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ABSTRAC,T

A review of the local literature on materials described as 'Iateritic' in southern

South Australia reveals much confusion about the identification, nature, age

and. formation of 'laterite'. However, the pedogenic model of the 'normal

laterite profile' (Stephens , t946), with genetically associated horizons of
'laterite', mottled and pallid zones, has dominated interpretations of 'lateritic'

materials. According to this model 'laterite' developed on 'peneplain' surfaces

in the Tertiary, under humid tropical climates, both through downward

leaching and upward movement of dissolved iron and aluminium oxides, by

capiltarity and associated fluctuating water tables. There have been few

attempts to apply alternative models of 'laterite' formation, such as those

involving landscape downwasting.

This thesis investigates 'laterite' (here temed'ferricrete'), and weathered,

mottled and bleached zones of the regolith, by utilising a multi-faceted

approach that involved field investigations of the rotrationships of these to each

other, to geolory, geomorphology, topography, pedologT, and where possible, to

hydrology. Laboratory work s¡ samples of the ferricretes and associated

materials was undertaken to determine their chemical and mineralogical

compositions and mi cromorphological characteristics.

The major area of study has been the South Mor¡nt Lofty Ranges, both on the

mainland and Kangaroo Island, where three major t¡pes of ferricretes were

identified, nâtnely, ferricreted bedrock, ferricreted sediments, which includ.e

both clastic quartzose sediments and organic materials (vesicular ferricrete),

and ferricretes of complex sedimentary and pedogenic origins. Among the

complex t¡pes several varieties have been noted that include pisolitic, nodular,

slabby and vemifom ferricretes. Laboratory analyses of these different
varieties of ferricretes allow them to be distinguished on the combined bases of
bulk chemical and mineralogical composition and degree of aluminium
substitution in the crystal structure of goethite, which is the most common iron
oxide in the fericretes studied. These factors probably reflect environmental
conditions during their formation and subsequent transformations. These

findings are generally supported by micromorphological and limited
microprobe studies as well as by considerations of synthesis experiments on the

pathways of formation of iron and aluminium oxides as reported in the

literature.
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Ferricretes in the areas studied all appear to be younger than the immediately

underlying 'companion materials' of Stephens (1971), rather than being of the

same age and, monogenetically related to them. Diverse fonns of ferricrete

appear to have developed in different environments through the operation of a

range of processes. For example, some ferricretes have fomed by the in situ

weathering transform'ation of pre-existing minerals such as siderite, pyrite

and. glauconite to secondary iron oxides such as goethite, hematite and

lepidocrocite. Some other ferricretes developed as a result of the accumulation

and. iron oxide cementation of iron-rich materials such as pisoliths and'

fragments of mottles, transported into relatively low topographic points. Other

ty¡les have forned by the precipitation of ferrous iron from solutions,

dominantly forming goethite, ñlling voids or replacing interclast clays in pre-

existing porous clastic and/or organic sediments. Such ferricretes formed in

localities such as low angle valley sides, valley bottoms and swamp, lacustrine

or peritidal environments.

So-called 'laterite profiles' are t¡lically incomplete vertioally, and there is no

convincing evidence for the former existence of extensive and continuous

ferricretes over 'peneplained' surfaces in the regions studied. Ilere,

weathering and erosion appear to have affected a landscape of greater relief

than the equivalent modern landscape, with salients of resistant bedrock

protruding above differentially weathered and fermginised undulating

landsurfaces. Some proflrles are actually sedimentary sequences, which might

simulate the 'normal laterite profile', and some include calcareous horizons

and channel fill deposits that demonstrate multigenetic origins for the profiles.

Many profiles lack ferricrete crusts, and this was widely interpreted in the past

as evidence for truncation of the profile, but the view expressed here is that the

crust may never have been present. Under some conditions, lags of hardened

mottles accumulated at the surface during landscape downwasting and have

been indurated to fom a ferricrete younger than the uriderlying weathered and

mottled material. Many alleged fossil bleached sandy'lateritic' A-horizons are

actually modern soils or the result of aeolian activity.

Chemical analyses of both surface and sub-surface samples of mottled zone

materials suggest that the mottles developed by the weathering of bedrock

under the influence of ground water, leading to the release of iron from the

bedrock and its concentration as hematite in mottles, probably via the mineral,

ferrihydrite. Some borehole data suggest that weathering has led to the

detailed and local concentration of iron oxides, but has not resulted in massive

vertical translocations of iron oxides.
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There is limited evidence for the in sítu fonnation of pisoliths in the study area;

the majority of them are interpreted to have developed by the breakdown,

transport and pedogenetic modification of fom,er ferricretes and./or

ferruginous mottles. Even where there is evidence of sub-surface in sítu
pisolith formation, pisoliths at t,Le surface have distinctively different physical,

mineralogical and chemical characteristics. Bushfires are important in
influencing these changes.

Evidence from the Mount Lofty Ranges suggests that there are similar t¡pes of
ferricretes on both upland and lower level surfaces. Particularly on the latter
they can be dated relatively with respect to rocks and sediments of known ages.

In some cases the occurrence of ferricretes has facilitated better
palaeogeographic reconstructions as some represent iron oxide-impregnated

sandy Tertiary shoreline sediments, preseryed well above the level of the

associated submarine fossiliferous limestones. Consequently, the locations of
these palaeoshorelines can be determined more precisely. Rocks and

sediments ranging in age from the Precambrian to the Holocene display
different degrees of weathering and fernrginisation, suggesting iron
mobilisation and precipitation over irnmense periods of geological time up to
and. including the present. These data confirm the interpretation of weathered
zones and ferricretes as complex polygenetic features, developed and modified

over long spans of time, and cannot simply be interpreted in terms of
inheritance from discrete ancient weathering events of short duration.
Consequently it is impossible to generalise with respect to a particular time of
'lateritisation', or to associate ferricretes unequivocally with past humid
tropical climates. The character of any ferricrete reflects the integrated effects

of continual weathering and erosional processes, active to the present day, so

that the presen'ation of ancient pristine ferricretes in the current landscape is
unlikely.

The findings generated from investigations in the Mount Lofty Ranges were

tested and extended by studies on E¡rre Peninsula, the western Otway Basin, the
North Sydney area and in the Telford Basin of the Flinders Ranges. In many

cases re-interpretations of previous studies by other workers in these areas

have been made.
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This thesis contains no material which has been accepted for the award of
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in the text of t,Le thesis

signed:
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1.1 IntroductÍon
Duricrusts such as silcretes, calcretes and ferricretes have long been of

interest to pedologists, as they commonly form parts of soil profiles; and to

geomorphologists and geologists, primarily because of their perceived roles in

landscape reconstruction as morpho- and pedo-stratigraphic markers, and as

ostensible indicators of climatically controlled pedological and geomorphic

processes. However, until the nature and origin of these duricrusts are better

understood, many of the conclusions drawn from these investigations must

remain speculative. The diversity of scientific disciplinary groups operating

from different points of view has so far failed to provide acceptable solutions to

many of the problems related to the origins and ages of duricrusts. In many

instances the special interests and purposes of the investigators have

influenced the resulting interpretations.

Fermginous duricrusts have commonly been referred to as 'laterite' in the

global literature, and this custom persists (e.9. Ogura, 1987; Herbillon &

Nahon, 1987; McFarlane,1987) despite calls by some for the abandonment of the

term, especially as 'Iaterite' has been applied to such a diverse range of

indurated and unconsolidated materials (Hernrn;ng, 1968). There have been

many reviews of the extensive literature on 'laterite', including those of

Prescott & Pendleton (1952), Alexander & Cady (1962), Sivarajasingham et aI.

(1962), Maignen (1966), Faniran (1969), Paton & Williams (1972) and McFarlane

(19?6). The paper by Paton & Wilhârns (1972) is particularly significant in that

it questions many of the long held views about the nature of 'laterite' and the

conditions of its formation. In particular, they considered that a tropical

climate is not necessary for'Iaterite' to form, that pedogenic 'laterite' is

yorulger than the weathered rock beneath it, that the influence of lithology and

relief on weathering may be more important than climate and so they

concluded that relic 'laterites' are poor palaeoclimatic indicators.

Furtherrrore, they concluded that the use of 'laterite' as a morphostratigraphic

marker is suspect. However, this work appears to have been largely ignored.

For example, an overview of the majority of papers presented at Lateritisation

Processes Conferences in India at Trivandrum in 1979, Brazil (Melfi &

1
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Carvalho, 1983), and Tokyo (Ogura, 1987) and the First International

Conference on Geomorpholory at Manchester (McFarlane, 1987) suggests that

most workers consider 'laterites' to be the products of chemical weathering of

rocks on planation surfaces in tropical environments (30o N to 30o S) and that

where they occur beyond these limits, there are implications of climatic change

and./or continental drift.

It also appears that there has been too much emphasis on attempts to define

'Iaterite' at the expense of detailed and systematic investigations of weathered

and ferruginised materials, independently of perceptions coloured by the

traditional views concerning their nature and conditions of formation. In a

recent endeavour to define 'laterites', Schellmann (1981) regarded them as the

'products of intense subaerial rock weathering, the Fe- and./or Al-contents of

which are higher than in merely kaolinised parent rocks'. He suggested that

they consist predominantly of kaolinite, goethite, hematite, gibbsite and quartz.

Furthermore, he presented a tri'angular diagram with Fe2O3, AIzOS and SiO2

at the apices to illustrate the progressive 'lateritisation' of different types of

rocks on the basis of their chemical compositions. This approach led Banerji

(1981) to conclude that if a material does not display "incongruent dissolution of

kaolinite to gibbsite", then it cannot be called 'laterite'. On this criterion, he

commented that huge expanses of 'ferruginous duricrust' in 'West Africa

should not be regarded as 'laterite'. However, there are various inadequacies

in the scheme proposed by Schellmann (1981), which will be discussed later in

this thesis. Moreover, the view expressed by Banerji (1981) has not been

adopted by the vast majority of workers studying'laterite' (M.J. McFarlane -

pers. comm.). Aleva (1983) attempted to describe and classify the wide range of

structural features, textures, void geometry, and coatings on 'lateritic'

materials, using non-genetic terms, to provide IGCP-129 $'ith a means of

communicating on 'laterite' textures. However, many of his terms $rere

genetic, which was one of the reasons why they were not adopted (M.J.

McFarlane - pers. cornrn.).

Recently studies have been undertaken to date 'laterites'in Australia and

elsewhere using palaeomagnetic techniques (e.g. Schmidt & Embleton, 1976;

Idnurm & Senior, 1978; Schmidt et a1.,1976) and these studies tend to support

concepts of distinct periods of climatically controlled regional 'lateritisation'.
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Some of the results have considerable error ranges, however. For example, the

Canaway Profrle in Queensland was dated at 30 Ma +.15 Ma (Idnurm &

Senior, 1978). Moreover, the results are not always reliable, sometimes

displaying conflicts with stratigraphic evidence.

The vast majority of studies on 'laterite' emphasise only one approach to their

investigation, which ofben leads to unreliable conclusions and highlights the

need for integrated interdisciplinary investigations. In this thesis 'ferricretes',

commonly referred to in the local and international literature as 'laterites', are

investigated by a multi-faceted approach that involves geologic, stratigraphic,

geomorphic, hydrologic and pedologic field studies integrated with laboratory

investigations incorporating micromorphological, mineralogical, chemical

and micro-chemical analyses of samples.

L.2 Bacþround
Regolith materials cornrnonly referred. to as 'laterite' in southern South

Australia have long been recognised throughout parts of the Mount Lofty

Ranges, Kangaroo Island and Eyre Peninsula (See Fig. 3.1). A review of
previous studies related to these materials, is detailed in Chapter 3, and

reveals the following points:-
* Confusion and lack of consistency about the nature of materials called

'laterite', these varying from superficially iron-stained sediments, without

associated profile differentiation, to iron-mottled and kaolinised bedrock

with associated profile differentiation.

't A lack of clear definition by many workers with respect to what they mean

by the term'laterite'.
* An irnplied or specified association of 'laterite' with 'deep weathering' by

most previous workers.
* An absence of detailed and systematic studies. Many have been merely

coincidental to other geological investigations, and others have been very

broad scale geomorphic reports that involved inter-regional correlations

based on the use of 'laterite' as morpho-stratigraphic markers and

indicators as palaeosols.
* The shackling effect on landscape interpretation of the model of the

'normal laterite profile', which irnplies the original occunence of a

complete profile including ferruginous, mottled and pallid materials
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having developed by the in situ weathering of regolith materials. The

absence of ferruginous and./or mottled zones has been explained by various

degrees of truncation of an original and complete profile.

The association of 'laterite' development with humid, tropical conditions

on 'peneplains' close to base level (sea level). These implied associations

have often led to the use of circular arguments relating climate,

topography and 'laterite'. Thus the present distribution of 'lateritic

materials' on upland areas has been explained by the dissection of

formerly continuous 'Iaterite' afber disruption and uplift by faulting.

Very few studies involving detailed chemical, rninsralogical and

micromorphological analyses.

The recognition of different types of 'lateritic' fabrics, but with no

discussion on their significance.

Suggestions of the age of 'laterite' fomation varying from the Mesozoic to

the present.

Quite un$¡arranted conelations of 'lateritic' materials between remotely

spaced locations, based on relatively superficial observations such as the

shape, size and colour of iron oxide mottles.

The unreliability of palaeomagnetic data and other age dating associations

such as palaeoclimatologJr (e.g. McGowran, t97 9a; 1 979b) in
demonstrating the timing of 'lateritisation'.

The promulgation of the view that 'laterite' of great antiquity persists in
pristine form in the contemporary regolith.

*

d<

¡ß
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Nevertheless, there have been some innovative works of their time related to

'laterite' and landscape evolution including those of Teale (1918), Fenner (1930),

Glaessner (1953b), Bauer (1959), Lang (1965), Wopfner (L972a) and Alley (1977)

(See Chapter 3).

In view of the historical background of studies on 'laterite' in southern South

Australia it was decided to carry out detailed field studies investigating vertical

and lateral variations in weathering profiles and. ferruginous crusts !\¡ith

respect to topographl, hydrology, geology and. stratigraphy. Within this region

there is a considerable variety of fermginous materials that occur in different

parts of the landscape, and which sometimes exhibit specific relationships to

rocks and sediments of established ages. Laboratory investigations were
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undertaken in order, more fuIly, to characterise the chemical, mineralogical

and micromorphological constitutions of the various 'lateritic' materials.

During investigations of 'ferricrete' in southern South Australia the occasions

arose to examine alleged 'laterite profiles' on a 'classic peneplain' in western

Victoria, and 'laterites' in the Sydney area of N.S.W., where previous intensive

investigations have been carried out. Studies in these two areas provided

opportunities to test and extend some of the ideas that had been developed from

the enquiries in southern South Australia. Ferricretes from the Triassic

Telford Basin of the Flinders Ranges ï¡ere also investigated as they are

markedly different from all other ferricretes encountered, and they contain

distinctive voidal concretions.

1.3 Aims
The aims of this thesis are:-
* To describe the occurrence and field relationships of strongly coloured

fernrginous (ferricretes, mottles, pisoliths, nodules, geodes, voidal

concretions) and bleached materials, particularly with respect to each

other and to their geological and geomorphological settings.
* To characterise the chemical and mineralogical compositions of

these materials in the laboratory, in order to assess any relationships

between their field situations and rnineralo-chemical compositions.

* To examine the mechanisms of iron redistribution \ñrith respect to

both the materials themselves, and the broader landscapes in which

they occur.
* To assess concepts of 'fericrete' genesis in the light of information

about the occurrence, distribution and characteristics of ferruginous and

bleached materials and mechanisms of weathering and iron transport.

Specifically, to test the validity of the application of the 'Nornal laterite

profile' to explanations of so-called 'lateritic' materials.

In South Australia, in particular, the concept of the 'NormaV Classic/

Standard laterite profile' has dominated interpretations of landform and

pedogenic development (See details in Chapter 3). The 'standard laterite

profile' (Figure 1.1) in South Australia has been used in a narrow genetic sense

in that it implies monogenetic in situ formation, largely by isovoluminous
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weathering, at a particular time on a 'peneplain' surface under humid tropical

conditions. Under this view the present distribution of 'lateritic materials' has

been explained by the variable dissection of forrrerly continuous 'laterite'

profiles. This particular view of 'laterite' development has been discarded in

some parts of the world. However, it has been widely and recently used in
South Australia as well as being a favoured model among modern French

workers.

Many workers, world wide, have associated the development of ferricretes with
'deep weathering', without specifically stating whether the term refers simply

to the physical depth of weathedtg, to the degree of weathering or to a

combination of both. Work carried out for this thesis suggests that many so-

called 'deep weathering profiles' in South Australia have been simply leached

of iron and still contain many weatherable rninerals such as felspars, micas,

barite and. calcite, while the clays may include smectite, venniculite,

interstratified clays, and chlorite. If the weathering has been pervasive one

should expect the elimination of the weatherable minerals, the domination of

the clays by kaolinite and perhaps some evidence of the destruction of kaolinite.

There are many problems and hazards associated with using mineralogical

criteria in this fashion, but it represents a first approximation of defining 'deep

weathering' more precisely.
I

L4 Teminology
The tems 'laterite' and 'laterite profile' have been widely used both in the local

and international literature to describe a variety of materials, including the

original Buchanan (1807) 'laterite', fermginous zones in weathering profiles

(Stephens, 1946; Con¡rah & Hubble,1960), complete profiles (Walther, 1915) and

ferruginised, mottled and bleached rocks, sediments and soils. Consequently,

much confusion has arisen from the use of this term, particularly as it has

genetic connotations. It would þs lmpossible to dispose of the term completely,

however, as it is so firmly entrenched in the literature as demonstrated at

recent international conferences. Furthermore, in review, it is not always

possible to use an appropriate substitute tem., because authors do not always

make clear the nature of the material they descibe as 'laterite'.
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Some of the other terrrs that have been used to describe ferruginous materials

in southern South Australia include ''ortstein', 'ferruginous duricrust',
'duricrust', 'ironstone', 'indurated zones', 'ironstone gravels' and 'ferricrete'.

All may have had particular meanings in the context of the specific

investigations in which they were used, but are difficult to transfer out of
context.

Problems of terminolory have perennially beset studies of 'laterite' (McFarlane

& Sombroek, 1984), and these remain unresolved, there being no

internationally accepted range of terms to describe 'lateritic' textures and

structures. Until there is an accepted international tenninology, it is
incumbent upon individual workers to provide detailed descriptions and

photographs of the materials being studied, and, where possible, associated

micromorphological, chemical and mineralogical data. In this thesis, iron-
cemented and indurated continuous crusts and horizons are referred to as

'fen:icretes' (Lampugh, 1902) withor¡.t genetic connotations. Iron cemented

materials that do not fom pronounced indurated crusts and horizons will be

referred to as fernrginised materials. Where the term 'laterite'is mentioned

in reference to its use by other workers, it $rill be placed in quotation marks.

Iron-depleted and iron-mottled materials will be referred to as bleached and

mottled zones respectively. In this thesis, individual fernrSþous sub-spherical

bodies will be refemed to as ooliths (0.25 - 2 mrn in diameter) (Pettijohn, 195?),

pisoliths (>2 rnm - 5 mm), nodules (>5 ttlrn up to 3 cm) and concretions (> 3 cm

in diameter)., There is no connotation of genesis intended in this terminelegrr,

which refers only to size variations.

Throughout this thesis the terrn 'fenuginous' is used in a general sense to

describe materials in which secondary iron oxides are prominent (as opposed

to siliceous or calcareous), the presence of which gives a red or rusty colour. It
is an umbrella tem, which can be used to describe a wide range of materials

including ferricretes, pisoliths, nodules, mottles, pipestems, iron-impregnated

sediments, sediments comprising iron-rich clasts derived from prior
ferricretes or iron-mottled zones mottles, but not necessarily cemented together

by iron oxides. It also includes sediments with iron-rich clasts derived from

sources such as pyrite, siderite and glauconite. The tem 'fermginised' is

used to describe materials that have been impregnated with, and indurated by,
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iron oxides, and includ.e ferricretes of various t¡pes, indurated ferruginous

sediments, mottles, concretions and pisoliths, which do not form continuous

crusts.

1.5 Classification of fenicretes

Various t¡pes of ferricretes have been recognised during the course of this

study and these include 'ferricreted bedrock', 'ferricreted sediments' (both

distinguished by their parent materials), and 'complex and composite

ferricretes', which have a complex parentage.

i. Ferricreted bedrock comprises iron-indurated bedrock and can

be recognised as such by t,l-e preservation of distinctive

metamorphic structures and minerals in the bedrock of the

Mount Lofty Range Province specifically, and elsewhere by the

preservation of structures in bedrock whether it be metamorphic,

sedimentary or igneous in character. The fabric of the ferricrete is

the same as that of the original bedrock material, which is

commonly more consolidated than sediments.

ii. Ferricreted sedimcnús consist of iron oxide-impregnated and

indurated sediments (clastic quartzose and organic sediments).

Ferricreted sediments bear unconformable relationships to the

underlying bedrock materials. The ferricreted sediments have

been subdivided into:

a. Ferricreted clastic sediments, such as sands and gravels,

display the fabrics of the original sedimentary structures

and can includ.e blocks of reworked ferricrete (Defiilù
ferricretel.

b. Ferricreted organic sediments. which consist of

organic sediments impregnated by chemically

precipitated iron oxides (bog iron ores). Such vesicular to

massive ferricretes contain numerous small cavities that
are usually filled $rith clays, but where these have been

washed out thersmall vesicles or voids are very

prominent.

c. Ferricreted shales. In this case iron- rich sediments

containing siderite, glauconite and pyrite have been
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weathered in sítu, grving rise to very distinctive ferricretes

with large voidal concretions

'Cornplex ønd composite femicretes' have a complex origin and

cannot be assigned to a single parent material. They include

the following ty¡les:-

a. Pisolitic ferricrete consists of individual pisoliths, many of

which display multiple and complex rinds, cemented

together to form a coherent rock-like mass .

b. Nodular ferricrete, which is similar to pisolitic ferricrete,

except that the individual clasts are larger than pisoliths

and rinds are generally thin or absent .

c. Slabby ferricrete that consists of horizontally disposed

plate-like masses of ferricrete up to several cm thick and

separated by clays.

d. Vermiform ferricrete, which contains sinuous worm-

like channels, often in-filled with light coloured clays that

contrast strongly with the surrounding iron-rich material,

and give a very distinctive character to the ferricrete.

Further detail on the classification of fericretes is presented. in Chapter 5.

1.6 Methods

Investigations for this thesis involved roughly equal amounts of field and

laboratory work.

L6.1 tr'ieldinvestigations
Where field sarnFles were collected, assessments were made of the site geology,

including the nature of the parent materials in which the fern¡ginous and

bleached materials occur, as well as their profile distributions, including soils,

and spatial arrangements. Detailed observations were made in road cuttings,

quanries and. other artificial exposures, wherever possible, and sub-surface

samples were obtained from augering and drilling of water bores. In natural

landscapes relationships u¡ere difñcult to detemine and observations were

often restricted to superficial surface outcrops and float materials. At
particular sites, relationships to fossiliferous sediments such as Tertiary

limestones were determined. Positions in the landscape, in both relative and
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absolute senses ürere also noted. Attempts were made to sample materials to

cover the range of variation at exposures, so that sub-sampling could be carried

out in the laboratory if required. After preliminary laboratory analyses some

sites were revisited for more detailed sampling. Photographs were taken of

sampling sites in the field in order to relate the sâmple to its field location.

Sites investigated have been located by six figure map references on 1:50 000

map sheets for southern South Australia. Where soil profiles were examined

in association with ferricretes or other fernrginous materials, they $¡ere

classified according to the scheme of Northcotn et aI. (1975).

16.2 Laboratory analf¡ses

Slabs of coherent ferricretes were cut using a diamond saw and the

characteristics and relationships of their constituents were noted after

examination using a hand lens and./or a binocular microscope to provide initial
micromorphological data. All samples were air dried and sub's¿mples

suffi.ciently large to cover the range of within-sample variation u¡ere ground

either in a Siebtechnic ring and puck mill, for well indurated samples, or with
an agate mortar and pestle, for less indurated samples.

1.6.2.1 X-ray diffrøction

The ground powders were pressed on filter paper into aluminium holders to

produce randomly oriented powder samples for X-ray diffraction. When only

small amounts of sample were available for analysis, acetone slurries of the

samples were smeared thinly on the surface of either glass or aluminium
plates. 'Whenever comparisons between samples were made, they were

prepared in a uniform fashion. All senrples were analysed in a Philips PW/710

diffractometer using cobalt radiation, automatic divergence slits and a
graphite monachromator. For the majority of samples analysed, the scan

speeds were 1o20 per minute through an angular range of 2o%Jto 75o2o. For

more detailed investigations much slower rates of O.25o2e per minute were

used. Mineral identification was carried. out using powder diffraction data

given in Brindley & Brown (1980) or in the JDPCS Powder Difhaction File cards

and books.

For analysis of the clay mineralogy of selected samples, the <2 tnicron clay

fraction was separated following dispersion of 20 gm of the sample in a 10 ml
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concentrated sodium hexametaphosphate - sodium hydroxide solution by

shaking for 10 minutes. The dispersed. sample was placed in a 400 ml

measuring cylinder and paddled until suspended. After 16 hours settling at

20o C, 20 ml of suspended sample was drawn offfrom a point 20 cm below the

water surface, to collect t}lLe <2 micron clay fraction. The sample was then

concentrated by centifruging, and subsequently sucked under vacuum onto

porous ceratttic plates, resulting in the accumulation of a thin oriented clay

coating. The clay coatings were washed repeatedly with distilled water,
saturated $'ith MgCl2, washed repeatedly to remove excess chloride, saturated

with glycerol and allowed to air dry. These samples were run in the

diffractometer through the range from 20 20 to 20o2ø and the clay mineralogy

determined. using diffraction data (Brindley & Brown, 1980). Cation exchange

capacities were also calculated on <2 micron clay fractions sedimented onto

ceramic plates and saturated with BaCI2. C.E.C's were determined to assist

the semi-quantitative calculation of clay mineral abundance (Norrish &

Pickering, 1983). Powder X-ray photographs were taken of the residual

samples to assess total mineral contents.

Estimations of the relative contents of iron (goethite, hematite and maghemite)

and aluminium (gibbsite) oxides and hydroxides in bulk samples of ferricretes

were derived from peak intensities of selected characteristic lines on X-ray

diffractometer traces. fire following lines $rere chosen to minimise

interference effects from overlapping lines:- goethite (110), hematite (110),

maghemite (220) and gibbsite (002). The very weak goethite (101) line, which

coincides $'ith the hematite (110) line was ignored. However, the main

maghemite peak coincides u'ith the hematite (110) line, and where there were

high contents of maghernite, the relative proportions of maghemite and

hematite $rere derived by comparison of hematite (012) line (relative intensity

30) with the maghemite (220) line (relative intensity 30). The author is aware

that this method of assessing rnins¡al abundance is ssrni-quantitative at best.

However, tests urere carried out on various rnixtures of synthetic minerals,

which suggest that the data have a reasonable degree of acceptability.

Moreover, Coventry et a.l. (1983) demonstrated, by comparison urith standards,

that peak heights, especially where crystallinity varies little, are reliable

indicators of 'nineral abundance when dealing urith naturally occurring iron

oxides. In samples examined for this thesis, usually the relative iron oxide
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contents were quite marked so that the dominant iron oxide could be

determined easily. In some cases, the peak areas $¡ere compared to determine

relative abundances, but invariably for the samples analysed, these

corresponded reasonably closely to the peak heights. The degree of aluminium

substitution in the goethite structure was calculated using the methods of

Norrish & Taylor (1961) and"/or Schulze (1984).

1.6.2.2 X-røyfluorescenne

Approximately t.5 g of the ground samples u¡ere placed in ceramic crucibles of

known weight, weighed and ignited in a furnace at 1000o C for 60 minutes,

after which ignition losses u¡ere calculated following cooling in a desiccator

and reweighing. 0.28 g of the ignited samples v/ere mixed with 1.5 g of a

lithium tetraborate-lanthanum oxide flux, heated in platinum crucibles and

fused into glass buttons following the method of Norish & Hutton (1969).

These Ì\¡ere placed in a Philips PW 1400 X-ray Spectrometer and analysed for

eleven major elements, using algorithms developed by Dr. K. Norrish for

correcting for X-ray absorption and interference. In order to make

comparisons between samples on the basis of chemical data, the major

elements Fe, Si and Al $¡ere calculated as oxides and normalised to L0O7o to

allow them to be plotted on triangular composition diagrams.

1.6.2.3 Micro-tnorphology

Sub-samples of poorly consolidated materials were impregnated with polyester

resin using the techniques of Cent & Brewer (1971). Thin sections were

subsequently prepared from these materials and from consolidated samples,

using standard techniques. In some cases, polished thin sections $¡ere

prepared of the same samples for electron-probe tnicroanalysis (Long, Lg77).

Descriptions of thin sections u¡ere made using a general terminology rather

than the scheme proposed by Brewer (1964).

1.7 A€ie indicators
The ages of ferricretes and other ferruginous and weathered materials

examined in this thesis are best derived from noting their relationships to each

other and to rocks and sediments of known ages. Generally the different

phases of iron and aluminium oxides reflect the environments in which they

formed, rather than the ages of the ferricrete or ferruginous material.
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However, there are some phases, which, in conjunction with other data, may

be useful as indicators of relative ages in the study areas. These are discussed

at various locations through the thesis.

For example, many of the oldest and most complex ferricretes display higher

total iron contents than do similar younger ferricretes and older ferricreted

sediments invariably contain higher hematite contents than do equivalent

younger ferricretes; hematitic mottles appear to have been largely inherited
from previous environments in the zone of water table fluctuation and are

currently transfoming to goethite under the current weathering conditions;

although maghemite can form via a number of mechanisms, strongly

maghemitic pisoliths almost certainly formed at or near the surface, under the

effects of burning by bushfires, and where they are currently at depth it is
implied that they have been transported and buried; and pisoliths with multiple

complex rinds and mixed core materials imply a long history of evolution and

transport in the landscape.
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CIlt"AlPltER, 2z IREGIONAIL GIDOILOGY, GIEONIOIRIPIHIOILOGV "AIVD

C]L]IMI^A1T]D O]F SOIUT]HI]D]RN SOUT]HI .AII]S1T]R.A]LTA

2.1 Geolory and geomorpholory

z.Ll Introduction
A brief resume of the regional geology and geomorpholory of southern South

Australia is preòented here to provide a framework and background for a more

detailed examination of ferricrete development. Figure 2.1 is a map of the

surface geolory of the State prepared by the South Australian Department of

Mines and Enerry, and is presented here with permission of the Director-

General. A generalised geological time scale (Figure 2.2), showing absolute

ages is also included.

2.L2 Pr',ecambrian and Cambrian

The main geological provinces of southern South Australia are shown in
Figure 2.3. The oldest of these, the Gawler Craton, is an eastern extension of

the Westralian Shield, which consists of a complex series of Precambrian

crystalline intrusive and extrusive igneous rocks, together \4¡ith a sequence of
variably metamorphosed rocks. The rocks of the stable Gawler Craton are 2700

Ma to 1450 Ma old (Parker et a1.,1985), and include the Sleaford Complex, the

Hutchison Group, the Corunna Conglomerate and the Pandurra Forrnation.

Inliers of these ancient rocks underlie, and occur within and on the margins of
the Adelaide 'Geos¡mcline', as the Denison, Mt Painter and Willyama Blocks.

They also underlie the Cainozoic Eucla, Murray, Otway and Duntroon Basins.

The rocks of the Gawler Craton record several orogenic and metamorphic

events.

The Adelaide Geos¡mcline, now occupied by the site of the upland areas of

Kangaroo Island and the Mount Lofty and Flinders Ranges, including parts of

the Olary Upland, formed in Late Precambrian times (Preiss, 1987). Extensive

basaltic extrusions accompanied initial rifting and subsidence. A sedimentary

succession in excess of 24 kn in thickness, comprising largely shallow water,

marine and glacigenic sediments and derived from the higher areas of the

Gawler Craton, accumulated in the gradually subsiding'geos¡mcline'.

Sedimentation occurred from the Late Precambrian into the Cambrian and

included the Burra, Callana, Llmberatana, Wilpena (Late Precambrian) and
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the Nor:rranville and Kanmantoo (Cambrian) Groups. An unconformity

occurs at the base of the Cambrian sequences. The Burra Group includes the

Skillogalee Dolomite with well preserved stromatolites, an extensive record of

Late Precambrian glaciation (Sturt Tillite) occurs in the Umberatana Group,

and the Wilpena Group contains the Ediacara fauna, fossils of soft-bodied

organisms. The Cambrian Groups contain trilobites in shales and

Archaeocyathø in limestones, and the Kanmantoo Group includes sediments

deposited as deep sea fans.

During the Delamerian Orogeny (Thomson, 1969) of Late Cambrian and Early

Ordovician age (480 - 500 Ma ago), the sediments of the geosyncline were

subjected to compressive tectonic forces that resulted in folding, faulting,

intrusion of granitic rocks (e.9. Encounter Bay Granites) and variable

metamorphism. These forces culminated in the formation of a vast fold

mountain range, the Delamerides (Daily et a1.,1976), which probably extended

into the then juxtaposed Antarctic continent.

2.L3 Ordovician to Pelmian
For the next 250 Ma the geological record is sparse, and the area was

probably subjected to prolonged erosion, during which the Delamerides were

eroded to expose granites that had been emplaced at depths of 10 km (Milnes eú

a1.,t977). Ordovician fossils $/ere recently identified from strata in the

Warburton Basin in t,Le north of the state (Cooper, 1986), but Ordovician

deposits are r¡nknown in the south. No Devonian sediments have been

identified in southern South Australia, but the occurrence of reworked

Devonian micro-fossils on Yorke Peninsula (Harris & McGowran, 1971) and

beneath the Murray Basin (N.F. Alley - pers. comm.) suggests their forrner

presence here.

2.L4 Permian
The next major geological event was that of extensive glaciation during the

Permian, some 270 Ma ago. There is some controversy concerning the nature

of the glaciation (Bouman, 1987), but the major direction of ice movement

across southern South Australia was from the southeast towards the

northwest. Striations on granite at Port Elliot demonstrate that the granite was

exposed prior to or during the Permian ice advance (Milnes & Bounnan,L972).
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During the Permian, much of South Australia was affected by glacial

processes. However, the present distribution of Permian glacigene sediments

is restricted in the south to the Renmark Trough (underlying the Murray

Basin) and the Troubridge Basin, where many surface exposures occur, and to

sub-surface occurrences in the Cooper, Arckaringa and. Pedirka Basins in the

north of the State (Fíe.2.Ð. Sedimentation at this time occurred largely in

intracratonic basins under stable conditions. Late Pemian units in these

basins include marine shales and freshwater sediments with some coals,

reflecting deglacial and post-glacial conditions (Wopfner, 7972b). Permian

glacial palaeo-topography can be recognised in places, having been exhumed

following uplift and erosion. Glacigenic sediments of the Cape Jervis Beds

(Ludbrook, 1967), include lodgement tills, flow tills, ice-contact, fluvio-glacial,

glacio-lacustrine and glacio-marine deposits (Alley & Bourman, 1984). The

Permian glacigene sediments are non-lithified, which suggests that they have

never been deeply buried.

2.L5 Mesozoic

During the Triassic and Jurassic the entire land mass of the State stood above

sea level so that only fluviatile and lacustrine sediments were deposited. In the

north, Wopfner (19?2b) suggested that a deeply weathered and kaolinised

regolith developed on a senile landscape throughout this time. During the

Jurassic, large scale downwarping led to the forrration of the major

sedimentary basins of South Australia and culminated in the Cretaceous with

marine incursions. Coal measures lvere deposited in several small

intreme¡tane basins (Telford, Springfield and Boolcunda Basins) during the

Late Triassic to Middle Jurassic in the Flinders Ranges. These freshwater

fluviolacustrine conditions also favoured the development of sideritic and

pyrite-rich horizons within the sediments.

Fluviatile Late Jurassic kaolinitic sandstones and conglomerates

(Algebuckina Sandstone) were deposited on weathered Pemian sediments and

Precambrian bedrock on the western margin of the Eromanga Basin. Fluvial

sediments of Mesozoic age are not known from the south of the state, but

basalts of Jurassic age (Daily et ø1.,7974) on Kangaroo Island and in the Polda

Trough (Milnes et a1.,1982) were possibly extruded in response to stresses

related to tJle separation of Australia from Antarctica about 165 Ma ago
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(Ludbrook, 1980). 'Wopfrrer (1970) suggested that diastrophism in the Permo-

Devonian may have been the first indication of the impending separation,

which culminated in the Late Jurassic and Cretaceous.

Major Jurassic sedimentation occurred in the Great Artesian Basin in
the north of the State, but in the south, Jurassic sediments lvere restricted to

lignitic clays in the Polda Basin (Harris, 1964). Cretaceous strata occur

extensively in the Great Artesian Basin and underlie parts of the Murray and

Eucla Basins and the Gambier Embayment in the southern section of the State.

2.L6 Tertiarry

Most of the southern part of the State remained above sea level throughout the

Mesozoic, when the landsurface was subjected to prolonged weathering and

erosion (Milnes et ø1.,1985). Throughout the Tertiary, reactivated faults

resulted in the further uplift of the denuded Delamerides to form the Mount

Lofty - Flinders Ranges. Upland areas of the Eyre Feninsula were also uplifted

at this time. Compensating subsidence produced the adjacent Murray, St

Vincent, Pirie-Torrens and Uley-Wanilla-Cummins Basins and accentuated

the Eucla Basin. Initially freshwater sediments were deposited in basins

within and marginal to the ranges overlying weathered basement rocks. Later

marine sedimentation occurred in the marginal basins.

The Murray Basin is a broad, shallow basin occupied by Tertiary marine

sediments and separated from the Gambier Embayment of the Otway Basin by

the Padthaway Ridge. There $¡ere several marine incursions into the Murray
Basin in the Tertiary, reaching a maximum in the Middle Miocene, after
which there was a major regression due to tectonic uplift and eustatic sea level

changes as ice accumulated in Antarctica. Sediments related to the maximum

transgression occur within intramontane basins of the Mount Loft,y Ranges

such as the Upper Hindrnarsh Valley and the Myponga Basin (see Fig. 3.2),

and provide evidence of the timing of the tectonic uplift of the ranges (Lindsay,

1986). Parts of the plateau surface of the ranges, particularly on Kangaroo

Island, u¡ere submerged at the maximum extent of the Miocene seas. A
limited marine transgression in the Pliocene resulted in the deposition of
marine sediments along the valley of the River Murray.
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The succession of Tertiary sediments in the St Vincent Basin is broadly similar

to that in the Murray Basin. Terrestrial freshwater sediments (North Maslin

Sands) initiated deposition in the Middle Eocene, and these $rere followed by the

marginal marine South Maslin Sands and later marine sediments including

the Port Willunga Formation of Late Eocene to Oligocene age. As in the

Murray Basin, the marine transgression during the Pliocene was not

extensive. The Late Pliocene Hallett Cove Sandstone occurs at levels up to 30 m

asl (above sea level) in the St Vincent Basin. Exposures of limestone east of

Hallett Cove and up to 100 m asl have been regarded by some workers as

equivalent to the Hallett Cove Sandstone (Twidale et a1.,1967), but they may be

considerably older. Sediments equivalent to the Hallett Cove Sandstone include

the Dry Creek Sands. On Kangaroo Island, Milnes et al. (1983) recorded an

Early Pliocene marginal marine transgression succeeded by a widespread

advance of the seas in the Late Pliocene.

The Tertiary was thus a period of aonsiderable geological change as differential

and episodic tectonism led to the broad scale development of uplands and

plains. Weathered landsurfaces were uplifted, thus initiating dissection and

the stripping of previously deposited sediments by stre¡rns, which cut gorges

and deposited widespread channel and lacustrine sediments throughout the

Mount Lofty Ranges and large areas of Eyre Peninsula (Binks & Hooper, 1983).

These sediments and events, together with deposits of several marine

transgressions, provide opportunities for dating landsurfaces and fen:icretes.

2.1.6.1 Faulting in th,e Mount Lofty Rønges

There has been considerable debate about the nature and timing of the faulting

that is responsible for the basic character of the present Mount Lofty Ranges.

Twidale & Bourne (1975a), for example, considered that there is no direct

evidence of t,he time when faulting was initiated in the Mount Lofty Ranges.

However, parts of the ranges have been temestrial environments since the

Permian glaciation (Milnes et a1.,1985) so that the ranges have been relatively

high points for a long time. Furthemore, Glaessner (1953b) provided evidence

that lignitic and other Eocene sediments appeared to have had their deposition

controlled by pre-existing fault scarps. There is also evidence demonstrating

the existence of a pre-Oligocene fault-controlled valley (the Bremer Valley)

within the eastern section of the Mount Lofty Ranges (Fig. a.29). It provided an
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avenue for various marine incursions during the Tertiary, so that faulting

almost certainly occurred in pre-Oligocene times.

It appears that different faults (see Fig. 4.29) have displayed different degrees of

fault activity. For example, the Bremer Fault has probably not been active

throughout the Tertiary, and there is minimal displacement of Pleistocene

sediments across the site of the Clarendon-Ochre Cove Fault at Ochre Cove

(rward, 1966). Near Hackam the same fault has displaced probable Early

Pliocene deposits only a small amount (Stuart, 1969). On the other hand there

is clear evidence of dislocated Middle Pleistocene sediments on the Willunga

Fault at Sellicks Beach (Campana & Wilson, 1955; May & Bourman,1984), and

on the Milendella Fault (Ptate 2.1) on the eastern margin of the Mount Lofty

Ranges (Mills, 1965).

Milts (1965) believed that displacement on the Milendella fault since 'pre-

Tertiary peneplanation'is of the order of 335-366 m, of which he attributed 250

m to Early Tertiary to Miocene faulting and 60-90 m to Miocene to Pleistocene

faulting. Twidale & Bourne (1975a) preferred to explain the occurrence of

Tertiary limestone on the eastern margin of the Mount Lofty Ranges, at

elevations up to 160 m asl as the result of eustatically controlled high Tertiary

sea levels. However, the identification of the distinctive Lower Miocene marine

foraminife4 Lepidncyclinø (Lindsay, 1986) in limestone collected by the author

from the Bremer Valley, within the Mount Lofty Ranges, at an elevation of

approximately 170 m asl has facilitated the more precise dating of geologic and

geomorphic episodes in the Eastern Mount Lofty Ranges. Taking into account

the environmental restrictions of Lepidocyclinø, Lindsay (1986) concluded that

there has been minimum uplift of the ranges relative to the Murray Basin

(Lindsay & Giles, 1973) of at least 100 m, since the Middle Tertiary, and possibly

much more. More recently, Bouman & Lindsay (1989) reported the occurrence

of diagnostic foraminifera in samples of limestone dragged up in the fault zone

of the Milendella Fault, illustrating that the limestone is from the lower part of

the Early Miocene Mannum Fomation (about 20 Ma). This detemination

adds credence to the view of Mills (1965) that the position of the limestone on the

esca{pment is due to tpctonic uplift, of 60 - 90 m since the Miocene. rWithout

denying the evidence for eustatic influences in the Tertiary (e.g. Vail &

Hardenbol; 1979) it is clear that post Middle Miocene faulting is far more
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significant in the evolution of the East Mount Lofty Ranges than suggested by

Twidale & Bourne (1975).

The interpretation adopted here is that the Eastern Mount Lofty Ranges were in

existence prior to the Tertiary, that there was marked reactivation of uplift in

the late Early Miocene, with a cumulative amount of uplift since that time in
excess of 100 m. The remainder of the uplift must have occurred prior to that

time. This interpretation thus largely accords with that of Mills (1965) except

that it envisages a greater period of time over which the post-Early Miocene

uplift occurred.

Most investigators have followed the work of Sprigg (L945;1946) who considered

that the Tertiary faults \ ¡ere mainly normal faults occurring along the sites of

ancient Palaeozoic thrust faults. Ilowever, where there are clear exposures,

some of the faults are an expression of compressive forces, such as on the

Milendella Fault (Plate 2.1) (Mills, 1965) and on the ehrendon-Ochre Cove

Fault (Inset in Fig. 4.29), where it was intersected by tunnelling operations

(Gibson, 1963). Furthermore, Glaessner (1953b) presented evidence of flexuring

of the Precambrian basement and. adjustments in the overlying Tertiary

sediments at Sellicks Beach, rather tJran clear cut faulting, and. he attributed

the development of the Mount Lofty Ranges to compressive forces, a view

favoured by the author.

z.Ll Quater¡¡ary
During the Pleistocene, extensions and retreats of glaciers, mainly in the

Northern Hemisphere, were accompanied by glacio-eustatic sea level

fluctuations. The earliest Pleistocene marine sediments in the south of the

State are the Burnham Limestone and the Point Ellen Fonnation (Ludbrook,

1983). During the majority of the Pleistocene Period, shorelines stood below

modern sea level. I{owever, excursions of up to 6 m above the present shoreline

occurred during Late Pleistocene interglacials. The marine Glanville

Formation and equivalents are widespread around the coastline of South

Australia and indicate the level of the sea during the Last Interglacial some

120 ka ago. During the Pleistocene, calcareous sand dunes $¡ere swept inland

from the coastline. These dunes were later consolidated to form extensive

calcarenites with associated calcretes and palaeosols broadly temed the
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Bridgewater Formation. On Eyre Peninsula there is a complex mix of aeolian

deposits of diverse ages (Milnes & Ludbrook, 1986), but in the southeast of the

state tectonic uplift of the coastal plain has led to the separation of more distinct

beach/dune barrier systems (Cook et ø1.,1976). Subsequent coastal erosion of

the consolidated dune complexes has formed spectacular cliffed shorelines on

Eyre and Yorke Peninsulas.

Inland large areas of the State were covered by desert sand dunes during this

time, when clay pans and salinas also fonned. Climatic change, tectonic

activity and glacio-eustatic sea level fl,uctuations resulted in the development of

cut-and-fill alluvial sequences along drainage lines and the widespread

deposition of terrestrial sediments. Episodic volcanism in the Late Pleistocene

and Holocene resulted in the formation of volcanic cones and ash deposits near

Mount Gambier in the southeast of the State (Sheard, 1983).

Most recently, the impacts of European settlement on the region have caused

changes related to mass movements and fluvial, aeolian and coastal erosion

and deposition (Bourman & Harvey, 1986).

2.2 Climg;te

Often'laterite' formation has been associated with distinctive seasonally

humid tropical climatic regimes and used as a palaeoclimatic indicator. A
brief sunmary of the present climate of South Australia is presented here to

provide a background, against which local ferricrete formation and can be

assessed. A detailed account of the South Australian climate is presented in
Gentilli (L972).

The southern part of South Australia has a 'Meditenanean' type of climate

urith wam.-to-hot, dry summers and cool-to-mild, wet winters (May to August).

The majority of rainfall is associated with the eastward passage of unstable,

moist airstreams. Occasional thunderstorms in summer also occur. The

northern part of the State is affected by semi-arid to arid climatic conditions.

Most rainfall here results from summer incursions of moist tropical air, the

remnants of tropical cyclones.
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The mean annual rainfall of South Australia (Figure 2.5a) shows that the

highest rainfall occurs in the far south of the State, $'ith a northward. extension

of higher rainfall corresponding to the central uplands of the Mount Lofty and

Flinders Ranges, which also act as rain-shadows for localities to their east.

Figures 2.5b and 2.5c illustrate the mean annual temperatures for summer

(January) and winter (JuIy). Summer temperatures are lowest near the

coastline and in the higher altitudes of the ranges. Frosts can occur in many

areas of the state in winter, but snowfalls are very rare and are confined

mainly to the central uplands.

2.3 Palaeocli¡nates

Evidence for climatic change in southern South Australia is considerable but of

variable reliability. Fiman (1981) reported pre-Perrrian relrlrlants of

weathering but the vast majority occupy time since the Fermian.

During t};Le Permiøz South Australia was affected by climatic conditions that
favoured the development and maintenance of extensive glaciation. Following

this, Late Pemian coal beds in the Cooper Basin have been equated with a
temperate to subtropical and moist climate (Daily et ø1.,L974). Ttris climatic

phase was succeeded by aridity during t}l.e Earþ Tliassic (Wopfüer,1972).

During t}ne Mesozoic t}ne Mount Lofty Range Province stood above sea level and

was subjected to prolonged weathering and erosion. Løte Triassic to Midd,le

Jurassic freshwater fluvio-lacustrine sediments containing numerous coal

seams were deposited in the Telford, Springfield and Boolcunda Basins of the

Flinders Ranges (Parkin, 1953; Playford & Dettmann, 1965; Townsend, 1979).

Palynological evidence indicates that some of the coal searns fomed in swamps

covered by vegetation of low diversity and that climate may have been warrn

temperate !\dth a variable rainfall regime (Hos, L977;1978). Løte Jurøssic

lignitic sediments have also been described from the Polda Basin of Eyre

Peninsula (Harris, t964).

Various lines of evidence including deep sea cores, palaeobotany and

foraminifera have been tendered to demonstrate climatic change throughout

the Tertiary (Galloway & Kemp, 1981; McGowrar, B. (1977,L979a,1979b; Kemp,
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1981; Alley, L977; Truswell & Harris, 1982; Lindsay, 1976), although there are

many uncertainties and inconsistencies. The following is a general summary

of Tertiary climates.

Climates in southern South Australia during t}ne Earþ ønd Middle Eocene,

derived from pollen spectra, appear to have been warm and temperate with a
very high rainfall (Alley, 1977). Using marine planktonic faunas, Lindsay

(1976) suggested that South Australia experienced wam, if not tropical,

climatic phases during t}ne Middle and Late Eocenc, Løte Oligocene to early

Middle Miocene and the Middle Miocene.

During t}ne Earþ Miocene the seas \Ã¡ere warm relative to the present time and

the preceding cool Oligocene (Galloway & Kemp, 1981) and generally climates

were warm and wet (Alley, L977) until t}ne Middle Miocene when temperatures

dropped. Temperate rainforest commrrnities dominated the vegetation of

coastal South Aus'ünailia at this time, but grasslands also developed in the Early

Miocene suggesting seasonality in the rainfall. In the Løte Miocene

temperatures rose to drop dramatically in t}ne løtest Míocene.

T}ne Early Pliocenp (5.9 to 4.3 Ma) was marked by waming, with wet

conditions and persistent rainfall, followed by marked cooling and subsequent

fluctuations throughout the Late Pliocene and Pleistocene. Lindsay (1976)

considered that t}ne Eørþ andLate Pliocene \ñ¡ere characterised by relatively
vrarm and transgressive conditions. During the Quøternary there u¡ere

numerous climatic fluctuations accompanying glaciation and deglaciation

elsewhere in the world. Climate in the Early and Middle Pleistocene appears to
have been dominantly dry (Galloway & Kemp, 1981), \Mith some relatively moist
periods during interglacials.

If one follows the view of Dury (1971) that humid tropical climates are

necessary for the development of 'deep lateritic weathering' there are many

times during the Mesozoic and Tertiary when 'lateritisation' may have

occurred in southern South Australia. In particular, for middle latitude
locations, he favoured the view of 'lateritisation' during the Eocene and Middle
Miocene. However, some other workers (e.g. Paton and Williams, 1g?1) do not
follow the view that lateritisation'is intimately related to tropical climates, but
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may occur under various climatic regimes given suitable bedrock and drainage

conditions. Furthermore, there are almost intractable problems in equating

specific weathering profiles ïvrth precise climatic periods. After reviewing

palaeoclimatic evidence, Twidale (1983) concluded that climatic conditions

suitable for duricrusting occumed for at least 60 Ma and possibly for 200 Ma.

Palaeomagnetic dating of weathered landsurfaces covers periods of millions of

years and the er:ror range of the dating may be so gteat that it may be more

realistic to think in terms of continually operating weathering processes,

which may occur more rapidly under certain climatic regimes.
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CIHI^NFTEIR S: ILIIUDIRAIIT.IIRJD IRIDMIIEW

3.1 Review of T,aterite' studies in soutJrem SouthAr¡shralia in relation

to tlre intenrational Laterite' literature

3.1.1 brtroductiont

Since the first description of 'laterite' by Buchanan (1807), who regarded it as a

geological stratum, many concepts of 'laterite' genesis have been postulated.

These include volcanic and marine modes of origin, both of which have been

readily dismissed as universal mechanisms of 'laterite' genesis. Other models

proposed have involved lacustrine origins (Fermor, 1911), and biologlcal

(temrite) influences. 'Lake laterites' or chemical deposits of 'bog iron ore' have

been described from various areas of the world, including Australia (Christian

& Stewart,L946; Prescott & Pendleton,l9í2: White, 1954). Generally ter:nites

have been assigned only minor roles in 'laterite' formation, perhaps assisting

oxidation of iron oxides (McFarlane, 1976), but some workers such as Machado

(1983a, 1983b) are adamant that the Buchanan'laterite' and associated

pisoliths owe their origins to termite activity.

Two basic theories of 'laterite' genesis involving 'laterite' as a precipitate or as

a residuum became established. The formation of 'laterite as a precipitate

(Maclaren, 1906; Simpson, t9L2; Walther, 1915; Campbell,L9LT; Woolnough,

L927), involved 'laterite' constituents being introduced in solution, replacing

tninerals weathered out from the original rock. 'Laterite' fomation as a

residuum involved the differential mechanical accumulation of hydrated iron

and aluminium oxides consequent upon the removal of silica and bases in

solution (Holland, 1903). However, many contradictory statements about the

genesis of 'Iaterite' have prevailed throughout the T\n¡entieth Century.

3.1.2 General Review of SouthAr¡sbnlian Lit€ratu¡e

Numerous papers and theses report evidence relevant to understanding the

characteristics, ages and origins of ferruginous crusts, fernrginous horizons,

mottled zones and 'deep'weathering that in the South Australian literature

have rather loosely been called 'laterite'. Different workers have commonly

had varying views on the nature of 'laterite' and many generalisations have

been drawn from isolated lines of evidence that relate to the timing of

weathering and the ages of landsurfaces on which the 'laterites' rest. At times
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unwarranted and extensive extrapolations have been made on the assumption

that fermginous crusts and weathering profiles provide reliable morpho-

stratigraphic markers. Other arguments have been tendered. that relate

'laterite' formation ruith humid-tropical climates (e.g. McGowran, 1979a).

An attempt has been made to place weathering zones and fermginous crusts

within a stratigraphic framework (e.g. Fiman, 1981), but to date there has

been no systematic attempt to categorise them utilising chemical and

mineralogical data that may provide bases for more reliable identification and

correlation.

Three main groups of workers have been involved in 'laterite' studies in South

Australia, pedologists, geomorphologists and geologists. The early work on

'laterite' in southern South Australia was carried out by geologists, who

regarded 'laterite' as a rock and equated it $'ith 'Desert Sandstone' (silcrete) or

a series of terrestrial deposits referred to as 'Upland Miocenes'. Following

overseas work, which associated 'lateritic crusts' with weathering profi.les

(Walther, 1889; Maclaren, 1906), this concept was extended to the Australian

continent by Simpson (1912) and rWalther (1915), who developed some of the

descriptive teminolory of 'laterite profiIes' such as Fleckenzonp' (mottled zone)

and.'Bleichzone' (pallid zone). At this time the surface indurations of 'laterite'

\¡r¡ere regarded as eflloresences of iron and aluminium oxides precipitated from

evaporated soil solutions brought to the surface by capillarity processes from

the underlying water table. A tropical climate with pronounced wet and dry

..seasons, such as that of Darwin, was considered ideal for the formation of
'laterite' by this mechanism (rWalther, 1915). This allegedly resulted in the

reversal of soil A and B-horizons, with the surface 'laterite' being the illuvial B-

horizon and the underlying iron-d.epleted clay being the eluvial A-horizon.

Thus, this model required the cogenetic formation of the complete 'laterite

profi le'. Woolnough (L927 ), who thought that'laterite' formation required

impeded drainage on 'peneplained' surfaces under seasonally dry humid

tropical climatic conditions, apparently followed this view.

I{owever, Prescott (1931) questioned the efficacy of capillary uplift from

positions deep below the surface and pointed out that the distribution of salt,

calcium carbonate and g'¡rysum in soils highlightÆd the dominance of
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downward leaching in soil development, except in waterlogged environments.

Thus the view was prefemed that podzolisation was the 'norrral process of soil

formation' in the tropics, and that the 'laterite' horizon represented the illuvial
B-horizon of fossil podzols, many orders of magnitude greater than modern

soils. Furthermore he considered that the occutrence of 'laterites' in arid

areas pointed to their fossil character, rather than to capillary uplift induced by

intense evaporation. The iron and aluminium oxides were implied to have

derived from the overlying bleached A-horizons, which, in some instances may

have provided an insufficient source, as was found in Africa by Du Bois &

Jeffrey (1955), who found it necessary to postulate additional inputs of iron from

aeolian dust. Ilowever, it was not realised that the column of saprolite

consumed to yield the resid.uum could not be adequately assessed without

identifying and utilising an appropriate resistant index (McFarlane, 1976).

Whitehouse (1940) accepted that the fermginous zone was originally an illuvial

B-horizon of a fossil podzol but considered that on a planation surface there

would also be accessions of iron oxides from below, both by upward water table

movements and from capillary rise of iron oxides in solution.

Subsequently, in South Australia the majority of work on 'laterite' \,vas

undertaken by pedologists. For s¡ampl€¡ Stephens (1946) stressed the dynamic

nature of 'lateritic' materials when he associated the dissection of an original

and fossil podzolic 'laterite profile' \'ith pedogenic processes operating both on

the eroded profile and the detritus transported from the profiles. This

approach was followed by contemporary pedologists such as Northcote (1946),

Northcote & T\rcker (1948) and Rix & Hutton (1953). Nevertheless, the podzolic

origin of 'laterite' was not universally accepted by all workers. For example,

Hallsworth & Costin (1953) considered that the upper podzolised layers

characterising topsoils of southern Australian 'laterites', rather than being

parts of original 'laterite profiles', were the result of 'strongly podzolising'

climates after'lateritisation'. However, Prescott & Pendleton (1952)

maintained that on the sand plains of Western Australia, relic podzolic soils

$'ith ironstone gravels \ ¡ere acid despite the current low rainfall. They

reaffi.rmed their view that 'laterite' was essentially the exposed illuvial horizon

of an ancient soil.
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Bauer (1959) disagreed with Prescott & Pendleton (1952) and considered that

'laterites' may form wherever the soil is subjected to wetting and drying,

facilitating the migration of ferrous iron towards the surface during

waterlogging and conversion to the more stable ferric iron upon desiccation.

He believed that this could occur within a few centuries and that'lateritic

materials' might be currently forming in southern Australia.

Nevertheless, the majority of workers in southern South Australia have

followed the view of 'laterite' as a fossil pedogenetic feature, part of the 'normal

laterite profile' as espoused by Stephens (1946). Views such as those of Holland

(1903) and King (L962) have largely been ignored. The fonner believed that

'laterites' formed via the differential mechanical accumulation of hydrated

iron and aluminium oxides after the removal of silica and bases in solution

and the latter considered that 'laterites' in Australia displayed the 'ultimate

state of pedalfer development', that they are residual in origin and that all but

the most insoluble constituents have been removed.. Furthennore, theories that

involve the accumulation of 'laterite' as a mechanical residuum during

landscape reduction (Trendall,1-962; de Swardt, 1964 and McFarlane, 1971;

L976) have not been considered at all.

Geologists such as Sprigg (1946) accepted Prescott's view of 'laterite'

development as the result of podzolic pedogenic processes, as did many

geomorphologists (e.g. Brock, 1964). I{owever, the majority of geologists and

geomorphologists lacked the pedological expertise to interpret different

'lateritic' materials, and distinctively different materials were ofTen regarded

as equivalents (Horwitz,L96}; Crawford, 1959) leading to the allocation of

spurious ages for the 'laterites'. Many geological studies obviously were

concerned with 'laterite' in only a very incidental fashion, and almost any iron-

rich horizon was regarded as 'laterite' (e.g. Glaessner, 1953a; Olliver, 1964),

and some seemed to consider it as a rock unit (Major & Vitols, 1973). On the

basis of much equivocal evidence, the tectonic behaviour of parts of the Mount

Lofty Ranges in relation to the ages of 'lateritisation (e.g. Horwitz, 1960) have

been implied by various workers.

Geomorphologists have been little concerned \Mith the genesis of 'laterite' in

South Australia. Their work has been largely involved with using'laterite' as
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a morphostratigraphic marker and palaeoclimatic indicator in dating

landforms and in developing denudation chronologies.

Throughout the South Australian literature, following the work of Stephens

(1946), runs the thread of the 'normal laterite profile', which has influenced

palaeo-climatic and palaeo-environmental reconstructions in a detrimental

fashion. Only rarely have studies departed from this restrictive model.

3.L3 Detailed Literahrre Review

In the following detailed review, studies have been subdivided under headings

of early geological studies, pedological investigations, later geological work,

stratigraphic investigations and geomorphological studies. Where more than

one line of investigation has been used the paper has been discussed under the

heading of the dominant approach taken. Localities referred to in this review

are shown on Figs 3.1 and 3.2.

3.L3.1 Early Geological Studies

The tem. 'laterite' has been in the scientific literature since the early 19th

century (Buchanan, 1807). David (1887) discussed the origin of 'laterite' in the

New England district of New South Wales in the late 19th century, but he did so

without reference to Buchanan's work, and the tem did not appear in the

South Australian literature until more than 100 years after its first usage

(Teale, 1918). Nevertheless, features regarded by later workers as 'latprite' had

been discussed by earlier workers under labels such as 'Desert Sandstone' and

'Upland Miocenes'.

For exarnple, Tate (1879) regarded 'evenly-bedded sandrock, mottled clayey

sand.s and ironstone conglomerates', occupying flat-topped points on the

Adelaide foothills and within the ranges up to 290 m asl, as 'Upland Miocenes'

and correlatives of terrestrial clays (now known to be of Pleistocene age) that
overlie fossiliferous limestone at Adelaide. Similar beds with'silicified tree

stems' were identified as 'gold drifts' in intrarnontane basins and valleys

within the Mount Lofty Ranges. The 'Upland Miocenes'were considered to be

terrestrial equivalents of the Tertiary limestones that border the Mount Lofty

Ranges. Tate attributed the discontinuous distribution of the 'Upland

Miocenes', separated by deep ravines, to extensive denudation after uplift of the
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ranges. More recent work has demonstrated that the sediments regarded by

Tate (18?9) as of Miocene age actually vary in age from the Pleistocene through

to the Eocene. Furthemore, the limestone exposed in the city of Adelaide is

now known to be of Late Pliocene age rather than Miocene as assumed by Tate.

The 'Desert Sandstone' of the northern part of South Australia, currently

known as silcrete, tvas interpreted by Tate (1879) as an extensive lacustrine

deposit, contemporary with the river gravels and sands of the 'Upland

Miocenes'in the Mount Lofty Ranges. Thus silcrete and 'laterite' were not

distinguished and they were both considered to be geological deposits or rocks.

'Whereas Tate (1879) grouped sediments within the ranges and on their flanks

as equivalent 'Upland Miocenes', Benson (1906) separated them into two

gtoups, with an older Miocene series capping hills, overlooking deeply incised

gorges in the ranges, and continuous vrith other gravels irl the Barossa Valley.

A second series, younger than the Miooene, \üas mapped flanking the western

escarpment, of the Mount Lofty Ranges. These were regarded as sediments

produced by streams flowing down the fault block and along the scarp foot. The

summit surface of tLe Mount Lofty Ranges was interpreted as an Early

Tertiary differentially uplifted and dissected 'peneplain, surmounted by

monadnocks' such as Mount Lofty, Mount Barker and Mount Gawler @enson,

1911).

Mawson (1907a) extended the 'peneplain' concept to Eyre Peninsula where he

described'peneplains'in the Port Lincoln area at about 100 m and 6 m above

sea level. He equated mottled clay beds underlying the lower surface with

freshwater Miocene beds near Adelaide. Consequently he correlated this stage

of 'peneplanation' \Ã¡ith the Miocene 'rnid.-level plane so strongly marked in the

hills near Adelaide.' Møwson (1907b) also described a large saucer-shaped

body of bog iron ore, with a maximum thickness of 10 m, forming a flattish-

topped hill about 200 m asl at rWadella Springs near Tumby Bay on Eloe

Peninsula. After observing contemporary precipitation of iron oxides and

gypsum from emerging spring waters, he concluded that the large bog iron ore

deposit had originated from spring waters, with iron sulphate having derived

from the oxidation of underlying pyrite bodies. Thus Mawson had observed and

explained the occurrence of a distinctive t¡le of ferricrete (vesicular ferricrete).
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Woolnough (1927), who had widespread experience of 'duricrust' in Australia

regarded the 'Upland Miocenes' of South Australia as 'veritable Duricrust

albeit of somewhat aberrant t¡pe'. He drew similarities between ferruginous

cappings in the Mount Lofty Ranges with examples in Western Australia, and

regarded some of the fermginous materials on highland areas near Adelaide

as "thoroughly t¡pical 'lateritic' crusts". He suggested that the distribution of

remnants of the terrestrial 'Upland Miocenes' agreed completely with the

physiographic conditions postulated for 'Duricrust' formation, and that the

ferruginous surface of much of the 'Mount Lofty Plateau' was underlain by

highly decomposed arenaceous rocks, similar to those related to 'Duricrust'.

'Laterite', 'tlpland Miocenes' and 'Desert Sandstone' $¡ere thus considered as

contemporary and equivalent 'duricrusts', resting on weathered rock

materials (Woolnough,Ig2T). He further postulated that they had formed in

the Miocene on a eontinental 'peneplain'with sluggish surface drainage

accentuated by marked seasonal rainfall. They were thus interpreted as the

result of prolonged chemical weathering during the late stages of the 'cycle of

erosion' (Davis, 1909; L92O). This essentially followed the view of 'laterite' as a

capillary efllorescence as espoused by Sirnpson (1912) and Walther (1915).

The view of ironstone' formation as lacustrine (e.g. Femor, 1911) or swamp

deposits on a'peneplain' surface close to sea level, with the water table close to

the ground surface $ras suggested by Segnit (1937). After investigations in the

Mount Lofty Ranges he noted the occurence of three t¡pes of ironstone'

cappings on high level ground and slopes. Ttre first two types were thought to

have formed vl^a in situ weathering on a swampy 'peneplain surface' near to

sea level, lvith angular quartz fragments having derived from the

disintegration of quartz veins. The third ty¡le was interpreted as iron-cemented

alluvial deposits. Segnit (1937) claimed that stream and swamp junctions were

marked by 'ironstone cappings' displaying a progressive lateral transition

from angular to well-rounded clasts.

3.L3.2 Pedological shrdies

Investigations of 'laterite' were taken up by pedologists when TeøIe (1918)

studied soils and. forestry in the South Mount Lofty Ranges. He made some



32

extremely perspicacious comments on the nature and formation of ferruginous

materials and his work represents the most comprehensive, detailed and

objective discussion of iron oxides among all of the early investigators, drawing

conclusions from his own careful observations. Teale (1918) interpreted the

surnrnit surface of the ranges as dislocated and eroded remnants of a former

extensive 'peneplain'. He used the term 'ironstone' to describe ferruginous

materials, which were noted to affect all materials except alluvium. They were

categorised into four main types:-

i. Sporadic occurrences of loose, concretionary gravels, occurring

independently of geolory, in deposits up to a metre thick ('pisolithic

laterite' of McFarlane, 1976). Rarely was it noted to have been

cemented into a hard dePosit.

ii. Limited patches of iron-cemented sands and gravels in generally

unconsolidated sediments.

iii. Ferruginised Cambrian and Precambrian slates and quartzites

occurring on ridges and slopes. These were noted to display the

effects of oxidation and impregnation by 'limonite' and manganese

oxides converting them into impure 'ironstones' with an 'open and

loose nature'.

iv. Restricted occurrences of 'lateritic ironstone', and aluminous

and argillaceous 'limonite', forming hard sheets at or near the

surface.

Teale (1918) concluded that the fomation of the different phases of ironstone'

were related as they depended upon fermginous rock or subsoil for a source of

iron; that they required similar conditions for dissolving iron, Iargely by

organic acids; and that a hot season was required to 'pump the iron salts' up to

the surface, to achieve the oxidation and precipitation of 'limonite'. He noted

that thick and extensive fermginous clay subsoils restricted downward

movement of solutions, preventing leaching and ensuring an abundant supply

of soil water for local iron solutions to be precipitated at the surface during dry

seasons.

The interpretation of 'Iaterite' as the B-horizon of a fossil podzolic soil was

pursued by Prescott (1931) in view of evidence of leaching in 'laterite profiles',

and this became the most pen'asive view on 'Iaterite' fomation in South
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Australia. Many soils associated with 'uplifted peneplains' in Australia were

noted to contain concretionary'ironstone gravels', attributed by Prescott (1934)

to former wetter periods when waterlogging of soils and shallow water tables

were more common than at present. Many of the gravels were noted to be

associated with 'ironstone duricrusts' or 'laterite cappings'. Samples of
gravels separated from soils in Western Australia and South Australia $¡ere

analysed to determine their chemical compositions. The analyses were

interpreted to demonstrate the concretionary character of the 'ironstone

gravels' as they presumably contained material from the soil in which they
vrere assumed to have developed. For the South Australian samples the Fe2O3

contents varied from 547o to 34.77o, MnO was very low, Al2O3 varied from 2.0Vo

to 9.2Vo and TiO2 from O.lVo to O.4Vo. The ignition losses on these samples were

low, averagrng 3.L7o. These results are compatible $¡ith analyses of

ferruginous pisoliths presented in this thesis, and. the low ignition losses

suggest that the dominant iron oxid.e minerals present $rere hematite and

maghemite.

The view of 'laterite' as the indurated, iron-rich B-horizon of a fossil, podzolic

soil profile v/as championed by Súeph.ens (1946), who summarised general

views on the form and age of 'laterite' in Australia. He noted many relic

formations of massive 'laterite' and unconsolidated 'lateritic gravels' on

dissected tablelands, some of which he thought had been associated $'ith

Tertiary lake formations. The possible age of the 'Iateritisation' was also

discussed. Whitehouse (1940) had considered that all 'laterites'in Australia

developed contemporaneously in a pluvial period of 'peneplanation' in the

Pliocene whereas Woolnough (L927) had suggested a Miocene age for the

'lateritisation'. However, Bryan (1939) using palaeontological work of Hills
(1934), favoured the Pliocene, and suggested two periods of 'laterite' formation

corresponding with two postulated precipitation maxima in the Pliocene.

A dynamic pedological model of soil formation, subsequent upon dissection of

the 'lateritic'regions in South Australia, \A¡as presented by Stephens (1946). He

argued that different parent materials were available for soil formation

depending upon the degree of dissection of the'original 'laterite profile', or the

nature of the derived sediments. Stephens regarded 'laterite' as a pedogenic

material and suggested that ferruginous concretionary gravels accumulated in
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the soil profile in the zone of oscillating seasonal water table as a result of

alternating reducing and oxidising conditions. He associated the water table

fluctuations with a low relief and a humid climate. Under these conditions the

concretionary gravels were assumed to form an indurated horizon by their

progressive union and enlargement. Later uplift and dissection of the

landscape was postulated to explain the 'Iaterite' mantling remnants of former

'peneplains'. Thus it is apparent that Stephens (1946) envisaged sources of iron

both from the overlying leached A-horizon and from iron-depleted and

weathered bedrock below, as did Whitehouse (1940). He noted that Marbut

(1932) and others used the term 'laterite' to describe highly ferruginous and

aluminous soils of similar chemical but different physical and pedogenic

characteristics to what he considered to be 'true laterite', although Thorp (1941)

was attributed with partly rectifring this rnisuse.

The 'normal laterite profile' (Fig. 1.1) was envisaged as essentially a podzol

with A, B and C horizons of eluviation, illuviation a¡rd weathering, with an

accessory'laterite horizon' usually above a clayey B-horizon. Occasionally

several 'lateritic horizons' were noted in one profile. Complete profiles u¡ere

considered to have a grey organic Al-horizon and a bleached, ash-like A2'

horizon virtually free of organic matter. Nodular, massive or pisolitic

'lateritic' gravel was noted to occur in the A or B horizons. The B-hoñzon

consisting of mottled Brey, brown and red kaolinitic clay was described as

passing down into a lighter coloured C-horizon reticulately mottled with red.

At depth white kaolinised rock retaining original parent bedrock structures

and fabrics u¡as recorded.

Stephens believed that the 'normal laterite profile' was restricted to southern

Australian occurrences: in Queensland 'laterite' was thought to occur as an

horizon in red-earth profiles (Bryan, 1939; Whitehouse, 1940), which also

contained silicified zones, suggesting that the required complete removal of

dissolved silica had not occuned. Soils developed on 'laterite profiles', variably

dissected, were described by Stephens and in some cases he perceived that

erosion of fi,ner soil particles caused the 'ironstone gravels' to sink as the soil

collapsed imperceptibly, producing, in extreme cases, a surface pebble

pavement of nodular and pisolitic 'laterite'. Remnants of 'lateritic' tablelands

with steep sides and sharp breakaway edges with superficial remnants of the



35

A-horizon \¡¡ere described from various locations in southern Australia. On

Eyre Peninsula atluvial gravels, now stranded 60 m above valley floors, \ilere

reported to be incorporated. into the matrix of the 'Iaterite'. However, he

believed that the exposure of C-horizon kaolinitic clay is rare in South

Australia.

The mod.el presented by Stephens has considerable merit in that it emphasises

the dynamic nature of landform change and pedogenesis. However, its

dependence on the widespread occurrence of a forrrer 'normal laterite profi.le'

related to fom.er regional water table fluctuations, is unrealistic and has led to

simplistic explanations of landscape development. Furthermore there are

various objections to the view that the original 'laterite'is the illuvial horizon of

a fossil podzolic soil.

Widespread 'lateritic' soils on the 'elevated peneplain' of Kangaroo Island, the

Mount Lofty Ranges, Yorke Peninsula and Eyre Peninsula vr¡ere reported by

Crocker (1946), who observed that they contained considerable percentages of

loose and indurated 'lateritic ironstone gravels'. Some of these gravels were

consid,ered to have formed in situ, but on dissected. marginal slopes secondary

origins for them were suggested. Crocker (1946) followed the view of Prescott

(1931) that 'laterite' is the fossil illuvial horizon of a tropical Pliocene podzolic

soil. Thus he reiterated tJren current thoughts about'laterite' and further

promulgated the association of 'laterite', 'peneplains', tropical climates and

the Pliocene (or Tertiary), thereby setting the stage for the generation of

circular arguments and conclusions based on little oþective evidence.

The pedogenic origin of 'laterite' was further propounded by Northcote (1946)

and,Northcote & Tunh,er (1948). These workers mapped and described a soil

unit, t}ne Eleanor Sønd, which occurs on small, slightly elevated portions of the

'lateritic' plateau of Kangaroo Island, and was regarded as a relic 'laterite

profi.le'of Pliocene age. According to Northcote (1946) the profile confonned to

the'normal laterite profile'of Stephens (1946). Crocker (1946) had commented

that 'lateritic residuals' on Kangaroo Island were covered by grey and white

siliceous sands derived from resorted A-horizons, originally developed on

Pleistocene coastal calcareous sand dunes. I{owever, Northcote (1946) claimed

thaü the constant ratio of coarse to fine sand throughout the profile indicated
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that it had fomedin situ and that the surface had not received accessions of

wind-blown sand. Consequently he regarded the Eleanor Sand as a relatively

undisturbed fossil soil with a 'lateritic horizon' developed in sítu and preserved

on an 'uplifted peneplain'.

Ri^x, & Hutton (1953), who carried out a soil survey in the South Mount Lofty

Ranges, also regarded the summit surface as a block-faulted, uplifted and

dissected 'peneplain'. They followed Sprige (1946), considering that by Early

Tertiary times Precambrian rocks had been reduced. to a base surface,

subsequently buried by a Tertiary lacustrine and marine 'covermass'. The soil

pattern suggested to them that a further cycle of erosion had removed the

greater part of the 'covermass', leaving isolated areas of varying extents

thereby creating a ne!\¡ 'peneplain', \¡¡ith remnants of Tertiary deposits

presenred in topographic lows. They postulated 'lateritisation' of soils on the

'peneplain', prior to major faulting and dissection, concurring with
rWhitehouse (1940) that there had bee¡l contemporaneous 'laterite' fomation

throughout Australia in the Pliocene. Residual 'lateritic' soils were only

mapped on hill summits and spurs so they suggested that erosion had removed

most of a 'lateritic sandplain' following uplift and dissection.

The dominant factor influencing soil formation was attributed to earlier

'lateritisation' of the area. 'Lateritised' and relic 'lateritic podzolic soils' were

noted to occur at levels in the landscape in accordance with t,he dips of the

various fault blocks. One of the soils, theYaroonn Grauelly Sand., they

regarded as an original'laterite profile' (See Plate 4.36). Ttris profile was

described as a massive band of 'laterite' 22-30 cm thick, containing water-

washed grits, gravels and sands, unconformably overlying kaolinised

Precambrian shales. Rix & Hutton maintained that other residual podzols in
the area exhibited profiles of fernrginous, mottled and pallid zones, overlying

unweathered country rock, as the generally accepted order expected in 'laterite

profiles'. It is clear that these workers $rere strongly ir¡fluenced in their

interpretations by the'norm,al laterite profile'model of Stephens (1946) and they

presented a convoluted explanation of an anomalous 'laterite profile', the

Yaroonø Grøuelly Sønd profile. It is actually a geological sequence of

Precambrian rocks weathered in pre-Tertiary times, overlain by gravels, grits

and sands of Eocene age (Mawson, 1953), that were deposited in a forrrer
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stream channel. Subsequently these sediments were silicified in places and

superfi.cially stained red by small amounts of iron oxides, introduced, by

groundwaters. A thin grey soil with pisoliths occurs at the surface. The above

example demonstrates how complex deductive arguments, within the

framework of the model of the 'normal laterite profi.le', u¡ere used to introduce

events, for which there was no evidence, in order to 'explain' apparently

aberrant observations. Despite this, these workers produced a detailed soil

map to provide a 'springboard' for later workers.

Lang (1965) reported on soils and geomorpholory of the Yundi area within the

South Mount Lofty Ranges. His work represents a departure from that of many

earlier workers as he invoked different types of weathedtg, erosional and

sedimentary influences to explain the current landscape, and he envisaged

'lateritisation' and 'duricrust' formation proceeding over long periods of time,

on landscapes of variable relief and positions above sea level.

Lang followed Hallsworth & Costin (1953), restricting the term 'laterite'to

crusts associated with well-differentiated profiles allegedly formed by in sítu

relative accumulation of iron oxides. 'Ortstein' was used to describe crusts

developed by laterally derived absolute accumulations. Where 'ortstein' crusts

formed above weathered profiles, and simulated in sítu weathering profiles

they were called 'duricrusts'. Lang considered that'laterites' on the oldest

surfaces were only occasionally developed from materials recognisable in the

pallid zotre, and he assumed that a discontinuous layer of Tertiary sediments

overlay older rocks throughout the 'lateritic area'.

The geomorphic and soil history of the area was outlined as follows:-

i. A pre-Tertiary peneplain of low relief, covered vrith mixed

terrestrial deposits, was uplifted in pre-Miocene times.

ii. Subsequently, erosion re-excavating Per:rrian valleys was

accompanied by'lateritisation'.
iii. 'Lateritisation' continued during the Ircwer Miocene when a

marine transgression entered the adjacent M¡ponga and Upper

Hindmarsh Valleys.

iv. Soils with duricrusts developed in the Early Pliocene during a

postulated low sea level.
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The Late Pliocene witnessed instability following growing

aridity that led to the dissection of soils u¡ith duricrusts and

there was the development of a series of fans of mixed 'lateritic'

material graded to 180 m asl.

Further periods of instability occurred in the Quaternary.

Additional comrnents on'Iaterite' were made by Ward (1966), who was,

however, primarily concerned u¡ith Quaternary stratigraphy and soils in his

study of the area south of Adelaide. He described flat surfaces preserved on the

crests and gentle back slopes of the western blocks of the Mount Lofty Ranges as

relics of a pre-deformational Mount Lofty 'peneplain', mantled by 'deep

weathering' and 'laterite'. He believed that the 'peneplain' was not of the same

age everywhere, but was no younger than the Early Pliocene. Relationships

between soil morphologies and degrees of 'lateritisation' of materials were

noted, as were well-developed 'lateritic mottled zones'fom.ed beneath surfaces

attributed to the Late Pliocer,re, Early Fleistocene and Late Pleistocene.

Møud (1972), who extended the work of Lang (1965) described surface

occurrences of 'massive and pisolitic ironstones', regarded as accumulations

of iron oxides, fomed in fossil soil profiles by 'lateritisation' processes on a

'peneplain' surface. The accumulation of iron and aluminium oxides was

attributed either to the removal of silica and bases (concentrating by loss =

relative accumulation) or their accumulation from outside sources (absolute

accumulation). He also followed the suggestion of Hallsworth & Costin (1953)

that onty soils displaying 'ironstones' overlying mottled and pallid zones should

be regarded as 'laterites'. He considered that the surface occurrences of

'ironstone' reflected various phases in weathering and. erosional history from

the Mesozoic through until the Recent. Scattered erosional remnants of

'laterite' were thought to be extant in the modern landscape, surviving above

the level of Miocene limestones that had been deposited in partly exhumed

glaciat valleys. This suggested that the 'laterite' surface was being destroyed

in tlre Miocene, which it pre-dated. Maud (L972) suggested that faulting and

tilting of the 'lateritised' surface had occurred earlier than the Pliocene age

favoured by Sprigg (1942). According to Maud the 'lateritised' surface

antedated the major period of diastrophism and he equated it with the

Australian Surface of King (1962).
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'Lateritised' surfaces occurring across infilled glacial valleys v/ere correlated

with the summit surface despite their lower landscape positions. Gentle non-

tectonic inclinations of ironstone' cappings were regarded as original valley

morphologies, and Maud concluded that the original erosion surface was one

of considerable relief.

Maud (L972) noted that although'laterite profiles'were typically thick, with

well developed mottled and pallid zones, 'Iaterite' horizons were rare, which he

attributed to erosional truncation of the profiIe. rffell developed 'lateritic

ironstones' on Perrnian glacigene sediments u¡ere explained by the

concentration ofiron oxides from lateral sources, whereas thirurer crusts on

pre-Permian rocks !\¡ere ascribed to in siú¿ weathering losses of silica and

bases. Furthermore, he believed that outcrops of 'lateritic ironstone' at various

levels in the landscape vrere relics of a number of periods of 'lateritisation',

affecting alluvial sedirnents, ir,lchld.ing reworked crusts, on former broad valley

floors. He suggested that the 'ironstone' terrace remnants varied in age from

Pliocene for the highest to Recent for the lowest. These valley'ironstones' rvere

described as forming parts of typical 'laterite' profiles, with bleached, though

rarely kaolinised, pallid zones. Following landscape rejuvenation and lowering

of the water table, Maud (L972) believed that t,Le zoneõ of iron-enrichment had

irreversibly hardened into 'lateritic ironstones'. He also argued that the

process of iron oxide-enrichment of sediments is currently proceeding on broad

valley floors, and does not depend upon a climate any different to that of today.

3.L3"3 LeterC'eologicafllrvestigations

Basically, the contributions of geologists to 'laterite' studies in South Australia

have not been concerned with understanding the genesis but rather with the

age of 'laterite' as an aid to interpreting geological history.

According to Sprtgg (1945)'laterite'in the Mount Lofty Ranges fomed on both a

Precambrian and Cambrian bedrock 'undermass' and an 'ovem.ass' of

Tertiary limestones and lacustrine sediments. He assigned its forrration to a

humid pluvial period in the Pleistocene. He considered it unwise to associate

'laterite' formation with 'peneplanation', which implied formation over a very

long period, whereas he believed that'lateritisation' occupied only a relatively
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short time span. This interpretation has important implications for landscape

evolution as 'laterite' fomation would first require the development of an

extensive planation surface.

Sp"igg (1946) concurred with the interpretations of Prescott (1931) and Crocker

(1946) concerning'laterite' genesis. He was thus able to irnply that faulting

and uplift of former low-lying, undulating surfaces had occurred after 'laterite'

formation, indicating land movements of between 180 m and 300 m.

Similarities between mottled zones of 'laterite' of the ranges and mottled

Pleistocene clays of the gulf lowland prompted Sprigg (1946) to correlate the two

disparate occurrences. As the mottled clays are of demonstrable post-Lower

Pliocene age, 'lateritisation' was regarded to be of Pleistocene age, but older

than the 'Kosciusko' epoch of block faulting.

Sprigg (1945) was critical of the 'double peneplanation'theory of Fenner (1930;

1931). I{owever, subsequently Sprigg (1946) mad.e the observation that the

widespread occurrence of 'laterite' over the Mount Loft,y Ranges presented a

potent argument in favour of this theory.

A detailed stratigraphic study by Glaessner (1953ó) and Glapssner & Wad¿

(1958) on the western margin of the Mount Lofty Ranges allowed them to

suggest several periods of 'lateritisation', provide infomation on the character

and timing of tectonic activity and to elucidate aspects of landscape evolution.

Rocks and sediments of Precambrian, Cambrian, Pemian and Tertiary ages

$'ere noted to be variably 'lateritised' or to contain blocks of 'laterite'. Ho$rever,

many of the iron oxides within these sediments and attributed to 'lateritisation'

may have formed since exposure, in recent times, by oxidation of 'primary'

iron minerals such as glauconite and siderite.

Contrary to much earlier work (e.g. Fenner, 1931), Glaessner (1953b) suggested

that the tectonic fromework on the western margin of the Mount Lofty Ranges

was not a series of tilt blocks, but asymmetrical synclinal structures. Some

interesting suggestions were made regarding Tertiary marine deposits that

throw tight on the evolution and weathering history of the Mount Lofty

Ranges:-
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Sone Eocene marine sediments formed a shoreline near the

foot of the present ranges, implying the existence of pre-Eocene

fault sca{ps.

The marine fossiliferous Port Willunga Beds transgressed into

the ranges but there is no evid.ence that they ever completely

covered them. Instead the transgression appears to have been

restricted to structurally-controlled lows within the ranges,

thereby casting doubt on the 'double planation' hypothesis of

Fenner (1930; 1931).

Summaries of the Tertiary geology of the marginal basins of the Mount Lofty

Ranges involving faulting, weathering and marine incursions provide a

valuable framework within which the processes of weathering and ferricrete

formation can be viewed, but it is unfortunate that the authors apparently had

the view that all occurTences of iron oxides provided evid.ence for

'lateritisation'. For example, they considered that a 'lateritic profile', modified

by later subsidence, occurs in a coastal headland (Witton BlufÐ south of

Adelaide (Plate 3.1). However, there is no unequivocal 'laterite' profile on

rWitton Bluff, but there is a stratigraphic sequence of Early Terüiary sediments

overlain by Quaternary units that include a distinctive iron-impregnated sandy

sediment with pronounced intra-fomational slumping (Plate 3.2). These

workers considered that there were at least two periods of 'lateritisation', one

in pre-Tertiary times and one of post-Eocene age, which is a similar

interpretation to that of Campana (1955).

Further geological work was carried out by Aitchison et al. (1953), who reported

Early Tertiary lacustrine mottled sand.s, argillaceous sandstone and clays

occurring sub-horizontally on a pre-Tertiary erosion surface in the Adelaide

area. Lignitic clays, brown coals and gravel beds urere also reported in
association with the Early Tertiary sediments. Outcrops of mottled sandstone

and rare white clay in the northeastern foothills $¡ere also thought to be of

Early Tertiary age. They reported that the southerly tilting of the Para Block

had brought the Early Tertiary sediments close to the surface on the western

side of the block. A few outliers of 'lateritised' Early Tertiary sediments $¡ere

reported in the Mount Ircfty Ranges and in the southern hills. Aitchison et ø1.

(1953) considered that in the Middle Tertiary the Early Tertiary sediments were

I
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downfaulted and overlain by marine sandy limestones, sandstones and marls.

They suggested that the Tertiary sediments had suffered faulting, being

dragged up against the main western escarpment of the Mount Lofty Ranges

(Eden Fault).

In the southern part of the Mount Lofty Ranges, Carnpana & Wilson (1955)

identified a planation surface at levels up to 420 m' asl, as a pre-Tertiary

'peneplain', uplifted during Tertiary and Quaternary times and deeply

dissected by subsequent cycles of erosion. They described the plateau remnants

as being generally covered by a 'leached residual lateritic soil', which was

attributed to (?)Pliocene to Recent weathering.

Campana (1955) extended his studies to the north when he described the

geolory of the area near Gawler in the North Mount Lofty Ranges. He noted a

'leached lateritic soil' overlyrng gneisses, schists and several areas of Tertiary

fluviatile deposits that rest on a pre-Tertiary weathered erosion surface. He

reported several layers of gravels and coarse sands cemented by iron oxides

within the Tertiary sediments. Tertiary sediments within the ranges were

distinguished according to their lithologies, and near the western margin of

the ranges, comparable deposits containing littoral marine fossils were

considered to be of Lower Miocene to Upper Oligocene age. Those within the

ranges were described as fluviatile-deltaic sediments, containing silicified tree

trunks, carbonaceous remains of fossil wood and leaf impressions.

Campana's mapping of the Tertiary (Lower Eocene) strata in this area

indicated that deposition occurred in a system of lakes and rivers on a

weathered surface of moderate relief, above which ridges of harder rocks

projected. Afìter deposition of the non-marine strata, Campana considered that

they and older rocks had been subjected to widespread'lateritisation' during

the period of time between the Lower Eocene and the Miocene.

The sequence outlined above by Campana (1955) illustrates pre-Tertiary

weathering and bleaching of basement rocks, the deposition of Tertiary

terrestrial sediments over a dissected landscape, differential ferruginisation of

suitable host rocks and the inhibition of this by marine submergence.
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Working on Fleurieu Peninsula, Crøwford (1959) identified 'laterite' capping

Wilson Hilt at 320 m, around. which an area was mapped as the lower part of a

'laterite profile' developed on Kanmantoo Group metasedimentary rocks. The

occurrence of areas of 'hard laterite' at lower elevations (100 m asl), on

quartzose sediments, was interpreted. as indicating a very irregular original

'lateritised.' surface of Late Tertiary age. Subsequently, Boum.an (1973)

demonstrated that the two occurrences were distinctively different and probably

of two different ages.

While carrying out regional geological investigations on Yorke Peninsula,

Crawford (1965, pp 39-41) described Pleistocene deposits, exposed in the sea-

cliffs at Ard.rossan, as mottled dark red to olive green argillaceous sediments

lThe'Ardrossan Clays and Sandrock'of Tepper (1879)1. He suggested that the

mottling could be due to 'lateritisation', with the upper indurated zone having

been removed by erosion and the pallid zone occurring sub-surface. However,

he noted that fresh felspar grave'l irrr the mottled material argued against

'lateritic' weathering. Consequently, an alternative explanation of mottling

produced by alternate wetting and d"ytng in an environment of low relief was

also suggested. Crawford (1965) obviously considered'laterite' within the

fratnework of the 'standard laterite profile', and attempted to fit his

obsen¡ations into it by postulating the erosional removal of an upper indurated

zorte. He did, however, also consider a more realistic alternative explanation

for his observations.

After investigations on Fleurieu Peninsula (Horwitz, 1960) and in the Mid

North (Horwitz, 1961), Horwitz discussed evidence relating to the nature and

age of 'laterite'. This evidence suggested two major periods of 'lateritisation',

one in the pre-Eocene and another in the Pliocene. He reported'glazed

pisolites, pebbles and limonite pisolites'beneath Oligo-Miocene limestones and

within basal Early Tertiary conglomerates. Subsequently, wherever surfaces

with similar 'glazed. pisoliths' were noted, he assigned them to the pre-

Tertiary. However, the correlation of fern¡ginous materials, which

superficially appear similar, must be approached with caution. For example,

one surface carr¡ring alleged Early Tertiary pisoliths could not have developed

until post-Miocene times (Bounnan, 1973). Moreover, the occurrence of

pisoliths in reworked Earli Tertiary sediments is not a critical indicator of
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their maximum possible age. They may be of variable ages, or be older clasts

reincorporated into younger sediments. In addition, it appears that some of

these pre-Eocene ferruginous materials represent the transgressive marine

Compton Conglomerøte (Olígocene) of the Murray Basin (Ludbrook, 1961;

Lindsay & Williams,7977), and do not relate to exposure in a terrestrial

environment.

The evidence presented. by Horwitz for major 'lateritisation' in the Pliocene is

also equivocal. In the intramontane Upper Hindmarsh Valley of Fleurieu

Peninsula over 150 m of cross-bedded and mottled brown ferruginous sands,

capped by a crust of 'limonite'-cemented gravels were reported. By

extrapolation these were considered to overlie fossiliferous Early Miocene

limestones. The sands $¡ere thus tentatively assigned to the Pliocene. Horwitz

also considered that these 'lateritised' Pliocene sands vrere continuous with

'limonite'-cemented gravels' on the high plateau. Thus he assigned them to

the same Pliocene age. Brock (19@t; 1971) questioned the contemporaneity of the

high-level and low-Ievel crusts and Bourman (1969; 1973) higtrlighted their

different characters and suggested that the higher crust was of pre-Miocene

age and the lower one of Pliocene age.

Johns (1961ø) reported on the presen'ation of 'fossil laterites' and 'lateritic

gravels and conglomerates', in many cases at high levels, over large tracts of

central and southern Eyre Peninsula, particularly in the Lincoln Uplands.

During presumed humid pluvial conditions of the Pliocene, poorly drained

soils were considered to have been leached, leading to the accumulation of iron

oxides and the in sítu formation of 'laterite'. He conjectured that most of the

sediments deposited on the coastal plains and the Central Basin $tere

materials resorted from the uplands so that their soils carqr'pisolitic' or

massive 'ironstone' gtavels. Johns believed that during'lateritisation' the

previously 'peneplained basement rocks' underwent deep weathering,

ferruginisation and kaolinisation. In particular, weathered schists, were

noted to grade up into reddish-brown clayey rocks with pebbly concretions,

merging upward. into 'ironstone crusts'. Lithological variations in the

basement rocks were thought to have had no influence on the final product of

weathering. He believed that low relief and high tropical temperatures had

favoured the removal of silica, !\¡ith seasonal oscillations of the water table
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leading to the concentration of iron oxides. He held the view that much of the

Lincoln Uplands is still obscured by 'laterite', a formerly continuous mantle

now partly stripped following regional uplift, drainage rejuvenation and

erosion.

Johns (1961b) considered that the accordance of summit levels in the eastern

Mount Lofty Ranges represented a base-levelled temain of Pliocene age,

carrying sporadic occurrences of fermginous grits and 'laterites'. He believed

that previously continuous 'ironstone' cappings of Pliocene or post-Pliocene age

have been largely removed by erosion. The best exposures of ironstones' were

reported from "Lucernbrae" where deposits about 1 m thick were noted to

mantle Kanmantoo Group metasedimentary rocks.

At various locations within and. on the margins of the Mount Lofty Ranges,

Tertiary sediments, variably weathered and ferruginised, have been reported to

contain 'laterite'. For exemple, at l{appy Valley, O'Iliver (1964) described a

sequence of Eocene marine Blanche Point Marls and North Maslin Sands

overlain by Pliocene freshwater sands and clays capped and preserved by a

'lateritic' horizon at about 200 m asl. The so-called 'laterite' was a band of iron-

impregnated sandy sediment. Similar occumences were described in many

sand quandes in Tertiary sands in the Adelaide region by Olliuer & Weir (1967).

Harris & OIIiuer (1964) reported on palynological analysis of organic material

presenred in "coal balls" exposed in quarry faces in Tertiary sands in the

Barossa Valley. The basal Tertiary unit was described as a 'lateritic' sand and

gravel overlain by laminated silty and sandy clays, and was considered to be of

Lower Tertiary age. The clays were considered to be capped by an upper

'laterite'. Previously the sands had been assigned to the Eocene (Glaessner,

1955) or Pliocene (Hossfeld, 1949), but Harris & Olliver (19&t) suggested that the

rnicrofloras indicated a Miocene or possibly a Lower Pliocene age for the

sediments.

Working on the summit surface of northwestern Kangaroo Island, Major &

Vitols (1973) described a 'massive rock composed of pebble-sized pisolites of

maghemite and limonite and fine-grained quan1oz sand cemented by limonite'

This crust was noted to be up to 1 m thick, but nowhere was a complete
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'laterite' profile exposed. The crust was overlain by white, fine-grained quartz

sand and underlain by mottled yellow and red clay or rocks of the weathered

Kanmantoo Group metasediments. The crust was noted only as boulders,

where ripped up by ploughs, and was not observed as a massive sheet. Loose

'pisolites' mixed \Mith white or yellow sand \¡vere recorded on the margins of the

inland plateau. An aeolian calcarenite (Middle Pleistocene Bridgewater

Formation) was thought to overlie the 'pisolites', and elsewhere blocks of

ferruginous 'pisolite' were noted to overlie marine limestone of probable Late

Pliocene age, suggesting that the ferruginous 'pisolites' were of Late Pliocene

or Early Pleistocene age.

Wopfner (1972a) carried out a rare analytical investigation of mottled materials

that in other contexts have been referred to as 'lateritic'. He discussed

maghemite in mottled Cainozoic sediments at Hallett Cove, where both

'primary' and reworked maghemite were identified. He considered that

maghemite was a climatic indicator and presented opportunities for

correlation of Cainozoic sediments. Maghemite was reported from two

locations within the sediments:

i. In conspicuous red mottles within medium grained white

sandstone, small amounts (2Vo) of maghemite were noted, with
the concentration of maghemite within the mottles used as

evidence fot in situ fotmation.

ii. In a reworked conglomeratic horizon containing maghemitic

sub-rounded'ironstone' pebbles.

Wopfirer reported identical mottled profiles from tJle Mid North and the South

East regions of South Australia, where mottled profiles $¡ere reported to be

capped by brown fernrginous and maghemitic crusts. He claimed that the

profiles and the crusts are genetically related so that the Hallett Cove s¡ample

is a stripped maghemite profile, with the conglomerate reworked from an

original in situ crust.

The suggestion was made that the maghemite had originated by thermal

dehydration of lepidocrocite formed by oxidation under fluctuating water table

levels and warm climatic conditions. He concluded that lepidocrocite and

goethite may have formed as gels that were subsequently dehydrated and
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crystallised as maghemite and hematite under conditions of low relief, warrn

climate and heavy seasonal rainfall.

Iron-stained rounded quartz grains and'ferruginous pellets' were reported

from within a fossiliferous marine limestone of probable Upper Eocene age

(Bourman & Lindsay, 7973), intersected in a drill hole at -36 m underlying part

of the Waitpinga Creek drainage basin, and at an elevation of about 60 m asl.

This observation was interpreted as indicating the development of

'lateritisation', or at least fermginisation, prior to the Eocene.

Robertson (1974) reported on an 18 m exposure of 'deeply weathered'

Adelaidean metasedimentary rocks in the central section of the South Mount

Lofty Ranges at about 450 m asl. The rocks urere noted to have been kaolinised

and to contain some concentrations of iron oxides, irregularly infilling joints

and. fractures, and forming liesegang rings. Some ferricrete fragments were

observed on top of an adjacent hi,l,l ar,rd the weathered material was interpreted

as part of a 'Tertiary laterite profile'.

DøiIy et aI. (1974) claimed that evidence on Kangaroo Island enabled direct and

precise dating of the 'laterite' developed on the uplifted planate summit surface

of the Mount Lofty Ranges. They described Kangaroo Island as a dissected,

tilted and block-faulted plateau with a caprock of 'laterite', in places, breached

by faults. Adjacent lowlands were noted to be essentially coincident with

Permian glacigene sediments that were also 'Iateritised' and overlain by basalt

of Jurassic age.

The 'lateritic' capping of the summit plateau surface of Kangaroo Island was

described as part of a 'laterite profile' and they explained the lack of a complete

'laterite profile'in the Late Palaeozoic sediments beneath the basalt by erosion

of the fermginous horizons prior to the basalt extrusion. No evidence of 'deep

weathering' on the basalt was observed during their investigations.

Consequently, they ruled out the possibility of the basalt surface being an etch

surface.

They concluded that as the basalt is of Middle Jurassic age, then both the

'laterite' and the summit surface must be older. The 'laterite' was regarded as
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an indicator of a humid tropical climate and as a reliable morphostratigraphic

marker. Using stratigraphic and palaeoclimatic evidence they decided that the

summit surface was eroded and 'lateritised' during the Late Triassic, Early

Jurassic, or both. Support for this conclusion was derived from evidence of

warm, humid conditions associated with the Triassic flora of Leigh Creek, in

the Flinders Ranges, and evidence of tectonism and uplift of a deeply weathered

kaolinised, zone during the Mid-Jurassic, which had led to the development of

the Polda Basin on Eyre Peninsula and the extrusion of the Kangaroo Island

basalt.

A Middle to Late Tertiary age for the 'lateritised' surface was preferred by

Northcote (1979), who considered that the correlation of the summit surface

weathering with that beneath the Jurassic basalt uras unresolved.

Schrnídt et ø1. (1976) presented palaeomagnetic evidence that required sub-

basaltic weathering during a Late Oligooene to Early Miocene period of

dominant'lateritic' weathering. Idnurm & Senior (1978) suggested that

during this period Australia experienced a major 'lateritic' weathering event,

when there was sJrnchronous remagnetisation for perhaps all of Australia's

'laterites'.

Daily et ø1. (1979) did not dismiss this possibility, but quoted evidence from the

basins marginal to the Mount Lofty Ranges demonstrating'deep lateritic

weathering' of pre-Eocene age, and suggested that a Mid-Tertiary weathering

event might have been superimposed on the earlier weathering profile.

Milnes et aI. (1982), on the other hand, pointed out some of the deficiencies in

the arguments presented for sub-basaltic weathering. For examFle, they

considered that the preservation of the sharp contact at the sole of the basalt,

the absence of leaching or kaolinisation of the basal basalt, and the fact that the

basalt everywhere is largely unweathered, favoured a pre-basaltic age for the

weathering.

3.1jL4 Sh:atigfaphic Appnoac,hto hrvestigations of l,ateritiC Materials

Firmøn (1967ø; 1967b; 1976; 1981) attempted to place weathered zones a¡rd

palaeosols within a stratigraphic framework. For example, he gave formal
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status to fermginised clastic sediments and bedrock weathering profiles

consisting of 'sesquioxides of iron' and forming 'ironstone crusts', bY

introducing the name, Yøllundø Femicrete. TheYøllunda Ferricrete was

reported to exceed 1 m in thickness in its t¡re area at high levels over the

interfluves of the Lincoln Uptands (Eyre Peninsula) and on remnants of old

high surfaces elsewhere. The term 'fenicrete' $¡as used to describe

ferruginous layers and crusts bot,L independent of and in association with

weathered profiles. He considered that the original materials, now

'ferricreted', have separate lithostratigraphic status and that continuous sheet

ferricrete has both rock and soil stratigraphic status.

Ferricretes in various stratigraphic situations were recorded by Firman

(196?b), including ferricrete above and below Lower Tertiary sediments in the

Barossa Valley, as well as ferricretes in the highlands of the Mount Lofty

Ranges and the Lincoln Uplands. He also suggested that there were

equivalents of upland ferricretes ir,r the sedimentary succession of the Murray

Basin. These included oolitic siderite-rich sediments and 'laterite' in the

Lower Pliocene Bookpurnong Beds, as well as ferruginous beds and cappings

in the Upper Pliocene Parilla Sand near the Victoria-South Australia border.

Some of the ferricretes discussed above, however, have resulted from the

relatively recent oxidation of pre-existing iron-rich sediments containing

glauconite and siderite. Consequently they cannot be used as reliable soil

stratigtaphic markers.

Firman (19?6) considered that during the time between the Pemia¡r and the

Early Tertiary, some 200 Ma, the Mount, Lofty Range was a land' mass

experiencing prolonged weathering and erosion, so that by Early Tertiary times

a subdued and 'deeply weathered' landscape had developed. Associated

bleached profiles were considered to have originated in the Mesozoic.

A range of different ages of weathering and 'lateritisation' was reported:-

i. Decomposed, bleached or mottled bedrock underlying Eocene

sediments in the Adelaide region was ascribed to pre-Tertiary

weathering.

ii. An alleged 'laterite profile' developed in Eocene gravelly sands

was used to indicate post-Eocene weathering.
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Silicified and. ferruginous zones in Early Pleistocene sediments

were noted to overlie older bleached zones and to have alleged

equivalents in 'Iaterite profiles' in the adjoining uplands.

Ferruginisation in carbonaceous and pyritic Eocene

sediments vras attributed to recent exposure and oxidation.

Following investigations in the Great Australian Basin province in South

Australia, Firman (1981) described a series of weathering zones and palaeosols

of various ages. The work was carried out in the north of the State but

correlations Ìvere made with weathering profiles in the south. This review will

consider only those palaeosols related to 'deep weathering' and ferruginisation.

These are surnmarised in Table 3.1, $'ith respect to their recognised

weathering characteristics and ages. Thus Firman observed weathering,

bleaching, cementation, concretions, mottling and irregular masses of iron

oxides affecting materials ranging in age from the Proterozoic to the

Pleistocene. The two most cornymon ty¡les of ferruginous materials noted were

mottles, which sometimes graded into younger ferruginous crusts containing

clasts.

He believed that the classic 'laterite profile' of massive, vesicular, cellular or

concretionary 'ironstone' overlying mottled and pallid zones actually contained

layers fom,ed in different ways at different times, with tJle profiIe being as old

as the first weathering of the parent rock.

\Meathering profiles were thus regarded as assemblages showing weathering

and diagenesis of different ages. For exernple, the bleached zone of the

Arckaringø Pølacosol was not considered to have been genetically associated

\Mith younger fermginous zones, but to have preceded the development of

mottles and ferricretes. He ascribed bleaching to early cool climates and

fermginisation to tropical conditions. This view is at variance \ilith much

earlier work, which favoured the contemporaneous formation of complete

'laterite profiles'.

The work of Firman marks a pronounced departure from all previous

investigations a¡rd is commendable in that it attempts to establish stratigraphic
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Table 3.1 Ferruginous and Bleached Weathering Zones and Palaeosols postulated by Firman
(1e81)

Weatlrering Zane
or Palaeosol

Ancienf
Weatheríng

Plnyfair
Weathering
7Æ1e

Mesomit
Weøthering

Post-Winton
Formafinn
Weathering

Arckøringa
Pala¿osl

San Mørinn
Palncosol

Ardrcssøn
Poln¿osol

I{otoonda,
Palozosol

Weathering
Chamcteristics

Brhumed
weathering

Large irregular red, yellow
andwhite patches,upto
10 m across and 100 m deep.
Best developed on frne-grained
rocks. Coarse rocks show little
alteration. Occurs in road cut
at Kapunda

Whit€ bleached. Oldest
bleached zones, superimposed
on older weathering. Affects
Precambrian rocks in
Blackwood railway Cutting

Pale grey, purple, brown, shong
red, green, yellow weathering
colou.rs. In places obliterated by
younger bleached zones.

White, bleached (with younger
mottles and fermginous stains,
e.g. of San Marino Palaeosol)

Dark red fernrginous mottles
up to 30 cm across (=Yallunda
Ferricrete). Occurs in Tertiary
sediments in Blackwood
Railway Cut

Dark red mottles in pale olive
grey clayey sand. Red veining
in older weathered zones

Thin siliciñed veneer of detritus
with reworked clasts of Ardrossan
Palaeosol. Forms caprock in
'laterite profiles' and younger than
San Marino Palaeosol and
Yallunda Ferricrete

SuggestedAge

Proterozoic

Middle to Late
Palaeozoic

Permian to Jurassic

Mesozoic

Pre-Tertiary
Superimposed
on older
Mesozoic
weathering

Oligocene to Middle
Miocene

Younger than Late
Pliocene

Lower Pleistocene
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ages for different weathering phenomena. However, the correlation of

weathering events on the basis of the shape, size and colours of mottles and

other weathering indicators, where there is no stratigraphic control, is fraught

with hazards. Firrnan pointed out that some profiles have been modified by

younger weathering activity, thereby obliterating the results of earlier

weathering, and that similar mottling occurs in weathered profiles claimed to

be of different ages. Firnan takes no account of local environmental

conditions, which may have favoured synchronous bleaching in one area and

mottling in another. Various questions remain unanswered, such as what

happened to the iron derived from the bleaching of the Arckaringa Palaeosol,

where did the iron for the development of the San Marino Palaeosol come from,

and how was it concentrated in discrete, but more-or-less uniformly distributed

mottles within previously bleached bedrock?

3.L3.5 Geomorphologicalinvestigations

Geomorphologists, who have dominated discussioRs on'laterite'in the last 25

years in particular, have been interested primarily in using it to establish

denudation chronologies, to establish the ages of particular landforms and to

correlate widely spaced planation surfaces.

Fenner (1930, 1931) presented a 'double peneplanation' h¡pothesis, suggested to

him by Prof. D.W. Johnson, to account for the evolution of the Mount Lofty

Ranges. In so doing he provided a geomorphic and tectonic fremework for the

use of subsequent authors. He believed that the greater part of the Mount Lofty

Ranges had been stripped of an easily eroded Miocene marine 'covem.ass'. He

saw the double planation theory as necessary to explain transverse drainage

and exhumed surfaces in the ranges. He postulated that a pre-Miocene

peneplain blanketed $¡ith a Miocene marine 'covemass' had been affected by

block-faulting, tilting and differential uplift in the Upper Miocene or Lower

Pliocene. Subsequently this irregular surface was thought to have been

'peneplained', with the older surface having been resurrected in places, from

beneath the 'covermass', and a nelv 'peneplain' developed on both Precambrian

and Miocene rocks. Pleistocene (Kosciusko Epoch) tectonism renewed erosion.

Some fault blocks remained buried by Tertiary sediments and others, exhumed

from beneath the 'covemass', were subjected to renewed weathering and
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erosion. Fenner did not specifically discuss the timing of 'lateritisation', but by

implication, it must have been of post-Miocene age.

Today it is generally agreed that the Mount Lofty Ranges \ñrere not totally

immersed by the Miocene seas, so that the 'double planation' theory cannot be

accepted in its entirety. However, large areas of the Mount Lofty Ranges and

Kangaroo Island were covered by the Miocene seas at heights in excess of 200 m

asl, and there is evidence that the shorelines were even higher than this.

Moreover, even though the 'covemass' of marine deposits may not have totally

covered the ranges, Tertiary terrestrial sediments occur extensively and at

higher levels than do the marine sediments. Consequently, the 'd.ouble

planation' theory has considerable merit, but it is still inadequate to account for

all of the geomorphic complexities of the ranges, which have been variably

exposed to continuous processes of weathering and erosion for immense

periods of time.

Bauer (1959) addressed problems associated with'lateritic' soils on Kangaroo

Island. He noted that the Eleanor Sa¡rd regarded by Northcote (1946) as a

Pliocene 'fossil lateritic soil', occurs both on a Pliocene plain of marine

abrasion at 50 m to 100 m asl (Mount Taylor Plain), and on the highest portions

of an undissected Tertiary plateau surface at heights up to 300 m asl.

Regardless of whether the Eleanor Sand formed in two separate periods or one,

Bauer (1959) considered that both were no older than the Early Pleistocene.

Bauer noted that regardless of elevation the Eleanor Sand occurs on areas of

low relief and poor drainage that would have suited periodic waterlogging and

dryrng. Thus he thought that topography may have been important in
assisting the formation of a distinctive soil in two differing physiographic

locations.

Bauer questioned the view of Prescott & Pendleton (1952) that'laterite'is an

exposed podzolic illuvial horizon of Tertiary age, as he noted the occurrence of

'laterite' on presnmed Pleistocene surfaces. Several anomalous 'laterite'

occrurences were examined by Bauer, who interpreted them to favour in sítu

'laterite' formation although Northcote Qters. cornrn. to Bauer) suggested that

the 'ironstones' had been derived by transport and could not have forrred i¿

situ because of t,Le small arnounts of associated clays. However, Bauer (1959)
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doubted this explanation on age and topographic grounds. Subsequent work

(Milnes et a1.,1982) revealed. that the critical limestones used by Bauer (1959) to

date the 'laterites' are older than he thought. Consequently, many of his

objections to transported origins for the 'laterites' may be removed.

The chemistry involved in the formation of fermginous soil horizons was

discussed by Bauer. Prescott & Pendleton (1952) believed them to be the

products of disintegration of Tertiary 'laterites' so that they were considered as

secondary rather than primary materials. However, Bauer favoured the view

that such accumulations forrred where the soil was subjected to wetting and

drytng, with ferrous iron migrating upward during waterlogging and being

converted to stable ferric iron in dry oxygenating periods. He also believed that

this could have occurred within a few centuries. Bauer (1959) concluded that a

ready source of iron was available from decomposing country rock and that the

temperature regime was not too low to inhibit the reduction, migration and

oxidation of iron. Thus, he asnsidered that 'lateritic' material might be

forming at present in southern Australia.

Bauer (1959) had proposed a refreshing and different view on the ages, origins

and. climatic environments of 'laterites' on Kangaroo Island, although his

views were constricted by lack of infomation on the ages of limestones and the

detailed characteristics of the 'lateritic' materials.

Brock (ß64; ß71) identified remnants of an ancient landsurface on the spine

of Fleurieu Peninsula covering an area of 25 km2; the remnants were

described as having little relief and a capping of the 'normal laterite profile' of

Stephens (1946). Several varieties of 'laterite' rvere recognised by Brock on

Fleurieu Peninsula. 'Pisolitic laterite' associated with the Parawa High Plain

was regarded as equivalent to the southern Australian 'normal podzolic

laterite'. He agreed rrith D'Hoore (1954) that dissection of 'lateritic' terrain

accompanied by lateral water movement may have redeposited iron oxides on

gentle slopes to form slope cappings. Brock (1964) concluded that the Parawa

High Plain developed as a 'peneplain' after a prolonged period of subaerial

weathering and erosion in the Palaeozoic, culminating in a phase of crustal

stability in the Mesozoic and Early Tertiary, when 'lateritisation' occurred

prior to uplift and dissection of the surface.
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Twidale and his co-workers have written numerous papers on'laterite' in the

upland regions of South Australia (e.g. Twidale, 1968; L976a;1976b; f 983);

Twidale et ø1. (1976);Twidale & Bourne (1975a; f 975b); Bourne (1974)).

Tutidale (1968, p.377) examined the traditional expla¡ration of the summit

surface of the Mount Lofty Ranges. This is that an extensive 'lateritised

surface of erosion' developed in the ranges, close to regional base level in the

Late Tertiary, that it was subsequently upthrust along ancient fault lines, after

which it suffered dissection. He noted that a problem with this interpretation is

the apparent absence of downfaulted remnants of the 'lateritised erosion

surface'. rWhile conceding that ferruginous crusts of the postulated 'laterite

profile'might have been removed by sub-surface solutional processes, he also

considered that the extensive landsurface may have developed in relationship

to high level local base levels, one of the possibilities suggested by the work of

Kennedy (1962). Iilowever, no critieal evidence was presentpd to show that the

summit surface of the Mount Lofty Ranges developed in this fashion.

Regardless of how it formed, Twidale (1968) described the summit surface of

the Mount Lofty Ranges as a 'lateritised peneplain', sum.ounted by a few

residual remnants or 'monadnocks'. He concluded that the 'deep weathering'

occurred late in the Tertiary (Pliocene) and may have even continued into the

early part of the Pleistocene.

T\lidøle & Bourtæ (1975a) investigated the geomorphic evolution of the Eastern

Mount Lofty Ranges and identified a summit high plain (Tungkillo surface) at

200 - 300 m asl as an etch surface occasionally sumounted by scattered mesas

or conical hills up to 10 m high and either underlain by'lateritic weathering

profiles' or capped by alluvial quartzitic gravels (rWhalley surface). They

believed that the scattered 'lateritic' remnants were remnants of a once-

contiguous weathered surface of low relief.

The Whalley surface and its associated'deep weathering' was considered to be

of Mesozoic age by extrapolation from Kangaroo Island (Daily et ø1.,L974).

They also argued that palaeontological considerations favoured the Triassic as

providing the most suitable humid, tropical climatic conditions for the
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formation of 'laterite'. Twidale & Bourne agreed that the alleged ancient

Whalley surface had been dislocated by faulting but could find no evidence of

buried 'laterite' on the downthrown sid.e of the Milendella fault. They

explained its apparent absence by sub-surface dissolution of the iron oxides.

Mills (1965) had regarded the lower part of the Milendella fault scarp (eastern

boundary of the Eastem Mount Lofty Ranges) to be the result of post-Miocene

faulting. Miocene marine sediments perched on the fault scarp were

correlated by him with Miocene strata intersected by bores under the Murray

surface, and he regarded the 60 - 90 m difference in elevation to be due to post-

Miocene dislocation. Mills (1965) also noted that the orientation of boulders in

Pleistocene fanglomerates suggested recent movement on the fault. Further

indications of recent faulting cârne from seismic activity and the distinctness of

the scarps, which suggested geological youthfulness.

rWhile conceding these points, Twidale & Bourne (1975a) maintained that the

scarps are deeply and intricately dissected, and suggested essentially an

erosional origin for the lower part of the scarp. Much of the interpretation

rests on the precise ages of the Miocene limestones on the Milendella scarp and

those under the Murray surface. Mills (1965) believed that both were the

Mannum limestone, whereas Twidale & Bourne (1975a), suggested that the

limestone on the scarp may have been the younger Morgan limestone, even

though no definitive evidence was available. Consequently, they suggested that

the major elevational difference between the two could be attributed to eustatic

rather than to tectonic effects. This conflict may be resolved only by accurate

age deterrrrination of these critical deposits. Ttre most recent work on this
problem by Lind.say (1986) suggests that there has been at least 100 m of fault
offset since the Middle Tertiary, which favours the h¡'pothesis of Mills (1965).

T\lidale (1976a) reviewed the character and. age of the summit high plain of the

Mount Lofty Ranges. He noted that many workers have considered that the

surface and its carapace are of later Tertiary ages because the sediments

deposited in marginal Tertiary basins indicated that there $rere only areas of

low relief nearby during their deposition. Twidale argued that there was no

evidence directly to correlate the summit surface 'laterite' with the Later
Tertiary basin deposits, but that marine Eocene and Miocene sediments in
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basins eroded well below the level of the summit surface on Fleurieu Peninsula

suggested, a pre-Tertiary age for the surface and its 'laterite'. By extrapolating

from Kangaroo Island (Daily et aI.,!974) and palaeoclimatic evidence, Twidale

favoured a Tliassic age for the 'laterite'.

This remarkable alleged preservation of the summit surface for 200 Ma was

thought to be due to a combination of various influences (TWidnIe, 1976b)z-

i. The recurrent uplift of the Mount Lofty Ranges, according to

Twidale, resulted in postponing the ultimatæ degradation of the

ranges by exposing new land to the area undergoing reduction.

Evidence of recurrent uplift was cited to show the applicability

of this h¡pothesis to the Mount Lofty Ranges. However,

investigations presented later in this thesis demonstrate that

the best preservation is in relatively lowlying points and least in

areas of greatest uPlift.

ii. The development of the Mount Loft,y Ranges on an anticline, the

flanks of which are faulted, was used by Twidale to help to

explain the presen'ation of the 'laterite'-capped plateau. He

maintained that the bulk of the plateau is centrally located close

to the resistant compressional zone of the anticline, while

remnants near the western margin are buttressed by sandstone

and limestone outcrops. However, the folding, which occurred

in the Cambrian, was very complex and did not result in the

formation of a simple anticline. Moreover, erosion of this

complex structure has been so pronounced that vertical and.

near-vertical rock structures are exposed., and subsequent

tensional faulting has occurred within the ranges (Glaessner,

1953a), so that the core of the ranges should not be considered to

be in compression.

iii. The sandy A-horizon of the 'laterite' profi.le was thought to have

assisted palaeosurface preservation by providing an absorbent

cushion to protect the underlying fermginous horizon from

rainfall. However, there are no 200 Ma old sandy A-horizons

preserved. in the ranges, but only modern sandy soils.

iv. The alleged permeable and porous nature of the ferruginous

crust of the 'laterite'profile, was thought to render this zone
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resistant to erosion. I{owever, fernrginous crusts are relatively

rare and discontinuous, with the thickest crusts occurring in
positions well below the level of the postulated ancient surface.

Gully gravure, which involves the alternation of the locus of

intense erosion via the protective influence of coarse debris, was

also thought by Twidale to be significant in the preservation of

ancient 'laterite'-capped land surfaces. However, no speciflrc

sites were discussed by Twidale and the author has not observed

the extensive operation of this process in the Mount Loft'y

Ranges.

The unequal activity of rivers, which incise more rapidly than

they erode laterally, was also invoked. While river incision may

operate more rapidly than valley-side processes in some

situations, the operation of the processes of weathetitg, surface

wash and gullying on valley slopes and hill summits for 200 Ma

would have led to considerable modification of the landscape.

Twidale (1976b) presented a model of landscape evolution involving increasing

relief amplitude in order to account for the preservation of these alleged ancient

palaeofoms. However, the deductive arguments presented were not supported

by field evidence and it is not reasonable to accept the view that the summit

surface of the Mount Lofty Ranges has survived essentially unchanged for this

enormous period of time.

Younger weathering events in the Cainozoic $rere also reported by Twidale

(1976b). For example, a weoLly developed ferricrete was thought to have formed

on sands in piedmont zones that would have favoured the precipitation of iron

oxides. Their present positions were attributed to Late Tertiary to Early

Quaternary faulting. Other ferruginised surfaces were noted to occur on Eyre

and Yorke Peninsulas, at One Tree Hill and near Myponga. Some of these

$¡ere believed to have derived from the disintegration of the summit surface

'laterite'.

Ttuidale et ø1. (1976) andBourne (1974) described eight palaeosurfaces on Eyre

Peninsula. Among these u¡as an epigene surface of low relief (Lincoln surface)

protected by a 'lateritic duricrust' and formed under humid tropical climatic
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conditions during the Early Mesozoic. A younger surface characterised by a

'fermginous duricrust' ascribed to the Latr- Tertiary was also described. These

surfaces were used as evidence for the progressive exposure of inselbergs on

Eyre Peninsula (Tbidøle & Bournc, 1976b).

The suggestion was made that the Lincoln surface is a 'laterite'- capped

'dissected peneplain' formerly contiguous with summit surfaces in the Mount

Lofty Ranges and on Kangaroo Island and disrupted by faulting. Pedogenic

accumulations of iron oxides lacking mottled and pallid zones were reported at

lower elevations below relics of silcrete duricrust assigned to the Middle

Tertiary, and thus v/ere attributed to the Late Tertiary and correlated with

similar ferricretes on Yorke Peninsula and in the southern Mount Lofty

Ranges. The Glenville surface was also mapped in the area and was regarded

as an etch plain equivalent of the 'laterite' surface.

Twidale (1983) pubtished recently on the ages and significance of Australian

'laterites' and silcretes. He regarded 'laterites' and bauxites as ferruginous

and aluminous members of comparable origins with similar physiographic

and climatic implications, developed on contiguous land surfaces and of the

same age ranges in given regions. He reproduced a map of Australia (after

Stephens , L97L) showing a peripheral distribution of 'laterite' and an interior

presen'ation of silcrete in arid Australia. Young (1985) produced a map

showing a much wider distribution of silcrete than depicted on these maps,

indicating that silcrete occr¡rs within'laterite' areas. Twidale (1983)

considered that primary 'laterite' and silcrete are good stratigraphic markers,

which can be used to date landfoms and landscapes.

Twidale considered that the dating of 'laterite', silcrete and their associated

surfaces has been confused by the assumption that all relic 'laterites' are of the

sâyne age and by the fact that primary and secondary'laterites' have been

confused (See, however, Brock, t964; Bouma¡r, 1969; Fonest, 1969). Moreover,

he considered that the operation of other geomorphic activities during the

period of deep weathering has been ignored (See, however, Alley, 1973, L977).

Twidale (1983) also thought that silcrete developed mainly during the Early

and Middle Tertiary, forming under warm-humid to sub-humid conditions

(See however, McGowran et ø1.,1978), but is today presen'ed in aridity.

I

I
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Twidale (1983) concluded that:-

i. During the Late Mesozoic and Tertiary much of Australia was

base-levelled and this surface of low relief was deeply

weathered under humid, warm conditions; 'laterite' and

bauxite formed in the marginal areas with external drainage

while silcrete developed in interior catchments.

ii. Ttre fomation of the duricrust was intermpted by geologic and

geomorphic events so that the duration and timing of events

was not everywhere the same.

üi. Climatic conditions for duricrusting lasted for at least 60 Ma

and probably for 200 Ma.

iv. Ferruginous and siliceous crusts are related to the same

extended period of warm, humid climate but,are separated

from analogous Cainozoic development by tectonic rather than

by climatic events (See Alley,l977).

v. Duricrust cappings are excellent morphostratigraphic

markers, as for example, in displaying the progressive

exposure of a granite inselberg.

vi. There are great palaeoclimatic i-plications, for 'laterite'

irnplies warm, humid conditions, but according to

palaeomagnetic evidence Australia was situated in high

latitudes when 'laterites' allegedly formed.

Bourtnøn (1969; 1973), identified a multicyclic landscape marked by two major

erosion surfaces, the Spring Mount Plateau (Mesozoic to Eocene) and the Green

Hills surface (Pliocene) on Fleurieu Peninsula. Ttre former, underlain by a
'lateritic weathering profile' consisting of pallid, mottled and fermginous-rich

zones, was mapped at an elevation of about 400 m asl. The surface was

considered to have been tilted to t,Le southeast. The second. surface was

interpreted as an erosional surface 170-100 m asl, and capped in places by

'ferricrete', a tem used to describe iron-cemented crusts not underlain by

'deep weathering' profiles. The ferricrete on the Green Hills surface was

thought to have fomed from reworking of 'lateritic' material from the summit

surface. Using stranded river gravels and river profiles, Bouman (1973)

suggested that the base level during the development of the Green Hills surface
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had been approximately 60 m asl. At this time in the Pliocene, fluvial action

apparently modified a resurrected pre-Miocene erosion surface. Bourman

(19?3) presented evidence for two different 'fermginous duricrusts' of two

different ages on the summit surface and on the sands that overlie Miocene

Iimestone in the Upper Hindmarsh Valley. Previously, Horwitz (1960) had

regarded these crusts as contiguous and of the same Pliocene age. Bourman

(1973) also suggested that'deep weathering' had proceeded under the summit

surface afber uplift.

Forrest (1969) examined the geomorphic evolution of the Bremer Valley in the

Eastern Mount Lofty Ranges and identified two erosional surfaces of low relief,

which he considered had formed prior to a major marine transgression in the

Miocene. Consequently, both the surfaces and their associated cappings of

'lateritic' material were interpreted as being of pre-Miocene age. 'Laterite' was

categorised as 'fossil or relic', which referred to the complete 'normal laterite

profile'; 'truncated', where the upper horizon was absent; 'immature', where

the percentage of iron in the capping was low and the underlying bedrock was

only partially weathered; 'derived', when the capping had been derived from

the reworking of higher crusts and where this reworked capping rested on

weathered bedrock; and 'ferricrete' where an iron-rich crust incorporated

partially-rounded quartz pebbles and overlay fresh bedrock. The various

landsurfaces and laterites were related to local occurrences of Miocene

limestone, which Forrest (1969) interpreted as nearshore deposits. He

considered that the Miocene sea transgressed an area with relief similar to

that of today, and that'lateritisation' of the bedrock followed the development of

the Whalley HilI and Lucernbrae erosion surfaces prior to the Miocene.

Another surface, an exhumed one !\'ith a remnant of derived ferricrete, and

thought to have form.ed by stripping of the Miocene limestone cover, \ltas

considered to be of Pliocene age.

In a study of landsurface development in the Mid North of South Australia,

AIIey (1973; 1977) identified remnants of a 'laterite' surface, occurring high in

the landscape but below resistant quaúzitn ridges. Remnants of the 'laterite'

surface urere noted to be most common at stream heads, but were also mapped

on prominent hills that stand nearly 100 m above modern valley floors. The

'laterite' capping of angular quartz fragments set in a matrix of iron oxides
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was observed to overlie severely weathered and locally kaolinitic bedrock, and to

be consistently thicker on lower slopes. Sections of the 'laterite' surface were

thought to have been down-faulted in the Early Tertiary and later buried by

Middle Tertiary sediments. Alley (1973) regarded the 'Iaterite' surface to be of
(?)Early to pre-Tertiary age and considered that it persisted to the Middle

Tertiary in the Barossa area. A consistently lower silcrete-capped landsurface

was considered to be younger than the 'laterite' surface and was ascribed a

Mid-Tertiary age. Palynological data was interpreted by Alley (1977) to

demonstrate that the Eocene appeared to have been rvarm and temperate with a

very high rainfall, and that the Miocene was similar $¡ith perhaps slightly

$¡armer temperatures and a slightly lower precipitation. The evidence that

both 'laterite' and silcrete formed together for at least some time on identical

strata and under similar climatic conditions was used to show that some other

factods) must have controlled the processes of weathering. Only the base levels

of erosion differed between the silcreted and 'lateritised' surfaces, according to

Alley, and silcrete developed on a surface, the drainage of which flowed

sluggishly into Tertiary lakes. The concentration of silica near to the

landsurface was attributed to higher alkalinity, slower groundwater movement

and. a higher water table close to the lakes. From his studies in the Mid-North

of South Australia Alley concluded that:-

i. 'Laterite' and silcrete formed at different times but co-existed

for part of the Early Cainozoic in adjacent drainage basins.

ii. 'Laterite' and silcrete did not fom co-genetically as suggested

by Stephens (1971).

iii. The view that'laterite' is associated $'ith tropical conditions

and silcrete with aridity is not valid in the Mid-North, where

both formed in similar climatic and biotic regimes; only the

base levels and groundwater conditions varied.

Using chemical (Hutton, L977), palynological and stratigraphic evidence

McGowran et aI. (1978) disagreed with Alley that 'laterite' and silcrete formed

consurrently on similar rocks and under broadly similar climatic conditions

from Eocene to Miocene times. However, Alley (1978) was able to rebuffthe

arguments presented by McGowran et a,I. (1978) and made a valuable

contribution to 'laterite' genesis by highlighting the influence of local
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topographic and groundwater conditions in its formation, as well as

questioning climatic influences on 'Iaterite' and 'silcrete' development.

King (1976) recognised several of his world wide erosional surfaces in the

Mount Lofty Ranges of South Australia. He considered that south of the

Willunga Fault, 'laterite-encrusted tablelands' represented the "Moorlands"

planation ('great Australian denudation cycle') of Late Cretaceous to Mid

Cainozoic age, whereas north of the fault the Mount Lofty Ranges were thought

to be sum.ounted by his "Rolling" landsurface of Miocene age that lacked a

'true laterite'. The "Widespread" landscape of Pliocene age was recognised in

broad valleys and basins accordant with a Pliocene coastal plain at about 180 m

asl, and the "Youngest" Cycle was related to deep valleys and gorges in the

ranges.

Ttuidale (1978) criticised King's interpretation, and considered that the summit

surface both north ar,rd souüh of the Willunga Fault was contiguous and of the

same Early Mesozoic age. However, areas of 'laterite' mapped by Twidale

(1978) north and west of the Willunga Fault on the Eden and Clarendon Blocks

are variably covered. with weathered and ferruginised Eocene to Pliocene

sediments. In places these have been erod.ed to expose an underlying

weathered pre-Tertiary surface, eroded and reweathered since exhumation
(Sprigg, 1945). Consequently, the summit surface here cannot be of Early

Mesozoic age. Furthemore, there may be some support for King's generalised

scheme, as weathered zones have been stripped from large areas of the summit

surface north of the Willunga Fault, especially in the Eastern Mount Lofty

Ranges (Twidale & Bourne,L975), allowing further erosion and the potential

development of a younger surface, possibly equivalent to King's Rolling

surface.

3.1.4 Summary and Conch¡sions

Early geological workers in South Australia (Tate, 1887; Benson, 1906, 1911)

regarded materials later described as Miocene 'Iaterite' by Woolnough (1927) as

geological strata. Segnit (1937) suggested that some 'ironstones' had formed by

deposition in swamps or lakes. Woolnoueh(L927) followed rWalther (1915) in
believing that 'laterite' formed on 'peneplain' surfaces as efllorescences of iron

and aluminium oxides brought to the surface by capillarity during dry seasons
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Prescott (1931), on the other hand, regarded 'laterite' as the indurated iron-rich

B-horizon of a fossil podzolic soil developed by leaching. This view was taken

up and slightly modified by Whitehouse (1940) and Stephens (1946), who

envisaged inputs of iron oxides both from above by leaching and from below by

fluctuating water tables. Subsequently, the pedogenic model of the 'norrnal

laterite profi.le' involving a 'laterite' horizon successively underlain by

companion materials of mottled and bleached bedrock (Stephens, 1946), and

developed on a pre-existing'peneplain', has dominated interpretations of
'laterite' in South Australia. Views of 'laterite' genesis as a residuum (e.g.

McFarlane, 1976) have received scant attention in South Australia, as have

theories involving chemical diffusion (See Mann & Ollier, 1985). Furthermore,

there have been no detailed analytical studies such as those of the French

workers (e.g. Muller & Bocquier, 1986; Herbillon & Nahon, 1987). Throughout

the above review numerous authors have associated 'laterite' with weathering

profiles developed on 'peneplain' surfaces under humid tropical climatic

conditions. -The upland sites of many 'laterites' have been attributpd to tectonic

uplift and dissection (e.g. Crocker, 1946; Sprigg, 1946).

Evidence of former'lateritisation'has been attributed to the occurrence of

weathered, bleached and mottled bedrock as well as to fernrginous crusts. The

assumption has often been made that the occurrence of part of the 'normal

laterite profile', such as bleached or mottled bedrock, implies the former

existence of a complete profile and its variable erosion (e.g. Robinson, 1974;

Daily et aL.,L974, Maud, L972). Surprisingly, often only the 'laterite' crust has

been reported rnissing, even though this would be likely to be the most resistant

part of the profile. Furthermore it has been sometimes implied that 'laterite
profiles'were formerly continuous over extensive 'peneplain' surfaces (e.g.

Johns 1961a; Twidale & Bourne,l975a), that they are therefore excellent

morphostratigraphic markers, that in some cases the 'laterite profrles' have

been presen'ed in pristine form for some 200 Ma (Twidale, 1976b), and that
inter-regional extrapolations can be made on the basis of such materials (e.g.

Tkidale, 1976b; 1983; Tkidale et a1.,t974; Twidale & Bourne,tgTía;1975b;

Bourne, L974). As'laterite'fomation has ofìben been equated urith humid,

torrid conditions it has also been used as a palaeoclimatic indicator
(McGowran,L979a), although some workers (e.g. Bauer, 1959; Maud, t972)
considered that current climatic conditions may be suitable for its formation.
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Iron oxide-impregnated sediments of various ages have been described as

'laterite'by various workers including Rix & Hutton (1953), Glaessner (1953b),

Glaessner & Wade (1958), Crawford (1959), Olliver (1964), Olliver & Weir (1967),

whereas some others have referred to them as 'ortstein' (Lang, 1965; Maud,

L972) or as 'ferricrete' (Firman,1-g67a:' Bourman,1969; 1973).

Some exceptions to the views of 'laterite' being a fossil soil profile fomed. on

'peneplains' under tropical climatic conditions have been put forward by Bauer

(1959) and Alley (1977), but these views, though very innovative, have not proved

popular.

Views on the age of 'laterite' have varied. from the Early Mesozoic (Twidale,

1983;Twidale & Bourne, 1975a), Mesozoic (Brock, L972; Daily et a1.,t974),

Mesozoic to Eocene (Bouman, 1969, 1973; Brock, 1974), pre-Tertiary

(Glaessner, 1953a; Glaessner & Parkin 1958; Campana, 1955, Horwitz,1960),

pre-Eocene (Bouman & Lind.say, 1973; Alley,1973), post- Eocene (Glaessner &

Parkin, 1958; Campana, 1955), pre-Miocene (Maud,L972; Forrest, 1969),

Miocene (Woolnough,L927, Lang, 1965), Pliocene (Whitehouse, 1940; Northcote,

1946; Stephens,1946; Crocher, L946; Rix & Hutton, 1953; Crawford, 1959;

Horwitz, 1960; Johns,1961a, 1961b; Olliver, t9ffi;Harris & Olliver,1964;Major

& Vitols, L973; T\n'idale, 1968), Plio-Pleistocene (Fenner, 1930,1931), Pleistocene

(Sprigg, L945; Bauer, 1959; Crawford, 1965) to t,Le Recent (Campana & Wilson,

1955).

The above srunmary highlights the diversity of interpretations concerning the

nature of 'laterite', its age, processes of development and the topographic and

climatic requirements for its formation. A pathway to the solution of these

divergences of opinion about 'lateritic' materials in South Australia requires

detailed and multi-faceted studies, towards which this thesis is contributing.

9.2 Discr¡ssion ofrecent Úrtenrational views on T,atcrite' classifrcation and

fomation
3.2.L Chemical Classifrcation of Schellmann (1981)

One of the most recent classifications of 'laterite' is the chemical classification

of Schellmann (1981), discussed in Chapter 5. It developed as the culmination

of discussions of the International Geological Correlation Prograrn No.129 and
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was accepted by the French workers, Herbillon & Nahon (1987), particularly as

they claimed that it accommodates the concepts of 'relative' (accumulation of
Fe2O3 and Al2O3 with loss of SiO2 and bases) and 'absolute' (i-ports of Fe2O3

and./or Al2O3) accumulations (D'Hoore, 1954), regarded in tJ:e French

literature as the key geochemical processes leading to the fom.ation of
'laterite'. However, they pointed out that there are difficulties in determining

which elements have been mobilised when applied to actual chemical data

from'laterite profiles'. They also stated that the Schellmann chemical

classification is independent of genetic interpretations. However, as

Schellmann claimed that 'laterites' are the products of intense subaerial

weathering, the position of samples in his triangular diagrams should reflect

the effects of weathering intensities on the underlying bedrock. Furthermore,

they approved of Schellmann's scheme because it applies equally well to

unconsolidated materials as to hard or soft iron crusts, with all types being

regarded as being influenced by'laterization' processes. However, this writer
considers that the indi,seri,minate application of 'laterite' to such a diverse

range of materials is turning the clock back. Many earlier workers (e.g.

Marbut, 1-932; Thorp, L94L; Pendleton & Sharasuvana, t946; Hsmming, 1968)

were au¡are of the confusion generated by such an approach, which should be

avoided at all costs. Furthermore, ferricretes may have formed in various

ways, they may not be genetically related to the underlying bedrock, and they do

not simply reflect the intensity of weathering, so that the chemical

classification of Schellmann is of little value.

3.2.2 An Assessment of 'Relative' and 'Absolute' Accumulations'.

A widely followed subdivision of 'laterites' is that attributed to D'Hoore (1954),

who distinguished between relative and absolute accumulations of iron and

ah¡ninium oxides. The fomer involves both the interpretation of fenicrete as

a chemical precipitate in co-genetic relationship to parts of a weathering

profile, and its interpretation as a residuum of weathedrg, in which relatively

imrnsSils constituents accumulate near the surface through the depletion of

the more mobile elements. The model of absolute accumulation involves both

the physical and chemical derivation of iron and aluminium oxides from

higher lateral sources, such as pre-existing fendcretes, and their

concentration and cementation in lower parts of the landscape. Although one

of the above mechanisms may be dominant in the development of iron and
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aluninium oxide-enrichment in ferricretes, in reality, both modes of

enrichment may occur. McFarlane (1971; 1976) pointed out that bot}n in situ

and detrital'laterites'involve elements of both absolute and relative

accumulations. Furthermore, in many cases distinguishing in situ and

detrital laterite and bauxite becomes merely an academic exercise (Plumb &

Gostin, 1973). The use of the tems 'absolute' and 'relative' accumulation at a

micro-scale (e.g. Brewer, 1964; Muller & Bocquier, 1986) further confuses the

issue. As both detrital andin siúø influences affect the vast majority of

ferricretes at various scales, tJ:e subdivision of D'Hoore (1954) may often only

apply to the operation of the dominant process.

Some confusion also seems to apply to the use of the term ín situ. The tenn

means 'in its original position', but some workers would consider that a

ferricrete formed by landscape downwasting, probably involving components of

both vertical and lateral movement of clasts, had formed in situ.It would be

better to regard ferricretes formed in this way as residual or sedentary rather

than in situ. Technically, in situ weathering should apply only to

isovoluminous weathering.

3.23 Laterit€'fomed. by Chemical Iliffi¡sion
Mann & Ollier (1984) suggested that the upward chemical diffusion of ferrous

iron in solution from a bedrock weathering front, through deeply weathered

profiles, followed by oxidation and precipitation of ferric oxyhydroxides at the

water table could account for occrrrrences of fernrginous duricrusts above tens

to hundreds of metres of pallid zone clay. There is no doubt that the change to

oxidising conditions above the water table, or irnmediately below it, where fresh

and oxygenated water might occur, would have led to the oxidation and

precipitation of ferrous iron, but there is no necessity to invoke ionic diffusion

for the operation of these processes. I'his model implies the development of

both the pallid zone and the fenicrete by the one integrated process. They

dismissed the role of lateral accession of iron oxides because of the widespread

occurrence of ferricretes on interfluves. Furthemore, they claimed that the

depletion of the pallid zone could account for the quantity of iron in the

ferricrete, and concluded that chemical diffusion is the most important

chemical process involved in ferricrete formation.
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The operation of this model of ferricrete forrnation requires very special

conditions, including the widespread occurrence of stagnant groundwater,

conditions that would be difficult to achieve. The lack of detailed topographic

descriptions, together with the absence of data on the chemical, mineralogical,

hand specimen and micromorphological characteristics of the ferricretes

involved in the study makes the model difñcult to assess. It may have limited

relevance in particular sites. However, other models of landscape and 'laterite'

development can account for the widespread occurrence of 'laterite' on

interfluves.

3.2.4 Residuum Tlreory of McFarlane

The residuum theories of Trendall (1962) and de Swardt (1964) that required

landsurface reduction were criticised on various grounds by McFarlane (1976),

who presented a compronrise geomorphic model of 'laterite' formation. In this

model, original iron precipitates were believed to have formed in the narrour

fluctuating range of a groundwater table, which fell as the landsurface was

lowered. This groundwater'laterite' was thought to have developed as a

mechanical residuum d.uring late stages of landscape downwasting. With the

cessation of downwasting and stabilisation of the water table, the residuum

was thought to have been hydrated to form massive 'laterite', having the

appearance of a 'true precipitate' (McFarlane, 1976). Vertical lowering of the

landsurface $ras postulated to have allowed its entire coverage with laterite',

and a sinking water table obviated the need for 'impossibly large water table

fluctuations', such as those postulated by de Swardt (1964) and Trendall (1962).

It also associated 'laterite' formation with an original surface of some relief,

although its ultimate development was coupled with very low relief. No iron

was considered to have been derived from the underlying pallid zone, which

McFarlane (1971) suggested. had developed by leaching through the permeable

in situ 'laterites' after uplift and incision of the 'laterite'.

Butt (1982) has applied the model of landscape downwasting to a discussion of

weathering profiles in the Australian context. He considered that weathering

profi.les have developed progressively, with horizons having formed from

progenitors that resemble those currently beneath them.
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3.2.6. F\nench \ilorkers

The contributions of French workers to investigations of 'laterite' have been

summarised recently in a paper by l{erbillon & Nahon (1987). From West

Africa they described a t¡pical 'laterite profile', which had a succession of six

layers, recognised in most profiles, that displayed an increase in Fe2O3 from

the bottom to the top. The observation was made, however, that the total

thickness of each 'Iaterite' fonrration and the relative importance of each layer

within the same profile was widely variable even in limited restricted areas,

and as with sxamples from South Australia, some profiles were not capped

with crusts. The lower horizons were noted to presenre bedrock textures and

weathering was considered to have been isovoluminous. The mottled zone was

considered to have formed \Mith the absolute accumulation of iron in kaolinised

bedrock involving the epigenetic replacement of kaolinite by hematite. The

formation of mottles was considered to have occurred isovoluminously as

ghosts of entire kaolinite booklets were observed within the hematite, and the

precipitation of iron and the dissolution of kaolinite were considered to be the

result of two coupled reactions. Soft nodular and hard. nodular iron crusts

were described in the upper part of the profile that involved the transformation

of "sofT yellow plasma into 'pisolites"'. The hard nodular iron crust was

characterised by an increase in hematite content and size of nodules, with a

decrease in porosity. Goethitic rinds were noted on hematite nodules in the

upper few cm of the hard crust. Iron oxides throughout the profile \4¡ere noted

to be variably Al-substituted, but generally increasing in degree of Al-

substitution towards the top (hematite 4-7Vo; goethite varied from Al-poor in soft

domains up to 2LVo in the cortex of pisoliths) and kaolinite in near-surface

material was noted to be less crystalline and, more iron-rich than kaolinite

lower in the profi.le.

The profiles studied appear to have been specifically selected as ideal profiles

and the others ignored, thereby biasing their s¿ynples towards an 'ideal

profile'. Furthermore, the variations in Al-substitution discussed above

suggest that the upper part ofthe profile has developed by surface

transfomations, perhaps involving lateral transport. Specifically, the

development of highly Al-substituted goethite in the cores of pisoliths would

require the dissolution of pre-existing iron oxides and reprecipitation to
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facilitate the incorporation of Al into the goethite structure. Subsequently,

rinds of different character have developed around this cortex material.

3.3 ReviewofthePathways ofFomationandThansfomationoflnon
and Ah¡minir¡m Oxides and Oxyhydroxidqs

The fomation of the various secondary iron and aluminium minerals is

influenced by factors such as temperature, moisture, pH and Eh

(Schwertmann & Taylor, 1987) and thus their occurtences may provide

insights into environmental conditions prevailing during their formation or

transformation. Furthermore, the degree of crystallinity of the various Fe-

oxide minerals (as indicated by the broadening of XRD peaks) and the degree of

Al-substitution in the crystal structure of goethite (as illustrated by )(RD lines

shifts), may reflect current environments as well as also elucidating

palaeoenvironmental conditions (Fitzpatrick, 1 987).

The following is a review of current views on conditions of fom,ation of iron

and aluminium rninerals as presented by Schwertmann (1985), Schwertmann

& Taylor (1987), Taylor (1987), Fitzpatrick (1987), Hsu (1977) and Milnes &

Farmer (1987). Throughout this thesis the term 'oxide' is used for brevity but

also includes oxyhydroxides and hydrated oxides. Secondary iron oxides are

very simple chemical compounds, but the arrangement and packing of their

components affect their mineral foms (Evans, 1964). It is relatively easy to

synthesise the various Fe-oxides found in soils and sediments at pH? and

ambient temperatures, both from Fe(II) and Fe(III) solutions. Generally,

Fe(II) is much more readily mobilised than is ferric iron. At pH values

obsenred in nature, concentrations of Fe(III) in solution rarely exceed one part

per million. However, Fe(III) as fendhydrite can also be mobilised readily.

The major iron oxides encountered in this investigation include goethite,

hematite, lepidocrocite, maghemite and ferrihydrite.

In oxygenated environments Fe(III) hydrolyses to form iron oxides of

Iow solubility. This process is irreversible, but Fe(III) can be remobilised

through complexation by organic ligands, by reduction in microbial-induced

oxygen deficient anaerobic environments or by dissolution under acidic soil

conditions. Thus iron oxid.es of varying solubilities can be remobilised to form

new phases, although ferrous iron is more readily mobilised than is ferric
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iron. The chemical pathways postulated for the formation and transfonnation

of soil iron oxides are illustrated in Fig. 3.3, reproduced from Schwertmann &

Taylor (1987).

3.3.1 Inonoxide mirrerals

3.3.1.1 c,æthite (a-FeooH)

Goethite is a widespread, yellow-brown coloured iron oxide in soils and

weathering environments. It is the most stable phase, possibly due to the

presence of isomorphously substituted Al, and it is commonly associated with

other less stable iron oxides. Goethite from aerobic tropical environments is

generally poorly crystalline due to high rates of Al-substitution, but where

formed. under reducing environments, such as peat swamps, produces

relatively sharp )(RD peaks. It displays high Al-substitution when derived

from highly weathered, acid and leaching environments, particularly where

precipitated close to its source. In gibbsitic, highly desilicified environments,

goethite is cornrnonly highly Al-substituted, up to a maximum of 33 rnole Vo.

The higher Al-substitution in goethites from acid soils may reflect higher

solution of Al with decreasing pH. On the other hand goethite displays low

substitution in materials formed in weokly acid and reductomorphic

environments, particularþ where there is migration of iron to environments

low in available Al (e.g. calcareous weathering environments). Some

aluminium substituted goethites in modern soils may be inherited from former

climatic regimes.

Conditions that favour the fomation of goethite include low temperatures,

high water activity and high organic contents, and its formation is maximised

at a pH of 4. Synthesis experiments show that where Al ions are present

goethite fom.ation by oxidation of Fe(II) solutions is favoured over both

lepidocrocite and magnetite. In synthesis experiments, small amounts of Al

have been shown to suppress goethite in favour of hematite fomation
(Schwertmann, 1985). However, highly Al-substituted goethite occurs in
nature, so that the effect of Al may be over-ridden by other variables such as

time, temperature, organic matter and pH.

Goethite has been demonstrated to fom through nucleation and crystal growth
via solution from the species [Fe(OH)z] + and [Fez(OH)¿] 2* monomers derived
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from any source. In cool climates, goethite may also form via solution from

ferrihydrite. In reductomorphic environments (hydromorphic soils) goethite

may be found in association with lepidocrocite, having formed from Fe(II) or

Fe(III) in solution. Goethite formation is favoured by higher partial pressures

of CO2, and by increased rates of oxidation as well as by the presence of Al in

the system. Goethite can also fom from lepidocrocite via dissolution and

reprecipitation, but only very slowly. Organic matter and high moisture

contents may control rttineralogical transformations of hematite-rich to

goethite-rich material through dissolution and reprecipitation.

g.B. 1.2 Hemntite (a-Fe2O3)

Hematite is bright red to purple in colour, and, can contain substituted Al in its

structure up to approximately t2 mole%o. Hematite is more stable in

environments with comparatively low water activity and several publications

report strong climatic influences on the hematite:goethite ratio. There is a

tendency for hematit€ to be dominant in lvanner, humid regions and goethite

to be more dominant under more temperate humid conditions (Fitzpatrick,

1987). Other factors that influence the goethite:hematite ratio are the moisture

status and organic content of the environment, which in turn can be affected by

factors such as topography and depth in the profile. Generally hematite

fomation is maximised at a pH of 7-8, and is favoured by high temperatures,

dry conditions, lack of organic matter, and a high rate of release of Fe(II)

(Schwertmann & Taylor, 1987; Taylor, 1987; Fitzpatrick, 1987). It has also been

noted that small nrnounts of Al suppress goethite over hematite forrration

when formed from ferrihydrite.

Although hematite formation and preservation is favoured by warm

conditions, small arnounts of hematite has also been reported from cold climes

(R.W. Fitzpatrick-pers. cornm.). The corntnon key factors appear to be the

fomation of ferrihydrite, via rapid release of Fe(III), and its crystallisation to

hematite, which requires low moisture and organic matter concentrations and

dehydration conditions. Ferrihydrite is thus consid.ered to be a necessary

precursor of hematite, which foms through aggregation and dehydration.

Hematite has been noted to form under laboratory conditions by the ageing of

ferrihydrite (D. Lewis, pers. comm). Hematitp can also form by slow
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dehydration of other phases such as goethite and lepidocrocite by heating above

2000 c.

3.3.1.3 Magh.ernite (y-Fe2Os)

Maghemite is reddish-brown in colour and ferrimagnetic. In pedogenic

environrnents it is typically concentrated in the upper layers, but it has been

noted in some deeper zones as well. It has been demonstrated to forrr by

various mechanisms:-

i. Through derivation from lithogenic and biogenic magnetite by

partial or complete oxidation of Fe(II) to Fe(IID. Soil maghemites

can contain up tn ïVo by weight of Fe(II) (or even more if associated

with Ti), suggesting incomplete oxidation.'Where formed by

oxidation of magnetite, transitions in an isomorphous

replacement series from magnetite to maghemite with inherited

impurities (e.g. Ti) between the two phases r¡ray be noted. It has

been demonstrated tJ:at ultrafine-grained magnetite can forrn

organically in the biosphere (Lowenstam, 1981), both anaerobically

and in the presence of oxygen (Lovley et a1.,1987). Furthermore,

Kirschvink et al. (1985 , p. 153) noted that extremely fine-grained

magnetite is oxidised very easily to maghernitê, hematite and

other iron oxides, especially at elevated temperatures.

ii. By dehydration of lepidocrocite. Heating to 3000 C will dehydrate

lepidocrocite to maghemite. This mechanism is thought to be of
rninor significance, as lepidocrocite usually forms at depth in
mottles.

iii. By heating of goethite, in the presence of combustible organic

matter, at temperatures of 300 - 5000 C.

iv. By analory with synthetic experiments, maghemite may fom.

by the oxidation of magnetite derived via the intemediate stage

of 'green rust' precipitated from Fe(II) solutions at a pH >7.

v. By reduction-oxidation of hematite in t,Le transient reducing

environment that develops in in the combustion zone in bush

fires (Anand & Gilkes, 1987).

vi. By biogenic fomation in the biosphere (Lowenstam, 1981; Frankel

et a1.,L979; Towe & Moench. 1981), although magnetite is the
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primary magnetic source in biomagnetic systems (Banerjee &

Moskowitz,1985).

Al-substitution in maghemite may be inherited from oxidation of Al-rich

magnetite without thermal transfom.ation, or from Al-substituted goethite

involving thermal transformation.

3.3.1.4 Green rust

Green rust consists of dark green-blue mixed Fe(II) - Fe(IID hydroxides that in

synthetic experiments are intermediate phases in the fonnation of common

iron oxides, to which they rapidly oxidise with associated colour changes. It is
postulated that green rust may cause the dark green-blue colours in
reductomorphic soils (Schwertmann & Taylor, 1987).

3.3.1.5 Inpidocrocite (y-FeOOH)

As a pure mineral lepidocrocite has a dark, rich-purple colour but in soil

mottles displays a distinctive orange hue. It is a metastable polymorph of
goethite. Al-substitution in lepidocrocite is rare, and small amounts of Al
favour the formation of goethite during tJ'".e oxidation of Fe(II). br synthesis

experiments goethite can fom, via 'green rust' from either Fe(II) or Fe(III)

solutions, but lepidocrocite formation requires Fe(II) as a necessary precursor.

The occurrence of lepidocrocite is thought to indicate earlier or prevailing

reductomorphic conditions, where Fe(II) formed and moved to aerated sites

that favoured oxidation of lepidocrocite via green rust.. High water supply, low

soil terrperatures, low evaporation and slow water movement favour Fe(II)

mobilisation, from which lepidocrocite may form through reoxidation.

Lepidocrocite may form from the pseudomorphous alteration of pyrite in all

climatic conditions.

Schwertmann (1985) preferred the view of two çempetitive processes

deterrrining the relative proportions of goethite and lepidocrocite in soils,

rather than that of goethite fomation from lepidocrocite. This view was

favoured because the lepidocrocite-goethite transformation is very slow, and

because both can be synthesised in the same system. Lepidocrocite fom.ation is
suppressed by high COz, carbonate and Al contents.
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3.3.1.6 Fercihydrite (Fe2O3.2FeOOH.2.6H2O)

Ferrihydrite is a poorly ordered Fe(III) oxide, that structurally resembles

hematite. Its poor crystallinity makes it difficult to identify bV XRD. It is

t¡pically a precursor to other iron oxides, it has a colour intermediate between

goethite and hematite, and occurs either as a brown gel-like precipitate or as a

dark reddish brown friable crust. Ferrihydrite forrration is favoured by the

rapid release and oxidation of Fe(II), restricted complexation by organic

matter, high pH and good aeration. The Fe(II) ions are rapidly oxidised in the

presence of high concentrations of organic matter and./or silicates. These

compounds indirectly favour ferrihydrite fomation by hindering the formation

of FeOOH phases. However, they also retard the rate of transformation of

femihydrite to more stable phases.

3. .2 Aluninium oxide minerals

Only three alumfu¡i'r¡,m oxide mi'nerals, gibbsite, boemite and corundum were

identified in samples analysed for this thesis. Al-oxides in soil environments

appear to be limited to wam and humid climates, particularly in wet areas

with good drainage. In weatherable primary or secondary minerals trivalent

Al in complex alumino-silicates is released into the soil following the

breakdown of the silicate structures. The weathering products may be removed

simultaneously through leaching, react together to form pedogenic clay

minerals or undergo differential removal, depending on the relative solubilities

of the breakdown products.

3.3.2.1 Gibbsite (v-Al(OH)s)

Gibbsite is tJle most common pedogenic fom of AI(OH)3 and its forrnation is

thought to be favoured by warm conditions, high rainfall and good drainage.

In nature it has been found to be typicatly associated with kaolinite and is

claimed to be confined to highly weathered acidic soils. Its fomation is

thought to be accelerated by the absence of foreign ions. Gibbsite may form

through the incongruent dissolution of kaolinite and the removal of Si in
solution under acid leaching conditions, the microbial breakdown of kaolinite
(McFarlane & Heydeman, in press ) or the precipitation of Al-rich gels (Milnes

& Farmer, 1987). As well as gibbsite forming from the break down of kaolinite,

Si and Al can be reconstituted to fom kaolinite.
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3.3.2.2 Boehmite (y-AIOOH)

Boehmite, which is isostructural with lepidocrocite, is not common in soils, but

appears in bauxite deposits together with gibbsite, from which it is believed to

form by slow partial dehydration. Temperatures in excess of 1300 C are

required for laboratory synthesis of boehmite from gibbsite, but in nature the

presence of salts in soil solutions may facilitate partial dehydration at lower

temperatures.

g.S.2.g Corundu¡n (Al2Os)

Corundum, which has the same structure as hematite, is the ultimate product

of heating of gibbsit€ at 9000 C, and its occurrence in soils may be related to

inheritance from hydrothermal activity or heating by bushfires.
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ClHLNPltlDlR, 4z IFIDIRIRIIGIDSOIIS ^AìüD tslLlB"AClHilDD NI^ATIDIRI"AILS TIS

T]HI]D NIOT'}VT ]LO]FMT ]R,^A}SG]D ]P]ROMI}SCE

^AND "A]DJIAC]D}ST ts^AST}SS

4.1 hrtnoduction
The Mount Lofty Range Province of South Australia (Figs 4.I 8t,4.2) occupies

the southern portion of the Adelaide Geosyncline (FiB. 2.3) and includes

Kangaroo Island, which is separated from the mainland by an exhumed and

drowned Pemian glacial trough. The geology of the Mount Lofty Range

Province, discussed in Chapter 2, includes variably folded and faulted

metamorphosed Precambrian and Cambrian rocks, intrusive granitic rocks,

Permian glacigene sediments, Jurassic basalt and Tertiary and Quaternary
terrestrial and marine deposits. The majority of detailed work for this thesis

has been carried out in the Mount Lofty Range Province, particularly in
examining the field relationships of ferricretes and weathered zones. Some of
the fermginous zones including ferricretes have been dated relatively with
respect to rocks and sediments of known ages.

Bulk chemical and mineralogical data are presented in tabular forn as

appendices, but only those data considered relevant to the genesis of the

materials will be discussed in the text. For example, many samples display
high SiO2 contents that reflect inherited quartz, which was largely inert (as

indicated by thin section observations), during ferricrete fonnation, whereas

secondary iron and aluminium oxides were active components during its
development.

4.2 The Highl-evel Sr¡mmit Surface

When viewed from a great distance the modern summit surface of the Mount

Lofty Ranges appears as a remarkably level and continuous surface (Plate 4.1)

and has been widely interpreted in the past as an uplifted erosion surface or
'peneplain' capped by a fossil 'laterite profile', variously considered to be of

Pleistocene (Horwitz & Daily, 1958), Pliocene (Horwitz, 1960), Early Tertiary
(Glaessner & Wade, 1958) or Mesozoic (Daily et a1.,L974) ages. Twidale (1983)

believed that parts of the summit surface have been presen'ed in pristine form

throughout 200 Ma of exposure to epigene processes. However, the planate

nature of the summit surface is more apparent than real, for when exarnined

in detail it displays considerable relief amplitude, and in some areas evidence

of Tertiary topography similar to, if not more accentuated than, that of today.
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Only very restricted areas are occupied by level to gently undulating

topography.

The general summit elevations of the Mount Lofty Ranges vary between about

420 m, and 150 m, with occasional points underlain by resistant quartzite

bedrock standing up to 50 m higher. Investigations of this thesis revealed that

there is not only great variety in the topography of the summit surface, but that

there is also considerable diversity in the character of the weathered zones and

ferruginised horizons resting on and underlying the surface (Fig. a.3), and that

these are of different origins and ages, reflecting evolving environmental

conditions during their formation.

During field investigations various t¡les of weathered and ferruginised

materials were identified on and beneath the summit surface. The types of

ferricretes encountered include:-

i. Vermiform ferricreúe, which contains sinuous worm-like

channels, ofTen infilled with light coloured clays that contrast

strongly with the surrounding iron-rich material, and give a very

distinctive character to the ferricrete (Plate 4.2).

ii. Hsolitic þrcicrete that consists of individual pisoliths, many

of which display multiple and complex rinds, cemented together to

form a coherent rock-like mass (Plate 4.3).

iii. Nodulør ferricrcte, which is similar to pisolitic fenricrete, except

that the individual clasts are larger than pisoliths and rinds are

generally thin or absent (Plate 4.4).

iv. Vesícula.r to rnassiue ferricreúe, which consists of a dense,

massive iron oxide-rich material containing numerous small

cavities that are usually filled with clays, but where these have

been washed out the small vesicles or voids are very prominent
(Plate 4.5).

v. Slabby ferricrcte that consists of horizontally disposed plateJike

masses of femicrete up to several cm thick and separated by

clays (Plate 4.6).

vi. Femicreted sedim.enús, which consists of iron oxide impregnated

and indurated sediments, in which original sedimentary

materials, fabrics and structures have been presen'ed (Plate 4.7).

In some instances the sediments can be recognised as occupying

former fluvial channels.



79

vii Ferricreted bedrock, which can be recognised as such by the

preservation of metamorphic and sedimentary structures (Plate

4.8) and distinctive minerals. The last two t¡les of ferricretes
(ferricreted bedrock and ferricreted. sediments) in the Mount Lofty

Ranges can be distinguished in exactly the same way as

metamorphic rocks and sediments can be differentiated.

Other ferruginous and weathered materials associated $'ith the summit

surface include ferruginised mottled zones in botJl sediments (channel frlls)

and basement rocks, bleached and weathered bedrock and loose pisoliths at or

near the surface. The summit surface will be discussed under headings of the

dominant natures of the ferricretes and other ferruginised and fermginous

and weathered materials studied, the distributions of which are shown on

Figures 4.1, 4.2 and 4.3. Locations of sites discussed are given with alpha-

numeric grid references.

4.2.1 Femicretes

4.2.1.1 Nodular, Pisolitic and Vermiform Ferricretes

4.2.1.1.1 Spríng Mount-Mount Cone areø (J29)

This area is among the highest in the ranges where ferricretes are well

developed, and has been exposed to subaerial processes ofweathering and

erosion over long periods of geological time. The landsurface is approximately

400 m asl and is underlain by weathered materials up to 69 m thick (Bourman,

1973). The area has been exposed to the terrestrial environment since the

Permian glaciation (Milnes et a1.,1985). The summit surface stood above the

influence of the high Miocene sea level in the area, evidence of which occurs up

to 230 m asl in the Upper Hindmarsh Valley and 235 m asl in the M¡ponga

Basin (Furness et ø1.,1981). The relationships between the various types of
ferricretes and Tertiary fossiliferous limestone, which crops out in the vicinity,
are illustrated in cross section in Figure 4.4.

The fericretes have only a sporadic distribution. More commonly there is only

a thin surface layer of pisoliths in and below the A-horizon of the soil, which

directly overlies weathered and mottled bedrock. 'Where ferricrete does occur it
occupies gently sloping to undulating sections of the high level surface. The

crusts occur over a variety of materials that include weathered bedrock.
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Mount Cone (Willunga MR 783802) proper stands above the general level of the

summit surface (Fig. 4.4; Plate ¿.9); it is composed of Precambrian gneiss that

has been weathered and partly fermginised, but the original gneissic bedrock

structures are clearly evident in hand specimen. The mineralogical

composition of this rock, which includes large amounts of muscovite and

felspar (BOU 301) as shown in Table 4.1 (Appendix I), reflects its bedrock

character. Approximately 1 km east of Mount Cone is a near level surface that
is partially capped by a nodulør vartety of ferricrete and forms a small mesa

(Plate 4.10). The chemistry and mineralory of this material (BOU 903) is quite

different from that of the weathered bedrock of Mount Cone, as it has twice the
Fe2O3 content, less SiO2 and higher Al2O3 (Fig. a.5). The mineralogical

contrast is also very marked, with BOU 303 having a high concentration of
gibbsite, goethite and hematite and a small amount of maghemite, while the

ferruginised bedrock of Mount Cone (BOU 301) is dominated by muscovite and

quartz with smaller amounts of kaolinite, felspar, hematite and goethite. The

ferricrete on the small mesa (BOU 303) is composed of weathered material

and./or soil in which there is no evidence of original bedrock structures. Both

the chemical (Fig. 4.5) and mineralogical compositions of the nodules (BOU

423) and the matrix material (BOU 424) of this ferricrete are similar,

suggesting essentially an in situ mode of formation.

If it is the case that these two contiguous areas have been exposed to similar
extended periods of weathedrg, and there is no evidence tJ:at this is not the

case, then why should there be such marked contrasts in their physical,

chemical and mineralogical characteristics? The answer almost certainly lies

in local variations in topography and drainage. The nodular ferricrete has

developed essentially in a local environment where there was the accumulation

of materials weathered and eroded from higher surrounding areas such as

Mount Cone. This material was subjected cumulatively to far more extensive

weathering than the bedrock at Mount Cone, where fresher rock was

perpetually subjected to exposure at the surface.

On the western flank of the mesa carrying the nodular fen:icrete there is a
sharp break in slope, at the base of which fefficrete boulders of vesícular

character (BOU 302) occur. This ferricrete differs markedly from the nodular
variety on the mesa, displaying a very high total Fe2O3 content with a

dominance of goethite, and minor amounts of hematite. This accumulation of
iron oxides occurred at a point about 10 m below the level of the mesa (Plate
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4.11) partially capped by the nodular fenricrete, and demonstrates the

progressive development and modification of the present summit surface. It
also illustrates the close proximity of different t5rpes of ferricretes that have

d.ifferent physical, chemical and mineralogical characteristics (Fig. 4.5),

depending on variations in local environments.

On the Spring Mount Plateau (Bourrran, 19?3) at the Spring Mount Trig.

(Willunga MR 767753) some of the ferricrete (BOU 370) (Table 4.2; Fig. a.5) has a

similar nodular morphology to that on the small mesa near Mount Cone.

Other ferricrete at Spring Mount is of a uermiform type (BOU 366), and on the

surfaces of isolated boulders of vermiform ferricrete there are secondary

accumulations of laminated iron oxides (BOU 309) forming thin rinds. These

probably indicate a later phase of iron oxide precipitation affecting a pre-

existing ferricrete. Both the venniform and nodular types at Spring Mount

contain gibbsite, but the laminated coatings on isolated boulders do not.

4.2.1.1.2 Pørawa Platea,u a,rea (F32)

On the summit surface at about 360 m asl near Parawa (Torrens Vale MR

604613), sporadic masses of pisolitic tn uermiforrn ferricrete occur. In some

places the ferricrete forns the margins of breakaways. Occasional shallow

quarries, surface scrapes and road cuts indicate that it is up to 80 cm thick and

overlies weathered materials. However, these exposures also demonstrate the

non-continuous nature of the ferricrete. The outer surfaces of the ferricrete in
this area sometimes have the appearance of pisolitic ferricrete, but the body of

the ferricrete masses invariably display verrniform fabrics superimposed on

fragmental and pisolitic stmctures. Furthermore, glazed goethitic coatings

form thin rinds on some exposed surfaces. These obsen¡ations suggest

complexity in the formation of the ferricretes. Analyses of samples of

vermiforn fendcretes from this locality (BOU 18, BOU 21, BOU 339, BOU 343)
(Table 4.3) all show similar Fe2O3, SiO2 and Al2Os contents (Fig. 4.6) and

distinctive mineral assemblages incluütg, goethite, gibbsite, hematite, micas

and kaolinite, as well as discrete maghemit€ clasts. The common occurrence

of high proportions of gibbsite in these crnrsts corresponds to analyses of

samples from the Mount Cone-Spring Mount ar.ea, and favours the view of
protracted weathering having affected these high areas. Both kaolinite and

gibbsite infill tubules in the distinctive vermiform fenricrete.
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Thin section examination of vermiform ferricretes reveals patches of iron

oxides and zones of light coloured clays (kaolinite and gibbsite) infitling the

intervening areas (Plate 4.12). The iron-rich zones comprise vague bands and

glaebules that, in places, contain very fine quartz grains. Laths of mica, or

pseudomorphs after mica, occur in the matrix. They do not display a preferred

orientation as would be expected if the sample was of ín situ basement rock, but

their presence suggests that they have derived from pre-existing bedrock.

There is a tendency for the micas to be aligned parallel to the surface coating

but to be randomly dispersed elsewhere (Plate 4.13). The thin section

observations suggest that the material could represent a palaeosol. In places

the ferricrete has a detrital appearance and contains small clasts of
maghemite.

Even on this pronounced plateau surface (the Parawa Plateau; Brock, 1964;

1971) the thickest development of vermiform ferricrete occurs on low angle

slopes away from the plateau summit, rather than on the summit itself. This

is taken to indicate preferential enrichment and accumulation of iron oxides in
locally favourable situations, rather than the unifom development of
ferricretes over extensive areas. In a drilling program on the summit surface

in this area (Keeling, 1985), 30 boreholes were sunk into the weathered clays

underlying the plateau but not one intersected fen:icrete. The ferricrete crusts

are thus relatively rare and sporadic, even on a surface which might be

regarded as owing its presenration to a ferricrete capping (see for s¡¡emple,

Twidale, 1983).

It has been demonstrated that, the summit surface of Fleurieu Peninsula has

been exposed to tenestrial conditions for a very long period of geological time
(Milnes, et ø1.,1985). The chemical, mineralogical and micromorphological

characteristics of the nodular, pisolitic and verttrifom ferricretes associated

\¡rith this landsurface reflect the effects of protracted exposure to subaerial
processes. They are not unmodified, ancient crusts preser',red throughout 200

Ma of epigene attack as has been suggested by Twidale (1976; 1983). On the

contrary, the evidence indicates the operation of continual weathering and

erosion and the progressive development and modification of these ferricretes.

4.2.1.1.3 Thc Summit Plateøu Surføce of Køngøroo Island,

Pisolitic to vermiform ferricrete occurs over many areas of the summit surface

of Kangaroo Island. Bauer (1959) mapped t}l.e Eleønor Sand, which includes
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pisolitic to vermiform ferricrete, on remnants of the undissected plateau up to

275 n asl (Fig. 4.2). The Eleanor Sand on the upland plateau surface of

Kangaroo Island was described by Northcote (1946) as a relic of 'lateritisation',

a fossil Pliocene soil exhibiting the 'normal laterite profile' of southern

Australia (Stephens, 1946).

The following is a profile description of the Eleanor Sand:-

Al horizon : 0-10 cm of non-wetting, organic-rich, slightly loamy

sand !f ith a2.5 Y 311 colour.

A2 horizon : 10-35 cm bleached coherent but brittle sand with rare

maghemitic gravels. Colour 1OYR 5.5/2 (moist);10YR 8/2 (&Ð.

Bl horizon: Massive sandy clay with fernrginous gravels at 35 cm.

Mottle-free. Colour 10YR to 2.5Y 6/4

82 horizo¿ : Mottled, gravel-free clay. Main colour 2.5Y 7/3 with
mottles (7.5YR 5/8), overlyrng 30 cm of consolidated gravels in matrix of

slightly loamy sand, forming sheet 'laterite' (ferricrete). Colour 10YR to

2.5Y 6/4.

Classification: Dy 5.84 (\ rith sheet 'laterite').

In places the pisoliths in the B2 horizon are cemented together to form a

continuous pisolitic to vermiform ferricrete crust, and this ferricrete can grade

laterally into unconsolidated pisoliths.

It should be noted that the full profile of the Eleanor Sand ranges over only

2 m (Northcote, 1946), and its associated ferricrete, which is only about 30 cm

thick, probably developed as a pedogenic horizon having concentrated in
preferred parts of the landscape. This profile is not çemFatible with the thick
vermifom ferricretp on parts of Fleurieu Peninsula, although it has been

equated $'ith such by some workers (e.S. Turidale, 1983). Northcote & Tucker
(1948) mapped the 'lateritic plateau' of Kangaroo Island on the occunence of
the Eleanor Sand, which allegedly provided the detritus for younger soils súch

as the Seddon Series. In places, however, the Eleanor Sand occurs below the

level of the soil it is alleged to have contributed to. For s¡amplê¡ it occurs at an

elevation of about 80 m asl north of Mumay Lagoon as well as on the high
plateau surface at up to 260 m asl (See Fig.4.2). The chemical and

mineralogical compositions of a t¡pical sample (BOU 101) of vermifonn

ferricrete from the Eleanor Sand is shown in Table 4.3. In thin section BOU 101
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appeared as segregations with coatings displaying complex iron-aluminium

phases. Islands of clay and quartz surrounded by goethite are interpreted as

the result of the preferential penetration of a soil or sediment by iron oxides.

The thin section also shows that the fabric of the crust is a fine-grained

material with wisps of parallel bedding, and in places these have been removed

to produce cavities. Minerals in this sample include gibbsite, goethite,

kaolinite, hematite and maghemite, which are distinctive of verrniforrr

ferricretes.

Fossiliferous Early Miocene limestones have been reported within the dissected

part of the 'lateritic' plateau of Kangaroo Island by Milnes et aI. (1983), at
"'Willandra" (Fig. 4.2) about 10 krn southeast of the Parndana township at about

125 m asl (Seddon MR 097300). The limestone caps at least three small

unweathered bedrock knolls, which are surrounded by weathered and mottled

bedrock and discontinuous exposures of vermiform ferricrete. The resistance

of the unweathered bedrock highs may account for the preservation of the

limestone. The relationships between the ferricrete and limestone are not clear

but the absence of ferricrete fragments in the limestone favours the view that
ferricrete formation has taken place afìber the deposition of the limestone,

possibly in the Late Miocene and Pliocene. Ttrin sections of the vemiform
ferricrete (Plates 4.12 anrd 4.L4) show that it appears to be fomed of discrete

bodies or segregations with concentric layers, but the main difference between

the segregations and the matrix is that the segregations contain more iron

o.xide. Minerals identified in this sample (BOU 126) (Table 4.3) included

goethite, gibbsite and small amounts of maghemite (detected by a magnet). The

presence of smectite and only small arnounts of kaolinite suggest that the

feruicrete has not been affected by intensive weathedtg, or neoformed smectite

has resulted from a later phase of resilication.

A short distance away from the limestone-capped ridge is a limestone-free

hillock at a slightly higher elevation. This carries a brown sandy soil mantle

up to 40 cm thick, with a surface and near surface accumulation of pisoliths

that are strongly magnetic (BOU 130) (Table 4.3). Examination in thin section

reveals that some of these are complex pisolith-in-pisolith structures with silt-

sized quartz occurring around the edges of some of the pisoliths, the cores of

which contain coarser quartz fragments. Generally the pisoliths have a sandy

quartz grain frameworþ imFregnated with iron oxides. Often the cores are of

hematite and maghemite with thin rims of goethite and clays containing
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gibbsite. The presence of gibbsite and the complex character of the pisoliths

suggest that they have had a long history of evolution and were probably derived

from pre-existing ferricretes.

The field and laboratory evidence suggests that the limestone was once more

extensive than at present, and following the marine regression, pisoliths from

higher ground \Ã¡ere transported onto the limestone surface. Lowering of the

limestone surface by weathering and erosion led to the stranding of the

pisoliths above the general level of the surrounding landscape, which

underwent further lowering, and subsequently a sporadic vermiforrn ferricrete

developed around the flanks of the limestone knolls. In view of the suggested

tectonic tilting of the summit surface of Kangaroo Island (Northcote & Tucker,

1948) it is not possible to be certain of the complete former extent of Early

Miocene limestone over the present summit surface of Kangaroo Island, and it
is possible that even higher Middle Miocene sea levels existed on Kangaroo

Island as on the mainland (Lindsay, 1986). See also Vail & Hardenbol (1979),

Vail & Mitrhum (19?9) and Vail et ø1. (1977), who suggested even higher

Tertiary sea levels, in the Late Miocene, of which no evidence has yet been

located in South Australia. Regardless of this, large areas of the modern

summit surface have developed only after the erosion of the Early Miocene

limestones. This is reflected in the development of the Eleanor Sand,, allegedly

a'fossil laterite profile' (Northcote, 1946), on it. Moreover, the characteristics of

the weathering profiles on the summit surface are quite different to those

under the basalt near Kingscote (See section 4.3.1.1.1 The Mount Taylor Plain),

so that the correlation of the two by Twidale (1983) is unwarranted.

Sporadic outcrops of vesicular ferricrete (bog iron ore) occur on the plateau,

and elsewhere accumulations of pisoliths rest directly on weathered basement

rocks. Hence the character of the fernrginous materials on the plateau surface

is very variable, suggesting great ssmplexity in the development of part of the

summit surface of Kangaroo Island.

42.7.2 Fericreted Sediments

4.2.1.2.1 GIpn Sh,erø Pløtpau

The Glen Shera Plateau (Willunga MR 798874) foms a distinctive topographic

unit capped, in places, by a thick ferricrete crrst at about 350 m asl (Fig. 4.1;

J28). It was regarded by Maud (1972) as part of the original high plateau

surface, although it is underlain by relatively soft Pemrian glacigenic
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sediments. He considered that the surface displayed the character of a broad

open valley contiguous with the summit surface. This interpretation may not

be unreasonable, because the highest surrounding country only extends up to

about 400 m asl.

Unfortunately, there is no direct indication of the age of the surface forming the

Glen Shera Plateau. Remnants of a former high level broad valley floor extend

to the southwest from the Glen Shera Plateau following the line of a tributary of

the modern M¡ponga River. This could represent the remnants of a pre-

Tertiary drainage line. However, the Tertiary seas in this area extended at

least up to 235 m asl and possibly up to 300 m asl so that the valley may have

developed in relationship to this base level during the Tertiary.

In hand specimen the ferricrete that underlies the Glen Shera Plateau appears

to have formed via the impregnation of sand-sized quartzose sediments by iron

oxides. It has the same fabric as the underlying, unconsolidated Permian

sediments. This interpretation is confirmed by chemical and mineralogical

analyses (BOU 306) (Table 4.4;Fig. a.7) as well as thin section observations.
The Fe2O3 content of L2Vo is accounted for by a dominance of goethite and minor

hematite. No gibbsite was detected, and the small amount of Al2Og (L.63Vo)

determined could be present in kaolinite, which was identified by XRD. In thin
section the sample is a poorly sorted coarse sandy to gritty sediment, consisting

of sub-angular quartz grains in a dark fermginous groundmass. In this,
scattered fine hematite crystallites occur in clay patches that occupy voids
(Plate 4.15).

4.2.1.2.2 Cut HilI Rood' Køngørilla. (FiS. 4.1; L23)

At an elevation of about 380 m on the Cut Hill Road (Noarlunga MR 891084) on

the modern summit surface, sporadic blocks of ferricrete occur (BOU 57) (Table

4.4). The ferricrete is essentially a sandstone, with some larger quartzose
clasts, cemented by iron oxides. This is reflected in the dominance of SiO2

(70.47o) and Fe2Os(23.06Vo), with only a small arnount of Al2O3 6.72Vo) (Fig.a.7).

By extrapolation from the regional geolory and shallow exposures, the
ferricrete overlies weathered Precambrian metasedimentary rocks. The

dominant minerals are quartz, teflecting its origin as a quartzose clastic

sediment, with hematite as the main iron oxide and a lesser amount of
goethite. Maghemite was only detected by magnetic response. The relatively
high concentration of hematite is tlpical of many high level fermginised
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sediments within the Mor¡nt Lofty Ranges. For example, a ferricrete on the

flanks of Mount Gawler (540 m asl) (Onkaparinga MR 016487) at an elevation of

some 410 m asl, displays similar proportions of hematite and goethite (BOU

397) (Table4.4).

4.2.1.2.3 Kttott HiU (Fie. 4.1;L25)

At Knott Hill (Noarlunga MR 887033) at an elevation of some 340 m asl, quartz-

rich glacigenic sediments of Permian age have been variably fernrginised to

for:m discontinuous ferricretes (BOU 359). The character of these ferricretes is

reflected in their bulk chemistry and mineralory (Table 4.4). At this site the

ferricretes are not well developed, with iron oxides fairly uniformly dispersed

throughout the porous sediments. The majority of equivalent summit surface

ferricretes analysed generally display higher contents of hematite than does a

sample from this locality. The higher goethite content of a Knott Hill sample

may reflect dissolution of hematite and reprecipitation as goethite

(SchwertmanÍr, 1985). Conversely, original conditions during iron oxide

impregnation may have favoured goethite formation. Although Knott Hill
occurs on the modern summit surface, it is developed at a relatively lower

elevation in easily eroded. glacigenic sediments. Ttre field and laboratory

evidence is interpreted as signifring development of the ferricrete at Knott Hill
at a later stage than that at nearby Cut Hill.

4.2.1.2.4 Pørøwirra (FiS. 4.1; O14)

Analyses of ferricrete sampled from the summit surface at Parawirra (Barossa

MR 004627),260-270 m asl (BOU 380) (Table 4.4) displayed constituents t¡pical of

an iron oxide-cemented quartzose sediment. In thin section the sample

comprises a coarse, closely packed quartz-rich sediment with interstitial
opaque iron oxides and clays containing relic mica crystals. Goethite is the

dominant iron oxide rnineral in the matrix: darker areas of the matrix appear

hematitic, but in detail the matrix is quite complex displaying a mixture of
opaque and non-opaque (silicate) crystals. The ferricreted, sediment overlies

mica-quartz schist Precambrian bedrock, which is not extensively weathered.

4.2.1.2.5 Humbug Sçub (FiS.4.1; O19)

Ferricrete (BOU 4), collected from near an aircrafìb landing field at
Humbug Scrub (MR Barossa 985501) at an elevation of 410 m asl is a sedirnent

!\rith quartz grains and some rock fragments set in a very dense matrix of iron

oxides. This interpretation is confi.rmed by chemical and mineralogical
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analyses (Table 4.4). This material occurs on a gently westward sloping

landsurface below higher resistant salients of the ranges up to 520 m high,

which carry no fen:icrete. It has developed above Precambrian bedrock of the

Saddleworth Formation, which consists dominantly of metasiltstones.

In thin section, the framework grains of clastic minerals, are poorly sorted

(fine to coarse), angular and shard-like. Accessory minerals include

tounrraline and andalusite, and there are rock fragments with micas. The

matrix encompasses the detrital grains and consists predominantly of well

crystallised hematite, which invades the embayed borders of individual grains

of quartz and tourrraline (Plate 4.16). The hematite occurs as small crystals,

which exhibit red internal reflections in incident polarised light (Plate 4.17), as

well as in thin zones around voids. The angular and embayed character of the

framework grains suggest that some of the sediment has developed through in

situ bteakup of larger grains. In this case there may have been partial
dissolution of some of the qwartz grains.

42Ig Fe¡riætedBedrock
There are very few ferricretes fomed by the ferruginisation of bedrock (See

Figure 4.1). The best example of such a ferricrete occurs in the North Mount

Lofty Ranges, and appears to have developed in Precambrian metasiltstone.

Here a massive ferricrete crust (BOU 386) (Table 4.5) (Fig. a.9) occurs on a ridge

at about 340 m asl, some 3 km west of Koonunga (Kapunda MR 130929; Fig. 4.1;

Q8), but below the level of the high land nearby. In thin section this crust

contains very angular quartz grains arranged as in metasedimentary rocks.

In detail the matrix is composed of masses of hematite crystallites set in
yellowish clay plus goethite. Well crystallised hematite also occurs along

fractures. Small spherical bodies in the matrix appear to coalesce along

fractures to form continuous nernill¿ry textured. coatings, which have

larninar goethite and thin hematite rinds (Plate 4.18).

4å'L4 Slabbyfemiætes
4.2.1.4.1 Chøndlers HiU (Fie. 4.t IA3)
At an elevation of about 360 m asl a profile including ferricrete (Plate 4.6) has

been exposed by a road cutting at Noarlunga MR 82 3144. The profile has been

described and figured by Ward (1966, pp. 92-93)), and is overlain by soils

classified by Ward (1966) as the Kuitpo Laømy Sand and the Chandler Loømy

Sand (Fig. a.8). Quartz veins through parts of the section suggest that it has



89

developed through the weathering of the underlying Precambrian

metasiltstone (Figure 4.9).

Samples were analysed from the B horizon of the Kuitpo Loamy Sand, and from

the slabby ferricrete and its surrounding matrix below the Chandler Loamy

Sand. Samples of the slabby femicrete (BOU 20, BOU 60 and BOU 429)

compared with the surrounding material (BOU 430) (Table 4.5) (Figure 4.9)

have higher concentrations of Fe2Og, AlzOg and lower SiO2. Minerals

identified in the slabby ferricrete, in decreasing order of abundance, include

quartz, goethite, hematite, kaolinite, felspar, vermiculite, anatase and a small

amount of gibbsite. The enclosing material differs from the ferricrete in that
kaolinite is more abundant, hematite is the dsminant iron oxide, and smectite

and felspar are present. No gibbsite was identified in the matrix material. A
sample (BOU 398) of the B horizon material of a yellow podzolic duplex soil

lDy2.11 (no mottles) to Dy3.11 (with mottles)l that occurs near the surface

contains quartz, kaolinite, goethite, anatase, felspar, and possibly gibbsite, all

of which could have derived from the underlying materials. Thus it appears

that the soil has developed on previously weathered materials.

In thin section slabby fericrete fragments (BOU 20) are essentially clay-rich

materials containing poorly sorted and scattered, quartz grains varying from

silt to sand-sized. Together with very fine kaolinitic clay, iron oxides

(dominantly goethite) fill fracture zones and coat voids. Fine equigranular

hematite occurs as crystallitps in the goethite plus clay matrix, and hematite-

rich zones have resulted from the coalescence of the individual crystallites
(Plate 4.19). Higher concentrations of hematite than goethite are present in the

incoherent material enclosing the ferricrete fragments, which may suggest

that the hematite has formed at a later stage than the goethite, or that it was

the dominant iron oxide formed as a result of the prevailing environmental

conditions.

Downslope, the slabby fendcrete progressively dips below the land surface so

that it is overlain by mottled sandy clays. During winter, a spring discharges

at the felricrete level, and it is possible that such a mechanism, operating in
the past, was responsible for the latpral transport of iron oxides in solution,

from points upslope, to be precipitated above the water table or impermeable

zones to develop this particular t¡rye of femicrete.
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4.2.L5 Vesicrrlar to lVlassive Felricretes
4.2.1.5.1 PeerøIiIIa HíU (FiS. 4.1; K30)

At an elevation of about 290 m on the summit surface of Fleurieu Peninsula

there occurs the most massive accumulation of iron oxides in the South Mount

Lofty Ranges (Heath, \962; Bourman, 1973). Superficially the mine and quarry

exposures on Peeralilla Hill (Willunga MR 837717) resemble profiles described

in the literature as 'lateritic', and Heath (1962) regarded the ferricrete at
Peeralilla Hill as a 'tnore ferruginous variant of the Tertiary laterites which

cap many of the hills and ridges of the Mount Loft,y Ranges' and commented

that the 'high alumina, water and moderate silica contents' are characteristic

of 'laterite' deposits. However, close field inspection and laboratory analyses

reveal that the materials comprise a stratigraphic sequence of deposits of

different ages.

The thick ferricrete crust at Peeralilla Hill does not occur near the summit of
the hill, but in a bedrock depression at a lower elevation (Fig. 4.10; Plate 4.20).

The crust near the surface is composed dominantly of vesicular to massive

ferricrete, but at depth, in places, takes on a more earthy texture, and

indurated iron oxides are concentrated along steeply dipping larninar

structures (10 mrn thick), with intenrening ferruginous clay-rich zones, that
are composed of smectite, kaolinite, hematite and goethite, (Plate 4.21). The

laminated structures are similar to features commonly noted in association

with many karstic bauxite deposits (Prof. I. Valeton-pers. comrn.). Large

isolated blocks and boulders of vesicular ferricrete as well as smaller clasts of
ferruginous material also occur within this lower zone of iron enrichment.

Many fericrete fragments and pisoliths at the surface contain maghemite, as

indicated by magnetic attraction. Magnetic clasts are particularly prevalent

near sites affected by burning during modern bushfires.

Sands and included pebbles a¡rd larger clasts of quartzite are exposed in a dam

site to the north of the iron crrust, and may be Permian glacigenic sediments.

Drilling through the surface cnrst has established the occurrence of sandy

sediments below it. A surface scrape cut through the crust (Plate 4.20) has

exposed white and green, calcareous clays, and XRD analysis has revealed the
presence of bothbarite and calcite in them (BOU 32, BOU 33) (Table 4.6) (Fie.

4.11). The white clayish sediments (BOU 33) in thin section contain rounded to

sub-rounded and sub-angular quartz grains ranging from silt to sand-sized,

set in a matrix of calcite plus smectite and kaolinite, which coats the grains
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and fills cavities and fractures (Plate 4.22). The calcite has the form of rounded

structures composed of fibrous radiating crystallites. The green coloured clays
(BOU 32) consist dominantly of kaolinite and barite (BaSO¿).

The presence of calcite and barite may argue against leaching and the

operation of intensive weathering processes in the formation of the ferricrete

crust, although they may have precipitated out of ground waters after the
ferricrete developed. Nevertheless, the high total Fe2O3 contents of 67 .7Vo (BOU

10) and 69.8Vo (BOU 11) (Table 4.6), suggest iron oxide influx from lateral

sources into a former depression. Thus the sequence at Peeralilla Hill
indicates that the deposition of iron oxides here occurred in a depression in an

ancient landscape. Comparison of the Peeralilla crust with samples of

vesicular ferricrete (BOU 5, BOU 6) (Table 4.6; Fig. 4.11) collected from the

modern valley floor at Mount Compass (MR Willunga 818861) reveals

similarities in both rnineralory and chemistry (Section 4.3.1.3.1). In thin
section the Mor¡nt Compass ferricrete is shown to consist principally of iron

oxides \ilith occasional sand to silt sized quartz grains. Elongated and

rectilinear cavities occur through the ground'nass (Plate 4.23). At high

magnifications very distinctive cellular structures (Plate 4.24), represent

fom.er plant material entirely replaced by iron oxides.

Thin sections of samples of ferricrete from Peeralilla Hill reveal similar
elongated rectilinear cavities (Plate 4.25), and features that generally resemble

plant cells replaced by iron oxides (Plate 4.26), but these are not as clear as

those in the Mount Compass samples.

The chemical, mi¡sralogical, thin section, topographic and stratigraphic
evidence favours a view that the crust at Peeralilla Hill formed essentially as a

sedimentary deposit, primarily from the precipitation of iron carried in
solution, but with Bome physical concentration of iron as well, in a depression

on an old landsurface. However, since its fomation and exposure the original

deposit has been modified by weathering, erosion, burning, deposition and

remobilisation and reprecipitation of iron oxides.

Some of the complex history of the Peeralilla Hill crust is reflected in its
mineralory. Tlpically iron oxides, chemically precipitated in freshwater

swampy environments are composed exclusively of goethite, exhibiting low

aluminium substitution (Fitzpatrick & Schwertynarr.rl, 1982), and while this is
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the dominant mineral in the Peeralilla Hill crust, small amounts of hematite,

kaolinite, q'uartz and smectite are also present. The quartz is probably detrital

as may be the kaolinite and smectite, but these may also have formed by

weathering of primary detrital minerals after the deposition of the sediments.

Hematite is not usually associated with such'bog-iron ore' deposits in Europe

(R.W. Fitzpatrick-pers. conxm.), and its occurrence at Peeralilla Hill may

reflect slightly vrarmer conditions that favoured the crystallisation of some

hematite from ferrihydrite that precipitated from Fe(II) influxed in solution.

No maghemite was detected by XRD, but all samples showed a very slight

reaction to a strong magnet. The presence of maghemite in the near surface

layers could have resulted from heating by bushfires, by which process goethite

can be transformed to maghemite. Microscopic examination of thin sections of

the Peeralilla Hill crust provides further evidence for its complex development

as small hematite pellets occur in a goethite matrix, and voids lined \Ã'ith

crystalline goethite suggest various modifications to the crust, representing

several generations of iron oxide mobility.

Despite the fact that the Peeralilla Hill crust is considered to have developed

essentially by chemical precipitation of iron oxid,es, there had been some

physical incorporation of iron-rich materials into the depression. Moreover,

the cmst is of some antiquity. There is no direct evidence for the age of the

Peeralilla crust, nor for the origin of the calcium carbonate or barite, which

underlies it. However, the sun'iving outcrops of Miocene limestone in the

adjacent Upper Hindmarsh Valley stand only some 60 m below the ferricrete

crust at Peeralilla Hill. The arnount of erosion of the Miocene limestone is

unknown as is the precise level to which the Miocene seas reached in this area.

However, feiricrete benches near M¡ryonga range up to 290 m asl, and they

may represent former Tertiary backshore deposits, now femicreted. Thus it is
possible that the calcite is related to that fomer higher sea level, which would

place the initiation of crust formation here into the Middle to Late Tertiary.

Thus it may be younger than the higher sections of the summit surface, which

were exposed to epigene processes prior to this time.

4.2.1.5.2 Anstey HilI Ircn Mine (Fíg. 4.1; M17)

On the modern summit surface at an elevation of about 400 m at Adelaide MR

938430, iron ore has been mined in the past. rWithin the area of the min€,

fenricretes, range from vesicular and massive 'bog-iron ore' (BOU 337, BOU

340, BOU 342), occurring in sub-surface positions in mine shafts, to iron-



93

impregnated sandy sediments (BOU 338, BOU 345, BOU 350, ) (Table 4.7;Fig.

4.LZ), collected from or near to the surface. Generally the vesicular to massive

ferricretes have relatively high Fe2Og contents, an iron oxide mineralory

dominated by goethite, with rare hematite and no maghemite. Sample BOU

340 has a higher SiO2 content than the other samples of vesicular ferricrete,

which is explained by the occurrence of secondary silica rather than by the

inheritance of quartz grains. On the other hand the iron-impregnated
quartzose sandy and gritty sediments generally have lower Fe2O3 contents,

greater mineralogical diversity, higher contents of hematite and occasional

maghemite. The occurrence of maghemite may reflect burning during a

relatively recent severe bushñre in the area. This could also be responsible for

some of the hematite content.

At this site there is no evidence of a present or former 'lateritic profile'.

Moreover, the mineralory and chemistry of the ferricrete samples at Anstey

Hill does not reflect intensive weathering but supports the interpretation of

ferricrete fonrration by tJ:e ingress of iron oxides in solution into a mixed

quartz-rich clastic and organic environment, under non-leaching conditions.

Some later surface transformations have probably occurred through bushfires.

4.2.1.5.3 Køngøroo Islønd summit surface

In some locations on the high summit surface of Kangaroo Island, such as at

Stokes Bay MR 980047 at an elevation of about 180 m asluesícular ferrtctete

occurs (Fig. 4.2), which has developed by the accumulation of iron oxides

carried into a former relatively low freshwater swampy point in the topography

that acted as a sink for the collection and precipitation of iron oxides. This

interpretation is supported by an analysis of a sample of this matærial (BOU

147) (Table 4.8). The high iron content (59.3Vo Fe2O3) and a¡r iron oxide

rnineralory dominated by goethite, $'ith only minor hematite and no

maghemite, is typical of equivalent fen:icretes resulting from such chemically

precipitated accumulations.

4.2.1.5.4 Almanda HiU (Fie. 4.1; L22)

The iron bleached from bedrock at higher elevations may have provided a

source for iron oxide enrichment at another occurrence of vesicular ferricrete

on the summit surface, near Almanda Hill and'Engadene' homestead

(Noarlunga MR 8?6166), where the ferricrete has been mined. This material

(BOU 353) (Table 4.8) has a vesicular macro-fabric, a high total iron content
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(7G.47o) and an iron oxide mineralory dominated by goethit€, \Mith only minor

amounts of hematite. Material sampled from the surface (BOU 348) contained.

a similar iron content, but displayed a different mineralory dominated by
hematite and maghemite. BOU 348 contains about íVo rnote AlzOg, but the

kaolinite content of both samples appear similar, so that some degree of

alurninium substitution may have occurred in goethite.

4.2.2 Fermginor¡s Channel FiIl ll[ateria]s

Channel fill materials comprise a variety of sediments (sands, gravels, clays,

pisoliths, and other fernrginous clasts) deposited in former stream channels

on the summit surface. Ferricretes are not associated with these channel fi.lls,

and iron oxides in them are either concentrated into mottles or spread diffusely

throughout the fill materials.

4.2.2.1 Mount Desert o,rea (Fig. 4.1; H33)

The complex development of the summit surface of Fler¡.rieu Peninsula is

further indicated near Mount Desert (Tomens Vale MR 714609), where a road

cut at about 250 m asl has exposed infilled channels (Fie. 4.3; Plate 4.27).T}re

channels have been cut into kaolinised and iron-mottled Kanmantoo Group

metasedimentary rocks of Cambrian age, and are infilled with detritus that

includes fragments of the bedrock mottles (BOU 422) (Table 4.9; Fig. 4.13) and

pisoliths with multiple rinds that occur at the base of the channel. The

palaeochannel is exposed on both sides of the road cutting thereby

demonstrating that it is a true channel and not si-tply a basin.

The pisoliths at the base of the channel are identical in all respects to pisoliths

that occur to the west of this site and at a higher elevation on the summit

surface, where they form a 1 m thick deposit in conjunction with bedrock

fragments and other detrital materials (Torrens Vale MR 583617) (Plate 4.28).

The individual pisoliths have characteristic goethitic surface rinds (Plate 4.29),

Undisturbed samples taken across the contact of the channel base and its infill
(Plate 4.30) do not reveal any indication of incipient in sítu development of

pisoliths in the weathered bedrock below those in the channel (Plates 4.31,

4.32.).

The pisoliths in the channel contain maghemite. It can be speculated that
perhaps the pisoliths were fomerly in a surface or near surface situation,

where heating in the presence of organic material can transform goethite to
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maghemite. Thus the occurrence of maghemite-rich pisoliths at a depth of

some 6 m below the present ground surface is interpreted as evidence for

transport from a higher section of the summit surface and subsequent burial

near the base of a former channel.

It is noteworthy that the rnineralogy of the pisoliths varies on opposite sides of

the road cut, even though they are in similar positions in the palaeochannel.

Pisoliths from both sides are maghemitic, but those on the southern side are

soft and have hematite as the dominant iron mineral (BOU 372), whereas those

on the north are dominated by goethite (BOU 371) and are relatively hard (Table

4.9). Goethitic rinds on pisoliths are generally regarded as the result of

d.issolution and reprecipitation of iron oxides from the pisolith itself or the

accretion of fresh layers of iron oxides on the pisolith surfaces (Schwertmann,

1985). Both of these processes are thought to occur in soil environments. Hence

it is possible that the hematite-rich pisoliths were not affected by these soil

processes, but it would be extremely fortuitous for these pisoliths to have

accumulated exclusively in one part of the channel. Another possibility is that

the hematitic pisoliths urere subjected to a second period of heating after

deposition in the stream channel, with heat being concentrated by the burning

of a tree stump or root that only affected the pisoliths nearby. This could

account for the lack of a goethite rind, which would have been transformed to

hematite and./or maghemite. Alternatively, another process involving in situ

dissolution of goethite and precipitation of hematite via ferrihydrite may have

occurred locally.

Much of the channel filI material near Mount Desert appears to consist of

mudflow debris as it contains coarse, angular and randomly dispersed

fragments within a clay-rich matrix. The fill material has a relatively fine

reticulate mottling pattern, $'ith more goethite present than in the coarse

hematitic mottling that affects the surrounding bedrock basement rocks.

Uniformly mantling both the channel fill and the mottled bedrock is a yellow

duplex podzolic soil (Dy2.41), which contains fernrginous, maghemitic

pisoliths in its upper section.

The sequence described here illustrates the complex development of the

summit surface as it provides evidence for weathering being internrpted locally

by erosion, transport and sedimentation with modern soil development

continuing to modify it. Consequently, it is not possible to interpret this locality
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simplistically as the mere preservation of an ancient landsurface carrying

'laterite'of Mesozoic age (See, for example, Twidale, 1983).

4.2.2.2 Pottery Roød (Fiç.4.1; K26)

A short distance along Pottery Road, the continuation of Pennys Hill Road

(Noarlunga MR 965840) and east of the intersection of Range Road at'The

Range' settlement, a road cutting has exposed a palaeochannel on the summit

surface at some 350 m asl. The channel fill material is essentially a diffusely

iron-impregnated sandy sediment, which is reflected in the high silica (72.5Vo)

content of the sample (BOU 17) (Table 4.9). As the sand-rich fluvial sediment

contains kaolinite it has probably been subjected to weathering over a

considerable period of time, unless the kaolinite has been inherited from pre-

existing kaolinite. In thin section (Plate 4.33) the sample consists of well-

rounded quartz in a clay matrix ttrat has been partly replaced by iron oxides,

with the merging of tiny hematite crystallites. The iron enrichment appears to

be a single generation event as there are no complex zones or layers.

4.2.2.3 Clarendon-Kangørillø Roød Cut (K23)

A road cutting exposes an angular unconformable contact between weathered

Precambrian metasiltstone and uniformly fermginised gravels and sands

(Ptate 4.34) on the main Clarendon-Kangarilla road at Noarlunga MR 851105

approximately 250 m, asl. The section here was figured and described by Rix &

Hutton (1953; pp 24-25) as a soil profile they named, the Yøroona Grauelly Sand.

The base of the section is occupied by weathered Precambrian bedrock regarded

by them as the 'pallid zorre' of a 'laterite profiIe'. Ttte mineralory and

chemistry of a semple of this material (BOU 75) (Table 4.10) are characteristic

of bleached and partly kaolinised basement rocks. However, the presence of

felspars, micas and smectite suggest that the weathering has not been

complete. The weathered Precambrian bedrock is overlain by coarse gravels

grading up into grits and sands, that have been variably silicified and

ferruginised. A sample (BOU 7a) (Table 4.10) from t,Le hard layer immediately

above the unconformity, and indicated as 'laterite'by Rix & Hutton (1953),

contained only 4.32Vo Fe2Og, but is well indurated, suggesting silica as the

dominant cementing agent. Ttris suggestion is supported by the occurrence of

silicified wood in the immediate area (Mawson, 1953).

Similar cemented gravels occur at various locations between here and Mount

Bold (e.g. Noarlunga MR 868114) (L23) where they are at a slightly higher
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elevation of 260 m. A sample of these cemented gravels (BOU 355) (Table 4.10)

differed only slightly in chemical composition from sample BOU 74, containing
higher Fe203 contents. These gravels are also very similar to those near

Echunga at the Chapel Hill (M23) gold diggings (Echunga MR 968154) at 350 m

asl and on the eastern side of the Willunga Fault. They almost certainly

demarcate a palaeochannel related to the ancestral Onkaparinga River.

The red ferruginous sands and grits (BOU 73) were regarded by Rix & Hutton
(1953) as the 'mottled zorae' of a 'laterite profile'. However, the iron oxides are

unifor:rrly distributed throughout the sediments and do not form pronounced

mottles. Fernrginous pisoliths occur at the top of the section within and on the

modern soil.

The age of the sediments has been established by the discovery of fossils of
Magnolía sp. flora near their base (Mawson, 1953). The sediments have been

assigned to the Eocene on this basis and may be equated with the North Maslin

Sands. About 6 km to the southwest from here sediments t¡ryical of the North

Maslin Sands lr¡ith spectacular cross and herringbone-bedding and channel

structures are exposed in a road cutting at 190 m asl (Noarlunga MR 797057)

(Plate 4.35). If the gravels near Echunga are of the same age then it
demonstrates the occurrence of an ancestral Onkaparinga River in the Eocene.

Stuart (1969) used the informal narne Bakers Gully Sands for the fluviatile
sediments on the northeastern margin of the Willunga Embayment. He

considered that in places these beds intertongue with the basal parts of the Port

Willunga Beds, but elsewhere unconformably underlie them. It appears that
the age of the sands is variable, with some being younger than and resulting

from the reworking of the Middle Eocene North Maslin Sands.

The interpretation assigned to the sequence described here is as follows:-

i. Weathering involving bleaching and partial kaolinisation of the

basement rocks.

ii. Erosion of the weathered basement rocks by the ancestral

Onkaparinga River in the Eocene, and the

üi. Deposition of gravels in the base of the channel, followed by grits

and sands as the channel migrated.

iv. The variable impregnation of the permeable sediments by silica

and small amounts of iron in solution, and their precipitation in
preferred localities in the fomer channel deposits.
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v. Progressive weathering and erosion of the sediments, including

soil formation and pisolith accumulation at the surface, following

tectonic uplift of the area and the lateral migration of the

Onkaparinga River.

This interpretation ig simpler than the complex and convoluted one tendered by

Rix & Hutton (1953), which involved complex modifications to hypothetical

'laterite profiles'. It is also clear that the red 'lateritic' colouring is due to the

mere staining of the sediments with iron oxides. For this reason the crusts

associated with this site and with the next site ar.e not ferricretes.

4.2.2.4 Chøpel HíIl, npør Echunga. (Echunga MR 968154), 350 m asl (M23).

Similarities between the sequence at the Clarendon-Kangarilla road cut and

that at the Chapel Hill mine (Fig. a.1; M23) near Echunga have already been

mentioned. In various diggings in the area, the contact between basal gravels

and weathered bedrock has been exposed by mining for a,l,luvial gold. The

weathered bedrock (BOU 336) (Table 4.10; Fig. 4.13) contains a considerable

amount of kaolinite, as well as muscovite, felspars and smectite. No iron oxide

minerals \Ã¡ere detæcted by XRD as the sample contains only 1 .057o Fe203.

Minerals identified in the overlying fermginised gtavels (BOU 344) include

goethite, hematite, kaolinite, smectite and possibly inherited staurolite. Red

sands (BOU 346) above the gravel beds were also analysed for ssynparison with

the Clarendon section. Again the sample contained only a small amount of
Fe2Og 6.67o) despite a pronounced reddish colour. Minerals similar to those in

equivalent materials near Clarendon (BOU 73) were identified in sample (BOU

346) at Chapel Hill (Table 4.10).

4.2.2.5 Bløckw ood Røil Cutting (FiS. 4. I ; I(2 1)

In the Blackwood Railway Cutting (Noarlunga MR 8252L4) at an elevation of

some 250 - 270 masl an unconfomable contact is exposed between variably

weathered, bleached and mottled Precambrian metasediments and mottled

sands, gravels and clays of Tertiary age (Plate 4.36). At the surface there is a

yellow ironstone gravelly acid duplex soil (Dv3.a1) with fermginous gravels

concentrated in the A-2 horizon and scattered throughout the B horizon.

The Tertiary sediments here, on the Eden-Moana fault block, were regarded by

Ward (1966) as equivalents of the Pliocene Seaford Formation. Previously

Sprige (1946) had correlated these beds, on the basis of litholory and
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stratigraphy, with non-marine sediments now known as the North Maslin

Sands. Stuart (1969) could not date these sediments, but noted that they $¡ere

physically similar to fluviatile sediments in the general area overlain by

Pleistocene to Recent sediments. However, in view of the proximity of this site

to the dated sediments at Bakers Gully, which are in a similar topographic

situation, it seems likely that the beds at Blackwood are also of Eocene age.

Furthermore the sediments here bear no similarities to the Seaford Forrration

in its t¡le section. Nevertheless, in places, the older Tertiary sediments have

been reworked to form younger Tertiary deposits, as was recognised by Sprigg

(1942), and in some localities they may be difñcult to distinguish one from the

other.

An analysis of a dense, red to purple-coloured iron-rich mottle (BOU 56) (Table

4.lL; Fig. a.13) from the Tertiary sediments at Blackwood revealed roughly
equal contents of Fe2Os @5.97o) and SiO2 ØL.67o) \Ã'ith 10.3LVo AJ2O1 and1-.057o

MgO, and the minerals identified included quartz, goethite, hematite,

kaolinite, vemiculite, anatase and. smectite. This analysis is quite different

from that of the Seaford Formation from its t¡'pe section (BOU 48, Table 4.11).

Elsewhere on the Eden-Moana fault block, west of the Blackwood exposure,

bleached sands occur that may relate to reworking of the Eocene sediments.

For example at the corner of Blacks Road and Glenalven Drive, Flagstaff HilI
(Noarlunga MR 793187) at a¡r elevation of 180 m asl, sandy and gravelly
bleached quartzose sediments (BOU 38) occur that contatn 87 .8Vo SiO2 vlrt};- 4?o

Fe2O3 and6.347o AlzOs. Minerals identified include quattz, anatase, kaolinite,

smectite, vertniculite and mica. This sample occurs irnrnediately above the

Sturt Gorge, the base of which is some 110 m lower, and may suggest

reworking of the previous cover of Eocene sediments on the fault block surface

into which the Sturt River is incised. Other outcrops of this material flank

Blacks Road, and small outcrops and breakav/ays form at the edge of the Ochre

Cove fault block surface near Onkaparinga MR 784183 at 180 m asl. Here it also

consists of white bleached fine sands and silts in which no bedding structures

are apparent, but it does contain mottles near the surface. Ttrese are currently

developing or being modified as water emerges from the seasonally saturated

soil at the soiVrock junction. The mottling is dominantly of hematite

transfomring to goethite although some mottles are of goethite. The surface

soil contains a lag of fernrginous gravels that has probably derived from the

progressive exposure and breakup of the underlying mottles. At depth the
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sands are coarser, unconsolidated, and. more uniformly iron-impregnated.

This material has strong chemical, stratigraphic and sedimentological

afñnities with that exposed at a lower elevation in the Happy Valley overflow

channel, as described below. The field obsen'ations and analyses suggest that

there has been continual weathering with recycling of iron oxides occurring,

sporadically intermpted by phases of erosion and sedimentation.

423,. Fermginised Bedrcch Mottled 7nnæ

4.2.3.1 Rønge Road Cuttings neør Willungd HíU (Fig. 4.1; K26)

Along the Range Road north of Willunga Hill, on the summit surface at 370 m

asl, road cuttings (Willunga MR 818946) have exposed weathered and mottled

Precambrian bedrock. Original bedrock structures are still discernible so there

is no doubt that the regolith has developed by in síú¿ weathering. In cuts and

quarries below the level of the Range Road both unweathered and bleached

bedrock have original structures well presen'ed. It is possible that some of the

pronounced spur-line benches that ocsur on the flank of the Willunga

escarpment at about 300 m asl may, at least partly, owe their origins to the

evacuation of weathered bedrock along the weathering front.

Large hematitic mottles exposed in the road cut (Plate 4.37) essentially have

developed preferentially in meta-sandstone units of the bedrock, whereas the

bleached material is dominantly weathered meta-siltstone (BOU 425) (Table

4.1-2; Fig. 4.14). In the upper part of the section the original bedrock structures

have been destroyed to some extent by a churning process that could have

resulted from wetting and drying of the near surface clay-rich zone that
contains kaolinite and smectite. Relatively large, soft, purplish and hematite-

rich mottles (BOU 426) occur towards the base of the section, but successively

upwards through the profile the mottles take on yellower colours due to an

increasing goethite content (BOU 427,BOV 428) (Table 4.12). When broken

these mottles reveal hematite-rich cores \Mith goethitic rinds that become

thicker as the land surface is approached. Bedrock structures are still visible

in mottles near the surface.

A stoneline of dark-coloured maghemitic pisoliths, bedrock fragments and

ptaty yellowish goethitic fragments of former, now hardened and residual

mottles occtrrs at the surface and in the surface soil (Dy3.41), which appears to

have developed on previously weathered materials. Thus the progressive

transfomation of hematite-rich mottles near the base of the exposed section
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can be traced upward to progressively goethite-enriched mottles that ultimately

fonn alag near the surface. The hematitic mottles are postulated to have

foru.ed in the zone of a fomer fluctuating water table, with alternating

reducing and oxygenating conditions. Under reducing conditions ferrous iron

could have been released from the bedrock and, as the water table fell,

precipitated as the ferric oxide, ferrihydrite, which subsequently dehydrated

and aged to hematite. In the study area today, under the present surface and

near surface environmental conditions, hematite is apparently being

transfonrred to goethite via dissolution and reprecipitation, as suggested by

Schwertmann (1971).

No maghemite has been identified in fermginous nodules and mottles

immediately below the modern soils, but strongly magnetic pisoliths and

nodules occur in and on the soil.

4.2.3.2 Mottl.ed zone on Willungø HiU (Fie. 4.1; J27).

About 5 km southwest of the cuttings on the Range Road, along the abandoned

Adelaide-Victor Harbor road (Willunga MR 801915) at approximately 350 m

asl, pronounced iron mottling occurs in Precambrian metasiltstone and is

exposed in a road cutting (Plate 4.38). A sample of a mottle (BOU 23) (Table

4.13) contained. 38.5Vo Fe2O3, the vast majority of which occurred as hematite. A

halo of goethite occurs aror¡nd. some of the mottles, suggesting a later phase of

dissolution of the hematite and reprecipitation as goethite. In thin section the

metemorphic structure of the bedrock is indicated by the preferred orientation

of aligned rninerals (Plate 4.39), including quartz, felspar, chlorite and large

unaltered micas. Quartz grains are angular and embayed and the fine-

grained groundmass has been partly replaced $'ith iron oxides. The

preservation of unweathered rninerals within this mottled zone, together with
the high total iron content suggests that there has been a concentration of iron

oxides in the mottles from sumounding bleached bedrock.

4.2.3.3 Otlrcr summit surfaee localities in the South Mount Lofty Rønges with

surface lags of fenuginised mottles.

Near Ashbourne (Milang MR 983955) there is an isolated hill or mesa 350 m

high that is underlain by mottled a¡rd iron impregnated Cambrian

metasedimentary rocks (Fig. 4.1; N26). The tot¿l iron content of a sample of

this material is high at 59.47o and the dominant iron mineral is goethite, $rith

some hematite (BOU 19) (Fig. 4.14; Table 4.13). The high iron content suggests
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that there has been accumulation of iron in this locality. I{owever, there is no

surface crust, nor was gibbsite identified in the sample.

At "Hawthorn Farm" (Echunga MR 031169) near Mount Barker (Fig. 4.1; O22),

surface lag material has also developed on a hill summit some 400 m asl, again

as a result of downwasting of a mottled bedrock zone. Samples of the surface

lag (BOU 25) have ¿ rnineralogy similar to that at the Range Road cuttings,

with goethite dominating over hematite. Samples of similar materials from

other localities such as Bonython Hill (BOU 31) (Echunga MR 051109) (FiS. 4.1;

O24),440 m,asl, Sellicks Hill (BOU 357) (Fig. 4.1; I28) (Yankalilla MR 713854) at

350 m asl), and 'sundial Hill' (Echunga MR 958150) at 350 m asl (Fig. 4.1; O23),

in the Mount Barker area (BOU 28) are given in Table 4.13. The last mentioned

sample, in thin section shows as a coarse schistose metasediment, with much

non-quartz material impregnated with iron oxides (hematite and goethite);

relic porphyroblasts of metamorphic minerals and replaced micas also occur

(Plate 4.40).

4.2.3.4 Mottled materials in hills npør Kapunda in tlæ Mid North (Fie 4.1; P7)

Alley (1969) commented that nowhere else in the Mid North of South Australia

is the summit surface, the 'ancient Mount Herbert Surface so prorninent as in

the hills around Kapunda'. Consequently, samples were collected from this

area for detailed exarnination and analysis.

A weathered profile (Plate 4.4L) was examined near the 'Belvidere' Trig.
(Kapunda MR 073883), which is about 10.6 km south of l(apunda. Ttre profile

exposure occurs about 0.4 km east of 'Belvidere' at about 380 asl and has

developed in Precambrian metasedimentary rocks. Fermginised bedrock, in
which secondary iron oxides are uniformly distributed in the bedrock, (BOU
383) (Table 4.L4; Fig. 4.15) at the base of the profiIe contained onIyLS.OTo AlzOs

and 8.77Vo Fe2O3. Roughly equal amounts of goethite and hematite ssmprised

the iron oxides present, and although some kaolinite was identified, the

occurrence of felspars, mis¿s, smectite and randomly interstratified clays

suggests t,Lat the weathering of the rock has not been intensive. A sample of a
pronounced mottle (BOU 384) near the top of the hill contained far more Fe2O3

(25.9Vo),less SiO2 and roughly the same amount of Al2O3 as sample BOU 383

(Table 4.L4). Moreover, the iron oxide mineralory was dominated by hematite.

No maghernite was detected either by XRD or magnetic attraction. Bleached
material (BOU 391) adjoining t,Le mottle (BOU 384) contained so little Fe2O3
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(O.67o) that no iron oxide minerals were identified by XRD. All of the

fermginised bedrock (BOU 383), bleached (BOU 391) and mottled (BOU 384)

materials displayed similar chemical and mineralogical characteristics apart
from Fe2O3 contents (Table 4.L4). Ttris suggests mobilisation of inherited iron

and differential concentration in favourable localities during weathering.

Microscopic examination of the bleached material revealed that it is a bleached

metasediment in which quaú,2 and mica are abundant, ü/ith a conspicuous

kaolinitic matrix and well crystallised muscovite lathes. Some of these have

transfonned to kaolinite parallel to cleavages. No ferricrete crust is associated

with this profile and the preservation of the hill appears to be associated with
resistance provided by the iron-enrichment and hardening of the mottles near

to the surface.

The weathering pattern described above is repeated in many other hills in the

area, such as Mount Allen (Kapunda MR 072057) (BOU 54) and prominent hills

at MR 059011, MR 061004 and MR 116915. Mount Allen is underlain by

bleached bedrock toward.s its base and mottled, fernrginised bedrock in its
upper section. There is no crust present at the surface, where bedrock

structures can be discerned. The chemistry of an iron mottle from Mount Allen
(BOU 54) (Table 4.L4) is dominatedby SiOz (777o), Fe2O3 (9.l4Vo) and Al2O3

(7.9L7o), with a mineralory that includ.es kaolinite, hematite, goethite,

muscovite, felspars, smectite and anatase.

At Kapunda MR 116915, about 7.5 km SSE of lGpunda township and at an

elevation of approximately 320 m asl, dark fermginous mottles, developed in
Precambrian rocks have been exposed by quarrying (Plate 4.42). The chemistry

and mineralory of a sample of non-mottled weathered bedrock (BOU 389) from

this site are shown in Table 4.L4. Ttrin section examination shows that the

bedrock here is a quartzose metasediment $rith a strong preferred orientation

outlined by kaolinised rnicas. The iron oxide is largely goethite, but there are

also abundant scattered hematite crystallites. Hematite also lines voids and

channels that may be pipestems or root channels. fn places the hematite is

concentrated along quartz grain boundaries and local fractures and appears as

scattered hematite crystallites and patches in the kaolinitic groundmass (Plate

4.43). Mottled bedrock material (BOU 388), derived from the same site, contains
much more Fe2Os (29.57o),less SiO2 (41-.ÙVo), slightly more fiO2 and

approximately the same AlzOs í6.4Vo) as the weathered bedrock (BOU 389)

(Table 4.14).In contrast to the weathered bedrock, the iron oxide mineralogy of
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the mottle is dominated by hematite, being rougtrly twice as abundant as

goethite. No maghemite was detectæd in the mottle. Adjacent bleached bedrock
material (BOU 387) contained only O.67Vo Fe2O3. However, all of the following

elements were in greater concentration in the bleached material than in the
mottle: SiO2 (2ïVo),AlzOs (3.467o), fiOz (0.307o), CaO (0.03Vo),K2O (0.26Vo), MgO

(O.27Vo) and Na20 (O.42Vo) (Table 4.L4). The major variations c¿rn be accounted

for by variations in Fe2Og contents. Higher Na2O contents in the more

per:neable bleached material probably reflects the presence of ephemeral

halite. Titanium was most abundant in the bleached material, next in the

mottle and least in the bedrock. A speckled mottle (BOU 390) (Table 4.14) from

the same site was also examined. Ttre red speckles are due almost entirely to

the presence of hematite; no goethite was detected and no maghemite was

indicated by XRD, but there was a very slight reaction to a hand magnet. If
there is maghemite present it may have have developed as a result of

biomineralisation (Kirschvink, 1985), by the dehydration of lepidocrocite or the

oxidation of magnetite fomed from a 'green rust' precursor (Taylor, 1987).

The bleached, material superficially appears to be well weathered, yet it
contains smectite, rnica and randomly interstratified clays.

From Black Hill,10 k'n northeast of Kapunda (Kapunda MR 026063) at about

430 m asl, two weathered bedrock samples (BOU 392; BOU 394) (Table 4.15) were

collected for analysis. In thin section BOU 394 showed as iron-impregnated

bedrock $'ith quartz grains of uniform size with characteristic senated borders

sitting in a complex hematitic and clay groundmass. In detail, the hematite

formed crystallites in a yellow-brown clay matrix. In this sample most of the

micas and felspars have been weathered to kaolinite. An iron-rich crust (BOU

393) toward the summit of Black Hill has a high total iron content (53.3Vo) a¡rd a

low aluminium content (4.467o). The iron oxide rnineralogi'y is dominated by

hematite, with some goethite and a small trace of maghemite detected with a
hand magnet. In thin section this cnrst comprises scattered quartz grains and

rock clasts set in a matrix in which there is a strong preferred orientation of
fine quartz and replaced rnicas.

4.2.3.5 Upland Surføce of tltc East Mount Lofty Rønges.

Twidale & Bourne (1975a) identified remnants of an alleged Mesozoic

landsurface (Whalley Surface) standing above an etch surface (Tungkillo

Surface) in the eastern Mount Lofty Ranges. They correlated the \ilhalley
Surface $dth the summit surface of Kangaroo Island, which has been assigned
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a pre-Jurassic age by Daily et aI. (1974). However, at the summit of Whalley

Hill proper (Tepko iùÍF"227256) (S20) at 360 m asl there is no evidence of 'deep

weathering', but there is fermginised bedrock (BOU 356 and BOU 367) (Table

4.L6; Fig 4.16). The mineralogT of these samples is consistent with slightly
kaolinised and iron-impregnated bedrock. The total Fe2Og content varies

between 2l.L67o and 28.54Vo and comprises dominantly hematite with sub-

dominant goethite. The presence of rnicas, felspars and smectite argues

against intensive weathering. The iron-impregnated bedrock nature of this

material was verified by thin section examination. Other ferruginised bedrock

semples collected from about 460 m asl (BOU 381) (Tepko MR 181359) and BOU

382 (Tepko MR t82345) collected from the'lateritised'Whalley Hill surface gave

similar results (Table 4.16), apart from the absence of goethite. Where goethite

was identifi.ed, it probably indicates transformation from hematite by

dissolution and reprecipitation under present weathering conditions.

Near Mount Torrens (Q18) at a¡r elevation of 490 m (Tepko IVIR 175396) a road

cut has exposed large red mottles within pallid, bleached bedrock (Plate 4.44).

The bedrock mottle (BOU 375) (Table 4.16) is comprised dominantly of SiO2 and

Fe2O3, with a small arnount of Al2Og and the iron mineralory is dominated by

hematite. Sporadic masses of ferricrete occur at the surface. A sample of this
(BOU 360) contains more Fe2O3,less SiO2 and more AlzOs than the mottle, but

it still contains rttica and felspar. The iron rnineralogy is also different as

goethite is more abundant than hematite in the surface material. It is
suggested that the surface material has developed from the downwasting of the

mottled zotte, the hardening of the mottles and their accumulation as alag at

the surface as the surface has been lowered by erosion. With the progressive

exposure of the mottled material it is suggested that the hematite in the

hematite-rich mottles underwent progressive dissolution, reprecipitation and

crystallisation as goethite.

4.2.4 Pisoliths
Pisoliths at and near the surface are the most common features of the

fernrginous landsur{iaces in t}re Mount Lofty Range Province. The detailed

characteristics of pisoliths are dealt $'ith in Chapter 5. Only one area with
pisoliths is discussed here as they have been used to imply the age of the

summit surface of part of the Northern Mount Lofty Ranges.
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4.2.4.1 Míd North area (Fie. 4.1;41, EI).
Horwitz (1961) mapped extensive areas of a presumed Early Tertiary to pre-

Tertiary erosion surface capped $rith 'iron hydroxide coated pebbles and

pisolites' at elevations ranging from less than 45 m to more than 220 m asl on

the summit surface on the 1:63360 Wakefield Geolory Sheet. The elevational

variation was attributed to the relief on the original surface and its later

tectonic dislocation. The ferruginous lag on the surface was equated !\'ith
'identical ferruginous material...found reworked in the basal conglomerates of

Early Tertiary deposits in the Clinton area', so that the surface lvas assigned to

the pre- and./or Early Tertiary.

No detailed mapping was carried out in this region by the author. However, it
appeared that the areas of the erosion surface mapped on the Wakefield Sheet

are excessive. Furthermore, no pronounced zones of weathering underlying

the surface were observed during a reconnaissartce investigation, but there

were extensive areas underlain by calcareous material, on which, in some

localities, a fermginous lag occurred. The situation here appears to be similar

to that on the Blue Range on Eyre Peninsula (see Chapter 6), where a

calcareous fine-earth separates bedrock from a surface lag of fernrginous

material. In both of these instances the land surfaces are probably quite young,

having been engulfed or overwhelmed by aeolian transported calcium

carbonate, probably during the Pleistocene.

The fernrginous lag, where observed, occurs within and on the modern soil

and appears to consist dominantly of fragments of fermginised sandstone

derived from bed¡ock sources. This lag may have developed in a fashion akin to

that described for gibber surfaces as discussed by Bourman & Milnes (1985) or

have been transported laterally from higher exposures of bedrock.

Samples of the fernrginous lag $rere collected from north of Mount Templeton

(Balaklava MR 498314) (F1) at an elevation of approximately 230 m asl and from

north of Kulpara (Wakefield MR 270287) (41) at 160 m asl. All of these

fernrginous fragments, some of which \Ã¡ere superficially glazed, consisted of
sandstone, and were from exposures in the modern soil. These clasts were

separated into magnetic (BOU 69) and non-magnetic (BOU 68) fractions (Table

4.L7). Both the non-magnetic and the magnetic materials contained high SiO2

contents (84.5Vo and 72.8Vo) reflecting the quartz-rich nature of the original
material, but the magnetic clasts contained more Fe2Og (22.3Vo tn 9.33Vo), and
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whereas the iron minerals identified in the magnetic clasts were hematite and

maghemite, the non-magnetic clasts contained hematite only. Smectite, which

may have been derived from adhering soil material, was identified in both

samples, but kaolinite was identified only in the non-magnetic clasts. Both
samples contained anatase, but the magnetic sample had a higher TiO2

content. Relatively the magnetic clasts were enriched in Fe2O3, fiOz andZrO,

and contained less SiO2 and Al2O3. Goethite was not identified in either

sample.

The evidence above, particularly the occumence of calcareous material between

the fermginous clasts and the underlying bedrock, suggests that the

landsurface, on which the ferruginous clasts rest, may be of quite recent

origin. Although other clasts, superficially similar, Eây occur in the basal

conglomerate of Tertiary sediments elsewhere in the region, there is no

compelling evidence to suggest that t,Ley are contpmporary fragments of an

Early or pre-Tertiary age. Furtherm.ore, there is no justification for correlating

the surface here with that of the Mount Ilerbert Surface elsewhere in the Mid

North.

42;6 Bleached Bedrcch
4.2.5.1 Longwood Quarry @ie. 4.1; L22)

On the summit surface at 430 m asl (Noarlunga MR 919181) quarrying has

exposed bleached and kaolinised Aldgate Sandstone (Olliver & Nichol, 1975) to a

depth of at least 30 m (Plate 4.45). Apart from rare weak mottles, the material

is essentially iron-free (BOU 341) (Table 4.17). The total iron content is only
O.277o and the sample is dominated by SiO2 ßL.37a) and Al2Os(L2.52Vo). Not all

the bases have been weatJrered from the rock. Despite kaolinite being the

dominant clay mineral present, rnis¿g, smectite and randomly interstratified

clays were also identified, as were felspars.

Iron derived from the now commonly bleached and weathered. Precambrian

Aldgate Sandstone may have contributed to tJle development of ferricretes at

Iower elevations, such as near Almanda Hill (Noarlunga MR 876166) (L22) (See

section on vesicular ferricretes). Ttre original iron content of the Aldgate

Sandstone was probably quite variable, but relatively low. Ilowever, some

unweathered iron-rich zones (BOU 395) (Table 4.17) within the Aldgate
Sandstone (BOU 395) contain up tn 8O7o Fe2Og, dominantly in the forrr of

hematite.
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4.2.8 Weatlrered zones beneath the summit surface.

The review presented in Chapter 3 reveals that many workers have regarded

ferricretes as parts of monogenetic 'deeply weathered profiles' developed on

'peneplain' surfaces under conditions of 'humid tropical climates'. These

conditions arguably favoured the leaching of bases and silica as the bedrock

weathered, while beneath fluctuating water tables alternating reducing and

oxygenating conditions caused bleaching at deptJr, mottling in the zone of

fluctuation, and iron oxide concentration at the upper limit of fluctuation, that

could be extended upward by capillarity. Such an acclrmulation of iron oxides

was regarded as resulting from reløtiue chemical accumulation.

Two areas of 'deep weathering' were studied from drill holes on the modern

summit surface, one near Willunga Hill, where there is only the surface

development of lags of hardened and isolated mottles, and the other on the

Parawa Plateau (Brock, 1964;1971) of Fleurieu Peninsula, where there are

sporadic ocsurrences of pisolitic to vermiform ferricrete. In both instances

undisturbed cores v/ere not available. However, chetnical and mineralogical

analyses of bulk samples were undertaken.

4.2.6.1 Willungø Hill Borelwle
gamples \ ¡ere analysed from a drill hole sunk in Section 255, Hundred of
Kuitpo, on the'Broadacres'property, approximately 2 km northeast of

Willunga Hill (U¡illunga MR 804916) at approximately 350 m asl (Fig. 4.1; J27).

The hole was drilled and logged by Mr C.G. Thorpe of Kangarilla Drilling Pty

Ltd, during the period 2Ùl9l82 - 2L19182. The following log was kindly provided:-

0.0 - 0.5 m Top soil

0.5 - 3.0 m White clay

3.0 - 6.0 m Hard red clay

6.0 - 9.0 m Hard yellow clay

9.0 - 12.0 m Hard orange clay

Lz.O - 33.0 m Yellow shale

33.0 - 43.0 m Grey shale

4Í1.0 - 60.0 m Soft slate \4rith broken layers

60.0 - 104.0 m Soft grey slate

Water was intersected at depths below the ground surface at:-
43.0 - 43.5 m
60.0 - 60.5 m
73.0 - 73.5 m
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94.0 - 96.0 m, with a standing level of 2L.2 m-

Samples were taken at 3 metre intervals down the borehole and these were sub-

sampled for analysis. The chemical analyses are presented in Table 4.18

(Appendix II) and Figures 4.17,4.18 and 4.79. Ttre fact that the samples were

butked and taken at only 3 m intervals may have obscured detailed differences

between iron-mottled and bleached zones as well as causing contarnination.

However, this allows an assessment of broad scale variations in a weathering

profile.

The chemical composition of the samples down the borehole is remarkably

constant. Plots of SiO2, Fe2Og and Al2O3 on â triangular diagram (Fig. a.17)

falt within a very restricted range. SiO2 varies between a minimum of 58JVo at

a depth of 6 m to a maximum of 66.4Vo at 93 m, although there is no dramatic

depletion of SiO2 in the upper pâÉ, nor marked variation down the borehole, as

might be expected in a'Iaterite profile', in which a mottled zone is associated

with an underlying pallid zone. The Fe2O3 eontent is uniform throughout the

profile, apart from pronounced depletion in the upper 3 m, the opposite to that

expectæd for a 'laterite profile'. However, there is a relatively greater

abunda¡rce of Al2O3 in the upper 1-2m, of the profile, with a maximum of about

2\Vo inthe upper 3 m. There is minor depletion of combined bases in the upper

part of the profile from 3 m (1.647o) tn 18 m (2.57Vo), which coincides

approximately with the standing level of water in the bore. Near this level

there is a marked alteration in Na2O content (0.277o tal.L6Vo) and MgO (O.44to

L.89Vo) over a 6 m intenral. Below 18 m the total base content reaches a

maximum of t]-.47o (75 m), within the zone of soft grey slate, which is probably

bedrock. A plot of Al2O3, Fe2Og and (K2O + Na20) on a triangular diagram

illustrates this rninor trend towards depletion of bases (Fig. a.18). There is also

a possible rninor depletion of MnO and P2O5 in the upper 15 m and 6 m

respectively. Other very rninor variations in the profile may relate to levels

where water was intersected. There is no statistically demonstrable variation
in fiO2 in the profile and ratios of Fe2Og|luo2, Fe2O3/Al2O3, SiO2/Al2O3 and

KzO/AlzOs âr€ presented in Table ¿.f 9 (Appendix II), ø support the above

conclusions.

Despite the fact that there are only relatively minor fluctuations in chemical

composition down the profile (Fig. 4.Lg), the bulk mineralory does display

considerable variation (Fig. 4.20).
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Quartz inóreases in abundance from the surface to a depth of 27 m after which

it remains relatively constant. Kaolinite decreases in abundance from -3 m to -

36 m. No gióósiúe was identified in the profile. Muscouite increases in

abundance from -3 m to a maximum at -48 m and from - 51 m to -102 m

maintains a fairly constant value. Verrnículite as a minor alteration product of

chlorite is relatively uniform throughout the profile, $'ith a maximum value at

-?8 m. Both alkali and plagioclase felspars increase in abundance from -3 m to

about -39 m, similar to muscouite. They correlate negatively with kaolinite,

suggesting that kaolinite developed from the weathering of these minerals.

Chtorite was identified at -42 m, from which level it increased to a depth of about

-75 m and this is maintained. to the bottom of the bore. As neither gæthite nor

h.ematite was identified below a depth of -27 m, chlorite is probably the main

iron bearing rnins¡al, and is clearly one of the primary minerals in the

underlying Precambrian metasedimentary basement rocks. Hematíte was

only unequivocally identified in the samples from -3 m and -6 m. Anatase is

fairly unifom in abundance throughout the profile as are relatively minor

amounts of srnectite and randomly interstratifr'ed cløys.

The results of analysis of the <2 rnicron fraction are shown in Fig. 4.2I. There

appears to be a uniform abundance of srnectite throrg}n the profile, an increase

inillite abundance towards the base, high kaolinite content near the surface,

decreasing progressively, but continuing until at least -42 n. Vermiculite

occurs uniformly in small arnounts to a depth of about 24 m, from which point

on chlorite occurs in relatively greater abundance. The weathering profile

described here displays few of the characteristics attributed to profiles

developed under conditions of intensive tropical weathering. The observations

that support such an assertion include:-

i. The lack of marked profile differentiation. The relatively

constant chemical composition throughout the profile suggests

that there have not been pronounced vertical translocations of

minerals by water table fluctuations, but largely in situ mineral

transformations such as felspars, chlorite, and muscovite to

kaolinite, vermiculite and iron oxides. Consequently the more

iron oxide-rich gamples that may represent mottles, probably

developed by localised redistribution of iron.

ii. Although there is some depletion of bases in the upper 21 m of

the profile, this is by no means complete, as reflected in the
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occurrence of 2:! layer silicates such as illite, vermiculite and

smectite. Kaolinite is the most abundant of the clay minerals in

this section, but the identification of the others does not favour

the fom.er occurrence of intense weathering.

The absence of gibbsite in the profile, and from nearby surface

samples, may indicate that there has not been the operation of

intensive leaching and acid conditions.

The lack of iron concentrations in the upper section of the profile.

In fact the upper 3 m is the most iron depleted of the profile. It
should be noted, however, that the iron above the modern water

table is in the fom of hematite and goethite, whereas that below

the water table occurs dominantly in chlorite.

The absence of an iron-bleached 'pallid' zone beneath a 'mottled

zorre'.

The broad association of zones of minor variations in chemistry

and mineralory in association with present water levels and

movement through the profile suggests that some of the

transformations may have occurred under conditions not

markedly different from those of today.

4.2.6.2 Parøwa Plateøu

Thirty auger holes (RBA-I to RBA-30) were drilled to a maximum depth of 13.5

m on the summit surface of Fleurieu Peninsula within a 10 km radius of Rapid

Bay during prospecting for low alkali shale for potential low alkali cement

clinker production (Keeling, 1983; 1985). Samples, which $'ere taken at 1 m

intervals down the holes, had been thoroughly mixed in the augering process.

By interpolation from geological dat¿ (Mancktelow, 1979) the area drilled can be

shown to be underlain by Precambrian and Cambrian bedrock. However, the

majority of the bore holes occur in the weathered Cambrian Carrickalinga

Head Formation (Fig. 4.22). Analyses of unweathered samples of these rock

formations are presented in Table 4.20 for comparison with the weathered

equivalents intersected in the boreholes Tables 4.21 ta a.50 (Appendix III).

Many profiles reported in the literature are regarded as 'ideal' profiles, and

have been specifically selected because they contain the expected horizons (e.g.

Nahon et a1.,t977) or because they are exposed in cuttings. However, the

profiles reported here are from drill holes bored for quite different purposes

from investigating 'laterite' profiles. Fr¡rtherrrore, the analyses of 30 boreholes

lll
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within an area of only about 20 l<m2 represents the most detailed investigation

of 'deep weathering' in South Australia.

The possibility of carrying out a mass balance study on the chemical data from

the boreholes was considered, but rejected because there can be lateral

enrichment of the surface and near surface materials as well as there being

differential removal by leaching, thereby reflecting the consequences of two

groups of processes. Furthermore, there is a lack of a suitable resistant index.

Titanium and zirconium, possible resistant indices, were discarded because of

the demonstrated mobility of both of these elements (Milnes & Fitzpatrick,

1988), which renders their use hazardous. Furtherrnore, the lack of precision

in quantifnng the very small amounts of zirconium present, would also tend to

negate its reliability as a resistant index.

4.2.6.2.1 Chemistry of borehole samples (See Figure 4-23)

In unweathered bedrock t}lre Fe2Og content varies between 2.57 ' 4.8LVo whereas

in the weathered bedrock Fe2O3 varies from a minimum of 0.537o at a depth of 6

m in RBA-21, to a maximum of 33.O7Vo at the top of RBA-29. Generally,

however, the weathered samples are more iron-enriched than the
unweathered bed¡ock. The Fe2O3 content displays great variability down the

profiles: some display near uniform Fe2Og as in RBA-I, RBA-1l, RBA-22, RBA-

23, RBA-30. Other profiles, however, have highly variable Fe2Og contents such

as RBA-2, RBA-4 and RBA-5. There is a general tendency for Fe2O3 to be

concentrated in the upper parts of profiles but not consistently so. In some

cases Fe2O3 fluctuates down the profiles, as for example in RBA-2.

The Fe2Og content of many of the sarnples of weathered materials is higher

than the unweathered bedrock samples, but there are some Fe2O3-rich

sulphide-bearing metasediments in the region (Daily & Milnes, 1971), which

may have contributed to the higher iron contents of the weathered rocks.

There is no significant variationin MnO contents within and between the

weathered and unweathered samples. Generally, the weathered materials
display enrichment in TiO2, but there are no pronounced or consistent trends

within the profiles.

Contents of CaO in the weathered materials display uniform depletion

compared.rñrith unweathered rocks. Profile RBA-12 displays uniformly high



113

CaO contents throughout the profiIe, but this bore was sited on only slightly

weathered bedrock of the Brachina Formation, and most samples are probably

close to the analysis of unweathered bedrock of this formation. Ttre high CaO

contents of the upper portion of some boreholes were due to contamination from

limestone road metal.

Weathered materials are also generally depleted in K2O, with a more

pronounced tendency for depletion in the upper 4 m to 5 m of the profiles.

Analyses of fresh bedrock varied between L.70Vo tn 3.56Vo and weathered

equivalents ranged between a minimum of O.257o to a maximum of 3.897o.

Profile RBA-12, essentially in unweathered bedrock, has a unifomly high
content of K2O, and RBA-20 contains the very low value of 0.047o at a depth of

4 m, but this occurs in a sandy clastic sediment overlying weathered bedrock,
in which there is a markedly higher K2O content.

The unweathered bedrock samples analysed have SiO2 contents varying

between 7L.8c/o and77.7Vo, whereas t,Le weathered. samples fluctuate between
extremes of 36.67o and 797o. A high SiO2 value of 92Vo was obtained from the

upper part of RBA-20, but as mentioned above, tJris sample came from a
quartzose sediment. Generally there are lower values for SiO2 contents in the

upper portions of some of the profiles, suggesting depletion of SiO2 in these

zones, but the relative abundance of SiO2 appears to decrease proportionately as

total iron content increases. The apparent depletion of SiO2 probably results

from dilution due to the influx of iron oxides.

Generally all weathered samples have higher AlzOg contents (73.26Vo to 27.577o)

than the unweathered equivalents(LO.44VotoLl.457o). RBA-20 at a depth of 5 m

has a very low content of 3.O9Vo, but once again this is within a sediment

overlying the weathered bedrock. In some profiles (RBA-2, RBA-8, RBA-11,
RBA-15, RBA-17, F"BA-24, RBA-25) there are slightly higher AlzOg contents in

the upper parts of the profiles. However, some ottrers (RBA-I and RBA-22)

increase with depth whereas others may display relatively unifom contents

(RBA.3, RBA.4, RBA.7, RBA-16, RBA.18, RBA.19, RBA-29).

There is no pronounced or consistent trend in P2Og contents down the profiles

and variations from unweathered sanrples are not significant. Unaltered

bedrock contents of MgO vary between O.64Vo and 1 .85Vo, whereas the minimum
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analysed in weathered materials ís O.O97o with a maximum of 2.317o (RBA-15

at a depth of 11 m). Again a very low MgO content was obtained in RBA-20 at

4 m within a quartzose sediment. Overall the weathered samples are depleted

of MgO compared vrith unweathered bedrock, with a tendency for greater

depletion in the upper sections of boreholes.

Variations of 2.07o ta 3.687o were noted in the Nø2O contents of unweathered

bedrock, whereas weatherefl samples ranged between O.0l7o and1-.OLVo,

illustrating depletion of Na2O, with some, but not all profiles, displaying

greater depletion in their upper sections. No Na2O was detected in the sandy

sediment at depths of 2 m and 3 m in RBA-20. In some weathered profiles

there does appear to be an enhanced concentration of ZrO.

4.2.6.2.2 Mincralogy of borclnle sømples

The main minerals identified in samples of the weathered materials included

q:uartz, kaolinite, gibbsite, goethite, hematite, magherni te, muscovite, felspars,

smectite, vermiculite, randomly interstratified clays and anatase. Estimated

relative abundances of these tninerals are presented in Tables 4.21- 4.50

(Appendix III) and in Figure 4.23.

Quartz is the most common mineral present both in the samples of
unweathered a¡rd weathered bedrock and probably constitutes between 40Vo to

SOVo of gamples. Where no aluminium oxid,es, such as gibbsite, $¡ere present,

an approximation of kaolinite and quartz contents was estimated by allocating
relative proportions ofAl2Oe6SVo) to SiO2 (457o), in line with kaolinite

composition. For example, the estimate for kaolinite from RBA-1 at a depth of
1 m is: L5.72Vo (557o total as Al2O3) + 12.90 (45Vo total as SiO2) = c. 39Vo. A quartz

estimate can be calculated as follows: 62Vo (total SiO2 present) - L2.90Vo (SiO2

allocated to kaolinite) = c. 49.l%o. This of course ignores AlzOe incorporated in

other clays such as smectite and interstratifi,ed clays. Quartz appears to be less

abundant in the upper parts of some profiles, but this relative content is also
influenced by higher arnounts of iron oxides. For example, in RBA-2, SiO2

content increases from 36.6Vo at 1 m to 47 .4Vo at 2 m and this increase in SiO2 is

compensated for by a decrease in Fe2O3 abundance from L8.267o to 8.487o, while

all other constituents remain constant. Thus the variation may not be due
si-ply to a depletion in SiO2 but to an influx of iron oxides. Quartz peaks of the

samples under discussion are similar at both 1 m and 2 m depths.
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Køolinite was identified in all samples, indicating transformation of minerals

such as felspars and muscovite. Where kaolinite decreases with depth, felspar

and muscovite increase. Invariably, where there is a lower kaolinite

abundance near the surface, gibbsite occurs.

Gibbsíte only occurs in the top few metres of the borehole samples and varies

inversely with kaolinite abundance. This suggests that gibbsite (AlzOg.3H2O)

may have developed by the dissolution of kaolinite accompanied by the removal

of silica in solution and the concentration of AI2O3. The occurrence of gibbsite

only near the surface suggests that it forrrs in a zone of strong leaching under

acid conditions that lead to the removal of combined silica (Hsu, 1977).

McFarlane & Heydeman (ín press) have also suggested that microbial activity

may be important in the dissolution of kaolinite to form gibbsite. Ilowever,
gibbsite may also fom from incoming AlzOg solutions.

Gibbsite was identified at all borehole sites except RBA-I, RBA'12 and RBA-27.

RBA-1 is situated on the plateau margin at 315 m asl and in the top 1 m
contains only 4.277o miorê AIzOS than the unweathered bedrock of the

Carrickalinga Head Formatie¡¡ sample. RBA-12, which occurs on the
Brachina Formation, although slightly enriched in Al2O3 in the upper 2

metres, has not been intensively weathered, containing high amounts of

felspar and muscovite. It also occurs towards the margin of the plateau

surface at 300 m asl. RBA-2? at322 m asl in the central part of the plateau is

possibly underlain by rocks of the Backstairs Passage Formation. Other near-

surface samples from RBA-28 and RBA-29 on the same rocks do contain

gibbsite, although they are at elevations 10 m higher than RBA-27. However,

RBA-21 (323 m) has high gibbsite contents to depths of 4 m so that elevation

differences of this order may not be significant.

Muscouite is an important primary rock rnineral. It occurs in samples from

every borehole, although it may be depleted or removed from the upper 1 m to

5 m. Generally, it increases in abundance with depth to comprise very

significant proportions of ¿þs semples. Ttre fomation of kaolinite has probably

depended partly on the decay of muscovite, particularly by the removal of K2O,

but its continued abr¡ndance in the weathered zones suggests that the

weathering has not been of extreme intensity.
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Pløgiocløse felspars occur in the unweathered bedrock samples and they have

been identified in small arnounts in variable parts of the weathered profiles,

particularly towards their lower parts. The identification of felspars again

indicates that the weathering has not been pen'asive.

Smectite, uermiculite and røndomly interstrøtified cløys were identified,

although in relatively small amounts, which suggests that the weathering has

not been protracted and intense, as implied by conditions of tropical

weathering.

Goethite and hematíte occurred in the upper sections of the profiles. There

were problems of inter{erence by kaolinite and muscovite peaks in determining

the relative amounts of goethite and hematite present, and, where they could

not be clearly identified, the peak height at 38.8o 2,0 was used to indicate a

combined value. Both hematite and goethite occur at various localities in the

profiles, but they are concentrated dominantly in the top two metres. No

consolidated crusts were intersected in any of the drill holes, and the near-

surface materials comprise unconsolidated fermginous gtavels, soils and

sediments. Ferricretes do occur sporadically in the area investigated. They

may have resulted from the impregnation and cementation of the

unconsolidated materials similar to those intersected in the drill holes, in
preferentially favourable locations.

Møglæmite was only identified in the top part of profiles, t¡pically in the top

1 m. Where it has been identified below this level, at up tn 2 mbelow the

surface, it may have resulted from down-hole contamination. The maghemite

occurs only in fernrginous pisoliths, and because of their near surface

occurrence, their maghemitic character has probably been derived from

transformation of goethite resulting from surface heating by burning in the

intimatæ presence of organic material.

4.2.6.2.3 Surnmøry ønd Discussíon

Figure 4.23 is a series of generalised graphs of chemical and mineralogical

variations, below the Parawa Plateau. These show relative concentrations of
Fe2Os and AI2OB and depletion of SiO2 in t,Le upper 3 m. CaO and Na2O are

uniformly depleted throughout the profiles, while K2O and MgO are strongly

depleted in their upper parts. Mineralogically, quartz is relatively depleted in
the upper 4 m, to which depth the occurrences of gibbsite, goethite, hematite
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and maghemite are virtually restricted. Muscovite is severely depleted in the

upper 4 m and increases uniformly to a maximum at 13 m. Kaolinite is

relatively low in abundance in the upper 4 m, where its content varies inversely

vrith gibbsite.

There is no doubt that the bedrock underlying the present landsurface in the

Parawa area of Fleurieu Peninsula has suffered weathering, resulting in the

formation of kaolinite, smectite, randomly interstratified clays, vermiculite,

gibbsite, goethite and hematite, dominantly from quartz, muscovite and
felspars. The weathering processes have led to the depletion of SiO2, CaO, KzO,

PzOs, MgO and Na2O, and the enrichment in Fe2Og, AlzOg, TiOz and possibly in

ZrO. Bedrock structures and quattz veins intersected in the auger holes

demonstrate that the weathered materials, particularly below a depth of 2

metres, have resulted. from t}ne in sítu transformation of pre-existing

Precambrian and Cambrian bedrock. However, in the upper sections of the

boreholes the presence of sediments and soils suggest accr¡,mulation from

lateral sources or from landscape downwasting. The accumulation of lags of

resistant iron and aluminium-rich materials (such as mottles and pisoliths)

are considered to have occurred as the differentially weathered and iron-

enriched basement rocks experienced down-wasting. The influence of burning

at the surface has resulted in the formation of maghemite-rich nodules, clasts

and pisoliths, that have been incorporated into the sporadic occwrences of
ferricrete in the area. Hence the concentration of iron oxides at the surface is

not interpreted as representing the upper range of water table fluctuation, but

the concentrated lag of iron oxides resulting from landscape downwasting. In
some instances the iron-rich mottles in the weathered bedrock appear to have

developed merely by the local redistribution of iron. Elsewhere, some zones

have received additional influxes of iron oxides. Ttrere is no evidence of a

prononnced'pallid zone' at the bases of the profi,les, but this may reflect the fact

that the auger holes only extend to depths of 13 m.

Gibbsite occurs in the upper sections of the profiles and may have formed by
lateral accessions of Al2Og in solution (Milnes & Farme4 in press), by

microbial dissolution of kaolinite (McFarlane & Heydemarr, in prcss), or by

Ieaching of kaolinite under acid conditions (Hsu, t977). This transformation

may have been assisted by tectonic uplift that would have encouraged vertical

leaching, as has been suggested by other workers, including McFarlane (1983).

In many cases, where gibbsite occurs in the upper portions of the boreholes,
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Al2Og is not enriched, but there are lower relative amounts of SiO2.

Furthennore, as gibbsite decreases in abundance with depth, both SiO2 and

kaolinite increase. Consequently, gibbsite formation resulting from

incongruent kaolinite dissolution appears to have taken place. Some

enrichment of AlzOs also appears to have occurred in the upper parts of some

boreholes, so that accessions of Al in solution have probably also occurred,

although the original source of the Al was probably from kaolinite. Much of the

gibbsite occurs in kaolinitic clays occupying tubular structures in the

ferricretes, but some also occurs within individual clasts and pisoliths, and the

goethite in these materials displays a high degree (up to 2O noleVo) of

aluminium-substitution. This suggests a long and complex history of

accumulation, transportation and weathering on this land surface. This view

is further supported by the occurrence of bedrock clasts, maghemitic clasts and

pisoliths, and complex pisoliths and nodules displaying multiple-layered rinds

within the ferricretes that also exhibit gibbsite and kaolinite filled vermiform

tubules.

The intimate association of iron oxides and gibbsite in these ferricretes seems

anomalous if gibbsite fomation relates to strong leaching conditions.

However, if the perpetually remodelled iron oxid.es accumulated at the surface

during landscape downwasting, while Sibbsite forrred through leaching, the
two could have become intimately mixed. Moreover, the accession of Al2O3 in

solution from lateral sources could also provide a satisfactory model for gibbsite

concentration in these situations. Under favourable conditions iron-enriched

soil and surface waters may have led to the concentration of iron oxides in
zones of sluggish drainage, cementing the surface lags through precipitation

of goethite, incorporating aluminium from gibbsitic clay into its structure, and

hematite from the rapid dehydration of ferrihydrite. Thus the weathering and

mottling of the basement rocks is not genetically related to the ferricrete crusts

as part of a monogenetic profile, except that the previously weathered and

variably fernrginised bedrock provided iron-rich clasts and other detritus

through its erosion.

Theoretical solubility diagrarns for quartz, gibbsite and kaolinite at ambient

temperature and pressure were constructed by Gardner (1970) using

thermodynamic data. From these diagrams it was concluded that gibbsite

should not form from the dissolution of kaolinite unless the following

conditions apply:-
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i. Quartz should be absent from the system (quartz contents

>70Vo retard gibbsite that forms, either directly or indirectly

through an intem.ediate amorphous stage),

ü. the infiltrating water has a pH >4.2, and

iii. the initial concentration of total dissolved Si is <10-0'6 moles per

litre.

In all cases where gibbsite was identified in the boreholes, it was associated

with quartz at contents >lÙVo, and the underlying unweathered bedrock also

has high quartz contents. Gardner (1970) also pointed out that quartz can be

present if coated with impermeable clay films. However, it may be that gibbsite

is capable of forming in iron-rich materials without such clay coatings.

The weathered profiles described here display relatively close affinities to those

described in \Mestern Australia by Gilkes et al. (1973), who considered, despite

some quoted evidence for transportation and reworking of the upper parts of the

profiles, that they had developed by in siúu weathering.

4.3 Lowen Ler¡el Lendsurfaces marlced by Femiøetes, Pisoliths and
other Fe.nuglnised Weathe,red 7anæ

Ferricretes, pisoliths and other fermginised weathered materials and zones

also occur at various elevations below the summit surface, where they can be

more closely related to sediments of known stratigraphic ages than can their
analogues on the summit surface.

4.3.1 Femiætes
4.3.1. 1 Vermiform a.nd Pisolitic Ferricretes.

4.3.1.1.1 The Mount Tøylor Plain
Further evidence on the age and development of ferricrete on Kangaroo Island

is provided by an exsmination of the relationships between landsurfaces

carrying vermiform and pisolitic ferricretes and Miocene limestones that as

Mount Taylor (140 m) (Vivonne MR 852217) and Mor¡nt Stockdale (123 m)

(Vivonne MR 865203) protrude prominently above the Mount Taylor Plain (50 m

and 100 m asl) (Figs 4.2,4.%L and Plate 4.46). Bauer (1959) noted that the Mount

Taylor Plain is mantled by the Eleanor Sand of Northcote (1946). Samples of

vermiform ferricrete (BOU 103) (Fig. 4.25; Table 4.5l-Appendix IV) from the

Mount Taylor Plain in thin section appear to have developed from the complex

impregnation of sands by iron oxides. Seg¡egations of iron-rich zones with
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coatings are separated by a matrix of clay replaced by iron oxides. Minerals

identified include quartz, gibbsite, goethite, kaolinite, illite, maghemite and

anatase.

Bauer (1959), believing the limestone on the Mount Taylor Plain to be of Pliocene

age, tegarded the Mount Taylor Plain as a Pliocene plain of marine abrasion

and consequently considered the 'laterite' on it to be of Pleistocene age.

Subsequently, Milnes et al. (1983) demonstrated that the limestone is of (?)Early

Miocene age, so that a Pliocene age for the ferricrete on the Mount Taylor Plain

is probably correct. Only after the plain had been resurrected from beneath the

cover of Miocene marine sediments could the ferricrete have fomed on it.

The Eleanor Sand, with its associated ferricrete horizon, occurs on two

Iandsur{aces, the summit surface (Section 4.2.L.t.3) and the Mount Taylor

Plain, widely separated in elevation. Ilowever, the crusts from the two

surfaces (BOU 103; BOU 101) (Table 4.51; Fig. a.25) have very close affinities in
macromorphology, micromorphology, rnineralogy and chemistry. Excavations

in dams reveal that mottled and weathered zones occur below the ferricrete on

the Mount Taylor Plain. Moreover, there is no evidence of physical reworking

of the crust here. Consequently, the ferricrete appears to have developed vtain
situ weathering or the chemical accumulation in soils and sediments of iron

and aluminium oxides influxed in solution. The Eleanor Sand of the plateau

surface appears to have developed in a similar fashion, but the relative timing

of this development is not clear.

There is no evidence of ferricrete on the summits of Mount Taylor and Mount

Stockdale, although pisoliths litter the piedmont slopes near the base of Mount

Taylor. Both mounts have small summit areas and it is possible that any

former ferricrete cappings have been eroded. Be this as it may, it seems that
the Eleanor Sand $rith its associated vermiform ferricrete developed over two

separate periods of time. Unlike some other areas of the summit surface (See

Section 4.2.L.1.3), there is no evidence of the high parts of the summit surface

in this locality having been submerged by the Miocene seas. Hence it is possible

that here the higher occurrences of the main plateau are of Miocene or pre-

Miocene age and the lower ones of the Mount Taylor Plain being of post-

Miocene age. Alternatively, the two disparate occurrences could be of Pliocene

age, with their coeval development perhaps being dependent on conditions of
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subdued topography and poor drainage that provided sinks for iron and

aluminium oxides.

The present maximum elevation of the Miocene limestone is 140 m asl at

Mount Taylor, but considerable dissection of the limestone has occurred, so

that the maximum level reached may have been well in excess of 140 m, to

cover at least some parts of tJ:e modern summit surface. The Miocene

limestone has largely been stripped from the Mount Taylor Plain, thereby

resurrecting or exhuming a pre-Miocene surface. It is considered unlikely

that the ferricrete of the Mount Taylor Plain is of pre-Miocene age and has been

resurrected. Rather, the ferricrete has fonned after the re-exposure of the

surface. In a large excavation for a dam on the Mount Taylor Plain, weathered

bedrock v/as exposed, but the mineralogy of this material (BOU 143) (Table 4.51)

does not support intensive weathering in its development. Towards the upper

part of the excavation, mottles contain maghemitic pisoliths. This mottled

material had developed in the fill material of a large palaeo-channel. This

could account for the occurrence of maghemitic pisoliths at depth, and also

illustrates some of the possible semplexity in the development of the Mount

Taylor Plain.

In dissected valley slope areas intemediate between the separate topographic

occurrences of the Eleanor Sand on tJre summit surface and the Mount Taylor

Plain, reworked pisolitic ferricretes (BOU 129) (Table 4.51) do occur, as for

example in the upper part of the drainage basin of the Northeast River
(Grainger MR 774304) at about 220 m, asl (Figure 4.2.4). Pisoliths from s¿mple

BOU 129, in thin section, display complex laminated rinds that probably reflect

different environments in which they have developed (Plate 4.47). The bulk of

the pisoliths is comprised of iron oxides (hematite, maghemite and goethite)

cementing quartz grains. Other rninerals present include gibbsite, kaolinite,

smectite, vemiculite, illite and anatase.

Near the southwestern margin of the Mount Taylor Plain and close to the

junction of the Northeast and Northwest Rivers (Grainger 785173) at an

elevation of approximately 30 m asl, pisolitic ferricrete, probably reworked from

the vermiform ferricrete of the Mount Taylor Plain, also occurs. Thin section

examination of this material (BOU 136) (Table 4.51 revealed complex goethite-

rich pisoliths set in a matrix of clays, which had been partly replaced by iron

oxides. Complex pisolith-within-pisolith structures (Plate 4.48) indicate a
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series of cycles of formation. Quartz makes up the main framework of the

pisoliths with clasts up to gnt size occurring. Otherninerals present include

goethite, gibbsite, smectite, kaolinite, anatase, and traces of maghemite and

hematite. The chemical and mineralogical data of sample BOU 136 (Table 4.51;

Fig. 4.25) are consistent with derivation from the Eleanor Sand of the Mount

Taylor Plain. Ilowever, the pisolitic ferricrete has a higher total iron content

than the vemiforrr ferricrete, suggesting that iron has been added to the

pisoliths in soil environments.

As noted above, ferricrete does not occur on Mount Taylor and Mount

Stockdale, but pisolitic ferricrete does occur in solution hollows on similar

limestone at Kelly HilI Caves (Grainger MR 718164) about 10 Lm southwest of

Mount Stockdale and at an elevation of about 50 m asl. Thin section

examination of this material (BOU 107) (Table 4.51) reveals that it, consists of

pisoliths \ilith coatings set in a sandy matrix with clays variably impregnated

\Ãrith goethite. One of the sectioned pisoliths was noted to have a clay core.

Generally, however, the individual pisoliths consist of silt-size quartz set in an

iron oxide matrix and have layered rinds. The pisoliths could have easily been

transported from a more distant source. Mineralogically sample BOU 107

consists dominantly of quartz, goethite, gibbsite, kaolinite, felspars, and small

amounts of hematite and maghemite. As with the pisolitic ferricretes
described above, that at Kelly Hills Caves has greater Fe2O3 and smaller Al2Og

contents than the vermiform ferricrete on the summit surface and on the

Mount Taylor Plain.

Bauer (1959) found it difficult to envisage transport of pisoliths to the hill-top
location above the Kelly Hill Caves, and. favoured anin siúu mode of forrration
for the pisolitic'laterite' at this locality. On the other hand, Northcote (pers.

cornrn. in Bauer, 1959) considered that the small amount of clay in the

weathered material, in which the pisoliths occur, argued against in situ
formation. The thin sectior, rni¡s¡alogical and chemical evidence presented

here favours the transport h¡pothesis. The fact that the pisoliths are discrete

bodies comprised dominantly of quartz artd iron oxides and that they sit in a
clay-rich matrix of quite different material argues against in situ formation.

Most importantly the presence of maghemite and gibbsite in the pisoliths, but

not in the matrix, suggests that the pisoliths were fomed in a different
environment and were transported to this locality. The fact that the pisolitic

ferricrete sits on limestone bedrock also argues against in situ weathering for
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its formation. Its close chemical and mineralogical affinities to the vermiform

ferricrete of the Mount Taylor Plain favours derivation from this source.

Bauer (1959) was restricted in his interpretation by his belief that the limestone

was of Pliocene age, which required that the 'laterite' be assigned to the

Pleistocene. This limited the time available for topographic modifications

required to explain an apparently anomalous occurrence of 'laterite'. The

reinterpretation of the age of the limestones of Mount Taylor, Mount Stockdale

and the Kelly Hill Caves to a Miocene age provides much more time for

landscape modification afber the proposed transport of the pisoliths.

4.3.1.1.2 Cøpe Bordn

Ferricrete with a pisolitic to vemiform fabric (BOU 116) (Table 4.51) occurs in a
roadside scrape (85 m asl) at the intersection of the Cape Borda Road and the

Larrikan Lagoon Track (Borda M.R. 470423). Ttrin section examination reveals

that it is basically a sandy sediment with angular and embayed quartz grains

cemented by iron oxides. Discrete iron oxide segregations, but without well

defined borders, occur within the sediment. The framework grains in the

segregations and in the surrounding material are sitnilar, suggesting in sítu

formation of the segregations. The mineralogy and chemistry of this sample

fall within the field of other vermiform ferricretes. Ttris further suggests that
there have been several phases of vermiform ferricrete fomation on Kangaroo

Island. On the basis of its elevation and relationships to limestones nearby,

this example perhaps possibly developed in the Pleistocene.

4.3.1.2 Ferricreted Sedimcnts

4.3.1.2.1 Green Hills Surface

A pronounced erosion surface, the Green Hills Surface (Bouman 1969; 1973),

occurs at an elevation of 100 to 150 m asl on Fleurieu Peninsula, particularly
near Victor Harbor, Waitpinga and within the Inman Valley Trough. This

surface lies below the level reached by the Miocene seas (Fig.4.26), which

extended up to at least 230 m asl. The surface may have developed prior to the

Miocene transgression and was subsequently exhumed from beneath the

Miocene limestone deposits. However, it is more likely that its present form

reflects development after the regression and erosion of the Miocene limestone.

Thus the prefened model implies t,Lat the current Green Hill's Surface has

been eroded and the fenicretes on it developed since the Miocene

transgression, thereby placing its major development in the Pliocene.
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At one location on the Green Hills Surface (Encounter MR 820653; Fig. 4.1;

K32), quarrying revealed two zones of ferruginisation. One ferricrete is

exposed at the surface, and the other occurred. about 2-3 m below the surface.

The quarry has subsequently been filled.

The lower ferricrete (BOU 9) (Table 4.52;Fig.4.27) is a coarse g:dt to sand-sized

sediment \Mith large rounded quartz grains and rock fragments, together with
fine angular grains, cemented by iron oxides (Plate 4.49). Considerable

amounts of tourrraline, micas, zircon and occasional felspars (altered to

kaolinite) are also present. The matrix is complex consisting of coalesced

coatings on grains with multiple layering in voids due to successive

crystallisation of both hematite and goethite (See Platæ 5.2). The iron
mineralogy is dominantly goethite. Irregular cavities in the matrix are filled

witJl clays and these occur mainly next to the quartz grains.

The upper fenicrete (BOU 8; BOU 311) (Table 4.52) does not appear to be as

complex as the lower one. It consists of rounded to sub-rounded sand-sized and

larger quattz clasts, closely packed and reasonably well sorted, set in a mottled

iron oxide matrix with irregular cavities (Plate 4.50). The matrix has

developed through the coalescence of coatings around grains infilling voids. In
contrast to the lower ferricrete the matrix appears to be of single phase origin,

although there has been some alteration of hematite to goethite. Brownish

smectitic clays occur in zones distinctly separated from goethite layers, which

rim the quartz clasts. The upper surface femicrete, in contrast to the lower

one, has a slight trace of maghemitê, as detected by a magnet.

Both the Green Hills fericretes consist of pre-existing quartzose sediments

impregnated by iron oxides precipitated from solution. The impregnated

sediments were probably fluviatile sediments derived from Permian glacigenic

deposits and developed on a fomer broad open valley, now by relief inversion,

occurring on the summit of a ridge.

4.3.1.2.2 Waitpingøøruø

In the area occupied by the drainage basin of the Waitpinga Creek, ferricrete

occurs at a similar elevation (100 m) to that on the Green Hills Surface near

Victor Harbor (Fig. 4.26; Fig. 4.1; I33). However, at Waitpinga the ferricrete

has developed partly on a sediplain, below which drilling has demonstrated the
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presence of marine fossiliferous limestone of Eocene age about 36 m below the

landsurface and 60 m asl (Bourman & Lindsay, 1973). Moreover, grain size

analyses of sediments surrounding parts of the Waitpinga drainage basin

suggest that they are former aeolian deposits (Bouman, 1973). This area must

have been below the level of the Miocene shoreline so that the landsurface here

can be no older than Late Miocene to Pliocene, or of equivalent age to the Green

Hills surface.

Ferricretes occur in various parts of the Waitpinga drainage basin and around

its margins where former fluviatile and aeolian sediments have been variably
ferruginised.

Samples of femicrete were collected where exposed by tributaries of Waitpinga
Creek (Table 4.53;Fry. a.27). In these samples Fe2Og contents varied from

\6.4lVo to 52.247o, SiO2 from 66.4Vo tn 24.6Vo and Al2O3 from 4.9Vo to 1.77o. One

sample (BOU 328) contained a high content of MnO (LL.567o). The dorninant

iron mineral is goethite, $'ith only one sample (BOU 328) showing an indication

of maghemite by reaction to a magnet. No hematite was detected. All samples

$¡ere dominated by quartz, reflecting the nature of the original sediment, and

all contained traces of felspar and smectite,which indicate that the sediments

have not been subjected to intensive weathering. The ferricretes in this area

are interpreted as former fluviatile or aeolian sediments of probable Pliocene

age that acted as sinks for iron and manganese oxides precipitated from
solutions.

Near the turnoffto Waitpinga Beach (Encounter MR 73657L; Fig. 4.1; I34)

fernrginous crusts occur, resting on or close to unweathered or weathered

Kanmantoo Group metasedimentary rocks of Cambrian age (Bourman, 1973).

Samples from this locality (BOU 329, BOU 330, BOU 331, BOU 332 and 333)

(Table 4.54) bear similarities to the previous samples described from the
rWaitpinga drainage basin, in that they are rich in quartz and contain an iron
oxide'cement dominated by goethite. Two samples (BOU 331 and BOU 332) have

hieh MnO contents. Zirconium was abundant in BOU 330 and BOU 333

displayed high iron contents (64.OVo) in the fom of goethite and had the t¡pical
vesicular fabric displayed by chemically precipitated iron oxides replacing

organic material (bog iron ores).
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The above evidence points to the fonner occurrence of sluggish drainage on a

landscape, which favoured the accumulation of iron oxides in pre-existing

quartzose-and organic-rich sediments, having been derived from higher

surrounding country.

4.3.1.2.3 Upper HindmnrshValley and Myponga Basin.

The relationships of ferricretes to Miocene limestones in the Upper Hindmarsh

Valley (Fig. 4.1; J30; Fig. 4.26) were used by Horwitz (1960) to establish a

Pliocene age for the 'lateritisation' of the summit surface of the Mount Lofty

Ranges. He maintained that the 'laterite' of the summit surface of Fleurieu

Peninsula was contiguous $rith lower level 'Iaterite'in the Upper Hindmarsh

Valley, where, by extrapolation, the 'laterite' overlies limestone of Miocene age.

Consequently he attributed both the summit surface and the lower level

'laterites' to the sâme post-Miocene or Pliocene age.

This relationship was questioned by Brock (1964; 1971) and Bourman (1969),

both of whom considered that the lower level crust had formed after the

withdrawal of the Miocene seas and the breakup of the high level crust.

Bourman (1973) also reported upon the occurrence of fermginous colluvial

material occurring on the steep slope separating the upper and lower level

ferricretes. The elevation of the Upper Hindmarsh Valley fendcrete (Willunga

MR 765768) is approximately 300 m asl and its relationship to the upper level

ferricrete and the Miocene limestone is illustrated in Figs 4.4 and 4.26.

In general terms, it has now been well established that continuity of 'laterite'

does not necessarily indicate contemporaneity (McFarlane, 1976), which has

led to misinterpretations of landscape evolution in the past.

The character of the upper level ferricrete of Spring Mount is vermifom to

nodular, and has been described above. Ttre colluvial material (BOU 369) (Table

4.55) on the steep slope flanking Spring Mount contains quartz clasts and iron
oxides largely in the fom of goethite with rninor hematite. Small amounts of
kaolinite and smectite were also detected. The mineralogy and chemistry of the

colluvial material is thus quite different from the ferricrete of the sumnit
surface (BOU 370) (Table 4.2), which suggests dif[erent modes of genesis for the

two ferricretes. The colluvial material was cemented in a scarp foot situation
by iron oxides derived from above.
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Ferricrete in the Hindmarsh VaIIey overlies sands, and is of a different

character to both the high level and the colluvial ferricretes. $amples BOU 307

and BOU 810 (Table 4.55) consist primarily of quartz and goethite with some

hematite and kaolinite. The chemistry, rnineralogy and macro-morphology of

these samples suggest an origin by iron oxide impregnation of pre-existing

sandy sediments. No gibbsite was detected in the lower crust but it is common

in the summit surface ferricretes. Ferricrete similar to that of the Upper

Hindmarsh valley occurs a short distance away in the M¡ponga Basin (Fig.

4.1;I2g) at a similar elevation of 300 m asl at \Millunga M.R. 756088. A sample

from this site (BOU 304) (Table 4.55) had a similar chemical and mineralogical

composition to those in the Upper Hindmarsh Valley. An outcrop of such

ferricrete at Yankatilla M.R. 703786 forms a prominent bench at about 290 m

as1. It comprises goethite-impregnated sandy sediments that may mark the

approximate level of a Miocene shoreline.

4.3.1.2.4 Yundi rood' cutting

In a road cutting (Witlunga MR 855892) near the settlement of Yundi (Fig. 4.1;

K27), iron-impregnated glacigenic sediments have been exposed at an elevation

of about 260 m asl, resting on weathered Precambrian gneissic bedrock. The

ferricreted sands occur at the surface (Plate 4.5L) in places, but elsewhere dip

below it, where they are overlain by other fluvioglacial sediments. The

ferricrete (BOU 7) (Table 4.55) is quite hard and strongly coloured by iron
oxides, but the Fe2Og content is only L5.75Vo.

Several thin sections of this material were examined and reveal its character

as a bedded sandy to silt sediment in which the larger grains are sub-rounded

an¿ the silt-sized grains are angular and shard-like. These framework grains

are cemented by goethite and hematite. The grains are not closely packed, but

appear to 'float'within the gtoundmass (Plate 4.52'). The majority of the grains

are quartz, with occasional rock fragments and mineral gfains such as

tourmaline. Some grains have been corroded and etched, developing some very

irregular cavities. The matrix is composed of clay and iron oxides with

roughly equal amounts of hematite and goethite. Mica grains weathered to

kaolinite also occur within a single stage matrix. Goethite in the matrix

appears to be cr¡rytocrystalline, whereas the hematite is not markedly

crystalline.
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The ferricrete at Yundi stands about 30 m above the level of valley floor of the

Finniss River, and some 100 m below the modern summit surface. The

ferricrete was almost cerüainly in a fom.er valley floor situation when it was

formed by iron oxide impregnation of a porous sandy sediment. This ferricrete

stands at a higher elevation than the ferricretes described in the next section,

and it is also probably older than them. This suggested age difference is

reflected in mineralogy: the older ferricretes developed by iron oxide

impregnation of pre-existing sandy sediments have been noted usually to

contain higher amounts of kaolinite and hematite than do the younger

variants.

4.3.1.2.5 Tookayerta Toposequpnces

Two toposequences were examined in the Tookayerta Valley (Willunga MR

9t7829;932829) (Fie. 4.1; M29). Here Maud (L972) mapped ferricretes at

different levels, which he attributed to fom.er positions of valley bottoms

progressively stranded as terrace-like featr¡res afber the Tookayerta Creek had

cut d.own to new base levels. These sequences of ferricretes were examined to

deterrrine if there is any variation in the chemistry and mineralogy of the

crusts of different ages, with the higher ferricretes presumably being older

than the the lower ones. Both toposequences have developed in Permian

fluvioglacial sediments or their reworked equivalents. Toposequence t has only

two femicretes separated by about 10 m with the lower crust being about 100 m

asl, whereas Toposequence 2 has seven fen:icretes extending from about 150 m

to 110 m asl.

The chemical compositions of the various fericretes are shown in Table 4.56

and Figure 4.28. In Toposequence 1, SiO2 and Al2O3 ârê more abundant in the

bottom ferricrete than in the top one, which has a higher Fe2O3 content.

Similar suites of minerals occur in both fendcretes crusts, viz. quartz, goethite,

hematite, felspars, kaolinite and smectite, but there is more hematite in the

higher and older crust.

In Toposequence 2 there is a slight tendency for SiO2 to increase with
progressively younger ferricretes and for Fe2O3 to decrease, with the notable

exception of the second lowest crust. No trend in AI2OB content is apparent,

which varies from a maximum in t,Le top ferricrcte (7.17o) ø a minimum of

t.7%o in the second highest ferricrete. Minerals identified in the ferricretes are

listed in Table 4.56. Goethite is the dominant iron oxide in all ferricretes, with
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small amounts of hematite being identified in the two top crusts and the

bottom-most one.

The variations in Fe2Og and SiO2 contents could be interpreted in terms of

increased leaching of silica from the upper ferricretes. However, the quartz

framework grains were probably inert during fernrginisation, and the
decreased SiO2 contents may simply reflect higher contents of Fe2O3,

particularly as plots of Fe2Og and SiO2 abundances are virtually mirror

images, reflecting mutually inverse relationships.

The variations in chemistry and rnineralogy cannot have significant

conclusions drawn from them with respect to the relative age relationships

of the ferricretes. Age variations of the ferricretes may be too minor for their
chemical and mineralogical characteristics to reflect different intensities and

degrees of weathering. All ferricretes here are uniformly depleted of bases.

The very minor variations of Al2O3 in the toposequences may reflect differences

in the character of the original sediments, and variable degrees of iron oxide

impregnation may result from differences in iron availability at the time of

formation as well as the relative porosity of the host sediment and the

suitability of its location to act as a sink for iron oxide accumulation.

Fundamentally, the ferricretes reflect similar conditions of iron accumulation

in valley bottom or near valley bottom positions, where sandy sediments

provided suitable hosts for iron oxides accessed in solution. The presence of
hematite in some of the ferricretes may reflect slight variations in
environmental conditions that encouraged more rapid crystallisation of
precipitated ferrihydrite. The topographic relationships of these ferricretes to

those of high level Miocene limestones suggest that they have all developed

since the regression of the Miocene seas, probably during the Pliocene.

4.3.1.2.6 Tookøyerta Quørry @iS.  .1 M29)

At an elevation of about 80 m asl in the valley of the Tookayerta Creek,

downstream from the toposequenceõ described above, a quarry (Milang MR

957807) has ex¡rosed Pemian fluvio-glacial sediments, in which thin veins of

iron oxides have developed subsurface. Ttre total iron content of a sample of

this material (BOU 358) (Table 4.57) is 22.L67o. dominantly as goethite.

Although the veins of iron oxides are not very pronounced, the above example

illustrates the subsurface penetration of sediments by iron in solution and their
precipitation in favoured sites, probably during Plio-Pleistocene times.
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4.3.1.2.7 Finniss Quarry @ig. 4.1; N2 8)

In another quarry nearby (Milang MR 004829) in the valley of the Finniss River

at 20 m asl, more Pemian fluvioglacial sediments have been iron

impregnated. Iron oxides in a sample of this material (BOU 363) (Table 4.57)

are more uniforrrly dispersed than in the previous example, and the total iron

content is only 8.397o. However, once again it demonstrates the mobility of iron-

enriched groundwaters in the environment, probably during the Pleistocene.

4.3.1.2.8 Thz Gun Emplacement (Fí8.a.1; L19)

The Gun Emplacement (Plate 4.53) is a small but distinctive bench on the Eden

Escarpment near Anstey Hill at Adelaide MR 917419, covering an area of about

5000 m2, at a¡r elevation of approximately 21-0-220 m asl. The bench consists of

Tertiary sands capped by a ferricrete. Although only a very minor feature in

the modern landscape, the Gun Emplacement has been investigated by many

workers. Despite this, theories related to its origin and age have been, and

remain, controversial.

Howchin (1931; 1933) mapped out various deposits, which he interpreted as

evidence of former, north-south trending river systems in southern South

Australia. He regarded the Gun Emplacement as a remnant of one of a series

of three major river terraces fomed on the eastern bank of the Robertstown-

Noarlunga channel. Fenner (1939) pointed out difficulties involved in such an

interpretation, and considered that many of the alleged meridional trending

'dead rivers' corresponded closely with deposits presented along north-south

trending fault scarps.

Fenner (1939) distinguished between the alluvial deposits that occr¡r on the

summit surface of the ranges (e.g. Clarendon-I(angarilla Road Cut near

Bakers Gully) and those at the foot of the ranges (e.g. Gun Emplacement). The

high plateau grits were considered to have been uplifted, broken and tilted by

faulting that affected Miocene limestones elsewhere in the ranges. In some

places, such as at Bakers Gully, the plateau grits were noted to contain a

Magnoliø sp. flora of pre-fault age. On the other hand, the materials of the

Gun Emplacement, Golden Grove and Hqpe Valley u¡ere considered to post-

date the faulting. The lower sands $¡ere thought to be younger because, apart

from the harder iron-cemented sands of the Gun Emplacement proper, they

$¡ere generally unconsolidated, incoherent and contained no fossils that could,
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at that time, be ascribed definitive ages. For example, lignites, silicified wood

and leaf fragments recovered from beneath the low level sands at Hope Valley

could not be given specific ages. However, Fenner thought that they were of
post-fault origin, possibly of Pliocene age in their lowest sections to Late

Pleistocene in the upper iron-stained cappings at the Gun Emplacement. A
younger age for these deposits was also favoured because the mottling in the

sands resembled mottling in Pleistocene sands in Victoria. Fenner (1939) also

considered that the preservation of the lower sands against erosion by

tributaries of the River Torrens and Dry Creek lent credence to a Late

Pleistocene to Recent age.

The older of these deposits was related to streams that meandered over an 'old

pre-Miocene peneplain' and the younger to 'fault apron' material, deposited

following faulting and differential uplift of the ranges, which Fenner believed

commenced in early post-Miocene times. He considered that the Gun

Emplacement probably represented the highest part of one of the alluvial deltas

derived from the ranges to the east.

Fenner (1939) explained the alleged unique presen'ation of the Gun

Emplacement by postulating a combination of deep and widespread fan-delta

alluviation in the Pliocene and Pleistocene to cover the Para Block, and Late

Pleistocene to Recent uplift of the ranges to carry the alluvial beds to a height
greater than that at which they were originally deposited. It was suggested

that this was followed by the almost complete destruction of the beds along the

ranges.

In contrast, Miles (1952) did not distinguish the plateau eediments from those

at the scarp foot. He considered that the fermginous sands of the Gr¡n

Emplacement represented relics of an original pre-Kosciuskan Tertiary land

surface (probably 'lateritised') marking the top of the original Burnside Fault
block, vsith a vertical dislocation of at least 70 to 75 m between the Burnside and

Para Blocks.

The sediments that form the Gun Emplacement were equated by Ward (1966)

$'ith the Kurrajong Formation of suggested Late Pleistocene age, and the soils

developed above them were equated with those developed on the Kurrajong

Forsration elsewhere. Ward (1966) believed that the beds of the Gun

Emplacement are more extensive than indicated by Fenner (1939), extending
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from Anstey Hill to Tea Tree Gully, but he agreed that the distribution of the

beds suggested deposition by streams draining from the scarps. No indications

of differential tectonic movements were noted by Ward (1966), although Fenner
(1939) had suggested possible general uplift of the Gun Emplacement, which

Miles (L952) had regarded as a relic of an original pre-deformational Tertiary
landsurface.

Firman & Lindsay (1976) and Firman (1981) equated the surface of the Gun

Emplacement with that of the Karoonda Palaeosol, which has been

stratigraphically associated with the Hindmarsh Clay, above the level of the

mottled zone marking the Ardrossan Palaeosol, and was thus considered to be

of Late Lower Pleistocene age.

The Gun Emplacement surface was described by Twidale (1976a) as a weakly

developed ferricrete of possible Late Pliocene to Early Pleistocene age, formed

on Eocene Sands in the piedmont zone of the Mount Lofty Ranges. Here,

Twidale (1976a) argued that the concentration of moistu're had favoured the

precipitation of iron oxides, and recurrent tectonism $ras suggested to explain

the present elevation of the Gun Emplacement. Twidale (1976a) misreported

the work of Fenner (1939) when he stated that'Fenner (1939) interpreted the

deposits of the Gun Emplacement as alluvia of Plio-Pleistocene age. They are

neither alluvial nor transported but the result of weathering.' Fenner (1939)

was actually stating that he believed that the sediments on which the
ferruginisation of the Gun Emplacement developed were of Plio-Pleistocene

age, whereas T\¡¡idale (1976a) considered them to be of Eocene age. In fact these

two workers, although travelling along different paths, arrived at the same

conclusion with respect to the age of the surface and fermginisation of the Gun
Emplacement.

The lignite deposits of Hope Valley have now been equated vyith the Clinton
Forrration of Late Eocene age (Forbes, 1980), a¡rd the sands of Golden Grove,

regarded by Fenner as Plio-Pleistocene materials have recently been correlated

with the Middle Eocene North Maslin Sands (N.F.Alley - pers. cornm.).

However, this does not resolve the age of the sediments at higher elevations nor

the age of the fernrginised surface developed on them.

If the above dates are reliable then the sands at the Gun Emplacement may be

slightly younger than those at Golden Grove, although they may be
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diachronous sediments of the same deposit, with deposition proceeding

progressively southwards by north-south flowing streams. Although there are

difficulties in detail with the dead-river hypothesis of Howchin (1931; 1933) the

above suggestion of a diachronous age for the sediments, together with the

widespread occurrence of fluvial deposits of presumed Tertiary age throughout

and on the margins of the Mount Lofty Ranges may suggest a source of fluvial

sediments from locations far to the north. Given the widespread distribution of

the sands there $/ere few higher localities within the Mount Lofty Ranges to

provide source areas for the sediments

It is currently possible to trace the variously fermginised and bleached sands

from the quarry base (Plate 4.54) up to within a few metres of the surface of the

Gun Emplacement. There are no apparent marked breaks in sedimentation or

disconformities suggesting that the sands towards the surface are

dramatically younger than those near the base. Occasional sedimentary bands

of quartz and fernrginous clasts (Plate 4.55) occur within the otherwise

homogeneous and massive sandy sediment, suggesting derivation from

previously fernrginised and weathered materials. Samples (BOU 347; BOU

3a9) (Table 4.55) of t,l:e massive and homogeneous fernrginised sands were
analysed. The Fe2Og content of these samples is not great, varying from l.84%o

to 8.O3Vo, exclusively as goethite, \Ã'ith high silica contents reflecting the

character of the original sediment.

In the top few metres the material takes on a different character. There is a
hint of bedding and rounded to angular clasts of quartz and fermginised

bedrock (Plate 4.56) are present, especially in positions close to the scarp. There

are also discrete rounded concentrations of iron enrich-ment and quite

prominent purplish hematite-rich mottles, which become more pronounced

near the scarp. In hand specimen it is difficult to decide if the pisolith-sized

iron accumulations are pisoliths forming in situ, or if they are degrading

transported pisoliths. However, thin section observations reveal the leaching of

iron from the pisoliths and the movement of titanium through the sediments,

which suggest that t,Le pisoliths are degraditg, transported ones. The pisoliths
(BOU 373) (Table 4.58) are not very iron-rich (3.667o Fe2O3) and the iron oxide is

dominantly goethite. In places, ghosts of pisoliths that have been completely

bleached of iron can be discerned. Ttris near surface material is very similar to
bedded sands with pisoliths (BOU 39) (Table 4.58) east of Perser:verence Road,

Tea Tree Gully (Adelaide MR 921435) at a slightly higher elevation. Apart from
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its greater iron content, this sample has a very similar chemistry and

mineralory to sample BOU 373. However, this sample also contains

maghemite, which could further suggest a transported origin for the pisoliths.

Thin section observations also favour the interpretation that the pisoliths are

degrading transported features.

Significantly the purplish mottles that occur in the top 2 to 3 m of the

sediments, in contrast to the other mottles and stainings in the deep and

surface sands, have higher total iron contents (BOU 374) (Table 4.58), which

consist dominantly of hematite, with traces of maghemite and goethite. The

maghemite has apparently formed in situ at depth in the zone of g¡ound water.

Close inspection reveals that the goethite in the mottles occurs as thin halos

around hematitic cores, and has probably developed by the dissolution of

hematite and reprecipitation as goethite since the mottle was originally

fomed. Thus it appears that there is an upper colluvial mantle of material

overlying older Eocene sands and that this mantle has a distinctive iron oxide

mineralogy that characterises Pleistocene scarp foot sediments elsewhere on

the margins of the ranges (see below, section 4.4.2.L). These sediments appear

to have formed by colluviation following tectonic uplift of the ranges, with the

hematitic mottles forming within the range of a fluctuating scarp foot water

table.

Ward (1966) regarded this material as the Kurrajong Foruration of presumed

Late Pleistocene age, but in this thesis it is considered to be a facies variation
(occurring in scarp foot situations) of the Ochre Cove Forrration of 'Ward (1966),

which May & Bourman (1984), on stratigraphic evidence at Sellicks Beach,

placed in the Middle Pleistocene. It has a characteristic iron oxide mineralogy

that is dominated by hematite, traces of maghemite and variable but small

quantities of goethite. A tentative interpretation for the formation of the Gun

Emplacement was presented in a report by Miss M. McBriar and Mr. G. Krieg
(Bulletin, Field Geolory Club, 1978; Vol. 7, No. 10). This interpretation

involved:

Formation of a 'laterite' layer during a still-stand in the deposition

of Eocene lacustrine(?) sands.

Burial of 'laterite' layer following the renewal of deposition.

Stripping of the overlying sands exhuming the 'resistant laterite'

following accelerated uplift, of the ranges.

I

ll

lll
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lV. Partial burial of 'resistant laterite' by coarse conglomeratic clastic

sediments derived from the Eden Block.

Although there may have been hiatuses in the deposition of the Eocene sands, it
is not necessary to invoke exhumation of the Gun Emplacement surface to

account for the observed data. The evidence presented above demonstrates the

relative youthfulness of the surface on the Gun EmFlacement, which is not as

resistant to erosion as some of the ferricretes on the summit surface of the

ranges. There is some doubt that the surface on the Gun Emplacement could

have survived burial and exhumaUorr. There are instances of ferruginised

materials occurring in the Eocene sands proper, which suggest the occurrence

of pre-Eocene fernrginisation well above the level of the present Gun

Emplacement. This has been demonstrated in many of the Tertiary sediments

of the basins fringing the ranges, which could account for the report of a 'Iarge

block of rock containing what was evidently laterite overlain by fanglomerate

t¡pe deposits.'

Evidence of faulting occurs in the sand quany immediately to the south of the

Gun Emplacement (T\n'idale, 1968). Step-like remnants of the Gun

Emplacement surface are perched on the escarpment at levels up to 30 m above

the general elevation of t,Le Emplacement. Consequently, it is possible that they

were uplifted to this position by faulting (also suggested in Bulletin of the Field

Geolory Club, Vol.7, No.l). The location of the fault closer to the south-facing

escarpment of the Gun Emplacement may be indicated by steeply tilted Tertiary
sands, and the arnount of offset of the Gun Emplacement surface is roughly the

same as that indicated by monoclinal folding of the Tertiary/Precambrian

unconformity noted in the excursion report mentioned above. Thus the surface

of the Gun Emplacement may record evidence of two phases of uplift: one that
initiated the deposition of the Middle Pleistocene fermginised fanglomerate

material at the surface of the feature, which was probably a high level hill-
valley junction, and a second that led to the displacement of the deposit across

the trace of the fault locality, presumably in Middle to Late Pleistocene times.

There may have been earlier phases of faulting that have not been presen'ed as

the Tertiary sands are generally poorly consolidated and would not have

maintained a surface topographic expression without induration. Moreover

there is probably a zone of faulting so that the suggested displacement may only

reflect movement on one branch of the fault. IIowever, there is no evidence to

support the degree of dislocation of the Gun Emplacement surface to the extent
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suggested by Miles (L952). Even if the sands on the higher surfaces are of the
same age as those underlying the Gun Emplacement (cf Gun Emplacement

sands and Bakers Gully sands), it is not possible to equate the surfaces and
ferruginisation affecting them. In fact the present evidence suggests that the
Gun Emplacement surface is younger and less resistant than many within the
ranges. If this is the case then, the major faulting must pre-date the age of the

surface on the Gun Ernplacement, and it is possible that scarps may have been

in existence at the time of the original deposition, suggesting the occurrence of
pre-Eocene faulting.

4.3.2.2.9 The Bretner Vølley

The Bremer Valley is an asymmetrical valley in the Eastern Mount Lofty
Ranges (Fig. 4.29) bounded on its eastern side by a prominent escarpment, the
Bremer Scarp (Plate 4.57). This is almost certainly an erosional fault-line
scarp developed along an ancient fault zone (Kleeman & White, 1956), which
displayed negligible movement during the Cainozoic.

In its central section the Bremer Valley, is essentially a resurrected tectonic
depression of some antiquity. It has been an avenue for marine incursions into
the Mount Lofty Ranges from the Murray Basin at least three times during the
Tertiary (Lindsay & Williams,L977; Lindsay, 1986) as well as being a natural
locus for river erosion at various times.

Whatever its precise origin, there is little doubt that tJle Bremer Valley existed
as a relative lowland area during the first half of the Tertiary. Lindsay &
Williams (L977) described occurrences of Tertiary limestones in it at the site of
an abandoned road bridge (Cross's Bridge) and in a road cut near Hartley.
Forrest (1969) reported the occurrence of Tertiary limestone further up the
valley. In all cases the Tertiary sediments rest directly on slightly weathered
Kanmantoo Group metasedimentary rocks. In all instances bedrock
'structures in the weathered basement rocks are presenred, and they have not
been intensely weathered. At Cross's Bridge, unweathered bedrock forms the
foundation for the bridge. Hence no suggestion can be made that the
weathering under the limestones is the equivalent of that on parts of the
summit surface of the ranges. However, the distribution of the limestones with
respect to the bedrock topography suggests that the valley was in existence
prior to the transgressions.
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The identification of the distinctive Lower Miocene (16 Ma) marine
foraminifer, Lepidocyclina howchíni, in limestone collected by the author from
the Bremer Valley (Lindsay, 1986), within the Mount Lofty Ranges, at an
elevation of approximately 170 m asl has facilitated the more precise dating of
geologic and geomorphic episodes in the Eastern Mount Lofty Ranges.

Specifically it throws light on geologic events such as recurrent Tertiary
marine transgressions into the Bremer Valley, the timing of movement along
the Bremer Fault and the general uplift of the Mount Lofty Ranges u'ith respect

to the Murray Basin, the age of ferricretes within the Bremer Valley and its
general geomorphic evolution.

Various ferricretes and other fermginous materials occur within the Bremer
Valley and their relationships to Tertiary limestones are shown in Fig. 4.30.

4.3.2.2.9. 1'Lucernbroe' Ferrictete (52 1)

Quite extensive remnants of a ferricrete crust occur at an elevation of about
200 m asl in the Bremer Valley on the 'Lucernbrae' property (Monarto MR
2]-32f]-). These $¡ere mapped as areas of 'pisolitic laterite' by Johns (1961b), but
they are actually iron-impregnated quartzose sands. Forrest (1969) regarded
this ferricrete as of pre-Miocene age, foming prior to the Miocene
transgression. The crust at Lucernbrae is not underlain by 'deep weathering'
but by slightly weathered Kanmantoo Group metasedimentary rocks.

The fericrete at'Lucernbrae' occurs a short distance up valley ofl and about
40 m above, t}lre I'epidoqclinø-bearing limestone outcrop (Monarto MR 218122),
although it is certain that the actual shoreline of this sea level would have stood
much closer to the 'Lucernbrae' ferricrete than does the sunriving limestone
remnant (See Fig. 4.30). The character of the limestone deposits suggests a
near-shore environment, and the tentative suggestion is made here that the
ferricrete at 'Lucernbrae' comprises remnants of dune and other backshore
deposits related to the fom,er Earþ Miocene coastline, subsequently
impregnated by iron oxides derived from sources up valley and later indurated
to fom a resistant ferricrete (BOU 35a) (Table 4.59; Fig. a.il). This suggestion
is favoured by:

i. Ttre high SiOz content of the fendcrete (7L.4Vo), which occurs

primarily as quartz, although a small amount (4Vo) is combined
with AlzOs to fom kaolinite.
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Thin section examination, which demonstrates the close-packed

and well-sorted nature of the quartz grains. Although they are

not as well rounded as might be expected for dune sands, they

are of acceptable dune sand dimensions, and have been etched

and embayed by post-depositional weathering processes.

The uniform nature of the ferricrete. Rare clasts of bedrock and

quartz occur in the fernrginised sands, but only at their base.

The clasts may have been originally derived from the underlying

bedrock by Miocene shoreline processes prior to dune formation.

The dominant iron oxide of goethite with minor amounts of
hematite, is characteristic of post-Middle Miocene iron-oxide

impregnated sandy sediments, such as those in the Upper

Hindmarsh Valley.

No obvious structures have been obsen'ed, which might suggest a dune origin,

nor is any dune-like morpholory preserved. However, the dune sediments

would have provided an ideal sink for iron oxid.es carried in solution from

higher ground up valley, and the presence of kaolinite probably indicates some

in sítu weathering that might have destroyed bedding structures in the

sediments.

Bleached sandstone (BOU 399) (Table 4.59), occurs at the same elevation (200 m)

on the surface above and to tJre east of the Bremer Scarp (Monarto I0'[F.247134)

(Figs 4.29;4.30). In thin section it has a similar character in grain shape, size

and sorting to the fermginised sandstone ferricrete at'Lucernbrae'. As it
contains little Fe2Og and CaO it is probably cemented by silica. The main

difference between the two samples (Table 4.59; Fig. a.31) is the Fe2O3 content.

The sediment on the Monarto Block may have been less favourably placed to

serve as a sink for iron oxide deposition, but it ca¡r be considered to have a

similar origin as a Tertiary shoreline backshore deposit, possibly related to the

shoreline that faced eastward to the Murray Basin.

If the interpretation of the 'Lucernbrae' fenricrete as an iron-indurated
Tertiary backshore deposit is acceptable it means that the ferricrete originated

in the Miocene or Pliocene rather than the pre-Miocene as suggested by Forrest
(1969). The Miocene is considered to be the most likely time of fermginisation

in this thesis because the ferricrete downstreern is very different in character

and. could not have developed until after the erosion of the Miocene limestone.
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The recognition of possible closely linked relationships between some

ferricretes and limestones, if firmly established, will facilitate the more

accurate location of former Tertiary sea levels in the ranges and, thereby allow

more accurate palaeogeographic reconstructions of parts of the Mount Lofiy

Ranges. Similar relationships between Tertiary sea levels and possible

ferricreted shoreline sands also occur in the Upper Hindmarsh Valley and the

M¡ryonga Basin on Fleurieu Peninsula.

During iron oxide-impregnation of the sands at 'Lucernbrae', iron would have

been released from up valley, probably both from pre-existing ferricretes and

bedrock. Consequenfly, weathering (iron depletion, kaolinisation and mottling)

would have been occurring on the upland surfaces, thereby providing iron for

the development of lower level ferricretes, as well as continuing to modify and

develop the mozaic of weathering patterns on the summit surface.

4.3.2.2.9.2 Ferrícrete down ualley fron th.e EørIy Miocene shoreline (Monarto

MR 223149) (523).

Based on the location of the Lower Middle Miocene limestone in the Bremer

Valley it is apparent that a large area down valley from this site must have

been covered by limestone. Hence this bedrock depression is essentially an

exhumed pre-Miocene valley. No doubt it has suffered some modification since

its exhumation but its basic form was established in pre-Miocene times and

possibly in the Mesozoic. Furthermore, the Early Miocene seas probably stood

along the line of the present Bremer scarp.

Downstream from the outcrop of Early Tertiary limestone at 170 m there is a

small and isolated outcrop of fernrginised sand and grit fendcrete (BOU 378)

(Table 4.59) at an elevation of 138 m, resting directly on slightly weathered

basement rocks (Figs 4.29 &,4.30). It has a fairly high iron content of 36.037o,

dominantly in t,Le form of goethite. Thin section s¡¿mination reveals that it is
an ill-sorted quartzose sediment, with fremework grit clasts being held in a
matrix of silt-sized quartz and iron oxides. Dissolution channels and voids in
the sediment are filled with goethitic clay. The thin section and iron oxide

rnineralory suggest that the fomation of this ferricrete occurred in a
terrestrial environment, in channel fill material located in a former valley
bottom. The area in which this ferricrete occurs would have been submerged

by the Early Miocene seas and probably formed after the exhumation of the
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limestone probably in the Pliocene, as suggested by Forrest (1969). Ttris

ferricrete could be regarded as a pre-Miocene and exhumed feature, but its
presenration would have been extremely fortuitous, and its mineralogy does not

suggest that it has undergone a period of protracted weathering.

4.3.2.2.9.3 TIæ Cornpton Conglotnerate

The fermginous Oligocene Compton Conglomerate was recognised by Lindsay

& Williams (1977) in the Bremer Valley at Cross's Bridge (Monarto MR 187040)

at 50 m asl, in a road cut near Hartley (Monarto MR 181051), 70 m asl, and at

the'Kalibar'railway cutting (Monarto MR 320122) at 90 m asl (Figs 4.29;4.30).

Ludbrook (1961) regarded the Compton conglomerate as representing the onset

of an Oligocene marine transgression.

At Cross's Bridge (R25) zones of fermginisation (BOU 362) (Table 4.59) occur at

the contact of the Cambrian bedrock and the overlying Tertiary limestones.

Thin section exarnination of this material reveals large muscovite flakes held

in a very fine iron oxide matrix. Tiny quartz particles occur and the mica

flakes are being broken apart. Kaolinite in the material has been formed from

the conversion of muscovite. At the Hartley Road Cut (R25) (BOU 361) (Table

4.59) iron oxides in places form a laminated goethite-rich crust in which
g"ypsum crystals occur.

The Fe2O3 contents in the sites at Cross's Bridge and the Hartley Road Cut are

quite high at 32.77o and 57.47o respectively and they are comprised entirely of
goethite. The sample from Cross's Bridge (BOU 362) contains a greater variety

of minerals, but both localities represent the transgressive phase of the

Compton Conglomerate. The lack of hematite and maghemite suggests that
the iron oxides were not exposed at the landsurface and were not, derived from
pre-existing iron in the landscape during the transgression as suggested by

Johnson (1976). Maghemite, in particular, is a coûrmon iron oxide mineral on

terrestrial surfaces. Ludbrook (1961) noted that possible equivalents of the

Compton Conglomerate at a depth of 159.2-163.5 m in the Murray Basin

comprise dark-green and black sandy clays, in which the residues after
washing consist almost entirely of ovoid siderite and glauconitic pellets. Thus

there is ample iron present in unweathered equivalents of the Compton

Conglomerate. This suggests that the goethite in the exposed Compton

Conglomerate may have derived from in situ weathering of the siderite and

glauconite in near surface situations.
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4.3. 1.3 Vesicular Fenicrete

4.3.1.3.1 Mount Compass bog iron ore d.eposits (Fig. 4.1; K23)

In the modern valley floor at Mount Compass are examples (BOU 5 and 6)
(Table 4.4) of very highly concentrated iron oxides (68.5Vo Fe2O3), where they are

intimately associated with peat. The characteristics of these vesicular

ferricretes have been discussed in association with high level analogues at

Peeralilla HilI (Section 4.2.1.5.2). All of the evidence suggests that the vesicular

ferricrete at Mount Compass has fom,ed by the replacement of peat by iron

oxides carried in solution into lacustrine or swamp-like environments. It is
difficult to suggest an age for this ferricrete, because, although it occurs at

about 250 m asl, it is in the base of the modern valley floor and is in a subsoil

position. Ttrese last two factors together $'ith tnicroscopic evidence of clear

preservation of plant cells replaced by iron oxides suggest tJ:at the ferricrete is

reasonably young. In older vesicular ferricretes the preservation of plant cells

is not as pronounced as in this modern valley floor example.

4.3. 1.3.2 Køngaræ Island
Vesicular ferricretes have been noted in association with pronounced benches

at about 100 m asl in several areas on Kangaroo Island.

4.9.2 Mottled 7nnræ

4.3.2.1 Willunga Scarp Benth (Fie. aJ; J27)

Ward (1966) described benches on Willunga Scarp, one of which (Plate 4.58), at

an elevation of about 160 m asl, carries 'rounded cobbles and lateritized sands'.

He considered these sediments to be shoreline deposits because they resemble

cobbles on the modern shoreline at Sellicks Beach, because they carry'batter
marks characteristic of such stones', and because the sands are well-sorted

like those on the modern beach. Ttrese sediments were equated with the

Pliocene Seaford Formation (Ward, 1966) since he considered them to be

similarly weathered to alluvial beds of this formation. Consequently, the bench

was regarded as a stranded marine platform of abrasion of Pliocene age.

The cobbles on the bench at 160 m asl are dominantly of quartzite. There is

some evidence of aboriginal occupance at this site, but the boulders are

essentially in situ as there are many smaller pebbles that would not have

attracted the attention of tool makers. Some of the smaller clasts appear to be

polished and faceted and may have been derived from previously existing
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Permian glacigene sediments. There is some variation in clast litholory which

could support this hYPothesis.

As reported by Ward (1966) the sandy sediments are well-sorted as might be

expected. from a beach-dune situation and they are positively skewed, which

favours a beach origin (Chappell, 1967). However, there is no definitive

evidence either with respect to the age or the origin of the bench and its

associated deposits. Even if the evidence favoured a marine origin for the

bench, it is not necessarily of Late Pliocene-Early Pleistocene age, but may

relate to earlier events.

Nearby, at Sellicks Beach, the Early Pleistocene marine Burnham Limestone

outcrops only a few metres above the modern shoreline (May & Bourman,

1984). Furthermore, the Burnham Limestone and its equivalents have not been

obsen'ed above the level of 50 m asl as reported by Ludbrook (1983) from Cape

Jen¡is. Similarly, the Late Pliocene Hallett Cove Sandstone has a limited

vertical distribution, and $'ithin the irnmediate area only reaches up to about 30

m asl. I{owever, higher sea levels during the Miocene are well known from the

Myponga Basin, where limestone occurs up to 210 m asl. Early Tertiary

marine deposits have also been mapped and described in the Noarlunga and

Willunga Basins by Sprigg (1942). Furthemore, sediments previously

assigned to the Pleistocene (Sprigg, L942;'Ward, 1966)) or the Late Pliocene

(Twidale et a,1.,1967) are possibly old.er, and indicate the occurrence of a

shorelines up to 100 m asl either side of the Clarendon-Ochre Cove Fault near

Hackham and Noarlunga. This suggests that this fault has not been markedly

active since the Early Pliocene. However, there is evidence suggesting

Pleistocene fault activity on the Willunga scarp (Campana & Wilson, 1955; May

& Bourman, 1984), so that the features described by Ward (1966) may well relate

to events during this pre-Pleistocene time. Another possibility is that the bench

and its deposits could mark a former shoreline of a Tertiary lake, such as those

postulated for the deposition of the deltaic and lacustrine sediments of the

Highbury and Golden Grove areas to the north. Consequently, the bench and

its related deposits may relate to any of these fomer relatively higher

shorelines.

Sediments presenred on the bench at 160 m on the Willunga scarp are

fermginised (mottled) sands and may be steeply dipping (Plate 4.58) but their

orientation is difficult to ascertain. Analyses of mottled and fernrginised sands
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(BOU 2) (Table 4.60) from the bench at 160 m revealed that it has only small

amounts of Fe2O3 (6.LLVo) exclusively as hematite. Thin section examination

reveals that the framework consists essentially of sub-angular to sub-rounded

quartz grains, generally well sorted but u'ith occasional larger grains. A few

felspar and composite quartz grains ocsur and iron oxide-rich clays provide the

cement which fills the voids and coats grains. There are suggestions of

colloform structures in the matrix, but the indications are of a single

generation impregnation of t,Le sediments. Some partial replacement of grains

along cleavages by iron oxides has occurred and cracks in the matrix may have

resulted from shrinkage after impregnation by ferrihydrite that later

transformed to hematite.

Loose sands occur at the surface and undisturbed samples were obtained by

augering. These sands were sieved and gave similar results to those reported

in Ward (1966). However, in this thesis they are considered to have developed by

weathering of underlying consolidated and mottled sandy sediments. On a

bench at about 180 m asl immediately upslope from the last site isolatÆd

fragments of fernrginous conglomerate (BOU 14) (Table 4.60) occur. In thin

section, rounded fragments of shale, quartzite a¡rd sandstone set in a well-

sorted silty fernrginous and clay-rich matrix. Quartz muscovite, felspars, and

small amounts of anatase, goethite and hematite were identified by XRD. It
appears that this conglomerate has been derived from sources at higher levels

than its present situation. Its iron oxide rnineralogy, which is predominantly

goethite, differs from that of sample BOU 2.

The interpretation tendered by Ward (1966) for the age of the mottled sediments

on the 160 m bench relies upon unproven tectonic stability of the ranges during

the Late Pliocene and Pleistocene. It also requires the Seaford Fomation to be

of Pliocene age, whereas both Stuart (1969) and May & Bourman (1984) allocated

it to the Pleistocene. Finally, it demands that the age of the shoreline facies at

100 m east of Hallett Cove be of Pleistocene age, whereas it is likely to be much

older.

Although there are many possibilities, the tentative explanation favoured to

account for the evidence on the bench at 160 m on the Willunga Scarp requires

that:-
i. It marks the position of a former shoreline at least as old as the

Early Pliocene, with the development of shoreline sands, cobbles
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and boulders reworked from pre-existing Permian glacigene

sediments.

The sediments on it were subsequently mottled, involving the

fom,ation of hematite via transformation from ferrihydrite.

It was progressively and differentially uplifted along the line of

the Willunga fault zone and eroded to leave a small remnant of

mottled sandy sediments.

4.3.2.2 Happy VøIIey Reseruoir Ouerflow Chnnnel (FiS- a.t J22)

At an elevation of about 140 m asl at Noarlunga MR 775155 the overflow

channel of the Happy Valley Reservoir exposes a section of weathered and

variably ferruginised Precambrian basement rocks overlain unconformably by

mottled sediments. The basement rocks are kaolinised and fermginised

mainly by goethite along bedrock structures, but occasionally more hematite-

rich veins cut across these structures.

The basement rocks are unconformably overlain by mottled sandy sediments

(Plate 4.59), considered by Basedow (1904) to be of Tertiary age. He

distinguished between an older fossiliferous marine unit, which he assigned to

the Eocene, and a younger (Miocene) sandstone bearing conforrrable

relationships to the Eocene sediments. Fossils were found in this deposit in the

overflow channel but were too imperfect for specification. The mottles in this

sediment are generally hematite-rich, but occasional goethitic mottles occur,

and in some other exposures, this strongly mottled zone is underlain by less

consolidated sands, ttrroughout which the iron oxides are more uniformly

distributed. Unlike the basement rocks, in which the clays are predominantly

kaolinitic, green-coloured smectitic clays occur. These mottled sediments are

in turn overlain by calcareous materials that in places contain patches of

smectite and fernrginous clasts derived from the underlyrng sediments. A

deep Vertisol has formed above this sequence.

Sprigg (L942) recognised various Tertiary to Recent sediments in the vicinity of

Happy Valley. The oldest he refened to as Oligocene lacustrine sediments and

stated that they could be observed in the overflow cha¡¡nel of the Happy Valley

resen'oir, unconformably overlying basement rocks, and disconforrrrably

overlain by mottled sandstone regarded by him as of Pleistocene age. From his

descriptions it is apparent that the older sand beds are the Middle Eocene North

Maslin Sands. Marine sediments disconformably overlying the above deposits

l1

111.
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were regarded as of Miocene age, but no!\r are considered to be the Blanche

Point Marls of Upper Eocene age.

Detailed drilling and palaeontological investigations were carried out by Olliver
(1964) in the Happy Valley area. He noted that in the northeastern portion of

the Noarlunga Basin, a shallow tectonic trough is filled $'ith Tertiary and

Quaternary sediments that are thickest adjacent, to the Clarendon-Ochre Cove

Fault and thin to the northwest. Isolated outcrops of North Maslin Sands and

Blanche Point marls were observed below younger non-fossiliferous freshwater

sands and clays assigned to the Pliocene and capped by a clayey sandstone that

is 'lateritic in parts'. It is clear from the cross sections presented that there

had been sub-surface development of ferricrete, perhaps having forrned in this

position by permeation of favourable horizons by iron-rich waters. It is also

apparent that the ferruginisation occurred in sediments that are younger than

the Blanche Point Marls, so that thqy are younger than the North Maslin

Sands, probably in part developing from the reworking of those deposits.

Olliver (1964) assigned them to the Pliocene, as did Sprigg & Wilson (195a) and

Sprigg (L942) to the Pleistocene, but they could be considerably older and may be

of Miocene age, as originally suggested by Basedow.

Analysis of the Tertiary sediment (BOU 368) (Table 4.60) show that its main
constituents are SiO2 (76.27o), Fe2O3 (L6.27Vo) and Al2O (4.87o). Minerals

identified include quartz, hematite, goethite, smectite, kaolinite, vermiculite

and anatase. These analyses suggest that the sediments have not been

intensively weathered. Ttre development of these beds and the erosion surface

on which they rest could relate to a shoreline at about 100 m asl that has been

mapped from east of Hallett Cove to Noarlunga Trig. (Sprigg, L942,t945,1961;

Ward, 1965, 1966, 1967, 1968; Twidale et aI., L967 ;Stuart, 1969). Littoral
shoreline facies have been variously ascribed to the Pleistocene or to the Late

Pliocene by the above workers. I{owever, recent work (in prcp.) suggests that
they may be considerably older. Ward (1966) considered them to be of
Pleistocene age because they were noted to rest on mottled sediments, which he

equated with t,Le Ochre Cove Fomation of Early Pleistocene age. This

interpretation uras a major platform on which his general model for the

evolution of the area rested. However, recent work suggests that the mottled

sediments on which the shoreline facies rests could be of Lower Pliocene, or

even Miocene age.
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4.3.3 Pisoliths
4.3.3.1 Waitpingø areø (Fig.  .1; J33)

On the northern margin of the Waitpinga Creek drainage basin, a road cutting

on the Victor Harbor-Cape Jervis road (Encounter MR 812600) at 100 m asl,

exposes a section through fernrginised aeolian sand deposits. At or near the

surface is a lag of pisoliths, arrd, at a depth of approximately 1 m below the

surface, other pisoliths occur (Plate 4.60). The soil in which the pisoliths occur

is an acid duplex soil, Dy4.2l.

The surface pisoliths (BOU 322) (Table 4.61) contain M.97o Fe2Os, 4l.7Vo SiO2,

7.967o Al2Os and had an ignition loss of 3.85Vo. The iron oxide mineralogy is

dominated by hematite and maghemite. Small amounts of kaolinite, smectite

and rnixed layer clays are also present. fn contrast, the pisoliths at depth (BOU

32?) contained only 5.357o Fe2O3, \ñ'ith 75.5Vo SiO2 and,9.l%o AlzOs; the iron oxide

mineralogy is principally goethite, with a small amount of hematite. Kaolinite,

smectite and possibly a small amount of gibbsite are also present.

The material in which the pisoliths occur at depth is a silty sandstone that is

well sorted and consists of rounded and sub-rounded grains set in a
ferruginous clay-rich matrix (Plate 4.61). The pisoliths are semposed of
material identical to that in the bulk of the deposit, which contains some

grains of toumaline, felspar, andalusite and polymozaic quartz grains of
metamorphic origin. At higher magnifications the iron oxides display a

colloform fabric that indicates multiple influxes of iron oxides into pores spaces

(Plate 4.62). Some quartz grains have hematite coatings and laminated
goethite and clay occur in the voids. Some fractures in the clay matrix are

frlled with hematite, which suggests various phases of hematite forrration.

4.3.3.2 ThB basalt surface of tltc Gøp Hills
A pronounced surface occurs on the mesa-Iike Gap Hills (Fig. 4.2) of Kangaroo

Island. They are underlain by basalt of Jurassic age, which in turn overlies

weathered and iron mottled Permian glacigene sediments. The hills vary in
elevation from about 180 m asl in the west to 120 m asl on their eastem

extremity. The absence of 'lateritic weathering' on the surface of the Gap Hills
was used by Daily et al. (L974) as evidence in support of a preJurassic age for
'lateritisation'. On the other hand, Schmidt et ø1. (1976) attributed minimal

surface weathering of the basalt to penrasive sub-basaltic weathering.
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Some areas of the basalt-capped Gap Hills are completely devoid of weathered

debris, but on the most easterly of the basalt remnants, Rettie Bluff (Kingscote

MR 530270), which is also the lowest atL2O - L40 m asl, an unconsolidated

mantle, at least 3 m deep, occurs. At shallow depths in the modern yellow clay

soil and littering the surface, where the white sandy A-horizon has been

eroded, are maghemitic pisoliths, nodules, and larger fragments of iron-

impregnated sandy and silty sediments. Ttre pisoliths (BOU 113) (Table 4.61)

contain hematite, maghemite, kaolinite, felspars and anatase. The larger

fragments of iron-rich sediments (BOU 11a) (Table 4.61) include rounded

pebbles, which demonstrate some degree of reworking. Other rounded clasts of

materials exotic to the basalt on which they rest have been collected from the

Gap Hills surface and suggest derivation from a more distant source. In thin

section, the larger fragments of iron-rich sediments consist of fine, well sorted,

rounded to sub-rounded quartz and occasional patches of clay that include fine

qulartz set within a matrix of iron oxides. The grains are not well packed,

which suggests that the iron oxides have replaced a pre-existing matrix

material, possibly clays. The mineralogT sf sample BOU 114 differs only in
relative abundances with respect to that of the pisoliths (BOU 113). It is
noteworthy that goethite was not identified in either semple.

Within the upper B-horizon of t,Le soil (BOU 117) (Table 4.61) there are dispersed

fine fragments of maghemite, which can be extracted with a magnet. The

mineralogT and chemistry of the soil material differs absolutely and relatively

from that of the fermginous pisoliths (BOU 113) and sediments (BOU 114). The

soil contains goethite, smectite and micas, which do not occur in the other

samples, as well as higher contents of kaolinite. The occurrence of smectite is

reflected in the pronounced development of gilgai in places on the Gap Hills

summit. Ttrin section examination of the soil reveals it to be a clay $'ith
patches of poorly sorted quartz sand and silt throughout. Shrinkage cracks

and iron oxide grains, which are probably detrital, also occur.

White clay-rich material vvas recovered from the lower part of the B- horizon of

the soil on the Gap Hills (BOU 149) at a depth of about 1 m. Minerals identified

in this material included calcite, quartz, felspars, smectite and kaolinite,

which have probably developed by in siú¿ weathering of the basalt. The iron
content (6.647o Fe2O$ is probably incorporated into iron-rich layer silicates to

form smectites, but there is probably another Fe phase present, which was not
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identified. Small fragments of basalt occur throughout the profile and may be

precursors of future pisoliths.

Thus there does not appear to be evidence of deep and extensive weathering and

ferruginisation on the summit surface of the Gap Hills. However, there are

additional factors, which must be considered in interpreting the nature of the

Gap Hills surface. These include evidence of an Early Miocene sea level that
stood in excess of t2O m asl (Mitnes et a1.,1983), and possible tectonic tilting of

the surface. At an elevation of about 100 m asl a bench carrying calcrete,

incorporating fragments of basalt and ferricrete fragments occurs around

many of the basalt residuals of the Gap Hills. This occurrence may relate to

forrner higher Tertiary sea levels. The very long period of time over which the

basalt surface has been vulnerable to erosion by both subaerial and marine

processes highlights the simplicity of explaining its present minimal surface

weathering by the concentrated operation of sub-basaltic weathering. This is

particularly so as boulders and pebbles of basalt occur in limestones of Tertiary

and Quaternary ages and provide direct evidence of erosion of the basalt flows.

4.3.3.3 Cape Bordø (Køngaroo Islønd)

Bauer (1959) invoked in situ formation of fernrginous pisoliths at Cape Borda

(Borda M5420). At an elevation of about 160 m asl theyinfilt solution hollows

developed in calcrete formed on calcarenite, which he had assumed was of
Pleistocene age. Northcote Qters.comm. in Bauer, 1959) had suggested that the

paucity of clays in the hollows favoured a transported origin for the pisoliths.

Examination of these pisoliths in thin section showed that they are complex,

displaying multiple surface rinds çettrFosed of iron-rich bands and quartz

accumulations. These features probably reflect a long history of movement in
different environments. The chemistry and mineralogy of the pisoliths (BOU

104) are shown in Table 4.61, which indicates that hematite and maghemite are

the dominant iron oxides present.

The main objection of Bauer (1959) to a transported origin for the pisoliths at
Cape Borda was the topographic difficulty in explaining their occurrence at 160

m asl on an isolated hill. However, the limestones on which the pisoliths rest

are possibly older than Bauer (1959) thought. Consequently there may have

been greater opportunities for landscape modification than Bauer (1959)

envisaged. Certainly, the high iron content, the presence of maghemite, the
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absence of goethite, their situation on limestone and their complex character in

thin section suggest a long history in the landscape, so that the hypothesis of

transportation is preferred.

4.4 Fermginised Materials fnom Basins wi'hin and marginal to tJre

Ranges.

Rocks and sediments of various ages, in basins both within and marginal to the

Mount Lofty Ranges have been variably weathered, mottled and ferruginised
(Table 4.62). For example, Cambrian and Precambrian basement rocks have

been weathered, bleached and mottled, Jurassic basalt on Kangaroo Island has

been slightly weathered and carries ferruginous pisoliths, and sediments such

as Eocene fluviatile sands and gravels have been subjected to weathering and

ferruginisation as have sands of Miocene and Pliocene ages. Pleistocene

sediments also display pronounce mottling, some Holocene sediments have

been stained with iron oxides and there is also ample evidence of iron

dissolution, transportation and precipitation in the modern environment.

Ferruginous detrital material contained in terrestrial sediments derived from

the ranges, as well as in marine deposits, occupying downfaulted basins on the

margins of the ranges provides evidence both for pre-existing ferricretes in the

ranges and for physical iron mobility in the landscape over long periods of
time, as do sequences in several intra-montane basins.

Figure 4.33 summarises the lower ages of tJre rocks and sediments affected by

weathering and iron mobilisation including mottling, bleaching, ferricrete

development and pisoliths. Where there is stratigraphic control, the upper age

limits to these features are indicated by arrows.

Borehole information demonstrates the presence of weathered and partly
kaolinised Precambrian basement rocks underlying sediments of Eocene age in
the Adelaide Plains Basin (Milnes et a1.,1985). Recently, preserved

carbonaceous plant roots within weathered and kaolinised basement rocks

have been noted in drill cores from the Adelaide Plains, where they are sharply

unconformably overlain by carbonaceous Clinton Formation sediments of
Eocene age (N.F. Alley-pers.conm.). This provides sound evidence for near

surface pre-Eocene weathering of the basement rocks as opposed to sub-

surface, sub-Clinton Formation weathering of the basement rocks at
considerable depths. Clearly the rocks were weathered in a near surface
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environment as the regolith was penetrated by plant roots subsequently
preserved under carbonaceous sediments. Moreover, drilling near Walker Flat
in the Murray Basin (S. Barnett -pers. cornm.) recently intersected a

ferruginous horizon resting on weathered basement rocks of the Kanmantoo

Group and was in turn overlain by the Ettrick Formation of Oligocene age.

This again provides sound evidence for weathering preceding both
downfaulting of the basin and the marine transgression responsible for the

deposition of the Ettrick Fomation. The weathered basement rocks are

strongly bleached and kaolinised, but the ferruginous material cannot be

regarded as the ferricrete of a 'laterite' profile, as the iron oxide mineralory is

exclusively goethitic and associated light-coloured material is dominantly
composed of calcite. These characteristics are t¡pical of the Compton

Conglomerate, which marks the onset of a marine transgression in the
Oligocene, and the presence of the overlying Oligocene Ettrick Fonnation

supports this interpretation. Some other ferricretes, notably vesicular
ferricretes, analysed for this thesis are dominated by goethite, but even these

have traces of hematite. However, all samples of the Compton Conglomerate

analysed for this thesis contained goethite exclusively, and urere in the correct

stratigraphic position to be the Compton Conglomerate. In the past the
Compton Conglomerate has sometimes been mistaken for a tenestrial
ferricrete (e.g. Horwitz, 1960).

Elsewhere in the Adelaide Plains Basin Eocene sediments contain detrital
fernrginous nodules and fragments apparently derived from erosion of pre-

existing fernrginous materials on the adjacent highlands and allude to pre-

Eocene weathering and ferricrete formation (e.9. Glaessner, 1953a; Mawson,

1953; Boum.an & Lindsay, 1973). Fernrginisation of Eocene sediments has also

been described (Rix & Hutton, 1953; Glaessner & Wade,1958) and this was

regarded as evidence of 'lateritisation' in post-Eocene times. There is little
doubt that the North Maslin Sands of Eocene age, as exposed in a quarry near
Maslins Beach (Noarlunga MR 697987) have been weathered in situ, because

clasts of kaolinitic-rich material occur within coarse gravels, Srits and sands,

and are most unlikely to have survived fluvial transport in their present

condition.

Harris & Olliver (1964) noted fermginisation of sediments of both pre- and post-

Miocene ages in the Barossa Valley, and Pliocene fernrginisation has been

attributed to ferricretes in the HappyValley area (Olliver, 1964), in the Upper
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Hindmarsh Valley (Horwitz, 1960) and on the Green Hills Surface near Victor

Harbor (Bourman, 1973).

Fossiliferous Upper Pliocene marine sediments at Ochre Point have been iron-

impregnated (Ward, 1 966), suggesting post-Pliocene ferruginisation.

Furthermore, various Pleistocene deposits, perhaps extending to the Middle

Pleistocene (May & Bourman, 1984), have been weathered and mottled. In the

\Millunga and Noarlunga Basins these include the Kurrajong, Seaford and

Ochre Cove Formations of Ward (1966).

Some river terrace sediments of Late Pleistocene age at Victor Harbor contain

thin lenses and bands of iron oxides, as do Holocene marine deposits near

Yilki, also at Victor Harbor. This indicates mobility of iron in the landscape

over these relatively recent times. Ferguson et aI. (1984) described

ferruginisation of Holocene sediments from iron-rich groundwaters in a
peritidal environment near Port Broughton on Spencer Gulf, a process that is
proceeding today.

4.4.L Downfaufted Mottled and Weatherrcd Pemian Sediments in coastal

clifß near fingscot€, I{angaroo Island.

The most recent critical work related to the age of 'Iateritisation' of the Mount

Lofty Range Province summit surface in South Australia has been carried out

on Kangaroo Island. In particular, the relationships between downfaulted and

weathered Permian sediments and Jurassic basalt have been variably
interpreted by Daily et aI. (1974), Schmidt et al. (1976), Daily, et aI. (1979),

Northcote (1979) and Milnes et aI. (1983), as reviewed in Chapter 3.

There is no complete 'nomal laterite profile' exposed beneath the basalt on

Kangaroo Island. In the coastal cliffs at Kingscotp the basalt rests directly on

cross-bedded sandy clays and clays (Plate 4.63). No mottles or crusts occur

directly below the exposed base of the basalt (35 m asl) in the Old Government

Quarry (Kingscote MR 391519), but at the Bluff Quarry (Kingscote MR 530370),

basalt overlies mottled, weathered and ferruginised Late Palaeozoic glacigene

sediments at about 10 m asl. The sands in the sandy clays, collected from

beneath the basalt in the Old Government Quarry (BOU 131) (Table 4.63)

(Fig.a.32) consist of angular to sub-angular quartz grains, \,eith the clay matrix

containing kaolinite derived from weathering of felspars. The sediment

contains some quite fresh muscovites, while others are altered. Titanium
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oxides cause darker colours in the sediment and tourmaline occurs in the

sediment as do fresh opaque minerals and unsorted rock fragments. Minerals
present in the bleached sediments (BOU 131) underlying the basalt contain

kaolinite, but also smectite, felspars and micas. Clay-rich sediments (BOU 127)

(Table 4.63) directly under the basalt in the Kingscote cliffs consist of water-

deposited mudstone with sand lenses. This sample contains similar minerals

to sample BOU 131.

Once again materials regarded as being 'deeply weathered' and the pallid zone

of a truncated 'laterite' profile, (Daily et aI., L974) although containing some

kaolinite, also display anomalous minerals such as felspars and smectite with
relatively high values of magnesium, potassium, sodium, calcium and iron.

Fermginous mottles (BOU 108, BOU 118, BOU 125) (Table 4.63, Fie. 4.32) occur

in Late Palaeozoic glacigene sediments immediately north of the Kingscote jetty
at Beare Point (Plate 4.64), but here the basalt does not directly overlie them.

Thin section examination reveals that the mottles vary from close-packed silty
sands with an iron oxide matrix containing clays and altered felspar grains, to
bedded sandstone comprising sub-rounded quartz grains in a clay and iron
oxide matrix, in which iron has replaced the clays. Iron oxides impregnate all
interstices and coat grain surfaces. T'he dominant minerals present are

quartz, goethite, hematite, felspars and kaolinite (Table 4.63). The iron content
in the mottles varies from 6.56Vo to 23.477o and this is made up of variable
amounts of goethite and hematite. No maghemite could be detected in bulk
samples by XRD but all three reacted to a magnet, suggesting its presence in
small amounts. Felspars and smectites identified in the analyses also suggest

that the material has not suffered protracted and intensive weathering. Pallid
material surrounding the mottles is composed dominantly of quartz and

smectite, which, \,r¡ith the presence of felspars and only small amounts of
kaolinite, supports the view that these sediments have not suffered intensive
weathering.

The presence of maghemite and variable amounts of hematite in the mottles

strongly suggests in situ formation via the rapid oxidation of magnetite derived

from ferrous iron via green rust (Taylor, 1987), the effects of biomineralisation
(Kirschvink, 1985), or from strong heating in the presence of organic matter
during the extrusion of the Jurassic basalt over previously weathered and
fernrginised glacigene sediments, or from the dehydration of lepidocrocite
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originally formed in reductomorphic conditions (Fitzpatrick, 1987). Maghemite

occurrence is widespread in the sediments older than the Jurassic basalt,

which may suggest that the weathering and ferruginisation of them pre-dated

the eruption, which affected pre-existing iron oxides. Oxygen-isotope analyses

of kaolinite, sampled from directly below the basalt and provided by the author

for the A.N.U. Research School of Earth Sciences, suggest that kaolinisation

may have occurred in the Early Mesozoic (M. Bird - pers. comm.) prior to the

extrusion of the basalt.

There appears to be little doubt that in situ weathering and iron segregation

have taken place in the sediments currently underlying the basalt. For

example a large weathered boulder or concretion contains dominantly quartz

and alunite with a trace of kaolinite in its core (BOU 105) and a distinct iron-

rich rim (BOU 106) (Plate 4.65) (Table 4.63). The occurrence of alunite may

imply reaction of sulphuric acid $rith illitic clays. In thin section the core

material appears to be a mudstone, which still retains a shale fabric, tvith

scattered fine quartz grains. In marked contrast the rim of the concretion

(BOU 106) has a vastly different mineral constitution, including, goethite,

hematite, felspar and kaolin with a trace of maghemite. In thin section the rim
has a similar fabric to that of the core material and there is a halo effect of fiO2

at the junction of the rim and core materials. It is doubtful that, the weathered

clast could have been weathered prior to transportation by Per:nian ice.

Consequently it is suggested that the weathering and mineral segregation

occurred ín situ.

Elsewhere along the cliff-line north of the Kingscote Jetty large masses of iron-

rich materials occur near the cliffbase, such as BOU 119 (Table 4.64; Fig. 4.32),

which is a massive boulder of iron-impregnated sediment. In thin section the

boulder was noted to consist of quartz sand and finer grains set within a

ferruginous matrix containing a few vesicles. Its mineralogy includes

goethite, hematite and a trace of maghemite. The boulders of iron-rich
material all have relatively high Fe2O3 contents and are regarded as local

concentration of iron-oxides in preferred zones.

All of the iron-rich materials sampled close to the basalt contain maghemite

including BOU 115 (Table 4.64), which is from a large mass of iron-

impregnated sediment slumped from the cliff face onto the beach below, at a
point immediately north of the Kingscote Jetty. Thin section observations show
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that the massive ferricrete is a fine silty sediment impregnated with iron

oxides that form a very complex matrix. In some places box-work structures of

iron appear to be replacing calcium carbonate.

On the other hand, the formation of maghemite from goethite by heating

requires the presence of organic matter and temperatures of 300 - 500oC, which

may not have been achieved due to the insulating effect of the sediments.

Nevertheless, the heating may have been suffi.cient to have dehydrated

lepidocrocite to maghemite and may have altered tJre palaeomagnetism of the

pre-basaltic weathered materials, thereby negating the palaeomagnetic work of

Schmidt et aI. (1976), who attributed weathering to post-basaltic times.

Additional problems facing the interpretation of Schmidt et aI. (1976) are the

occurrences of Eocene-Oligocene limestones at elevations up to 60 m asl and

Early Miocene limestone up to 120 m asl on Kangaroo Island (Milnes et ø1.,

1983). Consequently the weathered zone may have been under many metres of

sea at the time suggested by palaeo-magnetism for its weathering.

'Where ferricretes occur within the weathered Permian glacigene sediments

they do not forrn part of a standard. 'Iaterite' profile, but comprise highly

contorted and convoluted masses or zones (Plate 4.66). There has been some

controversy about the age and nature of these sediments. However, these zones

correspond to sandier bands of relic ice-contact stmctures preserved from the

Permian ice age some 27O Ma ago, and can be related to the removal of support

for sediments deposited against and on ice during the decay of the Permian ice

sheet. A glacigenic origin for these sediments is also suggested by the presence

of clay clasts in the sandy sediments (Plate 4.67). It has been suggested that
these clasts may have been transported in a frozen condition and incorporated

into new sediments prior to thawing, and have been recognised from other

Permian glacigene sediments in South Australia (Alley & Bouman, 1984).

This explanation accounts for the anomalous disposition of fragile clay clasts

in quartzose deposits. Examples of variably iron-impregnated ice-contact

structures occur a few hundred metres north of the Kingscote Jetty and

immediately behind the crusher at the BluffBasalt Quamy that fronts onto the

Bay of Shoals. The cross-bedded sediments that occur irnrnediately below the

basalt in the Old Government Quarry have been interpreted as fluvial deposits

of various ages. However, the presence of rare clay clasts, involutions and

collapse structures suggests very strongly that they are fluvio-glacial origin
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and of Permian age, rather than the Tertiary and./or Mesozoic ages that have

been ascribed to them by some workers.

The more porous sandy zones within the glacigenic sediments have served as

sites for the deposition of ferrous iron from solution. Some of the upper

portions of the iron-enriched zones have harder upper surfaces, which would

have encouraged the lateral migration of ground waters. These iron zones

superficially appear massive, tough and very high in iron content, but their

total iron content can be quite small. For example, BOU 102 (Table 4.64) from
such a crust contained only 10.74VoFe2Og predominantly in the form of

goethite. Although sample BOU 106 has a high Fe2O3 content, it is from only a

very thin layer. Thin section and mineralogical data suggest the formation of

the convoluted iron zones by impregnation of a dominantly sandy sediment

with ferrous iron in solution. Some in sítu weathering and rearrangement of

elements within the sediments has occurred, but this cannot have been too

severe as there is only a trace of kaolinite present and considerable felspar

remains. The intensity of weathering suggested by the concretion with the

alunite core described above may reflect the alteration of an original sulphide-

rich boulder.

In the same area, sediments younger than the Permian glacigene sediments

and the Jurassic basalt have also been impregnated with iron oxides. In
particular, zones of the Eocene to Oligocene limestones (Milnes et a1.,1983)

either side of the swimming pool on the Kingscote coast contain iron. These

include a sandy bed of limestone about 30 cm thick and dipping at an angle of

about 30o to the east. The top surface of this horizon corresponds to a

disconformity within the Tertiary sequence (Milnes et ø1.,1983). Thin sections

suggest that there $¡as impregnation of the limestone by iron oxides from an

external source, $'ith goethite crystals deposited within voids in calcareous

fossils (Plates 4.68 and 4.69). Minerals identified in these samples (BOU 122

and BOU 137) (Table 4.64) include goethite, calcite and smectite, and total Fe2Og

concentrations varJ¡ from 73.397o CBOU 137) to LO.í2Vo (BOU L22). 15s s¿mple

\¡rith the higher iron content is much depleted in calcium carbonate, whereas
the sample with the lower concentration of Fe2O3 still contains 45.957o CaO.

Unlike the iron oxides in mottles and sediments $'ithin the adjacent Permian

glacigene sediments, those impregnating the Tertiary limestones do not

contain maghemite, suggesting that they record a younger episode of iron

impregnation than those apparently heated by the basalt extrusion.



156

Alternatively, the varying environmental conditions in the two different

sediments may have favoured the precipitation and crystallisation of different

iron oxide phases.

The iron enrichment of the Eocene limestone may have occurred during the

terrestrial exposure of the disconformable surface, but the possibility of

submarine iron accumulation under non-depositional marine conditions

should not be overlooked. A third possibility is the subsurface deposition of iron

in favourable host sediments following the tectonic tilting of the beds. Whatever

the process of iron enrichment it could not have taken place at least until afber

the deposition of the Eocene beds, but it could have occurred well after this time.

Thus it is possible that the iron impregnation of the Late Palaeozoic glacigene

sediments and the Eocene to Oligocene limestones did not occur

contemporaneously. In tJre light of the analytical data and the geological field

relationships the palaeomagnetic data of Schmidt et aI. (1976) must be regarded

as equivocal.

4.42 Pleístocene Sediments

4.4.2.1 Mottled'Kumaiong Form.ation' sedimpnts

Ferruginous mottles were sampled from Pleistocene sediments mapped by

Ward (1966) as the Kurrajong Formation. However, the view is followed in
this thesis that the Kurrajong Forrratidn of Ward (1966) is equivalent to

the Ochre Cove Formation. Ward (1966) argued that the Kurrajong Formation

was younger than the Ochre Cove Formation, citing the example of the

Kurrajong Formation foming a river terrace near Aldinga and grading to a
postulated shoreline younger than that to which he attributed the deposition of

the Ochre Cove Formation. However, the author has been unable to locate the

site of the Kurrajong Fomation near Aldinga. Moreover, the sea-level scheme

of Ward (1965; 1966) has been questioned by Twidale et al. (L967) and the timing

of the suggested events may not be possible (May & Bouman, 1984).

Where the so-called Kurrajong Formation has been obsen¡ed in the Willunga,

Noarlunga and Adelaide Plains Basins, it has close associations with scatp

foot locations along major escarpments, where it can dip westward quite

steeply. The Kurrajong Forrration is regarded in this thesis as a facies variant

of the Ochre Cove Fom,ation. It is essentially a colluvial or taluvial deposit that

probably formed as a consequence of renewed Early-Middle Pleistocene

tectonism related to the uplift of the Mount Loft,y Ranges. 'Where exposed by
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stream erosion at scarp foot locations the material may have undergone case

hardening, possibly by secondary silicification in the channel floors. In places

in Sellicks Creek it can be traced continuously from a hardened variety on a

channel floor, to essentially unconsolidated material that closely resembles the

Ochre Cove Fomation nearby.

4.4.2.1.1 Sellícks Creek (Fi*. 4.1; 128)

A ferruginous mottle (BOU 53) (Table 4.65) was collected from the right bank of

Sellicks Creek, a short distance downstream from the main road to Myponga

(Willunga 699872) from sediments considered to belong to the Ochre Cove

Formation. The chemistry ¿¡1fl rnineralory of BOU 53 are similar to that of

mottles in sediments in other areas that have generally been considered to be of

the Ochre Cove Formation (e.g. BOU 41) (Table 4.66). Maghemite was detected

both by XRD and magnetic reaction, corroborating the work of Wopfüet (L972a)

at Hallett Cove. It is of some sigrrificance that the dominant iron oxides

detected by XRD in Ochre Cove Formation sediments, and alleged Kurrajong

Formation materials are maghemite and hematite.

4.3.2.1.2 Otlær scarp foot enuironmpnts

Mottles CBOU 39, BOU 58, BOU 70, BOU 71, BOU 72,BOV 36a) (Table 4.65) were

sampled from various locations along the foot of the main escarpment backing

the Adelaide Plains, from ferruginised fanglomerate materials, and all had

similar chemistry and iron oxide mineralogT. These are all regarded to

represent the fanglomerate facies of the Middle Pleistocene Ochre Cove

Fomation considered by Ward (1966) to be the Kurrajong Fomation. The

chemistry and mineralory of the mottles in these sediments reflect the

character of the parent materials and the iron oxides, which in turn reflect the

environments of their precipitation and crystallisation.

4.4.2.2 Hallett Coue (Fie. 4.1;122)

A thin section of a mottle (BOU 41) (Table 4.66) sampled from the Ochre Cove

Fomation at Hallett Cove (Plate 4.70) revealed a framework of closely packed,

well rounded and slightly embayed quartz sands, set in a clay-rich matrix
impregnated by hematite. At high magnification, under conditions of incident
polarised light, shrinkage fractures through the clay matrix can be observed to

display hematite-enriched margins that suggest zones of influx of iron into, or

loss of iron from the system. Under the same optical conditions patches of
opaque oxides occur within the matrix that are almost certainly maghemite.
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An adjacent mottle free zone in the Ochre Cove Fomation (BOU 40) (Table 4.66)

in thin section appears identical to the mottled material apart from the absence

of opaque iron oxides. XRD analysis revealed that the bleached sample

contained more kaolin, rnicas and anatase than the mottle. The difference in
total Fe2O3 iron content is less than9Vo.

4.4.2.3 Redbankq Mid North (Fig. 4.1;J10)

Mottled (BOU 44) and bleached (BOU 43) (Table 4.66) samples from the Ochre

Cove Formation (Hindmarsh Clay of Fiman, 1967b) at Redbanks on the River

Light near Mallala were also compared. The Pleistocene sediments

here overlie fossiliferous Pliocene limestone (Lindsay, 1969). The framework

grains of both samples were clay and silt-sized ill-sorted quartz grains $'ith
fresh micas and felspars. The major difference between the two was the iron

content. The matrix of the mottle is impregnated with iron oxides and the

original clay matrix is preserved, with the fabric of the material having been

little affected by the influx of iron. The mineralogT of the samples is similar
except that the mottle contains hematite and maghemite.

It was noted that the fernrginised Pleistocene sediments at Redbanks (Plate

4.7L) were being readily eroded as the exposed surface material (BOU 59) was

pufþ, \Ã'ith relatively coherent sediments not occuring until up to 10 cm below

the surface. The iron çontent of this sâmple was too low to identify iron oxides

by XRD. Apart from these iron rninerals, however, the minerals identified had

also been recognised in previously analysed sarnples of mottled and bleached

sediments (BOU 43; BOU 44), but, significantly, halite was identified in the

surface cmst. It appears that the growth of halite crystals has contributed to

the weathering and break up of the exposed surfaces at this location.

4.4.2.4 Bow HiIl, Murray Bøsin

A thin section sample of fernrginous material collected from the Blanchetown

Clay (BOU 42) (Table 4.66), the Murray Basin equivalent of the Hindmarsh

Clay, revealed closely-packed, rounded to sub-angular and embayed silty sand

grains forming a framework with a clay (kaolinite) and iron oxide (dominantly

goethite) matrix. Glaebular concentric structures, opaque in transmitted light,
possibly consisting of hematite, occur within the dominantly goethitic matrix.
This sample from the Murray Basin varies from apparently equivalent
Pleistocene sediments in the St. Vincent Basin in that it has a much higher
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total iron content (41.31Vo) and goethite is more common than hematite. It does

contain a small amount of maghemite.

4.4.2.5 Ochre Coue lOchre Poínt (FiS. 4.1;125)

At Ochre Cove (Plate 4.72) and Ochre Point, west of Ochre Trig. (Noarlunga MR

702997), a sequence of Pleistocene sediments standing above weathered

basement rocks and sediments of Pliocene age was s)€mined. Weathered and

fernrginised Precambrian bedrock (BOU 365) (Table 4.67) occurs at the base of
the sequence at Ochre Point. Ttre major constituents of the bedrock are SiO2

(49.47o), Fe2Os (24.227o) and MgO Q\.L7Vo). The mineralory of this sample,

with a dominant iron oxide mineralory of hematite, sub-dominant goethite and

no maghemite is t¡ryical of weathered and ferruginised basement rocks

examined in many other areas.

At Ochre Cove, tilted Tertiary limestone also occurs and this is overlain by

weathered quartz-rich grits and sands (BOU 47) t}nat occur at the base of the

Pleistocene sequence and are possibly of Tertiary age. At Ochre Point the

Cainozoic sequence rests directly on the Precambrian basement rocks and the

base of the younger materials is marked by a hard fermginised crust (BOU 51),

up to 0.5 m thick and regarded by Ward (1966) as the equivalent of the Upper

Pliocene Hallett Cove Sandstone because it grades laterally into a softer crust

that contains casts of marine fossils (BOU 50) (Table 4.67). This sediment is

dominated by quartz and the only iron oxide identified in it was goethite. This

phenomenon has been observed \ñrith respect to many other s¡amples of iron

oxide irnpregnation of pre-existing sediments, especially limestones. Similar
material in the same stratigraphic situation at Ochre Cove (BOU 49) has its
iron oxide mineralory dominated by goethite. No maghemite was detected by

XRD but the sample reacted slightly to a magnet.

Similar mineralogical and chemical analyses urere obtained for sample

BOU 50 (Table 4.67), which contains casts of marine fossils. Ilowever, no

rnicrofossils were obsented in thin section, and the small arnount of CaO

(0.077o) in the sample suggests that there has been almost ssmplete

replacement of the marine fossils by iron oxides. The weathering appears

to have been isovoh¡minous as the integrity of the fossils has been retained,

which suggests direct substitution. The sediment is revealed in thin section to

consist of a closely packed, bimodal sand with coarse and gritty sub-angular to

sub-rounded quartz grains set in a matrix of fine angular silt with a
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fernrginous clay cement that occurs generally as coatings on quartz and

represents a single phase of iron enrichment.

Standing above the fern¡ginised layer of probable Pliocene age are green/grey

sandy clays with weak orange-coloured mottles. These sediments \ ¡ere

assigned to the Seaford Forrration by Ward (1966). This material (BOU 48)

(Table 4.68) is dominated by quartz with small amounts of smectite, felspars,

kaolinite and goethite. The mottled material contains only a very small
amount of Fe2O3 (2.55Vo) as goethite. No maghemite was detected either by

XRD or response to a magnet.

Two samples were collected from within the overlying Ochre Cove Forrration at

Ochre Cove, one from near the middle of the formation (BOU 46) and one near

its top, just below the base of the Ngaltinga Clay (BOU 45) (Table 4.68). Sample

BOU 46 consists of a silty sand set within a clay and iron grounrlrnass. There is
little Fe2O3 in this sample (7.54Vo), which occurs as goethits. $nrnple BOU 45 in

thin section showed as a closely packed bimodal sand with thin iron coatings of
goethite.

Above the level of the previously described materials, pisoliths were collected

from the modern groundsurface at the western end of Lennard Drive at Moana

(Noarlunga MR 698005). The chemistry and mineralory of these pisoliths (BOU

334), which are shown in Table 4.68, are t¡pical of many surface or near

surface occrurences, particularly with respect to the presence of hematite and

maghemite.

4.4.2.6 Køngarco Isløttd,

As well as there being Cambrian, Late Palaeozoic and Tertiary rocks affected

by weathering and fermginisation on Kangaroo Island, there are also

Pleistocene sediments that have been variably fernrginised and mottled.

'Where the main Kingscote-Penneshaw road crosses the Cygnet Fault scarp

about 8 km southeast of the Kingscote Aerodrome, and near to Yorke Fam
(Kingscote MR 350400) at approximately 30 m asl a composite profile is exposed

in a road cutting (Plate 4.73). The base of the section is composed of mottled

clayey sands, which superfi.cially resemble the Middle Pleistocene Hindmarsh

Clay of Firman (1967b) or the Ochre Cove Formation of Ward (1966). In thin
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section this sample (BOU 112) (Table 4.69) appears as a sand-sized sediment

with iron oxides (goethite and hematite) replacing clay in the matrix.

The layer of mottled clayey sand is succeeded by a calcareous-rich horizon

up to 1 m thick. Calcium carbonate from this zone penetrates along fissures to

greater depths in the underlying mottled material. In thin section this sample

(BOU 111) (Table 4.69) has a similar nature to the underlying material except

that the matrix is composed of calcium carbonate (calcite) and clay. Developed

over the calcium carbonate-rich layer is a yellow-coloured duplex soil (KS-

Dy5.43), which contains ferruginous pisoliths (BOU 110) (Table 4.69) in the A-

horizon and at the surface. In thin section the pisoliths appear as complex

features with rims of different materials. Clasts of varying materials occur in

the cores of the pisoliths, and iron oxides cement quartz grains in successive

outer layers. Quartz, hematite and maghemite dominate the mineralory of the

pisoliths (BOU 110 and BOU 148) with other minor minerals present including

felspars, kaolinite, micas, gibbsite, smectite and anatase. The chemical and

mineralogical compositions of the pisoliths reflect a long history of transport in

the environment. Although the pisoliths overlie Pleistocene sediments they

may have derived from older Tertiary ferricretes.

The calcareous horizon in the sequence lenses out down the slope of the hill
and reappears in a similar sequence on the next hill summit to the southeast.

However, the yellow duplex soil and its associated pisoliths uniforrnly mantle

the intervening valley. The question arises as to whether the pisoliths formed

in situ, or whether they were transported from a more distant source. A fairly
extensive landsurface varying from about 90 m to 60 m asl lies south of this site

on the summit of the Cygnet Fault Block and the pisoliths may have derived

from this surface. It appears that the landscape about'Yorke Farm' has

suffered dissection during the Pleistocene, following uplift along the Cygnet

Fault.

It is possible that the calcium carbonate material was blown into the area after

the mottling of the underlying material and the fonnation of the pisoliths, and

the pisoliths progressively migrated upward as the calcium carbonate loess

accreted in the fashion described by Jessup (1960) for the formation of stony

tableland soils. However, the fact that the soil and its pisoliths drape the valley

where the carbonate layer has been eroded suggests that the soil and its
pisoliths formed after the deposition and the dissection of the carbonate layer.
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The complex internal structures of the pisoliths, their high iron contents, and

incompatibilities of the pisoliths and the underlying materials, mineralogically

and chemically, suggest derivation from a more distant source. It is possible

that ants may have brought ferruginous fragments up to the surface, even

through the carbonate layer, and were transformed into pisoliths in the soil,

but most evidence favours a lateral source for them. The identifi.cation of
gibbsite in them strongly favours derivation from older more severely

weathered parts of the landscape. In some respects this situation of mottled

bedrock overlain by calcareous sediments on which fermginous pisoliths rest

is similar to the situation on the Blue Range on Eyre Peninsula (Section

6.3.1.1.1.1) and on t,Le hills to the south of Lochiel (Section 4.2.4.1) in the Mid

North of the State.

The fact that the pisoliths mantle the soil over a variety of relief attests to the

physical mobility of pisoliths, which are very widespread over much of the

Kangaroo Island landscape. Lateral physical translocation of individual
pisoliths over the landscape, especially afier fire or other degradation of

vegetation, which could include climatically-induced deterioration appears to

have been extremely significant in explaining the present distribution of many

ferruginous pisoliths.

Other Pleistocene deposits, both iron-mottled and calcareous occur along the

coast at Redbanks (Kingscote MR 460416) (Plate 4.74) at elevations from sea level

to about 15 m asl. The fermginous mottled material (BOU 123) (Table 4.69) in
thin section appears as sandy and gritty unsorted grains of quartz lvith a clay

matrix impregnated by iron oxides. Some biogenic material, probably wood,

has been transformed into iron oxides and silica. The clay matrix is mixed

intimately with iron oxides. Although the mottle had a red pigmentation, the
sample contained only 2.9Vo Fe2O3, and no iron oxide rninerals could be

identified by XRD. This demonstrates the small amount of iron oxides,

particularly hematite, required to pigment some materials. The composition of

an adjacent bleached sample (BOU 139) (Table 4.69) is very similar to that of the
mottle (BOU L23), with the Fe203 content variation being L.777o. The occurrence

of smectite, illite and felspar, with only a small percentage of iron oxides,

suggests that the sediments have not been intensely weathered and

fermginised. Moreover, the physical and chemical composition of these

mottles do not equate with mottles developed in older materials such as those in
the Permian glacigene sediments at Kingscote.
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Within the iron-mottled Pleistocene sediments at Redbanks, reworked

pisoliths have been buried along with quartz clasts and grits. Thin section

examination reveals that these are re\4/orked, complex pisoliths (BOU 132 and

BOU 121) (Table 4.69), with variable matter in their cores such as metamorphic

rock fragments and clasts of clay and iron oxides. The cores are rimmed with

several larninae of iron oxides (hematite, maghemite and goethite) and fine
quartz grains. Fe2O3 contents vary from 7.7Vo to 33.87o. The presence of

multiple rinds and maghemite suggests some antiquity in the pisoliths and

that they occupied a surface or near surface position prior to transport and

burial within the Pleistocene sediments at Redbanks.

4.tLg Conch¡sion
An assessment of evidence from the basins thus supports the view that
there has been long and probably continual, but variable, chemical or physical

mobility of iron in the landscape, and precipitation or clastic deposition of it in
preferred localities over great periods of geological time. This evidence

suggests that the present landscape should be viewed within a framework of a

complex series of geological and geomorphic events on which the imprints of

continual weathering have been superimposed, rather than within one

requiring discrete episodes of climatically controlled'lateritisation'.

4.6 Recent and Continuing Inon Mobility
Not only is there evidence of iron enrichment having occurred at various times

in the past within and on the margins of the Mount Lofty Range Province, but
iron mobilisation and precipitation are still active today in various locations.

4.5.1 FishemanBay
Ferguson et al. (1984) reported 'high concentrations of goethite, limonite and

iron sulphides and lesser concentrations of hematite and ferromanganese

oxides forming in Holocene carbonate sediments in the peritidal zone of

Fisherman Bay, a hypersaline marine embayment on the semi-arid northeast

shore of Spencer Gulf, South Australia', ürhere a 'lens-shaped deposit of ferric

oxyhydroxides' occurs. From this site (Figs. 4.34, 4.35; Plate 4.75) samples

$'ere collected of fragments of a biscuit-like crust at the surface (BOU 84), from

an underlnng hard and continuous crust about 20 cm thick (BOU 85), and from

a soft rich red clay (BOU 86) under the cn¡st (Table 4.70).
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Minerals identified in the surface material (BOU 84) included. gy¡rsum, qluartz,

halite, aragonite, pyrite and small amounts of smectite and kaolinite. The

Fe2O3 content of 22.717o. the lack of clearly identifiable iron oxide minerals and

very broad peaks in the diffractogram suggest the presence of ferrihydrite. The

high ignition loss (26.78Vo) and the apparently unreliable total of 94.8Vo suggest

a high loss of SO2 from the sample during ignition, as both g¡rpsum and pyrite

occur in the sample. The material comprising the hard, continuous

subsurface crust (BOU 85) contains quartz, hematite, goethite, ferrihydrite,

rozenite, anhydrite, smectite, kaolinite, felspar, and randomly interstratified
clays. It has higher Fe2O3 (36.L5Vo) and SiO2 @6.LVo) contents than BOU 84 and

a much lower ignition loss. Minerals identified in the underlying red clays

included quattz, hematite, kaolinite, mis¿s, felspar, smectite, randomly

interstratified clays, anatase and possible griegite.

These analyses provide gleater detail of the mineralogrcal assemblage of these

iron-rich deposits of the Holocene. In contrast to Ferguson et ø1.(L984), who

consid.ered that the main iron rninerals present were goethite and 'limodþ',
the analyses presented here suggest that ferrihydrite and hematite are more

dominant. This variation may simply reflect differences in sampling, but the

analyses demonstrate that hematite is almost certainly currently forming in
the modern environment via the dehydration and crystallisation of ferrihydrit€.

4.6.2 Boinkas of tJre Murray Basin
The widespread deposition of iron oxides along the margins of lakes or boinkas

in the Murray Basin of Victoria (Fig. 4.34) has been reported by Macumber

(1983). Acid groundwaters containing between 10 and 150 mg/l of Fe(II) have

deposited iron oxides at the location of fluctuating lake shorelines. This

deposition has been attributed to the exposure of the fenous iron-rich spring

waters to the atmosphere and the interaction of the acid-rich groundwaters

$rith the neutral lake waterg (Macumber, 1983). This worker has demonstrated

the operation of these processes throughout the past 0.5 Ma of the Quaternary,

and warns against interpreting these ironstone crusts as pedogenic features

and confusing them with older weathering phenomena.

Four samples from the Hatta Lakes in Northwestern Victoria were analysed

(Table 4.70). Recently developed and unconsolidated soft iron-rich material

(BOU 61) contained hematite, jarosite, halite, felspar, smectite and probably

ferrihydrite. Consolidated pipestems (BOU 65) contained much more Fe2O3
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(28.46Vo), d,ominantly in the form of goethite, with some hematite. Samples

BOU G6 and BOU 6? were collected from an'island' above the general level of

the dry lake surface, and probably represent materials deposited during a

higher lake level of the Pleistocene. Purplish coloured material (BOU 67) has

hematite as its main iron oxide with a trace of goethite, whereas in BOU 66

there are roughly equal amounts of goethite and hematite. There are slightly
higher Fe2Og contents in the purple sample.

The mineralory and chemistry of these four samples are in sympathy with

their origin proposed by Macumber (1983). Halite and jarosite are typical of

saline lacustrine environments, and ferrihydrite is well established as a

precursor of hematite and goethite. The goethite in some samples probably

resulted from the dissolution of the hematite and reprecipitation under slightly

different conditions following the reduction in lake levels that stranded some of

the fermginous materials above the water levels of the modern lakes. The

assemblage of clay minerals is dominated by smectite, and this, together with

the presence of felspars and micas suggest that the sediments have not been

affected by intensive weathering. Only extremely minor amounts of kaolinite

$rere identified, and these may have been inherited.

There is clear evidence that the processes of fernrginisation are proceeding in

specific parts of the modern environment, under present climatic conditions.

Thus care must be taken not to confuse the results of this mode of iron

enrichment with other mechanisms, nor to equate it with'lateritisation' or

tropical climates. Careful s¡amination and analyses of older analogous crusts

by using landscape reconstruction and mineralogical and chemical criteria

should help to avoid these pitfalls.

4.6.3 Mount Compass 'Coffee Rock' (Fig. 4.14Iç¿8)

In a sand quarry near Mount Compass (Willunga MR 825857) there are

Spodosols (Podzols) with well developed pipy Bh and Bhir horizons (Plate

4.76). The soil has developed on Pemian glacigene or reworked glacigene

sediments and at the base of the quanded material numerous exotic pebbles

occur. Chemical analysis of a sarnple of the placic Bhir horizon (indurated

'coffee rock') (BOU 1) (Table 4.7L) reveals that it is almost totally composed of
SiO2 (g4.37o), with only small amounts of Al2O3 0.8Vo) and Fe2Os(0.65Vo). It
was diffi,cult to identiff rninerals other than quartz, but very small amounts of

felspar and kaolinite may be present. In thin section the indurated material is
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composed dominantly of fine, single g¡ain sand or silt-sized, sub-angular

quartz grains and larger rounded quartz and metamorphic rock fragments,

together u'ith occasional tourmaline, zircon and rutile grains, set in a reddish

matrix. The sediment is thus bimodal and. is also well-packed. These size and

sorting characteristics probably reflect derivation from glacigenic deposits.

Thin brown-yellow coloured mixtures of organic material (sometimes in colon-

shaped clumps), clay and possibly iron oxides coat individual grain surfaces

and form bridges across voids between qtuartz clasts (Plate 4.77).

Atthough this particular example contains very little iron, it provides an

sxample in a modern soil of profile differentiaton and the establishment of a

framework within which further iron enrichment could occur. At the base of

the quarry floor, in the Permian glacigenic sediments (C-horizon), pronounced

occasional zones of iron enrichment (e.9. 52.7Vo Fe2O3) occur that have formed

geodes (BOU 16) (Table 4.7t). The minerals identified in this sample include

goethite and hematite with small amounts of kaolinite and micas. This

occurrence of differential iron enrichment suggests the former presence of iron

oxides influxed in solution and precipitated in favourable situations.

Some of the low-lying swampy country in the same area is underlain by clays

where the water table is within 1 m of the surface, and in this environment,

quite pronounced mottling by iron oxides (dominantly goethite and

lepidocrocite) can be detected (Fitzpatrick & Schwertmann, 1982). This again

suggests active iron mobilisation and precipitation under modern physical and

climatic conditions.

4.5.4 l{angaroo Island
While carrying out hydrological investigations on the plateau of Kangaroo

Island, Hartley (1981) noted that the water table in the weathered zone of the

plateau surface commonly fluctuates seasonally between a depth below the

surface of 3 m in winter and 9 m in sumrner. Moreover, there is a considerable

amount of salt in the profile, some of which may be inherited from fomer
Tertiary high sea levels, but large volumes of which have been derived as cyclic

salts from the sea via rainfall. An average amount of 300 kglhalpa of salt has

been measured by analysis of rainwater on the plateau (Hartley, 1981). .Since

the area has been cleared of vegetation, the water table has risen, bringing
stored salts closer to the surface and initiating saline seeps (Plate 4.78). Holes

were augered below the water table on both the plateau and in the seepage
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zones in order to monitor water levels and water chemistry (Hartley, 1981).

Piezometers located at a depth of a couple of metres in seepage zones on the

margins of the plateau were found to be covered with ferrihydrite when

removed. It seems that descending saline waters have leached iron out of the

weathered bedrock underlying the plateau surface and this iron has been re-

precipitated in the saline seepage zones.

Pallid material (BOU 140) (Table 4.71) from under the plateau surface was

analysed and minerals present included kaolinite, muscovite, felspars,

smectite and vermiculite. Chemically this bleached material is composed

principally of SiO2 (76.47o),AlzOe (L4.767o), K2O (1.93Vo) andFe2Os í.487o).

Material collected from a depth of 1 m in the seepage zone (BOU 141) (Table

4.7L) displays a greater diversity of minerals, including kaolinite, gibbsitp,

ferrihydrite, anatase, possible hematite, micas, smectite and felspars. These

two analyses revealed that there is an increase in total iron oxide content and

TiOz at the seepage zor:re, that there is more kaolinite in the upper plateau

material without any free aluminium oxides, but that at depth there is gibbsite.

There is a higher Al2O3 content in the seepage zorte, which occurs partly as

gibbsite. The aluminium may have migrated in solution to the seepage zone in

the sarne fashion as has the iron. This could also be reflected in the variations
in SiO2 between the two sites.

Fernrginous sludge (BOU 1a2) (Table 4.71) was collected from a tributary

creek of the Middle River drainage system. The sludge had been recently

deposited by a slightly higher flow stage. Minerals identified in this modern

stream deposit by XRD included felspars, smectite and kaolinite. )(R,F'analysis

demonstrated a high Fe2O3 content of 28.97Vo although no goethite or hematite

could be identiñed by )(RD. The iron present was largely in the form of the very

poorly crystalline ferrihydrite. Small arnounts of maghemite which $¡ere

probably derived from a pre-existing source, Ìvere detected with a hand
magnet. A point of interest is the high total Fe2Og content, which at28.97Vo is

many times higher than apparently iron-rich crusts and prominent mottles,

some of which have total iron contents well below lOVo.

Small pisoliths and incipient pisoliths (BOU 133) (Table 4.7L) were collected

from a periodically active seepage zone on the margins of Tin Hut Creek, a

tributary of the Cygnet River, at about 230 m asl (Stokes Bay MR 866367)'

These appeared as segregations of iron within sandy sediments. In thin
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section the incipient pisoliths had various cores including metamorphic rock

fragments, biogenic material (Plate 4.79) and sandy clays impregnated $¡ith

iron oxides. Simple rims consist of sandy clays variably impregnated with iron

oxides. Minerals identified in these segregations included quartz, goethitn,

felspars, kaolinite, vermiculite and smectite. Maghemite could. not be detected

either by XRD or with a magnet. This, together with the absence of hematite

and thin section data, which reveal the nature of the original cores around

which the pisoliths have developed, and their simple non-complex character

suggests that they have formed in situ by tJ:e segregation of iron oxides,

precipitated from ground waters, around various nuclei.

Thus there appears to be evidence of modern chemical iron mobility and

precipitation in various seepage zones and drainage lines on Kangaroo Island.

There is also clear evidence demonstrating the ease with which pisoliths can be

moved physically in the landscape. Ttris is provided by the rapid transport of
pisoliths from ferricrete used in the construction of a car park at Remarkable

Rocks. Within a short time afber the original construction of the car park,

pisoliths had been washed almost down to sea level.

4.6 Age of the sr¡mmit sur{ace and its associated ïateriúe'
As discussed in the review (Chapter 3) on 'laterite' studies in southern South

Australia, a variety of ages have been attributed to 'lateritisation' of the summit

surface, often on scanty and equivocal evidence. Some of the more critical
evidence for the age of the summit surface and its associated 'laterite' will now

be considered.

4.6.1 Mid North areø.

Part of the summit erosion surface in the North Mount Lofty Ranges was

tentatively equated with the Mount Herbert Surface by Alley (1969). Horwitz
(1961) had conelated pisoliths on this surface with apparently equivalent

pisoliths at the base of Early Tertiary sediments. On this basis the summit

surface was assigned to the pre-Tertiary and Early Tertiary. This age was also

favoured by Alley (1969), as downfaulted areas, regarded as equivalent to the

Mount Herbert Surface, were presumed, in places, to be buried under Middle

and Upper Eocene sediments and elsewhere to predate a silicified surface of
Miocene age. The occurrence of pre-Tertiary weathered bedrock is well

documented in many areas of southern South Australia, but evidence

presented in this chapter demonstrates the relatively youthful age of the
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current sumrnit surface, so that the buried and exposed landsurfaces cannot be

regarded as of equivalent ages.

4.6.2 Køngaroo Island
Investigations of relationships of weathered zones to Jurassic basalt (Daily eú

aI., L974) on Kangaroo Island concluded that 'laterite' on the summit surface of

Kangaroo Island, regarded as equivalent in age to the summit surface on the

mainland, predates the Middle Jurassic Wisanger Basalt.

Schmidt et ø1. (1976) favoured sub-basaltic weathering to account for their
palaeomagnetic data, which suggested that 'lateritisation' was of post-Jurassic

age and was probably related to a Late Oligocene to Early Miocene weathering

event. However, Milnes et aI. (1982), presented convincing field evidence for

pre-Jurassic weathering and a former high Early Miocene sea level that could

explain the paucity of weathering on the basalt surface.

4.6.3 South Mount Lofty Rønges

In some localities on the spine of Fleurieu Peninsula such as at Spring Mount,

Mount Cone and the Parawa area, the summit surface appears to have stood

above the highest levels reached by the Tertiary seas, so that the surface is

potentially of some antiquity, and has been subjected to weathering and erosion

during and since the Mesozoic. Some other areas of the present summit

surface $¡ere submerged by marine or terrestrial sediments that in turn
became affected by the processes of weathedtg, fernrginisation and erosion.

In some localities the older weathered surface has been exhumed from beneath

Terüiary sediments. Consequently the age of the summit surface is extremely

variable. Even where some relics of Mesozoic weathering may persist in the

modern landscape, the evidence presented suggests that weathered and

mottled zones have progxessively been affected by various degtees of landscape

downwasting so that it is most improbable that Mesozoic landfoms sun'ive as

has been claimed by Twidale (1976). It is also probable that Mesozoic

weathering only persists where it has been protected by burial. Moreover, more

recent soils are superimposed on inherited weathering so that the sandy A-

horizons of cument duplex soils cannot be regarded as parts of original 'laterite

profiles' (e.g. Twidale, 1976).
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4.6.4 Oxygen isotope ønølyses

As part of a co-operative project n'ith Mr. M.J. Bird of the Research School of

Earth Sciences at A.N.U. analyses of stable oxygen isotope compositions of

kaolinite from various weathered zones in South Australia have been

undertaken. The application of the oxygen isotopic compositions of minerals in
weathered zones is considered to be primarily dependent upon groundwater

composition and temperature conditions during weathering. Some workers

claim that original 180Á60 ratios in some weathering minerals, particularly

kaolinite and gibbsite, are retained over time (Lawrence & Taylor,lg7l; Yeh &

Savin, 1976) so that the isotopic compositions of these minerals should reflect

the composition of water during their forrnation and, indirectly, the prevailing

climatic conditions. Factors such as altitude, latitude and the evolution of the

current atmospheric distributions of oxygen and hydrogen isotopes are

considered important in influencing the interpretation of the data derived from

weathered zones. Bird (i¿ prep.\ is developing an empirical oxygen isotope

curve from analyses of weathered. zones of established ages in order to date

weathered zones where there are no other indications of their ages.

Oxygen isotope data with a range of values from +l-l.íVoo tn +L4Voo derived from

kaolinite in sediments underlying Jurassic basalt at Kingscote on Kangaroo

Island suggest that weathering occurred in the Early Mesozoic. In contrast,

data derived from weathered bedrock on the exposed summit surface of
Kangaroo Island, is distinctively different (+t9Voo to +2o7oo) and compatible

with results obtained from Mid Tertiary kaolinites elsewhere in Australia
(Bird, in prep.). Analyses of kaolini¡s samples (values +t9.47oo tn +20.4Væ)

from the summit surface on Fleurieu Peninsula also suggest that the

kaolinisation is of Middle Tertiary age, and on this basis cannot be equated luith
the weathering beneath the basalt on Kangaroo Island, as has been done by

Twidale (1983).

Analyses of kaolinite samples from successively lower levels in the RBA-3

auger hole on the Parawa Plateau suggest that the age of kaolinite fomation
decreases u¡ith depth (Bird, in p¡ep). IGolinite derived from depths in excess of

13 m may demonstrate even younger ages for kaolinisation at these levels. This

recognition of possible yqunger kaolinite at depth may support the suggestion

by Bourman (1973) that weathering under the present summit surface may

have continued after, and have been facilitated by, the uplift of the Mount Lofty

Ranges. Furthemore, evidence supporüing the view that rejuvenation re-
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instates weathering has been marshalled by McFarlane (1976) from

observations in Uganda.

4.6.6 Discussion
The evidence presented in this chapter suggests that there is great variety in
the nature and age of the sum-mit surface of the Mount Lofty Range Province,

and that each area of the summit surface requires detailed assessment in
order to elucidate its evolution. No simple generalisations can be deduced from

the evidence currently available. Furthermore, data presented in this thesis

suggest that the summit surface has developed as a consequence of continually

operating processes of weathe"i.g, erosion, transportation and sedimentation

over a long time period, beginning in pre-Tertiary times. These processes

resulted in ferricrete fom.ation in discrete preferred localities and the

ferricretes are not mono-genetically related to the underlying weathered zones

as parts of 'laterite profiles'. Ever¡nvhere they are considered to be younger

than the im'nediately underlying weathered bedrock materials. This model of

development is preferred over the alternative interpretation that this area is

underlain by an ancient monogenetic 'lateritic' weathering profile largely

presen'ed in its present form since the Mesozoic, and. that the present sporadic

distribution of ferricrete reflects differential erosion of a fom.er continuous

sheet offerricrete.

4.7 Conclusions

The above inforrration summarises data revealing great variability in the

distribution of ferricretes throughout the present landscape and variations in
their characters expressed in macro-, meso- and micro-morphologies,

mineralogrcal and chemical compositions and their relationships to current

and fomer environmental conditions. It also illustrates the great range of

time over which iron oxide mobilisation, physical and chemical transport,
precipitation and induration have occurred, with these processes currently

operating in parts of the moderrr landscape. Consequently it is difficult to
generalise on a particular time of 'lateritisation', for there is evidence of

various ages of weathering and fermginisation, urith continual weathering

and other processes leading to the modification of weathered and fernrginous

materials.

The model of t,l.e 'nomal laterite profile', which has been adhered to in the

majority of South Australian studies, at least since the work of Stephens (1946),
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is untenable. So-called 'laterite profiles' are incomplete, lacking one or more of
the predicted zones. There is no convincing evidence for former continuous

ferricrete crusts mantling extensive areas of previously 'peneplained' surfaces.

In contrast, weathering and erosion in the Mount Lofty Ranges appear to have

occurred in a landscape of considerable relief with salients of resistant, hills
and ridges protruding above an undulating landsurface that was differentially
weathered and fermginised. Thus the view that the absence of crusts over

mottled zones reflects erosion of the original complete profile is not accepted

here. Rather, where associated $'ith iron mottled and iron depleted materials,

surficial iron-rich crusts.appear to have formed through the physical residual

accumulation of iron oxides associated with the general lowering of the

landscape a¡rd their chemical and physical modification, transformation and

cementation during landscape downwasting.

Ferricrete crusts on the summit surface of the Mount Lofty Range Province are

currently discontinuous and it is unlikely that they were ever continuous, but
formed only where depressions and low angle slopes, drainage and
groundwater conditions favoured the accumulation of iron and aluminium
oxides in ancient depressions, host sediments and soils. By analogy $'ith
evidence from the marginal basins and lower level fen:icretes, the summit
surface ferricretes developed in discrete areas and express the results of
continually operating weathering processes.

There are insumountable problems in explaining the character of the
weathered and fermginised summit surface of the Mount Lofty Range

Province ¡¡ simple terms of preservation of the results of Mesozoic weathering
as has been postulated by Twidale (1983). Not only is the evidence for this age

equivocal u¡ith respect to the relationships between the weathered material
underneath the Jurassic basalt at Kingscote, and the weathering on the
summit surface, but other stratigraphic evidence demonstrates that much of
the present summit surface must be younger than the Early Miocene.

Furthemore, the evidence presented of physical and chemical reworking of
ferricrete materials and continuously operating processes of weathe"itg,
transformations and fernrginisation, over vast periods of geological time, and
through to the present, show that the view of the presenration of ferricretes for
some 200 Ma of epigene exposure is untenable and unnecessary.
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The evidence of a variety of ferricretes of different origins and ages throughout

the Mount Lofty Range Province demonstrates the simplistic character of this

interpretation; some features regarded as 'laterite' are stratigfaphic

sequences, others relate to land surface lowering and the formation of lags of

hardened mottles, others to the physical and chemical reworking of pre-

existing iron-rich materials. While there may be pallid and mottled materials

and crusts formed in preferred topographic and groundwater situations, they

do not occur within the fremework of the classic 'Iaterite' profile. Thus the

correlation oferosion surfaces on the sole basis ofsuperficial evidence of

'lateritisation', even within the same region, is likely to be unreliable.
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CIlt^AlPTlDlR, 5: ^A $fNTlHIlDSnS OIF GI0DSIDIR^AILIS"ATIOISS DEIRIIMÐD

]P]R,ONI TD{VESIINGATTONS O]F ]F]D]R,RTC]R,]ET]DS A}VD OIT]HI]D]R

]F]D]R]RT.IGN}SOUS ^A}$D W]D.A1T]HI]D]R,]DD NI.AT]D]R,T^A]LS

S.l Introduction
The findings derived from field and laboratory investigations reveal weathered

and./or ferruginous materials occurring on landsurfaces exposed to

weathering processes for variable periods of time. These range from parts of

the long exposed summit surface down to recently formed modern valley floors.

Moreover, rocks and sediments, varying in age from the Precambrian to the

Holocene, display variable degrees of weathedtg, iron bleaching, mottling and

iron-enrichment, illustrating iron mobilisation throughout immense periods of

geological time including the present. In some instances, the nature of the

secondary iron minerals, and the recog¡ütion of the secondary aluminium

mineral, gibbsite, as well as the presence of layer silicate minerals may give

clues to the relative ages and conditions of fonna,tion of ühe ferricretes.

In carrying out investigations of ferricretes and mottled and weathered zones

in the Mount Lofty Range Province, various categories and t¡les of ferricretes

have been recognised and described in Chapter 4 on the basis of field

relationships and macro- and meso-morpholory. With associated laboratory

data given in Chapter 4it has become evident that many fericretes have

distinctive physical and chemical characteristics, which coincide with their
geomorphic situations and so possibly reflect environmental conditions during

their formation or transforrnations.

The generalisations enunciated in this chapter have been derived essentially

from studies in the Mount Lofty Range Province, as detailed in Chapter 4.

Other areas in southeastern Australia were subsequently investigated to test

and extend the ideas generated: the results of these studies are presented in

Chapters 6,7 , 8 and 9.

6.2 Categories of Fe¡riætes
Three broad. cøtegories of ferricretes have been recognised, initially on the basis

of reconaissance studies of ferricrete samples from Australia and southern

Africa (Milnes et a1.,1987). These are:-

i. Ferricreted bedrock,
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ii. Ferricreted sediments. These comprise iron oxide-impregnated

and indurated sediments, that include clays, silts, sands, grits,

gravels, as well as organic deposits, and

iii. Ferricretes of complex sedimentary and pedogenic origin.

Geochemical work presented here has demonstrated that these three

categories can be broadly differentiated on the basis of bulk chemical
composition. Plots of normalized values for Fe2O3, SiO2 and Al2O3 on â

triangular composition diagram (Fie. 5.1) illustrate this. The chemical

compositions of the various ferricretes are strongly influenced by the nature of

the original materials prior to iron-impregnation. All of the ferricretes

sampled are iron-impregnated materials of one sort or another and do not

simply represent the chemical accumulation of the less soluble residuum of
weathering.

Ferricreted bedrock occupies a composition range intermediate between Fe2O3

and SiO2, and compared \Mith the ferricreted sediments are somewhat enriched

in alumina. Fenicreted sedimenús display a broad range of chemical

compositions varying from silica-rich to silica-poor t¡pes, but they are

generally depleted in alumina. In marked contrast, the complex ferricretes
are characterised by comparatively high concentrations of alumina, with
roughly equal concentrations of SiO2 and Fe2O3.

These three broad categories of ferricrete have also been shown to display

mineralogical differences, especially with respect to iron and aluminium
oxides. Ferricreted sediments are dominated by goethite, with only minor
hematite, ferricreted bedrock by hematite, and complex ferricrctes by gibbsite

and a greater iron oxide diversity that includes hematite, goethite and

maghemite.

Within some of these broad classes, various types of ferricretes can be further
distinguished, primarily upon the basis of their macroscopic and mesoscopic

features (Bourman et a1.,1987), recognised initially during field studies. Using

a teminolory adapted from that used by McFarlane (1976) various ty¡les

include massive to vesicular ferricretes, pisolitic ferricretes, nodular

fendcretes, slabby ferricretes and vermiform ferricretes. This basic

classification of ferricretes is summarised in Table 5.1, and in Section 1.5.
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In view of the known transformation pathways of Fe and Al-oxides, reviewed in

Chapter 3, it was decided to investigate the possibility that the different

chemical rnd rnineralogical characteristics of the ferricretes may reflect the

physical and chemical environments during their formation and subsequent

transformation.

5.3 Macroscopic and mesoscopic featr¡res of femicr"'etes

5.3.1 Femicreted bedrock and mottled bedrock zones commonly exhibit

structures inherited from the host rock, and so may be clearly identified in the

fietd. Bedding, jointing, cleavage, quartz veins and metamorphic and tectonic

structures, as well as the presence of distinctive minerals, usually reveal the

original nature of the material. In some instances, where inherited structures

or fabrics are not conspicuous, examination of thin sections facilitates the

recognition of the original bedrock character of the fermginised material.

Understanding the geological history of the area surrounding the ferricrete

can also assist in interpreting the character of the iron-irnpregnated material.

5.3.2 Ferricreted sedirtrents also commonly display a range of distinctive

macro- and meso-scopic features, some of which directly reflect the nature of

the original sediment.

5.3.2.1 Fenicreted clastic seditnents can be readily identified by the abundance

of skeleton grains or clasts of quartz and rock fragments. Some sediments

such as Permian glacigene deposits display distinctive structures such as clay

clasts and involutions in ice-contact deposits. Isolated concretionary

structures or geodes particularly derived from Permian glacigene sediments,

have sometimes resulted from iron-impregnation of inherited sedimentary

structures. Fen:icreted sediments include detrital ferricretes developed from

reworking and cementation of pre-existing fenricretes, sediments and

weathered bedrock.

5.3.2.2 Ferricreted orgønic sedimcnts with rare clastic components are dense

and particularly iron-rich, and characteristically contain irregular vesicles

ofìten clay-filled. These ferricretes areuesicular to massiue in hand specimen.

5.3.2.3 bl some instances ferricretes have fom.ed essentially in situ by the

near surface oxidation of 'primary' sedimentary iron-rich minerals such as
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glauconite and siderite incorporated within original limestones, sandstones or

mudstones.

6.3.3 Complexferic,retes
5.3.3.1 Pisolitíc ferrícretes comprise coherent crusts consisting of individual

pisoliths cemented together by iron oxides. Non-cemented rounded to sub-

rounded pisoliths commonly form discrete ironstone gravels as stonelines in
soils throughout large areas (Plate 5.1). The adjective pisolithic (McEarlane,

1976) has been used to describe relatively thick, loosely packed pisoliths that are

not cemented together, but which may be precursors of future pisolitic

ferricretes.

5.3.3.2 Nodulør femicretes, as described in this thesis, contain rounded

glaebules, larger than pisoliths and up to 3 cm in diameter, without multiple

surface rinds, surround.ed by a matrix similar in composition to that of the

nodules.

5.3.3.3 Slo,bby ferricretes consist of horizontally to sub-horizontally disposed

plate-like slabs of ferricrete up to several centimetres thick comprising

indurated masses of iron and aluminium oxides separated by softer clay-rich

materials.

5.3.3.4 Vermiforrn ferricretes display very distinctive light-coloured and soft

clays filling tubule structures penetrating the crusts.

5.4 BuIk g¡smishry of Ferriqrcte Caûegories andfipes
Bulk samples of all ferricretes and fernrginous materials were analysed by

XRF and the results have been plotted on ternary compositional diagrams (Fig.

5.2), with the apices representingl0D%o Fe2Og, AlzOs and SiO2 respectively.

These apices represent iron oxides, gibbsite and quartz respectively, with
kaolinite occupying a position intermediate between Al2Og and SiO2. There are

insufficient numbers of some t¡les of ferricretes to allow reliable conclusions to

be drawn from the data, but it is clear that many types of fen:icrete occupy

discrete compositional fields.

The composition fr,eld of femíc¡vted sedím,ents encompasses two fabric t¡les.
These include iron-impregnated clastic sediments that tend to be enriched in
silica due to high contents of inherited quartz and other minerals; and
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ferruginised organic sediments, with a characteristic uesicular to møssiue

fabric, that are highly enriched in iron due to low contents of inherited clastic
minerals. All ferricreted sediments have low Al2O3 contents. The ternary plot

of chemical composition of ferricretes with associateduoidal concretíons from

the Telford Basin near Leigh Creek (Chapter IX), falls within the range of
rna.ssíue to uesicular ferricretes.

Ferricreted bedrock (ønd ferruginised bedrock rnottles) occupy a relatively

broad field of chemical composition (Figs 5.1,5.2,5.3). Overall there is a
tendency for higher concentrations of Al2Og in ferruginised bedrock compared

with the fernrginised sediments.

Amongst t}ne complex ferricreúes, those $'ith a vermiform fabric and three

samples of nodular type have a somewhat smaller range of composition than
the fern¡ginised sediment and bedrock ferricretes, and are consistently higher
in Al2O3. Pisolitic ferricretes have a wide compositional range, evidently

reflecting variations in chemical compositions of both the constituent pisoliths

and the matrix material, which invariably contains clays, and, in many

examples, gibbsite. The compositions of pisolitic ferricretes and individual
pisoliths separated from soil gravels and pisolitic ferricretes are plotted in Fig.

5.4 for comparison. Generally the pisolitic fendcretes are more highly
enriched in Al2O3 than the individual pisoliths. Four sa'nples of sløbby

fenicrete plotted have a fairly wide compositional range, but with relatively
higher AlzOg contents. Average major element contents of the various

ferricrete fabric types are listed in Table 5.2.

5.5 BuIk Mineralory of Femicreûe Categories and T!'pes

Estimations of the relative contents of iron oxides (goethite, hematite and

maghemite) and aluminium oxide (gibbsite) in bulk samples of the various

ferricrete ty¡res, $rere derived from peak intensities of selected characteristic

lines on XRD traces (See Methods section).

The estimated abundances were plotted on a triangular diagram in ter:ns of
nom.alised values for hematite, goethite and maghemite + gibbsite (Fig. 5.5).

The combined value of maghemite + gibbsite placed at one corner of the

diagram tends to accentuate differences between the various complex

ferricretes. It is not cornmon in these samples to find high contents of gibbsite

and maghemite in the one sample. Consequently, the positions of vemriform
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and nodular t¡les are dictated by relatively high gibbsite contents, whereas the

isolated pisoliths are commonly free of gibbsite but contain significant

maghemite. The wide mineralogical composition range of the pisolitic

ferricretes, compared with that, of the individual pisoliths, is probably

controlled. by the composition of the matrix, and in particular by variable

amounts of goethite and gibbsite. This diagram illustrates a clear demarcation

between hematite-rich ferricreted bedrock and goethite-rich ferricreted

sediments. Both of these ferricrete categories are free of gibbsite and only

contain traces of maghemite. Furthermore, differences in the relative

proportions of hematite and goethite easily separate iron impregnated clastic

sediment ferricretes from massive to vesicular ferricretes, which comprise

high total contents of goethite.

The mineralogical data also distinguish various types of complex ferricretes.

For example, vemiform and nodular types are significantly depleted in
hematite relative to pisolitic ferricretes and samples of isolated pisoliths are

dominated by hematite.

5.6 Reconshrcted Envircnments during Feniæte Fomation
A combination of the geologic, geomorphic, pedologic and hydrologic

relationships of the various fendcretes, in conjunction n'ith their chemical and

mineralogtcal compositions and macro-, meso- and micro-morphological

characteristics, facilitates reconstruction of environmental conditions

pertaining at the times of the fomation of the different ferricretes.

5.6.1 Fermginised Bedrcch (Feniæted and mottledbedrcck)

In the Mount Lofty Ranges there are limited examples of ferricretes fom.ed

directly by the surface weathering and fernrginisation of bedrock. These
ferricretes invariably contain higher Fe2O3 contents than the equivalent

unweathered bedrock, which suggests local iron enrichment of the bedrock by

iron influxed in solution, probably from lateral sources, as the ferricretes occur

in relatively lower parts of the landscape (e.g. fernrginised bedrock ferricrete at

Koonunga, Section 4.2.L.3).

Masses of iron-rich bedrock litter the surface above mottled zones of weathered

saprolite, in a variety of geomorphic situations in southern South Australia.

These have been likened by some workers to dissected 'laterite' crusts but they

are actually lags of hardened iron mottles that originally fonned subsurface,
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under past soil and groundwater conditions, and now have accumulated at the

surface following landscape downwasting and erosional removal of softer

bleached material. The in situ ferncreted bedrock and the lags of ferruginised

bedrock mottles display similar mineralogies, both being dominated by

hematite. Ferruginised bedrock mottles are considered here because, in some

instances, they have been precursors of ferricrete development.

At Mount Torrens (Section 4.2.3.1), in an upland situation, large mottles of

hématite-impregnated bedrock are exposed in a road cut and a short distance

upslope, masses of iron-rich materials litter the surface. The mineralogy of

the loose iron-rich clasts is dominated by hematite but small amounts of

goethite are also present. The total iron content of the surface lag materials is

greater than that of the fernrginised bedrock mottles in the weathered profile.

In thin section, primary rock structures and metamorphic minerals preserved

in the lag material are similar to those in the mottles. The presence of goethite

in the surface material can be explained by dissolution of hematite and

reprecipitation as goethite (Schwertmann, 1971) under chemical conditions

appropriate to the contemporary soil-weathering environment.

At 'The Range' (Willunga Scarp) hematite-rich mottles occur, preferentially

developed in metasandstone intervals within the Precambrian bedrock (Section

4.2.3.2). The large, sofb, dominantly hematitic, red to purple-coloured mottles

occur at the base of the section. Proceeding upwards the mottles become

yellower in colour due to increasing goethite contents. When examined in
section they reveal a hematitic core with a goethitic rind. In irnrnediate

subsurface horizons of the soil these mottles still display hematitic cores and

retain bedrock structures. A pronounced stoneline of maghemitic pisoliths

with goethitic rinds occurs in the surface soil horizon. Tttese, together \Mith

fragments of quartzite bedrock and fermginised bedrock mottles also fom a

lag at or near the surface. Generally there is an increase in total iron content

towards the surface as well as an inc'rease in the abundance of goethite. The

obsen'ation of goethite rinds associated u'ith segregations which became

landsurface-related has been made by other workers elsewhere including

Schwertmann (1971) and McFarlane (1976).

In these instances it appears that weathering and erosion are transforming a

pre-existing hematitic mottled zone into increasingly goethitic-coated hardened

mottles that eventually form stonelines and surface lags. All of the observed
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phenomena can be explained in terms of downwasting and transforrration of

mottled material, a transformation that is proceeding under current

conditions. There is no evidence of a former crust, and it is unnecessary to

postulate the former existence of one. The mottling of the bedrock almost

certainly developed in sítu probably as a result of weathering and groundwater

movement that led to the mobilisation of iron within the bedrock, and its

concentration as mottles as discussed by McFarlane (1976). As the iron oxide

mineralory of the mottles is dominantly hematite, they probably formed in the

zotre of a fluctuating water, in which reducing and oxidising conditions

alternated. Under reducing conditions Fe(II) could have been released from

'primary' iron minerals, and precipitated and crystallised to hematite via its

precursor ferrihydrite to be concentrated in mottles under oxidising conditions

during lower water table levels. The hematite mottles have probably been

inherited from former periods of weathering.

Evidence from a deep bore (Section 4.2.6.1) favours the view that simple and

local iron redistribution within the weathered bedrock is responsible for the

mottling, and that the weathering here has not been intensive as felspars,

micas, and 2:1 layer silicate clays comprise irnportant components of the

material. Maghemite formation by surface heating of goethite is the likely
process responsible for the magnetic character of many of the surface pisoliths,

particularly as there is no evidence of magnetite in the parent bedrock,

lepidocrocite in the mottles, or maghemite below the surface soil.

5.62 Fenic'neted sediments

The character of ferricretes developed through iron-impregnation of various

sediments depends on the nature of the original sediment as well as the

physical and chemical conditions during the impregnation. For example, the

impregnation of sandy sediments gives rise to ferricretes with quite low total

iron contents. On the other hand, ferricretes fomed by the impregnation of

organic sediments, that can be completely replaced with iron oxides, for:rrs

dense, iron-rich materials.

5.6.2.1 Ferricrcted clastie sedim¿nts

A considerable variety of sediments impregnated by iron oxides has been

recognised and these include ice-contact sediments of Permian age, former

valley bottom deposits of Tertiary age, Cainozoic limestones, fomer backshore

(beach-dune) deposits related to higher Tertiary sea levels, and colluvial
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material. Iron oxides fill the interstices of some sediments, with colloform

structures demonstrating successive pulses of iron oxides into the

intergranular voids of sandy sediment. In some cases these occur as

alternating laminar deposits of hematite and goethite (Plate 5.2). In other

instances iron oxides have replaced pre-existing mineral phases, and have

infilled hollows formed by the solution of calcite. Generally goethite is the

dominant iron mineral involved, displaying minor aluminium substitution (1-4

rnole/o). It has been noted that the amount of hematite present in iron-

impregnated sandy sediments, although t¡rpically minor, may reflect age

differences; older ferricretes characteristically display higher hematite

contents than younger ones. The low degrees of Al-substitution in these

ferricretes suggests little availability of Al in the environment at the time of

impregnation. This favours the view of impregnation in a moist environment

in which temperature influences are not critical and a lack of acid leaching

conditions. The higher hematite contents of older ferricretes may reflect an

agrng effect or warmer conditions during impregnation.

Geomorphic reconstructions (Bourman, 1973; Maud, 1972) suggest that many

of the sediments were iron-impregnated while in former valley bottoms or

relatively low-lying points in the relief, including sub-surface situations, where

iron oxides carried in solution by percolating waters were deposited. Today

these ferricretes occupy a range of topographic locations varying from the

sumrnit surface to modern valley floors.

5.6.2.2 Femicreted orgønic sedimcnts

The iron impregnation of former organic-rich sediments such as peats has

given rise to distinctive fenicretes with uesiculør to møssíve fabrics. These

display very high total iron contents and an iron oxide mineralogy dominated

by goethite, which displays an extremely low degree of aluminium substitution
(<! noleflo). Very small amounts of hematite can ocsur in these materials, but

no gibbsite has been detected in them.

These massive to vesicular ferricretes that resemble the bog-iron ores of Europe

(Hurlbut, 1959) occur in a variety of situations and in deposits that range widely

in size. They occur on parts of the present summit surface of the uplands such

as Peeralilla Hill (Fleurieu Peninsula), near Longrvood, on Kangaroo Island

and in modern valley floors such as at Mount Compass, in sites where there is

evidence for former iron sources at higher elevations in the landscape. They
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occur in areas that can be reconstructed as locations of former sluggish

drainage such as lakes and swamps. In thin sections of vesicular ferricretes,

plant fragments replaced by goethite are conspicuous and occur in a finely
crystalline matrix of goethite and kaolinite. Distinctive rectilinear voids are

common, and there are small but rare qwartz grains. The identification of
organic matter, now fernrginised, apparently favours the formation of goethite

from ferrihydrite as opposed to hematite (Schwertmann, 1985). This may also

help to explain their low degree of aluminium substitution, as the organic

matter may 'fix' any free aluminium available for incorporation into the

goethite crystal structure (Oades & fipping, 1988). Small amounts of hematite

have been detected in vesicular crusts, unlike the bog iron ore deposits of
Europe, which contain no hematite. This may reflect minor environmental

differences such as temperature conditions during their formation, as warmer

temperatures encourage hematite crystallisation from ferrihydrite. Generally

the environmental conditions postulated for the formation of uesicular

ferricrete favour goethite formation as summarised in Section 3.3.1.1.

The intimate association of vesicular ferricrete with calcite and barite at
Peeralilla Hill is interesting buü not critical \Mith respect to the origin of the

ferricrete. The presence of calcite and barite could argue against a residuum

leaching origin for the iron oxides in these situations and could suggest that
the iron-enrichment has occurred via lateral transport of iron (Fe2+) in solution

and its precipitation in areas of former sluggish drainage. The occurrence of
barite (BaSO¿) implies the operation of sulphuric acid weathering, which

probably derived from adjacent pyrite-rich sediments. However, it is possible

that the barite and calcite did not fom coevally with the ferricrete, but formed

during a later phase of weathering.

6.6.3 Complex Feriætes
5.6.3. 1 Pisolitic ferricrete
Pisolitic ferricretes have the widest range of distribution in the landscapes of
southeastern Australia, varying from locations near sea level to parts of the

present high level summit surface. They are regarded as the indurated
equivalents of pisolithic gravels lthe'pisolithic laterites' of McFarlane (1976)],

which are common and widespread components of many contemporary soils in
southern South Australia and occur over a diverse range of materials. A key to

the origin of pisolitic ferricrete is held in understanding the nature and origin

of the individual pisoliths.
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5.6.3.1.1 Pisolíths

A considerable controversy concerning the origin of pisoliths relates to whether

they have formed in situ or whether they have been transported to their present

locations. Many French workers, such as Tardy & Nahon (1985) and Muller &

Boquier (1986), follow the view that pisoliths have for:med in situ and that their

progressive fonnation can be traced from sub-surface zones or horizons within

the profile through to the surface. Despite careful examination of profiles in

the study area, no such progressive sub-surface development of pisoliths has

been observed.

In the areas studied in southern Australia many of the pisoliths have complex

and multiple rinds. Such pisoliths occur in the base of channel fill materials

on the summit surface of Fleurieu Peninsula (Section 4.2.2.L) and clearly have

been deposited here following transport. These pisoliths are identical with

those occurring in pisolithic gravels at a higher elevation on the summit

surface. Resin-impregnated sam,plee of weathered materials ranging through

from bedrock to channel fill deposits containing pisoliths have been slabbed and

examined closely. There is no indication of structures resembling pisoliths in

the weathered bedrock material below the channel fill (See Plates 4.31 and 4.32),

supporting the view tJlat they have been transported.

Prescott (1934) considered that the chemical compositions of fermginous

pisoliths demonstrated their formation in the soils in which they currently

occur, although he did not spell out the reasons for this conclusion. Typically,

the pisoli¡þs s¡anined in this thesis are markedly d.ifferent in characteristics

from the surrounding matrix (e.g. Plate 5.3). Furthermore, the pisoliths can

contain tninerals not occurring in the surrounding matrix. For example,

pisoliths from a yellow podzolic soil at Mount Barker (BOU 29) contained the

minerals gibbsite, hematite, maghemite, kaolinite and a small amounü of
goethite, whereas the soil material (BOU 30), contained only goethite and

kaolinite (Table 5.3-Appendix V). Thus the pisoliths are interpreted as clastic

components different from the materials in which they are found. However,

they have been cornmonly modified in these environments particularly by the

accretion of rinds on their surfaces from the surrounding soil materials, but

also by other processes. Some pisoliths contain fragments of bedrock in their

cores (BOU 121) encapsulated by rinds of iron oxide indurated soil-like material

(Plate 5.4).
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In many instances, pisolith gravel horizons occur on a variety of parent

materials, including calcareous clays and sediments that could not have

provided the source material for the pisoliths. For example, complex pisoliths

with multiple rinds (Plate 5.5) occur on Pliocene calcarenite at Cape Borda,

Kangaroo Island. Pisoliths containing gibbsite, goethite, hematite and

maghemite overlie calcareous Pleistocene sediments near Yorke Far:rr on

Kangaroo Island, and pisoliths also occur above fine, calcareous earths that

overlie weathered bedrock on the Blue Range, Eyre Peninsula, and in the Hills

near Kulpara and Lochiel in the Mid North of the State. It is possible that ants

can transport fragments of iron-rich material from mottled materials that

underlie calcareous fine earths and sediments, and may be partly responsible

for the enrichment, of iron in the pisoliths.

The vast majority of pisoliths examined in this study appear to be transported

t¡res, having fonned by the erosion of pre-existing ferricretes or iron-mottled

zones, their downslope movement under the influence of sedimentary

processes, and their continual modification by pedogenesis. Only two

situations were observed where pisoliths may be foruring in situ in subsurface

situations.

Incipient pisoliths may be forming in seepage zones where iron-rich waters

emerge at the surface. Thin sections of such pisoliths from seepage zones on

Tin Hut Creek, Kangaroo Island revealed that iron oxides had impregnated

and encapsulated nuclei comprising fragments of bedrock and biogenic

material. Other possible in sítu pisoliths occur in sandy soils at depths of

approximately 1 m in a road cut near Waitpinga. These pisoliths t¡ryically have

much lower total iron contents than surface pisoliths, and goethite is the

dominant iron rnineral present. To be certain of the in situ formation of
pisoliths at depth they should not be associated with stone lines or other

material such as clasts that might indicate transport and reworking. Thin

section examination shows that the fabrics of the in situ pisoliths and the

surrounding matrix materials from the Waitpinga area are identical with the

pisolith, si-ply being marked by greater concentrations of iron oxides, and in

this sense are small versions of iron-rich mottles. However, once at the surface

or in the near-surface soil environment such pisoliths appear to undergo

transformations that lead to higher total iron contents and transformations in

iron mineralory from goethite to dominantly hematite and maghemite.
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McFarlane (1976) distinguished soil pisoliths from groundwater pisoliths, but

no evidence of groundwater pisoliths (i.e. sub-surface pisoliths in weathered

parent material displaying progressive development and organisation towards

the surface) was noted in the areas investigated for this thesis. The situations

examined suggest that the pisoliths in the soils are the same as those in
pisolitic ferricrete s.

The abundance of hematite and maghemite in the pisoliths of soil gravels and

in the pisolitic ferricretes contrasts strongly with the dominance of goethite in

soils of the region. Both maghemite and hematite are known to form readily in
pedogenic environments by the heating of goethite in the presence of organic

matter during bushfires (Schwertmann, 1985). The mixture of magnetic and

non-magnetic pisoliths (the magnetic character being a direct indicator of

maghemite content) in the soil gravels suggests a long history of landscape

development as the pisoliths probably variably transformed during transport

from different parts of the landscape. Milnes et ø1. (1985) described a series of

depositional multiple laminar rinds on pisoliths, usually composed of goethite,

with occasional gibbsite, incorporating individual quartz grains or lenses

between them as evidence of their accretionary origin. They suggested that
deposition of the laminae and incorporation of the quartz occurred in a
succession of pedogenic environments, consistent Ìvith a long history of
exposure, transportation and weathering. No evidence of the groundwater

pisoliths of McFarlane (1976) was noted in the study area. The majority of the

pisoliths studied appear to have fomed by the physical breakup of pre-existing

fermginous materials (fendcretes, mottles, etc) and their modification by

transport and weathering in surface or near surface environments. Even if
some of the pisoliths were generated in groundwater zones they have been so

modified subsequently that it is impossible to trace them back to this possible

source.

Individually the pisoliths that have been analysed display high total iron

contents, and an iron oxide mineralory dominated by hematite and

maghemite. Maghemite may occur in the body of the pisolith but more

commonly is observed in outer concentric layers. Pisoliths have cores of
different materials, including fragments of former ferricretes, iron-mottles

and bedrock clasts. I¡r most pisolitic ferricretes the inter-pisolith matrix is
significantly different in mineralogtcal and chemical composition from that of
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the pisoliths (Fig. 5.5), suggesting different environments of formation for the

pisoliths and matrix materials.

Work reported by Herbillon & Nahon (1987) from West Africa, supports the

notion of near-surface mineralogical transformations of pisoliths. They noted

that goethite from soft yellow domains of their 't¡4pical' Diouga 'laterite profile'

are Al-poor, but that goethite from the cortex of 'pisolites' may be aluminium-

substituted up to 2l moleVo. This variation implies dissolution of pre-existing

iron oxides and reprecipitation as goethite to allow the incorporation of Al into

the goethite structure.

5.6.3.1.2 Origín of maghemitic písoliths

Various modes of formation of maghemite have been suggested (Schwertmann

& Taylor, 1987; Fitzpatrick,1987; Kirschvink, 1985; see review in Chapter 3)) but

in the vast majority of cases that have been investigated in this thesis,

maghemitic pisoliths, it appears, have either been exposed at the surface or

have been close to the landsurface and have been subjected to strong heating by

burning. This is suggested by the following evidence:-

i" Maghemitic pisoliths t¡'pically appear in surface or near-

surface positions except where it can be demonstrated on other

grounds that they have been transported and buried below

younger sediments.

ü. In such cases examined, maghemite is restricted to the pisoliths,

and does not occur within the sunounding matrix, which would

be expected if the maghemite had precipitated from iron-rich
solutions or had been the result of biomineralisation. Traces of
maghemite have been identified in fernrginous mottles at depth in
Pleistocene sediments at Hallett Cove (Wopfirer, 1972a) and

elsewhere. In these instances it must have formed in situ from

iron solutions, possibly by the dehydration of lepidocrocite

originally crystallised at depth in mottles. However, the amount of
maghemite present in the mottles is extremely small, relatively

to the surface pisoliths, and ca¡r only be detected by reaction to a

magnet. Some maghemite in pisoliths may be inherited from such

mottles or more diffuse biomineralogical sources, but additional

maghemite would be required to achieve the abundances observed

in many pisoliths.
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üi. Maghemite most commonly occurs as a rim on the pisoliths.

Occasionally, maghemite does occur in fractures in the body of

pisoliths, apparently having formed from gels. However, this

mode of occurrence may be quite rare. Sometimes the cortex of

a pisolith is comprised of maghemite, which may suggest

derivation from magnetite or accretion around a small pisolith

affected by burning.

iv. There is widespread evidence of fires in the Australian

environment at appropriate temperatures (Raison, 1979) to lead

to the development of maghemite by this process.

v. Other minerals such as boehmite, corundum and rutile, that

may fonn from the heating of other minerals, have been

identified in pisoliths from Eyre Peninsula and the Sydney area.

Once again, temperatures of up to 9000 C have been measured

in bushfires (Raison, 1979) and these are sufficient to explain

the observed transformations. Similar conclusions were

reached by Anand & Gilkes (1987).

vi. Some non-magnetic pisoliths contain only hematite as an iron

oxide, and it may be the case t,Lat heating will lead to the

transfonnation of maghemite to hematite. Banerjee & Moskowitz

(1985) noted that maghemite inverts to hematite by heating at

temperatures above 3500 C, but in heating experiments described

below transfomations did not occur with temperatures below

5500 c.
vii. Had all of the maghemite fomed from gels or as a result of

biomineralisation, then it should be more uniformly distributed

through profiles, yet, typically it is restricted to pisoliths and is

rarely present in matrix material.

Corundum, rutile, maghemite and small arnounts of kaolinite and gibbsite

$'ere identified in surface pisoliths (BOU 4L2) ftom the Temey Hills quarry site

(Chapter 8). If the pisoliths had been heated to 9000 C to form corundum, then

there should be no gibbsite, kaolinite or maghemit€ present. However, the

amounts of these last three minerals are quite small, and may represent

additions to the pisoliths after the strong burning that caused the formation of

corundum, or incomplete and uneven heating of the pisoliths. This suggestion

is compatible with ttre multilayered and concretionary nature of these and

many other pisoliths, that indicate long and complex histories of their



189

development. This point is further illustrated by the observation that some

other pisoliths contain goethite, and this is commonly in the form of yellow

rinds that have developed from the dissolution of hematite and./or maghemite

and the reprecipitation of goethite on the surface of the pisoliths, or from the

accretion of additional goethite from the surrounding soil (McFarlane, 1976).

Some outer rinds of goethite consist of cemented quartz grains that may have

derived from the soil environment in which the pisolith was encapsulated.

In places relatively thick lags of pisoliths, which have accumulated at or near

the surface, form deposits of pisolithic gravels, and appear to be forerunners of

detrital pisolitic ferricrete. These materials are regarded as secondary or

reworked accumulations. In appropriate parts of low angle slopes or in
depressions, where conditions may have favoured lateral percolation of iron-

rich solutions, such pisolithic soil materials may have been cemented by the

deposition of new generation iron oxides, dominantly as goethite, to form

detrital pisolitic ferricretes. Elsewhere, the gravels may have persisted in an

unconsolidated form being available for subsequent erosion and reworking.

5.6.3.1.3 Heøting experim.ents

Some simple laboratory experiments were carried out to test the mineral

transformations suggested by the influences of heat. Both intact and ground

maghemitic pisoliths were used. After heating at 6000 C for t hour, pisoliths,

which originally reacted strongly to a magnet, displayed no reaction. Thus

their ferri-magnetism had been destroyed by heating. Brindley & Brown (1980)

consider that this transformation, which produces hematite, can occur at
much lower temperatures, but, in all cases examined, temperatures of 550 -

6000 C $¡ere required.

A heating experiment was also carried out on a sample of pisolitic ferricrete

from the Teney Hills quarry site. Minerals identified in an unheated, air-

dried sub-sample of this ferricrete (BOU 404) included, in decreasing order of
abundance, gibbsite, quartz, hematite, goethite, maghemite, kaolinite, anatase

and some randomly interstratified clays. After heating at 200o C for t hour, the

same minerals lvere identified, except that the main goethite peak was lower

and broader. At 2100 C the rninerals remained the sâyne but some of the

gibbsite peaks had weakened and broadened. Both the gibbsite a¡rd goethite

peaks disappeared after heating at 400o C. At 5000 C the kaolinite peaks began

to reduce and at 5500 C they had disappeared, while the maghemite peak had
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reduced. The maghemite peaks disappeared completely at 5750 C, leaving only

quartz, hematite and anatase as crystalline minerals. This remained the

same through 6000 C to 8000 C, although some diaspore possibly appeared at

7000 C. At 9000 C corundum appeared as an important constituent and rutile
possibly appeared also. It is not possible to determine if rutile was synthesised

by heating, or if it was present throughout, with its identifïcation depending on

chance preferred orientations in the pressed samples. Anatase did appear to

reduce at this temperature, but the main anatase line was obscured by the

corundum peak.

Thus it appears that strong heating at temperatures up to 9000 C, and these

temperatures are not unknown from bushfìres (Raison, 1979), can cause

various mineral transformations. These include the destruction of goethite,

gibbsite, kaolinite and maghemite, and the formation of boehmite, diaspore(?),

corundum and rutile(?). Furthermore, with appropriate organic contact,

maghemite can form from goethite and./or lepidocrocite with heating by

bushfìres between g00o C and 500o C (Fitzpatrick, 1987). Hence these

transformations may act as indicators of various ranges of heating

experienced.

In the sites investigated, roughly half of the pisoliths are magnetic and half are

not, which suggests that the maghemitic pisoliths are not simply preferential

survivors. Comparisons of magnetic and non-magnetic ferruginous pisoliths
reveal that the magnetic ones typically contain higher contents of Fe2Og and

TiO2. Iron oxide minerals identified in the magnetic pisoliths include

dominantly hematite and maghemite, with some goethite on occasions. Non-

magnetic pisoliths may contain only hematite or hematite and goethite. Those

with hematite only may have been affected by very strong heating that
transformed all pre-existing iron oxide minerals to hematite. On the other

hand, those with combinations of maghemite, hematite and goethite have

probably been affected by heating at lower temperatures in the presence of
organic material, $'ith the goethite forming by reprecipitation of iron oxides

derived by dissolution of maghemite and hematite.

5.6.3.2 Nodular ferricrete
This variety of ferricrete comprises glaebules that are larger than pisoliths,

have an earthen appearance, and are less dense than pisoliths, which

dominantly have burnished and metallic-like surfaces. Nodular ferricrete can
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occur in similar topographic situations and, in some places, contiguously with

both pisolitic and vermiform ferricretes on high level surfaces with gentle

slopes. The nodules and the surrounding matrix do not display significant

differences in composition and the nodules d.o not exhibit complex multiple

surface rinds that usually indicate long histories of weathering and

transportation. The simpler form of the nodular ferricretes suggests that

weathering in place has been important in their fornation. The nodular

crusts contain goethite which is highly Al-substituted (20 mole7o), indicating,

as in the case of the pisolitic and verrriform t¡pes, ample availability of

aluminium in the environment due to the presence of clay minerals during its

formation. The abundance of gibbsite in nodular ferricretes is interpreted as

reflecting the occurrence of an acid, leaching and freely draining environment.

5.6.3.3 Slabby ferricrete
Masses of slabby ferricrete, which commonly occur within mottled clay

materials on present high level 'surfaces, and typically near the margins of

breakaways, such as at Chandlers l{ill (Section 4.2.L.4.1). Slabby ferricretes

are similar in chemical composition to vermiform and nodular t5pes.

However, they have a mineralogical ssmposition intemediate between that of

ferruginised bedrock ferricretes and fernrginised sediment ferricretes. In thin
sections, the slabby ferricretes examined are essentially clay-rich material

impregnated by iron oxides. Scattered fine crystals of hematite occur

throughout the clay matrix and, in places, have aggregated to form hematite-

rich zones. Goethite, with negligible aluminium substitution, is dispersed

within the clay matrix and may also occur as void goethans. The coûtmon

clastic quartz grains are up to sand-size and are poorly sorted.

The formation of slabby ferricretes appears to be related to precipitation of iron

oxides by laterally moving sluggish ground waters near the surface of a

fluctuating soil water t¿ble. Upslope from slabby ferricretes, weathered

material is often iron-depleted, and may have provided the iron oxides for the

development of the slabby ferricretes. Sub-horizontal patterns of iron-mottling

are seen in many subsoil horizons and sedimentary sequences in the region,

and support the view that slabby fenicretes fomed within the regolith. The

occurrence of minor gibbsite in these materials probably reflects lateral

migration of aluminium gels, in the sârne fashion as postulated for iron oxide

migration.
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5.6.3.4 Vermiform Fenicrete

The dominant feature of vermiform ferricretes is the presence of clay-fi.lled,

anastomosing tubules. These ferricretes have been observed to occur on flat to

gently sloping and undulating surfaces in present upland, situations. In the

Mount Lofty Range Province they are found not only on the summit surface in

disøete locations ranging between 270 - 400 m above sea-level, but also on

interrrrediate plains 100-150 m above sea-level. Landscape reconstructions

(Bauer, 1959; Brock, 797L; Bou:man, 1973) suggest that these were formerly

low-angle, intemediate slopes in environments of subdued relief. Under these

conditions it is postulated that relatively poor lateral drainage facilitated the

accumulation of iron oxides to cement surface lags. These lags consist of

pisoliths, weathered bedrock and fern¡ginous clasts and isolated and hardened

mottles that had accumulated at the surface following downwasting of a

previously weathered and. mottled zone containing iron segtegations. The

dominance of goethite with a high degree of aluminium substitution in

vermiform ferricretes suggests that the iron oxides impregnated. former clay-

rich weathered materials, including soils. However, the tubular structures,

which characterise these ferricretes, appear to be dissolution features infilled

mainly u¡ith clay minerals dominated by gibbsite. In combination, these

features point to the polygenetic development of the vermiform ferricretes.

Evidence from analysis of borehole samples suggests that abundant gibbsite

has fomed largely from the disassociation of kaolinite, and interpreted as an

indicator of a higtrly weathered, acid environment where free drainage

promoted intense leaching. On t,Le other hand there has also probably been the

precipitation of gibbsite from aluminium-rich solutions derived from lateral

sources.

Vemiform structures have been noted to affect a variety of materials. On

Kangaroo Island they have developed in a quartzose sand, both on the summit

surface and on the lower Mount Taylor Plain. This last surface is of post-

Miocene age and. it is possible that parts of the sr¡mmit surface of Kangaroo

Island are of a similar age. Other vemiform stmctures have been noted in

ferricretes near Robertson (BOU 213) and Nowra (BOU 215) on the east coast of

New South \ilales where they have formed in sandstone bedrock. These two

occurrences are widely separated in elevation on erosion surfaces of vastly

different ages (Dr. R.\ry. Young - pers.corntn.) yet they have identical chemical

and mineralogical compositions, which suggests that local environmental

conditions may be significant deterrninants of their characteristics. Similar



193

tubular channels filled with clays and gibbsite occur in many of the varieties of

complex ferricretes.

In thin section, samples of verrrriform ferricretes reveal patches of iron-

enrichment, and zones of infillings of layer silicate minerals and gibbsite.

Non-oriented micas and pseudomorphs after mica occur in the matrix,

suggesting weathering from a pre-existing rock lag derived from metamorphic

bedrock, with the fabric in places resembling a hardened soil. No clear

pisolithic structures are apparent, perhaps partly reflecting the dissolution of

pre-existing pisoliths by subsequent processes.

The best developed and. most complex verrnifom crusts in the Mount Lofty

Range Province occur on Fleurieu Peninsula at an elevation of about 350 m asl

on a landsurface that has been exposed to subaerial weathering and erosion

throughout and since the Mesozoic. The occurrence of verrrriform fabrics may

suggest the transforrnation of the crusts essentiallyby in siú¿ weathering,

combined \4'ith landscape downwasting. Generally the apparently older

vermiform crusts have higher iron and aluminium contents and commonly

contain maghemite.

The dominant attitude of the vermifsm structures varies. The majority

observed in this study v/ere oriented in a vertical sense, suggesting downward

leaching processes. However, some display a strong horizontal orientation
(Plate 5.6) perhaps indicating lateral groundwater movement. It is of interest

that the clays in the horizontal tubules are dorninantly kaolinitic (Ione 7, Table

5.3), with little gibbsite, whereas those in the vertical tubules contain much

more gibbsit€.

The vermiforrr fabric may represent a special form of degradation of many

ferricretes through dissolution of original matrix material and subsequent

illuviation of iron and aluminium oxides and clays. In some cases the tubule

structr¡res are not well developed, and the original fabric of the ferricrete can be

identified. In extreme cases, original pisoliths, nodules and bedrock

structures have been essentially destroyed. Some tubules have been fiIIed with

hematite; most are lined with goethite and filled rvith kaolinitic clays and

gibbsite. In many localities, ants have colonised the clay-filled channels and

have developed extensive galleries. Ilowever, it is not suggested that they are

responsible for the original formation of the tubules. Furthermore, no evidence
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of the role of termite activity in fendcrete genesis, as suggested by Machado

(1983a, 1983b), was found during investigations for this thesis.

The evidence presented here suggests that the tubular structures have been a

late stage alteration superimposed on pre-existing weathered and fermginised

materials. These had apparently accumulated as complex lags of previously

developed ferruginous mottles, variably bleached and kaolinised bedrock,

unweathered bedrock fragments and maghemitic clasts and pisoliths formed

at the surface and subsequently reincorporated into the lag materials resulting

from landscape reduction. These were subsequently cemented in preferred

localities by remobilisation of iron and aluminium oxides derived both from

local and. lateral sources.

Thus a combination of field and laboratory data points to the polygenetic

development of vemiform ferricretes, with their character interpreted to imply

variations in hydrological conditions cons@qr¡.ent upon geomorphic ohanges.

The initial accumulation of iron oxides, physically arad chemically, is taken to

imply slow downwasting of a subdued landscape with a relatively high water

table, followed by dissolution, mineral transformations and illuviation of clays

under more freely draining conditions consequent upon lowered water tables

that accompanied uplift and incision.

5.7 Modem Inon trde Mobility
Under current climates, that vary from Mediterranean to semi-arid, iron-rich

sludge-like material occurs in creeks and in seepage zones in upland parts of

the Mount Loft,y Ranges and Kangaroo Island, in peritidal environments such

as that near Fisherman Bay, South Australia and in groundwater salinas
(boinkas) in northwestern Victoria (Macumber, 1983), as discussed in the

previous chapter. The iron is largely in the form of fendhydrite, though small

amounts of maghemite have been detected in material collectpd from Kangaroo

Island. High salinities are commonly associated \Ã¡ith these environments.

Iron oxide accumulations in specific environments such as those discussed

here may represent analogues of precursors of some types of older ferricretes.

Moreover, current iron oxide mobility and precipitation locally may be

modifuing and transforming pre-existing ferricretes.
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5.8 Conclusions.
The studies described above demonstrate the variable nature of ferricretes that

in the past have been broadly grouped together as 'laterite'by many previous

workers. The use of macro-fabrics as a basis for field classification of

ferricretes and as a guide in reconstructing past environments of formation,

appears to be justified by data from laboratory studies of mineralogy, chemistry

and micro-morphology.

Thus the ferricretes reported here do not indicate various stages in either the

development or dissection of a monogenetic 'normal laterite profile', but rather

a variety of regolith materials and sedimentary deposits differentially

weathered and impregnated by iron and aluminium oxides in response to

developing local environmental conditions over various periods of time, in
places extending back into the Mesozoic. Mineralogical data derived from

bleached and iron-mottled zones do not display evidence of pervasive

weathering and kaolinisation, generally attributed to the processes of

'lateritisation', but suggest the occurrence of zones of superficial weathering,

effected. by g¡oundwaters, and reflected in the leaching of iron oxides from

rocks and sediments and its redeposition elsewhere.

The clear demonstration of iron mobility and precipitation in modern

weathering environment highlights the futility of a tacit acceptance of the

association of iron-rich crusts, regarded as evidence of 'lateritisation' by many

previous workers in South Australia, \üith humid tropical climates.

Furthermore it points to the dangers inherent in using ferricretes as

morphostratrigraphic markers.

The classification of ferricretes presented here is not intended to be definitive,

but it is capable of accepting nev¡ categories when relevant field and laboratory

data are available. The integrated investigative approach outlined here

demonstrates inadequacies in single line approaches, such as that of

Schellmann (1981), who categorised 'laterites' by their degtee of 'lateritisation'

as indicated by their positions on ternary chenical composition diagrams (e.9.

Fig. 5.6). For example he considered that sâmples with high iron and./or

aluminium were 'strongly lateritised', yet sernples of bog-iron ore (BOU 5, BOU

10, BOU 11) and ferricretes with associated voidal concretions (BOU 88) also

occupy this field and need not be related to the processes of 'lateritisation' of

Schellmann (1981). High concentrations of alumina in ferricretes obsen'ed on
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surfaces exposed to subaerial processes for various periods of time may reflect

local bedrock and./or topog¡aphic influences that favour leaching rather than

indicating severe weathering. Furthermore, ferricretes studied in this thesis

do not appear to be mono-genetically related to the underlying bedrock, so that

the identification of the unweathered bedrock does not ensure that the overlying

ferricrete developed from it by in situ weathering. Many ferricretes contain

transported materials, which locally may display high iron and ¿lqrnina

contents that were derived from elsewhere, and in the case of complex pisolitic

and vermiform ferricretes the problem of distinguishing transported and local

components may be intractable.
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ClHi"AFTlDlR 6: lF'lERlRlClRlDl[ES, I]RO]S-NIOTTILIDD "A]VD Wl0"AlUHIlDlRlAD

NiATlDlRlt"a[,s o]s lu\rRlE lPlD]sr]sslulL^4"

6.1 Intnoduction

After developing various generalisations following field and laboratory

investigations of ferricretes and weathered zones in the Mount Lofty Range

Province, an examination of apparently equivalent materials was undertaken

in several other areas (Chapters 6, 7, 8 and 9), including sites on Eyre

Peninsula, to evaluate the h¡potheses generated. For example, to see if
different forms of ferricrete and iron mottling displayed distinctive chemical

and tt'rineralogical compositions that could be related to their environments of

forrnation, to see if there was evidence of continuous iron mobility throughout

geological time up to and including the present, and to see if alleged

monogenetic 'laterite profiles' were stratigraphic sequences or incomplete

profi.les. Furthermore, the extended investigations provided the opportunity to

assess previous research caried out in these areas. No exhaustive mapping or

sampling progrâm was undertaken because of time constraints. However,

careful s¡¿mination of field relationships of ferricretes and other fermginous

materials was made at selected sites prior to collection of samples for

laboratory investigations. Emphasis was placed on the comparison of

fernrginous and weathered materials with those described from the Mount

Lofty Ranges. The sites investigated on Eyre Peninsula can be discussed

conveniently under the regions of Northern and Southern Eyre Peninsula.

6.2 Previous Úrvestigations

A summary of previous investigations of 'laterites' and ferricretes on Eyre

Peninsula by Mawson (1907a; 1907b), Stephens (1946), Crocker (1946), Johns

(1961a), Firman (1967a;1967b), Bourne (1974), Twidale et ø1. (L974), Twidale &

Bourne (1975b) and Twidale (1976a; 1976b; 1983) is reviewed in Chapter 3.
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6.3 Irrvestigations of this thesís

6.3.1 NorthenrE5n'e Peninsula

6.3.1.1 Summit surface sites.

6. 3. 1. 1. 1 Weøthered ønd iron'mottled profil.e s.

6.3.1.1.1.18hæ Range

The summit surface of the Blue Range (Fig. 6.1) was described by Bourne (1974)

and Twidale et aI. (L976) as the most northerly occurrence on Eyre Peninsula of

a postulated Mesozoic 'true laterite' surface, regarded by them as equivalent to

summit surfaces on the Lincoln Uplands of southern Eyre Peninsula,

Kangaroo Island and the Mount Lofty Ranges. Ilowever, exposures in dam

sites and soil pits on the Blue Range (Hincks MR 063402) reveal no continuous

'laterite' profile beneath the sum-urit surface. Near horizontal Precambrian

metasediments have been bleached and mottled, but the mottles are merely

superficial stains of iron oxides. For example, bedrock mottles (BOU 526 and

BOU SZ7) (Appendix VI - Table 6.1) (Figrrre 6.2) contained only 2.147o andL.757o

Fe2O3 respectively, and the prese'noe of r¡mlscovite, srneafrte and felspars in the

samples argues against the operation of intensive weathering in their

formation. Tabular blocks of iron-stained and iron-impregnated sandstone

litter the surface in places and may superficially resemble a crust, but they are

actually remnants of flat-lying strata within the Precambrian bedrock. The

indurated metasandstone layers (BOU 525) contain22.597o Fe2O3, but little

Al2Og. Quite clearly these ferruginous sandstone slabs were pre-existing

sedimentary horizons within the Precambrian bedrock and were particularly

susceptible to impregnation by iron oxides. On the other hand, the underlying

superficially weathered and mottled materials are fine-grained.

metasediments.

Especially apparent, fringing the highest sections of the Blue Range upland,

are bleached Precambrian metasediments that are overlain by up to 2 m of a

calcareous fine earth (Plate 6.1), which, in turn, is overlain by a sandy grey soil

containing fragments of fermginised sandstone bedrock and glazed pisoliths.

These pisoliths are of two distinct sizes. Bot,l. have similar mineralory

although the smaller ones (BOU 529) have a more strongly glazed appearance

and contain more Fe2Og and more maghemite than the larger ones (BOU 528)

(Table 6.1; Figure 6.2).
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The calcareous fine-earth material that separates bedrock from the overlying

pisoliths may not provide a complete blanket over the Blue Range, although it
could have been leached or washed from some of the upper slopes; certainly it
penetrates well into the underlying weathered bedrock.

The well-sorted and small purplish-black pisoliths (BOU 529) form an almost

continuous lag over the highest areas of the summit surface where they are

underlain by the calcareous fine-earth. The calcium carbonate is probably of

Quaternary age and aeolian origin (Milnes & Ludbrook, 1986) and the pisoliths

could have moved progressively to the surface with successive accretions of

calcium carbonate in the fashion described by Jessup (1960) and Chartres (1983)

to account for the formation of desert pavements. An important alternative

process involving biological influences is currently operating as ants are

carrying small pisoliths from depth to the modern ground surface. These

pisoliths may have originated as fragments of mottled bedrock carried to the

surface by ants. The pisoliths are extremely magnetic, well-sorted and glazed,

which suggests modification in a near surface environment.

6.3. 1. 1. 1.2 Glenuille Etch Surføce

Two sites on the Glenville Surface mapped by Twidale et øI (1976) were

examined. Mount Nield was regarded by Twidale et ø1. (1976) as part of the

Glenville Etch Surface (their Figure 'l , page 39) (Fie. 6.1) (Plate 6.2) where

'there is iron-oxide accumulation in for:ner scarp-foot zones.' However, Mount

Nield (Mangalo Ìvß" 407745) is a quartzite peak and no indications of iron

enrichment could be found during field investigations here.

In road cuttings approximately 2 km north of Mount Nield weathered

and mottled bedrock is exposed, but this weathering has developed in sulphide-

rich metasediments. The rocks contain pseudomorphs of pyrite and there is no

justification for attributing the weathering to the Mesozoic. Analyses were

made of slightly weathered bedrock (BOU 524) and oxidised bedrock from the

road cutting (BOU 530) (Table 6.2; Figure 6.2). The oxidised bedrock contains

23.72Vo Fe2O3 and in addition to containing p¡rite, was comprised of quartz,

goethite, kaolinite and smectite. In this general locality there are several

blocks of fernrginised fault breccia, which $/ere probably impregnated by iron

released from sulphide-rich zones. Nearby, mica-schist bedrock at the surface
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is unweathered (BOU 523). At this locality there is little evidence to support the

etch surface interpretation of Twidale et aI. (1976).

6.32 Low I-evel Weather¡ed and Inon Mottled 7nnæ

6.3.2.1 Th,e Corrobinnie Deprcssion

The Corrobinnie Depression is a linear lowland which extends in a
northwesterly direction for about 200 km from near Kimba on E¡rre Peninsula

(Fig. 6.1). Bourne (7974) considered that it follows a prorninent fracture zone

because of its linearity, its conformity to the regional tectonic pattern and its

modern seisr''ic activity. She suggested that it may have originally been a

graben or fault-angle depression subsequently modified by denudation thereby

destroying its original form. The transformation of the tectonic fault feature

was considered to have occurred as a result of run-off from the Gawler Ranges,

or by the pronounced weathering of the underlying granitic bedrock, or a

combination of the two. Subsequently, Barnett (1978) and Binks & Hooper (1984)

demonstrated that the Corrobinnie Eepression is a large Tertiary

palaeochannel, although it could be structurally guided.

The Depression stands at a maximum of 30 m below the level of the

surrounding plains at an elevation of approximately 100 m asl. Many salinas

occur within the Depression, the largest being about 6 km2 in area. Halite

crusts occur over saline muds and islands and bordering cliffs are composed of

dolomitic silts and silicified dolomite of lacustrine origin (Bourne, t974).

Spectacularly mottled and kaolinised bedrock and ferricrete cmsts ocsur

within the Corrobinnie Depression. For example, approximately 25 km north

of Wudinna, near the margin of a salina, natural erosion has exposed

weathered and mottled Precambrian gneissic bedrock. Dark hematitic mottles

up to 30 cm across occur within the bedrock (Plate 6.3), in which primary

bedrock structures are readily apparent. However, the total iron content of the

coarse mottles (BOU 508) is only 4.93Vo and that in t,Le bleached zones (BOU 509)

(Table 6.3; Fig. 6.3) is approximately L.ïVo, so that the marked variation in
physical character depends on only a few percent of Fe2Og. The Fe2Og in the

bleached zone may have been present in minerals other than the secondary

iron oxides, and insufficient in quantity to be detected by XRD. The dominant

iron r''ineral in the mottles is hematite, with some goethite. Kaolinite is thg
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dominant secondary mineral in the bleached rock. Both the bleached and

mottled areas contain halite, and while this may have been derived from the

nearby salina, it may also indicate stored salt in the weathered profile (Gunn,

1985), and the salt may have been important in promoting the weathering

processes.

Unweathered gneissic bedrock (BOU 518) (Table 6.3; Fig. 6.3), collected from
salients of unweathered rock nearby, contained 3.7íVo Fe2O3, so it appears that

the mottling process in this situation did not require inputs of iron from

external sources, but merely a relocation of iron within the bedrock during

weathering.

Comparisons of the unweathered, mottled and bleached bedrock provide

some interesting data apart from the small variations in total iron content.
The SiO2 content of the unweathered bedrock (BOU 518) is considerably greater

tha¡r the mottled (BOU 508) and bleached (BOU 509) materials, which have

similar SiO2 contents. Depletion of bases within the weathered materials is

also apparent; for example the CaO content of the unweathered bedrock is

t.l9Vo whereas that of the mottled material ís 0.037o and that of the bleached
material is 0.027o. Similarly there is a decrease in K20 from 5.36Vo

(unweathered) toL.L37o (mottled) andL.48Vo (bleached). Surprisingly, there is

an increase in MgO from 0.477o (bedrock) to O.l57o (bleached) to l.O Vo (mottled).

There has also been a general increase in Al2O3 content upon weathering from

72.87Vo (bedrock) , to L7 .OíVo (mottled) and 23.847o (bleached), largely reflected in
the content of kaolinite in the bleached and mottled zones. No gibbsite was

detected in the mottled and bleached materials so that the alumina present is
presumed to be combined form reith SiO2 largely as kaolinite. MnO, CaO, KzO,

SiO2, PzOr andZrO have all been depleted in the weathering process, whereas

TiO2, AlzOg and MgO have increased in concentration.

Other related gamples of weathered and iron-mottled gneiss (BOU 519)

collected 2l .2 krn east of Kimba (Barna MR 533356) at 220 m, asl and (BOU 521 )

from 30 km east of Kyancutta (Koongawa MR 777307) (Table 6.3; Fig. 6.3)

displayed similar relatively low iron contents and depletion of bases, although
once again both K2O and MgO were higher than would be expected from

severely weathered bedrock.
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The similarity in total iron content between unweathered, mottled and bleached

zones suggests that there has not been a major influx of iron oxides from an

external source to provide for the mottling in the fashion implied by the work of

Finlran (1981). Rather it appears that there has merely been a relocation of the

original iron within the bedrock as weathering proceeded. Within the zone of

mottling there appears to have been contemporary iron mobilisation from pre-

existing hematitic mottles into adjacent areas as goethite (Plate 6.3),

suggesting that the iron mottles may have considerable age ranges $'ith

contemporary processes modifying them.

At a slightly higher level in the section exposed, the iron content increases

markedly. At the surface, dense mottles, the distribution of which is controlled

by bedrock structures, have a vesicular or slag-Iike appearance (Plate 6.4).

They have an iron content of 4L.55Vo (BOU 517) (Table 6.3; Fig. 6.3), which
suggests accession from a more distant sou,rce. TÌ,re K2O, MgO and Na2O

contents are much less than the coarsely mottled material, suggesting greater

weathering effects. Furthermore, the SiO2 content is 4.4Vo less and the Al2O3

content has decreased from ]-7.OíVo tn 2.347o. The dominant iron mineral in
the aligned mottles is hematite. The diffractogram suggested that a trace of

maghemite occurs in this sample, and this was verified by reaction to a

magnet. The absence of goethite and the occurrence of maghemite in
association with a large hematite content suggests the possibility of marked

iron enrichment in these zones together $'ith surficial modifi.cation, perhaps by

baking associated \Mith fire. The vesicular macro-fabric of BOU 517 is in
sympathy $'ith concentrations of iron oxides having been introduced in
solution. The dense and aligned mottles occur on a stripped unconfonnable

surface between the Precambrian basement rocks and the Tertiary Garford

Formation (M. Benbow - pers. cotnm.), and the contact may have favoured the

ingression of iron oxides, which were later modified after exposure to

atmospheric processes. The base of tLe low cliff at this site marks the position

of the unconformity between the mottled basement rock and overlying

weathered clay-rich sediments (Plate 6.5). The contact between the two is quite

sharp. In turn the clays are overlain by a ferricrete cmst. As st¿ted above, thq

sediments overlying the coarsely mottled basement rock may represent the

Eocene Garford Formation, a palaeochannel deposit (Benbow & Pitt, 1978). The



203

clays in these light-coloured sediments (BOU 510) (Table 6.4; Figure 6.3) directly

overlying the mottled bedrock consist dominantly of kaolinite, but also contains

unweathered minerals. Overlying the bleached clay-rich zone is a ferricrete,

which consists of yellow (BOU 511) and red (BOU 512) coloured iron oxides

(goethite and hematite) with clays occupying voids within the ferricrete (Plate

6.6). The total iron content of the ferricrete is 24.82Vo $rith 35.3Vo SiO2 and

21.297o AlzOg. The hematite-rich sections of the ferricrete cnrst have a higher

Fe2Os content than the goethitic sections. The clays (BOU 513) within voids in

the ferricrete display a similar mineralory to those underlying the crust

suggesting differential iron-oxide impregnation of a clay-rich sediment.

Greater relative amounts of fiO2 in the clays than the crust proper may

support the view of iron influx into the cmstal material.

An iron-rich mottle (BOU 516) (Table 6.4; Fig. 6.3) collected from a position

2 m below the surface of the low cliffwas also analysed. Field observations

together $'ith the ahemistry and mineralogy of the mottle suggest that it is an

iron oxide impregnated sandy sediment occurring within a fine-grained

deposit, suggesting lithological control in the development of the mottle.

At the surface a variety of fericretes occurs including an iron-impregnated

sandy sediment femicrete (BOU 514) and a pisolitic ferricrete (BOU 515) (Table

6.5; Figure 6.4) with similar mineralogy and chemistry. Although maghemite

could not be clearly identified by XRD, both samples reacted to a magnet,

suggesting its presence. A third variant of the surface ferricrete, a fragmental

tfæe (BOU 505) was separated into matrix material (BOU 506) and fragments

(BOU 507) (Table 6.5; Fie. 6.a). Both have similar mineralory although the

relative proportions of the minerals varied. For exarnple, there was more

hematite, kaolinite and anatase present in the fragments than in the matrix

and more quan1oz and goethite in the matrix. The iron content of the matrix
(íO.7LVo) is greater than tl.at of t,Le fragments (35.47Vo). As suggested by

magnetic reaction, the fragments contain maghemite, whereas the cementing

matrix does not. Similar fragmental fendcrete (BOU 588) (Table 6.5; Fig. 6.4)

collected from a second exposure of t,Le Garford Fomation within the

Corrobinnie Depression returned almost identical chemical and mineralogical

analyses.
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The field and analytical evidence from this site suggests that there has been

local redistribution of iron oxides (as with the large hematitic mottles in the

Precambrian basement rocks), ingressions of iron-rich solutions (as at the

exposed unconfonrrity and in some of the surficial iron-impregnated sandy and

gntty sediments), and the physical accumulation of surficial angular

fragments and rounded pisoliths. The profile described here is a composite one

involving Precambrian basement rocks and Tertiary (Eocene(?)) sediments

variably weathered and iron-enriched, further illustrating the complex and

polygenetic nature of such weathering profiles.

Several other samples collected for the author from the Corrobinnie Depression

by Dr. N.F. Alley of the South Australian Department of Mines and Enerry
'were also analysed. The occurrence ofjarosite, alunite and smectite in a
ferricrete (BOU 573) (Table 6.6; Fig. 6.a) over\ring unconsolidated sand in a clay

pan bottom (Plate 6.7) 10 km northwest of Pinjarra Dam (Figure 6.1) is

compatible with the accumulation of iron from groundwaters within a
lacustrine environment. Reddish-purple sandy clay with yellow streaks (BOU

587) (Table 6.6; FiS. 6.a) recovered from below the level of the above ferricrete

also contained rninerals such as natro-jarosite, alunite and barite(?) compatible

with a lacustrine origin for the iron accumulation. $arnple BOU 579 (Table 6.6;

Fig. 6.4), an iron-impregnated. gritstone also contains jarosite and alunite and

may have had a lacustrine origin. It appears very likely that within the

Corrobinnie Depression the presence of lakes and sluggish drainage of fomer
Tertiary palaeochannels favoured the accumulation of iron oxides and this

could account for the sporadic distribution of fericretes in the area rather than

assuming that it is due to the differential erosion of more or less continuous

ferricrete crusts.

Other samples of pisolitic ferricrete including (BOU 582) were collected from a

near-surface position and resting on or incorporated within the sediments of

the presumed Garford Formation of the Corrobinnie Depression were also

analysed (Table 6.7). Bulk chemical and mineralogical analyses of this sample

(BOU 582) revealed sirnilar compositions to sample (BOU 515) (Table 6.5; Fig.

6.4), which was collected from a similar stratigraphic and landscape position.

Pisoliths ef sample BOU 582 occurred both in iron-rich matrix material and in
bleached clays. The pisoliths were hand-separated from the matrix and both
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\¡¡ere analysed separately to try to determine whether the pisoliths vrere

significantly different in composition and thus likely to have been transported

and incorporated into the matrix material at a later date.

In all samples analysed. the pisoliths displayed different rnineralogical

compositions and iron and titanium contents to those of the surrounding

matrix materials. For sr(ample pisoliths (BOU 583) separated out of BOU 582

(Table 6.7; Fig. 6.5) contained hematite, kaolinite, maghemite and anatase,
with an iron content of 30.26Vo and TiO2 content of L.24Vo, whereas the iron-rich

matrix (BOU 584) contained dominantly goethite $¡ith only minor hematite,

kaolinite, smectite, felspar and anatase, with no maghemite detected either by

XRD or by magnetic susceptibility. The iron content of the matrix is
considerably less atL9.947o as is the fiOz content of 0.687o. Similar

relationships exist between BOU 574 (iron-rich pisoliths) and BOU 575 (iron-

rich matrix). Part of the matrix in which the pisoliths (BOU 583) occurred was

iron depleted (BOU 585) (Table 6.7; Fig. 6.5), which further demonstrates the

diverse origins of the pisoliths and their matrixes. Pisoliths (BOU 576) within a

matrix of bleached clays (BOU 577) displayed even greater differences in
chemistry and mineralory (Table 6.8; Fig. 6.5).

In all cases the pisoliths contain more iron, dominated by hematite and

maghemite, whereas the main iron r"ineral in the iron-rich matrix material

is goethite. Where maghemitic pisoliths are found at depth it is likely that they

have been incorporated into tLe matrix material after being at the surface.

However, the possibility of pisolith fomation in situ at depth should not be

discounted totally as discrete nodules of pallid material occr¡r within a bleached

matrix in BOU 586 (Table 6.8; Fig. 6.5). It is also possible that this situation

could have arisen as a result of the total bleaching of pisolitic fericrete, the

interpretation that is favoured in this thesis. In some situations both iron-rich

and iron-depleted pisoliths can occur juxtaposed within a bleached matrix.
The evidence presented above suggests tJrat regardless of where the pisoliths

originally fomed they spent some time at the surface, undergoing

modifications, before being reincorporated into younger sediments.
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6.3.2.2 Weøthering on Mount Cooper

Small pockets of weathered materials occur on the porphyry bedrock of Mount

Cooper (Venus T{ß"704470) at 200 m asl on Eyre Peninsula (Plate 6.8). Four

samples were analysed to examine the progression of weathering through

from unweathered porphyry bedrock (BOU 500) (Table 6.9; Fig. 6.6), to slightly

weathered, brownish bedrock with an intact bedrock fabric (BOU 504), to

weathered and bleached bedrock (BOU 503), and to severely weathered and

mottled bedrock (BOU 501). The variation in iron content is only minor. With
gteater weathering the contents of MnO, CaO, K2O ,P2Og, MgO, and Na2O

generally decrease and there is an increase in ZrO in the weathered mottle, in
which there has also been a marked increase in Al2O3 and a decrease in SiO2.

The dominant minerals in the unweathered bedrock (BOU 500) are felspars,

quatlz and micas, with some smectite. In the slightly weathered brownish

bedrock (BOU 504) rvith intact fabric, quartz, felspars, srnectite, lnicas,

tourmaline and smectite occur. The weathered, bleached sample (BOU 503) is

dominated by quartz and felspars, with some smectite and kaolinite. On the

other hand, the weathered mottle (BOU 501) contains large amounts of
kaolinite, reflected in the marked increase in Al2O3 (combined with SiO2 as

there is no free aluminium present). Smectite and hematite are also present.

These analyses demonstrate that care is required in attributing'deep

weathering' involving kaolinisation to materials that may simply be bleached of

iron.

6.3.2.3 Point Lafutt
Twidale et al., (1976) considered that there are no remnants of a former regolith

at the base of the high aeolianite cliffs at Point Labatt. However, such a

weathered zone does occur (Plate 6.9) (Milnes et a1.,1985). A kaolinised and

mottled zorre, developed in granite, is overlain by a sedimentary iron-rich crust

at the modern shoreline, at the foot of precipitous coastal cliffs that are

essentially formed of aeolianitp of the Bridgewater Fomation. The cn¡st

overlying the mottled material is an ironstone gravelly crrst fomed of nodules

and pisoliths with poorly developed rinds set in a sandy matrix, which is less

iron-rich than the nodules, and contains some clay and fine silt. Titanium is
present in the matrix, which may be silicified (Milnes et ø1.,1985). The above
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provides an example of a bedrock weathered profile overlain by a sedimentary

ferricrete close to present sea level.

6.4 Soutlrem EJ¡re Peninsr¡Ia

6.4.1 Weathered and Mottled Bedroch Tnnlæ

The so-called 'laterite' of Southern Eyre Peninsula, characterised by 'deep

weathering' and mottling has been con-fined essentially to the high sections of

the Lincoln Uplands by Johns (1961b), Firman (1967) and Twidale et aI. (L976).

However, apparently similar occurrences have now been located varying in

elevation from sea level to the summit surface (Fig. 6.7).

6.4.1.1 Coastal CIiffs øt Sleøford Bøy

In the coastal cliffs of Sleaford Bay (Sleaford MR 655417), Precambrian

metasediments and granites have been weathered and ferruginised (Plate

6.10). In contrast to the view of Johns (1961b) there appear to be strong

Iithological corirtrols i'mposed on weathering and rnottling of bedrock in detail.

Analyses of mottled g¡anite bedrock (BOU 53a) (Table 6.10; Fig. 6.8) revealed a

chemistry and mineralogy typical of such material, being generally depleted of

bases, but not totally kaolinised and with hematite being the dominant iron

oxide. Ttre bleached section (BOU 535) of this weathered zone differs from the
mottle (BOU 534) primarily in its lower Fe2O3 content and higher TiO2

abundance. Mulcahy (1960) noted similar higher titanium contents in the

bleached zones in Western Australia. Mottled gneissic bedrock (BOU 537) from

the s¡rne weathered zone displayed similar relationships to adjoining bleached

material (BOU 538) (Table 6.10; Fig. 6.8).

In places the weathered and mottled basement rocks are directly overlain by

calcrete that contains abundant pisoliths; elsewhere carbonate has been

leached down into the weathered zone where the calcrete has been eroded and

the surface is mantled with glazed pisoliths (Plates 6.11; 6.12). The iron oxide

mineralory of these near-surface pisoliths (BOU 536) (Table 6.11; Fig. 6.8) is

dominated by hematite and maghemite with t¡pically high Fe2O3 contents

(42.69Vo).

The pisoliths are sometimes overlain by a thin sandy soil, which superficially

might be interpreted as a fossil 'lateritic' A-horizon. Ilowever, it seems clear
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that the sand has derived from the nearby beach as a result of aeolian activity.

Cliff-top dunes occur in the area, and in one locality sand can be traced

continuously from the back beach up the cliffface to the clifftop.

At a point along the clifftop, as far as the road extends, there is a small valley

cut into the weathered zone that has been filled with pisoliths which are

hardening and cementing to form a detrital pisolitic crust of recent age (Plate

6.13). This pisolitic crust (BOU 532) (Table 6.11; Fig. 6.8) at the top of the cliffs

contains quartz, kaolinite, hematite, possible gibbsite, smectite, goethite and

anatase. Surprisingly no maghemite was detected by XRD but a powdered

sample showed a very slight reaction to a magnet. A seepage spring-line

occurs at the base of the sandy soil overlying the pisolitic crust in winter
(observed ontUS/$4) and is probably assisting cementation of the pisoliths.

Similar seepage phenomena u/ere noticed in many localities throughout the

Lincoln Uplands. Below the accumulation of pisoliths a pronounced

quadrangular bleaching pattern, possibly following old root zones in part,

occurs. However, the incipient pisolitic fendcrete is clearly much yowlger

than the underlying weathered zone.

Pisoliths also occur on a surface lower than the crust at the clifftop. Ttris

obsenration suggests complex reworking and modification of the weathered

profile and demonstrates its polygenetic character. Crusts in these situations

may be quite young, if indeed they are not currently forming.

A short distance away at the intersection of the Sleaford Bay and Sleaford Mere

(Sleaford MR 657425) roads, a conglomeratic and pisolitic fen:icrete (BOU 533)

(Table 6.11; Fie. 6.8) has been exposed in a scrape for road metal. It is overlain

by calcretæ and recent dune sand. This fericrete, which stands at about 30 m
asl containslS.TLVo Fe2O3 and 8.66Vo AlzOs but is dominated by SiO2 (67.2Vo),

which probably reflects the quantity of quartz-rich clasts in it.

6.4.1.2 Quarry ræør railway crossing on Sleaford Merc Roød fronting
embayrnent of Port Lincoln Proper (Jussieu MR 748517).

Quarrying at this site has exposed weathered and mottled Archaean

bedrock, which, in turn, is overlain by younger mottled sands and clasts. These

composite weathered zones are overlain by calcium carbonate-rich
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deposits, which have been washed into the underlying weathered material.

This site is close to the shoreline and stands only about 10 m above sea level.

6.4.1.3 Lincoln Highwøy seueral kilometres north of Tltmby Bøy.

At an elevation of about 70 m asl grits and sands on the eastern side of the

Lincoln Highway (Butler MR 137153) display weathering and prominent dark

red mottles (BOU 567) and yellow fermginous stainings (BOU 568) (Plate 6.14)

(Table 6.12; Fig. 6.9). The dominant iron rnineral in the red mottles is hematite

and that in the yellow mottles, goethite. Both samples contain abundant quartz

and lesser amounts of hematite, goethite, kaolinite and smectite. The red
mottled sample contains more Fe2O3 (LL.647o) than the yellow sample (8.69Vo).

All other elements have similar abundances in the two samples.

A short distance south of the previous site on the eastern side of the highway
(Butler Nß"L24L29) other exposures of weathered. and mottled zones have been

exposed by road-making. A bloak containing a red. hematitic mottle (BOU 569)

set in a matrix of goethite (BOU 570) and bleached material (BOU 571) (Table

6.121. Fig. 6.9) was collectpd. It had a close resemblance to material collected in
the Corrobinnie Depression lSamples BOU 512 (red), BOU 511 (yellow) and BOU

513 (bleached material) (Table 6.4)1. Samples BOU 569, BOU 570 and BOU 571

may have suffered greater weathering than those in tJre Corrobinnie

Depression as they contáin more kaolinite. There is a large variation in iron
content between the three samples at47.22Vo (red mottle),I6.54Vo (yellow
matrix) andL.387o (bleached matrix). The matrix material contains more TiO2

(l.29%o-bleached; l.73Vo-yellow) than the red mottle atO.lL%o. The bases are
generally depleted in all samples apart from Na2O, probably occunring as

halite, which is present in all sa'nples probably as an addition to the original

bedrock after weathering.

6.4.1.4 Quørry 3.2 km north of Koppio in the Tod Riuer Vøllny (Koppio

MR 785930)

Quarrying has exposed kaolinised and mottled bedrock in the Tod River Valley

and here it extends virtually to the base of the modern river valley (Plate 6.15).

The weathering front is quite irregular, however, as a short distance upstream

from the quarry salients of unweathered granite crop out in the valley floor.

The weathered zone displays both bleaching and mottling, with intricate
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mottling pattern has been broadly controlled by bedrock structures and in

places the character of the mottling can vary $¡ith subtle variations in lithology.

In detail, however, the mottles seem to have developed independently of bedrock

structures. The top of the profile is draped with calcium carbonate in a shallow

surface depression. In turn, this carbonate is overlain by ferruginous

maghemitic pisoliths.

Purple-coloured mottles (BOU 559) and intervening bleached zones (BOU 560)

(Table 6.L4; Figure 6.11) developed in Precambrian gneiss were found to have

characteristics and relationships resembling other similar materials, with

iron oxide abundance being the major difference. However, the bleached

material had higher contents of TiO2 (I.66Vo tn 0.687o), KzO (3.O0Vo tot.32Vo) and

MgO (O.ítVo to 0.25Vo). These differences may suggest that there has been, on

the one hand, movement of iron from the bleached rock to the mottles and

greater retention of the above elements in the bleached areas. Proportional

corrections to the chemical composition of the bleached material by assuming

simply a loss of iron support the above interpretation.

Sporadically throughout the weathered zone there are zones enriched in iron

that take the form of vesicular masses resembling bog-iron ore (BOU 561) (Table

6.14; Fig. 6.11). These contain up to 78.67o Fe2O3 dominantly in the form of

goethite, with some hematite. Such concentrations have probably resulted

from the deposition of iron introduced in solution at a late stage in the

weathering process. Elsewhere it has been noted that this forrr of iron-

enrich-ment has occurred by the replacement of organic material with iron

oxides, and this may also be the case here.

A second mottle (BOU 562) and an adjoining bleached zone (BOU 563) were also

analysed revealing a similar variation in mineralogy and chemistry as with

the previous samples BOU 559 and BOU 560 (Table 6.14; Fie. 6.11). The mottle

is less iron-rich tha¡r BOU 559 but the relationships of TiO2, KzO, MeO andZrO

between the mottled and bleached materials are similar. The bleached zone

also contained halite, which has been noted in a wide variety of weathering

profiles.
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This cutting at approximately 230 m asl is lower than the summit surface, and

similar mottled material is exposed east of the cutting at considerably lower

levels, suggesting that the weathering took place over an irregular surface, or

the weathered land surface has been offset by earth movements since the major

weathering occurred.

6.4.1.7 Cutting east of tower on Tfu.mby Bay-Cummins road, (Koppio MR

s779A)

As at the previous site coarse red hematitic mottling occurs with variations

largely reflecting bedrock structures and lithologies, although coarser mottles

invariably occur at changes in slope. A palaeochannel filled with alluvial

deposits occurs in the weathered bedrock (Plate 6.19) and both the bedrock and

the sediment are mantled with a yellow podzolic soil. A coarse red mottle (BOU

566) at the base of the profile displays characteristic che-¡stry and mineralogy

(Table 6.15) (Fie. 6.11). Ttre chemistry and mineralogy of crust-like material

(BOU 565) collected from half way up the slope above the cutting suggests that it
derived from minor modification of a forrrer in sítu mottle. A ferricrete

fragment (BOU 564) was collected from the top of the landsurface above the

cutting at about 300 m asl. This sample shows an increase in Fe203 to 47.737o, a

marked decrease in the proportion of SiO2 tn tí.l%o and a slight increase in

AlzOg tot8.587o. Furthermore, goethite is the dominant iron oxide in this

sample, whereas hematite dominated in BOU 566 and BOU 567. These

analyses are compatible u¡ith the view that the crust-like material has derived

from the hardening and weathering modification of fragments of mottles that

formed a surface lag consequent upon the erosional lowering of the land

surface. There is a similar increase in goethite and a decrease in hematite

from depth to the surface at this site as at the Range Road cuttings on the

summit surface of the South Mount Lofty Ranges (Chapter 4), and further

illustrates the progressive transfonnation of inherited hematite to goethite by

dissolution and reprecipitation.

6.4.2 Pisolitic and Nodular Ferrícretes

Several ferricretes have already been mentioned in the context of mottled

profiles, but others occur where the underlying material is not exposed. Where

crusts do occur they are not continuous. Furthemore, in contrast to the

assertion of Johns (1961a), there is no evidence that the crust remnants ever
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'were continuous, particularly in view of the observation that they appear to

relate to former depressions in the landscape. Nowhere $¡ere crusts observed

to be developed by in situ weathering. In places hardened mottles form a lag at

the surface to form a crust-like mantle. Elsewhere surficial sandy and gritty

sediments possibly indicating fomer valley floor levels have been impregnated

by iron oxide cement. Pisoliths have been cemented together to fonrr pisolitic

crusts and conglomeratic ironstone crusts that display a nodular and blocky

habit have fonned in a similar fashion.

6.4.2.1 Quørry 3.2 km north of Koppio in the Tod River valley (Koppío MR

785930).

The weathered and mottled zone that extends down to the valley floor and

which has been discussed above is overlain by a pisolitic ferricrete crust (BOU

539) (Table 6.16; Fig. 6.12) that mantles a steep slope at about 170 m asl a¡rd

forms a minor breakaway. It cumently occurs high up on the modern valley

side slope, but may have been originally depositod ir.l a near valley base

environment. Minerals identified in this ferricrete include hematite, quartz,

kaolinite, gibbsite, maghemite, anatase, vermiculite and boehmite. It contains

a high Fe2O3 content of 56.97o, and only L4.37o SiO2, the majority of which is

probably combined with AlzOs (24.86Vo) as kaolinite although both gibbsitp and

boehmite are present. The identification of boemite in this sample is

significant. It is well known that maghemite may form during burning in the

presence of appropriate organic matter by the transforrnation of goethite or

lepidocrocite (Fitzpatrick, 198?), and strong heating is suggested by the high

maghemite content of this sample. However, the transfomation of gibbsite to

boehmite by high temperatures achieved during bushfires has not been

extensively recognised, although it may be relatively conrYnon (Fitzpatrick,

1e87).

Higher up the slope at about 230 m asl another breakaway edge occurs. It is

formed of fernrginous material that superficially resembles a ferricrete cmst.

However, the fermginous material is inherited from ancient iron-rich rocks,

Precambrian hematitic quartzites (BOU 540) (Table 6.16; Fie. 6.12). No

maghemite was unequivocally detected by XRD, but the sample reacted. to a

magnet, so that maghemite can be assumed to occur. Analysis of an
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unweathered sample of hematitic quartzitn (BOU 543) (Table 6.16; Fig. 6.12)

revealed similar constituents to BOU 540 but a lower Fe203 content.

The hematitic quartzites have doubtlessly provided sources of iron for some of

the ferricretes, but care is required in distinguishing the inherited iron-rich

zones from younger cmsts that have developed as a result of iron-enrichment

induced by more recent weathering. For example, an outcrop of hematitic

quartzite occurs in a road cutting down valley from the quarry near the modern

valley floor: the presence of bedrock structures, however, allows it to be

distinguished as an inherited iron accumulation zolae.

6.4.2.2 Wanilla Conseraation Pørk Manilla MR 653773) at 190 m asl.

A pisolitic to nodular ferricrete occurs in the TWanilla Conservation Park well

below the level of the summit surface on modern valley sides. The chemical

analysis of this ferricrete (BOU 549) (Table 6.17; Fig. 6.12) is typical of complex

pisolitic ferricretes. Significar,rtly, the r'nineralory of thie sample includes

gibbsite, boehmite and a small amount of maghemite as suggested by magnetic

reaction. T'he presence of boehmite once again suggests that individual

ferruginous and aluminous clasts have been affected by strong heating by

bushfires in the past.

6.4.2.3 Tod Riuer Rpsentoir Road

The ferricretes on the Tod River Reservoir Road (Koppio MR 755828) occur on

the edge of a low angle slope at 160 m asl well below the summit surface. The

crust (BOU 545) (Table 6.17; Fig. 6.12) consists of iron-cemented bedrock

fragments, pisoliths and blocky nodules. The minerals identified in the

ferricrete include goethite, gibbsite, quartz, hematite, kaolinite and anatase.

The fendcrete is comprised dominantly of 35.21VoFe2Og,2L.3Vo SiO2 and25.49Vo

N2Os%o. Other semples of t,Le same crust (BOU 547 and BOU 548) had similar

mineralogy and chemistry even though they appeared to have been heated by

recent fires. No maghemite was detected in either sample by XRD but BOU 547

displayed reaction to a magnet. A fermginous conglomerate at a lower level

down the slope (BOU 546) appeared to have been derived by reworking from the

higher crust. The iron content of the lower ferricrete atLO.24Vo is much less

than the higher one and it is of note that hematite is the dominant iron oxide

with no goethite being detected, and that it contains no gibbsitæ. The variations
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in mineralory between the samples may reflect either slightly different

environments of formation and./or different times of formation, with the time

variation representing a period during which the modification of one to the

other may have occurred. The difference in chemistry and mineralogy may

reflect variations in weathedrg, with the higher fenicrete being subjected to

longer periods of leaching resulting in the formation of greater amounts of

kaolinite and gibbsite. Alternatively, sufficient heating by bushfires could help

to explain the observed differences.

6.4.2.4 Krntt HiIl
Nodular ferricrete with a blocky character occurs sporadically on the summit

surface of the Lincoln Uplands and on the northern flank of Knott Hill (Koppio

MR 765869) on a low angle slope, below the summit surface at 190 m asl.

Massive nodular ferricrete (BOU 551) (Table 6.18; Fig. 6.12) contains goethite,

hematite, quartz, gibbsite, kaolinite and anatase, wiüh a ohemical composition

dominated by Fe2O s(35.63Vo), SiO2 (22.L7o), and Al2Os(24.19Øo). A shallow road

cut downslope from the massive ferricrete revealed a texture contrast soil

fom,ed of a sandy A-horizon with pisoliths overlying a clay-rich B-horizon

containing blocks of mottled bedrock incorporated within the clay matrix (Plate

6.20). The blocks of mottled bedrock resemble those in the hardened crust.

Combinations of the chemical and mineralogical compositions of the isolated

nodules (BOU 550) and the enclosing soil materials (BOU SSZ) (Fig. 6.12) could

give rise to a ferricrete closely resembling BOU 551 if cemented by additional

iron and aluminium oxides. Thus the present soil containing detrital clasts of

bedrock mottles and./or fendcrete fragments could represent the precursor of a

new crust forming today on a low angle slope. Water was passing through the

upper part of the soil when the field obsen¡ations \Ã¡ere made during winter so

that it is clear that the iron-rich soil is subjected to seasonal wetting and

drying, which may be important in causing aluminium and iron-enrichment

and soil-hardening.

6.4.2.5 Yallunda, Fløt

Near Yallunda Flat (Koppio MR 805895) a massive pisolitic ferricrete crust

occun:ing near the base of the modern valley floor (Plate 6.21) has been exposed

by quarrying. It appears to continue to higher points to the northeast. The

mineralory and chemical composition of this fendcrete (BOU 572) is shown in
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Table 6.18 and is characteristic of many pisolitic crusts that have formed by the

physical accumulation of pisoliths in lowlying positions in the landscape and

their subsequent cementation by iron oxides introduced by iron-enriched

waters. Firman (1967) defined the'YøIIunda Ferrícrete' as occurring on

interfluves. However, most commonly there are no ferricretes on interfluves

but they are best developed in relatively low, or fom.erly low positions in the

landscape, as is the case in the example described above.

6.43 Fernrginisedsediments

6.4.3.1 Vesiculør ferricrete

Isolated blocks of ferricrete displaying a vesicular to massive structure, with
high Fe2O3 contents as goethite have been noted within various weathered and

mottled zones, indicating the influx of iron oxides in solution into weathered

zones, probably containing organic material.

Although not investigated, ferricrete resembling vesicular bog-iron ore has

been reported from the Wadella Springs area about 11 km ÌW.N.W. of Tumby

Bay by Mawson (1907b). It occurs as a large ore body on a flat-topped hill about

215 m asl. Mawson (1907b) described the fenricrete as 'large masses of solid

limonite, breaking with a varnish-like fracture, set in a matrix of an impure

earühy variety.' He also noted the contemporary precipitation of iron oxides

and calcium sulphate in association with the springs, and suggested that the

bog-iron ore deposits had originated in this way. The description provided

accords $'ith the view that the fenicrete here is a vesicular type, composed

dominantly of goethite and formed by the influx of iron-rich waters into a

former fresh-water swamp environment where the iron oxides replaced and

precipitated around organic material.

6.4.3.2 Ferricrcted sedimcnts in palacochann'el dcposits

At a number of localities in the Lincoln Uplands, cut-and-fill structures,

probably representing Tertiary palaeochannels, have been exposed in road

cuts. For example, a few km west of Port Lincoln (Lincoln MR 717597) at 80 m

asl, iron-indurated, coarse, poorly rounded gravels and sands occupy former

valleys cut into weathered and mottled basement rocks (Plate 6.22), and, in

places have been cemented to form fericretes. The fill material is weathered

and mottled as well as the basement, but the weathering has probably affected
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the basement rocks and the fill material at different times as clasts of the older

mottled materials occur in the channels. Rhizomorphs occur in the gravel fiII

suggesting a former vegetation cover. The fluvial fill is overlain by a carbonate

blanket with a continuous gravel layer at its base. A Mollisol has developed on

the carbonate and pisoliths occur at the soil surface.

Other channels are exposed in road cuts on the Tumby Bay-Cummins Road.

The first major road cutting nearest to Tumby Bay exposes channel fills of

basal coarse debris, which does not appear to have travelled far. This fines

upwards to grits and sands which are capped by a yellow podzolic soil, which is

in turn mantled by pisoliths. There are strong hematitic mottles in the

weathered basement rocks whereas the mottles in the fill material are more

goethite-rich. These variably weathered and fermginised channel fills near or

on the modern summit surface have analogues in the Southern Mount Lofty

Ranges (Chapter 4). On Eyre Peninsula they have been uncritically included

with other varieties of ferricrete as t}:re YøIIunda Ferricrete by Fir:rnan (1967;

1981).

6.5 Discussion and Condr¡sions

The field and laboratory investigations reported here further confim the

interpretation of weathered zones and ferricretes as complex, polygenetic

features that cannot be sit ply interpreted in terms of inheritance from ancient

weathering events. Weathered profiles and their relationships to younger

deposits, including calcareous blankets, fluviatile fills, and soils \¡¡ith

fermginous lags, demonstrate the progressive, continual and polygenetic

development of t,Le profiles and of the curent land surface.

Furtherrnore, these investigations higtrlight hazards in utilising them to date

various landsurfaces, particularly where they have been used to correlate

landsurfaces inter-regionally. Some apparently'deeply weathered zones' and

fernrginous crusts may have developed quite recently through the weathering

of sulphide-rich rocks, or be iron-rich zones inherited from Precambrian

bedrock. This may have led to the unwamanted recognition of the Glenville

Etch Surface. Furthermore, the gteat variability in the depth of weathering

and the irregular nature of the surface over which the weathering proceeded,

makes the task of identifying etch surfaces extremely difficult. The intimate
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association of carbonate with fernrginous weathered zones and ferruginous

pisoliths indicates great complexity, reworking and modification of older

weathered profiles. For example, the pisolith-mantled summit surface on BIue

Range, regarded by Twidale et ø1. (1976) as the most northerly remnant of the

Lincoln Surface and underlain by so-called 'true laterite' cannot have been

preserved from the Mesozoic. The sequence on the Blue Range of a mottled

zone overlain by a calcareous fine earth, capped by a mantle of pisoliths

resembles profiles in the North Mount Lofty Ranges and Pleistocene sequences

on Kangaroo Island (Chapter 4). Thus the present summit surface of the Blue

Range is more likely to be of Pleistocene than Mesozoic age. Furthermore, the

sandy surface horizon carurot be regarded as a fossil illuvial 'laterite' horizon

preserved from the Mesozoic because it overlies carbonate material that is most

likely of Quaternary age. It is also likely that alleged fossil 'lateritic'A-

horizons described elsewhere (Twidale, 1976b; 1983) are related to modern soils

or to recent aeolian activity.

The presence of calcareous deposits topping many weathered zones also

demonstrates that large areas of the weathering profiles on the Lincoln Surface

of Twidale et al. (1976) cannot be of Mesozoic age, as do the ocsurrences of

coarse gravels, grits and sands occupying channels cut into the weathered and

mottled zones of the Lincoln Uplands. Variations in the weathering and

mottling patterns in the underlying bedrock, channel fills and modern land

surface demonstrate the effects of continuous weathering and modification of
the surface of the uplands. Twidaleet ø1. (L976\ considered that conditions

were suitable for duricmst fom.ation during the Tertiary yet they ignored the

potential for modification of their postulated ancient Mesozoic summit surface

during this time. Çsrnplex deductive arguments have been marshalled to

account for the preservation of an ancient summit surface on the uplands of
southern South Australia (Twidale, 1976b) but none of the evidence presented

reflects the real field situations. In fact, the preservation of stranded river
gravels over deeply weathered bedrock within the ranges clearly demonstrates

erosion and reworking of parts of the alleged Mesozoic landsurface. At this

stage it is not possible to demonstrate just how much modification has

occurred.
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Weathered profiles affecting bedrock occur from the summit surface to the

modern shoreline in several localities around the Eyre Peninsula coastline.

This reflects the considerable relief over which the continual weathering

occurred; it cannot relate to a 'peneplain' surface close to a regional base level.

Twidale et ø1. (L977) noted weathered. zones close to the modern shoreline, but

did not relate them \,\'ith the upland 'laterite' weathering because "there is no

sign of a fermginous capping or pronounced horizon development within the

gneiss". Consequently,the weathered zones near the shoreline were attributed

to the Plio-Pleistocene. Furthermore, they commented that no remnants of a

former regolith had been found at Point Labbat, yet here there is a well

developed bleached and mottled zone overlain by a fernrginous sedimentary

crust. The profile is preserved beneath extensive aeolianite deposits.

Moreover, the observations from Sleaford Bay reveal weathering exposed in

coastal cliffs of similar character to that exposed. in the Lincoln Uplands.

None of the ferricretes observed. on Eyre Peninsula in the course of this

investigation appeared to be mono-genetically related to the underlying bedrock

as part of a 'standard laterite profrle'. The crusts comprise a series of derived

pisolitic, conglomeratic, blocky and nodular crrusts as well as iron-impregnated

sediments. These ocsur at various levels in the landscape, and they may not

represent former geomorphic events or regional landsurfaces, but local slope

and groundwater conditions. For example, a pisolitic crust appears to be in the

process of cementation close to sea level at Sleaford Bay, and a blocky and

nodular crust could be developing currently on the northern flank of Knott Hill,
high in the uplands.

Pisoliths are very widespread and many of them may have formed from the

disintegration of erosionally exposed mottles and modification in near-surface

environments. However, the ferricrete crusts are not regionally continuous, as

suggested by Johns (1961b), nor is it likely that they ever were. The various

crusts discussed above appear to have formed in favourable topographic

situation at a variety of times in the past, and in the very recent past, or even at
present, crusts appear to have formed or be forming at very different locations

ranging from near sea level to near the summit surface. Consequently, these

crusts may have no status for litho-stratigraphic, soil stratigraphic (Firman,

L967;1981) and landsurface conelation (Twidale et q,1.,1976).
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The interpretations presented here differ significantly from those of previous

workers, and this may partly reflect the different purposes and methods of

earlier investigators. For example, Johns (1961b) was concerned with regional

geological mapping, Firman (1967) was seeking soil stratigraphic units, and

Twidale et al. (19?6) $'ith dating and correlating landsurfaces.

I

I
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CIHI^NPTIDR 7z lFlDlRRJIClRElllDS, lFlDlRRluGIlSOlUS ^AlsD WIE^Altllill0lRlDD

ZOIVES O]F 1T]HI]D W]ESII]D]R}S OTW.AY ts^AST}S

7.1 Úrtroduction

Weathering and fermginisation affect a wide variety of rock types and

sediments of different ages in various topographic situations in the western

part of the Otway Basin (Fig. 7.1) (Gibbons & Gill, t964:' Gibbons & Downes,

1964;Kenley, t97t;Kenley, 1975; Abele et a1.,1976). In particular, Cainozoic

marine sediments and basalts that have been dated by palaeontological or

radiometric techniques, provide a stratigraphic framework within which the

processes of weathering and ferruginisation can be examined.

Gibbons & Downes (1964) carried. out a land systems analysis of southwestern

Victoria in which they distinguished various t¡pes of weathering and iron

enrichment. They considered that climatic conditions during Miocene and

Pliocene times may have been suitable for the development of 'laterite', which

they regarded as a terrestrial fomation, since the land surface would have

been exposed during those times (Marker, 1959). They noted that the

undissected surfaces of the Dundas Tableland and the Brim Brim Plateau (Fig.

'1.2) are remarkably flat and capped by 'laterite'. Following Hallsworth &

Costin (1953) they contrasted'laterite' displaying a characteristic pattern of

successively deeper horizons of iron enrichment, and mottled and pallid zones

vrith 'ortstein', which they regarded as a pisolitic, laminated or massive

formation of iron and mang¿rnese oxides and hydroxid.es, without aluminium,

and without underlying mottled and pallid materials. 'Laterite' was restricted

by them to the Dundas Tableland and the Brim Brim Plateau and was noted to

have fomed over a variety of materials including granites, shales, slates,

tillites, Cretaceous Otway Group Beds and thin cappings of Tertiary sands and

gravels. 'Ortstein' was characteristically found in association with the

Cobbobboonee Basalt and swamps or valley floors of the Heywood and

Greenwald Land Systems. 'Deep kaolinitic weathering' was observed to be

restricted to the Hamilton Basalt. Kenley (1975) noted that as well as deep

'lateritic' soils occuring on the tablelands, they also cap Tertiary sediments

that underlie basalts in the northem part of the Otway Basin.
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The tablelands within the Otway Basin have been described as 'classic

examples of peneplains' capped by 'standard laterite profiles' (Kenley, L975).

Consequently, the western part of the Otway Basin was selected as an area of

study to assess variations in the chemistry and mineralory of fernrginised

materials that might have been identified as 'laterite', and developed in host

rocks and sediments of different ages in varying parts of the landscape, and to

evaluate the formation of so-called 'laterite profiles' in the light of the re-

evaluation of the South Australian occurrences.

7.2 Disct¡ssion of r¡arious foms of fermginisation

7 2.1 The Dr¡ndaq 'Laterite'
Abele et ø1. (1976) stated that resistant 'laterite' up to 10 m thick caps remnants

of plateaus throughout the Dundas Tablelands and the Merino Dissected

Tablelands. 'Laterite' was categorised by them as massive zones of ironstone

underlain by mottled and leached (paltid) sub-zones, differing pedologically and

morphologically from soils developed on basalts to the south. They noted a

uniform occurrence of the 'laterite' on various Palaeozoic rocks and Lower

Cretaceous Otway Group sediments in the central part of the tablelands, while

towards the west the host rocks $¡ere observed to be flat-þing Tertiary

sediments, dorninantly marls and limestones of the Heytesbury Group, and

quartzose sediments of the Dorodong Sand.

They followed Gill (1958; 1964) in regarding the 'lateritisation as occupying an

extensive period of time, before ending in the Early Pliocene prior to t,Le

extrusion of the Hamilton-Branxholme Basalts. These, whe¡e undissected,

were reported to carr¡r kaolinitic soil profiIes, more than 10 m thick, which

resemble 'laterite', and to have a reddened friable upper surface. Previously

Kenley (1971) had thought that'lateritisation' may have extended to Middle

Pliocene to Late Pliocene times in the Dundas area, and suggested that the

process may have continued to affect some areas not protected by the sea until

the Early Pleistocene.

Kenley (1975) regarded the 'laterite'-capped Dundas and Merino Tablelands,

including the Dergholm Platform, as presewed remnants of an erosion and

weathering landsurface developed between Lower Cretaceous and Middle

Pliocene times, and described the surface as 'a classical example of a
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peneplain - the theoretical end product of the normal cycle of erosion'. IIe

maintained that the 'laterite' shows very little apparent lateral change across a

wide variety of host rocks and considered that the deep'laterites' developed on a

low-lying 'peneplain' surface under climatic conditions that favoured a

marked seasonal rise and fall of the water table.

Within the area of the Dundas Tableland Kenley et aI. (1964) mapped two types

of 'laterite' of two different ages on the Casterton 1:63360 Geological Map Sheet

(Fig. 7.3). For example, about 3 km north of Casterton the Noss Road cuts

across a mesa (hereafter called the 'Noss Mesa') mapped as being underlain by

Otway Group (formerly Merino Group) sediments of Lower Cretaceous age,

and sediments of the Heytesbury Group (formerly Glenelg Group) of Miocene to

Oligocene age, above which the Dorodong Sands of Early Pliocene to very Late

Miocene age occur. The last named sediments occur at the surface at an

elevation of about 150 m asl and are described as basal quartz sands, gravels,

clays and ironstones that are generally poorly bedded and possess a well

developed'lateritic' soil profile. According to Kenley (1971), these sediments in

outcrop are characteristically deeply fernrginised and locally are the main host

rocks of the Dundas 'laterite' capping. The major period of 'lateritisation' was

considered to have occurred after the deposition of the Dorodong Sands.

About 3 km west of the Noss Mesa, at approximately 180 m asl a second

and allegedly younger'laterite'has been mapped (Fig. 7.3) as developed on

u¡rdifferentiated host rocks; it is described as consisting of iron-rich, mottled

and leached zones of a fossil 'lateritic' profiIe developed on several older

fomations. Near the 'Munthan' Homestead, within this mapped zone of

younger 'laterite', a deep cutting on the Glenelg Highway (illustrated in fresh

condition in Kenley,L975, p.6), exposes faulted Otway Group sediments

containing Lower Cretaceous plant fossils. According to Kenley Qters.comrn.)

a 'laterite'profile had developed, which could be traced up to the grass roots of

the tableland level. Thus, at this locality at least, it appears that a weathering

profile developed through in situ weathering in the Otway Group of sediments.

However, while there is bleaching and mottling developed within the road cut,

essentially in fine-grained sediments, the crust at the surface is comprised of

coarse sands that make an irregular erosional contact urith the underlying

sediments. Consequently, while the bleaching and mottling have developed
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through in situ weathering processes, the fenricrete has formed in a quartzose

sediment (possibly the Dorodong Sand) younger than the underlying weathered

and mottled fine-grained materials. It is possible that the weathering and

fernrginisation occurred after the deposition of the Dorodong Sand and that the

differences in character between the ferricrete and the underlying weathered

bedrock could be due to lithological control. However, it is impossible to

deterrnine that this has actually occurred. In some cases there is evidence

which is more suggestive of multiple weathering events. For example,

reworked clasts of mottles incorporated into the overlying weathered sediment,

fossiliferous unweathered younger sediments overlying older weathered

bedrock, organic plant roots in the underlying bleached materials,

stratigraphic evidence for multiple weathering episodes, and loading

structures developed by the squeezing of the underlying pre-weathered older

materials into the base of the overlying younger sediments. Consequently,

until there is critical evidence available to demonstrate the synchronous

weathering of ttne nocks and sediments of different ages, differences in

weathering will be related to their stratigraphic positions.

From just north of the junction of the Glenelg Highway with the Casterton-

Edenhope Road at an elevation of about 180 m asl a sample of ferricrete (BOU

222) (Table 7.1-Appendix VII) taken from this area of so-mapped 'younger

laterite'is a fermginised sandstone. This is con-fimed by the high SiO2 and

Fe2O3 contents and the mineralory of the crust, which is dominantly quartz

and goethite, with minor arnounts of hematite and smectite. This mineralogy

is typical of many iron oxid.e impregnated quartzose sediments on land

surfaces of some antiquity. Similar material is exposed in scrapes and dam

sites on the western side of the Ferry Hills Road (Fig. 7.3). Here the

impregnated sandstone displays a vermifom character in places. Moreover,

recemented blocks of ferricrete and pisoliths infill depressions and hollows

within the iron oxide impregnated sandstone, revealing complex weathering

and. reworking of the original q:ust. This exposure of ferricrete occurs on a

gentle slope, lower than the higher parts of this surface. This observation

together $¡ith the non-continuous nature of the ferricrete (none occurs in a dam

excavation a short distance to the north) suggests that the crust developed

preferentially in a relatively lower topographic area where iron oxides could

accumulate from lateral sources.
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A series of samples was collected from landslide headwalls (Plate 7.1) on the

margins of the 'Noss Mesa' in the area mapped as 'lateritised' Dorodong Sand

on the Casterton Geolory Sheet. The Dorodong Sand (Kenley, L97L; Abele et al.

L976) locally can:ies aLate Miocene-Early Pliocene fauna near its base. In sub-

surface it is mainly a rnicaceous fine sand but in outcrops on the tablelands it is
a brown ferruginous sandstone. The Dorodong Sand has been mapped to

overlie the Heytesbury Group sediments, which in turn rest on the Late

Cretaceous Otway Group.

These relationships are not obvious in the 'Noss Mesa' area. However,

according to Kenley (pers.cornm.) an unconformity marked by a short period of

erosion can be discerned between the Dorodong Sand and the underlying

Heytesbury Group in some localities, and its presence can be inferred in other

places on the basis of 'laterite' lithology and stratigraphic position. Kenley

(pers.corn¡n.) considered that on the basis of litholory and a faint but persistent

discontinuity in the 'laterite' profile, the Dorodong Sand overlies the Heytesbury

Group in the 'Noss Mesa' where it caps the 'lateritised' Tertiary sequence.

Analysis of a sample of weathered Otway Group bedrock (BOU 221) (Table 7.1;

Fig. 7.4), which, by extrapolation, underlie the 'Noss Mesa', shows that the

materials have not been severely weathered, containing more than L47o Fe2Og,

2.68Vo K2O and L.68Vo Na2O. Only a small amount of kaolinite was detected by

XRD, and the occurrence of other rninerals such as felspars, muscovite,

vermiculite, smectite and rando-mly interstratified clays suggests that

weathering has not been intensive. Bleached material (BOU 220) (Table 7.1)

was collected from the headwall scarp of the landslide (Plate 7 .L), 2.2 km north

of Casterton. This showed a marked. decrease in the total iron content, and no

iron oxides could be identified by XRD, but it contained similar contents of CaO,

KzO,Al2Og, MgO and Na2O as the less weathered Otway Group sediments

(BOU 221). While BOU 22D}¡as larger contents of kaolinite tha¡r BOU 221, it still

contains readily weatherable minerals such as felspars and micas as well as

smectite and randomly interstratified clays. Thus tJris material, though

bleached of iron does not fit the concept of the 'deeply weathered'pallid zone of a

'laterite profile'. Bleached material (BOU 206) from another landslide

headwall (Plate 7.2) on the northern margin of 'Noss Mesa', while more
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weathered than sample BOU 220, still contains unweathered micas and

felspars, with a dominant clay mineralogy of smectite and kaolinite.

Thin section examination of the pallid material (BOU 206) collected from the

Burston property on'Noss Mesa' reveals it to be a siltstone, which is markedly

different in character to the iron-rich crust (BOU 201) (Table 7 .2) (Plates 7.1 and

Z.B), which occurs above it. The fabric of the pallid material is a very fine silt

that is tightly packed and of uniform size. The major clay mineral present is

kaolinite, which was probably derived by the weathering of the mudstones of

the Late Cretaceous Otway Group of sediments. This thin section information

supports the view that the 'laterite profile' consists of separate stratigraphic

layers as suggested by Kenley (pers. comm.).

Samples of iron-rich mottles (BOU 202, BOU 208) (Table 7.2) collected from

above the bleached material have total iron contents of L2.9Vo and 6.4Vo

respectively, less than that of the partly weathered Otway Group sediments

(BOU 22L). Bases in the mottles are slightly more depleted than in the bleached

materials. A thin section of BOU 202, collected from 4 m below the surface,

revealed that it has a fine siltstone framework impregnated by iron oxides, and

has a similar fabric to the underlying bleached material. The individual

grains, although angular, are well-sorted (Plate 7.3), and rounded goethitic

structures may be weathered biogenic glauconitic pellets. On t,Le other hand,

the mottle (BOU 208), collected from only a short distance below the surface,

rnicroscopically appears as a very ill-sorted sediment, consisting of fine to

medium-coarse qtartz grains set in a kaolinite-rich matrix in places and iron

oxides elsewhere. Fine-grained iron oxide crystallites appear scattered

throughout the matrix (Plate 7.4). Yanations in these two mottles may reflect

development in different sedimentary units.

The mottled material exposed in the landslide on the northern end of 'Noss

Mesa' is overlain directly by the modern soil containing ferruginous and

maghemitic pisoliths. However, at the site of tJ:e landslide 2.2 km north

of Casterton, crust-Iike material occurs above the mottled sediments and below

platy ironstone fragpents set in a brown-coloured soil that is about 30 cm deep.

Pisoliths that occur near the surface and in the modern soil react strongly to a

magnet. The c11st-like material (BOU 201) is friable and has an amorphous,
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earthy to massive macro-fabric. Its major constituents are Fe2Og (35.3Vo), SíOz

(39.LVo) and Al2O s (L3.4Vo). Hematite was the dominant iron oxide detected,

being twice as abundant as goethite, and no maghemite was detected either by

XRD or magnetic reaction. Titanium as anatase $¡as also shown to be present.

Ferricrete (BOU 209) with a similar macro-fabric, chernistry and mineralogy

was also located south of Coleraine amongst boulders of vesicular to massive

goethite-rich ferricrete. Unfortunately at this site there were no exposures to

allow examination of the underlying materials, but according to the mapped

geolory it had developed on Older Basalt.

The sample of ferricrete (BOU 201) in thin section had a very irregular,

complex, clay-rich matrix that appeared to have been partly inherited and

partly modified by weathering. The framework grains are unsorted, angular

to very angular quartz grains, which are embayed in the quartz-rtch areas.

rWithin the matrix there are pelletal structures resembling very fine-grained

clay balls without internal structure, that may represent altered crystals such

as glauconite. Fossil structures that resemble tractor tyres also occur in this

section. These observations may support the view that the ferricrete developed

in the marine fossiliferous Heytesbury Group of sediments. Occasional glazed

and strongly magnetic nodules (BOU 230) (Table 7.2) and pisoliths occur in the

upper part of the crust-like material, but well below the modern soil. The

presence of these maghemite-rich clasts in the crust suggests that reworking

of the 'crust', including the development of a lag consequent upon

downwasting of the landsurface, has occurred in the past.

Detailed examination of the two mapped 'laterites' of two different ages failed to

support this interpretation, which is complicated by the fact that the alleged

younger 'laterite'is higher in elevation than the older. This anomaly could be

explained by faulting, however, as the Miakite Creek Fault has been mapped

separating the two occurrences (Fig. 7.3)"

7.22 PebblePoint Fonmation

This fonnation represents the oldest of the Cainozoic sediments of the Otway

Basin that have been affected by fermginisation. At Killara Blutron the valley

side of the Glenelg River, 11.4 km SSW of Casterton (Fig. 7.3), Palaeocene

fossiliferous marine sediments of the Pebble Point Formation rest
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unconformably on the Runnymeade Formation at the top of the Late Cretaceous

Otway Group (formerly Merino Group) of beds (Plate 7.5) (Kenley, 1971).

At Killara Bluffthe Pebble Point Formation was noted to be 16 m thick and to

include two members (Kenley, 1971). The lower bed is 9.3 m thick and consists

of yellow-brown ferruginous sands and thin beds of white micaceous sandy silt

with occasional bands of rounded quartz gravels. Corals, pelycepods and fossil

wood occur near the base of the member, and other fragmentary shells occur in

the overlying beds (Kenley, 1954). The basal formation is overlain by 6.6 m of

yellow-brown to dark reddish brown granular clays, sandy clays and sands

with occasional white sandy silts and abundant fossils. Kenley (1971)

considered that these sediments at Killara Bluff have been deeply weathered

and are characterised by a 'distinctive powdery orange-brown limonite derived

from the oxidation of pelletal or oolitic chamosite.' He also considered that

'lateritisation' of these beds occurred without significant volumetric alteration.

Downstream from Killara Bridge about 2 km along the Glenelg River, Kenley

(1971) reported the occurrence of the Pebble Point Formation in a relatively

fresh condition. Here it consists of dark-green chamositic quartz sands and

oolitic and pelletal chamosite sands and glauconite with calcareous fossils.

Similar unweathered'greensand' beds have been reported from boreholes,

where rninor pyrite has also been recorded (Kenley, 1971).

Complex rhizomorphs and pipestems formed by iron oxides occur within

the lower member of the Pebble Point Formation (Plate 7.6). Minerals identified

in a sample (BOU 228) (Table7.2) of the fermginisd Pebble Point For:nation at

Killara Bluff include goethite, quartz, rnicas, kaolinite, felspars and

vermiculite. Material from the upper part of the Killara Bluff profile, described

above and illustrated in Plate 7.5 (BOU 229) (TabÏe7.2; Fig. 7.a) was dominatpd

by quartz, which was only a ninor constituent of BOU 228. Other minerals

identified included goethite, kaolinite, felspars, micas, smectite and

vemiculite. The Dorodong Sands are mapped at t,Le top of the Killara Bluff

section (Kenley et ø1.,1964) and the abundance of quartz in the sample is in

sympathy with that interpretation. T'he fern¡ginisation of the Pebble Point

Formation appears to have occurred via the release of iron oxides from local

pre-existing 'primary' sources and the replacement of limestone by them.
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Thus these materials are ferruginised sediments. The underlyrng Otway

Group sediments appear unaffected by this fernrginisation, but the nearby

Janjunkian Sandford Limestone of the Tertiary Heytesbury Group has been

fernrginised. and, in places, pisoliths contain marine fossils related to this

limestone (P.R.Kenley - pers. comm.).

72,3 IIre Compton Conglomerate and equivalents

In Allen's Sand Quarry (Knight's Quarry) Gig. 7.2), LO km northwest of Mount

Gambier, but still within the Western Otway Basin, the Cornpton Conglomerate

of Oligocene age is exposed (Plate 7.7). H:ere it is about 0.6 m thick, and

unconformably overlies the Eocene Dilwyn Formation. The Compton

Conglomerate is an indurated conglomerate lvith rounded ironstone pebbles

and grits, set in a goethitic matrix, and marks the base of a marine

transgression (Ludbrook, 1961). Some workers (e.g. Johnson, 1976) have

suggested that the ironstone pebbles were derived from weathered zones on the

land as sea level rose. However, the widespread distribution of Compton

Conglomerate samples with identical iron mineralogy favours the

interpretation of release of iron from pre-existing iron-rich minerals to coat

pebbles, fossils and other sediments in this basal conglomerate.

Minerals identified from bulk samples of the pebbles of the Compton

Conglomerate (BOU 224) (Table 7.3; Fie. 7.a) from this site include goethite,

quarüz, kaolinite, micas and randomly interstratified clays. The sample has a
high Fe2O3 content of 53.37Vo, and a relatively high content of P2Os (l.l77o).

Terrestrial ferricretes are usually higtrty depleted in this element. The

identification of only goethite in the iron oxide mineralory of this sample

favours the view of a single phase of sub-surface fermginisation of re-existing

sediments, either from iron oxides introduced in solution from outside sources,

or more likely from in situ oxidation of inherited iron-rich minerals such as

glauconite and siderite. There is no evidence for the iron oxides having

developed. by subaerial weathering on an exposed landsurface, or for the

incorporation ofpre-existing terrestrial iron oxides on a landsurface over

which the sea transgressed. If either situation had been the case then the

observed mono-iron oxide mineralory would not be expected. In the examples

analysed for this thesis, subaerially affected fermginous materials invariably

contain more than one t¡rye of iron oxide. For exarrrple, a short distance above
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the Compton Conglomerate on the overlying Knight Group, ferruginous clasts

occur, which have a diverse iron mineralory, dominated by hematite and

maghemite, with minor goethite (BOU 225) (Table 7.3). This iron oxide

mineralogy is compatible with that in equilibrium with most pedogenic

environments.

Material equivalent to the Compton Conglomerate, exposed in a landslide on

the banks of the Crawford River (Kenley, 1971) about 20 km east of Dartmoor,

also displayed an exclusive iron oxide mineralory of goethite. Other minerals

identified in this sample (BOU 226) (Table 7.3) included calcite, quartz, kaolinite

and. vermiculite. Furthermore, relative to subaerially developed ferruginous

materials, this sample is also relatively high in Pzor (o.92Eo).

As reported in the section on the Mount Lofty Range Province (chapter 4),

analysis of two samples of the Compton Conglomerate from the valley of the

Bremer River (Murray Basin) in South Australia, yielded similar results. In

the past these fernrginous materials have mistakenly been related to

'lateritisation' (Kenley, 1 971 ; Horwitz, 1960).

7 24 Fermgtnisation atrecting other materials in tlre Otway Basin

On the eastern side of the bridge crossing the Glenelg River at Casterton, a

road cut has exposed a buried ferricrete about 1 m thick within the valley of the

Glenelg River at an elevation of approximately 45 m asl. The ferricrete is

formed of a mixed sediment comprised dominantly of sands, which contain

transported. clasts of weathered bedrock or bedrock clasts that have been

weathered in situ. The ferricrete also appears to have been bioturbated,

probably before induration, and contains pisoliths. Ttre base of the ferricrete is

sofber than the top, which is overlain by a soil with a fernrginous hardpan that

appears hematitic. Regardless of whether the ferricrete developed in a

sediment deposited within the valley of the Glenelg River, the interpretation

favoured here, or in the underlying Otway Group of sediments, it probably did

not develop until aftpr the incision of the Glenelg River, so that it can be

regarded as younger than the ferricretes of the tablelands. The ferricrete was

sempled at its base (BOU 223) andtop (BOU 227) (Table 7.3) and it displays

considerable variation in chemistry and mineralory over very short distances.
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Ferruginous materials $¡ere collected from a variety of other situations in parts

of the Otway Basin. For example, on the southern border of Coleraine

township, a coarse quartzose clastic iron-impregnated sediment (BOU 210)

(Table 7.3) occurs on top of a pronounced escarpment. Microscopically the

grains appear to be poorly sorted, angular, and, in places, embayed.

Occasional altered 'nica patches are discernible. The framework grains are

set in an iron-rich clay matrix, which contains patches of hematite granules

(Plates 7.8 and 7.9). The iron-oxide mineralory is dominated by hematite,

which is more than twice as abundant as goethite. Some kaolinite was also

detected. The character of the ferricrete suggests that it is of some antiquity,

and it has chemical and rnineralogtcal affinities with iron-impregnated

sediments of the Dorodong Sand examined near Casterton (e.g. BOU 222).

Ferricrete (BOU 203) (Table 7.3) was also collected from within a dune

immediately on the south side of Cawkers Creek where it crosses the Mount

Gambier-Casterton Road (Fig. 7.2), within an area mapped as Pleistocene

siliceous dune sands on the Casterton geolory map sheet. Ttris is confirmed by
the dominance of SiO2 Q 4.lVo) with only a small amount of Fe2O3 (7 .4Vo) arad

Al2Og (8.4Vo), with a mono-iron oxide rnineralogy of goethite. Small amounts of

kaolinite, mica and smectite were also identified in the sample, which is

characteristic of relatively recent iron oxide impregnation of siliceous

sediments. Thin section exarnination of BOU 203 revealed irregular zones of

ferruginisation in a primary sediment, and various phases of iron oxide

impregnation are indicated by larninar coatings of iron oxides (goethite).

Pisoliths overlying and incorporated into rocks, sediments and soils of various

ages $¡ere collected from different localities in t,Le'Western Otway Basin.

Pisoliths u¡ere collected from the ground surface near Tarrington, a small

settlement to the east of Harnilton, and developed upon kaolinised Hamilton

basalt (Gibbons & Downes,19&t) CPlatæ 7.10). These pisoliths (BOU 204) (Table

7.4;Fig.7.4) appear to have developed essentially from the weathering of
fragments of basalt. The major oxides in these pisoliths are Fe2Og(48.63Vo),

SiO2 Q9.38Vo) and Al2Og(L6.21Vo). The presence of hematite, maghemite and

goethite were identified by XRD as $¡ere kaolinite, ilmenite, illite and very

small amounts of quartz. The original basalt bedrock is apparent in thin
section, as ghosts of plagioclase crystals and lathe-like structures of olivines or
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pyroxenes, some of which have been replaced by goethite (Plate 7.LL), can be

discerned. The relatively high fiOz í.68Vo) content in ilmentite also suggests

fundamental derivation from a basic igneous rocks.

Pisoliths collected from near Branxholme (BOU 205) (Table 7.4) have similar

chemistry ¿¡¡fl mineralory to the Tarrington pisoliths (BOU 204). Thin section

examination of BOU 205 again shows ghosts of former plagioclase laths,

replaced by and coated by iron oxides (goethite) in places. BOU 205 also

contained relatively high values of TiO2 í.6LVo) reflecting a source from basalt.

Pisoliths (BOU 207) (Table 7.4) $/ere also sampled from the B horizon of soil

developed on the river terrace of the Surrey River near Heathmore, north of

Portland, where Gibbons & Downes (1964) regarded them as ortstein of bog-iron

ore origins. Hematite and maghemite vrere the major iron oxides identified,

with smaller amounts of goethite. Quartz, gibbsite and kaolinite were also

detected. Microscopically, i'n tlri,n seetion, these pisoliths appear as rounded

clasts, rich in iron oxides in which irregular grains of quartz 'float'. The

chemistry and mineralory of these pisoliths is not in sympathy with iron-rich

materials that fomed from the precipitation of iron oxides in freshwater lakes

or swamps, which elsewhere are dominated by goethite, with little, if any

hematite, and no maghemite present.

Other pisoliths were sampled from nearer the mouth of the Surrey River.

These (BOU 211) (Table 7.4) have a similar chemistry and mineralory to BOU

207. In thin section some of the pisoliths have coatings over sand to grit-sized,

poorly sorted and not closely packed quartzose grains, contained within a

goethite matrix, in which complex replacement has occurred. Possible algal

biogenic structures have been replaced with iron oxides.

All of the four pisolith samples have high total iron contents and are dominated

by hematite as the major iron oxide, with considerable amounts of maghemite

and variable arnounts of goethite. The so-called bog-iron ore types of pisoliths

(Gibbons & Downes, 1964) can¡rot strictly be regarded as such, but would be

more accurately described as iron oxide-impregnated quartzose sediments,

that have experienced iron oxide transfomations to hematite and maghemite,

probably by heating in the presence of appropriate organic matter.
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7.9 Conch¡sions

The following conclusions were drawn following the above examination

of the field relationships, mineralory, chernistry and micromo{Phology of

ferruginous materials in the Western Otway Basin:-

i. The surface of the tablelands cannot be regarded simply as

as a 'peneplain', the theoretical climax of prolonged subaerial

denudation. Rather, the pronounced flatness of the tablelands

is apparently due to the influences of marine erosion and

deposition, as indicated by the fernrginised marine beds of the

Pebble Point Fom.ation, the Heytesbury Group of sediments and

the Dorodong Sands.

ii. The range of ages of rocks and sediments affected by bleaching

and ferruginisation suggests a long history of iron mobilisation

and precipitation.

üi. The ferricretes of the tablelands and other topographic

situations cannot be interpreted as 'laterite' in the classic

sense, because the crusts have invariably developed in
sediments that are younger than the underlying mottled and

bleached materials. Indisputable and complete in sítu'laterite
profiles' have not been found by the writer in this study area.

In many cases replacement of previously existing sediments by

iron oxides has occurred without marked volumetric alteration,

which is out of s¡rmpathy with the classic notions of the

processes of 'lateritisation', which involve depletion of bases

and silica.

iv. Many different rocks, sediments and materials have been

weathered and fermginised to different degrees depending on

various factors such as the source of iron-rich primary

sediments, including some of the marine deposits that contain

glauconite, siderite and charnosite. Most of the ferruginised

limestone sediments have a mono-iron miner"logy, which

suggests a simple impregnation by in situ transformations of
pre-existing iron-rich minerals, or the ingression of ferrous

iron in solution from lateral sources. The retention of CaO and
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PzO¡ in these sediments also argues against them being

strongly influenced by terrestrial leaching environments.

v. Bleached materials are not intensively weathered as they still

contain felspars and. ttticas as well as including minerals such

as smectites in association with varying amounts of kaolinite.

Chemical analyses demonstrate that the mottled materials
investigated contain relatively small amounts of Fe2O3.

Furthermore, coynparison with unweathered parent materials

suggests that mottles have developed simply by the local

redistribution of iron within the rock.

vi. There are significant differences, with respect to chemical

composition, between the different materials analysed such as

bleached bedrock, fernrginised sandstone, femuginised

limestone (including the Compton Conglomerate), pisoliths,

mottles and massive ferricrete (Fig. 7.4). Ttrese differences are

even more apparent when their mineralogical compositions are

also taken into account (Tables 7.1 to 7.4).

vii. Some rocks, particrrlarly sandstones and limestones, that are

markedly iron-rich were apparently more suitable porous host

rocks for impregnation by pentasive iron-enriched waters.

These laterally moving waters led to the preferential

development of ferricrete in discrete localities, rather than the

production of a uniform blanket over the landscape.

vüi. The evidence does not favour a single or even a major period of

'lateritisation but continuing weathering and iron mobility

over a long period of time, impregnating suitable sediments in

favourable situations. Elsewhere fermginisation and

weathering may have been internrpted or inhibited according to

relative location to the exposed land surface, location at sites of

internal or sluggish drainage that may have favoured the

sporadic accumulation of iron oxides, and the operation of

geological events such as submergence by the sea, which would

have protected the land surface from subaerial processes of

weathering and erosion.
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ix. In the sections of the Otway Basin exar"ined, the term 'laterite'

appears to have been applied widely to a variety of materials

including:-
a. those resulting from the oxidation of suitable sediments

that have been exposed or brought closer to the land

surface by erosion,

b. bleached or pallid material, whether kaolinised or not,

and,

c. variably mottled materials and iron-impregnated sediments,

some of which have relatively low total iron contents.

The interpretation of this landscape within the framework of a 'classic

lateritisation' and 'peneplain' model is unacceptable in the light of the above

investigations.
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CIHI"APTI0IR 8: "A lRlE.AlPlPlR,AllS^AlL OIF ltlHIlD SYIDNIDY 'ILA'TIERIIIES'"

8.1 I¡rhduction
The 'laterites' of the Sydney area have been studied by many workers over the

past sixty years or so, and have been subjected to varying interpretations. After

having investigated 'lateritic' materials in a variety of situations in other parts

of southern Australia, those in the Sydney area were examined in ord.er to gain

experience of 'lateritic' materials that have been extensively studied and to test

some of the ideas, which had developed as a result of earlier work during the

preparation of this thesis. Controversial issues have arisen with respect to the

origin of 'laterites'(Hunt et ø1.,L977), particularly as a result of work carried

out on the Hornsby Plateau of North Sydney (Figs. 8.1 and 8.2). For this reason

efforts have been concentrated in this area, particularly at the Terrey Hills site.

82 Pnevior¡s investigations

No extensive review of previous literature on the 'laterites' of the Sydney area is

presented here. Such reviews are already available, such as that of Faniran

(1969). The most recently published work on the Sydney'Iaterites' of Hunt et ø1.

(1977) diverged considerably from previous interpretations. They pointed out

that most previous workers regarded the 'laterite' profiIes as fossil soils formed

und.er tropical climatic conditions during the Miocene on a 'peneplain' close to

sea level, $'ith the present sporadic distribution of 'Iaterite' over the area

considered to have resulted from dissection of the surface after uplift.

Hunt et aI. (1977), however, interpreted the so-called 'laterite profiles' of the

Sydney area as the result of contemporary near-surface alteration of iron-rich

Hawkesbury Sandstone units. They considered these contemporary processes

to include the mobilisation of iron minerals as crystalline solids. The major

lines of evidence used by Hunt et al. (L977) to substantiate their conclusions

\¡vefe:-

i. The coincidence of structures in the 'lateritic profiles', especially at

Terrey Hills, with structures in the Hawkesbury Sandstone.

The overlap of iron concentrations in the 'lateritic profiles' $'ith those

contained in iron-rich sequences within the Hawkesbury Sandstone.

Consequently they saw no need for exterrral sources of iron or for long

distance lateral iron oxide transport.

ll.
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The lack of evidence for iron-enrichment in indurated zones and

impoverishment in mottled zones, and the absence of variations in

aluminium and silica down the profiles.

The recognition of original sandstone fabrics in nodular indurated

zones.

Ttre in siúu formation of nodules containing maghemite within the

profrles.

v

8.3 trvestigations of this Thesis

The investigations reported here include examination of field relationships

between different types of ferricretes, weathered Hawkesbury Sandstone and

clastic deposits, together with chemical, mineralogical, micromorphological

and rnicro-probe studies of various Sections of the weathered zones.

8.3.1 Field Relationships

At the Terrey l{iltre'Iateri,te' quarrJr site (Fits. 8.1) several variants of ferricrete

fabrics occgr. At the most southerly exposure of ferricrete in the quarry,

cemented hematitic pisoliths without rinds (BOU 401) are overlain by cemented

hematitic pisoliths with yellow surface rinds (BOU 400) (Plate 8.1), which are in

turn overlain by a yellow earth. A few metres to the north of this site, cemented

pisoliths (BOU 404) with rinds overlie finely mottled vermiform materials (BOU

a03) (Plates 8.2; 8.3). At both of these sites fragments of strongly magnetic fine-

grained material occur throughout the exposures.

Further north along the quarry wall a more complex sequence occurs. Here

hardened mottles (BOU 407) arc overlain by a vermiform fendcrete (BOU 406),

that in turn gives way to a clastic, nodular ferricrete (BOU 408) topped by a

pisolitic ferricrete (BOU a09) (Plate 8.4). Distinct segregations of strongly

magnetic clasts occur throughout most of the profile. A sketch of further

complicated features northward along the quarry face (Plate 8.5) reveals a

lower section of semi-consolidatpd pisoliths and other coarse clastic material,

including boulders of vesicular iron oxides resembling 'bog iron ore' (BOU

4L2a), superficially coated $¡ith a glaze of yellow goethitic material. The profile

is capped by a ferricrete crust that varies from consolidated pisoliths (BOU 411)

to fine-grained organic sediments that have been impregnated by iron oxides to

produce a vesicular deposit of almost pure bog-iron ore (BOU 410). An infill of
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pisoliths occurs along one of the joints in the surface ferricrete, and one of the

crustal joint blocks has been intricately burrowed, displaytng a myriad of

biogenic trails, that have been partly infiIled with secondary accumulations of

iron oxides. ft appears that the crust must have originally been a soil that was

subsequently impregnated with iron oxides brought into the area in solution.

Loose magnetic pisoliths (BOU 412) occur at the surface and within the modern

soil.

At the most northerþ exposure of the quanJ¡, soft mottled material (BOU 413) at

the base is overlain by a vermifom structured material, on which a hardened

slabby ferricrete (BOU 414) occurs. This is in turn overlain by a clastic and

nodular (BOU 415) deposit that includes variously oriented boulders of bog-iron

ore, and on which rest a soft pisolitic ferricrete (BOU 416) and a hardened

pisotitic ferricrete (BOU 417). The profile is topped by the modern soil (Plate

8.6). Fragments of maghemite occur throughout the full profile apart from the

Iowest soft mottled material.

At no place in the Terrey Hills quarry site could in situ Hawkesbury Sandstone

bedrock be identified unequivocally. Numerous examples of fernrginous clasts

and boulders occur in the quarrJ¡ face (e.g. Plates 8.7 and 8.8). However, a fresh

road cutting on the Mona Vale Road nearby had exposed a clear unconformable

contact (Plate 8.9) visible between weathered Hawkesbury Sandstone and

overlying fine-grained sediments, which contained clasts of dense magnetic

material and pebbles of coarse-grained hematitic sandstone, sirnilar to those

occurring in most of the Terrey Hills site. A second unconfomable contact

between in situ bedrock and overlying fermginous clastic sediments was

observed in the quarry at Belrose that is now used as a rubbish dump.

Hunt et al. (L977) consid.ered that the broad stmctures present in the indurated

materials at Terrey Hills represented original bedrock structures of the

Hawkesbury Sandstone. Certainly the lenticular structures shown in Plates

8.4 and 8.6, in broad view, resemble bedrock structures such as those exposed

in road cuttings along West Head Road in the Ku-ring-gai Chase National Park

(Plates 8.10; 8.11). However, it appears that the indurated materials are not

superficially modified. Hawkesbury Sandstone, but are weathered and iron-

indurated clastic deposits of probable colluvial and detrital origins. A
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distinctive feature of the weathering of the Hawkesbury Sand,stone is the

differential desilicification of the sandstone along more susceptible beds. For

this reason, areas of the plateau summit may be composed of coherent

sandstone, whereas at lower levels, beds have been preferentially weathered

and removed to cause collapse of overlying strata. An excellent example of

subsurface weathering and desilicification occurs at Beacon Hill, where

essentially unweathered bedrock occurs near the summit, but is underlain by

considerable thicknesses of weathered and iron-depleted sandstone.

Prominent caves and visor structures have formed at the top of the hill as a

result of differential erosion of the preferentially weathered sandstone.

In several road cuttings along the West Head Road, depressions thus forrned in

the sandstone have been filled with colluvial material derived from upslope.

This colluvial material includ.es fragments of hematitic sandstone and fine-

grained strongly magnetic clasts, both of which occur at the surface over many

areas of the plateau in the Ku-ring-gai Chase National Park (Plate 8.12). These

materials are identical to those that occur in the clastic deposits that comprise

the majority of the indurated zone at Terey Hills. Thus, while the structures

present in the indurated material may not be directly inherited from the

original sandstone structures, deposition of the clastic sediments may have

been influenced by them, so that the clastic structures could mimick those of

the original sandstone. However, it should be pointed out t,Lat the modern soils

shown in Plates 8.4 and 8.6 display similar lenticular structures and there is

little doubt that the soils have not been influenced by bedrock structures.

Furthermore, some fericrete structures resemble lithified soils (Plate 8.13).

8.32 Chemísbry and MineralogY

The chemical analyses of indurated cnrsts, mottled zones, bleached bedrock,

pisoliths and soil are shown in Tables 8.1, 8.2, 8.3 and 8.4 (Appendix VIII) and

Fig. 8.3, with the detailed locations of the samples, where appropriate, being

located in previous figures.

The indurated crusts, pisoliths and mottles are composed dominantly of Fe2O3,

AlzOg and SiO2 with some fiOz present. They are well depleted of bases CaO,

KzO,MgO, Na2O and P2O5. Total iron content varies from L.687o in soft mottles

at the base of the most northerly section of the Terrey Hills profile to 64.057o for
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bog-iron ore material. Many of the crusts vary in iron content between 207o and

40Vo. On the other hand, bleached Hawkesbury Sandstone from Beacon Hill
(BOU 418) contained only O.l9Vo Fe2O3 and a strongly coloured hematitic mottle

(BOU 419), adjacent to where the bleached sample was collected, contained only
4.227o. The modern soil (BOU 405) (pisoliths excluded) contained 3.6L7o Fe2O3,

807o SíO2 and 8.57o AlzOs. Some samples contain relatively small amounts of

SiO2 such as in the hardened mottles of sample BOU 407 (9.44Vo), suggesting

considerable removal of silica from the profile, or that the weathering has

occurred in sediments other than the Hawkesbury Sandstone. Generally there
are high contents of Al2O3 except in the bog-iron ore materials (BOU 410; BOU

 ]2a),in the soft mottles at the base of the profile (BOU 413) and in bleached

sandstone bedrock (BOU 418). In the last case there is a high SiO2 content, and

the aluminium present is probably combined with silica as kaolinite.

The main minerals identified included quartz, gibbsite, hematite, goethite,

maghemite, kaolinite and anatase. GÍbbsite has been reported from the

Hawkesbury Sandstone (Hunt et a1.,1977), but it occurs in such high

concentrations in the iron-rich zones that it must also have developed as a

result of the incongruent dissolution of kaolinite rather than being merely an

original constituent of the sandstone. This view is supported by the observation

that there is an inverse relationship between kaolinite and gibbsite

abundances, for as the gibbsite abundance increases, the kaolinite content

correspondingly decreases. Typically the high concentrations of gibbsite occur

in the upper indurated crusts and decline in the lower bleached zones. Many of
the samples have high AlzOg contents as compared with s"mples of

Hawkesbury Sandstone, as shown in Fig. 8.3.

Variations in concentrations of minerals in pisoliths and in their surrounding

matrices have also been noted. Invariably there are greater concentrations of

hematite and maghemite in the pisoliths than in the matrix materials, where

there are greater concentrations of gibbsite, goethite and. kaolinite. Quartz
concentrations can vary from sample to sample, but if there is maghemite

present in the pisolitic crusts, it is present only in the pisoliths and not .r rithin

the matrix.
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Nodules and fragments of strongly magnetic materials occur throughout many

of the profiles studied and are clasts that have been transported before being

deposited within finer grained sediments above the original sandstone bedrock.

Faniran (1970) studied maghemite in the Sydney'duricrusts' and concluded

that maghemite was confined to the black cores of some pisoliths and to similar

materials in ferricretes. He also noted that the emount of maghemite in
profiles tended to decrease from their tops to their bases, being dominantly

confined to the upper indurated zones. The suggestion was made that the

maghemite may have derived from magnetite in the Hawkesbury Sandstone,

from siderite in the Wianamatta Shale or from basic igneous rocks.

In the course of this study, maghemite has been noted to occur within mottles

and vennifom, nodular and pisolitic ferricretes. This suggests that the

sediments including the maghemitic nodules have been reweathered since

their transportation and d.eposition. The mod.ern soil also contains pisoliths

and ooliths of maghemitic material and maghemitic pisoliths occur at the land

surface. Some of these surface pisoliths (BOU 412) contain corundum, which

could have fonned as a result of heating from bushfires that transfomed

gibbsite into corundum. In a heating experiment gibbsite transformed to

corundum at about 9000 C. From experiences with natural fires, given the

right conditions, temperatures of this order are not impossible (Raison, 1979).

'Bog-iron ore' sediments that display a typical vesicular structure are

composed dominantly of goethite, although small amounts of kaolinite,

hematite, quartz and gibbsite have also been noted. It is generally agreed that
'bog-iron ore' is a chemical deposit that suggests the area has acted as a sink

for iron oxides influxed in solution at some time in the past, probably

impregnating pre-existing fine soils or organic matter that had been

bioturbated.

8.&3 Micromorphology

In hand specimen the character of the fernrginous materials becomes clear

when flat faces are produced by cutting with a diamond saw. For example, the

clastic and detrital origin of some material becomes apparent, as angular to

sub-rounded clasts of iron oxides that vary through various mixtures of

hematite, goethite and maghernite, and fragments of hematitic sandstone,
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some with yellow rinds, are set in a matrix of kaolinite and gibbsite. Similar

complexities are apparent in viewing some of the pisolitic crusts. Pisoliths

composed of varying cores and complex multilayered rinds are set in a matrix

of gibbsite and iron oxides.

Microscopic studies reveal that the pisoliths often have hematitic cores $rith

gibbsite in the matrix. Within the gibbsite matrix, voids and fractures have

been coated $'ith subsequent generations of hematite (Plate 8.14). Pelletal

structures and ooliths of gibbsite also occur within the matrix. The pisoliths do

not appear to have formed in situ. In places virtually pure gibbsite occurs on

the margins of pisoliths, suggesting either that iron has been leached from the

rind or that aluminium-rich gels have crystallised as gibbsite. However,

individual quartz grains in the sections do not appear to be well-rounded, so

that long distant transport of them may not have occurred. This observation

favours the view of the accumulation of pisoliths consequent upon landscape

downwasting.

Polarised incident light reveals hematite as dark red, maghemite as black,

gibbsite as yellow and. mixtures of iron oxides and, gibbsite as varying shades of

brown. These variations in colour with changes in rnineralory have been

confirmed by micro-probe analysis. Thus the distribution of rninerals in the

pisoliths and matrix can be mapped in this fashion, to reveal that in some

pisoliths maghemite only occurs in fractures within the cores of pisoliths (Plate

8.15) and that several generations of hematite and leaching of iron oxides have

occurred.

Some pisoliths reveal complex core-in-core stmctures, with closely packed

quartz occurring in the centres of the pisoliths, whereas the rinds contain very

little quartz and comprise virtually pure hematite. The lack of quartz in the

rinds (Plate S.3) is of sig¡ific¿ulce to the origin of the pisoliths as the

preservation of the quantz would be expected. The ssmposition of pisolith cores

is variable; some are composed largely of gibbsite and others hematite. The

thickness and complexity of the rinds suggest long and complicated histories of

development with layering occurring by accretion in different environments.

Some smaller pisoliths display less complex structures and were probably

incorporated into the ferricrete at a later stage. They are not regarded as
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having formed in sítu !\¡ith the degree of complexity reflecting ageing because

the pisoliths consist of materials different to that of the enveloping matrixes.

Thus there appear to be pisoliths of different ages within the pisolitic crusts.

8.4 Discussion

Evidence derived from field relationships, chemistry, mineralogy, macro-

structures and rnicromorphology suggests a long and complex history of

erosion, deposition and weathering, including the formation and hardening of

soils, on a landscape subaerially exposed and undergoing downwasting for a

long period of time that led to the accumulation of iron and aluminium oxides

in favourable environments.

This conclusion is based on the following:-

i. The abunda¡rce of gibbsite in the mottled and indurated zones. The

evidence suggests that the gibbsite developed by incongruent

dissoh¡,tion of kaolinite, that would reqraire protracted weathering.

There appears to be an inverse relationship between the relative

abundances of kaolinite and gibbsite. XRD analysis of slightly

weathered Hawkesbury Sandstone from the Mona Vale Road (BOU

452) near Belrose (BOU 453: BOU 455) and Helensburg (BOU 454)

(Table 8.4) has revealed the presence of quartz, kaolinite, smectite,

micas, interstratified clays and felspar. No gibbsite was detected in
these semples. It is possible that the gibbsite reported from the

Hawkesbury Sandstone by (Hunt et ø1.,1977\ has been derived by

weathering rather than being present in the original bedrock.

On the other hand, Standard (1967) did not indicate that there is any

significant gibbsite content in the Hawkesbury Sandstone. Although

some of the kaolinite may be detrital (Standard, 1967), its abundance

suggests long periods of weathering. The greatest amounts of
gibbsite and kaolinite occur within the detrital material above the

weathered and kaolinised Hawkesbury Sandstone. These minerals

may have derived both from the weathering of the immediately

underlying sandstone and from the Wianamatta Shale.

ii. The clastic nature of the upper sections of many profiles suggests

that previously weathered materials had been eroded, transported

and deposited, largely as colluvial material, probably associated with
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landscape downwasting. The clastic nature of the deposit is apparent

at many scales from large disoriented boulders of iron-impregnated

sediments to macroscopic and tnicroscopic clasts that rest

unconfonrrably upon weathered sandstone in which the bedding

planes are still preserved.

The occumence of maghemite at depth throughout the weathered

zones above t}re in situHawkesbury Sandstone. Faniran (1970)

reported that maghemite in the Sydney'Iaterites' occurs mainly in

the cores of pisoliths and decreases rapidly with depth in the profiles.

Ilowever, clasts composed of maghemite, hematite and small

amounts of quartz and mica have been identified throughout the

weathered zones above the Hawkesbury Sandstone in a variety of

materials such as pisolitic ferricrete (BOU 400, BOU 401, BOU 404,

BOU 409, BOU 416 and BOU 417), mottles (BOU 403, BOU 407),

nodular ferricrete (BOU 408, BOU 415), vermifomr ferricrete (BOU

406) and fermginised sedi ent ferricrete (BOU 42L). The distribution

of maghemite throughout the weathered profiles may suggest that it
has derived as a result of biomineralisation (Kirschvink, 1985) or

from iron-rich solutions pemeating through the weathered

materials. While the latter mechanism may have operated in the

fashion described by Schwertmann & Taylor (1987) there is ample

evidence that many of the maghemitic clasts have formed elsewhere

and have been transported to their present locations. Such evidence

includes:-

a. Clasts sirnilar to those located at depth in weathered profiles

occur in surface situations in the Ku-ring-gai Chase

National Park.

b. Thin section observations reveal the presence of maghemite

within the cores of pisoliths recovered from deep locations

within profi,les. Other pisoliths have maghemitic rinds that

almost certainly developed by the transformation of goethite

by surface burning.

c. Sources of maghemitic clasts in the Sydney duricrrrsts,

suggested by Faniran (1970) included magnetite from within

the Hawkesbury Sandstone, siderite from the rWianamatta

Shales or from basic igneous rocks. Such sources would
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involve physical lateral transport of maghemite. Thus it
appears that these clasts have not formedin situbut
represent transported bodies.

d. Some of the maghemite in pisoliths probably formed at the

surface as a result of heating in the presence of organic

material, to later undergo transportation and burial.

e. Further influences of surface or near-surface modifi.cations

may be indicated by the presence of corundum in some of the

maghemitic surface pisoliths. The corundum in these

pisoliths (BOU 412) nray have fom.ed by the transfomation

of gibbsite by burning.

The presence of a complex series of mixed facies of ferricrete,

including pisolitic, nodular, clastic, vermiform and vesicular t¡pes,

together with soft and hard mottles, may be related to different

environments. For example, vesicular structu.res probably result

from the chemiaal precipitation of goethite from iron-rich waters into

pre-existing fine grained or organic sediments. Pisolitic crusts may

relate to former soils and in places at Terrey Hills there appears to be

a succession of superimposed and hardened fossil soils, displaying

biogenic structures and bumows similar to the modern soil. Clastic

fenricrete material appears to relate to iron-impregnation of a

colluvial mantle, and vemiform structures may reflect biogenic

influences or the passage of soil or groundwater through the deposit

leading to its dissolution. Hardened and soft mottles may relate to

variations in seasonal water tables. All of the various ferricrete

facies ocsur within a colluvial mantle, and within the indurated zone

at the Terrey Hills site where Hunt et o,l.(1977) argued that there is

clear evidence of in situ bedrock structures.

Variations in the mineralory and chemistry of pisoliths and their
surrounding matrix materials suggest different environments of

formation. Maghemite enclosed within the pisoliths suggests a near-

surface formation and subsequent burial or incorporation into soils.

The absence of maghemite in the matrix and the encapsulation of

maghemite within pisoliths negates the significance of contemporary

flushing of maghemite through the profile to concentrate it as

discrete nodules.
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vi. Micromorphological studies suggest complex phases of weathering

and iron mobility that are not compatible with simple in situ

transformation. The various phases of iron mobility observed also

cast doubt on the validity of palaeomagnetic dating, as does the clastic

origin of the original sediments that preserve evidence of various

phases of iron mobilisation and precipitation.

vii. The occurrence of biogenic structures including burrows, trails and

plant, roots within the ferricretes suggests that some of the clastic

materials vÍere unconsolidated soils and weathered zones that were

subsequently iron-impregnated and hardened. Coating of the

indurated biogenic structures with subsequent deposits of iron oxides

suggests further complexities in the development of the indurated

zones.

viii. The requirement of external sources of iron for the ferricretes. Some

workers (e.g. Faniran, 1970) considered that the Hawkesbury

Sandstone possesses insufficient iron for the formation of iron-

cemented duricrusts and preferred iron sources from the

Wia¡ramatta Shale and the basic rocks of the area. Burgess & Beadle

(1952) and Beadle & Burgess (1953) considered that the 'laterites' of

the Sydney district formed from shales which may or may not remain

in an r¡nweathered condition below the 'laterite'. By examining

detritat quartz from weathered Hawkesbury Sandstone and

Wianamatta Shale they concluded that in most cases 'laterite' had

fom.ed from shales overlying or interbedded within the Hawkesbury

Sandstone, or redistributed materials of mixed origins. They argued

that the origin of 'laterite' from shales, could account for both the

source of iron, as the Wianamatta Shale has a Fe2Og content of 5-107o,

and the abr¡ndance of kaolinite in profiles. Their analytical work

suggested that there were external additions of iron into the profiles

from the weathering of shales and basalt flows.

On the other hand, Hunt et al. (L977) thought that the weathered

profiles showed no evidence of iron-enrichment in the indurated

zones nor depletion in the mottled zones, and claimed that as there

were overlaps in the iron content of zones of the Hawkesbury

Sandstone and iron-rich crusts, there was no need to invoke external
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sources of iron. Chemical analyses of samples of Hawkesbury

Sandstone demonstrate low total iron contents, varying from 0.32Vo

(BOU 452> toL.ALVo (BOU 453). However, all of the analyses were

carried out on partly weathered sandstone, as the samples all

contained kaolinite, so that iron may have already been removed from

the rock. It has been suggested that bleaching rocks of iron is often a

precursor of more intensive weathering (Milnes et a1.,1987). For

example, chemical and mineralogical analyses carried out on

unweathered and partly weathered bedrock has revealed that the only

difference between the two was the migration of iron from the partly

weathered material. A thin iron-rich crust within the Hawkesbury
Sandstone (BOU 420) had an Fe2O3 content of 1-9.977o, dominantly in

the form of goethite $'ith only a small amount of hematitp. The iron

oxides could be 'primary' minerals deposited along with the bulk of

the rock, or secondary minerals introd.uced at a later stage during

weathering pro€esses, $rith the latter possibility being favoured.

Standard (196?) reported sub-surface sid.erite contents in the

Hawkesbury Sandstone of up tn 47o as the main iron mineral present.

As this 'nineral was not identified in the outcrops sampled it
suggests transforrration to other iron oxides, which it will do napidly

in oxidising environments. It does appear, however, that the local

zones of iron enrichment, such as that at Terrey Hills, require

influxes of iron oxides from outside of the immediate area, and which

may have derived from a variety of sources including the

Hawkesbury Sandstone, Wianamatta Shale and basic rocks.

Influxes of iron oxides in solution is further suggested by the nature

of some of the iron-rich clasts within the indurated zones of the

profiles. If the view is followed that there was not a unifom. blanket

of ferric'rete across a fom.er 'peneplain' surface, but a landsurface of

some relief, with only localised colluvial and chemical concentrations

of iron developing in favourable environments, as the landscape

suffered weathering and downwastitg, then there is no requirement

for vast amounts of iron. Hunt et aI. (L977) regarded the surface on

which the 'laterite' occurs as a dip slope coincident with the upper

surface of the Hawkesbury Sandstone. The topography and geology of

the area are compatible with this interpretation, which would also
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favour the view that there has been iron and kaolinite enrichment on

the Hawkesbury Sandstone from the Wianamatta Shale by

weathering and erosion during land.scape downwasting.

There is evidence of profile differentiation in the section at Terrey

Hilts. The analyses presented here appear to support the view of

Hunt et ø1. (1977) that there is a fairly uniform iron content down the

indurated zone of the Terrey Hills profile. The iron content varies

within the range of 2OVo to 4O7o u¡ith a slight increase towards the

surface. However, at the base of the most northerly outcrop at Terrey

Hills, within a zorre of soft mottles, there is a rapid drop in total iron

content to only a few percent. Moreover, the depletion of bases and

silica within the profile indicates considerable leaching of the profile.

Walker (1960) noted that the present climate of the area, \Ã¡ith a heavy

rainfall, leads to long periods of intense leaching and. conditions that

tend to favour the removal of soil rather than its accumulation. It
was also noted that modern soils show marked features of acid

leaching and that most soils are acid regardless of their parent

materials.

There is evidence of ferrihydrite formation in the modern

environment, where it forms a sludge or gel following precipitation

from iron-rich waters along roadside drainage channels (Plate 8.16).

8.5 Conch¡sions

The total iron content in several weathered Hawkesbury Sandstone samples

assayed at only a few percent. Ilowever, the amount of iron required for

mottling is not very great; for example a sample of a strong purple hematitic
mottle (BOU 419) from Beacon Hill contained only AVoFe2Os. To achieve

pronounced mottling all that is required is the release of iron from the original

bedrock and its redistribution within the weathered bedrock. Furthermore, the

evidence of vesicular bog iron ore in the Terrey Hills profile suggests that it
acted as a sink for iron oxides transported in solution and that there have been

local accumulations of iron derived laterally from other sources. Many of the

iron-rich zones within the Hawkesbury Sandstone are quite thin and may be

inadequate to produce the total amount of iron within the 'laterite' profiles,

without invoking considerable lateral iron transport, or sources from formerly

overlying iron-rich materials. It appears that the bands of iron within the
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Hawkesbury Sandstone have been incorporated into the profiles, but

dominantly as clasts rather than as the tiny flakes suggested by Hunt et ø1.

Qe77).

The present sporadic distribution of 'laterite' in the Sydney area does not

simply reflect degrees of dissection of a former continuous and complete

'laterite weathering profile'; the weathered and iron-rich zones were not

originally uniformly and completely developed, but, depending on local

conditions of topography, drainage and water tables, some afeas were

bleached, others mottled and some acted as sinks for iron oxide accumulation

to form crusts. Only in special cases might the three zones of a 'laterite proñle'

develop at one site, and then they need not be intimately related in a simple

mono-genetic profile. Given these constraints, which appear to apply to study

areas in South Australia, there is no need for vast amounts of iron to be

mobilised, nor is there, by implication, need for gleat lowering of the landscape

to account for the high conoer,rtrations of iron observed in some indurated

zones.

The work of Hunt et o,l. (L977) may represent a watershed in the study of

'laterites' in Australia in that it challenged the long held model of 'Iaterite'

formation that has restricted the advancement of understanding of these

enigmatic features. Furthermore, it highlighted the irnportance of currently

operating processes in developing and modifytng iron-rich and aluminium-

rich profiles. The transformation of modern ferrihydrite to hematite and./or

goethite may better account for some of their observations rather than invoking

the eluviation of tiny crystalline flakes of hematite and maghemite through the

profiles. The fact that much maghemite is locked up in the cores of pisoliths

suggests that those maghemite rich pisoliths at depth are not currently

forming.

Moreover, because of the demonstrated profile complexities at various scales it
is impossible to view these profiIes simply as the result of superficial

modification of iron-rich units within the Hawkesbury Sandstone through the

operation of contemporary processes. The author is in agreement with

Woolnough (L927; p. 48), who said: "Possibly there is something in the

immediately underlying rocks to account for the abnomally plentiful supply of
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oxides; but I think noú." (Author's italics). There is little doubt that

contemporary processes are modifying the profiles, but tlle profiles also record

evidence of long histories of modification and development by continually

operating processes of erosion, deposition and weathering, on a landsurface

that may have been of variable relief.
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C]HI^AP1[E]R, 9. ]F]O]RJR,TC]RJDITES WÏT]HI ^ASSOCNATED \TOTD^A]L

CIO}VC]RJDITTO}SS MS T]HI]E 1T]E]L]FO]RJD ts^AST}V.

9.1 Intnoduction

Conspicuous ferricrete beds formed within overburden and interburden

sediments of Mesozoic coal beds in the Telford Basin (Fig' 9'1) of the Northern

Flinders Ranges, were drawn to the author's attention, as they had been

interpreted as palaeosols (Coffey et ø1.,1978 - cited in Murray-'Wallace, 1983).

Forming significant parts of the ferricretes are strongly banded voidal

concretions (Pettijohn, 1959) or'rattling iron concretions'(Childs et ø1.,L972).

The ferricretes are resistant and comprise continuous crusts up to a kilometre

long forming prominent cuestas (Plate 9.1). The ferricretes have developed by

tJ¡e in situ ferntginisation of sediments as a result of the weathering of siderite

and pyrite-rich beds within the T?iassic sediments. The voidal concretions

comprise integral parts of the ferricretes and fonrred within them.

Consequently, investigations of the detailed character of the concretions

provided a satisfactory explanation for the origln of these ferricretes. Only at

later stages, in some cases, have they been isolated from the ferricretes by

erosion.

92 Geologrcal BacþHound of tlre Telford Basin

The intremontane Telford Basin (Fig. 9.1), which covers an area of 25 km2, is

an asJmrmetrical syncline containing Late Triassic to Middle Jurassic

freshwater fluvio-lacustrine sediments (Parkin, 1953; Playford & Dettmann,

1965; Hos, 1977;1978; Townsend, 1979). Ttrese deposits comprise thin basal

Srits and sands overlain by a succession of carbonaceous shales and. siltstones

containing numerous coal seârns and occasional sand beds. Palynological

evidence indicates that some of the coal seams fomed in swamps covered by

vegetation of low diversity and that climate may have been warm temperate

with a variable rainfall regime (Hos, t977;1978).

Pyrite is cornrnonly dispersed throughout the coal-bearing beds and numerous

pyrite-rich and siderite-rich layers also occur. Where these layers have been

encountered during mining and drilling operations they have been referred to

as 'hardbars'. They assume a variety of habits and their origin is problematic

(Murray-Wallace, 1983). At depth the competent 'hardbars' of sideritic
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siltstones are interbedded with incompetent mudstones and may have been

squeezed or stretched to form boudinage structures that resemble discrete

segments of detached sausage-shaped features through their inability to

deforrn plastically and unifomly with the enveloping beds. In close proximity

to the surface the 'hardbars' have been progressively weathered to form

ferricretes with iron-rich voidal concretions that are intercalated with shales

and sands.

It has been suggested that the fericretes containing the concretions are

palaeosols (Coffey et ø1.,1978 - cited in Murray-Wallace, 1983), but Murray-

Wallace (1983) preferred to regard them as primary sedimentary features that

$¡ere transformed into ferruginous beds. Thus the development of the sub-

rounded forms from rectangular blocks was believed. to have occurred sub-

surface, with erosion subsequently exposing them at the surface.

9^3 lllacrcmorphology of the Fericrete Concretions and tlreir Field

Relationships

The banded fernrginous voidal concretions in the ferricretes from the Telford

Basin vary considerably in character. Some have large hollow cores and

consist of regularly banded fermginous layers (Plate 9.2), and the interior

hollows may be lined lvith inward-pointing rypsum crystals. Other hollows

are filled with clays (Plate 9.3), and where rypsum also occurs in the core

material, the central filling may be tightly packed (Plate 9.4). Yet others are

completely filled with iron oxides. Furthermore, individual bands of iron

oxides, a few centimetres thick, form oval-shaped structures, up to 15 cm

across, within the weathered basement rocks of the Balcanoona Formation.

These rings cut across bedding and have developed independently of it through

the influx of iron oxides in solution into the bedrock. Other evidence of the

fomer occurrence of pervasive iron-rich waters is provided by iron-

impregnated biogenic materials including wood.

The concretions occur in a section of the basin where siderite and pyrite-rich

'hardbars' have been exposed at the surface. This occurs dotninantly in the

southern part of the basin, where there is evidence of faulting that may have

been responsible for the tilting and exposure of the 'hardbars'. Recent

exposures in the quarry walls and access ramps reveal that the sideritic
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'hardbars' become increasingly weathered towards the surface. Layers of

secondary iron oxides occur around cores of unweathered sideritic siltstone

(Plate 9.5). Consequently it appears that both the weathering of the siderite, the

forrration of the ferricretes and their associated concretions are dependent

upon exposure to the atmosphere, or to the contact with near-surface

oxygenated groundwaters. Various stages in the development of the voidal

concretions have thus been observed. They vary from thin surface rinds

around unweathered sideritic siltstone (Plate 9.5), to thick concentric layers

around partly weathered sideritic material (Plate 9.6), to cores consisting of

iron-depleted clays (Plate 9.3), and to central voids without any remaining

siderite (Plate 9.2).

9.4 Chemisbry and Mineralory of the Concætions

Mineralogically, the concretions in the ferricretes (BOU 88) (Table 9.1) consist

of roughly equal amounts of goethite (a-FeOOH) and lepidocrocite (y-FeOOH),

with other minerals deteeted, in dee,reasing ord.er of abundance being quattz,
hematite, kaolinite, smectite and micas. Fe2O3 (627o), SiO2 $57o) and Al2O3

(TVo) dominate its chemistry. The PzO¡ content (L.85Vo) of the concretions, when

compared with other ferricretes is relatively high. The concentric layers of the

concretions are enhanced by distinctive colour variations, and on this basis,

sub-samples were separated from the individual layers. XRD analyses of the

separate layers reveal that they are dominated by hematite (dark maroon-

coloured), goethite (yellow-coloured) and lepidocrocite (orange-coloured).

Crystals of gypsum occupy parts of the central voids. In some concretions the

cores are closely packed with rypsum and clay.

9.5 Fenicreúe and Voidal Concretion Fornation
The field obsenrations suggest that the ferricretes and associated voidal

concretions of the Telford Basin have formed by the ín sítu weathering

transformation of siderite, a process also suggested by Pettijohn (1959), Childs

et al. (L972) and Senkayi et aI. (1986) for similar concretions elsewhere. Siderite

is stable in a reducing environment but oxidises rapidly in contact with the

atmosphere or oxygen-bearing waters (Seguin,1966). Hurlbut (1959) noted that

pseudomorphs of goethite after siderite are comrnon.



254

Siderite (FeCO3) comprises 62.7Vo FeO, 37.97o COz, 48.27o Fe and both divalent

Mn and Mg may substitute for ferrous iron, while Ca may be present in small

amounts (Hurlbut, 1959). Siderite is commonly associated with coal measures

(see, for example, Childs et a1.,1972; Senkayi et a1.,1986), and the formation

both of the coal and the siderite are associated u'ith freshwater swamp

environments (Postma,Lg82). The environment of formation postulated for the

formation of the coal beds of t,Le Telford Basin (Parkin,1953) is in sympathy

\Mith this. Senkayret ø/. (1986) stated that when oxidised, siderite is

transformed to goethite or hematite, with the alteration to hematite, probably

occurring prior to the exposure of the siderite to surface weathering conditions.

Senguin (1966) who studied the instability of FeCO3 in air argued that the end

product of oxidation of siderite is always c-Fe2Og (hematite) and that the rate of

dissociation of FeCOg is dominantly a function of grain size and temperature.

Consequently the first stage in the formation of the concretions in the ferricrete

is probably the dissociation of siderite at the boundaries ofjoint-bordered

quadrangular blocks of siderite or siderite nodules. Thus the incipient

concretion would have essentially the same dimensions as those of the original

sideritic mass. Senkayi et aI. (1986) argued for a solid solution transformation

of siderite to hematite through the dissociation to FeO and subsequent oxidation

to hematite as opposed to the dissolution and reprecipitation mechanism

discussed by Schwertmann and Taylor (1977). In some incipient Telford Basin

concretions hematite forms the outer-most layer (Plate 9.4) and does so in some

fully developed concretions. However, some mature concretions have outer

coatings of goethite, which may have formed by the dissolution of hematite and

reprecipitation as goethite in a changed weathering environment. Senkayi eú

al. (L986) only reported hematite from the outer shell of weathering sideritic

nodules, but layers of hematite have been identified at various positions within

the Telford Basin concretions, including their cores. Consequently, the

assertion that hematite only forms at depth and goethite only in near-surface

moister environments is not supported by these observations. From some

boreholes, both hematite and goethite have been identified in samples derived

from considerable depths below the surface.

The formation of a very stable ferric iron layer of hematite around a sideritic

mass would probably slow down the weathering of the siderite as it would
inhibit the diffusion of CO2 and CO out of the siderite crystal lattice (Senguin,
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1966). I{owever, the penetration of oxygenated waters through the hematite

zone could lead to tJle dissolution of a thin layer of siderite between the

relatively insoluble ferric iron outer layer of hematite and the unweathered

core of siderite, and its reprecipitation as goethite. Senkayi et aI. (1986) argued

that a surficial environment would favour the alteration of siderite to goethite

but not to hematite. However, in the Telford Basin concretions there appears to

be no consistent or preferential distribution of these two minerals.

Lepidocrocite also occurs as concentric layers in the voidal concretions from

the Telford Basin ferricretes. This mineral was not identified in the weathered

sideritic nodules described by Senkayi et al. (1986). Childs et ø1. (L972) identified

lepidocrocite in rattling iron concretions, but neither its distribution nor its

significance $¡as discussed. Lepidocrocite occurs as dark orange layers

regularly interspersed between both hematite-rich and goethite-rich layers.

Goethite (ø-FeOOH) has hexagonal close packing as opposed to the cubic close

packing of lepidocrocite (v-FeOOH). Ttrere is little difference in the lattice

energies of the two ty¡les of packing, and they are equally economical in filling

space (Evans, 1964). It is apparent, because of the intimate association of

goethite and lepidocrocite in the concretions described, that the iron minerals

have fom,ed from the same source of mobilised Fe2+ in the same general

environment. Ilowever, fluctuations in the detailed character of the

environment must have occurred to favour the dominant fomation of one oxide

over the other.

Factors such as temperature, rate of oxidation, the concentration of Fe2+ in
solution, partial pressure of CO2 and pH are important determinants of the

formation of different mineral phases (Schwertmann & Taylor, t977). Some

foreign ions may inhibit the formation of certain mineral forms. pe¡ s¡¡amplê,

Al can inhibit the fomation of lepidocrocite, favouring the goethite phase when

an Fe(II) system is being oxidised. However, the amount of aluminium

analysed in the goethite and lepidocrocite-rich layers for this thesis do not vary

significantly, so that this factor may not þs important in this instance. In
water, lepidocrocite or goethite ca¡r fom, from the oxidation of green rust

depending on local environmental conditions (Schwertmann & Taylor, L977).
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The formation of lepidocrocite is often associated with hydromorphy, but in the

case of the voidal concretions in the ferricretes of the Telford Basin there is no

need for current hydromorphic conditions as large amounts of ferrous iron in

siderite are already present having been inherited from earlier reductomorphic

conditions. Furthermore, the environment in which the ferricretps from the

Telford Basin forrred cannot be equated utith a modern soil in an arid

environment, but nevertheless they have formed as a consequence of

weathering of inherited sideritic and sulphide-rich sediments by percolating

groundwaters.

Lepidocrocite in geological environments, as opposed to soil environments, is

typicallyvery crystalline (Ramberg, 1969; Francis & Segnit, 1981). By

comparison with standards, the lepidocrocite from the Telford Basin is also

very crystalline with a width at half-height (rWHH) of 0.4o2e, and a d-spacing of

6.27583 4.. ttt" formation of well crystalline lepidocrocite may be favoured by

the slow supply of Fe2+ and air (Fitzpatricket o'1.,t985).

It has been noted in certain Natal slope-gley soils by Schwertmann &

Fitzpatrick (1977), that lepidocrocite and goethite may crystallise

simultaneously. It is also possible that the dominant occurrence of goethite is

due to the subsequent formation of goethite from lepidocrocite (Fitzpatrick eú

al.,t9pí). However, in the case of the ferricrete described here, there are

roughly equal amounts of goethite and lepidocrocite present, and although

there is some intemixing of the minerals, they dominate in discrete zones or

layers.

Siderite has a high specific gravity (3.83 - 3.88) but it is not as dense as goethite

(4.37) or hematite (4.8 - 5.3). Thus during the weathering transformations of

siderite to hematite and goethite, less space would be occupied. It is also

significant that the total iron contents in the layers of the voidal concretions are

higher than in the unweathered siderite, so that there has been a migration

and concentration of iron oxides during the fomation of the concretions.

Moreover, during the processes of siderite weathering there would be

substantial volume reductions due to the losses of CO2 and CO from the

siderite. The chemical analyses show high ignition losses of sideritic-rich

material (up to 307o\ compared with those comprising chiefly hematite, goethite
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and lepidocrocite. Consequently as the original size of the sideritic mass u¡as

fixed by the surficial transforrration of siderite to hematite, the further

weathering of siderite could have resulted in the ultimate development of voids,

variably containing iron-depleted clays, in the central sections of the

concretions. The development of small gaps between the outer shell of ferric

iron and the inner femous iron material may have facilitated the access of

circulating waters and the weathering transformations of siderite. The

alternating formation of lepidocrocite, goethite and hematite is considered to

reflect varying rates of oxidation of ferrous iron depending upon differing rates

of oxygen supplies.

In some concretions rypsum crystals occur in the central voids, in some cases'

in combination with iron depleted clays. Pyrite is present in the 'hardbars',

and weathering of it would have provided sulphate to combine with the calcium

held in the siderite to fom. CaSOa. It is suggested that the gypsum in the cores

of the concretions passed through the outer layers of the concretions in solution

to crystallise slowly and forn. some quite large crystals in central voids.

The weathering of pyrite would have also released large amounts of fenous

iron that could account for the iron accumulations within fossil wood and the

kaolinised basement rocks. This mobilisation of iron oxides may also account

for variations between the layered types of voidal concretions described above.

Halite has been identiñed in the surface sample of a concretion and also from a

deep unweathelsd sample, but it is suggested that halite is a relatively recent

addition to the environment. Halite is cornrnon in the mine area of the.Telford

Basin and has been carried to considerable depths in solution along joints and

other structures.

9.6 Conclusions

The concretions and the femicretes described from the Telford Basin probably

did not develop in a former pedogenic environment but resulted from tbre in sítu

weathering transformations of pre-existing siderite deposits by oxygenated

groundwaters under near surface situations.
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The present arid climatæ probably does not favour the fom.ation of these

ferricretes with the associated concretions for Senkaiet aI. (1986) noted that a

moist surficial environment led to the rapid transformation of siderite to

goethite. Ilowever, Senguin (1966) concluded that temperature and grain size

are the most important factors involved in the dissociation of siderite and its

oxidation to fom hematite. Water is important in the further weathering of

the hematite-coated siderite blocks, and although rainfall is low in the Telford

Basin, locally groundwaters can be quite close to the surface. For example,

groundwater presents a problem for coalmining in the upper series beds, and

dewatering of them is necessary before mining can proceed. Thus it is possible

that weathering related to percolation by groundwaters could currently affect

the development of the ferricretes. Some of the ferricretes may be relics,

indicating wetter climates in the past, but their development probably does not

depend on such climates. Certainly, they appear to have been modified by the

current weathering regime, as many of the postulated outer layers of hematite

have been trar'rsformed to goethite.

The concretions in the ferricretes have formed by the in situ weathering of

siderite involving the progressive inward transfomation of siderite to

hematite, goethite and lepidocrocite and the development of central voids

variably filled with detrital iron-depleted clays and g¡psum that has invaded

the concretion in solution. The presence of iron'sulphide ores and siderite

within the overburden beds has provided an ample source of fenous iron for

subsequent precipitation in favourable locations, producing complications on

the simple voidal concretions.

The ferricretes \Ãrith associated voidal concretions in the Telford Basin

constitute a special t1rye of fendcrete formed through tlne in siúz transformation

of pre-existing ferrous iron oxides orginally deposited in swampy

environments. The demonstrated intimate environmental association of

sideritic 'hardbars' $rith coal beds, both forming in freshwater swamps

(Postma, t982,1983; Senkayi et ø1.,1986; Childs et a1.,1972) and the

development of distinctive fermginous voidal concretions, within the ferricrete,

from the weathering of the sideritic zones, suggests that the presence of voidal

concretions may assist in preliminary prospecting for coal.
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10.1 Findings Related to Femicrete Fo¡r¡m,ation ftom Investigations of
fhis Tlresis

The investigations carried out for this thesis have demonstrated that there is

great variety in the positions and relative relationships of fericretes and

mottled and pallid zones both in South Australia and some other areas of

Australia. Furthermore, the investigations of this thesis demonstrate that the

chemical and mineralogical characteristics of 'lateritic' materials reflect

various and different modes of formation and subsequent modifications.

Different facies of ferricretes have been recognised throughout the world (e.g.

Pullan, L967) and enquiries of this thesis suggest that the different ferricrete

morphologies reflect environmental conditions during their formation and

subsequent development. Consequently the view is taken that the detailed

characteristics of the different ferricretes represent 'tape recordings' of their

epigenetic histories, the unravelling of which may be accomplished by careful

study of their detailed attributes.

The evidence presented suggests that there was not the development of a

unifor:rr blanket of 'laterite' over large areas, but rather that the different t¡les
of ferricretes, mottled and bleached zones developed in specific sites in response

to local environmental conditions. Ferricrete ctusts are relatively rare in the

study areas, and are often absent above pallid and/or mottles zones, suggesting

to many workers, the erosional truncation of fomer complete 'laterite profiles'.

However, the data presented here suggest that in the greater number of cases

the crusts had never developed. Wherever ferricrete crusts do occur, the

evidence suggests that they did not develop as horizons in a monogenetic

'laterite profi.le', but are everywhere younger than the immediately underlying

weathered zones, having fom,ed in various ways by the preferential physical

and./or chemical accumulation of iron and aluminium oxides in locally

favourable situations .

The mobilisation and precipitation of iron and aluminium oxides over

immense periods of geological time, including the present, have been

demonstrated, suggesting that ferricrete fomation cannot be restricted to
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discrete time spans, nor can it be equated, in a restrictive sense, with humid

tropical climatic conditions. There is little doubt that some ferricretes did form

coevally, and that humid tropical climates may have enhanced fenicrete

formation. However, the fact that different facies of ferricrete may have formed

synchronously in different parts of the same landscape, and that identical

ferricretes occur on landsurfaces of widely disparate ages, restricts the

utilisation of ferricretes as reliable morpho-stratigtaphic markers, except in

the coarsest of senses. This is particularly so in the light of evidence of

continual modifications of ferricretes and landsurfaces, so that they cannot be

regarded simply as remnants of ancient landscapes preserved in pristine form.

No reliable indication of age appears to derive from the morphology, chemistry

or mineratogy of ferricretes or their component parts, as similar ranges of

weathering and ferruginous materials occur on lowland and summit surfaces.

For example, pisoliths occur on many diverse landsurfaces of different ages,

vesicula,r to m,assive ferricrete occurs on the the summit surface as well as on

modern valley floors, and vermiform ferricrete occurs on landsurfaces widely

separated in elevation and age. Ilowever, ferricretes with the greatest

rnineralogical diversity (e.g. hematite, goethite, maghemite, gibbsite, boehmite

and kaolinite) appear to have much more complex and lengthy histories of

evolution than do ferricretes and mottles with simple iron oxide mineralogies

(e.g. goethite in ferruginised clastic sediments, and hematite in mottles).

Gibbsite is a common constituent of complex crusts, but it has also been

identified in relatively young ferricretes as well as from modern seepage zones.

Its occurrence appears to reflect local environmental conditions rather than

age. Although there are several possible pathways for gibbsite formation, in

the majority of cases investigated, it appears to have formed from the

dissolution of kaolinite, under acid weathering conditions, which mobilised

aluminium in the surface horizons, and allowed precipitation in the lower,

less acidic zones.

'Where ferricretes are viewed holistically, within the fromework of the total

environment, they may be useful in local palaeogeographical reconstructions.

For example, some fenicretes appear to mark the positions of fomer Tertiary

shorelines, having apparently developed by the iron oxide impregnation of

sandy shoreline sediments. Furthermore, with such fernrginised clastic
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quartzose sediments, in which the iron oxide mineralogy is typically dominated

by goethite, older crusts consistently display higher hematite contents than the

younger ones.

LO.z Modes of Femiorete Fomation in areaÉ¡ shrdied

10-2.L Oxidation of prcexisting iron minerals to fom. Fermginised Sediments

In extreme cases, weathering of iron rich minerals such as glauconite,

siderite, pyrite and chamosite, incorporated into various sediments such as the

Pebble Point Fomation of the western Otway Basin (Chapter 7) and the

Compton Conglomerate and its equivalents in the Mumay Basin (Chapters 4

and 7), has given rise to the fernrginisation of sediments by the isovoluminous

replacement of existing minerals in oxidising environments. Such

ferruginised sediments, which have commonly been mistaken for surfi.cial

pedogenic ferricretes, are characterised by an iron oxide mineralory

d.ominated by goethite, and this t1rye of fermginisation could be occurring

today. Consequently it need not be related either to the operation of intensive

weathering or to humid tropical climates. Other ferricretes with distinctive

void.al concretions have fomed in the Telford Basin (Chapter 9) by the near

surface oxidation of pyritic and sideritic siltstones (Figure 10.2, No. 3). Care

needs to be taken to distinguish these fermginised sediments from surfi.cial

ferricrete crusts.

L0.2.2. Fericnetes as detritr¡s

The physical erosion, transportation and deposition of pre-existing high level

ferricretes, particularly by the operation of slope processes has led to the

fom.ation of some ferricretes at lower levels in the landscape (e.g. slopes of

Spring Mount, Chapter 4). This mode of fendcrete fomation has been

recognised by many workers. In many cases detrital fragments, so derived,

have been cemented by the precipitation and crystallisation of ferrous iron

influxed in solution. There appears to be little controversy about the fomation

of ferricretes by the physical reworking of pre-existing ferricretes and the

accumulation and cementation of fermginous detritus on low angle slopes and

valley bottoms at elevations below higher occurrences of ferricretes. Often the

detrital character of the ferricrete is clearly apparent by inspection of hand

specimens and by examining the topographic and geomorphic relationships of

the different ferricretes.
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As stated above, most ferricretes bear the imprints of both absolute and relative

accumulations. For example, some mechanical detrital ferricrete in the

Sydney area (Chapter 8) has been so modified by later weathering that the

original structure of the detrital ferricrete has been largely obscured. However,

combinations of detaited field., optical, mineralogical and chemical data can

usually distinguish the original detrital nature of the ferricrete, as distinct

from the underlying in situ bedrock $rith presented rock structures.

10¿3 Ferriøetes fomed by tlre ferrr¡glnisation of prcexisting bedrock and

sediments.

Where ferrous iron has been introduced in solution from lateral sources into

pre-existing clastic and organic sediments, ferricretes with different

characteristics have formed depending on the environments of deposition and

the nature of the sediments involved. Such ferricretes have developed in

former lakes, svsamps, peat bogs, peritidal enviroments and valley floors.

Often in these ferricretes, goethite is the dominant iron oxide, which typically

displays minimal aluminium substitution in its crystal structure. These

observations suggest goethite formation in wet and./or humic environments. In

these instances there is no genetic relationship between the fendcrete and the

underlying materials, which can include sediments and variably weathered

bedrock. This process of accumulation of iron oxides from iron-rich solutions

is proceeding today, in various landscapes, under current climatic conditions.

Under hydrostatic pressure, continental groundwaters containing ferrous iron

in solution emerges at springlines leading to the precipitation of iron oxides at

the surface (FigureLO.2, No. 4 and Fig¡¡re 10.3, No. 5).

Ferricreted bedrock has probably been formed in a similar fashion except that a

greater proportion of the iron has been derived from the immediate parent
rock. However, Fe2O3 contents in fermginised bedrock are consistently greater

than that in the unweathered bedrock, so that there have been influxes of iron

into the ferruginised bedrock, probably from lateral sources (Figure 10.2, No.

1).
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LO.2.4. Continual weatlrering and erosion model, prefelred for ferricrete

fonnation orr the sr¡mmit sur{ace of Fleurieu Peninsula

The summit surface of the Fleurieu Peninsula is the area that has been studied

most intensively, particularly sub-surface. Consequently it is a most

appropriate area in which to assess ferricrete fom.ation formed by the

downwasting of a weathered landscape.

The evidence presented in this thesis suggests that there was not a low-lying

and near level landsurface uniformly blanketed by a complete 'laterite profile'.

Rather there was a landsurface of some relief, possibly even greater than some

equivalent parts of the modern landscape, that led to considerable lateral

variations in environmental conditions. Consequently, in some higher parts of

the landscape the underlying bedrock was bleached of iron (FigUre 10.1,

Bleached zones), which was removed from the local environment or was

accumulated in adjacent relatively low lying parts of the landscape, such as

organic-rich swamps, at breaks of slopes on valley sides and in valley bottoms.

The slabby ferricrete (Figure 10.3, No. 1)) occurs at plateau margins where

laterally moving ground water nears the surface, leading to the precipitation

and oxidation of iron carried in solution, in near-horizontal layers (See sections

4.2.1.4 and 5.6.3.3).

Elsewhere, within the zone of water table fluctuation (Figure 10.1, Mottled zone

development), it is postulated that primary iron minerals within the basement

rocks were degraded by weathering under reducing conditions, forming

ferrous iron that was redistributed and segregated., within the weathered and

partly kaolinised rock, to form ferric iron-rich mottles under oxidising

conditions. These mottles $¡ere dominated by hematite formed via the

dehydration of ferrihydrite. Ttrere is no doubt that the process of mottle

fomation can occur without physical reworking of the host material, as quartz

veins and bedrock and sedimentary structures are preserved within these

zones. Hence, isovoluminous weathering had occurred.. Thin section

observations suggest that the hematite mottles grew by the coalescence of tiny

hematite crystallites, which replaced pre-existing material such as kaolinite,

perhaps in the fashion suggested by Ambrostet aI. (1986). Chemical analyses

suggest that many of these weathered and mottled zones have developed

through the local solution, redistribution and segregation of iron oxides,
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although in some cases there may have been additional inputs of iron oxides to

mottles from lateral, particularly iron-rich sources, such as pyrite beds. It is
apparent that these redistributions and additions can only have taken place by

processes related to water movement through the weathering zotre, and may

relate to regional water table fluctuations, perched water table movements, or

to the slow downward seepage of surface water. Under these conditions there

need be no development of a surface crust, nor do they require excessive water

table fluctuations.

As surface weathering and erosion proceeded, the iron segregations, largely as

hematitic mottles, were progressively exposed at the surface, where they

hardened, disintegrated, and formed lags at the surface (FigUre 10.1,

Landscape downwasting). In favourable situations these iron-rich residua

were progressively transformed to goethite by dissolution and reprecipitation,

forming surface rinds on hematite-cored clasts of various sizes including

pisoliths and nodules. I¡r areas where surface slopes were too steep to favour

surface accumulation, no thick residual lag formed, but only thin surface

coatings of pisoliths developed, on and within soils that directly overlie the

mottled material. Pisolith development in these areas occured during the

physical transport from higher areas to lower parts of the landscape. Pisolitic

to nodular ferricretes (Figure 10.3, No. 2)) require the lateral physical transport

of the nodules and pisoliths. The simpler character of the nodules and their

similarities in chemistry and tnineralory to the surrounding matrix materials

suggests the operation of less physical transport in their formation (Section

5.6.3.2).

\ryith the progressive exposure of the relatively itnrnobile ferric iron oxide to

form lag materials, further mineral transformations are thought to have

occurred, such as the transform.ation of hematite to goethite and the formation

of maghemite by surface burning. Although ferric iron rninerals (apart from

ferrihydrite) are quite stable, under the conditions discussed in Chapter 3,

nevertheless some may be dissolved to contribute to the cementation of the lag

gravels to form a fericrete or be removed from the immediate area to

contributp to ferricrete fomation at lower levels. In this fashion, by dissolution

and reprecipitation, the lithification of some of the individual clasts to forur

pisolitic and./or nodular ferricretes may have occurred (Figure 10.3, No. 3).
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Furthermore, the precipitation of the iron locally would have led to the

formation of new generations of iron oxid.es.

As it appears that the ferricretes did not uniforrnly cover the landscape and as

the near-surface ferricretes are not readily soluble, they could have largely

survived while leaching of the underlying area could have proceeded via the

circulation of sub-surface ground water. This could have lead to the

dissolution of kaolinite, the mobilisation of aluminium and its reprecipitation

at lower levels, either as gibbsite, or within the crystal structure of

s¡mchronous generations of goethite. Thus it is envisaged that ferricrete

development proceeded with further downwasting of the mottled zone, the

continuing accumulation and cementation of iron-rich clasts and the provision

of aluminium to be incorporated into new generations of goethite, derived from

the solution of hematitic mottles. Other minerals, formed at the surface by

frres; such as maghemite (from goethite), boehmite and corundum (from

gibbsite), could have been incorporated into the developing ferricrete as were

fragments of bedrock and quartz.

This model is a variation on the residual model of McFarlane (1976), which

involved a single phase of weathering and downwasting to develop the

'laterite', with the underlying pallid zone developing by leaching through the

permeable in situ 'laterites' af;ber its uplift and incision. However, in the areas

studied no evidence was observed of the progressive development of weathering

profiles, with horizons forming from progenitors that resemble those currently

beneath them. Moreover, in the South Australian situation, as well as there

being evidence for the continuing modification of mottled and pallid zones

under present climatic conditions, there is stratigraphic evidence for both

pallid and mottled zones being old.er than the ferricretes. Consequently, the

model of McFarlane (1976) cannot be applied unmodified to the South

Australian fericretes, although there are many points of cottttttonality. In

particular, points of agreement include the formation of mottles by local iron

oxide redistribution within the saprolite, t,Lat they can form a residual lag by

matrix removal associated with landscape downwasting, that the topographic

relief need not be subdued for the operation of this mechanism, that pallid

zones may continue to develop after uplift and that vemiform ferricrete

develops across very subdued relief by the modification of former ferricretes.
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Continual leaching during the downward percolation of meteoric waters has

Ied to the partial dissolution of ferricrete and the development of vermiform

structures in some of the cemented ferruginous and ¿l¡¡minous-rich

ferricretes, and their infilling with gibbsite and kaolinitic clays (Figure 10.3,

No. 3). Gibbsite not only occurs in the dissolution tubules, but also within

pisoliths and nodules suggesting great complexity in the development of the

vermiform ferricrete, by many phases of solution and precipitation of iron and

aluminium oxides.

This continual model of ferricrete formation is supported by the complex

nature of the ferricretes overlying weathered and mottled bedrock. Thin

section obsen¡ations demonstrate the intricate character of the vermiform

ferricretes, which display a diverse range of minerals, and various phases of

iron mobilisation and impregnation that favour the view of a long and

continued his.tory of formation and transformation. Stratigraphic evidence

suggests that the summit surface of parts of Fleurieu Peninsula have been

exposed to temestrial processes during and since the Mesozoic. Thus the

evidence supports the view that some fericretps develop concomitantly with

landscape evolution, and their fomation is not necessarily dependent upon

pre-existing planation surfaces.

The continued. leaching of the underlying weathered zone is demonstrated by

the concentration of gibbsite in the upper few metres of many of the profile

samples from below the Parawa Plateau. The gibbsite content varies inversely

\¡¡ith kaolinite abundance, suggesting its original source from the incongruent

dissolution of kaolinite and the removal of silica from the profile. Progressive

kaolinisation is also suggested by the oxygen-isotope work reported in Chapter

4. Bouman (1973) had suggested that the depth of weathering on the summit

surface of Fleurieu Peninsula might suggest continuing leaching following the

tectonic uplift of the area. Many of the'd.eeply weathered profiles' in the Mount

Lofty Ranges have been shown to be not intensively weathered as they contain

variable arnounts of felspars, smectite, micas, chlorite and vermiculite.

The occurrence of ferricretes over weathered zones is quite sporadic: only in
favoured situations have lags of complexly weathered iron and aluminium-
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rich materials been cemented to form ferricretes. Many of the ferricretes occur

on low angle slopes, which suggests lateral physical and chemical movement

of ferricrete materials, as well as the residual accumulation of relatively

immobile materials from overhead sources.

Other lateral variations are displayed, in which some bedrock is bleached while

elsewhere it is mottled, reflecting local conditions at the time of formation.

This lateral variability in weathering, bleaching, mottling and iron

accumulation makes it unnecessary to postulate the form.er contiguous

existence of complete monogenetic weathering 'laterite' profiles over extensive

'peneplain' surfaces, and obviates the need to explain present distributions in

terms of variable degrees of dissection of the original profile. Furtherrnore, it
overcomes the objections raised by some workers elsewhere of the potential

deficiency of iron from pallid zones or from overhead sources.

10.3 Summary and Conch¡sions

The conclusions of this thesis are by no means definitive. In particular, few

opportunities were provided for the exarnination of ferricretes associated with

basic rocks, and it would be useful to compare ferricretes and weathered zones

developed on such rocks with those reported in this study. Furthermore,

current hydrological conditions appear important in developing and modifi¡ing

ferricretes, and as in this study hydrologtcal influences were largely restricted

to sites examined by other workers, detailed hydrological investigations should

prove fruitful. Additional data on the (palaeo-) environments of fornation of

ferricretes could be achieved by the further studies of Al-substitution and

crystallinity of iron oxides, while the application of differential ther:rral

analysis would allow more accurate determinations of relative iron oxide

abundances, that reflect conditions during their formation. Finally, further

data on the detailed processes of ferricrete fomation could be achieved by

additional rnicroprobe studies and the use of scanning electron and

transmission electron microscopy, in particular to investigate aluminium and

silica solubility and quartz dissolution.

Nevertheless, the data collected for this thesis have allowed the identification of

various t¡pes of fendcretes, bleached and mottled zones and the determination

of their chemical and mineralogical compositions as well as their rnicroscopic
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characteristics, all of which have facilitated reconstructions of their modes and

landscape environments of formation. These are summarised in Figures 10.1,

10.2 and 10.3 and highlight the fact that different forms of ferricrete have

developed in these different environments through the operation of a range of

processes. In other situations there are sedimentary sequences, which

simulate so-called 'laterite' profiles, or which include calcareous sedimentary

layers that demonstrate a multigenetic origin of the profile, involving processes

other than those typically attributed to 'lateritisation'.

The data presented in this thesis stresses the influence of local environmental

conditions in developing ferricretes and mottled and bleached zones, and that

these environmental conditions can vary over reasonably short distances.

Rarely is there the full vertical variation of pallid, mottled and ferricrete zones,

but these zones change laterally, $'ith some areas displaying pallid zones,

others mottled zones and yet others, ferricretes.

In order to obtain more reliable interpretations of ferricretes and landscape

development, an holistic approach, involving investigation of as many

attributes related to ferricrete development as possible, has been adopted in this

study. In contrast, studies that depend too much on only one approach, such

as palaeomagnetism may ignore contradictory stratigraphic data, or

geochemical studies may be carried out without an understanding of the field

relationships of the ferricretes being analysed.

Ferricretes in the landscapes studied do not represent stages in the

development or dissection of the'normal laterite profile'of Stephens (1946) or

the current in situ model of the French (Herbillon and Nahon, 1987). They are

various materials, impregnated by iron oxides precipitated from percolating

waters in response to local environmental conditions and have formed over a

long period of time, possibly from the Mesozoicto the present. The view of
'laterite profiles' as the products of continual weathering and related processes

throughout the Mesozoic and Cainozoic (Milnes et ø1., 1985; Bourman et ø1.,

1987) has subsequently been the preferred. model of landscape evolution applied

to areas in Western Australia and Queensland by Ollier et ø1. (1988). Some

other fermginised materials (e.g. Compton conglomerate, voidal concretions)

have been mistaken for buried pedogenic ferricretes in the past. However, the
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chemical, rnineralogical and stratigraphic evidence reported here should

prevent future misunderstandings.

Deep pen¡asive weathering and kaolinisation attributed to 'lateritisation'

processes do not appear to be directly associated $tith the forrration of

ferricretes, although widespread bleaching is important in providing iron

oxides for ferricrete development in other parts of the landscape. These studies

do not favour the view of kaolinisation occurring prior to 'lateritisation' or

mottle development as suggested by Eyles (1952) a¡rd Nahon & Tardy (1987), who

observed the replacement of kaolinite booklets by hematite in mottles. The view

is preferred of complex s¡rnchronous weathering, bleaching, kaolinisation and

ferruginous mottling of bedrock, as the data presented suggest that Fe is one of

the first elements to be mobilised, and that, in many cases, it has only been

redistributed in its immediate environment.

Currently, sludge-l'ike ferri'trydrite amd poorly crystalline lepidocrocite occurs

in creeks and seepage zones in many topographic settings in the region,

including valley side slopes, peritidal environments and groundwater salinas.

It has fom,ed. in many cases by precipitation from ferrous iron solutions,
where pH and E¡ reach appropriate values, and high salinity is frequently

associated with such environments. Under such conditions ferrihydrite has

the potential to impregnate pre-existing materials, and transform, in some

cases, directly to hematite, or to fom goethite by dissolution and

reprecipitation, depending on local micro-environmental conditions.

In view of the above considerations, workers in southern South Australia, in
particular, need to reassess the paradigm within which they view and

interpret materials previously regarded as 'lateritic'. No longer can they

simply be regarded as fossil features related solely to humid tropical climates,

'peneplains' and varying degtees of dissection.
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'Laterite' - massive, vesicular,
ermicular, Pisolitic.

Mottled Zone

Pallid Zone
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Bedrock
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Standard 'Laterite'
Profile

Figure 1.1 Sketch of the pedogenic or standard laterite
prõfilel incorporating a sandy, blea a 'laterite' holzon,
successively underlain by companion d and bleached
bedrock (Stephens, 1946), considered to have developed on a'peneplain',
under humid tropical conditions.
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4.35 Location of iron mineralised sediments, Fisherman Bay.
Ferguson et a1.,1983).
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Fe2O3=IRON OXIDES
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ferricretes.
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Figure 5.2 Triangular diagram of bulk chemistry of all t¡pes of ferricretes.
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FeZO3=IRON OXIDES

tr VERMIFORM

O NODULAR

o SLABBY
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A PISOLITIC
A PISOLITHS
. FERRUGINISEDt SEDIMENTS

FERRUGINISEDo BEDRoCK

SiO2 :qg4Ptt KAOLINITE Al2 03 = GIBBSITE

Figure 5.3 Triangular diagram showing mean plot of ferricrete types and
their ranges.
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Figure 5.4 Triangular plot of pisolitic fenricretes and individual pisoliths.
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Figure 5.5 Triangular diagram showing variations in fericrete
mineralogy.
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FerO. = IRON OXIDES

Blue
526
525
527
528
529

Range Samples
Bedrock Mottle
Ferruginised Sandstone
Bedrock Mottle
Large Surface Pisoliths
Small Surface Pisoliths

Glenville Etch Surface Samples
523 Unweathered Bedrock
524 Slightly Weathered Suphide-rich

Metasediments
530 Oxidised Sulphide-rich

Metasediments

s¡o2 = QUARTZ KAOLINIÏE At2o3 
=G|BBS|TE

Figure 6.2 Triangular diagram of samples from the Blue Range and the so-
called Glenville etch surface of Twidale et ø1. (1976).
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Corrobinnie Depression
Basement Rocks
508 Mottled Bedrock
509 Bleached Bedrock
518 Unweathered Bedrock
517 Enriched Bedrock Mottles
519 Mottled Gneissic Bedrock
521 Mottled Gneissic Bedrock

Corrobinnie Depression
Ferricretes associated with Garford
505 Dêtr¡tal Ferricrete
506 Matrix of 505
507 Ferricrete Fragments of 505
514 Ferruginised Sands
515 P¡sol¡tic Ferricrete
588 Detrital Ferricrete

FerO. = IRON OXIDES

Formation

Weathered Garford Format¡on
510 Bleached Clay-rich Sediments
51 1 Yellow-coloured Ferricrete
512 Red-coloured Ferricrete
513 Clays in Ferricrete Voids
516 Ferruginous Mottle

Ferruginous materials associated

with lacustrine sediments
573 Ferr¡crete in Claypan
579 Fenuginous Grits
587 Ferruginous Clays below 573

312

SiO2 = QUARTZ KAoLlNlrE Al2Os =GIBBSITE

Figure 6.3 Tria,ngular diagram of samples from the Corrobinnie
Depression (weathered Precambrian basement rocks and Eocene Garford.
Formation sed.iments).
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Figure 6.4 Triangular diagram of pisolitic fendcretes from the Corrobinnie
Depression.
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Corrobinnie Depression
Pisoltic Ferricretes
574 Pisolitic Ferricrete
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577 Bleached Mafix of 574
582 Pisolitic Ferr¡crete
583 P¡sol¡ths of 582
584 Ferruginous Matrix of 582
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SiO2 = QUARTZ KAoLINITE Al2O3 =GIBBSITE
Figure 6.5 Triangular diagrott" of ferricretes a¡rd pisoliths from the
Corrobinnie Depression.
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Mount Cooper Samples
500 Unweathered Porphyry Bedrock
501 Mottle in Weathered Bedrock
502 Weathered, greenish-coloured Clays
503 Weathered and Bleached Bedrock
504 Slightly Bleached Bedrock

SiO2 = QUARTZ KAOLINITE AI2O3 =GIBBSITE

Figure 6.6 Triangular diagram sf sernples from Mount Cooper.
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Sleaford Samples
532 Pisolitic Ferr¡crete
533 Pisolitic Ferricrete
534 Ferruginous Mottle in Granite
535 Bleach in Weathered Granite
536 Surface P¡sol¡ths

537 Ferruginous Mottle in Gneiss
538 Bleach in Gneiss

SiO2 = QUARTZ KAoLrNrrE Al2O3 
=GIBBSITE

Figure 6.8 Triangular diagram of samples from the Sleaford Bay area.
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Lincoln Highway Samples
567 Red-coloured Mottle in Grits
568 Yellow-coloured Mottle in Grits
569 Red-coloured Mottle

570 Yellow-coloured Mottle

571 Bleach Mater¡al

sio2 = QUARTZ

Figure 6.9

KAoLtNtrE Al2O3 =GIBBSITE

Triangular diagram of samples from the Lincoln Highway.
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Koppio Quarry Samples
541 Weathered and Mottled Bedrock
542 Weathered and Bleached Bedrock
544 Weathered Granite
555 Weathered and Mottled Bedrock
556 Weathered and Bleached Bedrock

sio2 = QUARTZ KAOLINITE At2o3 = G|BBS|TE

Figure 6.10 Triangular diagram of samples of weathered and mottled
bedrock from the Koppio quarry site.
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Tumby Bay-Cummins Road Cut Samples
559 Weathered and Moftled Bedrock
560 Weathered and Bleached Bedrock
561 Vesicular Ferricrete
562 Weathered and Mottled Bedrock

563 Weathered and Bleached Bedrock
564 Ferricrete developed from Mottle
565 Ferricrete developed from Mottle
566 Weathered and Mottled Bedrock
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a

o 560 0563
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o

o
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5
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s¡o2 = QUARTZ KAoLlNlrE Al2os 
=GIBBSITE

Figure 6.11 Triangular diagram of samples from road cuts on the Tumby
Bay-Cummins Road.
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Tod
54s
546
547
548

River Valley Samples
Pisolitic Ferricrete
Detrital Ferricrete
Pisolitic Ferricrete
Pisolitic Ferr¡crete

sio, = QUARTZ

Koppio Quarry Samples
539 Pisolitic Ferricrete
540 Weathered Hematitic Quartzite
543 Fresh Hemat¡tic Quartzite

FerO. = IRON OXIDES

KAOLINITE

Wanilla Conservation Park
549 Pisolitic Ferricrete

Knott Hill Samples
550 Ferruginous Nodules in Soil
551 Nodular Ferricrete
552 Soil containing Nodules
X Mean of 550 and 552

Yallunda Flat
572 Pisolitic Ferricrete

At2o3 = G|BBS|TE

Figure 6.12 Triangular diagram of ferricrete samples from the Koppio
Quarry site, Tod River Valley, Wanilla Conservation Park, Knott Hill and
Yallunda Flat.
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Western Otway Basin Samples
201 Massive Ferricrete
202 Bedrock Mottles
203 Ferruginised Sandstone
204 Pisoliths (Tarrington)
205 Pisoliths (Branxholme)
206 Bleached Bedrock
207 Pisol¡ths (Suney River)
208 Bedrock Mottle
209 Massive Ferr¡crete
210 Fenuginised Sandstone
211 Pisoliths (Surrey River)

sio, = QUARTZ

FerO. = IRON OXIDES

KAOLINIÏE

220 Bleached Bedrock
221 tffealhered Basement Rocks
222 Ferruginised Sandstone
223 Buried Ferricrete
224 Compton Conglomerate
225 Compton Conglomerate
226 Compton Conglomerate
227 Buried Ferr¡crete
228 Ferruginised Limestone
229 Ferruginised Limestone
230 Maghemitic Clast

At2o3 = G|BBS|TE

Figure 7.4 Triangular diagram of samples from the western Otway Basin.
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Sydney SamPles
Teney Hills Site

400 Pisolitic Ferricrete

401 P¡sol¡t¡c Ferricrete

402 Ferruginous Mottle
404 Pisoliths
405 Modern Soil

406 Vermiform Ferricrete
407 Ferruginous Mottles
408 Clastic, Nodular Ferricrete

409 Pisolitic Ferricrete

410 Vesicular Ferricrete

411 Pisolitic Ferricrete
412 Surface Pisoliths

412a Vesicular Ferricrete

413 Soft Mottles
414 Slabby Ferricrete
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415 Clastic, Nodular Ferricrete
416 Pisolitic Ferricrete
417 Pisolitic Ferricrete

Beacon Hill Site
418 Bleached Hawkesbury Sandstone
419 Mottled Hawkesbury Sandstone
420 Ferruginised Hawkesbury Sandstone
421 Ferruginised Sandstone

Mona Vale Road
451 Maghemitic Clast

452- 455 Bleached Hawkesbury Sandstone

s¡o2 = ouARTz KAOL|N|TE Al2o3 
=GIBBSITE

Figure 8.3 Triangular diagram of samples from the North Sydney area.
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Figure 9.2 Triangular diagram of somples from ühe Telford Basin.
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Profile

'Laterite' - massive, vesicular,
vermicular, pisolitic.

Mottled Zone

Pallid Zone
bedrock structures

Bedrock

mottle fragments

wT1
Hematitic
Mottles
\ryT2

Bedrock

Standard'laberite' profile developed
by model of Stephens (1946) involving
in sítu isovoluminous weathering on
'peneplain' surface under humid tropical
conditions. This n'rodel does not fit the
reaìity ofthe South Australian situation.
Instead one finds quite irregular
distribution of ferricretes, bleached and
mottled zones resuìting from preferential
weathering, depending on ìocal topography
and controlled by water flow.

Hcmatite, goethite
maghemite
Goethite rinds on mottles

30-50

I 'DEEP WEATHERING'
These examples of 'deep weathering', mottling and ferricretes have formed
largely in metasedimentary rocks and sediments.

A. MOTTLED ZONE DEVELOPMENT LANDSCAPE DOWNWASTING
(1) Involves no major lateral (2) Following uplift

t of iron in solution.
Bleached I

Lag ofhardened

30-50
metres

.- ManY -
kilometres

wT1
É[ematite-rich
mottles
wT2
Bedrock

i. Requires stability and locations i. Slow landscape downwasting
away from steep slopes, but surface ii. Progressive transformation of
lelief not necessarily subdued. hematite to goethite near surface.

ii. Water table change can be due to: iii. Ferruginous lag at surface,
a. Seasonal changes containing hematite, goethite and
b. Climatic changes maghemite.
c. Tectonic changes

iii. Chemical weathering of bedrock
under influence of water table
fluctuations, leading to redistribution
of iron into hematitic mottles.

B. BLEACHED ZONES
(1) Requires continuous lateral movement for evacuation of iron (Fe2+) in solution.
Ideal conditions exist on margins of plateaus.

bedrock

Mineralogy
Kaolinite
Smectite
Quartz
Felspar
Illite

1-5 km

Figure 10.1 Sketches of 'Standard Laterite Profile' and 'Deep weathering'
with the development of mottled and bleached zones.
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II. FERRICRETES: SIMPLE TYPES Hand specimen

1. Ferruginised bedrock ferricrete

Vesicular ferricrete ferricrete

e2*

Supratidal zone
100 m

Ground

Bedrock structures
visible.

(Clastic type)
Sedimentary
structures
visible

Vesicular

Voidal concretions
in ferricrete
Ferruginisatiort
of sedimentary
beds.

Massive
Biscuits

Mineralogy-
& Chemistry

Hematite
Goethite
Fe2Og L7o/o

Goethite
Fe2Os L}Vo

37o Al-subst.

Fe2O3 707o

<17o Al-subst

zotte

Ferruginised
bedrock ferricrete

Bedrock

2. fron-impregnated clastic and organic
sediments (vesicular ferricrete).

Iron -impregnated
clastic sediments

(surface & sub-surface)

Peat swamps

3. Oxidised pre-existing iron-rich
sediments

4. Peritidal environments

Aeolian dunes

Voidal concretions
in "ferricrete"

siderite (ferruginised sediment)

Goethite
Lepidocrocite
Hematite
Fe2Os 60Vo

Hematite
Goethite
Ferrihydrite
Pyrite
Rozenite
Fe2Os25Vo

C alcare ous clayey----- ---
sjrqd_agqgiqlrfde

Continued on Fig 10.3

Figure 10.2 Sketches e¡ sirnple ty¡les of ferricretes, showing their
environments of formation, macro-morphology, chemistry and mineralory.
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(continued)

5. Boinka environments

Hand specimen

Platy fragments
Biscuits

329

MineralogY
& ChemistrY

Goethite
Hematite
Rozenite
Anhydrite
Fe2O3 257o

V. low Al-
subst.

Hematite
Goethite

Minor gibsite
Kaolinite
Fe2Os457o

67o Al-subst.

Hematite
Goethite
Maghemite
Gibbsite
Fe2Os35Vo

Al-subst.
up to 20o/o

Hematite
Goethite
Maghemite
Gibbsite
Kaolinite

Fe2Os30Vo

Al subst.
up to2lVo

1 kilometrê 

-r
I Ptecipitation of iron I

Groundwater flow

III. COMPLEX TYPES
1. Slabby ferricrete

2-300 metres

oxides

2-4m

flow

Slabs separated
by clays

Fe2*

tre

2. Pisolitic to Nodular ferricrete
Latelal physical transPort to
depressions

3. Vermiform ferricrete - duè to
dissolution of pre-existing
ferricretes of different types.
Occurs on low angle slopes.

Nodules with hematite cores
goethite rinds

3rn a o

Pisoliths & nodules
in iron-rich matrix

Worm-like tubules,
clay-filled (kaolinite
+ gibbsite). Some
tubules filled with
hematite. Goethite

& coatings over exPosed
faces

Matrix of goethite + gibbsite
+ hematite.
Quartz fragment

Bedrock clast
Maghemitic clast
Tubule structures filled with
kaolinite + gibbsite

Max.100's metres

Figure 10.3 Sketches of simple ferricretes (continued) and sketches of complex
types of ferricretes, showing their environments of formation, macro-
morpholory, chemistry and mineralogy.
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Plate 2.1 Reverse fault (F) near Cambrai on the eastern side of the Mount
Lofty Ranges, exposed in a scarp foot valley. Shattered Cambrian
metasedimentary rocks (K) on the right of the plate overlie red-brown
Pleistocene fanglomerates (P) on the left. Pods of light-coloured
fossiliferous limestone (T) occur along the fault zotte. Surface calcrete (c)

occurs downslope of the fault, and may have formed from the dissolution
and reprecipitation of Tertiary limestone dragged to the surface by
faulting.

Plate 3"1 Oblique aerial view of Witton Bluff, south of Adelaide. Light-
coloured Tertiary sediments in the lower half of the cliff are overlain by
Pleistocene sediments, the base of which is marked by a zone of
pronounced ferruginisation (F). Light-coloured calcareous material
occurs at the surface. This stratigraphic sequence has been described as a
'laterite' profile by some workers, and boulders of 'laterite' have also been
reported from within the Tertiary sediments.

Plate 3.2 Ferruginous sandstone unit of Pleistocene age, which thickens to
the right of Plate 3.1 The upper and lower beds of this unit are sub-
horizontal (h), but the intervening beds are contorted and convoluted (c),
indicating intraformational slumping.
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Plate 4.1 General view of the summit surface of the South Mount Lofty
Ranges and the Willunga escarpment looking southeast from near
Clarendon. The general elevation of the summit surface in this area varies
between approximately 300 m and 420 m above sea level. This surface has

been widely interpreted in the past as an uplifted'peneplain' capped by a
fossil 'laterite profile', to which it allegedly owes its preservation.

Plate 4.2 Vermiform ferricrete showing sinuous tubule structures fiIIed
\Mith white-coloured clays that contain kaolinite and gibbsite. Clasts of
ferruginised bedrock (B) and maghemite (M) are evident on the left of the
sample. The yello\¡v material comprises dominantly goethite and gibbsite,

whereas the dark red material is dominated by hematite. Sample is
approximately 25 crn wide.

Plate 4.3 Pisolitic ferricrete illustrating discrete pisoliths cemented in a
ferruginous matrix material. Sample is approximately 10 cm wide.
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Plate 4.4 Block of nodular ferricrete, with large nodule (N) right of centre
outlined by fracture. The nodules are considerably larger than pisoliths.
The material comprising the nodules (goethite, quartz, gibbsite, hematite,
kaolinite, anatase, smectite, interstratified clays and maghemite) is of
similar composition to that of the matrix except that the matrix does not
contain maghemite. Scale is 10 cm long.

Plate 4.5 Sectioned boulder of vesicular ferricrete, showing small cavities
that were originally filled \Mith clay-rich (smectitic) materials. Goethite is
the dominant iron oxide present, and up to 70Vo of the total composition of
this ferricrete consists of Fe2O3. Scale is 40 cm long.

Plate 4.6 Blocks of slabby ferricrete (dominantly goethite and hematite),
developed in weathered Precambrian metasiltstones, separated by clay-rich
material (kaolinite, smectite and interstratified clays) and exposed in road
cut on Chandlers Hill. Geology hammer 35 cm long.
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Plate 4.7 Block of ferricreted sandstone. A pre-existing quartzose sandy
sediment has been impregnated by iron-rich waters, and lithified following
the precipitation and crystallisation of the iron. Ferricretes formed by the
iron oxide impregnation and induration of sediments display an iron oxide
mineralory dominated by goethite and have a total iron content of about 207o.
Scale is 10 cm long.

Plate 4.8 Precambrian metasedimentary rocks variably impregnated with
iron oxides (hematite and goethite), forming ferricreted bedrock. Original
bedrock structures are clearly visible. This ferricrete forms a prominent
ridge at about 340 m asl near Koonunga in the Mid North of the State.
Although it forms a ridge it is still well below the level of higher land nearby
Hammer head is 15 cm long.

Plate 4.9 View across a sediplain, the Upper Hindmarsh Valley, from
Spring Mount northwards towards Mount Cone on a similar line to the cross
section shown in Figure 4.4. The horizon to the right (east) of Mount Cone
carries sporadic occurrences ofnodular and vesicular ferricrete at about 400
m asl. The Upper Hindmarsh Valley is approximately 210 m asl and is
underlain by Oligo-Miocene limestone, above which a ferricrete formed by
the ferruginisation of sands occurs above ?Pliocene sediments.
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Plate 4.10 Small mesa sporadically capped with nodular ferricrete (e.g.
scattered boulders in foreground) east of Mount Cone. This ferricrete is
currently undergoing destruction, but there is no evidence that it ever
completely covered the landscape. An alternative view is that different t¡les
of ferricretes developed in different and discrete parts of the landscape.

Plate 4.11 Eastward view from Mount Cone of the small mesa on the
horizon, sporadically mantled with nodular ferricrete shown in Plate 4.10.
Small red-brown patch at base of slope near left of plate marks position of
vesicular ferricrete (V) about 15 m below the level of the nodular ferricrete
(N).

Plate 4.I2 Photomicrograph in transmitted plane polarised light of
vermiform ferricrete from the summit surface of Kangaroo fsland (BOU 101)
showing small islands of clay and quartz grains, \,\rith interstitial iron oxides
(goethite and hematite) and gibbsite (tight yellow). The main difference
between the segregations and the matrix material is that the segregations
contain more iron oxides. The framework grains are similar in both the
matrix and the segregations, which favours the view that iron and
aluminium oxides have penetrated into pre-existing sediments. Minerals
present include quartz, gibbsite, goethite, kaolinite, felspar, hematite and
anatase. Width of field 2.6 mm.
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Plate 4.13 Photomicrograph of vermiform ferricrete (BOU 18) from summit
surface of Fleurieu Peninsula, showing disoriented micas, or
pseudomorphs after micas, which suggest that it has derived from
weathered bedrock, and may represent an indurated soil. The iron oxides
d,ominantly comprise goethite and hematite There is a tendency for the
micas to be aligned parallel to the surface coating but to be randomly
dispersed elsewhere. Transmitted plane polarised light. \ryidth of field 2.6

mm.

Plate 4.14 Photomicrograph of vermiform ferricrete (BOU 101) from
Kangaroo Island, showing zones of clay kaolinite plus gibbsite) and quartz
grains with rims of goethite and hematite surrounded by material composed

dominantly of goethite and hematite with possible maghemite. Transmitted
plane polarised light. Width of field 2.7 mrn.

Plate 4.15 Photomicrograph of poorly sorted coarse sandy sediment (BOU

306), which is probably a fluvioglacial sediment of Permian age. The sub-

angular quartz grains are cemented by a yellow matrix of goethite plus clay
(kaolinite, smectite and interstçatified clays). Very frne red hematite
crystallites (c) are scattered throughout the matrix, and line voids within the
matrix. Incident polarised light. Ïtfidth of field 1.2 mm.
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Plate 4.16 Photomicrograph of quartzose sediment with complex semi-
opaque matrix of hematite and clays connecting poorly sorted, angular,
shard-like and embayed quartz grains, suggesting either the inheritance of
such grains or their dissolution during weathering (BOU 4). Transmitted
plane polarised light. \ /idth of field 0.6 mm.

Plate 4.!7 Photomicrograph of sample BOU 4, showing hematite occurring
as small crystals (c) with red internal reflections in yellowish goethite plus
clay matrix, cementing quartz grains (t). Some red hematite occurs in thin
zones around voids (v). The angular and embayed character of the
framework grains suggests that some of them have developed. by the breakup
of larger grains. Incident polarised. light. Width of field 1.2 mm.

Ptate 4.18 Photomicrograph of weathered Precambrian metasiltstone
bedrock (BOU 386), showing blue-coloured quartz grains \Mith an iron oxide
matrix consisting of masses of small crystals of hematite and individual
hematite crystallites in a yellowish matrix of clay and goethite. Scattered
fine hematite crystallites occur throughout the matrix, in places coalescing
to form aggregates. WeIl crystallised hematite also occurs along fractures
Polarised incident light. Width of field 0.5 mm.
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Plate 4.19 Photomicrograph of clay-rich material (kaolinite and
vermiculite) (BOU 20) \Mith scattered quartz grains impregnated by iron
oxides (goethite and fine equigranular hematite crystallites ). The
concentration of the crystallites increases, especially along fractures, where
the clay matrix appears to be replaced. Hematite appears to have formed at
a later stage than the goethite. Transmitted plane polarised light. Width of
field 1.4 mm.

Plate 4.20 View of bulldozer exôavation on Peeralilla Hill showing
ferruginous crust of vesicular ferricrete (V) and light-coloured clays (C and
B) at a lower level in the section, that include calcite and barite. This deposit
of ferricrete occurs on the summit surface but below the level of surrounding
hills. Borehole evidence indicates that this deposit is underlain by sandy
sediments. Figure provides scale.

Plate 4.21 Closer view of ferricrete at Peeralilla Hill shouring rudimentary
layering which dips to the south. Isolated boulders of vesicular ferricrete (V)
occur in the section as do small patches of clays (kaolinite, smectite and
vcrmiculite) (C). Geology hammer 35 cm long.
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Plate 4.22 Photomicrograph of calcitic sediment GOU 33) underlytng
ferricrete on Peeralilla HiIl. Rounded to sub-angular quattz grains ranging
from silt to sand-sized are set in a matrix of calcite, smectite and kaolinite,
which coats the grains and fills cavities and fractures. Transmitted plane

polarised light light. \ryidth of field 1.2 mm.

Plate 4.23 Photomicrograph of vesicular ferricrete from Mount Compass
(BOU 5). Note the opaque iron oxides, the linear cavities (C) and the
numerous voids. Transmitted plane polarised light. Width of fïeld 0.5 mm.

Plate 4.24 Photomicrograph of vesicular ferricrete from Mount Compass

showing presumed organic matter replaced by iron oxides, showing as cell-

tike shuótures (C). Small dark patches are hematite. Transmitted plane

polarised light. \ryidth of field 0.5 mm.
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Plate 4.25 Photomicrograph of vesicular ferricrete from Peeralilla Hill
(BOU 12) showing linear white voids. Small areas of 'cell-like' goethite
crystals occur in places. Transmitted plane polarised light. Width of field
4 mm.

Plate 4.26 Photomicrograph of vesicular ferricrete from Peeralilla Hill,
showing rounded structures which could represent former organic
material. Transmitted plane polarised light. Width of field 0.6 mm.

Plate 4.27 Palaeochannel on summit surface near Mount Desert cut into
weathered and iron mottled Kanmantoo Group metasedimentary rocks (K)
and exposed by road construction. Irregular base of channel is marked as is
the location of some of the ferruginous and variably maghemitic pisoliths (p)

that occur at the base of the channel. Clasts of hematite mottles, derived
from the adjacent bedrock, also occur in the channel fill, which in its upper
half resembles mudflow deposits. Post is approximately 1 metre high.
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Plate 4.28 Sharp boundary between unconsolidated pisoliths \Mith goethitic
rinds occurring over weathered bedrock near Parawa. \ryidth of field
approximately 0.5 m.

Plate 4.29 Polyester-resin impregnated slab of pisolitic ferricrete from the
Parawa Plateau. Note the variation in the composition of the core materials
of the pisoliths. The majority of the larger clasts consist of ferruginous and
hematitic bedrock, but some smaller ones have cores of maghemite. Note
the complex rinds of goethite and gibbsite on some of the clasts and their
crude stratification. The clasts are separated by kaolinitic clays, which in
places contain later generations of iron oxides. True scale.

Plate 4.30 Hammer head marks contact of base of channel filled with
ferruginous detritus of pisoliths, nodules, and mottle fragments, and
underlying weathered Cambrian metasedimentary rocks.
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Plate 4.31 Polyester-resin impregnated slab of channel fill material
extracted from above the erosional contact shown in Plate 4.32. Note the
similarity between the pisoliths and those from higher up on the summit
surface, shown in Plate 4.29. Similar core materials of hematitic bedrock
and maghemite are variably encased in rinds of goethite and gibbsite. True
scale.

Plate 4.32 Polyester-resin impregnated slab of sample taken across the
contact of the underlying weathered bedrock and the base of the channel frll,
from the site in Plate 4.30. At the base of the slab weathered and fernrginorrs
metasedimentary bedrock (H), containing hematite is overlain by a thin
goethitic clay zone (G), which in turn is overlain by the channel fill
materials that include maghemitic pisoliths with cores of various materials
and complex rinds. True scale.
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Plate 4.33 Photomicrograph of sandstone (BOU 17) \Mith a clay matrix on the
right and an opaque iron oxide matrix on the left . The clay matrix has been
partly replaced by iron oxides, particularly along fractures in the matrix.
The iron oxide impregnation appears to be a single generation one as there
are no complex layers or zones. The quartz grains are more closely packed
in the area with the clay matrix, and appear to 'float within the iron oxide
(dominantly goethite) matrix. Transmitted plane polarised light. Width of
field 4 mm.

Plate 4.34 Section in road cut near Clarendon, showing angular
unconformity with ferruginised pebbles, grits and sands of Eocene (E) age
overlying weathered, bleached and partly kaolinised Precambrian
metasiltstones (P). Section is approximately 3 m high.

Plate 4.35 Ferruginised and cross-bedded fluvial sediments of North Maslin
Sand sediments exposed in a road cutting on the south side of the
Onkaparinga Gorge. Near vertical structures may represent former tree
roots. Vehicle provides scale.
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Plate 4.36 Section exposed in the Blackwood railway cutting showing partly
weathered Precambrian rocks at the base, which become more intensively
weathered and mottled immediately below the unconformity, which is
overlain by a Tertiary sandy sediment with dense hematitic mottles and a
hardened surface carapace. An ironstone gravelly duplex soil occurs at the
surface.

Plate 4.37 Section in road cutting on Range Road near Willunga, excavated
in Precambrian metasiltstones with sandstone horizons. Large purplish
hematitic mottles occur at the base, separated by bleached and kaolinised
bedrock. Towards the surface the mottles have become isolatèd and smaller,
with goethitic rinds. A lag of disintegrated mottles, pisoliths and bedrock
fragment occurs at the surface and has been incorporated into the present
ironstone gravelly duplex soil. The section has developed entirely in
\Meathered bedrock, but irregular structures below the hammer suggest that
there has been 'churning' of the upper section, perhaps due to wetting and
drying effects. Geology hammer 35 cm high.

Plate 4.38 Hematitic mottles in Precambrian metasiltstone bedrock in
abandoned road cutting near Willunga Hill, but well below the summit of the
hill. Figure provides scale.
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Plate 4.39 Photomicrograph of ferruginised bedrock (BOU 22) illustrated in
Plate 4.38, which displays a metamorphic strueture, with angular embayed
qluartz grains and large unaltered micas. The fine-grained ground mass
has been replaced by iron oxides (hematite). Transmitted plane polarised
light. Width of field 3.5 mm.

Plate 4.40 Photomicrograph of coarse schistose metasediment (BOU 28) of
angular quartz with an iron oxide matrix, dominantly of goethite plus clay
(yellow), \Mith scattered reddish crystals of hematite. Replaced micas ancl
relic porphyroblasts of metamorphic minerals such as andalusite and/or
staurolite also occur. Incident polarised light. \ryidth of fietd 1.2 mm.

Plate 4.41 Hematitic mottled zone in weathered and bleached Precambrian
bedrock, underlying hill sunnrnit at 370 m above sea level, near Kapunda,
Mid North, comprising part of the pre-Tertiary Mount Herbert surface of
Alley (1969). The summit of the hill lies about 70 m above the surrounding
country.
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Plate 4.42 Strongly mottled zone with a crude vertical orientation in
Precambrian bedrock south of Kapunda in Mid North. Mottles (dominantly
hematitic) and adjacent bleached zones display a pronounced vertical
orientation. Figure provides scale.

Plate 4.43 Photomicrograph of ferruginised and weathered bedrock below
the mottled zone south of Kapunda, shown in Plate 4.41. In places hematite
is concentrated along blue quartz grain boundaries. Kaolinite has developed
from alteration of micas (M). Scattered hematite crystallites (red) forming
patches (H) and zones within goethitic and clay groundmass (yellow) (BOU
389). Polarised incident light. Width of field 1.2 mm.

Plate 4.44 Coarsely mottled zone exposed in road cutting near Mount
Torrens, developed in Precambrian metasiltstone, approximately 520 m
above sea level. Purple coloured iron oxides are hematitic and orange-yellow
colours are goethitic. Section is 3.5 m high.



; ar
ùì\
lr

a
a

!
a

I

Itt

:'tl tt .



347

Plate 4.45 Bleached and kaolinised Precambrian Aldgate sandstone exposed
by quarrying at Longwood, in the South Mount Lofty Ranges at 400 m above
sea level. The depth of the section is 30 m.

Plate 4.46 View south across the Mount Taylor Plain from the summit
surface of Kangaroo Island. Mount Taylor (T) is visible on the horizon in the
centre of the plate, and Mount Stockdale (S) occurs on the left horizon.
Compare with the section illustrated in Figure 4.24.

Plate 4.47 Photomicrograph of complex polygenetic pisolith (BOU 129).
Sample collected from area intermediate between summit surface and the
Mount Taylor Plain on Kangaroo Island. Earlier generation ooliths and
pisoliths display various cortex materials and thin gibbsitic rinds. They are
cemented in a quartz-rich matrix indurated with goethite plus gibbsite,
which forms the core of the subsequent generation pisolith. The rind of the
large pisolith (right of photograph) consists of layers of goethite, gibbsite and
possibly maghemite. Photograph in transmitted plane polarised light.
Width of field 6.8 mm.
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Plate 4.48 Complex goethite-rich pisoliths with qruartz clasts up to grit size,
in clay matrix replaced by iron oxide (hematite) (BOU 136). Oolith (O) $'ith
gibbsite plus goethite rind appears within a pisolith, illustrating a series of
cycles of formation. Photograph in transmitted plane polarised light. \ /idth
of field 14.6 mm. Sample from the Mount Taylor Plain.

Plate 4.49 Photomicrograph of a sandy sediment showing quattz grains
\Mith an intergranular matrix of opaque hematite and goethite (BOU 9). The
framework grains are rounded to sub-rounded with a few displaying
embayed edges. The framework grains are not closely packed, which
suggests that the iron oxides may have replaced pre-existing materials such
as clays. The coloured skeleton grains are tourmaline (T) and some
irregular intergranular voids (V) occur. Photograph in transmitted plane
polarised light. Width of field 4 mm.

Plate 4.50 Photomicrograph of ferruginised quartzose sediment (BOU 8),
with large rounded quartz grains and rock fragments with fine angular and
smaller grains cemented \Mith iron oxides (dominantly goethite). The matrix
has developed through the coalescence of coatings around grains, infilling
voids. Transmitted plane polarised light. Width of field 4 mm.
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Plate 4.5L Road cutting near Yundi, with surface ferricrete dipping below
the surface towards the far left, of the section. The ferricrete occurs above
weathered Precambrian bedrock and within a sandy unit of Permian
glacigene sediments. The height of the section is 2 m.

Plate 4.52 Photomicrograph of bedded sandy sediment (BOU ?) in which
the larger qruartz grains are sub-rounded and silt-sized grains angular and
shard-like cemented dominantly by goethite \Mith minor hematite. The
framework grains are not closely packed but are corroded and etched,
suggesting that the groundmass has replaced pre-existing matrix material,
such as clays. Transmitted plane polarised light. \ /idth of field 4 mm.

Plate 4.53 View to the northeast of the ferricrete-capped Gun Emplacement
on the margin of the Eden escarpment, showing the planate nature of the
surface and the pronounced breaka\May on its nearest (southern) side. The
Gun Emplacement stands at about 210 m above sea level and some 200 m
below the level of the backing escarpment summit surface.
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Plate 4.54 Quarry exposing variably iron-stained and bleached sandy
quartzose sediments of possible Eocene age, which underlie the Gun
Emplacement. It is currently possible to trace these sediments, without
major discontinuity to within a short distance of the Gun Emplacement
surface

Plate 4.55 Ferruginous sandy sediments underlying the Gun Emplacement

occasionally contain clasts of quartz and small iron-rich pisoliths and
fragments, suggesting the existence of ferruginous clasts prior to the
Eocene. Goethite is the dominant iron oxide in the sands. Hammer handle
30 cm long.

Plate 4.56 Northwestern edge of Gun Emplacement showing goethite-

impregnated sands with pisolith structures (P) overlain by coarse

fanglomerate sediments displaying dominantly hematite-rich mottles (H).

The pisoliths appear to have been transported, and in places have been

subsequently bleached of iron. The overlying coarse, angrrlar, bleached and
mottled fanglomerates are typical of many similar sediments in scarp foot

situations along the escarpments of the Mount Lofty Ranges and were
regarded as the Kurrajong Formation by Ward (1966).
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Plate 4.57 View of the Bremer scarp looking east from Mount Barker. The
Murray Basin appears in the far distance. Note the planate surface above
the escarpment, dipping gently to the south (right). Several marine
incursions in the Tertiary penetrated into the Eastern Mount Lofty Ranges
along this structure.

Plate 4.58 Bench on the Willunga escarpment at approximately 160 m asl
underlain by mottled sandy sediments. \Mard (1966) regarded this bench as

the effect of a eustatically controlled Late Pliocene shoreline, but it is
probably much older and part of its elevation is due to tectonic uplift. Sands

at the surface have some shoreline characteristics, but have formed from the
weathering of the pre-existing mottled sandy sediments, which may be of
Early Pliocene or Miocene age.

Plate 4.59 Section approximately 4 m deep exposed in the overflow channel
of the Happy Valley reservoir. Tertiary sediments with goethitic mottles are
overlain by a dark grey to black Vertisol.
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Plate 4.60 Road cutting on the Victor Harbor-Cape Jervis road west of the
Waitpinga road, exposing bands rich in pisoliths at a depth of about 1 m in
ferruginous sandy sediments of probable Pliocene age and of aeolian origin.
Other pisoliths occur at the ground surface and in the upper soil mantle.
The pisoliths at depth contain only goethite, whereas those at the surface
have higher iron contents and contain dominantly hematite and
maghemite. Geological hammer 33 cm long.

Plate 4.61 Photomicrograph of former aeolian sandy sediment (BOU 327)
impregnated with iron oxides (dominantly goethite). Dense, opaque zone on
right, marks concentration of iron oxides forming incipient pisolith, and
probably replacing pre-existing clays. Note the similarity in the framework
qtartz grains throughout the photograph. Transmitted plane polarised
light. lvidth of field 4 mm.

Plate 4.62 Photomicrograph showing details of of matrix material shown in
Plate 4.61, illustrating colloform structures indicating illuvial layers or clays
(kaolinite and smectite) plus iron oxides in the intergranular spaces. Some
quartz grains have hematite coatings and laminated goethite and clays
occur in the voids. Transmitted plane polarised light. Width of field 1.2
mm.
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Plate 4.63 Sharp but irregular eontaet between the Jurassic'Wisanger
basalt and underlying bleached and kaolinised Permian glacigene
sediments in the Old Government Quarry, Kingscote, Kangaroo Island.
Oxygen isotope analyses suggest that the kaolinisation pre-dated the
extrusion of the basalt. Section approximately 20 m high.

Plate 4.64 Ferruginous mottling (dominantly hematitic) exposed in sea cliff
eroded in Permian glacigene sediments near jetty, Kingscote, Kangaroo
Islancl. Calcium carbonate of prohahle Pleistocene age has penetrated into
the upper section of the profile, but the mottles are still visible. Height of
section 10 m.

Plate 4.65 Structure at the cliffbase near the Kingscote jetty with an alunite
core and a rim of iron oxides (dominantly hematite) incorporated in
weathered, bleached and mottled Permian glacigene sediments. The alunite
has probably formed by the weathering of a pre-existing sulphide-rich
boulder in the glacigene sediments. The structure is approximately 1 m
across.
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Plate 4.66 Convoluted ferricrete (F) (BOU t02) in coastal cliff at Kingscote,
formed by the iron oxide-impregnation of Permian ice-contact glacigene
sediments. The sands underlying the ferricrete contain clay clasts,
presumably transported in a frozen condition. The section is approximately
4 m high.

Plate 4.67 Close-up of clay clasts, immediately below the convoluted
ferricrete in Plate 4.66, incorporated into sandy sediments in a pro-glacial
environment while still frozen. This provides evidence of the nature of the
original Permian glacigenic sediments (slumped ice-contact deposits),
which \Mere iron-impregnated at a later stage. Key provides scale.

Plate 4.68 Photomierograph of partl¡r ferruginised Eocene limestone (BOU
122). Dominantly shows calcite structures, with some voids (V), and small
yellow patches comprise goethite. Photograph in polarised light. Width of
field 18 mm.
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Plate 4.69 Photomicrograph of details of ferruginised Eocene limestone
(BOU I22), showing infilling of voids, formed by dissolution of calcite
crystals, \Mith orange coloured goethite crystallites. Transmitted plane
polarised light. Width of field 1.2 mm.

Plate 4.70 Eroding hematitic mottled zone in Pleistocene sediments at
Hallett Cove, forming a lag of ferruginous clasts at the surface, which may
ultimately form pisoliths. This is one of the mechanisms suggested for the
initiation of pisolith formation. Scale is marked on photograph.

Plate 4.71 Section of iron-mottled Pleistocene sediments at Redbanks on the
Light River, Mid North overlain by calcareous horizon. The mottles of these
Pleistocene sediments are t¡ryically hematitic and contain small amounts of
maghemite. The section in the right baekground is approximately 15 m
high.
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Plate 4.72 Yatia-bly weathered and ferruginised Precambrian basement
rocks of Brachina Formation (B) overlain by ferruginised and mottled
Pliocene and Pleistocene sediments (P) at Ochre Cove (S=Seaford Formation;
OC=Ochre Cove Formation; N=Ngaltinga Clay of Ward, 1966). The
unconformitv (U) occurs at approximately the line of the path that extends
across the plate approximately two thirds of the way up the section. Height
from unconformity to surface approximately 24 m.

Plate 4.73 Road cutting near'Yorke Farm' on the Kingscote-Penneshaw
road. Weakly iron-mottled (M) sandy sediments occur at the base of the
section, succeeded by a carbonate-rich horizon (C) on which the modern soil
with ferruginous pisoliths (P) occur.

Plate 4.74 View of ferruginised Pleistocene sediments exposed in the
coastal cliffs at Redbanks, Kangaroo Island. In places the sediments
comprise transported pisoliths as well as showing the impacts of ín situ
weathering. The cliffs are approximately 10 m high.
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Plate 4.75 View of peritidal environment at Fisher)t Ba)t. Pleistocene
sediments form the cliff and iron oxide precipitation has occurred in the
foreground in calcareous and organic sediments, with iron oxides having
been derived from eontinental ground waters emerging at the shoreline. See
Figure t0.2. The cliffs are approximately 5 m high.

Plate 4.76 Spodosol with well developed pipy Bh and Bhir horizons, with a
deeper Bhir horizon (placic horizon or'cofÏee rock') and a pronounced
bleached Az -};'onzon exposed in sand quarry near Mount Compass. The Arz
horizon contains some organic matter,, whereas the Az horizon is strongly
bleached. The Bzrrr contains humic matter, and the Bzthir contains iron as

well as humic matter. A stoneline separates these horizons from an
underlying IlBzztrir horizon, part of a truncated profile. In turn this is
underlain by a IIBg horizon, which contains clay lamellae. The parent
material of this spodosol consists of Permian glacigene sands, or their
reworked equivalents. Photograph Dr. R.W. Fitzpatrick.

Plate 4.77 Photomicrograph of spodic horizon at Mount Compass (BOU 1).
Sub-angular to sub-rounded fine sand to silt-sized quartz framework grains,
with some tourmaline grains. Incomplete matrix of reddish incoherent
clays. Clay-rich organic material coats the individual grains and
occasionally bridges voids. Transmitted plane polarised light. Width of field
6.8 mm.
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Plate 4.78 Saline seepage zone in the Middle River catchment area,
Kangaroo Island. Ferrihydrite (F) has precipitated at the sites of
piezometers. Posts 1 m high.

Plate 4.79 Photomicrograph of core of incipient pisolith (BOU t33) in
seepage zone of Tin Hut Creek. Cellular structures reveal organic character
of core material. The dominant iron oxide present is goethite. Transmitted
plane polarised light. Width of ffeld 2.6 mm.
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Plate 5.1 Pronounced undulating stoneline of ferruginous pisoliths at the
top of the B-horizon in a soil profile near Craigburn in the Mount Loft,y

Ranges. Bleaching occurs at the base of the A-horizon, indicating seasonal

waterlogging. The gravel layer has collapsed into a solution hollow near the

centre of the photog¡aph. Profile is 1.2 m deep.

Plate 5.2 Photomicrograph of intergranular void between skeleton quartz

vei¡s in a ferruginised sediment (BOU 9) occupied by alternating deposits of
hematite (red) and goethite (yellow), forming pronounced bands. Polarised

transmitted light. Width of field 0.5 mm.

Plate 5.3 Photomicrograph of portions of two complex pisoliths that contain
abundant quartz and display laminar iron oxide and gibbsite rinds, set in
matrix material of different character incorporating ooliths indurated by
gibbsite. Transmitted plane polarised light. Width of field 6.8 mm.
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Plate 5.4 Photomicrograph of pisolith with core of fermginised
metasandstone surrounded by rind composed of quartz clasts eemented by
iron oxides, illustrating the accretionary nature of this pisolith. Dominant
iron oxides present are hematite and maghemite. Width of field 6.8 mm.
Transmitted plane polarised light. BOU 121, Redbanks, Kangaroo Island.

Plate 5.5 Photomicrograph of pisolith (BOU 104) consisting of alternating
but irregular bands rich in quartz grains and iron oxides (hematite plus
maghemite). Transmitted plane polarised light. Width of field 6.8 mm.

Plate 5.6 Vermiform ferricrete in'Laterite Quarry' near Ione, California,
showing a pronounced horizontal orientation. The red material is
dominantly hematitic and the light-coloured structures are composed
dominantly of kaolinite with minor gibbsite. The harnmer is 35 crn high.
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Plate 6.1 Profile showing calcareous earth (C) overlain by red soil with
ferruginous pisoliths (R) and exposed by dam construction on the Blue
Range, Eye Peninsula at an elevation of approximately 250 m asl. The
depth of the profile is approximately 2 m.

Plate 6.2 General northeasterly view from Mount Nield of the area mapped
as the Glenville etch surface by Twidale et aI. (1976). The highest points
range up to 400 m asl.

Plate 6.3 Weathered and bleached Precambrian gneissic bedrock with
coarse hematitic mottles in the Corrobinnie Depression. In the distance it is
overlain by weathered and ferruginised Eocene sediments of the Garford
Formation. Denser and harder iron-rich mottles (M) occnr in the weathered
bedrock two thirds of the \ilay up and on the left of the plate. Hammer 35 cm
long.
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Plate 6.4 Closer view of hardened dense mottles shown in Plate 6.3. They
stand up above the level of the surrounding bleached zones, and their
disintegration has formed a lag of ferruginous clasts (L), especially on the
right of the plate. The plastic bags are approximately 30 cm high.

Plate 6.5 Closer view of section exposed in the weathered and ferruginised
Garford Formation sediments shown in Plate 6.3. Bleached materials occur
at the base of the section and a ferricrete with weathered clays in the upper
section. The section is approximately 3.5 m high.

Plate 6.6 Ferricrete crust at top of section shown in Plate 6.5, showing voids
in crust, some of which are occupied by light-coloured clay-rich materials.
Figure provides a scale.
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Plate 6.7 Ferricrete (BOU 573) exposed in claypan near Pinjarra dam in the
Corrobinnie Depression. Hammer provides scale. Photograph Dr. N.F.
Alley.

Plate 6.8 Bleached weathering profrle preserved on Mount Cooper, a
granitic inselberg in western Eyre Peninsula. Figures provide scale.
Photograph Dr. A.R. Milnes.

Plate 6.9 Coastal erosion has exposed bleached and mottled gneissic
bedrock in the lowest 4 m of the coastal cliffs at Point Labatt, Eyre Peninsula.
These rocks are overlain by a thin ferricrete of sedimentary origin, which in
turn is overlain by calcarenites of prob le Pleistocene age. These sediments
comprise the greatest proportion of the 50 m high cliffs.
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Plate 6.10 Weathered, bleached and iron-mottled Precambrian rocks
exposed in coastal cliffs at Sleaford Bay, Eyre Peninsula. The cliffs are
approximately 20 m high.

Plate 6.lL Accumulation of ferruginous pisoliths in small channel cut in
weathered Precambrian basement rocks in coastal cliffs at Sleaford Bay,
Eyre Peninsula. Geolory hammer 35 cm long.

Plate 6.12 Surface lag of ferruginous pisoliths above weathered
Precambrian bedrock at Sleaford Bay, Eyre Peninsula.
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Plate 6.13 Pisolitic ferricrete overlying weathered and iron-stained
basement rocks in coastal cliffs at Sleaford Bay. Note the rectangular
bleaching pattern that affects both pisolitic ferricrete and the underlying
weathered basement rocks. Hammer 33 cm long.

Plate 6.14 Weathered boulders of sandstone and grit on the Lincoln
Highway bleached and variably stained with red (hematite) and yellow
(goethite) mottles.

Plate 6.15 Quarry in light-coloured, weathered and slightly iron-stained
bedrock in the Tod River valley near Koppio, Eyre Peninsula. Pisolitic
ferricrete occurs downslope and to the left of the tree on the horizon, and
Precambrian hematitic quartzite occurs to the far right of the tree. Geology
hammer 35 cm long.
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Plate 6.16 Intricately iron-stained kaolinised bedrock exposed in quany
shown in Plate 6.15 and formed under the influence of groundwaters.
Height of section 2.5 rn.

Plate 6.17 Mottled, bleached and weathered bedrock overlain by and
impregnated with calcium carbonate, near Port Lincoln. The mottles are
dominantly of hematite. Geology hammer 33 cm long.

Plate 6.18 Weathered, bleached and iron-mottled Precambrian bedrock
exposed by a road cut on the Tumby Bay-Cummins road. Some of the
hematite mottles are aligned along near vertical bedrock structures. Figure
provides a dcale.
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Plate 6.19 Ferruginised channel fill material occupying palaeochannel cut
in weathered and mottled basement rocks in the same area as Plate 6.18.
The channel sediments are strongly ferruginised in the upper 2 m. The
section is approximately 7 m deep, and illustrates the polygenetic nature of
the profrle.

Plate 6.20 Yellow soil containing ferricrete fragments (C) on the flank of
Knott Hill. The clasts of ferricrete have derived from the disintegration of
pre-existing nodular ferricrete. Note the strongly bleached A-horizon.
Hammer 33 cm long.

Plate 6.21 Pisolitic ferricrete at Yallunda Flat, Eyre Peninsula. The
ferricrete occurs in a relatively low poinb in the topography. Geolory
hammer 35 cm long.
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Plate 6.22 Strongly ferruginised fluvial sediments occupying palaeochannel
eroded in weathered and bleached Precambrian basement rocks near
Yallunda Flat. Vehicle provides scale.
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Plate 7.7 Headwall of landslide on southern edge of 'Noss Mesa' at 150 m
asl, near Casterton. A brown soil, 30 cm deep contains platy fragments of
ferricrete and ferruginous pisoliths. An horizon of massive ferricrete forms

the pronounced bluff, contains large maghemitic clasts at depth,and overlies

weathered and bleached Late Cretaceous Otway Group metasediments. The

section is approximately 10 m high.

plate 7.2 Landslide headwall on the northern margin of "Noss Mesa" near

Casterton, revealing bleached and mottled zone overlain by the modern soil
profile. The section is 4-5 m deeP.

plate Z.B Photomicrograph of massive ferricrete (BOU 201) shown in Plate

7.1, illustrating unsorted angular to very angular embayed and etched

quartz grains set in a complex matrix of clays and iron oxides. The embayed

quartz grains suggest modification by weathering processes. Photograph in
polarised light. Width of field 2.9 mm.
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PIate 7.4 Photomicrograph of mottle (BOU 208) from the section illustrated
in Plate 7.2, revealing that it is a very ill-sorted sediment consisting of
medium to coarse quartz grains set in a matrix of kaolinite and iron oxides;
The iron oxide is hematite and occurs as fine-grained crystals apparently
replacing the kaolinite. Photograph in transmitted plane polarised light.
Width of field 2.8 mm.

Plate 7.5 Section at Killara Bluff, exposed by erosion of the Glenelg River,
showing bleached metasediments of the Runnymeade Formation at the top
of the Late Cretaceous Otway Group, overlain unconformably by 16 m of
ferruginised Palaeocene fossiliferous marine sediments of the Pebble Point
Formation. The section is approximately 30 m deep.

Plate 7 .6 Close-up view of ferruginous rhizomorphs formed towards the
base of the Pebble Point Formation shown in Plate 7.5. Geolory hammer 35
cm long.
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Plate 7 .7 Compton Conglomerate of oligocene age exposed in Allen's
Quarry near Mount Gambier, unconformably overlyrng the Eocene Dilwyn
Formation. The Compton Conglomerate here is approximately 0.6 m thick
and consists of rounded ironstone pebbles and grits set in a goethitic matrix.
Hammer 35 cm high. Photograph Dr. R.W. Fitzpatrick.

Plate 7.8 Photomicrograph of ferruginised quartzose sediment from
Coleraine (BOU 210) showing angular quartz clasts and voids in an opaque
ferruginous clay matrix. Transmitted polarised light. Width of field 8.9
mm.
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Plate 7.9 Photomicrograph of BOU 210 showing details of the matrix, with
crystals of iron oxides replacing clays. Pseudomorphs of micas also occur.
Transmitted plane polarised light. Width of field 2.6 mm.

Plate 7.10 Weathered zone exposed by road cut in the partly fernrginised
Hamilton basalt near Branxholme, Victoria. Thin bleached zones follow
bedrock joints. Magnetic ferruginous pisoliths occur at the surface and in
the thin soil. Section 1.5 m high.

Plate 7.11 Photomicrograph of pisolith (BOU 204) formed from weathering
and erosion of the Hamilton basalt shown in Plate 7.10. Original basalt
structures are apparent, with olivine having been replaced by goethite.
Lath-like structures of altered olivines and ghosts of plagioclase crystals are
also apparent. Opaque patches hematite. Transmitted plane polarised light
Width of field 2.5 mm.
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Plate 8.1 Photograph of Site 1 (most southerly exposure) at Terrey Hills
quarry where hematitic pisoliths (BOU 400) with no surface rinds are
overlain by hematite-rich pisoliths (BOU 401) \Mith pronounced geothitic
rinds. In turn these are overlain by a yellow earth. Hammer 35 cm long.
Locations of samples are shown in the accompanying sketch. The
mineralogy and chemistry of the samples are presented below.

Sample BOU 400

Mineralogy
Gibbsite
Quartz
Hematite
Goethite
Anatase
Smectite
Kaolinite

Chemishry
Fe2O3
sio2
Alzos
Tioz

31.77o

28.jVo
37.AVo

7.7Vo

Sample BOU 401

Mineralogy
Gibbsite
Quartz
Hematite
Goethite
Anatase
Kaolinite

Chemishy
Fe203
sio2
41203
TiOz

29.6Vo

26.37o
40.íVo
t.9Vo



SITE 1

Hematitic pisoliths with

goethitic rinds

BOU 400

Hematitic pisoliths without goethitic rinds

BOU 401
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Plate 8.2 Photograph of Site 2, (immediately north of Site 1) Terrey Hills
quarry, where mottled and vermiform ferricrete (BOU ¿03) is overlain by
pisoliths (BOU 404). Hammer provides a scale.

Sample BOU 403

Mineralory
Quartz
Gibbsite
Goethite
Hematite
Anatase
Maghemite

Chemishry

Fe203
si02
Alzog
fioz

37.6Vo

26.17o

33.2Vo

1.6Vo

Sample BOU 404

Mineralogy
Gibbsite
Quartz
Hematite
Goethite
Maghemite
Kaolinite

g¡srnishy

Fe2O3
SiO2
412O3

37.2Vo

22.íVo
38.07o

Plate 8.3 Close view of mottled vermiform ferricrete at base of section
shown in Plate 8.2. \Mhite areas consist of kaolinite plus gibbsite.
Maghemite clast (M) near lens cap, which is 6 cm in diameter. Thin
surface coating of goethite occurs over the surface to the left of the lens cap
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Plate 8.4 Photograph and sketch of section examined at Site 3 (north of Site
2) in Terrey Hills quarry. Section is approximately 1.5 m high.

Sample BOU a05 (Soil) Sampie BOU 406 (Vermiform)

Mineralogy
Quartz
Gibbsite
Goethite
Smectite
Anatase
Hematite
Kaolinite

Chemistry
Fe203
sio2
A12O3

Sample BOU 407 (Mottles)

Mineralory
Gibbsite
Quartz
Goethite
Hernatite
Anatase
Kaolinite

Mineralogy
Quartz
Gibbsite
Goethite
Hematite
Anatase
Maghemite
Kaolinite

Chemistry
Fe2O3 41.0Vo

SiO2 t0.7Vo
Al2Os 29.07o

Sample BOU 408 (Nodular)

Mineralory
Gibbsite
Quartz
Goethite
Hematite
Anatase
Kaolinite
Maghemite
Smectite

Chemishy
Fe2O3 41.07o

SiO2 17.07o
Al2Os 38.57o

4.ÙVo

85.OVo

9.ÙVo

Chemistuly
Fe2Og
sio2
Alzos

48.ïVo
72.07o
38.5

Sample BOU 409 (Pisolitic)

Mineralory
Gibbsite
Quartz
Goethite
Hematite
Anatase
Kaolinite
Maghemite
Smectite

Chemishqy
Fe2O3 39.47o

sio2 t5.2%
AlzOs 43.6Vo



Soil BOU 4Os
Pisolitic BOU 4O9

Vermiform BOU 406Nodular BOU 4O8

Hard Mottles
BOU 40

Scree

Scree



376

Plate 8.5 Photograph and sketch of section at Site 4 examined in the Terrey
Hills quany. The section is approximately 2 m high.

sample Bou 410 (vesicular) Sample BOU 411 (Pisolitic)

Mineralory
Gibbsite
Quartz
Goethite
Hematite
Kaolinite
Maghemite
Anatase
Chemis@y
Fe2Os 27.OVo

SiO2 t3.0%o
AI2OB 38.0Vo

Mineralogy
Goethite

Hematite
Gibbsite
Smectite

Chemishy
Fe2O3
sio2
Al2o3

67.57o

77.OVo

14.OVo

Sample BOU 412 (Pisoliths)

Mineralogy
Quartz
Hematite
Maghemite
Gil¡bsite
Corundum
Kaolinite

Chemistuly
Fe2Og
SiO2
Alzos

Sample BOU 4l2a(Vesicular)

Mineralogy
Goethite
Gibbsite
Hematite
Kaolinite
Anatase
Quartz

Çþsrnish¡l
Fe2O3 72.Q7o20.07c

3]-.OVo

46.OVo

SiO2
Al2o3

3L.OVo

L5.OVo



SITE 4

lnf ill Trails
SoilPiso c

ou 411 V esicular
BOU 410 Vesicula

412a Bo

Unconsoli dated pisoliths

retewith goethite rin d
of vesicular



Quartz
Kaolinite
Hematite
Goethite
Smectite
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Plate 8.6 Photograph and sketch of section exposed at Site 5 in Terrey Hills
quarry. Hammer 35 cm long.

Sample BOU 413 (Mottles) Sample BOU 41a (Slabbv)

Mineralogy Mineralory
Gibbsite
Quartz
Kaolinite
Goethite
Anatase
Hematite
Maghemite

Chemistry
Fe2Os 20.OVo

SiO2 44.OVo

Al2Os 34.OVo

Sample BOU 416 (Pisolitic)

Mineralory
Gibbsite

Fels
Ana

par
tase

Chemishy
Fe2O3 1.87o

SiO2 78.87o

AlzOs t6.4Vo

Sample BOU 415 (Nodular)

Mineralogy
Gibbsite
Quartz
Goethitæ
Hematite
Kaolinite
Anatase
Maghemite

Chemishy
Fe2O3 M.97o
SiOz t8.AVo

AlzOg 35.0c/o

Sample BOU 417 (Pisolitic)

Mineralory
Gibbsite
Quartz
Goethite
Hematite
Anatase
Kaolinite

Quartz
Goethite
Kaolinite
Anatase
Hematite
Maghemite

Chemistuy
Fe2O3 22.OVo

SiO2 37.0o/o

Ai2Os î9.CtVo

Chemishy
Fe2Og
sio2
Al2O3

26.lVo
47.OVo

30.OVo
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Soil
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SITE 5

Pisolitic BOU 416
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BOU 414
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Soft mottles
BOU 413

ô
Nodular with

v esicular
boulder
BOU 415
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Plate 8.7 Photograph of indurated detrital ferricrete containing boulders
and clasts of varying characters. For example, end of hammer handle rests
on goethite-coated boulder of vesicular ferricrete (bog iron ore), which is
overlain by pisolitic ferricrete. Hammer 35 cm high.

Plate 8.8 Boulder of vesicular ferricrete (V) incorporated into detrital
ferricrete, which contains variety of materials, including maghemite clasts
(M). Hammer handle 4 cm wide.

Plate 8.9 Irregular contact between detrital ferricrete and in situ
Hawkesbury Sandstone exposed in road cutting on the Mona Vale road.
Camera lens cap 6 cm wide is on the contact. The dotrital ferricrete includes
clasts of maghemite up to 3 cm in diameter.
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Plate 8.10 Lenticular bedrock structures in the Hawkesbury Sandstone in
road cutting in the Ku-ring-gai Chase National Park. Some bedding planes
have been more intensively weathered than the surrounding sandstone.
Detrital boulders (B) and bleached materials occur on the top right of the
section. Section 3 mhigh.

Plate 8.11 Further differential and sub-surface weathering of the
Hawkesbury Sandstone is illustrated in this photograph, in which one of the
beds, located by hammer, has been desilicified and weathered. Coarse
detritus occurs at the surface. Hammer 35 cm long.

Plate 8.12 Ferruginous and magnetic clasts lytttg on the gtound surface in
Ku-ring-gai Chase National Park. Similar clasts occur within the
ferricretes of the North Sydney area, suggesting their incorporation into the
ferricretes as the landscape underwent downwasting. Geology hammer 35
cm long.
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Plate 8.13 Section exposed in Terrey Hills quarry illustrating modern soil
overlying what appears to be án older lithified soil. Geology hammer 35 cm
long.

Plate 8.74 Photomicrograph of the complex rind of a pisolith (BOU 417)
incorporating zones of laminated microcrystalline brown goethite and

opaque maghemite. The core of the pisolith on the left contains an opaque
zone enriched in maghemite. Polarised incident light. rWidth of field 3.5
mm.

Plate 8.15 Photomicrograph of complex pisolith (BOU 417) sho ng details
of outer zoned rind of pisolith. Yellow colour is gibbsite and red, hematite.
Hematite, or possibly maghemite (dark, opaque areas) fills linear fractures.
Incident polarised light. Width of field 2 mm.
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Plate 8.16 Ferrihydrite precipitated from surface water seepage in
drainage ditch in Ku-ring-gai Chase National Park.
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Plate g.1 One of a series of cuestas formed by differential erosion of ferricrete
\Mith associated voidal concretions on the southwestern corner of the Telford
Basin, Lobe B. The cuesta has a maximum elevation of about 10 m and'

extends for approximatelY 1 km.

Plate 9.2 Voidal concretion approximately 30 cm across showing layers
dominantly of hematite (dark), goethite (yellow) and lepidocrocite (orange).

Plate 9.3 Concretiono 20 cm across' broken open to reveal a clay core'

Geology hammer 4 cm wide.
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PIãte 9.4 In situ concretion broken oþèn to reveal core closely packed wittr
clays and gypsum.

Plate 9.5 Skin of secondary iron oxides around core of unweathered sideritic
siltstone in Upper Series overburden beds. Geological hammer handle 4 cm
wide.

Plate 9.6 Concretion with an outer layer of dark-coloured hematite, near
centre of hammer handle (4 cm wide), an inter:nrediate layer of yellow and
orange iron oxides and an inner core of partly weathered sideritic siltstone.
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TABLE 4.7

SAMPLE BOU
301

Gneissic
Bedrock

CHE]VIISIRY
BOU BOU BOU
303 423 4241

Nodular Nodules Matrix
Fe/crete of 303 of 303

MOUNT LOFTY RANGE PROVINCE
Mount Cone area

BOU
302

Vesicular
Fe/crete

Fe203
TiO2

CaO
Kzo
so3
Pzos
sio2
Al2o3
Mgo
Na2O

Is.Loss

14.33
0.74

0.01
6.63

0.03
0.01

51.8
20.79

0.69
0.22

4.77

30.03
0.73

0.04
0.40

0.01
0.02

25.2
26.54

0.08
0.02

14.92

32.10
0.70

0.01
0.13

0.03
0.02

23.0
26.67

0.08
0.05

17.38

24.72
0.87

0.01
0.16

0.02
o.02

25.r
31.16

0.11
0.03

L7.62

0.72
0.42

0.05
0.18

0.02
0.25

12.26
LT.92

0.10
nd

73.t2

Total 100.3 98.0 100.2 99.77 99.0

Magnetic
reaction

Mu
Qz
Hm
Gt
Fr
St
Kt

N Y
str

MINERALOGY
In decreasing order ofabundance

Gb Gt Gt Gt
Qz Qz Qz Hm
Gt Gb Gb Qz
Hm Hm Hm Kt
Mh Kt Kt St
Kt An An
Fr St St
St Ic Ic

Mh

N NY

Qz=quartz; Hm=hematite; Ç¿=goethite; Kt=kaolinite;
St=smectite; Mi=micas; An=anatase; Fr=felspar;
Mh=maghemite; Mu=muscovite; Gb=gibbsite;
Ic=interstratifred clays; str=strong.
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TAB.LE 4.2
MOUNT LOFTY RANGE PROVINCE

(Spring Mount area)
CHE}IISIRY

SATIIPLE BOU BOU BOU
370 366 309

Nodular Vermiform Laminated
Ferricrete Ferricrete rind

38.21 56.6 26.79

0.02 0.02 0.03
0.68 0.53 0.44

Fe203

vho
TiOz

CaO
Kzo
sog
Pzor
sio2
Alzos
Mso
Na2O

0.02
0.31
0.02
0.02

21.66
23.77

0.08
0.06

L4.44

0.02
0.40
0.02
0.02

76.2
2L.2L

0.06
0.03

4.t3

0.03
0.04
0.01
0.05

M.33
12.89

0.04
0.04

t5.20

Magnetic
reaction

99.3 99.3 99.9

MINERALOGY
In decreasing order of abundance

Gt Gt Qz
Qz Qz Hm
Gb Gb Kt
Hm Hm Gt
n/ft Fr
Kt Kt
St St
Fr Ic
Ic

Y N N
str

Qz=quartz; Hm=hematite; Qf =goethite;
Kt=kaolinite; St=smectite; Fr=felspar;
Mh=maghemite; Gb=gibbsite;
Ic=interstratifi ed clays ; str=strong.
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TABLE 4.3 MOUNT LOFTY RANGE PROVINCE:
Summit surface (Parawa & K.Island)

CHENIISIRY
(Parawa Plateau area) (K.I. Summit Surface)

SAMPLE BOU BOU BOU BOU BOU BOU BOU
18 27 339 34íl 107 126 130

(Pisolitic to vermiform ferricretes in) Magnetic
(various materials) Pisoliths

Fe203

MnO
Tioz
Caó
Kzo
sos
Pzor
sio2
412O3

Mgo
Na2O

33.04

0.01
0.68

0.05
0.90
0.01
0.02

27.9
22.62

0.21
0.08

Qz
Gt
Gb
Mi
Hm
Kt
Fr
Vm
An
Mh

32.84

0.01
0.66

0.02
0.60
0.01
0.02

31.9
20.54

o.l2
0.04

35.36

0.01
0.77

0.02
0.34
0.02
0.02

2t.0
26.43

0.08
0.03

28.01

0.01
0.22

0.08
o.4L
0.03
0.25

33.9
24.88

0.11
0.05

16.07

nd
0.50

0.02
0.14

nd
0.02

42.7
24.42

0.09
0.03

15.98

0.01
0.52

0.06
0.58
nd

0.03
58.2
12.47

0.19
0.10

32.72

0.01
0.65

0.07
0.22
0.02
0.02

45.6
13.13

0.09
0.02

Qz
Hm
Mh
Gb
St

14.40 12.80 L5.47 10.94 16.39
99.9 99.5 99.5 98.9 99.8

70.44 6.57
98.5 99.1

MINERALOGY
fn decreasing order ofabundance

Qz Qz Kt Qz Qz
Gt Gb Qz Gb Gt
Hm Gt Hm Gt St
Gb Hm Gt Kt Kt
Kt Kt Mu Fr Gb
Mi Mh Gb Hm Fr
Fr Fr Ic An An
Mh An Mh Mh

Mu
St

Magnetic
reaction Y

vstr

Qz=quartz; Hm=hematite; Qf=goethite; Kt=kaolinite; St=smectite;
Mi=micas; An=anatase; Fr=felspar; Mh=maghemite; Mu=muscovite
çþ=gibbsite; Ic=interstratifi.ed clays; Vm=vermiculite; str=strong;
sl=slight; vstr=very strong.

Y
sl

Y
strtrace

Y NYY
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TABLE 4.4 MOUNT LOFTY RANGE PROVINCE:
(Summit Surface : Iron-impregnated sediments)

CHEIVITSTRY
SAMPLE BOU BOU BOU BOU BOU BOU

306 57 397 359 380 4
Glen Shera Cut Mount Knott Para- Humbug

Plateau Hill Gawler Hill wirra Scrub

Fe203

MnO
TiOz

CaO
Kzo
sos
Pzor
sio2
Al2o3
Mgo
Na2O

ZrO
Is.Loss

Total

2.73

0.01
70.4
1.72

0.02
0.02

0.02
3.47

72.0r

nd
0.07

nd
0.03
nd
0.01

83.1
1.63

nd
nd

23.06

0.01
0.18

0.01
0.02

10.66

0.01
0.99

0.13
0.50
0.01
0.04

49.2

30.41

0.55
0.07

23.7t

0.01
0.86

0.09
2.52
0.04
0.19

51.8
13.01

0.65
0.13

LI.28
0.01
0.17

0.01
0.08
0.02
0.06

83.9
7.45

0.05
0.06

2r.99

0.01
0.40

0.05
0.87
0.01
0.02

65.8
6.80

0.11
0.03

Qz
Hm
Gt
Mi
Kt
Fr

N

6.39 6.30 2.44 3.70

99.6 98.9 99.0 99.3 99.5 99.8

Qz
Gt
St
Kt
Ic
Hm

MINERALOGY
In decreasing order ofabundance

Qz Qz Qz Qz
Hm Gt Hm Gt
Gt Hm Mu St
St Kt Gt Hm
Fr Mu Kt Kt
Mh St St Ic

Mh Ic Fr

N
Magnetic
reaction NYYN

wsl

Qz=quartz ; Hm=hematite; Qf =goethite ; Kt=kaolinite; St=smectite;
Mi=micas; Fr=felspar; Mu=muscovite; Mh=maghemite;
Ic=interstratified clays; nd-not detected; wsl=verY very slight.
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TABLE 4.5 MOUNT LOFTY RANGE PROVINCE:
Ferruginised bedrock (Mid North)

and Slabby Ferricretes (Chandlers Hill)
CHEMISTRY

SAMPLE BOU BOU BOU BOU BOU BOU
386 20 60 429 430 398

Ferruginised Slabby Slabby Slabby Matrix of Soil above
bedrock F/crete F/crete F/crete 429 Slabby F/crete

Fe203

MnO
Tioz
CaO
I(2O
so3
Pzos
sio2
Alzos
Meo
Na2O

ZrO
Ig.Loss
Total

77.20

0.01
0.66

0.23
0.11
0.02
0.75

62.8
9.03

0.07
o.l2

Qz
Hm
Gt
Kt
Ic
Fr
St
Mu

7.36
98.4

46.35

0.01
0.85

0.03
o.2L
0.04
0.02

2L.3
18.36

0.13
0.06

42.t0

0.01
0.77

0.03
0.06

0.03
27.4
15.88

0.11
0.36

38.28

0.01
0.86

0.03
0.10
0.04
0.02

25.8
2t.3!
0.14
0.10

13.34
100.0

6.57

nd
0.73

0.03
0.06
0.01
0.01

73.4
t2.27

0.09
0.05

0.03
6.27

99.3

9.50

0.01
0.88

0.11
0.46
0.04
0.03

47.0
27.7t

0.49
0.11

13.53
99.9

Qz
Kt
Gt

MINERALOGY
In decreasing order ofabundance

Qz Gt Gt Qz
Gt Qz Hm Kt
Hm Hm Kt Hm
Kt Kt Qz Gt
Gb Fr Ic St
Fr Ic Gb Ic
Vm Gb Fr

N N
trace

Ic

Magnetic
reaction Y

wsl
NY

Fr
An
cb(?)

N

Qz-quartz; Hm=hematite; Gt=goethite; Kt=kaolinite; St=smectite;
Mi=micas; An=anatase; Fr=felspar; Mh=maghemite; Mu=muscovite.
Çþ=gibbsite; Ic=interstratified clays. Vm=vermiculite; nd=not detected;
wsl=very very slight.
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TABLE 4.6

SAMPLE BOU BOU
32 33

(Peeralilla Hill)
(Sandy clays)

MOUNT LOFTY RANGE PROVINCE:
CHEIVIISTRY

BOU BOU BOU
70 77 72

(Peeralilla Hill )
(Vesicular ferricrete s )

BOU
5&6
Mt Compass

ffesic. F/crete)

Fe203

MnO
Tioz
CaO
I{zo
sog
Pzos
sio2
412O3

Mso
Na2O

2.74

0.02
0.2t
0.28
0.25
4.22
nd

62.0
78.52

0.75
0.21

9.2t

0.01
0.27

3.08
0.46
0.99
0.01

70.7
72.66

0.94
o.23

13.38
98.5

67.66

0.10
0.23

0.27
0.05
0.01
0.54

TL.7

6.13

0.06
0.01

69.81

0.23
0.18

0.03
0.07
0.02
0.01
7.69
6.76

0.08
nd

68.49

0.02
0.09

0.03
0.05
0.01
0.02

15.4
L.70

0.01
nd

Ig.Loss 11.51
Total 89.2

n
o
t

a
v
a
i
I

a
b

I
e

Gt
Qz

NYN

Qz
Kt
Br
Mi

N

13.51
100.3

14.6r
99.5

14.tr
99.9

MINERATJOGY

Magnetic
reaction

In decreasing order of abundance
Qz Gt Gt Gt
St Qz Qz Qz
Ct Hm Hm Hm
Kt Vm Kt Kt
Br Kt Vm

N N
trace

Qz-quartz; Hm=hematite ; Q¿=goethite ; Kt=kaolinite; St=smectite ;

Mi=micas; Mh=maghemite; Vm=vermiculite; Br=barite; Ct=calcite;
nd=not detected.
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TABLE 4.7 MOTINT LOFTY RANGE PROVINCE:
(Anstey Hill iron mine)

CHETVIISTRY

SAMPLE BOU BOU BOU BOU BOU BOU
837 34 342 338 345 350
(Vesicular ferricretes) (Iron-impregnated sediments)

Fe203
MnO
fioz
CaO
Kzo
sos
Pzos
sio2
A1203
Mgo
Na2O
Tp-T,oss

78.73
0.2L
0.01

0.L2
0.09

0.02

0.u
1.83

0.18

0.04
nd

13.13

34.67
0.1,2
0.94

0.27
0.23

nd
0.32

57.7

0.72

0.22
0.02
6.02

54.26
0.14
0.05

o.l2
0.28

0.01

0.56
33.8

0.98

0.11
0.01

9.L2

50.91

0.09
0.09

0.10
7.82
nd

0.53
38.7
2.05

0.08
nd

/-qL
-é!¿l-

23.50
0.28
0.11

0.16
0.27

nd
0.08

65.2

4.44
0.15
nd
5.86

36.76
0.09
0.72
0.16
1.48
0.01

0.42
57.4
2.6r
0.16
0.06
6.07

Total 95,0 100.2 99.4 99.3 100.0 99.3

MINERALOGY

N

Kt
St
Ic

Fr
Ic

N

St

Gt
Qz
Ic

N

fn decreasing order of abundance
Qz Gt Qz Qz
Gt Qz Gt Gt
St Hm Hm Hm
Hm
An

N N Y
wsl

Qz
Gt
Hm
Mh
St
Ic
Fr

Magnetic
reaction

Qz=quartz; Hm=hematite; Qf=goethite; Kt=kaolinite; St=smectite;
An=anatase; Fr=felspar; Mh-maghemite; fc=interstratified clays;
nd=not detected; wsl=verY very slight.
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TABLE 4.8 MOUNT LOFTY RANGE PROVINCE:
(Summit surface:

Vesicular Ferricrete s)
CHENITSTRY

SAMPLE BOU BOU BOU
747 353 3ß

(K.Island) (Almanda Hill)

Fe203

MnO
Tioz
CaO
Kzo
sos
Pzos
sio2
Alzoe
Meo
Na2O
fs.Loss

0.24
13.8

10.76
0.17
0.08

t3.92

59.3
0.02
0.35
0.02
0.60

66.67
0.02
0.31

0.02
0.42

0.02
0.41

10.9
6.84

o.l2
nd

t2.73

64.t0
0.02
0.35
0.03
0.28

nd
0.10

11.6

7L.25

0.15
nd

t2.34

Qz
Hm
Mh
Kt
Ic

Total 99.3 98.0 100.2

MINERALOGY

In decreasing order ofabundance
Gt Gt Gt
Qz
Hm
Kt
An
Fr
Mi

N

Qz
Hm
Kt
Ic

Magnetic
reaction N Y

vstr

Qz=quartz; Hm=hematite; Qf =goethite; Kt=kaolinite ;

St=smectite; Mi=micas; An=anatase; Fr=felspar;
Mh=maghemite; fc=interstratifred clays;
nd=not detected; vstr=very strong.
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TABLE 4.9 MOUNT LOFTY RANGE PROVINCE:
Summit surface palaeochannels

CHENIISTRY
SAMPLE W "t"rï "Îfl "ff

(Mount Desert Charurels) (Pottery Road)
Bedrock Hematitic Goethitic Ferruginised
Mottle Pisoliths Pisoliths Sands

Fe203 29.23 50.46 35.M t2.9L
MnO 0.01 0.01 0.01 .nd
Tioz 0.35 0.44 0.52 0.40

CaO nd nd 0.02 0.01
KzO 0.66 0.22 0.16 0.05

SOs 0.03 0.04 0.02 nd
PzOr 0.01 0.04 0.02 0.01

SiO2 58.0 36.6 39.1 72.5

al2o3 7.28 6.68 72.85 8.0
MgO 0.15 0.09 0.06 0.06
Na2O 0.05 0.02 nd 0.06

Ig.Loss 3.42 4.56 tl.z 5.28

Total 99.2 99.2 99.4 99.3

MINERAÍ¡GY

Qz
Hm
Kt
Mi
St
Vm

Hm
Kt
Vm
Mh

Y

Hm
Kt

In decreasing order of abundance
Qz Qz Qz
Hm Gt Gt

N

Mh
Gt
Kt
Vm

Y
str

Magnetic
reaction Y

vwsl

Qz=quartz; Hm=hematite; Çf=goethite; Kt=kaolinite;
St=smectite; Mi=micas; Mh=maghemite; Mu=muscovite;
Vm=vermiculite; nd=not detected; v=vêryi sl=slight'
str=strong.
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TABLE 4.10 MOUNT LOFTY RANGE PROVINCE:
Palaeochannels

CHENIISTRY

(Clarendon Road CutXMt BoldXChapel Hill area)
SAMPLE BOU BOU BOU BOU BOU BOU BOU

75 74 73 355 336 34 346
Wthed Ferr.& Fernrg. Ferrug. lvthd Ferrug. Ferrug

Bedrock silic. Sands Gravels B/rock Gravels Sands

Fe203

MnO
Tioz
CaO
Kzo
so3
Pzor
sio2
Alzos
Mgo
Na2O
ZrO
Ig.Loss

0.03 0.01

89.8 86.4

2.39 5.78

0.03 0.13
017 0.19

0.02 0.08
2.03 3.77

1.39

0.01
1.66

0.03
0.86

Gravels
4.32

0.01
0.09

0.01
0.07

2.63

0.01
0.33

0.05
0.17

1.05
nd
0.61

0.05
0.75
nd

0.02

76.7
74.59

0.28
0.09

7.85
0.03
0.32

0.02
0.07
nd

0.03

83.9

5.04
0.15
0.10

5.60

0.02
0.18

0.01
0.04
nd

0.01

88.7

3.2/L

0.11
0.01

0.02

64.5

t3.M
7.t2
1.70

0.03
!4.70

n
o
t

a
v
a
i
I
a
b
I
e

Total 99.7 99.0 99.5

5.32 2.45 1.38

99.9 100.0 99.2

Qz
Kt
Mi
Fr
St
HI

MINERAII)GY

In decreasing order ofabundance
Qz Qz Qz Qz Qz
St St Gt Kt St
Kt Kt St Fr Gt
Hm Fr Kt Mu Hm
Gt Gt Hm St Kt
Sr(?) Hm Fr Ic

Fr
s(?)

Qz
Gt
St
Hm
Kt
Ic
Fr
sr(?)

Magnetic
reactionNNNNNNN

Qz=quartz; Hm=hematite; Çf=goethite; Kt=kaolinite; St=smectite ;

Mi=micas; An=anatase; Fr=felspar; Mh=maghemite;
Mu=muscovite; Hl=halite; Ic=interstratified clays; Sr=staurolite;
rrfl=not detected.
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TABLE 4.11
MOUNT LOFTY RANGE PROVINCE:

SAMPLE BOU
56

Mottle

CHEIVIISTRY
BOU

48
Seaford
Formatn

BOU
38

Bleached
sediments

0.75

.nd
0.53

0.08
0.10

0.01

87.8
6.34

0.10
0.05

0.03
4.42

Fe203

MnO
TiOz
CaO
Kzo
sos
Pzor
sio2
Al2o3
Mgo
Na2O
ZrO
Ie.Loss

35.90

0.01
0.47

0.17
0.08
nd

0.03

4L.6
10.31

1.05
0.07

0.02
9.82

2.55

.nd
0.15

0.02
0.52
0.01

0.01

89.3
2.84

0.20
0.45

Total 99.5 99.2 100.2

MINERALOGY

In decreasing order of abundance
Qz Qz Qz
Gt Kt Kt
Hm Fr St
Kt Gt Vm
Vm An
Ic Fr

Magnetic
reaction

3.77

NY
wsl

N

Qz=quartz; Hm=hematite; Gt-goethite; Kt=kaolinite ;

St=smectite; Mi=micas; An=anatase; Fr=felspar;
Mh=maghemite; Ic=interstratifred clays.
Vm=vermiculite; nd=not detected; v=vêrYl sl=slight.
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TABLE 4.12 MOUNT LOFTY RANGE PROVINCE:
(Mottled Zot:Les, Range Road)

CHEVIISTRY
SAMPLE BOU BOU BOU BOU

425 426 27 428
Bleached Hematitic Hematitic Goethitic
NVsiltstone Mottle Mottle Mottle

Fe203

l\ho
Tioz
CaO
Kzo
sog
Pzor
sio2
Alzos
Meo
Na2O
Ie.Loss

1.93

nd
0.80
nd

0.98

0.01

0.02

74.8
14.00

0.35
0.11

6.16

Qz
Kt
St
Fr
Ic
Mu
An

23.0r
0.01
0.77

nd
1.05
0.05

0.02

55.2

12.57

0.30
0.07
6.58

32.80

0.01
0.65

0.01
0.55

0.04
0.03

4t.7
t3.92
0.2!
0.05

9.19

32.25

0.01
0.66

0.01
0.67
0.02

0.03
42.7
14.23

0.25
0.05

9.r4

Qz
Gt
Hm
Kt
ST
Mu
Fr
An

Total 99.1 99.5 99.2 99.9

MINERALOGY

In decreasing order of abundance
Qz
Hm
Kt
Gt
St
Fr
Mu
Ic
An

Qz
Hm
Gt
Kt
Ic
Fr
An

Magnetic
reaction N

Qz=quartz ; Hm=hematite ; Qf =goethite ; Kt=kaolinite ;

St=smectite; An=anatase; Fr=felspar; Mu=muscovite;
fc=interstratified clays; nd=not detected.

N N N
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TABLE 4.13 MOUNT LOFTY RANGE PROVINCE:
(Bedrock Mottled Zones)

CHEIVIISIRY

SAMPLE BOU BOU BOU BOU BOU BOU
23 19 25 31 357 28

Willunga Ashbourne Hawthn Bnython Sellicks Sundial
Hill Mesa Farm Hill Hill Hill

Fe203
MnO
TiOz
CaO
Kzo
sos
Pzos
sio2
Al203
Mgo
Na2O
Ig.Loss

32.87

0.01
0.11

0.05
0.04
o.02

0.08
50.6
5.94
0.28
0.02

9.23

Qz
Hm
Gt
Kt
Fr
Mi
St
Ch
Vm

59.34
0.04
0.27
0.34
0.06

0.02
0.16

18.1

7.55
0.09
0.01

12.89

27.56
0.01
0.86

0.08
0.07

0.02

0.09
44.6

I4.71
0.08
0.02

77.20

25.27
0.04
0.92

0.04
t.43
0.02

0.04
46.O

18.02
o.25
0.19
7.2]L

23.71

0.01
0.86
0.09
2.52

0.04
0.19

51.8
13.01

0.65
0.13
6.30

32.84
0.01
0.80

0.07
0.04

0.03

0.05
40.9

15.53
0.04
0.04
9.07

Qz
Kt
Hm
Gt

Total 99.3 98.9 99.3 99.5 99.3 99.4

MINERATÍ)GY

Magnetic
reaction N

In decreasing order of abundance
Gt Qz Qz Qz
Hm Gt Hm Hm
Qz Hm Kt Mu
Kt Kt Gt Gt

Mi Mi Kt
Fr St

Ic

N N N NN

Qz=quartz; Hm=hematite; Çf=goethite; Kt=kaolinite; St=smectite;
Mi=micas; Fr=felspar; Ic=interstratifred clays; Vm=vermiculite;
Ch=chlorite.



TABLE 4.14

SAMPLE BOU BOU BOU BOU BOU
3S3 3U 391 M 389

Ferr. Ferr. Bleached Ferr. Wthd
B/rock Mottle B/rock Motttle B/rock

MOUNT LOFTY PROVINCE: Mottled Zones
Mid North, Kapunda area

CHEMISIRY

398

BOU BOU BOU
388 887 W
Ferr. Bleached Speckled
Mottle B/rock Mottle

Fe203

MnO
TiOz
CaO
Kzo
sos
Pzos
sio2
At203
Meo
Na2O
Ig.Loss

8.17

0.01
0.91

0.01
0.33
nd

0.03

67.r
15.03

0.11
0.11

7.02

25.95

0.01
0.88

0.06
0.25
0.02

0.02
49.8

13.37

0.30
0.23

7.64

Qz
Hm
Kt
Gt
Fr
Ic
St
Mi
An

N

0.60

.nd
0.98

0.01
o.28
nd

0.02

73.5
L5.52

0.21,
0.19
7.09

9.09
0.01
L.23

0.11
0.56
nd
0.05

76.6
7.87

0.14
0.12

3.77

8.53

0.01
1.09
0.03
0.20
0.01

0.02

64.8

16.70

o.l4
0.09

8.01

29.54

0.01
t.l2
0.07
0.08
0.05

0.03
41.8
76.44
0.14
0.27

8.84

Total 98.8 98.5 98.4 99.6 99 6 98.4 99.0 98.7

MINERALOGY

0.67 11.38

nd 0.01
7.42 1.35

0.10 0.03
0.34 0.13

0.01 0.03

0.01 0.04

64.8 58.5

19.90 78.27

0.41 0.16
0.69 0.12

10.61 8.74

Qz
Kt
Hm
Ic
An
St
Mi

Qz
Kt
Ic
Fr
Mu
St
An
HI

Qz
Kt
Hm
Gt
An
Mu
Ic
Fr
St

In decreasing order of abundance
Qz Qz Qz Qz
Kt Kt Kt Kt
Ic Hm Gt Hm
St Gt Hm Gt
An Mi An Fr
Mi St St An
Fr An Fr Ic

Ic St
Mi

NN YNMagnetic
reaction N NY

vwsl wsl

Q z =quartz ; Hm=hematite ; Qf = goethite ; Kt=kaolinite ; St= smectite ;

Ho=ñoilandite; Mi=micas; An=anatase; Fr=felspar; Mh=maghemite;
Mu=muscovite; Hl=halite; Ic=interstratified clays; nd=not detected;
v=v€ryi sl=slight.
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TABLE 4.15 MOUNT LOFTY RANGES
Mid North - Black Hill

CHEMISIRY

SAMPLE BOU BOU BOU
392 394 393

(Weathered Bedrock) Ferricrete

Fe203

MnO
Tioz
CaO
Kzo
sos
Pzos
sio2
Al203
Meo
Na2O
Is.Los

13.78

0.01
0.38
0.03
0.4!
0.03

0.02
69.9

9.11

0.74
0.22

5.24

11.35

0.01
0.35
0.07
0.47
0.02

0.02

72.4

8.95

0.18
0.09

5.18

53.32
0.03
o.23
0.28
0.69

0.09

0.31

34.8
4.46
0.19
0.09

5.07

Qz
Hm
Gt
Mi
St

Total 99.2 99.1 99.5

MINERALOGY

fn decreasing order of abundance
Qz
Hm
Kt
Gt
St
Ic

N

Qz
Hm
Kt
Fr
St
Ic

Magnetic
reaction Y

wsl

Qz=quartz; Hm=hematite; Qf =goethite; Kt=kaolinite ;

St=smectite; Mi=micas; Fr=felspar; Mh=maghemite;
Ic-interstratified clays; Ct=calcite; v=very; sl=slight.

N
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TABLE 4.16 MOUNT LOFTY PROVINCE:
(East Mt Lofty Ranges)

SAMPLE BOU BOU BOU BOU
356 367 381 382
(Whalley Hill) (Newbury) (Summit)

(Ferruginised Bedrock samples)

BOU BOU
375 360
(Mount Torrens)

Mottle Fe/crete

Fe203

MnO
TiOz
CaO
Kzo
sos
Pzos
sio2
At203
Mgo
Na2O
ZrO
fE.Loss

28.54

0.04
0.64

0.19
7.97

o.02

0.09

5t.2
8.35

0.84
0.06

Qz
Hm
Gt
Fr
Kt
Mu
St

N

27.16

0.02
0.53

0.07
0.35
0.02

0.04

60.1

9.37

0.15
0.13

77.r0
0.01
0.42

0.06
0.20

0.02
0.02

61.9
13.88

0.08
0.06

24.25

0.03
0.55

0.15
0.35
0.03

0.07
57.2

11.53

0.74
0.16

34.75

0.01
0.58

0.04
0.41

0.08

0.03
47.7

9.75

0.07
0.08

6.46

99.9

Qz
Hm
Kt
Gt
Vm
Fr
An

55.05

0.01
0.35

0.01
0.72
0.04

0.11

20.9

t\.54
0.09
0.07

11.07

98.9Total

Magnetic
reaction

Gt
Hm
Qz
Kt
Hm
Fr

Qz
Hm
Kt
St
An
Mu
Fr

Qz
Hm
Kt
Gt
St
Mu
Fr
Ic

In decreasing order of abundance
Qz
Kt
Hm
St
Ic

7.05 4.43

100.8 98.9

MINERAIJOGY

Y
wvsl

NYN N
wsl

Qz=quartz; Hm=hematite; Çf=goethite; Kt=kaolinite ; St=smectite ;

An=anatase; Fr=felspar; Mh=r¡¿g¡¡emite; Mu=muscovite;Ic=interstratifi ed
clays; Vm=vermiculite; v=veryi sl=slight.
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TABLE 4.17 MOUNT LOFTY PROVINCE

CHENIISTRY
SAMPLE BOU BOU BOU

68 69 347
(North M.L.Ranges) Longwood

Non-magnetic Magnetic Bleached
Pisoliths Pisoliths Bedrock

BOU
395

Para Res.
Hematitic
Quartzite

Fe203

MnO
TiOz
CaO
Kzo
sos
Pzor
si02
Al2o3
Mso
Na2O
ZrO
Is.Loss

9.33

0.04
1.00

0.09
0.04

0.04

84.5

2.70

0.04
0.01

0.03
211

22.30

0.05
1.83

0.09
0.05

0.27
nd

0.19
0.02
0.48
0.01

0.01

81.3
t2.52

0.24
0.2L

70.30

0.02
2.04

0.01
0.25
0.01

0.03
25.7

0.91

0.06
0.07

0.04

72.8
7.62
0.07
0.03

0.06
0.07

Total 99.9

Magnetic
reaction N

5.09

99.6 100.3

MINERALOGY

In decreasing order ofabundance
Qz Qz
Hm Kt
Mh St
St Mu
An Fr

Ic

Y
vstr

N

0.22

99.6

Qz
Hm
St
Kt
An

Hm
II
Qz
Fr
Vm

Y
wsl

Qz=quartz ; Hm=hematite; Qf =goethite; Kt=kaolinite;
St=smectite; An=anatase; Fr=felspar; Mh=maghemite;
Mu=muscovite; Ic-interstratified clays; Vm=vermiculite;
Il=ilmenite; nd=not detected; v=very; sl=slight' str=strong
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APPBNDIX ]I]I:
TAtsLtrS 4"X.8 to 4"X.9"
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TABLE 4.18

Sample Depth Fe20sMnO
Bou
970 3m 3.85 nd
97L 6m 9.18 nd
972 9m 10.83 nd
973 L2m 8.38 nd
974 15 m 8.29 0.01
975 18 m 9.09 0.01
976 2L m 7.70 0.01
977 24m 6.91 0.02
978 27 m 6.95 0.02
979 30 m 9.01 0.05
980 33 m 6.93 0.02
981 36 m 7.45 0.03
982 39 m 7.16 0.03
983 42rn 8.97 0.13
984 45m 10.49 0.03
985 48 m 8.13 0.06
986 51 m 7.L2 0.03
987 54 m 9.2L 0.02
988 57 m 8.47 0.03
989 60 m 7.69 0.03
990 63 m 9.05 0.03
991 66 m 8.33 0.02
992 69 m 8.92 0.03
993 72 m 13.01 0.02
994 75 n 9.17 0.04
995 78 m 8.20 0.03
996 81m 12.91 0.03
997 84 m 7.74 0.03
998 87 m 8.10 0.03
999 90 m 8.07 0.03
250 93 m 6.38 0.02
251 96 m 8.22 0.04
262 99 m 7.58 0.03
253 102 m 8.05 0.03

\ryTLLUNGA HILL BOREHOLE ANALYSES

CHEMISTRY

CaO KzO SOe P2O5 SiO2
rgn

Al2Os MgO Na2O toss TotalTiOz

L.67
1.68
2.02
L.46
L.79
1.95
1.65
1.48
1.36
1.69
r.M
t.45
L.40
1.39
t.45
1.35
1.28
1.45
1.39
r.43
1.38
1.31
L.26
L.23
r.70
r.44
1.15
L.20
7.26
1.33
t.46
7.47
1.43
L.44

0.03
0.01
0.02
0.02
0.04
0.04
0.08
0.13
0.19
0.11
0.2r
0.L2
0.11
0.08
0.17
0.10
0.12
0.11
0.18
0.18
0.19
0.20
0.20
0.24
0.28
0.28
0.23
0.27
0.27
0.28
0.03
0.29
0.13
0.30

1.16
1.63
L.20
1.43
L.47
1.50
2.70
2.84
2.36
2.54
2.I0
3.70
2.94
4.20
2.46
3.54
3.15
2.25
3.11
3.23
2.35
2.5t
2.74
2.65
2.76
2.66
2.74
2.99
2.94
2.82
1.93
2.79
2.69
2.67

nd
0.02
0.01
0.02
nd
0.08
0.02
0.01
nd
0.01
nd
nd
0.09
nd
nd
nd
nd
0.01
nd
nd
0.10
0.01
nd
0.04
0.10
0.08
0.05
nd
0.04
nd
0.02
0.05
0.01
0.06

0.01
0.04
0.15
0.2L
0.27
0.24
0.09
0.13
0.02
0.09
0.01
0.05
0.07
0.16
0.19
0.12
0.10
0.15
0.16
0.r_9
0.14
0.14
0.19
0.26
0.20
0.19
0.17
0.19
0.20
0.19
0.03
0.20
0.09
0.19

62.9
58.1
59.1
60.0
62.3
63.7
63.3
62.3
M,4
60.8
63.3
60.7
62.7
58.7
60.1
61.9
66.7
61.0
60.1
62.4
61.1
62.0
61.1
59.4
57.4
61.3
58.4
u.4
63.4
61.6
66.4
62.0
63.5
61.1

0.06
0.15
0.18
0.20
0.25
0.27
0.65
I.45
1.16
0.73
L.45
L.32
I.62
1.05
L.32
1.05
1.68
0.91
t.67
2.L4
1.09
L.29
1.59
L.32
2.3L
L.97
L.46
1.60
L.62
1.78
1.77
L.70
L.47
1.96

8.82
8.97
8.75
8.09
8.06
7.07
6.44
6.85
5.31
6.74
6.85
5.83
7.LT
4.97
6.54
4.76
3.38
5.96
4.85
3.39
6.30
4.80
5.64
4.51
3.86
4.24
3.95
3.L7
3.62
4.67
6.45
3.63
4.75
3.81

100.1
100.3
100.0

99.7
99.7

100.0
100.1
100.2

98.7
99.9

100.2
100.1
100.5

99.6
100.2
100.0
100.2

99.6
99.4
99.8

100.8
99.2
99.3
99.7
99.9
99.5
99.3
99.6
99.7
99.4
99.5
99.3
99.7
99.2

2t.79 0.40
20.09 0.46
L7.42 0.36
19.50 0.40
t6.79 0.44
15.31 0.76
15.50 1.89
t4.82 2.74
13.41 3.53
75.97 2.L7
74.64 3.20
15.60 3.91
13.61 3.79
15.97 4.05
L4.2L 3.30
15.01 4.03
14.07 3.98
L6.02 2.42
t5.L6 4.45
L4.62 4.63
15.07 3.30
14.78 3.80
13.53 4.20
L3.L2 3.94
16.11 6.05
L3.72 5.46
13.86 4.34
L3.52 4.49
13.84 4.68
13.69 5.03
L2.94 3.09
13.75 5.18
L3.27 4.80
L4.51 5.08
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TABLE 4.19 TWILLUNGA HILL BOREHOLE ANALYSES

FwW þo/
SAl\4Pt,E

BOU Depth
970 3m
971 6m
972 9m
973 12m
974 15m
975 18m
976 27rn
977 24rn
978 27 rn
979 30 m
980 33m
981 36m
982 39 m
983 42m
984 45 m
985 48m
986 51 m
987 54ln
988 57 m
989 60m
990 63m
991 66m
992 69 m
993 72ryr
994 75rn
995 78m
996 81 m
997 84 m
998 87m
999 90m
250 93 m
251 96 m
252 99 m
253 102 m

TiOz

2.3t
5.46
5.36
5.74
4.63
4.66
4.67
4.67
5.11
5.33
4.22
5.14
5.11
6.45
7.23
6.02
5.56
6.35
6.09
5.31
6.56
6.36
6.01

10.58
5.39
5.69

tt.22
6.45
6.43
6.07
4.40
5.59
5.30
5.59

F 
_e2cþ/

At2q

0.18
0.46
1.61
0.43
o.49
0.59
0.50
0.47
0.52
0.56
0.48
0.48
0.53
0.56
0.74
0.54
0.51
0.57
0.56
0.52
0.60
0.56
0.66
0.99
0.57
0.60
0.93
0.57
0.58
0.59
0.49
0.60
0.57
0.55

soal
AlzO¡

2.97
2.89
3.39
3.08
3.77
4.t6
4.08
4.20
4.80
3.81
4.35
3.89
4.6r
3.68
4.23
4.12
4.67
3.81
3.97
4.27
4.05
4.t9
4.52
4.53
3.56
4.47
4.2t
4.76
4.58
4.50
5.13
4.57
4.79
4.2t

aùzh

0.05
0.08
0.07
0.07
0.09
0.10
0.17
0.19
0.18
0.16
0.L4
0.24
0.22
0.26
0.17
0.24
0.22
0.14
0.2L
0.22
0.16
0.L7
0.20
0.20
0.17
0.19
0.20
0.22
o.2r
0.2t
0.15
0.20
0.20
0.18



40s

APPtsDüDIX UN:

TAtstBS 4"2@ to 4"50.



406

TABLE 4.20 PARAWA PLATEAU-UNW.EATHERED BEDROCKANAIYSES

CHEll[ISTRY

Sample FeXps MnO Tl02 CoO KdO PdO6 SiOz &Os MgO NaCg ZrO Lass

64 Backstairs 2.67 0.03 0.24 0.õ7 3.56 0.06 77.7 L0.52 0.70 2.4L 0.02 0.90
Passage Frn

78 Carricka- 3.82 0.01 0.50 0.79 2.46 0.17 74.L 11.45 L.29 2.9L 0.03 1.54
linga Fm

79 Tapanappa 4.81 0.05 0.5õ l.2L 2.69 0.05 7L.8 11.11 1.85 2.00 0.04 z.Lg
Fm

Total

99.3

99.1

98.4

99.280 HayFlat 2.44 0.03 0.40 0.96 L.70 0.16 76.7 L0.M 0.64 3.68 0.03 1.98

The mineralogy of these samples is ilominated by quartz, muscovite and low plagioclase felspars.
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TABLE 4.21 PARAWAPI,ATEAU BORE HOLE ANA],YSES
Borehole RBA-1 (815 m asl) (Sited over weathered Carrickalinga Head Formation rocks)

Sample Depth Fe203 MnO TiO2 CaO
cHnvlsi'rRY
KzO SO3 P2O6 SiO2 Al2O3 MgO NazO ZrO Loss Total

in m.
0-1
t-2
2-3
3-4
+5
5-6
6-7
7-8
&9

Bou
600
601
602
603
604
605
606
607
608

0.01
0.01
0.01
0.01
0.01
0.02
o.o2
0.01
0.02

Sample Depth Fe2O3 MnO
609 0-1 18.26 0.01
610 L-2 8.48 0.01
611 2-3 L2.21 0.01
612 3-4 4.25 0.01
613 4-5 2.58 ntl
614 16 2.85 0.01
615 6-7 5.L7 nd
616 7-8 6.30 0.01
617 &9 9.19 0.01
618 $10 6.07 0.01
619 10-11 6.L4 0.01
620 Ll-12 9.47 0.01
62L 12-13 10.13 0.01
622 1$14 9.26 0.01

5.98
5.19
4.90
5.20
6.20
6.18
5.4iì
5.Æ
5.56

o.67
0.76
0.73
0.79
0.76
0.77
0.74
0.82
0.82

ïoz
0.93
1.03
0.96
L.2L
1.16
0.93
0.92
0.84
0.75
0.80
0.79
0.78
0.80
0.8Í|

2.49
0.28
0.10
0.04
0.05
0.03
0.05
0.03
0.03

CaO
0.07
0.05
0.03
o.2L
0.01
0.01
o.o2
0.03
0.01
0.01
o.02
0.02
o.o2
o.o2

Gt
100

80
60

15
20
15

n
20
25

0.90
1.10
1.51
1.35
1.83
2.45
1.53
2.52
2.60

Kzo
o.37
0.?9
L.\2
L.70
1.90
1.53
0.95
0.96
0.90
1.22
1.51
1.60
1.69
L.79

0.11
o.o2
nd
0.01
nd
0.02
0.02
0.01
o.o2

soe
o.02
0.01
o.o2
0.02
0.01
0.01
o.o2
o.o2
0.02
0.01
nd
0.01
o.o2
0.01

0.03
0.01
o.02
o.o2
0.03
0.02
0.02
0.02
o.o2

Pzos
o.o2
0.03
0.04
0.06
0.03
0.05
0.06
0.06
0.04
0,04
0.03
0.04
0.05
0.06

62.0
67.6
68.8
68.8
65.6
M.4
66.1
63.0
62.2

L6.72
16.89
16,31
Lá.92
17.19
17.68
L7.L9
19.56
19.56

0.28
o.2t
0.27
0.39
0.49
0.73
0.45
0.52
0.64

0.08
0.06
0.08
0.09
0.13
0.14
0,18
0.20
o.29

Na2O
o.t2
0.06
0.06
o.52
0.05
0.05
o.L2
o.o2
o.o2
0.04
0.07
o.L2
0.10
0.10

w.7
w.7
99.3
99,3
æ.4
g9.2
g9.2

99.3
98.9

Alzoe
27.23
27.57
23.03
%.27
19.79
18.09
18.29
17.83
16.03
L7.54
19.10
18.62
18.71
19.08

0.04 11.4a
0.05 7.53
0.04 6.67
0.06 6.62
0.04 7.04
0.03 6.77
0.04 7.%
0.03 7.L3
0.03 7.L5

ZrQ
0.0
0.05
0.05
0.07
0.05
0.05
0.05
0.05
0.05
0.05
0.04
0.04
0.04
0.04

Loss
15.65
1-3.39
10.49
8.22
6.96
6.56
7.4L
7.4L
6.93
6.85
7.4
7.27
7.18
7.L7

MINERAIJOCT
Gt &Hm Mh Mu St Vm An Fr

nd nd nd
nd nd nd
nd nd nd
ncl nil nd
ncl nil nd
ncl nd nd
nil nd nd
nd ntl nd
nd ntl nd

Ic

25
15

30
30
26
n
35
n
15
25
n

15
15
10
20
15
15
15
20
10

Sample Depth Qz Kt Gb
Bou in m
600 0-1 230 150 ncl
601 7-2 230 190 nd
602 2-3 110 250 nd
603 34 180 n0 nd
604 4.5 150 160 nd
605 16 23O L2O nd
606 6-7 23O 110 nd
607 7-8 14O 115 nd
608 &9 150 14O nil

10 55
nd 75
nd 130
nd 90
nd 130
ncl 180
ncl 90
nil 185
ncl 200

ez=quartz; Kt=kaolinite; Gb=gibbsite;_Gt=goethite; Hm=hematite; Mù=nqaghenite; Mu=muscovite;
Sì=smectiiã; Ic= interstiatiflreã clays; Vm=vermiculite; An=anatase; Fr=felspar. nd= not detected.

TABLI. 4,22 PARAWA PLATEAU BORE HOLE ANAIYSES
Èo*ftof" RBA-2 (BB0 m asl) (Sited over weathered Carrickalinga Head Formation rocks)

CTIEMISIRY

10
n
15
10
15
L5
10

sio2
36.6
47.4
51.6
60.9
66.2
69.5
67.1
65.9
M.7
66.9
M.L
6L.4
60.6
61.0

Mgo
0.26
0.32
o.25
0.31
o.32
0.25
0.18
0.16
0.16
0.20
0.28
0.27
0.26
0.26

Total
99.6
99.2
99.9
98.8
99.1
99.9

100.3
99.6
99.8
99.7
99.5
æ.7
99.6
99.6

MINERALOGY
Kt Gb
70 L70

t& 80
150 35
190
160
no
160
130
130
180
160
170
140
L40

Qz
40
50
60
40

609
610
611
6L2
613
6t4
615
616
6L7
618
619
620
62L
622

Sample Depth
G1
r-2
2-3
+4
+5
Ð-b
67
7-8
&9
9-10

1Gl1
7L-t2
t%rs
1S14

100
70

180
100
100
80

150
120
140
140

&Hm
100

60
60

25
15
10
2t;

15
20
15

n
20
20
25

Mh Mu
tr

St Ic Vm An Fr
20151020
10151520
10 15 10 30
15 10 15 30
15 10 15 35
26 10 10 30
2620102Ð
%251035
?0261035
25 25 10 40
20201030
20201035
nzo1030
%2o1035

50
90
90
90

160
60
50
80

140
160
130
t40

Qz=quartz; Kt=kaolinite; Gb=gibbsite; Gt=goethite; Hn=hematite; Mh=maghemite;
Mu=muscóvite; St=smeciite; Ic= interstratified clays; Vm=vermiculite; An=anatase; Fr=felspar;
tr= trace.



TABLE 4.23 PARAWAPLAIEAU BOREHOLE ANALYSES
Borehole RBA-S (330 m asl) (Carrickalinga Head Formation)

408

CIIEMISIRY IgN
SOS P2O5 SiO2 AIZOg MgO Na2O ZrO l-oss TotalSample Depth

Bou in m.
62it 0-1
62tL L-2
625 %3
626 3-4
627 +5
628 5-6
6m 6-7
630 7-8
631 8-9
632 9-10
633 10-11

Fe203

26.59
74.96
10.00
L2.92
10.08

7-77
r-26
1.49
6.97
5.96
6.L7

0.01
0.01
nd
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01

Kt

40
100
180
L20
280
240
230
280
330
2L0

0.01
0.01
nd
nd
nd
0.01
0.01
0.01
0.01
0.01
o.23
0-02

0.&r
1.07
1.18
1.13
0.98
0.88
0.88
0.95
0.83
0.86
0.82

Gb

110
170
45
60
25

0.23
0.07
0.03
0.09
0.46
0.02
0.02
0.02
0.01
0.01
0.02

Gr&
65
40

100
80
50

60
40
û

0.26
0.30
0.36
0.37
0.59
2.L0
1.36
1.59
L.62
1.88
L.74

Hm

100
70

100
80
50

80
40
40

0.02
0.02
0.01
0.03
0.15
0.04
0.03
0.01
nd
0.01
0.06

0.03
0.02
0.02
0.02
0.04
0.06
0.06
0.M
0.04
0.03
0.04

0.03
0.02
0.02
0.01
0.03
0.09
0.07
0.11
0.13
0.t2
0.07
0.05

40.6
42.L
63.4
49.5
58.5
64.1
69.6
67-r
63.6
63.5
63.6

19.30
25.70
22.00
22.40
19.10
22.r0
18.80
20.N
18.50
19.70
19.00

0.26
0.32
o.25
0.31
o.32
025
0.18
0.16
0.16
0.20
0.28

0.24
0.29
o.22
0.23
0.42
0.52
0.23
0.26
027
0.28
0.27

0.05
0.05
0.06
0.06
0.05
0.M
0.05
0.06
0.04
0.03
0.04

10.6?
L4.40
11.93
12.30
9.n
7 -67
6.69
7.ß
6.87
6.90
7-02

99.0
99.1
99.3
98.1
99.8
æ.7
99.1
æ.2
98.9
99.3
98.9

MnO TiO2 CaO KZO

Sample Depth Qz
Bou in m
623 0-1 150
62tL l-2 80
62,5 2-3 90
626 34 160
627 +5 160
628 5-6 2.30
6n 6-7 160
631 8-9 n0
632 9-10 220
633 10-11 170

30
20
15

15
15

50 10 15
10 15 20
20 15 20
15 20 15
70 15 15

150 30 15
180 30 20
n0 15 10
n0 25 20
150 30 20

IIIINERÂLOGY
Mh Mu St Ic Vm An Fr

10
15
15
15
10
10
10
10
10
10

0.28
0.36
0.23
0.20
0.25
026
0.25
o.22
0.37
0.45
0.40
0.78

0.13
0.08
0.05
0.11
0.11
0.11
0.15
0.08
0.t2
0.18
0.11
0.11

ez=quartz; Kt=kaolinite; _Gb=gibbsi_te; Gt=gç¡¡¡te; . Hm=hematile; Mh=mag-hemite; Mu=muscovite;
Ët=Ëã""tit"; Ic= interstrátifred cÍays; Vm=vermiculite; An=anatase; Fr=felspar; tr= trace.

TABLI' 4.24 PARAWAPLATEAU BOREHOLE AI'IALYSES
Borehole RBA-4 (330 m asl) (Carrickalinga Head Formation)

CHEMISTRY
sample Depth Fe203 MnO TiO2 CaO KzO Sq P2O5 SiO2 AIZOS MgO Na2O ZrO Loss Total

a5
n
20
15
10

1010
10
n
25
2:5

10
25
n
15
15
15
15

15

5080
60
30
20

15
15
10
10

5

2L0 110
220 100
2L0 300
160 2N
230 270
180 190
180 120
180 160
220 200
2:t0 180

Bou
6gL
635
636
637
638
639
MO
64t
642
643
64
645

Bou
6U
635
636
637
638
639
640
641
642
64t
64
645

Sample

ln m.
0-1 23.42
L-2 9.58
2-3 7.96
14 5.85
+5 1.67
5.6 1.38
6-7 2.67
7-8 9.77
&9 8.08
9-10 6.U

10-11 5.52
LL-L2 5.48

2-3
3-4
+5
5-6
6-7
7-8
&9
9-10

10-11
7t-t2

0.93
1.18
1.18
7.14
0.84
0.84
0.89
0.85
0.83
0.87
0.83
0.79

0.10
0.06
0.04
0.05
0.03
0.03
0.05
0.03
0.03
0.03
0.03
0.04

0.33
0.28
0.22
0.29
L.20
1.58
1.33
L.27
2.54
2.94
L.75
1.84

0.0Íl
0.01
0.42
0.CI2

0.01
0.01
0.02
0.01
0.01
0.01
0.01
0.01

42.8
50.6
63.2
67.L
65.7
65.6
65.9
60.3
59.7
59.5
65.1
67.1

19.89
23.6t
16.64
16.10
2t.42
2L.ß
19.34
18.13
19-?t
21.09
L824
16.78

20
20
30
15
10
10
10
10
10
10
10
10

0.05
0.06
0.07
0.06
0.04
0.04
0.M
0.03
0.03
0.02
0.03
0.04

10.94
13.57
9.27
8.69
8.32
8.03
7.62
8.03
7-ß
7.55
7.02
6.49

98.9
99.4
98.9
99.6
w.7
99.5
98.2
98.9
99.0
99.3
99.3
99.5

MINERALOGY
Gt&Hm Mh Mu St Ic Vm An FrDepth Qz Kt Gb

inm
G1 190 60 100
r-2 200 90 60

10

100
40
20
l5

15
15
l0
10
5

90
90
90
95

L&
2Í]0
190
160

20
20
15
10
10
10

5
6
b
5
5

ez=quartz; Kt=kaolinite; ; Q¡=goethite-; Hm=hematitc; Mh=maghemite; Mu=muscovite; St=smect
Vm=vermiäulite; An=anatâse ; tr= Lrace; nd= not detected.



TABLE 4.25 PARAWAPLATEAU BORE HOLE ANALYSES
So*hol" nÈ¡,-S (835 m asl) (Sited over weathered CarriçE4ilga Head Formation rocks).

CHEMIS¡TRY
Sample Depth Fe203 MnO TiO2 CaO KzO

BOU in m.
SOs P2O5 SO2 Al2Os MgO Na2O ZrO Loss Tot¿l

0.01
nd
0.01
nd
0.01
0.01
0.02
0.03
0.03
0.03
0.03
0.02
0.03

Kt

55
L20
160
190
180
170
160
150
110
110
110
110
t20

0.77
0.80
0.76
0.77
0.90
0.82
0.74
0.75
0.85
0.82
0.71
0.78
0.88

0.14
0.05
0.03
0.04
0.05
0.03
0.03
0.03
0.03
0.04
0.03
0.04
0.05

0.32
0.49
0.57
0.94
0.97
r.48
1.83
2.23
2.30
2.56
2.32
2.27
2.50

16.80
2L.79
2t.28
19.37
16.99
17.05
15.71
15.06
15.87
L6.52
15.06
t5.4
t5.45

0.25
0.27
0.25
0.19
0.32
0.61
1.00
t.20
0.94
1.03
1.06
0.93
1.19

0.74
0.53
0.11
0.06
0.25
0.06
0.08
0.10
0.09
0.15
0.11
0.14
0.16

0.05
0.05
0.05
0.06
0.06
0.06
0.05
0.06
0.07
0.05
0.05
0.06
0.07

10.95
11.03

9.98
7.83
7.23
6.96
6.52
5.90
6.04
6.03
5.47
5.56
5.47

409

100.0
99.7
99.5
99.2
99.8
99.4
98.8

100.1
99.9
99.6

100.1
99.9

100.0

0-1
t-2
2-3
3-4
4-5
5-6
o-,
7-8
8-9
9-10

10-11
tt-r2
72-73

2L.2L
7.76
3.60
L.78
3.09
4.33
4.90
5.27
4.58
4.4
4.38
3.59
4.4

Depth
inm
0-1
r-2
z-.)
3-4
+5
5-6
6-7
7-8
8-9
9-10

10-11
LT-I2
72-73

200
r40
220
160
230
230
190
230
240
170
170
220
160

SampleDepth Fe203

BOU in m.
659 0-1 26.54
660 l-2 72.7L
661 2-3 5.36
662 3-4 7.94
663 +5 1.93
664 5-6 1.75
665 6-7 t.52
666 7-8 2.80
667 8-9 9.94
668 9-10 8.38
669 10-11 6.99
670 LL-r2 5.41
67t 72-13 5.32

Depth Qz
inm
0-1 2L0
!-2 720
2-3 240
3-4 160
4-5 230
5-6 220
6-7 240
7-8 2r0
8-9 200
9-10 250

10-11 230
tt-t2 190
12-13 L70

0.02 0.03 Æ.7
0.02 0.08 56.8
0.01 0.04 62.8
0.02 0.03 68.2
0.03 0.15 69.7
0.01 0.08 68.0
0.01 0.07 68.8
0.01 0.05 69.4
0.01 0.05 69.0
0.02 0.06 67.9
0.01 0.11 70.7
0.02 0.13 70.9
0.01 0.08 69.7
MINERALOGY
Mh Mu St Ic Vm An Fr

35
15

646
647
648
649
650
651
652
653
654
bbô
656
657
658

Sample
BOU
646
647
648
649
650
651
652
653
654
bÒö
656
657
658

Sample
BOU
659
660
661
662
663
6M
665
666
667
668
669
670
67t

Qz Kb Gb Gt &Hm

90
200
200
n0
2t0
250
220
160
180
180
170
150
190

MnO

0.01
0.01
0.01
nd
0.02
0.01
nd
0.01
0.02
0.02
0.02
0.03
0.03

Tioz

0.85
1.07
0.99
0.78
0.84
0.82
0.82
0.82
0.77
0.77
0.78
0.80
0.80

Gb

110
40

20
20
25
20
10
15
15

10
10

5
10
10
10

5

100 t20
70 60

10

20

10
25
20
20
20

10
20
25
25
óo
35
30
30
30
30
30
25
30

20
30
70
60

100
130
725
150
160
140
L20
150

10

15

CaO KzO SOs P2O5 SiO2 Al2Os MgO Na2O ZrO Loss Total

5
b

b
b
ò

10
ö

10
10

40
30
40
35

ez=quartz; Kt=kaolinite; Gb=gibbsite; _Gt=goethite;_Hm=hematite; Mh=maghemite; Mu=muscovite;
s-Èsmectite; Ic= interstratifieã clays; Vm=vermir ulite; An=anatase; Fr=felspar;
tr= trace; nd= not detected.

TABLE 4.26 PARAWAPLATEAU BOREHOLE ANALYSES
Sãt"hãf" RBA-6 (842 m asl) (Sited over weathered Carrickalinga Head Formation rocks)

CHEMISTRY

0.09
0.07
0.04
0.03
0.03
0.04
0.03
0.03
0.03
0.03
0.72
0.03
0.04

0.32
0.3L
0.70
L.22
1.30
1.08
1.61
t.47
L.l5
2.04
t.7t
r.97
2;33

18.48
2L.65
20.99
L8.L2
18.13
t9.7L
19.90
18.06
15.65
15.59
16.28
t6.25
16.34

0.24
0.29
0.28
0.24
0.27
0.25
0.32
0.30
0.60
0.99
0.7s
1.00
1.23

0.11
0.07
0.07
0.11
0.t2
0.14
0.11
0.11
0.08
0.08
0.10
0.07
0.08

0.06
0.06
0.05
0.04
0.05
0.04
0.04
0.04
0.05
0.05
0.05
0.05
0.05

9.47
11.84

9.92
6.95
7.LT
8.32
7.51
8.68
6.71
6.32
7.00
6.29
6.00

98.7
99.3
99.1
98.9
98.9
99.3
99.2
99.3
99.4
99.0
99.7
99.3
99.2

0.03 0.03 42.5
0.06 0.02 51.1
0.02 0.02 60.6
0.01 0.04 69.4
0.01 0.03 69.1
0.01 0.04 67.1
0.01 0.05 67.3
0.01 0.06 66.9
0.01 0.08 63.7
0.28 0.09 M.4
0.01 0.10 66.2
0.01 0.07 67.9
0.02 0.05 66.9
MINERÄLOGY
Mh Mu StGt& Hm

90 t20
90 80

15

40
35
20
20
15

Ic

20
15
15
20
20
20
20
10
20
10
10
15
10

10
25
20
30
25
40
30
40
30
25
30

15
35
80

110
80

t20
t40
160
200
130
140
200

40

Vm An Fr

10 25
10 15
105
10
15
10
15
10
10
10

b
10
10

Qz=quartz; Kt=kaolinite; Gb_=gibbsite;Gt=$oethite;_Hm=hematite; Mh=m^aghemite; Mu=muscovite;

*=sinectite; Ic= interstíatifreä claysiVm=vermiculite; An=anatase; Fr=felspar;
tr= trace; nd= not detected.



TABLI" 4.27 PARAWAPLATEAU BOREHOLE ANALYSES
Borehole RBA-7 (335 m asl) (sited over carrickalinga Head Formation rocks)

CHEMIS¡TRY

410

SOs PzOs SiO2 Al2O3 MgO Na2O ZrO Loss Total

Sample DepthQz Kt Gb Gt & Hm

Sample Depth FeO3

Bou in m.
672 0-1 18.38
673 l-2 11.73
674 2-3 6.03
675 3-4 5.06
676 +5 5.74
677 5-6 6.80
678 6-7 5.52
679 7-8 5.80
680 8-9 6.72
681 9-10 6.72
682 10-11 5.59
683 1r-r2 5.90
684 72-13 6.94

lnm
0-1
t-2
2-3
3-4
+5
5-6
t)-,
7-8
8-9
9-10

10-11
IT-L2
12-13

200
250
2t0
230
2L0
150
200
220
230
2r0
220
180
190

ln m.
0-1 t6.22
t-2 t0.42
2-3 5.53
3-4 70.74
5-6 1.81
6-7 1.61
7-8 2.87
8-9 5.11
9-10 6.66

10-11 6.53
tt-12 6.64

0.08 0.03 5t.4
0.03 0.03 56.1
0.03 0.10 63.1
0.03 0.17 67.L
0.02 0.15 65.9
0.02 0.06 63.0
0.02 0.04 65.1
0.02 0.03 66.4
0.02 0.06 67.0
0.01 0.05 67.4
0.02 0.05 68.1
0.02 0.08 66.6
0.01 0.09 63.3
MINERALOGY
Mh Mu St

MnO

0.03
0.01
0.01
0.02
0.02
0.03
0.04
0.04
0.03
0.06
0.04
0.04
0.05

80
100
160
120
135
r20
110
110
90
90
90
80
50

Tioz

0.88
0.95
0.80
0.65
0.71
0.77
0.75
0.67
0.71
0.74
0.74
0.72
0.73

CaO

0.48
0.16
0.04
0.04
0.05
0.07
0.09
0.15
0.23
0.36
0.46
0.48
0.38

Kzo

0.28
0.50
1.71
1.63
2.16
2.96
3.02
3.02
3.19
2.95
2.79
2.95
3.89

16.03
t8.92
19.08
16.55
16.46
17.30
16.94
15.51
15.00
L4.65
14.60
15.05
L6.47

0.25
0.25
0.4
0.54
0.82
L.4
L.62
1.85
1.78
1.73
t.76
1.90
2.33

0.18
0.09
0.10
0.13
0.t4
0.18
0.26
0.39
0.59
0.85
1.01
0.94
0.83

0.05
0.05
0.04
0.04
0.04
0.03
0.03
0.04
0.04
0.05
0.05
0.04
0.03

10.42
10.61

8.42
7.t7
6.58
6.69
6.14
5.24
4.89
4.52
4.27
4.43
4.79

98.5
99.4
99.9
99.1
98.8
99.4
99.6
99.2
99.7
99.5
99.5
99.2
99.8

15
8

5

15

130
80

160
2+0
250
220
24:0
210
250
260
2t0

30
b

Bou
672
673
674
675
676
otl
678
679
680
681
682
683
684

100 100 190
L40 100 25
160 135
250 110
280 280
260 180
210 300
230 180
240 280
330 280
230 135
220 260

Bou
685
686
687
688
690
691
692
693
694
695
696

Bou
685
686
687
688
689
690
691
692
693
694
695
696

10 90 L20
10 70

15
5

10
10
10
15
15
15
15
15
20

0.96
1.04
r.07
0.98
0.90
0.91
0.83
0.78
0.82
0.81
0.75

0.11
0.09
0.r4
0.05
0.03
0.03
0.03
0.03
0.03
0.04
0.03

Ic Vm An Fr

10
b
b

10
5

10
10

ò
b
b
b

10

25.39
22.69
19.01
L8.n
17.89
20.53
18.13
L7.L7
16.40
16.18
t5.92

0.40
0.37
0.30
0.20
0.20
0.32
0.51
0.76
0.83
0.94
L.22

0.14
0.10
0.11
0.07
0.07
0.14
0.14
0.11
0.11
0.r2
0.16

Loss Total

15
10
26
25
30
30
35
35
35
30
35
30
35

25
n

10 25
t20 30
74 30

190 35
130 30
270 30
220 30
720 30
260 30

b
10

15
10
10

10

40
40
35
50
50
50

5
5

10
b
ò
5
b
b

10
ô
5

Qz=quartz; Kt=kaolinite; Gb=gibbsite; Gt=goethite;_Hm=hematite; Mh=maghemite
Si=smectite; Ic= interstratified clays; Vm=vermiculite; An=anatase; Fr=felspar;
tr= trace; nd= not detected.

0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.02
0.02
0.02
0.03

Sample Depth Qz Kt Gb Gt & Hm Mh Mu St Ic Vm An Fr
rnm
0-1
t-2
2-3
3-4
+5
5-6
6-7
7-8
8-9
9-10

10-11
1,L-L2

Mu=muscovite;

TABLE 4.28 PARAWAPLATEAU BOREHOLE ANALYSES
Borehole RBA-8 (345 m asl) (Sited over weathered Carrickalinga Head Formation rocks)

CHEMISlRY
sample Depth Fe203 MnO TtO2 CaO KzO SOs P2O5 SiO2 Al2O3 MgO Na2O ZrO

0.33
0.30
0.26
0.28
0.95
1.58
L.64
1.80
1.85
1.90
2.45

60
80
60
70

0.03 0.03 40.0
0.01 0.02 52.2
0.03 0.01 62.4
0.01 0.02 68.3
0.01 0.05 69.3
0.01 0.08 66.9
0.02 0.06 68.2
0.01 0.11 67.0
0.01 0.13 65.9
0.02 0.11 66.0
0.02 0.12 65.8
MINERALOGY

0.04
0.05
0.06
0.05
0.07
0.06
0.06
0.05
0.06
0.05
0.04

t4.L7
72.L5
10.03

7.42
7.28
7.30
6.80
6.40
6.38
6.36
5.85

97.8
99.5
99.0
98.2
98.6
99.5
99.3
g9.4
æ.2
99.1
99.0

150
100
100
100

10

20
15
15
20

15 30
15
15
10
10 25
15
15
15

10
b

10

15 b
15

b
10

10
15
20
15
10
10
10

Qz=quartz; Kt=kaolinite; Gb=gibbsite; Gt=goethiÞ; Hm-=hematite; Mh=maghemite;
Àio=ilro..o'trite; St=smectite; Ic= interstratifred clays; Vm=vermiculite; An=anatase;
Fr=felspar; tr= trace; nd= not detected.



TABLE 4.29 PARAWAPLATEAU BOREHOLE ANALYSES
so""hot" RgA-g (350 m asl) (sited over carrickalinga Head Eormation rocks)

CHEMISTRY
Sampì.e Depth Fe20s MnO TiO2 CaO KzO SOe PzOs SO2 Al2O3 MgO

4tl

Na2O ZrO Loss Total

Bou
697
698
699
700
701
702
703
704
705
706
707
708
709

in m.
0-1 13.56
t-2 15.14
2-3 3.79
3-4 1.30
+5 1.59
5-6 1.00
6-7 0.69
7-8 0.77
8-9 0.41
9-10 0.63

10-11 0.56
7t-L2 0.73
t2-t3 3.30

Sample Depth Qz
Bou in m
697 0-1 130
698 r-2 130
699 2-3 170
700 3-4 140
701 +5 100
702 5-6 L20
703 6-7 100
704 7-8 100
705 8-9 130
706 9-10 160
707 10-11 170
708 LL-r2 r40
709 t2-L3 160

tn m.
0-1 L7.12
L-2 9.37
2-3 11.59
3-4 2.66
+5 5.89
5-6 3.13
6-7 6.02
7-8 5.19
8-9 10.73
9-10 9.42

10-11 9.39
11-12 10.04

tnm
0-1
t-2
2-3
3-4
+5
Ð-b
6-7
7-8
8-9
9-10

10-11
tL-12

180
200
180
160
130
200
180
140
160
170
220
180

0.0? 0.02 47.6
0.02 0.02 49.9
0.01 0.01 79.0
0.02 0.02 56.2
0.02 0.02 61.4
0.02 0.02 63.2
0.02 0.02 65.2
0.03 0.03 67.2
0.M 0.04 69.6
0.02 0.02 69.6
0.03 0.03 68.1
0.03 0.03 69.8
0.03 0.03 68.8
MINERALOGY
Mh Mu St

0.01
nd
nd
nd
nd
0.01
nd
0.01
nd
nd
nd
nd
0.01

Kt

0.02
0.01
0.02
0.01
0.01
0.02
0.02
0.02
0.02
0.02
0.18
0.02

0.80
0.78
1.58
0.69
0.95
0.85
0.81
0.76
0.81
0.84
0.82
0.90
0.87

Gb

0.88
0.74
0.09
nd
0.03
0.01
0.03
0.23
0.02
0.01
0.02
0.02
0.02

Gr&

0.26
0.19
0.35
L.20
r.82
t.46
1.60
r.46
0.83
L.76
1.65
7.52
1.30

Hm

22.84
2t.3r

9.81
29.43
25.73
24.34
23.L7
19.69
20.36
19.80
2t.40
20.11
t8.52

Ic

0.31
0.20
0.11
0.20
0.27
0.20
0.24
0.2L
0.L2
0.2L
0.25
0.23
0.20

Ve

0.05
0.03
0.07
0.06
0.11
0.06
0.06
0.12
0.04
0.05
0.06
0.06
0.05

0.04
0.04
0.06
0.02
0.03
0.04
0.04
0.04
0.05
0.05
0.04
0.06
0.05

14.27
tL.54
4.98

L0.47
8.08
8.29
7.60
9.94
7.08
6.87
6.85
6.62
6.60

98.9
99.3
99.9
99.6

100.0
99.5
99.5

100.5
99.4
99.8
99.8

100.1
99.8

n
20
30
20
20
30
20
30
35
25
25
30
30

1050
60

70
15

40 120 50
55 80 50
70 15

260 100
260
280
280
260
270
270
270
280
280

10

10
75
to
110
110
100
60
130
t20
150
130

10
10
10
10
10
10

b
10

b
ò
b
b
b
b
5

10
10

ò
b
6
5
b

An Fr

10
10
20
10

0.17
0.n
0.20
0.35
0.26
0.38
0.25
0.30
0.28
0.33
0.33
0.23

Isrr
Loss Total

99.1
100.7

99.7
99.5
98.9
99.4
99.4
99.4
99.5
99.2
99.3
99.2

Qz=quartz; Kt=kaolinite; Gb=gibbsite; Q¡=goethite; . Hm=hematite; Mh=maghemite; Mu=muscovite;
Si=smectite; Ic= interstraiifred clã s; Vm=vermiculite; An=anatase; Fr=felspar;
tr= trace; nd= not detected.

TABLE 4.30 PARAWA PLATEAU BORE HOLE ANALYSES
Bor"hote RBA-I0 (342 m asl) (Sited over weathered Canrickalinga Head Formation rocks)

CIIEMISTRY
sample Depth Fe203 MnO TtO2 CaO KzO SOe PzOs SiO2 Al2O3 Mgo Na2O ZrO

.tÐ

10

510
b

20
20
20
20
30
30
30
n
n
30
20
30

40
220
80
200
100
150
110
220
140
220
170
200

60
50
60

40
40
30
30

1

20

20
20

60
50
70

40
40
40
40

Bou
710
7r]^
7L2
7L3
7t4
716
7L6
717
718
7L9
720
72L

Bou
7t0
7tL
7]^2
7L3
7t4
7t5
716
7L7
718
7t9
720
72L

0.89
1.16
0.89
0.92
0.87
0.83
0.78
0.81
0.80
0.78
0.79
0.76

0.48
0.04
0.01
0.04
0.02
0.04
0.03
0.03
0.03
0.03
0.03
0.03

0.93
1.80
1.07
L.92
r.37
1.38
1.70
2.5t
2.30
2.40
2.4L
1.80

18.57
22.37
20.0L
25.90
24.L9
27.0L
23.82
24.63
2t.46
2r.w
2L.74
19.57

0.29
0.28
0.19
0.34
0.24
0.28
0.27
0.30
0.30
0.29
0.29
0.27

15

0.04
0.03
0.03
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02

11.46
8.49
8.33
8.98
10.99
10.05
8.81
7.82
7.7t
7.66
7.t5
7.51

0.06 0.02 49.0
0.04 0.02 56.8
0.03 0.01 57.4
0.07 0.02 58.3
0.01 0.01 55.0
0.02 0.02 56.5
0.01 0.02 57.6
0.02 0.03 57.7
0.02 0.04 55.8
0.02 0.03 56.2
0.01 0.03 56.9
0.02 0.04 58.9
MINERALOGY

Sample Depth Qz Kt Gb Gt & Hm Mh Mu St Ic Vm An Fr

100 20
220
200
250
220
200
230
280
150
2tL0

150
2,t0

35 20
20
20
20
20
20
20
20
15
20

,20
15

15
20
10
10
10
10
10

ö
b
5
5
b

qz=qtartz; Kt=kaolinite; Gbdbbsite; Gt=goethit-e; Hm=hematitg; \lh=nlaghemite;
ni"-j-,t..o"ite; St=smectite; I'c= inteistratifred clays; Vm=vermiculite; An=anatase; Fr=felspar;
tr= trace; nd= not detected.
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TABLE 4.31 PARAWA PLATEAU BORE HOLE ANALYSES
Borehole RBA-11 (340 m asl) (Sited over Brachina Formation rocks)

CIIEMISIRY Isn
sample Depth Fe203 MnO TiO2 CaO KzO SO3 PzOs SiO2 Al2O3 MgO Na2O ZrO Loss

Bou
722
723
72/L
725
726
727
728
7n
730
73t
732
733
734

Gt &Hm

15
15
15
20
15
15
25
25
20
20
20
20
25

Ic Vm

15
10
10

5

10
ò
5

An Fr

b
10
5
b

10
b
b

10
b
b
55
b

10

Tot¿l

Depth Qz Kt Gb

0.01 0.02 il.o
0.02 0.02 60.8
0.05 0.03 63.5
0.01 0.04 63.4
0.01 0.05 63.2
0.04 0.04 62.0
0.01 0.03 62.4
0.01 0.04 63.5
0.01 0.02 64.7
0.02 0.02 M.3
0.01 0.03 u.6
0.01 0.03 63.5
nd 0.03 M.l
1VIINERALOGY
Mh Mu St

ln m.
0-1
t-2
2-3
3-4
4-5
b-b
6-7
7-8
8-9
9-10

10-11
7L-12
72-t3

inm
0-1
t-2
2-S
3-4
4-5
þ-b
t)-/
7-8
8-9
9-10

10-11
tr-12
r2-t3

6.14
4.t7
5.25
6.53
4.9r
5.85
6.58
6.02
6.97
6.86
6.U
6.77
6.38

0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01

0.87
0.88
0.83
0.83
0.84
0.80
0.84
0.82
0.84
0.84
0.84
0.85
0.86

0.19
0.82
0.04
0.03
0.06
0.58
0.04
0.06
0.07
0.09
0.06
0.09
0.05

0.83
1.16
1.40
t.42
1.63
L.7L
L.72
t.62
1.20
1.09
1.36
t.Æ
t.75

24.92
22.70
20.69
19.56
2t.L2
20.56
20.58
L9.92
t8.74
L8.74
18.93
19.18
18.78

0.33
0.26
0.26
0.23
0.28
0.65
0.28
0.27
0.23
0.23
0.24
0.24
o.27

0.L2
0.u
0.14
0.15
0.19
0.17
0.20
0.19
0.13
0.13
0.16
0.16
0.16

0.04
0.04
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.04
0.04
0.03
0.03

LL.7L
9.26
l.l ó
7.L8
7.52
7.30
7.40
7.37
7.39
7.49
7.22
7.20
6.84

99.2
100.5
100.1

99.4
99.9
99.7

100.1
99.9

100.3
99.9
99.8

100.0
99.6

Sample
Bou
722
723
72,1
725
726
727
728
7n
730
731
732
733
734

Sample
Bou
735
736
737
?38
739
740
74r
742
743
7M

Sample
BOU
735
736
737
738
739
740
74L
742
743
74

MnO

0.03
0.04
0.06
0.05
0.04
0.05
0.05
0.05
0.04
0.04

Tioz

0.90
0.87
0.79
0.78
0.80
0.76
0.73
0.70
0.69
0.77

CaO

2.20
0.02
0.68
0.49
0.33
0.76
0.78
0.75
0.75
0.49

Kzo

2.85
4.46
3.80
4.28
4.42
3.94
3.20
2.89
2.92
3.63

Pzos

0.06
0.02
0.02
0.03
0.04
0.04
0.03
0.02
0.02
0.03

si02

51.6
56.4
60.6
60.7
58.9
60.5
M.9
67.6
67.9
64.8

15
15
10

Atzoe

2L.T9
22.57
L7.96
18.80
19.86
18.70
16.53
L5.62
15.50
17.50

Mso

0.95
t.79
2.53
2.45
2.09
2.52
2.02
1.90
1.86
1.83

Na2O

0.28
0.28
1.30
1.31
t.42
1.61
1.39
t.26
L.2L
1.13

0.02
0.02
0.02
0.02
0.03
0.03
0.03
0.04
0.03
0.03

9.29
6.13
4.64
4.35
4.75
4.24
3.85
3.77
3.76
4.L3

99.1
99.5
99.4
99.4
99.2
99.7
99.0
99.8
99.7
99.5

10

10
20
20
25
30
30
20
20
25
20
30
30
20

65
90
80

t20
170
100
140
130

60
130
130
140
160

720 230
160 230
740 190
150 220
200 240
100 180
100 180
170 200
100 140
200 200
150 200
150 220
t20 180

1
1

sr

20
20
25
30
30
30
35
30
35
30

10
b

10
b
b
b
Ò

20
15

ö
5
5
b

10

10
b

10
10
10
10
10
10
10
10
10

Qz=quartz; Kt=kaolinite; Gb=gibbsite; Gt=goethite; Hm=hematite; Mh=maghemite; Mu=muscovite;
Si=smectite;Ic= interstratified clays; Vm=vermiculite; An=anatase; Fr=felspar;
tr= trace; nd= not detected.

TABLE 4.32 PARAWA PLATEAU BORE HOLE ANALYSES
Borehole RBA-12 (300 m asl) (Sited over weathered Brachina Formation rocks)

CHEMISTRY
Depth Fe203

in m.
0-1 9.66
L-2 6.86
2-3 7.72
3-4 6.62
+5 6.45
5-6 6.49
6-7 5.4t
7-8 5.18
8-9 5.05
9-10 5.t4

soe

0.07
0.01
0.02
0.01
0.08
0.06
0.07
0.01
0.01
0.01

ZrO Loss Total

MINERALOGY
Depth Qz Kt Gb Gt & Hm Mh Mu
inm
0-1 220
L-2 190
2-g 150
3-4 160
+5 770
5-6 150
6-7 L40
7-8 140
8-9 200
9-10 180

Ic Vm

5
5

5

An Fr

510
55
540
545
550
10 50
10 45
545
550
550

140
100

50
40
50
óo
40
60
50
60

250
250
200
220
2L0
220
160
200
220
220

0
0

Qz=quartz; Kt=kaolinite; Gb=gibbsite; Gt=goethite;_Hm=hematite; Mh=maghemite; Mu=muscovite;
Si=smectite; Ic= interstratifieã clays; Vm=vermiculite; An=anatase; Fr=felspar;
tr= trace; nd= not detected.
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TABLE 4.33 PARAWA PI"ATEAU BORE HOLE ANALYSES
BorehoLe RBA-13 (342m asl) (Sited over weathered Brachina Formation rocks)

CHEMISTRY
Sample Depth Fe203MnO TiO2 CaO KzO SOs P2O5 SiO2 Al2O3 MgO Na2O ZrO

Ign
Loss Total

Bou
745
746
747
748
749
750
75r
752
753
754
755
/Ðo
756

in m.
0-1 Lt.67
r-2 t3.75
2-3 5.69
3-4 4.r9
4-5 2.L7
5-6 1.38
6-7 0.89
7-8 1.00
8-9 0.61
9-10 7.25

10-11 L.25
tt-tz 3.74
t2-L3 5.66

Depth
inm
0-1
t-2
2-3
3-4
4-5
5-6
6-7
7-8
8-9
9-10

10-11
11.-t2
72-73

lnm
0-1 100
L-2 50
2-3 220
3-4 2r0
+5 90
5-6 100
6-7 100
7-8 70
8-9 100
9-10 80

10-11 80
1L-t2 110
t2-L3 90

0.01 0.02 50.3
0.01 0.02 ru.g
0.01 0.02 65.5
0.02 0.05 70.3
0.01 0.01 66.6
0.01 0.03 62.1
0.01 0.05 61.0
0.01 0.04 62.5
0.01 0.10 62.4
0.01 0.08 62.8
0.01 0.07 62.8
nd 0.13 59.1
nd 0.14 56.6
MINERALOGY

0.04
0.05
0.05
0.05
0.03
0.03
0.02
0.02
0.02
0.03
0.03
0.03
0.03

99.3
99.3
99.0

100.6
99.4
99.4
99.6
99.2
99.5
99.4
99.2
98.9
99.9

0.02
0.01
nd
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.02
0.02
0.03

t.t2
1.01
1.11
1.15
0.89
0.78
0.75
0.83
0.81
0.89
0.87
0.81
0.75

0.08
0.07
0.04
0.04
0.02
0.02
0.02
0.02
0.02
0.03
0.02
0.02
0.03

0.33
0.28
0.27
0.29
0.75
1.38
1.81
2.09
2.26
2.73
L.77
t.97
2.L2

27.12
20.10
t7.7L
16.15
20.02
24.96
24.99
23.32
23.99
22.80
22.02
20.69
t8.77

0.40
0.28
0.25
0.2L
0.17
0.17
0.2L
0.23
0.25
0.25
0.24
0.43
0.84

0.14
0.08
0.r2
0.10
0.10
0.1.3
0.25
0.26
0.25
0.21
0.2L
0.18
0.17

15
15
15
15
10
10
10
10
10
10
10
10
10

8.10
8.78
8.24
8.01
8.57
8.M
9.54
8.86
8.76
8.89
9.89

tL.76
t4.75

Sample
BOU
745
746
747
748
749
750
75L
752
753
754
755
756
tÒt

20
30

10

St

5
5

30
25
35
25
15
20
20
30
30
25
20

Qz Kt

110 80
2r0 80
220 110
2t0 100
250 230
130 330
100 n0
180 280
160 300
230 310
240 220
160 2t0
250 150

Gb Gt &Hm Mh Mu Ic Vm An Fr

110 20
45 50 50

20
15
10

a)

10

10

60
130
140
140
170
160
740
160
130

60
100
L40
190
200
100
110
40
60
80
85

15
20
10
10
10
15
10
10
10
10
15
15
10

105

Qz=quartz; Kt=kaolinite; Gb=gibbsite; Gt=goethite; Hm=hematite; Mh=ma_ghemite; Mu=muscovite;
Si=smectite; Ic= interstratifred clays; Vm=vermiculite; An=anatase; Fr=felspar;
tr= trace; nd= not detected.

TABLE 4.34 PARAWA PLATEAU BORE HOLE ANALYSES
Borehole RBA-14 (348 m asl) (Sited over weathered Carrickalinga Head Formation rocks)

CHEMISTRY
Sample Depth Fe203 MnO TiO2 CaO K9O SOs P2O5 SiO2 Al2Os MgO Na2O ZrO

BOU in m.
757 0-1 24.86 0.01 0.85 0.16 0.50 0.01 0.03 46.9 16.81 0.20 0.09 0.05

758 t-2 20.45 0.01 0.89 0.09 0.38 0.02 0.05 Æ.4 2I.45 0.19 0.03 0.05
759 2-g 11.82 0.01 0.93 0.09 0.99 0.13 0.05 56.9 L9.57 0.22 0.28 0.04
760 3-4 6.77 0.01 L.02 0.02 1.59 0.01 0.03 58.7 22.6L 0.2L 0.16 0.03

76L 4-5 7.m 0.02 0.95 0.01 2.07 0.01 0.01 58.9 2L.83 0.2t 0.27 0.03
762 5-6 7.t7 0.02 0.94 0.02 1.93 0.01 0.02 59.7 21.89 0.2L 0.18 0.03

?63 6-7 10.20 0.02 0.87 0.03 2.22 nd 0.02 57.9 20.98 0.22 0.2/L 0.03
7M 7-8 4.41 0.02 0.94 0.04 1.80 nd 0.01 61.5 22.70 0.21 0.20 0.03
765 8-9 6.79 0.02 0.89 0.01 1.59 0.01 0.02 60.4 27.57 0.18 0.13 0.03
766 9-10 9.98 0.02 0.83 0.02 0.84 0.02 0.03 59.8 20.02 0.11 0.07 0.04
767 LO-LL 12.82 0.02 0.79 0.02 0.79 0.02 0.06 58.8 18.86 0.L2 0.08 0.04
768 LL-t2 8.54 0.02 0.84 0.03 0.85 0.02 0.05 6r.7 19.93 0.L2 0.08 0.04
769 72-L3 9.72 0.02 0.81 0.02 L.29 0.01 0.05 6r.4 79.42 0.L4 0.16 0.03

MINERÄLOGY
Sample Depth Qz Kt Gb Gt & Hm Mh Mu St Ic Vm An Fr

Ign
Loss Total

9.16
10.86

8.04
8.21
7.46
7.52
6.98
7.50
7.6L
7.96
8.00
7.88
7.29

99.6
99.9
99.1
99.4
99.1
99.6
99.7
99.4
99.3
99.7

100.4
100.1

99.8

10

10
20
20
20
25
20
30
25
20
20
20
20

45 40
110 40
2r0 15
230
2+0
260
2,1:0

250
260
270
280
270
230

Bou
757
758
759
760
76L
762
763
7U
765
766
767
768
769

40 70
60 70
50 50
40 40
20 20
15 15
20 20

20
30 30
60 35
65 50
55 40
50 50

10
10
10
10
10
10
10

25
15

10
10
10
10
10
10
10
10
10
10
10
10
10

15
15
20
15
15

10

15
10
10

Qz=quartz; Kt=kaolinite; Gb¡gibbsite; Gt=goethite; Hm=hematite; Uh=maghemite; Mu=muscovite;
Si=sin ectitã ; Ic= interstraÍifre d cl ays ; Vm=vermiculite ; An= anatase ; Fr=felspar;
tr= trace; nd= not detected.
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TABLE 4.34 PARAWA PLATEAU BORE HOLE ANALYSES
Borehole RBA-15 (312 m asl) (Sited over weathered Carrickalinga Head Formation rocks)

CHEMIS¡TRY
Sample Depth Fe203 MnO TiO2 CaO KzO SOs P2O5 SiO2 Al2O3 MgO Na2O ZrO

Ign
Loss Total

BOU
770
77L
772
773
774
775
776
ttl
778
779
780
781
782

0.02
0.02
0.05
0.05
0.05
0.05
0.05
0.06
0.05
0.06
0.05
0.06
0.06

Kt

100
210
150
250
t40
200
160
170
210
200
170
200
210

0.01
0.01
nd
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.02

Kt

0.77
0.82
0.84
0.82
0.79
0.86
0.79
0.76
0.79
0.82
0.81
0.79
0.81

0.09
0.19
0.08
0.23
0.28
0.14
0.09
0.09
0.L4
0.L4
0.14
0.19
0.18

10
25

10
5
b

10
10
10
15
20

L.52
2.50
2.72
2.54
2.34
2.20
2.05
1.90
1.98
3.4r
3.42
2.94
3.36

0.14
0.55
0.21
0.46
0.32
0.45
0.4L
0.25
0.27
0.4L
0.87
0.84
0.75

0.09
0.07
0.07
0.n
0.t2
0.14
0.L2
0.09
0.07
0.07
0.07
0.07
0.11

An

0.02
0.03
0.04
0.04
0.03
0.04
0.04
0.04
0.03
0.03
0.03
0.03
0.03

12.86
9.39
6.30
6.56
6.79
6.77
6.58
6.36
6.35
5.50
5.06
5.41
5.38

99.6
99.4
99.2
99.6
99.4
99.2
99.7
99.6
99.5
99.4

100.0
99.9
99.4

Sample
BOU
770
77t
772
773
774
775
IIô
777
778
779
780
781
782

Gb GI

15 25

0.79
0.92
0.62
0.79
0.74
0.76
0.80
0.77
0.82
0.83
0.81
0.77
0.74

Gb

&Hm

30

ln m.
0-1 10.17
r-2 5.60
2-3 6.54
3-4 7.44
+5 5.76
5-6 5.50
6-7 5.40
7-8 5.56
8-9 4.74
9-10 6.2t

10-11 6.32
tt-12 5.86
L2-13 6.04

Depth
inm
0-1
t-2
2-3
3-4
4-5
5-6
6-7
7-8
8-9
9-10

10-11
IL-T2
tz-L3

qz

150
150
170
150
200

90
200
250
200
190
200
170

90

in m.
0-1 20.9r
t-2 11.98
2-3 2.96
3-4 7.t9
+6 4.6L
5-6 6.7t
6-7 3.24
7-8 2.37
8-9 2.90
9-10 6.7t

10-11 5.43
LL-72 3.99
t2-r3 5.00

230
300
290
200
230
200
L70
2L0
240
220
160
190
150

0.06 0.03 48.1
0.03 0.01 57.7
nd 0.01 63.7
0.03 0.02 62.8
0.01 0.03 63.7
0.01 0.04 63.4
0.01 0.05 65.3
0.01 0.05 66.3
nd 0.03 67.0
0.01 0.06 62.9
0.02 0.06 63.7
0.01 0.05 65.0
0.01 0.04 62.7
MINERÂLOGY
Mh Mu St

0.04 0.03 51.6
0.03 0.04 58.0
0.01 0.05 75.9
0.t4 0.14 67.6
0.06 0.06 70.0
0.02 0.03 65.4
0.02 0.03 67.3
0.01 0.05 68.2
0.01 0.05 68.0
0.01 0.04 65.3
0.01 0.04 66.5
0.02 0.04 67.7
0.02 0.08 67.1
IVTINERALOGY
Mh Mu St

Ic Vm An Fr

10
10
10
10
10
10
10
10
10
10
10
10
10

24.8
2t.56
16.93
77.t9
17.37
18.03
t7.32
16.46
16.39
17.66
t7.L7
16.65
L7.77

1.03
0.98
T.7L
1.39
t.47
t.75
1.59
L.74
L.70
2.2t
2.3L
2.t0
2.28

L5.45 0.27
18.31 0.30
13.26 0.25
16.41 0.66
t5.52 0.23
t7.77 0.26
19.09 0.28
18.79 0.23
18.96 0.20
77.73 0.22
17.67 0.23
16.83 0.19
t7.57 0.25

Ic Vm

10
25
20
30
50
50
40
40
10
10
50
60
60

55 15 15
250 10 20
150 35 20
2t0 35 20
130 30 20
170 15 5
140 35 10
170 40 10
190 35 10
180 30 10
200 Æ 10
200 40 10
200 40 10

Qz=quartz; Kt=kaolinite; Gb=gibbsite; Gt=goethite; Hm=hematite; Mh=maghemite; Mu=muscovite;
St=smectite; Ic= interstratifred clays; Vm=vermiculite; An=anatase; Fr=felspar;
tr= trace; nd= not detected.

TABLE 4.35 PARAWA PLATEAU BOREHOLE ANALYSES
Borehole RBA-16 (323 m asl) (Sited over weathered Canrickalinga Head Formation rocks)

CHEMISTRY
Sample Depth Fe203 MnO TiO2 CaO KzO Sq P2O5 SiO2 Al2O3 MgO Na2O ZrO
BOU
783
7U
785
786
787
788
789
790
79t
792
793
794
795

Sample
Bou
783
7U
785
786
787
788
789
790
79I
792
793
794
795

Ign
Loss

8.99
7.96
4.70
5.60
6.4t
6.58
6.93
7.27
7.40
7.42
7.I3
7.4
6.98

Total

QzDepth

0.19 0.62
0.03 1.33
0.02 L.52
0.22 1.89
0.56 1.14
0.01 1.56
0.02 1.59
0.02 L.26
0.02 1.14
0.02 t.20
0.02 1.30
0.07 1.03
0.02 L.27

Gt &Hm

0.04
0.03
0.03
0.03
0.04
0.04
0.04
0.04
0.03
0.03
0.04
0.04
0.04

Fr

99.0
99.0
99.4

100.9
99.5
99.3
99.5
99.1
99.6
99.6
99.3
99.2
99.2

10
20
20
15
15
10
10
10
10
10
20
20
15

10
20
30
30
35
20
50
30
30
25
30
40
30

80
55

220
60

190
130

80
100
90

130
70

100

25
15

110
260
740
280
190
290
n0
m
200
190
230
200
250

inm
0-1
t-2
2-3
3-4
+5
5-6
6-7
7-8
8-9
9-10

10-11
7t-t2
L2-t3

70 180 25
60 40

15
50 30

20
30
20
10
20
15
20
15
20

55
10

510
10
10
10
10 15
10 10
10 10
10 10
10 10
10 10
10 10

Qz=quartz; Kt=kaolinite; Gb=gibbsite; Gt=goethite; Hm=hematite; Mh=maghemite; Mu=muscovite'
St=smectite; Ic= interstratifred clays; Vm=vermiculite; An=anatase; Fr=felspar; tr= trace; nd= not detected.
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TABLE 4.37 PARAWA PI"ATEAU BORE HOLE ANALYSES
Borehole RBA-I7 (328 m asl) Sited over weathered Carrickalinga Head Formation rocks)

CHEMIS|TRY
sample Depth Fe203 MnO TtO2 CaO KzO Sq P2O5 SiO2 At2O3 MgO Na2O ZrO

Ign
Loss Total

Bou
796
797
798
799
800
801
802
803
804
805
806
808

tn m.
0-1 2L.77
r-2 2t.36
2-3 11.04
3-4 77.34
+5 9.68
5-6 7.37
6-7 5.60
7-8 6.11
8-9 6.25
9-10 8.02

10-11 7.69
L2-r3 7.13

Sample Depth QzBou in m
796 0-1 200
797 t-2 170
798 2-3 220
7W 3-4 170
800 4-5 230
801 5-6 220
802 6-7 220
803 7-8 n0
804 8-9 210
805 9-10 200
806 10-11 200
807 tl-72 180
808 72-L3 180

Bou
809
810
811
8t2
813
814
815
816
817

tn m.
0-1
L-2
2-3
3-4
4-5
b-b
6-7
7-8
8-9

Gb Gt &Hm

0.03 0.03 42.5
0.02 0.02 42.9
0.02 0.05 58.6
0.02 0.07 50.3
0.01 0.04 59.9
0.01 0.03 62.L
0.02 0.03 64.2
0.01 0.03 M.5
0.01 0.03 65.7
0.02 0.05 62.5
0.01 0.06 63.2
0.02 0.07 &.3
MINERALOGY
Mh Mu St

0.01
0.01
0.01
0.02
0.02
0.02
0.01
0.01
0.01
0.02
0.02
0.02

Kt

60
100
200
170
230
170
200
280
160
250
140
260
240

0.89
0.88
0.88
0.91
0.90
0.85
0.81
0.85
0.85
0.86
0.86
0.85

200
90
10

0.89
0.93
0.99
0.94
0.89
0.88
0.93
0.74
0.87

0.29
0.03
0,03
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02

2L.30
2L.20
18.74
L9.47
19.38
19.18
79.20
18.37
T7.4L
18.38
18.68
L7.92

10

10
10

22.54
24.46
24.0L
24.07
24.55
23.07
25.88
19.93
2L.52

0.26
0.20
0.19
0.16
0.24
0.19
0.17
0.18
0.19
0.2L
0.22
0.22

0.21
0.08
0.09
0.t2
0.18
0.13
0.30
0.09
0.10
0.15
0.16
0.34

10
10
10
15
10
10
10
10
10
10
10
10
10

0.05
0.04
0.03
0.03
0.03
0.03
0.03
0.04
0.04
0.03
0.03
0.03

0.03
0.03
0.03
0.02
0.02
0.03
0.03
0.02
0.02

10
10
10
10
10
10
10
10
10

L2.73
L2.34

8.75
9.51
7.40
8.00
8.28
7.73
7.27
7.53
7.32
6.78

100.4
99.5
99.3
98.8
99.3
99.1
99.5
99.1
99.8
99.2
99.1
99.2

0.33
0.39
0.39
0.79
r.52
1.13
0.79
0.88
1.11
1.36
t.4l
t.49

140 25
100
70

110
50
50

0.92
t.52
2.03
2.72
2.34
2.t6
t.64
t.24
t.47

Ic Vm An Fr

140
150
100
t20

60
60

b

10
10 10
60 20
50 20

150 15
80 25
60 25

130 30
70 30

140 25
80 40

190 Æ
180 30

20
20
20
20
20
25
30

40
20

10

15
10
15

10
b

10
10

b
b

10
10
10

5
5

10
10
10
10
10
10
10
10

10
10
10
10
10
10
10
10

Qz=quartz; Kt=kaolinite; Gb=gibbsite; Gt=goethite; Hm=hematite; Mh=maghemite; Mu=muscovite;
Si=smectite;Ic= interstratifred clays; Vm=vermiculite; An=anatase; Fr=felspar;
tr= trace; nd= not detected.

TABLE 4.38 PARAWA PLATEAU BORE HOLE ANALYSES
Borehole RBA-I8 (318 m asl) (Sited over weathered Carickalinga Head Formation rocks)

CHEMISTRY Ign
sample Depth Fe203 Mno Tio2 cao Kzo so¡ P2o5 sio2 Al2o3 Mgo Na2o Zro Loss Total

12.71
6.38
3.29
2.08
2.34
2.68
4.00
2.75
4.27

0.02
0.01
0.02
0.02
0.02
0.02
0.02
0.01
0.02

200
2t0
190
230
180
150
L70
110
150

3.84
0.60
0.10
0.05
0.03
0.08
0.08
0.03
0.09

0.43
0.20
0.23
0.27
0.25
0.24
0.23
0.19
0.2t

b

b

0.14
0.20
0.23
0.27
0-25
0.21
0.23
0.19
0.2L

13.84
9.84
7.74
7.90
7.r9
7.94
9.66
6.96
7.83

100.1
96.9
98.7
99.9
99.4
99.3

100.3
99.4
99.4

0.18 0.04 4.5
0.09 0.04 52.6
0.04 0.03 59.6
0.04 0.03 62.2
0.03 0.02 61.4
0.06 0.03 61.8
0.04 0.03 57.4
0.03 0.03 67.2
0.04 0.05 62.8
MINERALOGY

Sample Depth Qz Kt Gb Gt & Hm Mh Mu St Ic Vm An Fr
Bou
809
810
811
812
813
814
815
816
817

lnm
0-1 160
L-2 100
2-3 100
3-4 100
+5 90
5-6 150
6-7 150
7-8 190
8-9 770

10 80 60
25

80 20
L40 25
150 20
190 25
160 25
r40 30
110 25
60 26
90 20

10
10
15

b
5
b

10
10
10

10
b

Qz=q]ulartz; Kt=kaolinite; Gb=gibbsite ; _Gt=goethite;_ Hm=hematite; Mh=m^aghemite
Si=smectite; Ic= interstratifieã clays; Vm=vermiculite; An=anatase; Fr=felspar;
tr= trace; nd= not detected.

Mu=muscovite;



TABLE 4.39 PARAWA PLATEAU BORE HOLE ANALYSES
Bãrehole RBA-19 (325 m asl) (Sited over weathered Carickalinga Head Formation rocks)

CIIEMTS¡TNY
sample Depth Fe203 MnO TiO2 CaO I(2O SO¡ P2O5 SiO2 Al2O3 MgO Na2O ZrO

416

Ign
Loss Total

BOU
818
819
820
821
822
823
82?1

825
826
827
828
8n
830

Bou
818
819
820
82t
822
823
gVL

825
826
827
828
8n
830

0.01
0.01
nd
nd
nd
0.01
0.02
0.02
0.01
0.03
0.03
0.04
0.04

Kt

70
80

110
L20
140
220
2110

200
250
200
140
150
135

0.79
0.97
l.r2
1.11
1.19
0.94
0.82
0.89
0.85
0.87
0.85
0.85
0.84

Gb

0.29
0.t7
0.04
0.05
0.05
0.03
0.07
0.04
0.10
0.04
0.08
0.04
0.06

Gr&

0.64
0.26
0.25
0.23
0.55
1.65
2.09
2.30
2.2L
2.t5
2.75
2.tL
2.35

Hm

18.86
20.43
19.01
L8.26
13.35
22.34
23.02
22.36
22.5r
20.85
20.02
20.L9
19.98

Ic

0.32
0.28
0.22
0.22
0.15
0.2L
0.25
0.28
0.29
0.25
0.24
0.32
0.77

Vm

0.t2
0.08
0.07
0.13
0.15
0.27
0.26
0.28
0.n
0.25
0.28
0.35
0.05

An

0.04
0.04
0.05
0.04
0.04
0.03
0.03
0.03
0.03
0.03
0.03
0.03
o.02

Fr

5.48
9.86

10.60
9.90
9.25
8.50
8.49
7.81
8.00
7.62
7.80
7.7L
8.11

99.2
99.2
96.1

101.6
99.0
99.6
99.3
99.0
99.3
99.1
98.7
97.9
99.1

Sample

ln m.
0-1 L2.76
L-2 10.86
2-3 5.15
3-4 2.26
+5 r.43
5-6 7.22
6-7 t.47
7-8 1.09
8-9 2.62
9-10 6.31

10-11 7.01
Lt-t2 7.63
72-L3 7.73

pepth Q¿
tnm
0-1 200
7-2 150
2-3 150
3-4 230
4-5 200
5-6 150
6-7 200
7-8 200
8-9 170
9-10 190

10-11 160
tr-t2 2L0
L2-t3 150

0.11 0.04 60.3
0.08 0.03 56.1
0.05 0.02 59.5
0.05 0.02 69.3
0.11 0.02 72.7
0.08 0.02 64.3
0.08 0.08 62.6
0.07 0.08 63.7
0.08 0.07 62.2
0.08 0.08 60.5
0.07 0.08 60.1
0.07 0.08 58.5
0.04 0.11 59.0
NIINERÄLOGY
Mh Mu St

90 70
30 60

10

b
15
20
20

20
30
25
30
25
20
20
10
15
10
10
10
10

70 10 40 20 10
4052015

20 15
s5 20

40 35 20
145 25 20
190 25 15
200 20 15
220 25 20

10 190 20 20
10 170 20 15
10 200 20 15
10 200 20 15

b

0.19
0.11
0.04
0.03
0.41
0.19
0.2t
0.23
0.37
0.61
0.71
1.01
t.40

ò
b
b

10
10
15
10
10
10
10
10
10
10

Qz=quartz; Kt=kaolinite ; Gb=gibbsite
St=smectite; Ic= interstratifred clays;
tr= trace; nd= not detected.

; Gt=goethite; Hm=hematite; Mh=maghemite; Mu=muscovite;
Vm=vermiculite; An=anatase; Fr=felspar;

TABLE 4.40 PARAWA PLATEAU BORE HOLE ANALYSES
Borehole RBA-20 (330 m asl) (Sited over weathered Carrickalinga Head Formation rocks, overlain by 4m

of quartzose *u%t**,"r*" 
Ign

Sample Depth Fe203 MnO TiO2 CaO KzO SOe P2O5 SiO2 Al2Os MgO Na2O ZrO Loss Total

Bou
831
832
833
834
835
836
837
838
839
840
841
842
843

in m.
0-1 10.70 0.01 0.83 L.24
L-2 3.98 0.03 0.69 0.03
2-3 3.56 nd 0.36 0.01
3-4 1.58 nd 0.2/L 0.01
+5 0.93 nd 1.33 0.01
5-6 2.t7 0.01 1.05 0.01
6-7 1.98 0.01 0.96 0.01
7-8 2.88 0.01 0.93 0.01
8-9 5.97 0.02 0.84 0.02
9-10 6.39 0.02 0.87 0.04

10-11 3.99 0.03 0.88 0.07
tr-tz 6.75 0.02 0.82 0.05
t2-t3 6.19 0.04 0.80 0.06

0.20 0.06 0.02 58.2
0.I2 nd 0.01 78.8
0.05 nd 0.01 87.3
0.04 nd 0.01 92.0
0.I4 nd 0.01 89.5
1.15 nd 0.02 66.2
1.15 nd 0.07 67.2
L.57 nd 0.06 65.8
1.76 nd 0.09 62.7
1.50 0.01 0.2L 63.0
L.28 nd 0.15 68.7
1.89 nd 0.18 63.8
2.00 nd 0.14 M.7

16.85
10.05
4.75
3.09
4.99

20.67
20.36
20.38
19.96
18.78
t6.97
t7.59
t7.02

0.07
0.02
nd
nd
0.01
0.10
0.08
0.16
0.16
0.13
0.15
0.11
0.13

0.04
0.02
0.02
0.01
0.05
0.04
0.03
0.03
0.03
0.03
0.03
0.03
0.03

10.66
5.60
3.20
1.96
2.34
8.13
7.68
7.81
7.57
7.72
6.72
7.22
6.93

99.1
99.5
96.3
99.0
99.7
99.6
99.7
99.9
99.5
99.3
98.7
99.8
99.4

MINERALOGY
Sample Depth Qz Kt Gb Gt & Hm Mh Mu St Ic Vm An Fr
Bou in m
831 0-1 150 40 70 60 30 10 20 20 10

892 1-2 200 35 10 5 30 20 5 10

833 2-3 230 25 30 20 5 10

834 g-4 250 30 30 20
835 +5 230 40 35 20 10 10

836 5-6 740 1?0 90 n 20 15 10

83? 6-7 140 180 L20 25 20 10 10

838 7-8 L4O 140 90 20 15 10 10

839 8-9 t20 90 15 r20 15 15 10 10

840 9-10 720 110 10 110 25 26 5 10 10

84r L0-11 110 60 10 70 20 25 10 10

842 r7-r2 L2o 80 10 80 20 25 10 10

843 72-tg 740 60 60 20 30 10 10

a;=q""ttr; Kt=L"àti.tii"; Qþ=gibbsite; Gt=goethite; Hm=hematite; Mh=maghemite; Mu=muscovite;

st=smectite; Ic= interstratifred clays; Vm=vermiculite; nd= not detected.
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TABLE 4.41 PARAWA PLATEAU BORE HOLE ANALYSES
Borehole RBA-21 (323 m asl) ( Sited over weathered Backstairs Passage Formation rocks)

CHEMIS|TRY
sampte Depth Fe203 MnO TiO2 CaO KzO SO¡ P2O5 SiO2 Al2O3 MgO Na2O ZrO

0.01
0.01
nd
0.01
nd
0.01
0.01
0.01
0.01
nd
0.01
0.01
nd

Kt

75
80

220
280
270
250
240
260
2L0
250
250
250

MnO

0.03
0.02
0.01
0.02
0.03
0.03
0.04
0.05
0.05
0.05
0.06
0.06
0.06

60
70
80

140
t20
160
190
140
160
160
720
110
150

1.02
1.10
0.90
0.95
0.93
0.90
0.85
0.86
0.72
0.80
0.81
0.80
0.81

t70
190
bb
10

0.03
0.02
0.01
0.01
0.01
0.01
0.01
0.02
nd
0.01
0.01
0.01
0.01

110
110

0.20
0.50
1.05
1.09
0.97
0.91
0.93
1.03
1.05
1.30
1.50
t.54
1.28

0.01
0.01
0.01
0.01
0.01
0.02
0.02
0.02
nd
0.01
nd
0.01
0.01

50.7
55.7
67.3
68.3
63.6
65.2
u.9
66.3
66.8
67.r
69.3
69.9
69.3

si02

60.1
62.7
56.4
58.4
58.3
57.6
60.2
57.8
58.6
58.2
59.5
59.4
58.9

18.26
2L.3L
20.5L
20.04
20.81
19.17
18.03
t6.79
20.L4
19.58
1.9.4
18.63
L8.32

20
20

0.15
0.18
0.20
0.20
0.18
0.18
0.18
0.16
0.16
0.20
0.22
0.25
0.2L

10

0.09
0.07
0.05
0.10
0.07
0.21
0.07
0.06
0.06
0.05
0.05
0.06
0.09

0.05
0.05
0.05
0.05
0.04
0.05
0.05
0.05
0.05
0.04
0.04
0.05
0.05

ZrO

0.03
0.04
0.03
0.03
0.03
0.02
0.03
0.02
0.02
0.02
0.02
0.02
0.02

11.04
8.04
7.75
7.40
8.16
7.63
7.r7
6.63
7.56
6.60
6.60
6.51
6.73

Ign
Loss

Ign
Loss

r4.2t
9.47

L0.74
9.38
8.28
7.58
7.73
7.95
7.72
7.87
7.t9
6.94
7.23

Total

Total

99.4
100.4

99.1
99.5

100.2
97.L
99.8
98.0
99.5
99.5
99.7
99.6
98.8

BOU
8&
845
846
847
848
849
850
851
852
853
854
855
856

ln m.
0-1 17.68
L-2 11.78
2-3 1.40
3-4 1.07
+5 4.25
5-6 5.16
6-7 6.4
7-8 7.t2
8-9 2.56
9-10 2.46

10-11 L.73
tr-t2 2.08
r2-t3 2.61

Depth
inm
0-1
L-2
2-3
3-4
4-5
ö-b
6-7
7-8
8-9
9-10

10-11
7T-L2

Qz

720
180
250
L70
230
250
230
250
230
220
200
230

Sample Depth Fe203

Bou in m.
857 0-1 1.LL
858 t-2 8.80
859 2-3 9.59
860 3-4 8.56
861 +5 10.2
862 5-6 9.31
863 6-7 7.51
864 7-8 7.33
865 8-9 7.78
866 9-10 7.50
867 10-11 8.07
868 7t-r2 7.60
869 72-L3 7.85

0.02
0.01
0.01
0.01
0.02
0.01
0.01
0.02
0.02
0.01
0.01
0.01
0.02

99.3
99.8
96.3
99.2
99.1
99.5
98.7
99.1
99.1
99.3
99.3
99.9
99.4

IVIINERALOGY
Sample
BOU
84
845
846
847
848
849
850
851
852
853
854
855

Gb Gt& Hm Mh

805
90

Mu

10
25
45
50
50
50
80
60
90

110
130

10
10
10
10
10
10
10
10

10
10
10
10
10
10

15 20
15 20
10 15

10
10
10

Na2O

0.17
0.18
0.27
0.18
0.26
0.34
0.2L
0.21
0.28
0.26
0.31
0.33
0.28

10

10

20
20
20
20
20
20
20
15
15
25
25
25

St

25
20
15
20
25
25
25
20
20
25
30
35

Ic Vm An Fr

20
20
30

10
5
5
5

856 t2-L3 260 260 140 35 30 10

Qz=quartz; Kt=kaolinite; Gb=gibbsite; Gt=goethite; Hm-=hematite; Mh=maghemite;
Il.t=tnrr..onite; St=smectite; Ic= interstratified clays; Vm=vermiculite; An=anatase
tr= trace; nd= not detected.

; Fr=felspar;

TABLE 4.42 PARAWA PLATEAU BORE HOLE ANALYSES
Borehole pdBy''-zz (280 m ast) (Sited over weathered Backstairs Passage Formation rocks)

CIIEMIS¡TRY

Sample
NIINERÄLOGY

Qz Kt Gb Gt &Hm Mh Mu St Ic Vm An Fr

Tioz

o.77
0.92
0.83
0.83
0.85
0.77
0.81
0.82
0.83
0.79
0.82
0.83
0.86

CaO

t.92
0.2t
0.09
0.07
0.10
0.07
0.04
0.08
0.07
0.07
0.07
0.07
0.08

Kzo

0.67
0.95
0.81
t.t7
1.85
2.08
2.00
2.24
2.39
2.38
2.63
2.95
2.63

sos

0.14
0.05
0.06
0.05
0.05
0.11
0.03
0.02
0.04
0.03
0.05
0.03
0.04

Pzos

0.04
0.03
0.03
0.04
0.L2
0.19
0.18
0.20
0.18
0.19
0.27
0.22
0.20

Alzos

13.81
t7.23
19.&f
20.49
19.67
18.36
20.3r
19.96
20.36
20.62
L9.27
19.65
19.18

20
20
20

Mgo

0.35
0.39
0.35
0.29
0.53
0.61
0.74
7.25
1.19
1.11
1.40
L.47
1.47

Bou
857
858
859
860
861
862
863
8&
865
866
867
868
869

Depth
inm
0-1
L-2
2-3
3-4
+5
5-6
6-7
7-8
8-9
9-10

10-11
LI-T2
L2-t3

150
L20
130
160
220
L40
2L0
160
160
160
2r0
140
2L0

10
10
15
10
10

40
60
60

100
70
60

5 tr 10
10
10
10
10
10
10
10
10
10
10
10
10

40
30
40
40
70
60
60

10
20
20

ò
ò

20
15
5

10
10
15

5
b

b
5

10

10

20
30
30
40
40
40
40

30 20
30 20
20 40
80 20

110 20
170 26
150 25
740 20
150 20
150 20
170 30
180 35
160 20

Qz=quartz ; Kt=kaolinite ; Gb=gibbsite
St=smectite; Ic= interstratifred clays;
tr= trace; nd= not detected.

; Gt=goethite; Hm=hematite; Mh=maghemite; Mu=muscovite;
Vm=vermiculite; An=anatase; Fr=felspar;
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TABLE 4.43 PARAWA PLATEAU BORE HOLE ANALYSES
Borehole RBA-23 (300 m asl) (Sited over weathered Carrickalinga Head Formation rocks)

CIIEMISlRY
sample Depth Fe203 MnO ÏO2 CaO KzO SOs P2O5 SiO2 Al2O3 MgO Na2O ZrO

Ign
Loss Total

Bou
870
871
872
873
874
875
876
877
878
879
880
881
882

in m.
0-1 8.50
t-2 7.7t
2-3 7.23
3-4 7.02
+5 6.80
5-6 6.63
6-7 6.66
7-8 6.52
8-9 6.59
9-10 6.49

10-11 6.42
LL-12 6.66
t2-L3 6.62

0.10 0.02 M.5
0.03 0.02 58.9
0.02 0.03 6L.2
0.01 0.04 6L.7
0.01 0.05 63.0
nd 0.05 63.0
0.01 0.05 61.9
0.01 0.06 62.2
nd 0.06 62.4
0.01 0.07 62.3
0.01 0.06 63.8
nd 0.07 62.3
0.01 0.07 62.0
NIINERALOGY

0.03 0.03 38.0
0.01 0.01 56.6
nd 0.01 M.0
0.01 0.01 62.0
0.01 0.01 63.0
0.01 0.01 u.2
0.01 0.01 65.7
0.01 0.01 66.4
0.01 0.01 65.8
0.01 0.01 69.2
nd 0.01 70.3
0.02 0.01 69.8
nd 0.02 67.9
MINERALOGY
Mh Mu St

0.03 11.89
0.03 9.46
0.03 8.25
0.03 8.25
0.03 7.Lt
0.03 6.00
0.03 7.62
0.03 7.01
0.03 7.10
0.03 6.80
0.03 6.00
0.03 6.52
0.03 6.58

0.05
0.05
0.05
0.04
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03

Fr

L3.24
11.41

8.79
9.40
8.64
8.31
7.75
7.76
8.75
7.06
7.06
6.71
6.99

0.03
0.03
0.04
0.04
0.05
0.05
0.05
0.05
0.05
0.06
0.06
0.06
0.06

0.80
0.85
0.85
0.84
0.84
0.85
0.83
0.85
0.83
0.83
0.85
0.83
0.84

160
50

t.74
0.19
0.13
0.03
0.02
0.04
0.01
0.02
0.03
0.03
0.03
0.04
0.04

0.95
1.63
t.79
2.00
2.4t
2.77
2.79
2.83
2.97
2.95
2.82
3.04
3.31

20.ß
20.33
18.90
18.38
17.81
18.14
t7.9t
18.17
17.66
17.95
t7.99
17.92
17.88

2t.53
22.69
2L.52
2r.79
2t.u
21.08
19.93
19.50
20.96
18.91
19.91
L7.73
t8.26

Ic

10
10
10

0.32
0.36
0.73
1.06
L.23
L.54
t.57
t.57
1.61
1.88
1.88
1.96
2.05

0.27
0.23
0.2t
0.20
0.20
0.25
0.27
0.23
0.17
0.18
0.16
0.20
0.22

Vm

0.17
0.2t
0.35
0.23
0.17
0.20
0.18
0.27
0.26
0.23
0.20
0.2r
0.25

0.19
0.07
0.06
0.04
0.07
0.05
0.06
0.07
0.07
0.13
0.13
0.11
0.08

An

99.5
99.8
99.6
99.6
99.5
99.3
99.6
99.6
99.6
99.6

100.2
99.6
99.7

Total

Sample Depth Qz Kt Gb Gt & Hm IVIh Mu St Ic Vm An
Bou in m
870 0-1 180 220 5 15 80 20 10 10
871 r-2 220 2oO 10 130 25 10

872 2-g L7o 230 10 t20 30 15 10

873 3-4 220 180 5 90 20 10 10
874 +5 170 160 L40 30 15 10

8?5 5-6 230 L70 5 190 2 10
876 6-7 160 130 5 130 25 10
877 ?-8 220 L4o 160 25 10

878 8-9 190 !40 5 180 20 5 10
879 9-10 220 t2o 160 30 10

880 10-11 L2o 170 5 200 30 10

881 tL-12 Lzo 160 5 230 20 10 10
882 r2-lg L20 140 5 260 20 10

Qz=quartz; Kt=kaolinite; Gb=gibbsite; Gt=goethite; Hm=hematite; IVlh=aaghemi
Si=smectite; Ic= interstratifred clays; Vm=vermiculite; An=anatase; Fr=felspar;
tr= trace; nd= not detected.

Fr

10
b
ò

10
15
10
15
15
10
10
10
10
10

te; Mu=muscovite;

Ign
Iross

TABLE 4.44 PARATtrA PLATEAU BORE HOLE ANALYSES
Borehole RBA-24 (325 m ast) (Sited over weathered Carrickalinga Head Formation rocks)

CHEMIS|TRY
sample Deprh Fe203 MnO TiO2 CaO KzO SOa P2O5 SiO2 Al2O3 MgO Na2O ZrO

15
b
b

20
5

20
15
15
25
30
30
30
15
15
35
n
25

20
35
50
50
80

100
130
100

40
80
60

100
110

t70 70
110 n0
180 250
160 260
130 260
130 260
150 250
240 2+0
240 250
240 260
190 260
240 250
220 260

Sample

Bou
883
884
885
886
887
888
889
890
891
892
893
894
895

Bou
883
884
885
886
887
888
889
890
891
892
893
894
895

in m.
0-1 2+.69
L-2 6.85
2-3 2.88
3-4 3.77
+5 3.58
5-6 3.39
6-7 9.05
7-8 9.23
8-9 1.68
9-10 1.66

10-11 2.07
IL-12 3.19
L2-13 4.02

Depth Qz

0.01
nd
nd
0.01
0.01
nd
0.01
nd
nd
0.01
0.01
0.01
0.01

Kt

0.86
0.90
0.91
0.90
0.86
0.79
0.76
0.72
0.78
0.63
0.55
0.57
0.62

Gb

0.11
0.02
0.01
0.01
0.01
0.01
0.01
0.02
0.01
0.01
0.01
0.01
0.01

Gt&
t20

15
15
15
20
15
15
10
10

5
5

15
5

0.46
0.81
1.08
L.04
L.20
l.4L
L.57
1.34
0.81
0.91
0.80
1.04
L.22

Hm

99.5
99.7
99.5
99.2
99.5
99.5
99.2
99.3
99.1
99.0
99.0
99.4
99.4

lnm
0-1
t-2
2-3
34
4-5
5-6
6-7
7-8
8-9
9-10

10-11
IL-L2
t2-73

130 25

15

20
10
10

10
10
10
10
10
10
10
10
10
10
10
10
10

15
10
15
10
15
15
15
16
20
15
15
15
15

Qz=quartz; Kt=kaolinite; Gb=gibbsit$ Q¡=goethite; HT=h"-"tite; llh=:naghemite; Mu=muscovite;
Stri""ctite; Ic= interstratified ãlays; Vm=ve-rmiculite; An=anatase; Fr=felspar; tr= trace;
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TABLE 4.45 PARAWA PLATEAU BORE HOLE ANALYSES
Borehole RBA-25 (329 m asl) (Sited over weathered Carrickalinga Head Formation rocks)

CHEMIS¡TRY
sample Deprh Fe203 Mno Tio2 cao Kzo sos P2o5 sio2 AI2o3 Mgo Na2o ZrO

Ign
Iross Total

BOU
896
897
898
899
900
901
902
903
904
905
906
907
908

Sample
Bou
896
897
898
899
900
901
902
903
904
905
906
907
908

ln m.
0-1 L3.42
t-2 7.46
2-3 2.46
34 2.3L
4-5 1.33
5-6 0.53
6-7 2.82
7-8 7.49
8-9 8.15
9-10 5.36

10-11 5.42
7t-t2 4.43
t2-t3 5.18

Depth
inm
0-1
t-2
2-3
3-4
+5
5-6
6-7
7-8
8-9
9-10

10-11
].I-L2
L2-T3

0-1
t-2
2-3
3-4
+5
ò-b
6-7
7-8
8-9
9-10

10-11
Lt-12
12-13

L4.02
8.75
5.78
9.30
3.26
3.07
4.89
6.58
6.80
7.22
7.80
6.79
6.43

inm
0-1
t-2
2-3
34
+5
ö-b
6-7
7-8
8-9
9-10

r.0-11
IL-L2
12-13

0.01
nd
nd
nd
nd
nd
nd
0.01
nd
0.01
0.01
0.01
0.02

0.01
0.02
0.02
0.02
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.02

0.94
0.95
1.18
0.86
0.94
7.02
0.98
0.95
0.93
0.96
0.95
0.91
0.92

1.03
1.09
1.00
0.96
0.82
0.65
0.88
0.76
0.71
0.74
0.79
0.57
0.84

0.07
0.02
0.01
0.01
0.02
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.02

0.08
0.03
0.03
0.02
0.02
0.02
0.02
0.01
0.02
0.01
0.02
0.01
0.01

0.30
0.22
0.24
0.28
0.35
0.47
0.54
0.67
0.71
0.82
0.99
1.30
1.57

0.89
1.48
1.59
L.72
L.40
L.46
1.15
1.19
t.62
L.84
1.60
t.23
t.75

24.2t
18.4Í¡
15.76
2L.4
19.51
19.67
18.85
18.23
18.37
18.63
17.88
16.85
t7.04

0.26
0.22
0.10
0.09
0.09
0.11
0.13
0.13
0.14
0.24
0.43
0.63
0.87

0.31
0.35
0.30
0.32
0.25
0.27
0.22
0.23
0.25
0.30
0.27
0.22
0.32

0.13
0.03
0.05
0.05
0.03
0.08
0.04
0.05
0.05
0.07
0.08
0.08
0.09

0.10
0.09
0.18
0.08
0.01
0.07
0.08
0.05
0.06
0.10
0.08
0.14
0.06

0.04
0.04
0.06
0.06
0.08
0.15
0.09
0.09
0.08
0.09
0.09
0.10
0.08

0.04
0.04
0.04
0.04
0.06
0.15
0.01
0.08
0.03
0.03
0.05
0.04
0.05

L4.28
10.34

7.23
8.98
8.16
7.7L
7.76
7.70
7.87
7.83
7.13
6.78
7.09

99.3
99.3
99.8
99.8
99.8

100.0
99.9
99.6
99.5
99.5
99.1
99.4
99.7

0.02 0.02 45.6
0.01 0.01 61.6
0.02 0.01 72.7
0.02 0.01 65.7
0.01 0.02 69.3
nd 0.02 70.2
nd 0.02 68.7
0.01 0.03 64.2
0.01 0.03 63.1
0.01 0.02 65.4
0.01 0.02 66.1
0.01 0.02 68.3
0.01 0.03 66.8
MINERÄLOGY
Mh Mu St

40

Qz Kt

170 75
180 80
230 200
170 230
130 250
260 260
200 260
220 250
230 260
160 220
230 250
200 n0
190 230

65
20

120 150
150 220
740 200
t70 L70
250 250
250 260
230 200
230 t70
240 150
2L0 180
220 L40
250 180
200 160

909
910
911
9L2
913
914
915
916
9L7
918
919
920
92t

Bou
909
910
911
9r2
913
9]^4
915
916
9t7
918
919
920
92L

Gb Gt& Hm

2L0 70 70 10
75 15

tr

b
10
15
15
10

20
10
10

5
5

10
10
10
15

Ic Vm An Fr

10 20
10 15
10 15
10 10
10 10
10
105

10
105
105
10 10
105
10 10

10
10
15
20
30
40
45
40
80
65
101

15
20
30
30
30
20
25
25
20
30
30
25
30

Qz=quartz; Kt=kaolinite; Gb=gibbsite; Gt=goethite;-Hm=hematite; Mh=m-a-ghemi
St=smectite; Ic= interstratifreã clays; Vm=vermiculite; An=anatase; Fr=felspar;
tr= trace; nd= not detected.

te; Mu=muscovite;

Ign
Loss Total

TABLE 4.46 PARAWA PLATEAU BOREHOLE ANALYSES
Borehole RBA-26 (342 m asl) (Sited over weathered Canrickalinga Head Formation rocks)

CHEMISTBY
Sample Depth Fe203 MnO TiO2 CaO KzO SOs P2O5 SiO2 Al2O3 MgO Na2O ZrO

BOU in m.
0.02 0.03 46.6
0.02 0.03 52.9
0.01 0.02 59.5
0.01 0.02 59.1
0.02 0.05 65.7
0.01 0.06 67.7
0.02 0.06 67.3
0.01 0.03 67.t
0.01 0.02 M.5
0.02 0.03 u.4
0.01 0.04 64.3
0.01 0.02 67.4
0.01 0.03 65.9
NIINERÂLOGY

23.U
24.L3
20.89
L9.42
t9.67
18.78
L7.07
76.32
16.84
I7.2L
16.76
L5.26
L7.M

15
10

10

10
10
10
10
20
10
20

t2.92
10.81
L0.44

8.31
8.09
7.37
7.26
7.Ll
8.52
7.32
7.4L
,.ort
6.70

99.4
99.7
99.5
99.3
99.4
99.5
99.1
99.5
99.4
99.2
99.1
99.2
99.2

Sample Depth Qz Kt Gb Gt & Hm IVlh Mu St Ic Vm An Fr

110 80 5
30
20
40
10
10

25
80
80

110
L20
L20

80
60
90

130
100
90

100

15
10
10
10
10
10
10
10
10
10
10
10
10

20
20
20
20
20
30
20
20
10
10
15
b

60

20
10
20
10
20
20
25
20
35
25
40
30
25

20
20
25
25
25
15

Qz=quartz; Kt=kaoÌinite; Gb=gibbsite; Gt=goethite; Hm=hematite; Mh=maghemite; Mu=muscovite;
Si=sinectite ; Ic= interstratifrõd clays ; Vm =vermiculite ; An=anatase ; Fr=fel spar;
tr= trace; nd= not detected.
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TABLF. 4.47 PARAÏT/A PLATEAU BORE HOLE ANALYSES
S"*hãt" RÈ A-27 (922 m asl) (Sited over weathered Backstairs Passage Formation rocks)

CHEMIS¡TRY
sarnpì.e Depth Fe203 MnO TiO2 CaO KzO SOs P2O5 SiO2 Al2o3 Mgo Na2o ZrO

Igtt
Loss

r.2.89
9.05
8.62
6.95
9.15
6.24
6.56
6.65
6.64
3.31

Total

Sample Depth Qz Kt Gb Gt & Hm Mh Mu St Ic Vm An Fr

15
15

Bou
922
923
924
925
926
927
928
929
930
931

Bou
922
923
92,1
925
926
927
928
929
930
931

20
10
10
10
15
10
10
15
10
b
5
ò

10

20
26
20

10
30
15
35
25
30
26
n
30
30
30

15
20
10
10
30
40
50
70
60
60
50
80

80 10
80
40

15
10
10
15
12
15
20
25
26

Sample

Bou
932
933
9U
935
936
937
938
939
940
941
942
943

Bou
932
933
9U
935
936
937
938
939
940
94L
942
943

ln m.
0-1
t-2
2-3
3-4
4-5
b-b
6-7
7-8
8-9
9-10

lnm
0-1
L-2
2-3
3-4
+5
5-6
b-,
7-8
8-9
9-10

9.69
4.t2
2.16
2.36
1.98
3.66
6.28
5.18
5.55
5.7L

170
t40
140
230
100
L40
180
190
150
230

0.01
0.01
0.01
0.01
0.01
0.02
0.03
0.03
0.03
0.02

130
230
2t0
150
300
220
740
190
210
160

0.73
0.86
0.89
0.85
1.04
0.76
0.76
0.89
0.85
0.87

L40
L20

b

1.06
0.07
0.11
0.05
0.10
0.08
0.05
0.04
0.04
0.06

0.97
r.29
2.22
2.57
2.49
2.t4
2.43
1.81
L.76
L.82

20.88
2L.36
23.95
20.34
26.26
t7.62
16.99
16.58
76.25
17.01

0.36
0.26
0.31
0.34
0.36
0.53
1.14
0.95
0.83
0.86

0.11
0.13
0.25
0.16
0.22
0.L4
0.39
0.26
0.11
0.11

0.03
0.03
0.02
0.02
0.03
0.03
0.04
0.07
0.06
0.06

99.4
99.2
99.7
98.8
98.8
98.9
99.4
99.6
99.3
99.2

in m.
0-1 17.97
r-2 16.57
2-3 9.81
3-4 5.90
+5 4.2L
5-6 3.55
6-7 3.t2
7-8 4.51
8-9 4.80
9-10 5.2L

10-11 5.I4
rL-L2 4.97

Depth Qz
inm
0-1 200
t-2 200
2-3 240
3-4 220
+5 250
5-6 240
6-7 260
7-8 230
8-9 260
9-10 260

10-11 270
LL-t2 180

0.13 0.05 52.5
0.03 0.03 62.0
0.02 0.07 61.1
0.02 0.05 65.1
0.01 0.11 57.0
0.02 0.11 67.5
0.02 0.14 64.6
0.02 0.r2 67.0
0.01 0.t4 67.0
0.01 0.15 69.2
MINERALOGY

0.05 0.03 45.6
0.02 0.02 46.8
0.02 0.02 66.7
0.02 0.06 65.2
0.02 0.08 69.3
0.01 0.07 69.9
0.01 0.08 70.5
0.01 0.08 69.8
nd 0.13 68.4
0.02 0.08 68.1
0.01 0.16 68.2
0.03 0.r7 68.4
MINERALOGY
Mh Mu St

10
10
10
5

15
10

b
10

b
10

5
10

b
10

20
25
20
25
30
30
20
26
25
30

25
100
170
160
180
190
150
L20
160
130

b 20
10
10
10
10
10
10
10
15
10

10
10
10
10
10
10
10
10
10
10

Qz=quartz; Kt=kaolinite; Gb=gibbsite; _Gt=goethite;_Hm=hematite; Mh=m,aghemite; Mu=muscovite;
Si=smectite; Ic= interstratifieã clays; Vm=vermiculite; An=anatase; Fr=felspar;
tr= trace; nd= not detected.

TABLE 4.47 PARAWA PLATEAU BORE HOLE ANALYSES
Sor"-hãf" RBA-28 (gB2 m asl) (Sited over weathered Backstairs Passage Formation rocks)

CIIEMISTRY
sample Depth Fe203 MnO TiO2 CaO KzO SOs P2O5 SiO2 Al2O3 MgO Na2O ZrO

Ign
Loss Total

0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01

Kt

0.85
0.90
0.84
0.97
0.93
0.93
0.95
0.93
0.95
0.90
0.88
0.87

Gb

0.91 0.23
0.10 0.26
0.t4 0.y
0.07 0.49
0.09 0.68
0.03 0.88
0.04 0.87
0.03 0.92
0.03 0.83
0.03 0.86
0.05 0.82
0.03 0.91

Gt &Hm

L9.53
2L.36
15.35
18.00
L6.L7
t6.il
L6.n
L6.2L
16.78
16.67
16.64
L6.74

Ic

0.26
0.25
0.18
0.23
0.2L
0.23
0.22
0.19
0.22
0.22
0.22
0.2L

Vm

0.09
0.04
0.02
0.05
0.05
0.07
0.13
0.06
0.02
0.05
0.05
0.05

An

0.05
0.05
0.07
0.08
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09

Fr

40
90

150
170
180
L70
160
190
190
200
160
200

Qz=quartz;Kt=kaolinite; Qþ=gibhsite; Gt=goethite; _Hm=hematite; Mh_=mag-hemite; Mu=muscovite
Si=sinectit'e; Ic= intersfratifiõd clays; Vm=vermiculite; An=anatase; Fr=felspar;
tr= trace; nd= not detected.

L3.61
t2.85

6.03
8.30
7.57
6.96
6.78
6.56
7.r9
6.94
7.01
6.72

99.3
99.2
99.5
99.4
99.2
99.3
99.1
99.4
99.5
99.9
99.7
99.2

110
160
100

10
10
15

15
15
15
10

10
10
10
10
10
10
10
10
10
10
10
10
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TABLE 4.48 PARAWA PLATEAU BORE HOLE ANALYSES
BorehoLe RBA-29 (330 m asl)(Sited over weathered Backstairs Passage Formation rocks)

CHEMIS¡TRY
Sample Depth Fe203 MnO TiO2 CaO KzO SOs P2O5 SiO2 Al2O3 MgO Na2O ZrO

BOU in m.

Ign
Loss Total

30 50
75 30

Sample

9M
945
946
947
948
949
950
951
952
953
954
955
956

Bou
94
945
946
947
948
949
950
951
952
953
9il
955
956

33.07
27.46
Lt.02
10.06
7.rt
5.70
7.L5
5.59
7.98

10.08
7.98
7.6L
8.02

Depth
inm
0-1
L-2
2-3
3-4
+5
5-6
6-7
7-8
8-9
9-10

10-11
7t-t2
12-13

90
80

100
200
150
240
150
180
100
r20
100
150
t20

Bou in m.
957 0-1 10.90
958 t-2 9.60
959 2-3 9.56
960 3-4 T.il
961 +5 8.49
962 5-6 8.34
963 6-7 8.01
9M 7-8 7.55
965 8-9 7.40
966 9-10 7.09
967 10-11 6.26
968 Lr-t2 6.18
969 L2-t3 6.68

Sample Depth Qz
Bou in m
957 0-1 150
958 t-2 130
959 2-3 200
960 3-4 190
961 +5 150
962 5-6 100
963 6-7 150
9M 7-8 150
965 8-9 200
966 9-10 160
967 10-11 140
968 tt-12 200
969 t2-L3 190

Qz Kt Gb Gt& Hm

0.05 0.03 4L.0
0.04 0.02 4L.9
0.02 0.02 62.0
nd 0.02 M.7
nd 0.01 66.0
nd 0.02 65.8
0.01 0.01 66.0
nd 0.02 65.4
nd 0.02 63.6
0.03 0.03 62.5
nd 0,04 63.7
nd 0.05 63.7
0.03 0.06 63.9
MINERALOGY
Mh Mu St

0-1
L-2
2-3
3-4
+5
5-6
6-7
7-8
8-9
9-10

10-11
TI-T2
t2-L3

0.01
0.01
0.01
nd
0.01
0.01
0.01
0.01
0.01
0.01
nd
0.01
nd

160
200
200
L40
210
140
720
220
L20
200
190

0.01
0.02
0.02
0.02
0.02
0.03
0.04
0.05
0.06
0.06
0.06
0.07
0.07

Kt

90
90
90

110
130
L20
220
180
160
150
160
770
160

0.76
0.90
1.06
0.97
0.95
0.90
0.87
0.86
0.85
0.85
0.82
0.84
0.84

0.79
0.76
0.85
0.86
0.85
0.83
0.86
0.85
0.85
0.81
0.78
0.78
0.82

Gb

5

0.19
0.04
0.02
0.02
0.01
0.02
0.02
0.01
0.02
0.06
0.01
0.02
0.05

0.46
0.84
t.28
L.40
L.57
1.80
r.73
t.45
L.22
1.16
1.51
1.70
1.59

15.66
18.31
17.10
16.13
17.38
18.64
L6.94
18.67
18.07
t7.74
18.19
L8.47
17.80

Ic

0.74
0.16
0.2L
0.24
0.29
0.27
0.26
0.22
0.18
0.18
0.23
0.23
0.22

Vm

0.13
0.06
0.08
0.07
0.06
0.07
0.06
0.05
0.07
0.05
0.04
0.06
0.05

An

0.11
0.23
0.16
0.19
0.17
0.27
0.22
0.23
0.22
0.20
0.09
0.11
0.16

An

10
10
10
10
10
10
10
10
10
10
10
10

0.05
0.04
0.05
0.05
0.04
0.05
0.05
0.04
0.04
0.04
0.04
0.05
0.05

Fr

15
20
15
15
10

b
b

15
b

15
15

5
b

8.68
9.62
7.07
6.53
6.33
6.28
6.57
7.03
7.35
7.25
7.03
6.75
6.72

100.2
99.4
99.9
99.6
99.8
99.6
99.7
99.4
99.4

100.0
99.6
99.5
99.3

ò
ò
b

10
10

70
70
50
40
30

10
20
20
15
25
20
25
15
15
20
26
20

00
80
40
30
20

1

20
15
20
20
30
20
20
20

25 15

10

40
50
50
70
70

L70
100

60
70
70

110
90

0.10 0.06 u.5
0.01 0.04 58.0
0.02 0.04 59.3
0.01 0.04 6t.2
0.02 0.06 59.0
nd 0.04 58.5
0.01 0.05 58.1
0.02 0.05 59.5
0.01 0.06 59.8
0.01 0.07 6L.4
0.01 0.06 65.2
nd 0.06 66.0
0.01 0.06 61.8
MINERALOGY
Mh Mu St

50 20
130 25
130 20
90 20

150 20
180 20
190 25
200 20
190 20
190 25
130 20
170 25
200 25

15
10
10
10
15
10
10
15

10
10
10
10
10
10
10

10
10
10

Qz=q¡artz; Kt=kaolinite; Gb=gibbsite; Qf,=goethite; . Hm=hematite; Mh=maghemite; Mu=muscovite;
St=smectite; Ic= interstratifred clays; Vm=vermiculite; An=anatase; Fr=felspar;
tr= trace; nd= not detected.

TABLE 4.50 PARAWA PIATEAU BORE HOLE ANALYSES
Borehole RBA-30 (332 m asl) (Sited over weatheäHir.trlfrï Passage Formation rocks)

Ign
Sample Depth Fe203 MnO TiO2 CaO I{9O SO¡ P2O5 SiO2 Al2O3 MgO Na2O ZrO Loss Total

1.54
0.05
0.07
0.04
0.11
0.02
0.02
0.22
0.03
0.03
0.03
0.03
0.04

Gr&

40
80

20
20
15
15

5
5
5
b

0.75
t.lt
t.62
L.28
1.86
2.89
2.29
2.40
3.23
3.25
2.52
2.67
3.42

Hm

40
40

18.70
19.61
19.02
19.39
20.00
20.26
20.80
19.98
L9.4
18.40
L6.32
15.58
17.81

Ic

10
10

10

10
10
10
10
10
10
10

0.23
0.25
0.24
0.2L
0.4
0.80
0.88
1.05
1.66
1.84
1.88
1.96
2.22

Vm

0.04
0.02
0.03
0.02
0.02
0.02
0.02
0.03
0.03
0.03
0.04
0.03
0.03

Fr

15
b

10
b

10
b
b

15
10

ò
ò

10
5

72.t5
8.82
8.33
8.52
8.30
7.26
7.98
7.58
6.64
6.22
5.97
5.47
5.91

99.9
99.1
99.3
99.3
99.3
99.3
99.3
99.5
99.4
99.4
99.2
98.9
99.0

Qz=qtartz; Kt=kaolinite; Gb=gibbsite; Gt=goethite; Hm=hematite; Mh=maghemite;
St=smectite; Ic= interstratified clays; Vm=vermiculite; An=anatase; Fr=felspar;
tr= trace; nd= not detected.

Mu=muscovite;
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APPBNDIX ]IV:

TABttsS 4"5X, to 4.7n 
"



TABLE 4.57

SAMPLE

MOUNT LOFTY RANGE PROVINCE:

Mount Taylor Plain area

CHEMISTRY

423

BOU
776

Pisoliths

C. Borda

Mt Tay. Summit
Plain surface

BOU BOU BOU
103 707 143

(Vermiform) (Weathered)

(Ferricretes) Bedrock

BOU BOU BOU
129 136 107

(Pisolitic Ferricretes)

Fe203 14.00

MnO 0.01
Tioz 0.46

CaO 0.03
KzO 0.34

SOs nd

PzOs 0.02

sio2 52.6

Al2o3 24.67

MeO 0.14
Na2O 0.04

Ie.Loss 6.77

16.07

nd
0.50

0.02
0.14

nd

0.02

42.7

24.42

0.09
0.03

16.39

n

o

t

a

v
a

i
I

a
b

t_

27.21

0.01
0.60

0.02
0.16

0.01

0.02

31.1

25.23

0.11
.nd

14.60

2L.57

0.01
0.42

0.10
0.23

nd
0.02

44.4

L9.77

0.16
0.09

t2.57

23.47

0.01
0.53

0.09
0.35

0.01

0.02

45.4

t6.47

0.13
0.03

12.77

26.42

0.07
0.54

0.10
0.30

nd
0.03

50.4

11.55

0.07
0.05

9.84

Total 99.0 99.8 e 99.1 q9.q 99.q 99.4

Qz
Gt
Hm
Gb
Kt
Fr
Mh

Qz
Gb
Gt
Kt
Hm
An

MINERALOGY
In decreasing order of abundance

Qz Qz Qz QzGb Fr Gb Gt
Gt Kt Hm Gb
Kt Mu Gt St
Fr St Kt Kt
Hm Ic St Hm
An Vm

Mi
An
Mh

N Y Y

Qz
Gt
Gb
Kt
Fr
Hm

Magnetic
reaction N Y

str
YY

vsl

Qz=quartz; Hm=hematit nqgctitgi lVfi=micas;
Än=ánatase; Fr=felspar Çþ=gibbsit";_. 

_

Ic=interstratified clays; ; v=very; sl=slight;
str=strong.
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TABLE 4.52

MOUNT LOFTY RANGE PROVINCE:

Green Hills area

CHEiVIISTRY

Sampln BOU BOU BOU
98311

(Ferruginised quartzose sediments)

Fe203 19.74 76.79 t7.72

MnO 0.02 0.01 0.01

TiOz 0.26 0.32 0.07

CaO 0.07 0.03 0.03

KzO 0.07 0.03 0.03

SOg 0.01 nd nd

PzOs 0.02 0.01 0.20

SiO2 73.5 74.0 74.4

AlzOs 2.M 4.02 3.17

MgO 0.05 0.06 0.05

Na2O 0.04 0.02 0.04

Ig.Loss 3.M 4.03 3.96

Total 99.3 99.3 99.5

MINERALOGY

In decreasing ord.er of abundance
Qz Qz Qz
Gt Gt Gt
Hm Hm Hm
St Kt St

St Kt
Fr Fr

Ic
Magnetic
reaðtion Y N Y

wsl wvsl

;

ys;
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TABLE 4.53

SAMPLE BOU
311

Magnetic
reaction YY

vwsl wsl

MOUNT LOFTY RANGE PROVINCE:
(Waitpinga Creek area)

CHENIISTRY

BOU BOU BOU BOU BOU
323 324 325 326 328

(Fermginised quartzose clastic sediments)

Fe203 77.12

MnO 0.01

Tioz 0.07

CaO 0.03
KzO O.M

SOs nd

PzOs O.2O

SiO2 74.4

Al2O3 3.17

MsO 0.05
Na2O 0.04

Ie.Loss 3.96

24.77

0.07
o.29

0.09
0.24

nd

0.20

66.4

2.20

0.72
0.03

5.06

30.82

0.03
0.05

0.08
0.30

nd

0.20

6t.7
1.11

0.04
nd

5.36

57.24

0.03
0.23

0.07
0.26

nd

0.29

24.6

4.88

0.11
0.03

7t.77

35.08

0.01
o.l2

0.03
0.32

0.01

0.04

53.5

2.59

0.07
0.03

7.06

76.4!

11.56
0.12

0.05
1.13

0.04

0.16

60.3

t.28

0.06
0.72

5.57

Total 99.5 99.4 99.7 99.5 98.9 96'8

MINERALOGY

In decreasing order ofabundance
Qz Qz Gt QzGt Gt Qz Gt
St Fr Ic Fr
Hm St Fr St
Kt
Ic
Fr

Qz
Gt
St
Ho
Fr

N

Qz
Gt
Hm
St
Kt
Fr
Ic

N N N

Q.z=quartz; Hm=hematite ; Qt=goethite; Kt=kaolinite; St=smectitej
Fr=fõlspar; Mh=maghemite; Ic=interstratifìed clays; Ho=hollandite;
nd=notãetected; v=vêrYi sl=slight.
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TABLE 4.54

CHEMTSTRY

Sampl,e BOU BOU BOU BOU

329 330 331 332
(Ferruginised clastic sediments)

MOUNT LOFTY PROVINCE
(Waitpinga Beach area)

BOU
333

Vesicular
Ferricrete

Fe203 22.98

MnO 0.04
Tioz o.29

CaO 0.02
KzO 0.36

sos o.o1

PzOs 0.11

sio2 65.8

AI2OB  .LB

MeO 0.09
Na2O nd

Ig.Loss 5.84

10.65

0.07
4.30

0.06
0.11

0.03

0.37

69.3

3.77

0.07
0.02

3.80

22.60

4.75
o.7L

0.05
0.31

0.01

0.15

63.7

1.36

0.06
0.03

3.93

2.30

7.83
o.M

0.04
0.49

0.06

0.05

80.38

2.34

0.03
0.08

3.20

Ho
Hm
Ic

64.03

0.06
0.15

0.09
0.06

nd

0.51

2L.2

2.67

0.13
nd

10.71

Total 99.7

Magnetic
reaction

99.6

Gt
Qz
Kt
St
Fr

N

Zr
Fr
Hm
Kt
St

Hm
Ho
St

Gt
Qz
St
Kt

NY
wsl

Y
wvsl

N

t= e;
F emite;
cl;

v=veryi sl=slight.
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TABLE 4.55 MOUNT LOFTY PROVINCE

CHEMISTRY
(Iron oxide impregnated sediments)

Sømple BOU BOU BOU BOU BOU
369 307 310 gM

(Ferruginised) (Ferruginised sands)
(Conglomerate) (U.Hindmarsh) (M¡ryonga)

(Spring Mt) (Valley) (Basin)

7
Fermginised
glacigene
sediments
(Yundi)

Fe203

MnO
TiOz

CaO
Kzo
sos
Pzor
sio2
Al203

Mgo
Na2O

Ie.Loss

79.76

0.01
0.22

0.02
0.08

0.01

0.01

72.6

3.00

0.03
nd

4.01

28.82

0.01

0.36

0.02
0.06

nd
0.05

54.0

7.47

0.04
nd

2L.73

0.01
0.07

0.03
0.07

0.02

0.06

72.4

1.61

0.02
nd

3.46

2t.05

0.01
0.19

0.03
0.62

0.01

0.03

67.0

5.84

0.03
nd

5.39

75.75

0.01
0.18

0.03
0.10

nd
0.03

70.6

7.62

0.03
nd

5.168.53

Total 99.8 99.3 99.5 100.2 99.5

MINERATOGY

In decreasing order of abundance
Qz Qz Qz QzGt Gt Gt Hm

Kt

Magnetic
reaction YY

vwsl wvsl

Qz=quartz; Hm=hematite; Ç¿=goethite; Kt=kaolinite;
St=smectite; Fr=felspar; Mh=maghemite;
Ic=interstratified clays ; nd=not detected; v=v€ryi sl=slight.

Hm
Fr
St

Hm
St
Kt
Ic
Fr

Hm
Kt
St
Fr

N

Qz
Gt
Hm
St,
Kt
Ic

N

Gt
Kt

N



TABLE 4.56

Sample

TO OKAYERTA TOPOSEQUENCE S
(Ferruginous quartzose clastic sediments)

CHEMISTRY
Toposequence

No 2.

BOU
316

BOU
377

BOU
319

BOU
320

428

Base
BOU
32L

BOU
318

11.78

nd
0.16
0.02
0.43
0.01

0.05

75.7
6.44

0.04
0.06

5.26

Toposequence
No 1.

Top Base
BOU BOU
3L2 314

Top
BOU
315

Fe203
MnO
TiOz
CaO
Kzo
sog
Pzos
sio2
Al2o3
Mgo
Na2O
Ig.Loss

23.46

nd
0.08
0.01
0.07
0.03

0.83

70.2
1.63

0.02
0.01

3.69

9.02
nd

0.14
0.03
0.09
0.01

0.07

73.3
2.54

0.05
nd

L4.34

Qz
Gt
Hm
St
Kt
Ic
Fr

27.94

0.01
0.31

0.02
0.39
0.01

0.17

55.9
7.1

0.10
0.03
7.5t

Qz
Gt
Kt
Hm
St
Ic
Fr

15.29

0.01
0.05
nd

0.03
nd

0.04

79.3
7.7
nd
nd
3.23

Qz
Gt
St
Hm
Kt
Ic
Fr

16.5

0.01
0.19
0.03
0.75
nd

0.05
7t.3
5.82
0.07
0.03
4.87

Qz
Gt
Kt
Fr
SI
Ic

72.64
0.03
0.11

0.11
0.08
nd

0.07
80.3

3.00
0.03
0.02

3.48

32.63

0.02
0.20

0.02
0.58
0.01

0.33

53.7

5.44
0.06
0.02

6.42

1^3.34

0.02
0.16

0.15
0.06
0.01

0.24

80.9

t.79
0.01
nd

2.8t

Qz
Gt
St
Fr
Kt
Hm

Total 100.0 99.6 99.5 99.7 99.6 100.0 99.9 99.4 99.5

MINERALOGY
In decreasing order of abundance

Qz
Gt
Kt
Hm
Fr
St

Qz
Gt
St
Kt
Fr

Qz
Gt
Hm
Kt
St
Fr

Qz
Gt
St
Kt
Ic
Fr
Hm

Magnetic
reaction N NNNNN Y

sl
N Y

vsl

Qz=quartz; Hm=hematite; Çtr=goethite; Kt=kaolinite; St=smectite; Fr=felspar;
fc=interstratifred clays; nd=not detected; v=vêrYl s;=slight.
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TABLE 4.57
MOUNT LOFTY PROVINCE

(Ferruginised glacigene sediments)

CHEMISTRY
Sample BOU BOU

358 363
Tookayerta Finniss
Quany Quarry

Fe203

MnO
TiOz
CaO
Kzo
sos
Pzor
sio2
Alzog
Mgo
Na2O
Ig.Loss

2t.04
0.01
0.09
0.02
r.74
0.01

o.79

66.7

4.08

0.06
0.11

5.05

8.19

0.01
0.05
0.02
0.07
nd

0.08
87.7

0.88

0.05
0.03
2.33

Total 99.1 99.4

MINERALOGY
In decreasing order of abundance

Qz QzGt GI
Fr St
Kt Kt
St Hm
Ic Fr

Ic
Magnetic
reaction N N

Qz=quartz; Hm=hematite;
Qf =goethite ; Kt=kaolinite ;

St=smectite; Fr=felspar;
Ic=interstratifi ed clays ;

nd=not detected.
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TABLE 4.58

Sample

MOUNT LOFTY PROVINCE
(Gun Emplacement)

Fermginised sediments
CHEMISTRY

BOU BOU BOU
347 349 373

(Mottled (Mottled (Pisolitic
Sands) Sands) Ferricrete)

BOU BOU
374 39

Hematitic Ferruginised
Mottle sediments with

pisoliths
Perserverance Rd

Fe203

MnO
TiOz
CaO
Kzo
sos
Pzor
sio2
Al203
Meo
Na2O
ZrO
Is.Loss

1.85
nd
0.30

0.05
0.10
nd
0.01

85.7

6.2L

0.74
0.04

t2.34
0.01
o.4l
0.28
0.45
0.02

0.02

73.1

5.90

0.32
0.11

8.03
nd

0.66

0.08
o.27

0.01

78.6
6.09

0.15
0.04

0.08
5.49

13.14

0.01
0.47

0.29
0.45
0.02

0.02

73.1

5.90

0.32
0.11

6.09

n
o
t

a
v
a
I

I
a
b
I

4.20

Total 98.6 99.\ 99.4

MINERALOGY
In decreasing order of abundance

Qz Qz Qz Qz
St Kt
Kt Fr
Ic St
Gt Gt
Hm Ic

Gt
Hm
St
Kt
Fr

Qz
Kt
St
Hm
Mh
Fr
An

Hm
Gt
Kt
SI
Ic
Fr

Magnetic
reaõtionNNNYY

trace trace
Qz=quartz; Hm=hematite; Q¿=goethite; Kt=kaolinite;
St=smectite; An=anatase; Fr=felspar; Mh=maghemite;
Ic=interstratifìed clays.
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TABLE 4.59 MOUNT LOFTY PROVINCE
(BremerValley)
CHEIVIISTRY

BOU BOU BOU BOU
399 378 362 36t

Sample BOU
354

Ferrug. Bleached Ferrug. (ComptonConglomerate)
sands sandstone quartzose Cross's Hartley

'Lucernbrae'Monarto sediments Bridge Road Cut
Block

Fe203

MnO
TiOz
CaO
Kzo
sos
Pzor
sio2
Al203
Mgo
Na2O
Is.Loss

18.23
.01

0.24
0.08
0.22
0.02
0.25

7t.9
3.54
0.74
0.03

5.15

36.03

0.10
0.16

0.08
o.M
0.02

0.18

52.2

3.29

0.2L
0.08
6.23

33.07 57.37

0.22 0.15
0.43 0.15

0.18 0.14
0.48 0.68

0.01 0.03

0.13 0.34
45.0 20.9

9.82 4.20

0.38 I.22
0.21 0.04

9.45 13.2r

0.50
nd
0.34

0.04
0.03
nd
nd

89.2

4.57

0.03
0.01

3.36

Total 99.8 98.0 99.0 99.3 98.8

MINERAT.OGY
fn decreasing order of abundance

Magnetic
reaction

Qz
Gt
Hm
St
Kt
Ic

N

Qz
St
Kt
Ic
An

N

Gt
Qz
Mu
St

Qz
Gt
Kt
Mu
St
An
Fr

Qz
Gt
Hm
Fr
St

N N N
Qz=quartz; Hm=hematite ; Çf =goethite; Kt=kaolinite ;

St=smectite; An=anatase; Fr=felspar; Mu=muscovite;
Ic-interstratifi ed clays.
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TABLE 4.60 MOUNT LOFTY PROVINCE
(Mottled sediments)

CHEMISIRY
Sample BOU BOU BOU

2 L4 368
(rWillunga Scarp) Happy Valley

Mottled Mottled Mottled
sands Conglom sands

Fe203

MnO
TtOZ
CaO
I(2o-
sos
Pzos
SiO2
AlzOs
Mso
Na2O
Is.Loss

6.77
nd
o.r4
0.04
o.M
0.01

0.01

88.2

5.16
nd
0.78
0.L2
2.48
nd
0.02

72.1

15.33

0.01
0.75
0.06
0.13
0.02
o.o2

71.8
4.52
0.72
0.07
5.73

Total 99.9 99.4 98.b

N

MINERALOGY
fn decreasing order of abundance

Qz Qz Qz
Fr Fr Gt
Mi Mi Hm
Hm Hm St
Gt Gt Fr

Kt
Ic

Magnetic
reaction N N

Qz=quartz; Hm=hematite; Gt=goethite;
Kt=kaolinite; St=smectite; Mi-micas;
Fr=felspar; Ic=interstratifi ed clays ;

nd=not detected.



TABLE 4.61 MOUNT LOFTY RANGE PROVINCE:
CHEMISTRY

Sample BOU BOU BOU BOU BOU BOU
322 327 113 ]-L4 t!7 749

(Waitpinga Road) (Gap Hills Surface)
(Pisotiths) Pisoliths Fermg. Soil Subsoil

Surface At depth sediments

433

BOU
104

Cape Borda
Pisoliths

Fe203

MnO
Tioz
CaO
Kzo
sos
Pzos
sio2
Al2o3
Meo
Na2O
Ie.Loss

M.88
0.01
0.44
0.05
0.07

0.01

0.03
4I.7

7.96

0.06
0.01

3.85

5.35
nd
0.33

0.06
0.09
nd
0.01

75.5

9.05

0.16
0.25

8.23

39.83
0.02
0.72
0.11
0.39

0.02
0.05

45.0

9.08

0.11
0.11

3.70

26.65

0.01
2.82

0.06
0.13

0.14
nd

57.4

5.59

0.04
0.05
6.06

6.55

0.01
0.90

0.27
0.61

nd
0.01

53.2

23.23

0.48
0.15

1.? 86

6.64
0.03
0.50

30.24
0.54

0.05
36.8
10.16

1.67
t.t2
8.92

32.47

0.01
0.51

0.19
0.62

0.02
0.03
44.5

14.14

0.22
0.09

6.66

Qz
Hm
Mh
Kt
St
Ic

Magnetic
reactionYNYYNNY

vstr str wvsl str
Qz=quartz; Hm=hematite; Ç¿=goethite; Kt=kaolinite; St=smectite; An=anatase;
Fr=felspar; Mh=maghemite; Gb=gibbsite; Ic=interstratifìed clays;

Qz
Gt
Hm
Kt
St
Gb

MINERALOGY
fn decreasing order of abundance

Qz Qz Qz Gt
Ht Hm Kt Qz
Mh An Gt Fr
Fr Fr Fr Kt
Kt KI Mh St

Qz
Hm
Fr
Mh
Kt
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TABLE 4.62:
STRATIGRAPITY OF WEATHERED, FERRUGINISED AI.{D BLEACHED

]\,IATERIALS

HOLOCENE
Modern beach sand, Goolwa (F)
Modern stream channel, Kangaroo Island (F)
Mid-Holocene estuarine sediments - Breckan Sand (F)
St Kilda Formation (F)
Fisherman Bay, peritidal sediments (SF)

PLEISTOCENE
Christies Beach Formation (F)
Adare Clay (F)
Glanville Formation (F)
Boinkas of Murray Basin (SF)
Taringa Formation (M)
Kurrajong Formation (SM)
Ochre Cove Formation (SM)
Seaford Formation (M)
Hindmarsh Clay (M)
Burnham Limestone (Base of Pleistocene)

PLIOCENE
Hallett Cove Sandstone (SF)
Sands Green Hills area, Waitpinga Drainage Basin (FC)
Eleanor Sand of Kangaroo Island (FC)
Ferruginous sands in Barossa Valley (F)
Bremer Valley ferruginised clastic sediments (FC)
Happy Valley ferruginous sands (FC)

MIOCENE
Ferruginised sands in Bremer Valley, 'Lucernbrae', IJpper Hindmarsh Valley,
Myponga Basin (FC).
Terrestrial sands in Barossa Valley (FC)

OLIGOCENE
Compton Conglomerate and equivalents in Murray and Otway Basins

EOCENE
North Maslin Sands
Palao-channel fills in Ranges (BL, F and FC)
Limestone, Kingscote, K.I. (F)
Garford Formation in palaeochannels, Eyre Peninsula (BL, F, M, FC)

MESOZOrc
Jurassic Basalt on Kangaroo Island (SW)
Triassic sediments in Telford Basin (F, FC)

PAI.AEOZOrc
Permian glacigenic sediments, Fleurieu Peninsula, Kangaroo Island (M, BL, F, FC).

CAMBRIAN
Metasediments (BL, M)

PRECAMBRIAN
Metasediments and igneous rocks (BL, M)

(F=ferruginised; SF- strongly ferruginised; M= mottled; SM= strongly mottled;
Bl=bleached; FC= ferricrete; $\[= slightly weathered.)



TABLE 4.63

CHENITSIRY
SAMPLE BOU BOU BOU BOU

737 727 708 778
Bleached Bleached Mottle Mottle
Sandstone sandy

clays

MOUNT LOFTY RANGE PROVINCE
Kangaroo Island - Kingscote Cliffs

BOU
725
Mottle

BOU
706
Ferrug.
Rim of
Boulder

435

BOU
705
Weathered
Core of
Boulder

Fe203

MnO
fioz
CaO
Kzo
sos
Pzos
sio2
Al2o3
Mgo
Na2O
Ig.Loss

2.24

0.02
1.00

0.20
0.52
0.01

0.02

7t.6
t5.62

0.52
0.18

7.50

t.97
0.01
0.70

0.06
1.95
0.02

0.05

67.6
!7.92

0.54
1.06
7.75

22.78

0.31
0.11

0.06
7.2/L

0.03
0.06

68.1

2.66

0.20
0.33
4.06

12.64
0.17
0.20

0.05
1.78

0.01

0.04

75.9
4.75

o.2L
0.50

3.32

6.56

0.01
0.39

0.13
0.39
0.01

nd
83.4
4.00

0.20
0.10
4.17

56.58
0.31
0.27

0.05
0.61

0.05

0.17
25.0

3.75
0.54
0.66

11.56

Qz
Gt
Hm
Fr
Kt
HI

0.30

0.01
0.01

0.02
9.7r
9.33

0.13

4.3
36.1

0.05
0.74

37.68

Total 99.9 99.6 99.9 99.6 99.3 99.5 98.4

MINERALOGY

AI
Qz
Kt

Qz
Kt
St
Fr
Mi
An

In decreasing order of abundance
Qz Qz Qz Qz
Kt Hm Fr St
St Gt Gt Fr
Fr Fr Kt Hm
Mi Kt HI Kt

Mi Gt

YY
wsl wsl

Magnetic
reaction N NY

sl
N Y

vwsl

Qz=quartz; Hm=hematite; Çf=goethite; Kt=kaolinite; St=smectite; Mi=micas;
An=anatase; Fr=felspar; Mh=maghemite; Hl=halite; Ic=interstratifred clays;
nd=not detected; v=vêryi sl=slight.
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TABLE 4.64 MOUNT LOFTY RANGE PROVINCE:
Kangaroo Island: Kingscote Cliffs

CHEIVIISTRY
BOU BOU BOU BOU
115 102 122 137
Slumped fron- (Iron-impreg)
Iron impreg. Eocene
Mass sands Limestone

Fe203

MnO
fioz
CaO
Kzo
sos
Pzos
sio2
Al2o3
Mgo
Na2O
Is.Loss

25.38

0.19
0.09

0.03
0.87
0.04

0.10
64.9

2.54

o.27
0.42
4.83

46.89

1.36
o.r4
2.M
0.78
o.25

0.23

31.1

2.94

1.13
0.35

11.31

Qz
Gt
Hm
Fr
AI
Kt

70.74

0.09
0.10

0.04
0.97
0.01

0.05

81.0
3.07

0.11
0.04

3.33

70.52

nd
nd

45.95
0.02
0.28
0.23
1.40

0.35
0.83

.nd
39.66

73.39

0.05
0.13
0.45
0.31

0.03
0.89

9.0
t.57
1.19
0.09

13.46

Total 99.7 99.1 99.8 99.2 100.6

MINERALOGY

In decreasing order ofabundance
Qz
Gt
Hm
Kt
Fr
Mi
HI

Fr
Hm
Kt

Qz
Gt

Ct
Gt
St

N

Gt
Qz
St

Magnetic
reaction Y

wsl
N

Qz=quartz; Hm=hematite ; Qf =goethite ; Kt=kaolinite;
St=smectite; Mi=micas; Fr=felspar; Al=alunite;
Hl=halite; Ct=calcite; nd=not detected; v=very; sl=5li*h¿.

Y
sl

N
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TABLE 4.65

SAII,TPLE BOU BOU

MOUNT LOEIY PROVINCE
Fermginous mottles from Pleistocene

Serlirnents in scarp foot positions

CHNVIISTRY
BOU BOU BOU
58 70 71

BOU BOU
æt723953

Fez0s

MnO
fioz
CaO
Kzo
so3
Pzos
sio2
Al203
Mso
Na2O
zñ
Ig.Loss

0.01

79.3
6.11

0.29
o.L2
o.o2
4.80

0.04

68.3

8.55
1.04
0.63
0.03
6.37

o.o2
70.L

8.84

0.56
t.76
0.03
3.92

25.52
0.01
o.7L

0.11
0.53

o.o2
0.04

57.4
7.73

0.29
0.19
0.03
6.83

8.03
nd

0.66

0.08
o.2L

0.01

78.6

6.09

0.15
0.04
0.10
4.42

7.æ
0.01
0.49
0.10
0.36

L2.20
0.02
0.67

0.29
2.29

10.96
0.01
0.78

0.26
t.72

r0.77
0.01
0.69
0.27
L.43
0.01

0.02
72.L

7.82

0.51
1.15

\6.4L
0.01
0.83

0.L7
2.Ll

0.06
63.7

8.77

1.13
0.89

Total 99.4 99.4 99.4 99.4 99.0

MINERALOGY

4.64 5.35

99.4 99.4

Qz
Hm
Mh
Fr
Mu
Gts
KT
Ic

Qz
KI
St
Hm
Mh
Fr
An

Qz
Hm
GI
Kt
Fr
An
Mh

In decreasing order of abundance
Qz Qz Qz Qz
St Mi Fr Fr
Kt Fr Mi Mi
I{m Hm St Kt
Gt St Hm Hm
Fb Mh Mh Mh

Y Y Y
Magnetic
reaction Y YY

trace
Y
str

Qz=quartz; Hm=hematite; Qf=goethite; Kt=kaolinite; St=smectite; Ho=hollandite;
Mi=micas; An=anatase; Fr=felspar; Mh=maghemite; Ic=interstratified clays;
nd=not detected; str=strong.
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TABLE 4.66

SAITIPLE BOU BOU
47 40
Mottle Bleach
(Hallett Cove)

MOUNT LOFTY RANGE PROVINCE:
Iron-mottled and bleached

Pleistocene sediments
CHENITSTNY

BOU BOU BOU
44359

Mottle Bleach Surface
(Redbanks, Mid-North)

Føos
MnO
TiOz
CaO
Kzo
sog
Pzor
sio2
Alzos
Mso
Na2O
zñ
Ig.Loss

Total

9.87

0.01
0.33
0.09
o.79
0.01

0.06
77.7
5.10

0.37
o.20

0.94
nd

o.42
0.10
0.87
0.01

0.01

87.6
5.45

0.29
o.28

8.00

0.01
0.08
0.05
L.l4
nd

0.07

70.5
10.65

0.65
o.79

0.02
7.63

7.il
0.01
0.84
0.07
0.90
0.17

0.01

80.3
7.95

0.51
L.7L

6.07

0.03

7]-J,
8.43

0.69
1.35

0.04
t2.87

BOU
a

Mottle
Bow Hill

4L.3r

0.18
0.13
0.07
0.60
0.01

0.02
45.8

2.93

0.26
0.20

8.16

99.7

3.39

0.01
0.72
0.05
L.O2

5.02 3.77

99.6 99.7

Hm

Mh

Qz
Gt
Fr
Hm
KT
Mi

Qz
Fr

Kt

100.3 100.1 99.7

MINMATJOGY

In decreasing order of abundance
Qz Qz Qz Qz
Kt Fr St Kt
Fr Hm Kt Mu
Mi Mu Mi St
An St Fr Fr

Kt An An
GT HI
An
Mh

N N N
Magnetic
reaction Y

trace
Y
sl

Y
wsl

Qz=quartz; Hm=hematite; Gt-goethite; Kt=kaolinite; St=smectitei
Mi=rnicas; Fr=felspar; An=anatase; Mh=maghemite; Mu=muscovite;
Hl=halite; nd=not detected; v=veryi sl=sl¡g¡¿.
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TABLE 4.67 MOUNT LOFTY PROVINCE:
Ochre Cove/Ochre Point

SAIIIPLE BOU
8ffi

Ferrug.
Bedrock

CHEIVIISIRY
BOU BOU
57 50

Fermg. Ferrug
Sands Lime-

stone

BOU
49

Fermg
Sands

Fe203

MnO
TiOz
CaO
Kzo
soe
Pzor
sio2
Al2o3
Meo
Na2O
IE.Loss

24.22
0.02
0.87
0.01
3.31

o.r2
0.05

49.4

13.17
0.97
0.60
6.93

10.85

0.01
0.06
0.08
0.23
0.01

0.02

72.8
0.96

0.06
0.17

13.91

8.34
0.02
0.13
0.07
0.47

0.01

0.08

82.t
7.82

0.2t
0.14
5.85

14.05

0.01
0.72
0.06
0.53
0.02

0.01

79.3

1.30

0.35
0.31

3.75

Total 99.7 99.2 99.2 99'8

MINERALOGY
In decreasing order of abundance

Qz Qz Qz Qz
Hm Gt Gt Gt
Mu Fr Fr Fr
Gt St St St
Kt Kt Kt Kt
Ic Ic Ic

Magnetic
reaction N YY

vwsl wsl
Y
wsl

Qz=quartz; Hm=hematite; Çf =goethite; Kt=kaolinite;
St=smectite; Fr=felspar; Mh=maghemite; Mu=muscovite;
Ic-interstratified clays; nd=not detected; v=verYl sl=slight.
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TABLE 4.68 MOUNT LOFTY PROVINCE
(Ochre Cove/Ochre Point area)

CHEMTSTNY
SAMPLE BOU BOU BOU BOU

48 46 45 334
Mottle Mottle Bleach Pisoliths

(Seaford (Ochre Cove Formatn) at Surface
Formation)

Fe203

MnO
TiOz
CaO
Kzo
sos
Pzor
SiO2
A1203
Mgo
Na2O
Ie.Loss

2.55
nd

0.15
0.02
0.52
0.01

0.01

89.3
2.84

0.20
0.45

3.L7

7.54
nd
o.32
0.07
0.32
0.01

0.03

86.2

1.50
0.22
o.23

3.03

1.66
nd
o.L2
0.01
0.10
nd
0.01

95.8
0.48
0.04
0.13

0.93

28.67

0.01
0.65
0.13
o.2l
0.01

0.17

59.6
3.73

o.l2
0.13

5.73

Total 99.2 99.5 99.3 99.2

MINERALOGY

In decreasing order of abundance
Qz Qz Qz Qz
Kt Fr Fr Hm
Fr Kt Gt
Gt GI St

Ic
Mh

Magnetic
reaction N N N Y

Qz=quartz ; Hm=hematite; Gt=goethite; Kt=kaolinite;
St=smectite; Fr=felspar; Mh=maghemite;
Ic=interstratifred clays; nd=not detected.



TABLE 4.69 MOUNT LOFTY PROVINCE:
Kangaroo Island-Pleistocene sediments

CHWITSITRY
SAMPLE BOU BOU BOU BOU BOU BOU

112 177 110 7ß 12:ì 139
(Road cut near Yorke Farm) (Redbanks)

Mottle Calc. (Pisoliths) Mottle Bleach
zone Surface B-hor.

441

BOU BOU
732 121

(Redbanks)
Mottle Buried

Pisoliths

Fe203

MnO
TiOz
CaO
Kzo
sos
Pzos
sio2
Al2O3
Mgo
Na2O
zñ

6.05
0.01
0.54
0.19
0.28
0.01

0.37

70.8
LL,77

0.37
0.60

Is.Loss 9.06

Total 99.6

Magnetic
reaction Y

v\¡vw

99.5 99.9

MINffiAIJOGY

In decreasing order ofabundance

3.43

Qz
St
Fr
Mi
Kt

YN
vstr wsl

3.01

nd
0.29

29.73
0.66

0.22
nd

26.9

9.1

1.19
0.11

32.26

0.01
0.73

0.L2
0.42
0.02
0.03

54.L

8.23

0.09
0.13

3.4r

99.6

Qz
Hm
Mh
Kt
St
Gb
St

Y
str

15.71

0.01
0.68
0.06
0.34

2.89

0.01
0.30
0.06
0.82
0.01

0.01

86.7

4.4L

0.01
0.25

L,L2
nd

0.38
0.05
L.24

0.01

0.01

88.8
5.16
0.25
1.61

7.68
nd

0.66
0.06
1.00

0.05
0.02

77.4
5.60
0.35
L.47

33.77

0.01
0.48
0.L2
0.52

0.02
0.03

56.0

3.90

0.14
0.53

4.03

99.6

vstr

Qz
St
Gt
Fr
St
An

Y

Qz
Gt
Gb
Mi
Kt
An
Mi
Fr
Hm

Ct
Qz
Kt
Fr

Kt

N

Qz
Gt
Kt
Hm
An

0.02

58.0
L4.24

0.11
0.04
0.05

10.2028.84

99.5

2.24

100.8

Qz
St
Fr
Kt
Fr
Hm
Mh

N

5.39

99.4

Qz
Hm
Mh

Y

Qz-qtartz; Hm=hematite; Qf=goethite;Kt=kaolinite; St=smectite; Mi=micas;
An=anatase; Fr=felspar; Mh=maghemite; Ct=calcite; Gb=gibbsite ;

Ic=interstratifred clays ; nd=not detected; v=vêrli w=weaki str=strong; sl=slight.
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BASINS MARGINAL TO THE MOUNT LOFTY PROVINCE:
Iron impregnated Holocene sediments

TABLE 4.70

Sample BOU

(Fisherman

BOU
86

B"Y)

BOU
M 85

CHENIISIRY
BOU BOU BOU BOU
61 65 66 C7

(Boinkas of Murray Basin)

Fe20s

MnO
Tioz
CaO
Kzo
Pzos
sio2
Al203
Mgo
Na2O
ZrO
Ig.Loss

22.7t
0.44
0.11

4.23
0.76

0.04

32.2
1.66
1.78
4.06

0.01
26.79

36.15
0.02
0.38

0.06
0.74
0.01

46.t
4.89
0.60
0.87
0.02
5.39

8.49
0.01
0.59
0.13
1.15

0.02

7r.9
7.69
0.88
1.10

0.04
8.37

8.04

0.01
0.37
0.07
0.89
0.04

82.7

2.0L

0.23
L.2l
0.06
4.05

28.46

0.06
0.13

0.09
0.27

0.03

62.0

t.75
0.19
o.zL
0.02
6.56

24.17

0.01
0.10
0.07
0.20
0.19

67.7

t.47
0.15
0.17

0.13
5.44

3L.94
0.03
0.10

0.15
0.22

0.02

62.t
0.96
0.16
0.32

0.01
3.52

Qz
Hm
St
Fr
GI
HI

Total 94.76 99.8 100.4 99.7 99.8 99.6 99.5

MINERALOGY

Qz
Gt
Hm
St
Kt
Ic
Fr

Qz
Gy
Fh
A"g
Pr
HI
SI
Kt

In decreasing order of abrurdance
Qz Qz Qz Qz
Hm Hm Hm Gt
Gt Kt Jr Fr
Kt St St Hm
Fr Mi Mu Mi
St Fr Hl St
Ic An Fr
Rz Rz
Ah Ah

N N N
Magnetic
reaction N N N N

Qz=quartz; Hm=hematite; Qf=goethite; Kt=kaolinite; St=smectite; Ho=hollandite;
Mi=micas; An=anatase; Fr=felspar; Mh=maghemite; Mu=muscovite; Hl=halite;
Ic=interstratified clays; Jp=jarosite; Gy=g¡rpsum; Fh=ferrihydrite; Arg-aragonite
Pr=Pyrite ; Rz=r ozenite; Ah=anhydrite; nd=not detected.
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TABLE 4.77

Sample

MOUNT LOFTY PROVINCE:
Recent iron mobility

BOU BOU
176
(Mt Compass)

Coffee Geode
Rock

CHHVIISTRY
BOU BOU BOU BOU
140 747 742 133

(Kangaroo Island seepage zones)
Bleached Seepage Iron Incipient
Bedrock Zone1-m Sludge Pisoliths

Fe203

MnO
TiOz
CaO
Kzo
sos
Pzo¡
sio2
Al2O3
Mgo
Na2O
Is.Loss

0.63

.nd
0.10
0.01
0.05
.nd
.nd

94.3

7.72

0.01
0.03
2.75

47.26
0.01
o.28
o.o2
0.10
0.02
0.05

38.5
3.96

0.03
.nd

9.34

1.48

0.01
0.42
0.01
1.93
0.01

0.03

76.4
r4.t6

o.24
0.20
4.99

5.60

.nd
0.78
0.02
0.85

.nd
0.03

58.3
22.t9
0.28
0.08

11.13

28.97

0.04
0.30
0.33
0.47
0.04

0.06
40.9

5.58
o.M
1.19

2t.59

2t.78
0.01
0.36
0.10
0.56
0.01

0.02
50.2
7.90
0.14
0.54

17.81

Total 99.6 99.6 99.9 99.3 99.9 99.4

MINERALOGY

Qz
Fr
Kt

In decreasing order ofabundance
Qz Qz Qz Qz
Gt Kt Kt Fh
Hm Mi Gb Kt
Kt Fr Fr St,

Mi St St Fr
Vm Mi

An

N N

Qz
GI

N

Fr
Kt
St
Vm

Magnetic
reaction Y

wvsl
Y
vsl

Y
vsl

Qz =quartz ; Hm=hematite ; Q¿=goethite ; Kt=kaolinite ; St=smectite ;

Mi=micas; An=anatase; Fr=felspar; Mh=maghemite; Gb=gibbsite;
Vm=vermiculite; Fh=ferrihydrite;nd=not detected; v=vêryl sl=slight.
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APPtsDqD[X V:
TABLES 5"ll to 5.3



I

445

TABLE 5.1 CI"A,SSIFICATION OF FERRICRETES

SIMPLE FERRICRETES
1. Ferricreted bedrock
2. Ferricreted sediments

a. Ferruginised clastic, quartzose sediments including blocks
of reworked ferricrete (Detrital ferricrete)

b. Ferruginised organic sediments displaying a massíue to
uesicular fabric (bog iron ores)

c. Ferricretes formed by in situ weathering of iron-rich
sediments containing siderite, glauconite and pyrite. Some of
these ferricretes contain voidal concretions.

COMPLEX AND COMPOSITE FERICRETES
1. Pisolitic ferricretes in which pisoliths are important constituents.
2. Nodular ferricretes
3. Slabby ferricretes
4. Vermiform ferricretes

TABLE 5.2 Mean chemical analyses (XRF) of major ferricrete t¡les

Vermiform Nodular Slabby Massive- Pisolitic Ferr. Ferr.
(9) (3) (4) Vesicular (17) B/Rock Sediments

(11) (3e) (55)

II

Fe203
MnO
TiOz
CaO
Kzo
Pzor
sio2
Al203
Mgo
Na2O
ZrO
Ig.Loss

30.4
0.01
0.59
0.04
0.4!
0.05

33.0
22.9

0.11
0.05

0.05
11.90

34.6
0.02
0.76
0.02
0.30
0.02

23.3
25.0

0.06
0.04

0.01
74.8

46.4

0.01
0.85
0.03
o.2l
0.02

21.3
18.4

0.13
0.06

12.7
1,2.1

65.6
0.01
0.23
0.06
0.15
0.38

13.6
6.55

0.07
0.01

12.6
72.6

27.t
0.01
0.93
0.02
0.14
0.03

34.5

22.0

0.09
0.09

13.9
13.9

25.5

0.02
0.63
0.10
0.61

0.09

51.1

72.7

0.28
0.2r
8.0
8-0

18.8

0.32
0.50

0.06
0.30

0.11

69.9
4.49

0.10
0.09

5.1
LL

Total 99.5 98.9 99.1 99.5 98.9 99.3 99.8
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TABLE

Sample

5.3
CHENIISTRY

BOU BOU loræ lone BOU BOU
29 30 7 I 273 275

Pisoliths Matrix Vermiform Pisolitic (VermiformFe/crete)
(Mt Barker area) Fe/crete Fe/crete Robertson Nowra

Fe203
MnO
Tio2
CaO
Kzo
Pzor
sio2
Al2O3
Mgo
Na2O
ZrO
Ie.Loss

37.3
0.02

0.78

0.07
0.13
0.05

40.9
13.28

0.10
0.01

27.04

0.01

0.86

0.74
0.47
0.04

54.8

18.99
0.28
0.13

35.1

0.05
1.30

0.09
0.09
0.19

26.8

22.92
0.08
0.10
0.02

11.90

25.85

0.01

7.67

0.06
0.02
o.2L

!4.3
2L.67

0.07
0.06
0.03

19.99

32.t
0.01

0.99

0.01
0.20
0.02

60.4

17.18

0.06
0.06
0.01
9.67

32.96
0.01

0.41

nd
0.40
0.03

60.1

t5.7t
0.07
0.02

Total

Magnetic
reaction

6.46 17.98

99.1 100.7

Qz
Hm
Mh
Kt
Gb
Gt

Y
vstr

9.44

99.398.7 98.7 99.5

MINERALOGY

fn decreasing order ofabundance
Qz Hm Gb Qz
Kt Kt Hm Gt
Fr Qz Kt Kt
Mi Vm Gt Hm
Gt Gb Qz Gb

St An Fr
An Mh St

N N Y

Qz
Gt
Gb
Hm
Vm
St
Kt
Mi

YY
wsl wsl

Qz=quartz; Hm=hematite; Q¡=goethite; Kt=kaolinite; St=smectite ;

Mi=micas; An=anatase; Fr=felspar; Mh=maghemite; Gb=gibbsite;
Vm= vermiculite; nd=not detected; v=very; str=strong; sl=slight.
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TABLE 6.1

Sample BOU
526

Bedrock
Mottle

EYRE PENINSULA SAMPLES
(Blue Range)

CHENIISIRY
BOU BOU
527 525

Bedrock Fernrg
Mottle SStone

BOU
528
Large
Pisol-
iths

BOU
529
Small
Pisol-
iths

Fe203

MnO
CaO
Kzo
Pzor
sio2
Al203
Mgo
Na2O
ZrO
Ig.Loss

2.t4
0.01
0.17
2.56

0.04
66.5

19.11

1.01
0.12
0.04
7.60

1.75

0.01
0.49
0.05

0.06
62.8

23.98

0.87
0.29
0.02
7.O2

22.59

0.01
0.08
0.04

0.03
67.3

3.13

0.07
0.01

0.02
5.82

37.78

0.02
0.05
0.21

0.06
49.7

7.81

0.08
0.07
0.04
2.70

48.18

0.02
0.10
0.2!
0.06

32.5

9.73

0.10
0.04
0.05
6.20

Hm
Qz
Mh
Kt
An
St

Total 100.0 99.9 99.2 99.0 97.8

MINERALOGY

In decreasing order of abundance
Qz
Kt
Mi
St
Fr
GI
An

Kt
Qz
Mi
An
St

Qz
Hm
Mh
Kt
An

Qz
Gt
Hm
SI
KT
Ic

N
Magnetic
reaction N Y

vstr vstr

Qz-quartz; Hm=hematite; Gt=goethite; Kt=kaolinite;
St=smectite; Mi=micas; An=anatase; Fr=felspar;
Mh=maghemite; Ic=interstratiflred clays; v=vêrYi str=strong.

YN
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TABLE 6.2 EYRE PENINSULA
('Glenville Etch Surface')

CHEMISTRY
Sarnple BOU BOU BOU

523 52t ffi
Oxidised Slightly Unweathered
Pyritic weathered Bedrock
Bedrock Pyritic

Bedrock

Fe203
MnO
TiOz
CaO
Kzo
Pzos
sio2
AlzOs
Meo
Na2O
ZrO

23.7

0.01
0.01

0.09
0.03

0.04
52.0

9.93

o.29
0.L2
nd

to.97

14.33

0.01
0.49

0.08
0.65

0.05
66.5

8.78

0.31
o.t7
0.01
7.57

0.48
nd
0.09

0.02
0.4
0.02

96.4
1.30

nd
0.03
nd

Total 97.3 98.9

MINERALOGY

fn decreasing order of abundance

Ig.Loss

Magnetic
reaction

1.11

9€

Qz
Fr
St
KT
Ic
Ge(?)

N

Qz
Gt
Kt
St
Pt

Y
ww

Qz
Kt
Hm
St
Fr
An
Gt

N

Qz=quartz; Hm=hematite; Gt=goethite;
Kt=kaolinite; St=smectite; An=anatase;
Fr=felspar; Ic=interstratified clays;
Gg=griegite; Pt=pyrite; V=very; w=weak.
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TABLE 6.3

Sample BOU
508

Mottled
Bedrock

EYRE PENINSULA SAMPLES
(C orrobinnie D epres sion-IJnweathered,
bleached & mottled gneissic bedrock)

CHEIVIISTRY
BOU BOU BOU BOU
509 518 519 527

Bleached Unweathd Mottled Mottled
Bedrock Bedrock Gneiss Gneiss

BOU
517

Enriched
Mottles

Fe20s

Mn0
Tioz
CaO
K'zo
Pzor
sio2
Al2O3
Mgo
Na2O
ho
Ig.Loss

4.93

0.02
0.55

0.03
1.13
0.02

54.2

17.05
1.04
2.07

0.02
18.70

t.79
0.02
7.44
0.02
7.48
0.02

54.3

23.84

0.75
7.27
0.04

t5.57

3.75

0.06
0.51

1.19
5.36
0.08

7t.96
72.87

0.46
2.?/L

0.06
0.74

7.25

nd
0.26
0.65
3.81

0.06

74.3
t2.94
t.67
0.12
0.03
4.47

5.28
nd
0.72

0.06
0.34
0.01

62.6
20.10

0.52
0.r.7
0.03
ooK

47.55

0.01
0.07
0.36
0.07
0.03

49.8
2.34
0.07
0.11

0.01
3.78

Total 99.7 100.5 99.3 99.5 99.3 98.2

MINERALOGY

In decreasing order ofabundance
Kt Qz Qz Qz
Qz Fr Mi Kt
Mi Mi Fr Hm
Fr St St Mi
An Kt St
Ht Hm Ic

GI

Qz
Hm
Kt
St

Qz
Kt
Mi
HI
Ic
St
Hm
Gt

Magnetic
reaction N N Y N YY

Qz=quartz ; Hm=hematite; Qf =goethite; Kt=Eaolinite;
St=smectite; Mi=micas; An=anatase; Fr=felspar; Mh=maghemite;
Hl=halite; Ct=calcite; Ic=interstratified clays; nd=not detected.
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TABLE 6.4

Sampln

EYRE PENINSUI,A
(Corrobinnie Depression:
Garford Formation-bleached

and mottled materials)

CHEMISTRY
BOU BOU BOU BOU
570 517 572 513

Bleached Yellow R€d ClaYs in
clays cellular cellular voids in

crust cnrst crust

BOU
576

Ferrug.
Mottle

Fe203

MnO
Tioz
CaO
Kzo
Pzor
sio2
Al203
Meo
Na2O
ho
Is.Loss

1.00

nd
0.91

0.06
0.18

0.01

52.2

28.7

0.72
1.70

0.05
t4.92

24.82

0.01
0.63
0.04
0.11

0.03
35.3
28.L7

0.47
t.27
0.04

15.65

35.70

0.01
0.55
0.03
0.08
0.02

28.63

20.76

0.33
o.u
0.04

73.M

1.26

nd
1.38

0.04
0.33

0.03
50.3
29.13

o.2L
0.82
0.05

L6.22

37.75

0.01
0.75
0.01
0.07
0.03

42.5

10.05
0.08
0.23
0.04
7.32

Qz
Kt
An
St
Vm

Total 99.9 99.7 100.2 99.7 98.3

MINERALOGY

Kt
Qz
Mi
St
HI
Ic
An

In decreasing order of abundance
Gt Hm Kt
Kt Kt Qz
Qz Qz Hl
Ic Ftr Ic
Fr Gt St
Hl Fr

N N

Hm

Magnetic
reaction N N N

Qz=quartz; Hm=hematite ; Qf =goethite; Kt=kaolinite;
St=smectite; Mi=micas; An=anatase; Fr=felspar;
Mu=muscovite; Hl=halite; Vm=vermiculite;
fc= interstratified clays; nd=not detected.



452

TABLE 6.5

Sarnple

EYRE PENINSULA SAMPLES
( Corrobinnie Depression:

Ferricretes on Garford Formation)

CHEMISIRY
BOU BOU BOU BOU BOU
515 ffi5 506 5M 588

Pisolitic Fragmental Matrix Fragments Fragmental
ferricrete ferricrete BOU 505 BOU 505 ferricrete

BOU
514

Ferrug.
sands

Fe203

MnO
Tioz
CaO
Kzo
Pzos
sio2
AI2O3
Meo
Na2O
ZrO
Ie.Loss

32.32

0.01
0.77

0.10
0.04
0.02

60.4
t.77
0.09
0.05
0.02
3.69

30.13

0.01
0.25

0.12
0.06
0.03

60.2

2.99

0.10
0.05
0.02
4.29

46.66

0.01
0.59

0.21
0.09
0.03

24.53

16.03
0.18
o.L2
0.04

10.98

50.7L

0.01
0.54

0.27
0.13
0.03

23.9
Lt.79

0.19
0.17
0.04
5.8

35.47

0.01
0.60

0.19
0.10

0.19
28.7

27.27
0.02
0.18
0.03
2.37

43.86
0.01
0.49

0.28
0.05
0.04

27.6
t5.47

0.17
0.18
0.04

11.00

Total 98.7 98.2 99.5 98.8 98.5 99.2

MINERALOGY

In decreasing order of abundance
Qz Hm Hm Hm
Hm Gt Qz Kt
Gt Qz Kt Qz
Kt Kt Gt GI
St St An An
Hl Vm Vm

Mi
An
Mh

Hm
Qz
Gt
Kt
St

Fr
Qz
Mi
Tr
St

Magnetic
reaction Y Y N YY

w
Y
V\M

Qz=quartz; Hm=hematite; Q¿=goethite; Kt=kaolinite; St=smectite ;

Mi=micas; An=anatase; Fr=felspar; Mh=maghemite; Hl=halite;
Vm=vermiculite; Tr=tourmaline; nd=not detected; v=vêrYi w=weak
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TABLE 6.6 EYRE PENINSTILA
(Corrobinnie Depression:
Lacustrine Ferricretes)

CHENIIS'TRY
SAMPLE BOU BOU BOU

573 587 579
Ferricrete Ferrug. Ferrug.

in Claypan seds under Grits
BOU 573

Fe203
MnO
TiOz
CaO
Kzo
Pzos
si02
Alzos
Meo
Na2O
ZrO

31.84
0.01
0.10

0.06
0.93
0.10

56.5

L.82

0.03
o.L7
0.06
7.3Is

8.52 23.86
nd 0.01
0.24 0.08

0.03 0.03
L.37 3.92
0.02 0.04

66.4 53.8

6.26 6.60
1.55 0.01
3.22 0.76
0.02 0.01
9.02 10.01

Total 98.9 98.9 99.2

MINERALOGY

In decreasing order of abundance
Qz Qz QzHm Hm Jr
Jr Hl Hm
Alt Alt Fr
An Jr Alt
St St

Mi
An
Fr
NJr

Magnetic
reaction N

Qz=quartz; Hm=hematite; St=smectite; Mi=micas;
An=anatase; Fr=felspar; Alt=alunite; Hl=halite;
Jr- jarosite; N-Jr=natro-jarosite; nd=not detected;
sl=sl¡U1t1.

Y
sl

N
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TABLE 6.7

Sample BOU BOU
582 5&3

Pisolitic Pisoliths
ferricrete of582

EYRE PENINSULA SAMPLES
(C orrobinnie D epression:

Pisolitic ferricretes)

CHEUIISTRY
BOU BOU BOU
õu 574 575

Matrix Pisolitic Matrix
of582 ferricrete of574

Fe203

MnO
TiOz
CaO
Kzo
Pzos
sio2
A12O3

Mgo
Na2O
ZrO
IE.Loss

29.70

0.01
1.24
0.06
0.90
0.03

60.6
3.53
0.10
0.10
0.05
3.53

15.99

0.01
0.68
0.10
0.31

0.02

66.7

6.60
o.2l
0.20
0.04
7.81

30.26

0.01
1.68
o.24
0.10
0.02

49.2

9.36
0.12
0.15
0.08
7.06

t9.94 2.00

nd nd
0.69 t.o4
0.31- 0.26
0.41 0.36

0.02 0.02

51.3 80.7

14.74 7.97
0.42 0.33
0.14 0.16
0.03 0.06
11.48 6.58

BOU
æ5

Bleached
matrix of

582

Qz
Kt
Fr

26.72

0.01
1.23

0.16
0.22
0.03

57.5

6.49
0.20
0.19
0.06
6.18

Total 99.0 99.1 98.7 98'3 99.4 99.4

MINERAT,OGY

fn decreasing order of abundance
Qu
Hm
Kt
Mh
An

Qz
Hm
Mh
Kt
Fr
An
St
Gt

Qz
Hm
Gt
Kt
Fr
Mh
An
St

Qz
Gt
Hm
Kt
St
Fr
An

Qz
Kt
Gt
Hm
An
Ic

Mi
St
Vm

An

Magnetic
reaction Y Y N Y

str
N N

Qz=quartz; Hm=hematite; Qt=goethite; Kt=kaolinite; St=smectite ;

Ivli=micas; An=anatase; Fr=felspar; Mh=maghemite; Vm=vermiculite;
Ic=interstratified clays; nd=not detected; str=strong.
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TABLE 6.8 EYRE PENINSULA
(Corrobinnie Depression:

Pisolitic Ferricretes)

CHEMISTRY
Sample BOU BOU BOU

576 577 ffi
Pisoliths Bleached Bleached
fuom 574 matrix of material

BOU 574 with nodules

Fe203
MnO
Tioz
CaO
Kzo
Pzos
sio2
Alzos
Meo
Na2O
ZrO
fE.Loss

32.12
0.01
7.76

0.22
0.11

0.03
47.8

8.56

o.l4
0.11

0.07
7.3

4.7L

nd
0.97

0.32
0.36

0.01

65.1

t6.54
0.42
0.23
0.47

11.60

7.75

nd
0.81

o.2l
0.43

0.01

61.0
20.32

0.84
0.34
0.03

t4.52

Total 98.3 100.2 100.3

MINERALOGY

Magnetic
reaction

fn decreasing order of abundance
Qz Qz QzHm Kt Kt
Gt An Mi
Kt Mi St
Mh St An
An Fr
St
Fr

Y N N

Q z =quart z; IJm=trematite ; Qf =go ethite ; Kt= kaolinite ;

St=smectite; Mi=micas; An=anatase; Fr=felspar;
Mh=maghemite; nd=not detected.
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TABLE 6.9 EYRE PENINSULA SAMPLES
(Weathering on Mt Cooper)

CHEIVIISTRY
SAIIIPLE BOU BOU BOU BOU BOU

5m 507 502 503 ru
Unweathered'Weathered Weathered Weathered, Slightly
bedrock- mottle greenish bleached bleached
porphyry material bedrock bedrock

Fe203

MnO
Tioz
CaO
Kzo
Pzos
sio2
Al2o3
Meo
Na2O
ZrO
Ig.Loss

3.65

0.11
0.81

1.56
5.81

0.29

65.2

75.79
0.77
4.43

0.08
0.79

3.58
0.01
0.65

0.10
0.06
0.01

55.2

2L.84

0.20
0.05
0.11

16.85

4.55

0.02
0.57
1.58
2.14

0.01

58.43
t7.34

0.73
1.05

0.05
13.21

t.26
0.01
o.4L

o.2l
2.52

0.01

77.8
10.78

0.16
3.20
0.06
3.00

3.72

0.02
0.37

0.13
4.00

0.01

74.9
7L.76

0.13
3.79
0.06
6.73

Qz
Fr
St
Mi
Gt

Total 99.3 98.7 99.7 99.4 100.0

MINERALOGY
In decreasing order of abundance

Fr Qz Qz Qz
Qz Kt Fr Fr
Mi St Kt St
Tr Ic St Kt
St St Ct

Mi

ctiMagne
reaction N N N

Q z =quart z; Gt=go ethite ; Kt=kaolinite ; St = s me ctite ;

Mi-micas; Fr=felspar; Ct=calcite; Tr=tourmaline.
Ic=interstratified clays; nd=not detected; v=vêrYi w=weak.

Y
w

Y
v\¡¡
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TABLE 6.10 EYRE PENINSULA SAMPLES
(Sleaford area: Mottled bedrock)

CHEMISTRY
SAMPLE BOU BOU BOU BOU

5&1 535 537 538
Mottle Bleach in Mottle in Bleach in

in granite granite gneiss gneiss

Fe203

MnO
TiOz
CaO
IKzo
Pzor
Si02
Alzog
MsO
Na2O
ZtO
Ig.Loss

19.44
0.01
0.64
0.07
0.42

0.19
51.3
16.60

o.47
7.24
0.08
9.27

4.72

nd
1.35

0.07
0.68

0.18

57.1

22.92
o.49
1.42

0.09
70.24

16.95
nd
0.80
0.34
0.46
0.05

46.3
23.41

0.58
0.39

0.04
10.31

1.00

nd
0.94
0.28
0.79
0.04

49.3

29.37

0.72
0.69
0.03

16.50

Total 99.7 99.6 98.7 99.6

MINERALOGY

fn decreasing order ofabundance
Qz Qz Kt Kt
Kt Kt Qz Qz
Hm Fr Hm Mu
Mi Mi Mi HI
Hl Hl Fr St
Gt An An An
Fr St Ic

Magnetic
reaction N N NN

Qz-quartz ; Hm=hematite; Qf =goethite; Kt=kaolinite;
St=smectite; Mi=micas; An=anatase; Fr=felspar;
Mu=muscovite; Hl=halite; Ic=interstratifìed clays;
nd=not detected.
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TABLE 6.11 EYRE PENINSULA SAMPLES
(Sleaford area: Pisoliths and

pisolitic ferricrete)

CHEMISTRY
SAMPLE BOU BOU BOU

536 532 533
Surface Pisolitic Pisolitic
pisoliths ferricrete ferricrete

Fe203

MnO
fioz
CaO
Kzo
Pzos
sio2
AlzOs
MeO
Na2O
ZrO
Trr-T,oss

43.69

0.02
0.46
0.15
0.37
0.04

43.2

7.43
0.22
0.19

0.04
2.84

13.11

0.01
0.63
0.17
0.42
0.04

62.3

17.29
0.27
0.14

0.05
5.11

18.71

0.02
0.63
0.03
0.51

0.05
67.2

8.66
0.10
0.08

0.05
3.18

Total 98.7 99.5 99.2

MINERALOGY
In decreasing order of abundance

Qz
Kt
Hm
Gt
St
Mh
An
Gb

Kt
Qz
Hm
Mi
Fr
An

Qz
Hm
Mh
Kt
Fr
An

Magnetic
reaction Y

str
Y N

Qz=quartz; Hm=hematite; Qt=goethite ; Kt=kaolinite;
St=smectite; Mi=micas; An=anatase; Fr=felspar;
Mh=maghemite; çþ=gibbsite; str=strong.
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TABLE 6.12

SAMPLE BOU
567
Red

Mottle
in grits

EYRE PENINSTILA SAMPLES
(Mottled materials)

CHENIISIRY
BOUBOU

568
Yellow
Mottle
in grits

569
Red

Mottle

BOU
570
Yellow
Mottle

BOU
571

Bleached
Material

Fe203

MnO
TiOz
CaO
Kzo
Pzos
sio2
Al203
Mgo
Na2O
ZrO
Is.Loss

tt.M
.nd

0.37
0.07
o.o2
0.02

84.1

t.32
0.05
nd

0.02
2.19

Qz
Hm
Gt
Kt
St
Mh

8.69
0.03
0.24
0.10
0.06
o.02

85.6
2.49

0.10
0.04

0.02
2.76

47.32
0.02
0.11

0.10
0.06
0.06

25.8

11.37
0.31
0.80
0.02

t2.75

t6.54
0.03
1.73

0.06
0.10
0.02

42.0

21.38

o.M
1.37

0.07
r5.64

1.38

0.02
7.29
0.03
0.r-5

0.02

65.7

18.66
0.39
1.13

0.05
10.85

Kt
Qz
St
HI
An

Total 99.7 100.1 98.3 99.3 99.7

MINERATJOGY

In decreasing order ofabundance
Qz Gt Kt
Gt Hm Gt
Kt Qz Qz
St Kt Fr
Vm Hl Hl
Hm Mh

Magnetic
reaction Y

wsl
N

Qz=quartz; Hm=hematite ; Gt=goethite; Kt=kaolinite;
St=smectite; An=anatase; Fr=felspar; Mh=maghemite;
Hl=halite; Vm=vermiculite; nd=not detected; v=verYi sl=slight

NY
vsl

N
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TABLE 6.13 EYRE PENINSTILA SAMPLES

(Koppio Quarry: Weathered (Flinders Highway)
and mottled bedrock)

CHEMISTRY
SAMPLE BOU BOU BOU BOU BOU

&u M2 &17 555 5ffi
Weathered Weathered Mottled Mottled Bleached

Granite Br-bleach Bedrock Bedrock Bedrock

Fe203

MnO
Tioz
CaO
Kzo
P2C5
sio2
Al203
Mgo
Na2O
ZrO
Ig.Loss

0.61

nd
0.14

0.03
0.84

0.04
7L.4
19.48

0.08
0.11

0.01
7.20

0.72

o.02
0.71

0.02
0.23

0.05
68.4
2t.75

0.09
0.15
0.09
8.58

1.91

nd
0.88

0.01
0.18

0.03
63.5
23.85

0.05
0.11

0.08
9.49

50.65
0.02
0.45

0.89
0.91

o.o2
30.5

8.02

o.l2
0.11

0.02
6.73

Hm
Qz
Gt
Mi
Kt

3.18
nd

0.54

66.16
0.77
0.02

18.5

5.66

I.27
0.14

0.02
36.70

Total 100.0 100.2 100.1 98.5 97.6

MINERAI,TOGY

fn decreasing order of abundance
Qz
Kt
Mu
St

Kt
Qz
St
Mu
An

Ct
Qz
Mi
St
Kt

N

Kt
Qz
St
Hm
An
cr

Magnetic
reaction N N N N

Qz=quartz; Hm=hematite; Çf=goethite; Kt=kaolinite;
St=smectite; Mi=micas; An=anatase; Mu=muscovite.
Ct=calcite; nd=not detected.
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TABLE 6.14

SAMPLE BOU
559

Mottled
Bedrock

EYRE PENINSULA SAMPLES
(Mottled zones: Tumby Bay-

Cummins road cuts)

CHENIISIRY
BOU BOU
560 561

Bleached Bogiron
Bedrock ore

BOU
562

Mottled
Bedrock

BOU
ffi

Bleached
Bedrock

Fe203

MnO
TiOz
CaO
Kzo
Pzo¡
sio2
Al203
Meo
Na2O
ZrO
Is.Loss

35.65

0.01
0.68

0.06
t.32
0.03

4t.7
11.50

0.25
0.26
0.03
7.08

2.39

0.01
1.66
0.09
3.01

0.02

63.9

2L.64

0.51
0.15
0.04
7.86

78.59

0.05
0.02

0.05
0.02
1.16

L.7

1.80

o.o2
0.06
nd

14.05

33.22
0.02
0.48
nd

0.03
0.03

29.8

19.85

0.06
0.33
0.02

13.58

2.ro
0.01
0.99
nd

0.05
0.01

48.50

31.76
0.11
0.58
0.04

t5.64

Kt
Vm
HI
An
Qz

Total 99.1 99.7 97.5 97.4 99.8

MINERALOGY

Qz
Hm
Gt
Kt
Mi
St
An

In decreasing order of abundance
Qz Gt Gt
Mi Hm Hm
Kt Ic Kt
An Qz
St

N N
Magnetic
reaction N N N

Qz-quartz; Hm=hematite; Q¿=goethite; Kt=kaolinite ;

St=smectite; Mi=micas; An=anatase; Hl=halite;
Vm=vermiculite; Ic=interstratified clays; nd=not detected.
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TABLE 6.15
EYRE PENINSULA SAMPLES
(Weathered profi.le: Tumby Bay-
Cummins Road cut, near tower)

CHENIISTRY
SAMPLE BOU BOU BOU

566 565 8M
Mottled Ferricrete Ferricrete
Bedrock

Fe203

MnO
TiOz
CaO
Kzo
Pzor
sio2
Atzos
Mso
Na2O
ho
Is.Loss

40.93

0.01
o.45

0.08
0.67

0.02
29.L

t6.M
o.23
0.30
0.01

10.27

36.72

0.02
0.18

0.18
0.05
0.05

37.9
t4.2L

0.06
0.03
0.01
9.99

47.73

0.04
1.33

0.03
0.04

0.03
15.8

18.59

0.05
0.06
0.03

13.38

Total 98.5 99.3 97.1

MINERALOGY
In decreasing order ofabundance

Hm Hm Gt
Qz Qz Hm
Kt Gt Kt
Gt Kt Qz
Mi Vm
An

Magnetic
reaction N N N

Qz=quartz; Hm=hematite; Qf=goethite;
Kt=kaolinite; Mi=micas; An=anatase;
Vm=vermiculite.
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TABLE 6.16
EYRE PENINSULA SAMPLES

(Koppio Quarry area)

CHEIVIISTRY
SAMPLE BOU BOU BOU

539 eÁo Mg
Pisolitic Hematitic Hematitic
ferricretequartzite quartzite

(weathered) (fresh)

Fe203

MnO
TiOz
CaO
Kzo
Pzos
sio2
Alzog
Meo
Na2O
ZrO

51.70

0.03
L.26

0.05
0.05
0.06

13.0

22.60

0.04
0.06
0.02
9.08

60.69

0.04
0.10

0.03
0.03
0.29

30.0
2.L9

0.04
0.08
nd
4.99

47.06

0.02
0.07

0.03
0.02
o.4l

46.48

2.2L

0.03
0.04
0.02
3.30IE. SS

Total 97.9 98.5 99.7

MINERALOGY

In decreasing order of abundance
Hm
Qz
Gt
Kt
St
An

Magnetic
reaction

Hm
Qz
GT
Mh
Kt
Vm

Y

Hm
Mh
Gb
HI
Qz
Bm
Vm

YY
vstr

Qz=quartz; Hm=hematite; Qf=goethite;
Kt=kaolinite; St=smectite; An=anatase;
Mh=maghemite; çþ=gibbsite; Hl=halite;
Vm=vermiculite; Bm=boemite; nd=not detected;
v=v€rYl str=strong.
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TABLE 6.17

SAMPLE BOU
b4lõ

Pisolitic
F/crete

EYRE PENINSULA SAMPLES
(Ferricretes in Tod River

Valley area)

CHENIISTRY
BOU BOU
M6 547

Pisolitic Pisolitic
F/crete F/crete

BOU BOU
ffin

Pisolitic Pisolitic
F/crete F/crete

Wanilla CP

Fe203

MnO
Tioz
CaO
Kzo
Pzo¡
sio2
Al2O3
Meo
Na2O
ZrO
Ig.Loss

35.2t
0.01
1.05
0.02
0.04
0.04

27.33
25.49

0.05
0.01

0.03
t5.75

10.24

0.01
0.90

0.05
0.10

0.02
79.1

6.15

0.09
0.04
0.03
2.80

32.2L

0.02
0.95

0.01
0.01

0.02
19.1
28.72

0.04
0.02
0.02

t7.43

25.55

0.01
0.82

0.01
0.03
0.02

22.9
30.88

0.03
0.04
0.02

19.12

19.37

0.01
0.69
0.01
0.05

0.03
31.39
29.04

0.03
0.03
0.04

L8.49

Total 99.0 99.5 98.5 99.4 99.1

MINERALOGY

Gt
Gb
Qz
Hm
Kt
An

fn decreasing order of abundance
Qz Gb Gt
Hm Qz Qz
Kt Hm Gb
St Gt Hm
An Kt An
Mh An St

Mh

Y Y N

Gb
Qz
Hm
Gt
KI
An
Bm
St
Mh

Magnetic
reaction N Y

sl

Qz=quartz; Hm=hematite ; Qf =goethite; Kt=k_aolinite;
St=smectite; An=anatase; Mh=maghemite; Gb=gibbsite;
Bm=boemite; sl=slight.
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TABLE 6.18 EYRE PENINSULA SAMPLES
(I{nott Hilt & Yallunda FIat)

CHENIISTRY
SAMPLE BOU BOU BOU BOU

551 550 552 572
Nodular Nodules Soil with Pisolitic
ferricrete in soil nodules ferricrete

Fe203

MnO
TiOz
CaO
Kzo
Pzos
sio2
Alzos
Meo
Na2O
ho
Is.Loss

35.63

0.04
0.88

0.01
0.19
0.02

22.05

24.79

0.02
0.04
0.01

15.03

4t.43
0.03
1.05

0.02
0.05
0.03

2t.9
22.1

0.03
0.06
0.01

12.22

21.0t
0.04
1.36
0.06
0.23
0.02

32.8
28.04

0.12
0.10
0.02

13.95

45.32

0.04
0.54

0.05
0.27
0.03

36.2

8.52
0.08
0.04
0.03
7.39

An
Fr
Mh

Total 98.7 98.9 97.8 98.5

MINERALOGY

In decreasing order ofabundance
Gt Kt Gt Hm
Hm Gt Kt Qz

Qz Gt
Hm Kt

Hm
Qz
An

Qz
Gb
Kt
An

GbIc
An

Magnetic
reaction N N N Y

Qz=quartz ; Hm=hematite; Qf=goethite; Kt=kaolinite ;

An=ánatase; Fr=felspar; Mh=maghemite;
Ic-interstratifi ed clays; Qþ=gibbsite.
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TABLE 7.1 \A/ESTERN OTWAY BASIN SAMPLES

SAMPLE BOU
222

Fermg.
Sandstone

CHENIISITRY
BOU BOU BOU
227 220 %6

Weathered (Bleached)
Basement (Bedrock)

Fe203

MnO
Tioz
CaO
Kzo
Pzor
sio2
Alzos
Mso
Na2O
ZrO
Ig.Loss

31.54
0.06
0.08

0.07
0.04
0.16

57.1

2.93

0.06
nd
0.04
7.L7

t4.62
0.02
0.74

0.07
2.68

0.26

53.2

15.15

0.98
1.68

0.02
10.39

2.83

0.01
0.87

0.07
2.96

0.03

63.0
77.56

0.91
1.55

0.03
9.69

0.94
0.01
0.95
0.03
0.35

0.01

88.1

6.47

0.16
0.06

Total 99.2 99.8 99.5

MINERALOGY

In decreasing order ofabundance
Qz
Gt
Hm
St

2.73

99.8

Qz
St
Kt
Fr
Mi
Ic
An

N

Qz
Fr
Gt
Mi
Vm
St
Ic
Kt

N

Qz
Fr
Mi
Kt
St
Ic

N
Magnetic
reaction Y

wsl

Qz=quartz ; Hm=hematite; Q¡=goethite; Kt=kaolinite;
St=smectite; Mi=micas; An=anatase; Fr=felspar;
Mh=maghemite ; Mu=muscovite; 6þ=gibbsite; Alt=alunite;
Hl=halite; Ct=calcite; Vm=vermiculite;
Im=ilmenite; Ic=interstratified clays; nd=not detected;
v=v€ryl sl=slight.



TABLE 7.2 WESTERN OTWAY BASIN SAMPLES

CHEVIISTRY
(Noss Mesa - Casterton) Coleraine Noss

SAMPLE BOU BOU BOU BOU BOU
201 2.02 208 209 230

F/crete (Bedrock) F/crete Magnetic
(Mottles) Clasts

468

(Killara BlufÐ
BOU BOU
228 22!)

(Pebble Point Fm)
(Ferr. Limestone)

Fe203

MnO
Tioz
Cao
Kzo
sog
Pzos
sio2
At203
Meo
Na2O
ZrO
Is.Loss

35.26

0.04
0.67
0.11
0.25
0.03

0.09

39.2
12.36

0.22
0.03

12.86
0.01
0.32
0.03
0.27

nd
0.03

75.7
5.26
0.13
0.07

4.57

99.2

6.42

0.01
7.02

0.06
0.23
nd
0.01

72.4
12.45

o.2L
0.06

36.39

0.04
7.78

0.04
0.19
0.02

0.2r
40.9

70.24

0.11
.01

8.63

50.94

0.03
0.43
0.03
0.07

48.56

0.06
0.40
0.01
0.52

44.90

0.03
o.4l
0.02
0.28

0.08

33.9
10.46

0.05
0.02

0.06
2.70

0.83

22.9

8.68
0.51
0.10

0.03
76.45

0.47

36.0

4.39

0.17
0.02
0.06

12.t76.69

99.5Total 99.5 98.8 99.1 98.9

MINERALOGY

In decreasing order of abundance
Qz Qz Hm Gt
Hm Gt Qz Qz
Gt Hm Mh Kt
Kt Kt St Vm
An An Vm Fr
St Mi

N
wstr wvw

Gt
Qz
Fr
Kt

Qz
Gt
Hm
KI
St
Ic
Fr

Qz
Hm
Gt
Kt
St
Ic
Vm
Mi
An

Magnetic
reaction N YNYNN

Qz=quartz ; Hm=hematite ; Çf = goethite ; Kt=kaolinite ; St= smectite ;

Mi=micas; An=anatase; Fr=felspar; Mh=maghemite; Mu=muscovite.
çþ=gibbsite; Alt=alunite; Hl=halite; Ct=calcite; Vm=vermiculite;
Im=ilmenite; Ic=interstratified clays; nd=not detected; v=v€ryi str=strong;
\M=Weak.
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TABLE 7.3 WESTERN OTWAY BASIN SAMPLES

CHEMISTRY
SAMPLE BOU BOU BOU BOU BOU

221 225 226 223 227
(Compton Conglomerate) (Ferricrete)

(Mount Gambier) (Crawford) (Casterton)
(River) (Bridge)

BOU BOU
210 203

(Ferrug. Sediments)
(Coleraine) (Cawkers

Creek)

Fe203

MnO
SiO2
CaO
Kzo
sos
Pzos
sio2
Al203
Mgo
Na2O
ZrO
Ie.Loss

TotaI

53.57

o.L4
0.20
0.89
0.91

39.47
0.06
0.53
0.10
0.25

65.10

0.26
0.16
1.88
0.20

33.44

0.04
0.25

0.04
o.32

17.9t
0.03
0.28
0.06
0.34

26.89

0.01
0.44

0.03
0.16
0.01

0.02
58.8

7.26

0.09
0.10

5.54

99.3

7.44

.nd
0.44
0.10
0.14
nd
0.02

74.t
8.4L

0.10
0.04

1.17

16.0
8.88
T.4T
0.10

0.02
15.92

0.11

47.7
6.09

0.08
0.06

0.05
4.7t

Qz
Hm
Mh
Fr

Y
str

0.92

7.3

4.39

7.49
0.12

0.02
16.45

o.2t
49.4

5.51

o.t4
0.11

0.02
9.13

0.13

69.1

4.33

0.22
0.20

0.04
6.68

99.2 99.2 98.3 99.1 99.3

MINERAI,TOGY

Gt
Qz
Mi
KI
Ic

In decreasing order ofabundance
Gt Qz Qz Qz
Qz Gt Gt Hm
Ct Gb Fr Gt
Kt Kt Kt Kt
Vm St Mi St

St Vm
Vm

N

Qz
Gt
Kt
Mi
St
Ic

N
Magnetic
reaction N NYN

wvsl

Qz=quartz; Hm=hematite; Çf =goethite; Kt=kaolinite; St=smectite ;

Mi=micas; An=anatase; Fr=felspar; Mh=maghemite; Mu=muscovite.
çþ=gibbsite; Alt=alunite; Hl=halite; Ct=calcite; Vm=vermiculite;
Im=ilmenite; Ic=interstratifi.ed clays; nd=not detected; str=strong; v=very;
sl=slight.
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TABLE 7.4 TWESTERN OTWAY BASIN SAMPLES
(PISOLITI{S)

CHENIISIRY
SAMPLE BOU BOU BOU BOU

2(M 205 207 277
TaringtonBranxholme (SurreyRiver)

Fe203

MnO
fioz
CaO
Kzo
sos
Pzor
sio2
Alzos
Mgo
Na2O
ZrO

48.63
0.03
1.69
0.06
0.07

0.02

0.05
t9.4
76.21

0.13
0.06

Ig.Loss \2.87

Total 99.2

Hm
Gt
Qz
Kt
Mh
Im
Mi
St

Magnetic
reaction Y

str

6.73 5.8

56.61

0.03
1.61

0.03
0.03

0.05

0.04
t4.7
19.63

0.04
0.02

Hm
Mh
Gt
Qz
Kt
Im
Fr
Vm

54.99

0.03
0.57
0.03
0.11

0.03

0.15
25.6

tr.77
0.07
nd

Hm
Qz
Mh
Gt
Gb
KT
Fr
An

Y
str

35.6
0.04
0.29
0.05
0.05
nd
0.16

4.6
7.74
0.10
nd
0.04

10.61

Qz
Hm
Gt
Mh
Fr
Vm
St
An

99.5 99.2 99.2

MINERALOGY
In decreasing order ofabundance

Y
str

Y
str

Qz=quartz ; Hm=hematite; Qf =goethite; Kt_=kaolinite ;

St=smectite; Mi=micas; An=anatase; Fr=felspar;
Mh=maghemite ; Mu=muscovite; 6'þ=gibbsite; Alt=alunite;
Hl=hali[e; Ct=calcite; Vm=vermiculite;Im=ilmenite;
Ic=interstratified clays; nd=not detected; str=strong.
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TABLE 8.1

SAMPLE BOU BOU
400 40L

(Pisoliths)

SYDNEY SAMPLES

CHEMISTRY
BOU BOU BOU
403 404 405
Mottle Pisoliths Soil

472

BOU BOU
406 407

Vermiform Mottle

Fe203

MnO
Ti02
CaO
Kzo
sos
Pzo¡
sio2
Al203
Mgo
Na2O
ZrO
Ie.Loss

25.58

0.01-
1.36

nd
0.06

0.03
0.03

22.8

30.17
0.06
0.02
0.09

19.3

Gb
Qz
Hm
Gt
Kt
An
Vm

23.58

0.01
1.55

nd
0.08

0.03
0.03

2L.0

32.32
0.10
0.09
0.09

20.28

Gb
Qz
Hm
Gt
Kt
An
Vm
St

30.98

0.01
1.31

nd
0.05

0.03
0.04

2t.6
27.33

0.06
0.05
0.09

17.58

30.29
nd

1.60

nd
0.05

0.02

0.03
18.3

30.85
0.06
0.05
o.L2

78.62

3.61

0.01
1.01

0.01
0.13

0.01

0.02

79.9

8.50
0.72
0.04
0.09
6.11

41.02

0.01
0.99

0.02
0.06

37.79
0.01
0.87

nd
0.03

0.03

0.04

9.4

30.10
0.05
0.05

0.04

10.7
28.96

0.03
0.02
0.05

77.76

Total 99.4 99.1 99.1 100.0 99.5 99.6

2t.9

100.3

MINERALOGY
In decreasing order of abundance

Gb Gb Qz Hm
Qz Qz Gb Gb
Gt Hm St Qz
Hm Gt Kt Gt
Kt An An Kt
An Mh Gt Mh
Mh Kt Mi Vm
Vm Vm Hm

N
vstr vstr

pisoliths
in soil Y

Gb
Hm
Gt
Qz
Kt
An
Ic

Y
\¡t¡

YYY
Magnetic
reaction Y

vw
Y

40la-
pisoliths Y

401b-
matrix N

Qz=quartz; Hm=hematite; Q¿=goethite; Kt=Eaolinite ; St--smectite ;

Mi=micas; An=anatase; Mh=maghemite; Gb=gibbsite; Vm=vermiculite;
Ic= interstratified clays; nd=not detected; v=vêryi str=strong; w=weak.



TABLE 8.2 SÐNEYSAMPLES

CHENIISTRY
SAMPLE BOU BOU BOU BOU BOU BOU

408 4Og 470 417 412 4I2a
Nodular Pisolitic Vesicular Pisolitic Pisoliths Vesicular
Fe/crete Fe/crete Fe/crete Fe/crete Fe/crete

473

BOU
4t3

Soft
Mottles

Fe203
MnO
TiOz
CaO
Kzo
sos
Pzos
sio2
Al2o3
Meo
Na2O
ZrO

22.75

0.01
t.34
0.01
0.05

0.03

0.04
13.46
31.72

0.07
0.01

Is.Loss 20.2

Total 99.7

Magnetic
reaction Y

3L.27
0.01
t.r4
nd

0.07

0.02

0.03
t2.7
34.59

0.06
0.06
0.07

20.64

57.54
0.03
0.40
0.02
0.25

0.03

0.15
74.3

12.24

0.04
0.04

0.03
t4.7t

2t.93
0.01
0.91

nd
0.06

0.02
0.02

26.5

30.40

0.05
0.02

19.00
0.01
0.84
nd

o.o2

0.03

0.02
28.6

42.81

0.03
0.03

64.05
0.02
0.50
nd

0.20

0.07

0.10
11.6
13.07

0.05
0.03

1.68
nd

7.37
nd

0.t4
0.02

0.03

73.5

15.31

0.05
0.02

t9.57 7.40 10.79

100.5

6.70

98.8100.0 99.8 99.5 98.7

Qz
Kt
St
An
Ic
Fr
An
Hm

Gb
Hm
Qz
Gt
Kt
Mh
An
Vm

Gb
Hm
Qz
Gt
Kt
Mh
An
Vm

MINERAI,OGY
In decreasing order of abundance

Gt Gb Qz
Qz Qz Hm
Hm Gt Crn
Gb Hm Mh
Kt Kt Gb
Ic St Kt
Mh An Vm

Gt
Hm
Qz
Gb
Kt
An

NY N Y
w
4l1^a-

pisoliths
Y(sl)
411b
matrix N

Y
str

N

Qz=quartz; Hm=hematite; Çf=goethite; Kt=kaolinite; St=smectite; Mi=micas;
An=ãnatase; Fr=felspar; Mh=maghemite; 6[þ=gibbsite; Vm=vermiculite;
Crn=corundum; Ic=interstratified clays; nd=not detected; str=strong; w=weak.



TABLE 8.3

SAMPLE BOU BOU
4L4 4L5

Slabby Nodular
Fe/crete Fe/crete
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SYDNEY SAMPLES

CHMIISTRY
BOU BOU BOU BOU BOU
416 4L7 478 479 420

Pisolitic Pisolitic Bleached Mottled Ferrug.
Fe/crete Fe/crete HSS HSS Sandst.

Fe203

MnO
Tioz
CaO
Kzo
sos
Pzos
sio2
Al203
Mso
Na2O
ZrO
Ig.Loss

16.66

0.01
1.33

nd
0.16

0.02

0.03
37.0
28.7t
0.06
0.05
0.06

15.78

Gb
Qz
Kt
Hm
Gt
Mh
An
Vm

37.05
0.01
0.77
nd

0.13

0.05
0.04

L4.8

28.99
0.04
0.04
0.05

77.66

77.78
0.01
0.99
nd

0.03

0.02

0.02
30.0
31.10

0.04
nd
0.08

79.79

2t.93
0.10
1.04

nd
0.05

0.02
0.02

34.3
24.89

0.04
0.04
0.09

t6.67

0.19
nd

0.86
nd
0.70

0.01

0.02
89.7

5.88
0.04
0.03
0.04
1.85

4.22
nd

0.65
nd

L.40
0.03

0.07
66.1

79.22
0.14
0.02
0.04
7.06

Qz
Kt
Hm
Gt
St
An

t9.97
0.01
0.73

nd
0.29
0.02

0.04
57.5

11.59

0.04
0.04
0.05
9.46

Qz
Gt
Gb
Hm
Kt
St
Ic

Total 99.86 99.62 99.9 99.1 99'3 98.9 99.7

Gb
Qz
Hm
Gt
Kt
An
Mh

MINERATJOGY
In decreasing order of abundance

Gb Qz Qz
Qz Gb Kt
Gt Gt St
Hm Hm Mi
Kt Kt An
St St Fr
Mh An
An
Ic

N

4L6a-
pisoliths

Y
416b-

matrix N

Magnetic
reaction Y

sl
YYY

sl
N N

vstr

Qz=quartz; Hm=hematite; Qf=goethite; Kt=kaolinite; St=smeclite; Mi=micas;
An=ãnatase; Mh=maghemite; çþ=gibbsite; Vm=vermiculite;Ic=interstratified
clays; nd=not detected; sl=slight; v=v€rYl str=strong; sl- slight.
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TABLE 8.4

SAMPLE BOU BOU
42t 451

Ferrug. Maghem.
sandst. clast

SYDNEY SAMPLES

CHENIISTRY
BOU BOU
452 453
( Hawkesbury

BOU BOU
454 455

Sandstone )

Fe203
MnO
Tioz
CaO
Kzo
sog
Pzos
sio2
Al203
Meo
Na2O
ZrO
Is.Loss

0.02
92.6
4.87

0.03
0.03
0.01
L.62

22.59

0.01
0.49

.nd
0.19

0.02

0.03
50.6

14.06
0.05
nd
0.04

10.39

83.61

0.03
0.52
0.01
0.08

0.03

0.03
3.00

6.26

0.03
nd

0.03
4.58

0.32
nd
0.49
0.01
0.20

0.02

92.4
4.12

0.01
nd

0.03
2.52

t.4t
nd
0.01

0.01
0.86

0.02
90.9
4.30

0.02
nd

0.01
2.00

0.48
nd
0.74
o.72
0.65

1.39
nd

0.08
0.03
0.35

0.01

93.6
2.83

0.04
0.19
0.01
0.98

Qz
Kt
St
Mi
Ic
Fr

Total 98.5 98.2 100.1 99.6 100.5 99.5

Gt
Qz
Gb
Hm
KI
An
Fr
SI
Ic

MINERALOGY
In decreasing order ofabundance
Mh Qz Qz Qz
Hm Kt St Kt
Qz St Kt St
Vm Mi Mi Mi
Ic An Fr Ic
Mi Fr

Y
wstr

N N N
agneM cri

reaction Y
\M

N

Qz=quartz; Hm=hematite; Q¿=goethite; Kt=kaolinite; St=smectite;Mi=micas;
An=ánatase; Fr=felspar; Mh=maghemite; Mu=muscovite; Qþ=gibbsite;
Vm=vermiculite; Ic=interstratified clays; nd=not detected; w=weaki v=vêrYl
str=strong.
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TABLE 9.1 TELFORD BASIN SAMPLES

SAMPLE
CHEMISTRY

BOU BOU BOU
8889W

Voidal Sideritic Sideritic
Conc. Siltstone Siltstone

Fe203

MnO
Tioz
CaO
Kzo
Pzor
si02
Alzos
Meo
Na2O
ZrO
Ig.Loss

6t.75
0.31
0.48

0.08
o.46

1.85

t4.7L
6.70

0.72
0.33
0.04

12.30

31.08

0.21
0.46

0.48
0.46

0.25

32.7

5.91

3.43
0.20
0.01

24.62

5r.54
0.30
0.37

0.18
o.62
1.09

!2.0
6.72

0.32
0.37

Total 99.3 99.8

MINERALOGY
In decreasing order of abundance

Gt Sd Sd
Lp Qz Qz
Qz Pt Kt
Hm Kt Pt
Kt Mu Mu
St An Fr
Mu Cd(?) Cd(?)

Magnetic
reaction N N N

Qz=quartz; Hm=hematite; Gt=goethitel
Kt=kaolinite; Fr=felspar; Mh=maghemite;
Mu=muscovite; St=smectite; Sd=siderite;
p¿=pyrite; Cd=crandellite; An=anatase;
fc= randomly interstratifred clays;
Lp=lepidocrocite.
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