taumarunui Formation

Flysch-type sequence of grey, slightly calcarsous fine sandstenes

(10269), interbadded with blus-grey calcareous siltstones (10266).






283,

Locality : 64 (N11S9/057637)

Area : Strathmore Saddle, Provincial Stats Highway 43,

Reference Figure : 1.22

Sample Dascriptions : Matemataaonga Sandstone

10332 : Massive or incipiently bedded, blue-gray, fossiliferous

fine sandstona,

10328 : Calcareous concretion from 10332,

Locality : 65 (N120/121507)
Area : Matemateaonga, Rawhitiroa Road.
Type Section Area : Matemateacnga Sandstone
Sample Descriptions : Matemateaonga Sandstone
10334 : f{fassive, blue-grey, non-calczreous fine sandstone.

10329 : Calcareous concretiocn from 10334,

(see Table I. 4 )

(1]
O
(8]

Locality

Locality : 67 (N121/712443)
Araa : Raetihi, Pipiriki Roac.
Sample Descriptions : Matematzacnsa Sandstens
10335 : Massive graen-gray, mitacecus, non-calcarasous, madium
sandstona.

10339 ¢ Calcareous concration from 10335,
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Locality : 68 (N1356/945341)
Area : Hawera, Tangahos Vallsy Road.
Type Section Area Tangahos Mudstone

Sample Description : Tangahos Mudstone

10341 : Massive, blue—-grey, fossiliferous, mudstona.

Locality : 69 (N131/796284)

Arsa : Oreore, National State Highway 4.

Sample Dsscriptions : Tangahoe Mudstona
Brown—grey, micaceous, nogn-calcarsous, medium sandstons units
averaging 7 m thick (10349) interbedded with blue—-grey, micaceous,

non-calcareous, mudstonz units averaging 1.2 m, thick (10348).

Locality : 70 (N129/814240)
Area : Tangahoe River, at National Stata Highway 3.
Sample Descriptions : Tangzahoo Mudstons
10340 : Massive, blue-gray, micaceous, non-calcarecus mudstone.

10336 : Calcarsous concreiizn from 10340,

fin

Locality : 71 {N132/244235)
Area : Taihapas, Naticnal Stats Hi:
Refersnce Figure : 1.23

Sample Description : Tangahoa Mudstone

10347 : Massive, Fritt R

. y tritterad, micac .
o iLcacepys slj3 ey

» S+1GAtly calcar

0
¢}
9]

U

» Sandy
mudstona,
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Locality : 72 (N131/838205)
Area : Kakatahi, National State Highway 4,
Reference Figure : 1.24

Sample Descriptions : Tangzhoz Mudstone.

10344 : Massive, blue-grey, slightly calcarecus, sandy mudstons.

10337 : Calcareous concration from 10344,

Locality : 73 (N132/254206)
Area : Taihaps, National Stats Highway 1.
Sample Dsscription : Tangahoe Mudstons

106339 : Calcareous concretion from Tangzhoe [udstone.

Locality : 74 (N135/D47874)
Arez : Patea River Fouth at National State Highway 3.
Sample Description 3 Tangahse Mudstone

10322 : Massive, blus—grays nor—calcareous, micacecus mudstons.

aArea : Utiki, National Stats Highuay %«
Sample Descripticns : Tangahoe Mudstons
i i T icaceou icareocys sandy mudstons.
10346 : Massive, blue-grey; micaceous, caicar y

-

. . e
40338 : Calcaracus concretion from 10346,
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Locality : 76 (N137/285016)
Area : Waitotara River at State Highuway 3

Sample Descriptions : Tangahoe Mudstona

10343 : Massiva -~ poorly bedded, grey, micaceous, non—calcareous

mudstone.

Locality : 77 (N138/726034)
Area : Parahauhau Junction, National State Highway 4.
Sample Description : Tangahoe Mudstone

10345 : Massive, blue-grey, micaceous, calcareous sandy mudstona.

Locality : 78 (N138/772040)
Area : Otomoa, National State Highway 4.

Sampls Description : B horizon of scil developed on Tangahoa rudstona,

10369 ¢ Brown, micaceous, silty leam.

Locality : 78 ({#138/659968)
Area : Upokongare, National Stats Highuay 4,
Sample Descripticons ¢ Interbhads
4 A - o i
sands and pebbly conglcomerates with numercus fossils - aga

Nukumaryan,

10352 = Yea S _
2 : Yeathered, micacaous, non—calcarscys, Tine—msdium

sandstonse,

10351

Gray-brown, micacsous
y o ©B0uUs, non~calcarasys siltstons.

10356

C OCOlqt [ = 1 hd
4 -9 ic \..EDU:., on CalC r 9

muddy siltstons,
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Locality : 85 (N143/690783)
Arza : Whapagehu, National State Highuway 3.

Sample Descriptions : Lower Hawera Sediments - interbaddsd marine

andesitic and "greywacke" gravels, pumiceous sands and

clays.
10358 : brown mud.

10361 : brown, pumiceous, fine sand,

Locality : 86 (N143/738718)
Area : Turakina, National State Highway 3.
Samplg Dascriptions : Hawera Sediments - Interbsdded andssitic sand,

sandy silts and muds,

10363 ¢ Brown-grey, slightly micaceous andassitic, fine - medium
sand,
10358 : Chocolate-red, carbonaceous, mud,
10362 : Brown, micaceous, silty sand,
Locality : 87 (see Table f.z.)

lLocality : 88 (N91,/502343)

(7]

Area : Yaitewhena, Open Cast mMin

o

N 3 vyt
Sample Descripticn Maryvillie Coal Measures

..;282 - 20y L * ~ o F ~i - »
10 s Croa Ty -h oWn carx 20Us u
bona >80 S{ 'b\y' me dS"Oﬁe
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APPENDIX I
iizgéi Cgiigczgon Location Fosizion
Latitude Longitude
N377 12.12.74 | Hamilton Shelf 37° 48,5'{174° 45.8"
N378 " " " 379 48,91]174° 39,4
N379 " " " 379 48,9t{174% 13,2¢
N382 13.12.74 Central Taranaki 35° 15¢ 1739 42,41
Shelf
N383 " " 399 15,71{173° 42.6"
N384 " " 39° 15,9'{173° 39.4!

TASLE 1,3, estern shelf seston sample data.
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Thasis MNumbers Field MNumbers Thesis Numbars Field Nuabers
Loceality Sample Locality Sappla Locality Samplse Locality Sample
67 10396 88 RB.1 85 10361 49 43.2
82 10395 89 RB.2 81 10360 50 53,1
76 10394 57 RB.3 85 10359 43 48,2
74 10393 58 RB.4A 85 10358 49 49.1
74 10392 58 RB.48 81 10357 50 50,2
55 10391 74 RB.5A 83 10356 46 46.1
61 10390 75 . RB.6A 84 10355 47 47,1
66 10389 76 RB.7A 84 10354 47 47.2
70 10388 77 RB.BA 80 10353 ‘45’ 45.%
52 10387 78 RB.S 79 10352 51 51.1
53 10386 79 RB.,1C 79 16351 51 51.2
49 10385 80 RB.11 73 10350 51 51,3
40 10384 84 fB.12 69 10349 55 55,1
37 10383 85 RB.13 69 10348 55 55,2
35 10382 86 RB.14 71 106347 43 43.1
29 10381 87 RB.15" 75 10346 44 44.1
6 10380 90 80,1 77 10345 52 52.1
6 10379 S0 90,2 72 10344 54 54.1
6 10372 =18 90,3 76 10343 57 57 .1
6 15377 I8 90.4 74 10342 58 58.1
12 10376 391 91.1 68 10341 59 59.1
12 10375 91 91.3 70 10340 77 77,1
10 10374 92 82,1 73 10339 43 43.2
10 10273 92 92,2 75 10338 44 44,2
53 10372 74 RB8.53 72 10337 54 54,2
&1 10371 75 RB.52 70 10336 77 772
56 10372 78 78,78 67 10335 56 56,1
73 10369 53 53,1 65 10334 60 60,14
70 416368 77 R3.58 63 10333 61 61.1
21 10357 23 35.5A 64 40332 52 62.1
21 10356 35 35.53 62 10331 . &3 63.1
3 103865 30 3C.1% 67 48330 56 56.2
8 10364 30 30.2 65 10329 0 60.2
86 10363 43 48,1 54 10328 62 62.2
86 10362 48 48,3 80 10327 81 81.2
TABLE I1I.1. Correlation of thesis sample localities and sample numbers

with those usad in the course

have prefix W.T.

of field worke.

All

thesis sample numbars



TABLE II1.1. (continued).
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Field Humbers

Thesis MNumbers

Field Numbers

Thasis Numbers
Locality Sample Locality Sample Locality Sample Locality Sample
60 10326 64 64.1 48 10291 71 71.2
59 10325 65 65.2 48 10290 71 71.1
50 10324 81 81.1 31 10289 18 18,2
46 10323 82 82,2 33 10288 16 16.4
59 10322 . 65 65.3 33 10287 16 16.9
50 10321 81 B1.3 38 10286 20 20.1
46 10320 82 82,3 21 10285 35 35.4
59 10319 85 65.1 44 10284 72 72.1
- 46 10318 82 82.1 33 10283 16 16.10
4
2 10317 83 83.1 88 10282 88 10282
57 103
> 16 66 66,1 47 10281 70 70.1
103
o ! 15 69 69.1 33 10280 16 16.14
0314 66
y o 66,2 33 16279 16 16.15
: 1
" 1o 69 69,2 22 10278 25 25.1
312 39 39,
38 10311 2 . - e >2 o2
0 20,4
. . . 0,4A 21 16276 35 35,2
41,7
i | 1 54 10275 68 65.1
56 10309 67 676% 22 27
43 10274 25 25.2
10308 73 73,1 21 10275
2o 2 273 35 35,34
8 10307 20 20.43 21 10272 3
2 5 35,
41 10306 44 41,48 27 10271 >-38
56 10305 67 §7.2 - 39 391
Te 45 40270 40 40,14
a3 10304 73 73.2 53 16 ’
5 Jos0 . o > 269 42 42,14
. L < no
32 10302 17 17,35 45 19208 38 38.2
- Tem8 10257
35 103019 is 15,4 40 40.18
) P 58 10266 4
32 10300 17 17,38 16 2 42,18
= 10265
36 10253 13 152 15 6s 32 32.2
- i o2
36 10298 19 19,3 1o2ss 33 33.1
iv- 20 16253
31 106297 18 151z .t - 34 34.1
> o & r\’)
31 10296 18 18.13 - 10262 35 35,1
* L= Ju -
38 108295 20 20.34 iy 10254 21 21.5
38 10254 27 2G.3 10250 23 23,2
Ue33 30 1'2:0
38 10293 2 20.2 26 TesT 21 21.5a
25 10292 37 57 . 10258 23 23.1
! S0 10257
21 21.2
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TABLE II.1. (continusd).

Thesis fumbers Fieild Numbers Thasis Numbers Field Numbsrs
Locelity Sample ULocality Sample Locality Sample Locality Sample
30 10256 21 21.4 14 10228 2 2,3
30 10255 21 21.1 11 10227 10 10.6
30 10254 21 21.3 28 10226 22 22,5
30 10253 21 21.6 28 10225 22 22,4
34 10252 26 26.2 28 10224 22 22,2
34 10251 26 26,1 4 10223 11 1101
15 10250 1 1.4 7 10222 4 4.1
1S 10249 1. 1.12 1. 10221 . 10 . 10.1 .
1S 10248 1 1.13 4 10220 11 11.2
28 10247 22 22,12 28 10219 22 22,3
24 10246 24 24,1 S 10218 6 6.1
24 10245 24 24,3 5 10247 6 6,2
15 10244 1 1.9 5 ] 10216 6 6.3
15 10243 1 1.15 5 10215 6 6,13
15 10242 1 1,17 . 2 10214 7 Te1
28 16241 22 22,7 17 10213 29 25,1
28 10240 22 22.9 17 10212 29 29,2
23 10239 356 36.2 4 10211 11 11.9
23 10238 36 36,3 1 10210 12 12.4
3 10237 8 8.1 28 10209 22 22.1A
4 10236 11 11.3 28 10208 22 22,78
4 108235 11 11,5 18 10207 28 28.2
4 10234 11 11.6 23 10206 36 36.18
15 10233 1 1.25 23 40205 36 36.1A
9 10232 5 5.1 13 10204 31 31.1
g 10234 5 S.2 12 16203 31 91.2A
28 10230 22 22.5 12 10202 91 91,28
15 40229 1 1.21 28 410201 22 22.17






TABLE I1.1. (continued),

Sample Local, Strat, Lith., Qtz. Plag. Pot, Clay CaCO,5 Othors R.Qtz., R,Plag. R.Pot., R,Clay Others

10349 69 Tq I.05t 40 36 - 15 1 2 46 36 - 15 3
10348 69 Tq I.,mot 22 21 - 57 1 - 22 27 - 57 -
10347 73 Tg mst 21 22 5 36 4 12 22 23 5 38 12
10346 75 Tg mst 40 39 7 33 5 - 43 42 7 35 -
10345 77 Tg mst 30 21 - 32 3 14 31 22 - 34 13
10344 72 Tgq mst 25 20 - 55 1 - 25 20 - 55 -
10343 70 Tg mst 22 30 3 35 1 9 22 30 3 35 10
10342 T4 Tg mst 19 21 4 51 3 2 20 22 4 53 1
10341 68 Tg mst 19 29 3 42 2 4 20 30 3 43 4
10340 70 Tg mat 20 26 4 30 1 19 20 26 4 30 20
10339 73 Tqg con 20 15 4 15 27 19 28 20 5 20 27
10338 75 Tg con 20 22 6 21 29 - 37 31 a 30 -
10337 72 Tg con 1 14 - 33 32 10 16 21 - 48 15
10336 70 Tq con 10 18 - 28 20 16 22 22 - 35 21
10335 67 Mt ast 20 34 5 25 1 3 28 38 5 25 4
10334 65 ML sot 37 30 7 35 - - 37 a0 7 35 -
10333 63 Mt sst 20 29 3 4'7 1 - 28 29 J 47 -
10332 G4 Mt sst 21 20 4 30 5 6 22 30 4 38 6
10331 6H2 Mt ost 20 32 - 30 1 9 28 32 - J0 10
10330 67 Mt con 13 17 5 14 43 8 22 30 9. 25 14
10329 65 Mt con 17 20 4 21 40 - 21 34 7 35 3
10328 64 Mt con 22 32 - 27 28 - 30 45 - 38 -
10327 50 Ur sat 2 21 4 10 3 60 2 22 4 10 63 An
10326 60 Ur mst 21 29 3 48 1 - 21 29 3 48 -
10325 59 Ur mst 25 23 - 48 1 3 25 23 - 48 4
10324 50 Ur mst 25 31 - 35 1 8 25 31 - 35 9
10323 46 Ur mst 20 28 - 41 3 3 21 29 - 43 7
10322 59 Ur con 14 19 - 21 38 8 122 31 - 34 13
10321 50 Ur con 19 16 - 21 29 15 27 22 — 30 9
10320 46 Ur gon 14 22 2 20 29 13 20 31 3 28 18

*See’



TABLET .1, (continued).

Others R.Qtz. R,Plag. R.Pot, R,Clay Others

Sample  Local, Strat. Lith, Qtz, Plag. Pot., Clay CaCO3
10319 59 Mt.M sst 40 33 7 15 1. 4 40 33 7 15 5
10318 46 Mt,M sst 35 29 - 30 1 5 35 29 - 30 6
10317 42 Mt,M sst 30 34 4 28 1 3 30 34 4 28 4
10316 57 Tw mst 23 24 4 46 3 - 24 25 4 48 -
10315 51 Tw nst 31 25 4 37 - 3 31 25 4 37 3
10314 57 Tw con 12 18 - 30 30 10 17 26 - 43 14
10313 51 Tw con 19 17 3 28 30 3 27 24 4 40 5
10312 39 ry sst 25 35 - 44 1 - 25 35 - 45 -
10311 38 Fy I,88t 28 43 7 19 - 3 28 43 7 19 3
10310 41 Fy l.sst 35 17 5 38 - 5 35 17 5 38 5
10309 56 Fy Tousat 30 3 3 35 - 1 30 31 3 35 1
10308 43 Fy I,ogt, 37 24 7 42 - - 37 24 7 42 -
10307 38 Fy Taemat Z2 22 - 50 - 6 22 22 - 50 6
10306 41 Fy ITemat 30 32 - 30 - 8 30 32 - 30 B8
10305 56 Fy Tomst 16 24 3 40 1 16 16 24 3 40 17
10304 43 Fy L.mst 23 28 - 46 2 1 23 28 - 47 2
10303 32 Om sst 32 37 2 27 - 2 32 37 2 27 2 An
10302 32 Om T.sst 3 53 - 8 18 18 4 64 - 10 22 An
16301 36 Om T.ost 22 41 - 15 24 - 29 54 - 20 -
10300 32 D T.mst 7 10 - 25 36 2 15 23 - 56 6
10299 36 Om T.mat 28 19 - 51 8 - 30 21 - 56 -
10298 36 Om con 18 20 3 31 34 - 28 31 4 47 -
10297 31 Pu I.s5t 2 78 4 - 8 8 2 85 4 - 9 (s
10296 3 Pu Iomst 16 19 - 41 2 22 16 19 - 42 23
10295 38 Pu sst 11 38 3 26 10 12 12 42 K] 29 14 Cs, An
10294 38 Pu mst 14 11 - 85 ~ - 14 11 - 89 -
10293 38 Mg c.sst 12 19 - 49 12 8 4 22 - 6 8
10292 25 Mg c.sst 28 17 8 20 20 7 3u 21 10 25 9

“96¢-



TABLE II.1. (continued).

Sample Local, Strat. Lith, Qtz. Plag. Pot., Clay CaCO ODthers R,Qtz, R,Pleg. R,Pot, R,Clay Others

3
10291 48 U.Mo cgl 37 49 6 20 - - 37 49 6 20 -
10290 48 U.Mo sst 3B 30 3 38 - - 30 30 3 38 -
10289 31 U.Mo c.sst 12 9 2 25 45 7 22 17 3 46 12
10288 33 U.Mo 55t 29 18 - 47 - 6 29 18 - 47 6
10287 33 U.to ms t 32 29 - 27 3 9 33 30 - 20 9
10286 38 U.Mo mst 28 28 - 46 - - 28 28 - 46 -
10285 21 U.Mo mat 35 33 5 33 1 - 35 33 5 33 -
10284 44 U.Mo mst 35 27 5 38 1 - 35 27 5 38 -
10283 33 U.Mo con 16 15 3 18 51 - 33 31 7 37 -
10282 88 My mst 40 5 - 55 - - 40 5 - 55 -
10281 47 L.Mo mst 41 12 5 40 - 2 41 12 5 40 2
10280 33 L.Mo sst 36 24 4 33 - 3 36 24 4 33 3
10279 33 L.Mo sst 23 24 6 40 - 7 23 24 6 40 7
10278 22 L.Mo sst 32 28 3 29 - 8 32 28 3 29 8
10277 16 L.Mo gst 43 34 5 28 - - 43 34 5 28 -
10276 21 LMo sst 47 32 - 30 1 - 47 32 - 30 -
10275 54 LeMo sat 47 32 12 28 - - 47 32 12 28 -
10274 22 LoMo con 9 7 2 18 59 5 23 18 5 45 9
10273 21 LMo I,sst 31 14 5 35 1 14 31 14 5 35 15
10272 21 Leflo I.mst 25 23 - 47 1 4 25 23 - 47 5
1027 27 Tmr I,sst 28 20 - 35 7 10 30 22 - 38 10
10270 45 Tmr I.sst 27 22 ~- 26 24 1 36 29 - 34 1
10269 58 Tmr I.sst 37 22 5 44 3 - 38 23 5 45 -
10268 27 Tmr I.mst 15 18 - 64 4 - 16 19 - 67 -
10267 45 Tmy T.mst 19 18 - 53 3 7 20 18 - 55 -
10266 58 Tmr T.mat 18 14 3 G4 6 - 21 15 3 68 -

*L6Z






TABLE W.1. (continued).

Sample Local, Strat, Lith, @tz, Plag, Pot, Clay CaCO,3 Othors R.Qtz. R,Hlag. R.Pot, R,Clay Others

10237 3 T.A mst S . 2 2 40 37 14 10 4 4 65 27
10236 4 T.A mst 24 5 - 32 42 - 41 8 - 56 -
10235 4 T.A mot 15 6 - 35 47 - 28 1 - 66 -
10234 4 T.A mst 20 8 7 26 44 - 35 15 12 47 -
10233 19 Ao lst 17 7 4 3 71 - 58 25 12 10 -
10232 9 Ao Ist 3 1 - G g1 - 31 10 - 60 -
10231 9 Ao lst 7 16 2 17 56 2 16 36 4 38 b
10230 28 Ao 1st 7 5 5 2 79 2 32 24 23 9 12
10229 15 Ao c,out 18 g 7 32 33 - 27 14 10 47 2
10228 14 \Ye) c.o8t 10 7 5 25 53 - 21 15 11 47 6
10227 11 Ao Ceusl 14 12 5 23 47 - 26 22 10 44 -
10226 28 Ao Go.sat 20 13 22 - 48 - 53 25 42 - -
10225 28 Ao gst 50 12 29 37 - - 50 12 29 37 -
10224 28 Wh lst 1 2 - 3 95 - 17 22 7 65 -
10223 4 Wh Cesst 21 4 - 208 50 - 42 9 - 56 -
10222 7 Yh cemagt 16 7 - 43 44 - 28 13 - 50 1
10221 " Wh c.mat 15 11 7 21 50 - 31 22 14 42 -
10220 4 Wh Cemst 18 6 - 37 42 - 31 M - 64 -
10219 28 Wh cl.mmst 12 7 2 36 44 - 21 12 4 65 -
10218 5 G.M 1st 1 1 5 90 3 10 6 3 48 33
10217 5 G.M comat 14 2 4 25 46 9 26 4 8 46 16
10216 5 G.M c,sst 17 ~ 8 20 41 14 29 2 14 34 21
10215 5 Mi mst 24 6 - 75 ~ - 24 6 - 75 -
10214 2 i mst 30 4 5 59 8 - 32 4 5 62 1
10213 17 Mk mst 37 3 5 75 - - a7 3 5 75 -
10212 17 Mic con 9 1 1 18 72 - 32 3 3 65 -

*66¢



TABLE W,1. (continued),

Sample Local, Strat, Lith, Qtz., Plag., Pot. Clay CaC0, Others R.Qtz. R.Plag. R.Pot., R,Clay Others
10211 4 Wk mst 37 - - 140 - - 37 - - 140 -
10210 1 Wk mst 52 - - 120 - - 52 - - 120 -
10209 28 Wk mst 22 -~ - 150 - - 22 - - 150 -
10208 28 Wk mst 45 | 9 3 120 - - 45 9 3 120 -~
10207 18 Wik met 46 - 4 110 - - 46 - 4 110 -
10206 23 Wk mst 75 6 - 57 - - 75 6 - 57 -
10205 23 Wi sst 74 - - 30 - - 74 - - 30 -
10204 13 Js nst 22 25 8 20 - 25 22 25 8 20 25
10203 12 Js mst 22 13 - 52 1 12 22 13 - 52 13
10202 12 Js con 3 9 - 25 63 - 8 25 - 66 1
10201 28 Ts sgt 13 37 5 20 - 25 13 37 5 20 25
RIVER AND HARBOUR SAMPLES
Sample Local, Strat, Qtz, Plag, Pol, Clay CaCo Others R,Qtz. R,Plag, R,Pot. R.Clay Others
10394 87 fle 28 27 5 34 - 6 28 27 5 34 6
10395 82 Re 25 27 - 28 - 10 35 27 - 28 10
10394 57 Re 45 40 8 26 - - 45 40 8 26 -
10393 58 Rc 21 42 6 38 - - 21 42 6 38 -
10392 58 Re 30 38 5 28 - - 30 38 5 28 -
10391 55 Re: - 36 - 10 - 54 - 36 - 10 54 All
10390 61 Re 15 47 - - - 38 15 47 - - 38 All
10309 66 Re - 100 - - - - - 100 - - -
10388 70 Re 24 41 5 24 - ) 24 41 5 24 6
10347 52 Re 20 20 - 46 ~ - 26 28 - 46 -
10386 53 Rc 27 39 3 28 - 4 27 38 2 28 4
10385 49 Re 28 20 - 42 - 10 20 20 - 42 10
10384 40 He 24 35 4 28 1 8 24 35 4 28 19
10383 37 Re 35 26 4 25 1 9 35 26 4 25 10
10382 35 Re 14 19 4 38 1 24 14 19 4 30 25
10281 29 ic 20 26 4 24 - 8 28 26 4 24 8

*oog



TABLE M,1., (continued),

Sample Local. ©Strat, utz, Plag. Pot, Clay CaCO Others R.Qtz, AR,Plag, R,Pot, R,Clay Others

3

10380 6 Rc 15 13 2 54 6 10 16 14 2 57 1"
10379 6 Re 15 7 2 42 2 32 15 7 2 43 33
10378 6 Re 23 17 3 52 2 - 23 17 3 53 -
10377 6 Rc 20 11 - 73 - -~ 20 11 - 73 -
10376 12 Re 21 13 4 37 3 22 22 13 4 28 23
10375 12 Re 7 22 7 19 3 42 7 23 7 20 43
10374 10 Re 27 25 7 10 2 29 28 26 7 10 28
10373 10 Re 8 28 3 23 3 35 8 29 3 24 36
WESTERN SHELF SAMPLES
Sample  Strat, Qtz, Plag. Pot,. Clay CaCO3 Others R,Qtz R.Plag. R.Pot, R,Clay Others

R4S Re 18 19 - 26 12 25 20 22 - 30 27

A4T7 Rc 12 20 5 25 17 21 15 24 6 30 25

AS1 Rc 17 19 - 39 25 ~ 22 25 - 52 1

8319 Re 24 26 5 29 23 - 31 31 7 38 -

B321 Rc 16 17 2 42 19 4 20 21 3 52 4

8322 Re 20 33 5 30 1 1 20 33 5 30 2

BG4S Rc 12 18 2 46 22 - 15 23 3 42 1

BG47 Re 33 18 7 27 11 4 37 20 8 30 5

BG4B Re 35 20 6 23 7 9 38 22 6 25 9

0649 Re 12 17 2 43 10 16 13 19 2 48 18

BG53 Re 2 11 - 9 10 68 2 12 - 10 24

B667 Rc 7 41 7 10 2 33 7 42 7 10 34

B675 flc 26 23 4 31 9 7 29 25 4 34 8

8676 Re 27 30 - 25 1 17 27 30 - 25 18

8680 Re 16 29 8 37 3 7 16 30 8 38 8

B6B1 Re 28 27 4 29 2 10 28 27 4 29 12

B682 Re 22 20 3 33 21 1 28 25 4 42 1

B778 Rc 16 17 4 20 20 23 20 21 5 25 21

8780 Rc 15 13 3 15 23 31 20 17 4 19 40

B781 Re 17 18 4 12 22 27 22 23 5 15 35

B784 Re a3 31 6 24 12 - 37 35 7 27 ~

*To¢g






TABLE IT.1. (continued),

Sample

Strat,

Qtz.

Plag,

fPot,

Clay CaCU3 Others R.Qtz., R,Plag, R.Pot, R.,Clay Others
C363 Rc 35 19 7 19 6 14 37 20 g 20 15
C364 Re 38 25 5 - 3 29 40 25 5 - 30
372 Rc 30 27 6 12 19 6 37 33 8 15 7
C376 Rc 15 41 5 17 7 15 15 42 5 18 20
£s80 Re 1 41 1 14 4 9 12 43 12 15 18
ca21 Re 14 25 6 33 1 11 16 28 7 37 12
Ca29 Re 14 19 5 39 19 4 17 24 6 48 5
C432 Re 217 18 3 18 14 20 32 21 4 22 21
Ca34 Re 16 22 3 38 21 - 20 27 4 48 1
C435 Re 16 29 - 42 2 11 16 29 - 43 12
C436 Re 14 17 2 43 18 6 17 21 3 52 7
€438 Rec 30 19 5 14 28 4 42 27 7 20 4
€450 Re 19 30 - 14 5 32 20 32 - 15 33

‘eog-
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APPENDIX I . BULK MINERAL COMPOSITION

ONSHORE SAMPLES

aCo
Strat. Lith, Qtz. Plag, Pot. Clay CaC
Huw sd 16 53 3 12 g
Hha md 19 27 2 35
We sst 24 21 3 35 !
We I.sst 22 23 3 55 ]
We I.mst 17 18 3 65 2
Un c.sst 25 17 2 31 6
Wn mst 31 20 4 39 1
Tg I.sst 46 36 = 15 1
Tg I.mst 22 27 - 57 ]
Tg mst 24 26 3 39 2
Mt sst 28 31 4 35 2
Ur sst 2 21 4 1 3
Ur mst 23 28 1 43 2
Mt .M sst 35 32 4 24 1
Tuw mst 27 24 4 41 2
Fy sst 25 35 - L4 1
fy I.sst 32 Z9 5 33 -
Fy I.mst 23 26 1 41 1
Om sst 32 37 2 27 -
Om I.ss? 12 a7 - 11 21
Om I.mst 17 10 - 38 32
Pu I.s3t 2 78 4 - 8
Pu Ii,mst 16 48 - 41 2
Pu mst 11 38 3 5
: ~ e ~ 26 1 O
Py mst 14 1 -~ 85 -
Mg c.sst 20 13 4 35 16
U.Mo cgl 37 43 i
U.Mo sst 25 1S g 32 -
’ e e 15
U.Mo mst 32 Z2g 2 35 1
LMo mst 41 12 g
L.Mo sst ] }: S 40 -
L.Mo I.sst 31 14 2 31
S| 35
L.Mo I.mst 25 23 ? 1
- 47 1

TABLE 17,2, Average buik m
samples  (formaticnal avera i

s a 3e) and i
(locality average), Qtz, - % qiartz*rAgir and
feldspar; pot, = % patash feld . o
obtained by XRD modal analysig
following acig digestign, )

ingral ~ 1+
inaral Composition qf onshore

Narboyr samples
4 s
va plagloclase
SDhar e
qur:ﬁ Clax =% clay minsrals;
atu, = 9 raco Calcylat
3 3 Calculated






TABLE I .2. (continued).

306.

Local. Qtz. Plag. Pot. Clay CaCo
37 35 26 4 25 1
35 14 19 4 38 1
29 28 26 4 24 -

6 18 12 2 55 2
12 14 17 5 28 3
10 17 27 5 16 3






TABLE V.1, (continued),

Sample Local, Strat. Lith, K I M C M/L M/L Spacies Others
xC  hC I-f1 C-1 C=¥ C-Mm C-I-M U.M/L
10353 80 wn C.sst -~ 52 23 - 12 13 - - * 13 - - Py k
10352 79 wn sst 2 45 50 - - 3 - - * 3 - - Q, P
10351 79 Wn mst 2 44 32 15 - 7 - - - - 7 - Q, P, k
10350 79 Wn mst 2" 42 32 - 20 4 - - - - 4 - Q, P, k
10349 69 Tg T,sst 1 45 32 - 4 18 - g * 9 - - Q, Py k
10348 69 Tg 1,mst - 33 42 21 - 4 - 4 - - - - Q, Py k
10347 73 Tg mst 2 33 52 - - 13 - - * 13 - - Q, P
10346 75 Tg mst 1 44 34 - 7 14 - 7 * 7 - - P, k
10345 17 Tq mst - 52 24 20 - 4 - 4 - - - - Q, P, k
10344 72 Tg mat 2 37 52 - 2 7 ~ - ¥ 7 - - Q, P
10343 76 Tq met T 43 35 10 - 9 - 4 5 - - - p
10742 74 Ty mok 347 28 20 - 2 - 2 - - - - p
10341 68 Tq mst 348 28 16 - 5 - - * 5 - - p
10340 70 Ty mat 2 52 21 19 6 - 6 - - - - Q, P
10339 73 Tq eon 4 40 32 -~ 11 13 - 3 * 10 - - P
10338 75 Tg Gon 2 35 43 - 17 - 5 * 8 - - p
10337 72 Tq con 1 44 24 26 - 5 - 5 - - - - Q, P
10336 70 Tq can 2 51 19 - 22 G - G - - - - Q, P
10325 67 Mt sst - 40 32 24 - 4 - 4 - - - - p
10234 65 Mt gst 4 37 32 21 - 6 - - * 6 - - p
10233 63 Mt s5t - 40 31 24 - 5 - 5 - - - - P
10332 64 Mt sst ~ SYA 23 22 - 3 - 3 - - - - p
10331 62 Mt sst - 47 29 2 - 3 - 3 - - - - P
10330 67 Mt con 3 36 30 27 - 4 - 4 - - - - 0y, Py k
10329 65 Mt con 2 40 32 - 20 6 - 6 - - - - P
10328 64 Mt con - 62 5 25 - 8 - 8 - - - - Q, P

k>









TABLE 1V .1. (continuad).
Sample Local, Strat, Lith. K I M . V(N M/L_Spocies Others
xC  hC I-M  C=-I C-V C-Mm C=I-M U.M/L
10271 27 Tmr I,ssl 10 . 33 43 - - 14 - - * 14 - - g, P
10270 45 Tmr  T.sst B 48 23 - - 2 - - x* 21 -~ - -
10269 58 Tinr I.0s5t 2 12 82 - - 4 * 4 Q
10268 27 Tr  T.mst 12 58 25 - 3 2 - - * 2 - - P
10267 45 Tinr 1,05t 18 54 22 - 3 3 - 3 - - - ~ p
10266 58 Tme T.mst 6 25 62 - 5 2 - - * 2 - - Q, P
10265 16 Tmt  commst - 25 72 - 3 - - - - - - - g, P
10264 19 Tmt  c.mst 2 18 72 - - 8 - - * 8 - - -
10263 20 Tt Co.mst 3 20 67 - 7 3 - - x J - - Q, P
10262 21 Tint mut S 27 54 - 7 7 -~ B * 7 - - @, P
10261 J Tt cemut 3 %2 41 - 12 12 - - * 12 - - P
10260 26 Tmt Ce.msl 4 41 22 19 - 10 - - * 10 - - Q, P
10259 30 Tmt con J 33 36 - 8 20 - - * 20 - - p .
10258 26 Tint con 0 469 -~ 33 4 ~ 4 - - - - Q, P !
10257 30 Tmt c,sst 3 31 43 - g 15 - - * 15 - - P, Am -~
10256 30 Tt cesst 3 4B 22 11 M 4 - 4 - - - - Q, P, k *
10255 30 Tt lst 2 206 67 - 5 7 - - - - - - -
10254 30 Tint lst 3 33 44 - 10 10 - 3 * 7 - - Q, Py k
10253 30 Tmt lst 4 24 60 - 4 8 - - * 8 - -~ P '
10252 34 Tmt 1st 10 36 37 - - 17 - - - 17 - - @, P
10251 34 Tmt sty 5 18 57 - 7 13 - - * 13 - - Qy Py k
10250 15 0t lat - 12 87 - - 1 - - * 1 - - -
10249 15 ot 1st -~ 2 79 - - - - - - - - - -
10248 15 ot 1st -~ 38 46 - 5 10 - - *® 10 - - -
10247 28 gt 1st 15 24 43 - 6 12 - - * 12 - - 8, Py, k
10246 24 ot lst 1 43 54 - 2 -~ - - - - - - -
10245 24 0t lst 6 42 47 - 3 2 - - * 2 - - -
10244 15 114 ce9st - 33 81 - - 6 - - * 6 - ~ P
10243 15 Wt Ce.sst - 20 75 - - 5 - - * 5 - - P, Am









TABLE 1V ,1. (continued).

Sampls Strat, K I M __C ML M/L Specigs Others
xC hC I-1  C-I C-V C-M C-I-N U.M/L

10386 Ac 3 48 10 24 - 15 = 7 - 8 - - Qy, P
10385 Rc 3 40 20 16 - 21 - 13 * 8 - - Q, P
10384 Re 4 44 7 0 - 35 = 6 11 18 - - Q, Py Kk
10383 Re 13 59 6 - 10 12 - - - 9 - - p

10382 Rc g 32 20 - 9 31 12 - * 19 - - -

10381 Re 5 37 24 - 7 27 5 - * 22 - - Q, P
10380 Re 16 35 42 - 6 7 - - * 7 - - Qy, Py k
10379 Re 11 30 40 - 5 14 - 3 * 11 - - Q

10378 Rc 10 25 55 - 2 8 - - * 8 - - q

10377 Re 12 26 55 - 2 5 = - * 5 - - Q

10376 Rc 4 54 10 - 8 24 - - * g - 15 Q, P
10375 R g 36 18 - 3 34 - - * 13 - 21 p

10374 Re 4 26 62 - 2 6 - - * 6 - - Q, P, Am
10373 Rc 4 15 66 - 7 8 - - ¥ 8 - - -

&
WESTERN SHELF _SAMPLES ~
Sample Strat, K 1 mo___C M/L M/L Spacies Others
xC  hC I-M C-I C~V C-M C-I-M U,M/L

A4S Nc 6 40 36 9 - 9 - - * 9 - - q, P
AT o 7 48 25 15 - 5 - - * 5 ~ - p

A1 o 7 50 27 8 - 8 - - * 8 - - p

B319 Re 4 56 16 - 24 - - - - - - - Q, P
8321 Re 4 50 8 - 34 4 - 4 - - - - q, P, K
B645 Re 4 47 15 30 - 4 - 4 - - - - Q, k .
8647 Rc 4 51 6 - 16 23 - 7 * 16 - - Q, P, k
BG4Y o 6 51 8 29 - 6 - - - - - 6 p
B67S Rc 4 43 37 5 - 11 - - * 11 - - Q, P
BG76 Re 8 83 6 - 25 7 3 - - - - 4 Q, 2P
8682 e 4 48 26 16 - 6 - - * 6 - - Q, P
0778 Rc 9 21 67 - 1 2 - - * 2 - - Q, P
B760 Re 5 24 60 - - 1 - - * 1 - - Q, P
B781 Re 8 26 56 - - 10 - - * 10 - - p



TABLE {V .1, (continued),

Sample  Strat, K I ¥ . onn M/l Specises Others
xC hC I-fM  C=I C=V C=~M C-I-M U.M/L

8704 e 6 39 3 - G 19 3 3 * 13 - - Q, M, k
0788 e 6 41 32 - 10 11 - - * 11 - - Q

5793 e 8 52 26 - 0 5 - - * 5 - - p

8795 e 4 40 40 - 10 G - - * 6 - - Q

B755 Re 4 41 16 - 1 28 5 - * 23 - - Q, P
BG04 e 6 45 20 - 20 g g - -~ - - - Q, P
8816 Re 544 12 - 7 32 4 7 * 21 - - Q, P, k
B818 fic 4 60 9 24 - 13 3 2 * 8 - - 0

C169 Rc 4 50 i 18 - 20 - - * 10 10 - Q, P, k
C262 Rc 8 56 g - 17 14 - - * 8 6 - p

C265 Re 5 34 51 - 3 7 2 3 * 2 - - Q, k
£272 Re 10 87 2 - 14 17 - 3 % 14 -~ - Q, Py k
€275 o 555 7 - 15 18 - 2 * 16 - - Q, P
C276 R O 3836 - 10 15 3 6 * 6 - - Q

C277 Re 6 5B 0 - 21 7 - - %* 7 - - Q

C281 e 3023 52 - 6 16 3 7 * 6 -~ - Q

(2974 Re Tas 7 - 23 4 2 2 - - - - 8

C330 Re 7 19 G5 - 2 8 -~ - * 8 - - P

£332 Re 13 44 29 - 4 10 - -~ * 10 - - 0, 2P
C340 Rc 5 16 71 -~ 2 6 - - * 6 - - Q

£348 R 10 50 11 - 15 14 - 6 * 8 - - Q

£355 Rc 9 50 11 - 18 12 - 3 * 9 - - -~

£363 Re 10 60 1 24 - 5 - 5 - - - - Q, P
C364 flc 8 57 2 29 - 4 - 4 - - - - Q

C368 Rc 5 54 17 18 - 6 - - ~ - - 6 P

C372 Re & 44 22 21 - 9 - 2 - - - - P

C376 Re 7 56 8 - - 29 - - * 29 - - Q, k
C300 Re 9 55 1 20 - 15 - 4 * 11 - - a, P
C421 Re 5 41 29 - 13 12 - - * 12 - - Q

£422,1 Rc 5 52 7 - 30 12 - - * 6 - - -

C422.4 Re 5 47 10 - 30 8 - - * 8 - - —
£429,1 Re 3 51 7 - 32 7 - - * 7 - 7 p

C429,4 Re 3 63 3 - 27 4 - - * 4 - 4 P

C432 Rc 4 54 14 20 - 8 - 2 * 6 ~ - p

C434 Re 4 53 13 22 - 8 - 2 * 6 ~ - P

°81¢



TABLE WV .1, (continued).

Sampls  Strat, K I M M M/L_Species Others
xC hC I-M C~I C=y C-M C=I-M U,M/L

C436 Re 6 52 14 20 - 8 - 2 - 6 - - -

C438 Re 6 60 14 16 - 4 - - * 4 - - 4, Py k

£4590 Re 4 58 5 ~ 16 17 - - * 17 - - 0, k

‘9T¢
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APPENDIX {V. CLAY FRACTION COMPOSITION

ONSHORE SAMPLES

Sample Local. Strat.

Lith, i c "
10372 55 Re 8 - - -
10371 61 Re s - - -
10370 66 Re s - - -
10369 78 Rc 8 0.11 - 0.20
10368 70 Re 3 0.15 0,22 0,52
10367 21 Re 8 D.19 - 0.14
10366 21 Rc s 0.20 -
10365 8 Rc s 0.09 - -
10364 g Re s 0,15 - -
10363 86 Hw sd 0.17 - 0,16
10362 86 Hu sd 0.16 - 0,13
10361 85 He sd 0,10 - 0.38
10360 81 Hw sd 1.00 - 0.07
10359 86 H md 0.86 - 0.05
10358 es Huw md 0.15 1.20 0.38
10357 81 H md 0.06 0.22 0.60
103556 83 We sst 0,08 0.10 0.17
10355 g4 Wc I.sst 0.05 1,00 0.49
10354 84 uc I.mst 0.05 0.79 0.41
10353 80 wn ce.sst 0,04 0,05 g0.28
10352 79 un sst 0,05 1.00 0.42
10351 79 Wn mst 0.04 0,06 0.18
10350 79 wn mst 0,05 0,06 0,38
10349 69 Tg I.sst 0,04 0,10 0.39
10348 69 Tg I.mst 0,09 0,13 0.64
18347 73 Tg mst 0.07 0.09 0.66
10345 75 Tg mst 0,04 0.08 0.52
10345 77 Tg mst 0.02 0,03 0.29
10344 72 Tg mst 0,10 0,27 0.52
10343 76 Tg mst 0.04 0.05 0,50
10342 74 Tg mst 0.03 t.04 0,01
10341 68 Tg mst 0.04 0.05 0.46
10340 70 Tg mst 0,03 0,04 0,04
10339 73 Tg con 0.0S G,0% 0,32
10328 75 Tg con .87 0.10 0,51
10327 72 Tg ccn 0.C5 0.05 G.24
10335 70 g con 0.G4 0.07 0.26
) 57 Mt sst 0.05 0.04 0.51
:;ggi 65 mt sst 0,05 0.03 0.§§
10333 63 Mt sst 0.03 0.c3 0,53
10332 54 mt sst 0,23 0,03 0.42
62 nt est 0.02 0.03 0,42
10331 o< e
403390 67 me con 0,05 0,37 003_9
65 nt con 0.06 G.04 0.43
10329 o n A sz .09
10328 62 nt cen G.CS C.C5 0.0
TABLE IV.2. Crystallinity of illite gi), chlorfyeh(c) and
montmorillonite (M) in the clay size (<2p) fraction as

determined by XRD analysis.



TABLE 1v.2. (continusd).

318.

Sampls tocal,. Strat. tith, 1 C m
10327 S50 ur sst - - 0,79
10326 60 ur mst 0.02 0.03 0,22
10325 59 ur mst 0.03 0.04 0.46
10324 S0 ur mst 0.03 0.04 0.48
10323 46 tr mst 0.03 0.04 0.40
10322 59 ur con 0.05 0.06 0.38
10321 50 ur con 0.02 0.05 C.40
10320 46 ur con 0.03 0.09 0.33
10319 59 ML, M sst 0.08 0.16 0.10
10318 46 Mt.m sst 0.05 0.10 -0,35
10317 42 Mt .M sst 0.03 0.06 0.20
10316 57 Tu mst 0.04 0.06 0.45
10315 51 Tuw mst 0.03 0.05 0.52
10314 57 Tuw con 0,04 0,06 0,32
10313 51 Tw con 0.09 0.13 0.38
10312 39 Fy sst 0.04 0.08
10311 38 Fy I.sst 0.Ca 0.15 3133
10310 41 Fy I.sst 0.06 0.10 0.55
10309 56 Fy I.sst 0.03 0.05 0.47
10308 43 Fy I.sst 0.07 0.19 0.40
10307 38 Fy I.mst 0.06 0.06 0.48
10306 41 Fy I.mst .

.ms 0.10 0.13 0.66
10305 56 Fy I.mst 0.03
10304 43 F Tmat . o.04 0.49
y I,mst 0,06 0.11 0.16
10303 32 Om sst 0.53 1.00 -
1g392 32 On I.sst 0.80 0.61
10301 35 " ’
10301 36 om I.sst 0.02 0.02 0.35
32 Om I.ost 0.1
10295 ‘ -1 C.16 0.75
9 36 Om I.mst 0.04
10298 36 Om *con 0.0¢ g’gﬁ 0.64
. .65 0.54
10297 31
) Pu I.sst 1.00 1.00 0.65
0296 31 Pu T.mst .
.mst 0.12 0
10295 38 Pu sst .17 0.58
10294 0.39 1.00 0.93
38 Pu mst 0.09 .
. 0,37 0,31
10293 g o - +
10292 25 Mg cnaat o:22 0.20 g.83
. 0.15 0.18 0.50
10291 48 UM
10290 o CQI 0.0 0,13 0.3
48 U.Mo sat 0.07 «38
10289 pos o L 0.0 6.12 0,27
10283 33 i ser 2- 8 C.28 C.46
10287 33 U.mo - h.15 0.20 0.49
10286 38 1 o Det3 S.13 0,45
U.Mo mst 0.0 o3
1028% 21 U, Mo zst Lt 8,04 G.31
10284 44 \ =s 6,06 0.06 o
U.mo ost 0 .19
10283 33 Ui -03 0.07 .35
Mo con 0.14 i
. 0.16 0.34
10282 88 My msi n
t 5,20
10281 4 : ) 028
K L.fMmo
102890 33 LMo ::’f .10 - .23
16279 33 Lo oSy .08 a.25 G.34
10278 Ss~ 0.04 L5
22 L.Mo N 9.15 0.45
10277 186 8s 0.05 0.0
L.Mo st -04 0.50
10276 2 Loto ss 0,08 - 028
10275 54 LMo sst 0.20 0.31 0.19
10274 22 LoMo sst 0.05 013
10 . on 0. -
103;3 21 L.Mo I.sst G o 015 0.35
2 21 LM .05 0.28 0
-llo I.mst 0.18 .34
- 1.00 0.52



TABLE | V.2. (continued),

Sample

315,

Local, Strat, Lith, I C "
:gg;; i; :gr I.sst 0.17 0.16 0,73
r I.sst 0,13 0,12 0,47
10269 58 Tmr I.sst 0,40 0,58 0,54
10263 27 Tor T.mst 0.05 0,13 0.37
10257 45 Tmr I.zst 0.05 0.09 0.28
10266 58 Tmr I.nst 0.18 0.21 0.54
10265 16 Tmt c.ast 0.15 0.38 0.68
10254 19 Tmt c.mst 0.19 0.36 0,77
10263 20 Tmt c.ust 0,14 0.29 0.68
10262 21 Tmt pst 0,07 0.12 0,62
10261 30 Tmt c.=st 0,15 0,13 0,77
10260 26 Tmt cemst 0.07 0,07 0,35
10259 30 Tamt con 0,15 0,18 0,48
10258 26 Tmt con 0.12 0.12 0,20
10257 30 Tmt c.55t 0,14 0.11 0,72
10256 30 Tmt c.sst 0,05 0,13 0,56
10255 30 Tmt 1st 0.41 0,75 0.58
10254 30 Tmt lst 0.18 0,14 0,53
10253 30 Tmt ist 0.15 0,19 0.70
10252 34 Tmt st .15 0,20 0.48
10251 34 Tmt sty 0,22 0.10 0,48
10250 15 ot lst 0,34 0,67 0,57
10243 15 ot ist 0,57 - 0,20
10247 28 ot 1ist 0,38 0.18 0,47
10246 24 ot 1st 0.18 0,63 0.38
10245 24 434 st 0.18 0,55 0.40
10244 15 ot c.58t 0,27 0,50 0,46
18243 15 Ut c.sst 0,37 0,67 0,66
10242 15 Or 1st 0.56 - 0,61
10241 28 Cr 1st - 0.67 0.81
10240 28 Or 1st 0,67 g.28 0.68
16239 23 me c.sst 0.13 - 0.19
16238 23 o sst 0.60 - 0.13
10237 3 TA rst .70 - 0.63
16236 4 T.A st 0,54 1.00 8,67
402135 & T.A 3s 0.87 0,67 0.72
1C234 4 T.A ast 0,80 0,67 0,72
3 4c Ao 1st C.47 - 0,66
1g§;g ‘9 Ao 1zt G.80 - 0.A§
10233 g Ao 1st C,584 1.00 0.45
10230 23 AD ist 0,33 0.15 0,45
10229 1s Ac c.sst 0.42 1,00 0.59
102258 14 Ao c.sst 3,35 1.00 2.59
10227 11 40 .58t C.60 - J.89

10226 22 Ro c.sst 9.40 0.22 "
45225 28 Ao st .35 - 8.07
10224 23 wh 1st .75 GC,80 0.7;
10223 3 Wh C.sst U.?S 1.00 9-;4
10222 7 wh c.mst 0.53 1.00 g'so
10221 41 wh c.=st 9.22 1o 0.71
10220 s wh c.mst 9,50 1.00 o o0

10219 28 wh c.mst *ed0 - ‘



TABLE iv.2. (continued).

320.

Sample Local, Strat. Lith, I c ”
10218 s G.M 1st 0.71 1.00 0.58
10217 5 6.M c.mst 0.86 1.90 .55
10216 s G.M c.sst 0.84 1.00 0.60
10215 5 Mk mst 0.54 - 0.20
10214 2 mk mst 0.53 - 0.07
10213 17 Mk mst 0.40 - 0.10
10212 17 Pk con 0.45 - -
10211 4 Wk mat 1.09 - 0.17
10210 1 Wk mst 1,00 - -
10209 28 Wk mst 1,83 - -
10208 28 Wk mst 0.70 - -
10207 18 Wk ast 0.59 - 0.10
10206 23 Wk mst 0.88 - -
10205 23 wk sst 0.39 - -
10204 13 Js mst 0.16 0.36 0.70
10203 12 Js mst 0.08 0.10 0.07
10202 12 Js con - 1.20 0.72
10201 28 Ts sst 0.13 0.27 0.50
RIVER AND HARBOUR SAMPLES
Sample Local, Strat, I C m
10356 87 Re 0.08 0.05 0.20
10395 ez Rc 6.G9 0.09 0.57
10354 57 Re 0.03 0.05 0.35
10393 58 Re c.13 0.09 0.42
10392 58 Ac 0,07 0.07 0.31
10331 55 Rec - - It
10358 61 fic - - -
10389 66 Rc - - -
10388 70 Re 0.07 0,09
10387 52 R= 0,07 0.06 g'gg
10386 53 Ac 0,03 0.03 0.20
10335 a9 e 3,25 0.04 0.16
10384 45 Re 5.11 0.97 0.79
10353 7 Rz 0.99 0.07 0.37
10382 R gc 8,17 0,42 0.26
10381 2¢ re G.12 g'v; "‘S”
16380 6 e .17 0,22 0nas
19379 5 Rc 0.55 0.85 9o1a
10378 & R 0,21 0.1 0.50
10377 6 2o 0,23 . *o
Cesl 0.37 0,49
12175 12 Rz 8,12 0,28 "oq
10375 iz Re 3,31 0.3 3‘5}
3 k! Re G.566 72 0.27



321.

TABLE 1V.2. (continued).

WESTERN SHELF SAMPLES

Sample Strat, I Cc 3]
R45 Re 0.10 0,17 0,30
A47 Rc 0,07 0,12 0,25
AS4 Rc 0,07 0.07 0,55

B319 Re 0,07 0.09 0,52

8321 Rc 0.05 0,06 0,20

B645 Rc 0,08 0.09 0,55

B647 Re 0.01 0.08 0,80

B649 Re 0.07 0,07 0,67

B675 Re 0.05 0.08 0,28

B676 Re 0.17 0,13 0,75

B682 Rec 0.08 0,08 0,32

B778 Rc 0,17 0,28 0,43

8780 Re 0,19 0.47 0,58

8781 Re 0,22 0,22 0,72

B784 Rc 0.12 0.28 0.41

8788 Rc 0,13 0.19 0,24

8793 Re 0,06 0.07 0.32

B795 Rc 0,08 0,08 0.10

B796 Re .16 0.11 0,72

B804 Rc 0,21 0,15 0,57

8816 Re 0,08 0,09 0.69

BB18 Rc 0,07 0,13 0,52

CcC169 Re 0,08 0.08 0,66

C262 Re 0,04 0,05 0.15

€265 Re 0,12 0.19 0,38

C272 Rc 0.05 0.07 0,56

c275 Re 0,02 0,04 0.44

C276 Rc 0,10 0.26 0,28

c277 Rc 0,07 0.09 0,43

€281 Re 8,15 0,20 0,29

€293 Rc 0.13 0.14 0,31

C330 Rc 0.23 0,50 0.66

C332 Rc 0.09 0.14 0,53

€340 Rc 0,16 0,25 0,33

c348 Rec 012 0,10 0.16

C355 Rc 0,12 0.16 0,13

€363 Re G.02 0.02 0,75

C364 Re 0,03 0,04 0.46

C368 Re G.05 0,06 0,27

c372 Rc 0.07 0,09 0.08

C376 Rec 0.20 0.31 0.54

€380 Rec 0,04 8,05 0,34

Ca21 ]c 0.14 0.13 0,29

C422.1 Ac 0.07 8,07 0.77

C422,4 Rc 0.09 9,069 0.53

C425.1 fc 0.07 0.67 0,64

T429,4 Rc 2,25 0,08 0,69

€432 Rc 0.05 0.558 0,08

Cc434 Re 0,G5 0,06 0.23

C&36 Rc 0,08 c.07 0,20

c438 fe 0.05 0.06 0,39

€450 Rec 0.G3 .10 0.41



322,

APPENDIX V¥, CLAY FRACTION CCMPOSITIGH

ONSHIRE SAMOLES

CLAY MINERAL ASUNDANCE (%) CLAY MINERAL CRYSTALLINITY
Strat, Uith, K I M C m/L i C [0
] sd 1 45 46 - 8 0,36 - 0.15
Ha mst 2 38 56 - 3 0.34 0.71 0.34
Ye sst 6 44 37 7 6 0,08 0.10 0.17
e I.sst 3 47 43 - 7 0,0S 1.00 0.43
Yc I.mst 5 49 44 - 2 0.05 0.79 0,41
¥n sst 1 48 36 6 8 0.C4 6.07 0.35
un mst 2 43 32 17 6 0,04 0.06 0,28
Tg I.sst 1 45 32 4 18 0,04 0.10 0,39
Tq I,mst - 33 42 21 4 0.09 0.13 0,54
Tq mst 2 44 34 12 7 0,04 0.08 0,37
Ft sst 1 43 29 22 4 0,04 0,03 0.45
Ur sst - - 98 2 - - - 0.73
Ur mst 1 52 23 20 4 0,03 0.04 0,39
Mt.,Mm  sst 2 61 6 14 17 0.05 0,10 -0,02
Tw mst 1 43 22 25 3 0.03 0,05 0.48
Fy sst 7 45 18 25 S J.04 o.08 0.38
Fy 1I,sst 5 51 17 18 7 0,06 0,12 0.38
fy I.mst 4 46 29 17 4 0.06 0.G3 0.45
On sst - 74 - 26 - 0,53 1.00 -
Ca 1I,sst 1 41 32 1 15 0.41 0.52 0.48
Cm  I,mst - 44 35 15 5 0,07 0.11 0,63
Py ast - 12 86 1 1 0,39 1.00 0,93
Pu mst - eg S 14 31 0,09 0.37 0.31
Pu  I.sst - _5 94 1 - 1.05 1.00 0.65
Pu  I.mst - 50 32 12 6 0,12 0.17 0,53
Mg c.sst 1 25 58 - 16 0,20 0.19 0,71
U.Mo sst [ 52 23 9 10 0.13 0.20 0.41
U.Mo  mst <] 52 16 13 12 G.06 c.08 0.33
t.Mo mst g9 23 41 - 27 0.10 - 0.23
L.Mo  sst 10 44 23 3 14 0.09 0.18 6,35
L.Mo I.sst 7 79 g - s 0.05 0.28 0.34
Mo I.mst 4 34 45 3 11 €.13  1.08  0.52
Ter I,sst 7 31 45 - 13 0.23 [a]
M - = . .29 0.71
Tmr I.mst 12 46 35 4 2 0.09 G.14 43
Tt mst 4 23 50 11 8 0.12
Tat sst 3 39 32 15 5 e €.20 0,62
Tat  1st 5 30 52 5 5 o109 G2 o.6a
2 2 10 0.22 0 G.57
TABLE 1v,3. Average clay fractian (< 2,14) cempoasition of shor s
(formational avarags) and river and harbour sa;~1e« (i r?fo °re samplas
datermined by XRD analysis, K = kaolinites T :“izl“t:?a‘;~y average) as
: ’ - - o= iy
C = total chlorite; xC = crystallins chlorite; he o ’ mentmorillonites

mixod-layer clay minerals, = heat-labile chloritey



TABLE 1v .3, (continuad).

CLAY MIMERAL 23ut.0ANCE (%) CLAY MINERAL CRYSTALLINITY
Strat. Lith, K I m c m/L I c M

ot 1st 4 30 59 3 4 0.33 0.51 0.40
ot sst - 33 61 - & 0.27 0.50 0.46
wt sst - 20 75 ~ 5 0,37 0,67 0,66
Or 1st 4 12 82 - 2 0.61 0.61 0.78
Mp sst 21 28 34 6 10 0.37 - 0,16
T.A mst - 14 84 - 2 0.70 0.78 0.69
Ro 1st 6 24 68 1 1 0.62 0,58 0.S0
Ao sst 12 31 54 1 2 0,42 0,74 0,51
Uh 1st 8 10 82 - - 0.75 0,80 0.7
Wh C.sst - 5 93 2 - 0.56 1.00 0,74
Wh c.mst - 7 91 1 1 0.78 1.00 0,74
G.M 1st - 9 87 2 2 0.71 1.00 0.54
G.m c.mst - 15 81 - 4 0.86 1.00 0,55
G.M c. st - 18 82 - - .84 1.00 0,60
rik mst 40 22 22 - 1S 0,49 - 0.12
Wy nst 83 g - 2 5 0.95 - 0,03
Wk sst 63 15 - 17 S 0.39 - -

Js mst 4 35 34 8 19 0.12 0.23 0.39
Ts sst - 23 1 31 45 C.13 0.27 0,53

RIVER AND HARBOUR SEMPLES
LAY MINESAL 220 DANCE (9)  CLAY MINEAAL CRYSTALLINITY

- =

f.ocal. Strat,

K T1 n c n/L b c m
87 Re T a3 2 32 g 0.08 0,09 0,20
82 Pc 6 25 25 8 15 0.09  0.GS 0,57
57 Rc & €3 5 19 3 0.03  0.05 0,35
59 Rc 3 42 14 30 9 0.10  G.08 0,36
€5 e - - - - - - - -
&1 e - - - - - - - -
o i s 50 5 26 3 0.97 0,69 ©0.02
52 P 2 1é 27 7 0.07 0,05 5.37
53 fic 3 a3 13 24 15 €.03  0.03 0,20
as R 3 o 20 16 21 0.05  2.04 0.38
P Ro PP 7 10 3s 9,41 0,07 0.7
17 Re 43 =3 5 10 12 6.09 0,07 ©£.37
35 Rz g 32 23 9 3 G.17 g.ég g.:/f
Re 37 4 7 27 0.12 .1 7
2 fe i~ 2 ia 4 5 £.29  0.40 O0.44
. ne o ig 14 5 28 9.20 0,30 0.32
10 2c 4 20 64 4 7 0.60 0,69 0.38
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APPENDIX V

CLAY MINERAL PARTICLE SIZE FRACTICNATION PROCECURE

<1

Particle size fractionation was carrisd out on
200 ml aliguots of disperssd mud size fraction suspensicns
(cf. Table 2.1) using a quadruple-head Multex MSE 20
centrifuge, Sedimentation times for the various size
fraction separates required were calculated from Stokes
Law,

The size fractionation procedure is detailed in flow
chart Table V.1 and the results are given in Table V.2.

For esach size fractionated sample (Table V.2) the

the <2p size fraction was separated first to ensure that
this fracti wa rated i 5 r 3 Loy
vhes trectien was separated in a manner identical to the

<2p size fraction of all gcther samples (Table Iv.1). if

for instance an eliquot of <1y material had been removed

Fo<lp
prior to <2p separation,the csubsequently separated < 2
fracticon would have hoon clightliy improvarished in <1y
material.
Shaking betwsen szch sizs fractiocnation step ensured

raction samples received

0]

ize Jess than

fough further uashes



20ml  Dspersed
Suspension < 240 mesh

32

CtNTR FUGE
/‘\Efmn or%}
22 fraction SHAKE 20n‘i <2m DOGS
su pcnsm ~—— dliquat mount
\\\\//// RETAIN
MIX
T0 200 m
TOP-UP/ WITH DISTILLED WATER
MECHANICAL SHAKER FOR Smn) 2
CENTRIFUGE,
>Ym fraction <1 SHAKE <1im DOGS
”~ suspension _"d:éouc"? mount
RETAIN
2
h)
> 2p froction <2pm
suspension———" DISCARD
2
5
2 s fraction <2 m OISCARD L
Suspension {
2
Qo to x
TASLE V.1. Flouw chart summar
= . . - Ao
size fractisnation procedure.

}-*

»ufraction 2l SHAKE 20mi__| 24 DOGS
suspenslon aliquot mount
RETAIN
2
1
i fraction 2-4 pa,
4 suSpension ~ DISCARD
jz\\
i - SHAKE  20ml 4-8,4 DOGS
Phutroction Lo ol mount
RETAN
2
»B8m froction LeBp4 e~ DISCARD
suspension
j\ 8- 164 DOGS
5% froction 8-16r SHAKE ogmi mourt
suspehsion dlquo((
DISCARD RETAIN

)]
0

-t

steps in clay minera

foe
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APPENDIX V.2, CLAY MINERAL DATA — SIZE FRACTIONATED SAMPLES

CLAY MINERAL ABUNDANCE (=)

SIZE

FRACTION K I m C m/L /L Soecias

33:?5-; STRAT. () xC hC I-n c-1 C-v C-1 y.r/t
8321 Re <1 4 37 29 -~ 13 25 - 13 » 12 -
" " <2 4 50 a - 34 4 - - - 4 -
n " 2-4 4 59 1 29 = 7 - - - 7 -
" " 4-8 - 68 = 27 - 5 - - - 5 -
n " 8-16 - 67 = 29 - 4 - - - 4 -
8778 Re <1 6 12 78 - 3 1 - 1 * - -
" " <2 9 21 67 - 1 2 - 2 * - -
" " 2=4 S 50 19 21 - S - - - S -
" " 4-8 - 65 5 27 -~ 3 - - - 3 -
" " 8~16 - M4 = 26 = - - - - - -
10395 Re <1 6 46 25 -~ B8 15 - 9 * 6 -
" " <2 5 48 18 - 12 17 - 12 * s -
" " 2-4 4 52 2 28 - 14 3 3 - 8 -
» " 4-8 - 60 -~ 30 - 10 4 1 - 5 -
" " 8-16 - 58 ~ 34 - g 1 - - 7 -
10389 Rc <1 - - e e . - - - - - -
" " €2 . - - - - - - - - - -
L] [ 2=4 - - - - - - - - - - -
n " 4_8 - - - - - - - - - - -
" n 8~-16 - - e - - . - - - - -
10388 Re <1 5 52 10 - 27 & 2 - - 4 -
" " <2 5 60 6 ~ 26 3 1 - - 2 -
n " 2-4 4 63 =~ 29 .~ 4 1 - - 3 -
" " 4-8 ~ 60 - 32 - @8 - - - 8 -
" " 8-16 - 61 - 30 - g - - - 9 -
10383 Re <1 9 36 11 - 15 29 - 15 - 14 -
" n <2 3 59 6 -~ 10 12 - 9 - - -
n " 24 7 57 3 22 - 11 ~ 5 - 2 -
" " 4-8 ~ 56 = 32 o 12 3 . - 9 -
" " 8-16 - 49 - 37 o 14 - 14 - - -
10381 Re <1 5 33 28 - & 28 6 22 * - -
: : ; 24 5 37 28 -~ 7 27 5 22 * - -
- 0 55 5 <~ 19 14 5 6 - - -
" " 4-8 - 45 4 - 23 28 - = 24 4 -
L] " 8-16 - 56 =~ 23 . 21 - - 9 12 -
10380 Re <1 6 25 54 - 5 1qp - 10 * - -
" » <2 0 35 42 - g =7 - 9 » N B
" " 2~4 7 4 30 < 10 g - 4 * S -
u " 4-8 - 42 284 - 22 92 - 2 - 5 -
” " 8-15 -~ 53 15 18 - 8 - 8 _ > -
10376 Rg <1 5 34 8 ~ 12 43 - 2s - - 17
" " a2 4 53 1C - 8 24 - g * - 15
" " 24 3 52 2 - 4 39 - 13 » - 25
. . o8 - % - - 5 38 - 25 = - 13
8~16 - 4% <« 35 26 - - - _ 20

10374 Rc <1 7 20 70 - 1 2 - 2 * -
” ”"n &£ 2 4 26 62 - 2 6 - 6 - - -
" " 24 353 17 - 15 19 - 11 * - -
” ”n - -
4-8 = 45 13 . 17 35 - 9 = 2

n " 8-16 - ap _ - 30 19 - - 8
1037C R <1 - - - .2 - - ¢
" n <2 - - - - - - - - - - -
" " 2-4 - - - - - - - - -~ - -
L] n 4-8 - - - - - - - - - -
" " 8-15 - - - _ - = - - - - -

<) determined by XRD

: ( -
analysis for selected size fractions of 3S samples from the

y N : A K kaolinite: 1 illites
M = montmorillonite; ¢ = total "~z ite; = illite;
: 2 = ‘@l chlorites xr o :

chlorite; KC = heat-labji: . . i/ ~ = crystalline
minerals. 1ie chlorite; /L = mixed-layer clay
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TABLE V.2, (continued).

STz CLAY MINERAL ABUNDANCE (%)
SAMPLE (. ..o FRACTION K I M C m/L Mm/L Species
NUMBER * () xC hC I-M =M C-V C-I y.m/L
10368 Rc <1 4 42 8 -~ 6 a 7 16 * 17 =
» " <2 3 3 5 - 9§ 47 s 30 * 12 -
n " 2-4 4 36 2 = 13 45 8 14 * 23 -
" " 4-8 - 44 « 35 o 21 ® - - 13 -
" " 8-16 - 46 =~ 26 =~ 28 10 - - 118 -
10359 Hw <1 - =100 = = - - - - - -
n " <2 - -100 - = - - - - - -
" n 2-4 - - - - - - - - - - -
[ [ 4~8 - - - - - - - - - - -
" ”" 8-16 - - - - - - - - - - -
10354 ve <1 1 40 58 - - 1 - 1 * - -
u " <2 5 50 43 = - 2 - 2 * - =
" " 2-4 2 12 - - 7 19 - - 1 8 -
" " 4-8 - 77 - 9 - 14 - - 7 7 -
" " 8-16 - 80 - 9 = M - - 6 5 =
10347 Tg <1 2 34 51 - - 13 - 13 * - -
" " <? 2 33 52 - - 13 - 13 * - -
" " 2-4 1 65 7 24 3 - - - 3 -
L " 4-8 - 64 - 30 - 6 - - - 6 -
" " 8-16 - 68 - 30 - 6 - - - 6 -
10341 Tg <1 3 45 27 25 =~ - - - - - =
" n <2 3 49 27 16 - 5 - 5 * - -
" " 2-4 2 s5 10 30 - 3 - - - 3 -
" " 4-8 - 62 = 32 - 6 - - - 6 -
" n 8-16 - 65 - 29 =~ & -~ - - 6 -
10335 Mt <1 1 33 43 12 =~ 1M - 11 * - -
" " <2 -~ 40 32 24 - 4 - - - 4 -
» " 2-4 ~ 55 4 35 ~ 6 - - - 6 -
" " 48 - 61 1 33 - S = - - S -
" " 8-16 - 60 - 30 - 10 - - - S 5
10334 nt <1 1 30 46 - 13 10 - 6 * 4 -
" " <2 4 37 32 21 - & - - - 6 -
" " 2-4 3 55 2 35 - 6 - - - 6 -
" " 4-8 - 58 - 35 - 7 - - - 7 t
" " 8-16 - 5§ = 28 - 16 ~ - - 9 7
18327 ur <1 - - 97 - 3 - - - - -
M " €2 - =~ 5B - 2 - - - = - -
" n 2-4 - 19 72 - 9 - - - - - -
" " 4-8 - 26 70 = 3 - = - - -z
. " 8-16 - 27 83 - 10 - - - - - -
10324 ur <1 2 30 47 = 16 5 - - - 5 -
" " <2 - 60 4 - 47 5 - - - 5 -
" " aa - 73 116 - 10 = - = o -
" 4=3 - 70 - 22 = 8 - - - 8 -
n 845 - 7 -2 - 7 = = - T -
an - <1 1 s2 31 - 18 - - - - - -
10223 " <2 2 49 24 21— & - - - ‘; -
" " Dt - 35 5 2 - 5 - - - z -
" " 45 - 66 1 25 - 5 - - - 5z
n " B8-15 - &% 1 23 - ; - - -5- 7 :
" t.M <1 5 58 20 - 4 K - - -
10317 A 4 66 & =~ 20 s - - - 5 =
" : -4 1 s 2 21 - 7 - - - 7 -
" " 4-8 - 68 =~ 26 =~ 7= I 5 -
" " Bt - 88 - 27 - 5 = T L I -
10311 Fy <1 5 8 5 - 8 & - 14 7 -
,, n <2 4 63 2 - 18 7= - C g -
"» " Z2=4 3 63 - 26 8 - - - 7 -
“ " 4-8 -2 -3 - T - 7 7 5 o
" n B8-16 - 59 - 35 - 6 - -
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TABLE w.2. (continusd),
CLAY MINZRAL ABUNDANCE (%)
SI1ZE
SAMPLE FRACTION C m/L /L Species
NUMBER STRAT, (M) K I " X he 1-m -1 C-v C-I u.n/L
10307 Fy <1 1 43 30 - 22 4 - 4 * - -
" u <2 4 66 5 - 21 4 - - - 4 -
n u 2-4 2 66 1 28 -~ 7 - - - 7 -
" " 4-8 ~ 58 1 34 - 7 - - - 7 -
" . 8-16 - 58 - 33 - § - - 9 -
19309 Fy <1 4 39 42 - 10 5 - 5 * - -
u n <2 3 49 12 - 24 12 - 8 » a -
" " 2-4 ~ 55 5 32 - 8 - - - 8 -
" " 4-8 - 57 2 35 - 6 - - - 6 -
" n 8-16 - 55 1 38 = 6 = = - 6 -
10305 Fy <1 4 51 23 - 16 6 - 4 * 2 -
" o <2 3 49 22 25 = 1 - - = 1 -
. " 2-4 2 s7 4 29 - 8 - - - 8 -
" n a-g - 57 2 32 - 9 . 4 - 9 -
" " 8-16 - 63 2 29 - & - - - 6 -
10297 Py <1 - 5 95 - <« - 4 4 - 4
n " <2 - 5 985 - - - _ - - - -
" " 2-4 - 7 93 - - - 4 4 4 4 <
" " 4~8 -~ 32 68 - - - o - - - -
" " 8-16 - 64 36 - - - - . - - .
10296 Py <1 3 s5 39 - 7 & - 4 = - .
n n <2 - 49 32 - 12 97 - 7 = - o
" " 2~4 2 61 20 - 7 40 - 6 * -
" " 4~8 - 60 7 18 =~ 15 - 19 - 5 -
n " 8-16 - 62 7 27 - 4 - - - 4 -
10292 Mg <1 - 186 78 - 1 5 - 5 » - -
" n <2 - 14 79 - - 9 - 7 . .
" y 2-4 ~ 31 59 7 - 3 - 3 .- _
" " 4~ -~ 48 30 15 - 7 - & » 3 -
" " 8~16 - 51 20 28 - s - - - 5 -
10285 U.Mo <1 4 38 46 -~ o 12 - 12 L S
" " <2 6§ S0 13 13 o 13 - 13 - o o
" " 2-4 7 58 3 10 - 22 2 - 20 - -
" " 4-8 - 61 2 23 - 14 3 - 11 - -
" n 8-16 - 65 - 209 . g 6 - -
10280 L.Mo <1 3 43 11 - 7 3C - - 22 - 8
" " <2 3 s3 14 - 6 24 - - 24 - -
" " 24 3 87 3 - 5 3 - - 200 - 13
* " 4-8 - 68 - - 10 22 - - 22 - Z
L " 8--16 - &6 - - 25 6 - _ 6
10270 Tmr <1 8 45 27 . . 4a - 18 - - -
" n <2 5 48 23 - 7 44 - 44 x -
" " 24 11 53 5 - 25 ¢ - 6 . - -
- " 8-16 - 57 - 3 - o9 I I o = =
10287 Ter <4 8 44 15 18 - 14 . 4, R
" n <2 13 s4 22 . - 5 - - - -
" ” 2.4 11 49 17 -~ 29 3 - - - 3 -
n " 4-8 - 60 5 - 32 3 - - - 3 -
" " 8-15 - 58 2 43 - > - - 3 -
10265  Tmr <1 - 1% 1 - . 5 - T T = -
" " <2 - 2a 73 - 3 > : 5 * - -
Poon 3 -omos I9IIoIoco:o-
- - A - - -
10250 ot <1 - 17 gczj - 1; PR S
” " <2 - 12 87 _ - . - b ] * - -
. " 2-4 - S5 3 _ 4 CZ Voor - -
" 4-8 -
" " 8-16 - .- IR S 7
63 17 - - 2 - 12 » - 8
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TABLE V.2. (continued),

SIZE CLAY MINERAL ABUNDANCE (%)

SAMPLE FRACTION

NUMBER STRAT. () K 1 " C n/L m/L_Species

xC  hC I-m C-m C-v Cc-I U.M/L

10234 T.A <1 - 7 9N - - 2 - 2 * - -
" " <2 - 8 90 - 1 1 - 1 - - -
" w 2-4 - 23 74 - - 3 - 3 * - -
" n 4-8 - 24 67 - - 9 - 9 * - -
" " B-16 - 32 47 - 7 14 - 14 * - -

10219 ") <1 - 4 85 - - 1 - 1 * - -
» " <2 - 6 g3 - - 1 - 1 * - -
" n 2-4 - 18 76 - - 6 - 6 * - -
L] " 4-8 - 20 ™ - 3 6 - 6 * - -
" » B=16 - 30 66 - 3 1 - 1 * - -

10215 Mk <1 20 10 S6 - - 14 - 14 » - -
n " <2 22 15 35 - - 28 - 28 * - -
" " 2-4 20 36 28 - - 16 - 16 * - -
" " 4-8 25 41 1N - 3 20 - 4 » - -
" " 8-16 15 43 13 - 4 25 - 5 * - -

10201 Wk <1 - 26 5 - 23 46 - - 23 - 23
" " <2 - 23 1 - 30 45 - - 31 5 10
" " 2-4 -~ 30 - - 28 42 - 14 * 8 20
" " 4=8 - 30 - - 25 45 - 25 * 10 10
" " B-16 - 50 - -~ 25 25 - 25 * - -
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difference betuegen the two met thaods at the 99%
confidence level.
A simple linear correlation betueen the tuo
methods shouwed that
R > 0.9
i.e. the DOGS M versus 50GS M relationship is
strongly linear.
3. For DOGS CKM (CKM = chlorite + kaolinite + mixed
layer clays) versus SO0GS CKM two hypotheses uere
tested:

Ho « There is no difference in the two methods,
Hx - There is a difference in the two methods.

F s reqr=ssion

s residual

Test Statistic

‘ Degrees of Sum of fean of
Scurce of Variation Freedom Squares Squares (fis)
Total 50209
8y Regression 1 ,u427 48423
Residual (error) 47 1766.4 38,008
Correlation Coefficient
R 3.982085
95% le%ts orn R £.55803-0,98995
F = Ratio Statistic
{calc.) 1274

Critical Value of 7Tsst Statistic

[,
.
o]
ot
|
-
i
>

F Ratio (calca) > Critical Valy

w
I
3
(¢
8]
ct
-
«
e
@]
=
v
[
ct
o]
L
<
{4
[

ue of | exceeds F
T 0.21

i,e ; 2 rejec
e8. 1274 > 7.2 reject Ho (null hypothesis)
that + 2 .
that there is no diff ce
18 no gifference and accept the

alternati t ; : .
a ve that there is a slgnificant differ-

ence betwy +
'te between the tuo methods at the 99y confidence

level,
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A simple linear correlation between the tuo
methods showed that
R > 0.9
i,e. the DOGS CKIM versus S0OGS CKM relationship

is strongly linear,
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APPENDIX V!, CLAY MINERAL DATA ~ DOGS vs, SOGS

CLAY MINERAL ABUNDANCE (%)

SAMPLE
SAMPLE FREPARATION
NUMBER STRAT.  wetHoD 1 M C+ K + M/L
8319 Re ) 56 16 28
" n 5 48 20 30
8321 Re D 50 8 39
" " 5 50 8 39
B778 Rc D 21 67 12
" ” s 27 53 20
8780 Rc D 24 60 16
" " 5 27 54 19
B784 Rc D 39 30 31
" " 5 37 37 26
8788 Re D 41 32 27
" " s 35 39 25
8795 Rc D 40 40 20
" " S 44 23 33
8796 Re D 41 16 43
” ”n s 46 22 32
ca21 Rc ) 41 29 30
. " 5 45 24 39
c429 Rc D 56 11 33
C434 Rc 0 53 13 34
ca50 Rc D 58 e 37
. " 5 1 14 35
10395 Rc 0 48 18 34
L] " S 47 16 35
10393 Rc 0 44 14 42
L] n 5 47 1 37
10388 Re D 6D 6 s
10336 Rec ¢} 48 10 42
s . 5 45 11 33
10384 Rec D a4 7 &9
L 1" S 49 10 33
10350 f" D g 42 »
S 27 56 17
10381 Re D 37 24 ag
10375 ﬁc (sJ 36 18 Py
44 16 ap
10374 n 2 gf 62 12
4 g 50 10
10255 Ue 0 a7 a3 .
. " s 2 34 s
10254 Ye 5 49 a4 :
. ; s 52 34 2
10343 e o 48 28 24
> 48 18 32
10334 Tg 0 27 12 3
" " S 4s 17 a3

TABLE vI.1 Comparisaon of cla i

+i- CLomparisor 23y mineral abundance 7 rm3i
by XRD analysis fgor the <21 size fraction gf 4; ;ei d:te-mlned
Samples prepared by both the dropper-on-gl » 5y

the;smeér-onfglass slide (3) techniguss. ?S: i%i?f So)mand
montmorillonite; € + K + m/L - chlorite pilys k;D:fE!‘ 1 =
mixed~layer clay minerals, iinite plus



TABLE Vi,.1.(continued).

SAMPLE CLAY MINERAL ABUNDANCE (%)
SAMPLE STRAT PREPARATION
NUMBER *  METHOD 1 m C+ K+ ML

10327 ur ) - 98 2
s - 95 5
10324 Uz D 60 18 22
" " 5 56 13 29
10317 mt.M ) 66 20 14
" n s 57 5 34
10311 Fy D 69 2 29
" " s 58 5 32
10307 Fy s] 65 6 29
" n s 55 7 37
10297 Pu D 5 84 1
n " S 1 85 4
10296 Py D S0 32 18
o " [ 57 24 19
10293 Mg ) 15 73 7
" " 5 22 7 7
10287 U.Mo ] S0 20 30
" " s 50 16 34
10280 L.Mo D 52 15 33
" " [ 54 10 36
10270 Tmr D 48 23 29
" " s 51 19 30
10257 Tor 0 54 22 24
" " 5 53 19 28
10256 Tnt D 48 22 30
ot " [ 47 18 35
10250 ot D 12 87 ]
" " 5 24 73 3
10243 wt ] 26 75 5
" " S 23 78 1
10242 Or D 15 85 -
" n [ 27 73 -
10234 T.A ) 8 9a 2
n ” [ 18 76 6
16227 Ao 0 " 89 -
" L] S 17 82 -
10222 wh ) 12 87 1
- v 5 13 8s 2
10215 Mx o 15 35 o
" " 5 19 31 50
\ 0 & - 94
10310 :'Ik S 3 - 97
50 25 25
10303 s g = 13 29
Ts o 23 1 78
10'2'01 T . 31 - &9
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APPENDIX VITI

WEs CHES e e | W CHRE e s
B 645 4,5d X 10307 Fy X
8 778 n X 10301 Om X

8 780 n X 10299 " X

B 796 " X 10297 Pu X
C 275 n X 10296 " X

C 3863 n X 10290 u.Mo X

C 434 n X 10287 " X

N 377 U.St X 10286 "

N 378 " X 10280 L.Mo

N 379 n X 10279 " X

N 382 n X 10270 Tmr X

N 383 1" X 10267 " X

N 384 " X 10256 Tmt X X
10388 Rc X 10236 T.A X

10378 " X 10227 Ac X

10359 H X 10222 L X
10354 X X 10219 i X

10347 Tg X 10215 1k X
10341 " b 10213 n X

10334 Mt X X it2:x2 " X

10327 Ur X X 10210 Uik X
10324 " X X idza8 " X

10320 Mt .M X 13283 s X
12317 n X X 18202 3s X
10308 Tuw X 10201 Ts X X
10311 Fy X

TABLE VvII.1, Samples examined by transmission electron

microscopy (TEM) and scanning electron m
cample type abbreviations defined A
Uestern shelf surficial
seston,

: lcroscopy (5E2R).
in Table 1.1 U.50 =

sediment, YeSt = Uestern shelf
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APPENDIX VIII

X-RAY FLUORESCENCE SPECTROMETRY

SAMPLE PREPARATION AND ANALYSIS

The sediment powders analysed uwere those prepared for
XRD modal examination which had been pre-treated with both
hydrogen peroxide and acetic acid. The removal of atomic
carbon (present in organic matter and CaCDS) from the samples
minimised matrix effects and ensured that all the calcium
left in the samples was that bonded within the lattice of
clay minerals, feldspars and other silicate minerals. The
samples, thorcughly mixed by the milling process were then
split by pouring into a cone and guartering. Powder samples
were mounted as loose pouders in Ortec pcowder sample holders,

The major problem associated with the elemental
analysis of discrete clay minerals is isolating them from
multicomponent mixtures. The separation of chlorite, illite
and mixed=layer clays is very difficult and according to
Dunoyer de Segcnzac (1975, p.326) "...mixed-layer C-M,
corrensite, £-V and ~hlorite cannot be isolated for chemical
analysis.,”
and montmorillonite werse icsolated by cegrega
fraction in which Kaplinite or montmorillen

the only clay mineral present, The size TT&aoCH

. .
on and washing, dried at

o

Tt ! ifugat
separated by repeatec centrifug

( ed i Ortec
40°Cc, ground to a fine powder, and mounted in the
bt ]

cwder sample holders for analysis. Rock and clay mineral
p er S >

-~ ~! P an d h S e

same manners.
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Fig. VIII.1., Intensity-concentration curves for 5i, K, Ca, Ti, Mn and Ffe
derived from XRF analysis of rock and clay mineral standards. The linear
correlation coefficients for the intensity-concentration plots of each mineral
are as follows: 5i= 0,993; K = 0.,98l; Ca = 0.,979; Ti = 0.,995; Mn = 0,824
and Fe = 0,987,
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APPENDIX Viil. BULK CHEMICAL COMPOSITION
ONSHORE SAMPLES
Sample  Local. Strat. Lith, I\.'l.203 8102 K20 Ca0 T:|.[]2 MnO F6203 Total Si02
o AL0,
10372 55 Rc 5 19,77 60,56 2,32 6.02 0.82 0,124 5.85 95,46 3,06
10371 61 Re s 14,04 56,04 2.20 8.89 1.05 0,163 4,72 87.10 3,99
10370 66 Re s 25.16 58,50 2.16 6.10 1,02 0,156 7,29 100,38 2,32
10369 78 Re s 18,90 62.90 2,47 0.82 0,96 0,047 6427 92,36 3433
10368 70 Re s 14,57 59,12 2,32 1,50 0.89 0,080 5,93 84,41 4,05
10367 21 Re 5 21,73 56,49 2,08 0.15 1,04 0,022 6.88 88,39 2,60
10366 21 Re s 27.59 60,30 2441 0.15 1411 0,011 3.66 95,27 2.19
10365 8 Rc s 13,98 44,50 0.56 0,01 1,85 0,044 12.22 73.16 3,18
10364 8 Rc s 18,14 54,35 3,04 0.15 1,29 0,103 8431 85,38 3,00
10363 86 Hus ad 14,02 65,71 1,69 4,18 0,52 0.068 4,53 91,51 4,43
10362 86 Hi st 19,065 61,87 2,05 2,78 0,75 0,053 5445 92,60 3.15
10361 85 Hut g 15,25 65.06 1.83 3,10 0.64 0,060 5,26 91,20 44,27
10360 81 Hiy st 17.40 72,74 1.28 3,75 0,20 0,046 2.41 97,82 4,18
10359 86 H md 16,58 59,40 1.11 5,24 0.64 0.073 6431 91,35 3,20
10358 b5 Hu il 23,04 64,19 2,38 2.08 0.80 0,047 5092 99,25 2,69
10357 81 Hus mel 18,90 61,39 3.00 1.75 0.80 0,067 6423 92,13 3,25
10356 83 We sst 19,44 68,01 2,45 1.16 0,73 0,049 4,56 96,39 3.50
10355 B4 We T.sst 22,12 62,28 3.01 1.12 0.89 0,047 5457 95,03 2,82
10354 84 We I.mst 21,16 59,82 3,45 0,94 1,00 0,050 6434 92,76 2.83
10353 80 Wn cosst 19.22 62,69 3.31 1455 0,72 0,063 5,64 93.19 3.26
10352 79 Wn ast 24,81 68,88 2,88 122 0.70 0,045 5.15 103.68 2.78
10351 79 Wn mst 20,94 67,44 2,82 1014 0,74 0,050 5.1 98,24 3,22
10350 79 Wn mst 18,47 67,02 2,88 1.15 0,84 0,047 5.19 95,59 3,63
10349 69 Tq I.sst 20,62 74,40 2,77 1422 0,59 0.042 3.81 103,45 3.61
10348 69 Tg T.mat 19,98 61,70 3.27 1.11 0.87 0,059 6431 93,29 3,09
10347 71 Tg mst 22.02 60,27 2,98 1.16 0.83 0,062 5,67 92,99 2,74
TABLE VIII.3., Oulk chemical composition (uweight %) of acid insoluble

residues of sediments as determined by XRF analysis,
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TABLE Viu.3 (continued),
Sampls Local, Strat, Liths A1203 SiD2 K20 Cal TiO2 MnQ FGZO3 Total 5102
-I\le3
10319 59 Mt M sst, 15.36 73,96 2.24 1.28 0,78 0.059 4,83 98,50 4,82
10318 46 Mt .M sst 16,43 76,90 2,34 1.53 D67 0,061 4,77 102,70 4,68
10317 42 Mt,M sst 21.06 73,96 2,56 1.57 0,75 0,065 5.27 105,22 3.51
10316 57 Tw mst 22.93 60,75 3.18 1,38 0,97 0.068 6,62 95,94 2,64
10315 51 Tw mst 19,44 87,57 2,88 1.13 0,08 0,058 5,46 97,33 3.48
10314 57 Tw con 18,04 63,07 3,08 2,01 0,90 0,064 6,17 93,30 3,50
103"3 51 Tlll CD” 13,'64 63.45 '..64 5.20 0067 00059 4088 90.53 4¢65
10312 39 Fy ast 19,87 70,30 2,79 1.04 0,83 0,058 4,93 99,81 3.54
10311 38 Fy T.5st 10,77 66,34 1.85 1,66 0,69 0,065 4,53 85,90 6,16
10310 41 Fy [,o5t 19,12 67.96 2.86 1.08 0,73 0,050 4,94 96,74 3,50
10309 56 Iy .65t 20,19 69,14 2.84 1.40 0,78 0,067 5,81 100,22 3,42
10308 43 Fy loast 17,61 69,96 2,85 0,75 0,73 0,045 4,98 96,92 3,97
10307 38 Fy T.mst 12,28 57,35 2,50 1,65 0.99 0,080 6.40 81.25 4,67
10304 41 Fy T,mst 26,40 67,75 2,89 1,04 0,74 0,055 5.1 103,98 16,70
10305 56 Fy I.,mst 20,08 64,27 3,43 1.47 1.04 0,077 7.12 97,48 3.20
10304 43 Fy I.,mst 23.31 65,24 3424 0,83 0,95 0,050 5,92 99,54 2.80
10303 32 Om ast 18,33 63,77 2,14 1.78 0,08 0.070 4,73 50,90 3,48
10302 32 Om I,est 9,63 50,530 0.68 5451 0,60 0,095 5.39 72,40 5,24
10301 36 Om I.sst 15,49 53,63 2,72 1.56 0.88 0,066 5,81 85,15 3,79
10300 32 Om I.mst 12,28 54,35 2.52 2.18 .85 0,066 60,21 78,45 4,43
10299 36 Om I.mst 15,12 62,70 2,42 1.75 0.91 0,078 5,99 88,96 4,15
10298 36 Om con 14,74 57,78 2.24 1.45 1,00 0,069 6,22 83,49 3,92
10297 31 Pu .ot 0,00 46,22 0,61 10,07 0.56 0,165 4,61 62,23 0,00
10296 31 Pu I,mst 0.00 44,94 2,30 3.67 0,53 0,075 5.20 56,79 0 oo
1029% 38 A I,sst 2,83 56,07 1.1 4.41 0.84 0,069 6,04 71.36 19.81
10294 38 Py T.mat 18,33 53,50 2.48 0,92 1,02 0,072 7.60 83,92 2,92
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TABLE Vi3,  (caontinued).
C A S~\;;' Y . Y z Q1
Sample Local, tral Lith A1203 8102 K2O Cal T102 Mn0 F0203 Total iiﬂz_
l\lQO3
10236 4 TA mst 0.00 57,57 1.02 0,65 0.55 0,022 4,43 64,24 0.00
10235 4 T.A mst 8.50 71.04 1.70 0,91 0.72 0,026 4,35 87,23 8,36
10234 4 TN nst 0,00 51.36 0,98 0.52 0,57 0.024 3,83 56,83 0,00
10233 15 T.A 1st 0,00 50,50 2,17 0,50 0,09 0,021 3,01 56,29 0.00
10232 9 TA 1st 3.21 56,92 1.86 4,08 0,73 0.021 4,64 72,26 17,37
10231 g TN 1st 13,61 58,20 2.25 1.92 1.00 0,023 3.97 80,97 4,28
10230 28 TN 1st 19,28 73,19 3,95 1.29 0.33 0.018 2,58 100,63 3.80
10229 15 Ao Co58t 0.00 20612 1.14 0,57 0,53 0,033 7,07 29,46 0,00
10227 1 No c,sut 0,00 52,43 1.88 1.38 0,82 0.040 5.96 62.51 0,00
10226 28 Ao crosl 160,82 78.32 3.39 0.75 0.16 0.016 2,43 101,79 4,66
10225 20 ho st 13,060 81.32 2.59 0.29 0,20 0,039 4,29 102,32 5.98
10224 28 Wh lst 11.34 54,78 1.95 2,16 0.92 0.016 7.35 78451 4,83
10223 4 Wh cesst 10,02 71.69 .06 1,04 0,64 0,022 3,67 BB.14 7615
10222 7 Wh cemul .50 66,34 1.50 1.33 0.01 0.024 4,51 83,01 7,60
10221 11 uh cemst 8,08 066,76 1.95 1,006 0,03 0,033 5,21 85,32 7652
10220 4 Wh comst 0.00 32,74 0,74 0,37 0,50 0,021 4411 38,48 .00
10219 28 Wh ce.mst 5,86 65,27 1.43 1.75 0,90 0.029 4,24 79,47 11.14
10218 5 G.M lst 4,16 45,58 2,77 5.08 C.44 0,033 14,26 72,32 10,96
10218 5 Mk mst 16,06 54,35 1,63 0.58 1.06 0.036 6,23 79.94 3.38
10213 17 Mk mst 17.95 52,92 1.25 g.10 1624 0,015 4,39 78.86 3.00
10212 17 (ke mst 0.00 16.69 0,55 0,34 0,87 0,033 5,27 23,75 0,00
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TABLE UIN.3.  (continued).
Sample Local, Strat, Lith, A1203 5i02 K20 Cal Ti02 MnO F8203 Total SiDé
A1203
10211 4 Wk mst 20,40 52,43 0,47 0,05 2,03 0.000 3,13 78451 2,57
10210 1 Wk mst 20,97 57,78 0,66 0,22 1.60 0,001 1653 82,76 2,76
10209 28 Wk mst 21,92 47,51 0.69 0.04 2,47 0.000 2,41 75,04 2417
10208 28 Wk mst 22.49 54,35 1.66 0,26 1.96 0,000 1,98 82,70 2.42
10207 18 Wk mst 23,24 54,35 1.61 0.16 1.50 0,011 2,10 82,97 2,34
10206 23 Uk mst 21,48 73.62 1.58 0.1 1.11 0,010 1.58 99,49 3,43
10205 20 Wk sst 14,82 97.46 1.05 0.09 0,57 0,020 1.58 115,59 6,58
10204 13 Ju mst 13,20 671.20 2,35 2,26 0,88 0,082 5,94 85,91 4,64
10203 12 Js mst 9,71 29,96 2,93 0.46 0,55 0,048 4,069 47,94 J3.09
10202 12 Js ean 9,54 24,18 1.01 3431 1,00 0,041 3,30 42,38 2,53
10201 28 Ts sul 16,44 56,49 2,34 1451 0,96 0,096 6.49 84,32 3ol
RIVER AND HARBOUR SAMPLES .
10396 87 Re 13,49 66,08 2,72 2,02 0.80 0,071 6,39 91,57 4,89
10395 82 Re 13,72 7151 2,26 1.65 0,67 0,062 4,72 94,59 5.21
10394 57 Re 7.88 71.90 2,42 1.23 0,55 0.049 3.85 37,87 9,12
10393 B¢ Re 20,20 62,33 2,62 1,64 0.85 0,068 6,31 94,01 3,08
10392 58 Re 18,58 66,74 2,48 1.72 0.78 0,070 5,48 95,85 3,59
10391 55 Re 15,55 53.,M 1.60 6,72 1,59 0,175 10.83 90,37 3,45
10390 61 e 13,082 60,49 2,36 6.52 0.90 0.141 6.33 90.56 4,37
10389 66 Re 15,67 59,98 2,26 7417 0.92 0,148 6.49 92,63 J.02
10388 70 Re 13,38 67.88 2.14 2,65 0.95 0,093 6.01 93.10 5.07
10387 52 Rlc 22,13 59,89 2,52 1.67 0.84 0,083 6,18 93,31 2,10
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TABLE vil.3,  (continued).

Sample Strat, A1203 Si02 K2D Cal T102 Mng F8203 Total SiD2
A1203
B822 Rc 15,12 71,60 2,94 1.43 0,72 0,061 4,83 96,70 4,74
C169 Rc 23,76 59,06 3642 1,53 0.94 0,089 6.88 95,64 2.49
€170 Re 15,68 70,40 2,80 1.55 0,80 0.066 4,99 96,48 4,43
171 Rc 21.81 60,06 3.28 1.75 0.97 0.075 Ge61 94,55 2,75
€172 Re 18,03 56,34 3,38 1.78 0,90 0.063 6.85 87,34 3,12
C173 Re 21.58 60,17 3.24 1.65 0.85 0,059 6.44 93,98 2479
C174 Re 18,14 64,52 J.18 1.67 0.85 0,058 6.19 94,60 3,56
C175 Re 19,67 59,74 2,64 3.21 0.92 0.081 6.66 92,92 3.04
C178 Rc 11,66 61.18 1.06 B.34 1.00 0,179 8454 91,95 5,25
C262 Re 13,40 70,64 1.94 2,94 0.60 0,074 - 4,39 93,98 5,27
€265 e 15,01 68,00 2,04 2.58 0,67 0,071 5,23 93,60 4,53
C272 Re 14,406 73,80 2,10 2,11 0.04 0,102 4,85 98,26 5,10
€275 Re 13,82 75,67 2.06 181 0.65 0.059 4,18 98.24 5,48
€276 Re 13,15 79,50 2,18 1.39 0.52 0.052 3,69 100,48 6,05
c21 Re 17.14 73,05 22306 1,48 0.60 0.052 4,35 99,11 4426
c281 Rc 10.24 68,33 2.08 2.90 0,60 0,066 4,066 95,54 G.G7
€293 Rc 14,408 71.60 2,00 2,79 0,63 0.077 5,15 96,72 4,94
€330 Re 10,57 65,91 2,16 2,21 0.95 0.095 5.75 87.64 6623
€332 Re 11,55 69,03 1.80 4,51 1.00 0,125 5.59 93,60 5,97
€340 Re 13,06 66,01 1,96 2,46 1.54 0,148 6619 91.36 5,05
C348 Re 11,09 71.71 2.04 3,49 0.62 0.084 4,49 94,32 6.03
€355 Re 16.31 73,03 1,94 2,80 1.09 0.125 5,65 100,94 4,47
C363 Re 13,49 83,20 2,08 1.62 0,72 0.072 3.75 104,93 6.16
C364 Re 16,95 B0.46 2,10 1.48 0.60 0,055 3,53 90,17 4,74
€368 Rc 14,46 70,34 2,22 1.64 0,77 0.074 4,06 101.56 5,41
C372 Re 14,48 72,73 2,34 2,04 0.85 0.080 4,85 97,37 5,02
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ONSHORE SAMPLES

APPENDTX Vil

BULK _CHEMICAL COMPOSITION

510

. 2

Strat, Lith, :’\1203 5102 K2O Ca0 TiD2 Mn0 F9203 Total Alzog
Hu sd 16,78 66,34 1.71 3.45 0,53 0,057 4,41 93,28 3,93
Hw md 20,44 61,66 2,16 3,02 0,75 0,062 6,15 94,24 3,02
Ue ss 20,73 65,14 2,73 1.14 0,81 0.048 5.06 95,71 3,13
Ue mst 21.16 59,02 Je45 D,94 1.00 0,050 6,34 92.76 2,83
Un sst 22,0 65,76 3,09 1.38 0,71 0,054 5,39 93,41 2,989
Wn mst 19,70 57,23 2.85 1.15 0,79 0.048 515 96,92 3441
Tg T.sst 20,62 74,40 2,77 1.22 0,59 0,042 3,81 103.45 3,61
Tg I.mst 19,90 {11670 3,27 1.11 0,87 8,059 6.31 93,30 3,09
Tg mst 19,76 0h,42 3,08 1.26 g.80 0,056 .74 96,12 3631
Mt ast 19,77 66,07 2.88 1¢49 0.80 0,063 5,54 97,41 3.38
Ur 55t 16,32 58.12 0.14 313 0,73 0,030 6,38 84,85 3.56
Ur mst 21429 66,34 3.25 1.48 0,90 0,071 6,22 899,55 3.12
Mt.m sst 17,62 74,94 2,38 1.46 0,73 0,062 4,96 102.15 4,25
Tw mst 11.49 64,16 3,03 1.25 0,88 0.063 6.04 86,91 5,58

TABLE VIO 4.

areas.,

Average bulk chemical composition (ueight %) of acid insoluble
residucs determined by XIRF analysis for major lithotypes in the onshore study
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TABLE Vili.4.  (continusd),

Strat, Lith. AL.D 510 K.0 Cal Ti0 Mno Fa..0 Total 510,

273 2 2 2 2°3 e

Al.O

2°3

Or lat 11.27 63.2. 2.86 1697 0,39 0,020 3.94 83,65 5.61
Mp sst 16.06 80,66 2,16 0.35 0.62 0.025 4,39 104,26 5.02
T.A mst 2.83 59,99 1,23 0,69 0,61 0,024 4,20 69,57 21.20
Ao 1st 9,02 59,70 2.56 2.15 0.54 0.021 3.55 77.54 6,62
Ao c.38t 5.60 50,29 2,14 0,90 0,50 0,030 5.15 64,61 8.98
Ao sst 13,60 B1.32 2.59 0.29 0,20 0,039 4,29 102,33 5.98
Wh 1st 11.34 54,78 1,985 2,16 0,92 0.016 7.35 78,52 4,83
Wh cesstl 10,02 71.69 1,06 1,04 0,64 0,022 3.67 88,14. 8,32
Wh c.mst 5.61 57.78 1641 1628 8,76 0,027 4,52 71632 8,94
G.M lst 4,16 45,58 2.77 5,08 0.44 0,033 14,26 72432 10.96
Mk mst 17,01 54,14 1.44 0.34 1.00 0,026 5.31 79,27 3.18
Wk mst 21,75 56,67 1.11 0,14 1,78 0.004 2,12 83,57 2,67
Js mst 11,46 45,58 2.44 1.36 0,72 0,060 5.32 66,94 3,98
Ts sst 16,44 56,40 2,34 1,51 0,96 0,096 6,49 84,33 3,44



TABLE VIl. 4, (continued),
RIVER AND HARBGUR SAMPLES

Local. Strat, A1203 SiO,2 KZO Cald T102 Mn0 F9203 Total f1203
4102
6 Rc 16,12 61,93 2.28 1,33 1.08 0.057 7.84 90,64 3.87
10 Rc 13,76 64,98 1,76 3,73 0.99 0.120 7.60 92,94 4,73
12 Re 19,17 63,12 2,22 2.54 0,92 0,097 7,39 95,87 3,30
29 Rc 16,03 60,69 2,24 1.15 0.85 0.074 6022 87.85 3,64
35 Re 12,97 50,85 1.74 3,75 177 0,172 13.08 84,43 3,92
37 Re 16,84 61,09 2,12 1.86 1.04 0,095 7,69 90,73 3.62
40 Re 12,40 63,36 2,12 3.04 0,87 0.106 6,75 88.64 5,10
49 Re 18,35 63,02 2,56 1.46 0,82 0,075 5.93 92,21 3443
50 Re 22,13 59,89 2452 1.67 0.84 D.083 6.18 93,31 2,70
53 Re 16,47 64,77 2,52 1.58 0,73 0.066 5,32 93,45 3.50
55 e 15,55 53,7 1,80 6.72 1.59 0.175 10,83 90,37 3,45
57 Re 7.88 71,90 2,42 1,23 0,55 0.049 3.85 87.87 9,12
58 Re 19,39 64,53 2,55 1.68 0.81 0.069 5,89 94,93 3,34
61 Re 13.82 60,49 2,36 6052 0,90 0,141 6,33 90,56 4,37
66 Re 15,67 59,98 2,26 7617 0.92 0,148 6.49 92,63 3,82
70 Re 13.38 67,88 2.14 2,65 0,95 0.093 6,01 93.10 5.07
82 Re 13,72 71,51 2,26 1.65 0.67 0.062 4,72 94,59 5.21
87 Rc 13,49 66,08 2,72 2,02 0,071 91,57 4,89
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359,

o .
of these sediments. In Mesczoic and post-Mioccene sediments

the F9203 content is fairly constant., 1In interbedded

sandstone/mudstone sequences the greater quantity of clay

minerals in the mudstone units compared to the sandstone

units produces a lower Si0 /n1203 ratio, a higher KZD value

(due to increase in illite), a higher Fe,0- value (due to
increase in chlorite), and higher TiG2 and Mn0, values (due

to less leaching in the mudstones).

Th

BULK CHEMICAL COMPOSIT

—
(o}
—>
=

OF ACID INSCLUBLE RESIDUES

OF WESTERN SHELF SURFICIAL SEDIMENT SAMPLES

=~

The bulk chemical compositi of the acid insoluble
fraction of all samples is civen in Tables VIII.3 and VIII.4.
Variaticns in the chemical composition of the acid insoluble
rasidues on the shelf {Figs. VIII.3 to VIII.7) can be
related to mineralogic variations.
ratiocs (Fig. VIII.3) in sediments
south of Cape Egmcnit, in the outer-Central Taranaki Shelf,
and the outer-Hamilton Shelf, result from the large quartz/
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PLATES

Plate 1.,1. Coastal exposure of well-bedded, blocky,
indurated Triassic (Oretian Stage) sandstone about 2 km
south of the mouth of the Kiritehere Stream, Miarakaopa
(N82/227801). The white bed at the base of the exposure

is a tuffaceous sandstocne.

Plate 1,2, Sediments of the Waikato Coal flezsures exposed

in an open-cast mine at Huntly {(NS56/694767; Locality 1).

nterbedded with dark bituminous

Fa

Pale kaolinitic mudstone is

coal seams containing fine kazoliritic laminations,
™o - oo 2 ad - A
rlate 1,3. iype 28CTi0n GF The sotea Sandsicne on the south-
o + A e A [ - [imm Smen
sast shore of Aotea tlavbour ({4 S/ 379193 Locality 11),
Lover frittered, blue-grey lihaincaroa Siltstom: with

J = ~ RN b BRRES) [OR ]
occasianal y fins s ton -

sional blocky finrz sandstore Sads passas eradationally

Upuwards int o nassiv i sts 2o
Pu 10NT0 more massive, 1ron-stai ned sDTea ;_JamdSLx_nE’.
Sen . - ;
Scale provided by the nzck on ths beach
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Plate 1,7, Type section of the Orahiri Limestone (Or),

Waitomo Sandstone (Wt) and Otorohanga Limestone (0t) at
the former Otorohanga Limestone Company Quarry, southuwest
of Otorohanga (N74/642943; Locality 15). The louer grass
covered slope conceals Aotea Sandstone (Ao) which is in
turn sharply overlain by flaggy Orahiri Limestone, massive

baitomo Sandstone and flaggy Otorohanga Limestone,

Plate 1,8, Cliff of Dtorohénga Limestone in the north
Piopio area (N83/541686), shouing incipiently flagged, well
flagged and more knobbly weathering characteristics in the
limestone. [ludstones of the Taumatamaire Formation ogverlie
the highest limestone exposures.: Scale given by person

Ce s
sitting on ledge near centre.

Pl ]
ate 1,9, Exposure of a more sandy o
maire mudsto 3 L ’
ne in the Auyakji /
avkKlno arga n ¢ ~r, .
rea (NS1/303472; Locality 26)

shouino pr i
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Plate 1,10, flysch-type sequence of the Taumarunui Forma-

tion exposed on the main highuay immediately north of
lMational Park (N111/885874; Locality 58). Sandstone bands
form the more prominent but less abundant units., Note thé

small fault traversing the outcrop which is approximately
7 m high,

Djate 1l.11., Typical bluff outcrop of massive, ferruginous
L ower Mokau Sandstone, north of Avakino township. Photo-

graph taken looking northeast from N9g1/181409,.

Plate l.12. Roadside exposure

fiolkau Sandstione,
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Plate 1,16. An exposure of Mohakatino beds at (N100/419193)

in the Waitaanga Saddle aresa in which blue-grey mudstone is
overlain by about 60 cm of green-grey tuffaceous sandstone
(Forming a prominent ledge) which in turn passes up into a
massive muddy fine sandstone. The tuffaceous layer probably
represents a tongue of the Purupuru Volcanic Sandstone.
Ccmpare the homogeneity of this inland exposure to the well

bedded nature of the coastal outcrops in Pls, 1.14 and 1.15,

Plate 1.17. Exposure of Ferry Sandstone at the type
locality on Mohakatino Road (N91/184300; Locality 38).
Dark green-grey, massive, micaceous sandstone 1is interbedded
with licht blue-grey non~calcareous mudstone; both litho-

logies are non—-tuffaceous.
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[iohalkatino CGroup ki

the Ueitaanga Saddle area.
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Plate 1,19, Typical bluff outcrop of @it., liessenger Sandstone

near Ahititi. Photograph taken looking east from N10C/150170;

Locality 42,

Plate 1,20, Grey mudstones and overlying massive, broun
sandstones of the Mt. Messenger Sandstone, immediately
north of the Tongaporutu River Fouth (N100/135223). HNote

scour contact betueen sandstone and mudstonez litholooies.

Slate 1.21. Roadside exposure of Urenui mudstone, north of

hre?u1 (N99/032041 Locality s0)), showing concretionary
OT1lzons and a thin tuffaceous sandstone band about 1

above the author's head, "









377,

Plate 1,22, Exposure of massive

with scattered calcareous concret
Saddle area (N119/057637;

Hatemateaonga Sandstone

ions in the Strathmore
Locality 64),

Plate 1.23, Massive, frittered, blue~grey Tangahoe Mudstone
in a roadside outcrop on the main highway 7 km north of

Taihape (N132/244239; Locality 71),

i £
1.24 R sandy phase of the Tangahoes ludstone
Plate 1, . A e
Kakatahi (¥13
the main highway 1 km south of Kakatahi ({131
on TnNne m ! 5 ) ) i
e 1 . t
Locality 72). Compare the less fr ppeera
5 the
i 1 1.23 and nots
1 that in Plate 1.
this outcrop to

ti 5 4 m above car,
large calcareous concretlions
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the clay

Plate 3.1. Transmission electron micrograph of
Note

( <2p) of a Triassic sandstone (10201).

fraction
rm of the illitic,

the encular anhedral to subhedral fo

chloritic and mixed-layer clay minerals.

Plate 3.2 5 i n 1CTOg
2. canning electrcn microgrash of the fractured

N

surface of a calcaregus concretion 10202). from the
Jurassic beds at locality 12, showing layers of clay-rich
materisl (mentmorillonite) and large calcite crvystals (2)

Ty .
The montmorillonitic seam material is considered to represent

diacenetically altered volcanogenic material
a .
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Plate 3.7. Scanning electron micrograph of a sample (10213)
of Mangakotuku Siltstone showing a zone of euhedral kaclinite
crystals flanked by smaller "waxy" aggregates of montmoril-

lonite,

Plate 3,10, Scanning eleciron m
surface of Whaingaroa $ilt

locality, Abundant thin f

= 0

akes o ]
4
the surfaces of quartz and feldspar grai

spaces,
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Plate 3.12. Transmission electron micrograph of the clay

fraction of a sample of Te Akatea Siltstone (10236) from
the type section showing lath-shaped aggregates of

montmorillonite (1), and small rounded "blebs" that nay

be d~cristobalite (2).
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Plate 3.14, Transmission electron micrograph of the clay
fraction of a Taumatamaire mudstone (102568). liote the
significant increase in illitic (1) and chloritic (2)
material compared to the montmorillonite—-rich (Cligocene
mudstones (Plates 3.12 and 3.13). HMontmorillonitic

material (3) is characterised by diffuse grain boundaries.

Plate 3,15 S iNg c i
«15. Scanning electron ficrograph of a fragment of

Taumatamaire mudstone (10255) Clav aps «~i1
. Y and sil

t particles

show a weakly orientated i
< (=1 a2Ces £ i 3
¢ G grain fabriec Tunning from top left

to bo i fott i
ttom right of the Figure,
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Plate 3.18., Scanning electron micrograph of the tuffaceous
Purupuru Volcanic Sandstone (10297) showing large laths of
plagioclase feldspar (1) in a matrix of montmorillonite (2)
and &~cristobalite (3). The interlocking fabric of the
feldspar and cristobalite material suggest a diagenetic

origin for the cristobalite.

- .
~ilate 3,19, A higher resolution scannino electron i
vy S l1l20 0 MLICIT Q-

~ o - = & F
3raph of part of the tuffaceous Sandstonz {10297) 4 i
Flate 3,18 Note houw f tanil, Shoun dn

++9. wote how the crisitobalitic material enyel
Cla\/ materﬁ’il at (-.\ ) N - :nVU_OpS

rial a 1) and (2) suggesting it fFgr '

o : ! g 30 "Oormed subsequent
G € montmorillonite.
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Plate 3,22. Scanning electron micrograph of the fractured
surface of a Ferry sandstone sample (10811) from the type
section, This micrograph and other higher resolution
micrographs show a porous unorientated grain fabric in which
clay minerals exist as clumps of '"books" (1) of particles

between the larger, more equidimensional quartz, feldspar

and rock-~fragment grains.

Plate 3,23 ; i 2l + Y R,
«25. Scanning electron micr Ph of the fractured

D)
surface of a Ferry mudstone sampls 0307) from the type
= i i C e

a e

(n
4+ 4 g e + N A late 3.22)
there 1s a tighter, but still unorientatesd, grain fabric

section., Compared to the sandstone s
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Plate 3.24, Transmission electron micrograph of the clay
fraction ( <2p) of a Mt, Messenger Sandstone sample (10317)
showing abundant illite and common chlorite. HNote the

anhedral to subhedral form of the clay minerals,

- - « - T~ Ry = ,FI‘"CtUrEd
Dlate 3.25. Scanning electren micrograph of the a

ndstone sample (10317) showing

surface of a [Mt, [iessenger sanb e
. . 11ite
a2 porous random grain fabric. Clay material (largely illit
L e i 3 = L . L 1 2
and chlorite) occurs as silt-sized clumps between tne 1arQ r

terrigenous grains.
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Plate 3.26, Transmission electron micrograph of the clay

fraction ( <2p) of a Urenui tuffaceous sandstonec sanple

(10327) showing large particles of illite and chlorite,
fine~grained particles and clumps of

montmorillonite
(centre and left of centres).

Mote the large illite particle
(top 1left) showing wavy patterns produced during weathering,
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Plate 3.31, Transmission electron micrograph of the clay
fraction from the Matemateaonga Sandstone (10334) showing

an abundance of detrital illite and chlorite,.
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Plate 3.33. Scanning electron micrograph of a fractured

surface of a Wanganui mudstone sample (10354) showing the

poorly sorted, non-—porous, clayey nature of the sediment,

A crude orientation of grain fabric is evident from bottom

left to top right,

Flate 3,34, Tran missi lect
ansmission eslectron micrograph of a !{auera

ns
s
J8ries silt 3 ) i
i 1t (10359) showing fine-orainmed kv i
steined montmorillonite (1),

r
large 1ath £ i
'S © te )
! Po1llite (2), and small o unded particles of
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Plate 4,3,
of Raglan Harbour (N64/473481}).

Exposure of Whaingaroa Siltstcne on the shores

Note the vertical runnels

cut in the cliff face by the action of surface run-off on

the readily erodible siltstone (cf. Plate 1.4).

Plate 4.4, LANDSAT image (16 fe
the fanvkau Harbour =z~ =2djacent
suspendad ssdiment 2m2rging Trom
movement to the north uhile susp
Kaipara Yarbour drifts scuth, di
those of major ocean currents (c

ruary, 19763 Band 4) of
copastal areas. Mote that
the Manukau Herbour shous
rnded sediment from the
sctions compatible with

, Fig., 4.2). Sceale 1l cm
























Plate 4.11. Scanning electron micrograph of a Hamilton
S5helf seston sample (N378). The sample contains abundant
clay material (1), most of uwhich is montmorillonite,
diatomaceous material (2), coccolith material (3), quartz

and feldspar minerals (4).

T o microgr

Plate 4,12, liigher rescluticn s glectron microg
vz ey Y . : N

0f & tanmilton Shelf z=:ztcn sarple (N372) shouing abunca

montmorilicnits clay

w
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no 4)

Plate 4.21, LANDSAT image (30 Cctober, 1575; 3a
that currents

of Cook Strait and adjacent areas which shous
move sediment south along the west coast of the iNorth Island
and eastwards through Cook Strait, and eastwards around the
northern coastline of the Marlborough Sounds and through
Cook Strait (cf. Fig, 4.2). Sediment from the large
northern South Island rivers is initially swept northwards
but then is swept eastwards by the D'Urville Current as

Cook Strait is approached, Scale 1 cm : 17 km.

Plate 4.22. LANDSAT image (3
showing suspended sediment emer om the rivers and
streams of the northuestern S h Island (13 Sctober .2075\
The Cape Fareuwell sandspit forms the northerm bound : . .
Solden Bay in the bottom left, +h ey
flarlborough Sounds is the cloud cove
right and Mt Egmont can be sean throu
)

right of top centre, (ef. Fig. 4.2


















The following 11 pages were tucked into the back pocket of this thesis along with a
copy of the following journal article:

Nelson, C. S., & Hume, T. M. (1977). Relative intensity of tectonic events revealed
by the tertiary sedimentary record in the North Wanganui Basin and adjacent
areas, New Zealand. New Zealand Journal of Geology and Geophysics, 20(2), 369-
392. https://

doi.org/10.1080/00288306.1977.10420714




































	1978_Hume-0001
	1978_Hume-0002
	1978_Hume-0003
	1978_Hume-0004
	1978_Hume-0005
	1978_Hume-0006
	1978_Hume-0007
	1978_Hume-0008
	1978_Hume-0009
	1978_Hume-0010
	1978_Hume-0011
	1978_Hume-0012
	1978_Hume-0013
	1978_Hume-0014
	1978_Hume-0015
	1978_Hume-0016
	1978_Hume-0017
	1978_Hume-0018
	1978_Hume-0019
	1978_Hume-0020
	1978_Hume-0021
	1978_Hume-0022
	1978_Hume-0023
	1978_Hume-0024
	1978_Hume-0025
	1978_Hume-0026
	1978_Hume-0027
	1978_Hume-0028
	1978_Hume-0029
	1978_Hume-0030
	1978_Hume-0031
	1978_Hume-0032
	1978_Hume-0033
	1978_Hume-0034
	1978_Hume-0035
	1978_Hume-0036
	1978_Hume-0037
	1978_Hume-0038
	1978_Hume-0039
	1978_Hume-0040
	1978_Hume-0041
	1978_Hume-0042
	1978_Hume-0043
	1978_Hume-0044
	1978_Hume-0045
	1978_Hume-0046
	1978_Hume-0047
	1978_Hume-0048
	1978_Hume-0049
	1978_Hume-0050
	1978_Hume-0051
	1978_Hume-0052
	1978_Hume-0053
	1978_Hume-0054
	1978_Hume-0055
	1978_Hume-0056
	1978_Hume-0057
	1978_Hume-0058
	1978_Hume-0059
	1978_Hume-0060
	1978_Hume-0061
	1978_Hume-0062
	1978_Hume-0063
	1978_Hume-0064
	1978_Hume-0065
	1978_Hume-0066
	1978_Hume-0067
	1978_Hume-0068
	1978_Hume-0069
	1978_Hume-0070
	1978_Hume-0071
	1978_Hume-0072
	1978_Hume-0073
	1978_Hume-0074
	1978_Hume-0075
	1978_Hume-0076
	1978_Hume-0077
	1978_Hume-0078
	1978_Hume-0079
	1978_Hume-0080
	1978_Hume-0081
	1978_Hume-0082
	1978_Hume-0083
	1978_Hume-0084
	1978_Hume-0085
	1978_Hume-0086
	1978_Hume-0087
	1978_Hume-0088
	1978_Hume-0089
	1978_Hume-0090
	1978_Hume-0091
	1978_Hume-0092
	1978_Hume-0093
	1978_Hume-0094
	1978_Hume-0095
	1978_Hume-0096
	1978_Hume-0097
	1978_Hume-0098
	1978_Hume-0099
	1978_Hume-0100
	1978_Hume-0101
	1978_Hume-0102
	1978_Hume-0103
	1978_Hume-0104
	1978_Hume-0105
	1978_Hume-0106
	1978_Hume-0107
	1978_Hume-0108
	1978_Hume-0109
	1978_Hume-0110
	1978_Hume-0111
	1978_Hume-0112
	1978_Hume-0113
	1978_Hume-0114
	1978_Hume-0115
	1978_Hume-0116
	1978_Hume-0117
	1978_Hume-0118
	1978_Hume-0119
	1978_Hume-0120
	1978_Hume-0121
	1978_Hume-0122
	1978_Hume-0123
	1978_Hume-0124
	1978_Hume-0125
	1978_Hume-0126
	1978_Hume-0127
	1978_Hume-0128
	1978_Hume-0129
	1978_Hume-0130
	1978_Hume-0131
	1978_Hume-0132
	1978_Hume-0133
	1978_Hume-0134
	1978_Hume-0135
	1978_Hume-0136
	1978_Hume-0137
	1978_Hume-0138
	1978_Hume-0139
	1978_Hume-0140
	1978_Hume-0141
	1978_Hume-0142
	1978_Hume-0143
	1978_Hume-0144
	1978_Hume-0145
	1978_Hume-0146
	1978_Hume-0147
	1978_Hume-0148
	1978_Hume-0149
	1978_Hume-0150
	1978_Hume-0151
	1978_Hume-0152
	1978_Hume-0153
	1978_Hume-0154
	1978_Hume-0155
	1978_Hume-0156
	1978_Hume-0157
	1978_Hume-0158
	1978_Hume-0159
	1978_Hume-0160
	1978_Hume-0161
	1978_Hume-0162
	1978_Hume-0163
	1978_Hume-0164
	1978_Hume-0165
	1978_Hume-0166
	1978_Hume-0167
	1978_Hume-0168
	1978_Hume-0169
	1978_Hume-0170
	1978_Hume-0171
	1978_Hume-0172
	1978_Hume-0173
	1978_Hume-0174
	1978_Hume-0175
	1978_Hume-0176
	1978_Hume-0177
	1978_Hume-0178
	1978_Hume-0179
	1978_Hume-0180
	1978_Hume-0181
	1978_Hume-0182
	1978_Hume-0183
	1978_Hume-0184
	1978_Hume-0185
	1978_Hume-0186
	1978_Hume-0187
	1978_Hume-0188
	1978_Hume-0189
	1978_Hume-0190
	1978_Hume-0191
	1978_Hume-0192
	1978_Hume-0193
	1978_Hume-0194
	1978_Hume-0195
	1978_Hume-0198
	1978_Hume-0199
	1978_Hume-0200
	1978_Hume-0201
	1978_Hume-0202
	1978_Hume-0203
	1978_Hume-0204
	1978_Hume-0205
	1978_Hume-0206
	1978_Hume-0207
	1978_Hume-0208
	1978_Hume-0209
	1978_Hume-0210
	1978_Hume-0211
	1978_Hume-0212
	1978_Hume-0213
	1978_Hume-0214
	1978_Hume-0215
	1978_Hume-0216
	1978_Hume-0217
	1978_Hume-0218
	1978_Hume-0219
	1978_Hume-0220
	1978_Hume-0221
	1978_Hume-0222
	1978_Hume-0223
	1978_Hume-0224
	1978_Hume-0225
	1978_Hume-0226
	1978_Hume-0227
	1978_Hume-0228
	1978_Hume-0229
	1978_Hume-0230
	1978_Hume-0231
	1978_Hume-0232
	1978_Hume-0233
	1978_Hume-0234
	1978_Hume-0235
	1978_Hume-0236
	1978_Hume-0237
	1978_Hume-0238
	1978_Hume-0239
	1978_Hume-0240
	1978_Hume-0241
	1978_Hume-0242
	1978_Hume-0243
	1978_Hume-0244
	1978_Hume-0245
	1978_Hume-0246
	1978_Hume-0247
	1978_Hume-0248
	1978_Hume-0249
	1978_Hume-0250
	1978_Hume-0251
	1978_Hume-0252
	1978_Hume-0253
	1978_Hume-0254
	1978_Hume-0255
	1978_Hume-0256
	1978_Hume-0257
	1978_Hume-0258
	1978_Hume-0259
	1978_Hume-0260
	1978_Hume-0261
	1978_Hume-0262
	1978_Hume-0263
	1978_Hume-0264
	1978_Hume-0265
	1978_Hume-0266
	1978_Hume-0267
	1978_Hume-0268
	1978_Hume-0269
	1978_Hume-0270
	1978_Hume-0271
	1978_Hume-0272
	1978_Hume-0273
	1978_Hume-0274
	1978_Hume-0275
	1978_Hume-0276
	1978_Hume-0277
	1978_Hume-0278
	1978_Hume-0279
	1978_Hume-0280
	1978_Hume-0281
	1978_Hume-0282
	1978_Hume-0283
	1978_Hume-0284
	1978_Hume-0285
	1978_Hume-0286
	1978_Hume-0287
	1978_Hume-0288
	1978_Hume-0289
	1978_Hume-0290
	1978_Hume-0291
	1978_Hume-0292
	1978_Hume-0293
	1978_Hume-0294
	1978_Hume-0295
	1978_Hume-0296
	1978_Hume-0297
	1978_Hume-0298
	1978_Hume-0299
	1978_Hume-0300
	1978_Hume-0301
	1978_Hume-0302
	1978_Hume-0303
	1978_Hume-0304
	1978_Hume-0305
	1978_Hume-0306
	1978_Hume-0307
	1978_Hume-0308
	1978_Hume-0309
	1978_Hume-0310
	1978_Hume-0311
	1978_Hume-0312
	1978_Hume-0313
	1978_Hume-0314
	1978_Hume-0315
	1978_Hume-0316
	1978_Hume-0317
	1978_Hume-0318
	1978_Hume-0319
	1978_Hume-0320
	1978_Hume-0321
	1978_Hume-0322
	1978_Hume-0323
	1978_Hume-0324
	1978_Hume-0325
	1978_Hume-0326
	1978_Hume-0327
	1978_Hume-0328
	1978_Hume-0329
	1978_Hume-0330
	1978_Hume-0331
	1978_Hume-0332
	1978_Hume-0333
	1978_Hume-0334
	1978_Hume-0335
	1978_Hume-0336
	1978_Hume-0337
	1978_Hume-0338
	1978_Hume-0339
	1978_Hume-0340
	1978_Hume-0341
	1978_Hume-0342
	1978_Hume-0343
	1978_Hume-0344
	1978_Hume-0345
	1978_Hume-0346
	1978_Hume-0347
	1978_Hume-0348
	1978_Hume-0349
	1978_Hume-0350
	1978_Hume-0351
	1978_Hume-0352
	1978_Hume-0353
	1978_Hume-0354
	1978_Hume-0355
	1978_Hume-0356
	1978_Hume-0357
	1978_Hume-0358
	1978_Hume-0359
	1978_Hume-0360
	1978_Hume-0361
	1978_Hume-0362
	1978_Hume-0363
	1978_Hume-0364
	1978_Hume-0365
	1978_Hume-0366
	1978_Hume-0367
	1978_Hume-0368
	1978_Hume-0369
	1978_Hume-0370
	1978_Hume-0371
	1978_Hume-0372
	1978_Hume-0373
	1978_Hume-0374
	1978_Hume-0375
	1978_Hume-0376
	1978_Hume-0377
	1978_Hume-0378
	1978_Hume-0379
	1978_Hume-0380
	1978_Hume-0381
	1978_Hume-0382
	1978_Hume-0383
	1978_Hume-0384
	1978_Hume-0385
	1978_Hume-0386
	1978_Hume-0387
	1978_Hume-0388
	1978_Hume-0389
	1978_Hume-0390
	1978_Hume-0391
	1978_Hume-0392
	1978_Hume-0393
	1978_Hume-0394
	1978_Hume-0395
	1978_Hume-0396
	1978_Hume-0397
	1978_Hume-0398
	1978_Hume-0399
	1978_Hume-0400
	1978_Hume-0401
	1978_Hume-0402
	1978_Hume-0403
	1978_Hume-0404
	1978_Hume-0405
	1978_Hume-0406
	1978_Hume-0407
	1978_Hume-0408
	1978_Hume-0409
	1978_Hume-0410
	1978_Hume-0411
	1978_Hume-0412
	1978_Hume-0413
	1978_Hume-0414
	1978_Hume-0415
	1978_Hume-0416
	1978_Hume-0417
	1978_Hume-0418
	1978_Hume-0419
	1978_Hume-0420
	1978_Hume-0421
	1978_Hume-0422
	1978_Hume-0423
	1978_Hume-0424
	1978_Hume-0425
	1978_Hume-0428
	1978_Hume-0429
	1978_Hume-0430
	1978_Hume-0431
	1978_Hume-0432
	1978_Hume-0433
	1978_Hume-0434
	1978_Hume-0435
	1978_Hume-0436
	1978_Hume-0437
	1978_Hume-0438
	1978_Hume-0439
	1978_Hume-0440
	1978_Hume-0441
	1978_Hume-0442
	1978_Hume-0443
	1978_Hume-0444
	1978_Hume-0445
	1978_Hume-0446
	1978_Hume-0447
	1978_Hume-0448
	1978_Hume-0449
	1978_Hume-0450
	1978_Hume-0451
	1978_Hume-0452
	1978_Hume-0453
	1978_Hume-0454
	1978_Hume-0455
	1978_Hume-0456
	1978_Hume-0457
	1978_Hume-0458
	1978_Hume-0459
	1978_Hume-0460
	1978_Hume-0461
	1978_Hume-0462
	1978_Hume-0463
	1978_Hume-0464
	1978_Hume-0465
	1978_Hume-0466
	1978_Hume-0467
	1978_Hume-0468
	1978_Hume-0469
	1978_Hume-0470
	1978_Hume-0471
	1978_Hume-0472
	1978_Hume-0473
	1978_Hume-0474
	1978_Hume-0475
	1978_Hume-0476
	1978_Hume-0477
	Blank Page



