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ii. 

ABSTRACT 

Clay mineral, bulk mineral and chemical data for 
Mesozoic 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 
areal and stratigraphic variations in clay mineral distribu­
tions. 

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 <2µ size fraction of 
all samples, and on the <lµ, 2-4µ, 4-8µ and 8-16µ size 
fractions of selected samples to compensate for any mineral­
ogic bias imposed through the selection of the traditional 
~2µ 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 
dropper-on-glass slide and smear-on-glass slide techniques 
gave identical qualitative and similar quantitative results 
so that the former simpler technique was used. 

Mesozoic to Recent sediments in Hamilton, Taranaki 
and Wanganui Districts contain varying amounts of kaolinite, 
illite, montmorillonite, chlorite and ~ixeci-layer clay 
minerals. Clay mineral assemblages of mudstones, limestones 
or concretions, represent best those assemblages existing at 
the time of sediment deposition; clay minerals in sandstones 
are prone to diagenetic alteration because of their generally 
greater porosity~ 

Tha clay mineralogy of ~esozoic to Pleistocene sedi­
ments bears the im~rint oP 2 complex set of factors, including 
provenance, climate, tact □ ~ism, ~epositional environment and 
diacsnasiso The ill~~2, s~lorite and nixed-layer clay mineral 
suife of ~esozoic s~d~~a~ts is consistant with derivation 
from an igneous/rnetasor~nic provenance, partly modified by 
transformation durin; burial diagenesise The abundant 

,. •, • , .-- J 1 • I .J.. ,--, ,0 "-,f'! • • a-J.. k a o l 1. r: 1. -c, e in Upp e r ;:_ c: c e ;1 s '---' a 1 :•~ 2 L, o L, o 2 i ;- : ea s u res 1. s 1. n p i. L, • 

detrital from soils js~sloped by prolonged chemical weathering 
of Mesozoic sediments, aGd in part diagenetic from clay 
mineral transformations under acid l9aching conditions 
associated with carboriacsuus sr::,diments. The abundant 
crystalline mont~orillonite in 9119 □ c~ne sedi~ents (!e Kuiti 
Group) was primarily neoformed i~ sna~~~u marine basins 
characterised by extremely slow oepcsi-c,ion and carbonate 
sedimentation. The abundant crystallina illite and chlorite 
characteristic of most Miocene to Lower Pleistocene sediments 
were mainly detrital from Mesozoic sadirnants ~nder c~nditions 
or increasinq topographic relief and ~ore rapid physical 
orosion as 2-result of accclsr □ ti~g tectonic activity during 
t h i c; p e r i o d • f'l on t m o r i 11 on i t e i n L o L,i e r fc, i o c rm e 



G ) u-~ 1~rr.ely uetrital 
sediments (Mahoe~ui and Mok~u ~~upsHou::er: ~ontmorillonite 
from uplifted Oligoce~e sedim(,f~lnh; tino Crour·) uns derived 
in Middle Miocene sediments O a~a t □ -a-~ vunlr~nic lt t· f con emp J. .. , -primarily from the a era ion ~ . lloni te in lJppc :- r:iocene 
products while ~uch of the_mon-mor! ahoo Fo:-~3ti2ns) 
to Pliocene sediments (rvlt f·1essenge. to Tang_. . ~ d 

t . l"th 1 ies ,ho incroaJe was detrital from Mohaka ino 1 0 og ~ ,,_ -'. t.,, ·t • Pl· Plei"'J.. □ r 0 no seu.u;ion ., a bur.dance of montmorilloni e in io- . u" -~· . L; _ ~ 
results from the alteration of increasing quanti"- 8 ~ 0 • . 
volcanogenic material derived from contemporaneous volcanism 
in central and western North Island. 

The clay mineralogy of western shelf se~i~ents is 
dominated by illite and montmorillonite, with le 7s:r a~o~nts 
of chlorite and mixed-layer clays, and some kaolinite. On 
the basis of the distribution and origin of these clay 
minerals, five petrologic zones are distinguis~ed: 
(1) Hamilton Shelf - Abundant montmorillonite, rare to 
common poorly crystalline i lli te, and lesser !-:2 cl in i te, 
mixed-layer clays and poorly crystalline chlo:-it2; prinarily 
detrital from Oligocene mudstones, some mont~orillonite 
neoformed from Quaternary volcanogenic material. (2) rJorth 
Taranaki Shelf - Abundant crystalline illite, co~~cn nixed­
layer clays and crystalline chlorite, minor ~ontN □ rillonite; 
primarily detrital from Miocene mudstones. (3) Central 
Taranaki Shelf - Abundant crystalline illite, vary cannon 
montmorillonite, common chlorite and mixed-layar c!2ys, ~nd 
some kaolinite. Neoformation of montmorillori~9 fro~ Eg~ont­
derived volcanogenic material contemporaneous ~~th deposition 
of detrital illite, montmorillonite, chloritc 2~d ~ixod-layer 
clays from northwestern South Island and pcrr?.

23 
::orth ~nd 

South T~ranaki Bight terrestrial provenances. • (4) South 
Taranaki Shelf - Abund8nt crvstalline illi • .,_n . . - ~~, and common 
mixed-layer clays and cr•✓Jstallinn chlo~ite· --"~~ri"ly 

I t- • t - - - , ,...; l. J.. ·" ... 

ue-ri a~ ~ram n?rthw~stern South !sland sourc~s. (5) North 
Cook St1.a1t Basin - Abund.qnt ,...,..._.sra11;nP. 1·11;.,_ · ·d 1 - ~·-; ~ __ ... , - --'-e, common 
mixe -_ayer clavs and crystalli~o ~hlori"J..o • 
f'1 -· • 11 ·, ., . .i __ ....., ___ , __ '-'• ..... t.-, ::::a sc:ne 
,., 0 • • 'C r:10 r l On l T. 8 ° pr l n·, - ~ 1 •, ,...: - .,_ - ! .c. -- 1 ~ 
T l ' .' ,~,..J.-J --•=~ ... --d.J.. rroiil nor+-;...,,,:::,,:,~orn :::outh 
.LC, ~nd so r1 • ~ - .. ~-- "- - • 

,,_ c, ~ - urces anu, to a les,,:;e,... c-.,, .... 8 n+- fro .-- " · n, · · '"'"dstonos in c;-u.,_..._ T , . :. - ---~-' ~, 1:1 ,_,.L.:.o-:- ... ~1st.oceno 
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1.1 

1. 

CHAPTER l 

INTRODUCTION 

THE SIGNIFICANCE OF CLAY PETROLOGY IN THE EARTH 
SCIENCES. 

Clay minerals are major constituents of mudstonas 

and related argillaceous rocks, which together constitute 

some 75% of sedimentary deposits, and occur in significant 

amounts in a further 2 □% of sediments (cf. Lleaver, 1958a, 

p.254; Picard, 1971). This volumetric abundance implies 

that the study of clay minerals and clay-rich sediments is 

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 

controlling the properties of this economically 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

ing properties of sediments and on the cap rock and reservoir 

properties in petroleum geology~ and they provide information 

on tha nature and position of hydrotharrnal ore depositso 

Clay geology evolved from these essentially economic roots 

and led to detailed investigations of areal 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 
• -1- • cr1,,er1a for distinguishing 

between detrital and authigsnic clay ~inerals; 



2. 

(3) 

(4) 

to assist in paleogeographic and provenance studies; 

to provide a tool for assisting stratigraphic 

correlation; 

(s) 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 sedimentary environments, both ancient and recent, 

although in many instances the interpretation of these 

distributions is equivocal. However, Lleaver (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 GEOLOGIC BACKGROUND. 

This account presents the results of a detailed 

study of the clay mineralogy of Mesozoic to Recent sediments 

in the South Auckland to Llanganui region and of Recent sedi­

ments from the adjacent western continental shelf of the 

North Island, New Zealand, 

70,000 km 2 (Fig.1.1). The 

a combined total area of about 

onshore study area includes most 

of the Llaikato .. King r. • ~ , -'-' - Joun--cry, 1aranaki and w'a;-iganui Lanrl 

Districts. For convenience, this area is divided into the 

Hamilton, Taranaki and Llanganui Districts 

being equivalent to the areas covered by the 1:250,000 New 

Zealand Geologic Survey maps of Lensen tl_al. (1959), 

Kear (1960) and Hay (1967), respectively. Place names and 
major physiographic f t ea urss referred to in this thesis are 
presented in Fig.l. 2 • The distribution pt □. he major sedi-
rnentary un1.·t - t sin he onshore study area is d3scribed in 
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6. 

1 • d stratigraphy and lithology 3 d thel.·r genera 1.se Figure 1. an 
Details of stratigraphic, litho­summarised in Tabl~ 1 • 1 • 

data are presented in Appendix logic and sample locality 

Table 1.1 is complemented by a glossary Tables 1.1 and 1.2. 

most of the sedimentary units of photographs illustrating 

( 1.1 _ 1.24) more detailed sedimento-in the sequence Pls. 

t • discussed in Chapter 3. logic characteris 1.cs are The 

t .h t part of the western continental offshore area covers a 

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.1.1). 

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 sediment's; 

(2) to document the clay mineralogy and related character~ 

istics of Mesozoic to.Racent onshore sediments of the central 

Western 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. 

1.4 PREVIOUS WORK 

Very little data have been published on the clay 

mineralogy of New Zealand rocks d 
an sediments. Most publica-

tions have concerned themselves wi"th the 
mineralogy of 

specific economic clay deposits, or have dealt with clay 
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Blue-grey murf11ton1, 111ndetone, conolom1nte, eh11l bide end 101111 concr■ Uon,. 

1'11r:11r:1nu11 blun-gny 1Jlt11ton ■ with eom■ concr■t.1on1, 
r''ht!l11iv1 11nd hnddttd 1nndnlon1 nnd hi,sar 111t,1d11ton1, ■ llohtly turr■o■ou,, wlth 

101111w co11l b11da end 9lump atructuru, 

8lu11-9r1y mudntona and undeton1 turrac1ou1 in P■ rt, 

Non-turraceoua und11tone wtth aome mudaton■ and alump atructur■■• 
Alt■rn11t1n9 b9d■ or lfflcaceoue 11nd1ton■ •r,d ailtaton■ vith Minor volc,nlo 
datr1tu1, 

Turrncaoua ••mdatona and mud.ton■ !ntarbedded in pert, 

Turreceou, calcenoue eandatane with 1om1 U1111reton■, 

nlu•-gny 1rgUl■c■ou1 fine ■1nd1ton1 with 10'"■ oonglomer ■ t■■ end ooncr■ tian,. 

Plot1 
hflfDrance , 

----
1,23 1 1,24 

1,22 

1,21 

1.19, 1,20 

1,18 
1,16, 1,17 

-
1.14, 1,15, 
1,16 
l, 14 

1.14 

Upp11r end lower cod zon■1 end c■rbanac■au■ 1h11, 1ap1r■ t ■d by a1rbon1c■au■ 
aand!lton■, I -

M1uu1!va, rwrruglnou,, ar9Ulec1ou■ Hndeton■, cerbon1c■oµ1 or thin oo■.1 ■■Ht■, 1, 11, 

l,lJ 
ny11h-typ11 oredad bade ar alhrn■Uno ••ndeton, ■nd 11Ud■ton■, 1.10 

1,1: 

Manlva blue-gray mudaton■ with ■Om 11ndeton1 ■nd l1'"11ton1, 

Cry1tallln■ fhggy Umuton■, 

Meuive cnlc11r■ou1 eendeton■• 

Sandy llmeatone, rlaggy in part, 

C11lc11reou11, 9lfluconltlc undatona, 

Calcnreoua lltUdl!ltone, 

Calcereoua eend11tone with eom■ mudatona ■nd _HmHtone, 

l"le11ive blue-grey, calcar"oue 111 ts tone with occaaionel U'"11ton1, 

Celo11r■ou1 ,nud■ ton■, 1 ■n~•ton■ end Umeatone, 

C11rbonec■ou1, purpl►bro1n1, non-calcer■oua ,Uteton■ with ■o• concr■tlon■, 

Cerbonec■ou• 111Udetone, coil b1d1 ■nd 101111 1■nd1ton■ end oongloaret■• 

Slightly indur■ted fl'IUdaton■, undaton■ and canglo'"1r■ t■ with ION turr. 

lndureted RIOdeton■ and ■■nd■ ton■ with ION tutr • 

1,9 

1, 1, 1, 8 

1,7 
1,6, l, 7 

--
1,3, 1,5 
1,7 
l;J, 1,4 --
1,1 

-
1,1 

Table 1.1. Summary of the stratigraphy and lithology of major 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 pocket. 

-.J 
• 
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pedology. 
t d fr rocks, tephras The clay mineralogy documen e o 

th regl.·on is summa~ised below. and soils of e 

It is relevant to summarise briefly the petrographic 

character of Mesozoic basement rocks which represent the 

material for Cenozoic sedi­primary source of terrigenous 

The range in composition of ments in the study area. 

Mesozoic rocks is large. Martin (1967) showed that Mesozoic 

basement sandstones of the Oparau Facies in the western 

Hamilton District (Figs. 1.1 and 1.3) are rich in acid 

andesine plagioclose and volcanic (mainly andesitic) rock 

fragments set in a conspicu~us 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 l~ttle matrix 

(Finlow-Bates, 197 □). 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. 
In general the 

Mesozoic sandstones and mudstones have a clay fraction 

dominated by illite and chlorite and by mixed-layer clays, 

with lesser montmorillonite 
, muscovite and biotite (Fieldes 

et al., 1968; Nelson, 1973). 

Nelson (1973), working in the South Auckland area 

presented a comprehensive account 
of the clay minerals in 

the Oligocene Te Kuiti Group 
sediments and some clay data 

on the underlying Mesozoic and overly1.·ng 
Mahoenui Group 

, 
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rocks (Fig. 1.4). He considered that the small to moderate 

Qt 

Wt 

Wk 

Mes 

Kaolinite Chlo rite 

ill ite Mixed-layer clays 

Fig. 1.4. Relative cl2y mineral abundance in the ~4~ size 
fraction of Mesoz~i=, ,a Kuiti and Mahosnui Group sediments 
0 
~ t- t, ~ ; = . ; - r -- • "'-' , ., ,...,, ,.., '7. \ ..... rl • 
, ~,,<..; '.C,ai,.omo :...o:.Jn-i::y \3:t.er l,8.LSOfl, _!..;:;(..Jj. l'i8S = '8S0ZOJ.C 

sandstones and rnudstc~es; ~k = Uaikato Coal Measures; 
Uh Uhaingar~a Si:t2t~~e; Ao= Aotea Sandstone; Or= 
Orahiri Li~estone; Llt = daitomo Sardstone; Ot • Otorohanga 
Limest8ne; Tmt = Tau~a~amaire Formation mudstones. 

quantities of illite and chlorite in +hP ie Kuiti Group are 

probably mainly detrital* b2ing derived directly from the 

Mesozoic sandstones and mudstones. 
The small a1nounts 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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the Mesozoic rocks precluded a direct detrital origin for the 

abundant montmorillonite in the Te Kuiti Group but Nelson 

considered that (p.440) "••• substantial amounts may have 

been inherited from Oligocene soils ••. ", or (p.441)" ••• r.iay 

have originated by the aggradational transformation of 

several of the soil clays'', and that some was possibly 

neoformed. Where reference to Nelson's work is made in this 

thesis it is important to keep in mind that his clay mineral 

analyses were conducted on the <4µ size fraction whereas the 

<2µ fraction was usad most commonly in this work. 

Ker (1973) described the stratigraphy and engineer­

ing geology of the lower wanganui Valley as part of a survey 

of a proposed hydro-electric power development on the Uanganui 

River. He found that the Upper Pliocene to Lower Pleistocene 

~~n .. d~tones and s~,ltstr.~,,-.. s ,·~ +·h· ' +-
-~ ...... - .... ~ ~· .... ,i ._ ,.:s area are c;12racuerised by 

the presence of abundant chlorite and sericite and the 

virtual absence of expandable clay minerals. 

About 70% of 

the study area is mantled with i~,--.!..o..,... ~0d~~-nary rhyolitic and 

~□ rth Island and Taranaki Loess 

centres in the central 

is a co~rnon componant 
of these beds anri n~•o 0 -,..,, ::- - · 

.u ~c~~ ou.1. 1 □ =m2~._0 ~_-,,. :s w'~- d (~·b· 
.1. • .1.u::-:sprea _L>l os, 

w s , ... , 1968; 
The 

North 1~1~_-_.,-.. ,u~ h --- erup-cives ave 

a clay mineralogy dominated by alln □ h,,?,n,.,o_ ;_ u , 
- ....... - ..1-~i ;,O..tccene units 

( i • e • < 1 0 , 0 0 0 ye a r s i n a g e ) a n d b y h a l 1 o v - ; _._ J : ~ I .. -, , . 
_,_ _,.::,.,_ ___ ...,., -31..8 l-'.L8J.S-

tocene units (· 
i.e. <42~0[)0 years in aqn),. 

-"" The observed 
distribution of ll h 

a op • a n e an d h a 11 o y s i t ,.., 'i '"', ·, .1-____ .-,, " 

... - " H o l o c e n e a r1 d 
Lato Pleistocene tephras 

suggests the following_ th waa E?ring -oq 
u~ uence operates: feldspar and glass-➔ a1Japhane 
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poorly crystallised halloysite -~ well crystallised halloy-

site-----)- metahalloysita. (Kirkman, 1975). 

By far the most commonly developed soil materials 

on Mesozoic and Tertiary sediments are the yellow-brown 

earths (Fieldes ~e~t_;a~l~., 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. Llhile 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 rocks 

and those in the soil, but kaolinite is generally dominant 

( ., -9-~\ Fieldes et ai., i bbJo 
In the Sout~ Auckland region 1 clay 

• "" ·, 0--::. ua .... 1 L. as _1 n. buried paleosols minerals in sur,aca soi~s, - ~ -

+ 1 •• +h r_~1a~.,o: -_,h,,_yoL"itic and andesitic d e r i v e d f r om c e n - r a - 1; o r ., . ~ - _ 

tephras, are 
dominantly allophane, (in tephras < 10,000 years 

· ; ;/ , .; ..., ; .;.. "' ( , n +en h -r a~ > l O ~DO 0 in age) and halloysits ana;or ,...ao ..... _._,; .... ...,~ ..... v ... -- ~ , 

years in age). 
Lesser amounts of montmorillonite and 

micaceous 
clay minerals are also present (Fieldes, 1968; 

t 1 197 3·, Pullar e a ., 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 southwestern Taranaki District are 

composed of subequal amounts of allophane and hydrous feld-

spar (Fieldes, 1968; Symes and Llells, 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 r- • 
:lJ..Z8 • Clay-sized particles are those particles 

having < 2_µ 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 

specific gravity 2.ss having the same settling 

velocity and same density as those calculated for a given 

sedimentary particle in the same fluid). 

Clay Mineral. Clay minerals are crystalline~ hydrous 

silicates with layer or chain lattices con3isting of Si-0 

tetrahedral sheets arranged in hexagonal form and condensed 

with octahedral layer (Al-0-0H)~ Each she2t has . p1.anes of 

cations (Si, Al, Mgy Fe) with each surrounded by either four 

( tetrahedral) ors· l.X (octahedral) 0 and OH ions. ~1 i x e d -1 a y e r 

·clay minerals are either randomly 1 ' • t or regu ar~y 1.n erstratified 

intergrowths of two or more clay minerals. (Carroll, 1970). 



13. 

Detrital Inheritance. The process whereby clay 

minerals ara derived from a landmass and remain unmodified 

because of their stability. Such clay minerals are detri-

tally inherited, or simply detrital clays (Millot, 197 □). 

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. 

are transformed clays (Millot, 1970). 

Such clays 

Neoformation. The process whereby clay minerals are 

in large part or wholly precipitated from products dissolved 

in the hydrosphere. In leaching environments clay mineral 

neoforrnations result from the subtraction of ions during the 

sericitization of feldspars, chloritization of ferromagnesian 

minerals, evolution of volcanic glass into montmorillonite 

and the kaolinization of crystalline rocks. In confined 

environments clay mi~eral neoformations occur through the 

recombinaticn and addi~ion of ions to form products such as 

sepiolite. Such clays are 

neoforrned clsys 

fhs creation □ f minerals in situ by 

3edi:nents at time of, or following 

Bath transformed and 

neoformed clays can ba authigenic~ 



CHAPTER 2 

TECHNIQUES OF STUDY 

2.1 INTRODUCTION 

Clay mineral investigations, especially quantitative 

• hampered by the fine size and diverse chemistry analysis, are 

and structure of clays. Consequently a large volume of 

literature exists concerning techniques of clay mineral 

analysis, especially those utilising X-ray diffraction (XRD), 

but inevitably the recommendations 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 has been investigated. Accordingly, prgliminary experi-

mentation was necessary to establish methods of analy3is 

that were not only rapid and reproducible, but also applicable 

to most samples. 
Th is c h 2. p t e r d e t a i 1 s the \1 <el ::- i o u s t e c h n i q u e s 

+t t d • ~- ,, · 
a~ ernp e ana ilna~.y used in this study, in the anticipation 

that the information will □ e 0seful to other 
workers embark-

ing on similar studies~ 

2.2 SAMPLING PRDCEDUR~S 

2.2.l ONSH □ Ri:- SA;v1p1 ES 

One hundred 2nd 

Recent sediments were rnllpr~e~ 
""'"-'-L .. ~- .......... -~ 

spade from 88 localities 

a nd Llanganui Districts. 
(Fig. 2 -l) in the Hamilton, 

or 

Taranaki 

Considerable care was taken to avoid 
sampling obviously weathered material. 

logic and sample locality d 
ata are presentRd in Appendix 

Stratigraphic, litho-
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176°e 
Monulcou Hbr. 

I> 

Hamilton 

•13 ... 
e,; 

•16 
-~1 
•1a 

•19 

•20 

49 

sa 
New Plymout 

60• .s9 

•63 

ftS 

e;,o 

Fig. 2.1. Sample localities of onshore and harbour and 
river samples. Additional "lift-out" copy available in 
back pocket. 
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Tables I.land I.2 and correlation of thesis sample 

localities and sample numbers with those ~sed during field 

work is given in Appendix Table II.l. Each sedimentary 

formation was sampled at several locations, including at 

or near type and/or reference sections, and samples were 

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 area; (2) the 

necessity to sample formations in sufficient density to 

detect any major vertical or lateral variations in clay 

mineralogy between samples from the iame formation; and 

(3) the time available for study. The results of all analyses 

were tabulated in stratigraphic order (Appendices III-IX). 

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 mineralogy 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 quantitative clay mineral interpretation (i.e • .±1 □%, 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 was 

considered adequate, and tr d • 1 • ens inc ay 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 writer r~alises 

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 major 

trends in the clay mineral distribution patterns obtained. 

2.2.2 OFFSHORE SAMPLES 

Sixty-eight .surficial sediment iamples from the 

western continental sheir (FLg. 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 in clay 

mineral analysis in this study, 3. were collected with an 

Agassiz tr aw 1 , 6 with a c::;o n e d r-81:::1 g e and 3 9 with either a 

Petersen or a Dietz grab sampler. The New Zealand Oceana-

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 writer in August 1973 from 

tidal flats of harbours and river mouths bordering the shelf 

using a plastic scoop (Appendix Table I.4, Figs. 2.1 and 2.2). 

The samples from Raglan Harbour were collected by Sherwbod 

(1973) using a 500cc capacity Marukawa grab. With the 

exception of the Raglan Harbour samples, the harbour and 

river samples were analysed within a few weeks of their 

recovery and while still damp. 
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• C275 
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• C'32 

• C11!9 • C170 
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C436 C173 C434 . . . . .. 
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• C330 
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• • 
B7aO N 3 79 C3"1 
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• 
• B711 

Cl~S 

0 
B649 

Rogian Hbr. 
6 

Ko...,h~ Hbr . 

Fig. 2.2. Sample 
and river samples. 
in back pocket. 

localities of western shelf and harbour 
Additional "lift-out" copy available 
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The use of various types of sediment samplers and 

th e analysis of samples in different states of dryness 

impose some restrictions on the comparative interpretation 

of clay mineralogic data (Siegel and Pierce, 1973). Some 

workers have reported no appreciable effects on the clay 

mineralogy of the< 2J.J size fraction as a result of drying 

of samples (Griffin, 1962, p.740; Griffin and Goldberg, 

1963, p.729). However, Biscaye (1965, p.807) did observe 

" ••• that a partly expandable, vermicultite-type mineral 

present in the wet samples of the 2 - 20~ 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. 

differences in the clay mineral suites may result from 

Such 

selective washing out of clay minerals during sampler 

recovery, or may be dua to differences in sediment saLlpling 

acticn. The maioritv of offshore seci~ants analysed in this u , 

study were collected with grab samolers. One would expect 

those l 11 • d ••t-. • 1 • • ri ..... samp es co ac-ce wJ..t:11 r.raw.L anG cre ... ':Je equipment to 

be less representative of "true" bottom sediment mineralogy 

because of possible washing out of 11 finas" during sampler 

recovery. On the other hand the river and harbour samples, 

collected with a plastic scoop, would be most representative 

of "true" bottom sediment composition. Time and economic 

factors prevented collection of samples with standard gear. 
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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. 

2.3.2A X-RAY DIFFRACTION 

X-ray diffraction proved to be the most useful and 

the most rapid method of mineral analysis. XRD techniques 

were used both for determining the modal mineral composition 

of sediments and for clay mineral analysis. 

BULK AND MODAL MINERAL ANALYSIS 

The XRD modal analysis method of Nelson and Cochrane 

(1970) was used for the quantitative determinations of 

quartz, plagioclase, potash feldspar and clay minerals 

(Appendix Tables III.land III.2.). Because CaC0 3 occurs 

as both aragonite and calcite in some samples, CaC □ 3 was 

~atermined by chemical methods. Apart from t~e initial 

standardisation of procedure and equipment the XRD modal 

analysis technique is very rapid labou,1...., ~~nul--s 
\. l, I ill~• • - ~ per sample), 

and although the estimated accuracy is only about± 1 □% it 

is considered to provide reliable indications of general 

mineral trends in samples (Nelson and Cochra~e, 197 □). Many 

of the sediments studied were very fine-grained and conven­

tional point-counting techniques would have been both 

inadequate and subject to large errors. Moreover, filany 
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P.Al~ SAM"l,.E 

I 
air dry 

,-------------------~------------ Reference sample 

Jaw crushed 

I 
Ring mill (5--10 sec) 

I 
Non-calcareous 

a.imple ■ 

I 
H2o2 (6%) 

I 
Centriruge, wash 

I 
Ory 40 °c 

Calcareous 
samples 

I 
H2o2 (6%) 

I 
Centrifuge, wash 

I 
Ory 40 °c 

I 
Weigh 

I 
HOAc (4 0 4 M)* 

I 
Wash, dry, weigh -

Ringmill------------

SEr"l 

Rock fabric Oulk 

(3 rain.) 

Unoriented 
powder sample 

XRO 

I 
Bulk 

and elomenta1 mineral 
~lneralogy composition composition 

Reference 
sample 

I 

D.ispera■ with 
calgon ( 1 g/1) 

I 
Wet sieve 

1
240-.,esh (4jl) sieve 7 

_______ Cent.::if'ugatlon, Coarser than I decantation CJ•) 4/1 material 

Size fractionation, I I 
selected samples < 2..1" fraction Ory l 

all samples 

Oriented I 
D.O.G.s. Ory (room temp.) Oriented Oriented 

I I DOGS s.a.G.s. I I • I • • • I 
XRD Xi:lf" IR XRO XRO TEM Optical -----~ , I / / compo•rion 

---::: Clay\ mineral co.;;;;;aition/ Reference s1ar.d 
sample Fraction 

com~osi­
tion 

Table 2.1. Flou chart summarising steps in the preparation 
of samples for bulk compositional and clay mineral analysis& 
Clay minerals were mounted for X-rav diffraction analysis 
using the dropper-on-glass slide ( □ bes) and the smear-on-glass 
slide (SOGS) techniques. Analyses were carried out employing 
the following methods: X-ray diffraction (XRD), X-rav 
fluorescence (XRF), infrared absorption (IR)~ transmi;sion 
electron microscopy (TEM), and scanning electron microscopy 
(SE~l). 

+ Samples were milled for 5-10 seconds to facilitate acid 
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) 
are not altered by treatment 
strengths are less 'than 4.4M. 

have 
with 

shown 
acetic 

that clay minerals 
acid if solution 
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or friable and contained swell­samples were unconsolidated 

made thin-section preparation ing clays, which would have 

both difficult and time-consuming. 

Sample Preparation and Analysis 

• were carried out on a The quantitative procsaures 

Philips P.Ll. 1050 geiger-counter X-ray diffraction spectro­

meter using nickel-filtered copper radiation at the 

following machine settings: 

KV 

MA 

Time constant 

Attenuation 

Chart speed 

Scanning speed 

High voltage 

Window level 

Lot.JBr level 

Oscillator 

Slits - divergence 

- scatter 

Ratemeter setting 

36 

16 

4 

2 

20 mm/min. 

2° 28-/min. 

L -- cG 

high 

, 0 
J. 

l mm 

4 or 10 

Initial operating conditions were standardised using a 

method similar to that suggested by Nelson and Cochrane 

(1970, p.152) .. 
In this study, howavers a permanent quartz 

standard was prepared by grinding a pure sample of quartz 

to less thail 350-rnesh (45}-.J) particle size, mixing the 

powder with araldite resin in a Philips powder sample holder 

and when set, grinding the mixture flush with the sample 
holder. 

The standard mineral powder mixtures used by Nelson 
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and Cochrane (1970) were obtained from the Department of 

Geology, University of Auckland. The mixtures were run 

from 18° 2~ 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 between 18° and 32° 2~. The 

vertical distance between 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 mineral under analysis. 

Reflections used for measuring peak height intensities above 

background are given in Table 2.2. 

Mineral Diffractometer Peak Position I 
Setting 029' d~ 

I 

I 
I 

Quartz Ri15 4 20~8 4.26 ! 
I 

Plagioclase Rr·1S 4 28.0 3.,20 I 
Potash feldspar RMS 4 27.,5 3.,25 I 
Calcite RViS ~ 29.4 3.,04 I 

I 
I 

Clay minerals m~s 4 19 .. 9 4.46 I 
I ' I 

Quartz Rf~S 1n ,u 26.6 3.34 

Plagioclase RMS 10 28.,0 3.,20 

Tablo 
zibovo 

2.2. Reflections used for measuring XRD peak height 
b c1 c k g r O u n d a t s e lo c t e d i n s t r u rn s 11 t s e t t i n g s • 
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Carlson and Rogers (1973) suggested that more accurate 

results would be obtained by measuring peak area rather 

than peak height. However in this study peak area measure-

ments were 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 parabolic 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 straight lines and that the data correlate well with these 

calculated linas (Fig.2.3). A log/log plot of calcite at 

RMS 4 shows that a simple parabolic curve does not fit the 

data uall; hence a freehand line was draun through the 

points. Nelson and Coc~rane (1970, p.161) suggested that 

~ • • • h • • b -l- ' , oc1 of +-he .L rue the accu:r2cy or ::.ne -:ec, nique is a ou l, .:1:. ..i... ;a ... l, 

modal value but dit n □ t me~tion the basis on which this 

figure was derived. Fe~ the standa~d powder mixtures the 

accu :-ac·.' ;--iP, .,_'"'"' tPcc,,...,;,"".i•P ohviously varies with mineral type !. ; _ L..,1,_, ....,_ 1 ••• -·~·-- U 

and machine setting (Fig.2.3), and it is reasonable to assume 

t - · ·1 1 b t'n --~e ,,...,~ rock 'unknown' determinations. that hJ.S ui ... • o .e :...-:.:c, - i c,~ 

• • • • ~, .. onc0n_t~Atio,", o·e~er,•ni·ned The standaro errors in minerai - - -~~-- -

statistically for each of the linear intensity-concentration 

( ,..,...,s ., • a 0 %· quartz ,r.i, 4i = ...:t. ·•"-- o, quartz 

(RMS 10) = ~ 4.4%; 
( S ,. , , 7 oc:1. 

plagioclase RM 4} = i J. ~, 

(R •1c ·o) .± 4 p.,rf. p 1 a g i o c 1 as e 1• :.i J. = • - , Q , 
potash feldspar (RIVJS 4-) = 
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± 3.4% and calcite (RMS 10) = ± 6.6%. These data show that 

the standard errors are less than± 5% except for calcite, 

and give an estimate of error for the unknown mineral 

quantifications. The standard error in mineral ccncentration 

represents the average deviation 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 those suggested by the standard errors and makes 

calculation of errors for individual minerals difficult. 

Because of this Nelson and Cochranes' (1970) estimate of 

error of± 1 □% for the technique is considered to be of the 

right order of magnitude and is probably nearer the upper 

limit of error for the technique& 

Problems imposed by the quantity of iron in samples 

(Nelson and Cochrane, 1970, p.153) were overcome by using 

a loL1er level window .L • 
S8t. at This reduced iron 

fluorescence to such a 1 -••::,' .1....,.,,,. ~t · 
~ " v _, .... :... , , "' L, .i. c au s 9 d n o a o o r e c i a b 1 e 

,..JifF'cronro~ i·n ha~kg- . , •. ; 
~- I.__, ,._, ·--U I U t,; 'oun:-! ro., .-..,....,._.- 01- o'i ff- < t - - •- ...... ·=·-~ • 1 ...... J.ac-r:ome er traces. 

Nelson and the 

problems inherent in this ~ · · ~e=~~~quej two of which are 

important in this study. Fi=st, the clay percentage is the 

least accurate the determinations as it is derived from a 
non-basal peak whose 

the 

crystallinity of the clay lattice. Alsc, because a 11 sma ..... 
increase 

content, 

in peak height represents a large increase in clay 

the positioning of the base-line can affect tho 
clay total. Second, the determination of feldspar percentao.os 

.J 
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is 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. In 

several instances it was difficult to determine whether 

certain minor X-ray peaks represented genuinely discrete 

plagioclase compositions. Because of this the feldspars were 

designated plagioclase A (28.0° 2~), plagioclase B (27.75° 

2~), and plagioclase C (28.5° 2~). In general the relative 

abundances of these plagioclase species were as follows: 

plagioclase A » plagioclase a > plagioclase c. 

However, in volcanogenic sediment samples plagioclase A is 

subequal in abundance to plagioclase B. In the Mount Egmont/ 

Palmerston North area feldspars from Quaternary andesitic 

ashes show peaks at 27~8° 2~, 28.DO 2~ and 28.7° 2~, whereas 

the feldspar from "greywacke s !! has only a single peak at 

28. □ 0 2~ corresponding to a more acid feldspar (Symes and 

U ll '9~--,) 8.1..LS, .L f..J • To aid in the discrimination of these multiple 

plagioclase peaks, tcge~her with the potash feldspar peak 

(27.5° 2~), all sample~ ~era scanned slowly (½ 0 2& per 

through Q • • L' to 29 2&' region ano ~ne positions 

of the feldspars tr2Gsf2=red to the quantitative scan. The 

sum of the individual olagiocfase and potash faldspar 

percentages. 

Because of the varying degrees cf reliability of the 

th d• 1·,n establishin □ modal composition the sum total of me , o· ~ 

minerals was not recalculated to 1 □□%. f·: o re o v e r , o th e r 

minerals (e.g. analcite, cl-cristobalite 9 and ferromagnesian 

minerals) may be present in sufficient quantity to 
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significantly lower the total count. If any one other 

mineral was present in sufficient quantity a rough estimate 

of its abundance could be made by subtraction. 

The presence of non-clay minerals was recorded in 

both bulk samples and the< 2JJ size fraction of samples 

using the peak positions indicated in Table 2.3, but no 

attempt was made to quantify their presence in the clay 

fraction. 

o I Mineral d A h k 1 Remarks 

Quartz 
3.34 101 
4.26 100 

Plagioclase A I 3.18 002 Dligoclase - Andesine 
I 

I 
i 

Plagioclasa B 3.21 I -202, 040 Andesine - Labradorite 
I I 

t 

Potash feldspar I 3.24 040 • 
I 

Amphibole I 8.45 I '110 Corresponds to plane of 
I I perfect cleauage 
! I I I 

IC../ ·-1--b~- I .,_ n::: : i ; -cris\.,a· ~,,tPl .., i'!-:: Broad-based i --- ~: '-+•U..J i It.Ji i peak 

Analcita 
:,;-.'""'! 
~1,.)d 

Table 2.3. XRD data for ths iden~ificatio~ -D -1, mi~eral . u, non-._, 3./ 
11 11 s pressnt 1n samples. Plagiorl.::-is-. f'c'dsn--
c om p o s ~ t i ,..., n d ,., t o ,.. - : ~ ri • L • • - - - c • ~ J. f-' "" ,. 

.L u , c: ~ ~ ~ 111 .,_, ; a ,._, o y o D ,._ i c a 1 m .1 c r a s c o o v 
' ,, -!' 

CLAY MINERAL ANALYSIS 

This section describes .. ~no methods of clay mineral 

preparation and analysis, with special reference to tech-

niques found 1· app icable for semiquantitative XRD analysis. 

The <2LJ size fr t· f r aCwlOn o· all samples w~~ ~n-•y d c::..v c. c...t. se (lip pond ix 



29. 

Tables IV.l - IV.3). 
To complement this data, however, 

39 samples representative of most onshore formations and 

some offshore locations were further size fractionated 

i n t o < lJJ , < 2jJ , 2 -41-1 , 4- 8 ;-i an d 8 -16 u fr a c t i on s • f•lost off-

shore samples were too small for particle size fractiona-

tion analysis. Because no universally accepted standard 

procedure exists for size fractionating clay mineral 

suspensions, the technique used in this study is detailed 

in Appendix Table V.l. 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. 

0 10 30 40 50 60 

C.tay m1!"!eral a~undance (¼) 

F ·g 2 ~ Qi~t~ibut1nn o~ maior clay mineral scecies in l. • e-r• • J.. __ _....., -."-J ' J . • ._. • • 

- !Acted size fractions. Note that montrnoril1.onite! 
~ e - ( ' . k , • • . , t' ve, y ' ... -, b!le h J.' I r!7ln-.-i+-e ::-,r,ri ;:,e,,1ri.1te are re~a ~ .,_ nea\.., .-..a J.. •• ; \-,f ... w..:.._,_. -· ~ • __,_ ..... -... • .. ,... .. 

more abundant in the smaller particle size rractions,, 
·• • • 11 • / \ hln~~+o a"~ +n+-~1 (t l whereas 11.11.te:, crysta __ ine \CJ c,:..._'-' ... ~:-~ ,,u -'-'"o.- :',. _ 

chlorite arc relatively more abunoant in the la~er par~icle 
size fractions. 

The data indicate that the major clay mineral species are 

size segregated in samples and are most abundant in the 

following fractions: montmorillonite in <lµ, kaolinite in 

,{_ 2)-J, mixed-layer clays in 4-BJJ, and chlorite and illite in 
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8-16 

4-8 

3 
C 
0 
·z 2-4 u 

£ 
CJ 
N 

(f) 

<2 

<1 

0 5 10 15 20 25 30 

Clay mineral abundance (0/.) 

Fig. 2.5. Distribution of chlorite species and mixed-layer 
clay minerals in selected size fractions. 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-la¥er clay (C-M) and chlorite­
vermiculite mixed-layer clay (C-VJ are relatively more 
abundant in the smaller particle size fractions. 

Transmission electron micrographs of clay Fraction 

separates confirm the abundance of montmorillonite in fir.er 

size fractions (cf. Pls. 3.6, 3.11 and 3.16). Mixed-layer 

clay and chlorite species (see pp. 45-51) ere also size-

segregated (Fig. 2.5). These data support findings of □ the~ 

workers (s.g, Grim, 1953; Gibbs, 1965) and indicate that 

particle size segregation will influence significantly 

the geologic interpretation of clay mineral data (Fig. 2.6; 

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

occur in the <2p fraction, the bias included in the selection 

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

study, by analysis of other size fractions. 
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Fig. 2.6. Diagram illustrating the influence of particle size segregation on 
the geologic interpretation of clay mineral distributions in sediments. 
Abbreviations of formation names defined in Table 1.1. Note the tendency for 
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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 minerals for XRD analyses have been criti-

cally reviewed by Gibbs (1965). Those used in the present 

study are described briefly below: 

(1) Dropper-on-glass slide (DOGS) method: f·lost 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 suspension on to each of three microscope 

slides (25 x 32 mm). The specimens ware evaporated to dry-

ness under atmospheric conditions in a dust-free container. 

Although the DOGS method has been criticised (Gibbs, R.J., 

1965, 1968), the reproducibility of the technique is good, 

and the patterns of clay mineral distributions are correct 

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

No attempt was mads to standardise the amount of solid 

thickness 

required to produce even, n=7-=~~ling surface3 varied from 

~ample to sample. Stokk9 a~c :2rson (1973) have shoun that 

peaks can 

In this study the 

clay dehsity in sam,ole-mounts r~-.-•, □ As. 01 ~nm • ~ 7 / 2 · · h 
~ -- .::,-- ... _, ..!. "o ,_J mg cm wi7ic , 

on the basis of Stokke and '. -: .... arsons' data, suggests 
that the maximum variation • 1 · 

inc ay mineral abundances would 

be 8% for montmorillonite 

2% for kaolinite (7A 0 ). 

r17~ 0 , 6~ - • · r o) , r1 J , ,., r or .1. 11 1. t e 1. 1 O A , and 

(2) Smear-on-glass sl_ide (socs) • ., method: The extre,:rn ly 



lou sottling velocity of montmorillonite meant that it was 

necessary to concentrate the clay suspensions in a super-

centrifuge. After decanting the supernatant liquid, the 

re~aining paste was smeared, with one stroke, onto a micro­

scope slide (25 x 32 mm) using a flexible plastic spatula. 

(3) Powder-press method: A number of <2µ particle-size 

suspensions were dried at 4 □ 0 c, crushed to a fine powder, 

and mounted in Philips XRD powder sample holders using the 

back-filling technique. These unoriented powder samples 

were analysed to determine the position of the d (060) 

reflections of chlorite and illite. 

XRD analysis of untreated sample mounts indicated 

that several further treatments were necessary for the 

positive identification of clay mineral species. These are 

described below: 

(1) The untreated slide was glycolated using the 

vapour pressure method (Brunton, 1955) to determine the 

presence of rnontmorillGnite. A desiccator with about 2 cm 

f-h , i rri _"-,·. ~-.-.P. b,OT~om •..,•as found to be a convenient, of e,.,, y ..... ene g~y~~- _ _ __ 

in .L ' • 
L.nlS 

1 hour 

fs~ this purpose. Specimens were placed 

cont3iner rcr :2 hours, heated at 6 □ 0 c for a further 

! ~ \ 
\ L ; Th0 glycolated slide was • t d. a·+- 50 □ °C for ;-iea e . " 

d t • ... • +- 0 f', +-,, h P. r. r-, _1. or its miner a 1 s to B ermina ~ne nauure - -

present (sse PP~ 45-51). 

(3) uere hniled in 10% HCl Clay mineral suspensions - - --

for 5 minutes to distinguish, where necessary, between 

kGolinite and chlorite (Brindley, 1972). 

(4) Selected specimens were saturated in lNKOH for 
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15 hours, then heated in lNKOH at 90°C for 1 hour (Ueaver, 

1958c). The degree of contraction of montmorillonite (001) 

is believed to indicate the nature of the parent material 

of the montmorillonite. 

Gibbs R.J. (1965, 1968) cited the SOGS method as one 

producing clay mineral percentages closest to "true 11 values. 

He suggested that mounting methods involving settling in 

aqueous solution (e.g. DOGS method) produce large errors as 

a result of the surface segregation of the smallest clay 

particles (mainly montmorillonite) caused by differential 

settling of various minerals. Forty-eight samples were 

prepared using each of the DOGS and SOGS methods so as to 

compare the efficiency of, and the relationship between, 

the two techniques (Appendix, Table VI.1). The same 

qualitative results were obtained using both methods but 

compared to the SOGS mounts peak resolution in some DOGS 

preparations wes low if the sample contained very fine-

grained amorphous material e.g. iron oxides. Presumably 

these fines bBcome concs~t_rat~~ n~ ~h - ~ th t - --- '-'" ",e surrace or .e moun 

and partly screen the cla~,' rnine=als bene-_-t·n P~o th X ~ , ... n , e . -rays. 

Visual inspection=~ t~~ data 2.7 A-C) suggests 

that the two methods give = □ ~=a=abla results. Statistical 

analysis was carried out on the data to co~para the two 

.techniques (Appendix VI). The linea~ correlation coefficient 

values of> 0.9 indicate that for montmorillonite, illite and 

chlorite + kao_1i·n1·te + • d 1 , - mixe -~ayer c~ays, the DOGS versus 

SOGS relationships are strongly linear. A one way analysis 

of variance shows that t ·11 mon mori_ onite, illite and chlorit0 

+kaolinite+ mixed-la)•er l • c. ay mineral abundance calculated 
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Fig. 2~7. Comparison of th2 quantitative distributions of 
montmorillonite (A), illite (B)~ and kaolinite+ chlorite (C) 
in the <2~ size fraction from 48 samples using the dropper­
on-glass slide (DOGS) and the smear-on-glass slide (SOGS) 
mounting techniques. The dashed li~e.s are drawn to show a 
1:1 relationship between DOGS and SOGS data. 

from mineral mounts prepared by both the DOGS and SOCS 

techniques 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 techniques 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 + 

kaolinite+ mixed-layer clays, suggests that compared to 

the SOGS technique 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 eithar 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 m2ch~ne settings to 

those USP □' for modal "n-lys-: ' '"'"\ - o , d ..._ S \. p o ,i_ Lj • Samples were run from 
~0 t 3cO 0 ..) o _, 28' and some s 1 ow St'"'. ( 1 • 2,::.,, • ' - -ans ~ o per min.J were made 

over the 3° to 14° 2W region to allow more 

minations of clay mineral peak positions. 

accurate deter-

A number of 

specimens were examined for regularly interstratified 

(superlattice) clays by scanning slowly over the 2 to 5° 2~ 

region with narrow slit settings (¼ 0 ). 



□ , " 

□ 

~ 
t15!:1J 

lllite 

Montmori Honib•i 

Mixed-layt!r 
+Chlorite 

+Kaolinite 

Pl,eist We -

PUo y g -
Mrn­

Ur 

Mt.M-· 
Fy .. . 
Pp .... . 

Mio Mq • 

UM-ll" 

LMc 
Tmr ••• 
li·nt-

01: -

Olig 

Eo,: 

Mes 

Wt -
Or • 
IA-
Ao 
Wh­

Mll· 
Wk­
Js -

Ts 

SOGS DOGS 
WT 

,·, "' . .,_,. "1-: -/41--·. . •, .• '",' 
.,_.·_: :· ·,.-:, =::::~lf~'~i 1034, <-:'~. _.,.,..; 

~:c <·!",r.~,-,-7_ •'.:~_ .• _-_-_ ·:-,,·. ':f 10]'.>4~:·;_ , , •• 

:ri\;g;-'f !I w,,. ·)"t\ 
"• ' • . " "• .• --i'2/ 9Zrj •' . ' • .. • , , ' .. ,~,.-cc.,·•· 

:}tt(\Mj :::: :{@t:J=~ 
'' '. '' '. • .1,:-;-J>.·(! ,., -· ·'. ,, •' .·.--J~~ 
IF\., i,Jlt "''"'/\;'";if:: • 

•.,•\·,'"'·•• c:':~t~i,t 102157 ,,;,•,.•·.~:• ---·· 

, -:.:·...:-

.,- .:•::c.··,-- • •• •• I· :;.c.-_-. __ 
-~~ 10210 •• ··_-.-

·:>;;_'. ", •"-"=:;,.,,:,;a::i.:w,:w:i 10203 \•<-·- -: .. -?:5.-- -:5$,-1,l;;il' 

0 50 100 0 50 

°lo Clay minerals in selected 

mudstone and limestone samples 

100 

SOGS DOGS w.r. 

};X':@1·r ' :::': 1u.;ecg1,r ,m 
-- - - - ----------

\(·/:,', ,, 10317 ;.W!;,--f~= 
'I(_, ... J, .. ..1"(. 10311 ·~.I' ,.,· .. 

!I i:jr1 :::}tii:ff fi;•~~ 
• -.·,, ,,,,, 10270 -_ .. _ •• -·. -, •• , :.-_-l __ -.. ~t,.1,, 

: ;:·;;<'.-',:.-'. ... 10256 \=.yf:-~I}: E~~~;[tfr.lJi~ 

, . :

1

• :- _~=~~=~~~=~~=I} 10243 
"~ ~ - - - - - - • ----------:..:· 

t '\ --=-----.-=-----_-_-_.;-_-_-:._-
'.·,...: ~--.._.-_-:-=---::-:-::::-::- .:_ 
' ... .:----_-_-_-_-...:·:...-----_-_::..:-
,; .. _-_ - - - - - ____ -··,. 10227 

, :,; f:=E=:=3=:~~:=::f:;:-cy 
< )~ ~ 
.', < .., _ 

1-i'-1 

~.,. "\ ........ ,,, 
' . ' ~~>:-: 
\""' .. •(" ... .. ~.,. 
• ~ sl, .. 

0 50 100 0 50 

°lo Clay minerals in selected 

sandstone samples 

100 

Figa 2.8. Comparison of the trends in clay mineral distribution obtained using 
the dropper-on-glass slide (DOGS) and tho smear-an-glass slide (SDGS) techniques 
of clay mineral mount preparation. Note that for each method clay mineral 
trends are comparable. ~bbreviations of formation names defined in Table 1.1. 

We 

Tg 
Mm 

UMo 
LMo 
Tmr 
Tmt 
Ot 

Ao 
Wh 
Mk 
Wk 
Js 

Ts 

C.,J 

-.J 
~ 



38. 

Qualitative Evaluation or 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, ~-cristobalite, amphibole and 

analci te, also occur in the < 2JJ particle size mounts, and 

their distributions are recorded. 

Illita: Illite was identified by the strong basal 
0 

(001) reflection at 9.82 A in the untreated samples which 

remained unaffected after glycolation, heat and acid treat-

ments. The degree of crystallinity of illites is indicated 

by the shape of the peaks, with fine-grained, poorly 

crystalline illites having broad peaks and highly crystalline 

illites (or muscovites) sharp narrow peaks. Llhere applicable, 

index of illi~e was determined using a 

rnethcd similar to that of Ku~lsr (1956). In this study the 

of the peak 

• • " ..J ... h a ... h 11-' ' · • ,.__ .. · w .;_ ~ 1w, , ~ a . - p a a r< n e i g ! , l; t CJ t h e p a 3. k. he i g h t above the back-

ground trace. This useful caram9ter could b9 determined 

rapidly on initial scans of samples. It is known that the 

chemical comoositicn oP, th,,e ~ h d 1 , - oc ... a. e ra layar cf' illites 

determines the relative intensities of the 
0 

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

0 

S r:. (002) and 
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micas with octahedral layers rich in iron and magnesium 

(e.g. biotites) tend to ha\Je a low ~~gi~ ratio while those 

with more aluminous octahedral layers have high ratios. 

This ratio was determined for illites from all the mudstone 

and sandstone samples analysed. 

f•lontmorilloni te: 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 
0 0 

from 12 to 15 A and after heating collapses to 9.82 A. 

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

estimate the type of exchangeable cations present: 
0 

0 

12.4 A 

one layer of 

of water and 

+ water and probably Na ; 

probably Ca 2+ and/or Mg 

14 to 15 A - 2 layers 
?+ 
..... (Lleaver, 1958a, 

p.268). On this basis X-ray diffractograms indicate that 

most montmarillonite in both the offshore and onshore 

sediments contains Ca 2+ , "" 2+ and/ or t•1g as the exchangeable 

cation associated with two layers of water. Soma basal 

GM: 10216, 

10217, 10218) may contain Na+ as the exchangeable cation 

associated with one layer of ~ater. A useful parameter for 

describing 

as defined by Biscaye (1965, p.805) 1 where Vis the depth 

measurement of the "valleyn on the low angle side of the 



41 .. 

P82 k and P the height of the peak above background. Thus 

a perfectly crystalline montmorillonite has a i value of 
p 

unity whereas less crystalline montmorillonites are 

r~pres2nted 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. Electron 

microscopy confirmed this (cf. Plate 3.11). 
0 

Although the montmorillonites had intense 17 A (001) 

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~ and b crystallographic axes 

(Brindley, 1967, p.15). 

0 Intensities of basal reflections 
001 d A 

for a glycolated montmorillonite 

001 I 17.CO 100 I 
002 I 8.,67 4 I I 

003 I 5~54 2 

I I 
I 
! 

~!IOS2 o .. s , 04 0 

3 

Montmorillonites provide a good examole of a highly turbo-

stratic structure due to the weak bonding between layers and 

t d Stat e and com~lex distribution of inter-to their hydra e - ,., 

layer cations (Brindley, 1967, p.15). 
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The montmorillonites were further categorised 

according to their reaction to treatment with HCl (Table 

2.4). Certain montmorillonites, particularly those of 

known volcanic origin, dissolved following acid treatment 

and these were designated as trioctahedral. General speaking, 

dioctahedral montmorillonites are far more resistant to acid 

treatment (MacEwan, 1972t p.186). Weaver (1958c) has shown 

that treatment with KOH (cf. Table 2.4) causes montmorillon­

ites derived from 2:1 mica-type minerals such as muscovite 
0 0 

and biotite to collapse from 14 A to 10 A because of their 

relatively high inherited charge. Of the 16 samples treated 
0 

in this study none showed complete collapse to 10 A, many 
0 

showed partial collapse (12-13 A) and some remained unchanged 
0 

(14.2 A) (Table 2.6). This indicates that the montmorillon-

ite in these samples is mere likely to have been derived 

from low-charged non-micacsous minerals such as volcanic 

material, mafic rocks and minerals, or chlorite (Weaver, 

1958c). Two of the samples treated in this study (Table 2.6; 

Pu:10297; that was most 

probably neoformed from vclcenic material (cf. pp. 124-128 

~ 

...,,..,11 p t 'n '-r ' • , · . 
-u a se o ~u H wnen ~rsa:ea with KOH. 

The clay mineral montmorillonite, as defined by the 

s t r u c t u ~_, a l ::o ,,,. -,J· c ~-, ;:, m i r. a .t' h. -1- ' • • 
~ 1 - -- c, aracver of it.s 

does not absorb potassium and 

Illite and muscovite can have some of their interlayer 

potassium removed and are then described as degraded illites 

(Grim, 1951) or "yawning" illites (Millot, 1970), or can 



Sample 
t~ur.iber 

B 796 

10376 

10351 

10358 

10335 

10327 

10324 

10323 

10307 

10297 

10296 

10293 

10265 

10265 

10247 

10223 

Sediment 
description 

Western shelf mud 

Kawhia Harbour mud 

Hawera fine sand 
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Hawera mud 

Matemateaonga sandstone 

Urenui sandstone 

Urenui mudstone 

Mt.Messenger sandstone 

Ferry mudstcna 

Purupuru sandstone 

Purupuru mudstone. 

Mangarara sandstone 

Taumatamaire mudstone 

Taurnatamaire mudstone 

Otorohanga limestone 

Whaingaroa siltstone 

Position of (001) montmorillonite 
0 

(dA) after KOH treatment. 

12 .. 62 

12.62 

13.59 

13.59 

14.25 

12.62 

12.62 

12.81 

13.,81 

13.59 

13.00 

12.80 

14,.40 

12 .. 99 

Table 2.6. Position of montrnorillonitR ,'rJu,1',i ~ t • - . on urea men-c 

of <2µ size fraction materials with KOH after the method 
of ~saver (1958c). 

have potassium removed to the extent that water is absorbed 

between the layers and the clay mineral will expand on 

glycolation, and thus superficially resemble montmorillonite. 

When such clays are placed in a potassium solution they 

0 contract to 10 A (Brown, 1953; Kunze and Jeffries, 1953; 

Van der Marel, 1954; 
Rich and Obershain, 1955; Weaver, 

1958c). 
Of the wide variety of montrnorillonitic samples 
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treat 8 d with KOH in this study (Table 2.6) none showed 

collapse to 10 ~ indicating that those minerals peaking 

at 14 ~ were indeed true montmorillonite and not degraded 

illites. The XRD identification of illite and montmorill­

onite is also supported by transmission and scanning 

electron microscope examination of samples. Degraded 

illites typically have low crystallinity. (Dunoyer de 

Segonzac, 1970, p.319). 
0 

Thus 14 A minerals that expand to 

17 ~ on glycolation, and have a high crystallinity (e.g. 

0 
those 14 A minerals identified as montmorillonite in 

Oligocene sediments) are unlikely to be degraded illites. 

Kaolinite and Chlorite: It is difficult to disting-

uish between kaolinite and chlorite using XRD techniques 

when both are present in the same clay mineral assemblage. 

This is due to similar d-spacings of the kaolinite (001) 

( ) 0 , ) and chlorite 002 at 7 A, and the kaolinite tDD2 and 
a 

chlorite (004) at 3.5 A. Distinction using the (O~D) 

reflections is usually not possible because of masking by 

d (060) reflection of other layer silicates present. The 

technique described by Johns et al 0 (1954)~ based on the 

□ referential destruction of chlorits basal planes other 

than (001) by· heating to 4S □ 0 c for nc m~~~ w t't t d - - --.-1 1, ..... c:;., as a emp e , 

but proved unsuccessful because of differsnces in crystal-

linity between samples~ 

and chlorite (004) at 3.5 

Distinction between 
0 
A using the method 

' ,. '.L (002) Kao.L1.n1 .. e 

of Biscaye 

(1964) was not applicable to samples of this study. 

Distinction was made finally using an acid dissolution 

technique (Ualkden, 197_?)•, ft b ·1 a er oi ing the sample for 

5 minutes in 10% HCl any peak left at 7 ~ was considered to 



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; Brindley, 1972), in samples which from transmission 

electron microscopy contained no kaolinite. 

Chlorite and Chlorite Mixed-I ayer Clays: Chlorite 

is an important component of many clay mineral suites in 

this study and is composed of non-expandable layers with a 
0 

series of (001) diffraction ~axima of 14 A periodicity. 

The identification of chlorite and chlorite mixed-layer clay 

minerals (hereafter called chlorite species) proved difficult 

and a suitable classification scheme, detailed below, was 

established only after some research. 

The identification of chlorite species in this work 

W.3S difficult for the following reasons: 

peak. 

( 1 \ 
' .J- i 

o 
The low intsnsity of the 14 A (001) chlorite 

(2) Ths masking of the (001) chlorite peak by other 

a .., .., • • 

,., i· n r''l r ~ ! ~ r; Q "t, a b l V rn C 7 :, ;TI 8 -= l l .i O i7 1 t. 8 • 
,:i l o L, ._. -- J , .I 

whose:! 

lou as 

(3) The p=es 3 nca of heat-labile chlorits species 

at temperatures as 

7 -nO.- ,.; m~" ,t-_:.,;_!lS be mistaKen for vermiculite • 
..;~L- L.. an,_, .,,d.J - -

{ '· \ ,u, The 1.:.ri cie sosctrurn of positions and shapes of 
r 

• • • ,..00°,... for one 
the (001) chlorite peak following heating ac ~ L 

+ t adopted for the identification of 
hour (a routine uBS 

chlorites). 
show pronounced (002) and (004) 

All chlorites examined 
· (001), and (003) reflect-

fl C ~i·ons but comparatively weaK re c i. 

. n rich v~~ieties (weaver, 1958a, 
ions, l·ndi·cating they are iro - -~ 
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p.266). Unoriented powder samples show ad (060) spacing 

of about 1.54 ~ indicating the chlorites are trioctahedral 

(Brindley, 1972, p.267). 

To deduce the nature of the various chlorite species 

present in the sediments two lines of approach were adopted. 

(1) Ten representative samples (Table 2.7) were 

heated to temperatures ranging from 350°c to about 650°C 

Sample Sample Description Temperature 0 c 
~lumbar 

350 400 450 500 550 500 f,50 650 

8319 Recent sediment 0 e X • • 0 
0645 " ~ ~ 8 X • • 0 
8819 ., 0 • • X • @ 

C363 n • X • @) 

10311 Farry sandstone. ~ 0 X @) $ 

10307 Ferry mudstone • • X • @ 

10295 Puru~uru sandstone ~ • X @ • 
10294 Purupt1ru mudstona • e X @ 0 . 
10293 Mangarara sandston~ e I • X 

,..., 
e, 

10257 I Taumatamaira mudstona 
i 

X @ • ~ l ~ ~ 

Table 2e7 ■ Temoeratures at w~i~h heating for l hour produces 
1 1 'h " , .• Q hl • . / ~.' . 0 • . .L. ( ) 

COJ.. apse of t,.,~ ..1..4:-i C11 o.r.:.::e , 0J 2nd 7H ch.tor.:1.e X 
r: e f l e c t i on s • l • = R 2 n g 8 ·:: f t :, c :.i s r a t u re s a t 'J h i c h s am p l e s 
were heated). Note that ~hs 7~_8~lorite peak collapses at 
a lower temperature than :h~ l~~ chlorite peak. 

for a period of one hour, and t~e Ghifts and changes in 

shapes of the peaks of the c~lorit □ species were compared. 

On heating, 0 ( ' -t- he ' '· 1-\ no1··) .... , . .., 1-4 . . ~ cnloritc peak in different samples 

collapsed at temperatures ranging 65 □ 0 c, 

while the corresponding 7 2 (002) peaks collapsed at slightly 

lower temperatures (Table 2.7). Chlorite peaks from sand­

stones of interbedded sandstone/mudstone sequences tended 
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to collapse at lower temperatures than those from rnudstones 

from the same sequences. 

The above data are explained by considering the 

mechanisms of chlorite decomposition as detailed by Brindley 

Differential thermal analysis and weight-loss (1972). 

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 

corresponds to a loss of water from the talc layers. The 

final reaction involves recrystallisation of new products, 

The temperatures of the 

dehydration reactions, and the extent to which they are 

clearly separated, depend on the composition, crystallinity, 

• • -1--h , conditions (e.g. rate of heating'J particle size an □ ..... erma.1. 

of the system. Clear demarcation between the two dehydratio~ 

reactions is evid2nt under heating conditions. \Jith rapid 

heatinG, 

o~ the two processese 

those generally 

temperatures as 

found 

lo:.,; as 300°C 

iron/high magnesium chlorites 

(Bradley, 1953); well crystal-

with low 

the two dehydration reactions 

0 oc 
tempe ratures of about 600 C and 800 

take place at 

respectively. 
Uith iron-rich chlorites, and especially 

Cry stallinity and sm2ll particle size, the 
those of poor 
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reactions take place at lower temperatures anu are complicated 

both by the oxidation of iron and partial dehydration due to 

loss of hydroxyl ions. 

In the present study, the collapse of certain chlorites 

under conditions of rapid heating at low temperatures accords 

with the fact that they are trioctahedral (Fe 2+), iron-rich 

chlorites of low crystallinity (IIb polytype) and small 

particle size ( < 2JJ)• 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 compo3ition on the 

decomposition temperature of the chlorite species was further 

illustrated by observing the effects of heating oriented 

<2µ size fraction mounts at sco 0 c for one hour. The 

resulting XRD patterns (Fig. 2.9 A-C) show that this treat-
a 

ment causes the 14 A (001) chlorite peak t □ do one or other 

of three things. It may decrease in height but remain 

similar in shape (ri·g 2 9A)· . . , it may decrease in height 

and widen (Fig. 2.98); 0 
or it may be displaced towards 12 A 

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

curve is typical of iron-rich stable chlorite (Carrol, 1970, 
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A. Stable chlorite 

C. 
chlorite-montmorillonite 

0~ 
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Fig. 2~9. Changes in shape and position of the (001) 
Chl8 .,.;~o v~n ~eP 1 o~~-~ -~~ h .... '? 

... -'- - -- " , , ,_., .L , ..L =- .... :.. 1. __, n a ; " e r e a " in g , ".:.)J s amp 1 e mo u n t s a t 
500 r r~-.. nno hour ~~--□ 1o ~hlo-1."tp; h + • db ~ w~ ..., ·- 01 ~ ■ -.,:::t• _.__ ..,,,~,.. ~ ... s C arac_er1.se ya 
sharp pe2~ at 14R uhsre2s heat-labile and mixed-layer 
chlorite3 produce less intense and asyrnetric reflections. 

The S3C □ nd is =haracteristic of heat-labile chlorite 

(Dunoyer da Segonz2c, 1970, p.326). The third case is 

probably du8 to the orssence of eithe~ disordered (randomly 

C h'o .... +, m n.l.. .,1 ·t c~ M) +,..L\..L-'-""d--iHo, L.mor1.1. oni e L-·, 

/ d . d . h' ·+ ••• , and or .1.sor ered c .1or.1-e-verm1.cu.1.1.-ce These two 

minerals can be readily differentiated as C-M imbibes 

ethylene glycol 

1970, p.326). 

Ounoyer de Segonzac, 

The presence of chlorite-vermiculite and/or 

chlorite-montmorillonite clays is verified in the glycolated 
0 

sample by the asymmetry of the 7 A (002) chlorite peak on 
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0 

the low-angle side and asymmetry of the 17 A (001) 

montmorillonite peak on the high-angle side. The presence 

0 
of chlarite-vermiculite tends to reinforce the 14 A (001) 

0 
peak relative to the 7 A (002) peak in glycolated samples. 

Other XRD patterns indicate that other chlorita vari0ties 

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 between them .... These 

different types of minerals probably grade into one another." 

Two further types of chlorite mixed-layer clays have 
D 

been identified. A peak at 12.3 A unaffected by glycolation 

and heating indicates the presence of a rando~ly interstrati-

fied chlorite-illite (C-I) mixad-layer clay. The position 

of the peak suggests that tha ratio of chlorite to illite 

is approximately 1:1. The presence of a three component 

randomlv interstratified mixeri-la-yRr clay na=elv 1·111·te J - - - , - ,,; J -

chlorite-montmoi"_111on,.~f-_p (_T---~-:--,:;._',·:: .:e: 1"nd1·c""J..:...._ • b k t - -- - ~~ . - ~ .... ~. , , '-' '--~c y a pea. a 
0 

12.3 A in the untreated 

glycolation and forms a 

heating., 

shif~s to 
0 

14.2 A on 

of chlorite are present in the samples studied: crystalline 

stable iron-rich chlorite; heat-labile iron-rich chlorite; 

disordered mixed-layer chlorite-vermiculite; disordered 

mixed-layer chlorite-montmcrillonite:. hl _ c , .. orite-illite mixed-
layer; and • 1 1·t hl 

i~ i e-c orite-montmorillonite mixed-layer. 
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Mixed-Layer Clays: 
0 

to 11.05 A on glycolation and collapsed 

0 
A peak at 10.55 A, which increased 

0 
to 9.82 A on heating, 

was attributed to the (001)/(001) basal reflection of a 

randomly interstratified illite - rnontmorillonite (I-M) 

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

it was estimated that this mixed-layer mineral contained 

approximately 20% expandable layers. The position of the 

( 001) '!man tm or i l lon i te II peak in s □ me Lower Tertiary samples 

suggests that the montmorillonite present may, in fact, 

contain a Few percent of non-expandable layers and is not 

always "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 commonly convenient 

0 0 to label the mixed-layer clay peak in the 12 A to 13 A 

region as undifferentiated mixed-layer clay. 

Chlorite mixed-layer clay minerals were discussed 

earlier (pp.45-50). 

Semi-quantitative ~valuat,on of Data 

Because there are many variables affecting the 

t• ·~a~:ve eva uat'on o cia 1. 1 • • f , y mi'neral species in sediments quan lL ~~ • 

there is some doubt as to +•,:,• t' whether true quanvi, ica ion will 

ever be obtained. One of the many variables concerns the 

methods involved in 

t • p 1 es The maJ·or methods currently clay minerals presen- in sam ~. • 

d by Pierce and Siegel (1969, p.1q2) in use have been reviews 

one single calculation technique who gave preference to no 

since " ..• each 11 founded as anv other in a true is as we , 

·t t· ' sense". 'quanti a ive In this study calculations of 
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relative amounts of clay minerals uere 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 drawn 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.±.. 1 □% of the true value. The calculation methods 

described here are not necessarily applicable to all clay 

sediments and the following points should be emphasised: 

(1) The reported clay minerals are considered to 

comprise 1 □□% of the sample, whereas in some samples there 

are other minerals present as wall as amorphous material. 

(2) The refracting ability of clay minerals of the 

same species, which is dependent on composition and degree 

of crystallinity, is considered to be constant. 

(3) The weighting corrections (see next section) 

selected for individual clay mineral species are assumed 

to be valid. 

Calculation Method: In establishing the relative 

abundance of each clay mineral ~o~r1~s 1-n ~~~ples al, 
~' - ~ - - I - □ l!P - .l 

components were compared to the illite phase, after first 

• h+-. th • we19. wing , e different minerals in such a manner as to 

compensate for their differPnt e~~- • • • - r ~ iciencies in scattering 

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

quantitative analys1·s of the clay • 1 minera_s are listed below 

and a worked example follows: 

(1) On the XRD oattern of the untrea~l,ed 1 sarnp e the 

reflected intensities (peak areas) of the 3.3 ~ (illite) 
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0 
3nd thG 3.5 A (kaolinite and 

0 
directly (i e 3.5 A area) 

• • 0 • 

3.3 A area 
sa~ples gave extremely weak 

chlorite) peaks were compared 

In this study montmorillonite 

higher order reflections and the 
0 

rnontmorillonite component in the 3.5 A peak could usually 

be ne9lected; 

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

are2s at 17 A (montmorillonite), 10 A (illite), 11 A (illite-
o 

montmorillonite), 12-13 A (undifferentiated mixed-layer clay) 
0 

and 14 A (illite-chlorite-montmorillonite mixed-layer clay) 

were l'ileasured. To correct for low angle polarisation, the 
O 0 

peak areas were divided as follows: 17 A by 4, and 11 A, 
0 0 

12-13 A, and 14 A by 2. The corrected peak areas were then 
0 

divided by the 10 A peak area, summed along with the value 
0 

for 3 • 5 A area obtained in (1), and recalculated to 10 □%; 
3.3 ~ area 

(3) On the diffraction pattern of the HCl treated 

sar..ple the 10 ~ (illi~e) and 7 ~ (kaolinite) peaks were 

measured, the 7 ~ peak 2rea divided by a factor of 2, and 
0 

· ~ +he area of the 10 A peak. This ratio is an 
compare □ ,._o v • 

- n ~~ the -~~n0r+ion of kaolinito in the chlorite a x p r 2 -S :3 1. c • · ·- 1 ~ !-' -- •_,J ~ ..... ... "' -

, • ·i- ~ ,v-:,,=- ,..~1r11laterl in the last step of (2). plus ka □ iiniws? 0 ~~- ----- -

. . h1 .,_ d and tne c .ori~e p 

obtained by subtractic'.I; 
'-' 

... .. ....~8 By no .... .ing l.-11 
shape cf the 14 A peak in the 

diffractogram of the t1aated (5 □□ 0 c) sample (cf~ Fig. 2.9) 

apo, ortioned between crystalline 
the total chlorite % can be 

, ·· nri r_'J or C-fll; the r.iixed-
hea +-w-labile chJ..orite, a ...... ~ chlorite, 

layer chlorite species were 

glycolated diffractogram; 

distinguished using the 
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(5) Total mixed-layer% is obtained by summing 

individual mixed-layer percentages. 

The following example of a semiquantitative calcula­

tion is for the clay fraction of a hypothetical mudstone 

composed of kaolinite (K), illite(I), montmorillonite (M), 

chlorite (C), and chlorite-illite (C-I) mixed-layer clays. 

Symbols U, G, Hand HCl are defined in Table 2.4. The 

symbol 8 10 ~ (G) refers to the area of the 10 ~ peak on the 

glycolated pattern; other peak areas are denoted by similar 

notations. 

0 
8 3.3 A 

a3.S ~ 

al□~ 

I = 

= 

·~ + K = 

C-I 

(U) 

(U) 

(G) 

= 

= 

= 

a o 
10 A 

1.s 

1.2 

4.2 

/ r. ' I. u j 

( G) 

K = a? A (HCl) 
8 10~ (HCl) 

X 

C = (C + K) er/ 
/0 

and from 14 
0 
{-\ (H) 

2 cm 

2 cm 

2 cm 

= 
/', .t""') 

-. • L 
/1 .-, 
-~.:... 

.,.."! _/. 
;;-

(G) = 

= 
0 

3 10 A (HCl) = 
0 

a 7 A (HCl) = 

7.4 

0.4 

3.9 

0.4 

2 cm 

2 cm 

2 cm 

2 cm 

Clay mineral abund­
ance recalculated 

to 1 □□ % 

= 1.00 = 39 

= 0.84 ,..,~ 
..JL 

l: .. 2 X -

1 "? 
_.._ ... --= 

0 • 4. 
i. ,·-~ 
"--"-.L 

il1ite % 
2 

K ,;1 
/o 

= 

= 

o .. 66 

= 0.09 

;:f. 2.59 

0.9 39 
4.4 X 2 

25 - 3 

== 

= 

= 

25 

4 

100 

3 □.1 
;CJ 

22;6 

C crystalline chlorite. 



55. 

Hence the clay mineral composition of the sample is= 

kaolinito 3d ·11 ~; i ite 39%; montmorillonite 32%; 

chlorite 22% and chlorite-illite mixed-layer d clay 410. 

2.3.28 TRArJSMISSION ELECTRON MICROSCOPY 

examine 

Transmission electron microscopy (TEM) was used ta 

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.1) were treated with 6% H 2 □ 2 to remove 

organic matter, washed in a centrifuge, dispersed using a 

solution of calgon (1 gjl) and distilled water, and then 

diluted to 0.1% concentration. An aliquot of this suspension 

was placed on a Formvar coated copper grid using a squeeze 

bulb and W3S 2llowed to air dry. An attempt was made to 

freeze-dry several samples using liquid nitrogen but this 

method resulted in the te2ring of the Formvar specimen 

support. 
The prepared sus~ensions were shadowed with 

f bon e.L-e-+~cd·es at rln i·ncident angle of 
plstinum rom car , ~~k -

45° before examination. 
was made by comparing the 

electron micrographs with those displayed in other works 

(e.g. Fieldes and Williamson, 1955; 
Beutelspacher and Van 

der Marel, 1968; 
Oertel, 1973) and by examining the electron 

micrographs in the light of XRD data from the same sample. 
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No attempt was made to quantify clay mineral abundances as 

the identification of illites, chlorites and mixed-layer 

clays in multicomponent mixtures is difficult and the 

extreme subsampling that is a necessary part of sample 

preparation casts doubt an the qualitative representativeness 

of the subsample. 

Mast electron micrographs showed subhedral and 

anhsdral mineral grains. This is an important characteristic 

as in general such crystal shapes are common to detrital 

clay minerals and reflect crystal degradation during trans-

port (Beutelspacher and Van der Marel, 1968; Sarkisyan, 

1972, p.B.). 11 \Javy" patterns on some of the larger clay 

minerals (e.g. Pl.3.26 and 3.28) are produced by irregular­

ities in the lattice and by the bending of plates during 

weathering (Beutelspacher and Van der Marel, 1968, p.116), 

or represent interference figures caused by stress as a 

result of weathering (cf. Beutelspachar and Van der Marel, 

1g5s, p.144 Fig. 137). Authigenic clay minerals generally 

show euhedral crystal form and numerous examples of these 

can be found in the literature (e.g. Beutalspacher and 

Van der Marel, 1968; Millot, 1972, pp.22 □, 222 and 345-345; 

c;::,r-k;syan 1Q'7'"'/) 
-- .... ,. ,, -- !- • Examples of euhedral crystals from 

3.13, 

3.21 and 4.16. 

In the <2u size fraction of several saml-'~les (e g , .. 
10227, Pl.3.11,• 10236 Pl, 12• , . ~. , 10"'9 °1 '13• -.. .c:....l ' I • .._,. ' 10296, 

Pl.3.21; 10359, Pl.3.34) small (0.03 ~ diameter) rounded 

"blebs" are distinouished - . The size and shape of the nblebs" 

does not compare favourably to k,,notJn 1 • 1 cay minera morphology. 
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XRD 3 nalysis of these samples indicates that they consis­

tently contain small quantities of d.. - cristobalite and it 

is possible that the "bl b II t t 1 es represen he o<.- cristobalite 

component in these samoles. Clay-size cristobalite has 

been described elsewhere in the literature (e.g. Wermund 

and r·loila, 1966; Reynolds, 1970) but "blebs" similar in 

shape and size to those found in this study were only seen 

figured in Beutelspacher and Van der Marel (1968, p.218, 

Fig. 209). 

Also in the <2µ size fraction of some samples (e.g. 

10236, Pl.3.12; 10219, Pl.3.13), lath-shaped aggregates 

of montmorillonite occur. Such aggregates are typical of 

n~oforr.ed montmorillonite (Roy and Sand, 1955; Kotelnikov, 

1955). They are generally rare, perhaps because mechanical 

2 nd chemical dispersion procedures are likely to damage or 

de~troy such delicate structures. 

2 7 ?C SCANNING EL~CTRON MICROSCOPY . - . -
Scanning elect~~n microscopy (SEM) was used to 

examine qrai~ fabrics and help determine sample composition. 

- • - • ... c ::-• r i·n r-i ,..,ea·i·mP.n ... s -EIVl • i·rloal P-- -,:;,.,.,..,,.. =-uoies o, , 1.ne-g a 8u v ~·.., ~ 1·1 lS -'- ~ , u. • ~-- -•., - -

ability ::o , t· ' h. h croduce good reso~u ion a~ 19. 

This technique 

• • • - , - -~ .;...,,..,1,,., for this study as most sediments was partlCU~ctr~y SL~~-~-c 

• ' rl ronventional point-counting V 0_r~,• fine-r_.1raineo an~ -nre 

h been both inadequate and inaccurate. techniques would i ave 

1 are unconsolidated or friable and Moreover many samp es 

contained 1 • • g clay minPrals which would have made swe 1.1.n • "- -

thln section 

s [r•l w a s u s e d 

t • b th di.f'fi~ult and time consuming. prepara ion o ,. ~ -· 

• 28 samples (Appendix Table VII.l). to examine . 
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Freshly fractured sediment chips of about 4mm size were 

wrapped in tissue paper and placed in air-tight 30 ml glass 

"snap-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 comparing the 

electron micrographs to those displayed in other works 

(e.g. O'Brien, 1970; Hughes and Bahar, 1971; Eswaran, 

1972; Sarkisyan, 1971; Sarkisyanj 1972; Llilson and Pittman, 

1977) and by examining the electron micrographs in the light 

of XRD and TEM data from the sa~e sample. 

The sediments showed a variety of grain fabrics but 

unorientated faQrics predornir.ate (e.g~ Pls.3~10~ 3.17 and 

3.30). Such r2ndom grain fas~ics are characteristic of 

many marine mudstones end w~ile ~he·.·• m .. ay· re-----nt a pr;mary , - )-J.i..::::.:>::::. .... .. -

depositional fabric they may 2l3~ =esult from biogenic 

reworking of the sediment (cf. Svars. 
'" • ; - /I"' 1974) .. The only well 

orientated grain fabric was that from a kaolinite-rich 

U a i k a t o C o a l f"l O a "' u re s s am..., 1 ° ; 1,,.., 2 1 n p ·, 3 r:: \ • • • h ...... ..., .Ij-J..1.. ...... \ u ;...u, .t. •-·) 1.n wnic, the 

grain fabric oarallels thP_, planP n~, th h o·d· , - _ ; e ue, ing. 

Scanning electron microscopy does illustrate the 

considerable differences 1·n gra1·n c,abri·c .i..h • · t ~. a~ may exis on 

a micro-scale between what are othe-Lwl·qn • t 
-c.. 1.n ,and specimen 
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similQr nudstone samples (cf. Wh: 10222, Pl.3.10 to Tg: 

10341, Pl.3.32). Purpuru Volcanic Sandstones (e.g. 10297, 

Pls. 3 .1s and 3.19) exhibit mammillary ol-cristobalite whose 

relationship to feldspars and montmorillonite suggests it 

formed subsequent to these minerals and that it is, in fact, 

diagenetic. Two samples (Mk: 10215, Pl.3.8; Pu: 10296, 

Pl.3.20) contained concretionary bodies of montmorillonitic 

clay that possibly represent aggregates of reworked soil 

material. 

2.3.20 X-RAY FLUORESCENCE 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.l - VIII.4. Advantages of XRF spectrometry 

include: 

(1) Qualitative scans of samples are simple and 

rapid; 

( 2) After 
. . . . ., 
J..!7l"Cl2..L "setting-up" is completed the 

quantitative analysis of samples is also rapid; 

(3) The analytical process is non-destructive and 

samples can be used for further analysis; and 

(4) Only small samples a=e required, 

chemistry although they do confirm 

that were predicted from preceding 

trends in composition 

mineralogic analyses. 

t he techniques, results and interpretation 
For this reason 

of XRF analyses are included only in Appendix VIII. 
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2.3.2E INFRARED ABSORPTION SPECTROMETRY 

Infrared (IR) absorption spectrometry has been used 

for the identification of minerals whose characteristic 

-1 (· c d) • absorption bands lie in the 300-4000 cm in, rare region. 

To prepare samples for analysis the <2µ size fractions 

were dried at 6 □ 0 c, finely ground, mixed with powdered KBr 

to a concentration of □ .1-1%, and pressed into discs under 

a pressure of 8 tons. The discs were scanned immediately 

using a Shimadzu double beam spectrophotometer with KBr 

optics in the 400-4000 cm-l range at the following recording 

conditions: attenuation 75%, scale expansion 1:1, scanning 

-1 speed 3 cm per min. 

The identification of discrete clay minerals using 

IR spectra proved difficult because of the presence of 

interstratified clays and the multicomponent clay mineralogy 

of samples. The results confirmed data on the nature of the 

clay minerals obtained using other techniques, but rarely 

provided additional information. IR absorption spectra of 

the <2~ fraction of 4 sediment samples are compared to their 

clay mineral abundance determined by XRD in Fig. 2.10. 

2.4 SUMMARY ANO CONCLUSIONS 

Samples for bulk and clay mineral analyses were 

collected from onshore exposures of Mes~zoic to Recent 

sediments in the Hamilton, Taranaki and Wanganui districts 

(Fig.2.1), from Recent surficial sediments on the western 

continental shelf (Fig.2.2), from harbour and river mouths 

bordering the western shelf, and of western shelf seston 

(Figs. 2.1 and 2.2). Sample analysis procedures were 

determined that were simple, rapi"d and appl.i."cabl- to thi·-, - t:: ;:, 
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Fig. 2.10~ Infrared absorption s~sc~ra of the <2µ size 
frcJction of a IJ2ikato Coal f·1easuras rnudstone (Llk), a 
Uhaingaroa rnudstone (Uh), an Dmoao mudstone (Om), and a 
western shelf mud (Re). Histograms indicate the relative 
abundance of kaolinite (K), illite (I), montmorillonite (M), 
chlorite (C) and mixed-layer clay minerals (ML) in the clay 
fractions as determined by XRO analysis. 
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wide 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 

mineralse Calcite and aragonite contents were determined. 

by acid digestion. 

Clay mineral identification was made following XRD 

analysis of untreated samples (Table 2.~). Semiquantitative 

calculations of the amounts of clay minerals in samples were 

made using a modification of the method of Johns et al. 

(1954). The crystallinity index was determined for the 

illite, chlorite and montmorillonite component of samples 

where applicable. Analysis was carried out on the <2? size 

f r a c t ion o f a 11 s amp 1 e s , a n d on the < 1 J-1 , < 2J.J , 2 -41u , 4- 8 j-l 

and 8-16µ size fractions of 39 selected samples to compensate 

for any bias inherent in the selection of the traditional 

<2~ fraction. The predominance of illite and chlorite in 

the larger size fractions co~p~=ed to montmorillonite and 

kaolinite in the s~allGr size fractions (Fig~ 2.4) can 

significantly alter geolcgi8 interpretation of clay mineral 

distributions Clay minerals were 

mounted for XRD analysis uai~; tne dropper-on-glass slide 

(DOGS) technique~ Comparison of this mounting method with 

the smear-on-glass slide (SOGS) technique produced the same 

qualitative results but the paak resolution in some DOGS 

preparations was poorer and gave rnontmorillonite percentages 

that were slightly higher and chlorite +kaolinite+ mixed­

layer clays values that were slightly lower than SOGS values 

(Fig. 2.7). These differences are less than those predicted 
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by Cibbs, R.J. (1965; 1958) and show that the patterns and 

intarpretation of th 1 • e cay mineral distributions derived 

from either method (Fi·g 2 B) • ·1 • • are s1m1 ar. 

The montmorillonite minerals investigated are mostly 

dioctahedral, show a turbostratic stacking arrangement, 

-'- • t 1 f • 2+ / 2+ con~ain wo ayers o wa~er and have Ca and or Mg as 

the exchangeable cation. Montmorillonites were further cate-

gorised according to their reaction to treatment with HCl. 

Trioctahedral montmorillonites of "known" volcanic origin 

dissolved following HCl treatment. While it is accepted 

that trioctahedral montmorillonites are acid-labile 

(MacEwan, 1972, p.186), the trioctahedral acid-labile 

mont~orillonites in this study were all of volcanic origin. 

Hence for the onshore sediments investigated, at least, the 

r1 t t t (the ~~,.,o. 2s that used in the identification Hl, reo. men ._ _ ~~ -

cf kaolinite) provides a simple test for volcanogenic 

montmo:::-illonite. 

The identific2ticn of chlorite 2nd chlorite mixed-

, ~ ~;~~;rult but· 'nP.a~.J.~n .. g tests indicated layer c..:..2ys prcva;_; _;_,, .J.~ .... ~7 - -

. - -~ - --•· .. --'--r,;,-,, roF' chlorite species including the pr a :::; e :1 c ~ u , ci ..., ,-- = - - ~ - "· '"', 

• • h h1 ri+,.. heat-labile iron-cryst3.llin9 s~-abls ;_=:::~-::-:...c, C 1 ••c- -.,,t:, 

. . a· ; 3 ,-~~ -hl n.,.; te-rnontrnorillonite, mixed-layer disordereo rn.:.xe -..:... J'='~ ....,, ~~~ .... 

1 ., rl -=ve.-1 1 8 ver illite-chlorite-montmoril-chlorite-il i-ce1 an~ , .. ..:.,.,. .... -~ , 

lonitG 
. ,,... ....., ' 

ano .r!..'-JJ. Criteria for recognising this 

. .-I --.--1"hoo' 
• 1 sequence are ues~- ~- ■ import2nt minera~ 

, · : ~rn~co:--" provides data on Transmission e~ectron mi~ -- ~, 

clay particle morphology. 

are 3nhedr3l and probably 

The majority of clay minerals 

detrital in origin but aggregates 
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of euhedral montmorillonite laths and fine grainedd-cristo­

balite occur locally. 

Scanning electron microscopy gives information on 

grain fabrics. Most samples exhibited unorientated grain 

fabrics although mudstones from the Llaikato 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 

rninerols in the presence of interstratified clays proved 

difficult the technique was not pursued. 
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CHAPTER 3 

CLAY PETROLOGY OF 

MESOZOIC TO RECENT ONSHORE SEDIMENTS 

3.1 AREA OF STUDY AND GEOLOGIC BACKGROUND 

The onshore study area includes the Hamilton, Taranaki 

and Uanganui Districts and covers some 25,000 km 2 (Fig. 1.1). 

Structural basins of Cenozoic sedimentation included within 

this area are the Waikato, North Wanganui, South Llanganui 

and Taranaki Basins (Fig. 3.1). 
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3.1.1 STRATIGRAPHY 

h dl·stri·bu~l,i·on and general lithologic The stratigrap Y, 

characteristics of sediments exposed in the study area are 

summarised in Table 3.1 and Fig. 1 ~ and in Tables 3.2 to . __,, 

Qwaternary 

Pllocana 

l'llocena 

Oligocana 

l'laaoxoic 

Ha•ilton District Taranaki District 

Holocene 

Caatlacllrrlan Staga(wc 

Uranui Slltaton• 

l'lt. l"!essangar Sandatona 

Mohakatino Group 

Mokau Group 

l'lahoanu.!. Group 

Ta Kuiti Group 

i-.,uo:i:oic 

Wanganui 019trict 

Hao1ara Stage (H) 

Castlscllrrlan Stag• (we 

NukuMaruan Stag• (Wn) 

r·ludstone 

Table 3~1. Generalised c □ rrela~icn diagram of the major 
seaimentary units exposed ~n the study area. Hatched areas 
generally indicate that seai~ents of that age were either 
n □ t deposited or have baan er~ted. 

The reader is referred ~o Pls. lol to 1~24 for 

photographic illustrations of selected • • -1-s e o i men .. a r y units. 

The mineralogy of Recant sediments, including soils, 

was not investigated in any detail in this study. The 

characteristics of the soil and tephra material in the 

study area are summarised on pp. 10-12. 
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Andeai tic turraceou■ aandatonaa and ail tetona■ (confined to 

P"tokau Sandaton■■ I P\ ■■ ah, ■ and bedded aandatone ■, poorly foa■lliferoua -,d 

calcareou.. l'l ■ a■ive ■end■ ton■■ frequenUy leeched and iron at.alri.d. 

~aho.-.ui rora.ation I Bl~ray -■■iv■ calcar■ou■ ailt■t.ona with thin ■andy 

11-■tone bed■ overlain by ■ Wld■ton■ and rare calcareou■ ail t■tona. 

Ot.orohang■ li-■ton. I Cr■- coloured, flaggy, cryatalline 11-■~n•• 

'lfaitoao S■ndaton■ I P\aaaiw■, calcareou■ ■li.ghily gla,conltlc fine aandatone, 

=-ly leached and -•tt•r.d. 

Orahiri Li ... totw I Upper .-.d lower fl■ggy cry■tallin■ 11-■ton■■ a■parated by a 

layer cont.ainlnc., oy■ter banda -,d calcaraou■ gleucon1Uc ■-,daton■ ••-• 

Ta Ak■ta■ Slltaton■ 1 BritU■ light chocolate brow, fin■ calcareou■ ■lltatone. 

Locally contain■ ■Wld■tone band■, cherty l■y■r■ and a ba■al 11-■tona. 

Aot■■ Sandatone I Crey ca1careou■ fin■ to -di1.a ■and■tone, locally glauconitic 

Wld cont.aina the Wai t■tun• Li-■tol"'l9 -ber. 

Whai~•ro• Silt■tone I fllediLM bl~r•y calcaraou■ ailtatone.vith a charact.erletlc 

conchoidal. fracture. Sand■tone bmlda locally pre■■nt, ■■pecially near contact 

Id.th t.h■ ov•rlying Aot.eii Sanct.tone. 

Cl.-, "8•-Y roraation 
Clan Jl\a■•Y Sandatone flle■bar I Intarbeddad calcar■OU9 ailty. fin■ aandatona■ 

end Hndy ail uto.-; 

Ounphall Silt.atone Pleaber I Bl~r•y calcar-eoua ■Utatone, gla,coniUc at 

ba ... 
ng,ood u-•ton• ~bar I Cryatalllna alight.ly 11huconitic rla911y U-atone 

with a highly 11lauconiUc •--• 

rtangakotuku Sllt.atona 1 "•••iv• non-cal.c.a%'90U• ant.atone, often ac,re a.and)' near 

be .. , -•th■r■ ta a dark ochre brCNlffl. Locally concret.ionary. 

Waikato Coal ,..._,re■ 1 Coal -■a,re int■rbedded with fi.recl■y■, brown-,,qr■y 

a,d■ton•• or ail t■torwa, r■Hr aandatone■ and congloaerat.aa. Locally, uppar 

bed• are aid■ritic. 

511 tat.on■■, aandaton•• and canglo-r■t■• with tuffaceoue bed■ -,cl rare 

concr■Uona. L••• indur■ted than th■ Tri•■■ic rock■• 

lndur■t■d aand■ ton■■ and ailt■tone■, conglo■■r•t.e• near b•••• with 

tuffaceoua bed■• 

Thickneaa 
(in -trN) 

250 

260 

215 

·43 

18 

15 

2D 

15 

46 

37 

1D 

65 

148 

6100 

2900 

. 
j .. 
~ .. 
I .. • . 

C 

• • .. . 
C 

!I .. 
II 
"' 

. . • C ... 
D ... 
.c .. 
• go .. • 1 

Table 3.2. 
Stratigraphic sequence of exposed Mesozoic and Tertiary 

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

.. 
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TWlgahoe f!iudat..one1 "'•• ■i'lf• bll.,.....gray ■ andy aid■ lon■ with ec ■ tt■red concntia.n■, th1n 

•and■ t.on■ band■ VI tapao■t t.da. 

rt■t-■ t.■aong■ S ■nd■ t.on■ t Sanda.ton■ .,,d ■ aee -.,dat.one 111th n..ia.roua conglaa■r■tia ■hell 

bed■, and ao- concr■tion■ry bend■• 

Urenui Silt■t.one1 l'le ■elv■ blu...-gny alc■caoua ■ilht..on. with ao- concr■Uon ■ry l ■y■ r■ 

and ran thin turfec■ou ■ ■■nd■ton■ bend■• Soe■ col"IQ-loeer ■ tic band■ containing pabbl ■■ 

,~ ■ va■brly aourc■, and ■lumped bed■• C ■■ t.,111■ rd■ •-•Y rroa Type ■n■, ch■racl.ari■Uc 

r■■t.ur■■ are lo ■ t and ■ilt■ ton■■ bacoaa indi■ tingui■h■bl■ rroa Pit. rle ■NnQet WIid 

Plohak■tino .. ,u-nt■ • 

fU. ,- ■Nnger Sand■tonat Bandad aJdtit.on■ 111th occ ■■ional tutf ■ceoua ■endat.on■ ov■rlain 

by argillacaou■ ■and■ton■ with concr■Uon■ry b.w:i■• (■■ bollard the ■■ di..aante Qrade int.a a 

..,dy ol ■y■tone that 1■ difficult ta di ■ tingui ■h rroa Ut90Yi end Plohak ■Una Ndi .. nt... 

Taw■riki Cl■y■ ton■ 1 P\■aaiv• blue,-,,t]r ■y -,dat.one with •and■ tone and thin t.urtK■ou■ bend.a 

that deer■••• in abundance ta the •••t. 

r■rry S ■ndeton■ a Cr■eniah non-turr■c■ou ■ a.lc ■c90U■ aand■ t.one 111ith e.o-■ clay ■ t.one banda. 

O.Oao rora■tiona Ple ■■ive turr■c•oue aic■c■ au■ ■■ndat.one■ Wld int■rbedded blu......,rey 

aicacaoua ■■nd■ton■■ and a.Jd ■ t.ane■ containing variable ~ta ar wolc.,ogenic -■ t■riala 

-,d aoa■• concr■ tion■• D■ fined by Happy (1971) t..o "-•crit. rarry .-\Cf Taw■riki aadi...,t■ 

in the Awakino ■r••• 

Pur-upuru Turrac■ou■ S ■nd■tan■ 1 Tufhc■OY■ -,daton. (15 ■) locally conta..lni09 t.urr ■c ■oua 

■■ndaton■ b■nd■ 1 overlain by turraceau■ audetane (30 ■). Locally contain■ lan■■• or 

turracaou■ roraainifaral. 11-■ton■ up ta 9 ■ thick. 

fllangar ■ra Sanda~n•• Cray aWld■lona .. 1th thin congloa■ r■ t.■ ■t ba-■ 1 lacally containing 

11.a■■ t.ana lan■a• up ta 30 ■ thick. 

Upper l"'tokaJ Sendatona1 W.11 b■ddad 1 bl~ny1 uglllac■ ou■ aand■ t.ona Ill.1th congloaer■Uc 

s-.cl ■Milly l...,••• and a r■w concr■ Uone. 

1'aryvill■ Coal l'\■a ■ur■■ I Upp■r and low■r ca■..l N-■ and carbonac■ou■ ahal■ zone■ 

-■ par■t■d by 15 • or ■■■■iv■ carban.acaou■ a■nd■tona. 

L,;,war l"takau Sandatone1 l'la ■ aiw■ argillac.aua a■nd■ t..on■ 1111111th ■oea a.td ■t.one le.ainaUona 

..:I concr■ tiona. Lo.er part carbonecaou■ or 1d th thin ccal --■• 

Waat T■ranald 

Teu■■t-air■ for■ation 

"•■-iv■ blu■-gr■y apharoidally weathered 

calc■reou■ -..d ■ tone 11111th ao-

concr■tion■ry and ■andaton■ bandae at 

weat■rn edg■ or dapaa! tional. b■ain _,d■ ton■ 

giv■ way in part to argillaceoua calcanou■ 

aandaton■ and liJM■ton■ layara ( th■ Upper 

-,d Lower Awakino Li111■■ton■). Sadia■nt■ up 

to 210 ■ thick in Awakina Valley. 

E■at T■r.-,aki 

T--■n,r-.,,1 rora■Uon 

Alt■rn■ting ■ andetona/-,oatona tly■c:~type 

tt.d■ up to 61 O ■ thick • 

Otaroh■ng■ Ll■aatan■ 1 Pure whit.a cry■t■llin■ fl ■ggy 11.aeat.one containing pa,bbly 

layer■ near top. 

Or■hiri lia■atone1 White cry■ tallin■ li•■■tona 11111th ayat■ r b■ida that ■oa■ U-■ ahDv 

■andy 1 tl■ggy 1 or gr■ywack■ pebbl■ horiaon■• 

Plang■pehi Sand■ton■ 1 Herd blu~r■y cal.c■r■ou■ ■para■ly fo■■llir■roua fin■ ■and. 

Dcc■aional.ly gl ■uconit1c or concr■Uonary. 

Aota■ Sandatona I Grey calc■r■ou■ fin■ - -dlua ■endaton■• Locally contain■ u. 
rlaggy Wait■tun■ Li•■•ton■ -■ber • 

Whaing■ro■ Silt■ ton■ 1 Plaaaiv■ blu~r•y cal.c■raou■ ■ilt■ton■ .,1th a char■ct■ri■tic 

conchald■l. fract.un. In Aw■kina area unit contain■ the Aw■r■■rino Li-■ aton■ -bar 
near baa■. 

Waikato Coal Plaaaure■ 1 Int■rbeddad coal ■■a■ur••• carbonacaau■ cl■yalon■■, ■-'td■t.onN 
and conglaaer■tea. Rar■ ■id■ritic concr■tiona .. 

Sandstones and mudstones, ulth grit, conglomerate, plant remains and 

turr. less indurated than the Triassic rocks. 

Sandstones and mudstones ~ith some grit. conglomerate, plant re~aina 
and tuft. 

Th.1cknN ■ 

in -tr■■) 

610 

270 

730 

60 

60 

76 

10 

170 

60 

12D 

6 

JO 

76 . : 
60 t 

i 
,I 

195 .s 
: . 
C .,, 
.!l 

15 f: 

. 
3,700 . . 

.i 
• u 
~:2 

4,300 : ., 
c_ 

Table 3.3. Stratigraphic 
and Tertiary sediments in 
Hay, 1967; Happy, 1971). 

sequence of exposed Mesozoic 
the Taranaki District (after 
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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 ra~k~, moderately ta well dissected, lap on ta the 

coastal ranges at lower levels. Ta the southeast the eroded 

Mesozoic rocks of the R~ngitato Range rise ta 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 mudstanes an~ 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 racks. 

The lower well dissected plateau between 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-

rnents. South of Wanganui the Upper Pleistocene (or Hawera) 

aggradational surfaces slope gently seawards and form the 

coastal lowlands. 

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 Uaipa 

fault. The eastern ranges of Mesozoic rocks are part of a 

complex anticlinal structure that is fault-bounded on its 

western border. Tertiary and Quaternary sediments of the 

Hamilton Lowlands are either flat-lying or very broadly 

folded and block-faulting is common (Kear. 1960). 

In the Taranaki District the Herangi Ranget a 

structural extension of tha Kauhia Syncline to the north, 

probably sxtands southw~ras u~ce~ Tertiary ro8ks. The 

structure of tha eastern ran;es is uncertain. The strati-

graphy of the sediments in the northern Taranaki District 

differs from that in the southern Hamilton District 

tht. two regions b8ing separated by 

a shallow threshold near Piopio named the Piopio Threshold 

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

described as ''••• a much faulted rnonocline dipping south 

and west and divided into two par·t·q by thn th +h ~ "" nor .,-sou..,. 
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trending Patea-Tongaporutu Gravity High" (Hay, 1967). The 

western side of the High is bounded by the Taranaki Fault, 

which downthrows 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 Llanganui Basin contains Eocene 

to Miocene sediments, while the South Llanganui Basin shows 

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 Llanganui 

Basin the margins are approximately defined by the Maracopa 

Fault in the north, the Herangi Range in the northwest, the 

Rangitoto and the Hauhungaroa Ranges in the east, the 

subsurface Patea Tongaporutu High in the southwest and the 

ill-defined east-west Pipiriki High defines the southwestern 

boundary of the basin (McQuillan, 1977). The North Llanganui 

basin contains many north to northeast trending faults which 

are generally normal and upthrown on the northwest, 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 Llanganui District, occupying 

South Uanganui Basin , have a simple regional structure, 

dipping southwest towards Cook Strait and thickening east-

wards. The Llouth Llanganui Basin is a complex graben 

consisting of secondary horsts and grabens over which the 

Tertiary and Quaternary strata drape in gentle anticlines 

and synclines (Lensen et al., 1959) 0 

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 

3.48, and 3.5 and 3.5 summarise the average bulk mineral 

and clay mineral composition of the sediments, while 

d 2 viations from these average values are detailed in Appendix 

Tables III.land IV.land described in the text. 

3.2.1 BULK MODAL COMPOSITION 

The distribut~~~ of quartz, plagioclase, potash feld-

sp2r? 
~nd clay minerals in the acid insoluble residues oF 

sediments anci the distrijution of calcium carbonate in bulk 

,. ~ ~a~.,p .... 1~s 2, 2 de:ailed in Ao. pendix Tables IIIsl and 
s e 8 i :-;. en v - ·= 1 - - -

Figs. 

Quartz occurs in only small quantities in all lime-

stone lithologies~ 
In mudstones quartz averages 10-3 □% 

but increases 

Coal f~easures 

• b. asal Te Kuiti (i.e. Waikato in abundance in 

and Mangakotuku Siltstone), lower Mokau Group 

' • .j. .-

and Maryville Coal Measures sed1men~0. 
The absolute abundance 
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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 quartz distribution in 

sandstones is more complex, averages 10-30%, but increases 

locally in massive sandstones (e.g. L.Mo: 10275 1 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. Within the major lithologic type in any one formation 

the quartz abundance varies by about± 5% (Appendix Table 

III.1), but shows local increases in on-basement lithologies 

and in leached sandstones. 

3.2.18 PLAGI0CLASE FELDSPAR 

The distribution of plagioclase roughly parallels 

that of quartz with 8 few notable exceptions. The relative 

abundance of plagioclase to quartz decreases markedly in 

lower Te Kuiti and lower Mokau Group sandstones and mudstones 

but is generally subequal in abundance to quartz throughout 

Te Kuiti sedimentation. The plagioclase abundance increases 

in volcanogenic sandstones (i.e. 

and Hawera) and in Recent ashes, 

p., ... u,..,., .... ,. 0moao Ur 0 nu.: -- ,-;---, • , __ , ..L 

where X-ray diffractograms 

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 

formation are less than for quartz (i.e.<± 5%). 
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3 .2.1c POTASH FELDSPAR 

It 
Potash feldspar is of low abundance in most samples. 

forms over 15% of the acid insoluble residue in a number 

of samples from a location (i.e. 28) adjacent to the Herangi 

Range (e.g. Or: 10240, 10241; Ao: 10225, 10226, 102~0). 

3.2.1D CLAY MINERALS 

In limestones clay minerals are more abundant than 

either quartz or feldspar. Massive mudstones contain from 

35-45% clay minerals, but this value increases in volcano­

genie mudstones (e.g. Purupuru, and Omoao), in the 

Mangakotuku siltstones, in the Waikato Coal Measure mudstones, 

in the naryville Coal Measures mudstones and in the Mahoenui 

sediments (Appendix Table IV.1). Clay minerals constitute 

30-40/4 of most massive sandstones but volcanogenic sandstones 

( 8 .g. Purupuru, Omoao, Urenui and Hawera) and the Triassic 

sandstones are notably deficient in clay minerals. Inter-

bedded sandstones and mudsto~es show generally similar 

distributio~s in clay ~iner2l abundances as their more 

mas.siv~ ti~e-correlatiues but, compared to sandstone litho-

logiBs, 
• - .., ;.... .,.... -i.... • t· h --' ...... + ne s ,.., "'"" clay ,ninar2._:. cL..;:...l .. uances in ,,e mUu;:,~O - c. ... ~ notably 

Clay minsrzl abundance can vary markedly ~etween 

1 C ~n-✓ □ n,.,P P1·u~rmati □ n. sarr:p es i rom 01.~ - -

lE CALCIUM CARBONATE 3.2.~ 

With the exception of the Waikato Coal Measures, the 

·1ts~ones anrl certain leached sandstones nangakotuku si-~ " - , ~ 

Ao: 10225), the Te Kuiti Group sediments are character­
( 8. g. 

ised by high caco 3 contents. Smaller quantities of CaCD 3 

· Upper Mokau .. Mangarara and Nukumaruan 
occur in Mahoenui, 
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sediments. 
Concretions contain from 30-8 □% CaC0 3 , with 

highest values in the older concretions. 

3.2.lF OTHER MINERALS 

Low temperature cristobalite occurs in some samples 

of Uhaingaroa Siltstone, Aotaa Sandstone and Te Akatea 

Siltstone (Appendix Table IV.land Fig. 3.48), forming up 

to 10% of the sample. In all the older volcanogenic 

sequences (i.e. Purupuru, Omoao and Urenui) both analcite 

and J-cristobalite are characteristic. Analcite constitutes 

some 40% of samples in the Urenui volcanogenic sandstones. 

3.2.2 CLAY FRACTION COMPOSITION 

in the 

The distribution and crystallinity of clay minerals 

fraction of sediments in the study area are 

detailed in Appendix Tables IV.l, IV.2 and IV.3 and 

summarised in Figs. 3.5 and 3.6. 

3.2.2A KAOLINITE 

Kaolinite occurs in cnly small quantities in most 

samples. It is absent fro~ Triassic sediments and rare in 

Jurassic samples. In the bas2l Te Kuiti Group carbonaceous 

~udstones and sandstones, kaGlinita is the dominant clay 

mineral species {Pl. 3.4) and persists in abundance into the 

The younger 

Te Kuiti mudstones, sandston8s and limestonas contain no or 

rare kaolinitet although local 8nrichments occur in on-

basement litholooies (e g nL. 
:J • • Ul,., 10245; Mp: 10238, 10239), 

in samples adjacent to Mesozoic basement ( highs e.g. locality 

28 ), and in leached • • ( sanostones e.g. Ao: 10226). 
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Kaolinite constitutes less than 1 □% of most Mahoenui 

sar.1ples. The Taumatamaire Formation has less than 5% 

kaolinite, except in on-basement lithologies where values 

reach 10% (e.g. 10252, 10258, 10260). In the flysch bads of 

the Taumarunui Formation however, the kaolinite content may 

be as high as 10-2 □%. 

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 

Maryville 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; 

LI.Mo: 10290, 10291). 

Throughout Mangarara, Purupuru and Omoao times, 

kaolinite is virtually absent. In upper Mohakatino times 

it constitutes less than 5% of the clay fraction, increasing 

locallv to lO;s. , The Up □ er Miocene to Pleistocene sediments 

investigated in this s:.udy; contain little kaolinite ( < 5%). 

The X-ray diffr2s~oqrams indicate that the kaolinites 

from tha coal measures are more crystalline than those from 

ls3c~e~ sandstones 2 □ iis, a property supported by heating 

• ~ I • 

cha:cac:.er:.sr.ics. 

Illite is 
C, '' , ~ t· r, ~n ;,..nunr-t· an+ romponent 01 t.ne C.Lay rrac J.0,1 

0 I .1,.111 1 ,._ '•"" __ .,. •• • 

in 
d . ~ ~ ~--~ (~•- 3 5) most of the se 1.men ... s s1..uuJ.t;;u "-'-S• ,. • 

In Triassic 

Jurassic 
P 2~rl of the clay fraction. s e dime n ts it , or :.1 s so rn a ::i ;,o 

The lotJer Te Kuiti mudstones contain only 

illite ( <1 □%) but in the upper Te Kuiti 

small amounts of 

lithologies the 
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illite content increases to 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 Llaikato Coal Measures 

(e.g. 10207, 10208), in mudstones and limestones from on-

basement locations (e.g. Ao: 10223; Ot: 10245, 10246), in 

intensely leached sandstones (e.g. Ao: 10226), and in 

glauconitic sandstones (e.g. Ao: 10225, Ot: 10244). 

Above the Te Kuiti Group the amount of illite in the 

clay fraction of sediments increases markedly. The Taumata-

maire mudstones contain 20-25%, increasing to 30-5 □% adjacent 

to basement highs such as the Herangi High. To the east 

the Taumarunui flysch beds contain from 20-6 □% illite with 

highest values in the northern area. In the lower Mokau 

beds the sandstones contain 30-50% illite, whereas the 

interbedded sandstones and mudstones contain BO% and 35% 

illite respectively~ In the Upper Mokau mudstones the 

illite content reaches 5 □ -6C".~. but above t·h1·~ 1· 1 d , , 0 eve~ an 

decreases to 40%~ 

In general teTrns forms 40-50% of the clay 
~- ~- Q • • • , .1.acY.1.. □ n Ot most sanost:;nes, c~t inc~eases to 60-70% in I -•. 

massive sandstories ( 0 n n71 • 
'-'•=:,• -·· .. and Mt. M: 10317 1 

10318, 10319) and decreases to 0-5% in volcanogenic sand-

stones I 
\e.g. Purupuru and Urenui). The illite content in 

interbedded sandstone/mudstone sequences sho~s similar 
trends to their more massive lithologic counterparts. As 
a general rulo s d t - an 3 ones contain more illite than mudstones. 
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High crystallinity characterises the illite in the 

oldest (Mesozoic) d" t (F" 3 ) se imen s ig •• 6. Most Te Kuiti Group 

sediments contain illite of low crystallinity, although the 

Mangakotuku siltstones and the youngest Te Kuiti sediments 

contain more crystalline illite. From Mahoenui times onwards 

the illite crystallinity in mudstones is high, but by the end 

of the Pleistocene the illites are poorly crystalline. The 

illites in sandstones exhibit generally similar trends 

except that in volcanogenic sequences their crystallinity 

is vory low. The illites of interbedded sandstone/mudstone 

sequences show similar trends to their more massive age 

correlatives. 

Clauconitic samples commonly show an abundance of 

illite (e.g. Ao: 10225). This is due to the coincidence of 

the major XRD peaks of illite and glauconite, the latter 

• 1 bei·ng essentially an iron-rich illite (Burst, 1958). m1.nera 

Samples containing glauconite in the clay fraction will 

• • 11. + therefore show a corresponding increase in i l.ve. 

3 ? 2C MONTMORILLON!TE . - . 
Montmorillonite is rare in Triassic sandstones 

but is an important component of the clay fraction of some 

Jurassic mudstones 

The Waikato Coal Measure sediffients contain only minor 

. •t b ~ mon~m~-illonite increases in abundance montmor1llon1. e u.., ' i .., , •~-'- -- , 

t k ·1~s~~nPs (0-30%). In the remainder of 
in the Mangako u u s1. " ..,u, ~ 

d . nt~ and extending through into the 
the Te Kui ti se ime1 .::, 

rnont morillonite is the dominant clay mineral 
r·l a h O e n u i G r o u P 

mluds tones, and to a lesser extent 
In limestones and species. 

Con stitutes 50-9 □% of the clay 
d ctones montmorillonite san _, ~, 
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fraction, decreasing only in on-basement samples (e.g. Ao: 

10233; Ot: 10245, 10246) which show a concomitant 

increase in illite abundance. 

The Taumatamaire mudstones are rich in montmorillonite, 

especially in the north (70% montmorillonite), but to the 

west, naar the Herangi High, the montmorillonite content 

drops to 20-4 □%; the limestones adjacent to the high, 

however, retain 40-70% montmorillonite. The graded Taumarunui 

sediments contain variable amounts of montmorillonita but, 

in general, sandstones contain more montmorillonite in the 

clay fraction than do mudstones, and the montmorillonite 

content is highe3t in the south. 

The abundance of montmorillonite continues to decrease 

through the Lower Mokau sediments (2 □% montmorillonite), but 

samples from the northern extremities of the formation retain 

a higher montmorillonite content (35-55%). The Up p e r f'l o k au 

mudstones and sandstones contain approximately 20% montmoril­

lonite in their clay fraction except for one sample (i.e. 

10286) collected near the Patea-Tongaporutu High in which 

the montmorillonite content is low ( < 5%). In general 

10290, 10291). 

From Mohakatino times until the Recant the ma 3 sive 

mudstones, their enclosed concretions, and the mudstones from 

flysch-type sequences show a gradual increase in montmoril-

lonite. All volcanogenic sandstones ( M e.g. ,,angarara, Purupuru, 

Urenui and Hawara) have high montmorillonite contents (70-95%). 

Mangarara sandstones show higher montmorillonite contents in 

the west (BO%) than in the east (40%). 
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Non-volcanogenic upper Mohakatino mudstones and 

sandstones contain 20 30~ ~ - ~ mon~morillonite. The abundance 

of montmorillonite d 1· ' dl ec ines marKe yin the Mt. Messenger 

sandstones in younger sediments 

mont~orillonite again increases in abundance (e.g. Urenui 

mudstones 20-3 □%, Matemateaonga sandstones 3 □%, Tangahoe 

mudstones 30-50%, and Hawera sandstones 40-5 □%). The 

Plio-Pleistocene increase in montmorillonite content is 

reflected in all lithologies. 

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. Waikato Coal Measures and Mangakotuku siltstones) 

is low, but fnr the remainder and bulk of the Te Kuiti 

lithologies an~ in the ~ahoenui Group, the crystallinity is 

moderate to high. In the Mokau sediments montmorillonite 

crystallinity suddenly decreases and, in the mudstones at 

least, remains const27tly lou until Recent times. The 

,....,...,, 5 J.. 3 11;,...,it',' in s27c'.stcnes shows a generally similar trend 
1...,.L/ ...,_..., -· 

J.. , 1 ~ n ~ ,. , , ~ n ,1 8 l = 2.; CJ c_. 9 r. i c s an d s t on e s ( e • g • f·l an g a r a r a : cry·s .,2.c. .... a.., .,_ ,_ 1 .J.., 

Gmoao,. 2nd LJ:-9nui), and a pronounced 
,..j • ~ecrease in 

montmorilloni_te 
. d , in massive, porous san stones 

(e.g. 

sands 

Omoao and in unconsolidated, 

1 - Castlecliffian and Hawera). 
\,8•lJ• 

t · rl·ra+- J..ha~ most of the X-ray diffrac ograms lnul~ .. t:: vii ~ I • 

porous 

montrnorillonites 
2+ d/ r11g 2+ 

-investigated contain Ca an or as 

t . associated with two layers of water, 
the exchangeable ca ion - -

d d 1·r_reqular interstratification. 
and exhibit disor ere, -

Some 
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basal Te Kuiti montmorillonites (e.g. Mk: 10214, G.M : 10216, 

10217, 10218) may contain Na+ as the exchangeable cation 

associated with one layer of water. In general, the 

rnontrnorillonite of volcanogenic sandstones is trioctahedral, 

probably stevensite, while the montmorillonite in all other 

sediments is a dioctahedral species, probably montmorillonite 

~ppendix Table VIII.2.). Treatment of selected samples with 

KOH (Table 2.6) indicates that the montmorillonites were 

probably not derived from the alteration of micaceous 

materials (seep. 43). 

3.2.20 CHL0RITE 

Chlorite is a major component (30%) of the clay 

fraction of Triassic sediments but is less abundant (10%) 

in the Jurassic mudstones studied. In the Te Kuiti sediments 

chlorite is present in only trace amounts ( <5%) but increases 

locally in on-basement lithologies (e.g. Mp: 10239), in some 

of the less intensely leached fireclays of the Waikato Coal 

Measures (e.g. 10205), and in some 0torohanga limestones 

(e.g. 10247, 10248). 

In Mahoenui Gr □ up 2~d younger sediments the amount of 

chlorite in the clay frac~i □- tends to increase. Taumatarnaire 

mu~s~"nes c ~-:- , + - --~ • • • 1 u " ..., on " 0 .1. 1 1 ... e s s ~ r-i "" n l. u ,b c n -1. c r 1. t a b u t mu d s t on e s and 

sandstones fro~ locations adiacent to the He~~no, R~n 
..., , ,_, .._ ...... I ::,j. I ..:..I., ge 

contain more chlorite (10-30~\ 
, ' / ~ Awakino limestones contain 

little (5-10%) chlorite. 

The abundance of chlorita in Lower Mokau sediments 

varies from □ -30% 
I , but the larger amounts, as was the case 

for kaolinite, are confined to those sedim2nts adjacent to 
active fault zones(. 10 e.g. 278, Aria Fault; 10275, 0hura 
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Fault). 
Chlorite persists in amounts of 10-20% in most 

sediments until middle-Pleistocene times, after which 

becomes rare. Exceptions to this general rule are as 

follows: (1) no, or only trace amounts of chlorite occur 

in volcanogenic sandstones, and interbedded volcanogenic 

mudstones contain only 10-15% chlorite; (2) chlorite 

increases in abundance (25-3 □%) 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. ry: 

10305, 10309, 10312 and Tw: 10316; adjacent to 0hura Fault). 

The crystallinity curves for chlorite parallel those 

of illite, although the chlorite is usually less crystalline 

than illite. Chlorites from the Mesozoic and Te Kuiti 

sediments are the heat-labile varieties (Fig. 3.7). Stable 

chlorites first appear in the Taumatarnaire rnudstones and 

sandstones adjacent to the Herangi Range, but do not occur 

in the other Mahoenui sediments. The stable species of 

chloritas, along with heat-labile chlorite, persist in 

sediments until the end of the Nukumaruan. From Castlecliffian 

times onward3 chlorites are of the heat-labile and mixed-

layer varieties. • • • • • .._.h .1. .1.· chlo-; .._e X P n .., ,.., a , ,, s;:, c 1. n ,-; , car, e t.. a '- .__ n e • .:. .i. ,._, ,.,u u,1 ..-;·.--~ ........... 

• ~ ·assi·c ~~mnleQ ;s a Mo-rich variety, while in all other 1.r1 1ri ,::)'- r- - ..... ~ 

- :,..,, J.. • 

d · ent,.. t· ·ne chlorites have a large r e;1·1g ra'-10. se im ..., 

3.2.2E MIXED-LAYER CLAYS 

The distribution of mixed-loyar clay mineral species 

in the clay fraction of sediments is presented in Appendix 

F • 3 5 and 3 7 Mixed-layer Table IV.land summarised in igs. • •-• 

• (45;~) of clay minerals (mostly C-V) are a major componanr, 

l fr ~ction of Triassic sediments but are less abundant 
the cay u 
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Limestone Mudstone Sandstone Interbedded sequences 
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Chlorite and mixed-layer clay mineral occurrence 

Fig. 3.7. The occurrence of chlorite and mixed-layer clay 
mineral species in sediments of the onshore study area. 
Abbreviations of formation names defined ir. Table 1.1. 

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

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

of minor importance (0 ·o-'\ -l. iio} but increase in abundance in 
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sediments of nearshore facies (e.g. Mangakotuku siltstone), 

in Taumatamaire sediments and Makau sediments from locations 

adjacent to the Herangi Range (10-15% mixed-layer ciays), 

and in the Middle and Upper Miocene formations (approximately 

20%). Volcanogenic sandstones, however, contain only trace 

amounts of these minerals. In Pliocene and Pleistocene 

sediments mixed-layer clay minerals are of minor importance. 
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3.2.2F OTHER MINERALS 

Quartz is the dominant accessory mineral in the <2µ 

fraction in the lower to middle Te Kuiti Group sediments. 

Pl2gioclase feldspar occurs in most samples, and in the 

volcanogenic sandstones (e.g. Purupuru, Urenui and Hawera) 

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

subequal quantities. Amphibole occurs in Te Kuiti samples 

and in sediments of volcanic orig in. cl -er is tobali te is 

present in some Te Kuiti sediments (Llhaingaroa Siltstone, 

Aotea Sandstone, and Te Akatea Siltstone) and in volcano­

genie sediments (Purupuru Volcanic Sandstone and Omoao 

Formation sandstones). Analcite occurs only in volcanogenic 

sediments (e.g. Omoao and Urenui tuffaceous sandstones). 

3.2.3 RELATIONSHIP BET~EEN SEDIMENT LITHOLOGY AND CLAY 

f·7 I f-1 [ R A I C O l'-7 P O S I T I O N 

The trends in clay mineral abundances and crystallinities 

shouri 

~ t~;g 3.5 27d 3.5),. limes.,or.es ,, ~ s. Sandstones, however, show 

• • ,•c.-- 1- oatL:::.~-··· in their clay mineral composition q u i t e ,j i : 1 e r e n L, : t... -- ~ : '. .-__., 

(Figs. :ha~ may be related to differences in 

5ource .1.. • • an~_/:::- to dia.qenetic alteration. rna_,eria.1.s _ For example, 

.1..h ~sL~nP~ in interjedded mudstone/sandstone sequences 
L, I 3 rr; u L., I.., ;_. • -• ,:, ...._ • 

' • s l • ' nd rhior,t-o relative .-f""""!ntain :--;;c:-e ;;10ntii1OrJ..l....LOnl"C8 a,. ~ - •v-
'-"\..J• • .... -

to illite and • ,-! , ,-. , , ,., .1.-· ~ l ;:, ,, m in e r a l s t ha n d o the rnixeu-..L.:j.lt... ;.... '-"") •• - sand-

stones. This 
, • -1-.: ~ genera.J..isa .. .i.c,, does not apply to volcanogenic 

scdimGnts .. 

porosity is 

During the early • 1 .l.. deep-buria sl,age of diagenesis 

h • h ~nd m~ny t,•pes of transformation commonly ig ' d ' 'a J 

mc1y occur as a result of circulation of formation waters 
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(Muller, 1967; Dunoyer de Segonzac, 1970, p.282). The 

association of massive porous sandstones (e.g. Mt. Messenger 

sandstones and Dmoao sandstones) with increased abundances 

of mixed-layer clay minerals, together with the concomitant 

decrease in montmorillonite abundance, suggest that altera­

tion of the clay minerals has occurred in these permeable 

sediment units. Comparison of clay mineral assemblages in 

the sandstones and in the mudstones of interbedded sandstone­

rnudstone sequences provides direct evidence of the greater 

amount of alteration of clay minerals in sandstones (Fig. 3.8). 

In particular the mudstone units are relatively enriched in 
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interbedded sequences (based on 18 sa 1~p 1Lo~\ 

• , " - c: _, ; • _ ~J ? t_. e h o ,J t h e s a n d s t on e 
unit~ ':1re relati1Jely enriched in , 1, - J.. • d 1 
ka 1 t l ~~~i~e, mixe - a~.·er and 

O lnl e Cay minerals cnum,,,pareo' t th o , e mudstones. 

montmorillonite and chlorite whi"le 
the sandstones contain 

more kaolin;to ·11·· 
~ -, 1 1 ~ 8 and mixed-layer clay minerals. lJhilo 

the pore fluids • in muds tones ma" ':>pprox • •. ti.. .. 
1 ~ ima~e ,1e composition 
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of th8 original sediment pore waters 
' 

sandstones serve as 

channelways for solutions from a wide 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 composition 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 paleoenvironmental analysis. In this study a technique 

that involved comparing the clay mineralogy of concretions 

to that of their host mudstones was used with a view to 

determining whether or not the clay mineralogy of the mud­

stone was representative of that existing at the time of 

deposition. Concretions are most commonly formed at an 

early stage in the lithification of sediments (Muller, 1967; 

C · · Lal _1972', and it is reasonable to assume that, urt.is el, ., 

once formed, their impermeable nature would protect tho 

· of t"he r.,_,~,_-.' ~, .. l,neral assemblac_,,es in concreticns 
A co~parison , - ~ '"-

with those from the host mudstones (Fig. 3.9) indicates 

1 ~ -·n~o tho time of concretion formation, there 
that, at easl, ::;l '"'~ ~ .. ~ 

· hl h nne- .L~n the clav, mineralogy of 
t, 3 ve been no appraciau e c. a ld 0 

the rnudstones. 

assemblages in 

For the above reasons the clay mineral 

·d ro-l +o mudstones are consi e_~u ~ 

those existing at the time of deposition. 

represent best 
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3.3 ORIGIN OF THE CLAY MINERAL SPECIES 

3 • 3 • l f"l E S O Z O I C (TRIASSIC AND JURASSIC SEDIMENTS) 

Only a small number of Mesozoic samples have been 

analysed and the clay mineralogy documented below for the 

Triassic and Jurassic sediments may not be fully representa­

tive of Mesozoic sediments generally~ 

The Triassic samples analysed in this study and 

those examined by Nelson (1973) show that illite, chlorita 

(magnesium-rich) and mixed-layer clay minerals (mostly 

chlorite-vermiculite and chlorite-montmorillonite) are the 

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

chlorite are highly crystalline (Fig. 3.6) and dominantly 

anhedral in form (Pl. 3.1) suggesting a cietrital origin. 

Grain fabrics examined by scanning electron microscopy and 

thin section analysis show no evidence for the authigenic 

growth of clay minerals. The small amounts of poorly 

crystalline montmorillonite could be detrital from the 
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land~ass(es), that b d d ~h T or ere ., .e riassic sedimentary basin (s), 

or 

of 

thoy could have been derived by the diagenetic alteration 

volcanogenic detritus that occurs in Triassic sediments 

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

suggest that if the latter process was operative then the 

~ontmorillonite 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 irregular mixed-layer clays, 

the high chlorite to illite ratio and the magnesium-rich 

nature cf the chlorite (cf.p.89), all indicate that any such 

rnontmorillo~ite would have been transformed via chlorite-

~ ·11oni+e an.u~ chlnr1.·te-vermiculite into chlorite by :T:Qn.,r.,orl I ~w -

diaganetic aggradation in a magnesium-rich environment. 

The absence of kaolinite in the Triassic sediments could be 

• 1· ~~-result from the transformation of provGnance contra .te~ ~L 

~ir.eral in 2 cs~fined alkaline environment over the 

lon(J 
/ n 
I.. e •.,, • see Dunoyer de Segonzac, 

19/0)a 

Ir contras~ ts ~~e Triassic beds, the Jurassic 

sedir:12nts l ~ cn-,·.~w· ~in su·be □ ual amounts of illita, 3 n c.1 ..... '/ s e o - _,_ - I 

• n~ S"ffi8 kaolinite ~ • 0 -, oni· .,_a <,n,---i ,...; xed-1aver c.1.avs a.,u u11 manl,;mor.1.1- '-,'-i ..... ,,'-'l ,1,.-, ..... ~ ~ 

\ ,,~p•-\ ' e- sugnes~e~ 
/,~ rz ~, Nelson ,.t:J t::i 1 , nowev ... 1 -::J ._, '--' and chlorite \t .Lg. ~.aJ,• 

·, - · · ,a~ rare in the sediments he analysed. that montmori~ionite w o 

• material is relatively common in the 
In as much as volcanic 

( Kear, 1960) it is likely that much 
the Jurassic sediments 

of tho montrnorillonite in Jurassic siltstones in 
.L ' • .,nJ.S study 
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was formed from the submarine alteration of volcanic ash. 

The Jurassic concretion examined contained crystalline 

montmorillonite as the only clay mineral and the same two 

plagioclase species (A and B) found in Cenozoic volcanogenic 

sediments, thus strongly supporting a volcanic heritage for 

the montmorillonite (Pl. 3.2). Crystalline illite and 

chlorite in Jurassic sediments have mostly anhedral to 

subhedral mineral form (Pl. 3.3) . suggesting these clays 

are detrital, although some could have been transformed 

from montmorillonitic clay during burial diagenesis. The 

small amounts of kaolinite in the Jurassic sediments are 

most likely pedogenetic as many modern studies have shown 

that kaolinite is a common component of soils developed on 

granitic and andesitic parent materials (Grim, 1953; 

19'7,) 
..._ I~ • 

Viillot, 

A review of the literature dealing with Mesozoic 

sediments of tha study area (Kear, 1960; Hay, 1967; 

Fleming, 1969; Dickinson, lS'.J7l; Kear, 1971) implies that 

,. h • t. 1 • ~ e exis ing c_ay mineralogy sf the sediments is likely to 

be partly th2 re3ult .... . . . 
or ai2gene~1c alterations. The Triassic-

Jurassic beds of the wests=n ~amilton and northwest Taranaki 

1971) probably r8present 

continental shelf sediments th2.t tJP.rP. d::::io ·' d th --- • ~; os1-ce on , e 

western marqin of R_. maio-L· oeosyn .. ~ _,_.i,.~R bord • ~ th · 
- v ;:J - - - -''- erea _o e wes-: 

land acid igneous and metamorphic rocks (Fleming, 1969). 

Th □ poorly fossiliferous ~esozic gro . . ywac'KRS P • - _ , orrning the 

ranges of the eastern Hamilton and Taranaki Districts (the 

Morrinsville Facies of Kear, 1971) possibly represent 
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contin0ntal slo d" 
pe se iments that were deposited in a more 

rapidly sinking axial zone of the geosyncline. These 

sediments were metamorphosed by burial to zeolite and 

prehnite-pumpellyite grade (see Coombs, 1960) which, to 

varying degrees, altered the primary mineralogy of the 

deposits, especially in the more deeply buried Triassic 

beds. 

The preponderance of detrital illite and chlorite 

in the Mesozoic sediments is consistent with a western 

igneous/metamorphic provenance. However it is possible 

that any original montmorillonite may also have been trans­

formed to chlorite during deep burial diagenesis through 

a series of mixed-layer clays (cf. Dunoyer de Segonzac, 

1970, p.311). The chlorite-vermiculite and chlorite-

montmorillonite in the Mesozoic sediments may then represent 

the intermediate stages in the transformation of montmoril-

lonite to chlorite. The virtual absence of montmorillonite 

in Triassic sandstones is anticipated from the estimates of 

burial depths for these zeolite facies sediments, of greater 

than 4 km (Kear, 1960; in excess of the 

. .,_ t·· •.1. ~· lrl lg r~-'-rnontr;,orillonite s1..a ,1.Lli..Y , ie~w \ u ::,.,, 1959; Dunoyer de 

,Segonz.Jc, 1970). Significantly, the abundance of crystalline 

montmorillonite in the Jurassic concretion may owe its 

existence. to the protection from increasing pressures and 

circulating formational fluids by ths encasing armour of 

calcite. 

3.3.2 UPPER EOCENE TO OLIGOCENE (TE KUITI GROUP) 

~A WAIKATO COAL MEASURES 3. 3.,:, 

The clay mineralogy of the Waikato Coal Measures is 



98. 

dominated by kaolinite with scarce poorly crystalline illite, 

heat-labile chlorite and mixed-layer clays (Figs. 3.5 and 

Pl. 3.4). Clay minerals show a variety of shapes 

(Pl. 3.4) but subhedral kaolinite particles are most common. 

The sharpness of certain peaks on X-ray diffractograms 

suggests the kaolinitic clays are often quite crystalline. 

The Waikato Coal Measures includes variably carbon­

aceous kaolinitic sandstones and mudstones, locally 

containing siderite concretions, coals and conglomerates. 

The vegetation associated with the carbonaceous sediments 

is indicative of deposition in non-marine environments, 

as are the siderite concretions and the rare freshwater 

mussels in the sediments (Sherwood, pers. comm. 1976). 

The one sample examined by scanning electron microscopy 

shows a well orientated grain fabric (Pl. 3.5). The lack 

of evidence for deep burial of the Waikato Coal Measures 

in the study area suggests the orientated grain fabric is 

probably the result of transportation and subsequent 

deposition of kaolinitic material in a non-flocculated 

state .. This is most likely to have been achieved under 

freshwater conditions because kaolinite readily flocculates 

on entering a marine environmant 1953; Llhitehouse 

et al., 1960; Porrenga, 1965). Uorld wida evidence indicates 

that relatively intense leaching environments favour forma-

tion of kaolinite, hallyosite and sesquioxides of iron and 

aluminium, whereas less intense leaching conditions favour 

illite and montmorillonite (Jackson et al., 1948; Keller, 
1962; 

1966; 

Van der Merwe and Weber, 1963; 

Fieldes, 1968; Millot, 1970). 

Beaven and Dumbleton, 

Thus the climatic 
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regime is potentially an important factor in controlling 

Uaikato Coal Measures clay mineral assemblages. Although 

p 3 rent 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 Llaikato 

Coal Measures it is necessary to examine the environmental 

conditions that existed at the time of sediment deposition. 

In the Eocene the South Auckland region was characterised by 

t9ctonic quiescence (Fleming, 1962). Uaikato Coal Measures 

deposition began when a relative rise in sealevel initiated 

deposition on coastal plains flanked by subdued hills formed 

. • .._ ( K 
se □ imen'-s . ear and Schofield, 1959; Nelson, 

1973; King, 1976). The late Cretaceous to early Tertiary 

clirn~te in the New Zealand region ranged from warm tempera­

ture to marginally tr~pical but was predominantly subtropical 

Hornibrook, 1971; C: • ...,avin, 

1977). 
dominantly chemical 

~ -.,.....-1 r,1•.=--rto-;--e li-:hclagies. C O 2 J. a , • '--' ·-, -' - ·' ~ -

contain widespread 

Under such a climate the 

soils dev~lcped on present day Mesozoic sandstones and 

mudstones are rich in 
•+- Ir;:-· 1' ~aclii11.v8 \1 lB..1- □ es, 1968). Thus much 

k , . • .L _ ,· ,., ; , ::, ; ;,, ,., r n C o a l ('1 e a S U r 8 S S 8 d i m 8 n t S C OU i 0 o f t h e a o .L l n J. l, ,:;; ~- , ' ,.,_. - ~ , ... "' V -

have been d t ·t , from soils dPveloped on the low hills of 
e ri a.i. - " ~ - ~ • 

rv: es oz o i c base me r1 t rocks• 
Even if the climate was more 

• d of subaerial exposure of the 
temperate the long perio 

f ro~ the Upper Cretaceous to Eocene (about 
r·l 8 S O Z O i C r O C k 3 ' -
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90 million years), might still have provided widespread 

pedogenetic kaolinite (cf. Birkeland, 1969). 

It is well established that the kaolinite and 

halloysite groups of minerals are most commonly produced 

by leaching of metallic cations from aluminium silicates 

and by the addition of hydrogen ions (e.g. Grim, 1953; 

Millot, 1970). Given these conditions kaolinite and halloy-

site can form from the silicate "wreckage" or can precipitate 

from solution (Keller, 1968; 1970; f'] i 11 o t, 19 7 0) . The 

parent materials for Waikato Coal Measures sediments were 

undoubtedly Mesozoic sandstones and mudstones (Kear and 

Schofield, 1959) which upon weathering and subaerial erosion 

provided coal measure basins with detrital kaolinite and 

lesser poorly crystalline iliite, chlorite, montmorillonite 

and mixed-layer clays. Further leaching of these sediments 

could have been accomplished in situ by acid solutions 

generated from sulphur compounds and/or by dilute acids 

generated by the passage or pore waters through the carbon-

acaous lithologies. The e7d product of these reactions 

would be sediments charac:srissd by stable minerals such 

as quartz and kaolinite a~d bv hi~hlv dearaded ~lavs 
~ - - .J - ✓• 

The 

a b u n d an c e o f q u art z a n c :.,: a o .L i :1 i t s in t ha \J a i k a t o C o a 1 

1"'1,easL1r0s t_p_c,t.; ... ,~1· es .;.o ;..~,,~- ~ • ' ' h. • d • • • ' -- - - - - " " , , c _, ,=:; c. c i o 1. e 2 c , 1 n g c o n i t. 1 o n s t c i •• 

3.2.2B MANGAKOTUKU SILTSTONE 

The clay mineralogy of the Mangakotuku Siltstone is 

dominated by kaolinite with smaller amounts of poorly 

crystalline illite, montmorillonitP. --~ and mixed-layer clays 

and rare heat-labile chlorite (Pl. 3.6). Th ere are, howeverp 
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marked variations in the relative amounts of these minerals 

between different localities (Appendix Table ) IV.l. The 

sparse fauna of the Mangakotuku s·1+ t l ~s one comprises mainly 

bivalves, including thin-walled species and heavy shelled 

Ostrea and Eumarcia species suggesting deposition in a 

marginal marine environment. The abundant slightly carbon-

aceous mudstones of the Mangakotuku Siltstone probably 

accumulated in sheltered coastal lagoons characterised by 

generally anaerobic conditions and penecontemporaneous 

leaching of most carbonate material (Kear and Schofield, 

1959; 

1968; 

Nelson, 1973). 

Studies of recent marine sediments (e.g. Keller, 

~ateev et al., 1969) show that while kaolinite is 

stable in the marine environment it is unlikely to form 

there. Thus the kaolinite is probably of terrestrial origin. 

PalDogeographic evidence indicates that kaolinite and poorly 

crystalline illites and chlorites could have been derived 

from the weathered Mesozoic sediments and their associated 

soils that bordered Mangakotuku depositional basin(s). The 

anhedr31 nature of 
. . • ' , • f-t n e l..L.l..l uB and chlorite (Pl. 3.6) scggests 

they sre detrital. 
Kaolinite was probably also derived from 

k · - , , · , - .._ r ,... ;::, 1 r,1 e a s u re s s e d i me n t s ( Ke a r an d the rewor ing or walKa~o Lu~~ 

Schofield, 1959). 
The grouth of euhedral biades of presumably 

k 1 . · · • n th Fi □□--· e s _oaces of one sample authigenic ao ini~e i, - , 

1 • h. 0 ri bv t~,e ac1·d solutions accomp 1s a,_ J -(Pl. 3.7) may have been 

which leached 
cnlcium carbonate from the sediments (cf. 

Keller, 1968). 
Of the m'on tmorillonite is more difficult 

The origin 

to explain. The absence 
of volcanogenic material in the 
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sediments would seem to rule out a volcanic heritage. It 

could be that changing climatic conditions across the 

Eocene-Oligocene boundary (Fleming, 1962; Devereux, 1967) 

led to the development of montmorillonite 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. While 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.1) rules 

out an early diagenetic origin for the Mangakotuku 

montmorillonite (cf. pp.93-94). 

The marked variation in clay mineral composition 

between samples of Mangakotuku Siltstones from different 

locations (cf. Appendix Table IV.1) relates mainly to the 

availability of kaolinite at a particular depositional site, 

particularly the proximity er otherwise of the kaolinite-

rich Waikato Coal Measures. 

Comparison cf the variable Mangakotuku clay mineral 

assemblages with those from the stratigraphically lower 

kaolinite-rich Waikato Coal Measures sedinents and ths 

stratigraphically higher montmorillonite-~~c~.,. 01 • -- ... igocene 

sediments shows that the Mangakotu~u depo~ 1·~L,s • 1 ~ are minera -

ogically transitional between Waikato Coal Measures and 

younger Oligocene sediments (Figs. 3 4 t 3 6) • 0 • • This ties-

in with prev1·ou~, stud1·e~ 1 K - ~ \ ear and Schofiold, 1959; Nelson, 

1973 ) a nd personal field observations which have shown that 



103. 

the Te Kuiti Croup represents~ t - - ransgressive sequence of 

sedi~Gnts from fresh water coa.L, measures through to shallow 

marine shelf deposits (Tabl 3 2) e • • 

3.3.2C GLEN MASSEY SANDSTONE TO OTOROHANGA LIMESTONE 

The clay fraction of Oligocene sediments is character­

ised by an abundance of crystalline montmorillonite (Figs. 

3.5 and 3.6; Pls. 3.10 - 3.13) that is generally absent 

from most other Cenozoic sediments. In addition, most 

Oligocene sediments also contain some poorly crystalline 

illite and lesser amounts of poorly crystalline heat-labile 

chlorite and mixed-layer clays (predominantly chlorite-

ver~iculite and/or chlorite-montmorillonite). The montmoril-

lonite-rich clay mineral suite persists, in general, through­

out the diverse array of Oligocene lithotypes and depositional 

environmGnts (Fig. 3~5). 

Detailed stratigraphic and lithologic studies of 

sedirn~nts of the Te Kuiti Group (Kear and Schofield, 1959; 

Happy, 1971; 
Nelson, 1973) have shown that the only major 

source 

ba::,ins. 

of terrigenou3 saterial for Oligocene sediments was 

,- cn,c.L'osi·ng the marine sedimentary 
lan~rnass par~iaiLy ~ 

· · - ~.-.,-~nRra_loc)' of Mesozoic sediments t.ne c1.ay - -- _, 

dominat8G by 
-r~,~,-~~ 8 ~ i·n tho Oliaocene deposits 

layer clays - is not 

(Figs. 3.5 and 3.6). 

~t.;; .!,.t;.:l.,,l... '"-' • ··- --

Moreover, the paucity of montmorillonite 

a purely detrital origin 

the Oligocene sediments. 
in the Mesozoic sediments precludes 

for the abundant montmorillonite in 

The absence of any general relationship between 

. t • b .. ; nn of clay minerals 
th freq uenc,,· dis ri u~~~ 

lithology 8nd 8 
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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 from 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 

montmorillonite, 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 

ranged from warm temperate in the Lower Oligocene (Lwh) to 

marginally subtropical in the Upper Oligocene (Lw) (Devereux, 

1967; Nelson, 1973, p.561). Some floral evidence suggests 

the climate was perhaps drier than at most othar times in 

the Cenozoic (Fleming, 1962, p.75). Despite some conflicting 

. ~ . '' . . .... eviwence as to ~no exact n2t~re of the New Zealand Oligocene 

climate (Fleming, 1975) c~n2ansus of opinion indicates that 

generally warm temperate cc~=i~icns prevailed (Hornibrook, 

The hi;hly calcareous and fossiliferous 

nature of the sediments (Fig. 3.48) testifies to a dominantlv , 

biochemical sedimentary re~~ma .,. :j .J.. •• e .. • Seclimentation rates were 

extremely low, averaoino onlv 1-2 cm/1 □ 0" ,1.,..s - ~ , •1.1.., L; ,~, and short 

periods of active sedimentation probably alternated with 

longer periods of slot.: deoosition . ' 
passing or erosion (Nelson, 1973). 

non-deposition, and by­

The small total volume 

of terrigenous material in the Te Kuiti Gr~uup sediments 
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indicates regional stability of the South Auckland area 

during tha Oligocene (Nelson, 1973, p.556). 

The exact nature of the Oligocene soils is unknown 

but a reasonable estimate of their mineralogic composition 

can be made by considering the soil types developed on 

Mesozoic sandstones and mudstones in New Zealand at the 

present-day under varying climatic conditions. 
The yellow-

brown earths constitute the most extensive zonal class of 

soils developed on these parent materials. Several sub-

classes are recognised within the average climatic limits 

of yellow-brown earth formation, their clay mineralogy being 

related to the intensity of weathering and the severity of 

leaching at the soil site (Fieldes, 1968; 

Weathering 
stage 

of soil 

Waal<ly 
weathered 
(6°c; 875 

1780 

j¥lodarataly 
waatharad 
(i1°C; 
1020-2540 

Strongly 
weathered 

mm) 

I 
I 

( 14 °c; 
121□-2s40 ffl;'!f'I 

Weakly 
leached 

( SD% base sat.) 

* Illita 

I Moderately 
leached 

I (30-50% basa 

* Illita 

. \ sa-c., 

Montmorillonite I 
Vermiculite 
~cntmorillonitg 
l(aolinita 

Montmorillonite 

l 

'I
i Montmorillonita 

Kaolinita 

i 

Table 3.5). 

Strongly 
leached 

The 

( 30% base sat.) 

.* 
Illita 
Vermiculite 

* I Illits 
Vermiculite I 
rlontmcrillonite , 
Kaolinite j 

I 
Kaolinita 

~ f clav minerals derived from micacao~s 
Table 3.5. The distribuwiont~ und~r varying weathering and leaching 
minerals in yallotJr-brown ear s Nelson, 1973). Illita* = illita 
conditions (after Fieldes, 1~;~; Leaching definad on tha percentage 
and/or intorlayerad hydrous '"...__a13. 

basa saturation sho~n. 
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evolution of montmorillonite is favoured under warmer 

climates and poorly drained conditions where metallic ions 

and silica released during hydrolysis can accumulate (Keller, 

1970), as is the case for several modern calcimorphic soils 

(Millot, 1970, p.111 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 following degradational 

pathways to montmorillonite (Millot, 1970, p.307): 

C --;. C-V ~ V ~ V-M --- f~ 

More intensive leaching may yield kaolinito and secondary 

silica. Treatment of selected Oligocene samples with KOH 

(Table 2.6) indicates that the montmorillonites are unlikely 

to have originated from micaceous matori"a1 ..... ... ..- . Any transformed 

montmorillonite in the soil horizons developed on ~osozoic 

sediments and subsequently +~an-nor-~orl ~~ 
""]... .,::\t--' \,.,,_ IJ "'u the Oligocene 

marine sedimentary basins would be stable within this new 

environment However, if pedogenically 

transformed montmorillonite was a major component of the 

(Millot, 1970, p.361). 

Oligocene sediments one might have expected to find more 

clay minerals intermediate in+ ~he soil transformation 
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soquonce to montmorillonite (cf, Fig. 2~6). It is concluded 

th at detrital pedogenic montmorillonite is only a minor 

co~ponent in the Oligocene clay mineral suite but that the 

s~all amounts of anhedral, poo~, ~ 11· ·11·t hl -~Y crys~a ine i 1 e, c orite 

and mixed-layer clays are most probably derived from the 

Oligocene soils (Pls. 3.11 and 3.12). 

Detailed studies (Nelson, 1973) have shown that 

during the Oligocene, the adjacent tectonically stable 

landmass was a source of dissolved chemical products for 

the marine sedimentary basins and that sedimentation in the 

shallow carbonate-rich seas uas extremely slow. Under 

conditions such as these, transformation to and neoformation 

of r.ontmorillonitic clay minerals is especially favoured 

(r-; i 11 Gt , 19 7 0 ) • Of the tuo processes the writer prefers 

~ -~1·nn -s -i·a~·1·nn th2 ~,,,aJ·or -Lnle in the developmen+ neo,orm:::v ..JI O i-' ; '':::, - - -- - V 

of Oligocene montmorillonites for the following reasons: 

(1) Th::: • 1 'F. oeneral paucitv of mixed-layer clay minera s l igs. 
~ , 

2.6 and 3 5' which ex~sctedly would be more common if the 
• I . 

mont~orillonitcs ue~e formed primarily by transformation of 

other clay minerals. (2) Tha occurrence of lath-shaped 

3.12 and 3.13) is 

typical cf 
Sand, 1956; 

KoteJ.::ikov, 
,., • ., ~ ~ 8 "', o .1' , , f i n e o r a in - s i z e o f '-"-'-"L Ill'-' j _._ _, 

(Pls. is suggestive of 

- 11 d•~• material, as demon-progressive development rrorn co~ o iai 

t synthesis (Beutelspac~er and Van der strated by labora ory . -

Marel, 1968; Millot, 1970, pp.336-354). (4) The occurrence 

of lou-temperature 

(Pls. 3.11 - 3.13; 

· t b li~- ;n the Olioocene sediments eris O a ~v~ ~ • ~ 

Appendix Tables III.land IV.l) supports 
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neoformation (cf. Jeans, 1968, p.323; Millot, 1970, p.201). 

(5) The consistently high crystallinity of the montmorillonite 

(Fig. 3.6) is considered to be more indicative of nooforma­

tion which gives rise in the first instance to a well defined 

crystal structure. Transformation, on the other hand, which 

involves the reorganisation of existing crystal lattices, 

might be expected to produce a range of crystallinities. 

Studies of the fixation of ions by clay minerals 

(e.g. Powers, 1957, 1959; Carroll and Starkey, 1960; Harder, 

1972; Sayles and Mangelsdorf, 1977) have shown that the 

absorption of Mg 2 + ions, a prerequisite for the formation 

of Mg-montmorillonite, is much greater at or near the 

sediment surface than at depth, where absorption of Kt and 

the development of illite prevails. Several studies (e.g. 

Burst, 1959; Dunoyer d8 Segcnzac, 1970) have shown that 

illite and also chlorite increase at the expense of 

montmorillonite during dlagenesis. It is probable, therefore, 

that the Mg-montmorillonite cf the Oligocene sediments 

developed at or near th~ ssdimsnt surface. .l'\ssuming that 

material all 

possible on 

the degree of saturation cf ~=~s in the marine environment, 

the d d • • l • • ' L... • egra ea minera~s u111 usgi~ agg:radational transforma-

,.io ·-1-h ~ t l-~ ns, Wlv t2s er raves under rnor8 saturated conditions. 

S tu d i es on c lay mine r a l s y n the s is by l'H 11 o t ( 19 7 o , pp • 3 2 3-

347) and Harder (1972) ~1ave shn1•n tL ~ "" d"t• _,., r1a~, lr con 1 ions are 

favourable, amorphous subs:ances and solutions will take 

part in neoformations of new clay minerals. Both workers 

emphasised the important l L( ro o ~11ot the chemistry of the 
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environment plays in then f t· eo orma ion of clay minerals. For 

montmorillonite to have been neoformed during shallow burial 

a magnesium-rich environment is a prerequisite (Harder, 

1972). This magnesium may have been supplied from sea 

water supplemented by the incongruent dissolution of 

skeletal magnesium-calcite close below the sea floor (Beu 

et al., 1972, p.279). Anaerobic conditions existing in the 

upper parts of the shallow burial zone may increase the pH 

to over 9. Experiments have shown that montmorillonite 

precipitation is enhanced by increasing pH, and in fact at 

20 °c d H9 f11 2 + ' t. f 30 • th an p a ,g concen-cra ion o ppm in e pore 

waters (cf. "average seawater" ~lg 2+ concentration approximates 

1000 ppm) may initiate montmorillonite neoformation (Harder, 

1972). 

In many clay mineral studies, the presence of large 

quantities of montmorillonite has been attributed directly 

to the alteration of volcanic material. The complete absence 

of primary volcanic material in Oligocene sediments of the 

r .. h ,",,cl,1:::,nd T'oqion r,r'->lson~ 1973). together with the .:..JOUl., ,,\.. ,,.i.. □ ... '"-"'_ ,, • ._,_ .,. ., 

absence of beds enriched in trioctahedral montmorillonite, 

• 1 b.nth1 , nA a~,,rl B species, minerals analcite and plagicc~ase or --- -

fcund ir1 
• ( ~ '"JQ\ 

this study to be indicativB of volcanism see fJ• ;._,/, 

probably 
rules out a volcanic heritage for the Oligocene 

montmorillonite. 
n • .!. ''-- :c::hsRnr.:::i of mineraloqic uesp11..e "C,:e ---- -~ _ 

Volcanic influence exists if 
evidence, however, a possible 

t • • D-r New Zealand in the 
a paleogeographic recons ruc~ion i u 

t t that transcurrent movement 
Oligocene is based on the ene 

not yet begun (Carter and Norris, 
on the Alpine Fault had 

1976; □ allanc8, 1976; Nelson and Hume, 1977). Such a 
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reconstruction (e.g. Griffiths and Varne, 1972; Griffiths, 

1973; \.Jellman, 1973; Carter, 1974) shows thnt the Oligocene 

b • f th t d a lay some 4° of latitude sedimentary asins o . e s u y are 

south of their present position relative to basement rocks 

on the eastern side of the Alpine Fault. The Oligocene 

sediments could therefore have had as their source Mesozoic 

sandstones and mudstones now exposed in the northern South 

Island, in the southern North Island axial ranges, and in 

the Herangi Range. Several small areas of volcanic rocks 

outcrop in the calcareous sandstones and mudstones of the 

Oligocene Esk Formation (Gregg, 1964) in the northeast of 

the South Island. It is remotely possible that these 

volcanics were a source of montmorillonite in the South 

Auckland Oligocene sediments, and that the subsequent 

Miocene illitic and chloritic clay mineral assemblages 

reflact the cessation of this volcanism and/or a relative 

northward movement of the sedimentary basins away from this 

soutcs by dextral movement along the Alpine Fault. However 

the writer considers that the volcanism associated with the 

Esk Formation probably played no part in the development of 

the montmorillonite-rich Oligocene clay fraction because, 

among other reasons, the Ountrocnian (Ld) age suggested for 

the Esk volcanics (Gregg, 1964) means they could not explain 

the abundant crystalline montmorillonita in the Llhaingaroa 

Siltstone of Whaingaroan (Lwh) age. 

The Oligocene was a ppri·od of , ~ 4 • 
~ genera~ LeCLonic 

quiescence and low relief, and vegetation flourished under 

a warm temperate to subtropical climate (Fleming, 1962; 

Hornibrook, 1971). 
Under these conditions leaching prevails 
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in profile and the major constituents reaching the 

sedimentary basins are dissolved ions (e.g. Ca, Mg and Si), 

the soil 

the most stable minerals (e.g. quartz) and the residues of 

clay minerals (highly degraded illite and chlorite). These 

dissolved constituents recombined to form marine chemical 

sediments dominated by carbonates, crystalline montmorillonite, 

and cherts ( d-cristobalite) (cf. Figs. 3.4 to 3.6). 

Although montmorillonite is the dominant clay mineral 

in most Oligocene sediments there are some exceptions. 

Limestones and sandstones of on-basement facies expectedly 

show a significant increase in the abundance of detrital 

~aolinite, illite and chlorite at the expense of montmoril-

lonite. Similarly sediments overlying coal measures (e.g. 

Mangapehi sandstones and Mangakotuku siltstones) show an 

increa;e in kaolinite and quartz, most probably as a result 

of reworking of the coal measure deposits. The relatively 

high content of kaolinita in sediments from the Awakino area 

(especially locality 28) is probably a function of their 

Ox,--;~v· +-~u th1 ,~ mnre ~ectonicall\,' active Herangi Range pr _ 11! ...:_ L,..,., '--' - - -

\elson, 1973; Nelson and Hume, 1977). 

· · · • .:. he " • • ::1 1/ ; n o a re a -, b · ...J n...-:~oa ~an ..... -=- - 1 = ,n v nwo~ .. 
1 ne , anaeL.1 .~;u'-- J ;.,_.;_J-.J_, , ,_ -

J. • 
c □ nL.a1.ns 

t ,1· illite _and 
.,_ , ., 0 11.·n; +-a :::"'°' ''""rv :J □ orly crys a.1. ine a b u n d an '- ;< c... - - • ~ - ~ - • • ~ • ~ • • 

· .. -.:.h .:.he cla•_t mineral assemblages of 
chlorita. Comparison w:.:...a...., .... -

d .1. 1\.i.e 0 montmorillonite-rich sand-
massive Aotea san 5..,onas 

.stones), 
· ~h-~ tho ~aoljnite has formed by the suggests l., I at.., I I - ., p 

acid 

leaching of 
.1. or1.'llnniti~ and chloritic material in man .._,rn ~ 1 - ~ 

"normal" montrnorillonite-rich composition. 
sandstones of 

This supports 

II . . . . results 

the contention that the banded 
Aotea sandstone 

· f calcium carbonate 
mainly from active leaching o 
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( ma in 1 y c em e n t ) f r om o u t c r a p s a t t h e P r e s e n t d a Y " ( ri e l 5 0 n , 

1973, p.5!4). Some samples containing glauconitic material 

show an increase in illite abundance at the expense of 

montmorillonite in the clay fraction. Such s8diments 

generally occur as intensely burrowed basal facies (e.g. 

basal Aotea Sandstone lithofacies). Nelson (1973, p.462) 

suggested that the low sedimentation rates and reducing 

conditions occurring in these facies may have favoured the 

uptake of K+ and Fe 2+ into montmorillonitic lattices 

thereby promoting their transformation to glauconite. 

3.3.3 LOWER MIOCENE (MAHOENUI AND MOKAU GROUPS) 

The clay mineralogy of Lower Miocene sediments is 

characterised by montmorillonite and crystalline illite, 

with minor mixed-layer clays and crystalline chlorite 

(Figs. 3.5 and 3.6; Pls~ 3.14 to 3.17). Abundant kaolinite 

is restricted to the Coal Measures. Compared to 

the Oligocene Sedl.m1•Pn.:..~ +h~ i ow10 ~ r,r,· d ·t t • 
,._ '""', --••,::, ~· -i. ,iocene ·epos.1 s con a.in 

less montmorillonite, whic~ is also of lower crystallinity, 

and show a marked in~roa~c i~ ~~~h 
' - - --'•-•~• -•• ....:Ut_,,f illite and chlorite 

abundance s. n d c :r,, s t ;:, 1 "1 -; ..... ~ ~ ,, ,.Y .,,c..t ___ ,;-•..,..,;" together 

with the a~pearance of crystalline chlorite pp .44-51 

and Fig. 3.7), a mineral scerips no+ p-or~nL • 01· , --- , ~ .1.c."'c"" in igocene 

sediments. Through the Low~r ~i·u-·~--ne ~cr'~m ' L• • 
• -·- ' - ""I wbU.l.1.encs l,nere .lS 

a systematic rle~rease 'nth- • · • ~ ~ • ~. ~ aouncanca of m □ ntmorillonite 

and an increase in the content of cry~~~i-lin ·11·.:.. ~v~ ~ 8 i~ ll,8 and 

chlorite and oP, • d 1 mixe -~ayer clays. These cha~ges persist 

th rough all size fractions ( . Fig. 2.6). 

Possible origins for the Lower Miocene cl3ys include 
their being detrital from sedimo,~·ts 

""• •J and soils on the adjacent 
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Lower Miocene landmass(es), or transformed and neoformed 

in the marine sedimentary basins and/or during sediment 

diagenesis. 

in turn. 

This section considers these possible origins 

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 

h a s u n d e r g on e ad van c e d we a t he r i n g ( c f . p . 56) • These features 

strongly suggest that the majority of illite and chlorite 

in Lower Miocene sediments is detrital. Both scanning 

electron microscopy (Pls. 3.15 and 3.17) and thin section 

exanination 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 originated via the transformation of 

micaceous material, either in the soils of the source area 

or during subsequent sediment d . . 
iagen2SlSo Thin section 

examination indicates that the high concentration of clay 

mine~als in bulk 1 / .- • Saii1p.!.eS \J lQ • 3 0 48) is caused partly by 

· t f i_11i~,.e ~r,,rl chlo~ite in the silt and increase □ amoun so - ___ ~ -

sand size fractionse The decrease in the content of calcium 

carbonate (Fig. 3.48) coupled with the increase in abundance 

~ (~.i.:g. ~.17',,, on passing from the Oligocene of rock fragmen~s , ~ -

into and through the Lower Miocene sediments testify to a 

• h • l t a more detrital change from a predominantly bioc ,emic2 o 

sedimentary 

in plagiocla 

regir.ia. From thin section data, the increase 

se feldspar content shown by bulk mineralogic 
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analysis reflects mainly an increase 

abundance (cf. Figs. 3.4A and 3.17). 

in rock fragment 

If Mahoenui Group 

detrl.·tal from hinterland sediments, they would 
clays are 

have as their source Mesozoic sandstones and mudstones and 

d . t rocks that probably flanked 
possibly Oligocene se imen ary 

the north-south trending Lower Miocene sedimentary basins 

(Fig. 1.3). Data from this study and others (e.g. Fieldes 

et al., 1968; Nelson, 1973) show that direct erosion and 

breakdown 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. Llhile these clay minerals are present in the 

Mahoenui clay mineral suite, they are in general less 

abundant than rnontmorillonite. Thin section analysis of the 

Mahoenui sandstones reveals the presence of sandstone and 

mudstone 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 (McQuillan, 

1977) suggest that during Mahoenui deposition, the present 

day Mesozoic basement outcrops may have bean sufficiently 

elevated to provid8 elastic material from both the e2storn 

and western margins of the north-south trending Mahoenui 

Basin. The abundant montmorillonite in the Mahoenui sedi-

ments cannot, however, have been derived from direct erosion 

of Mesozoic sediments l,Fi·g. 3 5) . . The present areal 

distribution of Te Kuiti Group sediments shows they probably 

cropped out to the west, no th d r , an east of Mahoenui sedi-

mentary basins (r 1• 1 3 ) g. • • Furthermore, oil well d2ta 

demonstrate that Oligocene 1 ca careous sediments, presumably 



115. 

montmorillonite-rich, were also more extensive to the south-

east (McQuillan, 1977). Direct erosion of these Te Kuiti 

Group lithologies would have supplied crystalline 

montmorillonite to the Mahoenui sediments (Figs. 3.5 and 

3.5) and would possibly also account for the locally common 

occurrence of calcium carbonate in the same sediments 

(Appendix Table III.1). 

Thus contemporaneous erosion of the. Mesozoic and 

Te Kuiti sediments could explain the clay mineral assemblages 

in the Mahoenui sediments. The less crystalline nature of 

the montmorillonite in the Lower Miocene mudstones comp~red 

to that in the Oligocene mudstones is considered to reflect 

degradation of the montmorillonite during pedogenesis and 

transport to the marine sedimentary basins. Moreover the 

lowered crystallinity uould suggest that the pedogenetic 

development of montmorillonite on the adjacent landmass was 

not favoured. 

In the c2ntral northern parts of the North Uanganui 

Basin J..' ,.,ne Taumatamaire calcareous mudstones were deposited 

• ato- o'np~hs q_~A~ter than about 100 metres (Happy, 1971, in w --- •- "" _ - ~ 

Except for the presence of cr ystalline illite and 

some shlorite in these ~udstonas their clay mineralogy is 

• • • - to -1-l. 1·nri-t-. or.~ 7.h . . e u·•_i igocene muds tones, being very si :n 1..1.a.i. - -- -

dominated by moderately • ·1 • J.. or= 11 -ni·te cryst.a.L_ine mon ... m .;..1.J..u, , 

d • + T,n· P gre3t • ' • ' 1 .c-1 rnm_ .. , n_1 1 OOCBn8 S8 lfil8n c.S • -derived mos~ procao~y - - --

- d. -1- i·~, t ~1R ,.,J·.c 1·n.;.=tv of Ohura, whore 1384 m thickness or se imen,., ,, 1 - • 

of 
• -1- • -~ad in nno oil well log, f"]ahoenui sed.1men,. is reco1.u~ ~, ~•-~ is 

( 5 ) to be the result of an east­considered by Glennie 19 9 

ward downfaulting along the Chura Fault. 
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In the western North Llanganui Basin adjacent to the 

T t • dy n1udstones and inter-Herangi Range, the auma amaire san 

bedded sandstones and limestones were deposited in water 

depths shallower than 100 metres (Happy, 1971, p.104). 

Compared to the more central mudstones, these sediments 

contain larger proportions of illite and chlorite relative 

to montmorillonite. In addition the illite and chlorite is 

more crystalline, the sediments contain kaolinite, and the 

mudstones are typically more sandy and contain more quartz 

and feldspar relative to calcite. These characteristics 

can be attributed to the adjacent Herangi Range being 

uplifted during deposition of the Taumatamaire sediments 

(Happy, 1971, p.118; Nelson, 1973). The slightly increased 

quantities of montmorillonite in the limestone units of the 

Taumatamaire Formation (Appendix Table IV.l) probably 

reflects the deposition Of these units during periods of 

minimal influx of detrital (illite and chlorits) material. 

In the eastern North Ua~ganui Basin, Mahoenui flysch-

type sediments were daposited in 

Tha great thickness af thes2 r;:,,..,~rnonts ( > -,7:-, '\ t' . .:o-'-'~•··~ tlL-um 1 , neir 

relatively high sedimentation rate (Nelson and Hume, 1977), 

the narrowness of the trough, 

faults and basement highs in the regions, suggest that 

deposition and basin subsidence were p-irn~-r~ 1 ·, 
..__"_c:.1 __ _.,_~, controlled 

by contemporaneous tectonics. r 1 cnn· (•n-9' 
~ u..1.t.;,, le ..L:;-:J J suggested 

that th e sediment uas derived c.,...o • , ~ma maJ □ r Lower Miocene 

river mouth to the north. The ~1':>y f .1.. • 
" t.. a rac1..1on of Taumarunui 

sediments shows relatively h" h 
1 9 concentration0 of koolinit0 
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and illite in the north as compared to the south, where 

montmorillonite do • t mina es (Fig. 3.10),. Similar lateral 

Fig. 
type 
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Kaolinite 

Illite 

Montmorillonite 

Ji Chlor ite -.•,. 

:.:J Mixed-layer clay 

3.1 □. Lateral clay mineral distributions in the flysch­
Taumarunui Formation. 

varistions in ~lay mineral abundances have been used by a 

number of writers to indicate directions of sedirne~t 

transport (e.g. Shover, 1964; Parham, 1966; 

1966), and it is possible that 
, . ' c.1.a·:/ minera1. 

Taumarunui sediments may be used likewise. 

Porrenga, 

trends in the 

Because of this 

it is pertinent to review the factors that can cause such 

variations in sediments. 

Systematic trends in clay mineral abundance in 

sediments have been attributed to the processes of chemical 
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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 (1958) 

attributed clay mineralogic changes in Mississippi River 

delta sediments to transformation of part of the montmoril­

lonite fraction to illite by K+ uptake within the montmor-

illonita 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 flocculation can occur when clay particles are 

transported from a non-marine to a marine environment. 

Clay minerals normally 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 stability of this layer is 

dependent on the ionic concentration of the surrounding 

water, and as the ionic concentration rise~ ( · ~- ,a.g. on 1:1oving 

there lS a. 
from a non-marine 

tendency for clay particles to flo~-L.,·u1~~o the ,_ ....__i..,,,_, •I readiness 
• .._ h h • 

wi" Wi ich clay minerals flocculate depends 1 
on a comp ex 

array of factors including ionic concentration, susponded 

sediment con~ ~ t· 
• - 9 n~ra· ion, water turbulence, water temperature 

and the concentration of various 

complGxes in the medium (U 
- • ·eaver, 1958a; 

carbohydrate and organic 

Whitehouse et al., 
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1960; Gibbs, 1977). In 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 

cl3y materialse These explanations would support Glennie's 

(1959) argument for a northern source for the Taumarunui 

. d. .l.-f lysch-type se imen~3. The sampling density in Taumarunui 

sedimonts w2 s too lo~ ~a ccnfirm the relative importance of 

• • • • • 1 ='neral d.1·stributions. th 3 _=, '==' ;Jr o c es s es .!. n :: e:: e rm .1 n .1 n g c a y i;;.:.. , -

Furthermoro, pale □ ;3 □ ;raphic and petrologic data suggest 

• or.~ the montmorillonite in the flysch it i~ p=obajle tr.at sons 

.. -~-'- _ . ·as r-l::,-, ,,,::,r- 'JV t;-, 8 slumping of montmorillonite-se:J..i.r:7~:, ...,::, Lu ........... J.. ... v-- • ,; 

. , , ·-a ... ain-i· -n ~hpl f sedinents on the western flanks of r.1cn ,aL;;: L, ,a,..~ ~ ~-

the trough~ 
chlorite and mixed-

Mesozoic ranges in the east. Such multiple sources could 

account for the 

sodiments (cf. 

• , of the Taumarunui variable clay minora~ogy 

Appendix Table 
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The Mahoenui sediments are dominated by mudstones. 

Evidence already presented suggests significant relief and 

rapid mechanical erosion were characteristic of the early 

Lower Miocene (Nelson and Hume, 1977). Under such conditions, 

the Mahoenui Group would be expected to contain an abundance 

of coarser terrigenous material. This apparent ambiguity is 

considered to be largely provenance-controlled. In the 

western part of the study area, Mesozoic sediments are 

largely relatively incompetant Jurassic shelf mudstones 

and muddy sandstones (Kear, 1971). These sediments were 

deeply weathered during the Cretaceous and early Tertiary 

(see pp.99-100 ), with thick soil development (Fieldes 

et al., 1968). Oligocene sediments are largely biochemical 

products with the terrigenous fraction being dominated by 

argillaceous products& Earliest ~iocene tectonism would 

have resulted in the stripping of these Mesozoic and 

Oligocene sediments as fault blocks were elevated. The 

abundant terrigenous muds probably accumulated rapidly in 

both nearsho~e and offsho~~ e7vironrnents f·l c Cava , 19 71) • 

p OS S i D le S O U r C 2 S f C r .... - .;.. - • .;... 1 "1 I r c.;,::: ... .:. J.. .. a.L ;', □ "au L,roup clays 

include the same Mesozoic sa~jst~nes and mudstcnes and 

Oligocene sediments that ~s=e sources for the Mahoenui clays. 

In Mokau times, the restriction 

west of the Dhura Fault and the 

in thickness, 

conglomeratic intervals 

provide evidence of the ~ , f 
con~ro~ o Mokau 3edimentation by 

renewed mov t '· emen s on the Ohura Fault. 

as the nh,.,..c:, ,- - •• 
Ii ui,,__,.a r au1.t. l.S appro2ched, 

not ,-j • h t e u -c , ' a t h o e a s t e r n d own t h r o L.1 

McQuillan (1977) 

on th a Dhura Fault in the 
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late Oligocene - early Lower Miocene, which gave rise to 

th e thick Mahoenui sequence, was reversed in the late 

Lower Miocene such that sedimentary thinning, and erosion 

became the mode. It is likely that there was considerable 

reworking of Mahoenui sediments because of uplift of 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 Dhura 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 

shallow, nearshore conditions. The montmorillonite in the 

sandstones is probably mainly detrital from the readily 

erodible shelf and flysch-type Mahoenui sediments and 

perhaps also Oligocene mudstones that were elevated both 

to the east of the depositional basin by movement on tha 

Ohura Fault and to the north by movement in the vicinity of 

the Piopio Threshold (Fig. 3e3). The lower crystallinity 

of the montmorillonite in the Mokau sediments compared to 

that in the source Mahoenui sediments is considered to 

reflect minor degradation cf the montmorillonite in the soil 

profile. The Mahoenui and Oligocene mudstones east of the 

Ohura Fault probably flanked the western margins of high 

Mesozoic basement ranges. The headwaters of rivers travers-

ing the exposed Mahoenui and Oligocene sediments probably 

tapped these Mesozoic sediments which supplied crystalline 

and ml·xed-lauer clays to the Mokau illite and chlorite J 

sedimentary basins. Landmasses to the north and west 
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probably supplied similar detritus. 

The clay fraction of Maryville Coal Measures sedi-

ments contains abundant kaolinite and poorly crystalline 

illite, scarce mixed-layer clays and poorly crystalline 

chlorite and montmorillonite (Appendix Table IV.1). The 

bulk samples contain quartz and a high content of kaolinitic 

clay minerals (Appendix Table III.1). The kaolinitic sand-

stones and mudstones are associated with abundant carbonaceous 

material, including coal at certain horizons. The Maryville 

Coal Measures are considered to have been deposited when 

paralic conditions developed on wide plains built up of 

Lower Miocene sediments (Henderson and Ongly, 1923, p.72). 

The clay fraction of Maryville Coal Measures sediments is 

unlikely to be detrital from pre-Mohakatino lithologies 

for, with the exception of the lowest Te Kuiti Group 

sediments, these lithologies are kaolinite-poor. Maryville 

Coal Measures sediments are strikingly similar in composition 

and occurrence to Waikato Coal Measures sediments, suggesting 

a generally similar crigin9 The kaolinite in the Waik2t □ 

Coal Measures is considered to be in part detrital from 

soils developed on Mesozoic sediments, and in part trans-

formed from sediments that undo~wen~ ari·d ,aachi·ng 
_..., V - J........ 11 I generated 

by carbonaceous material (cf 9 pp. 97-100). It is unlikely 

that Maryville Coal Measures clays are predominantly 

detrital from soi·1.'s d 1 d t eve ope on he adjacent landmasses 

as, compared to Waikato Coal Measures timec th 
~, e more 

temperate cl· t· d ( ima ic con itions Devereux 1967• u ·b k 
, , r1 or n 1. r o o • , 

1971) and the sho~ter peri d ft· ( 
6 0 o ime cf. Birkeland, 1969) 

uould hav b • e een much less conducive to k 
aolinite genesis. 
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Thu predominance of quartz and kaolinite associated with 

abundant carbonaceous material is strongly suggestive of 

~aolinite formation by in situ leaching associated with 

tho passage of acid pore waters through 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 

Mokau sandstones. However, the higher proportions of 

illite and chlorite relative to montmorillonite in the 

Upper Mokau sediments suggests that the Mesozoic sandstone 

2nd mudstone provenance was ~ore dominant. 

The Louer Miocene climate was apparently mainly 

subtropical (Devereux, 1957; Hornibrook, 1971; Savin, 

1977), with some flor2l evidence suggesting a higher rainfall 

co~pared to the Oligocene (Fleming, 1962). There is 

·d bl "--l +-o 1·nr1;ca~e -t-h::if-. 1·n contrast to the consi era e ev1wenc3 -· u- ~ w --

0 , • n e t ,h, P L owe r f·: i :::: c e n e w a s a p e r i o d o f mo r e a c t i v e .L1goce - -

tactonism (Ballance, ~S 7 6; Nelson and Hume, 1977). These 

~onc~h-- w.,_=~h =i~or~locic evidence, suggest that l.., _J ':::j .._. :... : f '=! }_ I,..., I I 1, I -~ • - - __., ~ 

~ech~nical erosion cF L=lands would be pronounced, soil 

Clay 
. , minera1.s weathered from 

parent rocks would have mainly by-passed the soil profile 

and 1-. • rar,,:...l1_, ~,uc::hPd to the marine basins~ :iave oeen r--'-U-'-.Y , ~ ~ -.~ 
The 

l . . •• -~ nd rhio~=te · b - .J - - •- 0 r c ~ ,; '° +- <'l 1 , n e 1.1. .1 J. .., e n.. . ~. , ~ J. J. , increasing a u,,wa,,L,t-; ·, -1,_,..., __ ..J,,. • 

Sands tone and mudstone rock fragments in Mahoenui 
and also of - w 

d • • sucn':::Jests that the Oligocene through to Mokau se imen~s, ~ 

b 1 ss important relative to the sediment source ecame c 

r,e .s oz oic 
mud.stone source as time proceeded. sandstone and 
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There is little evidence to support an authigenic 

origin for the clay minerals in the Lower ~iocene sediments. 

If the minerals were of transformational origin, larger 

quantities of mixed-layer clays would be expected (Fig. 2.6). 

The Lower Miocene montmorillonites are unlikely to be 

neoformed as the clay fraction contains no lath-shaped 

particles or aggregates of montmorillonite, no ol-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 volc3nogenic 

material (Table 3.6) in the sediments precludes a volcanic 

heritage for the clay mine~al assemblages. 

The similarity of clav, mineral assernbla □ P.~ b t "'-~ e ween 

concretions and their host mudstones is taken to indicate 

that the Lower Miocene clays are u l"k l · h . n i ,e y ~o ave formed 

Middle Miocene se~_;-.... P __ - .. ~s · - - -- are considered to have 

accumulated slow1v ~, in a v2.ri2t:f of shallow subtidal 

environments (Hay. 1967; 

variety 

mineral 

of lithologies, 1 T~~,~ ~ 3, ....... u_.._ ...... • J 

assemblages (Figs. 3.5 and 

They consist of a 

displaying 

3 .. 6 ) • The 

variable clay 

sediments are 
unique in as much as 

they contain much ~~~ps:ti·c t f~ ~,,...,_ .... u I aceous 
material , 
anomalies 

the source of which is inferred 

to have been a volcani·c complex 

from magnetic 

offshore from Awakino (Hay, 1967; 
Hatherton, 1968). 
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The tuffaceous Mangarara, Purupuru and Omoao 

Formations have distinctive grain fabri'cs (Pl 3 18 , 20) - • s. • - -· 

and mineralogic compositions (Pl. 3.21; Table 3.6) 

Sandstone Mudstone 

Plagioclase > Clay rninarals > Clay minerals> Plagioclase >-

Bulk 

Sample 

Clay 

fraction 

Quartz Quarte 

Plagioclaae A~ Plagioclase 8 Plagioclasa A>) Plagioclasa B 

Characteristic accessory 
minerals 

- cl.. -cristobalite 
- Analcite 
- Amphibole 

Illite 

- scarce 
- lo~ crystallinity 

Montmorillonita 
- abundant 
- high crystallinity 
- trioctahsdral 

Accessory minarals sometimes 
present 

- ol -cristobalite 
- Amphibole 

Illita 

- abundant 
- high crystallinity 

Montrnorillonite 
- scares 
- lo~ crystallinity 
- dioctahedral 

T bl- ~ 5 ro~.,,nari'son of the mineralc~ic properties of a e ..J. • ~ - - _ ' • d b ".-D v □ lcanocenic sandstones nnd mudstones as determine Y AH 

anolysis. 

• • • • ' , • • .L • a r .L z ... a +- ; n C a n d b ,,. characterised oy nign p_ag.1.cc..'..ase L. □ qu " • ~-~;:, J 

the presence of cl... -cristcbalite cement (Pls. 3~18 and 3.19), 

analcite and 
The clay fractions 

.L :11 ·t le-:.--. ~ t;• contain abundant monl,mor.1..,_.!.on1 e ,._, -'-'::i• ..., .. -, 
Pl. 3.21)~ 

The mineralogy of tuffaceous sandstones contrasts 
markedly 

rl .1. a fundamental 
uith that of interbedded mudstones an~ suggesvs 

difference in origin. The volcanogenic character 

53 ndstones is indicated by their bulk mineralogy 

and by the 
abundance of andesitic rock fragments 

of the 

(Table 3.6) 

in the 
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sediments (Fig. 3.17). Fabric analysis and thin section 

examination show euhedral feldspars and clay material 

cemented by ol-cristobnlite (Pls. 3.18 and 3.19), and both 

the bulk mineral and clay size fraction contain an2lcite. 

Tuffaceous sandstones contain very abundant 

crystalline, iron-rich, trioctahedral montmorillonite 

(Table 3.6). In sediments examined in this study, this 

mineralogy is unique to volcanogenic sandston0s. If the 

clays in the sandstones were detrital from the Mesozoic 

to Lower Miocene sediments, one might have expected them 

to contain dioctahedral montmorillonite, crystalline illite 

and chlorite and mixed-layer clays (cf. Figs. 3.5 and 3.6). 

There are several features that suggest the trioctahcdral 

montmorillonite is authigenic. The montmorillonite is 

highly crystalline (Fig. 3.6), lath-shaped (Pl. 3.21 cf. 

Pls. 3.11 - 3.13), ubiquitous in some samples (cf. Almon 

et al., 1976; Uilson and Pittman, 1977), and is also 

associated with o(-cristobalite (Pl. 3.18; Jeans, 1968) 

and analcite Deer, et al., 1967). 

~Jany writers 1953; r,1 i 11 o t, 1970; Almon et al., 

1975) have described the ' 1 + oeve~opmenv of mont~orillonite from 

glassy volcanic material • +h in ..,; e ~arine environment. It 

appears that volcanic glass mav, b • · e improverished in ~2ticns 

until the disordered lattice attains a st 2 t 9 favourable 

the growth of montmorillonite crystals. Millot (lg?o) 

described this process as neoformat1.·on 
by subtraction. 

to 

This 
chemical reorganisation takes place 

so readily in the marine 
environment that volcanic glass mav 1 

J a ter to montmorillonite 
even during sediment transport, and lt a eration is certainly 
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well advanced by early diagenesis (Dunoyer de Segonzac, 

1970, p.293). Mineralogic data suggests that montmorillonite 

formation took place prior to ol-cristobalite formation 

(Pl. 3.19) and during, or soon after, sediment deposition, 

as ~-cristobalite is normally early diagenetic in origin 

(Iijima and Utada, 1966, p.337; Misutani, 1970). In 

sediments where alteration takes place in situ montmorillonite 

may be pseudomorphic after glass shards (e.g. Coombs, 1960); 

no evidence for this is seen in the Mohakatino sediments. 

A literature search produced two other studies (Aoyagi, 

1967; Almon et al., 1976) in which tuffaceous sandstones 

show distinctive clay fraction mineralogies. In both these 

studies the montmorillonite was considered to be authigenic 

and to have formed from glassy volcanic material in the 

marine 
. ,_ environrnan1,; however, naith8r study distinguished 

the montmorillonite as dioctahedral or trioctahedral. 

Aoyagi's (1967) work is poorly documented, but Almon et al. 

(1976) presented che~ical data which suggested that the 

neoforrned and reflected the 

chemistry of early :ta;e pore fluids. It is therefore 

~h,~ +h~-'- thQ ~~1~~-~;ch trioctahedral crystalline p C S S -'- ...., .,_ ~ " • , ·- '-' ~ ~ ' -· • "' - ~ 

· ·1i·~n·_·t" 0 P •~p ~ oha~a+ino tuffaceous sandstones m on -cm o :- l ,_, ... L o • - , ~ , . • • • " - -

were tho • • • 1 -'- -a-'-i"on of p:roduct of' ths early d:i.agenet.ic a.L ... e ... " 1 

• • on-'- perhaps glassy volcanic material in the marine environrn- l,, 

- • • ~ 11 d '--j+us The illite, originating fror:, volcanic airra~- el,-'--" • 

c h lorite and montmorillonite in the larger size fractions 

of the same 
_, (Fi·g 2 6) are probably detrital from samp.,_es . • • 

the erosion of onshore pre-Mohakatino sediments. 

h • data suggests that the Mangarara Petrograp .1c 

calc.::ireous 
1 . ~onec had a mixed sandstones 3nd rare imes... J 
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provenance that included pre-Middle Miocene sediments and 

Mohakatino volcanogenic products. Compared to the Mangarara 

and Purupuru sandstones, the clay fraction of the overlying 

Omoao sediments contains smaller amounts of crystalline 

montmorillonite and greater quantities of more crystalline 

illite and chlorite . Llhile the Purupuru Formation was 

. formed during a period of intense volcanism, the Dmoao 

sediments represent products derived mainly from the erosion 

of pre-Mohakatino Tertiary sediments intermixed with 

pyroclastic material supplied during the dying phases of 

volcanic activity. The massive, porous Omoao sandstone 

(i.e. Om: 10303) contains analcite which is suggestive, 

at least in part, of a volcanic origin, but unexpectedly 

the clay fraction is dominated by illite and chlorite. The 

permeable nature of this sandstone, and the low crystallinity 

of the illite and chlorita, suggest that extensive leaching 

has taken place so • ' J. tna.., any ~ontmorillonite originally 

present would have been degr2ded to illite. 

The more volc~nogenic character (cf. Table 3.6) 

of western Mangarara and Pur~~uru sandstones supports the 

western source □ ran. osed fc:- t:-;e "'7lr.ani· cs • c ( ' 
, r- ..,_ - oy -lennie 1957), 

Hay (1967) 

The clay mineralogy of tuffacsous mudstones differs 

markedly from that of tufface □ llS sa··ndc,f-nnos (Ta• , 
- ~v~•,~ I 0..1.8 3.6), 

suggesting a different origin for ~ha ~1~v ~:n -
1
-

..... v L.., ~""" ✓ 1:1 ~,, e .L a s • 

Crystalline illite is dominant~ ' 
• ano crystalline chlorite, 

dioctahedral montmorillonite of 
medium crystallinity and 

mixed-layer clays are subequal in 

Figs. 3.5 and 3 6' • ,. The mudstone 

abundance (Table 3.6; 

fabric (Pl. 3.2 □) 1 nnd 
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th2 abundance of anhedral illite and chlorite, suggests 

these minerals are detrital. Together with montrnorillonite 

(and mixed-layer clays) they were 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 ol-cristobalite may indicate the 

montmorillonite is neoformed (cf. p.107). However, the 

mudstone montmorillonite is notably less crystalline 

compared to the trioctahedral montmorillonite of the 

tuffaceous sandstones. Thus montmorillonite in the tuffaceous 

mudstones is perhaps polygenetic, originating from the 

reworking of both subaerially exposed Mohakatino tephras 

:,nd pre-r·1ohakatino non-volcanic sediments. The lower 

crystallinity of the montmorillonite in the mudstones 

compared to tha sandstones perhaps reflects a mixing of 

crystalline neoformed volcanogenic montmorillonite and less 

crystalline cietrital montmorillonite. Furthermore treatment 

with KCH su;gests the montmorillonite is 

unlikely to have bee~ transformed from micaceous material. 

The younger members of the Mohakatino Group (Ferry 

c1nd 
· ' - ...... t~-"' ,.. U"-' 1 T::ib 10 3 ~, Tawariki Mudstones; are nun-~u 1a~eo ~ \•- ~- •-I• 

In general their clay fraction is similar to that of the 

e a r l i e r f\1 o k a u 

the abundance 

+ ,,._. h tn' ere .L=s an increase in sedimen~s, a.Lvhoug. -

and crystallinity of illite and chlorita 

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

chlorite is 
,._ d by thr1i·r anhedral form and by clumps supporve -

· 1 between grains of quartz, feldspar 
or books of clay m1nera s 

3nd rock fragmants (Pls. 3.22 and 3.23). 
The abundance of 



130. 

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. Montmoril-

onite is unlikely to have been formed by the transformation 

of micaceous material (cf. Table 2.6). Montmorillonite, 

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 Viesozoic 

or Tertiary source sediments. 

Variations in sand/shale ratios indicate that land 

masses east and west of the basin supplied elastic sediments, 

particularly from the northeast and from the Herangi Range 

area in the northwest (McQuillan, 1977). Intraformational 

slump structures in Middle Miocene sediments adjacent to the 

Patea-Tongaporutu Gravity High (Henderson and Ongley, 1923) 

suggest local tectonic movements throughout this period, 

which probably aided erosion and reworking of Mesozoic to 

Lower Miocene sediments. 

UPP C"I'") r111n,...t-l\'~ TO P' To-~,....~,~ '"'T -
i...r, , 0 i..., '- , H. L 1. L.. , i J ~ " 1 ·; 1 • r:: E s s t:... r.J c E R s A i~ o s T o ~ ! E , 

URENUI SILTSTONE, MATEMATEAONGA SA~DSTONE A~D 

TANGAHDE MUDSTONE) 

The clay mineralogy of Upper Miocene to Pliocene 

sediments is characterised by abundant crystalline illite, 

common poorly crystalline montmorillonite and crystalline 

chlorite, scarce mixed-layer clays and rare 
kaolinite 

(Figs. 3.5 and 3.6). 
With decreasing age the sediments 

generally show an • . 
increasing amount of montmorillonite 8nd 

a d • 
ecreasing content of illite and chlorite ( 

Fig. 3.5). 
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Possible origins for the Upper Miocene to Pliocene 

clays include their being detrital from sediments and soils 

on the adjacent landmass; transformed or neoformed in the 

~arine sedimentary basins and/or during sediment diagenesis. 

A detrital origin for the 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 relationships which show clay material 

coating, and in packets between, sand and silt-size minerals 

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

montmorillonite in these sa8ples is unlikely to be neoformed 

as it is of low crystallinity (Fig. 3.6) and lath-shaped 

particles are rare. Furthermore the ~ontmorillonite of 

Upp2r niocene to Pliocene clays is unlikely to have been 

tr ~n~Co--nJ cir"~ m-,i·c2~POIJ'S material (cf. Fig. 2.6). ,::, '-'' ;., .. c-w '-''" -- Scanning 

electron ~icrograph a0d thir. section data suggest that the 

abundar1ce of clay minerals in bulk sediments (Fig. 3.48) 

is duo to t~e common occurrence of coarse-grained detrital 

micas and chlorita • • .,_ (p• ..., 32 1 _i__~ :h2 seo1.man~s \! .L. J. 1 as well as 

• c d. .,_ y and volcanic rock tho relatively high = □ ~~ant 01 se imen ... ar 

sediment was supplied to the 

North 
to the south 

and 
.,_ • 1 con.,_1.nued to be suo, pliod .,_ .. h ; 1 8 t , , P f a c e o u s :-:, a ,., e r 1 a ,., wes;..., w,•-J.. '-JI 

d cP h--e c-nm tho present Taranaki l ~-::,ni·c"' c □ n+-re □ 1 • s,,ui. ; .i.~" from VO ~ 0 • ~ ~ w 

coast (Hay, 1967; Hatherton, 1968; McQuillan, 1977). To 

/ l • c the Patea-Tonga-strong uclift and or f ex1.ng 01 • the west, • 

Hi'qh at the beginning of Mt. Messenger times is 
porutu _ 

indicated by spectacular slu~p structures and conglomerate-
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filled channels in the predominantly sandy Mt. Messenger 

sediments (Glennie, 1958). 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 northern boundary of the 

Basin is unknown beyond the present limit of erosion 

(Fig .. 1.3). Urenui ti~es saw the deposition of predominantly 

mudstones and a decrease of activity of the Patea-Tongaporutu 

High which was eventually buried, althou~h the Pipiriki High 

persisted as a southern barrier (McQuillan, 1977). Rare 

tuffaceous beds in the Urenui sequence (Pl. 1.21) indicate 

that volcanism continued at this time. As the depositional 

basins shallowed, mudstones were replaced by more sandy, 

gravelly and shelly facies of tha Matemateaonga Formation 

/ p 1 \.. --'- . This change in sedimentary pattern coincided 

uith a shift of depositio~al centres to the south and east 

as a result of major tilting hinged along an east-west axis 

approximately coincident with t~e Pipiriki High (McQuillan, 

1977). 

o"' ~red • .1..• ...J • 
1 ~ om.1n2nLiy ueep wa~2r ~Lljs in Tangahos times in the 

southern North and norther~ 

T .._ • 
• :. lS 

illite 
and chlori~e .1·n thP Up~e- ~; · 01 · 

y • - Jr' - ... ,·:--'-ocene t.o . -l □ cene sediments 

was derived from the erosion of Mesozoic sandstones and 
mudstones exposed in emergent 

the Pipiriki High and, during 

landmasses 

-1-h-- ii ~ "l. 

'..,j C vppo.L P:locene, along the 
Patea-Tongaporutu ,,. h 

t1lg • Ho"eve~ -1-h • 
' w .. l, e maJor source of illite 

and chlorite could have been 

Hc1uhunn~roa '< • 
• ~u -, aimanawa Ranges 

to the e"'"'t ~ u.::, , u,,ere the 

formed fr r' • om ,·,esozoic sediments 
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now crop out and where faulting was most active from the 

Middle Miocene to Recent (Cope, 1965). r1oreover, it is 

likely that the erosion of older or perhaps contemporary 

Tertiary lithologies, dominated by mudstones, supplied 

illite, chlorite, montmorillonite, kaolinite and mixed­

layer clays to Upper Miocene and Pliocene sediments. 

Possible stratigraphic evidence for significant reworking 

is seen in an oil 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 Pliocene mudstones 

suggests that soil profile development over this period 

was slight, perhaps a reflection of increasing tectonism 

(cf. Nelson and Hume, 1977). 

The common occurrence of volcanic rock fragments 

throughout Upper Miocene to Pliocene sediments probably 

reflects erosion of older volcaniclastic sequences (e.g. 

Moh3katino sedi8ents). However, tuffaceous material in 

l·i t. f•l es sen g er (Hay, 1967) and Urenui sediments (e.g. Pl. 1.21) 

was probably derived largaly from active volcanic centres 

to the west. Urenui tuffaceous sandstsnes resemble 

mineralogically the Mohakatino volcanic sandstones (cf. 

Table 3,.6). 
·~ ~ 111.'ne r~.1._ioctahedral The ubiqui~ous crys~a , - -

montmorillonite in the clay fraction of Urenui tuffacsous 

sandstones (Fig. 3,.5; Pls. 3.26 and 3.27) is considered 

in to have a similar origin to that 

Sandstones (i.o. primarily from the 

t · , 1.·n the marine environment). 
rn2 eria .... 

the Mohakatino Volcanic 

alteration of volcanic 

The mode of occurrence 
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of authigenic analcite in the Urenui tuffaceous sandstones 

(Pl. 3.27) is compatible with development from volcanic 

products (cf. Deffeyes, 1959; Deer et al., 1967). 

Upper Miocene to Pliocene clays are unlikely to have 

formed during burial diagenesis as the clay mineralogy of 

concretions is comparable with that of host mudstones (cf. pp. 

93-94). In sandstones, however, clay mineral transformations 

have occurred. For example, in the Mt. Messenger sandstones 

the low abundance and poorly crystalline nature of 

montmorillonite and the increased content of mixed-layer 

clay minerals (cf. Figs. 3.5 and 3.6) are most probably due 

to the degradation of montmorillonite by percolating ground 

waters in the highly porous sandstones (cf. Pl. 3.25). 

3.3.6 PLEISTOCENE (NUKUMARUAN, CASTLECLIFFIAN AND HAWERA 

SEDIMENTS) 

The clay mineralogy of Pleistocene sediments is 

dominated by illite and montmorillonite with lesser mixed-

layer clays, chlorite and kaolinite (Fig. 3.5; Pls. 3.33 

and 3.34). Compared IJ it h P l i o c en e c 1 a y a s s em bl age 3 , tho re 

is a marked increase in montmorillonite ao· uno'ance a - ' ' ' 
decrease in the crystallinity of illite and chlorite in both 

Castlecliffian and Hawera sediments and an absence of chlorite 

from the majority of younoer sediments r~ 1·r-~ ~ 5· 
-· • ,, '::1.J• ....... , 3.6 .::ind 

3.7). 

Both illite and chlor1.·te d · are ominantly anhedral 

(Pl. 3.34), suggeqt1.·ng ~h y d · t 
- l,.18 are BL.rival; scanning electron 

micrographs and thin section studies qhow 
- no evidence for 

th,,, auth· • 
• c igonic development of these clay minerals. 

mant of samples with KOH (Table 2 c) .. 
• u sugg2st 1.t 1.s unlikely 

Treat-
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th Gt th e montmorillonite component formed by the trans-

formation of micaceous materials. Increasing sedimentation 

rates in the Pleistocene (Nelson and Hurne, 1977) reflect 

increasing tectonisrn at a time when depositional areas 

were becoming localised by basin downwarping and emerging 

ranges (Fleming, 1953; 1962). It is probable that illitic 

and chloritic clays were derived from Mesozoic sediments 

that formed the rising Hauhungaroa-Kaimanaua-Ruahine Ranges 

in the east. Subaerial erosion of Tertiary sediments 

emerging to the north (Nelson and Hume, 1977) could have 

supplied additional illite, chlorite, rnontrnorillonite, 

kaolinite and mixed-layer clays to the Pleistocene sedimentary 

basins. Illite and particularly chlorite decrease in both 

abundance and crystallinity in Nukumaruan through to 

Hawera sediments, reflecting a relative decrease in the 

importance of Mesozoic and Tertiary clay mineral provenances. 

The decrease in crystallinity of both illite and chlorite 

and the virtual absence of chlorite in Castlecliffian 

sedirnent3 (Appendix Table IV.1) are evident in both sand-

stones and mudstoncs; hence degradational transformation 

of illite and chlorite in the more porous sandstone 

· d. • -'-:s ~,, o~L, rece1--.1.d' 0 d ~ l1° 1Kely c2use , 1·~hn1ocies durino iagenesis - ~ ~ -
~ - .... ·-- =.,~ ::;, 

(cf. pp.91-93). It is possible that the poorly crystalline 

illite and chlorite re~resent pedogenic clays derived from 

soils developed on Mesozoic and Tertiary sediments. 

Initially this appears incompatible with the 

climates of the Pleistocene (Fleming, 1962; 

colder glacial 

Devereux, 1967; 

Hornibrook, 1970; S • 1977) at which time little soil avin, 

and few d egradational transformations of clay 
development 
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minerals might be expected (cf. Millot, 1970, p.133). 

However the Pleistocene climate was characterised by 

oscillations between glacial and interglacial conditions 

and it is possible that during the warmer interglacial 

periods illitic and chloritic clays were degraded in soils 

developed on Mesozoic and Tertiary sediments. Post-

Nukumaruan interglacial conditions characterised by summers 

that were warmer and somewhat drier than the present day, 

are indicated by the widespread, often deep, red weathering 

of old soils and land surfaces in the Uellington district 

(Te Punga, 196tq Vella et al., 1976). Fieldes (1968) showed 

that with weathering micas and chlorites in New Zealand 

Mesozoic and Tertiary sediments are increasingly altered 

to their less crystalline forms of other minerals, including 

montmorillonite. It is therefore possible that the lowered 

crystallinity and abundance of illite and chlorite in 

Pleistocene sediments reflect changes in climatic regime. 

Pliocene through Pleistocene sediments contain 

increasing quantities of volcanogenic material, including 

volcanic rock fragments and plagioclase, glass shards 

and purniceous debris (Appendix Table I.2, Fig. 3.4A). It 

is likely that the parallel in~rease in montmorillonite 

reflects a volcanic origin for some of the montmorillonite 

as volc2nism began as early as the Upper Miocene and 

increased _in i~ntRnR1·tv throuqh ~he p•e;-~ ·th 
-- - ~, - ~ '-' .L .i..::,.,OCenet Ul 1, 

voluminous outpourings of acid pyroclastics in the Central 

rJorth Island region ( Vucetich and Pullar, 1959; Healy, 

1971) and more localised intermediate eruptives in the 

Taranaki region (Grant-Taylor, 1964; Neall, 1972: 1974). 

The occurrence of d -cristobalite in the clay size fraction 

of Ploistocene sediments (Pl. 3.34) supports this 

suggestion (cf. Pl. 3.21). 
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STRATIGRAPHIC DISTRIBUTION OF DETRITAL 
' 

T R A N S F O R f'l E D 

NEOFORMED CLAY MINERAL SPECIES IN. THE CENTRAL WESTERN 

NORTH ISLAND SEDIMENTS 

From the preceding sections, the relative importance 

of detrital, transformed and neoformed clay minerals can be 

assessed for a composite stratigraphic column in the central 

Uestern North Island (Fig. 3.11). The figure is presented 

as a visual summary for the reader and should only be used 

in conjunction with the foregoing and accompahying text. 

The clay rnineralogic trends in the figure are not considered 

quantitative and it is recognised that any construction such 

as this is to so~e degree subjective. The relative abundance 

and crystallinity of the major clay mineral species in the 

clay fraction of the sedimentary units represent averages 

for that particular unit 11 weighted 11 with respect to the 

relative abundance of sandstones, mudstones and limestones 

in the unit. 
Thus· Figure 3.11 larg~ly represents the clay 

mineral trends in mudstones as they are, in general, the 

most abundant lithology in the study area and also contain, 

by volume, the most clay minerals. 

Examination of the data shows that detrital, 

transformed and neoformed clays are present throughout the 

Detrital clays may include 
entire stratigraphic record. 

any of the major clay mineral species and these may exhibit 

In sediments where detrital 
varying states of crystallinity. 

clays are most abundant, montmorillonite and crystalline 

illite and chlorite are the dominant clay mineral species. 

mo stlykaolinite, illite, chlorite and 
Transformed clays are 

They are most abundant in Mesozoic 
mixed-layer minerals. 
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Fig. 3.11. Schematic summary of the relative importance of 
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of sedimentary units of the onshore study area. Different 
shading of bars denotes the major clay mineral species, and 
species that cannot be differentiated at the scale of the 
diagram are represented by unshaded bars. An overall estimate 
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sedirnonts where mixed-layer clays and crystalline illite 

and chlorite are formed during deep burial diagenesis. 

Trdnsformed kaolinite is locally abundant in Waikato Coal 

Measures and Maryville Coal Measures sediments. 
Throughout 

the Cenozoic stratigraphic record transformed kaolinite, 

illite and mixed-layer clays occur locally in porous and 

per~Gable sandstones where they have formed through post­

depositional degradational alteration of existing clay 

ninerals. Neoformed clays include rare kaolinite and 

abundant montrnorillonite. 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 of central 

~estern North Island sediments, particularly of the sand-

stones, may establish that tra~sformed and nsoformed clays 

are perhaps i."!OI'e 

Pittman, 1977). 

abun~a~t in the column (cf. ~ilson and 

It i3 unli~ely however, that they would 

prove tc ce '""' n_f_ ~-•-·M-~_:0r volu~etric importance. 

-·,••-::;,•1 ''c_'c:T,P' 1 NnPTH ISU\ND ~ .:_ ,\ : 1 -, ,l i- L:J '-' ;_; l I 'II • "-' • < 

:~e roles '-'·-- ..-.·~u-••o,...,,,,,....,cP, clir.iate, tectonism, the T:.110.L, ~.;..• \..:\_.:•'-';' ,_,, 

• n~ ~~~ ~i~nencsis have played in environffi'.3i V CJ1:U ,..,.;.,_<,...t.';:) _.._., -

,1 • .._h"' ccn:ro.1._ing l, t..: • "ht· n of clav minerals frequency dis~rluU lO I 

central 

section 

• ' "c di:SC!ISS8d in ~'or-1--'n 1~1 "'r.ri .sodimen-cs J.. 0 - -lJestern Iv '-' '-'-'-~,.~ ~ 

h __ .._. ally in Figure 3.12. and summarised sc e,,,a ... 1.c -. 

in 

this 
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3.5.1 PROVUJ.L\NCE 

A fundamental control on the clay ~inoral composition 

of a sediment is thG nature of available source material. 

Clay minerals may be inherited through • ' L 
8lt.i•8I' direct 

mechanical erosion of continental rocks or by rewcrking of 

s o i l s a n d we a t h e re d p r o d u c t s d e v e l op e d o n U1 2 s e p "' r O n t 
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mntcrials. Clays so derived are detrital, and the great 

majority of clay minerals in sedimentary rocks are probably 

of this origin (Lleaver, 1958 a; Grim, 1968; f~illot, 1970, 

p.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 

co~plex and it is more difficult to determine whether the 

clays in the sediments represent those formed in the 

provenance areas (i.e. detrital clays) or those formed in 

d • .1. ( • t- ransr~ormed and neoformed clays). these imen~ i.e. 

The n2ture of clay material being released from a 

source area is determined by the interplay of a complex set 

of factors including parent material composition, climate 

and t~ctonisrn (Folk, 0'1illot, 1970; Pettijohn, 1975). 

, ~ s a r.ore humid In ;enerai ~erm , 

tion and chemical weathering; clays detrital from such 

areas reflect the soil clay mineralogy. Conversely, 

increasing tectonism produces 

· t d;men.1.a-y basins tend to reflect inherited by adJacen se .... ' ' l,c,. 

e ... he cource rock mineralogy._ mar t.. "' --

The effects of climate 

· 1 mineral composition are and tectonism in determining cay 

discussed in rnora detail in the following sections. 
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The provenance for early Tertiary sediments was 

initially Mesozoic sediments, but for successively younger 

deposits it is probable that considerable quantities of 

previously deposited Cenozoic clays were reworked into 

adjacent sedimentary basins. At certain horizons an extra-

basinal volcanic provenance has been important in providing 

material to nearby depocentres and surrounding areas, where 

glassy constituents were subsequently altered to montmoril­

lonite. 

Mesozoic sediments are characterised by crystalline 

illite and chlorite and by mixed-layer clays in the clay 

fraction. The dominance of montmorillonite in the clay 

fraction of overlying Oligocene sediments indicates these 

clays were not directly inherited from Mesozoic sediments. 

Furthermore it is considered unlikely that the majority of 

montmorillonitic clay material originated through weathering 

and pedogenesis (cf. pp.103-111). Taumatamaire (early Lower 

Miocene) sediments are rich in montmorillonite derived 

largely from Oligocene sediments. By comparison larger 

quantities of more crystalline illite and chlorite in 

Taumarunui (early Lower Miocene) sediments reflect an 

increasing contribution from a Mes □ z □ ic provenance to the 

east and north of the basin. Post-Mahoenui Group (late 

Lower Miocene) sediments contain increasing quantities of 

crystalline illite and chlorite reflecting a parallel 

increase in the Mes □ 7oi~~ sar1d~+one ~ • t ~ ~~ anw muos one provenence 

with decreasing age. This general trend is complicated by 

local diagenetic effects, volcanism and reworking of 

previously deposited Tertiary sediments. 
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The degree of induration in the source area may 

have been important in accentuating provenance control 

in the post Oligocene clay mineral suites. Field observa-

tions indicate that Cenozoic mudstones in the study area 

are generally highly susceptible to erosion (e.g. Pls.1.4, 

1.18 and 1.23) and mineralogic analyses suggest that the 

erosion products from these sediments represent the parent 

materials rather than the soils (cf. pp.230-231). The 

high erosion potential of Cenozoic mudstones may have been 

a significant factor contributing to their reworking into 

younger sediments. 

3.5.2 CLir~.O.TE 

Climate determines the clay mineralogy of sediments 

by coo1trolling development of clays during weathering 

and s □ il formation 2nd thus the nature of material being 

released from a scurce area. Rateev et al.(1969) demon-

t • ~._,..1.·nse.J..1 "· related to geographical latitude ocean 32dimen sis _ - y 

:''.u;,,erous works have emphasised the 

• ~ 8 0 c ~lirn 2 te ~n scil forming processes. irnpo::- "'°'r-:c : -
Climate 

• ~ ~ ~~-~rr ~n determinina the leaching environ-is o;:e ir.ipor~an~ --'----~ ~-· -

of sails and thus thei~ clay mineralogy, although the ment 

timo 
• h ,. •~m-~i~ regime acts on a given parent over wh1c I.ne c1- ...... :,ai. ... '-" 

t • • th 0 r . .1'nal oroduct • 1 • ~moor~an+ in de ermining w r mater i a~ ls ..,_ "·, • - " • - -

196 ro•, P_-, ~rnhisel and Rich, , o~A p 41-44 and • -(Oars:--.ad, ~ 7 ....,-•1 • -

1967; 

□ irkeland, 1969). Under an 
·d ,~ ~o w'n~~h 0 r hot or arl CJ...1.fila...,._, lt:;v;.~ t 

• tvpically minimal because of 
cold, chemic.:11 weathering is ; . 

d 1 • 1·~ rerluced 3nd soil forrn3tion 
the lack of 

is slight. 

hy ro_ys1s 0 -

. 1 a~1-~~.;ng Phys1ca ue L,ll"-'.L --

predominates and clay 
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minerals released by erosion reflect source rock composition. 

On the other hand, a humid climate gives rise to deep soils 

because of intensive hydrolysis and the presence of abundant 

vegetation which serves to 'anchor' the soil profile as well 

as catalyse certain chemical and biochemical reactions 

(Millot, 1970, pp.109-134). Alteration of parent material 

is accomplished through mineral transformations and by 

neoformation of clay material. Between the arid and humid 

climate end-members there is a spectrum of possible products 

whose composition are dependent on parent material, climatic 

and time factors. If for instance orogenic forces maintain 

geologic uplift and erosion at a high rate, then no matter 

how conducive the climate is to soil form2tion, extensive 

soil cover is unlikely to be established or retained. 

In central Western North Island sediments,climatic 

control on clay mineralogy can be demonstrated at only three 

stratigraphic levels (cf. Fig. 3.12). Elsewhere the climatic 

effects are uncertain mainly due to the masking of climatically 

determined clays by those cc~tr □ llad by other factors. 

' ; • I .... L-.. , t''t • .. • I 

LalKa ... o oa..1.. 1';Basure3 r.nn2::-a1.oav is cnaractori· sed hu·y· c::f-,,blo _ . ., ._._ _.._._ -
minerals such as quartz a~d kaolinite and rare degraded 

minerals such es poorly crystalline chlorite. The sedirasnts 

had as their only source material Mesozni·r ~ao'i"mRn~-
- - - - ..... ..... ,, .J L., .:> '!I Fieldas 

(1958) showed that intense weathering and loaching of 

Mesozoic sediments under prBsant day conditions results in 

a keolinitic clay mineral suite. This suggests that the 

extensive kaolin_i +.J..~ c clays of th118 ·, • 1 • ,... - wa1Ka~o ~aal Measures 

may have formed at a time when such conditions wera wide-

, . t 
C.J..lma .e 1..1as perhaps important in determining 
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the clay mineralogy. However kaolinite is primarily an 

indicator of an acid leaching environment where 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. Other evidence, however, suggests that 

climate played an important role in forming Llaikato Coal 

f'l e a S U r e S C 1 a y S • The Cretaceous to early Tertiary kaolinite-

rich regolith developed on 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 uarm temperate to marginally tropical 

(cf. pp. 99-100) and would have provided conditions 

conducive to kaclinite development (cf. Rateev et al. 1969). 

Morecver the long period of time (up to 90 my) over which 

these conditions prevailed would have been sympathetic t0 

kaolinite form2tion Birkelandt 1969). 

In Oligocen~ ti~ss, the small total volu~e of 

T"-..;n ... , .... m~+a":""';-: :_,,_;~:' ..... J...OS t er ..1.. ...... ':=!a .. c :.J,::, 1,, .:..-. _ .......... ...:... :::.! _ ....;._.; l...., ___ ~ • .., ....... 

: ~ l t 'oi·,.;+,, reg.1.0,,a s a .J. .... ~1 on the 

adj2.::~:-,t landr.iass (''.elc,:Jn, 1973) and the highly calcareous 

- ~· - c· 0 --~~- ~a-~;fi"es ~~ a dominantly chemical natu-:e o: !,._.ne :::.,e '.J_,,;'-=;!!=-~ u ..... ~ .... ..:_ ~'.._J 

sedirnertary regime. Tn 8 ~e f~atures, and the bulk and clay 

1 ~ □ l; n~one sediments sucgest that weathering 
minera~ □ 91/ O, I ..Lqu'---' ·.. "' 

produced primarily dissolved 

cl3ys (cf. PP• 99-100). The 

for th~ Oligoceno would only 

t . t C, u n ,.i O r which are mos in cn~e ~~· 

materials and highly degraded 

warm temperate climate suggested 

partially favour 

a humid tropical 

such renctions 

climate 
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(Millot, 1970, p.99-134). For this reason tectonic 

quiescence may have been an important factor in determing 

the nature and supply of materials to the depocentres by 

allowing time for pedogenic dissolutions to take place 

(cf. Birkeland, 1969). 

Pleistocene sediments show 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. p.136). Decreasing crystallinity of illite and chlorite 

commonly parallels an increasing intensity of soil forming 

processes (Fieldes, 1958; Millot, 1970). For f•1esozoic 

parent materials, these changes could be accomplished by a 

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

Uith decreasing age, Cenozoic sediments of the central 

Western North Island show a ~arked change from a predominantly 

authigenic mineral assemblage characterised by crystalline 

montmorillonite ton predomina~tly detrital mineral 

assemblages characterised by c~ystalline illite and chlorita 

Section Similar patterns in clay 

mineral distributions obse~ued in deep-sea sediments have 

been used by a nurnoer of w □ rk2rs to demonstrate broad trends 

in climatic change. Heath (1969) described deep-sea sedi-

ments of Eocene to Holocene age in the Equatorial Pacific 

3ild not-.ed .._h t th • 'dl r ( ' - c.,a· 1em10 e:.:..ocena ,50rn.y.i to late Miocene 

(10 m.y.) assemblage of montmorillonite - intermediate 

plagioclase - zeolites in the central P~c,F~~ w--
.:..i. ...1....~~ d~ rep L1ced 

in younger sediments of the more northern Pacific by a 
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quartz-crystalline illite assemblage. He considered the 

latter ns3emblage was derived from the subaerial erosion 

of rockflour produced as a result of climatic changes 

associated with continental glaciation. In the North 

American Basin of the Atlantic Ocean the mineralogic 

difference between the montmorillonite-zeolite Cretaceous 

sediments and the disconformably overlying chlorite-illite 

Quaternary sediments have been interpreted as due to 

climatic factors (Jacobs, 1970). Jacobs and Hayes (1972) 

demonstrated that sediments of the Equatorial Pacific from 

11 to 3 m.y. B.P. have a montmorillonite-rich clay mineral 

assemblage (montmorillonite 8 □%, illite 10-15%, and kaolinite 

plus chlorite 5%), while in the sediments younger than 

3 m.y. B.P. the clay mineral assemblages are more detrital, 

uith increasing quai~tities of crystalline illite and chlorite. 

ThGy suggested this change uas the result of dilution of 

montmorillonite by an influx of detrital material from 

increased physical weathering, surface run-off, and wind 

activity associated wi~h an intensification of continental 

glaciation. More reca7tly Jacobs (1974) has described the 

mud fraction miner2l □ ;y of Eocene to Holocene Antarctic 

T~a ~ccene to Oligocene clay fraction 

, · · ·t g--ic/ - ..... 1,, · ,.., h .. • , 1 0 ,-, ; '- P. '\ m on t. m o r i 11 on 1 e u ,o , µ o o ... j is dominataLj uY rnoni..,;7jorJ _ _!.._ ,_ ..... ~,_, 

, , • • ... 1 .! -1- 1 :::: ::· crysta.,..t.1ne lJ.L.;...,e .J..__.,,.-,, 
• 1· "+-o 5d) a n d c h 1 or 1 t e p 1 u s k a o J. n l c. ~ 1J 

S -emhl~g 8 with zaolites, barite a .::; ;1-...J c... .. 

and calcito. During the 

r~ i O c 8 n e t he r e i s 
· · .,...·•1on;te an increase a decrease in ~ontmo~l.L .J.. , 

in 
the abundance and crystallinity of illite, 

an increase 

in 
• -~,.., 1 1·'"'1te iJnd 

Con tent of cr.J.orite c,,w ;<GO J.,,_ , 
the 

the silt 
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fraction becomes largely detrital in nature, containing 

quartz, plagioclase, microcline, chlorite, muscovite and 

amphibols. During the late Miocene (7-10 m.y.) n consis-

tent abundance pattern emerges which has remained constant 

for the last 5 m.y. of geologic time. These changes were 

interpreted by Jacobs (1974) as due to the dilution of 

Eocene and Oligocene authigenic mineral assemblages by 

increasing quantities of detrital minerals produced by 

intense physical erosion of the Antarctic continent by the 

rapid build-up of massive ice sheets prior to the late 

f~i ocene. Costin and Moriarty (1975) describe the clay 

mineralogy of two cores from south of Tasmania and close 

to the Antarctic continent (o.s.o.P. Leg 29, Site 280) in 

which there is a change from rnontmorillonite to predominantly 

illite-chlorite clay mineral assemblages in the late Eocene 

to early Oligocene, suggesting a change from temperate 

source area conditions to cold glacial conditions at that 

l.. • i..,ima. 

Thus the clay mineral distributions in deep-sea 

sediments commonly show a chan;s from predominantly authi-

genie to predominantly datri~2l clay minerals as a result 

of world-wide climatic dstaricration associated with ths 

Cenozoic build-up of the Antarctic ice-sheet. The timing 

of this event varies mainly from the Middle and Upper 

~'iiocene • I- I r. -1- ' • I ) in ~~e ~n~arc~ic area lJacobs, 1974 . to the 

Pliocene in the Equatorial Pacific region (Heath, 1969; 

Jacobs and Hayes, 19 7,?._), bur occur-red a~ e~- 1 th 1 t ~ • o u~~Y as e a e 

Eoceno in sites uhich at that time lay close to the Antarctic 

continent (Costin and Moriarty, 1975). Any direct comparison 
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of the deep-sea sediment data with that obtained from the 

Cenozoic sediments in this study must be made with caution 

since variations in provenance can affect clay mineral 

distributions in the sediments, even over short distances 

(cf. pp.191-240). However, one striking similarity is 

noted with the Antarctic deep-sea sediment data and that 

is the replacement of an Oligocene authigenic mineral 

assemblage by predominantly detrital assemblages in post-

Oligocene 

and 3.6). 

.L • 1.,J.mes (Appendix Table III.land IV.l; Figs.3.4, 3.5 

It is tempting in the first instance to attribute 

this marked change to climatic deterioration, as was 

suggested for deep-sea sediments. On closer examination, 

however, this explanation is unlikely because: 

(1) the influx of detrital material occurs in the 

Lower Miocene which is earlier than that in the Antarctic 

dGep-sea sediments which lay, moreover, at higher and there­

fore relatively colder latitudes; 

(2) paleotemperature data from New Zealand Tertiary 

sedimonts (Devereux, 1957; Hornibrook, 1971) indicate that 

• b. l; c-l~,-.1 ~,..,+ take □ lace until the Upper apprecia .le coo ..1.ng u..1.u ,....,,., , 

( lo 8 n ,. and Miocene i.e. m.y •• ~.,, 

·~ suogqsts a subtro □ ical Lower (3) availabls evicence - ~ - - , 

Miocene climate(cf. p.123). 

It is not likely that diagenetic alteration would 

offer an alternate explanation for the changes in clay 

mineral abundances observed in Cenozoic sediments. Viudstones 

t • hannes in clay mineral-.d e Por diagene ic c, ~ show little evi enc ' 

ogy and in fact their clay 

approximato those existing 

mineral suites 

~t or soon after, c.. , ' 

closely 

the time of 
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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-c~ntral 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, 1963; 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 tho processes are active (Pettijohn, 1975, 

p.571-584). Tectonism controls the residence time of 

sediments in the source area, and thus the degree ta which 

they are weathered, the rate of subsidence in basins of 

deposition and, to a lesser degree, the di2genetic modifica-

tion of sediments throuoh foldinq and faultin,~ 
~ - - ~· Moreover, 

while the textural maturity and mineralogy of 2 sediment are 

dependent mainly on environment and source arealithology 

respectively, th2 volumetric importance of specific sedi­

mentary environments and source rocks is profoundly affected 

by tectonism (Folk, 1968). Uhen tectonics are active)slopes 

are generally too steep and the energy of waters too vigorous 

to permit significant widespread development of soils. 

these conditions mechanical erosion is predominant 2nd 

Under 
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weathering is slight. Erosion products are rapidly trans-

ported to depositional basins where sedimentation is 

overwhelmingly detrital and mineral suites are characterised 

by both stable and unstable mineral types and rock fragments. 

Cla~s are typically more crystalline and their composition 

reflects provenance. A variant of the above process is 

tectonic rejuvenation that initiates erosion after a long 

period of tectonic calm. Deep soils developed during the 

quiescent period are eroded and swept to the sedimentary 

basins and sedimentation is again detrital. lJhen tectonics 

are slight soil formative processes have much longer to 

operate. Under temperate and tropical climates luxuriant 

vegetation develops protecting the soil profile, dissolution 

is active and the dissolved products 2nd degraded minerals 

are transported to sediment2ry basins where sedimentation 

is predominantly chemical. The resulting mineral suites 

characterised by a Pew stable minerals, such as quartz, 

a~d by chemical products such as calcium carbonate, 

; • ... h 3 ,~+-o ,...,p,--o""--,~,,-,ad n:on+-morillonite and glauconite. o<- _ c r i ~ l.., 0 ...., - ..L ...L ..... ~ , : , .__. . ...., , ._. .L .,, •-1 •• , , _ ..... __ 

Between those 2 nd rncm~ars moderate tectonics and weathering 

yield a ~ ~- - rF -:~=~~, □ roducts including transformed sr-'eCvLU111 -· ::,_ , __ ._.. _ _1,... r 

clays, uhcse davelc~~e~t is governed by the relative 

· ·. r- Le-~nni~rn 2nd climate in the source area. intensitiss iJ C. <,vu .. --·· 

The 

mineralogy 

effects of tectonism in controlling the 

of Mesozoic sediments are not discussed 

too feu Mesozoic samples were analysed and because 

clay 

because 

it was 

earlier shoun that their clay mineralogy has been signifi-

cnntly affected by burial diagenesis (cf. PP• 94-97). 
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Existing evidence concerning the importance of 

tectonism in controlling sedimentary patterns at certain 

stratigraphic levels in the Tertiary of the study area is 

summarised below. Kear and Schofield (1959) and Nelson 

(1973) showed that the Oligocene was characterised by 

dominantly chemical-biochemical sedimentation, low rates 

of terrigenous sedimentation and by-passing and erosion 

of sedimentation on the sea floor. Nelson (1973) equated 

the small total volume of terrigenous material in the 

Oligocene Te Kuiti Group with regional stability in the 

South Auckland area at that time. In Miocene to Pliocene 

sediments the relationship between fault strike modes and 

the geologic age of affected strata suggests that the 

location of depocentres was governed by differential move­

ments of sub-basin fault-blocks during deposition (Hay, 

1967; Cope and Reed, 196?; Nelson and Hume, 1977), coupled 

with a general southerly shift in the zone of maximum 

sediment accumulation with ti~e (Hay, 1967). During 

f'lahoenui times thick sequences 

(up to 1384 m) of sediments 2t and east of Ohura resulted 

from a substantial downfa~ltin; along the eastern side of 

Glennie, 1959; McQuillan, 1977), 

while the coarser textured an □ more detrital nature of the 

most western Taumatamaire sedi~ents reflects continued 

movement of the Herangi High (Happy, 1971; Nelson, 1977; 

pp.115-116) .. I n t he M o k a u t i r;, e s ( 1 a t o ? ,..., , , :::, -r- r,1 • ) t h , ~ ~~- .... ~- ,,iocene .e 

restriction of sediments to the area west of the Ohura Fault, 

the rapid thickness ch □ nges toua-r-_dQ the f ~ ault, and the 

increased incidence f , o congL □merates in the same direction 
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all provide evidence of a control on Mokau sedimentation 

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

of some 300 m of Mahoenui beds prior to Mokau deposition 

1.n the area east of Ohura (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 south 

(Fig. 1.3), culminated in rapid downsinking and sedimentation 

in the South Wanganui Basin where over 4 km of sediments 

accumulated in Pleistocene times (Fleming, 1953). 

Using field and laboratory data from this study, 

·~· ~dd1.·t1.·onal data from Henderson and together wi~n some -

□ ngley (1923), Hay (1957), Katz (1968) t Haddock (1970), 

Happy (1971) and Nelson (1973), sedimentary features 

· t· ~ -~n+~a~+1.·no tPc+onic regimes are coT<cared cr,aracteris ic or L.u 1 "'-'- ->¥ -.J - cJ -- • 

using sedimentary logs for Cenozoic sediments of the study 

t , 1 .. ~ ,,, 2 im,, on_r tance of tectonism in area to gauge no re~a~~v - , 

controlling the sediment properties. 

Sedimentary features indicative of tectonically 

t L ni--lly· nuiescant environments have 
active versus ec~o va Y 

F lk ( 1968·;·, Millot (1970) Blatt et al. 
been described in ° 
( 1972 ), Pettijohn (1975) 

this work nre summarised 

and several features related to 

in Table 3.7. It is recognised 

thnt the Cenozoic sediments 
are commonly diachronous, show 



154. 

Tectonically Unstable 

1~ High relief 

2. Thick sedimentary units 

3. High sadimantation rates 

4c Many mineral typas, both stable 
and unstable; detrital 
materials e.g. quartz, feldspar 
and/or reek fragments, crystal­
line illita and chlorita 

s. Litharenitss-lutites-muddy 
rudites 

6. Immature sedimants; muddy 
matrix; unsortad sedimsnts 

7. rossils rare 

a. Slumping, redeposition, 
turbidity currants 

9. Graded bedding 

10. Volcanic activity common 

Tectonically Stable 

LoL:J relief 

Thin sedimentary units 

Low sedimentation rates 

few mineral types, only stable 
ones and chamical products 
e.g. quartz, secondary clays 
(glauconita, neoformad crystal­
line mont1a0rillonita), Caco3 , 

c{-criatobal.i ta 

Quartz arenites-limestones-coals 
and associated kaolinitic 
firaclays 

Mature sadirnants; pore spaces; 
cement; sorted sadi~ants 

fossils common 

Wava action, tidal currents 

Cross-bedding, horizontal 
stratification 

Volcanic activity rare or absent 

Table 3.7. Sedimantologic features characteristic of 
J t • 11 'h 1 d .L ,, rl" .1... ' • , ~.1... cec onica y s-caw.1.8 an· UllSl.20.Le SG ..... J.men..,ary basins \a:- "er 
FD ,,, 19c:o. r,,:,,o+- 19'7n. :.J'-.L.L -1- ..,1 197?• n tj__••' -"t ua, 1.!..Ll. ... , ,u, ....;.Le.,_,,_ eL. u ., -, 1-'e 1.,lJonn, 
1975;. 

rapid lateral facies changes and are internally varied. 

Houever, for this comparison the data are purposely 

generalised to highlight only the m2jor, mere regional 

sedimentary characteristics of the formations in the 

sequence. It is emphasised that th2 sedi~entary features 

in Table 3 7 t b • ' d • mus e consioere collectively in order to 

evaluate the ~,.elati·ve i"mp~rtan e ft t · , •• ,_, c o ~ec on1cs during 

sodirnentation. 
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3.S.3A SEDIMENTARY LOGS 

The bulk mineral content of the sedimentary units 

varies with lithology (cf. Figs. 3.4A, 3.48, 3.5 and 3.6). 

To compensate for this, and to obtain "truer" formational 

averages, percentages plotted on the compositional logs 

are weighted according to bulk lithologic content of 

individual formations (Appendix Table IX.1). 

A short discussion of each of the sedimentary logs 

follows. 

SEDIMENT LITHOLOGY 

The Tertiary formations consist of varying proportions 

of mudstones, sandstones and limestones, with rare coal beds 

(Appendix Table I.2; 

Pleist. 

Plio. 

Pl 
Tg 
Mt 

Ur 
Up.Mio. Mt.M 

Om 
Mid. Mio. Pu ~ 

Lr: Mio. 
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0 50 
0 / 9 Mudston e 

Figs. 3.13 and 3.14). 

i W SUBMATURE­
MATURE 
SEDIMENTS 

IMMATURE­
SUBMATURE 
SEDIMENTS 

Apart from the 

100 

Fig. 3.13. 
m2.turity in 

. + ,~~h i 0 gy and textural Vari~tions in sedimenv .t.L._,,,o.L 
- G • , ,_, th,, 5 t,, d y are 2. • Cenozoic sodimen-cs □ 1 ,,_~ ~ 
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SEDIMENTARY 
STRUCTURES 

M! SCELLANEOUS 

i 

Fig. 3.14~ 
properties 

Bulk variaticns in salected 
in Cenozoic sedime0ts of the 

sedimentologic 
study area. 

basal coal measures (Pl. "i ,.., '·1 

_;,_ ~ ,,;_ 1 the Oligocene formations 

cal::a:::-sous mudstons.s and sandstones 

(n1c "? ~ :::1nd 1 -~.', ---:-.ri 
\~-'-.::>• .L ........ . __._,, ...... 4) 01._ by ~~a widespread development of 

coarse skeletal limestones ( 0 ls. 1~6 and 1.8). f '1 i o c e n e t c 

Pleistocene sediments are, in contrast, predominantly non-

calcareous, with rare thin limestones, and molluscan 

shell-beds and calcareous concretions (Figs. 3.13 and 3.14). 

Although mudst □ ne to sandstone abundance varies erratically 

in Miocene to Pleistocene sediments the overall relative 

abundance of the two lithologies is similar. In the Cenozoic 



157. 

sequence sandstones of Middle to Upper Oligocene and late 

Lower to Middle Miocene t bl t are no a y he most texturally 

mature (Fi"g 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 terrigenous material under uniformly low 

energy conditions and homogenisation of bottom sediments by 

burrowing organisms (cf. Byers, 1974). Horizontal- and 

cross-bedding, indicative of significant tr2ctive current 

action, are common in Oligocene and Middle Miocene 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; Pl. 1.10), 

while the occasional graded beds in Llaikato Coal Measures 

and Purupuru volcanic sandstones reflect sorting by river 

currents (Nelson, 1973) and shallow marine bottom currents 

:respectively. 

Flysch-like sequences (Van der Lingen, 1968) occur 

~, •• • Lh- 1 8 Ln Lowe- Miocene and U·poer infrequ,3n,-~.y tnrougn ;,_,.:::; .,_ .,__, -"- , 

Miocene to Pleistocene formations. Intraformational slump 

t -~mnn 1·r,. the Cmoao Formation and nt. str~ctL:res are mas cu1i;ili\..J 1 

1·1 e s sen g er Sandstone • 

comr.1on 

Macrofossils, including coarse shell hash, are 

to abundant in 
1 • lower ·,·1_4ocena. ,.h -, ,;o~c~no ~r1d ~re -ti 8 0..l...1.._,u e; •'-' =.... ...__v_. 

The distribu-( ·-· ~ 14·,\ 
b +- c:, elsewhere r-ig. ,j. J~ formations u~ scare 

·t lletc (~;n 3 14) roughly parallels tion of 9laucon1 e pe • o ,, ..... ,,. • 

Volcanic rock fragments are most 
tho.t of shell fragments. 

• ~ed;mont 0 (Fiq 3.14). 
t . r~·ddle Miocene volcanogenic 0 .... ,_ ~ --• abundan in ·,i • 
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THICKNESS AND SEDIMENTATION RATE 

Pettijohn (1975, pp.571-572) suggested that tectonism 

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 (;1ppendix Table IX.1) 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 data as: 

1. Deposition was not continuous for the full 

time span of formations as there were periods of non­

deposition and/or erosion. 

2. Some formations are partial time equivalents 

of others e.g. Aotea Sandstone and Crahiri Limestone; 

Tau~atamaire and Taumarunui Fcrmatio~s. 

3. Pre-lithification sedi~entation rates might be 

U " ... .,o ~ m~xi'mum ntn 51n~ .;. ~h r- "' "u .. •:.. ~ u ;o g r e a .. e r 1.. , . a n those values quoted for 

n,or. 1K" "' di· t + • ... /•• , - - '-' a men a '"'1 on r a .... es \_ 1\i e .1. s G i7 , 1973, p.556). 

For these reasons the data are in no way construed 

as being absolute but are probably valid for displaying 

major trends in sedimentary rates with time. 

Each of the Oligocene and late Lower Miocene to 

f·lid d le f':i ocene formations are typically <50 m thick, while 

each of the early Lower Miocene and Upper Miocene to 

Pleistocene formations have thicknesses of a few to soveral 
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h~ndred metres (Appendix IX.l; 
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Fi~,. 3.15. Variations in sediment 
area. 

thickness for Cenozoic 
3 adi~ents cf the study 

"rock" sedirnontation r~tes parallel the thickness curves , 

uith hig~ to vary 3edi~entation rates in the early Lower 

~i·oc~ne and 'u•!p~~- ~;n-cn- ~n n1e1·stocene 11 _;, t rJ'-.L. 11..1..U.....,.-,,C 1....W i , and lou to very 

low r2tes in the Oli.;:;::::s;,e and late Louer ,-.iocene to f-1iddle 

f·l i o cc~ e ( /\ ppendix 
r • 
i lQ. 3.16). 

Quartz abundance is generally low in Oli;ocene 

and Middle Miocene sedi~ents because of calcite and 

· · • · ' t- • • • ' ( •,· _,, C • "i • _,, 7 '1· • pl~giociase 01iu-1on respec~ive~y ~ _ In the acid 

insoluble residue of Oligocene calcareous sediments, however, 

qu~rtz abundance is notably high (Fig. 3.17). 
Peak abundances 

for quortz commonly coincide with those formations dominated 

by ~ondstono lithologias. 
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Plagioclase feldspar ab~ndances in samples generally 

increases with decreasin; 2;2 and is notably most abundant 

• d t 1 ~· - 17) in Middle Miocene volcancgsr~= san s·onas \rig. ~--· • The 

decreasing aga with values ;~22t2r than one being restricted 

to the Oligocene formations. 

Calcium carbonate is mast abundant in Dligoc~ne 

sediments, whare it occurs primarily as skeletal fragments 

' F • 
\ l CJ• 3.17) .. Calcium carbonate i~ rare to • .1. ' common in L-ne 

Lower and Middle Miocene formations but is consistently rare 

in Upper f-liocene to Pleistocen9 formations. The moderately 

high calcium carbonate in the early Lower ~iocene formation 

results largely from reworking cf calcareous Oligocene 

sediment~ (-D p 115, ~ L.I• •-- I• 
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Rock fragments are most abundant in post-Oligocene 

sediments. The ratio of sedimentary to volcanic rock 

fragments is high in Oligocene and Lower Miocene sediments 

(Fig. 3.17). 

CLAY MINE.RALOGY 

Clay minerals are the major mineral constituents in 

many sedimentary units, although the total abundance of 

clay minerals is dependent on bulk lithology and on the 

rock fragment and glauconite content of samples (Figs. 3.17). 

Bulk clay mineral abundance shows a notable increase across 

the Oligocene/Miocene boundary, after which abundances 

remain generally similar (Figs. 3.17). 

Average clay mineral abundance and crystallinity in 

the < 2,)-J size fraction of sediments from the Cenozoic 

sequence is summarised in Fig. 3.18. 

Kaolinite is abundant in Upper Eocene sediments but 

rare to scarce in younger lithologies. Crystalline 

montmorillonite is relativeyabundant in Oligocene and early 

Lower Miocene sediments 2nd c □ nmon in Middle ~iocene sedi-

The ~elative abunc2~=s of crystalline montmorillonite 

raworking of mont~orillonita-rich Oligocene sediments 

•p l - • ' . 
1.--.ll'!:2 217G chlorite are most abundant 

and most crystalline . ...,, . 
in J'; 1. o c en e to Pleistoc2ne sediments. 

The decrease in both • "t. "I •• 

l..LJ.l. te ancl chlorite abundance in 

Middle Miocene sediments is attributed largely to dilution 

by volcanogenic crystalline montmorillonite (cf. pp.124-130). 

i\". d 1 
111 xe - ayer clays are most abundant in middlo Lower Miocene 

to middle Upper Miocene sediments. 
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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) follows. 

Relative tectonic quiescence is suggested for 

Oligocene times by the highly calcareous and fossiliferous, 

texturally mature, and locally coaly and glauconitic Oligocene 

sediments (Figs. 3.13 and 3.14). The generally low carbonate 

and high terriganous grain content of post-Oligocene forma­

tions is indicative of increasing tectonism over this time. 

Periods of more intensified movements early in the Lower 

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 of flysch-type and 

syndepositional slump structures in the same formations. 

The sediment thickness and sedimentation rate curves (Figs. 

3.15 and 3.16) strongly suggest increased tectonism in the 

early Lower Miocene and Upper Miocene to Pleistocene periods. 

Low rates of tectonism in Oligocene sediments are indicated 

by the high carbonate content of the bulk samples and by the 

relatively high quartz content in the acid insoluble 

residues. The high quartz content, along with the 

of scarce degraded illite and chloritn _in. tho 1 --~ , ~ c_ay 

presence 

fraction, 

results from the more complete weathering of unstable 

minerals in Mesozoic source rocks under tectonically quieJ-

cent conditions. Abundant crystalline montniorillonite was 

nooforrned in marine sedimentary basins, characterisEd by low 

rates of sedimentation, from products derived by the weathering 
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of Mesozoic materials on an adjacent tectonically stable 

laridmass. Compared to Oligocene lithologies younger 

sedir.ents have, in general, more diverse mineral assemblages 

including quartz, plagioclase feldspar, rock fragments and 

a clay miner2logy characterised by detrital crystalline 

illite and chlorite. The mineralogy is compatible with 

derivation from a Mesozoic provenance which is generally 

tectonically active and in u~ich 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 

from the reworking of highly calcareous, montmorillonite-

rich Oligocene sediments (cF. pp.112-119). The peak 

P 1~ni·~~ 1 a~e and montmorillonite values in Middle Miocene 
..... r...... ':J ............ i __. 

sed~~ 2 nts are the result of contemporaneous volcanism. 

Collectively the sed~mentary log data show that the 

f --~ a pL-~~oG;~,,c-~tly authigenic Oligocene clay .L Jli, _....., ,,;_._ ' -

. - 1 -s---~lagc t0? nrodominantl•); detrital Miocene miner._'. Cl ,:,,:.c,tu~ ~- ~- - C-- -
to 

Pleistocene slay min2~al assemblage is paralled by an 

increas<:: ' ,-
.J,... I l 

T7 e jata indicate the relative 

;ntc~~itv of tectc~is~ ~ 3 s ~ot been uniform but shows an 
.,i.. .....,I,._,~ o.J .' 

o-...1erall :.nc:r-22.s2 1~ irta~si~y with decreasing age. Previous 

cJiscussion.s lJave 
re 2 scns as to why the(se) change(s) was 

unlikely to he.ve 

In view of the 
. o-~;os it is highly likely 

influonced other sedimentary pr □p=Lw~-

th2.t increasing 
•- '-on.;cm . ...,1a"ed a r.iajor role 
t_.OCl, ~-'·· r--- J 

in determining 

A more 
tho post-Oligocene clay 

of tha tectonic implications that 
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can be inferred from the relationships between sedimentary 

properties and tectonics is given 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, 1968; Keller, 1970; 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 extrapolated to ancient sediments. 

Lleaver (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, even in such 

broad terns as marine and non-~arine. His data do shou 

however that illite and montrn □ rillonite are more characteristic 

of marine sediments, whereas kaolinite is more typical of 

continental, and especially fluvial deposits. In a review 

of clay mineral distributi~ns i7 ancient and Recent sediments 

~indings, Keller (1970) 

reported similar results a~j stressed that the use of clay 

minerals -=n o-- 1 eopr-,,·--r"'\---'."""",!..-"!,..: ..i,... .J- • • 
..l..1 : d .... -t1vl.i..wid;,e:,,wc..:.. .1.nL..erpre .... atian was ext:--emely 

limited unless the clay minera!s 'formed there' could be 

differentiated from those !found there'. He emphasised 

that clay mineral data cannot be used on their Ot.Jn in 

paleoenvironmental interpretation and that as far as possible. 
investigators should use 1 · 

cay mineral data in conjunction 

with other techniquP~ nP • ~ 
-.::.> _, environmonLal analysis. 
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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, watRr, • t ) .L _ .1.ce, e c. , currenl, 

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, 1968; Haddock, 1970; Happy, 1971; 

~elson 1973) and field data indicate the Cenozoic sediments 

of the central Western North Island are primarily shelf 

deposits with rare marginal marine and fresh water bads. 

Earlier (pp.91-93) it was shown that because post-depositional 

alteration of clay minerals is relatively common in porous 

sandstones only the clay mineral data Prom mudstones and 

limestones hou , 0• he u.s~rl for paleoenvironmental analysis. S ~ u~ -- - . 

Fig. 3.19 

amounts of clay minerals found in the major depositional 

environ11;ents in 
, , lJ - L - r n ~, o -J.. t· h c en r. r a .i. , e ..::> L, c: .. 1-;.; , 

Island Cenozoic sedi-

men t::-:;. The 

1. 

environment. 

2. 

clay mineral d2ta show that: 

1 • rp~tr.1.·cted to a particular one clay minera_ is ~~ 

Kaolinite is most common in fluvial sediments 

illite and t ·11on.1.•Le and to a lesser extent, man mor.1. ~ ' 
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MARINE CONTINENTAL 

Fully Marine Marginal Marine Fluvial 

Kaolinite 

Illite 

. . . : · .. ·. .. . . . ..... -· ..... 

Montrnorillonite 
. . . . .. , ·. . . . . . . . . • . -. · .. · .. :. : . . . . ·. . . . . . .. : . . . . 

Chlorite 
·::·-::: :- •. ..... .. . . . . 

Mixed-layer clay • . • • • 

L HL 

Relative Abundance 

. · ......... · ... . . . . ... 
• • • :_ • . ·_. :_ :- •. • .. • .. •. ·. ·= ... 

. . ·1 .. 
.. 

HL H 

Fig. 3.19. Summary of the types and rel2tive abundance 
(L = low; H = high) of clay mineral species occurring in 
the major depositional environments for the Cenozoic 
sequences in the central Western North Island. Data 
from Ap~endix Table IV.l. 

chlorite and mixed-layer clays are most abundant in m2rine 

sediments. 

3. Clay mineral assemblages in any one major 

depositional anvironment are, in Fact, polymineralic. 

Further, no specific relationshi~ exists between clay 

mineralogy and sediment lithology (cf. Fig. keeping 

in mind, however, the possibility of the diagenetic changes 

that can occur particularly in sandstones~ 

The restriction of abundant kaolinite to 'known' 

fresh water deposits of the Waikato and Maryville Coal 

Measures suggosts that, for these sediments at least, 

kaolinite is characteristic of a non-marine environment. 
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In support of th· th d ~ is emu s~one fabrics in the Uaikato Coal 

Measures show the clays were deposited in a non-flocculated 

statG, presumably therefore under fresh water conditions. 

As kaolinite is most abundant in continental sedi­

ments it is highly likely that it has the potential to be 

reworked into adjacent marginal marine sediments. 

Mangakotuku siltstones contain a marginal marine fauna (cf. 

p.101) and the generally abundant kaolinite in the clay 

fraction is compatible with such an environment of deposition. 

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

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

many features characteristic cf estuarine or lagoonal 

environ;-;-:ents. Kaolinite is also common in marginal marine 

carbcnacaous siltstones and conglomerates of the Lower and 

Up p e r :''. o k 2 u C r o up s . The recognition o~ abundant kaolinite 

in • 1 rn .. 2 r_ine sediments accords uith the findings of marg1.n2.~ 

several other studies (e.g. ~riffin and Goldber~, 1963; 

Parha~, 1966; KelJ.er, 

The bulk of t~2 ssdi~ants in the study 2rea 

3 ccumulate~ in an aren ~ari::e shelf environment. The 

T I ~ r:-. n , ~, .. , 2 -'-.. ; .- n =- ~- \' s c: h h c lJ e v er w 2. s p r ob ably deposited 
2.'..J~3I"L·--L~ -- - --- ~ 

In general, these 

mar .Ln3 se:Jims~nts have 

· · P, nrm .. ,a~~1·ons houever, tJitnin so:TiD --
there are lataral variations 

'h ~ rR_1c:1-te to anvironmental , mi·ilerai distributio,, t;,a.., "'""'Y - -in c.1..2y • ' -- -

1 t . distance from sediment source areas. 
conditions or to re a ive 

t . 1·n cla·y mineral species in the Laterdl varia ions 
• ~ d 8 ~o preferential d • t ~-y bn •n par.., u ~ Taurn;Jrunui flysch se imen s ,,.:::1 ~ .... -

f clay minerals upon entering 
flocculation and size settling o· 
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the marine environment (cf. pp.116-119). This kind of 

data may in turn indicate directions of sedi~ent trans-

port. The relative abundance of kaolinite closest to 

source and of illite and chlorite further away parallels 

similar trends desc~ibed by other workers (e.g. Powers, 

1957; Parham, 1956; Gibbs, 1977). In the Taumatamaire 

siltstones kaolinite only common in sediments adjacent 

to the basement Herangi High. The kaolinite was probably 

reworked from soil material on the High or from Uaikato 

Coal Measures elevated by contemporaneous activity of the 

High (cf. p.116) and thus it reflects proximity of 

source. Sampling density within this formation was 

generally too sparse to permit any more authorative 

statement concerning the causes of lateral variation in 

clay mineral abundances. 

with increasing distance from inferred source 

regions, the Mangarara and Purupuru sediments contain 

decreasing quantities oP v □ lsanic material ~nd montmorillonite, 

and increasing abundance of illite and chlorite. Sir::ilar 
i +- , • • • • - . a~erai variations in ciay mineral abundance have been 

attributed to tha ma-_, ine -.' ~ - • • P .1. - c~~a~2~ion □, m □ n~m □ rillonite to 

1958; f'1ilne and Early, 

montmorillonite is considered to 

by the in situ marine alteration 

and perhaps therefore 1 the 

1954; Johns and Crim, 

In this case 7 hoLlever, the 

of volc2nog9nic materials 

tions closer to the sourca - f 1 t ~e. ~ec an originally larger 

proportion of coarse-grained volcanoger,i·.·. 
- detritus in this 

Further from source the clay p.,."',.. +· • '~u~-ion may contain 
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lQrger quantities of montmorillonite detrital from both 

volcanic and non-volcanic sources. 

Certain clay mineralogic changes that begin in the 

depositional environment continue through to, and may be 

intensified in, the zone of diagenesis. For continuity of 

presentation examples of such changes are described in the 

next section. 

3.5.5 DIAGr-rJESIS 

Diagenesis can significantly alter sediment porosity 

and permeability, through lithification and changes in 

mineral composition, and particle shape, size, surface 

texture and orientation (Krumbein, 1942). An appreciation 

of the changes produced during sediment diagenesis is 

important as these changes may significantly alter sediment 

clay mineralogy making it difficult to determine the clay 

minerals existing at the time of deposition, thereby limiting 

their use in paleoenviron~ental interpretation. The follow-

ing discussion, reviewing clay mineralogic changes that 

occur durins sadiment diagenesis, has been abstracted largely 

from Muller (1967) and Dunoyer de Segonzac (1970). 

There is no universally accepted definition of 

diaganesis (e.g. Fairbridge, 1957; ffiuller, 1967; Ounoyer 

de Segonz2c, 1970). -1 ~n·- th,.,P~i~ di"agenesis is taken to n vi,l::, .... _.._.. __ 

h • h • , biochemical 2nd physical include all p ysicoc em1c2~; 

05 mod~fying sediments between their deposition and process~ .... • 

subsequent metamorphism. 
During diagenesis the clay mineral-

~ · bRgLin prior to sediment deposition may ogic altera .... 1ons -

· 1 d nven be intensified. continue during bur1a , an ' u 

Oiagenesis 

l C ontinuous stages, each with 
c~n be divided into severa 
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poorly defined limits, where 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 

5 □% of its connate waters and where 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 neoforrnations. 

Initially, trapped water within the sediment has much the 

same composition as the original fluid medium, but differences 

begin to appear as soon as the sediment is s2aled from free 

circulation by deposition cf later material. Changes in pH 

and Eh are acco~panied by an increase in concentration of 

selective ions in solution. Such co~ditions promote clay 

mineral aggradations rather than degradations. Aggrada-

tional transformation commonl ✓v invo1 •vos -=>hsorp.1. • f:' "' 2 + - - a~ • , L, ion o, 1'1 g 

to form chlorite and/or chlorite mixed-layer clays, or K+ 

to form ·1 1 ·t di ·11·~ • __, i .... i 2 nn,, or l ic:2 mixeu-layer clays. Neofor;;ia-

tions may be considerable, especially of Gontmorillonite in 

confined lacustrine and marine envir~n~ents and by the 

marine alteration of volc2nogenir mato~.i.:~,_ • -- . ~~ -~~. 
Middle diagenesis is the zon. ~ h ~• - were vne sediments, 

although compacted, are still porous and permeable which 

origins 

The composition of 

allows circulation of waters of various 

connate, meteoric, juvenile) to occur. 

these waters determines the kind and extent of d" 1 t· lSSO u ion, 
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tr2~sformation and neoformation reactions that take place. 

As water is still present there is little dehydration and 

kaolinite and montmorillonite are stable. In more acid 

"siliceous" e • t ' ,. ·t • - nvironmen s Kao~ini e is commonly formed. In 

more alkaline environments, rich in K+ and Mg 2+, 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. Llhile compaction tends to expel 

part of the interstitial solutions, the clays, acting as 

~ . osmc .... ic filters, tend to concentrate ions. This contrasts 

with middle diagenesis where ions may be both leached and 

concentrated. During late diagenesis kaolinite and 

mcn~morillonite are unstable and clay mineral transforma-

~· 1 c le~rl tn r.rystalline illite and chlorite. The ... ions a_wRyQ -~ -- -

ex~ulGi □ n of water fr~~ the interlayers of clays under 

• · ~ oroc-s,• .... -" - - 2n i~ir1ortant crocess in the trans-incre2siny , -~•-' ,_;_:::;~ _;_-=, - r , 

sev8ra..:. 
. . 
.i. 2 \.i3 .LS in the C8n □ zoic stratigraphic 

• - ·-·- haVP hcon recoonised that beds of vo1.::2r.;..c ari~~ 11 1 - .....i...;.._..~ -' 

contain n2oformed mcntr.1orillonite, and either d-cristobalite 

and/or analcite. It is worthwhile 
. ~ h • , considering v ese minerai 

r8latio:-iships in 
~ ._ ~o+-'::1; 1 1 n ordr3r to determine the time fil0.,...8 u,_.,..,_,. _ _.... -·· 

• · d ori"ni=n of t~ese minerals. of forma0ion an - ~ 
Numerous studies 

h h ~wn ~h~• the neofor~ation 
;J V8 S \.J L. u ._ 

of montmorillonite from 

volcanic m2terials can occur very rapidly UJ or i n , l 9 5 3 ; 

Morganstein, 1967; 
~ 1 1."968) and perhaps even Moberley e .... a ., 



during sediment transport (Dunoyar de Segonzac, 1970, p.293). 

In the latter instance however the products are not post­

burial diagenetic but rather halmyrolic (Muller, 1967). 

Experimental studies on glasses show that when immersed in 

uater metallic cations are released from the glass surface 

in exchange for hydrogen ions in the water, making the water 

alkaline and increasing its capacity for dissolving silica. 

The rates of solution of commercial glass range from 1-100 

mgm/100 cm 2 per day depending on water temperature, glass 

composition and water circulation (Hovestadt, 1902). 

Deffeyes (1959) estimated that natural glass shards of 

"the size range encountered in most sediments" would be 

expected to dissolve in 30-30GO years. If this is the cose 

in seawater then montmorillonite formation from glassy 

material is most probably early diagenetic. 

In the Purupuru Volcanic Sandstone montmorillonite 

formed prior to ol-cristobalite cement, suggesting an early 

diagenetic origin for the 8Dnt~orillon.i.~te ( f 126 127' C • pp._ - )• 

The reactions that take plac2 t □ form montm □ rillonite are 

dependent on the chemical c □ T-~Gs~tion 

~aterial and the snvircn~a~~. In the marine anvironment 

however, seawater of 'nsrm2l: ~hs~ical composition has 

-. · C ;:.' • • L i'I,, 2+ • , 
5U,, icienl, 1·,g to supper:; the formation of rnontmorillonite 

Harder, 1972), where ,....T"~----!-o·b,-,~+-- ~ P · · · 
,; - --- ;::, " c1 .L ..,_ .... c .... s . o u n d c o ti x i s t i n g 

with montmorillonite, it i S ~ Q n cc • ri o rl '· I- .L • - • 
L, ·•~lc...~reu t.,,3L, si1.ica developed 

during glass dissolutirull an~ + ·, - - 11 ~~ men ~morJ....l.lor:it2 formation 

became "'X • 
a cessive, assuminq the co7s-'-~rain-'-~ or~ th -'-

- • - - '---::> e sysL-em 
were c,uch th t d. ~ ,a issolved silica could not be flushed out. 

Periodically the silica would be 
forced to rapidly precipitate 
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out of its highly saturated solution, perhaps as ~-cristobalite. 

Hence ~-cristobalite is considered a secondary product in the 

crystallisation of montmorillonite. More 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 assumedJfrom mineral associations) 

to be authigenic. 

Authigenic analcite coexists with neoformed montmoril-

lonite in the Urenui tuffaceous sandstone. Analcite is 

commonly associated with sedimentary rocks (e.g. Keller, 

1952; Norin, 1953; Deffeyes, 1959; Iijima and Utada, 

1966) where it has been shown to form through the action of 

alkaline (Na-rich) pore waters on volcanic ash. The 

1 • nature of the Urenui sandstone strongly suggests vo c,-_nogen.::.c 

that this is a plausible origin. The mode of occurrence of 

th~ zeolites indicates they are authigenic and that they 

formed subsequent to montmorillonite (cf. p.133). Llithout 

further st~dy it is difficult to say whether the alkaline 

. . • • 1 : me-+ nc~~ssarv for analcite developmen~ 1s pr1mar1_y env.1-ron,., "" .~~" 1 

a function of ·+· +h su 1 + p a re n t rr. 2. t e r i a l c om p o s 1 .. 1. on o r 1.,, , e r e .1. ,, 

the P ., + f tside f-he system through ,·n-1---~u-t1.·on o, :.a rorn 2u - -_ 1 l....L UU L,. • 

• f .i-:~~~~ f.1·u:ds C : ...... ,..ula+ '"'nc1 nrma 1..,_L._,: • ....,..i.. ~ • . ..,_ J.. LJ C - ..LI 1 _:; -

,I- ri that dissolved products It was earlier sugges~e~ 

fror.; Oligocene ·1 ~ombinor. in Olinocene sedimentary S □ l-S ,., •• ~ ·•-~ · • => 

basins to neoform 

• ,1-
stage of diagenes1.s av h ·ch theqp rea~tions occurred cannot W .l I, 11 -~ ~ ~ 

bo determined exactly. However, the generally 

• .i- t. . n the Olicocene (Nelson, 1973), sedimcnva ion l ~ 

: t •,1-·tial soluti~ns are usually diagsnotic in-ers1.w.1 

low rates of 

tho fact that 

more 
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concentrated than seawater and the likely increases in pH 

and Mg 2 + close below the sea floor (cf. pp.108-109), 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 comparisons 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 

undergone degradational transfor8ations, particularly as they 

are significantly less crystalline than clays in associated 

muds tones. Similarly the association of massive sandstones 

(e.g. Mt. Messenger and □ moao sandstones) with increasad 

abundances of mixed-layer clay minerals, illite and degraded 

chlorite, together with a concomitant decrease in the 

abundance and crystallinity of montmorillcnite suggests that 

alterat1·on of clay mi·ne~_._;:i_,.1 <:: ha~ h'"'e'""',::. .,._,_.,_db · 
- - .:, ,~ c. • , : a c 1 -'- i ... a L. e y t h e m o re 

permeable nature of these lithologi2s. Tho nature of the 

transformations is, however, difficult to determine as all 

recognised species of mixed-layer clays can occur in 

significant quantities in both mudstones and - concrGtions 

(cf. Appendix Table IV.1), suggestin,g th~~ a 
we. proportion of 

th e mixed-layer clays in tho sandstones may alc, □ be detrital. 
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The Puru~uru and Urenui volcanogenic sandstones 

contain abundant montmorillonite in the clay fraction while 

tha interbedded mudstones are characterised by illita, 

chlorite, 8ontmorillonite and mixed-layer clays. The 

mineralogy contrasts markedly with the general clay mineral­

ogic relationships determined for sandstones versus mudstones 

in this study (see previous discussion) and indeed, in other 

uorks (e.g. Ueaver, 1958a; Keller, 1970). Grain fabric 

analysis shows that the volcanogenic sandstones are cemented 

by d-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 association □ F abundant kaolinite and carbonaceous 

material in sandstone3 and mudstones of the Waikato Coal 

r• ~nd •1~aryv~=_1_1q rnal Measures suggests the kaolinite 1·,easures - - --

may owe its origin, ~: least in part, to the degradational 

• • u~-,~ ~--~-=st_;nn r.lavs as a result of the circula-tran.::~or:r:-:21:ion _ ,, - - -= - J 

t i .:.~ n o ~- rJ i l u t e nrc~~lc acids generated by the passage of - -
waters thro~g~ t~~ carbonacaous lithologies (cf. Glass 

Keller, 1968b). The presence 

of hi;~ly degraded illita~ chloritej montmorillonite and 

, . ·~ •~a s~~;ments suggests the transforma-mixed-laycr C.i.ays J..,! '-'· ,_, ~--....!-Li 

tions effected 
• Lh L rP ~cLrit~l Prnm . ' 2-1 r'""iavc: L., -:-:lL. ue ...... ..__.e;,., ..... a • o_;I 1112.in.1..y •- -J- 1.__.. ....... -

d ·1 f~f n" 97-lOOand po.122-123), 
1- r.oo•~=m.onts an sci_s \._,· • rr-'• • adjacen w ~ 

but part lJ 'I t ro~l of the a1~a o ~- a-

represents 

from soils 

.l,.. p 
reconstituvion o, 

developed on the 

Measures kaolinite possibly 

, 1· • • d tr;tal disordered Ka □ ini~e, e ~ 

• +- ock adjacent Mesozoic basemenw r 
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landmass (cf. p. 100 ) . The abundance of kaGlinite in 

both mudstones and sandstones indicates that a sandstone 

environment is not a prerequisite for the diagenetic trans-

formation of kaolinite. It may occur as long as the 

circulation of dilute acid solutions takes place. Rare 

neoformed kaolinite in Mangakotuku sediments (cf. Pl. 3.7) 

is compatible with localised 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 

and Schofield, 1958; i'lelson, 1973). Similarly the assoc-

iation of abundant kaolinite with poorly crystalline illite 

and chlorite in the banded Aotea sandstone (cf. pp.111-112) 

is compatible with an acid leaching environment, although 

a diagenetic origin Fer the clays has not been proven. 

Because the stability of kaolinite is very dependent on the 

chemistry of the environmentt its distribution in the 

geologic column is not stri=tly related to tGmperature 

and pressure .. For this raascn kaolinite is a poor burial 

pp.285-206). 

The abse;nce ~inaralogic svidence clS to the 

nature of the clay mineralcg; □ f source materials for 

!"le s o z o i c s e d i me n t s a i lo L! s ~,.., ; '·' ,..., n .-. ,-, + -! :-1"'1 -- !.. e , i... d 
'l...j\ '-'-i =·. e;:,, ..,.J..jl,Cl l.., t.O ue ma e of 

their existing content of dia;enetic clays. Triassic 

sediments are characterised tJ'Y _1~ __ r_aci1 ,y· i·_1,1i·t. 8._ 1 h' •• d ::.,~ - , - c .. iorit.e an 

mixed-layer clays (C-V) in thB clay fraction. Uhile their 

mineralog,, could be detri·tal {~F op _J "- .., \.WI• t- e 9 ,-- g~' o- • r j ths absence 

of montmorillonite may be anticipa~ed · · L ~- as es~ima~ss of depths 
of burial for the sediments of ~_rant"r fh , , ( "-' ~ __:, 2n q r<m !<ear 1960; 
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sandstones may differ because: (1) leaching by percolating 

ground waters 

increases the 

• -i-h 
in v e more porous sandstone lithologies 

kaolinite, illite and mixed-layer clay 

mineral abundance relative to other minerals, and 

(2) tuffaceous sandstones (e.g. Mangarara, Purupuru and 

Urenui sandstones) contain abundant volcanogenic montmoril­

lonite which may be protected from diagenetic changes by 

ol-cristobalite and analcite cement. Thus mudstone 

mineralogy tends to be indicative of provenance and the 

sedimentary environment while sandstone clay mineralogy is 

more indicative of post-depositional diagenetic effects. 

On the basis of field and laboratory work in this 

study, together with some published data, the characteristic 

clay minerals of central Western North Island mudstones, 

• ,-l SU"lrnarl.S8w in Figures 3.5 and 3.6, were formed as follows: 

The clay mineral suite in Mesozoic sediments is 

consistent with derivation from a western igneous/meta-

morphic provenance. However it is probable that the mixed-

1 1 ano• n_ Rr'naps also some of the chlorite, hava ayer cays, --

also developed by tr2nsfo~mation during burial diagenesis. 

• r • - s ~ 1 -ys are con~ic·R~ed Th • anl: ~; tP-~l· rh L'a i ka to '--'oa.1 1•1easur8 L;..:..e1 - -- --.. e '" ...... ...:.. , • .J.. -~ .L - • -

to have develcped in part by prolonged chemical weathering 

. t ' Mesozoic sedimen s ano in part by diagenetic transforma-

1 h • cnnu~iti □ ns associated with tion under acid eac ing - -

carbonaceous sediments. The abundant crystalline montmoril-

·t· sediments is considered to have lonite in Oligocene Te Kui i 

. . 1 80 oormed in shallow marine sedimentary basins 
been primari y n 1 

d • tl c8rbonate 
characterised by very slow deposition and ominan y 

Crvstalline illite and chlorite that 
sedimentation. -, 
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characterise most of the Mahoenui to Nukumaruan (Miocene-

Lower Pleistocene) sediments were mainly detrital from 

Mesozoic sediments under conditions of increased topographic 

relief, and rapid physical erosion as a result of accelerating 

tectonic activity during this period. The montmorillonite 

in Mahoenui and Mokau sediments (Lower Miocene) was largely 

detrital and derived from the erosion of uplifted Te Kuiti 

sediments. Montmorillonite in the Mohakatino sediments 

(Middle Miocene) was derived primarily from the alteration 

of volcanic products while much of the montmorillonite in 

Mt. Messenger to Tangahoe sediments (Upper Miocene to 

Pliocene) was derived from erosion of Mohakatino lithologies. 

The Plio-Pleistocene increase in montmorillonite abundance 

probably resulted from alteration of increasing quantities 

of volcanogenic material in these sediments deriv2d from 

contemporaneous volcanism in the Central Volc2nic and 

western Taranaki regions of the North Island. 

Analysis of central Western North Island sedimonts 

shows that almost all kinds of clay 8inerals occur in the 

major depositional environments. Thus the potential value 

of predicting the environment of deposition from clay 

minerals is verv, de □, endent on ~f PP~r~r-'-;a+; d _._~-~~1 w_,, ~-~,,L...1.. •v ... ng 8t... ... l.,a , 

transforLled and neoformed clay miner2ls~ Criteria. found 

useful in distinguishing ti1ese , < 

ciay mineral groups 

summarised in Table 3.8. I .;- -c, .L~. d ,, .L v lw SL ... 2SSe ~n2L. no one 

criterion is a diagnost1·c ino1i-ra 1,-.or an~ 1 •· - ~ ~ a so that not all 

of these criteria will be applicable to ctn' d" t er se imen s. 

The clay mineralogy. and ;ncleod thn bul' • 1 , ~ •~ -~ minera ogy, 
of r,, . 

,•iesozoic to Pleistocene sedimnn-'-L"' of th-
..... ..... J j 11.::: central Uestern 
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I 
R::::c'.;1;n1ci: DETR ITAL 

CRITERIA '.:LAYS 
TRArJSFORl'lED NEOFORl'lED 

CUYS CLAYS 

Cor.,rr.only ;.(aclinite, 
o;::curring 

i';on tmor i 11 on i ta 

clays All clays 
chlorite and illite. Demi~-
mixed-la }'e:: ar.ce of one 
clays clay mineral 

species. 

Lou-degrada-
Clay tional trans-

r.ineral Low - high formations 
c::ystallinity Hi;h-aggrada- High 

tional trans-
formations 

Randomly 

Se:: ir.ient 
orientated 

fabric aggregates - Interlocking 

and packets 
plates 

of clays 

Euhedralandlath-
shaped grains 
2nd delicate 

Clay particle Anhedral - Anhedral - structures. 

r.orpholagy eu~edral euhedral r·:on tmor il lon i te 
forms waxy 
plates; ~aoli-
r:ite forms 
stacked hexa-
gcnal plate 

i cl..-cristobalite, 
hss~ciate:f I r.iinerals - - analcite, 

I glauconite. 
I 

i !~c::e, but 

I i 
more 

Chsracte:ristic r·.cne 
comnon in 

: i t.h::,logy 
None 

I 
porous 

I i sandstcr.es 
I ! 

Ta.ble .J.3. 
dist.:.nguish 
minr.rols. 

Petrolo □ ic criteria used in this study to hGlp 
between detrital, transfor~eci and neoformed clay 
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North Island bears the imprint of a complex set of factors, 

including the influence of provenance, climate, tectonism, 

the deposition~l environment and diagonesis. 

petrologic study, as in many other fields of 

In this clay 

• -L- -L-. in L,erpr~ ... ive 

geology, it was frequently not possible to o~tain direct 

proofs or unique interpretations. In many . - ,._ in"' L,ances, 

however, sediments show significant variations in their 

clay mineral composition which can be related to different 

types and intensities of environmental conditions in the 

source and depositional areas. 

Provenance was an important factor in determining 

the detrital nature of Miocene to Pleistocene sediments. 

These clays were primarily inherited from r~es □ zoic sediments, 

reworked from previously depcsited Tertiary sediments, and/or 

neoformed from volcanogenic rnatarials. A terri;enous source 

for clays was fostered by the readily erodibl2 n2ture of the 

dominantly argillaceous Tertiary sediments. 

Climate is considerec to hdvo been an important 

factor in determining the a~u7~ant kaolinite in the u~iketo 

C o a 1 r~ e a s u re s • origina-

climate on a tectonicall; st2ble landmass. 

times che~ical we2thering of the land ~,, .. r~c 
~--· 8 8 w2s effected 

during a period and ,,.;a::- 7 tempera.te 
climate. These conditions resulted in miniGal 

terrig£rnous 
input and the transport cf la r n:::, l ,, d ~ 

- ~-i, issolved products 

the marine depositional basins where mont . 1 . 
• , ~mori._lonito 

primarily neoformed under a predomin ~, 
' an~-Y c--bo t c.:1.~. n2 o 

to 

lJOS 
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sedimentary regime. These relationships suggest that clay 

minerals are more likely to record the effects of climate 

uhen tectonism is slight. 

Active tectonism is probably the single most important 

factor controlling the clay mineral composition of Miocene 

to Pleistocene sediments. Intermittent differential 

elevation and gentle tilting of sub-basin basement blocks 

between the major meridional growth fractures and their 

splays resulted in local downwarping of areas of deposition 

and elevation of areas bordering the depositional basins, 

including areas of previously deposited Tertiary sediments. 

Increosed slopes and accelerated runoff generally hindered 

soil development, and mechanical erosion and weathering were 

dominant and sedimentary products detrital. Increasing 

tectonis~ is reflected by increasing quantities of crystalline 

illite and chlorite detrital from uplifted Mesozoic sediments. 

The character of the clay mineral assemblages released from 

Mesozoic sedimunt provenances and being deposited in the 

sedi~entary basins is determined largely by the relative 

• • ·.1.· of c~1_:,-, .. ,. 0-t~ ~.~rl tRctonism in the source area 1nt.2ns1 ... ies -~ - - --

(Fig. 3.20). Under 3ctive tectonics and cold or arid 

th I ·J.. , climates the clay minerals a::-1:'iving in ~- e oepos11.,1ona.1. 

• 1 • -'-- "-'-;::,l -n..-1 mi .... rn.,... sour"e rock basin are overtJhelrning y de1.,.1.l1..- 0 u ,, -• ..,... ... 

clay mineralogy. 

clir.1ate there is 

• • t -'- :cs and a ••arm, humid Under ac~ive • ec~on~ -: w 

extensive hydrolysis, moderate soil devel-

oprnent and because of tho active tectonic regime both the 

:c,oils and k .... ~ eroded and trans-undorlying porous roes a.1.~ 

ported to the dspositional basins. A Llarm humid climate 

t • k • 1 profile to and tectonic quiescence allows a hie soi~ 
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Clays mainly detrital 
from parent rocks and 
soils; moderately 
crystalline illite 
and chlorite, and 
mixed-layer clays. 

Clays solely detrital 
from parent rock; 
highly crystalline 
illite and chlorite • 

Clays detrital from 
soils; poorly crys­
talline illite, 
chlorite and mixed­
layers. Clays 
neoformed in sedi­
ments and soils; 
crystalline montmoril­
lonite. 

Clays detrital from 
parent rock and soils; 
low to high crystal­
linity illite and 
chlorite, ~ixed-layer 
clays and kaolinite 

Temperate 
Arid 

and/or 
Cold 

CLif'lATE 

Humid 
and 

LJa rm 

Fig. 3.2 □. Dia □ ram illustrating clay m1·,~eralu-n1·- end ~ ' . , - =J L, -:::,!, -

~embers that are likely to be found ~" serliman~s w~o~ 
~;~e t""'\ •r- 1...,..,J.. _J t -• 111._. U l!'-"11 

11 SuZOlv sano0~one and muus~one source matPri~ls arP. 
"'Uh ic, .!. d J.. • • '. ~- □- • -
~ -J~c~e GO varying cl1ma~1c and tectonic intensi+ 1·o~ 
~I t f- h t . . . I - - ~ ~ ~, • 

,o_e ~ a 01agenes1s rnay modify any of theso rla·>• m;~o~a·i· 
suites. '---' ... , 1 • 11 ~.L 
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develop,the climate is conducive to growth of vegetation 

which further protects the thick weathered profile, 

,-I • - ' • • 

ulssoiu~ions are considerable and highly degraded clays 

2nd dissolved products are transported to the sedimentary 

basins where ~ontmorillonite ~ay be neoformed . . /\n arid or 

cold climate is generally unfavourable for soil development 

but tectonic quiescence allows more time for pedogenesis 

to take place. 

No fundamental relationship exists between clay 

miner2logy and depositional environ~ent in the study area. 

Any of the major species of clay mineral can occur in 

sodiments formed in continental, marginal marine and 

shallow marine environments. Kaolinite is, however, most 

c~~~only associated with freshwater and marginal marine 

environ~ents. Certain forN2tions exhibit lateral changes 

in cl 2 y mineral abundance that are a function of the complex 

• t ti·on 0 P -lav 7c,~2~a1 r,~locculation and differential in a r a c , ._, , ,., - , - - - -

d . ~--'-,nn ~nrl;'~~ ~~p d;rferential sedimentation of ~Ct irnen:...c:1 .... ..1..v. c:.1 w •...JJ.. .... ii.._.. .... , 

no-,-cl:.;y \/ 0 l C 2 (1 0 g 9 ;; l C: 

clay niner2.ls. 

~i2.;snssis • • + 1 in the form2tion play~d an 1mportanu ro~e 

certain c!ny mi~2rs! assemblages • Montmorillonite is the 

.1.: -~~aria, i~ several formations. 
claSL....LC 1•· 0 ~ ...... -- -L. 

P montmorillcnite form2tion o, 
d• • :::>ntar,· basins in Oligocene se im~ , 

extrc)mely ]_ OLl 

for 

of 0 ~ 0 -m 3 ~: 0 n ~uf clay minerals under ne , 1. "'"- "-'- • • • • 

r.:i.tes of 
f ~. . _,_ 

_ ~:-nnLation where su r1c1en~ 
J0UJ..11I~ ~ --

_,_. 
;,,ln18 

chomical equilibrium to be achieved between 

incoming dissolved d C ~c ~nrl the environment. pro u ""' c. .. -
During 
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shallow burial diagenesis kaolinite formed, or was recon­

stituted, under the influence of circulating diluta acid 

solutions associated uith carbonaceous material in lJaikato 

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 formational fluids. 

The abundant chlorite and chlorite mixed-layer clays in 

Mesozoic and particularly Triassic sediments may in part 

reflect progressive transformation of montmorillonite 

during deep burial diagenesis. 

In conclusion, this study emphasises that no 

definitive relationship exists between clay mineralogy Llnd 

depositional environment. Floreover, there is no single 

criterion that can be used to dssignote a clay mineral as 

detrital, transformed or ~ecfor~ed, which uro nece3sary 

prerequisites before any environmental assessment c~n be 

attempted. ~I h 8 e1' • c- ~ 1· ~ t' ; r, ~ -- - • • , ' b t ' 1 • • ,. •l"'" n1.; -'·'--'" .. c'i o,7..1..y e es ao~ished using 

~~,, t·, ,, ., -~. . .. 
L w • , 8 C l V P • V ' f7 ° P V l r ~ n r- 0 ,-, ~ ,... ' :, '.-' C ,..., m p n <- , -- ' - ~ 

- - _, -~ ,1 ...., • ...__ ... ~ '-" .._., ' ' - ,_, -.• • - ..I.. - J J ..I 0 _;_ I.., ..L 1 .. .J I I SJ morphology, 

these factors 

in conjunction with t~e ~Ll:~ ;a~r □ logic properties of the 

sedin1ent. Clay mi~erals 2ra ~seful for provenance and 

paleoenvironrnental interprata:ion cnly in favourable cases= 
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CHAPTER 4 

CLAY PETROLOGY OF 

SURFICIAL WESTERN SHELF SEDIMENTS 

INTRODUCTION 

This chapter describes the mineralogy, in particular 

the clay mineralogy, of the surficial sediments on that 

part of the western continental shelf of the North Island 

between the nanukau 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 km 2 (Figs. 1.1 

and 4.1). 

4.1.1 U E S T E: R 1·J S HE L F f·l O R P H O L O C Y 

For the purpose of this discussion the western shelf 

is subdivided into the Hamilton, North Taranaki, Central 

Taranaki and South Taranaki Shelves, and the North Cook 

Strait Basin (Fig. 4.1); the last named area refers to the 

northern part of the Cook Strait Basin defined by Lewis and 

Eade (1974) • 

.Se award of 1·1 an u ks u ~1 arbour the outer e d g 8 of the 

continental shelf is sharply defined some 40 km offshore. 

Further to the south, bGtween ~anukau Harbour and Cape 

t t· · lf 11idenr to 95 km 2nd the shelf-slope brecJ.k 
Egmon , ~ne sne , -" 

is less definite. 
South of Cape EgG □ nt the continental 

shelf continues to widen and links with that portion of the 

running northeast from Cape Farewell (northwestern 
shelf 

South Island). 
Morphologically, tho continental shelf 

consists of t~o parts: 
(1) the Cook Strait Basin, and 
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Fig. 4.1. Gathymetry and main physi □ Qraphic features of 
the western continental shelf of the central Uestern North 
Island. Inset map shows the division of the western shelf 
into the !larnilton Shelf (H.s.), f.Jorth Taranaki Shelf (fJ.T.S.), 
Central Taranaki Shelf (C.T.s.), South Taranaki Shelf (S.T.S.) 
and P-Jorth Cook Strait Basin (N.C.~).o.). E:dge of continental 
~; h e 1 f m a r k e d b y ,,,. ...._ ll.L .,,, ""- • ( A f t e r [·l c D o u ci a 11 a n d O r o d i o , 
1967; Lowis and Eade, 1971.i.). !\dditional "lift-out" copy 
available in back pocket. 
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(2) the western shelf proper; these are separated by the 

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

The western shelf is a smooth submarine plain sloping 

seawards about □ 0 17' between Manukau Harbour and Raglan 

Harbour and decreasing to □ 0 4 1 between Raglan Harbour and 

Cape Egmont. Local topographic irregularities occur off 

Cape Egmont where volcanics occur on the shelf, in the 

vicinity of several rocky outcrops off Patea, and adjacent 

to the Farewell-Egmont Rise (where the Cape Egmont Fault 

forms a low submarine ridge about 3 rn high). tJest 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 (McDougall and Brodie, 1967, 

p.42; cf. Fig. 4.1). 

The coastline morphology varies considerably through-

out the study area. From the Manukau Harbour to Raglan 

Harbour narrow sandy beaches give way +o subdued cliffs of 

Tertiary and Quaternary strata. The coastline south from 

Rnglan ~!arbour is characterised by the presence of three 

large ::;hall □ Ll harbours (Raglan, Aotea and Kauhia Harbours) 

d Sandy b e2ches backed by large dunes. ar: narrow, 
Extending 

south from Kawhia Harbour to just north of New Plymouth are 

• bearhes with cliffs up to 240 m high cut very narrow sandy -

"° • • • enl-c:, or raised coastal in f·1e 5 oz O i c and Upper 1·1i oce ne sea im vo, 

terraces with fossil dunes. From the Mimi River south to 

Hnwera gravelly beaches arid sandy inlets are backed by cliffs 

30 m hio::Jh in fossil dunes and andesitic lahar 
averaging 

flows. 
From this point south to the Rangitikei River very 
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narrow h gl·ve way to cliffs up to 45 ~ high sandy beac es 

·th f ·1 and artive dunes. cut in coastal terraces wi ossi -

Harbours, rivers and streams entering 

a wide variety of lithologies (Fig. 1.3). 

the sea drain 

4.1.2 WESTERN SHELF SEDIMENTOLOGY 

In the southern part of the study area, oceanic 

circulation is governed by the northeasterly flowing 

Westland Current, a branch of which enters Cook Strait as 

the D'Urville Current (Fig. 4.2). In the north, the southerly 

flowing Llest 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 10% sand. In 

general, much of the coarser material consists of calcareous 

biogenic fragmentse The coarser sediment zones adjacent to 

Cape Egmont and in the northern North Cook Strait Basin are 

mainly sliq_htlv, qravelly and gravPll,, med· L 
- -- 1 ium GO very coarse 

sands, the former area containing nu~erous anciesite cobbles 

and boulders up to 10 km from shore. At th 8 shelf edge and 

on the upper slope, sediments consist mainly of mollusc 2 n, 

bryozoan and benthic foraminiferal debris. 
Further down-

slope, bioclasts become smaller and sediments 

foraminiferal d '· Lh ( 
an cocco1.1G oozes f'lcDougall, 1972; 

nre typicnlly 

1975, p.230). 
Carter 
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Fig. t,.2. najor currents and circulation patterns over the 
we~tern continental shelf and adiacent sholf areas (after 
Sroclio, 19GO; Heath, 1969; f-:eath, 1974). 
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173°E 175°E 
37° Manuk~Hbr. 

I: : : !Granules (including shell 
fragments) 

~ ery coarse sand 

[s21Coarse . sand 

!: ::;;jMedium sand 

IIII]Fine sand 
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3Efs gMud 

awhia Hbr. 
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I 1,1 ,I 

Fig. 4.3. Distribution of ~odal sizes in the sediments of 
the uestern continental shelf (after McDougall 2nd Brodie, 
1967; Lewis and Ende, 1974). /\dciitiorial "lift-out" copy 
available in back pocket. 
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The present distribution pattern of sediments on the 

shelf does not fit the classical picture of progressive 

fining away from shore in response to the decreasing 

environmental energy of deepening waters. fforth of Cape 

Egmont, the sediments are characterised by a zone of fine 

sands flanked by very fine sands and muds. The central zone 

of coarser sands, and possibly the outer very fine sand zone, 

are presumed to represent relict sediments deposited during 

the Last Glacial maximum, about 15,000 - 20,000 yrs B.P., 

and/or during the subsequent Aranuian marine transgression 

(McDougall and Brodie, 1967). 

The present distribution pattern of surface sediments 

on the western shelf was initiated during the last stadial, 

about 2C,OOO yrs ago, when sealevel was some 120 m below its 

present level (Lewis and Eade, 1974, p.5). At that time, 

the Fareuell-Egmont Rise 4.1) probably formed a 

continuous land bridge between the North and South Islands 

and shorelines lay between the present l □□ . m and 125 m 

· b ~h ~~nd ~n~ TUd from tho olacial rivers of We s tland l SO a L S • ~ <--, •- u 1.1 ~ " 

were moved north along this ancient c □ ast by southwesterly 

stJells and the u8 stland Current to the continental shelf and 

slope off Taranaki. The resulting ,..1 • ~ 
c.18pOSl1..,S were mainly 

t h VP.r',✓ s h2llow nature of the shelf sholly s3nds, as .. e -

h 55 m) enabled storm waves to keep mud (nowhere de8per t ,an 

·t ! beyond what is now the 150-175 m in suspension until l movec 

shelf brenk. 
t rn.los t of the Cook Strait Basin /\ t t h i s s a g e , ~ 

oast of the Farewell-Egmont FHse was dry land, with sea 

h extending from the present 
restricted to a narrow troug 

Cook Strait northwest towards the f"Hse. During the Last 
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• ~l,he land bri·dge would have stood about Glacial maximum, 

25 m above sealevel and was some 40 km wide at its lowest 

and narrowest place. A shallow depression, the Egmont 

Gulf, opened to the north from this saddle (Lewis 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 - l □ ,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, 

were 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, 

wave action and burrowing organisms. Modern 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 strong currants (McDougall and Brodie, 

1967). The interaction of the D'Urville Current (Fig. 4.2) 

with tidal and westerly flowing wind-gene=ated currents 

leaves areas of comparatively quiet water in the region of 

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

Dasin (Figs. 4.1 and 4.3). Mud~laden water from Western 

rivers appears to flow rapidly into Cook ~t ~ rait. Some of 

th e mud is carried directly through Cook Strait to the 
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Pacific Ocean, but most is transported by each of the two 

br2nch currents and d ·t d • th ~ eposi e in e relatively quiet Central 

Mud Belt (Fig. 4.3) and the Mud Zone of the central Cook 

Strait Basin (Lewis and Eade, 1974). In the absence of 

strong currents, sediment resuspended by storm swells 

resettles in the same area. At other places on the middle 

shelf, mud deposition is inhibited by boundary layer 

turbulence associated with coarse-grained relict sediments. 

Any mud settling in these regions is probably removed by 

currents the next time it is thrown into suspension by 

bottom stirring storm swells. Although small amounts of 

mud may reach the outer-shelf, deposition is largely prevented 

by turbulence associated with the interaction of tides and 

ocean 8urrents and the sediment is by-passed to the 

co~tinental slope and beyond (Van der Linden, 1969, p.102). 

Calcareous, and to a lesser extent siliceous, biogenic 

~aterial forms a sig~ificant part of western shelf sedime~ts 

in s3veral areas. There is little detailed information 

·1 b" n ~ha ~•-~-•~u-~·i·rn of the maJ·or bioqenic components av a i 2 · .1. f...~ o I l,. • _, u ..1.. .::; ·-- .!.. -- ._J ._J _ 

. tho c--::,...,:~,..,n-1-~ .,;-.;,--h ~nclude bivalve and gastropod valves, in , ....;! ~t....U..L.l;t•_,, ~u, a;,,_._,, •• _._ · 

f t f 8 ~ 3 miniferal and coccolith tests, arid bryozoa~ . ragmen s7 

diaton fraqrnants. 

fact that in som2 areas bicgenic deposits are a mixture of 

both r8lict and modern specimens. In general, an abundance 

of biogenic material 

(Carter, 1975). 

4.2 COMPOSITION OF SEDI~E~TS 

contin 8 ntal shelf and Tho composition of western 

acijncent rivor and 
b c e □' i· me ri t c, ; s s um m a r i s e d on har our o 1 ~ -
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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. 

by the large dots. 

Sampling sites (cf. Fig. 2.2) are shown 

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 shows 

that montmorillonite is abundant in the clay fraction of 

Hamilton shelf sediments, common in Central Taranaki Shelf 

sediments and is relatively scares in North Taranaki Shelf, 

South Taranaki Shelf and North Cook Strait Basin sediments. 

2.2.1 BULK MINERALOGY 

The calcium carbon2t2 fr2ction of the western shelf 

sediments consists almost axclusively of biogenic material 

(Fig. 4.4)~ u;,--,1---, rn-~o-.c.--~-! -- <=' l • • 
r1 ~ '::! .. ~ u 1 ''-- ~ 1 , .., .:. .::; - -'-- ·- 1 , , s o , c a ~ c 1 urn c 2. r b o n a t: e we s t 

of the Mokau River m.,,ou~·,M __ an~ ~nut .. ~ .. of CanP ~- t ·t - - -- - ..-- (Jrn □ n resu.L 

from the widespread occurre~ce of skeletal material 

(McDougall and Orodie, 1957). Cuter shelf concentrations 

of carbonate material WRS~ of •,8,aglan u ' - - ~ 11aroour and west and 

southwest of Cape Egmont contain numerous foraminiferal 

and/or coccolith shells (Pl. 4 1) h" •-,, w ich attest to low rates 

of terrigenous sedimontat1·on • th in .ese areas., 
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Siliceous biogenic material also occurs in shelf 

sediments, particularly as diatom tests (Pl. 4.1), but 

optical, TEM and SEM examination of samples indicate the 

total abundance of this material is low. 

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), opaque 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 Egmont, quartz abundance 

4.5) tends to increasa seawardsi but south of Cape 

Egmont quartz is most abundant in a middle shelf position. 

Although plagioclase tends to be most abundant over the 

eastern portions of the shelf (Fig. 4.6) and to the extreme 

southwest, its distribution is less regul2r than that of 

quartzq 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. 

most 

Potash feldspar constitutes less than about 10% of 

samples and shows an irregular distribution pattern. 

The total clay mineral distribution pattern (Fig. 

4.7) follows only partly the distribution of mud size 

material (Fig. 4.3) on the shelf. Mud is concentrated in 

outer and inner zones north of Cape Egmont and in a broad 

southwesterly 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 Fareuell-Egmont Rise with its north-

eastern lobe extending through the saddle. In general the 

abundonce of total crystalline clay minerals in river and 

harbour sediments bears little resemblance to that in 

adjacent uestern shelf sediments. 

rr other r, constituents are con cent rated in nears ho re 

areas, west of Raglan Harbour, and in a few isolated middle 

I - • • 8 \ and outer shelf positions (r·ig. 4.· J• Opaque minerals 

( c-i-l" .1..,tanomaonetite) and aridesitic rock fragments r.; 0 ,:) I,,., J L., -- >.J I __ • 

~ the other material at two nearshore constitute the bulk ot 

( ~ 2 8657 and 8653). sites Fio.. L. ; 
The distribution of 

titanornagnetite in western shelf sediments has been described 

by McDougall (1961). 
At the remaining locations (Fig. 4.B), 

· t l cly of clay-sized, amorphous, rrother matorial 11 consis s arg~ 

siliceou~ material, 
l • b di" tom fraar:ients much of uhich cou d e a~ ~ 

( C • f • Pl. 4.1), and occasional volcanic glass. Concentrations 
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of X-ray amorphous material west of Raglan Harbour and 

the Uaikato River mouth lie in an area noLJ 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. 

are present in a few samples. 

Trace amounts of halloysite 

4 • 2 • 2 A !< A O L rrn TE 

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 

adjacent to the shelf shows a parallel trend. Kaolinite is 

most abundant in sediments from Raglan Harbour and the Mokau 

and Mohakatino Rivers. 

4.2.28 ILLITE 

Overall, illite is the dominant clay mineral in 

western shelf sediments. It is most abundant in sediments 

of the North Taranaki Shelf, South Taranaki Shelf and North 

Cook Strait Basin (Fig. 4.10). 

towards the north (Fig. 4.11). 

Crystallinity decreases 

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 seo• .... ;ment~ and i·n th h - . e ons1 ore 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 southwestern 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 ~ixed-layer clay minerals 

(Appendix Table IV.1), the mosc common of which are C-V and 

C-M with lesser amounts of The frequency distribution 

"" • d •• d 1 • d , ' • 1 or in 1v1 ua_ mixe -iayer cLay minera species in both shelf 

and harbour sediments is rand □~ so that these minerals appear 

to be of little use as provenance indicators. 

4.2.2E MONTNCRILLONITE 

f'1 on t r:7 o r i 11 on i t e abund2nt in the clay fraction of 

II • 1 t -h ~f d. J.. nami~ on~ ei se 1men~s, co~~on i~ Central Taranaki Shelf 

sediments and is relatively scarce in sediments of the North 

T-ran k. r• l+" C t~ ~ k" c:· ~ 
, e1 a 1 _, n e , , .Jou , 1 , a ran a l ...., 11 e l r and rJ IJ r· th c O O k strait 

Basin (Fig. 4.15). The systematic increase in abundance of 

montmorillonite in sediments nor•~-1, ~ c or ape Egmont is 

paralleled by a similar trend in tho sediments of adjacent 
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harbours and rivers. On the Hamilton Shelf, montmorillonite 

is notably more abundant at mi"ddle and outer shelf locations. 

Gontmorillonite crystalli"ni·ty shows an • 1 irregu ar distribu-

tion pattern 

4.3 SEDIMENT DISTRIBUTION AND DISCUSSION 

This section discusses the distribution and origin 

of sediments on the Hamilton, North Taranaki, Central 

Taranaki and South Taranaki Shelves and the North Cook 

Strait Basin. Sediment distribution patterns are explained 

mainly on the basis of sediment compositional data determined 

in this study and by comparing clay mineral distribution to 

present day seston dispersal patterns using satellite (LANDSAT) 

inagery. Analysis of LANDSAT imagery was made using the 

black and white band 4 spectral images and multi-band colour 

composite prints (1:l,000,000 scale). 

4.3.1 HAGILT □ N SHELF S~OIMENTS 

Hamilton Shelf sediments (Fig. 4.1) possess a 

ct, 3 racteristic clay minersl ass~mblage consisting of abundant 

, ~ , ·11 n:~ to vary abunoanl, mont.morl..1. 0.,.1. ... e (40-8 □%), rare to very 

(0-3 □%), scarce to common 

~~2.olinite 
, 5 0orl\ r~re to scarce poorly crystalline chlorite 
\ - L ,.1 I ' C, 

and rare to scarce 
, <1 or•t) 

mixed-layer clays l - ~ (Figs. 

4.9 - 4.15; Pl. 4.2). 
This clay mineral suite is similar 

- · P-~c~i·on of sediments from the 
to th2t in the clay size , ,Le., " 

'f +:ng a detrital 
harbours bordering the llamilton SheJ. , sugges-..1. 

The anhedral 
for tho. shelf clay mineral assemblage. 

origin 
C hlorite supports a detrital origin for 

habit of illite and 

these minerals (Pl. 4.2). 
The harbours receive sediment 
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from the erosion of Mesozoic sediments, Oligocene limestones, 

calcareous sandstones and calcareous mudstones plus Quaternary 

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 

Uhaingaroa Siltstone, for sample, contains 80-90% montmoril­

lonite and some poorly crystalline illite and chlorite 

(Figs. 3.5 and 3.6; 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 Neasures. The 

importance of four large harbours (i.e. Ganukau, Raglan, 

Aotea and Kauhia) to the shelf clay mineral budget can be 

assessed from LANDSAT imagery which shows suspended sediment 

plumes extending up to 20 km offshore from the mouths of 

these harbours. The plumes either extend straight out onto 

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

4.B). The available imagery October 1975; 15 and 16 

February 1976) suggests that the prevailing nearshore surface 

currents on the Hamilton Shelf flow northwards - results 

compatible with those obtained by drift card measurements 

in the area (Brodie, 1960). Analysis of seston fro~ shelf 

locations west of Raglan Harbour (Fig. 2.2; Samples N377-

379) shows that terrigenous material is more abundant in 

nearshore samples. The nearshore ssston (Samples N377 and 

378) contains very common diatom fragments and clay material, 

chiefly montmorillonito, and rare glass st,ards (Pls. 4.9 -
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4.12). The outer shelf seston (N379) contains unidentified 

amorphous material, rare detrital quartz and only minor 

amounts of clay suggesting that little terrigenous material 

reaches tho outer shelf (Pl. 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 environment. A number of studies 

(e.g. Powers, 1957, Whitehouse et al., 1960; Porrenga, 1966; 

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

si~ilar lateral changes in the offshore frequency distribu-

tion of clay minerals to these mechanisms. The physical 

chemistry of preferential flocculation and sedimentation 

Llas described olseLlhere (pp.117-119 ). In the case of the 

Hn~ilton Shelf montmorillonite evidence for such a process 

is meagre because: (l) the nu~ber of samples on which the 

distribution pattern is b2sed is small (Fig. 4.15); 

(2) oth 2 r clay r:iiner2ls suet: as· illite and chlorite show no 

t a .... ~c v--~;:1+..;~""' ~:s ;:.b.,ncance with distance offshore, sys e~ ~i a.1-~-~~-- - - - -

flocculation was an i~=~rtant ~rocass; (3) outer and middle 

shelf sediments are 
(Vic Dougall 

c1nd 3rodie, 
,c,~7) • ni•-,;n" t~at the montmorillonite distribu­
~ _; tJ . l rn ~ t ...... , ~: 

tion in these areas has no direct relationship to contemporary 

shelf processes; 
and (~) the large harbours, which are the 

for the major sediment source 

equc1l to or only slightly 

Hamilton Shelf, have salinities 

belou those of 

wZJter~, (HurnG, 1977; Nelson, pers. comm. 

adjacent shelf 

1977), observations 
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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 

mater i a 1 (c f. pp .12 6-12 7) em p 1 aced at the s e 1 o cat ions du ring 

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 J... • • maLer1a.1. to the continental shelf and beyond. 

Over much of the inner shelf ona would expect this material 

to be now buried by contemporary (Recent) sediments. At 

middle and outer shelf locations, where sediments are largely 

relict, any authigenic mont~orillonite of volcanic origin 

may still be exposed and for~ part of the clay fraction along 

with detrital montmorill □ ~ita jerived from the erosion of 

c..,; .L 1 ' ,. ' . ,. 11· ,,.,_ni.,er ano seoiments, esc2s2.";'--_;_y U lC] □ cene nudstones. The 

origin of montmorillonite in ~a~ilt □ n Shelf sediments is 

elaborated upon later in this chapter. 

4.3e2 NORTH TARANAKI SHELF SEDIMENTS 

North Taranaki ?J· 1,,,Rlf' sodi"ments 1 - • - ~ " a re c 11 a r a c t e r i s e d by 

a clay mineral assemblage containin~ abunrlan~ modnr t 1 
_I 1 -"' l., ,. l c..::;; a e y 

crystalline illite (40-6 □ %), common to very common mixed­

layer clay minerals (10-3 □%), common moderately crystalline 

chlorite (10-20~~:,), rare to common montmorillonite (0-20::) 
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Dnd rare to scarce '<ao11·n1·te t (5-1 □~:~) (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 

sediments 

are comparable to those in the bordering river 

(i.e. Awakino to Uaitara Rivers) suggesting that 

the shelf clay mineral distribution patterns are 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) whose 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 nahoenui 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 rock3 are the Mokau (Pl. 1.13), Flohakatino (Pls. 1.15, 

1.16 and 1.18), Mt Messenger and Urenui (Pl. 1.21) mudstones, 

which produce the crystalline illite-and chlorite-rich clay 

fraction. ~apid erosion of the easily weathered mudstones 

is facilitated by the rugged topography (relief up to 60 □ m) 

and high rainfall (150 - 500 cm/yr) and erosional detritus 

1 • ~ ~ ~L,·,h~ ~·,npl-,~ before weatherino_, signifi-is activ □ -Y carrieu 1.,0 ~ - --

cantly alters the clay mineralogy. A detrital origin for 

· suogested by the predominance of anhedral illite thG clays is ..., 

and chlorite in the shelf sediments (Pl. 4.14). The smaller 

c • d •ayer clays in North Taranaki Shelf proportion 01 rnixe -1. 

sediments compared to adjacent river sediments (Fig. 4.14) 

the transformation of detrital chlorite­
may result from 

vermiculite and t ·11 1·te clays to their chlorite-mon mori on 

more stable chloritic analogues. 
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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.B); 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 Uestland Current (Fig. 

4.2) exerted a significant influence on the direction of 

suspended sediment movement. 

4.3.3 CENTRAL TARANAKI SHELF SEDIMENTS 

Central Taranaki Shelf sediments are characterised 

by a clay fraction that contains abundant crystalline illite, 

(40-60'.~) very common montmorillonite (20-4 □~;), common chlorite 

( 1 0- 2 0 >: ) , a n d r a re t o s c a r c e m i x e d -1 a ye r c 1 a y s ( < 1 0 ~~ ) a n d 

r a r e k a o 1 in i t e ( < 5 ~S ) ( F i g s . 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 Uaiwakaiho to Uaiaua Rivers) 

contain no crystalline clay minerals (Appendix Table IV.l; 

Fieldes, 1968), suggesting that the clays of the shelf are 

unlikely to be inherited from these riv2rs and their 

surrounding catchments. Rivers fl2nking the Central Taranaki 

Shelf drain mainly Quaternary andesitic volcaniclastic 

sediments whose soils have a clay mineralogy dominated by 

allophane (Symes and Wells, 1973) 0 

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-

porta.tion of the clays onto the shelf area by ocean currents; 
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(2) derivation from a northern South Island source; (3) 

reworking from adjacent North 2nd South Taranaki Shelf 

areas; and (4) authigenisis. 

Consideration of the clay mineral suites being 

discharged from rivers of the North and South Taranaki 

Oights (Figs. 4.9 - 4.15) indicates that they are a possible 

source for the crystalline illite and chlorite, montmorillonite 

and kaolinite in the Central Taranaki Shelf sediments. If 

the major circulation patterns on the shelf (Fig. 4. 2) are 

important in controlling the directions of sediment movement 

than it would appear that clay material emerging from the 

North and South Taranaki Bight rivers is unlikely to be 

swept towards the Central Taranaki Shelf. However, when 

str~ng southerly winds minimise the indraught of the D'Urville 

Current into Cook Strait clay material could be transported 

northwards from the South Taranaki Bight rivers to the 

Central Taranaki Shelf. Moreover, in the case of the North 

T il ~ :,, ! ',' i· ,--. h +- L _0 ,. r,_1 ·OS :: T i mar.:; er y (Pl s • 4 • 7 and 4 • 8) shows ar21 c.1:,..L 0 -=J· L,, _ 

that sus □ ended sedinent □ lu~es from the Awakino to Tongaporutu 

f<ivers (Fig. 4.1) exte~d up to 40 km across the shelf and 

h2\.!2 2 

~r, ".-i.1.·"---' ,-,, .. .,.p,.,~ (cf. Fig. 4.2). Presum2bly, th 2 0 r · s ~1 ore ~:...: e J ~ c r, -~ ·_,, ..... - • - 1 , ..... 

under - ~·n,e c-n~i~inr~ ~omo of this material could t-2.VOUI'c.-.-..L ~U11~-t...--·--·• ·-; - , ..... 

ultiii7at!':dy be 
1 • ,....h 1 c d e p O .s i t e d o n -t :._• e C e n t r a l Ta r an a ,< J. :J, e - 1 • The 

predor,iinance 
~ he~-~1 ---tirlcs of ilJite and chlorite in o t an. . u 1- a...... ~., c..1 .!... - - ..., ~....., .... -

the Central Taranaki Shelf se~iments 

• • (Pls. 4.15 2nd 4.17). dotritcil origin 

is compatible with a 

It • ho1Jever unlikely that the l S, ~ , 
montmorillonite 

the cl 2 y fraction of 
Central Taranaki Shalf sediments is 

in 



224. 

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 r·:oun t 

Egmont region consists entirely of volcanogenic deposits 

(Fig. 1.3) and soils are rich in allophanic clays and glass 

shards (pp.10-12). Rivers and streams discharge this 

material directly onto 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 siliceous material (Pls. 4.16 and 

4.17). Similar features were shown earlier to be character-

istically associated with neoformed montmorillonite (cf. 

Pls. 4.16 and 4.17 with Pl. 3.21 and Table 3.6). Central 

Taranaki Shelf sediments contain significant amounts of 

X-ray amorphous material i~ ~earshore loca~i·nn~ (~~n 4 B) 
- - - I --'-':J• 0 o 

The occurrenca or titan □ magnstite~ hornblande and andesitic 

rock fragments in these sa~lsen:s strongly suggests the 

anor □. hous material is of vcl=~-.. i~ o-igi·n 
- -- J..-L • To assess in 

more detail ths nature cf ~2tarial reaching the shelf three 

sestan samples fro~ the nsarsh □ -4•e - □ n · ( □ -:.• e tJere examined ,, ls. 

4.18 and 4 1c·). 
• _., I ' samples were not availa'o~•o f ·d~' d ~ rom ml u.LB an 

outer shelf locations. The seston contains abundant diatom 

fragments and organic matter, common crystalline clay 

minerals (usually in aggregates or floccules), but appar-

ontly no allophane or glass shards. 
Glassy volcanic material 

readily alters to montmor1·11oni·tP 1·n tr 
- ~ 11e rn2rine environment 
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and in 

1970, 

fact may alter during transport (Dunoyer de Segonzac, 

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 adjacent 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 glass shards do (cf. pp.173-174). 

The origin of montmorillonite is discussed further in section 

Montmorillonite in the Central Taranaki Shelf sedi­

ments is thus considered to be both detrital and neoformed. 

4.3.4 SOUTH TARANAKI SHELF SEDIMENTS 

The clay fraction of South Taranaki Shelf sediments 

contains abundant to very abundant crystalline illite (50-

6 O, • ) , v e r y common mix e d-1 ayer c 1 a y s ( 2 0-4 0 ;_; ) and cry st a 11 in e 

c h 1 o r i t e ( 2 0 - 4 0 ~ ; ) , r a r e t o c om m on m on t m o r i 11 on i t e ( 0 - 2 D ~~ ) 

and rare kaolinite ( < 5'.\) (Figs. 4.9 - 4.15; Pl. 4.20). 

Because of its location (Fig. 4.1) it is unlikely that the 

South Tarariaki Shelf receives much terrigenous sediment 

.,_ ., ,, - 1 ' • rs directly from the 1.Jes..,ern ,;or-en 1s_ano rive_. r:;ore likely 

sources of clays are tho northwestern South Island, reworking 

of adjacent Central Taranaki Shelf 2nd North Cook Strait 

Oasin sediments and, perhaps, rivers of the South Taranaki 

Unfortunately there is little data available Biqht. 
on the 

nature of clay minorals in northwestern South Island rocks, 

ml·xture of Lower Paleozoic sandstones 2nd 
which comprise a 

h ·rtc fiddle Paleozoic chlorite and mica 
mudstones and sc l0 a, ' 

Upr,. nr raleozoic granites and grandiorites and 
schists, , '-' 

Cenozoic sediments (Grindley, 1961). 
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Analysis of LANDSAT imagery (Pls. 4.21 - 4.23) shows 

that suspended sediment is carried from the western and 

northwestern coasts of the South Island to the South Taranaki 

Shelf and Cook Strait Basin, presumably by the Uestland and 

D' ,Ur vi 11 e Currents ( Fig . 4 . 2 ) . No evidence exists for 

significant suspended sediment contributions to the South 

Taranaki Shelf from rivers of the South Taranaki Bight. 

Llhile 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 K 2 □ 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). Optical examination of 

the sand - and silt-size fractions of the sediments shows 

appreciable quantities of micas that were probably derived 

from the erosion of plutonic rocks in north-western South 

Island and subsequently carried north by the Uestland 

Current. The K 2 □ distribution in shelf sediments indicatss 

that micas are perhaps carried as far nor·c··n ~s L-ape c~g=on~ - '" ". 

Chlorita is most abundant and nost crystalline in the clay 

fraction of sediments in thP south L F 'h - , wes., o, 1:; e stud 1 area 

(Figs. 4.12 and 4.12). This c~oha'olv re~ul~c ~~ th 
~ . ~ ~ ~, ,,_, . .., 0 1 .. om ~ e 

Uestland Current transporting chlorite northuards from a 

northuestern South Island source. A detrital origin for the 

illite and chlorite in South Taranaki Shelf sediments is 

supported by thP. anhedral habit of these clays (Pl. 4.20). 
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The Central Mud Zone of the South Taranaki Shelf 

(Fie. 4.3) J.S a zone of comparatively quiet water produced 

by n pronounced change in the pattern of tidal and ocean 

currents in the area (Lewis 2nd Eade, 1974). Clay mineral 

and other data from this study indicate that suspended 

sediment from the northwestern South Island is either 

transported eastwards by the D'Urville Current to the North 

Cook Strait Dasin, and perhaps on to Cook Strait, or trans­

ported northeastwards by the Llestland Current to the Mud 

Zono where it is deposited. The distribution pattern of 

clays (Figs. 4.10-4.13) and K 2 □ (Appendix Fig. Vlll.4) on the 

Scuth Taranaki Shelf indicates that mud is preferentially 

dep □ 3ited in the southern portion of the present Central 

i'I u d B 2 l t. Some illite and chlorite is transported further 

to the northeast, particularly when strong southerly winds 

ninimise the indraught of the D'Urville Current into Cook 

::; t r 2 i t , w :1 e r o t l7 e y 2 r a d e p o s i t e d o n t h e Ce n t r a 1 Tar an a k i 

~ .L -'·· ,,.,_,_ authi"o,::,,;~ montmorillonite in S h r~ l ~ c o n 1.., e i:' p o r a n e o u .:, -'- / L, 1. 1.., , , -=- ~ , ~ L, 

2 zon2 -:f" ~c:ol -ot; \IP.l -.; i CJ'·' terrigenous sedimenb:itian. •...; ,1..._,_._1,....,_, _____ / - ....., 

4.3.S 

--1 . ,.,.,~~,..,-°'~ ---.c;v rf' r~orth Cook Strait Sasin T h s L... a y l 1 , ..J- I • - _ ...... -- ._ • ._, _ :..i • 

.L • 5 .L ~~ abundant to very abundant crystalline sedirnen~~ cons1 ~ ~ 1 

illite ,~r-sn~)- c □ mm □ n mixed-layer clay minerals (10-20¼) 
\ ......, '-' ._ I , 

crystalline chlorite 
• l 1 • ' ( l 0-2 o;;) and mon tmor i .L on 1 t:e 

Figs. 4.9 -

4 _15 show that sediments 

contoin clay minerals in 

, " --1-h c I C:-'-rait Basin f r o n 1:. h e 1 , o .L .., , , o o ,< ,._, 1.., -

si~ilar abundance and uith similar 

crystallinity to those 

TangnhoB to Rangitikei 

· -dJ·a~ent river sediments (i.e. ln C c.,, ~ 

Rivers) suggesting that the clay 
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mineral distribution patterns are provenance controlled 

(Fig. 1.3 and Table 1.1). Most rivers flanking the North 

Cook Strait Basin drain catchments of Pliocene - Pleistocene 

sediments, although the major Llanganui River cuts back into 

older Mesozoic to Miocene sediments. Onshore sediments are 

mainly easily erodible mudstones of the Mt Messenger 

(Pl. 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 

adjacent shelf assemblages. 

are deeply entrenched (Fig. 

Rivers in the catchment areas 

Miocene and Pliocene 

sediments exposing tens of ~etres of frittering mudstones 

capped by thin deposits of Q~aternary alluvium, tephra or 

soil. Inland, relief up to 6JJ m and the moderately high 

rainfall (125 - 250 cm/yr) ensure rapid erosion of the mud-

stone slopes so that there is ninimal alteration of the 

clay minerals transported to :~a Cook Strait Basin. Other 

Cartar, 1975) have 

G □ dern terrigenous mud Fro~ rivers of the South Taranaki 

Bight is so hich that th2 hydrod•-tna~..,1;,.._ rpg.;me 
.J - J •••-'-"-' .-.._. .J..I cannot 

adequately disperse all the sediment with th 8 result that 

mud blankets reli"rt t • ' • - errigenous anG biogenic deposits. 

LANDSAT imager,,1 indicateq +ht d 
- ~, c1 suspen ,ed sediment 

being discharoed from the ri·vers b ~ ordering the North Cook 

Strait Basin forms plumes extending about 10 km offshore 
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(Pls. 4.25 and 4.26). North of the Llanganui River plumes 

extend directly out from the coast while south of the River 

suspended sediment clearly moves southwards along the coast 

(Pl. 4.25) suggesting the influence of a northerly branch 

of the D'Urville Current (Fig. 4.2). Both textural studies 

(FlcDougall and Brodie, 1967; Lewis and Eade, 1974) and 

LANDSAT imagery suggest that at least some of this sediment 

is swept south to Cook Strait (Pl. 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 

tho clay material in the North Cook Strait Basin ultimately 

has a northwestern South Island provenance. 

4.4 FACTORS CONTR □ LLINC CLAY FlINERAL DISTRIBUTIONS 

It appears that the frequency distribution patterns 

of clay minerals in western shelf sediments (Figs. 4.9 -

4.15) can be largely interpreted in terms of changes in the 

clay mineralogy of adjacent onshore sediment sources. For 

example thG importance of 
I .. .. • ' an onshore provenance for ~aaiin1~e 

• 1 P. 0 ~,. •.•.:n_i1e ~aolinite is stable in the marine is unequ.1.voca_, "' -

· t ·t • ...,1i"'<ol" to form there (Keller, 1970). environmen 1 is u ..... , ~-1 

~ kPnlinite in northern western The increased abundance o, ---

- d~ ~ i·g pPralleled by a similar increase in shelr se ~men~s ~ ~ 

• d ' bour sediments. l·n the clay fraction of river an nar kaolinite 

Pro venance control on the clay mineral However a simple 

distributions is complicated by the occurrence of both 

t th western shelf (McDougall modern and relict sedimen son e 

Gnd Brodie, 19G7), by the presence of authigenic materials, 
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and by the locally variable hydrologic regime. The follow-

ing diicussion 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 PROVENANCE 

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 volcanism was not a significant 

source in terms of quantity, that volc2nic 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 been altered to other minerals. 

It is likely that mudstones supply the bulk of the 

1 -1- • 1 t t !'I .;... • T , rl • c ... a y f:1 a "er 1 a o was . er n 1·, or.., n .ls_._ an~ r 1 v er s and harbours , 

and ultimately to the shelf, because they are the most 

abundant lithology onshore, they contain significantly more 

clay minerals than other lithologies, and they are generally 

readily erodible. Clay mineralogic data suggEJst that 

Hamilton Shelf clays are derived largely from Oligocene 

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 
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mudstonGs anrlu p ~1 f • • arL y rom west.ern South Island derived 

seston, uhile South Taranaki Shelf clays are probably also 

supplied mainly from the latter source. 

4.4.2 RELICT VERSUS RECENT SEDIMENTS 

McDougall and Brodie (1967), Lewis and Eade (1974) 

and Carter (1975) have shoun that modern terrigenous sedi­

ments north of Cape Egmont are represented by a coastal zone 

of very fine sands and muds (Fig. 4.3) extending some 10-30 

V-8 onto the shelf. The outer 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 (McDougall and 

Orociie, 1967). The carbonate-rich deposits west of the 

r· 1 0 k au R i v e r m out h a r a f or med from abundant re 1 i ct s k el e ta l 

material consisting mainly of coarse molluscan and bryozoan 

On th □ outer Hanilton Shelf the carbonate material 

, 1 • ·., • ~ (Pl 4 1 • is dor.-iinated oy cocco~it.,. t:es .... s • ..L, f•lcDougall, 1972). 

The fact that little tgrrig~nous material is presently being 

• • • •,: 0 .. ~hn o·u•t □ r ~a~il~on Shelf is indicated by seston sur:;;~1..::.2c::J -- '-' - ~ -

Clay ::iine:ral patterns (Fig. 4. 7) bear 

little 

( ,.... • i, ''i riq. ~-·~,-e 
Textural studies (McDougall and Brodie, 1967) 

. ~h~~ rl iq ~?inly deposited close to shore indicate .., ,at muu -- , .. ~-· . 
as a 

result 
, • • nr, c_lP.y material emerging from river of floccu.Lation ~ -

mouths onto the shelf. 
' -t·r, nP Capo F □ m1 □ nt L/l,f.JS;;T 1m;-2gery noi. ,_,, ~ -:::, 

this conter1tion, in as far ss it shous suspended 

th ...,r. .. thc of harbours and rivers and 
sediment emerging from e .. ,u'--'~"o 

t , h lf (nlc, '' 4 -· 10-L•0 k'7 out onto ne s, e r' 0 • ..... 

extending on.1y some ' " 
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4.8). Significantly the plumes extending out fron the 

harbours bordering the Hamilton Shalf may drift north at 

th t • .1. I from· r i· v er s bordering the ~1 or th , e same ime as ~,ose 

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 ~orth 

Taranaki Shelf, from a possible southerly directed backwater 

effect produced by the northerly passage of the ~ajar Westland 

Current past Cape Egmont. Satellite imagery has revealed a 

similar effect on the eastern shelf of the South Island where 

the northerly directed Southland Current flows past Banks 

Peninsula (A.J.R. Male pers. comm. 1977). 

The featureless mor~hology of the western shelf 

surface probably exerts little influence on the distribution 

of clay minerals. Northwards from Cape Egmont, clay mineral 

. d . , - - . . . 
a □ un ance an □ crysta111n1~y zones □ n the shelf correspond 

closely with those of adj2ca~t onshore provenance areas, 

suggesting that bottom c~rr2~ts ~ave little affect on 

Deviations from this simpla pattern occur nearshore where 

the effects of river run-off, ci □ es nnd winds produce a nett 

movement and resultant mixing of material. The extent of 

this mixing is indicated b " L·"•'·'nrnr • J n : , u _J 1·, l m a g f:l r y of suspended 

sediment plumes emerging from harbour and rivor mouths. 

The writer considers that on the wester~ shelf north of Cape 

Egmont, clay minernls on the outer and most lii(ely the middl8 
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shelf areas are probably relict. In these regions the clay 

minerals were probably deposited during lower sealevel 

stands, or immediately following the Last Glaciation (Ctiran 

3taga in New Zealand). At that time rivers drained similar 

source lithologies to the present and subaerially exposed 

inner shelf areas now covered by modern sediments. The 

rivers debouched their sediment loads onto what was then 

the nearshore zone. The subsequent rise in sealevel 

(Aranuian Stage in New Zealand) has left these sediments 

as essentially relict middle and outer shelf deposits. As 

the same source lithologies existed throughout the Quaternary, 

there are no significant changes between inner, middle, 

2nd o~ter shelf clay mineral assemblages. 

In summary, north of Cape Egmont the clay materials 

on the middle and outer shelf are probably mainly relict 

while those on the inner shelf are Recent. 

+ d • • f r • n+ the shelf sedi-To the wes- an sou~n o -ape ~gmo v 

ments include an outer zone of muddy very fine sands, an 

ten ci·vc ~one nf sandv muds and muds and, over much of the ex ...__, c;; L 'c.:;; l_O .. ✓ 

~ ~h ~ , ~ ddy fi"ne sands together with southern part 01 L,1 c s,,e.Lr, :-:.u . , 

C q~n. ~s ~.n,.d a~a,•els in the South • +- area o, coarse .....,~;•L2 '="' =-- .., a prGrT:.lnenv 

( c-·~ ,. "' Tc.lrana~i Bight , 1~. '--,.•-...JJ • 
The outer very fine sand zone 

is considered to represent relict . . ' :natarla...L ( f•1 c D o u g a 11 a n d 

Brodie, 1967). 
, F r'ne oute~i. shelf sediments {\ s in t r1 e case o . -

north of 

content, 

material, 

~- .1- hav~ a h,.,.1'r.:Jh carbonate these seoimen\..,s 11 c -

f • • P 1 and coccoli th ~ri·si·ng abund2nt oramini,era~ comt---- . 

indicating the area experiences low rates of 
• .... -i-. n 

terrigenous sedimentation. 
Reduced terrigenous sedimen~auio 

characterises the area of coarse-grained 
apr,arently also 
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sediments in the North Cook Strait Basin which consists 

largely of both relict and Recent skeletal material 

(McDougall and Brodie, 1967; Lewis and Eade, 1974). This 

area coincides with the major eastward 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. In 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 

fron rivers draining the west and northwest coast of the 

South Island with material subsequently being carried north-

east by the Westland Current. In the offshore parts of the 

North Cook Strait modern clays of similar composition to 

those on the South Taranaki shelf are likewise deposited from 

the offshoot D'Urville Current. 

Comparison of the total clay mineral distribution 

pattern (Fig. 4.7) with the distribution patterns of 

individual clay minerals (Figso 4~9 - 4.15) indicates that 

the two areas of concentration of clay minerals in the Mud 

Zone west and southwest of Cape Egmont (cf. Figs. 4.3 and 

4.7) are characterised by montmorillonite-rich and montmoril-

lonite-poor material respectively. Clay mineralogic evidence 

suggests that the southern montmorillonite-poor area results 

from ths influx of crystalline illite and chlorite from a 
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we~tern South Island provenance. The northern montmorillonite-

rich zonG on the Central Taran,aki' Shelf si·mi'larly re · , ceives 

illite and chlori're from th ~ e same source but these clays 

are diluted by locally derived authigenic montmorillonite. 

AUTHICE1·JESIS 

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 cnlikely to form in the marine 

environment (Keller, 1970). Certain mixed-layer clay mineral 

species may be transformed in the marine environment (cf. p.221). 

It is considered that ~ontmorillonite in western shelf sedi-

mants is of both detrital arj authigenic origin, with neoformed 

• ,_ ·1- '.j.. ' • t t d • volcGn □ genic mon~mori ~oni~2 oeing concen ra e in sediments 

of the Central Taranaki and Hamilton Shelves (Fig. 4.15)e 

T!:2 rnontmorillonite ::::::::i:-:iponent of all samples was 

exnminod in more detail c~ attempt to determine the 

factors controllin~ t~a distribution of detrital and 

• • I . ..,,...:11,";-.;~~ 
2. L! t h l =.J a n l c m o n T. r:: o • .;.. ..:... - ._; : • -- ~ c;; • 

~any western shelf sediments 

, __.. • • 0 " ('•,..,~n-"olcan1c"" and trioctahedral contain totn uioc-c2,~ecr2.1- ._ ,,v, u • , - 1 

(11vnl----~ir 71 l iil □ ntrn~ri.llonite. 
\ ._. -- :..... C'- ; I ..... -- I 

A number of samples contain 

· ·,1 ·.:.. ~ 1 .1..hese ciro esp □ c-
1 +- h · 8 -· f .1· a 1..,. c =" n ,:- r.i '7 n t m c :r .1 j__ on l l, a ctn o L - 0 ..... ~ ... 3~, -snap u n ........ ~ - 1 ···'-

· ce.~,tral Tar2naki Shslf sediments (Pls. 4.16 ic:1lly co.ilrn □ n .1n v 

and I,. l 7) . The crystallini~y of montG □ rillonite on tha shelf 

v2,ries, but the t 11 • t ri~l occurs in most highly crys a inc ma e -~ 

the zones of 
· · .1.. ~,loni·to concentration relatively hi~~ mon~m □ rii- v-

off f1ai]l.::1n Harbour and Cape :::gGont. 
• C\ Plagioclaso species· 
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and a 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 

montrnorillonite in onshore sa~ples, would suggest that 

authigenic montmorillonite 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-

·11 ·,1,.. ' d"' ,. 1 oni~e in areas wnere 1iu~1 □ n by detrit2l clays is lotJ. 

The clay mineralogy of two l m cores of mud from the 

Central Taranaki Shelf (localities C422 and C429; Fig. 2.2) 

varies little (cf~ ~ppendix T2jle IV.land IV.2) from top 

1\C422.l and C429.l;\ ~-~ '-,-,.-'-""--- f,-,,,1,,,,,, 4 1 ~ 2 ) 
L, u u u L., :... ._J ,,i "-. L., '-TL....::... • 1 an u LL~ 9 • 4 c1 n d is 

domin2ted by illitc chlorite and 3maller amounts 

of montmorillonite, . ' -
mix2c-,j_3 .--·-== clays and kaolinite. The 

~a~e~ show 1 i.:.._,__, ,...• • - ,. 
~ L o i_LLLB ~vi □ ence or compac~ion and presumably 

represent only a short tima in:erval. If the montmorillonite 

in these samples is "' 1 1,1,.•n1·,.. • .L'h • ' • • • 
c.i.,_ L. -::12riic L on it.s ~=;imilarity in abun-

dance down the core 

early diagBnetic (cf. Dunoyer de 3egonzac, 10 70 ?Q3) J__,, 'p.L.-· • 

From the available clata i +- • '·ff· -vis 01 icult to assess 
the extant to which reworking 1138 affected the distribution 
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of clay minerals in western shelf sediments. Reworking of 

sediments could be invoked to explain any irregularities 

in the patterns of clay mineral distributions. At middle 

and outer shelf locations in areas of relict sediments, 

much of the existing clay material may be protected from 

erosion by a lag-cover of coarse sediment. Boundary layer 

turbulence, associated with coarse-textured relict deposits 

and high current velocities resulting from tide and current 

interaction, tend to prevent deposition of mud at middle 

and outer shelf locations (Van der Linden, 1969). Sediment 

movement in these areas could take place under the present 

hydrodynamic regime as grounding storm swells on the Taranaki 

Shelf may resuspend bottom material to depths of at least 

130 m during the 25 year storm event (Glenn et al., 1973). 

The resuspended material c □ n then be moved by bottom currents. 

However, if reworking was an important process in controlling 

the distribution of clay minerals in western shelf sediments, 

one mi~ht have expected more uniformly mixed clay mineral 

assemblages on the shelf. 

4.5 SUNRARY AND CCNCLUS!ONS 

The western shelf is divided into five zones: the 

H2rnilton Shelf, 
· , ' h T ::: r "'. n a,,, 1.· S 1',, e _1 f , t 'n P. L~ e n t r a 1 Ta r an a I< i t h e r, o r -c ~ - ~ " - -

Shelf, 
, • ~.i,n.~i•r.- an □; t'hp North Cook Strait the South Tarana~i - - -

Basin (Fig. 4.1)~ 

lf Su r_ficial sediments are mainly muddy Uestern she • 

fine sands, muddy very 

The Hamilton and North 

fine s2nds and sandy muds (Fig. 4.3). 

sediments are dominantly Taranaki Shelf 

modern terriQenous sands 

biogonic and terrigenou s 

c:ind muds 

sands on 

1 . -I­

on the inner shelf, re ic~ 

the middle shelf and mixed 
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modern/relict biogenic sands and muds on the outer 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 Caco 3 fraction of western shelf sediments consists 

almost exclusively of biogenic material that forms significant 

concentrations (20-30%) at certain middle shelf (areas of 

relict skeletal debris) and outer shelf (areas of low 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 amounts of 

chlorite and mixed-layer clays, and some kaolinite. 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 five 

petrologic zones on the western shelf (Fi 4 1) ' ~ g. • : 

(1) Hamilton Shelf - Abundant montmorillonite, rare 

to com non poorly c r ,, st a 11 in e .; 1 l ; '""" ....j • • • • t 
, ~i-~~~ anu Lesser Kaolini e, 

mixed-layer clays and poorly crystalline chlorite. 

~ontmorillonite is primarilv, d 0 ~-i·~~, ~ 01· 
~'--'- c.~1. , rom igocene mud-

stones with some montmorillonite perhaps being neoformed 

from Quaternary volcanogenic material. 

(2) North Taranaki Shelf - Abundant t · crys alline 

illite, common mixed-layer clay~ d 
~ an crystalline chlorite, 

minor rnontrnorillonite; 
primarily detri tal from f·liocene 

r:! u d s t o n e s • 
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(3) Central Taranaki Shelf - Abundant crystalline 

illite, very common montmorillonite, common chlorite and 

lesser mixed-layer clays and kaolinite. Neoformation of 

montmorillonite from Egmont - derived volcanogenic material 

contemporaneous with deposition of detrital illite, montmoril-

lonite, chlorite and mixed-layer clays. The detrital clays 

are derived mainly from northwestern South Island rocks and 

sediments via the Llestland Current and to a lesser extent 

from a North and South Taranaki Bight terrestial provenance. 

(4) South Taranaki Shelf - Abundant crystalline 

illite and common mixed-layer clays and crystalline chlorite; 

primarily detrital from northwestern South Island rocks and 

sediments and carried north by the Llestland Current. 

(5) North Cook Strait Basin - Abundant crystalline 

illite, common mixed-layer clays and crystalline chlorite 

and montmorillonite; orimarilv detrital ' , from northwestern 

South Island rocks and sediments via the D'Urville current 

and to a lesser extent from Pliocene- Quaternary mudstones 

in the south Taranaki - Uanganui district. 

In lla~ilton and ~orth Taranaki Shelf sediments, clay 

mineral distribution patterns reflect regional changes in 

onshore geology and the cl2ys are largely detrital. The 

· , • • • 'd, e .c:: hR 1ves are areas of dominantly outer and possibiY ~ne mio ~ - --

relict clay minerals while inn8r shelf areas represent zones 

of contemporary clay mineral deposition. In Central Taranaki 

Shelf, South Taranaki Shelf and North Cook Strait Basin sedi-

The northLrnstern 
th ~ clavs have a more complex origin. men ts <, , 

t 11 three zones but South Island supplies detrital clays o a 

Shelf where the terrigenous input is 
on tho Central Taranaki 

• material ■ • neoformed from volcanogenic 
low, montmorillonit □ is 
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Analysis of the frequency distribution patterns of 

clay mineral species on the western shelf shows that there 

is no simple relationship between clay mineral distribution, 

clay mineral provenance or 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 modern 

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 

-I- h • • J.. d. C b .. ec ,niques in SL.U ies o, ottom 3ediments. 
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FUTURE UORK 

The information obtained in this study suggests a 

number of lines of research that are worthy of future 

investigation. 

l. Comparison of clay mineral data obtained in this 

study, particularly those aspects relating to the effects 

of source and environment on clay mineral distributions, 

with data from: 

(a) The western shelf sediments at depth. 

(b) Other parts of the New Zealand continental 

shelf, particularly those areas where different source or 

environ~ental conditions exist. 

(c) The subsurf2ce equivalents of the Cenozoic 

sediments exposed in the Taranaki and Llanganui Districts. 

(d) Cenozsic sequences from other parts of New 

Zealand, particularly those areas having different tectonic 

hic~u--ios such as in ~ □ uthland and Northland where tectonism 
• 1...i..~ .... ..i.. -

influe~sed sedi~antatiJn in the Oligocene, or along the 

East Coast of the ~~rth Island where sedimentation has 

been ~ , _•.-,.-,~~,·u•R,~.~Rri hy hoth tectonism and volcanism. s~ron;-=-Y ,J - --- -# -

,.., 
L • 

The applic2tion of clay petrologic data obtained 

from tho above mentioned studies to the ._..I'._.. 
fields of ceramics, 

and 
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APPENDIX ! 

1. Sa~ple: Refers to University cf Waikato sample numbers 
(W.T. series) in cases of or.shorap river and harbour samples. 

: Rafars to Na~ Zealand Oceanographic Institute sample 
numbers in cases cf western shelf s~~ples. 

2. Local.: Sample local.ity of onshorap river and haI""bour 
samples (rig. 2.1)~ 

3. Strat.: Generalised stratigraphic position of samples. 

Re 
Hw 
We 
Wn 
Tg 
Pit 
Ur 
Mt.rt 
Tw 
ry 
Om 
Pu 
Mg 
LI.Mo 
My 
L.i-10 
Tmr 
Tmt 
at 
Wt 
Or 
Mp 
T.A 
Ao 
Wh 
G.M 
Mk 
Wk 
Js 
Ts 

4. Lith. 

Recent 
Ha\d8ra 
Castlecliffian 
Nukumaruan 
Tangahoe Mudstone 
Matamateaonga Sandstone 
Urenui Siltston8 
Mount Messenger Sandstone 
Ta~ariKi Mudstona 
ferry Sandstone 
Omoao Formation 
Purupuru Volcanic Sandstone 
Mangarara Sandstone 
Uppar Mokau Sandston8 
Maryville Coal r1aasures 
Lower Mokau Sandstone 
Taumarunui Formation 
Taumatarnaire Formation 
Otorohanga Limestone 
Waitomo Sandstone 
Orahiri Limestone 
Mangapshi Sandstone 
Te Akataa Siltstone 
Aotea Sandstone 
Whaingaroa Siltstona 
Glen ~assay Sandstone 
Mangakotuku Siltstone 
hlaikato Coal Measures 
Jurassic 
Triassic 

: Genaralisad da • t scrip ion of sample lith, 
- 11□-□gy. 

e soil 
md mud 
sd sand 
1st li~astone 
mst mud stone 
zst siltstone 
sst sandstone 
cgl conglomarata 

TABLE 1.1. Key to abbraviat~ 
(Appendix I) and cornpositi~n~alonds utsad in stratigraphi-

.... , a.a shaats ( ' '--Appendices 
section3 
II to Ix ). 



4. Lith. 

I .. mst 
I.sst 
con 
sty 
c. 
carb 
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: Generalised description of sample lithology (continued). 

) 
) Interbeddad mudstona and sandstone units 

concretion 
stylolite 
calcareous 
carbonaceous 

s. Key for symbols used in the stratigraphic sections. 

Clay stone 

- - -- - -- - - Siltstone - -- - -
- - -

i-iudstona 

..... 
Sandstone . . .. 

0 0 
0 0 

Conglomerate 

0 0 0 0 

Limsstone 

Coal 
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APPENDIX I 

STRATIGRAPHIC SECTIONS 

Locality: 1 (N56/694767) 

Area: Huntly, McVia Road Mina. 

Reference figure: 1. 2 

Type Section Area: Waikato Coal Measures 
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m 
s.., 
:::, 
(/) 
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Cl 
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.--c 
tl1 
0 u 

0 
~ 
Ill 
~ 
..; 
Ill 
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Black, bituminous coal. Bands with 
plant roots towards base. 

Grey-brown, carbonaceous claystone. 

Light grey, carbonaceous claystone 
with frittered surface. 

Slack bituminous ccal in 5-9 cm seams 
intercalated with light g~ey bands of 
carbonaceous claystone. 

Grey-brownt carbonaceous ~laystone. 

Light gray, claystone, frittered. 

Thickness 

in metres 

f 

t 
i- 4.0 
" 

► 

t· 

t 

0.3 

1.3 

tt71 
~ I 

f ! 1.0 

II 0.3 

1.4 I l 
r---1 

TABLE I.2. Stratigraphic and lithologic datail of ssdimsnts 
exposed at localities and sections sampled in tha study area. 
Sample descriptions only are presented for those sites where 
stratigraphic sections were not erected. 

Sample 

number 

10210 



Locality : 2 (N56/586688) 

Area: Glen Afton 

261. 

Sample Description: Mangakotuku Siltstone 

10214 : Dark grey, non-calcareous siltstone, weathering 

ochre brown. 

Locality : 3 (NSS/546667) 

Area: Rotowaro 

Sample Description: Te Akatea Siltstone 

10237 : Brittle, light chocolate-brown, fine-grained 

very calcareous siltstone. 
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Locality : 4 (N56/568664) 
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c:.i -'-' 
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u -0 
C:.. C 
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l'O CD 
OJ C 

-'-' 0 
ro -'-' 
~ ~, 
c:C -'-' ..... 
Cl~ 
~ tr. 

Area : Te Akatea 

Type Section: Te Akatea Siltstone 

Mottled grey, carbonaceous, silty 
fine sandstone. 

Friable,loose,grey medium sandstone, 
weathers deep brown. 

Brittle,light chocolate-brown, fine,very 
calcareous siltstone with cherty bands. 

Light grey siltstone. 

Brittle,light chocolate-brown, fine grained, 
very calcareous silts tone. 

. . .- -· - -·­·--=-·-· . . . - - -. .,:__. ~. 

. . - .. . . . . . ... . . . 
- --- - -- -----

Thickness 

in metres 

10.0 

Sample 

number 

--------+-_1_3_·_3 ___ 10234 

t==..._~-~-==-1~~--□-?--- 10235 
• 

4.2 

4.0 
r-- - = ______ G_l_a_u_c_o_n_i_·_t_i_c_b_r_o_w_n __ s_i_l_t_s_t_c_n_e_. ____________ +;--~----=~~~-------10235 

l!l Cl 
C C 
0 0 

Calcareous sandstone. 

t O ~ fil Flaky,light gray mudstone with concretionary 
~ !; -g ~ lay.ers. 

. . . . . 
~--~:+------ 10220 

3,0 . - .. 
-.-!Oru!tl ·•• • 
c.n < trJ LL. Light grey-brown medium sandstone. • · . 

------------------------4,-:-·~·-·._·._~:.f--2-~-□--- 10223 
0 
0 
i--: 
C: 
Cl 
~ -•.-1 
!ti 
.c 
3 

Medium blue grey calcareous siltstone. 
--- 13.0 ----==. -=------- - -=--== 
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Locality : 5 (N56/597647 - 603643) 

Area: Dunphail Bluffs 

Type Section : Glen Massey Formation 

1-4 
0) 

.D 
E 
0 
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1-4 
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.::J 
E 
0 

E: 

M 
0 

J:J 
E 
cc ._-

Massive, yellow, calcareous, fine sandstone 
with extremely rare greywacke pebbles. 

Interbedded, silty fine sandstones and 
sandy siltstones. 

Blue-grey siltstone, frittared, glauconitic 
at base. 

Crystallina 1 slightly glauconitic limestone 
with shally greensand units above and below. 

Groy, bedded, calcareous siltstone. 

Massive, dark grey siltstone, weathering 
ochre brown~ frittered. 

Medium blua sandstone, fine towards base. 

. · ... . . . . . . .. 
. . 

-- --- -
. . . - - -------

Thickness 
in metres 

7 

34 

Sample 
nurr.ber 

:~·1--------10216 . . . ---------
-= -=--- --+--------10217 
--~- 11 
---

l ' 

---1.-1-,--l-+. ___ 9 ___ 10218 

---
obscure 

-----=------
-------

---- --
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7 

34 

. . . . 
20 

4---------10215 

3 
Blue-grey, noncalcareous siltstone with 

~~---- fossils. 

rare i-- -=-­
I 
1- - -1--...., '"' co ::, 

::£ n ,11 
..,.. d !'Ci 

CO o Cl 
:3 u -,;-

Dark purpla brown, carbonaceous mudstone, 
sandy near top, plant leave5 near base. 

1- --
obscure 14 
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Locality : 6 (saa Table I.~.) 

Locality : 7 (N64/492463) 

Area : Raglan Harbour, shoreline cliffs. 

Reference Figure : 1.4-

Type Section Area: Whaingaroa Siltstone 

Sample Description: Whaingaroa Siltstone 

10222: Frittered, medium blue-gray,calcareous siltstone. 

Locality : 8 (N65/583442) 

Area: Whatawhata 

Sample Descriptions : Soils developed on Mesozoic s-:,n::lsfc-,)cs and 

10364 : Yellow clay loam. 

10365 : Rad clay loam. 

Area : Raglan Harbour, M3~nuri7.a Cr9ek. 

Type Section: Waitetuna Limest~na ~ember of the Aotea Sandstone. 

Sample Descriptions: Llaitetuna Limestone 

10231 : Coarsely flagged. 
p~bbly 

limestone., 

10232; Finely flagged, sandy, slightly glauconitic, 

crystalline limestone. 

Locality : 10 (sea Table r.4.) 
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265., 

Locality : 11 (N73/3?g199 ) 

Area: Aotea Harbour, shoreline cliffs 

Reference Figure: 1. 3 

Type Section: Aotea Sandstone Formation 

Steeply bluffed, massive, grey, slightly 
glauconitic, calcareous, fine sand. 
Weathers to a yellow-pale brown. 
Intensively bored at base. 

Massive, grey, calcareous, fine sand. 

~assiva, grey, calcareous, fine-very fine 
sand similar to that above. 

Frittered, grey, calcareous siltstone. 

Blocky, grey, calcareous siltstone. 

Frittered, grey, calcareous siltstone. 

Blocky, grey, calcareous siltstone. 

Top of Thickness 
in metres 

Cliff 

obscure 

. . . . 
. . . . . . . . . 

. . 
. . 

4.0 

s.o 

Sample 
number 

. . . . . -+------- 10227 . . 
. . . . 
.· . 

. . . . . . . . . . . . . . . . . . . . . .. . . . . . . . 
. . . . 

.. . . . . . . . . .. . . . . . 
- -----

------

·8.0 

5.0 

1.5 
---=-=.::::+-------10221 
------

Beach 
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Locality : 12 (N73/4□5151) 

i P-.. ovi·n~ial State Highway 31 Area : Kawh a, -

Blue-grey,noncalcareous, 
indurated siltstone with 
bands of calcareous concretions (cccc) 
up to 0.3 m thick. 

Locality: 13 (N74/846118) 

Area: Te Kawa, State Highway 3. 

Thickness 
in r.ietras 

11 

Sample Description : Jurassic rnudsfone of the Kawhia series 

10204: Slightly weathered, grey-brown, limonite stained, 

indurated siltstone. 

Locality : 14 (N74/657023) 

Area: Te Raumauku Hill, roadside outcrop 

Sample Description : Aotea Sandstone 

10228: Moderately weathered, slightly glauconitic, slightly 

frittered, muddy sandstone. 

Sample 
number 

10203 

10202 
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locality : 15 (~J74/642943 - 640945) 

Area : Old Otorohanga Limestone Company Quarry, Waitomo Valley Road. 

Reference figure: 1.7 

Type Section: Waitomo Sandstone, Orahiri Limestone, Otorohanga 

Limestone. 

I I 
I 

I I 
Crystalline limestones that are I I 

I well-incipiently flagged (10250, 10248) I I 
j I containing cross bedded limestone units, I I muddy glauconitic limestones (1024A), I I 

(10249). I I and massive sandy limestone beds ::1=-:...1 ---
- "..L. r I= 

I 
I I 

I I 
I I 

I I 
I I 

I I . : , .. ·: ,_ .. 
-. :-·:,:.: .: 

I I 
gradational I I 

contact . . . . . . Massive. calcareous, fine s~ndstone, commonly . . . 
and weathered. Glauconito and . . leached . . 

up.11ards. . . sand content increasGs . . 
gradational . . 

co:.tact I I 
l I -

rlaggy crystalline lir.-:estona. I I 
glauconitic I I !rrsgula::ly flagged li~estone, b.-.,.·, :,.-_-

and ::;andy in places, ccntair.ing bands of I i 
oyster shells up to 6J cm thick. I I I 

I I 

Tep marked by a pebbly fcssiliferous, .. 
g1auconitic, bored, s2ndy bend. . . . 

-. --;- -:- . -. 
;.!.:::uconitic, fossilif- - -l:Jeathered, moderately 

--!_--:- -
micdy sands tcr:g,, --· erous, 

.:._-_:~ 
-~. 

Passes down into a blue-grey, sandy 7:-.--:-
muds tons. .• •. . :-;-. . . ... ..... .,_ 

. -:- r-.. _ .. . 
f-,- - -,.. 
I· --.-·_""7• 
I- --
! I I 

incipiently seamed, slightly I I Massive, 
I I glauconitic sandy limestone, pebbly 

I I -

i I I at top. 
I I I 

I i cont.:!ct not I 
I I I 

visible 

v/,,, Mesozoic basement rocks. 

Thickness 
in metres 

45 

18 

17 

53 

17 

Sample 
number 

10250 

10244 

10249 
10248 

10243 

102li2 
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Locality: 16 (N74/6929DD) 

Araa: Hangatiki, National State Highway 3. 

Massive, ferruginous, leached, fine­
medium sandstone containing bands 
of well rounded greywacke pabbles 
and thin stringers of grey, calcareous 
muds tone. 

. . . . 
. . 

-- -=..-

. . . . . . . . . 

Thickness Sample 
in metres -number 

6 

10277 

Cl 
~-------------------unconformity 

•.-1 

. . 
CO C 
E O 
ro .....i 

.µ .µ 
ru ro 
E E 
:J ~ 
CO 0 
~LL. 

Massive, blocky, blue-grey, calcareous 
siltstone with rare sandstone bands. 

Locality; 17 (N82j535766) 

Area : Mairoa, roadside outcrop. 

Sample Descriptions : Mangakotuku Siltstone 

2 
10265 

f•iassive, purplish-br:n,m, non-calcareous silts tone ( 10213), 

locality : 18 (N82/530765) 

Area : Mairoa, roadside outcrop. 

Sample Description : Waikato Coal Measur9s 

Creamy-yellow, unconsolidated, carbonaceous mudstones 

(10207) interbeddad with thin carbonaceous beds. 
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Locality : 19 (NB3/673780) 

Araa : Te Kuiti, National State Highway 3. 

Sample : Taumatamaira Siltstone. 

10264 : f~assive,fossiliferous~ blue-grey, calcareous, sandy 

siltstone. 

Locality : 20 (NB3/627704) 

Area: Te Kuiti, National State Highway 4. 

Sample : Taumatamaire Siltstone 

10263 : Massiva,frittered, fossiliferous, blue-grey, 

calcareous, siltstone. 
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Locality: 21 {N83/652687 - 642677) 

Area: Te Kuiti, off National State Highway 4. 

Red (10367) and white (10366) silty 
clay soils developed on underlying 
Tertiary sediments. 

Blue-grey, noncalcareous,fine sandstone 
showing incipient bedding in places. 

Interbadded>iron-stained,fossiliferous medium 
sandstones (10273) and blue-grey non­
calcareous siltstones (10272). 

Chocolate-grey, non-calcareous fina sandstone 
with carbonaceous laminations. 

Massive~ frittered, blue-g=~Y~ non­
calcareous siltstone. Fo=~s slo~es 
at the base oF vertical Ma~~u • 
Sandstone cliffs. 

. . . . 

Thickness 
in metres 
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. -1---------
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Sample 
number 

10367 
10366 

10285 

10273 
10272 

10276 

10262 
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Locality: 22 (N91/540549) 

Area : Piopio Serpentine Quarry 

Sam~le Descriptions: Lower Mokau Sandstone 

Massive, brownish, medium sandstone (10278) containing 

rare calcareous concretions (10274). 

Cl 
s... 

'M 
r:J C 
E O 

Locality : 23 (N92/894587) 

Area : Bennedale, Mangepehi Mine. 

Type Section : Mangepehi Sandstone 

O'n ------------------------T.,•=~~~ -.µ +>----- 1--=---
~ ~ Calcareous, blue-grey, siltstone. - - -
:J ;.., 
!il 0 _ 1- t,._ _ 

Dark brown, glauconitic, calcareous 
silts tone. 

Brown, weathered, fine sandstone. 

- unseen 

------------. . . . . 

. . 

Thickness 
in metres 

8 

33 

Sample 
number 

w •. •. --1--------10238 
.__ 
0 ..., 

...; 

.c 
(0 

C. 
{O 

Cl 
C: 
w 

E 

---

. . 

- - - unseen 
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.3 ~ Inte.,.bedd~d ca.,.bonaceous mudston9s ( 10206) fl -;: . _:.-_-1.1------- 10205 
~.-! ~ .. - .. :·.·_.-.·_.:.! s ,0206 ·M r:i ro and sandstones (10205) with carbonaceous _ 

-~=rJ!_O~CJ~-_;~i-_3~~!..---------------------.J• - -?. u E horizons. 
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Locality : 24 (N91/532565) 

Area: Piopio, Wairere Falls 

Sample Descriptions : Otorohanga Limestone 

10246: Flaggy crystalline limestone 

10245: Flaggy crystalline limestone 

Locality : 25 (N92/720521) 

Area: Mapiu, National State Highway 4. 

Sample Description: Mangarara Sandstone 

Lowar Flaggy Limestone. 

Upper Flaggy Limestone. 

10292: Massive, grey, fossiliferous, calcareous, fine 

sandstone. 

Locality : 26 (N91/303472) 

Area : Awakino, National State Highway 3 0 

Reference Figure : 1.9 

Sample Descriptions : Tau~atamaire Mudstones 

Massive, frittered, blue-grey, calcareous, siltstones 

(10258) with prominent b3~ds of calcareous ccncretions 

(10260) up to 60 cm t~ick~ 

Locality : 27 (N92/740459) 

Area: Tangitu, Tangitu Road. 

Sample Descriptions : Teumarunui Forrnaticn 

Blue-gre·,v-,. calcareous, f.1.~ne san~ t 
us ,one; with some carbonaceous 

material, forming beds ~ 8 t-h • • ( 
::>- cm~ icK 10271), alternating with 

beds of grey, frittered, calcareous; siltstone 15-23 cm thick 

(10268). 
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Locality : 28 (N91/274461 - N91/271455) 

Area : Awakino Gorga, off National State Highway 3. 
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Limestone in Limestone Lithofacies . 

flaggy Limestone Lithofacies. 

Banded Sandstone Lithofacias -
Leached sandstone, nor~calcareous 
in part. 
Waitetuna Limestona Mambor 
- Sandy limestone. 
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B~nded Sandstono Lithofacies -
Leached sandstone, non-calcareous 
in part. 
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Calcareous sandstone, glauconitic 
at boss. 

Massive,blue-grey,calcaraous 
mudstone with frittered 
surface. 

. . . . 
. . . . . . 

21 

17 

162 

2 en Awakino Limes tone Member - Crystal- , . 1 ••• '.:. 

.3 f line limestone and calcareous sands ton:,:· ·_· -·~1 _____ _ 

----- r.l -;;l ~-Carbon<Jceous mudstones and soma :-;-. -: .-:-j 
~ 0 c;] •• •• • 

ro u c, sandstones. . · .· .... ·+------
-u +>- :,c3 i::- d ---

5 

"8; Indurated,intorbeddad sandstones an -~--~-~ 
~ g ______ __!m~u~d~s~t~o~n~c~•:,_ _____________ _ 

_ o t1 
C c::, 

£ CD 

10 

Sar:,ple 
number 

10247 

10241 

10240 

10230 

10225 

10225 

10219 

10224 

10205 
10206 
102Di 
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Locality 29 (see Table J.,4-.) 

locality: 30 (N91/270427 - N91/274427) 

Area: Awakino, Bexley Road., 

Reference Section: Taumatamaire Formation (Happy, 1971) 
Thicknes!l 

--------------------------------,-----.--•n metres 
I • • • 

Sample 
number 

Mokau Group 

r·lahoonui 

Group 

C 
0 

o,.i 
,4--J 
rJ 
E 
1-, 
0 

I... 

(D 
s.. .... 
co 
E 
co 

,4--J 
rJ 
E 
::, 
co 
I-

Upper 

Awakino 

Limostona 

Lower 
Awakino 

Massive, farruginous ,medium sands to no ••.. • . 

obscure 3 

~-~--~1~=~·~··-=1------1 □255 
Hard, slightly sendy, fine-giained ., ••• 1•• 

· .• 1-·. 
limestone., Blocky to flaggy. . 1 ... "I:_. 10 ·., ... ·. 

·I ..•. I; . 
. .. , .. ·.· 

rine,calcareous sandstone (10257) 
with scattered fossils and 
concretions (10259). 

.,._ •• 1· ..,·f--------10257 

Blocky, pinkish, fine-grained 
limestone. 

Calcareous fine sandstone with 
scattored fossils. 

Massiva,blue-grey,calcareous 
silts tone. 

.. . . . . . . 
I I 

I 
I I 

I 
I I . . . . .. .. . .. . 
- --- -

- - -- --

----------- -------
----------------------------

6 

7 

8 

45 

~--:.__~------

Calcareous sandstone. 

1 __ -

--
obscure 
. . . . 

Hard, well cemented, pebblv I I 
1 1· mest • .. h ' I 

2 

10259 

10254 

10261 

10253 
~ one wi .. , fragmented fossils. 

Limestone r~l.-...._1~ 
I 

3 

I I 
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Locality : 31 

275. 

(N 91/165402 - 162402) 

Area : Awakino River Mouth. 

Purupuru 

Volcanic 

Sandstone 

Mangarara 
Sandstone 

Upper 
f'lokau 
Sanjstc,7a 

Interbeddad sequence of 
greenish,non-calcareous 
sandstone with abundant 
andesitic volcanic debris 
(10297) and brownish,non­
calcareous micaceous 
mudstone,with minor 
volcanic debris (10296). 

Sandy conglomarata, 
containing bored sandstone 
pebbles and cobbles. 

Grey,calcaraous,muddy 
medium sandstone with 
fossils~ 

a few 

Locality : 32 (N91/168395) 

Area : Awakino, off National State High~ay 3. 

Sample Descriptions : Omoao Fcrrnation 

- ..-. ---;-. . . . . . . . 
. . . . . . . . . 

Thickness 
in metres 

- - -+-------
1- - -

• II ♦ ♦ . . . . . . . . . . . 
. . . . . . . . . . .. . . . . . 

·a .. o •. 
: : 0 --~-­
_ .,_ o:· 
: .o.: 6. 

. . . . . 

.. 

. . 
. . 

- . . 

6 

o.s 

5 

10300 : Blue-grey7 calcareous siltstone with minor volcanic 

debris. 

10302 : Grey,calcareous1 micaceous,fine sandstone with volcanic 

dobris interbedded with (10300). 

10303 : Massive, porous, brown-grean, micaceous,madium 

sandsto:ie. 

Sample 
number 

10297 
10296 

10289 
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Locality : 33 (N91/188407 - 187403) 

Area: Awakino, off National State Highway 3. 

- - -frittered, blue-grey, - -Massive, ---
(10287) - - -fossiliferous siltstone - -- --

containing calcareous concretions . . . . 
(10283). . . . . . . . . 
Blue-grey, slightly carbonaceous, . . . 

non-calcareous,fine . . .. laminated . . 
sandstone (10288). . . . . . . . . . . . . . . . . . . 

. . . . . . . . . . . . . . . . . . . . . . . . . . 
-. . . . . . . . Grey, unconsolidated, non-calcareous, . . . . . medium sandstone that weathers . . 

to red-brown. . a . .. . . . . . . . . . . . . . . . . 
Glauconitic, . non-calcareous, medium . 

' sandstone. .. . . 

Locslity : 34 

Araa; Awakino, Awakau Road 

Sample Descriptions : Upper Awakino Limastcne 

Thickness 
in metres 

8 

30 

20 

1 

Sample 
number 

10287 
10283 

10288 

10280 

10279 

10252 : Creamy-'.LJhite,flaggv, 1 • -1- • -lrnes~ons rich in calcareous 
algae. 

10251 : Blue-grey, ~orr· 
w~ igenous S8am material from between 

limestone flags~ 

Locality : 35 (see T ~, 1 ) ao ... e ~t,.. 
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Locality : 36 (N91/160350) 

Area : Mokau River Mouth 

277. 

Sample Descriptions : Ferry Sandstone 

Grey, micaceous. calcareous,medium sandstone with some volcanic 

debris, 
forming beds 3 cm thick (10301), alternating with 

beds of blue-grey calcareous siltstone, forming bads 1 m thick 

(10299) and containing rare concretions (10298). 

Locality : 37 (see Tabla 1.i.) 

Locality : 38 (N10D/207288 - N91/184300) 

Area : Mohakatino Road 

Reference Figure : 1.J7 

Type Section: Mohakatino Group 

Ferry 
Sandstone 

Upper 
Purupuru 
Volcanic 
Sandstone 

Lower 
Purupuru 
Volcanic 
Sandstone 

Mangarara 

Sands tons 

Greenish, micaceous,tuffaceous 
sandstone (10311),interbeddad with 
blue-grey, tuffaceous, siltstone 
( 10307). 

Non-calcaraous,claystone, 
containing volcanic debris. 

Grey, calcareous, medium 
sandstone containing abundant 
volcanic deb=is (10295) and 
tuff~ceous mudstcne. 

Grey, calcareous, medium s~ndston7 
containing abundant volcanic debris 
Thin basal conglomerate. 

Blue-grey, non calcareous, 
carbonaceous fine sandstone. 

• • • I • . . . 
- . . . 

. • . -+-----­: . - . - -------: . , ,. : : . . . . . 

. . . . . I 
• • • I . . . 

Sample 
number 

10311 

10307 

10294 

10295 

~-----· 10293 . . . 
. . ! 4 •• 

' . . . . . 

10286 
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Locality : 39 (N101/702248) 

Area: Okahukura, Opoitiki Road 

Sample Description : Ferry Sandstone 

10312: Green, micaceous, tuffaceous sandstone. 

Locality: 40 (see Table 1.~.) 

Locality: 41 (N101/737205) 

Area : Taumarunui, National State Highway 4. 

Sample Descriptions: Ferry Sandstone. 

Laminated,brownish-green, micaceous, fine sandstone (10310) 

interbedded with bands of massive, grey-green, micaceous sandy 

siltstone (10306). 

Locality: 42 (N100/150170) 

Area : Ahititi, National State Highway 3~ 

Reference Figure : 1.l~ 

Sample Description : Mt. Messenger Sandstone 

10317 : Massive, blue-grey 1 micacaous, medium sandstone. 

Locality : 43 (N100/267157) 

Area: Kotara, Provincial State Highway 40. 

Sample Description: Ferry Sandstone 

Blue-grey, non-calcareous, micaceous madium sandstone 

(10308) interbeddsd with blue-gray, micacsous, mudstone 

(10304) with rare fossils. 
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Locality : 44 (N1DD/318168) 

Area: Waitaanga, Provincial Stata Highway 40. 

Sample Description : Upper Mckau Sandstone 

10284 : Massive blue-grey, calcareous, siltstone. 

locality: 45 (N101/755158) 

Area: Taumarunui, National State Highway 4. 

Type Section Area: Taumarunui formation 

Sample Descriptions: Taumarunui formation 

Gray, calcareous, sandstone (10270) interbsdded with blue-gray, 

calcareous siltstone (10276). 

locality : 45 (N1D0/133110) 

Area : Uruti 7 National State Highway 4. 

Type Section Araa: Mt. Messenger Sar.dstona 

Sample Descripticns: 

10318 : 8ro~nish, micaceoust non-calcareous medium sandstone -

Mt. Massangor Sandstone 

10323 : 8lu9-greyr rnicaceous, slightly calcareous siltstone 

with somg carbonaceous ~aterial - Urenui Siltstone. 

10320 : Calcareous concretion frorn 10323. 

Locality : 47 (tJ100/447103) 

Area: □ hura~ Tatu Coal Mina. 

Sample Description: Lower Mokau Sandstone 

10281 : Creamy-brown, carbonaceous, non-calcareous, sandy 

muds tone. 
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Locality : 4B (N100/446093) 

Area: Ohura, Waro Road, Tatu Mineo 

Sample Descriptions: Upper Mokau Sandstone 

10290: Green, carbonaceous, sandy siltstana. 

10291 : Green-brown sandy conglomerate. 

Locality : 49 (see Table I.~.) 

Locality : 50 (N99/032 □41) 

Area: Uruti, National State Highway 3. 

Reference Figure: 1.21 

Type Section Area: Urenui Siltstone 

Sample Description: Urenui Siltstone 

Blue-grey, micaceous, calcareous siltstone (10324), with thin 

tuffaceous sandstone bands (10327) and concretionary bands (10321). 

Locality : 51 (N10D/451036) 

Area: Tangarakau Gorge, Provincial Stats Highway 43. 

Sample Description: Ta~ariki Mudstona 

10315 : i"lassiva, non-calcareous siltstone. 

10315: Calcareo~s cor.cration from 10315. 

Locality : 52 (see Table 

locality: 53 (sea Tabler.~.) 
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Locality : 54 (N100/355004) 

Araa: Tangarakau Gorge, Provincial State Highway 43. 

Sample Description : Lower Mokau Sandstone 

10275 : Massive, blue-grey, non-calcareous medium sand. 

Locality: 55 (see Table I.4.) 

Locality: 55 (N110/337914) 

Area: Tahora Saddle, Provincial State Highway 43. 

Sample Description : Ferry Sandstone 

Brown-green, micaceous, non-calcareous, medium sand (10309) 

interbedded with blue-grey, micaceous, non-calcareous siltstone 

(10305). 

Locality : 57 (N110/286855) 

Area: Whangamomona, Provincial State Highway 43. 

Sample Description : Tawariki Mudstcna 

10316 : Massive, blue-grey, slightly calcareous mudstone with 

sparse fossils. 

10314 : Calcareous concretion from 10315. 

Locality : 58 (N111/855874) 

Area: National Park, National State Highway 4. 

Reference Figure: 1.10 

Sample Description: Taumarunui Formation 

O f grey, slightly calcareous fine sandstones Flysch-type sequence 

) d Wl..th blue-grey calcareous siltstones (10266). (10269, interbadde 
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Locality : 59 (N110/219793 - 214793) 

Area: Pohokura, Provincial State Highway 43 • 

Sample Descriptions: 

b micacaous, medium s8nd -10319 : Massive, rown-grey, 

- Mt. Messenger Sandstone. 

10325 : Massive, blue-grey, micaceous, siltstone 

- Urenui siltstone. 

10322: Concretion from 10325. 

Locality: 60 (N110/176775) 

Area: Pohokura Saddle, Provincial Stats Highway 43. 

Sample Description: Urenui Siltstone 

10326: Massivs, blue-grey, micaceous, non-calc~resus sil~Llto~a. 

Locality : 61 ( see Table 1.4,.) 

Locality : 62 (N110/121708) 

Area : Te ~era, Provincial State Highway 43. 

Sam~le Description: Matemateaonga Sandstone 

10331 : Massive~ blue-grey~ m~ca~ r· 
, , 1 •- .... eous, :.na sandstone with rara 

fossilse 

locality : 63 (N119/92251D) 

Area: Stratford, Standish Road 

Sample Description: M ~ 
,a ... emateaonga S andstona 

10333 : Massive, friable, bl ue-groy, micaceous 
sandstone. 

, nan-cc1lcaroous 
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Locality : 64 (N119/057637) 

Area: Strathmore Saddle, Provincial Stat.a Highway 43. 

Reference Figure: 1.2~ 

Sample □ascriptions: Matemateaonga Sandstone 

10332 : Massive or incipiently bedded, blue-gray, fossiliferous 

fine sandstone. 

10328 : Calcareous concretion from 10332. 

Locality : 65 (N12□/121507) 

Area: ~atemateaonga, Rawhitiroa Road. 

Type Section Area: Matemateaanga Sandstone 

Sample Descriptions : Matemateaonga Sandstone 

10334 : Massive, blue-grey, non-calcareous fine sandstone. 

10329 : Calcareous concretion from 10334. 

Locality : 66 (sea TcJble I. 4-) 

Locality : 67 (N121/712443) 

~rea : Raetihi, Pipiriki Road. 

Sample Descriptions : Maternateacnga Sandstone 

10335 : Massive green-gray, ~icaceous, non-calcaraous, medium 

sandstone. 

10330 : Calcareous concretion from 10335. 
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Locality : 68 (N136/9453ti1) 

A H Tangahoe Valley Road. rea : , awera, 

Type Section Area: Tangahoe Mudstone 

Sample Description : Tangahoe Mudstone 

10341 : Massive, blue-grey, fossiliferous, mudstona. 

Locality: 69 (N131/796284) 

Area: Oreore, National State Highway 4. 

Sample Descriptions: Tangahoe Mudstone 

Brown-grey, micaceous, non-calcareous, medium sandstone units 

averaging 7 m thick (10349) interbedded with blue-grey, micaceous, 

non-calcareous, mudstona units averaging 1.2 m~ thick (10348). 

Locality : 70 (N129/914240) 

Area: Tangahoe River, at National State Highway 3. 

Sample Descriptions : Tangahoe Mudstone 

10340 : Massive, blue-grey, ~icaceous, non-calcareous rnudstone. 

10336 : Calcareous co~c=aticn fr□m 10340. 

Area: Taihapa, National State Highway 1~ 

Reference Figure ~ 1e23 

Sample Description : Tangahoa Mudstone 

10347 : Massive, frit~er d · 
- ~ 8 , micaceous, 

mudstona. 
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Locality : 72 (N131/838206) 

Area: Kakatahi, National State Highway 4. 

Reference Figure : 1.2.t,. 

Sample Descriptions : Tangahoe Mudstone. 

103~4: 

10337 : 

Massive, blue-grey, slightly calcareous, sandy mudstona. 

Calcareous concretion from 10344. 

Locality : 73 (N132/254206) 

Area: Taihape, National State Highway 1. 

Sample Description : Tangahoe Mudstone 

10339 : Calcareous concretion from Tangahoe Mudstone. 

Locality : 74 (N136/047074) 

Area: Patea River Mouth at National State Highway 3. 

Sample Description : Tangahoe Mudstone 

10342 : Massive, blue-grey, nor>-calcareous, micaceous mudstone. 

Locality : 75 (N139/303082) 

A Ut ., .• ',·Jati·ona,_, State HiQ~way 1. rea : J.l",1., • _ 

Sample Descriptions : Tangahos ~udstone 

10346 
· b. en· ca-e~• ·s calcareous sandy mud stone• 

: Massive, .1.ue-grey7 .... - uU , 

10338 : Calcareous concretion fr.am 103~6. 
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Locality : 76 (N137/285016) 

Area: Waitotara River at State Highway 3. 

Sample Descriptions : Tangahos Mudstone 

10343: Massive poorly bedded, grey, micaceous, non-calc3reous 

muds tone. 

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/?72040) 

Area: Otomoa, National State Highway 4. 

Sam□la Descri~. tion • 8 ho-;zon n~ soil de 1 d T h ~ t • - • , ,.... c..: - ve ope on a:iga, ae r.;!.J__,s one. 

10369: Brown, micacaous, silty loam~ 

Locality : 79 (N138/65996B) 

Area: Upokongaro, National Stats Highway 4. 

Sample Descriptions : lnte~b9dded ca~bonaceous mudstanes, siltstonas, 

sands and pebbly conglc~erates with numernus f 
- ossils - aga 

Nukurnaruan. 

10352 : Weathered, micaceaus~ 

sandstone. 

10351 : 

10350: 

Gray-brown, micaceous, no , n-ca•ca~a~u- s~1~ t 
- ... •...J• ;::t. ..L "'s one. 

Chocolate-brown, carbon aceous, micaceous, non-calcareous, 
muddy siltstone .• 
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Locality : 80 (N139/225976) 

Area: Dhingaiti, National State Highway 1. 

Sample Descriptions: Nukumaruan Sediments 

10353 : Poorly bedded, fossiliferous, dark-grey, micaceous, silty, 

fine sandstones. 

Locality : 81 (N138/617908) 

Area: Wanganui, National State Highway c. 

Sample Descriptions: Shell beds, conglcmaratas, currant bedded sands 

and muds of Castlecliffian age. 

10360 : Rhyolitic, pumicaous, fossiliferous, coarse sands. 

10357: Brown sandy 1111Jd. 

Locality : 82 (see Table 1.~.) 

Locality : 83 (N139/□63849) 

Area : Hunterville, National State Highway 1. 

• ~- : Castlecliffian Sadi~ents Sample Oascrip~ions 

10356: 
- ~added, unfossiliferous, micaceous, Pale-grey, pooriy 

fine sandstone. 

Locality : 84 (N139/019808) 

Area : Huntervills, National Stata Highway 1. 

Sample Descriptions : Castlecliffian Sediments 

. non-calcareous fine sands (10355) 
Interbeddad brown, micaceous, 

and grey, non-calcareous silts (10354)~ 
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Locality: 85 (N143/690783) 

Area: Whanagehu, National Stats Highway 3. 

Sample Descriptions: Lawer Hawera Sediments interbadded 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. 

Sample Descriptions: Hawera Sediments - Interbaddad andssitic sand, 

sandy silts and muds. 

10363: Brown-grey, slightly micaceous andasitic, fine - medium 

sand .. 

10359: Chocolate-red, carbonaceous, mudQ 

10362: Brown, micaceous, silty sand. 

Locality : 87 (sae Table 

I Oca , i· ty • QB t 1r1tq ... ·'-n2..,. . ~"' 
- ... • ,J 1_:-,- 1/:Ju .::4..:i) 

Area: Waitewhena, Open Cast ff1.; ..... ...,. 
I ,..:...,io. 

Sample Oescriptio~ • ~a- ·1, ~ 
• 1·• .. yvi ... e Loal Pleasures 

10282: Creamy-brown, ca~bona~~ 0 , 
... L...~ us, muds tone. 
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APPENDIX I 

Sample Date of Location Position 
r2umber Collection 

Latitude Longitude 

N377 12.12.74 Hamilton Shelf 37° 48.5 1 174° 45.8' 

tJ378 " " II 37° 48.9 1 174° 39.4 1 

N37C/ II II " 37° 48.9' 174° 13.2 1 

r~ 3 s2 13.12.74 Central Taranaki 39° 15 1 173° 42.4 1 

Shelf 

N383 II II 39° 15.7 1 173° 42.6 1 

N384 II II 39° 15.9 1 173° 39.4 1 

TABLE I.3. Western shelf seston sample data. 



Somplo Locality 

numhor numhnr Loc11l1 ty 

1C39~ 87 R~ng1tike1 Rivor 

10395 C2 Wanganui River 

10394 76 Weitotara Rivor 

10393 71\ Pate:i River 

10392 74 Pat.ea River 

10391 55 Waiwakaiho River 

10390 61 ,Jaroa River 

10399 65 Woiaua River 

10308 70 Tangnhoo Rivar 

10307 52 Wai tara IUver 

10306 53 Uronu! Rivo1· 

10385 49 Mimi Rivur 

10304 40 Tongaporutu River 

10383 37 Mohekqtlno Hivor 

HJ382 35 Mok:iu Rivor 

10381 29 A•J~idno l!ivor 

10380 5 Raglan :➔art11Jur 

10379 6 

i0370 5 " 
10377 5 

10375 12 K,Nh.l.i l!;irbour 

i0375 12 " 
1037,\ 10 ~o tec1 Hn rbo·Jr 

10373 10 

IIPPE!'!DIX I• 

SAMPLE 01\TA : RIVER ANO HARn□uR SEDIMENTS 

Grid Snmpling 

reroronr.e gonr Strntigraphy 

N~48/743448 Sc Re 

N130/578848 Sc Re 

N137/285016 G Re 

fJ136/047074 Sc Re 

N136/047074 Sc Re 

N·I 09/681928 Sc Re 

N118/40B693 Sc Re 

N110/462428 Sc Re 

tl129/914240 Sc Re 

N109/806992 Sc Re 

N109/92:J 995 Sc Re 

N'J9/DO~D35 Sc Re 

IJ100/142214 Sc Re 
N91/159320 Sc Re 

fJ91 /170359 Sc Re 

N91 /17041? Sc Re 

N64/39B473 G Re 

Nfi<l/4451\57 G Re 

r164/it 111,s2 G Ile 

r-15'.,/,,ri7!j10 G Re 

rJ73/4U5151 Sc Ile 

N?J/31\2123 Sc Re 

N?J/.173101 Sc Ile 

NM/347204 Sc Re 

Sodimant de~cription 

Grey-brown, elightly micaceous, sandy mud. 

Grey-green slightly m!cacoous muddy oand. 

Grey, micaceous, sandy mud. 

Grey, m!caceous, sandy mud. 

Grey micecoous mud. 

Groy-brown, coarse aand, rich in rerromagnesian minerals. 
It ti It It ft II It It 

Gray, sandy gravel, rich in andesitic rock fragments, 

Green-grey, micacsous, muddy sand. 

Green-brown, miceceous, silty mud. 

Grey, slightly micaceous, sandy mud. 

Greenish-brown, slightly micaceous, mud. 

Greenish-brown, slightly micoceous, sandy mud, 

Greenish-brown, slightly micaceous, silty mud, 

Groonish-brown, oandy mud, rich in rerromagnosian minerals. 

Greeni9h-brown, ailty mud, 

N 
\0 
0 
• 

Graenieh-brown, sandy mud, containing forromagnceien minerals. 

Greenish-brown, mud, containing shall fragments, 

Greenish-brown, sandy mud, 

Brown mud, 

Green-brown sandy mud. 

Greyish muddy sand. 

Groan-brown sandy mud, 

Groy muddy sand containing rerromegnesien minerals, 

T~OL[ !.4. Safflplo locelitie5 and flttld dcncrlµtions, river und hnrbuur ood!monts, Se~plinQ QBBrl Sc• Scoop, Gm Greb eomplor, 
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A PPrnDIX II 

Thosis Numbers Field Numbers Thesis Numbers f"ield Numbers 

locality Sample Locality Sar:i;ile Locality Sample Locality Sample 

67 10396 88 RB.1 85 10361 49 49.2 

82 10395 89 RB.2 81 10360 50 so., 

76 10394 57 RB.3 85 10359 48 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.SA 83 10356 46 46.1 

61 10390 75 R8.5A 84 10355 47 47.1 

66 10389 76 RB.7A 84 10354 47 4i.2 

70 10388 77 RB.BA 80 1035"3 45 45.1 

52 10387 78 RB.9 79 10352 51 51.1 

53 10386 79 RB.10 79 10351 51 s1.2 

49 10385 80 RB.11 79 10350 51 51.3 

40 10384 84 RB.12 69 10349 55 55.1 

37 10383 as RB.13 59 10348 55 55.2 

35 10382 86 RB.14 71 10347 43 43.1 

29 10381 87 RB. 15 • 75· 10346 44 44.1 

6 10380 90 90.i 77 10345 52 52.1 

6 10379 90 90.2 72 10344 54 54.1 

6 10378 90 90.3 76 10343 57 57.1 

6 10377 90 90.4 74 10342 58 58.1 

~~ 10376 91 91.1 68 10341 59 59. 1 
IL 

12 10375 9, 91.3 70 10340 77 77.1 

10 10374 92 92. i 73 10339 43 43.2 

10 10373 92 92.2 75 10338 44 44.2 

55 10372 74 RB.53 72 10337 54 54.2 

6, 10371 75 RB.53 70 10336 77 77.2 

66 10370 75 R9. 78 67 10335 55 56. 1 

10369 53 53.1 65 10334 60 50.1 
73 

i 0368 77 R3.58 63 10333 61 61.1 
70 

10357 35 35.SA 64 10332 52 62.1 
21 

62 10331 c- 53. 1 
35 35.53 

..,.:, 

21 'i0356 

30 30~ i 67 10330 56 56.2 

3 10365 

30 30.2 65 10329 60 60.2 

8 10364 
JI O • 54 10328 62 62,.2 

86 10363 49 '"TU. I 

48.3 
,:;n 10327 81 61.2 

85 10362 48 _u 

1 ' • ._ • nd sample numbers 
TABLE II.1. Correlation of thesis sample _ocai1.1es a_ l b s 

d • thr• course of field 1"ork. All thesis sar:1p e num Gr 
with thoso use in • 

have prefix W.T. 



292. 

TAEJLE II .1. (continued). 

Thesis Numbers field fJumbers Thesis Numbers fiold r~uc1t:Jers 

Locality Saraple Locality Samplo Locality Sar:iple 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 01.1 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 81.3 38 10286 20 20. 1 
46 10320 82 82.3 21 10285 35 35.4 
59 10319 65 •• 65.1 44 10284 72 72.1 
46 10318 82 82.1 33 10283 16 16.10 
42 10317 83 83.1 88 ~0282 88 10282 
57 10315 65 65,.1 47 10281 70 70.1 
51 10315 69 69.1 33 10280 16 16.14 
57 10314 65 65.2 33 10279 16 16.15 
St 10313 69 69.2 22 10278 25 25.1 
39 10312 39 39. 1 15 10277 32 32. 1 
38 10311 20 20.4A 21 10276 35 35.2 
41 10310 41 41.1.0. 54 10275 68 68.1 55 10309 67 67. i 22 10274 25 25.2 43 10308 73 73.1 21 10273 35 35.3A 38 10307 20 20.48 21 10272 35 35.38 41 10306 41 41.18 27 1027i 38 38. 1 56 10305 57 57.2 45 10270 40 40.1A 43 10304 73 73.2 58 10269 42 42.1A 32 10303 17 .:; ., -, 

27 10258 ! ' • ._ 

38 :rn. 2 032 10302 ..... ... ., -- 45 I I • ,; ~~.!:j 
10257 40 40.18 36 10301 ;g , ;ii!, 58 10256 42 42.18 :32 10300 17 ..,~ - ... 

16 ! , ,!J,..;i,..., 
10265 32 32.2 35 10299 19 '"! C "'> 

19 { ...... ._ 
18254 33 33.1 36 '10298 i9 i 9~3 20 10253 34 34.1 31 10297 18 1a~:.; 21 10262 35 35.,1 31 10296 18 ·rn.1a 30 10261 21 21.5 38 10295 20 20.3A 26 i 0200 23 23.2 38 10294 20 20.38 30 10259 21 21.5a 38 10293 20 20.2 26 10258 23 23.1 25 10292 37 37. 1 30 10257 21 21.2 



2 93" 

TABLE I I. 1. (continued). 

Thesis riumbers Field Numbers Thesis Numbers field Numbers 

Locality S.:imple Locality 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 11.1 

15 10250 1 1.4 -7 10222 4 4., 

15 10249 1 1 .12 11 10221. 10 10.1 . 

15 10248 1 1.13 4 10220 11 11 .2 

2B 10247 22 22.12 28 10219 22 22.3 

24 10246 24 24.1 5 10218 6 6.1 

24 10245 24 24.3 5 10217 6 5.2 

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 7.1 

28 10241 22 22.7 17 10213 29 29.1 

28 10240 22 22.9 17 10212 29 29.2 

23 10239 36 36.2 4 1Q211 11 11.9 

23 10238 36 36.3 1 10210 12 12.4 

3 10237 8 a.1 28 10209 22 22.1A 

4 10236 11 11.3 28 10208 22 22.18 

4 10235 11 11.5 18 10207 28 28,2 

4 10234 11 11.6 23 10206 36 36.18 

15 10233 1 1.2s 23 10205 36 36.1A 

10232 5 5.1 ~ ·( 10204 31 31.1 
9 

1-

10231 5 s.2 12 10203 91 91.2A 
9 

10230 22 22.6 12 10202 91 91.28 
28 

10229 1 1.21 28 10201 22 22.17 
15 



APPENDIX m. BULK MINERAL COMPOSITION 

ONSHORE SAMPLES 

Snmple Local. Strat. Lith. Qtz. Plag. Pot. Clay CaC03 Others R.Qtz. R.Plag. R.Pot. R.Clay Others 
-

10372 55 Re s - • 97 - - - 3 - 97 - - 3 All 
10371 61 He c• 

"' ·15 47 - - - 38 15 47 - - 38 All 
10370 66 Re 9 - 52 - - - 48 - 52 - - 48 1\11 
10369 78 r-ie 9 28 15 - 40 1 16 28 15 - 40 17 
10368 70 Re s 28 ,, 3 5 33 - - 28 43 5 33 
10367 21 Re s 37 - - 75 - - 37 - - 75 
10366 21 Re s 38 - - 80 - - 38 - - 80 
10365 8 Re s 17 - - 85 - - 17 - - 85 
10364 8 Re s 21 4 2 75 - - 21 4 2 75 

10363 86 1-fw sd 15 42 - - - 43 15 ,~2 - - 43 
10362 86 HL·J sd 14 39 6 30 1 10 14 39 6 30 11 
10361 85 Hw sd 22 43 6 25 1 3 22 43 6 25 4 

N 
10360 81 Hw sd 14 90 - 9 6 - 15 96 - 10 - \.0 

10359 86 Hw md 21 41 6 • 20 2 10 21 42 6 20 11 ~ .. 
10350 85 Hw md 15 23 - 49 2 11 15 23 - 50 12 
10357 01 Hw md 22 18 - 37 3 20 23 19 - 38 20 

10356 83 l,J C nst 24 21 3 35 1 16 24 21 3 35 17 
10355 84 life I.set 22 23 3 55 1 - 22 23 3 55 
10354 84 We I.rnst 17 18 3 65 2 - 17 18 3 66 

10353 80 Wn C • r;st 20 18 4 28 11 19 25 23 5 35 12 
10352 79 Wn sst 30 16 - 35 1 18 30 16 - 35 19 
10351 79 ltln mst 32 18 3 30 - 17 32 18 3 30 17 
10350 79 Wn mst ?. 9 2?. 4 lit3 1 - 29 22 4 48 

TABLE fil, 1. Bulk minernl compositions of samples R.Qtz. = % C:'Jartz; R. Plag. = % Plagioclaso feldspar; 
R.Pot. =%potash feldspar; R.Clay =%clay minerals obtained by XRD modal analysis of acid insolublo residues, 
CaC03 calculated following acid digestion, Qtz, =%quartz, otc., obtainod after recalculating insoluble residue 
analyses so as to include Caco3• Othor minorals prosent include allophone (All), analcita (An) and ~-cristobalito 
(Cs). 



TP.BLE I!f.1. (continuod). 

Snrnple Locnl. Strnt. LiU1. Qtz. Pl c1~. Pot. Clny Cac □3 Othors R.Qtz. R.Plag. R.Pot. R.Clny Others 

10349 69 Tg I.snt 46 36 - 15 1 2 46 36 - 15 3 
10348 69 Tg I. mi., t 22 7..7 - :i 7 ·1 - 22 27 - 57 
10347 73 Tg mr, t 21 7.2 s :~G 11 12 22 23 5 38 12 
10346 75 Tg mst /10 :59 7 33 5 - 43 42 7 35 
10345 77 Tg rnst :rn 21 - 32 3 14 31 22 - 34 13 
10344 72 Tg mst 25 20 - 55 1 - 25 20 - 55 
10343 76 Tg 111st 22 30 3 35 1 9 22 30 3 35 10 
10342 71. T~J mr;t 19 21 4 51 3 2 20 22 4 53 1 
1034'1 68 Tg rnst 11J 29 3 42 2 4 20 30 3 43 4 
103110 70 Tg mot 20 26 4 30 1 19 20 26 4 30 20 
10339 73 Tg con 20 ·15 /1 1 r· ,J 27 19 28 20 5 20 27 
10330 75 Tg con 2 Ci 22 6 21 29 - 37 31 8 30 
10337 72 Tg con ·1 ·1 11, ·- 33 32 10 16 21 - 48 15 
10336 70 Tg con Hl 18 ... 28 20 16 22 22 - 35 21 

10335 67 l"lt nr;t 2 [J 30 ~-
,) 2 ~j 1 3 28 38 5 25 4 N 

10334 65 Mt ont 37 30 7 :ss 37 30 7 35 \.0 - - - Ul 

10333 63 l11t Gf.Jt 20 29 3 4 '7 1 28 29 3 /17 • -
10332 611 Vit ost 21 20 t1 3G 1· 

,) (i 22 30 4 38 G 
10331 62 ~lt not 20 32 - 30 1 9 28 32 - 30 10 
10330 67 ~lt 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 
1032!3 6/1 ~lt con 22 32 - 27 28 - 30 115 - 38 

10327 50 Ur sst 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 mnt 25 23 - 48 1 3 25 23 - 48 4 
10324 50 Ur mnt 25 31 - 35 1 8 25 31 - 35 9 
10323 46 Ur mst 20 28 - 41 3 8 21 29 - 43 7 
10322 59 Ur con 14 19 - 21 38 8 • 22 31 - 34 13 
10321 50 Ur con 19 16 - 21 29 15 27 22 - 30 9 
10320 46 Ur con 14 22 2 20 29 13 20 31 3 28 18 



TAEJLEJI[.1. (continued). 

S::Jmple Local. Strat* Lit:h. Utz. Plag. Pot. Clay Cac□ 3 Others R.Qtz. R,Plag. R.Pot. R,Clay Others 
----.. ·--·· 

10319 59 f~t.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 mot 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 TllJ con 19 17 3 28 30 3 27 24 4 40 5 

10312 39 Fy sst 25 35 - 44 1 - 25 35 - 45 
10311 38 Fy I.not 2B 43 7 '19 - 3 28 43 7 19 3 
10310 41 Fy I.nut 35 17 5 38 - 5 35 17 5 38 5 
10309 56 Fy I .. !> at ::rn :31 3 35 - 1 30 31 3 35 1 
'10308 43 ry I.nrJt 37 24 7 42 - - 37 24 7 42 
10307 38 Fy I .,wit 2'2 2?. - 50 - 6 22 22 - 50 6 
10306 .:'11 Fy I ,.ms~, :5 [) 32 - 30 - 8 30 32 - 30 B 

~ 

10305 56 Fy I. Ill~"; t '16 24 3 40 1 16 16 24 3 40 17 \0 

10304 43 Fy I.mst 23 20 46 2 1 23 28 47 2 
O'I - - • 

10303 32 Om sst 32 37 2 27 - 2 32 37 2 27 2 An 
10302 32 Om I.s::;t 3 53 - 8 18 18 4 64 - 10 22 An 
10301 36 Om r.~rnt 22 41 - 15 24 - 29 54 - 20 -
10300 32 Urn I .rr,st 7 10 - 7. 5 36 2 15 23 - 56 6 
102 99 36 Om I.rnnt 28 19 - 51 8 - 30 21 - 56 
1029fl 36 Om con 18 20 3 31 34 - 28 31 4 .:'17 

10297 31 Pu r.nst 2 78 4 - 8 8 2 85 4 - 9 Cs 
10296 31 Pu I.mnt 16 19 - 41 2 22 16 19 - 42 23 
10295 38 Pu G9t 11 38 3 26 10 12 12 42 3 29 14 Cs, An 
1029.:'1 38 Pu mst 14 11 - 05 - - 111 11 - 85 

10293 38 Mg c,nst 12 19 - 49 12 8 14 22 - 56 B 
10292 25 Mg c.sst 2E.l 17 8 20 20 7 J:,j 21 10 25 9 



TI\OLEfil.1. (continued). 

Sampls Local. Strat. Lith. Q tz. Plag. Pot. Clay CaC□3 Others n.Qtz. n.Plag. R.Pot. R.Clay Others 

10291 ,~s U.Mo cgl 37· 49 6 20 - - 37 49 6 20 
10290 48 U.f>lo sst 30 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 sst 29 18 - 47 - 6 29 18 - 47 6 
10287 33 U.Vio m:, t 32 29 - 27 3 9 33 30 - 20 9 
10286 30 U.Mo rnst 28 28 - 46 - - 28 28 - 46 
10285 21 U.1"'10 mst 35 33 5 33 1 - 35 33 5 33 
10284 l14 U .r10 mst 35 27 5 38 1 - 35 27 5 38 
10283 33 U .. ~lo con 16 15 3 18 51 - 33 31 7 37 

10282 88 My rnst 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 SGt 36 24 4 33 - 3 36 24 4 33 3 N 

ID 
10279 33 L.Mo s.st 23 24 6 40 - 7 23 24 6 40 7 -'3 

10278 22 L.l"iCJ sst 32 28 3 29 - 8 32 28 • 3 29 8 
10277 16 L.Mo sst 43 34 5 28 - - 43 34 5 28 
10276 21 L.Mo sst 47 32 - 30 1 - 47 32 - 30 
10275 54 L.Mo sst 47 32 12 28 - - 47 32 12 28 
10274 22 L.. [•lo con 9 7 2 18 59 5 23 18 5 ,.s 9 
10273 21 L .~lo T.s,st 3-1 14 t" 

,) 35 1 14 31 14 5 35 15 
10272 21 L.Mo I.rnst 25 23 - 47 1 4 25 23 - 47 5 

10271 27 Trnr I.sst 28 20 q, 35 7 10 30 22 - 38 10 
10270 45 Trnr 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 Tmr I.rnst 19 10 - 53 3 7 20 18 - 55 
10266 58 Tmr I.nwt 18 14 3 64 6 - 21 15 3 68 



TI\0LEID.1. (conti.nuod). 

Sampl8 local. Strat. Lilh. Utz. Plag. Pot. Clay CaC □3 Others R.Qtz. R.Plag. R.Pot. R.Clay Others 
----

10265 16 Trnt c.mst 11 1.1 - 45 29 - 15 15 - 64 6 
10264 19 Tmt c.mst 8 7 3 41 ,,2 - 13 12 5 70 
10263 20 Tmt c.nwt 14 13 3 60 20 - 17 16 4 75 
10262 21 Tmt mst 27 12 - 62 1 - 27 12 - 63 
10261 30 Trnt c.mst 28 21 - 43 8 - 31 23 - 47 
10260 26 Tmt c.mst 20 18 - 40 12 10 23 20 - 45 12 
10259 30 Tmt con 17 11 - 27 43 2 30 20 - 47 3 
10258 26 Tmt con 16 13 - 33 27 11 22 18 - 45 15 
10257 30 Tmt c.sst 19 20 4 39 15 3 22 24 5 46 3 
10256 30 Tmt .c.sst 19 11 2 28 41 - 32 18 4 47 
10255 30 Tmt 1st 1 1 - 2 97 · - 17 14 4 51 14 
10254 30 Tmt 1st 1 1 - 2 96 - 28 17 5 56 
10253 30 Tmt 1st 5 4 - 13 76 2 21 18 - 56 5 
10252 34 Tmt 1st 4 3 1 10 82 - 20 16 4 56 4 
10251 34 Tmt sty 9 15 4 20 48 4 17 28 7 38 10 

10250 15 Ot 1st 1 - - 2 97 - 11 4 2 55 28 N 

'° 10249 15 Ot 1st 4 2 - 4 90 - 36 15 3 37 9 en 
10248 15 Ot 1st 3 1 2 96 45 • - - 16 - 32 5 
10247 28 Ot lBt 6 1 1 2 90 - 57 6 G 16 13 
10246 2/i Ot l.st -· - - 2 90 - 17 9 14 47 13 
10245 24 () t 1st - - - 2 90 - 25 14 6 41 14 
10244 15 Ot c.snt 5 t1 - 10 7L1 - 19 17 - 70 

10243 15 Wt c,sst 2 [) 8 3 /~ 1 24 - 28 11 11 57 

102112 15 Or 1st 4 0 - 7 82 - 25 45 - 38 
10241 28 Or 1st 12 12 8 5 66 - 35 35 24 1 L, 
10240 20 Dr lnt 8 8 7 6 82 - 42 58 38 20 

10239 23 ~lp c.sst 47 Hi 5 ?. 9 23 - G1 21 7 :rn 
10238 23 Mr 8SL 60 16 7 35 - - GD 16 7 3S 



TABLE llI.1. (continuod). 

Snmplo Local. Stra t. Lith. Qtz. Plog. Pot. Clay Caco3 Othors R.Qtz. R.µlaq. A.Pot. R.Clay Othors 

10237 3 T.A rnst 5. 2 2 40 37 14 10 4 4 (i5 27 Cs 
10236 4 T ./\ mot 21! 5 - 32 42 - 41 8 - 5(i 
10235 4 T.A mnt 15 6 - 35 47 - 28 11 - 66 
10234 4 T.A mst 20 8 7 26 44 - 35 15 12 47 

10233 15 /\o lot 17 '7 4 3 71 - 58 _t5 12 10 
10232 9 Ao lot :3 1 - 6 91 - 31 10 - 60 
10231 9 Ao 1st ? 16 2 17 56 2 16 36 4 38 6 
10230 28 Ao 1st 7 5 5 2 79 2 32 24 23 9 12 
10229 15 Ao c.srjt 10 g 7 32 33 - 27 14 10 47 2 
10228 14 Ao C.[;St 10 7 t· 

.) 25 53 - 21 15 11 (17 6 
10227 11 Ao c.sst '14 12 5 23 47 - 26 22 10 44 
10226 28 Ao c,,sut ?.O 13 22 - 40 - 53 25 42 
10225 28 Ao H:lt 50 12 29 37 - - 50 12 29 37 

~ 

10224 28 Wh 1st 1 2 ·- 3 95 
li) - 17 22 7 65 - li) 

10223 4 \1Jh c .sst~ 2·1 4 -· 20 50 - 42 g • - 56 
10222 7 \JJh c:.mst "IG 7 - 33 /ill - 28 13 - 58 1 
10221 11 Wh c.rtmt 15 11 7 21 50 - 31 22 14 42 
10220 4 Wh c.mnt 18 6 - 37 42 - 31 11 - 64 
10219 28 Wh c.rnst 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 .~·1 c.,mst 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 Ml< mst 24 6 - 75 - - 24 6 - 75 
10214 2 Mk mst 30 ,~ 5 59 8 - 32 4 5 62 1 
10213 17 Mk mst 37 3 5 75 - - 37 3 5 75 
10212 17 Ml< con 9 1 1 18 72 - 32 3 3 65 



TAOLE fil.1. (continuod). 

Snmple local, Strat. Lith, fJb:. Pla~. Pot. Clay CaC□3 Others R.Qtz. R.Plag. R.Pot. R,Clay Others 

10211 4 l~k mot 37 - - '140 - - 37 - - 140 
10210 1 Wk rnnt 52 - - 120 - - 52 - - 120 
10209 28 Wk mst 22 - - 150 - - 22 - - 150 
10200 28 Wk mnt l15 . 9 3 120 - - 45 9 3 120 
10207 18 Wk rnst 46 ·- 4 110 - - 46 - 4 1 ·10 
10206 23 Wk mot 75 6 - 57 - - 75 6 - 57 
10205 23 Wk ss t. ?ti - - 30 - - 74 - - 30 

10204 13 Jn 111st 22 2!'5 8 20 - 25 22 25 8 20 25 
10203 12 Js rnst 22 13 - 52 1 12 22 13 - 52 13 
10202 12 Js con 3 9 - 25 63 .. 8 25 - 66 1 

10201 28 Ts si::it 13 37 5 20 - 25 13 37 5 20 25 

RIVER AND HARBOUR SAMPLES ----·--.. --·-·-.. "'-•'·------
GJ 

Sample Local .. Strat. (Jt:z~ Plar,J., Pot~ Clay CaC□3 Others R.,Qtz., R.Plag. R .. Pot., A.Clay Others D 
D 

_________ , ____ .. ,_,, ____ .., ___ ,,c., __ ,1••··-·· ... --, ..... _, ... ___ , __ ,., __ , ____________ - • 

10396 87 fie 20 27 5 34 - 6 28 27 5 34 G 
10395 82 flc ~5 27 - 28 - 10 35 27 - 28 10 
10394 57 nc 45 40 8 26 - - 45 40 8 26 
10393 ::iB Re 21 42 6 38 - - 21 42 6 38 
10392 58 Re 30 30 5 28 '" - 30 38 5 28 
10391 55 nc: - 3G - 10 - 54 - 36 - 10 54 All 
'10390 (j 1 He 15 47 - - - 30 15 47 - - 38 All 
10313 9 66 f'lc; "' 100 - "• .. - - 100 
10308 70 Re 24 41 5 2,. - 6 24 41 5 24 6 
103£17 52 Re 2G 20 - 46 - - 26 28 - 46 
10386 5:3 Re 27 38 3 28 - 4 27 38 7 28 4 .., 
103135 49 Re 20 20 - 112 - 10 20 20 - 42 10 
1038/1 40 lie 24 35 4 20 1 8 24 35 4 28 19 
10383 37 He 35 26 4 25 1 g 35 26 4 25 10 
10382 35 Re 14 19 4 :rn 1 24 14 19 4 30 25 
10301 29 nc 20 26 4 24 - 8 28 26 4 24 8 



T/\BLE m..1. (continued)., 

Snmple Local. Strat. Utz. Plag. Pot. Clay CuC03 Others R.Otz. R. Plag. n. Pot. R. Clay Others 

10300 G Re 15 13 2 54 6 10 16 14 2 57 11 
10379 6 He 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 Re 20 11 - 73 - - 20 11 - 73 
10376 12 He 21 13 4 37 3 22 22 13 4 28 23 

10375 12 nc 7 22 7 19 3 42 7 23 7 20 43 

10374 10 Re 27 25 7 10 2 29 28 26 7 10 29 
10373 10 Re 8 28 J 23 3 35 8 29 3 24 36 

WESTERN SHELF ~QMPLE..§. 

Sample Strat. Qtz. Plaq. Pot. Clay Cac□3 Others R.Qtz R. Plag. R. Pot. R.Clay Others 
-----------

A45 Re 18 19 - 26 12 25 20 22 - 30 27 
All? Re 12 20 5 25 17 21 15 24 6 30 25 

c.,J 
0 

A51 He 17 19 - 39 25 - 22 25 - 52 1 I-' 
• 

8319 Re 24 24 ' 5 29 23 - 31 31 7 38 
B321 Fle ·16 17 2 42 19 4 20 21 3 52 4 
8322 Re 2D 3:l 5 30 1 1 20 33 s 30 2 
864!5 He ·12 rn 2 46 22 - 15 23 3 42 1 
8647 Re 33 18 '7 27 11 4 37 20 B 30 5 
OG48 Re 35 20 6 23 7 9 38 22 6 25 9 
8649 ne 12 17 2 43 10 16 13 '19 2 48 18 
8653 Re 2 '1'1 - 9 10 68 2 12 - 10 24 
8667 Re 7 tr1 7 10 2 33 7 42 7 10 34 
8675 nc 26 23 4 31 9 7 29 25 4 34 8 
8676 He 27 30 - 25 ·1 17 27 30 - 25 18 
8600 He 16 29 8 37 3 7 16 30 8 38 8 
0681 ne 20 27 4 29 2 10 28 27 4 29 12 
0682 Re 22 20 3 33 21 1 28 25 4 42 1 
0778 Re 16 '17 4 20 20 23 20 21 5 25 21 
0780 Re 15 13 3 15 23 31 20 17 4 19 40 
8781 Re 17 18 4 12 22 27 22 23 5 15 35 
878(1 Re 33 31 6 24 12 - 37 35 7 27 



TABLE m.1. (continued). 

Samplo Strat. Qtz. Plag. Pot. Clay CaC□3 Others R.Qtz. R. Plag. R.,Pot. R • Clay Others __ , 
8788 Re 21 32 4 8 15 20 25 38 5 10 22 
8793 Re 40 25 5 21 9 - 43 27 5 23 2 
8795 Re 41 34 11 13 12 - 47 39 12 15 
8796 Re 22 22 4 16 27 9 30 30 5 22 13 
8799 Re 14 32 5 10 1 38 14 32 5 10 39 
8001 Fle 17 26 7 38 1 11 17 26 7 38 12 
8802 Re 14 21 3 27 2 33 14 21 3 28 34 
8804 Re 11 31 - 13 15 30 13 37 - 15 35 
8812 Re 16 23 3 - 2 56 16 23 3 - 58 
8813 Re 13 22 5 37 2 21 13 22 5 38 22 
8816 Re 16 22 4 31 18 9 20 27 5 38 10 
8818 Re 27 22 5 22 23 1 35 29 7 28 1 
88?.2 Re 35 37 8 25 1 - 35 37 8 25 
C169 Re 14 1 '/ 4 32 29 4 20 24 5 45 6 
C170 Re 27 31-· 

.J 8 27 2 1 28 36 8 28 
C171 Re 16 20 5 29 2 28 16 20 5 30 29 

CA 
a 

C172 Re 15 10 - 51~ 2 11 15 18 - 55 12 N . 
• 

C173 He '14 24 3 39 2 18 14 24 3 40 19 
C174 R,, ., 22 27 11 39 2 - 22 27 11 110 
C175 Re 14 3:3 - Tl 4 12 15 34 - 38 13 
C178 He 14 22 12 28 2 22 14 22 12 28 24 
C262 Re 20 39 4 9 8 20 22 42 4 10 22 
C265 Re 20 22 6 ?.O 10 22 22 24 7 22 25 
C?.7?. Re 26 23 7 24 16 4 31 27 8 28 6 
C275 Re 30 28 5 19 20 - 37 35 6 24 
C276 Re 41 ·10 (i 22 8 r· 

;J 44 20 7 24 5 
C277 nc 30 7. 5 s 23 8 1 42 28 6 25 
C281 Re 2·1 29 4 14 6 26 22 31 4 15 28 
C293 Re 24 26 5 13 13 19 28 30 6 15 21 
C330 Re 23 19 3 14 7 34 25 21 3 15 36 
C332 fk 27 33 9 15 3 13 28 34 9 15 14 
C3t10 Re 18 25 2 14 15 26 21 29 2 17 41 
C:348 Re 24 37 - 22 4 13 25 38 - 22 15 
C355 Re 29 41 7 25 9 - 32 45 8 28 



TABLE ID.1. ( continuocl). 

Smnple Strat. Qtz. Plaq. Pot. Clay CaC03 Others R.Qtz. R.Plag. R.Pot. R.Clay Others -
C363 ne 35 19 7 19 6 111 37 20 0 20 15 
C364 nc 38 25 ,-

:.) - 3 29 40 25 5 - 30 
C372 ne 30 77 6 12 19 6 37 33 8 15 7 
C37G Re 1 ,-,) 41 5 17 7 15 15 42 5 18 20 
c:rno Re 11 41 11 14 4 9 12 43 12 15 18 
C421 He 14 25 6 J3 1 '1 11 16 28 7 37 12 
C429 Re 111 19 5 39 19 4 17 24 6 48 5 
C432 Re 27 18 3 18 14 20 32 21 4 22 21 
C434 Re 16 22 3 38 21 - 20 27 4 48 1 
C435 Re 16 29 ... 42 2 11 16 29 - 43 12 
C436 Re 1 /1 17 2 43 18 6 17 21 3 52 7 
Cti38 Re :rn 19 5 14 28 4 42 27 7 20 4 
C450 Re 19 :-.rn ... 14 ~--> 32 20 32 - 15 33 

t,J 
D 
t,J 

• 



APPENDIX .UL·• 

ONSHORE SAMPLES 

Strat. Lith. Qtz. 

Hw sd 16 
J-lw md 19 

We sst 24 
We I.sst 22 
We I.mst 17 

Wn c.sst 25 
Wn mst 31 

Tg I.sst 46 
Tg I.mst 22 
Tg mst 24 

Mt sst 28 

Ur sst 2 
Ur mst 23 

Mt.M sst 35 

Tw mst 27 

Fy sst ?--0 
Fy I.sst 32 
Fy I.mst 23 

Om sst 32 
Om I.sst 12 
Om I.mst 17 

"I" __ ,._ .., Pu J.. ,0..::,""" ... 
Pu I.mst 16 
Pu mst 11 
Pu mst 14 

Mg c.sst 20 

LI.Mo cgl 37 
LI.Mo sst 25 
LI.Mo mst 32 

L .. Mo mst 41 
L.Mo sst 38 
L.l'lo r.sst "'=" __, I 

L.Mo I.mst 25 
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BULK MINERAL COMPOSITION 

Plag. 

53 
27 

21 
23 
18 

17 
20 

35 
27 
26 

31 

21 
28 

32 

24 

35 
29 
26 

37 
47 
~n ·~ 
78 
~g 
~o 
..)~ 

11 

"13 

49 
~r:. : ::;: 

r:•c 
.(.,.~ 

·12 
29 
14 
23 

Pot. 

3 
2 

3 
3 
3 

2 
4 

3 

4 

4 
1 

4 

4 

5 
1 

2 

4 

3 

4 

6 
2 
2 

5 
5 
5 

Clay 

16 
35 

35 
55 
65 

31 
39 

15 
57 
39 

35 

10 
43 

24 

41 

44 
33 
41 

27 
11 

2 
2 

1 
1 
2 

6 
1 

1 
1 
2 

2 

3 
2 

1 

2 

1 

1 

21 
38 32 

41 
26 
85 

35 

28 
37 
35 

8 
2 

10 

16 

15 
1 

TABLE III .2. Average bulk mineral cornposi tion of onshore 
samples (formational averago) and river and harbour samoles 
(locality average), Otz. =%quartz; Plag. = % Plagioclase 
feldspar; Pot. = 1{ potash feldspar; Clay = % clay rninorals; 
obtained by XRO modal analysis. Caco3 = % Caco~ calculated following acid digestion. ~ 

40 
31 
35 
47 

1 
1 



TABLE m.2. (continued). 
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Strat. Lith. Qtz. Plag. Pot. Clay Caco3 
Tmr I.sst 31 21 2 35 11 Tmr I.mst 17 17 1 60 4 
Tmt c.mst 20 15 1 47 17 Tlilt c.sst 19 16 3 33 28 Tmt 1st 3 2 7 88 
Ot 1st 2 2 96 Dt c.sst 5 4 18 74 
Wt c.sst 20 8 3 41 24 
Dr 1st 8 9 5 6 77 
r·lp c.sst 53 16 6 32 11 
T.A mst 16 5 2 33 42 
Ao 1st 8 7 3 7 74 Ao c.sst 35 11 20 27 21 

Wh 1st 1 2 3 95 Uh c.sst 21 4 28 50 lcJh c.mst 15 8 2 32 45 

G. f•l 1st 1 1 5 90 
G. i·i c.mst 14 2 4 25 46 
C.M c.sst 17 B 20 41 

Mk rnst 30 4 3 70 3 

Wk mst 45 2 1 116 
Wk sst 74 30 

Js mst 22 19 4 36 1 

Ts sst 13 37 5 20 

RIVER MJO H.-'l.RBOUR SA,,;;JLES 

Local. Qtz. Plag. Pot. Clay CaC03 

87 28 27 5 34 
82 35 27 28 
57 45 40 8 26 
58 25 40 6 33 
55 36 10 

61 15 47 
66 1 DO 
70 24 41 5 24 
52 26 28 45 

53 27 38 3 28 
49 28 20 42 
50 24 35 4 28 1 
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TABLE III .2. ( con t.inuad). 

Local. Qtz. Plag. Pot. Clay CaC03 

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 



/\fJP[NDIX l V • CL/\Y FnACTION COMPOSITION 

ONSHORE SAMP.b_s_i 

Sc.1mplo 

10372 
10371 
1()370 
10369 
10368 
10367 
10366 
10365 
103 6/J 

10363 
1 o:~52 
10361 
10360 
10359 
103~if3 
10357 

10356 
103~i:j 
103~i/1 

L □ cr.Jl. Strnt. l..ith. K I r·l C M/L r~/L Spocios Othors -- U.M/L xC hC I-M C-I c-v C-~l C-I-M 
.. ----

55 nc s - - - .. - - - - - - - - P, /\11 
61 Flc [:> - - - -· - - - - - - - - P, All 
66 Re ,. -~ -- - - - - - - - - - - - P, All 
78 nc s 0 72 8 - 3 9 - - ·X· g - - Q, p 
70 Re s 3 36 5 ·- 9 47 5 12 -)(- 30 - - Q, p 
21 nc <• ~, 69 30 1 
21 nc s 32 68 - - - - - - - - - - Q 

8 Re c• ,;., 58 i.'12 
8 lk ,, .. , 24 76 - - - - - - - - - - Q 

86 H1u nd -· 46 ('.fj - - G 6 - - - - - Q, p 
86 l·!1JJ tHJ - ~j ·1 36 - - 13 4 - -l(· g - - Q, p 
85 H.u nd -· '.59 sn - - 3 3 - - - - - o, p 
81 Hui nd ti l14 43 .. ·- 9 - - •)(• 9 - -· 
86 H•.,J rnst ... 3?. 68 ·- ·- - - - - - - - p 
() ~j HtiJ rnnt 

.., 

.1 39 !jO ·- ·- - - .. - - - - p 
131 tl11J mu~ t1 lj 4 43 - - 9 - - ·X· 9 - -· [J, p' I< 

83 We sst 6 44 37 - ? 6 - - * 6 - - Q, p 
Oli \;Jc; r.sst 3 47 43 - .. 7 - - -l<· 7 - - p 
04 We I.nwt 5 l19 44 - - 2 - - * 2 - - p 

TABLE IV.l. Clay fraction ( <2µ) composition of samples as determined by XRD 
analysis, K =%kaolinite; I=% illite; M = % montmorillonite; C = total 
chlorite %; xC =%crystalline chlorite; hC =%heat-labile chlorite; 
M/L • total mixed-layer clay mineral%; I-M = % illite-montmorillonite mixsd­
loyer clay; C-I = % chlorito-illite mixed-layer clay; C-V = % chlorite­
vormiculits mixed-layor clay; C-M = % chlorite-montmorillonite mixed-layer 
c 1 a y ( -l<· ci i s tin c t i on be t w no n C - V and C-M n o t p o s s i b 1 a ; C - I - M = % ch 1 or i ta -
illite-montmorillonite mixed-layer clay; U.M/L =%undifferentiated mixed­
layer clay; Q = quartz; P = plagioclase feldspar; k = potash feldspar; 
2P ~ plagioclase feldspars A and B both present in subequal amounts; An= 
analcito; Am= amphibolo; Cs= ~-cristobalite and All= allophane. N.B. 
K + I+ M + C + M/L = 1 □□%. 

(.N 

0 
-.J 
• 



TI\Bl.E IV ,1, (continuec.J), 

Sompla Locnl, Strat, l..i Lh. K I M C r1/L MLL Seeciac Others 
xc hC I-M C-I c-v c-r•1 C-I-f-1 U.M/L 

, ___________ , 
10353 80 Wn c.sst - 52 23 - 12 13 - - ·K- 13 - - P, k 
·)□ 352 79 Wn sst 2 45 50 .. ·- 3 - - ·l!- 3 - - a, P 
10351 79 uln mst 2 44 32 15 - 7 - - - - 7 - Q, P, k 
10350 79 uJn mst 2· 42 32 - 20 4 - - - - 4 - O, P, k 

10349 69 Tg I.,sst 1 45 32 - 4 18 - 9 * 9 - - Q, P, k 
10348 69 Tg I.mnt ~- 33 42 21 - 4 - 4 - - - - Q, P, k 
10347 73 Tg rnst 2 33 52 - - 13 - - * 13 - - Q, p 
·1034 G 75 Tg mut 1 44 34 - 7 14 - 7 -)(- 7 - - P, k 
10345 n T~J mi:;t ·- 52 24 20 - 4 - 4 - - - - Q, P, k 
10344 72 Tg mnt 2 37 52 - 2 7 - - -X· 7 - - Q, p 
103113 76 T 9 lrl!J l; 3 43 35 10 - 9 - 4 5 - - - p 
10342 74 T q OILIL :1 ti? 28 20 - 2 - 2 - - - - p 
1031+1 GB T(J 111 !} l; 3 li[l 20 16 - 5 - - ·X· 5 - - p 
1 D31i0 70 T~1 Iii Ii t: '') !i2 21 19 - 6 - 6 - - - - Q, p ,. 
1 lJ.33 SJ 73 T~J 4 40 32 11 13 3 ·ll- 10 p t,J 

Cllll - - - - D 
10338 75 T~1 con 2 :15 43 - 7 17 - 5 * 8 - - p en 

• 103:57 72 Tg con ·1 44 24 26 - 5 - 5 - - - - a, P 
·;0J36 70 T g con 2 51 19 - 22 6 - 6 - - - - a, P 

10335 67 /Vlt sst .. 40 32 24 - 4 - 4 - - - - p 
103.34 65 Mt BSt 4 37 32 21 -- 6 -- - ·lE- 6 - - p 
10333 63 f•lt B ~J t - L10 31 24 - 5 - 5 - - - - p 
1m32 611 r~t snt - 52 23 22 - 3 -· 3 - - - - p 
10331 6') 

1L Mt sst - ,,7 29 21 - 3 - 3 - - - - p 
10330 67 ~It con 3 36 30 27 - 4 - 4 - - - - fl, P, k 
10329 65 Mt r.on 2 40 32 - 20 G - 6 - - - - p 
10328 611 Mt con - 62 5 25 - 8 - 8 - - - - a, P 



TABLE IV .1. (continuod). 

Sorn rile Local. Strnt. Lith. K I M C M/L ML'.L seecies Others 
xC hC I-M C-I C-V C-M C-I-M U.M/L 

10327 50 Ur sst - - 98 - 2 - - - - - - - 2P, /\n 
1032G 60 Ur mst 2 56 18 20 - 4 - 4 - - - - p 

10325 59 Ur mi,; t - 44 32 21 - 3 - 3 - - - - p 

10324 so Ur mst - 60 18 - 17 5 - 5 - - - - Q' p 
10323 46 Ur mst 2 ,~ g 24 21 - 4 - 4 - - - - 0, P, k 
10322 35 Ur con 1 /17 34 - 15 3 - 3 - - - - p 

10321 50 Ur con - 59 24 14 - 6 - 6 - - - - p 

10320 {10 Ur con 1 58 16 17 - 8 - 8 - - - - P, k 

10319 59 Mt.M sst - 56 3 - - 41 - - * 31 - 10 o, p 
10318 46 Mt.~l sst 2 61 10 .. 22 5 - 5 - - - - Q, p 
10317 42 Mt.~l sst 4 66 4 - 20 6 - 6 - - - - p 

10316 57 Tw rnnt - 48 22 27 - 3 - 3 - - - - q, P, k 
10315 51 Tw mBt 2 51 21 23 - 3 - 3 - - - - 0, P, k 

(.,J 
10314 57 Tw con 2 50 20 19 - 9 - 5 * 4 - - Q, P, k 0 

10313 51 T111 con 3 64 5 - 20 8 - B - - - - Q, p \0 
• 

10312 39 ry nst 7 45 18 25 - 5 
10311 38 ry I.sst 4 69 2 ·~ 18 7 - 7 - - - - p 
10310 /11 Fy I.sst 4 38 39 - 13 6 
10309 46 Fy I.sat. 3 50 1/1 - 29 4 - 4 - - - - p 
10308 43 f'y I.sst 10 49 14 - 14 13 - - * 13 - - O, P, k 
10307 38 Fy I .. rns t 4 65 6 - 21 4 - 4 - - - - p 
10306 /11 f"y r.rnst 3 24 58 - 7 8 
10305 56 F'y I .ms t 3 46 22 - 28 1 - 1 - - - - o, p 
10304 43 Fy I.mst '7 48 31 - 11 3 - 3 - - - - Q, P, k 

10303 32 llrn sst - 74 - - 26 - - - - - - - P, Cs 
103lJ2 32 Om I.sst - 27 51 - - 22 - - - - - - P, An, Am 
10301 36 Om I.sst 2 56 12 22 - 8 - 8 - - - - p 
10300 32 Om I.rnst .. 43 44 - 6 7 - - ·X· 7 - - p 
10299 36 Orn I.mst .. 45 26 25 - 4 - 4 - - - - p 
10298 36 Orn con 2 52 17 - 27 2 - 2 - - - - Q, P, I< 



T/\BLE IV ,1, (continued). 

S:1mpl0 Local, Strat. U.U1, K I M C M/L MLL Seecies Othors 
xC hC I-M C-I C-V C-M C-I-M U.M/L 

10297 31 Pu I.sst - 5 94 - 1 - - - - - - - 2P, Am, Cs 
10296 31 Pu I .mst - 50 32 - 12 6 - - * 6 - - Am, Cs 
10295 38 Pu sst - 12 85 - 1 1 - - * 1 - - k, 2 P, Am 
10294 38 Pu nwt - • 50 5 - 1,~ 31 - 7 * 24 - - P, Am 

10293 38 Mg c,sst - 15 78 - - 7 - - * 7 - - p 
10292 25 Mg c.,ssi; 2 35 38 - - 25 - - * 25 - - o, p 

10291 48 u.r10 cgl 24 ,~g 2 23 - 2 - 2 - - - - Q, P, k 
10290 48 u.r~o sst 10 54 12 10 - 14 - 4 * 10 - - Q, P, k 
10289 :31 U.Mo c.sst 3 58 34 - 3 2 - - * 2 - - a, P 
10288 33 U,Mo sst 5 45 23 - 14 13 - - -)E, 13 - - p 

10207 33 U,Mo mst 3 50 20 - 7 20 - - * 20 - - p 
102El6 38 u.Mo mst g 57 3 20 - 11 - 2 * 9 - - p 

1028:i 21 U .l"lo rnst 6 50 18 13 - 13 - - * 13 -· - Q 

10284 44 U.Mo nwt ? 51 23 13 - 5 - 5 * 5 - - Q, P, k (.,-1 

10283 33 Uol"lo con 3 43 14 26 14 2 ·X- 9 p I-' - - - - 0 
• 

10282 80 rw rnst 55 25 10 - - 10 - - -K· 10 - - q 

10281 47 L,Mo mst 9 23 41 - - 27 - - * 27 - - Q, P, k 
102130 33 L,MD sst 3 52 15 - 6 24 - - •)(, 24 - - P, k 
10279 33 L.Mo sst 4 48 16 - - 32 - 4 * 28 - - p 
10278 16 L,Mo sst 20 32 18 -· 30 - - - - - - - p 
10277 21 L. f'lo sut 2 48 36 - - 14 - - - - 14 - Q 
10276 22 l,f"lo sst 7 35 56 - - 2 - - ·)(· 2 - - Ll' P 
10275 54 L.Mo sst 24 48 - - 17 11 5 6 - - - - o, p 
102 7 (1 22 L.rlo con 15 53 17 - 12 3 - 3 - - - - o, p 
10273 21 L.f-lo I.sst 7 79 9 - - 5 - - -IC· 5 - - p 
10272 21 L.rlo I .ms t 4 34 48 - 3 11 - - * 11 - - Q, p 



TABLE IV .1. (continued). 

S::impla Local. Strnt. Li th. K I M C M/L M/L Spocios Others ----- U.PI/L xC hC I-M C-I c-v C-M C-I-M ___ , 
10271 27 Tmr I.sst 10 33 43 - - 14 - - -l(• 14 - - o, p 

10270 45 Tmr I.sst 8 48 23 - - 21 - - ·X· 21 
10269 58 Trnr I. ::ist 2 12 82 - - 4 ·ll- 4 Q 
1026B 27 Tmr I .r.,~~t 12 !:j8 25 - 3 2 - - ·ll- 2 - - p 

10267 l!S Trnr I w r.1s t 18 54 22 - 3 3 - 3 - - - - p 

10266 58 Tmr I.mst 6 25 62 - r· 
:) 2 - - ·i(- 2 - - o, p 

10265 16 Tmt c.,mst ·- 25 72 - 3 - - - - - - - o, p 
10264 19 Tmt c •. mst 2 18 72 - - 8 - - * 8 
1025:s 20 Trnt c.mst 3 20 67 - 7 3 - - -i<· 3 - - o, p 
10262 2·1 Tmt rnut 5 27 54 - 7 7 - - -K· 7 - - Q, p 
10261 30 Trnt c. rnn L :~ 3?. 41 - 12 12 - - * 12 - - p 
10260 26 Tmt c.nml~ (J t11 22 19 - 10 - - * 10 - - a, P 
10259 ~rn Tmt con :3 33 :36 - 8 20 - - -l(• 20 - - p 
10258 26 Trr,t. con n 4 (i 9 - 33 4 - 4 - - - - a, P t,J 

I-' 
10257 :rn Tmt c.,sst 3 3·1 43 - 8 15 - - * 15 - - P, Am I-' 

102!:iG :.rn Tmt c.nt1t 7 48 ?.2 11 11 tr 4 Q, P, k • ,J - - - - -
1025:i 30 Tm!:. 1st 2 26 G7 ·- 5 7 - - - -
10254 :so Trnl:. lot 3 33 44 - 10 10 - 3 ·K- 7 - - O, P, k 
10253 30 Tmt 1st 4 24 60 - 4 8 - - ·ll- 8 - - p 
10252 :~4 Tmt 1st 10 36 37 - - 17 - - - 17 - - a, P 
10251 :54 Tmt sty 1· 

;,J 18 57 - 7 13 - - ·X· 13 - - O, P, k 

10250 15 Ot 1st - 12 87 - - 1 - - ·* 1 
10249 15 Ot lilt - 21 79 - - - - -
102·'48 15 Ot 1st - 38 46 - 6 10 - - * 10 -
10247 28 Ot 1st 15 24 43 - 6 12 - - * 12 - - Q, P, k 
10246 2l1 Qt, 1st 1 43 54 - 2 - - - - - -
10?.4~i 24 Ot 1st 6 42 47 - 3 2 - - * 2 
10244 15 Dt r.:.sst - 33 61 - - 6 - - * 6 - - p 

10243 15 Wt c.sst - 20 75 - - 5 - - * 5 - - P, Am 



TABLE IV .·1. (continuod). 

Sc1mple Local. Strnt, U. th. I( I M C 1"1/L MLL Seecies Others ---xC hC I-M C-I c-v c-~1 C-I-M U.M/L 
-------

1D242 15 Or 1st - 15 85 ·- - - - - - - - - o, p 
102/11 28 Or 1st 3 5 87 ·- - 5 - 5 30 - - 10 P, k 
10240 2B Or 1st 10. 15 75 

10239 23 Mp C,,S:Jt 24 26 3'7 - 13 - - - - - - - q 
102:38 23 fl'lp sst 18 31 32 - - 19 - - * 19 - - Q 

10237 3 T.A mst ... 17 8., 
.J - - - - - - - - - q, k, Am, Cs 

10236 4 T./1 nrnt .. 20 76 - - 4 - - -l(- 4 - - Q, p 
10235 4 T • /.\ mst ·- 10 88 - - 2 - - ·X· 2 - - Q, p 
1023/i 4 T ,.,1 rnr;t - 0 90 - 1 1 - - •i(- 1 - - Q 

10233 15 11 u .1. :,t ,~ 39 61 - - - - - - - - - P, I< 
10232 g /\o l I) I: 12 07 - - 1 -· - -)(• 1 - - U, P, k, Am 
10231 9 /lo lr,t; .. ~ 2'.2 ?6 - - 2 - - ·X- 2 - - 0, P, k, Am C,.J 

t--' 10230 28 /lo .1.d; ?. ti 23 119 - 3 - N 
107-29 15 f\o C • ~18 t -· 17 82 -· - 1 - - -l(· 1 - Am " -
10220 1 /; {\ 0 c.sst ... , 12 86 - 1 1 - - -)(- 1 - - Q, P, Am 
1022? 1 'I /10 c.sst - 11 89 - -~ - - - - - - - Am, Cs 
10226 28 /\o c.sst 55 /10 - - 5 - - - - - - - O, P, k 
1022 5 ?O Ao sst 3 77 14 - - 6 - 6 - - - - Q 

10224 26 Wh lot 8 10 82 
1 0~~ 2:5 /J liJ h C • £JS t - 5 93 -· 2 - - - - - - - Q, p 
10222 7 Wh c.rnst - 1 ?. 8? - 1 - - - - - - - l~, P, k, Am 
10221 11 !.iJh c,,nist - 7 91 - 2 - - - - - - - Am, Cs 
10220 11 Wh c.rnst - 5 93 - - 2 - - -l<· 2 - - q' p 
10219 7.8 tJ.Jh c.mst - 6 93 - - 1 - - ·X- 1 - - Am 

10218 r· Gui~ 1st 9 87 2 2 -)(- 2 ;J - - - -
10217 5 G.M c.mst - 15 81 - - 4 - - * 2 - - Q, P, k, Am 
10216 5 G.M c.,ast - 18 82 - - - - - - - - - Q, p 



T/\OLE IV .1. (continued). 

53mplo Local. Strnt, Li.th. K I M C M/L M/L Seecios Others 
xC hC I-M c-r c-v C-M C-I-M U,M7L 

10215 5 r~k 111st 22 15 35 - - 20 - - * 20 - - Q 
10214 2 [~I< mst 22 34 31 - - 13 - - ·Y.- 13 - - 0, k 
10213 17 Mk mst 77 10 1 - 1 3 - 2 -).4 1 - - 0 
10212 17 f·lk r.on 73 22 - - 2 3 - - * 3 - - CJ 

10211 4 l~k ms t 91 8 1 - - - - - - - - - Q 
10210 1 Wk mst 89 6 - - - 5 - - - - - - Q 
10209 28 i.Jk mst 90 3 - - 2 5 - - ·X· 5 
10208 28 \t!k mst 81 19 
10207 1 f3 Wk mst 69 10 1 - 5 5 - - * 5 - - Q 
10206 23 Wk ms t 76 6 - - 4 14 - - - 14 - - Q 
10205 23 Wk nst 6 ,7 

.J 15 - - 17 5 - 5 - - - - Q 

1 02011 13 Js f11!1 t 3 20 t14 - 11 22 - - 7(· 22 - - Q 
(,.J 

10203 12 Js mst 4 50 25 . - 4 17 - - ·X· 17 - - o, p !-' 
vJ 10202 12 Js con 'I - 98 - - 17 - - * 1 - - p • 

10201 28 T<, _, set - 23 1 - 31 45 - 5 30 - - 10 P, k 

RIVER ANO Hl'\f100UFl SM1PLES 
--•·•-··•·---

Sarnp.lo Sti·n t. K I M C M/L M/L Species Others ---- U.M/L xC hC I-M C-I c-v C-M C-I-M 
----·--·-------··-----
10396 Re 3 {18 9 - 32 8 - - - 8 - - Q, P, k 
10395 Re 5 tiO 10 - 12 17 - 5 -)(- 12 - - o, p 
10394 fk 4 68 6 - 19 3 - 3 - - - - Q, P, k 
10393 nc 3 44 14 - 30 9 - 9 
10392 Re 3 48 13 20 - 16 - 16 
10391 Re - - - - - - - - - - - - p 
10390 Re .. - - - - - - - - - - - p 
10389 Fie - - - - - - - - - - - - P, k 
10388 Re 5 GD 6 - 26 3 1 2 - - - - o, p 
10387 Re 2 50 1/i ·- 27 7 2 5 - - - - Q, p 



Ti10LE IV , 1. (continued). 

Sample Strat. I< I M C M/L M/L Species Others -- U.M7L xC hC I-M C-I C-V C-M C-I-M - -
10386 ["le 3 /~8 10 24 - 15 - 7 - 8 - - a, P 
10385 Re 3 /10 20 16 - 21 - 13 ·* 8 - - a, P 
1038<'1 fk 4 44 7 10 - 35 - 6 11 18 - -- Q, P, k 
10383 Re 13 59 6 - 10 12 - - - 9 - - p 

10382 Re 8 32 20 - 9 31 12 - ·X· 19 
10381 fle 5 37 24 - '7 27 5 - ~:~ 22 - - a, P 
10380 Re 10 35 /12 - 6 7 - - ·* 7 - - Q, P, k 
10379 Re 11 3() 40 ·- 5 14 -· 3 ·:<- 11 - - Q 
10378 Re 10 25 !'i5 - 2 8 - - ·X- 8 - - Q 

10377 Re 12 26 55 - 2 5 - - ·X· 5 - - Q 
10376 Re 4 54 ., 0 - 8 24 .. - -:<- 9 - 15 a, P 
10375 Re 9 36 1 £l - 3 3l1 - - ·X· 13 - 21 p 

10374 Re 4 26 62 - 2 6 - - -l(- 6 - - Q, P, Am 
10373 ne 4 15 GG - 7 8 - - -l<· 8 

J 
(.,:J 

WESTERN SHELF SAMPLES I-' 
---·-·•-.-----·- ~ 

• 
Sample Strat. I< I r~ C M/L MlL Species Others ~-

u.r~/L xC hC 1-M C-I C-V c-r1 C-I-M 
, _________ , ____ , 

Att5 rle 6 40 36 9 - 9 - - -:+ 9 - - Q, p 
A/17 fie 7 48 25 15 - 5 - - ·X· 5 - - p 

A51 fle 'I 50 27 8 - 8 - - ·X· 8 - - p 

0319 nc 4 56 16 ·- 24 - - - - - - - q, p 
8321 Re 4 50 8 - 34 4 - 4 - - - - Q, P, k 
8645 Re 4 47 15 30 - 4 - 4 - - - - [l, k 
06117 Re 4 51 6 - 16 23 - 7 -:r 16 - - Q, P, k 
8649 rlc 6 51 8 29 - 6 - - - - .- 6 p 
8675 Re 4 43 37 5 - 11 - - -l<· 11 - - q' p 
8676 Re 8 S3 G - 26 7 3 - - - - 4 Q, 2P 
0682 Re /1 48 2G 16 - 6 - - * G - - Q' p 
0778 11c 9 21 67 - 1 2 - - ·X- 2 - - Q, p 
8780 Re 15 24 60 .. - 1 - - * 1 - - o, p 
07B1 Re B 26 56 - - 10 - - -l<· 10 - - p 



T/\ElLE IV .1. (continued). 

S.::irnpl0 StrGt. K I IVJ C I·1/L M/L Species Others --- U.M7L xC hC 1-r·1 C-I c-v C-M C-I-M 

0704 Ile G 39 ;rn - G 19 3 3 ·X· 13 - - l~, P, k 
D70B nc G /11 37 - 10 11 - - ·X· 11 - - Q 
8793 F(c 0 r:•") 

,1,. 7G - 9 G - - ·l!- 5 - - p 
0?95 nc (1 4(1 /10 - 10 6 - - * 6 - - Q 
87% flc 11 41 16 - 11 28 5 - ;'(• 23 - - Q, p 
080(4 nc G 4!3 ?.O - 20 9 9 - - - - - a, P 
8016 nc r. l14 12 - 7 .., 32 4 7 ·X· 21 - - Q, P, k 
8818 r!C 4 so 9 24 - 13 3 2 * 8 - - n 
C169 Re 4 5() 0 10 - 20 - ·- ·X· 10 10 - O, P, k 
C262 fk fl 5(. u 5 - 17 '14 - - .. :{• 8 6 - p 
C265 nc: s :v, 51 - 3 'l 2 3 ·X- 2 - - Q, k 
C272 nc 1(] ~1'7 2 - 14 17 - 3 .. ~, .. 14 - - .Q, P, k 
C275 !le t· 

,.J !:i (j '/ -· 15 10 - 2 ·X· 16 - - Q, p 
C?.76 HG C, 3:5 '.36 - 10 1 c· ,) 3 6 ·X- 6 - - Q 0-1 

C277 He fj :if3 0 - 21 7 - - -)(- 7 Q I-' - - c.n 
C?.01 nc ., 

,J 2.'.', 52 -- 6 16 3 7 ·X· 6 - - Q 41 

r::.>~n I l t: 7 1 •· I.J /.1 - :n l1 2 2 - - - - fJ 
C'.S30 Fk 7 19 (j!j - 2 8 - - ·X· 0 - - p 
C332 Re 13 44 29 - 4 10 - - * 10 - - CJ, 2P 
C340 Re 5 16 71 - 2 6 - - ·X· 6 - - Q 
C340 nc '10 50 11 - 15 14 - 6 * 8 - - Q 
C355 Re 9 50 11 - 10 12 - 3 ·;f- 9 
CS63 He 'I() GO 1 24 - 5 - 5 - - - - Q, p 
C3Gt1 nc 8 5'7 2 29 - 4 - 4 - - - - Q 
C368 He 5 54 17 18 - 6 - - - - - 6 p 
C372 nc 4 l14 22 21 - 9 - 2 - - - - p 
C376 nc 7 56 8 - - 29 - - * 29 - - !J, k 
C3IJ0 He 9 55 1 20 - 15 - 4 * 11 - - Q, p 
C421 He 1- 41 29 - 13 12 - ·X- 12 Q ,J - - -C422.1 Re 5 52 7 - 30 12 - - * 6 
C422.4 Re s 47 10 - 30 8 - - * 8 - -C429.1 nc 3 51 7 - 32 7 - - * 7 - 7 p 
C429,4 Re 3 63 3 - 27 4 - - * 4 - 4 p 
C432 Re L1 54 14 20 - 8 - 2 ·lC- 6 - - p 
C434 He 4 53 13 22 - 8 - 2 * 6 - - p 



TAOLE IV .1. (contin1.1ocl). 

Sample Strc1t. I< I ['1 -~--xC hC ____ .. _, 

Ct136 Re 6 52 1°4 20 -
Cl.138 Re 6 60 11, 16 --
C450 He (1 58 5 - '16 

M/L --I-M C-I 

8 - 2 
4 - -

17 - -

M/L Species 
C-V C••M C-I-M 

- 6 
➔C- 4 -
·X- 17 -

U.M/L 

-
-

Others 

Q, P, k 
Q, k 

[..N 

f-' 
G'I 

• 
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APPEND! X IV. CLAY fRACTION COMPOSITION 

ONSHORE SAMPLES 

Sample Local. Strat. Lith. I C M 

10372 55 Re a 
10371 61 Re s 
10370 66 Re s 
10369 78 Re a o.11 • 0.20 
10368 70 Re s 0.15 0.22 o.s2 
10367 21 Re a 0.19 0.14 
10366 21 Re s 0.20 
10365 8 Re 9 o. □9 
10364 e Re 9 □ .15 

10363 86 Hw ed 0.17 0.16 
10362 86 Hw sd 0.16 □ .13 
10361 85 Hw sd 0.10 0.38 
10360 81 Hw sd 1.00 0.07 
10359 86 Hw md 0.86 a.cs 
10358 es Hw md 0.15 1.20 0.38 
10357 81 HI,, md 0.06 0.22 0.60 

10356 83 We est □.OB 0.10 0.17 
10355 84 We I.sst o.os 1.00 0.49 
10354 84 We I.mst o.os 0.79 o.41 

10353 80 Wn c.sst o. □4 o.os 0.28 
10352 79 Wn sst a.as 1.00 0.42 
10351 79 Wn mst 0.04 o. □ 6 0.18 
10350 79 Wn mst a.as 0.06 o.3B 

10349 69 Tg I.sst o. □4 0.10 0.39 
10349 69 Tg I.mst o. □ 9 0.13 0.64 
10347 73 Tg mst 0.07 □ .09 0.66 
10345 7S Tg mst 0.04 □ .OB 0.52 
10345 77 Tg r.:st 0.02 o. □3 0.29 
10344 72 Tg mst 0.10 0.21 □ .52 

10343 76 Tg m~t o. □4 o.os a.so 
10342 74 Tg mst 0.03 o. □4 0.01 

10341 68 Tg rust o. □4 a.as 0.46 

10340 70 Tg mst 0.03 o. □4 o. □4 

10339 73 Tg con a.as o. □ 9 0.32 

10339 75 Tg con 0.01 0.10 o.s1 
10337 72 Tg ccn o.os a.as 0.24 

10335 70 Tg con 0.04 0.07 0.26 

10335 67 ~t sst o.os 0.04 0.51 

1033~ 65 l'lt est o.os 0,03 0.35 

10333 63 !'It sst o.o:i o.o3 0,53 

10332 64 r.t sst o. □3 0,03 □ .42 

10331 62 ~. sst 0.02 0,03 o.42 
"· 

10330 67 Mt con o.os 0.01 0,39 

10329 65 Mt con o.os 0.04 o.49 

10328 64 r:t con c.os 0.05 a.o9 

TABLE IV.2. Crystallinity of ill~te (I), chlorite (C) and 
montmorillonite (M) in the clay size (•2µ) fraction as 
determined by XRD analysis. 
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TABLE IV. 2. (continued). 

Sample Local. Strat. Lith. I C l'1 

50 Ur sst o.79 
10327 

0.03 0.22 60 Ur mst 0.02 10326 
0.04 0.46 59 Ur mst 0.03 10325 
o.o4 0.48 10324 50 Ur mst o.o3 

10323 46 Ur mst □ .03 o.o4 0.40 

10322 59 Ur con o.05 0.06 □ .38 

10321 50 Ur con 0.02 o.os 0.40 

10320 46 Ur con 0.03 0.09 0.33 

10319 59 Mt.1'1 sst 0.08 0.16 0.10 
10318 46 Mt.I'! sst o.os 0.10 -0.35 
10317 42 Mt.M sst o.□3 o. □ 6 0.20 

10316 57 Tw mst 0.04 0.06 0.45 
10315 51 Tw 111st 0.03 o.os 0.52 
10314 57 Tw con o. □4 o. □ 6 0.32 
10313 51 Tw con o. □ 9 □ .13 0.38 

10312 39 fy sst □ .04 o.os o.38 
10311 38 fy I.sst o.oa 0.15 o. □ 9 
10310 41 fy I.sst □ .06 0.10 0.55 
10309 56 fy I.sst □ .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 0.10 □ .13 o.66 
10305 56 fy I.mst o. □3 0.04 o.49 
10304 43 Fy I.mst 0.06 0.11 0.16 

10303 32 Om sst o.s3 1.00 
10302 32 Or.i I.sst a.so 0.61 
10301 36 Om I.sst 0.02 0.02 0.35 
10300 32 Om I.mst 0.11 0.16 o. 75 
10299 36 Om I.mst o.o4 0.06 0.64 
10298 36 Om con 0.04 0.05 0.54 

10297 31 Pu I.sst 1.00 1.00 0.65 
10296 31 Pu I.mst o. 12 D.17 0.58 
10295 38 Pu sst 0.39 1.00 0.93 
10294 38 Pu mst 0.09 0.37 0.31 

10293 38 Mg c.sst. 0.25 0.20 0.83 10292 25 Mg c.sst 0.1s 0.10 0.60 

10291 4B U.Mo cgl o.rn 0.13 0.38 10290 48 U.Mo sst 0.07 0.12 0.::::7 10289 31 u.r:o c.sst 0.11:l c.20 0.46 10288 33 U.!'lo sst 0.1 s 0.20 0.49 10287 33 LI.Mo rnsi: n •-. 0.13 o.~s u. '..., 
10286 38 U.Mo mst D.03 o. □ 4 0.31 10285 21 U.Mo ::st o. □ 6 0.06 0.19 10284 44 U.Mo aist 0.03 □ .07 0.36 10283 33 U.Mo con D.14 0.16 0.34 
102B2 88 My mst 0.20 0.215 
10281 47 L.Pio mst 0.10 10280 33 L.Mo sst D.23 

0.09 0.25 10279 33 L.i'lo 0.34 sst 0.04 o. 15 10278 22 L.Mo 0.45 sst o.os 0.04 a.so 10277 16 L.Mo sst o.os 10276 21 L.Mo sst 0.26 
0.20 10275 54 L.Mo 0.31 o. 19 sst 0.05 0.13 10274 22 L.Mo con 0.06 0.15 o.3s 10273 21 L.Mo I.sst o.os 0.28 0.34 10272 21 L.Mo I.mst 0.18 1.00 o.52 
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TABLE l V.2, (continued). 

Sample Local. Strat. Lith. I C M 

10271 27 Tmr I.sst 0.17 0.16 o.7J 
10270 45 Tmr I.sst 0,13 0.12 0.47 
10269 58 Tmr I.sst 0,40 o.ss 0.94 
10268 27 Tmr !.mst 0.05 o.1J 0.37 
10267 45 Tmr I .::st 0.05 0.09 0.28 
10266 58 Tmr I.i>st 0.10 0.21 0.64 

10265 16 Tmt c.::st 0.16 o.J0 o.58 
10264 19 Tr.it c.mst 0.19 0.36 o.77 
10263 20 Tint c.::ist 0.14 0.29 0.68 
10262 21 Tnot llst 0,07 0.12 0.62 
10261 30 Tmt c . .:st 0.1s 0.13 0.77 
10260 26 Tmt c.~st 0.07 0.01 0.35 
10259 30 Tmt c:on 0.15 0.18 0.48 
10258 26 Tmt con 0.12 0.12 0.20 
10257 30 Tmt c.sst 0.14 0.11 0.72 
10256 30 Tmt c.sst a.as 0.13 0.56 
10255 30 Tmt 1st 0.41 0.75 o.ss 
10254 30 Tmt 1st 0.1s o.14 0.53 
10253 JO Tmt 1st 0.15 0.19 0.70 
10252 34 Tmt 1st 0.1 s 0.20 0.48 
10251 34 Tmt sty 0.22 0.10 0.4B 

10250 15 Ot 1st 0.34 0.67 □ .57 

10248 15 Ot 1st □ .57 0.20 
10247 2B Ot 1st 0,39 0,1B 0.47 
10246 24 Ot 1st 0.1a o.53 □ .38 

10245 24 Ot !.st □ .18 o.ss □ .40 

10244 15 Ot c.sst 0.27 a.so □ .46 

10243 15 Wt c.sst 0,37 0.67 □ .66 

10242 15 Or 1st 0,56 0.61 
10241 28 Cr 1st 0.67 a.a, 
10240 28 Or 1st 0.67 0,28 □ .68 

10239 23 Mp c.sst 0.13 □ .19 

10233 23 l"!p sst □ .60 0.13 

10237 3 ,A r.st □ .70 0.63 

1G236 4 -~ 11st 0.64 , .oo 0.67 

-,0235 4 .;. mst 0.57 0.67 0.72 

1C234 4 .4 ast o.so 0.67 0.12 

10233 •c ;e.o 1st C.47 0.66 ,~ 
a.43 

10232 9 Ao 1st o.ao 

10231 9 Ao 1st G.54 1.00 0.46 

23 Ao 1st 0.38 0.15 0.45 
10230 

c.sst 0.42 ,.oo o.59 
1::l229 15 Mc 

c.sst 0.35 1.00 □ .59 
10229 14 Ao 

11 Ao ::.sst 0.50 0.59 
10227 

c.sst 0.4□ 0.22 
10226 28 Ao 

0.01 
10225 28 -~O S:!I': o.:ss 

28 Wh 1st 0.75 a.so 0.71 
10224 

c.sst o.ss 1.00 C.74 
10223 4 Wh 

0.11. c .. ::st 0.53 1.00 
10222 7 Wh 

o.52 c.=st 0 ~.Cl 1.00 
10221 -: 1 Wh 

0.11 Wh c.mst o.so 1.00 
10220 4 0,90 Wh c.,=:st 1.40 
10219 28 
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TABLE I V.2. (continued). 

Sample Local. Strat. Lith. I C ,, 
10218 5 G.M 1st 0.71 1.00 o.54 
10217 5 G.M c.mst o.86 1.00 o.ss 
10216 5 G.M c.sst 0.84 1.00 0.60 

10215 5 Mk 111st o.s4 0.20 
10214 2 Mk 11st 0.53 0.07 
10213 17 Mk 111st 0.40 0.10 
10212 17 l'lk con 0.45 

10211 4 Wk 111st 1.09 0.17 
10210 1 Wk 111st 1.00 
10209 28 Wk mst 1.43 
10208 28 Wk mst 0.70 
10207 18 Wk 11st 0.59 o.,o 
10206 23 Wk 111st 0.00 
10205 23 Wk sst 0.39 

10204 13 Js mst 0.16 0.36 0.70 
10203 12 Js 111st 0.00 o.,o 0.01 
10202 12 Ja con 1.20 0.72 

10201 28 Ts sst 0.13 0.27 o.so 

RIVER AND HARBOUR SAMPLES 

Sample Local. Strat. I C l'I 

10396 B7 Re o.oa o.o; 0.20 10395 82 Re 0.09 0.09 0.57 10394 57 Re 0.03 o.os o.3s 10393 SB Re o. 13 0.09 0.42 10392 5B rlc 0.01 0.01 0.31 10391 55 Re 
10390 61 fie 
10389 66 Re 
10388 70 Re 0.07 0.09 o.oa 10367 52 R: 0.01 0.05 0.37 10386 53 Re 0.,83 0.03 0.20 10395 49 ~= O.C5 0.04 0.36 10384 40 Re 0.11 0.07 0.79 10363 37 Re 0.09 0.01 0.37 10392 35 Re 0.17 0.42 0.26 10391 29 Re 0 .. 12 0.,2 G.32 10380 6 ::;:: c.11 0.22 0.46 10379 5 Re o.ss a.as a.32 10378 6 R: c.2-, 0.19 a.so 10377 6 F:: 0.23 0.37 0.4!! 10375 ~2 R= 0.1 □ 0.2a 0.21 10375 12 Re U.:!"! 0.33 0.43 10374 10 Re D.54 D.66 0.49 10373 i0 Re 0.66 0.12 0.27 
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TABLE IV.2. (continued}. 

WESTERN SHELF" SAMPLES 

Sample Strat. I C l'I 

A45 Re 0.10 0.17 0.30 
A47 Re 0.01 0.12 0.2s 
A51 Re 0.07 0.01 0.55 

8319 Re 0.07 0.09 0.52 
8321 Re 0.05 0.06 0.20 
8645 Re o.oa 0.09 0.55 
8647 Re 0.01 o.oa a.so 
8649 Re 0.07 0.01 o.67 
8675 Re o.05 o.oa 0.20 
8676 Re 0.17 0.1 s 0.15 
8682 Re 0.00 o.oa 0.32 
8778 Re 0.17 0.20 o.43 
8780 Re 0.19 0.47 o.sa 
8781 Re 0.22 0.22 0.12 
8784 Re 0.12 0.20 0.41 
8788 Re 0.13 0.19 0.24 
8793 Re 0.06 0.01 0.32 
8795 Re o.oa 0.09 0.10 
8796 Re 0.16 0.11 0.72 
8804 Re 0.21 0.15 o.57 
8816 Re o.oa 0.09 0.69 
8818 Re 0.01 o.13 0.52 
C169 Re O.OB 0.00 0.66 
C262 Re 0.04 o.o5 0.15 
C265 Re 0.12 0.19 o.3B 
C272 Re o.os 0.01 o.56 
C275 Re o. □3 o.o4 0.44 
C276 Re 0.10 0,26 0.20 
C277 Re 0.01 o. □9 0.43 
C281 Re □ .15 0.20 0.29 
C293 Re 0.13 0.14 o.31 
C330 Re 0.23 a.so o.66 
C332 Re 0.09 0.14 o.s3 
C340 Re 0.16 0.2s 0.33 
C34B Re 0.12 0.10 0.16 
C355 Re 0.12 0.16 0.13 
C363 Re 0.02 0.02 0.75 
C364 Re 0.03 0.04 o.46 
C368 R:: o.os 0.06 0.21 

C372 Re 0.07 o.o9 □ .OB 

C376 Re 0.20 a.Ji D.54 

C3B0 Re o. □4 o. □5 o.34 

C421 Re D.14 0.13 0.29 

C422. 1 Re 0.01 0,07 0.77 

C422.4 Re 0.09 o.o9 o.53 

C429. 1 Re 0.01 o. □7 0,64 

C429,4 Re 0.85 0.00 0.60 

C432 Re o.os o.oo o.oa 

C434 Re a.as 0,,06 0.23 

C436 Re o.os 0.01 0.20 

C438 Re o.os □ .06 o.39 

C450 Re o.oa 0.10 o.41 
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APPENDIX IV. CLAY FR A CTI ml CCf•1POSIT!01-l 

DrlS HJRE SAl'IPLES 
CLAY MINERAL ABUNDANCE(~) CLAY l'II~ERAL CRYSTALLINITY 

Strat. Li th. K I ~ C n/L I C f1 

sd 
Rist 

We sst 
t.:c I.sst 
!Jc I.inst 

~n sst 
Lln mst 

Tg I.sst 
Tg I.mst 
Tg mst 

l':t sst 

Ur sat 
Ur mst 

i,t.l'l sst 

T"' mst 

ry sst 
ry I.sst 
ry I.mst 

0!11 sst 
0:1 I.sst 
Ora I.mst 

Pu ast 
Pu mst 
Pu I.sst 
Pu I.mst 

:'lg c.sst 

U.l'lo sst 
U.Mo mst 

L.Mo mst 
L.r:o sst 
L.i":o I.sst 
L.:O:o I.mst 

Trnr I.sst 
Tmr I .mst 

Tr.it mst 
T:at sst 
Tmt 1st 

1 
2 

6 
3 
5 

1 
2 

2 

2 

7 
5 
4 

6 
6 

9 
10 

7 
4 

7 
12 

4 
3 
5 

45 
38 

44 
47 
49 

48 
43 

45 
33 
44 

43 

52 

61 

49 

45 
51 
46 

74 
41 
44 

12 
50 

5 
50 

25 

52 
52 

23 
44 
79 
34 

31 
46 

29 
39 
30 

46 
56 

37 
43 
44 

36 
32 

32 
42 
34 

29 

98 
23 

6 

22 

18 
17 
29 

32 
35 

85 
5 

94 
32 

58 

23 
16 

41 
23 

9 
48 

49 
36 

50 
32 
52 

7 

6 
17 

4 
21 
12 

22 

2 
20 

14 

25 

25 
18 
17 

26 
11 
15 

1 
14 

12 

9 
13 

g 

3 

11 
15 

5 

8 
3 

6 
7 
2 

8 
6 

18 
4 
7 

4 

4 

17 

3 

5 
7 
4 

15 
5 

1 
31 

6 

16 

10 
12 

27 
14 

13 
2 

8 
9 

10 

□ .36 

0.34 

a.as 
a.as 
a.as 

o. □4 

□ .09 

o, □ 4 

□ .04 

□ .03 

0.05 

0.04 
o. □ 6 

a.as 

□ .53 
0.41 
□ .07 

0.39 
o. □ 9 

1.00 
0.12 

0.20 

0.13 
0.06 

0.10 
0.09 
a.as 
C."!9 

0.23 
o. □ 9 

0.12 
o.;o 
0.22 

0.71 
0.1 S 
□ .34 

0.10 0.17 
1.00 0.49 
o.79 o.41 

□ .07 □ .35 

o. □ 6 0.20 

0.10 □ .39 

□ .13 □ .54 

o.oa o.37 

□ .03 □ .45 

□ .79 
o. □4 □ .39 

0.10 -0.02 

a.as □ .4B 

o.oa o.38 
0.12 o.:ia 
o.oa o.45 

1.00 
a.so □ .48 
0.11 0,69 

1.00 
0,37 
1.00 
0.17 

0.19 

0.20 
o.oa 

□ .18 

0.28 
1.00 

0.29 
□ .14 

0,20 
0 .. ,2 
□ .32 

0.93 
□ .31 
0.65 
o.sa 

□ .71 

0.41 
D.33 

0,23 
0.35 
0.34 
o.s2 

□ .71 

0.43 

0.62 
□ .64 

0,57 

ra_!JLE lV ,3. Average clay fraction ( < ? ,il_ ) c~~nosi ~ i ~ -
( " t • 1 ) -,- -- •,--· " 0 • • or or.:shore sa;;iplas •□ ~ma i□na avorags and river and harbou~ sa~~'es (1 • •• 
d ~~--, d b • - '·-- □ ca.:.::. -Y average) as a-~ .... ~ne y XRD analys1.s, K = kaolinite• ~ - ·11·t -
C "- • , J.-l. 10; n=~nrit:no-;,, it = -otal chlorite; xC = crystalline chlorite• h- _ h . ;-- ·• ·-~.an e; 
1'1/L = r:iixad-layer clay minerals. ' ~ - eat-J.abils chlorite1 
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TABLE IV 0 3 0 (continued). 

CLAY MH!ER~L ;=u•.D~~JCE (•(} CLAY Mrni::RAL C?.YSTALLINITY 
Strat. Lith. K I M C M/L I C N 

Ot 1st 4 30 59 3 4 0.33 o.s1 0.40 Ot sst 33 61 6 0.27 a.so 0.46 

Wt sst 20 75 5 0.37 0.67 0.66 

Or 1st 4 12 82 2 o.·61 0.61 0.70 

Mp sst 21 28 34 6 10 0.37 0.16 

T.A mst 14 84 2 0.70 0.78 0.69 

Ao 1st 6 24 68 1 1 0.62 o.ss a.so 
Ao sst 12 31 54 1 2 0.42 0.14 o.s1 

Wh 1st 8 10 82 0.75 a.so 0.71 
Wh c.sst 5 93 2 0.56 1.00 o.74 
!u'h c.mst 7 91 1 1 0.78 1.00 D.74 

C0 M 1st 9 87 2 2 0.71 1.00 0.54 
C.M c.mst 15 81 4 0.86 1.00 o.55 
G.1'1 c. st 18 82 0.84 1.00 0.60 

Mk mst 40 22 22 15 0.49 0.12 

l,/1( iost 83 9 2 5 0.95 0.03 
Wk sst 63 15 17 5 0.39 

Js iltSt 4 35 34 8 19 0.12 0.23 0.39 

Ts sst 23 1 31 45 0.13 0.27 □ .50 

RIVE'l M!O HARS[]IJR S~r-~PLES 

rt.,.., !"'.!~~==-~;,!_ P.:?U 1 ;0.'HJCE (%) !:LAY i':I\-1C::RAL CRYST,\LLHJITY ........ ,.,. 
local. Strat. 

K I i'! C M/L I C M 

87 Re 3 43 9 32 8 a.as 0.09 0.20 
82 Re 6 .!6 25 8 15 0.09 o.o9 0.57 
57 Re 4 S9 6 19 3 o.o3 o.os 0,35 
59 Re 3 44 14 30 9 0.10 G,08 0,36 
55 ri.::: 
6i nc 
GG Re 
IU Re s 0 5 26 3 0.07 o.o9 a.ca 
52 ric 2 1 o; 27 7 0.01 0,06 0.37 

o. □3 0.03 0.20 ·3 --~ 24 15 53 Re ~ "-' 

49 R.; .:, " 20 16 21 0.,05 0.0<1 0.,36 

4Q Re _,. 4 7 10 35 □ ~11 0,07 D.79 
□ .09 0,07 a.::;1 . - 9 5 10 12 37 fle ·- o. 17 □ .42 0.26 3 ~ 2:J 9 31 35 Re L 

0.12 0 _,, 
5 7 2.!. 7 27 0.12 . .,. Re 29 

4 8 0.29 0.40 0,44 '! 1 :;,ti 6 Re 
0.20 0,30 □ .32 7 'S 14 5 28 1 :2 Re 

Q.,69 0,38 4 0 o~ 4 7 o.Go 10 Re 
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AP PE ~JO IX V 

CLAY MINERAL PARTICLE SIZE FRACTIONATION PROCEDURE 

Particle size fractionation was carried out on 

200 ml aliquots of dispersed mud size fraction suspensions 

(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.l and the results are given in Table V.2. 

For each size fractionated sample (Table V.2) the 

the <2~ size fraction was separated first to ensure that 

this fraction was separated in a manner idantical to the 

< 2µ size fraction of a 11 other s a rn pl es (Tab 1 e IV . 1 ) • If 

for instance an aliquot of <lµ material had been removed 

prior to <2µ separation,the subsequently separated < 2JJ 

fraction would have h,:::,o,-., 
U\..,~11 sli;htly improverished in 

' • 1 maT:eria. 

Shaking between sach :.3..:.. Z 2 
ensured 

that- t'--- • • . · · - ,,e suspension re;n2.J.n2-c .:.:: a dispersed state. 
Calgon 

(12 mg/1) was added if necessary to maintain ,.J. • 

ulspersion. 
Between the separation ·~ ' or eacn size ~ .... 

rracL1.on samples received 
a further "wash" to re!:! □ ve any r:iaterial of 2 size less than 
that roquired (cf. Table 2 , \ 

• J.. i . 11i+-h---. L, ,-. ~ ""'' .uug, 1 furthor uashes 
would produce a Q11·0.hti·y t·-•.1. 

~ - - ,cc~ar separation laboratorv trials , 
showed that on a time/benefit'--- · t' 

~ ~- c. - • uc1sis ney were not necessary. 



200 ml Ospersed 
:,usp<!n<o,on < 240 mesh 

CENTRIFUGE 

~ANTTDP°½}1 

)2/' lrad1on ~ 21" . SHAKE 20ni 
~IGn - ol1q1JOi 

MIX 

>,,,._ fraction 

2 

> 2,,. fraction 

2 

>2_,. fract,on 

TO 200 nj 

TCP-UP/ W~ DISTILLED WATER} 
M~CHANICAL SHAKER fOR 5,.,., 2 
tENTRIFI.JGE. 

1 

s~\s"msion SHAKE 20rri 
-cilquot 

< 2.,,.. 
susp.,nsion--- DISCARD 

<2? ~ DISCARD 
susp2nsIon 

<2r DOGS 
mou,t 

<1JA DOGS 
mourt 

325. 

SHAKE "'"'~,.,..DOGS I 
- aliqu:it tnourl 

RETAIN 

>e,.. fraction 1.-e.,.._ SHAKi 20 ml 
suspenslOl'I aliquot 

j, 
~ 

4-8_,.. 000S 
mount 

RETAIN 

,.~ x~ - =- .----... 

8· 1&,u DOGS 
mourt >"6r lrcdlvn 

DISCARD 

8-16_,.. SHAKE 20 rri 
susp,ms,on o!iquol 

RETAIN 

TP.BL~ V.l. Flow chart su~marising steps in clay mineral 

size fractionation procedure. 
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D~TA - SIZE FRACTIONATED SAMPLES APPENDIX V,2 • CLAY MHlc:RAL 

SAMPLE 
NUMBER 

SIZE 
FP.ACTION 

STRAT • (µ) 

B321 Re 
11 tt 

ft II 

n " 

n " 
B77B Re 

U II 

n II 

H II 

n n 

10395 Re 
II N 

n " 

" " 
tt II 

103B9 Re 
n II 

" ti 
n II 

" " 
103B0 Re 

ft II 

n t1 

n " 
H II 

103B3 Re 

" " 
" n 
n n 

n t1 

10381 Re 
n " 
ft II 

n n 

" 
103B0 Re 

<1 
<2 
2-4 
4-B 
B-16 

<1 
c2 
2-4 
4-8 
B-16 
<1 
<2 
2-4 
4-B 
8-16 
<1 
<2 
2-4 
4-B 
B-16 
< 1 
<2 
2-4 
4-B 
8-16 
<1 
<2 
2-4 
4-8 
8-16 
<1 
<2 
2-4 
4-B 
8-16 
<1 

CLQY MINERAL A8U~04~CE (~) 

K I M C M/L 
xC hC 

4 37 21 13 25 
4 SO e 34 4 
4 59 29 7 

6B 27 5 
67 29 4 

6 12 7B 3 1 
9 21 67 1 2 
S so 19 21 5 

65 5 27 3 
74 26 

6 46 25 B 15 
5 4B 1 B 12 17 
4 52 2 2B 14 

60 30 10 
SB 34 8 

5 52 10 27 6 
5 60 6 26 3 
4 63 29 4 

60 32 B 
61 30 9 

9 36 11 1 S 29 
13 59 6 10 12 

7 57 3 22 11 
55 32 12 
49 37 14 

5 33 28 6 28 
5 37 24 7 27 

10 55 5 19 11 
45 4 23 28 
55 23 21 

6 25 54 5 1 a 

I-M C-l'l 

13 

1 
2 

9 
12 

3 3 
4 1 

2 
1 
1 

3 

15 
9 
5 

14 
6 22 
5 22 
5 6 

" n 

" 
<2 
2-4 
4-8 
B-16 
<1 

,o 35 42 6 7 
10 

7 
4 
7 
8 

R 11 

It .. 

10376 P.e 

" n n 

" .. 
n " 

10374 

" 
" n 

" 
10370 

" 
" 
" n 

Re 
II 

n 

" 
" 
Re 

" 
II 

" 
II 

'2 
2-4 
4-8 
6-16 
<1 
'2 
2-4 
4-B 
8-16 
<1 
<2 
2-4 
4-8 
8-15 

7 44 30 10 9 
42 24 22 12 
59 ~ 5 18 B 

5 34 9 12 4i 
4 54 10 B 24 
3 52 2 4 39 

56 5 3B 
44 - 35 20 

7 20 70 
4 26 62 
3 59 17 

45 13 
40 

1 2 
2 6 

10 11 
7 35 

30 30 

24 
9 

25 

2 
6 

11 
7 

.. .. 
24 

9 .. .. .. .. 

* ... 
* 
* 

.. 12 
4 
7 
5 
4 

5 
3 

6 
5 
8 
5 
7 

4 
2 
3 
B 
9 

H 

2 
9 

4 
12 

5 
5 

17 
15 
25 
13 
20 

28 
30 

TABLE V.2. Clay mineral abundance (~) determined by XRD 
analysis for selected size fractions of 39 sa~ples from the 
offshore and onshore study areas. K = kaolinite; I= illite; 
M • montmorillonite; C = total chlorite; x: = crystalline 
chlorite; hC = heat-labile chlorite; M/L = mixed-layer clay minerals. 
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TABLE V, 2. (continued). 

SAMPLE 
NUl'lBER 

10368 
II 

n 

" 
II 

10359 
n 

" 
II 

10354 .. 
" n .. 

10347 

" 
" 
" n 

10341 
n 

II 

" 
10335 

II 

II 

" 
II 

10334 
n 

n 

II 

II 

10327 

n 

II 

10324 

n 

" 
10323 

" 

10317 

" n 

n .. 
10311 

" 
" 
" 

SIZE 

STRAT. FRACTION 
(p.) 

Re 
II 

" .. 
n 

Hw 

" n 

" 
" 
We 
" .. 
" 
" 
Tg 
" 
" 
" 
II 

Tg 
n 

n 

" 

" 
" 
II 

l'lt 
II 

II 

n 

II 

Ur 
II 

" n .. 
Ur 
" 

" 
n 

Ur 
ti 

.. 
" 
Mt,M 

" 
" fy 
n 

" 
" 
ti 

<1 
<2 
2-4 
4-8 
8-16 
(1 

<2 
2-4 
4-8 
8-16 
(1 
<2 
2-4 
4-8 
8-16 
<1 
<2 
2-4 
4-8 
8-16 
<1 
<2 
2-4 
4-8 
8-16 
<1 
<2 
2-4 
4-8 
8-16 
<1 
<2 
2-4 
4-8 
8-16 
<1 
"'2 
2-4 
4-8 
8-16 
<1 
c2 
2-4 
4-8 
S-15 

4-8 
S-16 
<1 
<2 
2-4 
4-8 
8-16 

CLAY l'l!NERAL AAUNJANCE (~) 

K I M __ C_ M/L 
xC hC I-M 

4 42 8 
3 35 5 
4 36 2 

44 35 
46 26 

1 
5 
2 

40 
50 
72 
77 

- 80 
2 34 
2 33 
1 65 

64 
64 

100 
100 

58 
43 

51 
52 

7 

3 45 27 
3 49 27 
2 55 10 
- 62 

9 
9 

30 
30 
25 
16 
30 
32 

65 
1 33 

40 
55 
61 

- 60 

- 29 
43 12 
32 24 

4 35 
1 33 

30 
30 46 

4 37 32 21 
3 53 2 36 

58 35 
55 - 26 

97 
98 

19 72 
25 ?O 

- 27 63 
2 30 47 

60 4;8 
73 1 
70 
71 

1 52 31 
2 49 24 
- 65 5 

66 
59 'i 

5 58 20 
4 66 4 
1 59 2 

68 
66 

5 68 5 
4 69 2 
3 63 

62 
59 

16 
22 
22 

21 
25 
25 
23 

21 
26 
27 

31 
35 

6 
9 

13 

7 

24 

13 

3 
2 
9 
4 

10 
16 
17 

16 

20 

8 
18 
26 

40 
47 
45 
21 
28 

1 
2 

19 
14 
11 
13 
13 

3 
6 
6 

5 
3 
6 
6 

11 
4 

6 
5 

10 
10 

6 
6 
7 

16 

5 
5 

10 
B 
7 

~ 

5 
B 
7 

12 
6 
7 
7 
5 
, .. 
7 
8 
7 
6 

7 
5 
8 
B 

10 

1'1/L Species 
C-N C-V C-I 

16 
30 
14 

1 
2 

13 
13 

5 

11 

6 

14 

* 
* 
* 

* 
* 

11 
7 
6 

* 
* 

* 

* 

* 

5 

... 

17 
12 
23 
13 
18 

8 
7 
5 

3 
6 
6 

3 
6 
6 

4 
6 
5 
5 
4 
6 
6 
7 
9 

5 
5 

10 
8 
7 

4 
5 
B 
7 
7 
6 
7 
7 
5 

7 
B 
7 
6 

5 

7 



TABLE V. 2. (continued). 

SAMPLE 
SIZE 
FRACTION 

NU~lBER STRAT • (.µ) 

10307 
ti 

n 

n 

" 
10309 

u 

• 
n 

" 
10305 

n 
n 

" • 
10297 

n 

" 
" 
" 

10296 

" 
" 
" ti 

10293 

" 
" ti 
M 

10285 
n 
n 
n 
n 

10280 

" .. 
• 
n 

10270 .. 
n 

" 
10257 

" 
" 
" 
" 

10265 

" 
" n 

10250 
II .. 
" 
ti 

fy < 1 
II <2 
II 2--4 
" 4-8 
" 8-16 
fy <1 
" <2 
" 2-4 
II 4-8 
" 8-16 
fy < 1 
II < 2 
" 2--4 
" 4-8 
" B-16 
Pu <' 1 
ti <2 
II 2--4 

" 4-8 
" 8-16 
Pu <1 
ti < 2 
ti 2-4 
n 4-8 
" S-16 
Mg < 1 
ti < 2 
n 2-4 
" 4-8 
II 8-16 
u.Mo <1 
II <2 

" 2-4 
n 4-8 
" B-16 
L.Mo < 1 
" < 2 
" 2-4 
II 4-8 

Tmr 
n 

ti 

Tmr 
II 

" 
n 

Ot 

" 

" 

8-16 

<2 
2-4 
4-8 
8-15 
<1 
<2 
2--4 
4-8 
B-16 
< 1 
<2 
2-4 
4-8 
8-16 
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CLAY MINERAL ABUIJOMJCE (1:) 

K I M 

1 43 30 
4 65 5 
2 66 1 

SB 1 
58 

4 39 42 
3 49 12 

55 5 
57 2 
55 1 

4 51 23 
3 49 22 
2 57 4 

57 2 
63 2 

5 95 
5 95 
7 93 

32 68 
64 36 

3 55 31 
49 32 

2 61 20 
60 7 
62 7 
16 78 
14 79 
31 59 
48 30 
51 20 

4 38 46 
6 50 18 
7 SB 3 

61 2 
65 

3 49 11 
3 53 14 
3 57 3 

g 
B 

11 

8 
18 
11 

6B 
69 
45 27 
48 23 
53 5 
61 1 
57 
44 16 
54 22 
49 17 
60 5 
58 2 
14 81 
24 73 
33 54 
32 57 
34 52 
17 80 
12 87 
55 34 
35 45 
63 17 

C M/L 
xC hC 

22 4 
21 4 

24 7 
34 7 
33 9 

10 5 
24 12 

32 8 
35 6 
3B 6 

16 6 
25 1 
29 B 
32 9 
29 6 

7 4 
12 7 

7 10 
1B 15 
27 4 

1 5 
7 

7 3 
15 7 
24 5 

12 
13 13 
10 22 
23 14 
29 6 

7 30 
6 24 
6 31 

10 22 
- 25 5 

18 
7 14 

25 5 
30 B 
34 9 
18 14 

3 3 
20 3 
32 3 

3 
13 
11 
14 

2 

5 

11 
20 
20 

r'i/L Soecies 
I-M C-~ C-V c-r 

2 
3 
6 

4 

5 
8 

4 

4 
7 
6 

10 

5 
7 
3 
4 

12 
13 

18 
1 4 

6 

14 

5 

, 
1 
6 

13 
12 

.. .. 

.. 

.. .. .. 

20 
11 

22 
24 
20 
22 

6 .. 
... 
* 
B 
9 

.. .. 
* .. .. 

4 
7 
7 
9 

4 
8 
6 
6 
2 
1 
B 
9 
6 

5 
4 

3 
5 

3 
3 
3 

u.M/L 

8 

11 

5 
7 
8 
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TABLE V.2. (continued). 

SIZE CLAY MINERAL ABUNDIHJCE (%) 
SAMPLE FRACTION 
NUMBER STRAT. (µ.) K I M C M/L M[L Seecies 

xC hC I-f'l C-M C-V c-1 U.M7L 

10234 T.A <1 7 91 2 2 * 
" ti <2 B 90 1 1 1 
• 2-4 23 74 3 3 * 
" n 4-B 24 67 9 9 * 
" " B-16 32 47 7 14 14 * 

10219 Wh <1 4 95 1 1 * 
" II <2 6 93 1 1 * 
" n 2-4 18 76 6 6 * 
" " 4-8 20 71 3 6 6 * 
n n B-16 30 66 3 1 1 * 

10215 Mk ,( 1 20 10 56 14 14 * 
n <2 22 15 35 28 28 * 
" " 2-4 20 36 28 16 16 * 
n n 4-B 25 41 11 3 20 4 * 
" n B-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 * B 20 

" " 4-B 30 ?-_:, 45 25 * 10 10 

" II B-16 50 25 25 25 * 
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APPENDIX VI 

CLAY MINERAL DATA - DOGS VS SOGS 

Statistical analysis was undertaken on the clay 

mineral data (Appendix Table VI.1) to compare the results 

of the smear-on-glass slide (SOGS) and the ~rc~por-on-

glass slide (DOGS) techniques. Firstly a one way analysis 

of variance was carried out to see if the results of each 

method differed significantly from one another. 

1. For DOGS I (I - illite) versus SOCS I two hypotheses 

were tested: 

Ho Th era 
HI - This 

is no difference in the tuo nethods. 
is a difference in the two methods. 

Te-st Statistic F = f'l s r e g r e s s i o n 
1'1 s re s i d u a l 

Source of Variation 

Total 
By Regression 
Residual (error) 
Correlation Coefficient 

R 
95/s limits on R 
F - Ratio Statistic 

(calc.) 

Degrees of 
Freedom 

1 
47 

0.98835 
0.97919-0.99349 

Critical Value of Test Statistic 

F 0.01 ( 1, 4 7) = 7. 2 

Rejection Region 

Sum of 
Squares 

85863 
83873 

1989~3 

F Ratio (calc.) 

Conclusion 

C • -!- • 
ri ... ic2l Value 

Viean o~ 
Squares (i,1 s ) 

83873 
42.331 

Since the computed valuR of 
- F exceeds F o.o, 

i.e. 1981.4 > 7.2 reject Ho ( 
null hypothesis) 
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that there is no difference and accept the 

alternative that there is a significant 

difference between the two methods at the 99% 

confidence level. 

A simple linear correlation between the two 

methods showed that 

R > □ .9 

i.e. the DOGS I versus SOGS I relationship is 

strongly linear. 

2 • F o r 0 0 C S M ( M = r~ on t rn o r i 11 on i t e ) v e r s u s S 0 G S 1"1 

two hypotheses were tested: 

H0 There is no difference in the two methods. 
HL There is a difference in the two methods. 

Test Statistic F = 
f'l s re a re s s i on 
r•1s residual 

3curco of Variation Degrees of 
Freedom 

Sum of !"lean of 
Squares Squares(Ms) 

Total 
Oy ~egress1.on 
flesid~al (er:-or) 
Correlation Coefficient 

R 
9 S ... J L i_ r~ i ts on R 
F }1 2 :, i G S t 2. t i S t i L 

(c2lc:=) 

l 
47 

D.93809 
'J,97274-0.9933.:; 

1933.4 

i ~ !_,, '7, ',, '· .:.. , = 7.2 

Rsjection Ra,;ion 

100600 
98217 

2381. 5 

F natio (calc.) > Critical Value 

Conclusion 

98217 
50.67 

Since the compu:ed value of F exceeds Fo.01 

i.e. 
7 ,., •• L'o (,~.ul.L1 h\ipu~thesis) 1938.4 > , .L. reJec-c ,1 ' 

that there is no differorce and accept the 

• .,_h ·c a s.ignif.ico.nt 2lternative tha1:. L, ere l.: 
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difference between the two methods at the 99% 

confidence level. 

A simple linear correlation between the two 

methods showed that 

R > 0.9 

i.e. the DOGS M versus SOGS M relationship is 

strongly linear. 

3. For DOGS CKM (CKM = chlorite +kaolinite+ mixed 

layer clays) versus SOGS CKM two hypotheses were 

tested: 

Ho There is no difference in the two methods. 
HI - There is a difference in the two methods. 

Test Statistic F = r1 S r e O r 3 S S i On 

f07s residual 

Viean of 
Source of Variation 

Degrees of 
Freedom 

Sum of 
Squares S q u a res ( r·i s ) 

Total 
By Regression 
Residual (error) 
Correlation Coefficient 

R 
95% Limits on R 
F = Ratio Statistic 

(calc.) 

1 
/, 7 .... ' 

0.98205 
C.95803-0.98995 

127/2 

50209 
ti8423 

1786.t; 
401~23 

38.008 

Critical Value of Test Statistic 

F 0.01 == 7 fl 2 

Rejactic.,r1 f1egian 

F Ratio (calc.) > Critical Value 

Conclusion 

Since -1-' iwne c~cn~•u+-e _J ' f -
u '" f-' " U V 2 1. U e O r 8 ",-. "-' <:> rl s F 

·" ~ ~ t;; u O n l 
' .u 

1274 > 7.2 rejsct Ho (null hypothesis) 

that there is no differon.,,1...,~~ j 
c. ~ anr accept the 

alternative that therP 1·.~ c~ • 
- - u significant differ-

ence betweon the t t~ 
LJ □ me 11 o d s at the 9 9 ,~ confidence 

level. 
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A simple linear correlation between the two 

methods showed that 

R > □ .9 

i.e. the DOGS CKM versus SOGS CKM relationship 

is strongly linear. 



SAMPLE 
NUMBER 

B319 
N 

B321 
II 

B778 
II 

B780 

" 
8784 

8788 
" 

B795 
II 

B796 
II 

C421 
• 

C429 
• 

C434 

" 
C450 

" 
10395 

" 
10393 

• 
10388 

" 
10386 

" 
10384 

" 
10380 

10381 

" 
10375 

" 
10374 

10255 

" 
10254 

II 

10341 

" 
10334 

" 

APPENDIX VI• 

STRAT. 

Re 

" Re 

" 
Re 
II 

Re 
n 

Re 

" 
Re 

Re 
" 
Re 

" 
Re 

" 
Re 

" 
Re 
" 
Re 
" 
Re 
II 

Re 
" 
Re 
n 

Re 
II 

Re 

" 
Re 

" 
Re 

Re 
• 
Re 
II 

We 
" 
.. 
Tg .. 
Tg .. 

334. 

CLAY MINERAL DATA - DOGS vs. SOGS 

SAMPLE 
PREPARATION 
METHOD 

0 
s 
0 
s 
D 
s 
D 
s 
D 
s 
D 
s 
D 
s 
D 
s 
D 
s 
D 
s 
D 
s 
D 
s 
D 
s 
D 
s 
D 
s 
0 
s 
D 
s 
D 
s 
D 
5 
D 
5 
D 
s 
D 
5 
D 
s 
D 
s 
D 
s 

CLAY ~INERAL ABUNDANCE (%) 

I 

56 
48 
50 
50 
21 
27 
24 
27 
39 
37 
41 
36 
40 
44 
41 
46 
41 
45 
56 
51 
53 
50 
58 
51 
48 
47 
44 
47 
60 
51 
48 
45 
44 
49 
35 
27 
37 
42 
36 
44 
25 
30 
47 
62 
49 
59 
48 
48 
37 
49 

M C+K+M/L 

16 28 
20 30 

B 39 
8 39 

67 12 
53 20 
60 16 
54 19 
30 31 
37 26 
32 27 
39 25 
40 20 
23 33 
16 43 
22 32 
29 30 
24 31 
11 33 
15 34 
13 34 
18 32 

5 37 
14 35 
18 34 
16 32 
14 42 
11 37 

6 34 
11 36 
10 42 
11 33 

7 49 
10 33 
42 23 
56 17 
24 39 
15 39 
18 45 
16 40 
62 12 
50 10 
43 10 
.,.. 4 
44 7 
34 7 
28 24 
18 32 
32 31 
17 33 

TABLE VI.I. Comparison of clay minera abunda~ce % determined 
by XRO analysis for the <2µ size frac: on of 68 selected 
samples prepared by both the dropper- □ -glass slid (0) and 
the smear-on-glass slide (s) techniques. I= illi e; M = 
montmorillonite; C + K + M/L = chlorite plus kaol nite plus mixed-layer clay minerals. 
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TABLE vi.1.(continued). 

SAMPLE CLAY MINERAL ABUNDANCE(%) 
SAM~E 

STRAT • PREPARATiml 
NUMBER METHOD I M C+K+M/L 

10327 Ur D 98 2 

" " s 95 5 
10324 Ur D 60 18 22 

II II 5 56 13 29 
10317 Mt.M D 66 20 14 

II n s 57 5 34 
10311 Fy D 69 2 29 

" n s 58 5 32 
10307 Fy D 65 6 29 

II n s 55 7 37 
10297 Pu D 5 94 1 

" II s 11 85 4 

10296 Pu D so 32 18 .. " s 57 24 19 
10293 Mg D 15 7a 7 

" " s 22 71 7 

10287 U.Mo D 50 20 30 

" II s 50 16 34 

10280 L.l'lo D 52 15 33 
n II s 54 10 36 

10270 Tmr D 48 23 29 
II " s 51 19 30 

10257 Tinr D 54 22 24 
II II 5 53 19 28 

10256 Tr.it D 48 22 30 
n n s 47 18 35 

10250 Gt D 12 87 1 

" II s 24 73 3 

10243 Wt 0 20 75 5 
II " s 23 76 1 

10242 Or D 15 85 

" " 5 27 73 

10234 T.A D 8 90 2 

" 
II 5 18 76 6 

10227 Ao D 11 89 .. n 5 17 82 

10222 \iJh D 12 87 1 

A " 5 13 85 2 

10215 Mk 0 15 35 so 

" 
n s 19 31 so 

10210 \.11< D 6 94 

.. " s 3 97 

10203 J,. D so 25 25 

.. " 5 52 13 29 

10201 T9 0 23 1 76 

" " s 31 69 
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APPENDIX VII 

SAf'lPLE SA f•1P LE TE f·1 SEM SAfi1PLE SAMPLE TEM SEl\1 TYPE NUf•lBER TYPE N Uf•18E R 

B 645 lJ.Sd X 10307 Fy X 

B 778 II X 10301 Om X 

10299 II X 8 780 II X 

B 796 II X 10297 Pu X 

C 275 II X 10296 " X X 

C 353 " X 10290 LI.Mo X 

C 434 II X 10287 " X 

N 377 lJ.St X 10286 II X 

N 378 II X 10280 L.f'lo X 

N 379 " X 10279 " X 

N 382 II X 10270 Tmr X 

N 383 " X 10267 II X 

II V 10256 Tmt X X N 384 " 
10388 Re X 10236 T. ft X 

10375 II X 10227 Ao X 

10359 H X 10222 \.Jh X 

10354 w X X 10219 II X 

10347 Tg X 10215 f•lk X 
II X 10213 " X 10341 

10334 f'lt X X 10212 " X 

10327 Ur X X 10210 'Jk. X 
10324 It X X 102i]8 ,, 

X 
10320 Mt.f-1 X 10203 Js X X 
10317 ti X X 10202 Js X 
10308 Tw 10201 ... 

X 
X :s X 

10311 Fy X 

TABLE VII.l. Samples examined by transmission 8lectron 
microscopy (TEM) and scanning electron microscopy (SEM). 
Sample type abbroviations defined in Table 1.1. U.Sd = 
Western shelf surficial sediment. W.St = Uastern shalf 
seston. 



337. 

APPENDIX VIII 

X-RAY FLUORESCENCE SPECTROMETRY 

SAMPLE PREPARATION AND ANALYSIS 

The sediment powders analysed were 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 CaC0 3 ) 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, thoroughly mixed by the milling process were then 

split by pouring into a cone and quartering. Powder samples 

were mounted as loose powders in Ortec powder sample holders. 

Tho major problem associated with the elemental 

analysis of discrete clay minerals is isolating them from 

multicomponont mixtures. The separation of chlorite, illite 

and mixed-layer clays is very difficult and according to 

o u n o y e r d e S e g o n z a c ( l 9 7 0 , p • 3 2 6 ) " • • • r.i i x e d -1 a Ye r C - f'1 , 

corrensite, C-V and chlorite cannot be isolated for chemical 

analysis. 11 

and montmorillonito were isolated by segregating a size 

fraction 
- · · · ~ -~1 1 n-i~P. was V.i.!_..-t,,~_11y in 1.Jhich kao.L.1nitc or monc.rr.Ol.l-.L~• 1 -'-~ ·" -- -

the only clay mineral present. Tho size fractions were 

t . d sh;ng driPo' at t • r."'n,tr_i fuqa ion an wa ,, ... , , --separated by repea eo -- _ 

40°c, ground to a fine powder, and mounted in 
the Ortec 

powder sample holders for analysis. 
Rock and clay mineral 

d d re crushed to fine powders and mounted in the 
stan ar s we 

same manner. 



Si 
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Mn 
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Was Carr ied out on an Ortec XRF multichannel 
Analysis 

analyser at the following settings: 

Dunite 

USGS-OTS-1 

18,90 

0,08 

0.13 

6.47 

0.11 

1"1A 50 

KV 20 
Output voltage 1/50 

Tube £'lo 

Count time 200 sec 

Energy scale 40.96/1 Kev Energy calibration 7/34 

Base 2 Preset controls 

Analysis region 

r'lultiplier 100 

Lower level 

Upper level 

0/20 

10/50 

The following elements uere determined: 

Al, Si, K, Ca, Ti, V, Cr, Mn, and Fe. Although the presence 

or absence of Na and Mg could be detected, machine calibra­

tion at the time of analysis was not sufficiently sophisticated 

to permit their quantitative determination. 

MACHINE CALIBRATION AND INTERPRETATION OF DATA 

To allow quantitative determination of element 

+ . • • th f"~ h • concen~rat1.on 1.n e o, ts,1ore and onsnore samples of rock 

and clay standards of known composition (Table VIII.l) were 

Diabase Syanita 

USG~-1 SSC-SV-1 

24,57 28,40 

0,68 0.06 

7,76 6,00 

1.12 3,B2 

0,13 0.20 

7.42 4.71 

0.10 3,53 

TJ\BLE VIII.l. 
stnndards. 

~ ~ Grnr,ite Li"Bstona Montmorillonlta r.ontmor illoni te 

API-23 API-27 

21.60 31,40 33.94 8,1\fi 23,33 2.7.36 

1.40 0,17 0.17 c. 13 0.14 0,07 

7,06 12.20 7.,45 3,00 9. 10 10,38 

9. 13 0.16 1 .30 ,.20 1,76 2,25 

0.10 0,03 0,03 
6.61 o.os 0,94 26.90 1.65 o. 18 
1.46 o. 12 5,60 0.96 0.23 0.26 

Elemental composition (weight%) of goochemical 
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analysed under the conditions described in the previous 

section, the peak height intensities above background for 

elements in the standard poLders were plotted against 

elsmental ccncentrations and the derived intensity­

corcentration curves were used to determine the elemental 

concentrations in "unknown" sediments and clays. The 

relative amounts of V and Cr in all samples were determined 

by comparing the reflected intensities for each of these 

elements. 

The diverse range of standards used places limits on 

the interpretation of the quantitative data. In theory, 

standards should be as close as possible in composition to 

the 11 unknouns" and preferably should be rocks and minerals 

from the materials under analysis. However, the lack of 

suitable standards at this early stage of machine calibration 

necessitated the use of those listed above. Despite their 

large range in composition statistical analysis showed good 

t .1.. • linear relationships existed between eleo-ent concen ral,1on 

2 nd reflected intensity ~or Si, Cat Ti, and Fe. (Fig. VIII.I). 

A linear relationship existed for Kat low concentration 

• • - - ;~ - " : - 1 : ~ "" , • ., s :=i b e t t e r f i t a t h i g h e r vctlu2.s ou:-. 3 pa,L.c:...,u....;.....z..i...,. ..:..~llr:.. ;JC. __.. 

The linear correla~ion 

coefficiert derived fsr 

~ • • ·n -r.·i•cure VIII.l~ each ~iner2~ is given l, 

an2lysss 

r;iatcriol isolated from selected samples is presented in 

Table VIII.2. The ~ .,, 0 ~ 1·~ 8 -- 3 1yses suoaest that the monl,mor1_..1.·" l., 0 •· .L =>~ 

• and T-umatarn~ire montmorillonites d i O c t 3 h 8 d r a l Li h a 1 n g a r o a , ' 0 ' • -

• ,-·~ llcarie- and are 
th nmontmorillonite-beideJ.ll"e o~ - o, b c, l or, g s t o e 

probably of the montmorillonit~ type 
f::e-ver and Pollard, 
\ -· Cl 
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are as follows: Si= 0.993; K = 0.981; Ca= D.979; Ti= D.995; Mn= 0.824 
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1973, pp.55-86). The trioctahedral Purupuru and Urenui 

montmorillonites (both of volcanic origin) belong to 

the "stevansite-saponite" series, the low Al 2 □ 3 content 

being suggestive of stevensite (Lleaver and Pollard, 1973, 

pp.55-86). 

Montniorillonite Kaolinite 

1 2+ 3 4 

_Si o 2 62.34 59.75 27.43 26.84 

Tio2 1.37 1.17 1.50 o.eo 

Al 2o3 18.70 19.12 - -
* fo 2o3 3.86 B.31 7.29 a.oz 

l'lnO 0.17 0.04 0.20 0.02 

l'lgOx 1 .93 2.87 2.63 2.26 

CoO 1.98 1.46 3.56 0.77 

K2o 1 .68 3.00 0,89 0,25 

* rapresants total iron as FaO + Fe2o3 

+ oome illita and chlorite present 

5 

45.60 

2.17 

41.98 

2.31 

-
n.d, 

0.48 

0,96 

x deter~inad b/ atonic a~sorption spoctro~atry 

n.d. not data=rnined 

1 Whainga=oa siltst~~a, sample 10219 

2 Ta~mataQ3~~~ ~~=s~c~e. s3mpla 10265 

3 PurupU!"!.! sa:--:-~s t.:J;,~, $3!'!1.pla 10297 

d Ursnui sa~,ds~crs. sam~le 10237 

6 waikat~ co~: ~3~~uras ~~dstono1 

7 bialkato Ccal ~easu=as cudstona, 

sampla 10210 

samole 10206 

sa::1ple 10290 

6 

46.72 

1 .so 

43.92 

3.26 

o.oo 

n.d. 

0.12 

2.24 

7 

48.75 

1.72 

36.56 

9.34 

0.04 

n.d. 

0.46 

4.85 

, • • .L 

h • -• ---lvsPs of kao~1n1~e 
T - I .- \/\/ G,-,·, ::- ,., ,.., "' J .. i a l C ' ' e m l C ct .L C I I a ; ~ ' J.. • l D C, 

T ri<:/! r:- Vil .L. ,-'"-'"- V • 'aLr,d f'ro""' c,,~lPcl,ed sar.:p _ . .::,. h O ,._ - I - , .L"- s O _!. C L c.., I 111 ~ L.., - ...... ,, n -t- rn O r i 11 D n i t e G a -c 8 r .l :1 J.. 2 n d m l.., • .... t .... -

Tc nL ro1~.-P □ SITI □ N OF ACID OULK CHU'L 1-. '-' 
INSOLUBLE RESIDUES 

OF ONSHORE SAMPLES 

The bulk 

f r ,1 c t i on o f a 11 

chemical composition 

is givon 

of the acid insoluble 

VIII.3 and VIII. 4 • 



APPENDIX Vlll. BULK CHEMICAL COMPOSITION -- -
ONSHORE SAP'!PLES 

Sample Local. Strat. Lith. /\1203 Si02 K 2 □ Ca□ Ti□2 MnO Fe2□3 Total Si□2 -Al2 □3 --- ----- ------ _____ .. 
10372 55 nc s 19. 77 60.56 2.32 6.02 0,82 □ .124 5.85 95.46 3,06 
10371 61 nc s • 14, 04 56. □ 4 2.20 8.89 1.05 0.163 4.72 87.10 3.99 
10370 G6 Re s 25.16 58.,50 2.16 6.10 1.02 0.156 7.29 100 0 38 2.32 
10369 78 Re s 'IB,90 62.90 2.47 □ .82 0.96 0.047 6.27 92.36 3.33 
103GB 70 Re s 14,57 59.12 2.,32 1. 50 0.89 o.oao 5.93 84.,41 4.05 
10367 21 Re s 2'1.73 56,lt9 2.08 o. 15 1.04 0.022 6.88 BB.39 2 .60 
10366 21 Re s 27.59 60.30 2.41 □ .15 1 .11 0.011 3.66 95,27 2.19 
10365 8 Re -=-_, 13. 98 44,50 0.56 0.01 1,85 o. □44 12.22 73.16 3, 18 
103G4 8 Re s 18.14 5ti.,35 3.04 □ .15 1.29 0.103 8.31 85.38 3. 00 

10363 86 HliJ nd 1'1.02 65.71 1.69 4.18 □ .52 □ .068 4,53 91.51 4,43 
10362 86 H1.i1 ud 19,,G5 6'1,B? 2.05 2,78 0,75 o. □s3 5,45 92.60 3. 15 
10361 BS lltu :.Jd 15. 25 65,06 1.03 3.10 0,64 D.060 5.26 91.20 4,27 
10360 El 1 Htu ::id '17.40 72.74 1.28 3.75 0.20 o. □46 2.41 97.82 4.18 
10359 OG !11.ll md '18,5[3 59.40 1 • 11 5,24 0.64 0,073 6.31 91.35 3.20 u· 

_f:',-10358 !:l5 1-/iiJ rnd 23.04 64, ·19 2.38 2.08 o.oo 0,047 5.92 99.25 2.69 N 
10357 81 l·lti1 rnd 18.90 G·J .'.39 3.00 1.75 □ .BO 0.067 6.23 92.13 3.25 • 

10356 83 We: sst 19.44 68.01 2.45 1.16 □ .73 o. □49 4.56 96.39 3,.50 
10355 84 We I.sst 22.12 62.28 3.0·1 1.12 0.89 0,0/i 7 5.57 95.03 2 .82 
10354 Oti ~Jc I.mst 21.16 59. 8,: 3.45 0,.94 1,,00 o.oso 6,34 92. 76 2.83 

10353 80 ~Jn Co~JSt 19.22 62.69 3.31 1.55 o.n o. □ 63 5,64 93, 19 3,26 
10352 79 Wn sst 24.81 68,88 2.88 1.22 0.70 o. □45 s. 15 103.68 2.78 
10351 79 Wn mst 20.94 67.44 2.82 1, 1 li 0,74 o.oso s.11 98,24 3,22 
10350 79 Wn mst 18.47 67.02 2.88 1.15 □ .84 o. □47 5.19 95,59 3,63 

10349 69 Tg I.sst 20.,62 74.40 2.77 1.22 0,59 o. □42 3 • 81 103 ,45 3. 61 10348 69 Tg I.mst 19.98 61.70 3,27 1 .11 0,87 □ .059 6, 31 93,29 3.09 10347 71 Tg rnst 22.02 60.27 2,98 1. 16 0.83 o. □ 62 s.67 92.99 2.74 

T r1 G L E \JI I I • 3 • Oulk chemical composition (weight¼) of acid insoluble 
rosiduos of sediment~ as doterminod by XRF analysis. 



TABLE V111,3, ( con tinue?d ). 

Sample LocBl, Str::it. Li th. /\12 03 Si □ 
2 

K2 □ Ca□ Ti02 Mn □ Fe 2 □3 Total SiCl2 
--
/\1/. [J3 __ .. _ 

10346 75 T<J mst 17. 72 68.50 2.68 1.03 D.60 0.045 4,27 94.84 3.87 
10345 77 T9 nmt 17,29 6G.3G 3.02 1,40 0,74 0,055 5,15 94,01 3,134 
1034,l 72 Tg nwt 19.76 G5,76 3,'17 1.17 o.83 0.048 5.94 96.67 3,33 
103113 76 TrJ mst 22.66 66,51 3.22 1,32 0.81 0,059 5.93 100,50 2. 94 
10342 74 Tg mot 15~ 68 63 .61 :s.20 1.24 0,92 0.057 6.52 91.30 4,06 
10341 68 Tg mst 23.09 65.11 3 ,,32 1.48 0,86 o.o6s 6,48 100.40 2,82 
10340 70 Tg mst 19.87 67,27 2,99 1,31 0.84 0,057 5,94 98.27 3,39 
10339 73 T!J COil 12. 78 56,03 2,47 6,96 0.51 o.oso 4.17 83.42 4,38 
10338 75 Tg con 19,44 73.49 2.40 1.04 o.51 O,Cl46 3,68 100,60 3,78 
10337 72 T~J con 22.55 62,02 3.21 1.43 0,84 0.061 6.05 96.96 2.79 
10336 70 T9 con 1 :s.os 55,57 2.51 0.53 0,59 0.054 4.47 85,57 4,01 

, (;J 

103]5 67 (1lt nut 1'7.72 68.,67 2.63 1.41 0.71 0,059 4,99 96.18 3.88 ~ 
(.,J 

1033/1 65 f•lt ,'JEi t 20,02 69. □0 2,63 1.40 0,78 o. □s7 4,88 98.76 3, 4~i • 
1 □ :333 63 jVjt sot 10.,90 65. 1f3 2.02 1.116 0,84 o. □s9 5. 7!3 95.00 3 .4 5 
10332 5,~ IV\t sst 19.07 64.1 O 3.34 1,59 o.s7 0.011 6.49 96.83 3,23 
10331 62 Mt sst 22.34 67.41 2.96 1.57 0.,81 □ .067 s.ss 100.73 3.02 
10330 G7 Mt con 20,84 63,69 2.84 2.82 o. 77 o.063 5,55 96.57 3.06 
10329 65 fVlt con 16.97 63.86 2.66 3.54 0.,75 0.067 5,45 93.30 3.76 
10320 Gt1 Mt con 17.40 68.,22 2.64 1.68 0.72 o. □ 61 5.17 95,89 3.92 

10327 50 Ur sst 16.32 58.12 0.44 3,13 □ .73 □ .030 6,38 85.15 3.56 
10326 60 Ur mst 21.48 67,54 3,05 1.48 □ .89 0,066 5,74 100.24 3.14 
10325 59 Ur ms t 22.12 64.,(~1 3,43 1.so 0.9□ 0.,072 6,37 98.,80 2. 91 
10321+ 50 Ur inst 20.08 68,00 2.93 1.59 D.84 0,066 5,75 99,25 3.39 
10323 L16 Ur rnst 21.48 65,111 3,61 1,36 □ .96 0.010 7.01 99.90 3.,05 
10322 59 Ur con 18.04 64,62 2.96 2.24 a.so 0.011 5,87 94.60 3.58 
10321 50 Ur con 16.43 69.30 2,91 1.75 a.as 0.,071 5,87 97.18 4,22 
10320 l+6 Ur 1:on 13.63 66.,84 3.,04 1.72 0,90 o. □75 6.26 92.46 4,90 



T/H.JLE Vlll.3 (continuod). 

Sample Local. Stral:. Li tho Al2o3 Si02 K2 □ Cao Ti □2 Mn □ Fe2o3 Total Si02 -• Al2o3 , .. ____ - ---·-, 

10319 59 f1lt,M sst 15.36 73.96 2.24 1.28 0.78 0.059 4.83 98.50 4.82 
10318 46 Mt,r~ sst • 16. ti3 76,90 2.34 1,53 o.67 o. □ 61 4,77 102.70 4.68 
10317 42 ~lt,M sst 21,06 73.96 2.56 1,57 □ .75 0,065 5,27 105.22 3,51 

10316 57 Tu.t mst 22,93 60.75 3.18 1.38 0,97 0,068 6.62 95,94 2o64 
10315 51 Tw mst 19 ,44 57,57 2,88 1. 13 o.os o.oss 5,46 97.33 3,lW 
10314 57 l\JJ con 18 ·• 04 63. □7 3 0 D5 2.01 □ .90 □ .064 6.1? 93.30 3.50 
103'13 51 TILi con 1],.64 63.45 2.64 s.20 □ .67 0,059 4,88 90.53 4.65 

10312 39 Fy sst 19.87 70.30 2,79 1.04 0.83 0.,058 4,93 99,81 3.54 
·10311 38 Fy I. !mt 10,77 66~34 1.05 1,66 0,69 0.065 4,53 85,90 6.16 
10310 4'1 ry I,ont '19.12 67.96 2,86 1.oa 0.73 o.oso 4,94 96.74 3,55 
10309 (.56 ry I., c:J t 20 .. 19 69.14 2.84 1.tiO 0.,78 o.067 5,81 100.22 3.42 
1D308 43 f"y I. ~rn t 1'1 ,G1 G9,96 2.05 D.75 0,73 o. □45 4,.98 96.92 3.97 lA 

.j:::,. 
10307 38 f"y• I.mst 12.20 !:i? .35 2.50 1.65 0.,99 o.oso 6.4□ 81.25 {1 .67 -~ 
10306 /j. 1 ry I,mst 26.40 67.75 2.09 1.04 0.74 a.ass s.11 103,98 16. 70 • 
103()5 56 fy I.rnst 20.()8 64,27 3.43 1.47 1.04 o.on 7 .12 97.48 3.20 
10304 43 Fy I .rrist 23,:31 65.24 3.24 0.83 0.95 o.050 5,92 99.54 2.80 

10303 32 Om sst 18.33 63.77 2.14 1.78 o.oa 0.010 4.73 90.90 3.48 
10302 32 Om I.sst 9.63 50.,50 0.68 5.51 0.60 □ .095 5.39 72.40 5.24 
1 ()301 36 Om I.sst 15,49 50.G3 2.72 1.56 □ .BB o. □ 66 5.81 85.15 3.79 
103()0 :52 Om I.mst 12.28 5t1. 35 2.52 2.18 □ .85 0.066 6 .. 21 78.45 /1 .43 
10299 :3 (j Om I,mst 15. 12 62,.70 2.42 1.75 0. 91 o. □70 5.,99 88,96 4.15 
10298 36 Om con 14.74 57.78 2.24 1.45 1.00 □ .069 6.22 83.49 3 .92 

10297 31 Pu I,sst o.oo t.6.22 0 • 61 1 o. □ 7 o.56 0.165 4. 61 62.23 o.oo 
10296 3'1 ru I.mst o.oo 44 • 9/1 2.30 3.67 o.s3 0.01s s.20 56,79 0 DO 
10295 38 Pu I,sst 2.83 56.07 1 .11 4.111 0.84 o. □ 69 6.04 71.36 19 .01 
10294 :rn Pu I.mot 18.33 53,50 2.48 0.92 1.02 o. □ 72 7.60 83.92 2,92 



Tf\OLE Viii, 3. ( continuo cl). 

~:i ample Local, Strat. Lith~ f\1203 S10 2 K2D Co□ Ti02 Mn □ Fo203 Total Si02 

/\12 03 

10293 38 Mg c.sst 10.58 53.CJ2 1.80 3.05 □ .89 o. □ 61 6,44 76. 7/4 5~10 
10292 35 Mg c.sst 1?, 61 72.95 2.75 0.83 0.63 0.046 4,23 99.04 ti. 1 {1 

10291 40 II.Mo r.::rJl 1 ,~.61 78,14 2.43 0,61 0,59 o. □43 4 ,31 100.73 5,35 
10290 48 U.fVlo sst ?.3.63 70.34 3.35 □ .77 □ .86 0,043 5. 5/i 100.53 2,98 
10289 31 U,1"10 C.,EWt 0.,00 32,10 2,50 0,96 0,69 D.036 7 .23 43,51 o,OO 
10288 33 U .~:o C:,f• ~ .• 

o~.:, ,., 12o6G 57.78 2,29 1.17 0,90 0,060 6.13 80.99 4,56 
10287 33 U .r~o mst 12066 60.35 2.20 1,32 0,81 0,059 5.32 02,71 4, 77 
10286 38 U. \Ylo met 14 • 17 5:3. 92 1,78 3,05 0,89 0,057 6,46 80,32 3,01 
10285 21 U.Mo nrnt 17 ,38 68,05 2.57 0,75 0,74 0,043 3,85 93,38 3,92 
102811 11/4 U.f•io fll .~; t: 'I O.t,7 7D.23 3.01 0,90 0.01 o. □49 5.23 98,69 3,80 
10283 '.'i3 U ,{''lo con 'l~i.12 60,77 2,04 2,24 0,79 0,061 5,41 86,43 4,02 

(A 

10281 47 L.Mo rn s t 1G,57 si:;. 78 2,84 0,35 0,64 0,015 2.30 107,49 5,51 .f->. 
(J1 

10280 3'.3 L,Mo nt1t 16,44 63. 77 2,35 1,32 0,82 0,042 4.28 89,02 3.88 • 
10279 33 L .rlc nnt 111.'1? 58.20 2.19 1,56 0,91 0,053 s.60 82.68 4.11 
10278 22 L.Mo sst 10.·14 59,92 2.03 □ .7B 0.01 0,057 5,29 07.02 3.30 
10277 1G L.Mo sst:. 13 .61 69,76 1.99 1,36 0,70 o. □ 6□ 4,76 92.,211 5.13 
10276 21 L.Mo sst 16.82 64.6?. 2.41 o.66 0.79 0,033 4.05 89.38 3.84 
1027S 54 L.,Mo sst 18.,26 86,64 2,85 □ .42 0,60 0.010 2,53 111. 31 4,74 
10274 22 L.Mo con 16.,63 59.92 2,41 1.95 0,92 o.049 6.11 87,98 3.60 
10273 ?.1 l. ,11'\o I.m,t 1 ~,.31 65.06 2.00 1.10 1.04 0,054 6.12 90.68 4.25 
10272 21 L.Mo I,sst 19.84 59.49 2,59 0,63 0,99 0,031 7,86 91.43 3.00 

10271 27 Tmr I,sst 21,91 67.69 2.84 0.48 o.76 0,036 s.so 99.21 3.09 
10270 t1S Tmr I,sst 20.84 71.47 2.79 a.so 0,64 0,041 4. 73 101 • 01 3,43 
10269 58 Tmr I.sst 18,04 65,18 2.11 0,46 □ .76 0,043 4,83 91.41 3,61 
10268 27 Tmr I.mst 22.45 62.33 3,35 0,51 1.06 o. □47 7. 1 D 96.84 2,78 
10267 45 Tmr I.mst 20.30 62.53 3.28 0,40 1.12 o.os1 6.76 94.44 3.08 
10266 58 Trn:c I.mst 23.84 56.49 2.60 □ .so 1.13 o.oso 6.64 91.25 2.37 



TABLE vrn.3. ( continued). 

Sample Local. Strnt. Lith. Al 2 □3 Si02 K2D CaO Ti02 MnO Fe2o3 Total Si □2 -Al203 
, _________ , 

10265 16 Tmt c.mst • 16,05 60,77 2.39 1.27 1,03 0.046 6.56 88.11 3.79 
10264 19 Tmt c,mst 13.98 58,20 2.48 1.15 1.03 0.047 8, 13 0s.01 4 .16 
10263 20 Tmt c,mnt 14.36 58,20 2,70 □ .90 1,08 o.oso 6.82 84.11 4.05 
10262 21 Tmt mst 17,19 63.34 2.61 0,65 1,03 0,036 4,46 89,31 3.68 
1026'1 30 Tmt c,mst 9~1,s 58.20 2 .. 15 1.13 0,87 0,057 5.82 77.67 6.16 
10260 26 Tmt c.rnst ·1 S,.!19 58.20 2,38 1.02 0,97 0,063 6,05 84,17 3.76 
10259 30 Tint con 1 t1 ,36 57.35 2.02 3.09 0,77 0,056 5.,11 03.05 3,99 
10250 26 Trnt con 9.45 51,78 2.14 3,89 □ .84 0,060 6,03 71+,19 5,48 
10257 :rn Trnt c,..sot 13.23 53,50 2 .. 29 1 .17 0,87 0,057 5,54 76,65 4,0t.i 
10256 :m Trnt c*irnt 11 .. 72 59-92 2,29 1.11 0.00 a.ass 5.41 81,30 5,11 
10255 :rn Tmt lBt 1.32 53.92 2., 15 2,04 0.95 0.042 7,42 68,64 40.85 
10254 :m Tmt lnt ·12,66 5?.35 2.14 0.72 D.87 o. □45 6.62 s □ .4 □ 4,53 
10253 30 Tmt JD{; 13.23 55.,21 2.46 1.90 0.87 o. □4B 6,37 OD.OB 4.17 ~ 

10252 34 Tmt lut 1 [j., 12 53. 92 2 .61 1. 60 0,99 0,047 9.74 83.75 3.57 .r::-. 
m 

10251 34 Trnt nty 17.,57 62.49 2.54 0.,81 0.96 o. □ 6□ 5.,51 89.94 3.56 • 

10250 '15 Ot 1st 7.56 43.23 2.22 3.62 D.75 0,045 12,38 69.00 5.72 
·10249 1 t'" ,) Ot 1st 
10248 '15 Ot 1st 
10247 28 Ot 1st o .. oo 77,04 1.64 □ .70 0,60 0,046 4,78 84.80 o.oo 
10246 24 Ot 1st o .. oo 50,08 2.66 3.15 0,86 o. □45 8.,57 65.36 o.oo 
10245 24 Ot 1st o .. oo 117. 93 2.19 5,47 □ .78 0.034 0.10 611, 58 o.oo 
10244 15 Ot c,sst 9,26 53,93 2. 91 1. 68 0,74 0,043 9.,59 78.15 5.82 

10242 15 Or 1st 10.39 56.,119 3,09 1.€7 o.45 0.021 4,66 76,77 5,44 
10241 28 Dr 1st 9.,07 60,78 2,25 2.,97 □ .46 0,028 5,01 80.,56 6,70 
10240 28 Dr 1st 14.36 72.33 3,23 1.27 0,25 0.010 2. 15 93.60 5,04 

10239 23 Mp sst 17.08 74.41 2.40 0,48 0.67 0.030 5.33 100.40 4.36 10238 23 Mp sst 15.04 86,92 1. 92 □ .23 0,57 0.020 3,45 100.15 5.78 



TABLE Vlll.3, (cantimrnd). 

Sample Local. Stral:. Lith. /\1203 Si □ 2 K20 Cn0 Ti02 Mn0 Fo 2o3 Total SiO 
2 --

f\1203 --·--------
10236 4 T.A mst o.oo 57.57 1. 02 0.65 0.55 0.022 4.43 64.24 o.oo 
10235 /1 T • f\ mst 8.50 71.04 1.70 o. 91 0.72 0.025 4.35 87 .23 8.36 
10234 /1 T. I\ r.int o.oo 51.36 0.98 0.52 o.57 0.024 3.83 56.83 o.oo 
10233 15 T .,A bt o.oo 50.50 2.17 a.so □ .09 0.021 3.01 56.29 o.oo 
10232 9 T • /\ 1st 3.21 56 .. 92 1.06 4.08 o.73 0.021 4.64 72.26 17.37 
10231 9 T • /\ bt 1'.5~61 58.20 2.25 1. 92 1.00 0.023 3.97 80.97 4.28 
10230 20 T.I\ 1st 19.28 73,19 3.95 1,29 o.33 0.010 2,58 100.63 3.80 

10229 15 Ao C11SSt o .. oo 20., 12 1.14 0.57 0.53 0.033 7.07 29.46 o.oo 
10227 i ·1 /\u c,irnt 0,01) 52.43 1.88 1.38 0.02 0,040 5.96 62.51 o.oo 
10226 20 /\o C.p!JSt 1 G,82 78.:52 3,39 □ .75 0.16 o. □16 2.43 101.79 4.66 
10225 20 fin nat 1:S.G0 81.32 2.59 D.29 0.20 o. □39 4.29 102,32 S.98 l:,.J 

~ 

10224 28 lilh lnt 11.34 54.78 1.95 2.16 0,.92 0.016 7.35 78,51 4.83 
..._J 

• I 

10223 /1 \JJh c,sr;t 1 D. 02 71.69 1.06 1.04 o. 64 0.022 3.67 88.14 7 .15 
10222 'I li/h c .nw l: D.50 6G • 31.i 1. 50 1.33 0.01 0.024 4. S1 03.01 7.00 
10221 11 ulh c,nwt □ .08 GG.76 1.95 1.GG 0.03 □ .033 s.21 05.32 7 .s ✓•• 

10220 q tllh c.mst 0.,00 32.74 □ .74 □ .37 a.so 0.021 4 •• , 1 38.48 o .. oo 
10219 28 ulh c.mst 5.86 65.27 1.43 1.75 0.9□ D.029 4.24 79.47 11 .14 

10218 ~j G.M 1st 4.16 45.58 2.77 5,.08 □ .44 0.033 14,,26 72.32 10.96 

10215 5 Ml< rnst 16.06 54.35 1.63 a.so 1,06 o. □36 6,23 79.94 3.38 
10213 17 Mk mst 17.95 53.92 1.25 0.10 1.24 0.01s 4.39 78.86 3.00 
10212 17 r~I< mst o.oo 16.69 □ .55 □ .34 o.s7 0.033 5.,27 23.75 o.oo 



TI\OLE Vlll,3, ( con tfouod). 

Sample Local. Strat., U.th., 1\1203 Si02 K20 Ca□ Ti02 Mn□ Fe2o3 Total Si□ 2 

/\li3 ·-- ----
10211 4 Wk mst 20.1~0 52.43 □ .47 o.os 2.03 0.000 3., 13 78. 51 2~57 
10210 1 Wk rnst 20.97 57 .. 78 □ .66 0.22 1.60 0.001 1.53 82.76 2.76 
10209 28 Wk mst 21 .. 92 47.51 0,69 0.04 2.47 0.000 2.41 75.04 2.17 
10208 28 WI< mst 22.,49 54.,35 1.66 0.26 1.96 o. □oo 1.98 82.,70 2.42 
10207 18 l~l< mst 23,.24 54.,35 1. 61 0.,16 1.50 0.011 2.10 82,97 2.,34 
10206 23 \Jlk ITl!.1 t 21.t18 73.62 1.58 0.11 1 .11 0.010 1.58 99,49 3.43 
10205 20 \ilk (j£;t 1 {1.,82 97.46 1.05 0.,09 0.,57 0.020 1.58 115.,59 6.,50 

10204 '13 Jn nrnt 13.,2 0 5·1.:w 2.,35 2.26 04188 0.002 5.,94 85. 91 4.,64 
10203 '12 JL' ' .;, mst 9. 71 29.,C)(j 2.53 0.,46 0.,55 o.rJ110 4.,69 47.911 3.09 
10202 '!2 J.s con 9.,54 24.18 1.,01 :3 • 31 1.00 0.041 3.,30 42.38 2.53 

10201 28 Ts nnt 'I t'.i.,44 56.,49 2 .,31~ 1.s1 0.,96 0.096 6.,49 84.,32 3 .,4t~ L-1 
.i::,. 

m .. 

RIVER ANO HARBOUR SAMPLES -_______ ., __ ., __ ,,_,., ____ ,_.__ 

10396 87 Re 13.49 66.08 2.72 2.02 a.so o. □71 6.39 91.57 4.89 
10395 82 Re: 13.72 71. 51 2.,26 1. 65 0.67 0.062 4. 72 94.59 5.21 
10394 57 fk 7.,88 71.90 2.42 1.23 a.ss 0 • 01. 9 3.,85 07.87 9.12 
1039:3 5[3 lk 20.20 62.33 2.62 1. 64 D.85 0.060 6.31 94.01 3. □ n 
10392 58 Re 18. 58 66.74 2.48 1.72 □ .78 o. □ 7 □ 5.40 95.85 3.59 
10391 55 Re 15.55 53.71 1.00 6.72 1. 59 D.175 1 o. 83 90.37 3 .,145 
10390 61 nc 1 :3. 82 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 7.17 D.92 0.148 6.49 92.63 3.02 
10388 '70 nc 13.38 67.88 2.14 2.65 0.,95 0,093 6.01 93.10 5.07 
10307 52 Re 22.13 59.89 2.52 1.67 D.84 0.003 6.18 93.31 2.7 □ 



TABLE Vlll.3. ( continuocJ ). 

Sample Local. Strat. Al 2 □ 3 Si02 K20 Ca □ Ti02 Mno Fa2o3 Total Si02 

Al2 □3 -10386 53 flc 18.47 64. 77 2,52 1,58 0,73 0,066 5.32 93.45 3.50 
10385 49 He 1 B.35 63.02 2.56 1.46 0.82 0.015 5.93 92.21 3.43 
10384 4(1 Flc 12.40 63.36 2.12 3.04 0.87 0.106 6,75 88.64 s.10 
10383 37 nc 16.134 61,09 2.12 1,86 1o04 0.095 7.69 90.73 3.62 
10382 35 Re 12. 97 so.95 1. 74 3.75 1.77 0.172 13,08 84,43 3,92 
10381 29 Re 16. 63 60.,69 2.,24 1. 15 a.as 0.074 6.22 87.85 3,64 
10380 6 Re 16,52 63,30 3. 14 1. 81 0.78 o. □ 74 1 O. 11 95.82 3.83 
10379 6 Re 17.10 59.17 2.24 1.15 1 .10 o. □49 7.98 89,26 3.44 
10378 (j Re 'liL36 69.48 1. 92 1.82 1.24 0,065 5,83 94. 71 4.83 
10377 6 Ile '16.42 55.78 1.84 o.s5 1.19 0.041 7.46 83.28 3,39 
10376 12 Re 20.09 62.14 2,50 1.30 0,94 0,074 0.12 95.16 3,09 
10375 ·12 Re 18.,26 64.11 1. 94 4,58 0,90 0.121 6,66 96.57 3 .51 
10374 10 nc 13.'17 60,00 1.56 1. 71 1. 15 0.112 8,98 94.68 5.16 (;J 

10373 10 He 14.36 61. 97 1.96 5,75 0,84 0.129 6,23 91.23 4.31 ~ 
\.0 
• 

WESTERN fil1CLF~_§,0J1r._l;f2_ 

Sample Strat. ,U203 Si□2 K2o Ca□ Ti02 MnO Fe2□3 Total Si02 --Al2o3 ,_,. ___________ .. _. ___________ 
.....---

/\45 Re 14,56 61.14 2 .. so 2.23 □ .87 o. □70 6.21 87.58 4.31 
A47 Re 13.29 64,.05 2.69 2.10 0,94 o.o6s 6.59 89, 72 4,81 
A51 He 19.16 61.27 3.28 1.89 0.95 0.061 6.81 93.42 3.19 

8319 Re 1:1,4 □ 72. □3 2.so 1. 81 0,75 0.061 5.45 96. □0 5.37 
8321 Re 21.60 59.02 3,61 1.47 □ .9 □ a. □ 63 6. 72 93.38 2.73 
8322 Re 18.90 70.62 3,05 1.57 o.77 □ .063 5.25 100.22 3.73 
B6t~s Re 21.49 55.25 3.6□ 1.43 □ .94 □ .063 s.22 9□ .99 2.57 
8647 Re 1 l'i. 04 70.14 2.92 1.47 □ .73 0,067 4,86 94.22 4.99 
8648 Re 13. 93 70.79 2.62 2,16 o.ss o. □ 63 5.59 95.70 s.oa 
8649 nc 17.71 52.,85 2.64 3.39 □ .89 o.oss 10.32 B7.88 2.98 



T/\OLE Vllf. 3, ( eontinuod ). 

Sample Strat. Al2o3 Si□ 
2 

K2□ Ca□ Ti□2 Mn□ re2 □3 Total Si□2 
Al2 □3 --

8651 Re ?.so 68.69 1.44 4.48 □ .6□ □ .098 6.62 09.80 8.71 
8653 Re 5.,84 31.15 1.14 3.21 □ .68 0.378 22.21 64.60 5.33 
8667 Re 7.35 43. 91 1.04 3.01 5.88 □ .266 19.89 81.34 5.97 
0675 flc 15.33 67,.38 2.50 1.62 o.90 a.ass 5.92 93.78 4.39 
0676 Re 17.41 67.17 1. 84 3.33 1. 64 0.132 7.94 99.46 3.85 
8680 He 23.11 62.29 2.98 2.21 □ .87 0.061 6.38 97.90 2.69 
8681 Re 17.60 67.83 2.86 1.02 □ .77 o. □62 5,52 96.,46 3.85 
8682 Re 20 .. 2 64.49 3.00 1.72 0.84 o. □ 65 6.01 96.37 3.19 
8778 Re 13.61 64.60 2 .14 1,93 a.so 0,065 6,84 89.98 4.74 
8780 Re 9,.24 63.77 ·2.20 1.ss 0.78 o.os7 6.23 84.,15 6.90 
8781 Re 12 .. 85 69,74 2.16 2.41 o.78 o. □71 5.59 93.60 5.42 
8784 nc 12.23 71. 77 2.22 2,48 1.1 s 0,103 5,59 95.54 S.86 
8788 Re 1 □ .57 67.85 1.92 3,32 □ .78 0.003 6,09 90.61 6,41 lN 

8780 Re 9.24 63. 77 2.20 1.88 □ .78 0.057 6.23 84.15 6.90 tJ1 
D 

8781 Re 12.85 69,74 2.16 2.41 0.78 0,071 5.59 93.60 s.,i2 • 
8784 Fie 12,23 710 77 2.22 2.48 1.15 0.103 s.59 95.54 5086 
B788 nc 10.57 67,85 1, 92 3.32 0,75 o. □83 6.09 90. 61 6,41 
8793 11 C 12.63 73,08 2,50 1.57 o.70 0,054 4,49 95.02 5,79 
8795 He 15.99 79.47 2,36 1.57 0,62 0.059 4.18 1011,24 4.97 
B796 Fie '16~20 66,63 2,40 2 .14 0.77 o. □ 66 6,05 94.25 4. 11 
8799 11c 14,04 63.21 1,00 4.,72 1.12 □ .129 8,31 93,40 4,50 
8801 nc 1 o. 91 62.06 2,66 2.65 0,84 0.074 6,54 85.73 5,69 
8802 Re 16,52 58,42 2.62 2,79 a.es o. □ 68 8, 61 89,87 3.54 
8804 He 17,60 62,31 2.22 3 .92 Q,82 o. □a6 6,61 93,56 3,54 
8812 flc 10.11~ 58.93 3,00 1. 93 o. 94 0,063 6,95 89,95 3.25 
8813 Re 10. 79 58.95 2.so 2,32 0.92 0.066 6.91 82, 75 5,116 
8816 nc 16,20 61.88 3 .12 1 .71 □ .87 0,059 6.72 90.55 3,82 
8818 flc 15.55 68.22 2.66 1. 97 0,63 0.057 5.15 94,23 4.39 



TABLE Vlll.3. (continuod). 

Sample Strat. Al2 □ 3 c·o ,) ]. 2 K2 □ Ca □ Ti02 MnO Fe2□3 Total Si02 

Al 2 □3 --· ---- _ _,_, 

0822 ne 15.12 71.GO 2.94 1.43 0.72 0.061 4.83 96,70 t1. 74 
C169 lk 2:L?6 59.06 3,42 1,53 0,94 0,059 6,88 95,64 2.49 
C170 He 15,08 70,40 2,80 1,55 o.oo 0,06G 4,99 96,48 4,43 
C171 He 21., 81 60,06 3.28 1,75 0,97 0,075 G,61 94,55 2,75 
C172 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 2,79 
C174 Re 1 B. 14 61,. 52 3,18 1.67 0,85 0,058 6, 19 94,60 3,56 
C175 Re 19,67 59.74 2,64 3,2·1 0,92 0,081 6,66 92 .92 3,04 
C178 Fle 1 ·1 • 66 61, 10 1,06 0,34 1,00 0,179 8,54 91,95 5.25 
C262 f1c ·t :1. t1 [) 70.64 1, 9L1 2,94 0,60 0,074 · 4,39 93,98 5,27 
C265 flc: ·1 !:i ~ 01 60,00 2.04 2,58 0,67 0.,071 5.23 93,60 4,53 
C272 Re 14~4Ci 73,,llO 2, 10 2.11 0,84 0.102 4,85 98,26 5,. 10 l,;J 

C275 n c: 13,,G? 75.,67 2.06 1,81 . 0,65 0,059 4,18 98,24 5,48 U7 ..... 
C276 Re '13.'15 79.50 2 .18 1,39 0,52 o.as2 3.,69 100.48 6,05 • 
C277 Re '17 .. 14 73.05 2.36 1.48 □ .60 0,052 4.35 99.11 11 ,26 
C281 rlc 1IJ.24 613,33 2.08 2,90 0.60 0,066 4,GG 95.54 G,G7 
C'293 llc 14.tiO 71, 60 2.00 2,79 0,63 0,077 5.15 96,72 4,94 
C330 nc 10.57 65,91 2,16 2.21 0,95 0,095 5,75 87,64 6.,23 
C3'.32 He 11,55 69,03 1.80 4,51 1.00 0,125 5,59 93.60 5,97 
C34Cl Re 13.0G 66.01 ·1. 96 2,46 1 .. 54 □ .148 6, 19 91,36 5,05 
(3/1 fl He 11.09 71 .. 71 2,04 3,49 0,62 0,00/l 4,49 94.32 6.03 
c:sss He 16.31 73. o:~ 1.94 2.00 1,09 0,125 5,65 100.94 4.47 
C363 Re 130/19 83,20 2,08 1.62 0,72 0,072 3.75 104,93 6, 16 
C364 Re 16. 95 80.46 2.10 1,48 □ ,GO a.ass 3.53 90. 17 4. 7{~ 

C368 Re 14,116 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 a.es 0,080 4,85 97,37 5,02 



APPENDIX VIII BULK CHEmCAL C0MP0SI_TI0N 

ONSHORE SAMPLES 

Strat., Lith. /\12 03 S102 K2□ Ca□ Ti □2 Mn□ ra2o3 Total 
Si02 -Al2 □3 

Hw 
Hw 

We 
\Jlc 

Wn 
Wn 

Tg 
Tg 
Tg 

Mt 

Ur 
Ur 

Mt,M 

Tw 

-- ---
sd 16. 78 66.34 1.71 3.1~5 0.53 o. □57 4.41 93,28 3.,93 
rnd 20.4,4 61.66 2 .16 3.02 0.75 0.062 6.15 94.24 3.02 

sst 20.,78 G5.14 2.73 1.'14 0.81 0.048 5.,06 95.71 3 .13 
m.st 21.16 59.[32 3.45 0.,94 1 .. 00 ·o.oso 6,34 92.76 2.,83 

sst 22,, (ll 65.,'78 3,09 1 "3B 0.,71 0.054 5.,39 98.,41 2.99 
mst '19 • ?D 67.,23 2.85 1.15 0.79 □ .048 5.15 96.92 3 .,~ 1 

I.sst 20,.62 'lli., liO 2. 77 1.22 0.,59 o. □42 3.81 103.45 3. 61 
I.mst 19. 90 fi1.'lU 3.,27 1.11 0.,87 0.,059 6.31 93.30 3.09 

mst 19,.?6 G5,.42 3,00 1.26 a.so 0,056 5.,74 96.,12 3.31 

BSt '19,77 6li.0? 2.88 1 • li9 a.so o. □63 5.54 97.41 3.38 

sst 16.32 58.12 □ .14 3 • 13 0.,73 o. □3 □ 6.38 84.85 3.56 
mst 2·1. 29 66,34 3.25 1.48 □ .9 □ 0,071 6.22 99.55 3 .12 

sst 17 ,, 62 74.94 2.38 1.46 0.73 0.,062 4.96 102.15 l1 • 25 

mi,t 11.49 64.16 3.03 1 • 2 ~) a.so o. □ 63 6.04 86,91 5,58 

TAOLE vm.~. Average bulk chemical composition (weight%) of acid insoluble 
rc3iduos determined by XflF □ nalysis for m □ jor lithotypes in the onshore study 
QT825. 

(,,3 

U1 
N 
• 



TAGLE VIII. 11 .• (continued). 

Strat. Lith. Ali3 SiD2 K 2□ CaO Ti02 Mn □ Fe2 □3 Total 
S102 

/\12 03 

Fy sst 19.87 70.30 2.79 1.04 □ .83 o.oss 4.93 99.82 3.54 
Fy I.sst 16.19 68.48 2 .51 1.27 □ .73 o. □59 s.12 94.36 ,, .23 
Fy I.mst 1!3.55 62.29 3.06 1.32 □ .99 □ .069 6.40 92.90 3.36 

Om sst 18.33 63.77 2 .14 1.78 o.os o. □70 4.73 90.90 3.48 
Om I.sst 12.56 54.56 1.70 3.53 0.74 0.001 5.60 78.77 4.34 
Om I.mst 13.70 58.52 2.47 1. 96 □ .88 □ .on 6.10 83.70 4,27 

Pu I.sst 1.41 51.14 D.86 7.24 0.70 □ .117 5.32 66.79 36.27 
Pu I .mst 9.16 49,.22 2.39 2.29 o.n □ .074 6.44 70.34 5.37 

Mg c.sst 14.09 63 .43 2.27 1. 94 0.76 o.os3 5.33 87.87 4.50 

LI.Mo cgl 14 ~ 61 78.14 2.43 o. 61 0.59 0.043 4.31 100.73 5.35 t,J 
Ul 

u.r~o sst '12 .10 53 ,. {11 2.71 2.90 □ .82 o. □46 6.3□ 78.28 4.41 (.,.J 

U.Mo 111st 'l 5. fi7 G3 .14 2.39 li 0 47 □ .81 o.os2 5.21 91.74 4.03 • 

L.Mo mt,t '15,,\:i7 0:j_. 78 2. 8/4 0.35 □ .64 0.01s 2.30 107.49 5.51 
L.Mo sst 16.24 67 .15 2.30 1. O?. 0.77 o. □44 4.42 91.94 4.13 
L.Mo I.sst 15.,31 65.06 2.00 1.10 1.04 o. □54 6.12 90.68 4.25 
L.Mo I.mst 19,.84 59,119 2.59 □ .63 0.99 0.031 7,86 91.43 3.00 

Trnr I,sst 19. 98 68~ □ 7 2.65 D.63 □ .72 0.043 s.oo 97.09 3,41 
Tmr I.mst 23.25 62.27 3.03 0.61 1.01 o.os1 6.4 □ 96.62 2.68 

Tmt c.mst 14.53 59.61 2.42 1.03 □ .98 □ .055 6.67 85.29 4.67 
Tmt c,.sst 12.1 .. 7 56.71 2.29 1 .13 □ .83 o. □57 5.47 78.95 4.55 
Tmt 1st 1 o.so 55.10 2.34 1.76 □ .92 o. □45 7.53 78.27 s.21 

Ot 1st. 1.,89 54.57 2.10 3.23 0,75 o. □43 0.48 71.14 28.87 
Ot c.sst 9.26 53.93 2. 91 1.68 □ .74 □ .043 9.59 78. 15 s.02 



TABLE V/11.4-, ( continuod ). 

Strnt. Lith. ,u203 Si □ K2 □ Ca□ Ti□2 MnO Fe2□3 Total Si02 
2 

Al2 □3 ,. ___ , __ 
Or 1st 11.27 63.2, 2.86 1.97 □ .39 0.020 3.94 83.65 5.61 

Mp sst 16.06 80.66 2.16 0.35 0.62 0.02s 4.39 104.26 5.02 

T.A. mst 2.8:3 59.99 1.23 □ .69 0 .61 0.024 4.20 69.57 21.20 

Ao 1st 9.02 59 .. 70 2.56 2.15 o.54 0.021 3.55 77.54 6.62 
Ao C.,Bst 5.60 50,,29 2.14 o.90 a.so o.□3□ 5.15 64.61 B.98 
Ao sst 13.60 01.32 2.59 0.29 0.20 0.039 4,,29 102.33 s.90 

u/ h 1st 11. 31. 54.78 1.95 2.16 □ .92 0.016 7.35 78.52 , •• 83 
Wh c.sst 10.,02 71.,69 1.06 1.04 □ .64 0.022 3.67 88.14. 6.32 
Wh c.mst 5.,01 57.78 1.41 1.28 0.76 0.021 4.52 71.32 9.94 ·r.,:i 

U1 
.i:::,. 

G • ~l 1st 4 .16 45.58 2. 77 5.08 □ .44 o. □33 14.26 72.32 10.96 • 

Mk rn~;t '17 .. 01 54. ·t 4 1.44 □ .34 1.00 0.026 5.31 79.27 3.18 

Wk mst 21.75 56.67 1.11 O .14 1.78 0.004 2. 12 83.57 2.61 
Wk sst 14.82 97.46 1.05 o.09 □ .57 0.020 1.58 115.59 6.58 

Js mst 11.46 45.58 2.44 1.36 □ .72 o. □ 6□ 5.32 66,94 3.9B 

Ts S!; t 16.44 56.49 2.34 1. 51 □ .96 o. □ 96 6.49 84.33 3.M. 



TABLE v111.4-. (continuod)., 

RIVER ANO HARBOUR SAMPLES 
-- • l\l O 
Local. Strat. Al 2 □ 3 Si□2 K 2 □ Ca□ Ti □2 Mn □ Fo 2 □3 Total Si~

2
3 

---,...--
6 Re 16.12 61.93 2.28 1.33 1.,08 0.,057 7.84 90.,64 3.87 

10 Re 13.76 64,98 1.76 3.?3 0.,99 0.,120 7.,60 92.,94 4.,73 

12 Re 19,17 63,12 2.,22 2.94 0.,92 0.,097 7.,39 95.,87 3.,30 

29 Re 16.,63 60.,69 2.24 1.15 0,85 0.,074 6.,22 87.,85 3.,64 

35 Re 12.97 50.95 1.74 3.,75 1.,77 □ .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 10,35 63~ □2 2.sG 1.,46 0.02 o. □75 5.,93 92.21 3.43 

50 Re 22.1J 59.09 2.s2 1.67 0.,84 o. □83 6.18 93.,31 2.10 ~ 
tn 

53 Re 18.47 64.,77 2.52 1.58 □ .73 0.,066 5.,32 93.45 3.50 rn 
• 

55 nc 15.55 53.71 1.00 6.72 1.59 □ .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 □ .81 0.,069 5.,89 94.93 3.,34 

61 Re 13.82 60.49 2,36 6.,52 0.,90 0.,141 6.,33 90.,56 4.,37 

66 Re 15.,67 59.98 2.26 7.17 0.,92 0.148 6.,49 92.,63 3.,82 

70 Re 13.38 67.,88 2.14 2.65 0.95 o. □ 93 6.01 93.10 5.07 

02 Re 13.72 71.51 2.26 1.65 0.,67 0.062 4.,72 94.59 5.21 

87 Re 13.49 66.,0B 2.12 2.02 a.so o. □71 6.,39 91.57 4.89 
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Variations in the chemical composition (Figs. VIII.2A and 

VIII,28 can be related to mineralogy. 

High Si □ 2/Al 2 □ 3 ratios in the Oligocene sediments 

result from a high quartz to feldspar ratio of samples 

together with the predominance of Si-rich montmorillonite 

clay minerals (Table VIII.2) in the clay fraction. The 

high Si □ 2/Al 2 □ 3 ratios in volcanogenic sandstones reflect 

the significant increase in plagioclase feldspar relative 

to clay minerals in these samples. Moreover, the occurrence 

ofol-cristobalite in some Oligocene and most volcanogenic 

Coal sediments would further enhance the Si □ 2/Al 2 □ 3 ratio. 

measure mudstones and other kaolinite-rich samples exhibit 

a low Si □ 2/Al 2 □ 3 ratio because of their high kaolinite 

content. 

Compared to the Oligoce~e and volcanogenic sediments, 

post-Mahoenui Group and Masoz □ ic sediments contain relatively 

more K 2 □ as a result of their higher illite content. In 

glauconitic Oligocene sediments however , the K2 o values are 

higher. 

The typically hi;h CaC content in tha insoluble 

residues from limestones c □ ~~arsd ta muo·c~~noc L 
• 0 --'"'·'~.c> and s2.nds.,ones 

minerals of limeston2s. 

s2ndstonos, however~ 

in these samples. 

High Ti □ 2 values 

High Ca □ values in volcanogenic 

in coal ~aasur □ sedinents are a 
function of the stability of -r; d 

~ un er conditions of ncid 
lessivage. 

,,. 01 • 0, igcc □ no sed1°Tc,-t~ I ! i ....., I .._, ~ , is variable 
a"' 'Ji 1- 'n K O • .... > • ...... L.I 2 , n1ay De a f u n c t i ,...., r1 ~ r .i.. i-, ~ -- , • • • t 

.., u, ", 1 c ':i .1. au con 1 t e c r:i n ton • 
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of these sediments. In Mesozoic and post-Miocene sediments 

the Fe 2 □ 3 content is fairly constant. In interbedded 

sandstone/mudstone sequences the greater quantity of clay 

minerals in the mudstone units compared to the sandstone 

units produces a lower Si □ 2/Al 2 □ 3 ratio, a higher K2 o value 

(due to increase in illite), a higher Fe 2 o3 value (due to 

increase in rihlorite), and higher Ti □ 2 and Mn0 2 values (due 

to less leaching in the mudstones). 

BULK CHEMICAL COMPOSITION OF ACID INSOLUBLE RESIDUES 

OF WESTERN SHELF SURFICIAL SEDIMENT SAMPLES 

The bulk chemical co~position of the acid insoluble 

fraction of all samples is given in Tables VIII.3 and VIII.4. 

Variations in the chemical composition of the acid insoluble 

residues on the shelf (Figs. VIII.3 to VIII.?) can be 

related to mineralogic variations. 

! • / r- • racios ,rig. VIII.3) in sediments 

south of Cape Egmont, in the outer-Central Taranaki Shelf, 

dnd the outer-Hamilton Shelf 1 result from the large quartz/ 

feldspar plus clay 7.insrals ratio in these sediments. :he 

1 .~·n ;·r., n ,.,_;..;,... .;,.., c: 0 ,,,...., Taranaki Shelf and North 
_._ 0 L.J ..] l ._; 2 ;\ .l.. 2 i...J 3 - C w -- ...., ...... : ; ...., ;,..., ... ' • -

Cook 

'- ~ ~un~t1·on 0P increasing clay ·:-;tro.it Ba.sj_n sedi:r:e:;t3 -1-~ - : L., • ...,,, 

min2ral abundancs. 

-1- _~.n mi·o·- ~nd outer-shelf positions K~ □ is most abundan~ -
L 

and in 
+-. r,... • 

sediments to the sou~~ \rig. \IIII.4). This is partly 

due to c1n increase in 
-1- c ·,1·+- in +h<=> the contGn .... 01 l.1...1..1 ..... e .,I.. v,.-

clay 

size fraction in this region. Opticcl examination of the 

fract ion of the sediments indicates the 
sand- and silt-size -

. • to'\ 
, ·t·es □~ micas (mostly serici o; 

c apprtJciable quan-::.1 l 1 .,,_ presence 01 

th:.'.t t...iere probably derived from the erosion 
" C' ul the granite 
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rocks in the northwestern South Island and were subsequently 

carried north by the Llestland Current. 

The higher concentrations of CaO in nearshore 

sediments (Fig. VIII.5) reflects the abundance of calcic 

plagioclase derived from the erosion of Quaternary volcanic 

ash units that mantle much of the onshore area. 

Ti □ 2 is expectedly most abundant in samples containing 

appreciable amounts of titanomagnetite. 

similar distribution. 

Vanadium shows a 

liigh Mn □ values in nearshore sediments (Fig. VIII.6) 

parallel the high Mn □ content of soil materials developed 

on volcanogenic sediments in the neighbouring onshore areas. 

Fe 2 □ 3 shows a more complex distribution pattern 

(Fig. VIII.?). High concentrations occur in some samples 

that contain appreciable amounts of titanomagnetite. The 

high content of Fe 2 □ 3 in South Taranaki Sh8lf sediments 

reflects the large proportions of chlorite in these sedinonts. 
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ill?E~LL6. 

-----------·-- ----~·---------
SEDIMENTARY UNIT OR 

FDR~1ATI0N 
THICKNESS (m) BULK LITHOLOGY(%) SEDIMENTATION 

Mst. Sst. Lst. PERIOD (m.y.) 
SEDN.RATE(cm/1000 yr) 

SYMBOL N.Z,STAGE Max. Av. 
-------------·--·--·---------
Pleistocene 

Tangahoe Mudstono Fm. 

Maternateaonga Sandatone Fm. 

Urenui Siltstone Fm. 

Mt M0sseng0r Sandstone Fm. 

Omoao Formation 

Pl 

Tn 

Wn-H 

l!Jo-Wm 

2260 

1340 

Mt Tk-ttlo 2750 

Ur Up.Tt 500 

Mt.M Low-Mid.Tt 800 

□m Sw-Low.Tt 150 

Purupuru Volcanic ~1,indatono Fm. Pu ~; c-Stu 70 

63 

170 

120 

1500 

Mangarara SandsLono Fm. 

Upper Mokou SQncistons Fm. 

Lower Mokau Snndstonu Fm. 

Taumarunui rm. 

Taurnatam□iro Fm. 

Otorohanga Llmostono rm. 

□rahiri Limostono Fm. 

Aotaa Sandstone Fm. 

\tlhaingaroa Siltstone Fm. 

Waikato Coal Moasuros Fm. 

r,1~, 1115.d-Up.,Pl 

U. f'lo ~Ucl. l'l 

l..11'1o Low-Mid.Pl 

Tmr Po•-Pl 

Tmt 

Ot 

Or 

/lo 

Wh 

Wk 

Up. Lw-Po 

L1t1 

Ld 

r•lid Lwh--Ld 

Low Mid.Lwh 

Low.Lwh 

300 

65 

60 

120 

180 

36 

1510 

875 

1500 

400 

600 

100 

50 

20 

1 OD 

60 

600 

150 

25 

25 

45 

30 

3 

50 

95 

10 

90 

25 

50 

38 

5 

60 

5 

60 

90 

15 

80 

75 

50 10 

5 -
90 

10 

75 

50 

60 

90 

40 

95 

40 

5 

2 

5 

5 

- 100 

•• 100 

75 

10 

25 

10 

10 

1.s 

2.5 

3.5 

1.5 

2.s 

2.s 

3.5 

5 

3 

3 

3.5 

3 

4.5 

3.5 

5 

4 

1 

Max. Av. 

125.5 

53.6 

78.6 

33.3 

32.0 

6.0 

2.0 

1.3 

5.7 

4.0 

42~9 

10.0 

1.4 

1.7 

2.4 

4.5 

3.6 

83.7 

35.0 

42.9 

26.7 

24.0 

Li• 0 

1.4 

□ .4 

3.3 

2.0 

17.1 

s.o 
0.6 

0.1 

0.9 

o.s 
D.3 

(..,J 

0\ 
m 

---------·--·--,~-----·--------------------------------------------------------------------------
TAOLE IX.l. □ ulk v2riotion~ in thickness, lithology and sedimentation rates 
for the major Cenozoic sodimentary units in tho onshore study area. 



APPENDIX IX 

_________ , ____________ , , ______ ,, ________________________________________________ _ 
SEDIMENTARY UNIT 

OR FORMATION 
SYM13fJL NO. OF BULK MINERALOGY (wt.%) RATIO 

51\MPLES Qtz. Pla~J. Pot.. Clay Cale. -9E.!.. 
ANALYSED fold, 

INSOLUBLE RESIDUE MINERALOGY (wt.%) 
Otz. Plag, Pot. Clay 

--·----·----,---- ---· --
Pleistoc0n0 

Tangahoe Mudetano 
Fm. 

Matamatoaonga 
Sandstone Fm. 

Pl 

T~l 

Mt 

Urenui Siltstone Fm. Ur 
Mt Messenger 

Sandstone Fm. 
Omoao Fm. 
Purupuru Volcanic 

Sandstono Fm. 
Mangarara 

Sundatone Fm. 
Upper Mokau 

Sandston0 Fm. 
Lower Mokau 

Mt .f'I 
Orn 

Pu 

f~q 

U,Mo 

Sandstone Fm. L,Mo 
Taumarunui rm. Tmr 
Tnurnat.;:imc:d.ro Fm. Trnt 
Otorohanga 

U.mestono Fm, Dt 
Orahiri Limestono Fm.Or 
Aotea SandfJtone Fm. Ao 
Whaingaroa 

Sil ts tone Fm. Wh 
Waikato Coal 

Measures F'm. Wk 

111 

14 

8 

8 

::'i 
'l(j 

4 

.., , .. 

7 

9 
6 

19 

8 
g 

36 

37 

11 

22 

26 

28 

23 

37 
25 

12 

20 

30 

37 
23 
'I t1 

3 
8 

20 

10 

39 

30 

27 

31 

28 

33 
30 

/12 

1 f.l 

25 

25 
'19 
10 

1 
6 

13 

4 

3 

3 

3 

4 

1 

4 
2 

2 

4 

2 

i­::, 

1 
1 

2 
5 

1 

1 

35 

42 

35 

43 

25 
35 

32 

35 

36 

33 
50 
43 

6 
6 

12 

31 

57 

3 

2 

2 

2 

1 
7 

6 

23 

7 

7 
32 

90 
78 
50 

54 

□ .7 

o.s 

0.0 

o.s 

1.0 
o.s 

0,3 

□ .9 

1 .1 

1.2 
1,2 
1.2 

3,0 
1.0 
1. 1 

2,0 

9.8 

23 

26 

28 

23 

35 
27 

13 

25 

32 

3'7 
25 
21 

26 
34 
39 

30 

39 

31 

28 

32 

29 

32 
33 

45 

22 

27 

25 
21 
15 

10 
46 
18 

15 

3 

3 

3 

4 

1 

4 
2 

2 

5 

2 

5 
1 
1 

6 
21 
23 

14 

1 

36 

43 

36 

44 

26 
37 

34 

40 

38 

33 
53 
63 

46 
24 
32 

47 

57 
-------------------------------------------------------------------------------------

TAGLE IX.2, Dull, variations in mineral composition (average mineralogy 
weighted according to bulk lithology of formation) for the major Cenozoic 
sedimentary units in thG onshore study area. Mineral abundance determined 
by XRD analysiu. 
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SEDIMENTARY UNIT 
DR FORMAT ION 

SYMBOL ND. OF CLAY MINERALOGY (wt.%) CLAY Ml~~2~L 
SAMPLES CiiYST:,LL 1:: ITV 
ANALYSED Kaol.111.Mont.Chlor.M/L 111.Chlcr.Nont. 

Pleistocene Sedi­
ments 

Tangahoe Mudstone 

Matemateaonga 
Sandstone 

Urenui Siltstone 

Mt. Messenger 
Sandstone 

Omoao Formation 

Purupuru Volcanic 
Sandstone 

Mangarara Sandstone 

Upper Mokau 
Sandstone 

Lower Mokau 
Sandstone 

Taumarunui 
Formation 

Taumatamaire 
For!:lation 

Otorohanga 
Limestone 

Orahiri Limestone 

Aotea Sandstone 

Uhair.;aroa 
Siltstone 

Uaikato Coal 
f":easu:-es 

Pl 

Tg 

Mt 

Ur 

Mt.M 

Om 

Pu 

1'1g 

L.Mo 

Tmr 

Tmt 

Ot 

Or 

'../h 

14 

10 

5 

5 

3 

16 

4 

2 

7 

9 

6 

8 

7 

3 

9 

7 

2 

2 

1 

1 

2 

3 

1 

6 

1G 

3 

2 

4 

44 

44 

44 

47 

57 

47 

25 

25 

53 

41 

29 

22 

12 

l5 

7 

44 

34 

29 

30 

12 

26 

61 

58 

19 

24 

53 

70 

82 

79 

91 

4 

12 

22 

18 

16 

18 

6 

11 

9 

2 

8 

2 

1 

1 

6 

5 

8 

4 

4 

13 
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8 

15 

11 

14 

6 

7 

4 

2 

1 

5 

2.0 

□ .4 

0.4 

0,3 

0.4 

1.1 

4.5 

2.0 

3.3 

0.8 

0.4 

o. 4 

0,8 

o.s 

7.1 

1.9 

0,9 1.3 

!J,9 2.2 

1.4 2.Cl 

1.7 3.1 

3.7 8,5 

5.1 5.1 

4,2 7.'.l 

7.5 9.3 

2.8 

3.7 

4.3 

1.1 

6.5 

7.1 

3.5 

5.4 

7.7 

5.2 

7.0 

Table IX, nulk a • ~· 
( ·-· u _ v riauicns n clay minern-1 ·· · 
determine~ by xn_,D anel•,Jsis 0_. composition 

1-h . -;:he < 2,; size fracf-._i .-.,,n) r:-1 or 
·,.,II e ......, ,.... ~Qr ' Cl n Q ~ Q, ,.-, s ,-.. r! .• -.- - ,J.. r - - -111 Cl '--1 L, C • L ..... '-" ... e u l Ii I e I ! L, 2 I' \,: I ' ...... ; J.. -.. • +- ~ 

1 '-' ; ' .... ·~ -" l n L, , , s o r·, s h o :r ::; 2 t u d y 
area. Clay mineral abundance ~n ~ ~ry L • 1 .. 
weighted according to the bulk - ;~.~ lsLai~1nJty are 
unit. .icna □ Qy cf the sedi~ □ ntary 
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PLATES 

Plate 1.1. Coastal exposure of well-bedded, blocky, 

indurated Triassic (Oretian Stage) sandstone about 2 kra 

south of tha mouth of the Kiritehere Stream, Flarakopa 

(N82/227801). The white bed at the base of the exposure 

is a tuffaceous sandstone. 

Plate 1.2. Sediments of the Waikato Coal Measures exposed 

in an open-cast mine at Huntly (NSS/694767; Locality 1). 

Pala kaolinitic mudstone is interbedded with dark bitu~inous 

coal sea~s containing fine kaolinitic laminations. 

s a s t sh ore o f A o t e a f ! a r b o u 'l"' ( f .; 7 ) /-:; 7 q , g 9 • 1 - ~ ~ 1 • +- \ 
- , .. , - --'-. f LWL,::...._l~Y 11/• 

Lower frittered, blue-ore\: !ihairc~"'n"' c~;1.•.1."'t' •.1.h _, J .. _ 1 _ ...... ..L. -..... a -...J - L. ... .., =-J n e w 1 L, . 

occasi~nal blocky 

upwards into more 

Scale provided by 

C. d ' 
1 ina san si:.or1e bPds ,....ar-c------ r.r ~ 4 • 11 

~ t-'( ,.:,.__J~v -.:; .... a~2..:.iona y 
massive, iron-stained ~nt~~ • -- " , __ , S a n d s t o n e • 

the pack on ths boach. 
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Plate 1.4. Massive, light blue-grey calcareous mudstones of 

the Llhaingaroa Siltstone showing conchoidal fracture and 

frittered surface at the type locality on the eastern shore 

of Raglan Harbour (N64/492463). 

Plate 1.5. The □ anded Sandstone lithofacies of the Aotea 

Sandstone at N82/489773, northwest Mairoa, showing typical 

elliptical "concretions" of hard calcareous sandstone in a 

soft friable sand. 

, • , • • h "" • nf '·he Orahiri Plate 1.6. The Flaggy Limest.one lit.1101 ac.1es - L, 

• +- ·-·· -ho"~ ~g a monotonous . t +- ",., --/3 9 4 7 r")? n Oar lj 2 l I., an Q L; .l. u , .:::, ' lu ~" • Limes one 21., 1·Joo • L-, • - '-' . 

mod ~~-+-"'l" +- 0 •r □ l 1 develooed flags averaging sequence of o.:..c::'--'-- 1 .., u.--- , 

8 crn thick. 
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Plate 1.7. Type section of th8 Orahiri Limestone (Or), 

Uaitorno Sandstone (Llt) and Otorohanga Limestone (Ot) at 

the former Otorohanga Limestone Company Quarry, southwest 

of Otorohanga (N74/642943; Locality 15). The lower grass 

covered slope conceals Aotea Sandstone (Ao) which is in 

turn sharply overlain by flaggy Orahiri Limestone, massive 

Uaitomo Sandstone and flaggy Otorohanga Limestone. 

Plate l.B. Cliff of Otorohanga Limestone in the north 

Piopio area (N83/541686), showing incipiently flagged, well 

flagged and more knobbly weathering characteristics in the 

limestone. Mudstones of the Taumatamaire Formation ovsrlie 

the highest limestone exposures. Scale given by person 
sitting on ledge near centre. 

Plate 1.9. Exposure of a mo- □ , h 
• .l.c sanoy p, ase of the Taumata-

maire mudstono i L• A . 
~ n L.ne wakino area (rJ91/3!734~1 °. L 1 • t "'ho • ,, w L' oc2_i y 

~ uins prominent b d 
ans of calcareous concretions up to 

60 cm thick. 

26) 
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Plate 1.10. Flysch-type sequence of the Taumarunui Forma-

tion exposed on the main highway immediately north of 

National Park (Nlll/BBSB?i; Locality 58). Sandstone bands 

form the more prominent but less abundant units. Note the 

small fault traversing the outcrop which is approximately 

7 m high. 

Plate 1.11. 

graph taken 

Plate 1.12. 

Typical bluff outcrop of massive, ferruginous 

Sandstone, north of Awakino township. Photo­

looking northeast from N91/181409. 

• d p.--.su1~e of Roadsi e ex ...., massive, 

totJnship 

ferruginous Lower 

r ~, o 1 / l 8 5 4 0 0 ',1 • 
\ I 'Ii _,, ..-

[iokau Sandstone, 
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Plats 1.13. Muddy sandstones with occasional calcareous 

concretions in the Lower Mokau Sandstone exposed 11 km 

north of Ohura (N91/496313). 

Plate 1.14. Massive sandy mudstones of the Upper ~okau 

Sandstone are unconformably overlain by a conglomerate which 

is the local equivalent of the Mangarara Sandstone, and by 

an alternating sequence of sandstone and mudstone bands 

belonging to the Lower Purupuru Volcanic Sandstone. The 

conglomerate contains large clasts of Upper :;okau Sandstone. 

Exposure ln Awakino area (N9l/l65402; Locality 31). 

Plate 1.15. 
An impressive exposure of interbedded sandstone 

and mudstone o" -H L 
1 ..,, 7 e □ wer Purupuru Volce:nic S2ndstone at 

the mouth of th fl 1 ,e ' □ ,<au Rivo:r (rJ9l/160350) • 
provides scale. Person on bench 





r· 

,a,· 
.,..,..t-.~..£..l-• ., -;,:- • 

= -~i:S,,,j'" _,...i!: .,-_r, ,,. 
;. "_,-.--_x-.:". -.' .:.:,..,#-',";_ 

;,,;-:-.. -; ,<- -~ ~ , • - ".'•: -- ..... 
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Plate 1.16. An exposure of Mohakatino beds at (Nl □ D/419193) 

in the Uaitaanga Saddle area 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. 

Compare 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 (N91/1843 □□; Locality 38). 
sandstone is interbedded 

Dark 

with 

green-grey, massive, micaceous 

li~ht blue-grey non-calcareous mudstone; both litho-

losies are non-tuffaceous. 

mudstona of the uppermost 
Pla te l.18. r<assive blue-grey . 

,.. , t •7\ at r1100/428193 in 
( - r i· 1/ ; l ·, u a s . on a • ; •• • - , 

r.; L 1, a t- ~ n O C r o up I a w a , , -
,Oi7cl., ~.1. 

the Uaitaanga Saddle area. 
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Plate 1.19. Typical bluff outcrop of 1·lt. r-;ossenger Sandstone 

near Ahititi. Photograph taken looking east from Nl00/150170; 

Locality 42. 

Plate 1.20. Grey mudstones and overlying massive, brown 

sandstones of the Mt. Messenger Sandstone, immediately 

north of the Tongaporutu River Mouth (Nl00/135223). Note 

scour contact between sandstone and mudstone lithologies. 

Plate 1.21. Roadside exposure of Urenui nudstone, north of 

Urenui (N99/032041; Locality 50), showing concretionary 

horizons end a thin tuffaceous sandstone band about 1 m 
above the author's head. 
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Plate 1.22. Exposure of massive 
with scattered calcareous 

Matemateaonga s~nd~L 
0 • "'L.One 

Saddle area (Nll9/057637· 
' 

concretions in the Strathmore 
Locality 64). 

Plate 1.23. f11a s s i ve, 

in a roadside outcrop 

Taihape (Nl32/244239; 

frittered, blue-grey Tangahoe Mudstone 

on the main highuay 7 km north of 

Locc1lity 71). 

Plate 1.24. A sandy phase of the Tangahoe rudstone exposed 

on the main highway l km south of Kakatahi (Nl31/B382O6; 

Locality 72). Compare the less frittered appearance of 

this outcrop to that in Plate 1.23 and not~ the horizon of 

large calcareous concretions 4 m above car. 
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Transmission electron micrograph of the clay Plata 3.1. 
fraction ( <' 2)-l) of a Triassic sandstone ( 10201). Note 

the ·anoular anhedril to subhedral form of the illitic, 
::., 

chloritic and mixed-layer clay minerals. 

Plate 3.2. Scanning electron micrograph of the fractured 

surface of a calcareous concretion (10202), from the 

Jurassic beds at locality 12, showing layers of clay-rich 

material (montmorillonite) and large calcite crystals (2). 

The montmorillonitic seam material is considered to represent 

diagenetically altered volcanogenic material. 
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Plate 3.3. Transmission electron micrograph of the clay 

fraction ( <2~) of a Jurassic siltstone (10203). The clay 

particles include abundant iilite and common montmorillonite 

and mixed-layer clay minerals. 
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Plate 3.4. Transmission electron micrograph of the clay 

fraction ( <2JJ) of a LJaikato Coal f·leasures mudstone (10208). 

Clay minerals consist of tubular halloysite (1), hexagonal 

kaolinite (2), and irregularly shaped illite (3). 

Plate 3.5. 

surface of 

the grain 

bedding. 

" . 
~canning electron micrograph of the fractured 

a U cJ i k at o Co~ , f" ~ -1- ( 
a.i. ·,easures mue,sv □ ile. 10210) in which 

fabric is orientated parallel to the plane of 





1.u 
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Plate 3.6. Transmission electron micrograph of the clay 

fraction ( <2µ) of a Mangakotuku Siltstone (10213). Note 

that the illite and chlorite (1) particles are larger than 

those of montmorillonite (2) and kaolinite (3). 
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Plate 3.B. Scanning electron micrograph showing a concret­

ionary aggregate of montmorillonite in a sample of Mangakotuku 

Siltstone (10215) from the type section. 

Plate 3.9. High resolution scanning electron micrograph 

of the concretionary aggregate shown in Plate 3.8 showing 

"waxy" flakes of montmorillonite. 
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Plate 3.7. Scanning electron micrograph of a sanple (10213) 

of Mangakotuku Siltstone showing a zone of euhedral kaolinite 

crystals flanked by smaller "waxy" aggregates of montmoril­

lonite. 

Plate 3.10. Scanning 

surface of Uhaingaroa 

electron ~i·~r h ,,; ._,_ograp · of' ;::i fractu:-2d 
,,.1 . .t- I 
~l ~s~one \,o~L?2) p,..._~ +h· t 

-- - , .L u 1;, L, e y p e 
locality. Abundant thin flakes of mo~,tm~~i·,·, · · 

• ' •1.u.1. .i.~Onlt8 coat 
the surfaces of quartz and felds~u.ar 

, - grains 2ncl inf; 11 - 0 ..... 0 ~- ....... ...... r' J.. -

spaces. 





.. 

1JJ 
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Plate 3.11. Transmission electron micrograph of the <2? 

size fraction of an Aotea Sandstone sample (10227) from 

the type section. T~e thin lath-shaped units are montmoril­

lonite (1), the larger, dar~er material illite (2), and 

XRD data suggests the tiny rounded 11 blebs 11 may be 

cl.-cristobalite (3). 
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Plate 3.12. Transmission electron ~icrograph or the clay 

fraction of a sample of Te Akatea Siltstone (10235) from 

the type section showing lath-shaped aggregates of 

montmorillonite (1), and small rounded "blebs" that nay 

be o{-cristobalite (2). 

Plate 3.13. T • • 
- . . ransmission electron micrograoh of -1 
;:;a,:;erial from the Uhainoar•~.<=l ,s; l '- . ( • ... ay 
lath ~h - - ~- ~-~stone 1 □ 219) show=n-

' -s apod anoreg t f - -:i 
~ S..;- a es o montnorillonite 'l' . 

material (2) ard "mall "b, , . I.. J, mic.:icoous 
' ' ..:.>. -- -LEDs·' of-'- · ...,. . 

f,1 h f, °'- CI'J.S1.,C)t)::>l;-1-n (~) 
,,uc o 1:he "shadow"" ~ 1. • ---..L. '--- ~ • , uac~grouna ~a~er;a, 

,., '-" .J... .l , -. J... 
~~ mon~~orillonite. 
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Plate 3.14. Transmission electron micrograph of the clay 

fraction of a Taumatamaire mudstone (10255). rJote the 

significant increase in illitic (1) and chloritic (2) 

material compared to the montmorillonite-rich Cligocene 

mudstones (Plates 3.12 and 3.13). Montmorillonitic 

material (3) is characterised by diffuse grain boundaries. 

Plate 3.15. Scanning electron 

Taumatamaire mudstone (10256). 

show a weakly orientated grain 

to bottom right of the fiour~ 
-~ □• 

micrograph of a fr2g~e~t of 

Cloy and silt particles 
fabric - • ~unning from top left 





4JJ 

20.JJ 
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Plate 3.16. Transmission electron micrograph of clay 

fraction material from the Lower Mokau Sandstone (10279). 

Note the predominance of angular, detrital particles of 

illite and chlorite. Montmorillonite constitutes the fine-

grained background material. 

3 ·7 c-~nni~~ ~ 1 ~ctrsn micro~raph of a fractured P 1 ate . .L • ..; ,., c. - , , ~, - ~ - ~ 

.- ,·. '., o 'K a u m u :! s t c n e ( l O :? ::: 7 ) c i 3 :, l a Y i ~ surface of a sample cf ~~per 
• ~ b ·c C:lay naterial a rather unorientatsd porous grain ra - r1 • 

1 s,_~cas between larger ~u3rtz and occupies the interst~tia_ --

feldspar grains. 



398. 

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 o(-cristobalite (3). The interlocking fabric of the 

feldspar and cristobalite material suggest a diagenetic 

origin for the cristobalite. 

3.19. A • • h 
H n10 er resolut:nn ~c-nn· - - .,_....., ........ a ,ing 

graph of part of the tuffacoo••s S'=>ndc:-+--
electron micro-
1.1- □ ?q7' ' • ~ ~ '-'' ~'-"unc 

~la+-R 3 18 ~· t ~ ~ -- • • ; ,, o e 1 ·, o w t h O ,, - ~ ,, .,_ ,.., ,_____ - , : .,_ • 
-- --'-.L-~....;.__;c..t..i.LlC 

clay material at (1;' anu~ (7' -) suggesting 
to the montmorillonite~ 

\ -- ) snown in 

m3 t 3 rial envelops 

it formed subsequent 
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Plate 3.20 Scanning electron micrograph of the fractured 

surface of a Purupuru Volcanic mudstane sample (10296) from 

the type section showing a poorly orientated grain fabric 

rich in clay material. Nate the occurrence of spherules 

above the centre of the figure; higher resolution electron 

micrographs indicate they consist of lath-shaped particles 

(probably montmorillonite) averaging <2µ in diameter (cf. 

Plates 3.8 and 3.9). 

Plate 3.21. Transmission electron micrograph of the clay 

fraction from a tuffaceous Purupuru Volcanic mudstone (l □ 29 G). 
Large illitic (1) and chloritic (2) particles are surrou nd8 d 

• , c t -·1• 0 n,+e (3' and small (0.03~ by low relief la-chs 01 men rno.1.1 ... .L • ~~ , . 

diameter) rounded 11 blebs 11 of o<-c:-is:.obalite ( 4 ) • Note t,h ~. 

montmlorl.llonite laths and the cristobali:e 
similarity of the 

in the Oligocene sodimonts (Plates 3.11, particles to those 

3.12 and 3.13),. 



390. 

Plate 3.22. Scanning electron micrograph of the fractured 

surface of a Ferry sandstone sample (10811) fro~ 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. Scannino_. electron-;-~~ h f - ;:,_c...J.~grap I o the fractured 
surface of a Ferry mudstone samale (10307.) ~ • ~ - r ro,,1 the type 
section. 
-1-' • unere lS 

Compared to the sandstone sanple 

a tighter, but still unorie~-1-atc~ 
I • L, ,._, W j 

(Plate 

grain 
3.22) 

fabric .. 





2JJ 
I 
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Plate 3.24. Transmission electron micrograph of the clay 

fraction ( < 2JJ) of a ~1t. Messenger Sandstone sample (10317) 

showing abundant illite and common chlorite. Note the 

anhedral to subhedral form of the clay minerals. 

Plate 3.25. ccann•,n- clnc+ron m,icro □ raph of the fractured .::J I _ :~ ._. ____ ...,.,.. 1, - _,, 

surface of a f·lt. fiessenger sandstone sample (10317) showing 

a porous random grain fabric. Clay material (largely illite 

and chlorite) occurs as silt-sized clumps between the larger 

terrigenous grains. 
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Plate 3.26. Transmission electron micrograph of the clay 

fraction ( <2µ) of a Urenui tuffaceous sandstone s2~ple 

(10327) showing large particles of illite a~d chlorite, 

fine-grained particles and clumps of mont~orillonito 

(centre and left of centre). Note the large illite particle 

(top left) showing wavy patterns produced during weathering. 



. 
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' 
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Plate 3.27. Scanning electron micrograph of the fractured 

surface of a tuffaceous Urenui sandstone (10327) showing 

clumps (2) and rod-like particles (1) of montmorillonite 

set in a matrix of large feldspar crystals and analcite (3). 

The clay material has a similar morphology to that in the 

tuffaceous Purupuru sandstone (Plates 3.18 and 3.19). 

n1atc, ?Q T~ans~iQs~~n electron micrograph of the clay r ...,...., w•.:.._'--'~ ,J... __ ,, , _ __,,._ __ .,, 

1 ) • • -·1+- ~ s--p'~ (1 □ ,?4) fron frac +-in~ \.. <?i, oP:::, '.,.-an,,, .:Jl_..,St...On2 ._e1,:,· .1.~ ~ ~~ 
~ _ W J I . •-.~ I ,__. _. .;... ·-- ' ' --.J ..._ 

h d ' ~ o"' the type section~ \0-t.2 the 2nhedral to sub e ra1. 1 □ rm 1 

• • 1 ;::; 1,, d "-.he "bu bbl 'y' !I patterns the illite and chl □ rite par~ic_es - - -
\ 

"th • r,R.G. grain t □ right of centre;. on some or vl,8 grains - ~ =· 
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Plate 3.29. Scanning electron micrograph of a fractured 

surface of a Urenui siltstone (10324) from the type section. 

The clay material is mostly illite and chlorite. 

Plate 3.3J. Scanninq elor~~~~ • - , -- _.,_ --· , nicrograph of a 

surface of a , s a rn p .,_ a o f f-1 a t e .:: a t 8 a on g a S a n d s t o n 2 

the type section area. f\ l O +- 0 + I ' ' '-~ -'7S random grair. 
large amount of cl-v =a~ • J •• the 

and 

0 1 ,,, 1.,SI'.l.2 _ t· coa irg th 2 

filling the in+orct· i· +· 1 
W~-- ~1 2 ~ pores. 

fr2cturcd 

(10334) from 
C' I-, • '2.__,r.:...c, and 

.sc:ir.d grains 
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micrograph of the clay Pl t 3 31 Transmission electron ) showing 
a e • • ~ d t ne (10334 • t· from the Matemateaonga ~ans o 

f rac ion h 1 .1· te 
an abundance of de trital illite and c or • 

Plate 3.32. 

section. 
surface of the Tangahoe Mudstone (10341) fr □ n the type 

Scanninq electron ~icrograph of a fractured 

The random grain fabric is characterised by the 
presence of silt-sized laths of illite ~nd chlorite (1). 

Higher resolution micrographs suggest that ~ontmorillonite 
constitutes the smaller grain aggre~ates 
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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 fro~ bottom 

left to top right. 
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Plate 4.1. Scanning electron mic:-ogr2~h of a Hamilton Shelf 

surficial sediment sample (8778). Siogenic naterial identi-

fied consists of coccoliths: Heli~ooon:osohaera ka~ □ tneri 

(1), Cyclococcolithus leptoporous (2), ~niliania huxleyi (3), 
and diatom fragments (4). Clay m2terial is identified as 

montmorillonite (5) and kaolinite (5). 

Plate 4.2. Transmission electror Gicrograph of typical 
f' • ' ( <? \ ' • - -ine-graineo -~) maGerial ~roG 2 Ha~ilton Shelf surficial 
sediment sample <,-8780,'. ,;::,,, ,.,..;...,:::i-.-~1~ ~- • , • 

• _, - -- )' 1.!..:.. I'_, .L G ..L 0 CO j i .'.:) 1 s r :-;-,: -. l n l ~ 
- \., .. ,a ' y or 

' 1· C' ~- • ,..J 
.LOW re ie,, tine-graine"', montmo:-illonite particles (lJ' 

• ' anhedral illitic (2) and chloritic (3) nate-r-ial d 
• -- -~ an some 

k a O l l.,..., ~ -'-l, e ( 1• ) i,i u ~ h o"' .,_he ::- • • · · 
1,...1. ½- • ,, w i t..1 • : ine-;rairea oackgroun,.,d 

- material 
r t , . , . may rep_esen amorpnous s1i1ceous material. 
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Plats 4.3. Exposure of Llhaingaroa Siltstone on the shores 

of Raglan Harbour (N64/473481). Nots 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. 

the ,~·1anukau !\a:;:-bour 2:--~; :=1djacent co2stal areas. 

Band 4) of 

ifote that 

• • • • • • c, r ...... m-. ;.. h P, r-'.. an u :,< a u H 2 r b o u r s h o w s suspenoe □ secimant e~er;ing -J ~ - -

movement to the north t...1hile suspended sediment from 'h t: 118 

those of major ocean currents (cf. Fi;;. 6.2). 

12 km. 

Scale l cm: 
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Plate 4.5. LANDSAT image (15 February, 1976; Band 4) 

showing suspended sediment emerging from the Raglan and 

Aotea Harbours some 10 km onto the shelf. Scale l cm: 9 km. 

Plate 4.6. LANDSAT image (30 October, 1975; Band 4) 

showing suspended sediment e~erging from the Raglan and 

Aotea Harbours and drifting to the north. Scale 1 cm.· g km. 
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Plate 4.7. LANDSAT image (3J October, 1975; Band 4) 
of the inner Hamilton and North Taranaki Shelf areas. In 

the north suspended sediment emerging from the Aotea and 

Kawhia Harbours shows drift to the north. The dense ellipse-

shaped plume emerging from the Mokau River extends south­

westward onto the shelf suggesting the presence of a southerly 

surface current that is opposite in direction to the major 

Westland Current and is perhaps a backward gyre of that 

current (cf. Fig. 4.2.). More detailed analysis (Male, 1977) 

has shown that this current is not wind generated, and that 

the less dense southwesterly directed sediment plume 

immediately to the north is probably a tide-offset relict 

Mokau River plume. Scale 1 cm: 13 km. 

6 '7 r"\d ",' Plate t,.8. L.~,f.jQ'.3;'; 7 i~2:;e (l:: Februar/: 197; ::Ja,, 4 / 

. 'd ~- ~~ --erq:n- F, -_,0=1•., the Aotea and shawin; suspanoe. ss,_..:..::2.,~ ~.; _J.. 1 i::: 

l<awhi2. ::2rbour.s 

Tarana:<i Shelf. ~ote how sediment 

shows a prominent s □ Lltherly drir~, 

from the Kawhia and Aotea Harjours 

hr,ru~~~in □ the North - ..... - _,.... _, 

· ~ +he ri·"~rc e~erg1ng rrom ~ uc -

while sediment emerging 

shows a northerly drift 
\ 

(cf. Plate 4.7 and Fig. /2.2.;. Scale 1 cm : 13 km. 
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Plate 4.9. Scanning electron micrograph of a Hamilton Shelf 

seston sample (N377). Note the abundance of diatomaceous 

material (1) and the floccules of predominantly montmoril­

lonitic clay material (2). 

Plate 4.10. Higher res □ lutior scanning electron micrograph 

seston sa~pls (N377). The clay material of a Hamilton Shelf 

is d om ina n t 1 y moiltmorillonite 
f'jote the glass h d /,.., \ s ar ~L). 

(cf. Plates 3.9 and 3.10). 
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Plate 4.11. Scanning electron ~icrograph of a Hamilton 

Shelf seston sample (N378). The sample contains abundant 

clay material (1), most of which is montmorillonite, 

diatomaceous material (2), coccolith m2terial (3), quartz 

and feldspar minerals (4). 

Plate 4.12. 
1 r~•"<;'7P', shou-ina abundant a f a ~;an i 1 ton Shelf ~~ 9-= t c n s 2 ~--- P a , .\J -..J • ..... , • - --

montmorill □ nits clay materiel. 
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Plate 4.13. Scanning electron micrograph of a Hamilton 

Shelf seston sample (N379) showing unidentified amorphous 

material (1) and a quartz grain (2). Note the typically 

low abundance of material in the sample. The millepore 

filter media forms the background. 

micrograph of typical Plate 4.14. Transmission elactron 

clay fraction ( < 2JJ) mate:r:.2l from a North Taranaki Shelf 
surficial sediment sample (C275). Dark grains represent 
clusters of chlor.itic ~n,-1 ;l' • • • · - "•'-' .,_ .Ll.t.lc mat.erial. f,Jote the 
relative abundance of anoulaT" .; 1 1; +-; r ,:i ..,d hl • -1--. 

,.J ..I... ...L..L-._..,_.__ cl1. CI oril.,ir m-+ . 
- ,,c:11.,eria1 

to fine-grained montmorillonita particles~ 
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Plate 4.15. Grass covered slopes in foreground show the 

typical geomorphologic surface features produced by erosion 

in the montmorillonite-rich Taurnatamaire mudstones. Steep 

bluffs in the background are formed from more stable Mokau 

and Mohakatino Group sediments. Photograph taken in the 

Mahoenui area looking southeast from N91/388519 towards the 

Aria Fault Scarp. 

Plate 4.16. Transmission electron micrograph of clay 

fraction ( < 2J.J) material from a Central Taranaki Shelf 

surficial sediment sample (8795) showing fine-grained 

montmorillonite flakes (1), coarser illitic (2) and 

hl ·t· (3). m~~a-i"ai' and rounded elongate particles (4) c ori ic ,o --~.1. -

of amorphous siliceous material. ~ote the abundance of lath-

shaped (neoformed?) montmorillonite flakes. 
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Plate 4.17. TEM of clay fraction ( <2µ) material from a 

Central Taranaki Shelf surficial sediment sample (C363) 

showing coarse illitic and chloritic material (1), fine­

grained montmorillonite flakes (2) and rounded and elongate 

particles (3) of amorphous siliceous material. rJote the 

abundance of lath-shaped (neoformed?) montmorillonite 

flakes. 

Plate 4.18. Scanning electron micrograph of a nearshore 

Central Taranaki Shelf sample (N382). The sample shows 

abundant 1 (1) db" • t • 1 ) cay an 1ogen1c ma erial \2 and quartz and 
feldspar grains (3). 
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Plate 4.19. Scanning electron micrograph of a nearshore 

Central Taranaki Shelf sample (N383). The sample shows 

diatomaceous (1) and clay material (2). 

Plate 4.20. Transmission electron micrograph of clay 

f r a c t i o n ( ..::. 2JJ ) ma t e r i a 1 f r om a S o u th Tar an a k i She 1 f 

suriicial sediment sample (8645) showing an abundance of 

illite (1) and chlorite (2) material. The fine-grained 

background material is montmorillonite· (3). 
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Plate 4.21. LANDSAT image (30 October, 1975; 3.:rnd 4) 

of Cook Strait and adjacent areas which shous th2t currents 

move sediment south along the west coast of the ~orth 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 (30 Gctober 1q75. , - - ' 
showing s us pended sediment eme rq i n-g c-1 r 0 r;,_., t lin 

- "; c- rivc:lrs 2nd 
streams of the northwestern South Tsland r, 3 n ~ b 
Th ,... ~ • \.L '-'c ... c1 er, 1975). 

e Lape Farewell sandspit forms the northern, 
boundary to 

Golden Bay in the bottom loP~ th · 11 - 1 ""'' ,,c northern tio of t:18 
Marlborough Sounds is the cloud - • 

. hL covered area at the bottom 
rig Land Mt Egmont can be seen through 2 cloud Q2p to the 

Oand t,) 

right of top centre. (cf. Fig. 4 . 2 ) 0 
,- -oca.1e l cm : 14 km. 
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Plate 4.23.· LANDSAT image (17 February, 1976; Band 4) 

showing suspended sediment drifting northeast from the 

rivers and streams of the northwestern South Island. 

Scale l cm: 13 km. 

Plate 4.24. Cecnor~~lc surrace features produced by erosion 

in the T2n!J2hoe 

(rH38/?7204C; 

nu~st □ ns in ~ill country l krn south of Otomoa 

of tr.9 

by mass ~ovemen~. 

Note the grooved patterns 

nrass-covered mudstone slopes 
-::, 
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Plate 4.25. LANDSAT image (17 November, 1975; 82nd 4) 

showing suspended sediment emerging from the rivers and 

streams draining into the South Taranaki Bight. In central 

and western areas sediment plumes extend some 10 km directly 

onto the shelf but south from the Llanganui River sediment 

shows a marked southerly drift, a feature shown in other 

LANDSAT images of this part of coastline (cf. Plate 4.26). 
Scale 1 cm: 18 km. 

Plate 4.26. 

showing suspended sedi~ent 

streams draininn in~n ~h-
~'''.:: ...._ VU \,.,I it:= 

, 
piumes extend about l □ km 

Scale l cm: 16 km. 

3c.rnd 4) 

The sediment 
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A. Wt-iOLE SAMPLE MODAL MINERAL ABUNDANCE (7,) 

Fig. 3.4A. Bulk variations in average mineral compositions 
for the major sedimentary units in the onshore study area 
as determined by XRO analysis. Abbreviations of formation 
names defined in Table 1.1. 
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Fig. 3.4 □. Bulk variations in average mine~al compositions 
for the major sedimentary units in the onshore study area 
as determined by XRO analy s is. Abbreviations of formation 
names defined in Table 1.1. 
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as determined by XRD 
Table 1. 1. 
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Fig, 4.1. Bathymetry and main physicgraphic features of the western 
continental shelf off the central Western Nort~ Island. Inset map shows 
the division of the western shelf into the Hamilton Shelf (H.s.), 
North Taranaki Shelf (N.T.s.), Central Taranaki Shelf (C.T.s.), South 
Taranaki Shelf (s.r.s.) and North Cook Strait Basin (N.c.s.s.). Edge of 
continental shelf marked by ,,. "' "' ... '" • ( After McDougall and 
Brodie, 1967; Lawis and Eade, 1974). 
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Fig. 4.3. Distribution of modal sizes in the sediments of 
the western continental shelf (after r··:cDougall nnd Orodie, 
1967; Lewis and Eade, 1974). 
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