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SUMMARY

The Quaternary sequence from the Noarlunga and Willunga Embayments has been studied in

coastal cliff sections south of Adelaide where excellent exposures enable detailed assessment

of the mineralogy, stratigraphy and diagenesis of the Quaternary sediments. Previous

investigations of Quaternary sediments in this area have been based on limited data,

particularly with regard to mineralogical and diagenetic features and thus have had

insufficient evidence to understand the landscape history of the region.

Underlying and interhngering with basal non-marine Quaternary sediments in the Noarlunga

and Willunga Embayments is the Early Pleistocene Burnham Limestone of estua¡ine origin.

Thin beds of mottled dolomite associated with smectitic clays overlie this unit and are thought

to result from an interaction between continental Mg-rich groundwater and highly saline

waters of marine origin reflecting the transition from ma¡ine to non-marine environments.

Overlying non-marine sediments have been divided into two newly named strati$aphic units;

the Robinson Point and Ngaltinga Formations. The Robinson Point Formation comprises an

interbedded sequence of gravels, sands, silts and clays. Upward fining sedimenta¡y cycles

grading from cross-bedded gravel and sand to silt or clay are commonly observed with fine-

grained sediments in upper parts of these sedimentary cycles displaying thin vertical tubular

structures, characteristic yellow-orange reticulate mottling patterns and columnar structures

indicative of pedogenic modification of the sediments. The Ngaltinga Formation comprises

dominantly massive clays with rare lens-shaped and tabular sand bodies, particularly in

upper parts. Carbonate mottles within clays at some localities represent calcareous

palaeosols and the increasing incidence of such features in upper parts of the Ngaltinga

Formation and the presence of a thick blanket of calcareous material overlying the alluvial

sequence indicates gradual change to a drier climate. Both sedimentary units are considered

to be of fluvial origin with sands and gravels deposited in distributary channels and finer
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sediments representing suspended load deposition in more distal pars of the alluvial plain as

overbank sedimentation.

The clay mineralogy of the Quatemary sequence has been investigated in detail following

work by Callen (1976; L977) which showed that clay mineralogy was useful in determining

the origins of Tertiary non-marine sediments from northem South Australia. Kaolinite, illite

and randomly interstratified illite-smectite are the dominant clay minerals identified in

Quaternary sediments from the Noarlunga and V/illunga Embayments with lesser amounts of

hydroxy interlayered smectite, smectite and halloysite. With the exception of the latter two

minerals, all are considered to be of detrital origin and derived from the Mt l,ofty Ranges to

the east where they form the dominant clay mineral component of presenrday soils and

sediments. The proportions of clay minerals vary considerably through the sequence with

the Robinson Point Formation and coarser sediments containing more kaolinite than illite or

randomly interstratified illite-smectite and finer sediments, particularly those from the

Ngaltinga Formation, containing higher proportions of illite and randomly interstratified

illite-smectite. A study of the clay mineralogy of four size fractions <20pm indicates that

illite and expanding clays are concentrated in finest fractions <0.2pm, while kaolinite occurs

mostly in fractions >0.2pm. Thus the concentration of kaolinite in coarser sediments

appears to reflect primary sedimentation. The increasing proportion of smectitic layers in

randomly interstratified illite-smectite together with broadening of diffraction peaks for illite

in fine-grained units reflects transformation in intervals with restricted drainage where

interlayer K+ is lost from illitic layers and replaced by hydrated cations. Where smectite is

identified in fine-grained sediments from basal parts of the Robinson Point Formation which

have been subjected to pedogenesis, a similar transformation reaction from illite and

randomly interstratified illite-smectite is postulated. Thus the palaeosols formed on poorly

drained parts of the alluvial plain where high water tables existed- Development of goethitic

mottling reflects some fluctuation in the level of this water table.
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Halloysite occurs in indurated sandy sediments near the base of the Robinson Point

Formation where it is associated with elongate pods and thin seams of alunite. Both minerals

are interpreted to be of diagenetic origin. In thin section, alunite and halloysite show

evidence of stress and precipitation in cracks and such features are thought to represent

formation during exposure and desiccation of the sediments. Suppott for this is given from a

study of hydrogen isotopes by Bird et aI (1989) who suggest that alunite precipitated in

equilibrium with evaporated meteoric waters. Compared with surrounding sediments,

randomly interstratified illite-smectite and illite are depleted in intervals where halloysite is

identified and this suggests that halloysite has formed through diagenesis from these clays.

High water tables on the alluvial plains and possibly a swampy environment created reducing

conditions where H2S could be generated from sulphate in groundwaters. Oxidation of the

sediments initiated by a lowering of the water table due either to climatic changes, tectonic

uplift or lower sea level led to acidic weathering conditions where sulphuric acid generated

from H2S reacted with clay minerals. The clays provided a source of K for alunite formation

and Si and Al for halloysite formation.

Femrginous mottling is present throughout much of the alluvial sequence with the largest,

most prominent mottles developed in sandy intervals confined by clay-rich intervals where

perched water tables could exist. Petrographic evidence shows that iron appears to

precipitate at sites of localised oxidation either along cracks in finer-grained sediments or in

pores of coa¡ser sediments. Iron also replaces clay minerals in many samples. Mottling

results from reduction and mobilisation of iron followed by oxidation and precipitation at

localised sites and reflects fluctuating groundwater levels. Alteration of clay minerals under

slightly acidic conditions would make iron available to form mottles. Some silica released

during these reactions has precipitated in mottled intervals leading to induration of these

zones. Silicihcation post-dates the initiation of mottle formation and possibly relates to drier

local environments in order that Si concentrations in groundwaters were sufficiently high to

enable precipitation to occur.



xvll

Thus a study of the sedimentary and diagenetic history of the Quaternary sequence from the

Noarlunga and Willunga Embayments indicates that the sediments were deposited on alluvial

fans eminating from the Mt Lofty Ranges. Variation in the nature of the sediments, their

mineralogy and diageneúc components provide evidence for a gradual change in both the

amount of sediment available in source areas and the climatic regime prevailing during the

Quaternary period. Coarser sediments, particularly of the Robinson Point Formation, which

dominate basal parts of the sequence indicate that there was an abundant supply of sediment

in source regions due to uplift in these areas and/or a wetter climate than that which occurs in

the region today. The dominance of finer sediments in upper parts of the sequence,

particularly in the Ngaltinga Formation, and the increasing proportion of calcareous sediment

suggests a declining supply of sediment from the Mt Lofty Ranges and an increasingly arid

climate. Development and preservation of palaeosols in basal parts of the sequence indicate

episodic deposition in an aggradational environment. The presence of smectite, alunite and

halloysite in associated sediments suggests high water tables and a moist climate whereas

palaeosols in the Ngaltinga Formation dominated by carbonate mottles and the preservation

of detrital clay minerals with only minor transformation confirm conditions with limited

leaching and lower water tables.
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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

Quaternary sediments are widely distributed throughout southern Australia. They have a

conspicuous development in the major saline lake basins of the arid interior of the region, as

well as on the margins of these depositional areas as an extensive blanket containing

associated palaeosols and soils. In the southern regions, they occur as relatively thick,

generally non-marine cappings over Tertiary sediments which were widely deposited in

downfaulted basins marginal to the present coastline. Few detailed geological investigations

of these Quaternary deposits have been attempted until recent times, due partly to their poor

exposure and accessibility in most areas apart from some coastal cliff sections. On the other

hand, pedologists generally have long been aware of the importance of these sediments as

source materials for the contemporary soils and for an understanding of landscape evolution.

In the Murray Basin, recent investigation of groundwater problems by the BMR

(Stephenson 1986; Stephenson & Brown 1989) and aridity in southern Australia during the

Late Tertiary and Quaternary at ANU (Bowler 1982; Zhisheng et al 1986) has provided

additional information regarding Quaternary sediments enlarging upon earlier work

undertaken by Firman (1965) and Lawrence (1966;1976) (see Figure 1.1 for general

locations). Adjacent to the Flinders Ranges a comprehensive study of Cainszoic sediments

from the Tarkarooloo Basin has been undertaken by Callen (Callen 1976; t977: Callen &

Tedford 1976) while V/illiams (1969; 1973) has described Quaternary sediments from

piedmont regions east of Lake Torrens. Quaterna-ry sediments are well represented in the St

Vincent Basin where some of the most accessible outcrops are found in coastal cliffs.

Exposures from eastern Yorke Peninsula were described by Crawford (1965) and Stuart

(1970), from northern Kangaroo Island by Milnes et al (1983) and from the region sourh of

Adelaide by V/ard (1965; 1966), Stuart (1969) and Cooper (1985). In the Adetaide Plains

Sub-basin and adjacent areas where exposu¡e is poor, Quaternary sediments have been

described mainly from drill holes and building excavations (Firman L966; Lindsay 1969;

Taylor et al 1974; Selby &Lindsay L982).
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1.1 Purpose of the Research

With an increasing interest in regolith studies within southern South Australia, in particular

with regard to ferricretes and calcretes (Milnes et al 1985b; Milnes & Ludbrook 1986;

Phillips 1988; Phillips & Milnes 1988; Bourman 1989), an understanding of the complex

Quaternary sequences which contribute to the regolith is necessary. Some of the best

examples of Quaternary sediments in southern South Australia are found in the Noarlunga

and Willunga Embayments south of Adelaide where exposures in coastal cliffs provide an

excellent starting point for detailed research.

The initial aim of this research was to map the distribution of Quaternary sediments in these

coastal cliff sections to determine the relationship of these non-marine sediments with

underlying marine units of Late Pliocene (Hallett Cove Sandstone; Crespin 1954) and Early

Pleistocene age (Burnham Limestone; Firman 1976)- An understanding of the vertical and

lateral variation of Quaternary sediments obtained from preliminary mapping was used to

give a broad understanding of the origins of the sediments. The mapping was also used as

the basis for establishing a number of representative sections along the coastline where

detailed sampling could be undertaken. The second aim of the research was to sample the

chosen sites in detail and undertake sedimentological, mineralogical and stratigraphic studies

of the sediments. Size analyses, clay mineralogical determinations and observation of heavy

mineral suites were undertaken to confirm the validity of initial stratigraphic subdivisions

made on the basis of freld mapping and to provide data on which to assess the origins of the

sediments. The third aim of the thesis was to identify features relating to the diagenetic

alteration of the sediments and to determine the timing of these diagenetic events. Iron

minerals, alunite, halloysite and palaeosols were identified and their detailed characteristics

and distribution studied. Thus a comprehensive understanding of both the initial

environments of deposition and post depositional changes was obtained. The landscape

history determined for the study area provided the basis for comparison with work

previously undertaken in the Noarlunga and Willunga Embayments and other nearby areas.
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1.2 Geological Framework of the Region

Much of southern South Australia is dominated by Precambrian and Cambrian bedrock

which forms the highlands of the Mt I-ofty, Flinders and Gawler Ranges (Figure 1.1). The

Gawler Ranges are part of Early Proterozoic basement volcanics, granites and gneisses

which form the Gawler Craton and extend over most of Eyre and Yorke Peninsulas

(Ludbrook 1980; Parker et al 1985). The structure of the bedrock underlying the Mt Lofty

Ranges is essentially a broad-scale, overturned anticlinorium composed of a core of Early

Proterozoic basement gneisses overlain by Late Proterozoic and Cambrian metasediments.

The structure is overturned to the west with the normal limb on the east @aity et al1976).

In the southern Mt Lofty Ranges, on Fleurieu Peninsula and Kangaroo Island the

Proterozoic and Cambrian metasediments are of andalusite grade and have been extensively

intruded by granites (Offler & Fleming 1968, Milnes et al 1977). To the north, the Mt Lofty

Ranges extend into the Flinders Ranges which consist of equivalent folded but essentially

unmetamorphosed sedimentary rock sequences with the Mt Painter Inlier of basement

granites and metamorphics occurring in the far northeast (Ludbrook 1980; Preiss 1988).

No further record of sedimentation in southern South Australia is found until the Permian

when there was widespread deposition of glacigene sediments. These sedirnents now crop

out over much of Fleurieu Peninsula where they are preserved in valleys originally cut by the

action of glaciers, or are preserved at depth in a number of basins in the region (Ludbrook

1980). Following the Permian, much of the region appears to have remained above sea level

until the early Tertiary, during which time extensive weathering of the exposed land surface

produced a deep regolith including a complex of soil materials and ferricretes (Milnes et al

1985b). Deposition during the Cretaceous was extensive in northern South Austalia but to

the south was confined to isolated areas such as the Eucla, Polda and Otway Basins and the

Renmark Trough (Wopfner 1972).
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During the Early Tertiary, widespread sedimentation commenced in intracratonic basins

formed by downfaulting (Wopfner 1972; Ludbrook 1980; Falvey & Mutter 1981). In the

Lake Eyre and Tarka¡ooloo Basins, the sediments were deposited exclusively under fluvial

and lacustrine conditions. In basins marginal to the modern coasts such as the St Vincent,

Eucla and Otway Basins, the sediments were initially fluvial clastics derived from the

adjacent highlands, but later, in the Middle Eocene, marine conditions prevailed. The onset

of marine deposition in the Munay Basin did not take place until the Oligocene. A

widespread regression exposed most of the southern areas to continental conditions once

more during the Middle Miocene while marine transgressions during the Early and Late

Pliocene and the Early Pleistocene a¡e recorded by thin fossiliferous marine limestones in the

southern basins. Subsequently, however, the basins were sites of non-ma¡ine sedimentation

widely represented by sands and clays @aily et al 1976; Ludbrook 1980; Cooper 1985). In

many near-coastal regions, extensive aeolian calcarenites form major dune sequences with

ass<rciated calcretes and palaeosols. The blanket of carbonate silt which covers much of the

adjacent continental a¡ea and obscures the older Quaternary and Tertiary sequences may have

been derived from these calcarenite sequences (Crocker 1946; Milnes & Ludbrook 1986).

1.3 St Vincent Basin

The St Vincent Basin is one of the more important and well studied intracratonic sedimentary

basins in southern Australia, occupying a region between the eastern edge of the Gawler

Craton (Yorke Peninsula) and the Mt Lofty Ranges, and extending southwards onto the

northernmarginsof Kangaroolsland(Figure 1.1). Theeasternmarginsof thebasinare

marked by a series of arcuate faults which bound several embayments or sub-basins

including the Adelaide Plains Sub-basin and the Golden Grove-Adelaide, Noarlunga and

Willunga Embayments (Daily et al 1976). The basin has a long history of sedimentation

which has been summarised by Cooper (1985), beginning in the Early Eocene with non-

marine clastics followed by marine sediments of Eocene to Middle Miocene age. Further

marine and estuarine limestones were deposited during the Late Pliocene and Early

Pleistocene times, culminating in the deposition of relatively thick and extensive non-marine
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clays and sands throughout the Pleistocene and Holocene. The sedimentary sequences are

well exposed in the coastal cliffs of eastern Yorke Peninsula (Crawford 1965; Stuart 1970),

parts of northern Kangaroo Island (Milnes et al 1983) and the region south of Adelaide

(Ward 1966; Stuart 1969; Ludbrook 1980; Cooper 1985). The latter comprises the sequence

investigated in the present study and was chosen on the basis of good exposure and access.

Marine sediments of Tertiary and Early Pleistocene age are also well represented in these

coastal exposures and hence provide recogniseable strata from which to define the overlying

non-marine sediments.

1.4 Detailed Late Cainozoic Geology of the Eastern Part of the St Vincent

Basin

A series of embayments or sub-basins mark the eastern margin of the St Vincent Basin (Fig

I.2). The present investigation deals with sedimentation in the Noarlunga and Willunga

Embayments where there is best exposure of the Cainozoic sediments. As in other parts of

the St Vincent Basin, sedimentation in these embayments commenced in the Early Eocene

with deposition of non-marine sands and clays of the North Maslin Sand and subsequent

marginal marine sediments of the South Maslin Sand (Daily et al I976; Cooper 1985).

Marine sediments of Late Eocene to Middle Miocene age followed and have been described

from coastal cliff sections in the Noarlunga and V/illunga Embayments (Reynolds 1953;

Glaessner & V/ade 1958; Lindsay 1967; 1970; Cooper 1985) and from drilling in the

Adelaide Plains area (Lindsay 1969). Marine sedimentation re-commenced in the Pliocene

with deposition of the Croydon Facies (Ludbrook 1963), the Hallett Cove Sandstone and

Dry Creek Sands (Crespin 1954; Lindsay 1969) and Burnham Limestone of Early

Pleistocene age (Firman 1976). Widespread non-marine deposition followed in the

Quaternary and it is these sediments which form the basis of the present study.
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Marine units of Pliocene and Early Pleistocene age immediately underlie Quaternary

sediments in the Noarlunga and Willunga Embayments and hence define the base of the

sequence discussed in this thesis. In order to understand the landscape development

represented by these sediments, an understanding of the relationship between the final

ma¡ine sediments and subsequent non-marine sequence is necessary. A review of sediments

of this age has therefore been undertaken.

Early Pliocene sedimentation has been recognised from bores in the Adelaide Plains Sub-

basin where shallow marine-bay deposits consisting of bryozoal silts and clayey quartz

sands have been named the Croydon Facies (Ludbrook 1963: Lindsay 1969). They have

not been reported from the Noarlunga or Willunga Embayments but sediments of similar age

were recognised in outcrop on Kangaroo Island by Milnes et al (1983).

A warm, shallow sea extended into the St Vincent Basin during the Late Pliocene Qally et al

1976) and shelly sands with bands of fossiliferous calcareous sandstone were deposited in

the Adelaide Plains Sub-basin. These were nÍìmed the Dry Creek Sands by Glaessner

(1951) and their distribution and properties discussed in more detail by Lindsay (1969).

They have not been reported from the Noarlunga or Willunga Embayments.

Fossiliferous quartz sandstones and sandy limestones commonly crop out in the Noarlunga

and Willunga Embayments as thin remnants up to two metres thick and were named the

Hallett Cove Sandstone (Crespin 1954). The sandstone is thought to be interbedded with

and overlie the Dry Creek Sands in the Adelaide Plains Sub-basin (Lindsay 1969; Selby &

Lindsay 1982). In coastal cliffs near Ochre Cove, Glaessner & Wade (1958) and Stuart

(1969) reported Pliocene sediments consisting of a fossiliferous, femrginous conglomerate

containing the foraminifer Margínopora vertebralis and lamellibranch fragments. Stuart

noted simila¡ sediments at a number of isolated localities from Ochre Cove to Ochre Point

where they are poorly exposed and unconformably overlain by unconsolidated sediments.
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Ward (1966) also reported a conglomerate from Sellicks Beach and regarded it as a facies of

the Hallett Cove Sandstone.

Fossiliferous calcareous sandstones wefe f,rst reported to occur nea¡ the 91 metre contour

about 1.5 km east of Hallett Cove and corelated with simila¡ calcareous sandstones of

Pliocene age which crop out at the coast by Howchin (1923). Sp.igg (1942) again described

the inland occurrences and correlated them with simila¡ sediments which were exposed west

of Hackham and northeast of Noa¡lunga, near the Noa¡lunga Trigonometrical Station

(Noarlunga Ttig). He proposed an aeolian environment of deposition for these sediments

which he also considered may be post-Pliocene in age. Ludbrook (1963) observed that the

fossils from this unit belonged to the Arndontia fauna and hence indicated a Pliocene age for

the sediments and correlated them with the Hallett Cove Sandstone.

Ward (1965; 1966) rejected the palaeontological evidence and suggested that the

fossiliferous beds were of Early Pleistocene age, because at their southernmost exposure

they are overlain by mottled sands, gtavels and conglomerates resembling his Ochre Cove

Formation. Such an interpretation afforded good agreement with V/ards proposed sea level

scheme. Twidale et al (1967) disagreed with Ward's interpretation and reiterated ea¡lier

evidence which suggested that these beds were deposited in a strandline environment during

the Late Pliocene. Stuart (1969) concurred with Twidale et al and suggesred that the

underlying mottled sediments at Noarlunga Trig could also be of Pliocene age on the basis of

the known sfratigraphy of other Tertiary sediments.

Recently, renìnants of the fossiliferous beds east of Hallett Cove have been resampled and

preliminary micropalaeontological examination carried out by Ludbrook suggests an Early

Pliocene age (Milnes pers. comm.). Sediments of this age have not prer/iously been

reported from the Noarlunga and Willunga Embayments, although Early Pliocene silts have

been reported from bores in the Adelaide Plains Sub-basin (Croydon Facies of Lindsay

1969). Un-named Early Pliocene sediments are described from Kangaroo Island by Milnes
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et al (1983) and the Bookpnrnong Beds or basal Loxton Sands of the Murray Basin may

also be of this age (Stephenson & Brown 1989).

Firman (1976) first named and described the Burnham Limestone from its type location at

Kingston Park where it comprises pale grey micritic limestone with some manganese

staining and includes clasts derived from the underlying Hallett Cove Sandstone. A

supplementary section was defined at Port Willunga. Ludbrook (1983) studied the

molluscan fauna of both the Burnham Limestone and the equivalent Point Ellen Formation

from Kangaroo Island. She stated the the fauna were indicative of an intertidal environment

of estua¡ies and sandy or muddy flats of sheltered bays and suggested an Early Pleistocene

age on the basis of the molluscan fauna. Uncertainty still exists regarding whether the

Hartungia species used by Ludbrook to define the age of the Burnham Limestone is

restricted to the Early Pleistocene due to the position of the Plio-Pleistocene bounda¡y being

ill-defined (Lindsay pers. comm.). In addition to several sites in the Willunga Embayment,

Ludbrook also reported the Burnham Limestone from Hallett Cove and O'Sullivan Beach in

the Noarlunga Embayment. The Burnham Limestone has also been recognised from d¡ill-

holes in the Adelaide Plains Sub-basin (Lindsay 1969; Selby & Lindsay 1982). At Maslin

Bay, Stuart (1969) reported that sediments subsequently assigned to the Burnham Limestone

graded laterally into sands and clays of the Seaford Formation (defined by rMard 1966).

Ward (1966) had interpreted these sediments to be equivalent to the Hallett Cove Sandstone,

however Twidale et al (1967) suggested that at this locality an un-named limestone of

Pleistocene age (the Burnham Limestone) occurred between the Hallett Cove Sandstone and

Seaford Formation.

A review of available literature suggests that the final marine sediments prior to widespread

non-marine deposition are of estuarine origin. There is also evidence to suggest a

gradational change from the Burnham Limestone to subsequent non-marine sediments at

Maslin Bay (Stuan 1969) and hence careful consideration should be given to defining the

nature of this contact. Thus the identification of the Burnham Limestone at Maslin Bay
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suggests that re-evaluation of 'Wa¡d's conclusions regarding the origin and age of basal pars

of the Quaternary sequence should be undertaken.

1.4.2 Stratig¡aphy of Sediments Overlying Pliocene Marine Deposits

Several studies of the non-marine Quaternary succession from the eastern margin of the St

Vincent Basin have been undertaken. Such work has generally been of a descriptive and

stratigaphic nature and is summarised in Table 1.1. As no fossils have been reported from

the non-marine sediments, it is diff,rcult to correlate units defined from the various studies.

However, it is considered that the table represents a useful summary of the evolving

stratigaphic concepts for the region.

Tate (1878) provided one of the first descriptions of sediments from the Port Willunga area

in the Willunga Embayment as part of a broad study of Tertiary corals exposed in cliffs

along the River Murray near Mannum and at Aldinga Bay. Fifteen metres of unfossiliferous

clays overlying the marine sediments at Aldinga were considered by Tate to be of possible

lacustrine origin and simila¡ to clays he had studied along the River Murray.

Howchin (1923) described sediments exposed along 41 km of coastline south of Adelaide

and distinguished two Quaternary units, separated by an erosional contact', which were

continuous for much of the coastline surveyed. The older unit, which he named

"Pleistocene Clays", was described as strongly mottled, red and grey, tough, plastic or

argillaceous, sand rock. "Recent Clays" formed the younger unit, which was reddish in

colour, less compact than the older clays and contained minor sand and gtavel.

Segnit (1939), surveyed the coast south of Moana from Ochre Cove to Ochre Point and

described the sequence of clays, sands and gravels to which he assigned a Late Tertiary to

Early Pieistocene age near Ochre Poinr
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Sprigg 0942) described the geology of the Eden-Moana fault block and adjacent Noarlunga

Embaymenr Although he did not suMivide the Quaternary deposits, he suggested that they

were a product of erosion of Oligocene and Miocene sediments which occurred to the north

of the embayment. He reported that clays were dominant at the coast, but noted coarser

sediments including well bedded sands towards the base of the deposits as well as in a

northerly direction along the coast.

In the Willunga Embayment, Campana & Wilson (1953) and Reynolds (1953) described

sediments equivalent to those discussed by Sprigg. At Sellicks Beach, adjacent to the

V/illunga Fault, coarse sub-horizontal alluvial formations considered to be Upper Pliocene to

Pleistocene in age were recognised by Campana & V/ilson (1953). Away from the V/illunga

Fault, Reynolds (1953) identified two fine-grained units of probable Pleistocene age which

were similar to those of Howchin (1923). Reynolds also described a thin layer of calcrete

overlying the uppermost clays and suggested that the calcrete mantled the landscape.

An overview of the geology of the whole St Vincent Basin was given by Glaessner & Wade

(1958) who highlighted the lack of information then available on Quaternary events in the

basin. The authors indicated that, in places, fossiliferous limestones were interbedded with

unfossiliferous sands and gravels of probable non-marine origin which then passed upward

into mottled sands and clays. A lack of fossils in these upper beds prevented a definite

assessment of age, although Late Pliocene to Pleistocene was considered probable.

The most detailed work involving the Pleistocene successions of the study region was

caried our by Ward (1965; 1966; 1967) in the context of a study of landscape history and

soil development. Concurrently, Firman (1966) described and named Quaternary

sedimentary units in the Adelaide Plains Sub-basin and developed stratigraphic temrinology

which differed from Ward. No attempts were made to establish a coherent approach to this

problem.
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Ward (1965; L966, p.25) proposed one stratigraphic unit of Pliocene age; the Seaford

Formation which he defined as "moderately well-bedded fluvial sandy clays and clays and

variously consolidated sands interbedded with pebble beds, gravel beds and grits". White

alunite was described interbedded wittr clays in lower levels of the forrnation. This unit was

assigned a Pliocene age by Ward on the basis that Seaford Formation sediments

interfingered wittr the Hallett Cove Sandstone at Maslin Bay, although several workers have

since disagreed with this interpretation Clwidale et al 1967; Stuart 1969) (see Section 1.4.1).

The sea level scheme proposed for the area by Ward (1966; 1967) required the Seaford

Formation to be of Mid to Late Pliocene age. A younger age for this unit, such as the Early

Pleistocene age suggested by Twidale et al (1967), indicates that a re-evaluation of the

stratigraphy, eustatic, climatic and landscape history proposed for the area by Ward is

necessary.

The Ochre Cove Formation of Early Pleistocene age was defined by Ward (1966) as thick,

mottled, horizontally bedded alluvial sands containing lenses of grit and gravel and with an

irregular erosion surface occurring between it and the Seaford Formation. Ward used the

mottling pattern in sediments below the high level fossiliferous beds at Noarlunga Trig as a

means of correlating these sediments with his Ochre Cove Formation. Twidale et al (1967)

indicated that the mottling observed by Ward could be produced in a variety of sediments

resulting in considerable confusion if stratigaphic correlations were attempted using the

mottled sediments as marker units. A distinctive iron-mottled interval within Pleistocene

sediments on eastern Yorke Peninsula and also from the study area has been named the

"Ardrossan Soil" by Daily et al (1976) or the "Ardrossan Palaeosol" by Firman (1981).

Ward's Kurrajong Formation consisting of "compact fanglomerates" included both gravels

and clay which were conìrnonly mottled with iron oxides, cemented with silica and assigned

aLate Pleistocene age. Twidale et al (1967) considered that the cemented and dissected

nature of these sediments along the foot of the Willunga Escarpment suggested an older age

and thus a post-Miocene but pre-Pleistocene age was postulated.



12

rü/ard defined the Ngaltinga Clay as $ey to olive-grey plastic clays, partly calcareous and

including occasional lenses of marl and sand. He suggested the clay to be of aeolian origin

due to the unusual nature of a rare microfauna and heavy mineral assemblages, the presence

of marls both as a blanket above and as lenses within the clays and the thinning of the unit

roward the east. Twidale et aI (1967) questioned the validity of the unit as defined by V/ard

and implied that the calcareous blanket should be considered as a separate unit to the clays

beneath. Previous and subsequent workers have also considered the clays to be separate

from the calcareous blanket (Howchin 1923: Reynolds 1953; Daily et al 1916; Phillips &

Milnes 1988). The aeolian sediments referred by Ward to the Ngaltinga Clay have

previously been thought of as lacustrine in origin by Tate (1878) and alluvial by Howchin

(te23).

The four youngest units described by Ward (1966) are the Taringa, Christies Beach,

Ngankipari Sand and Waldeila Formations, all believed to be of Late Pleistocene to Recent

age. With the exception of the Ngankipari Sand all are defined as alluvial in origin and their

distribution patterns are closely associated with modern stream courses. The Ngankipari

Sand was defined as a calcareous sand, probably derived in part as aeolian material from

erosion of the coastal dunes and in part from alluvial sands.

While Ward discussed the Quaternary sequence from the Noarlunga.and Willunga

Embayments, the sequences in the Adelaide area were principally investigated by Firman

(1963; L966; 1967; I969a;7969b;1916) and to a lesser extent by Lindsay (1969), V/illiams

(1969), Taylor et al (1974) and Selby & Lindsay (1982). Much thicker sequences, named

the Hindmarsh Clay, are found in the Adelaide area with up to 130 metres of Quaternary

sediments having been deposited west of the Para Fault (Firman 1966). The majority of

these sediments are clays and sandy clays regarded as deposits of valley-flat environments.

Nearer the fault escarpments, gravels and gravelly sands and clays, deposited in piedmont

environments, predominated. A thinner unit which overlay the Hindmarsh Clay was named

the Keswick Clay. Similar alluvial sediments have been described from Ardrossan on Yorke
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Peninsula by Crawford (1965) and from Redbanks on the north coast of Kangaroo Island by

Daily et al (1979).

Recent work to investigate the engineering properties of soils in the Adelaide area has

critically assessed the Hindmarsh and Keswick Clays (Sheard & Bowman 1987a;1987b).

They interpret the deposits to be mostly of alluvial origin with minor fine-grained overbank

deposition. Carbonate segregations representing B horizons of palaeosols are recognised in

upper parts of the Hindmarsh Clay while small-scale femrginous mottling is noted within

fine-grained sediments of both the Hindma¡sh and Keswick Clays. These are thought to

result from fluctuating water tables within the sediments.

Three marine and marginal marine units including the Late Pleistocene Glanville Formation

and the Holocene Lipson and St Kilda Formations were reported by Firman (1963: 1966:'

1969b) to overlie the Hindmarsh Clay in the Adelaide Plains region. Belperio et al (1984)

subsequently redefined the St Kilda Formation to include all sediments previously assigned

to the Lipson Formation. In the Noarlunga and V/illunga Embayments similar marine units

have not been recognised apart from sediments deposited during a possible Holocene high

sea level in the Onkaparinga River estuary (Bourman 1972) and a boulder beach deposit of

probable Late Pleistocene age south of Sellicks Beach (May & Bourman 1984).

Over large areas of southern Kangaroo Island, Yorke Peninsula and Eyre Peninsula, thick

calcarenite sequences composed of sand and shell material represent beach and backshore

dune deposits. Large-scale cross-beds are found commonly in the calcarenites together with

interbedded red palaeosols and calcretes and these sequences have been assigned to the

BridgewaterFormation (Daily et al 1979; Milnes et al1983; Parker et al1985). On Figure

1.1 such sediments are shown as Cainozoic coastal dunes and reprcscnt the approximate

position of ancient coastlines. Their age has not been positively determined, but on

Kangaroo Island they are reported to overlie limestones of Early Pleistocene age (Milnes er ø/

1933). Milnes & Ludbrook (1986) have recently suggested that deposition of some of these

coastal dune sequences may have begun as early as the Middle Miocene. In the present
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study area such materials have not been identified, although Daily et al (1976) reported

sediments of the Bridgewater Formation at Hallett Cove and also as a reef at the end of the

Port Noarlunga jetty. It is evident from the literature that the BridgewaterFormation has not

been sufficiently well defined and that its distribution and age range require further

investigation.

There is disagreement amongst previous workers regarding their interpretation of the origin

of non-marine Quaternary sediments which have been considered of lacustrine (Tate 1878),

aeolian (V/ard 1966) or alluvial origin (Howchin 1923; Campana & V/ilson 1953; Ward

1966 Sheard & Bowman 1987a; 1987b). In addition, basal non-marine sediments are

thought to interbed with or grade laterally into marine sediments equivalent to the Bumham

Limesrone at Maslin Bay (Stuart 1969) and parts of the Adelaide Plains Sub-basin (I-indsay

1969 Selby & Lindsay 1982). Apart from the recognition of probable palaeosols in upper

parts of the Hindmarsh Clay (Sheard & Bowman 1987b) and the suggestion that mottled

intervals within the sequence represent palaeosols (Daily et al I976; Firman 1981), there is

no discussion of landscape development during the Quaternary period which would help to

clarify the origin of these sediments. Correlation of stratigraphic units between sites is

difficult due to the lack of fossils present in the non-marine succession. 'Without an

understanding regarding the origin of the palaeosol and other features and the environment in

which the sediments were deposited, such correlation is potentially misleading.

1.4.3 Tectonic History of the Region During the Late Cainozoic

Ward (1965; 1966) aftempred to determine the Quaternary history of the Noarlunga and

V/illunga Embayments by relating sea level fluctuations to high level terraces which he

identified as being related to the various Quaternary scdimentary units. Eustatic models

developed by 7æuner (1959) and Fairbridge (1961) in the nofthern hemisphere and Brothers

(1954) in New Zealand were used as a basis for these correlations and to date the

sedimentary unis. This method of interpretation was considered valid as Ward believed that

there had been no significant tectonic movements in the area during the Late Cainozoic. The



15

major point which led Ward to this conclusion was his interpretation that the Late Pliocene

Hallett Cove Sandstone interfingered with horizontally bedded alluvial sediments.

Subsequent work suggests that the Hallett Cove Sandstone identified by Ward is, in fact, the

Burnham Limestone (Twidale et al1967: Stuart L969; Firrnan 1976). V/ard also indicated

that none of the formations def,rned by him were offset by the Eden or Clarendon Faults,

however the Ochre Cove Formation, but not younger formations, were displaced by the

Willunga Fault. As this movement was insufficient to displace his 183 metre terrace, Ward

dismissed Quaternary tectonic movements as negligible. The uncertainty regarding Vy'ard's

approach indicates that the tectonic history of the area should be re-evaluated.

Wopfner (1912) argued that both Tertiary and Quaternary sedimentary patterns have been

strongly influenced by the tectonic history of the St Vincent Basin. Stuart (1969) and

Wopfner (1912) considered the St Vincent Basin to be intracratonic, the shape and extent of

which had been strongly influenced by rejuvenation of ancient structural features developed

during the Palaeozoic. The majority of workers have accepted this theory of block faulting

along arcuate and steeply dipping normal faults to produce the main St Vincent Basin and a

number of smaller sub-basins along its eastern margin (see for example Daily et al 1976;

Ludbrook 1980; Cooper 1985).

Based on correlation of dinoflageltate suites over a wide area of southern Australia, Harris

(1985) argued that the depositional events of Eocene age in the St Vincent Basin were

controlled largely by eustatic rather than tectonic events. Glaessner (1953) also differed

somewhat from the classical tectonic model for the St Vincent Basin when he suggested that

there was no evidence for graben-style faulting in the St Vincent Basin. Instead, he

produced a model based on hinge-faulting in which compression took place resulting in

upwa¡ping of sediments near the prcsent coast. This movement was thought to be mostly

post-Pliocene by Glaessner (1953).

In contrast to Glaessner (1953), Cooper (1985) suggested that evidence for crustal tension

and normal faulting was abundant in the St Vincent Basin. At Sellicks Beach, Early
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Miocene limestones of the Port V/illunga Formation stand almost vertically, in

unconformable contact with basement rocks (Cooper 1979), while at Ochre Cove, the

Cla¡endon Fault has similarly deformed the Tertiary succession (Stuart 1969). Cooper

(1985) also considered that at least two distinct faulting maxima could be discerned for the

basin thereby supporting several previous workers hypotheses @aily et al I976; Ludbrook

1980; Selby & Lindsay 1982). Initial faulting was thought to have accompanied the

formation of the basin during the Eocene and a second period followed in the Pleistocene.

The great majority of papers published on Late Cainozoic geology in the St Vincent Basin

and, in particular, in the Noarlunga and V/illunga Embayments, favour continued tectonic

instability during the Quaternary (Sprigg 1942; 7946; Miles 1952; Glaessner 1953; Reynolds

1953; Campana & Wilson 1953; Glaessner & Wade 1958; Twidale et al I967;Dally et al

1976; Ludbrook 1980; Selby & Lindsay 1982; Ludbrook 1983). Significant displacement

of Tertiary sediments across most faults in the Adelaide area has been inferred by extensive

drilling (Lindsay 1969; Twidale et al1967;Duly et al7976; Selby & Lindsay 1982).

A low-angle unconformity exists between mid-Tertiary and Pliocene sediments exposed in

coastal cliffs between Tortachilla Trig and Snapper Point, indicating movement of the fault

blocks in the intervening period. The Late Pliocene Hallett Cove Sandstone occurs at a

variety of elevations above sea level in the study area, cropping out at 36 metres above sea

level at Hallett Cove, and dipping below sea level at Snapper Point. Sprigg (1942)

calculated a southerly dip of about 1" and assumed that this was due to tectonic movement, a

point which V/ard (1965) contested. Ward indicated that the dip was low and difficult to

measure and since he believed the Hallett Cove Sandstone interfingered with horizontally

bedded alluvium of the Seaford Formation he rejected the notion of tectonic movements

tilting Late Pliocene sediments. Subsequent work reported above casts doubt on the

interfingering relationship of the Hallett Cove Sandstone and Seaford Formation and

suggests that tilting of Pliocene sediments has taken place.
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Definition of the Burnham Limestone (Firman 1976) and a description of its distribution

through the region (Ludbrook 1983) suggests that there has been tectonic movement

following deposition of this unit in the Early Pleistocene. The Burnham Limestone crops

out 30 metres above sea level at Hallett Cove then decreases in elevation, being 20 metres

above sea level at Maslin Bay and below sea level near Snapper Point. A disconformable

relationship bet'ween theHallett Cove Sandstone andBurnham Limestone is evident from the

exposures in coastal cliffs (Ludbrook 1983).

In the Adelaide Plains Sub-basin, sediments equivalent to the Burnham Limestone have been

described from bores at depths of 52 to 62 metres below sea level on the down-thrown side

of the Para Fault (Lindsay 1969) suggesting considerable displacement in this region. On

Kangaroo Island, Ludbrook (1983) reported that the Point Ellen Formation crops out 10

metres above sea level at Cape Willoughby and less than 10 metres at Point Ellen while at

Cape Jervis, on the tip of Fleurieu Peninsula, it occurs 50 metres above sea level. The Point

Ellen Formation is equivalent to the Bu¡nham Limestone from the study area and

Ludbrook's data provide further evidence for some tectonic movement since the Early

Pleistocene.

A number of workers have indicated that the sequence of sands, clays and gravels which

overlies the Burnham Limestone and Hallett Cove Sandstone in the St Vincent Basin is the

result of renewed earth movements beginning in the Early to Middle Pleistocene (Firman

1969b; Daily et a|1976;1979; Milnes et a|1983; 1985b). Daily et al (1976) postulated three

distinct periods of faulting during the Early, Middle and Late Pleistocene, thus conflicting

with the hypotheses of Ward.

Campana & Wilson (1953) were the hrst to describe displacement of Pleistocene gravel beds

in Mt Terrible Gully, south of Sellicks Beach. They further stated that younger gravels were

also tilted and faulted and suggested that this indicated Late Pleistocene or Holocene faulting

at this location. Although Twidale et al (1967) reported that similar Pleistocene sedimens at
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Marino were faulted against Precambrian rocks, Ward (L967) suggested that this exposure

was not at the location of the Eden Fault but instead was a former sea cliff.

Continued tectonic instability in the region is indicated by seismicity and occasional

eartlrquakes (Twidale et aI1967; Sutton & White 1968). The Adelaide earthquake of 1954

had its epicentre along the Eden Fault (Kerr-Grant 1956) although Ward (1967) has pointed

out that as there was no movement identified along the fault, its significance should not be

overrated.

A review of the literature would suggest therefore, that there has been tectonic movement in

the study region during the Early and Middle Pleistocene whereas movements of Late

Pleistocene and Holocene age are probable although not definitely substantiated. Such a

conclusion conflicts with the contention of V/ard (1965; 1966). As Ward based the age of

sedimentary units defined by him on correlation with a eustatic model which assumed

negligible tectonic activity, his conclusions must be re-assessed based on the tectonic

evidence presented above. The model was also used in determining the origins of the

sediments and the Quaternary history for the region. Thus the nature and origin of the

Quaternary sediments from the Noarlunga and Willunga Embayments will be critically

assessed in this study on the basis that tectonic movement has continued through this period.

1.5 Mineralogy of the Cainozoic Sediments

A review of literature dealing with the Late Cainozoic geology of the eastern margin of the St

Vincent Basin (Section 1.4) identifies discrepancies regarding the origin of the sediments,

their age and correlation between sites. Previous work relates almost exclusively to the

stratigraphic and lithological properties of the sedimentary sequcncc with little information

regarding the mineralogical composition. In determining the origin and provenance of the

sediments and development of the landscape during the Quaternary, knowledge of the

mineralogical component of the sequence would be of value.
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Ward (1966) re-examined data provided in Airchison et al (1954) for heavy minerals present

in soils and sediments of the Adelaide area and concluded that some metamolphic minerals

appeared to have been derived from non-local sources. Ward (1966) also noted the presence

of alunite at a number of localities in the basal sediments of his Seaford Formation but did

not determine its origin or significance. A number of workers have noted the development

of red, brown or yellow mottles within these sequences (Crawford 1965; V/ard 1966:' Daily

et al1976;Firman 1981; Milnes et at 1985b) which Daily et al (1976) and Firman (1981)

suggested were the product of soil formation and hence marked the position of former land

surfaces. In contrast, Milnes et al (1985b) considered the mottles to be the result of

mobilisation and precipitation of iron as a consequence of groundwater movement within the

sediments.

In southern South Australia, studies of calcretes and associated calcareous sediments have

provided some mineralogical information regarding carbonates and clay minerals (Hutton &

Dixon 1981; Wilson 1981; Milnes & Hutton 1983; Phillips & Milnes 1988) while von der

Borch (1976) and von der Borch & Lock (1979) discuss the formation of dolomite in

Holocene sediments from southeastern South Australia. In particular, Phillips & Milnes

(1988) note the presence of illite, randomly interstratihed clays, kaolinite and minor smectite

in clay fractions and calcite, dolomite, quartz and minor feldspars in coarser fractions from

the carbonate mantle and underlying Quaternary sediments in the Noarlunga Embayment. A

common mineralogical component suggests that both the carbonate mantle and underlying

sediments may have been partly derived from the same source. Additional mineralogical

investigation of the remaining portion of the Quaternary sequence in the Noarlunga and

Willunga Embayments would be beneficial.

There is some limite<l mineralogicat information reported for Quaternary sediments from the

Murray Basin which have been used to elucidate the origins of these sediments. Lawrence

(1976) described lacustrine sediments assigned to the Blanchetown Clay and reported

abundant red-brown ferruginous sand in the basal Irymple Member which indicated

deposition under dominantly oxidising conditions. In upper parts of the formation Lawrence
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noted a clay mineral assemblage dominated by iltite and iron-rich chlorite but with an

absence of kaolinite and suggested that this clay mineral assemblage was the product of a

fairty stagnant alkaline environment. Thin, isolated beds of gypsum occurring near the top

of the sequence were the product of increased lake salinities during final stages of

deposition. Zhisheng et at (1986) described several pedogenically altered horizons within

the Blanchetown Clay at Chowilla and Lake Tyrrell which are expressed as mottling,

chemical alteration and biotubules. These indicate periodic exposure of the lacustrine

sediments which is important in developing an understanding of the history of the

sediments.

One of the most comprehensive studies of mineralogical properties of Cainozoic sediments

from South Australia is provided by Calten from the Tarkarooloo Basin in north eastern

South Ausrralia (Callen 1976; 1977; Callen & Tedford 1976). This work integrated

stratigraphic and mineralogic data, particularly clay mineralogY, to elucidate the

environments of deposition and ultimately the palaeoclimate and palaeogeography of the

region.

Four distinct clay mineral associations were identifred. Smectite dominated the clay fraction

of Miocene sediments and was thought to be derived by the Íansformation of illites and

chlorites eroded from adjacent highland areas. Since Grim (1968) proposed that smectite

formed under conditions of restricted leaching, Callen suggested that this transformation

took place in a swampy environment of low relief surrounding a freshwater lake and under a

sub-tropical climate, rather than a semi-arid environment in which there could also be

restricted leaching. He based this conclusion on sedimentological observations which

suggested deposition of these sedimens under lacustrine and floodplain conditions.

In central parts of the sequence, illite is the dominant clay mineral. Sedimentological

observations indicated greater erosion during this period and probable uplift of the nearby

Flinders Ranges. Illite and chlorite from basement sediments were therefore not being

converted to smectite and Callen attributed this to the increased leaching of soils and
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sediments in source regions brought about by changes in hydrology consequent to the

renewed uplift. The fact that illite was not converted to smectite within the basin sediments

also suggested increased leaching in these areas, possibly due to lowering of water tables

under slightly drier climates. The dominance of kaolinite over illite at some sites was

thought to be due to sediment from different source regions where erosion of Tertiary

sediments and kaolinized basement could contribute kaolinite to the basin. Seasonality of

climate continued to develop and led to the increasing alkalinity of lake waters and the

precipitation of a palygorskite-dolornite assemblage.

Smectite again became the dominant clay mineral in upper parts of the sequence but its

presence here was attributed to semi-a¡id weathering. Sediments in which this smectite

assemblage occurs show very poor sorting, decreased mineralogical maturity and include

large clasts of limestone and granitic rocks. A mudflow origin for these sediments at some

sites was suggested by Callen which indicated increased erosion in conjunction with an arid

climate at this time. Hence in both source regions and the Tarkarooloo basin, leaching was

low and allowed transformation of illite to smectite. In both intervals where smectite was

identified, low leaching, either in a dry climate or as a result of limited relief, appeared to be

a major factor in determining its occurrence.

Aridity continued into the Pleistocene following a period of non deposition and uplift.

Sediments deposited at this time were characterised by poorly crystalline clay minerals

comprising mostly randomly interstratified clays, illites and kaolinites. These were thought

to have been developed by weathering and degradation in soils, although Callen did not

elaborate on this statement.

The study by Callen from the Ta¡ka¡ooloo Basin shows the importance of a knowledge of

mineralogical properties of the sediments in determining the origin of the sediments and the

landscape history represented by the sequence. An integration of such information with

detailed fîeld observations in the Noarlunga and Willunga Embayments has the potential to

unravel differences in interpretation regarding the origin, stratigraphic correlations and age of
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the Quaternary sequence which a¡e evident from previous studies. A review of the limited

information available shows several important features which could be used to begin a

mineralogical study. These include metamorphic minerals from the heavy mineral

assemblage which may be derived from a non-local source (Ward 1966), the presence of

alunite at the base of the sequence (Ward 1966), femrginous mottling which may be related

to pedogenesis @aily et al I976;Firman 1981) and calcareous palaeosols in the Hindmarsh

Clay (Sheard & Bowman 1987b).

1.6 Summary

Previous studies of Quaternary sediments in the Noarlunga and Willunga Embayments and

nearby areas have been conflicting in their interpretation of the origin of the sediments, their

age and relationships. For example, the Ngaltinga Formation was def,rned by Ward as an

aeolian deposit, however similar sediments described by Firman and others from the

Adelaide Plains Sub-basin are considered to be of alluvial origin. In addition, Ward

considered that there had been negligible tectonic movement along faults in the study area

during the Late Cainozoic. This enabled him to propose a eustatic model for the region from

which he extrapolated the age and relationships of the various sedimentary units which he

defined. All other studies in the region indicate that tectonic activity continued into the

Quaternary and hence have interpretations regarding the sequence which differ from those

proposed by Ward.

'Work by Callen from the Tarkarooloo Basin demonstrates the additional understanding of

sedimentary sequences and environments of deposition that can be obtained by a study of the

mineralogy, in particular clay mineralogy, when combined with detailed field observations.

There is a lack of mineralogical information for Late Cainozoic sediments from the St

Vincent Basin, although several observations in previous studies provide preliminary

information. These suggest the presence of heavy minerals derived from a non-local source'

development of alunite at the base of the sequence and pedogenic modification of some

sediments.
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In order to provide a sound basis for understanding the complex Quaternary sequence in the

St Vincent Basin and enable comparison between sites, the present study is proposed to

investigate these sediments in the Noa¡lunga and Willunga Embayments where they are best

exposed in coastal cliff sections. An integrated approach using detailed field observations

together with sedimentological and mineralogical studies is required to enable the origin of

the sediments and their post depositional alteration to be determined. From this detailed

information, the history of landscape evolution during the Quaternary can be determined and

will allow stratigraphic interpretations and correlations between sites to be undertaken on a

much sounder basis than has been previously possible.
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CHAPTER 2

METHODS

2.L Fieldwork

Excellent exposures of Quaternary sediments occur in coastal cliffs south of Adelaide

between Hallett Cove and Sellicks Beach which provide a unique opportunity to begin to

understand the complex Quaternary sequence. Initial reconnaissance fieldwork was

undertaken to assess the distribution of existing stratigraphic units and interpretations of their

origins. Mapping of the coastal sequences using 1:16,000 colour aerial photographs as a

basis was carried out at this stage. Particula¡ attention was paid to the lateral and vertical

extent of stratigraphic units, the distribution of distinctive mineralogical components such as

iron-rich mottles, seams of alunite and mottles of carbonate and the relationship of

Quaternary sediments with underlying marine units. Collection of reconnaissance samples

from the recognised stratigraphic units and other distinctive features was carried out in order

to gain preliminary information regarding the mineralogy of the sediments.

The aim of the research was to undertake detailed mineralogical analyses of the Quaternary

sequence in order to identify the various detrital and diagenetic components and to ultimately

determine the environments of deposition of the sediments and the nature of any diagenetic

changes. Thus, information from reconnaissance mapping and sampling was used to locate

a number of sections along the coast which were tepresentative of the stratigraphic,

mineralogic and diagenetic features recognised within the Quaternary sequence. This enabled

more detailed observations and sampling to be undertaken which could then be related back

to the wider distribution of the various features. Four sites were chosen, located at Snapper

Point (Yankalilla 1:50 O00; 672933), Maslin Bay (Noarlunga 1:50 000; 697970),

Onkaparinga Trigonometrical station (Onkaparinga Trig) (Noarlunga 1:50 000; 691048) and

Hallett Cove (Noarlunga 1:50 000; 713154). Bulk samples of between 0.5 and 1 kg were

collected at 50 cm intervals through the vertical sections at each of the four sites with

additional samples being collected where interesting features or frequent lithological changes
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were noted. Sampling commenced immediately above limestones of either Tertiary or Early

Pleistocene a,Ee and terminated just below the ubiquitous mantle of calcareous sediment

occurring throughout the area. The limestones provided convenient basal marker beds while

the overlying calcareous material was the subject of a separate study (Phillips 1988).

Difficulty of access where cliff sections were steep meant that several juxtaposed profiles

located within 10 metres of each other were necessary to sample the complete Quaternary

succession at three sites (Maslin Bay, Onkaparinga Trig and Hallett Cove). Detailed

descriptions were made of each sample together with a record of the location of the sample

and its relationship with surrounding sediments.

2.2 Laboratory Studies

2.2.1 Particle Size Separation

For detailed clay mineralogical analyses of the samples collected as representative of the

various stratigraphic intervals, the <2pm fraction was separated from coarso particles such as

quartz and feldspars. 'Where necessary, air-dried samples were disaggregated by lightly

crushing in a mortar and 15 g of <4 mm material was then dispersed in a solution of distilled

water and 5 ml of both I\Vo Calgon (0.96M) and lM NaOH using an ultrasonic probe.

Following dispersal, each sample was washed through a 63 ¡rm sieve, the material >63 pm

being rerained, oven dried and then further split by dry sieving through a250 pm sieve. The

proportion of coarse sand (>250 pm) and fine sand (63-250 pm) was calculated with the

ratio of coarse sand to fine sand being subsequently determined. Collection of the <2 pm

fraction from most samples was accomplished by centrifuging at 500 rpm for 12.6 minutes

using an Heraeus Christ centrifuge. To flocculate the clay following separation, the clay

fractions were Mg saturated by adding 15 ml of 1M MgCl2 and excess chloride removed by

rcpeated centrifugation in distilled water. For some reconnaissance samples the <2 pm

fraction was collected by sedimentation for 8 hours at 20"C in 1250 ml cylinders. Clay

fractions collected by both methds were freeze-dried for storage in the mannel used by

Brindley & Brown (1980), to ensure that no hydrolysis or cation exchange processes took

place. Determination of the proportion of clay (<2pm) and silt (2-63ttm) in each sample was
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through sedimentation with 20 ml sub-samples being collected from 10 cm depth after 2

minutes (silt + clay) and 8 hours (clay) based on the methods described by Day (1965).

2.2.2 Mineralogical Analyses

The mineralogical composition of samples was determined by X-ray diffraction Q(RD) using

a Philips PV/1710 diffractometer with graphite monochromator and Co Kcr radiation. Cu

Ka radiation with a Philips PW1710 diffractometer was used during investigation of the clay

mineralogy of clay and silt fractions of eight samples from Maslin Bay and Onkaparinga Trig

as this work was undertaken in Perth rather than in Adelaide. In most cases data was

collected by analogue techniques. More recently however, collection has been undertaken

digitally using rhe control programs of Self (1989) and the analytical program XPLOT

developed by Raven (1990) at CSIRO Division of Soils. In this method XRD patterns of

samples were recorded with a Philips PW1800 microprocessor-controlled diffractometer

using Co Kcr radiation, variable divergence slit and a graphite monochromator. The

diffraction patterns were aquired in steps of 0.05' 20 with 0.5 second count time per step.

Dara were logged to pennanent frles on an IBM PCIKT and subsequently analysed using the

software package developed by Raven (1990).

Sub-samples of the bulk samples were finely gtound using an agate mortar and pestle and

lightly pressed into aluminium holders for determination of carbonate, iron and sulphate

minerals. Continuous scans were run from 3' to 60' 20 at a speed of 2" per minute with

output recorded on chart paper running at 10 mm per minute. The composition of the clay

fraction was determined by sedimentingthe <2 pm fraction onto a flat, porous, ceramic plate

using a suction technique to achieve maximum preferred orientation (Gibbs L967). XRD

traces from 3" to 40' 20 were collected from the oriented samples which had been variously

Mg saturated, Mg saturated with the addition of glycerol, K saturated and heated to 350"C

and K saturated and heated to 500'C. Saturation and heating of the oriented clay samples

before X-ray analysis was undertaken to allow discrimination of the various clay minerals, in

particular the components making up interstratified clays. Further discussion of the effects
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of these techniques can be found in Chapter 4. All peaks in the XRD traces were identif,red

by comparison with ASTM cards and the data given in Brindley & Brown (1980).

2.2.3 Clay Mineral Abundance

Semi-quantitative determinations of clay mineral abundances have been undertaken using the

technique described by Norrish & Pickering (1977; 1983). This method involves

sedimenting a small amount of dispersed clay onto a porous ceramic plate, then saturating the

sample with Ba using lM BaCl2 before measuring Ba, Cl and K by X-ray fluorescence

spectrometry (XRF). The Ba content is a measure of cation exchange capacity of the clay

(CEC) while the K percentage is used as a guide to the approximate proportion of illite or

mica in the sample. Determination of Cl is made to check that excess BaCl2 had been

washed out of the sample. Peak heights above background of the 7.15 Å and 10.0 Å

diffraction peaks were used to calculate the ratio of kaolinite to illite. To allow for stronger

diffraction effects from the kaolinite lattice when compared to illite, the illite peak height was

multiplied by a factor of 2 in all calculations. This factor is the result of extensive

comparative work using known proportions of various standard clay minerals

(J.G.Pickering pers. comm.). Using the proportions of kaolin and illite calculated from

diffraction traces, the maximum possible CEC was determined using CEC values based on

those given in Grim (1968). Excess CEC not accounted for by kaolin and illite was then

proportioned to the other clay minerals identified from XRD traces according to the values

given in Table 2.1.

Halloysite is identihed from some samples in both the 7Ä. and 10Å forms causing broadening

of peaks at these positions. Confirmation of halloysite and estimation of the relative

proportions of halloysite and kaolinite using intercalation with formamide followed the

methods of Churchman et al (1984) and Theng et al (1984).

Clay mineral abundances obtained using the method of Norrish & Pickering (1983) were

compared to those obtained using a methd developed by Avery & Bullock (1977) which
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measured the area under the diffraction peak. Proportions of clay minerals calculated by both

methods are similar apart from kaolinite and illite where Avery & Bullock advocate a

weighting factor of 3 rather than? as used by Norrish & Pickering.

Table 2.1

Ranges of CEC (me/100 g) for Clay Minerals

Clay Mineral

Kaolinite

Smectite

Vermiculite

Mica/Illite

Chlorite

Inters[atihed

Grim (1968)

3-15

80-150

100-150

10-40

10-40

No f,rgure given

May (this study)

10

110

130

30

25

110

2.2.4 Crvstallinitv Index

An indication of the crystallinity of kaolinite and illite was determined by measurement of the

widths of the srrong (001) diffraction peaks. This method is based on work by Foscolos &

Kodama (1974) who described the degree of diagenesis in Lower Cretaceous shales of

northeastern British Columbia in terms of sharpness ratio (SR) and crystallinity index (CI) of

illitic clay minerals. 'Weaver (1960) and Kubler (1967) had ea¡lier def,rned these terms and

used them when describing the degree of metamorphism in sediments. A broadening of the

diffraction peak is indicated by a decrease in sharpness ratio and also by an increase in the

crystallinity index. In the present study, the crystallinity index has been calculated for both

illite and kaolinite and the effects of variable crystallite size and crystal disorder on these

measurements ¿ìre discussed in Chapter 4.

2.2.5 Sand Fraction Mineralogy

The mineralogy of the coa¡se sand fraction of 44 samples collected from Onkaparinga Trig

has been determined using a binocular microscope and optical techniques developed at CRA
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Exploration, Belmont for assessing heavy mineral concentrates of samples collected during

diamond exploration. In addition, the sand fraction of eight samples from Onkaparinga Trig

and Maslin Bay was separated using wet seiving techniques during collection of cþ and silt

fractions and the mineralogy of the sand determined using the above methds. Light

components of the sand fraction such as quartz and feldspar were removed using

rerrabromoethane (TBE) which has a specific gravity of 2.96. The method of reporting

adopted is given in Table 2.2. Results have been compared with the summary provided by

Ward (1966) of heavy minerals present in a number of soils from the study area.

Table 2.2

Convention used in Reporting Mineral Abundances from Sand Fractions

Reporting Term

Prevalent (P)

Abundant (A)

Common (C)

Some (S)

Often (O)

Few (F)

Rare (R)

Trace (T)

Estimated 7o

>5O Vo

20-50 7o

10-20 Vo

3-10 Vo

l-3 Vo

0.1-l 7o

2-10 grains

1 grain

2.2.6 X-ray Fluorescence Spectrometry (XRF)

The major element composition of bulk samples was determined by XRF. Samples were

ignited for t hour at 1000"C with mass losses due to volatile emission being determined.

The ignited samples were fused into glass borate discs with a Li-tetraborate and La oxide flux

using the method of Norrish & Hunon (1969). Analyses were undertaken on a Philips

pw1400 spectrometer. Minor element analyses for28 elements were also caried out using

an experimental low dilution fusion technique developed at CSIRO Division of Soils

(Norrish pers. comm.). A nominal L.2 g of sample which had been ignited at 1000'C was

fused with 2.8 g of 1222 flux (Li-tetra-meta-borate in the ratio of 12 to 22). The clay
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fraction (<2pm) of eight samples were analysed using this technique and results are

presented in ApPendix 7.

2.2.7 Electron Microprobe Anal]¡ses

Detailed mineral chemistry of samples containing alunite and halloysite were undertaken

using an electron microprobe due to the very fine grain-size and intimate relationships of

these minerals. Analyses were carried out on polished thin sections with a Cambridge

"Geoscan" wavelength dispersive electron probe microanalyser using an excitation voltage of

20 kV, a beam current of 20 nA and short counting time of ten seconds. Moving beam rather

than stationary beam analyses were used to minimise the loss of sulphur from alunite which

had been detected after several seconds when using a stationary focussed beam.

2.2.8 Thin Sections

Thin sections of selected samples were prepared from air-dried materials impregnated with

epoxyorpolyesterresinsfollowingthemethodsof Cent&Brewer (I91I) andRiley (1973).

Due to the very fine grain size of many samples some difficulty was experienced in

impregnating using epoxy resins. Several experiments altering vacuum settings, the

temperature of the resin prior to impregnation and increasing the standing tirne of sample and

resin before curing were therefore undertaken. In general, epoxy resins remained too

viscous for complete impregnation of fine-grained samples and Escon polyester resin was

selected as providing the best results. The method adopted involved slow impregnation of

the sample with Escon polyester resin under vacuum at room temperature. The sample was

then left to stand for 7 days before final curingatll0'C. Impregnated blocks were cut,

ground, mounted on glass slides with Aratdite and then ground and polished until 25 to 30

pm thick.

The thin sections were subsequently studied using an optical microscope in transmitted light

at magnifications ranging from 10 to 80 times-
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2.2.9 Ammonium Oxalate Extraction

A number of samples from horizons where alunite and/or halloysite occurred were tested for

allophane-like minerals using acid ammonium oxalate extraction techniques. SEM studies

had identified a number of thin wispy forms in several samples which could not be

categorised using the EDS system. A study of the literature suggested that allophane had

been noted in association with both alunite and halloysite, hence tests for allophane were

undertaken on these samples. Published results in Mitchell et al (1964) and Schwertmann

(1964) suggested that acid ammonium oxalate should extract amorphous materials with

allophane being identified from a comparison of the amounts of Si and Al present in the

extracts. The samples were exmcted using a procedure modif,red from that of McKeague &

Day (1966) with Si determinations made specrophotometrically using the method of Webber

& rù/ilson (1964) and Al determined using atomic absorption speÆtroscopy.

2.2. l0 Scanning Electron Microscop)¡

Scanning electron microscopy (SEM) using a Cambridge Stereoscan 250 Mk III instrument

fitted with a Link energy dispersive X-ray analysis system (EDS) was undertaken on

fragments of whole samples mounted on aluminium stubs and sputter coated with gold at the

Electron Optical Centre of The University of Adelaide. Samples were selected from

alunite/halloysite intervals and mottled carbonate beds in order to assess the in situ

relationships of the mineral components and help determine modes of formation. Later SEM

studies of clay-rich samples which were undertaken to look for possible diagenetic clays,

were ca¡ried out at CSIRO Division of Soils using a Cambridge Stereoscan 250 Mark III

fitted with a Link System EDS.

Features identified by optical transmission microscopy from thin sections were often difficult

to relate to morphologies observed on small fragments using the SEM. To ove¡come this,

impregnating resin from some thin sections was removed by etching with methylene chloride
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before observation using the SEM. Norton et at (1983) hadpreviously successfully applied

a similar technique to micromorphological studies.

2.2. 1 L Transmission Electron Microscopy

The <2pm fraction of some clay and alunite-rich samples were dispersed in distilled water

using an ultrasonic probe and sedimented onto carbon-coated grids for observation using

transmission elecrron microscopy (TEM). A JEOL 1005 TEM operating at 80 kV was used

to photograph these samples providing a record of particle shape and size.
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CHAPTER 3

FIELD OBSERVATIONS

3.1 General Statement

Sediments of euaternary age are well exposed in coastal cliffs between Hallett Cove and

sellicks Beach. Detailed f,reldwork in this area was undertaken to identify, describe and map

the distribution of sedimentary units and to locate sites which were representative of these

sediments where more detailed observations and sampling could be undertaken. In general,

euaternary sediments from coastal exposures within the Noarlunga and V/illunga

Embayments comprise a basal coarser unit overlain by much finer sediments. Lateral

variation in the distribution of these units occurs and is discussed in this Chapter.

euaternary non-marine sediments which are the focus of the current work are underlain by

marine units in most sections of the coastline and the relationship between the two has been

investigated to help understand the origin of the basal Quaternary sequence' A greater marine

influence occurred during the Late Tertiary and Early Pleistocene in the V/illunga Embayment

than within the Noarlunga Embayment. In the latter embayment only isolated remnants of a

fossiliferous and calcareous sandstone thought to be deposited in shallow marine conditions

(Lindsay 1969), the Late Pliocene Hatlett cove sandstone, a¡e found. Much thicker and

continuous deposits of this unit crop out along the coast in central parts of the Willunga

Embayment. In addition, a lateral facies change in the Hallett Cove Sandstone can be

identified in northern parts of the Willunga Embayment from limestone at Maslin Bay

through fossiliferous sands to a fossiliferous conglomerate atOchre Point (Stuart 1969). No

similar sequence can be identif,red in the Noarlunga Embayment.

The Early pleistocene Burnham Limestone is a soft, fossiliferous marl considered to have

been deposited in lagoonal or near-shore marine and marginal marine environments

(Ludbrook 1983). It has not been positively identified in the Noarlunga Embayment during

the present study. At Hallett Cove however, there a¡e small carbonate mottles within sands
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of the coarse basal Quaternary unit and these are tentatively correlated with the Burnham

Limestone due to their similarity with carbonate mottles associated with this unit in parts of

the Willunga Embayment. In contrast, there is continuous exposure of the Burnham

Limestone in cenral parts of the Willunga Embayment with additional outcrop in the south at

Sellicks Beach. Sandy sediments at the base of the Quaternary sequence in central parts of

the Willunga Embaymenr are frequently mottled with white dolomite. These mottled

sediments overlie or show a lateral gradation from massive limestone of the Burnham

Limestone.

Non-marine Quaternary sediments overlie the Hallett cove sandstone and Burnham

Limestone marine sediments in both embayments. Sandy and gravelly sediments occupy

basal parts of the non-marine sequence in the Noarlunga Embayment and northern parts of

the V/illunga Embayment. In central parts of the \ù/illunga Embayment the coarser basal

sediments are absent and clays of the upper fine-grained unit directly overlie the marine units.

The basal non-marine Quaternary sediments exposed in the Noarlunga Embayment are more

complex than equivalent sediments from the Willunga Embayment with numerous upward

fining sedimentary cycles and more frequent and extensive gravel beds. A thick sequence of

gravels and sandy clays at Sellicks Beach forming an alluvial fan adjacent to the Willunga

Fault escarpment provides the only example of coarse gravelly sediments in the Willunga

Embayment. The upper frne-grained unit has similar characteristics in both embayments with

thickest sequences occurring in central pafts of the embayments such as at onkaparinga Trig

and between port Willunga and Snapper Point. These are the only areas where carbonate

beds are found within the clay-rich unit and also where an upper sandy unit is best

developed. Towards the embayment margins (except the southern margin of the Willunga

Embayment), the f,rne-grained unit thins and contains sandy sediments mostly in the form of

poorly defined sand sheets rather than as lenses within the clays.

Carbonate-rich sediments which include calcrete layers together with unconsolidated

carbonate silt overlie the Quaternary sequence as a blanket throughout the Noarlunga and

Willunga Embayments. Vertically oriented mottles and discontinuous beds of carbonate are
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frequently observed in upper parts of the sequence immediately below the main carbonate

mantle and suggest a gradational contact between these intervals. Where Quaternary

sediments are not ptesent, the calcareous sequence mantles a wide variety of Precambrian

and Tertiary rocks.

3.2 Description of Sites Along the Coastline

Following reconnaissance fieldwork along the coastline to map the distribution of

sedimentary units and identify significant features within the sequence, more detailed

observations were made at a number of sites to enable lithological breaks to be closely

examined. Features such as the occurrence of alunite in basal parts of the sequence, the

presence of mottled carbonate within upper fine-grained units and the development of iron-

rich mottles within sandy intervals were also described in detail. Reconnaissance sampling

of these features and the sedimentary units identified was also undertaken at many of these

sites so that the mineralogical composition of the Quaternary sequence could be determined.

Based on these data, several sites were selected for more detailed investigations and sample

collection. The sites in which reconnaissance studies were undertaken were chosen because

of ease of access and to span the two embayments from south to north. Except where a

specific feature was identified for study, sites were selected to be representaúve of the full

euaternary sequence with marine Tertiary or Precambrian sediments cropping out and

defining the base of the non-marine sequence. I-ocations of all sites mentioned are shown on

Figure 1.2.

3.2.1 Sellicks Beach

(Yankalilla 1:50 000, 676862)

Sellicks Beach lies on the southern margin of the V/illunga Embayment where a thick

sequence of gravels and sandy clays occurs adjacent to the Willunga Fault escarpment. In

the vicinity of Sellicks Trig, limestones of the Miocene Port Willunga Formation have been

warped into a slight anticlinal structure forming a resistant base to the cliffs up to 6 metres
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high. The limestones have a karst-like and calcreted surface with a relief of up to 4 metres

and several small silicified, cylindrical root-like features have been observed on this surface.

Within the basal sequence of clays and sandy clays a soft" friable and marly carbonate rock

(Fig 3.1) conraining a rich ma¡ine fauna has been identified as the Early Pleistocene Burnham

Limestone (May & Bourman 1934) because of its lithology and the presence of the Early

pleistocene gastropod Hartungia dennnntí clnvani (identified by Dr Ludbrook). There is a 10

cm layer of soft white dolomite interbedded with laminated grey (10YR 8/2) clays

approximately 1 metre above the limestone and several small, isolated pods of dolomite also

occur between the limestone and main layer of dolomite. Similar occurrences of dolomite

have been noted in association with the Burnham Limestone at many localities. Minor,

small, yellow to orange (10YR 6/6) mottles occur within the limestone and also in sands and

clays immediately below the limestone. Several poorly sorted glavel layers which crop out

between the port V/illunga Formation and the Burnham Limestone include pebble-sized, sub-

angular clasts of quartzite and grey, purple and red siltstone (Fig 3.2).

A maximum of 50 metres of interbedded gravels and sandy clays overlie the interval

containing the Burnham Limestone (Fig 3.3). Gravel units a¡e up to 3 metres thick and

contain poorly sorted, angular to sub-rounded clasts of quartzite, siltstone and limestone,

mostly of pebble and cobble size, in a clayey and sandy matrix. The intervening sandy clays

can be up to 5 metres thick and contain isolated pebbles. Gravel units occur most frequently

in central portions of the sequence and underlie a friable, yellow-grey, clay-rich unit which

appeats similar to clays from upper fine-grained units observed elsewhere in the study area.

The steepness of cliffs in this area has precluded detailed observation and sampling of this

unir Immediately below this clay-rich unit, the coarse sediments display vertically oriented,

red, femrginous mottles up to 25 cm in size with iron oxides impregnating the fine matrix

and coating large clasts. Capping the sequence is a thin gravelly calcrete composed of

angular clasts of quarøite and siltstone cemented by carbonate.
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To the north of Selticks Trig the srari$aphy has been considerably disrupted by a large

landslump which is discussed by May & Bourman (1984). Evidence for older phases of

slumping can also be found to the south of Sellicks Trig'

3.2.2 Snapper Point

(Yankalilla 1:50 000, 672933)

Marine sediments of the Hallett Cove Sandstone and Burnham Limestone are exposed just

above beach level at Snapper Point and are overlain by a thick clay-rich sequence (Figs 3-4

and 3.5). A disconformable contact between the Hallett Cove Sandstone and the Burnham

Limestone is suggested by the incorporation of boulders of calcareous sandstone up to 20 cm

in size within basal parts of the Burnham Limestone and also the presence of calcified roots

on the exposed upper surface of the Hallett Cove Sandstone. The roots vary from thin,

isolated cylindrical forms up to 2 cm in diameter to massive, matted and twisted structures up

to 20 cm in diameter (Fig 3.6).

Massive grey-$een clay which displays rare columnar structure and small yellow mottles is

the dominant lithology in the Snapper Point area. Isolated sand-filled channels in upper parts

commonly show horizontal planar bedding while laminated sand and clay occurs just above

the Burnham Limestone. The bed of mottled carbonate which occurs between 7 and 8.5 m

above the beach at Snapper Point crops out intermittently at the same stratigraphic position

for several kilometres north of this location and va¡ies in thickness from L to 2 m. To the

north of Snapper point a sand-filled channel has eroded into the underlying clays truncating

the mottled calcareous bed and suggesting that deveþment of this calcareous unit pre-dates

deposition of the overlying sandy sediments (Fig 3'7)'
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3.2.3 Port Willunga

(Yankalilla 1:50 000, 688949)

Overþing the Miocene port Willunga Formation at this location is a similar sequence to that

observed at Snapper point (Figs 3.8 and 3.9). The Hallett Cove Sandstone is up to 4 metres

thick and is overlain by 1 to 2 metres of rubbly limestone (identified as the Burnham

Limestone) which incorporates occasional boulders of calcareous sandstone reworked from

the underlying Hallett Cove Sandstone. Large,vertical fractures in the upper surface of the

Burnham Limestone are filled with green sandy clay. Green-yellow clay with several thin

sandy intervals (<1 cm) overlies the limestone. A discontinuous band of soft, white

dolomite occurs approximately 20 cm above the Burnham Limestone. Additional, isolated

dolomitic mottles, a maximum of 15 cm high and 7 cm across, are found within the clays up

to 1 meEe above the limestone.

Clay-rich sediments at this site are up to 12 metres thick with lower clays a yellow-green

colour and upper clays a red-green colour. The presence of small iron-rich mottles which are

yellow near the base and red in upper parts appears to explain these colour differences.

Columnar structure is noted occasionally within the clays, however they are usually massive

with isolated sand-sized quartz grains scattered randomly throughout the clay. A thin,

discontinuous sandy lens which is mottled red or orange and in places contains gravel beds

up to 10 cm thick and2metres long separates the two different coloured clays. Clasts in the

gravel beds include shale, quartz and ferricrete up to 4 cm in size and are generally sub-

angular to sub-rounded.

3.2.4 Chinaman Gull]¡

(Yankalitla 1:50 000, 690956)

euarernary sediments form the upper part of cliffs at this locality and overlie Tertiary

sediments which include the Hallett Cove Sandstone, the Port Willunga, Chinaman Gully

and Blanche Point Formations (Figs 3- 10 and 3.1 1).
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Sediments identified as the Burnham Limestone at this site are 1 metre thick but, unlike other

locations where this unit occurs, there is no mottled dolomite in the overlying clays. Instead,

a sequence 6 cm thick of thinly interbedded yellow-green (5Y 6/3) ctays and sands is

observed below a 2 mefreinterval of clay. Seventy cm above the Burnham Limestone , a20

cm thick horizon containing small alunitic pods is present, and extends laterally for 100

metres. The pods of alunite are up to 8 cm across and have sharp lower but diffuse upper

boundaries with the surrounding clays.

A cenüal sand-rich unit comprising mostly fine sand and silt is present at the Chinaman

Gully site and has a maximum thickness of 2.6 metres. The contact with underlying clays is

generally sharp, however fine sand extends into these clays along vertical fissures up to 30

cm deep and 8 cm wide. Red, íron-rich mottles are common within the sands and

occasionally exhibit yellow skins ofjarosite. A gradational change to the overlying green-red

(5y 6/3 with mottles 7.5R 3/6) sandy clays occurs ar rhis site although several hundred

metres to the north, the boundary is sharp with laminated clay filling small, vertical tubular

structures 4 cm long by 1 cm wide. Similar structures have been observed at Ochre Cove

and Onkaparinga Trig where they are thought to be due to burrowing fauna'

3.2.5 Blanche Point

(Noarlunga 1:50 000, 690963)

The basal 20 to 25 metres of coastal cliffs in this area are formed by Tertiary limestones with

euaternary sediments comprising the upper 15 metres. At Blanche Point a thick sequence of

massive clay is exposed above sediments correlated with the Burnham Limestone. The

lower clays are a yellow-green colour and the uppef clays red (Fig 3.12). The perceived

colour difference is due mainly to the presence of small femrginous mottles which are

yellow-orange (10YR 6/8) in basal parts and red (7.5R 3/6) in upper parts. The clay itself

remains an olive-yellow colour (5Y 6/3). To the south, prominent sand-rich units occur

which are up to 100 metres long and 3 metres thick and separate the two different coloured
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clays. However at several locations the sands rest directly on the Burnham Limestone.

Within the thicker sandy units, thin beds of clay are coÍìmon. Red-brown to green clays

overlie the sandy units and an undulating, erosional contact is displayed at several sites @g

3.13). Minor red mottling occurs at the base of clays adjacent to the sandy units but

prominent femrginous mottling similar to that observed at Chinaman Gully is not widespread

near Blanche Point.

3.2.6 Maslin BaY

(Noarlunga 1:50 000, 697910)

A site between Tortachilla Trig and the access path has been sampled and described at Maslin

Bay (Figs 3.14 and3.15). At the base of the sampled section a 1 metre interval of grey-

green sandy clay contains abundant large, soft mottles which are often dolomitic and

frequently coalesce into large masses. Similar carbonate mottles have been observed at

various localities along the coastline associated with limestones of the Burnham Limestone'

It is considered that the mottles at Maslin Bay are also related to the Burnham Limestone as

they can be traced laterally to the south occurring intermittently for approximately 150 meües

with massive limestones identified in the same stratigraphic position at the southern end of

Maslin Bay. To the north, near Tortachilla Trig, mottled carbonate overlies several metres of

interbedded grey, white and yellow fossiliferous quartz sand and calcareous sandstone which

have been correlated with the Hallen Cove Sandstone (Crespin 1954; Reynolds 1953; Stuart

1969) (Fig 3.16).

An interval of yellow to orange sand up to 1 metre thick overlies the carbonate which is in

turn overlain by 11.5 metres of interbedded sand, sandy clay and minor clay. Several

interesting features are present within this sequence. Immediately above the orange sand is a

thin accumulation of manganese oxide which impregnates the sandy sediment and imparts a

grey-black colour to this interval. Between 2 and4 meEes above ttre mottled carbonate are

several bands where the sand is impregnated by halloysite to form gley, waxy bulbous

masses. Several, thin, elongate pods of white alunite also occur within the halloysite-rich
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zone. Alunite is more common to the north near Tortachilla Trig where it forms thin

discontinuous seams.

Approximately 5.5 meEes above the mottled ca¡bonate is a 1.5 metre interval comprising

sand and silt which is indurated and contains large, red, vertical, femrginous mottles. Such

prominently mottled intervals are not continuous in this area but occur within a thin band near

the southern end of Maslin Bay, reappear at the site sampled and also occur northward past

Tortachilta Trig. Intervening sections consist of sandy clays and minor clays with no

coarser, sandy mottled intervals.

In the upper 9 metres of the sampled section, there are massive grey-green clays- These are

overlain by several metres of calcareous sediment with the surface indurated to form a

calcrete. This fine-grained sequence is common throughout the Maslin Bay area.

3.2.7 Ochre Point

(Noarlunga 1:50 000; 696995)

The type section for Ward's (1966) Seaford and Ochre Cove Formations and Ngaltinga Clay

is located at Ochre Point (Figs 3.17 and 3.18). The Quaternary sequence overlies either

basement rocks comprising interbedded siltstones and sandstones of the Precambrian

Umberatana Group or a femrginised conglomeiate which was correlated with the Hallett

Cove Sandsrone by earlier workers (Glaessner & V/ade 1958; Ward 1966; Stuart 1969).

This unit has been traced north as far as Ochre Cove and southwards for a further 300 meres

where it contains fossil fragments in sandy pockets within the otherwise conglomeratic

deposits. The thickness of this bed is extremely variable with sandy sections 20 cm thick

grading to intervals containing large boulders of quartzite up to 60 cm in diameter.

The basal 12.5 metres of Quaternary sediments are dominantly interbedded grey and light

yellow fine sand and sandy clay with the more clayey units being up to 25 cm thick. Coarser

sediments dominate the central 1.5 to 2 metres where a succession of thin gravel lenses up to
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30 cm thick fill shallow channels eroded into the underlying finer sediments. Minor planar

cross bedding is displayed by the gravel lenses with clasts being sub-angular to sub-rounded

and including quartz, quartzite and siltstone. Exposure within the vicinity of Ochre Point is

not always good, but it is evident that the coarser, gravelly sequence occurs discontinuously.

North of Ochre point, yellow-orange (10YR 812 to 10YR 7/8) mottled sandy units which

exhibit a vertical, prismatic structure with bleached upper portions are occasionally observed

(Fig 3.19). These discontinuous sequences up to 60 cm thick and generally more resistant

than surrounding sediments are interpreted as probable palaeosols.

Massive grey-geen clays which contain isolated sand-sized quartz grains dominate the upper

g metres of section at Ochre Point with the colour tending toward red-brown near the top of

this unit. Several isolated 1 metre thick lenses of indurated white to grey-coloured sand

occ'r and contain large, red, vertical mottles of iron oxide. Calcareous silty sand overlies the

clay and is capped by a calcrete layer.

3.2.8 Seaford

(Noarlunga 1:50 000, 694028 to 693035)

Coastal cliffs in the Seaford area, particularly near Robinson Point, provide excellent

exposures of Quaternary sediments (Fig 3.20). However the base of the sequence is not

always exposed above beach level. Miocene Port V/illunga Formation crops out as isolated

remnants on the beach and also forms wave-cut platforms. The Quaternary sequence in this

area comprises a basal sequence of interbedded sands, sandy clays and gravels with minor

clay and an upper unit composed dominantly of grey-green to red clays. Isolated sandy

lenses occur within the upper clays and the sequence is capped by a blanket of calcareous

sediment which includes a calcrete.

A section 600 metres south of Robinson Point (Noarlunga 1:50 000, 694028) illustrates the

nature of the sediments in the area (Figs 3.21 and 3.22). Bedding of sand and clay units,

particularly in the basal 3 metres of the section nea¡ Robinson Point, is generally horizontal
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with thicker clay units traceable for several hundred metres at roughly the same elevation.

Thick gravels form lenses and also fill shallow channels eroded into underlying sands. I-ow-

angle cross-beds can also be observed in a number of the gravel lenses but are seldom seen

in sandy beds. clay-rich sediments in upper pafts of the sequence are generally massive.

Rare intervals occur where the clay breaks preferentially into blocky peds up to 12 cm high

and 5 cm across. Staining by iron and manganese oxides is common on the surfaces of

peds, as is evidence of remobilisation of clay to form laminated coatings'

Six upward fining sedimentary cycles, comprising angular to sub-angular gravels which

grade through sands to clays, are evident within the Robinson Point Formation near

Robinson point. Most sedimentary cycles have been truncated by variable amounts of

erosion prior to the deposition of gravels which form the subsequent unit, however clay and

silt-rich beds are still present in upper parts of most sequences. Some 400 metres to the

south, up to nine upward fining cycles can be observed below the gravel lenses. Each cycle

is coarsest at the base and gradually grades from coarse, often gntty sands to micaceous silty

and clayey sediments. Thin gravel beds are frequently included at the base of such cycles

and consist mostly of small sub-angular pebbles of quartz, siltstone and ferricrete. Sharp

undulating contacts are observed at the base of each cycle, with a relief of up to 10 cm (Fig

3.23). Isolated, larger hollows appe¿u to have an erosional origin and are filled by coarse

sands and grits of the overlying unit. The finest sediments are buff to grey in colour and

display small, vertical mottles of yellow goethite. Coarser sediments nearer the base of each

cycle are redder in colour, with hematite being present as well as goethite. Mottling in the

coarser sediments takes the form of large, irregular blotches, up to 10 cm in size and appears

to form by selective bleaching of the dominantly orange-red coloured sediments.

Numerous small vertically oriented tubes up to 0.5 mm in diameter penetrate the silt and clay-

rich beds and have circular cross sections. Occasionally larger tubules, up to 1 cm in

diameter, are observed which have been infilled by further deposition. Such structues are

interpreted as burrows made by small organisms and suggest that bioturbation has been

active in these sedimens.
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Mottles present within sands from the lower 1.5 metres of cliffs throughout the Seaford area

display an unusual orange-pink colour which appears to be due to hematite, the dominant

iron oxide present in these mottles. The colours are associated with thin, discontinuous

seams of white alunite which broadly conform to local bedding. Seams are up to 6 cm in

thickness, have a sharp basal contact and a diffuse upper contact with the surrounding sandy

sediments and are generally free of impurities such as quutz grains. Occasional isolated

pods of alunite up to 10 cm across are also found (Fig3.2Ð.

3.2.9 Onkaparinga Trig

(Noarlunga 1:50 000; 691048)

Between Seaford and the Onkaparinga Trig Station, exposure of Quaternary sediments is

generally poor due to vegetation cover and surface wash. Immediately south of the Trig

Point however, up to 20 metres of unconsolidated sediments of Quaternary age overlie the

Tertiary Port V/illunga Formation which forms a low bench behind the beach (Fig 3.25). A

karst-like surface is evident with solutional hollows up to 75 cm deep and2 metres diameter.

A section through the Quaternary sequence has been sampled approximately 150 metres

south of the Trig Point (Figs 3.26 and3.27). Sediments a¡e similar to those'observed in the

Seaford a¡ea with the exception that the upper clay-rich unit is much thicker at this location.

A thin green-yellow clay immediately overlies Tertiary limestones and often includes small,

rounded masses of soft, chalþ alunite. Further alunite occurs as thin, elongate pods up to 3

cm thick and 25 cm long in the overlying 1.3 metres of interbedded sand and sandy clay.

Rounded, waxy pods which are halloysite-rich and up to 15 cm across also occur in this

interval. A 10 cm band of yellow-brown sand cemented by iron oxides (dominantly

goethite) overlies the halloysite followed by pink (10R 5/6 to 2.5YR 5/6) and white,

unconsolidated fine sands. Several gravel units comprising sub-angular to sub-rounded
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clasts of quartz, quartzite, siltstone and weathered schist (0.5 to 2 cm size) occur in the next

3 meres and grade upward into fine micaceous sand and silt @g 3.28).

The upper 13 metres at this site are dominated by massive clays which display occasional

blocky peds giving a columnar appearance. Brownish clays occur in the upper 4 metres with

several thin, sandy interbeds. A white, micaceous, sandy to silty unit which occasionally

contains small ferruginous mottles occurs about 8 metres above the Robinson Point

Formation. Immediately below this unit is a 2 metre thick interval where large, white,

calcareous mottles up to 30 cm in size are present. Carbonate also impregnates the

surrounding green-grey clay. The carbonate unit is discontinuous but can be traced

intermittently northward to the mouth of the Onkaparinga River.

3.2.10 Onkaparinga River Mouth

(Noarlunga 1:50 000; 696058)

Seven samples have been collected from an erosion gully developed as a result of outflow

from a storrnwater drain just east of the mouth of the Onkaparinga River (Figs 3.29 and

3.30). At the base of the gully, 50 cm of sub-rounded gravels up to 10 cm in size overlie

Tertiary limestones of the Blanche Point Formation. The gravels grade upwards into sands

which are up to 50 cm thick and overlain by grey-green clays exhibiting a pronounced

vertical prismatic structue. A 40 cm thick band of mottled carbonate similar to that

described from the Onkaparinga Trig site occurs within the clay unit. Sandy, and in places

silty and micaceous sediments overlie the clays and grade upward to brown and grey sandy

clays with long vertical columns of soft white ca¡bonate penetrating these sediments from the

overlying thick calca¡eous mantle.
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3.2.1 1 Port Noarlunga/TVitton Bluff

(Noarlunga 1:50 000; 691074 to 691078)

Only limited sampling has been undertaken in this a¡ea and is confined to a lower interval

where alunite occurs just north of Port Noarlunga and also to upper clay-rich sediments near

Witton Bluff. Quaternary sediments overlie thick Tertiary Limestones of the Blanche Point

Formation and, as at many sites in the study area, comprise gravels, sands and sandy clays.

Red-brown clays which in this area are not more than 4 metres thick overlie the coarser

sediments (Figs 3.31 and 3.32). In the cliff face at Witton Bluff, a massive to platy

ca¡bonate bed of variable thickness (up to 60 cm) occurs between the sandy sediments and

red-brown clays. Further carbonate mottles and blotches occur in upper parts of the clay-rich

unit immediately below a calcrete layer.

Several beds of chalþ, white alunite occur at the base of the Quaternary sequence with 2 to 3

horizontal bands up to 3 cm thick observed in gritty basal sands (Fig 3.33). The lowermost

band of alunite is unusually thick (20 cm) and continuous for several hundred metres.

Small, rounded, bulbous masses are found on the underside of this bed and protrude into the

underlying clays (Fig 3.34).

Gravel lenses up to 30 cm thick are common immediately above the alunite interval and grade

into a sequence of interbedded sands and sandy clays where gravels are rare. Sandy units

are generally horizontally bedded and often indurated although rare tabular cross-beds are

observed. South of Witton Bluff these sediments have been considerably disturbed. Blocks

of planar bedded sand up to 1.5 metres across are often steeply tilted and occur randomly

within otherwise massive sands and sandy clays @ig 3.35). Bedding within the blocks

cannot be traced laterally into surrounding massive sands, nor are adjacent blocks obviously

related. Underlying sediments which are of similar lithology and overlying clays remain

undisturbed. Intaformational slumping of well bedded and cohesive sandy sediments within

a 5 metre sequence of incompetent sandy clays may account for the disrupted nature of these

sediments.
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3.2.12 Hallett Cove

(Noarlunga 1:50 000; 718154)

Up to 20 metres of Quaternary sediment are exposed in the Amphitheatre at Hallett Cove

overlying unconsolidated Permian sediments and a thin remnant of the Hallett Cove

Sandstone. A section adjacent to the Sugarloaf has been sampled (Figs 3.36 and 3.37).

Overlying the Hallett Cove Sandstone immediately east of the Sugarloaf arc70 cm of grey-

green sandy clays including a discontinuous zone of mottled, white ca¡bonate in the upper 15

cm. The carbonate is considered to be equivalent to the Burnham Limestone based on the

presence of mottled carbonate associated with this unit at other locations in the study area.

Where samples were collected, some 100 metres further east, carbonate is not present at the

base of the section. Instead, grey-green, horizontalty bedded sand occurs which includes

minor gravel beds containing sub-angular clasts of quartz, siltstone, sandstone and

femrginous material. Grey-green to yellow clays or sandy clays which tend towards red-

brown colours continue for 3 to 4 metres underlying a thick, sandy to silty and indurated unit

in which prominent, vertical, femrginous mottles have formed. A further 4 metres of sands

and sandy clays with rare gravel beds and thin clay units crop out above the mottled interval

and are in turn overlain by massive red-green clay.

Lateral variation of sedimentary units within the Amphitheatre is apparent (Fig 3.38). The

central mottled sandy interval is absent towards the north where upper red-green clays

thicken and directly overlie grey-green to yellow clays. As at many sites in the region, the

colour of the clays reflects the femrginous mottling with yellow mottles (10YR 6/8) giving

yellow colours and red mottles (7.5R 314) a redder colour. Isolated sandy lenses which are

mottled and sometimes indurated are observed within upper clays at the northern end of the

Amphitheate but are not stratigraphically equivalent to more pronounced mottled sediments

further south.
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North of the Amphitheatre, Quaternary sediments are thin and poorly exposed with up to 1

metre of gritty and sometimes gravelly sand overlying isolated rernnants of the Hallett Cove

Sandstone. Isolated pods and thin beds of alunite sometimes occur within these sands.

Beds and small lenses of gritty green-gey clay containing angular grains of quartz, feldspar

and rock fragments overlie the basal sands. Occasional, small mottled sandy lenses are

observed in upper parts of the Quaternary sequence. However poor exposure prevents

correlation of these occurences with those within the Amphitheatre.

3.2.13 Railwa)¡ Cutting. O'Sullivan Beach Road

(Noarlunga 1:50 0ü); 716108)

V/hile the railway cutting described here is located 2.3 km from the coastline, several

samples were collected at this site as part of mineralogical investigations, particularly in

relation to the development of femrginous mottles. An alluvial channel approximately 100

metres wide and 6 metres deep has been cut in Precambrian bedrock and filled with

Quaternary non-marine sediments (Fig 3.39). Coarse, channel-fill sands are thickest in the

channel base, thinner toward the margins and show horizontal planar bedding in several

sections. Vertically oriented iron mottling is pronounced within the basal sands which a¡e

otherwise a white-grey (7.5Y 712) colovr. The sands are overlain by several metres of

massive green-red (5Y 612 to 7.5R 3/4) clays. A thin calcrete and associated soft calcareous

silt overlie the clays with calcareous material partially frlling small vertical fractures in the

clay.

3.3 Proposed Sedimentary Units

Based on field observations described in this Chapter, a snatigraphic scheme for Quaternary

sediments exposed in coastal cliffs in the Noarlunga and WillungaEmbayments is proposed

(Table 3.1). Overlying the Hallen Cove Sandstone of Late Pliocene age and the Burnham

Limestone of Early Pleistocene age are two newly named units; the Robinson Point and

Ngaltinga Formations. The Robinson Point Formation is proposed for generally coarse-
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grained sediments at the base of the Quaternary sequence while the Ngaltinga Formation

covers mostly fine-grained sediments forming the upper parts of the sequence. Within the

Ngaltinga Formation two members are recognised; the Neva Clay and Snapper Point Sand

Members. All new names have been approved by the Stratigraphic Nomenclature Sub-

committee of the Geological Society of Ausnalia (South Australian Division) and definitions

have been published by May et aI (1991).

3.3.1 Robinson Point Formation

A type section for the Robinson Point Formation has been nominated in coastal cliffs at the

section described just south of Onkaparinga Trig (Noarlunga 1:50 000; 691048) (Figs 3.26

and3.27). The name is derived from Robinson Point (Noarlunga 1:50 000; 694034) which

is located 1.4 km south of the type section.

The Robinson Point Formation consists of an interbedded sequence of clays, sandy clays,

sands, grits and gravels. Basal sediments and those near the top of the formation are

dominantly sands and sandy clays with rare thin gravel beds while discontinuous gravel

lenses are common in central parts. Gravels comprise mostly angular to sub-rounded clasts

of quartz, quartzite, siltstone and ferricrete which vary in size from a few mm to 10 cm. In

the Noarlunga Embayment between Witton Bluff and Port Noarlunga, coarse gravels which

have a simila¡ appearance to those from central parts of the formation elsewhere in the

region, occur at the base of the unit. There are no underlying sands or clays. Much coarser

gravels are found in a thick sequence adjacent to the V/illunga Fault Escarpment at Sellicks

Beach (see section 3.2.1). Planar bedding is commonly exhibited in sandy and gravelly

intervals with cross-beds occasionally preserved in these sequences. Cross-beds are more

frequent in coarse sand to grit units which occur mostly in basal parts of the formation. In

contrast with the coarser intervals, interbedded sandy clay units show no bedding structures.

Basal parts of the formation are characterised by cycles of deposition up to 1 metre thick

commencing with poorly sorted, angular to sub-rounded gravels and f,rning upwards to silty

and clayey beds. These finer units often display a coarse, prismatic structure which masks
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any original sedimentary structure. Evidence of bioturbation in the form of 2 to 10 mm

diameter, vertically oriented, cylindrical tubes, some of which have been infilled by clay is

also common in the finer units. Thin beds and isolated, rounded masses of white alunite

often occur in basal sandy sediments and are generally associated with hardened, nodular

masses of the surrounding sandy sediment. The development of alunite is usually associated

with an interval up to 2 metres thick which displays an unusual pink-red colour not seen in

any other sediments in the region. Prominent femrginous mottling is common in central

parts of the formation within indurated sandy sediments which are sandwiched between fine-

grained beds. Smaller, less prominent yellow-orange mottling is associated with fine-

grained units while unconsolidated red-orange sands and grits a¡e often selectively bleached.

A coarse rectangular pattern of bleaching is common.

Sediments of the Robinson Point Formation are exposed almost continuously along the

coastline between Hallett Cove and Sellicks Beach apart from areas adjacent to modern

drainages where they have been removed by erosion and between Blanche Point and Aldinga

Beach where sediments of the Ngaltinga Formation directly overlie the Burnham Limestone

(Fig 3.a0). Thickest sequences are found at Sellicks Beach adjacent to the Willunga Fault

escarpment where up to 50 metres of poorly sorted gravels and interbedded sandy clays are

exposed. Elsewhere, the formation is generally between 5 and 10 metres thick.

At the coast, the Robinson Point Formation directly overlies marine sediments of Tertiary

age or the Early Pleistocene Burnham Limestone. However, at several locations such as

Sellicks Beach, Maslin Bay and Hallett Cove, the Burnham Limestone is interbedded with

basal sands of this formation. As no fossils have been identified from the Robinson Point

Formation, these observations provide the only evidence for the age of the sediments and

suggest that they can be no older than Early Pleistocene.
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3.3.2 Ngaltinga Formation

The Ngaltinga Formation comprises clays and sandy clays forrning the upper part of the

Quaternary sequence but the defrnition excludes the layer of calcareous material which forms

a blanket over a wide variety of sediments in the study area. A type section is located in

coastal cliffs just south of Snapper Point (Yankalilla 1:50 000; 672933) (Figs 3.4 and 3.5).

The Ngaltinga Formation at Snapper Point and also at other locations can be divided into the

Neva Clay and Snapper Point Sand Members which reflect the frequent occurrence of

coarser sediments in upper parts of the formation.

The Neva Clay Member comprises massive, grey-green clay with rare, very thin interbeds

(up to 1 mm thick) of fine sand near the base. Rounded, fine sand-sized quartz grains are

scattered randomly through the clay but generally form less than l07o of the sediment. The

clay often breaks into blocky peds where exposed at the surface with slickensides and

manganese staining developed on many ped surfaces. Small orange-yellow blotches are

conìmon in parts of the Neva Clay Member but blotches tend to be red-coloured in some

central and upper portions of the unit. Discontinuous intervals of mottled carbonate up to 2

metres thick occur in the upper half of the Neva Clay Member at several localities in central

parts of both the Noarlunga and Willunga Embayments.

Coarse sands filling isolated channels eroded into clays of the Neva Clay Member often ma¡k

the base of the Snapper Point Sand Member. Planar bedding is common in these sandy

channel deposits but gravels and cross-beds are rare. The channels generally form broad

troughs up to 40 metres across while slightly higher in the sequence, smaller, U-shaped

channels are sometimes observed. Induration of the sands is common. Large red-yellow

femrginous mottles occur frequently at the base of the channels and also at the gradational

contact with overlying clayey sediments. Upper parts of the Snapper Point Sand Member

usually consist of interbedded clayey sands and clays with occasional sandy interbeds and

rare gravel layers comprising pebble-sized, sub-rounded clasts of quartzite and siltstone. A

gradational contact with the overlying blanket of calcareous material is recognised with thin
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beds and mottles of carbonate penetrating the upper metre of the Snapper Point Sand

Member. Within the Noarlunga Embayment, sand bodies in upper parts of the Ngaltinga

Formation are poorly defined and not confined to isolated channels as is the case in the

V/illunga Embayment. These sands have similar textual cha¡acteristics to the channel-fill

sands in the V/illunga Embayment and are occasionally mottled with iron oxides but tend to

be unconsolidated and devoid of bedding structures. The sand sheets are upward fining and

frequently interbedded with finer sandy clay units. While differences exist between the two

types of sand body recognised in the area, they are both considered to represent the Snapper

Point Sand Member due to their textural similarities and occurrence at the same stratigraphic

interval.

Sediments of the Ngaltinga Formation are exposed almost continuously in coastal cliffs

between Hallett Cove and Sellicks Beach, apafr from several sections where erosion by

modern drainage has removed the older sediments. Thickest exposures occur near the type

section and also Onkaparinga Trig where the Ngaltinga Formation is up to 14 metres thick

(Fig 3.aO). At other localities the thickness rarely exceeds 10 metres.

The Ngaltinga Formation overlies the Robinson Point Formation with sharp contact and

lithological differences usually make the distinction clear. Between Blanche Point and

Aldinga Beach, the Ngaltinga Formation rests directly on the Burnham.Limestone and

carbonate mottles often occur within basal clays immediately above the limestone. In the

vicinity of Blanche Point and also at Hallett Cove, sandy sediments of the Robinson Point

Formation lens out and therefore the basal sediments of this formation, which are yellow-

green clays, immediately underlie gey-geen to red clays of the Ngaltinga Formation. The

slight colour difference between the clays at these locations enables a distinction to be made

between the formations.
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3.4 Features of Diagenetic Origin

The presence of several features which relate to post depositional alteration of the sediments

have been observed at numerous localities and include:

1. Conspicuous development of alunite and halloysite near the base of the Quaternary

succession.

2. kon oxide mottling which is common and very pronounced in sandy units of both the

Robinson Point and Ngaltinga Formations.

3. Induration of many sandy units within the sequence, pafiicularly those associated with

conspicuous iron mottling.

4. The presence of root structures on unconformity surfaces associated with upper parts of

the Port Willunga Formation, the Hallett Cove Sandstone and gravels of the Robinson

Point Formation.

5. The identification of tubular and columnar structures and distinctive goethitic mottling

pattems associated with materials that are interpreted to be incipient soils in parts of the

Robinson Point Formation.

6. Development of mottled and rubbly carbonate within clays and sandy clays of the

Ngaltinga Formation.

These features are described and discussed in more detail in later sections but are recognised

on the basis of field observations detaited in this Chapter as being significant in the post

depositional modification of sediments in the Noa¡lunga and V/illunga Embayments.

3.5 Selection of Sites for Detailed Work

Four sites were selected for detailed sampling and results of this sampling are discussed in

later Chapters. The sites were chosen to be representative of the differences which exist

between the Noarlunga and Willunga Embayments. They also show the full range of

characteristics of the sedimentary units and diagenetic features including alunite deposits at
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the base of the sequence, mottled carbonate within clays of the upper fine-grained unit and

femrginous mottles within sandy sediments. The four sites a¡e listed below.

IÆalitv

l. SnapperPoint

2. Maslin Bay

3. Onkaparinga Trig

4. Hallett Cove

Map Reference

Yankalilla 1:50 000, 672933

Noarlunga 1:50 000, 697970

Noarlunga 1:50 000, 691048

Noarlunga 1:50 000, 7 18154
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CHAPTER 4

DETAILED CHARACTERISTICS OF THE QUATERNARY

SEDIMENTS

Detailed characteristics of the Quaternary sediments have been investigated at each of the four

sites selected on the base of fieldwork presented in Chapter 3. Characteristics which are

considered to represent primary depositional features are covered in this Chapter while those

interpreted as diagenetic in origin a¡e discussed in Chapter 5.

4.I Particle Size Analyses

Particle size data have been obtained for samples collected from each of the four major sites

at Snapper Point, Maslin Bay, Onkaparinga Trig and Hallett Cove in addition to several sites

which were sampled in a reconnaissance manner such as Sellicks Beach, Aldinga Beach,

Port Willunga, Seaford, Onkaparinga River Mouth and the Railway Cutting at O'Sullivan

Beach Road. Four size fractions have been used; the coarse sand (>250pm), fine sand (63-

250pm), silt (2-63pm) and clay fractions (<2pm). All data for samples from these sites are

presented in Appendix 2.

4.1.1 Clay Content

Graphs showing the Vo <ZWm in samples from Snapper Point, Maslin Bay, Onkaparinga

Trig and Hallett Cove are presented as Figures 4.1 to 4.4. At Snapper Point (Fig 4.1),

where only the Ngaltinga Formation is identified above the Burnham Limestone, the Neva

Clay Member has a fairly uniform and high clay proportion (averaging 75Vo) which

decreases sharply at the base of the SnapperPoint Sand Member. Two sepamte sedimentary

cycles are evident within the Sand Member with the base of the upper cycle occuring at L2 m

(257o 4¡tm) and containing slightly more clay than the lower cycle (l9Vo at 10.5 m).



56

At the Onkaparinga Trig site (Fig 4.2), the Ngaltinga Formation displays similar

characteristics to those observed at Snapper Point with a fine-grained Neva Clay Member

overlain by a coarser, but va¡iable Snapper Point Sand Member. At both Snapper Point and

Onkaparinga Trig a mottled carbonate unit is present within the Neva Clay Member, however

the carbonate is not associated with any change in the proportion of clay-sized sediment. The

Robinson Point Formation at Onkaparinga Trig shows extremely variable clay content, with

values in the basal 3.5 m varying from50Vo <2ltm at 0.0 mtoTVo at 1.0 m and this reflects

the interbedding of thin gravel, sand and silty clay units. Clay content is much less than in

the Neva Clay Member but some fine-grained interbeds near the base of the Robinson Point

Formation have clay contents (50Vo <2¡tm) comparable with sediments from parts of the

Snapper Point Sand Member (35-55Vo <2ttm).

At the other two sites, the Snapper Point Sand Member of the Ngaltinga Formation is not

present and plots of clay content show little change throughout the formation. At Maslin

Bay (Fig 4.3) the lower 2.5 m has approximately 70Vo <2¡tm with a slight drop to about

60Vo ln the upper 3 m. A transitional zone 2 m thick occurs between these zones. There is

more fluctuation at Hallett Cove (Fig 4.4) with clay maxima of 687o,597o and 607o occ;'tnng

at 12.5,15.5 and 17.5 m respectively with the total range in the Ngaltinga Formation at this

location being from5lVo to 68Vo.

The Robinson Point Formation at Maslin Bay shows considerable variation in clay content

with several local maxima at 6.0 (46Vo), 9.0 (27 7o) and 1 1 .9 m (57 7o) and a rapid fluctuation

in the basal 2.5 m. Lowest clay contents of ll%o and l5%o occur within an indurated and

mottled zone from 6.5 to 7.5 m and this is located between clay maxima at 6 and 9 m.

Gradual changes in clay content are observed within the Robinson Point Formation at Hallett

Cove with a central coarse bed separating fine-grained units and this contrasts to the

variability existing at both Maslin Bay and Onkaparinga Trig. The mottled zone atHallett

Cove from 5 to7.7 m has clay contents ranging from t6Vo to23Vo and occurs between clay-

rich zones centred atZ and 10.5 m (69Vo and 47Vo <2¡tmrespectively).
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4.1.2 Summar.v of Particle Size Data

Triangular plots have been used to summarise particle size data for the four sites which have

been sampled in detail. Two plots are presented for each, using firstly total sand Vo, stlt 7o

and clay Vo asvertices and secondly coarse sandTo, fine sand Vo andsiltTo + clay Vo (Figs

4.5 to 4.12). Summary plots which include all samples from the four sites are also included

(Figs 4.13, 4.14).

Data from Snapper Point (Figs 4.5, 4.6) show that samples from the Neva Clay Member

cluster tightly toward the clay or clay + silt end-member with samples for the Snapper Point

Sand Member forming two distinct groups. The group plotting with highest sand content

(Group A) represents channel-fill sand at the base of the member and also the coarse basal

sample of the second depositional cycle (RM218 at LZ m). The intermediate group (Group

B) arises from finer-grained sediments deposited following the initial influx of coarse

sediment.

At Maslin Bay three major clusters can be seen on the plots (Figs 4.7, 4.8) with Group A

comprising samples from the Ngaltinga Formation and also two clay-rich samples from the

Robinson Point Formation (RM262, 6 m; RM275,ll.9 m). Group B consists of samples

with about 50Vo sand and 20 to 307o silt which come from the Robinson Point Formation,

mostly in the 3.5 metres overlying the femrginous mottled interval. Samples from below the

mottled zone cluster as Group C with samples from the basal2 metres showing considerable

variation.

The Neva Clay Member at Onkaparinga Trig is tightly clustered in contrast to most other

samples from this site which scatter widely across the plots (Figs 4.9, 4.10). Samples from

the Robinson Point Formation, in particular, show considerable variation with upper pafts of

this formation having high silt contents and hence plotting with samples from the Neva Clay

Member in Figure 4.10 but on their own toward the silt end-member in Figure 4.9 (RM306,

RM307). The Snapper Point Sand Member at this site shows similar trends to those evident
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at Snapper Point with samples from coarser beds plotting together as Group A and

intervening samples plotting as Group B. The composition of Group B tends toward that of

samples from the Neva Clay Member.

At Hallett Cove the lower clay unit from the Robinson Point Formation (RM340-RM345,

1.0-3.5 m) plots in a similar position to samples from the Ngaltinga Formation (Figs 4.11,

4.12) with a slightly higher ratio of coarse sand to fine sand being the major difference (Fig

4.L2). The remainder of samples from the Robinson Point Formation plot with higher but

variable sand contents and are more typical of sediments from this formation at other

localities.

Plots of all samples from the four sites are given in Figures 4.13 and 4.14 and show similar

trends with coarse sand to fine sand ratios of about 0.4 and silt to clay ratios of about 0.28.

The Ngaltinga Formation at both Maslin Bay and Hallett Cove is not clustered as tightly as

the Neva Clay Member from Snapper Point or Onkaparinga Trig and is also slightly coarser-

grained. Coarser sediments from the Snapper Point Sand Member at Snapper Point and

Onkaparinga Trig (Group A) have similar textures to parts of the Robinson Point Formation

at Maslin Bay (Group B) and also upper pafis of this formation at Hallett Cove. Similarly,

samples RM340 to RM345 from the Robinson Point Formation at Hallett Cove and sample

F.lvI262 and RM275 from Maslin Bay have textures approaching those commonly occurring

in samples from the Ngaltinga Formation. In general, sediments of the two formations show

distinctive textural characteristics, however some overlap is evident. This suggests that

depositional conditions and/or sediment sources may not have altered greatly during

deposition of the Quatemary sequences within the Willunga and Noarlunga Embayments.

The greatest variation may, in fact, be a reflection of distance to source areas with finer-

grained sediments of the Ngaltinga and Robinson Point Formations being deposited further

into the embayments.
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4.1.3 Sand Ratios

Ratios of coarse to fine sand have been calculated for all samples from the Snapper Point,

Maslin Bay, Onkaparinga Trig and Hallett Cove sections (Figs 4.15 to 4.18 and also

Appendix 2). Data for reconnaissance samples collected from other sites are also included in

Appendix 2.

At Snapper Point @g 4.15), values are low (average 0.25) in the basal T metres of the Neva

Clay Member with very little variation. Above the carbonate interval the ratio shows greater

fluctuation with maximum values of 0.84 (RM226, 8.0 m) and 0.54 (R1vf224,9.0 m) just

below the sharp boundary with the Snapper Point Sand Member. Ratios in this member are

significantly higher than in the Neva Clay Member and also show greater variation. Peaks

occur at 9.5 m (RM223, 0.87) and 12.0 m (RM218, 1.26) and these samples also

correspond closely to clay content minima Grg 4.1).

The Ngaltinga Formation at Maslin Bay (Fig 4.16) shows a very gradual increase in sand

ratio from 0.13 for sample RM279 (14.0 m) to 0.33 for RM290 (20.5 m). This is in

contrast to samples from the Robinson Point Formation where sand ratios vary considerably

and, with the exception of two samples, are always higher than the Ngaltinga Formation.

Greatest variation occurs in the basal 4 metres of the Robinson Point Formation with a

maximum value of 1.86 for RM255 at2.7 m. An association of high values for the sand

ratio and low clay contents which was suggested from data from the Snapper Point Sand

Member at Snapper Point does not appear to exist at Maslin Bay. No data is provided for the

iron mottled interval between 6 and 8 metres as the samples were incompletely dispersed due

to the indurated nature of these sediments, but above this interval va¡iation in sand ratios is

less than below the mottled zone.

Data for the Robinson Point Formation at Onkaparinga Trig is also incomplete due to the

difficulty in dispersing silty sediments between I and 4 metres (8 samples). The data which

are available (Fig 4.17) show values less than 0.25, apart from two gravel beds which have



60

sand ratios of 3.6 (RM298, 2.3 m) and 10.0 (RM300, 2.65 m). Many of the sediments

from the Robinson Point Fonnation at Onkaparinga Trig are silty with abundant fine grains

of angular quartz and muscovite observed under the microscope and the sand ratios reflect

the abundance of this material. At the base of the Neva Clay Member, values a¡e identical to

those of upper parts of the Robinson Point Formation but gradually increase from 0.15 at 6.7

m (RM308) to 0.29 at 10.2 m (RM315) just below the mottled ca¡bonate unit with a

maximum of 0.45 at 12.0 m (RM320). A second maximum (0.47, RM324, 13.5 m) occurs

in the upper 1.5 metres of the Neva Clay Member just below the Snapper Point Sand

Member which has a silty and micaceous basal interval with sand ratios similar to upper parts

of the Neva Clay Member. Central parts of the Snapper Point Sand Member from 15.8 m to

16.8 m (RM329 to RM331) have the highest ratios (0.83) with a gradual decrease to 0.37

just below the carbonate mantle.

It has previously been noted that basal parts of the Robinson Point Formation at Hallett Cove

have a similar appearance and clay content to the Ngaltinga Formation at this location. Data

for sand ratios (Fig a.18) indicate that basal sediments below the iron mottled interval have

higher values (ave 0.85 from 2.0 to 5.0 m) than the Ngaltinga Formation (ave 0.54).

Several samples immediately above the basal sandy and gravelly unit in the Robinson Point

Formation have significantly higher values ranging from 1.58 to 2.34. Data are incomplete

through the indurated mottled interval but above the mottles, sand ratios remain fairly

constant (ave 0.57) and marginally higher than those from the Ngaltinga Formation. At most

sites along the coastline sand ratios within the Ngaltinga Formation are generally low (<0.5),

apart from some sections of the Snapper Point Sand Member. Values calculated for the basal

5 metres of the Robinson Point Formation at Hallett Cove a¡e therefore more akin to those

from this formation at other sites in the region, particularly the Maslin Bay section.

The most obvious difference in sand ratios between the Robinson Point and Ngaltinga

Formations is in terms of the amount of variation which occurs. Gradual changes take place

within much of the Ngaltinga Formation whereas considerable fluctuation is seen in the

Robinson Point Formation. This fluctuation is particularly evident in basal parts of the
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Robinson Point Formation which also correlates with the zone where there is constant

change in the proportion of clay-sized material. A plot of sand ratio against clay content

shows that there is no direct relationship between these variables (Fig 4.19) hence coarser

sediments with little clay content (< 2pm) do not imply higher proportions of coarse sand

with respect to fine sand. For example, basal parts of the Snapper Point Sand Member have

similar sand ratios to upper pars of the Neva Clay Member despite having considerably less

clay-sized material.

Within the Neva Clay Member, a slight change in both the value of and the amount of

va¡iation which takes place in the sand ratio occurs where the mottled carbonate unit has

formed. Such a change is not evident at the Hallett Cove and Maslin Bay sites where no

carbonate occurs and at these locations the sand ratio shows similar trends to lower parts of

the Neva Clay Member at Snapper Point and Onkaparinga Trig. The carbonate interval may

therefore represent a local hiatus with the nature of sedimentation being different following

formation of the carbonate.

Data for the amount of fine and coa¡se sand in samples collected from the Quaternary

sequence show that the Ngaltinga Formation generally has higher proportions of fine sand

compared with the Robinson Point Formation. The amount of variation of the ratio of coarse

to fine sand is greater for sediments from the Robinson Point Formation compared with the

Ngaltinga Formation and reflects a more episodic depositional environment. Sharp changes

which occur within the Neva Clay Member where mottled carbonate occurs may represent

hiatus during sedimentation. Absolute values of the sand ratio and the degree of variation

which occurs in samples from the Snapper Point Sand Member fall püt-way between and

also overlap those values calculated for the Neva Clay Member and the Robinson Point

Formation. This supports the idea, evident from particle size data (Sections 4.1.1; 4.1.2),

that the Snapper Point Sand Member represents a depositional environment which is

transitional between the Neva Clay Member and Robinson Point Formation and also that

sediment sources are unlikely to have altered markedly during deposition of the Quaternary

sequence.
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4.2 Mineralogy of Particle Size Fractions of Sediments

4.2.1 Sand Mineralog.v

4.2.1.1 X-Ra]¡ Diffraction

The mineralogy of fine sand fractions (63 to 250 pm) from some samples collected at

Sellicks Beach, Aldinga Beach, Port Willunga, Ochre Point, Seaford, Hallett Cove and

O'Sullivan Beach Road Railway Cutting has been determined using X-ray diffraction

techniques (XRD) and results are summarised in Appendix 34. Quartz dominates the

mineralogy of all these samples with minor potassic and plagioclase feldspars and trace

amounts of hematite, calcite, dolomite, alunite and possibly ilmenite in some samples.

Counts for the major quartz peak at 334Ã (approx 10 000) are always 50 to 100 times more

than counts for the largest feldspar peaks at3.24Ã and 3.19Å (mostly within the range 50 to

300). Minerals detected in trace quantities are often related to nearby concentrations of these

minerals within Quaternary sediments and therefore have limited value in assessing changes

in sediment source which may have taken place. Hematite, for example, generally occurs

adjacent to sediments mottled with iron oxides and calcite and dolomite are detected from

samples associated with limestones.

4.2. 1.2 Ootical Assessment

Use of XRD techniques discussed in Section 4.2.1.1proved to be insufficiently sensitive to

identify minerals present in trace amounts. In order to obtain more conclusive data, the

coarse sand fraction (>250 pm) of samples from the Onkaparinga Trig section have been

studied using a binocular microscope and optical petrological techniques to determine their

mineralogy. These techniques were deveþed by CRA Exploration in Perth to assess heavy

mineral concentrates obtained during diamond exploration. Minerals identified are

summarised in Appendix 38.
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Quartz, feldspar, tourmaline and iron oxides occur in almost all samples and hence are

present in samples from both the Robinson Point and Ngaltinga Formations. Similarly

rutile, although identified in only 10 samples, occurs in both stratigraphic units. A much

greater range of heavy minerals has been idenúfied from the Snapper Point Sand Member

with l0 minerals occurring in this unit which have not been observed in older units.

To help determine whether there is a different suite of heavy minerals present in the

Ngaltinga Formation compared with the Robinson Point Formation, the heavy mineral

fraction (>2.96 SG) of several additional samples from both the Maslin Bay and

Onkaparinga Trig sites has been separated from 0.5 kg sub-samples used for detailed size

separation (see Section 4.3). The increased weight of heavy minerals available for

observation from these eight samples confirrns the distribution evident from coarse sand

fractions discussed above. Staurolite, iron oxides, tourmaline and rutile are present in all

samples (Appendix 3B). A greater range of minerals is present in samples from the Snapper

Point Sand Member and Robinson Point Formation compared with the Neva Clay Member.

Ra¡e or trace amounts of amphibole, corundum and spinel are identified from the Snapper

Point Sand Member but not from other stratigraphic unis while all other minerals which have

been identified occur in more than one stratigraphic unit.

4.2.2 Clay Mineralogy

The clay mineralogy of Quaternary sediments from the Noa¡lunga and V/illunga Embayments

has been investigated and results are presented in this section. Halloysite, which is

considered to be a diagenetic mineral, is discussed together with alunite in Chapter 5.

4.2.2.1 Identifrcation of Cla]¡ Minerals Present in Sediments

Clay minerals have been identified and described using techniques discussed in sections

2.2.2 to 2.2.4. Details of the clay mineralogy at all four major sites together with many

reconnaissance sites are tabulated in Appendix 4. Kaolinite, illite/mica, smectite and
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randomly interstratified layer lattice silicates are the dominant clay minerals in sedimentary

units from the Noarlunga and Willunga Embayments and X-ray diffraction ()(RD) responses

from these minerals are discussed in the following sections.

4.2.2.1.1 Kaolinite

Kaolinite is identified by a diffraction peak at 7.15Å which is not altered by subsequent

intercalation with various cations or organic solvents but which disappears on heating the

sample to 500"C (Brindley & Brown 1980). All samples collected from the study area

contain kaolinite with the 7.15,Ä, peak being moderately sharp and showing little change in

peak width or shape. Measurements of peak width at half height are within the range 0.4 to

0.65 "20 (Appendix 4; these values have not been corrected for the effects of instrument

broadening) suggesting some consistency in crystal size, thickness and ordering within

kaolinites from the Quaternary sediments. In comparison, two samples of we¿thered

Woolshed Flat Shale of Precambrian age collected from an old quarry at Bradbury in the

Adelaide Hills, gave peak widths of 0.3 '20 (Fig 4"20). The sharper kaolinite peaks from

these samples could be due to either larger particles being present in the Precambrian

sediments and/or that kaolinite present in the Quaternary sequences is more disordered.

4.2.2.1.2 IllitelMica

Illite has been def,rned as clay mica (Brindley & Brown 1980). Apart from a difference in

particle size, illite often has decreased K2O and increased H2O and cation exchange capacity

compared with mica due to the removal of some interlayer potassium and replacement with

hydrated exchangeable cations (Brindley & Brown 1980; Nonish & Pickering 1983). More

recently, Srodon & Eberl (1984) have defined illite as a non-expanding, dioctahedral,

aluminous, mica-like mineral with a particle size of <4pm. Fanning et al (1989) indicate that

particle size is not part of the definition but that lower layer charge brought about by

substitution of A1 by Fe and Mg in octahedral sites and additional Si in tetrahedral sites are

critical factors. Both illite and mica can be identifred by a diffraction peak at 10Å which is
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not altered following various saturation and intercalation experiments or by heating samples

to 300"C or 500"C. While flakes of muscovite have been observed in both the fine and

coarse sand fractions from many samples, the term illite will be used when discussing clay

minerals from <2pm fu¿ctions grving a 10Å basal spacing following the definition of Srodon

& Eberl (1984).

It might be expected that the decrease in crystal size and removal of interlayer poøssium from

illite compa¡ed with mica (muscovite) would result in changes to the basic diffraction pattern

and in particular the shape of the basal (ü)1) peak at t0Å. nlite is identified in all samples

studied and shows considerable variation in the nature of the 10Å peak with width at half

height varying from 0.35 to 1.2 "20 due to variable broadening on the low-angle side of the

diffraction peak. The shape of this illite peak has been frequently used to determine the

degree of crystallinity of illite (or muscovite), particularly in studies of diagenesis and

metamorphism where an increase in crystallinity (and hence sharpness of the 10Å peak) of

authigenic illite takes place as a result of dehydration and potassium fixation (Kubler 1967;

Kisch 1980; 1983). Studies by Brill (1988) of illite crystallinity from weakly

metamorphosed sediments in the Cobar region of NSV/ gave values ranging from 0.21 to

0.31 "29 which are much sharper than those identified for illite peaks from the Quaternary

sediments discussed here. Samples of weathered shale from Bradbury in the Adelaide Hills

have peak widths of 0.2 "2e Grg 4.20) which are similar to those from the'Cobar area. In

soils, a reverse reaction to diagenesis takes place where cation exchange occurs and

potassium is leached from interlayers to produce poorly crystalline illite and interstratified

clay minerals (Norrish 1973; Norrish & Pickering 1983; Eberl 1984; Fanning et al 1989).

Illite from much of the Quaternary sequence has characteristics similar to those of soil-

derived illite (Fig 4.21). Some illites have been considered as authigenic in origin (eg

Muloorina illite from South Australia; Norrish & Pickering 1983), having formed in Tertiary

lakes. Porrenga (1968) has also described authigenic illite occurring in green clays from the

USA and Europe which are non-marine in origin and have formed in lacustrine

environments. Norrish & Pickering (1983) indicate that as soil solutions in semi-arid and
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arid environments can resemble those from saline lakes it is probable that authigenic illite

could form in these soils.

Srodon (1984) discusses illite crystallinity in relation to illite/smectite mixed-layer minerals

and suggests that broadening of the basal 10^4, illite peak is caused by interstratification of

expansible smectite layers within the illite structure. Diffraction characteristics can also be

influenced by crystallite size and the degree of orientation of the sample on the ceramic disc

(Fanning et al L989). With peak widths for illites from the Quaternary sequences varying

from 0.35 to 1.2'20, this therefore illustrates a wide range in either the proportion of

expansible interlayers and/or size of crystals. The implications of changes in the nature of

illite through the Quatemary sequences will be discussed in a later section.

4.2.2.1.3 Smectite

Smectite is recognised from XRD traces by a peak at approximately 15Å when satu¡ated wittr

Mg and air-dried which expands to 17.8Å when Mg-saturated and. glycerol solvated.

Heating smectite to 300"C collapses the structure to l0Å. Where interstratihed clays contain

smectite layers in addition to a non-swelling component, the swelling component will be

expanded to 17.8Å on addition of glycerol and hence the identiñcation of pure smectite rather

than a swelling component of intersEatified clay is dependent on the recognition of integral

spacings of higher order basal reflections (Brindley & Brown 1980). Reynolds & Hower

(1970) have investigated the nature of interstratification in mixed-layer illite-smectites and

demonstrated a complete range of compositions from l00Vo illite to 1007o smectite. Tomita

et al (1988) have also calculated curves for the estimation of interstratified components. The

Reynolds & Hower (1970) method has been used as a basis to help identify both smectites

and interstratified clays during the present study.

Smectite has been identified in 27 samples from the study area, however numerous other

samples display evidence for a variable smectitic component in interstratified clays. Those

samples considered to include smectite are listed in Table 4.1 together with the position of the
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f,rst 4 order basal reflections which allow the degree of interlayering of non-expandible illite

layers to be calculated. Alt samples except rwo (RM119, RM299) give diffraction daø

which differ slightly from calculated ideal basal spacings and hence must contain a minor

non-expandible component of up to 2OVo (Fig 4.22). Complete collapse to 10Å takes place

for all samples on heating to 300'C indicating that there is no chloritic component in the

dominantly smectitic clays (Fig a.22). Of the 27 samples in which smectite has been

identified, 16 are from silty and sandy sequences from the Robinson Point Formation, 8

occur in sandy or clayey sedimens associated wittr the Burnham Limestone and 3 are related

to hne-grained sediments from upper parts of the Tertiary sequence. There appea$ to be no

relationship between the proportion of non-expandible interlayers within the smectite and ttre

stratigraphic position of the samples.

4.2.2. 1.4 Interstratified ClaI¡ Minerals

Interstratified clay minerals are coûrmon in both soils and sediments with considerable

variety occurring in the component minerals and the way in which they are interlayered.

Reynolds (1980) has reviewed these minerals concluding that interstratifications are either

random, with no discernable pattern in the sequence of layer types, or ordered, showing

periodic stacking of layers. Despite the large number of possibilities, a relatively small

number of interstratified clay types occur and while two component systems are most

common, three component interstratifications have been reported (Weaver 1956; Foscolos &

Kodama 1974; Sawhney 1989).

Identif,rcation of interstratified clay minerals using XRD techniques is often difficult and

relies upon recognition of non-integral basal diffraction spacings. Interlayering by small

amounts of one component may produce subtle responses which are not recognised

(Reynolds 1980). Individual components can be identifred by their responses to the usual

range of heating and intercalation techniques.
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Many diffraction traces for <2¡rm fractions from the present study show an elevated

"background" in the range 10 to 20,{ with no definite peaks. These suggest the presence of

poorly defined clay minerals in addition to the kaolinite, illite and smectite already identified

Figa.n). Following addition of glycerol, the elevated region remains, however it shows a

shift toward lower angles leaving a broad illite peak centred on 10Å but which broadens on

the high angle side due to the presence of the (002) smectite + glycerol peak (Fig 4.23).

Such a shift indicates the presence of an expandable smectitic component. On heating to

300'C and 550"C, the broad, elevated background collapses giving a single peak at 10Å and

confirming the presence of interstratified illite/smectite. Comparison with XRD traces given

by Reynolds & Hower (1970) suggests smectite proportions varying from IOTo to 5070 (Fig

4.23).

In some samples, heating to 300'C and 550"C does not completely collapse all clay material

to give a l0Å basal spacing and instead the 10Å peak is quite broad on the low angle side

with elevated diffraction between 10Å and tSÅ 6ig 4.24). Unlike smectite andvermiculite,

the basal spacing of chlorite does not collapse from 14Å to 10.Ä. on heating to 300"C

(Brindley & Brown 1980; Barnhisel & Bertsch 1989) and hence a chlorite-like clay may be

present in these samples with AI(OH) ions replacing hydrated cations within the clay

structure. Assymetry of the 10Å peak can also be caused by very small crystal size. Such

hydroxy interlayers in expansible layer silicates have been discussed by Rich (1968) and are

known under varying names (eg dioctahedral chlorite, chloritised vermiculite, hydroxy

interlayered vermiculite, hydroxy interlayered smectite) (Nonish & Pickering 1983;

Barnhisel & Bertsch 1989). As smectite and not vermiculite peaks are identified in samples

from the Quaternafy sequence, the term hydroxy interlayered smectite (HIS) will be used in

this study following the terminology proposed by Barnhisel & Bertsch (1989).

Both types of interstratified clays identifred here are randomly interlayered based on their

poorly defined diffraction characteristics and non-integral basal spacings. Many researchers

consider that regularly interlayered clays are most common in sediments and form during

diagenesis while the more randomly interstratifred clays are formed in weathering
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environments and soils (eg'Wilson & Nadeau 1985; Sawhney 1989). Identification of

randomly interstratified illite-smectite and hydroxy interlayered smectite in Quaternary

sediments from the Noarlunga and Willunga Embaymens and va¡iations which take place in

the components may therefore be useful indicators of the weathering and depositional history

of the sediments.

4.2.2.2 Detailed Cla)¡ Mineraloglat Selected Sites

4.2.2.2.1 Snapper Point

Kaolin, illite, halloysite and interstratified clay minerals have been identihed at Snapper Point

and the proportion of these clay minerals in samples from this site is shown in Figure 4.25.

Illite is the dominant mineral throughout the Neva Clay Member (average 40-507o but

increasing to 50-60Vo above the carbonate interval) with lesser interstratif,red clays (average

3O-40Vo) and kaolinite (average 20-30Vo then 10-20Vo above the carbonate interval). While

the proportion of interstratified clays shows linle change, both kaolinite and illite proportions

change abruptly immediately above the ca¡bonate interval atJ m and this can be seen from a

graph of kaolinite to illite ratios (Figa.26). The proportion of <Zltm material is similar

throughout the Neva Clay Member although an influx of coarser sand is evident in upper

parts of this unit (Section 4.7.3, Fig 4.15). This suggests that the carbonate unit ma¡ks the

boundary between two slightly different clay-rich sequences which may have resulted from

minor changes in depositional conditions or source regions.

The Snapper Point Sand Member is immediately distinguished by the sudden increase in

kaolinite content (S$ffiVo) and a similar decrease in illite and interstratified clays. Both illite

and interstatifred clays gradually increase toward the top of the Snapper Point Sand Member

while kaolinite shows a corresponding decrease. The proportions of all clay minerals in

upper parts of the Snapper Point Sand Member approach those identified from parts of the

Neva Clay Member. Kaolin to illite ratios gradually decrease in three distinct stages which

corelate with similar fluctuations in the proportion of <2¡tm material in the sample. This
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data suggests therefore that kaolinite is most abundant in the coarsest sediments with illite

and to a lesser extent interstratified clays following a reverse Eend.

Measurements of peak widths at half height of both the 7Ä. kaolinite and 10Å ilüæ diffraction

lines have been undertaken as a simple assessment of the crystallinity of these clay minerals

and results are presented in Figure 4.27. Apan from an increase in peak width in sample

RM223 associated with the presence of both 7Å and 10Å hdloysite, there is very little

change in the shape of diffraction peaks for either mineral, apaft from minor broadening of

the illite peak for samples from the Neva Clay Member above the carbonate interval. In all

samples, the illite peak is much broader than that for kaolinite. This suggests either the loss

of some interlayer K+ from the illite structure and replacement by hydrated cations causing

minor intersfratification, or that illite occurs as smallerpafticles compared with kaolinite.

Cation exchange capacity (CEC) of the clay fractions of samples from Snapper Point shows

little variation with the exception of basal samples of the Snapper Point Sand Member where

values decrease due to the presence of lower proportions of illite and interstratified clays

(Appendix 4). The CEC has been used together with diffraction data and K2O contents to

estimate clay mineral proportions using techniques discussed in Chapter 2. KzO values a¡e

lowest in the basal 5 metres of the Snapper Point Sand Member but show little variation in

other parts of the sequence, averaging 3Vo and reflecting the high proportion bf illite, both as

part of interstratified clays and as discrete illite (Fig 4.26; Appendix 4).

Interstratified clays comprise both illite and smectite components and based on work by

Reynolds & Hower (1970) the proportion of expansible smectitic clays ranges from l5%o to

40Vo (Appendix 4). Interstratified clays from the Neva Clay Member have uniform but low

smectitic components (ave 20Vo), however clays from the Snapper Point Sand Member show

much gleater variation with lowest proportions (157o) occurring within coarser sediments

and highest proportions (up to 407o) forming in clayey interbeds. On heating samples to

300"C and 550'C, most show incomplete collapse to 10Å indicating the presence of hydroxy

interlayered smectite. Basal samples from the Snapper Point Sand Member which are sandy
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and contain low proportions of interstratified clays show almost complete collapse on heating

and hence are thought to conøin only small amounts of hydroxy interlayered smectite.

Other minerals which are identified in minor amounts in clay fractions from this site include

qu¿ìrtz, feldspar, goethite and dolomite (Appendix 4). Quartz is present in all samples,

feldspar exclusively within the SnapperPoint Sand Member and dolomite in several samples

from within the carbonate interval. Goethite is identihed from six fine-grained samples, all

but one being from the Neva Clay Member, and appears to be related to development of

small, yellow-orange mottles.

Clay mineralogy at the Snapper Point site clearly delineates the stratigraphy determined from

field observations. The variability within the Snapper Point Sand Member is distinctive of

that unit when compared with the Neva Clay Member. A subtle change in clay mineralogy

also occurs within the Neva Clay Member above the carbonate interval in what is otherwise a

very uniform sequence of fine-grained sediments.

4.2.2.2.2 MaslinBa:t

Details of clay minerals identified in samples from Maslin Bay a¡e tabulated in Appendix 4

and mineral proportions shown graphically in Figure 4.28. Kaolin, illite and randomly

interstratified clays are the major clay minerals identified, with smectite and halloysite

recorded from the basal 5 metres of the section.

Kaolin content is low at the base of the Robinson Point Formation where smectite is

identifred and also in samples where significant amounts of halloysite are recorded. In finer

grained intervals within this zone (RM251, RM254), where neither smectite nor halloysite

occur, kaolinite contents increase to 40-50Vo. Above 3.5 m (RM257), the amount of

halloysite decreases and there is a corresponding increase in kaolinite content to a peak of

6O7o in sample RM260. Mottled, sandy sediments which occur between 6.5 and 8.0 m have

much lower kaolinite contents (average 3U4OVo), however above this interval, the proportion
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of kaolinite increases ¡o 5O-6OVI in samples RM273, RNl27 4 and RM277. A clay-rich band

which occurs between samples KIÃ274 and RM277 has a lower kaolinite contenl V/ithin the

Ngaltinga Formation, kaolinite contents are considerably lower than those recorded for most

parts of the Robinson Point Formation and show little variation apart from a gradual decrease

in the upper 3 metres.

In the lower 5.5 metres and upper 4.0 metres of the Robinson Point Formation, illite content

varies little and averages 30Vo. No change in the proportion of illite is seen through the

smectitic and halloysitic interval, however a large increase occurs within the iron mottled

zone with a maximum of 707o in sample RM266. rñ/ithin the Ngaltinga Formation, illite is

the dominant clay mineral averaging 4OVo in the basal2.5 metres then gradually increasing to

607o just below the overlying carbonate blanker Poþssium contents reflect these variations

in illite content, being highest for samples within and adjacent to the mottled interval and

from the Ngaltinga Formation (Fig a.29). Kaolin to illite ratios (Fig 4.29) also reflect the

variable proportion of illite and confirm the higher proportions of kaolinite in most of the

Robinson PointFormation and lower amounts in the Ngaltinga Formation.

In the Robinson Point Formation, interstmtified clays show a positive relationship with the

proportion of clay-sized sediment and maximum proportions occur in samples RM251,

RM254, RM258, RM263, RM269 and RM275 (Fig 4.30). Only minoi amounts of

interstratifîed clays occur within the iron mottled interval and none was identified where

halloysite or smectite are abundant. Illite and smectite are identified as components of

interstratified clays from the Robinson Point Formation with the smectitic component varying

from 10Vo to 507o. Maximum smectite components a¡e recorded in samples from clay-rich

intervals (RM251, R.M^262, RM263 and RM272 to RM275). Interstratihed clays form a

higher proportion of samples from the Ngaltinga Formation compared with the Robinson

Point Formation, emphasising the association of these clays with the finest sediments. In

samples from the Ngaltinga Formation, the smectite component of the intersratified clays is

relatively constant at20 ¡o 30Vo apart from several samples at the base of this formation

which increase to 4O7o. Heating samples to 300"C and 550'C indicates that not all material
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collapses to 10Å and hence, as at Snapper Point, hydroxy interlayered smectite is present in

samples from the Ngaltinga Formation. In contrast, little hydroxy interlayered smectite is

present in samples from the Robinson Point Formation as these show almost complete

collapse on heating.

A graph of the width at half height of (001) peaks for both kaolinite and illite indicate little

change for kaolinite throughout the sequence (Fig a.31). There is an increase in illite for

samples from the Ngaltinga Formation and also from the Robinson Point Formation between

the halloysite-rich interval and the iron mottled zone. This suggests that illite from the

Ngaltinga Formation and occasionally from the Robinson Point Formation is not as well

ordered as in other samples and may have lost some interlayer potassium leading to minor

interstratification within illite crystals. Alternatively, the change in diffraction peak widths

for illite may reflect a smaller particle size in these intervals.

Minor amounts of quartz occur in the <2pm fraction of all samples at Maslin Bay with

feldspar a common component of most samples from the Robinson Point Formation

(Appendix 4). Goethite forms a minor component of both smectitic samples at the base of

the Robinson Point Formation and also in one sample at the base of the iron mottled zone.

Dolomite and calcite occur in nvo samples immediately below the ca¡bonate blanket and are

derived from isolated carbonate mottles which have formed in the upper parts of the

Ngaltinga Formation.

The clay mineralogy at Maslin Bay indicates a clear difference between the Ngaltinga and

Robinson Point Formations with kaolinite dominant over illite in most parts of the Robinson

Point Formation and illite dominant over kaolinite in the Ngaltinga Formation. Hydroxy

interlayered smectite is present in the Ngaltinga Formation but not the Robinson Point

Formation and this may have implications for the source of the clays and subsequent post

depositional modification. Within the Robinson Point Formation, variations from the

standa¡d kaolinite-dominated clay mineral suite occur at the base of the formation where

smectite and halloysite are identified and also from within the iron mottled interval where the
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illite proportion increases ma¡kedly at the expense of both kaolinite and interstratified clays.

It is noted from this study that such variation always occurs in coarser sediments which

suggests that coarser intervals within the sequence may preferentially allow alteration of clays

following deposition.

4.2.2.2.3 Orkaoannga Tng

Five clay minerals are identified from the Onkaparinga Trig section. The proportions of

kaolinite, illite, smectite, halloysite and interstratified clays are shown in Figure 4.32 and

tabulated in Appendix 4 together with several other parameters related to the clay mineralogy.

Both smectite and halloysite are found only in the Robinson Point Formation at Onkaparinga

Trig but do not occur together. Halloysite occurs in sandy interbeds in the basal 3 metres

while smectite is identified from the overlying 3.5 metres comprising interbedded gravels,

sands and silts. Illite and kaolinite occur throughout the Robinson Point Form4tion with

kaolinite averaging 50Vo andillite 25 to30Vo, except where halloysite is abundant and then

both illite and kaolinite proportions are low. Interstratified clays were identified from only

two clay-rich samples near the base of the formation (RM144, RM293) and these are random

interstratifications of illite and smectite with smectite contents of 40 to 507o and 20 to 307o

respectively. Complete collapse to 10Å of expansible clays is observed on heating these

samples to 300'C and 550'C. The smectite contains a small non-expandable (illitic)

component of up to 20Vo (Table 4.1), and hence even these clays could be strictly classified

as interstratified illite-smectite. They are classified as smectite in this study to distinguish

them from interstratified illite-smectite identified in other samples from the Quaternary

sequence which contain less than 507o smectitic interlayers.

Only kaolinite, illite and randomly interstratified clays were identified from the Ngaltinga

Formation. Within the Neva Clay Member, two zones were identified which are separated

by an interval of mottled carbonate. Below the ca¡bonate, kaolinite and interstratified clays

comprise about 30Vo each of the sample and illite 35 to 4O7o while from the base of the
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carbonate interval, the illite proportion increases markedly and both kaolinite and

interstratified clay contents decrease sharply. This alteration can be seen from a graph of

kaolinite to illite ratios @g a.33). Illite crystallinity, which is lower in the Ngaltinga

Formation than the Robinson Point Formation as measured by the width of the 10Ä. peak at

half height, also shows a marked decrease at the base of the carbonate interval (Fig a.34).

As at Snapper Point, the carbonate interval appears to mark a change in clay mineralogy

which may reflect the prevailing depositional conditions.

Basal parts of the Snapper Point Sand Member are coarse-grained and the dominant clay

mineral is kaolinite with lesser amounts of illite and interstratified clay. Samples RM326 to

RM328 all have low proportions of interstratihed clay and higher illite crystallinity compared

with the underlying Neva Clay Member. As the Vo <2¡tm increases near the top of the

Snapper Point Sand Member, illite crystallinity decreases toward values simila¡ to those

found within pafis of the Neva Clay Member. The proportions of the three clay minerals in

this upper part of the Snapper Point Sand Member show some fluctuation, however the

overall trend is toward less kaolinite and more illite with randomly interstratified clays

showing little change. No clear association of these clay mineral fluctuations can be found

with the amount of clay-sized sediment as was observed at Snapper Point, although the two

samples containing the highest 7o 4¡tm also contain high proportions of illite compared with

surrounding samples.

Interstratified clays from the Ngaltinga Formation show incomplete collapse on heating

except for samples RM326 and RM327 from the base of the Snapper Point Sand Member

where the small amount of interstratified clay present makes it difficult to ascertain this

parameter. In contrast to interstratifred clays from the Robinson Point Formation which are a

mix of illite and smectite, those from the Ngaltinga Formation therefore include some

hydroxy interlayered smectite. The smectitic component of the interstratified clays varies

between 20 and40Vo tttth highest proportions in the Neva Clay Member below the ca¡bonate

interval and also from the basal2.5 metres of the SnapperPoint Sand Member (Appendix 4).
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Quartz is present as a minor component of the <2pm fraction of all samples at Onkaparinga

Trig with feldspar noted in several samples from the Robinson Point Formation. Goethite is

identified in all samples where smectite is also present. Calcite and dolomite occur in several

samples near the top of the sequence just below the calcrete and in one sample from the

carbonate interval within the Neva Clay Member (RM316).

The clay mineralogy at Onkaparinga Trig can again be used to distinguish between the

stratigraphic units. Smectite is identified from the Robinson Point Formation with higher

proportions of illite and interstratified clays occurring in the Ngaltinga Formation. Coarser

samples from the base of the Robinson Point Formation are dominated by halloysite which

does not occur in adjacent fine-grained samples. Similarly, the clay mineralogy in coarser

sediments from the Ngaltinga Formation (base of the Snapper Point Sand Member) also

differs from surrounding fine-grained sediments with kaolinite being the dominant clay

mineral. The general decrease in crystallinity for illites from the Ngaltinga Formation and the

presence of a hydroxy interlayered smectite component in the interstratified clays is

consistent with observations of the Ngaltinga Formation from other sites.

4.2.2.2.4 Hallett Cove

At Hallett Cove, kaolinite, illite and interstratifred clays are identified from diffraction traces

and the clay mineral proportions are shown in Figure 4.35 with details documented in

Appendix 4. In contrast to the Maslin Bay and Onkaparinga Trig sites, no halloysite or

smectite is recorded at Hallett Cove.

Kaolinite is generally the dominant clay mineral within the Robinson Point Formation with

illite dominant in the overþing Ngaltinga Formation. The kaolinite to illite ratio reflects this

change (Fig 4.36). Sandy clays with occasional gravel bands occur in the basal 2 metres of

the section and within this interval, kaolinite content increases to 357o while the interstatified

clay proportion decreases from 40-50Vo to20-30Vo. Illite remains relatively constant through

this interval. Throughout the remainder of the Robinson Point Formation, kaolinite content



77

is about 40-5OVo with a sharp increase to 50-607o at the top of the mottled interval. Local

minima occur in samples RM347 and RM361 which correlate with clay-rich interbeds and

RM350 and RM356 which are on either side of the mottled interval. Illite content is fairly

constant both above and below the mottled interval (ave 25 to 357o) but increases sharply

within the iron mottled interval. Interstratif,red clays Lverage 25 to 307o throughout the

Robinson Point Formation except in the basal metre and within the mottled interval where

only minor amounts are identified. With the exception of RM361 where some hydroxy

interlayered smectite is present, all interstratified clays from the Robinson Point Formation

collapse on heating and comprise illite and smectite. Smectite content of the interstratif,red

clays is mostly in the range 20 to 3OVo except for sample RM338 at the base of the unit and

several clay-rich intervals (RM347, RM356, RM357, RM361) where the expansible content

increases to 40-50Vo (Appendix 4).

Within the Ngaltinga Formation, the proportion of interstratihed clay is similar to upper parts

of the Robinson Point Formation averaging 25 to 30Vo. All samples however show

incomplete collapse on heating indicating the presence of hydroxy interlayered smectite in

addition to randomly interstratified illite-smectite which are the components within the

Robinson Point Formation. Smectite content of the interstratified clays is mostly about3}Vo

except for several samples near the base of the unit (RM364, RM365, RM368) where

smectite content increases to 30-407o. The similarity of intersfatified clay from upper parts

of the Robinson Point Formation (RM361) with those of lower parts of the Ngaltinga

Formation suggests that while a sharp lithological break can be distinguished between the

two formations, the mineralogical break is not as distinct. This is supported by the gradual

increase shown by the illite proportion from upper parts of the Robinson Point Formation

and a gradual decrease in kaolinite content in the same samples. Above this transitionalzone,

the proportions of all three clay minerals are relatively constant except in the upper 2 metres

of the Ngaltinga Formation where the illite content increases while the kaolinite proportion

shows a gradual decrease. Illite crystallinity also shows a gradual decrease in the upper

metre of the Robinson Point Formation which continues into the NgaltingaFormation. Peak

width at half height of the illite (001) peak remains between 0.8 and 1.0 "20 for the
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remainder of the Ngaltinga Formation @g a.37). There is little change in this measurement

within the Robinson Point Formation.

Minor amounts of quartz are present in the 4pmfraction of all samples from Hallett Cove

with feldspar noted in SOVo of samples from the Robinson Point Formation. No other

minerals are identified in the clay fractions.

4.3 CIay Mineralogy of Size Fractions <20pm

Eight samples were selected from the Maslin Bay and Onkaparinga Trig sites for detailed

investigation of the relationship between clay mineralogy and particle size (RM259,RNf262,

RM265, RM304, RM312, RM323, RM326, RM334). The samples were selected as being

representative of the different clay mineral assemblages recognised within the Quaternary

sequence and also to cover all stratigraphic units identified from both the Noarlunga and

Willunga Embayments. Separation into four size classes was undertaken (<20pm, <5pm,

<2ltm and <0.2pm) followed by identification of clay mineralogy using XRD techniques

discussed in Section 4.2. Although the use of four open-ended size fractions does not allow

a quantitative assessment of the proportions of clay minerals in each size class (eg 5 to

20pm), it does enable an estimate to be made of the size distribution of clay mineral species.

Details of clay mineral proportions, kaolinite to illite ratios and widths at half height for the

kaolinite and illite (001) peaks are given in Appendix 5.

Kaolinite, illite, randomly interstratified illite-smectite, hydroxy interlayered smectite,

smectite and halloysite have been identified in the samples. Halloysite is present in very

minor amounts in sample RM259 which lies immediately above the halloysite-alunite interval

at the base of the Robinson Point Formation. This mineralogy is discussed in Section 5.1.

Expansible clays such as smectite and randomly interstratified illite-smectite occur in highest

proportions in the finest fraction (<0.2pm) and are present in all samples in this size range

(Fig 4.38). Very little expansible clay appears to be present in coarser size fractions.

Kaolinite is present in all size fractions although in the <0.2pm fraction the proportion of this
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mineral decreases by comparison with other clay minerals @ig 4.38). In samples RM262

and RM304, such a decrease is masked by the fact that illite is less abundant in the <0.2pm

fraction but a large increase in the proportion of expansible clays means that the amount of

kaolinite is still low. Illite is also present in all size fractions but most abundant in the finest

fractions. There are several exceptions to this generalisation. In samples where smectite is

abundant in the <0.2pm fraction (RM262, RM304), the proportion of illite is much less than

would be expected when compared with other samples and this decrease is shown by

changes in the kaolinite to illite ratio. In contrast, there are two samples (RM304, RM326)

which show a bimodal distribution of illite based on variation in the kaolinite to illite ratios

with concentrations occurring in fractions >2pm and also <0.2pm. Hydroxy interlayered

smectite is identihed in small amounts mostly in the finest fractions but is not present in all

samples. Those samples with high proportions of randomly interstratified illite-smectite

appeff to also include hydroxy interlayered material, but this clay mineral is not identifred in

samples containing smectite.

Kaolinite to illite ratios have already been mentioned in relation to the bimodal distribution of

illite which is suggested for two samples and also the reduction of illite which occurs in

association with smectite. Ratios for each sample are shown in Figure 4.39 and apart from

those samples already mentioned there is little change in silt-sized fractions but with illite

increasing in the clay fractions. Widths at half height for the (001) peak of kaolinite and iltite

have also been measured (Fig 4.40). Kaolinite generally has sharper peaks than those for

illite with little change occurring except in the <0.2pm fraction where kaolinite peaks have

widths up to 0.2 "20 wider than in silt and coarse clay fractions. Illite peak widths show a

similar trend toward broader peaks in the <0.2pm fraction. In silt and coarse clay fractions

there is considerable variation in peak characteristics for illite wittr those from the Ngaltinga

Formation being broader than those from the Robinson Point Formation. This observation

confirms previous measurements made on the <2þm fractions of all samples reported in

Section 4.2.
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Non clay minerals identified in these eight samples include quartz, feldspars, goethite and

alunite. Goethite is only present in sample RM304 where it occurs mostly in the clay

fractions (<2pm) while alunite is identified in minor amounts from the 0.2to 5¡rm fraction of

sample RM259. Qua¡tz and feldspars are identified from all samples with feldspars mostly

confined to the silt fractions (>2¡rm) and quartz to fractions >0.2¡tm.

4.4 Morphology of Clay Minerals using the SEM

Eight samples were selected from the Maslin Bay and Onkaparinga Trig sites for scanning

electron microscopic study of the morphology of and relationships between the clay

minerals. The samples were chosen as being representative of the various clay mineral

assemblages identified from the four major sites.

4.4.1 Discussion

The clay minerals in all samples form dense masses in which the morphology of individual

clays is almost impossible to distinguish. The very small size of most clays increases the

difficulty of determining morphological features. In samples where skeletal grains such as

qtrartz form a major component (eg RM265, RM326), clays form a thick skin coating the

larger grains (Fig 4.41). In detail, individual clay aggregates appear to orient within the

skins along the surface of the qaartz grains suggesting movement of clay following

deposition @ig a.aÐ.

In clay-rich samples individual clay crystals are often small platelets up to 0.4¡rm in

maximum dimension (Fig a.a3). Shape is irregular with a tendency toward rounded edges.

On exposed surfaces of the more massive or tabular clay, thin, irregular and curled clays are

often noted. These are mostly observed in samples having a high proportion of randorrìly

interstratifred illite-smectite or smectite as determined by XRD (eg RM304, RM334) and

hence such morphology may represent these phases. Alternatively, the slightly curled nature
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of these clays may be the result of dehydration of thin particles under the vacuum of the

SEM.

Silt-sized grains of muscovite form a major component of sample RM304 in which smectite

is reported as an important mineral in the <2ltmfraction (based on XRD observation). Fine

clays coat and infrll the gaps between silt-sized particles with thin, curled clay common on

edges of muscovite grains and also the more massive clay accumulations. X-ray spectra of

the curled clays suggest that they may be smectite as they give Si to Al rarios of

approximately 2:l but with negligible K. A spectrum for silt-sized muscovite grains shows

simila¡ Si to Al ratios but with an appreciable K peak. Under the operating conditions used,

the volume of sample contributing X-rays to the detectors is approximately 4¡rm deep and

8pm in diameter, hence spectra from such small and thin particles must be treated with

considerable caution. Nevertheless, the absence of K in spectra from the curled clays

suggests that it is smectite. In some locations, very fine, almost hair-like morphologies

protrude from the edges of muscovite grains. They are too small for X-ray analyses, but are

likely to be authigenic clays formed in the pore space surrounding the muscovite grains (Fig

4.44).

Apart from the clays described from RM304, few euhedral grains of possible authigenic

origin have been noted. In sample RM323, three elongate, flat to rounded rods were

identified on the surface of a quartz grain (Fig 4.42). These are up to 1.5pm long and

0.2pm wide and resemble halloysite seen in other samples. The remaining clay in this

sample comprises dominantly massive clay or small oriented platelets with rare larger grains

up to 1pm in diameter.

A completely different morphology was observed in sample RM265 which comprises qaafiz

grains with clay skins and clay bridges between grains. On the surface of several quartz

grains and adjacent to the broken edge of a clay skin a¡e numerous small spheroidal particles

which are quite uniform in size and up to 0.25¡rm in diameter (Fig a.a5). X-ray spectra

suggest that these are composed of Si although the presence of a qtrarrtz grain beneath the



82

spherules indicates caution in interpreting the spectra. The absence of other elements in the

spectra support the interpretation that Si is the major component of the spherules.

4.4.2 Summary

The very fine size of clays in these samples makes it difficult to assess the morphology of the

clay minerals. Nevertheless, where individual particles are observed, there appear to be no

gross differences in the size or shape of the particles between samples apart from the

presence of thin, irregular and curled particles associated with samples RM304 and RM334.

Such morphologies may represent smectite and randomly interstratified clays which are

shown to be present in these samples using XRD techniques. Evidence for euhedral grains

crystallised in pore space or associated with other mineral phases is limited to fine f,rbrous

material in RM304, very rare halloysite in RM323 and spherules of silica in RM265. Such

observations suggest that authigenic phases with distinct morphology are rare in these

samples. Movement of clay following deposition is indicated by clay skins coating large

grains of quartz and the orientation of particles in some of these clay skins.

4.5 Summary

There are distinct differences in particle size and mineralogy which support the field

subdivision of Quaternary sediments into the Robinson Point and Ngaltinga Formations.

The Ngaltinga Formation tends to be dominantly f,rne-grained and has low proportions of

coarse sand relative to fine sand, while the Robinson Point Formation is more variable in

particle size and generally coarser-grained.

A detailed assessment of the clay mineralogy at four sites in the Noarlunga and V/illunga

Embayments clearly supports the stratigraphic subdivision proposed from field and other

laboratory observations. Kaolinite to illite ratios are consistently higher for samples from the

Robinson Point Formation than for those from the Neva Clay Member of the Ngaltinga

Formation. Values for basal sands of the Snapper Point Sand Member are high and similar
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to those from parts of the Robinson Point Formation. Illite crystallinity shows a similar

trend, being significantly lower in the Ngaltinga Formation than the Robinson Point

Formation. The nature of the interstratified clay also differs with smectite and illite being

components within the Robinson Point Formation but hydroxy interlayered smectite being

additionally present in the Ngaltinga Formation.

Studies of the heavy mineral suites of the sediments suggest that there is little difference

between the two formations and hence there was no change in the dominant source regions

during the Quaternary. Similarities in terms of texture and mineralogy which exist between

some parts of the Snapper Point Sand Member and the Robinson Point Formation provide

further evidence that major changes in source have not taken place.

At sites where the Snapper Point Sand Member occurs, similarities are noted between this

unit and par:ts of the Robinson Point Formation. Variation in particle size occurs in both

units whereas the Neva Clay Member of the Ngaltinga Formation is a very uniform clay-rich

deposit. Triangular plots show that the texture of the Snapper Point Sand Member is simila¡

to that of the Robinson Point Formation, although some intervals from the Robinson Point

Formation plot with higher clay contents and approach the composition of the Neva Clay

Member.

Thicker sequences of coarser basal sediments of the Robinson Point Formation are often

found toward the embayment margins and these locations have clay mineralogies

characterised by higher proportions of kaolinite relative to illite or interstratified material. In

central parts of the embayments, finer sediments of the Ngaltinga Formation thicken and

become more complex with interbedding of sandy lenses from the Snapper Point Sand

Member and occasional discontinuous carbonate beds such as at Onkaparinga Trig and

Snapper Point. Illite and interstatified clays dominate the clay mineralogy at these sites

relative to kaolinite. The lateral thinning of the Robinson Point Formation occurs in both

embayments but is more pronounced in the V/illunga Embayment where the Robinson Point
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Formation disappears just south of Blanche Point and the sequence between here and

Aldinga comprises clays and isolated sandy lenses of the Ngaltinga Formation.

The dolomitic intervals immediately above occurrences of the Burnham Limestone have a

clay mineralogy dominated by smectite, whereas clays associated with the Burnham

Limestone comprise illite, randomly intersuatified clays and kaolinite. A similar suite to that

which occurs in the Burnham Limestone is found in the Robinson Point Formation but with

kaolinite more abundant than either illite or randomly interstratified material. Apart from

occurring in silty sediments of the Robinson Point Formation in the vicinity of Onkaparinga

Trig, smectite is only identif,red in these dolomitic intervals.

Clay-rich intervals within the Robinson Point Formation at Maslin Bay and Hallett Cove

often have clay mineral suites which a¡e similar to those from the Ngaltinga Formation. The

major differences occur in the proportion of expansible clays which occur within the

randomly interstratif,red illite-smectite. Those from the Robinson Point Formation contain up

to 50Vo smectitic layers while those of the Ngaltinga Formation generally comprise only 20 to

30Vo and also include some hydroxy interlayered material. Differences in the interstratified

clays may be due to diagenetic processes.

Detailed fractionation of material <20pm in size indicates that expansible clays such as

smectite and randomly interstratified illite-smectite occur mostly in the finest fractions

<0.2¡rm. Illite also tends to concentrate in this fraction except where smectite is common.

Several samples indicate that a second concentration of illite occurs sometimes in silt

fractions (2 to 20pm). Kaolinite is less coÍrmon in the <0.2pm fraction but tends to be

concentrated in coarse clays (0.2 to 2pm). SEM observations confirm XRD andparticle size

data which indicate that the majority of clays are present as very small particles. No

morphological differences can be seen between clays from different strati$aphic units,

although development of clay skins coating large grains is more coÍrmon in samples from the

Robinson Point Formation.
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CHAPTER 5

FEATURES OF DIAGBNETIC ORIGIN

Following detailed fieldwork in coastal regions of the Noarlunga and Willunga Embayments,

several features which occur commonly in the Quaternary sediments were interpreted as

being of probable diagenetic orign. These featues are discussed in detail in this Chapter.

5.1 Alunite and Halloysite

5.1.1 Distribution in the Late Cainozoic Seouence

Both alunite and halloysite occur in intimate association in thin beds, generally less than 10

cm thick, often laterally extensive for tens of metres and broadly conformable to local

bedding. Most outcrops are white to off-white in colour with some red-brown to pink

staining from iron oxides (mostly hematite). Isolated bulbous masses are common, often

elongated in a vertical direction and generally up to 15 cm in greatest dimension. Large pods

are also occasionally observed, in which the long axis is oriented parallel to bedding and with

the pods entirely enclosed by the host sediment. Such pods are more common in sediments

of Tertiary age compared with those of Quaternry age (for example; the South Maslin Sands

along the Onkaparinga River estuary).

V/ithin the Quaternary sequence, alunite is usually identified only from basal sandy

sediments of the Robinson Point Formation and is always associated with occurrences of

halloysite. Apart from one location at Chinaman Gully, alunite has not been identified in

sediments of the Ngaltinga Formaúon. In central parts of the Willunga Embayment benveen

Port Willunga and Snapper Point where the Robinson Point Formation is not identified,

alunite has not been observed. Halloysite is also generally absent from this unit apart from

one occurrence at Snapper Point where the <2pm fraction at the base of the Snapper Point

Sand Member contains approximately 20Vo halloysite. An association of alunite and
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particularly halloysite with sandy intervals of the Robinson Point Formation is often

demonstrated.

Many previous workers in South Australia have commented on the occurrence of alunite in a

wide variety of sediments and Table 5.1 lists a number of these reported alunite occurrences

together with the age and lithology of the host sediments. This list is by no means

exhaustive but provides some idea as to the frequency with which alunite is found. At a

number of localities alunite was reported as occurring in association with silica and/or

kaolinite (Ward I9l7; Dickinson 1943; King 1953; Callen l97l). During the present study,

halloysite has frequently been identified in association with alunite and many of the earlier

references to kaolinite may, in reality, be halloysite, as it is generally diffrcult to distinguish

between these two clay minerals in the field or laboratory.

Alunite and/or halloysite have been identifred within sediments of Late Cainozoic age atmany

localities from the St Vincent Basin (Fig 1.2). A number of sites where alunite occurs

outside of the Noarlunga or V/illunga Embayments have been included in the present

investigation to help deveþ models for the formation of alunite and halloysite in the two

embayments. Alunite is also noted in Cambrian sediments of the Kanmantoo Group at

several localities in the Adelaide Hills.

The occurrence of alunite and halloysite is more prevalent in the Noarlunga Embayment than

the Willunga Embayment. Apart from development at Maslin Bay in northern parts of the

Willunga Embayment, alunite has only been identified at Chinaman Gully and halloysite at

Snapper Point in this embayment. In contrast, development of these minerals in southern

and central parts of the Noarlunga Embayment is almost continuous from Witton Bluff to

Moana with isolated occurrences further north at O'Sullivan Beach, various localities south

of the Field River and Hallett Cove. In addition to these coastal sites, there is extensive



87

development of alunite within Tertiary sediments of the South Maslin Sand along the

Onkaparinga River.

Outside the Noarlunga and Willunga Embayments, an intensive search for sites where alunite

and halloysite has developed has not been undertaken. In the course of a general assessment

of Quaternary sediments outside these embayments alunite has been noted at Redbanks,

north of Adelaide, and several coastal locations on Yorke Peninsula including Ardrossan,

Stansbury, Port Moorowie and Port Rickaby. Only the occtuïence at Port Moorowie has

been studied in detail.

5. 1.3 Field Observations

5. 1.3. I Onkaparinga Trig

Alunite and halloysite are found in the basal 1.5 metres of the Quarernary Robinson Point

Formation at Onkaparinga Trig. The occunences include elongate pods of alunite and

halloysite as rounded pods and disseminated through sandy host sediments. Figure 5.1

shows this interval which comprises orange-brown (7.5YR 5/6) to green (5Y 7/2) clay ar the

base with minor manganese staining and isolated clasts of limestone up to 30 cm in diameter

derived from the underlying Tertiary Port \Yillunga Formation. Beween 30 and 60 cm from

the base of the sequence, several thin bands of pale yellow (5Y I /3) f,rne sand up to 2 cm

thick are interbedded with the clays. The remaining sediments tend to be composed of buff-

coloured fine sand with frequent coarse and gritty intervals where sub-rounded quartz grains

of up to 4 mm diameter are observed. In central coarser parts of this sequence isolated pods

of white to buff, waxy halloysite occur which are up to 30 cm across, rounded and include

visible grains of quartz scattered randomly throughout. Halloysitic pods often have white or

pale coloured cores but with margins stained yellow (10YR 718) or pink-red (10R 5/6) by

iron oxides. Surrounding sandy sediments display similar colours. A further halloysitic

interval which has a nodular appearance occurs 15 to 20 cm above the first and comprises

tough, pink-red halloysite impregnated clayey fine sands and minor coarse sand. This
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interval is more extensive than the fi¡st and overlain by a thin, 8 cm layer of black-purple

(7.5R 211) to orange-yellow (10YR 6/6) indurated fine sand which wearhers to fonn small

femrginous biscuit-shaped fragments. Up to 50 cm of unconsolidated yellow to pink-red

halloysitic fine sand forms the uppermost part of this sequence and is overlain by gravel

lenses and silty sediments.

Alunite is comparatively mre at Onkaparinga Trig. It is confined to a thin discontinuous bed

of white, chalky material within clays filling solutional hollows in limestones of the port

Willunga Formation and isolated, sub-horizontalpods within central halloysite impregnated

sands. The alunite pods are 3 to 4 cm thick and up to 25 cm long. They show sharp

irregular contacts with the surrounding sandy sediments and diffuse upper contacts (Fig

s.2).

The sequence described here can be traced with little va¡iation for several hundred meües to

both the north and south.

5.1.3.2 Other sites in the Noarlunga Embayment

Between Moana and Witton Bluff, alunitic and halloysitic sediments are cornmon at the base

of the Robinson Point Formation, with alunite often more abundant than itsrare occuïence

at Onkaparinga Trig. At Port Noarlunga, to the north of the jetty, an unusually thick bed of

alunite, up to 25 cm thick, is continuous for several hundred metres and overlies green-

yellow clay at the top of the Tertiary Blanche Point Formation. On the underside of this bed

of alunite, which has a sharp contact with the underlying clays, a number of small, rounded

bulbous masses up to 10 cm across are observed (Fig 3.34). These appear similar to load

structures but have not been recognised at other localities. In the overlying fine to gritty

sands of the Robinson Point Formation, several further bands of alunite can be seen (Fig

3.33). Up to three bands, 1 to 5 cm thick and separated by 5 to 10 cm, occur intermittently

between Port Noarlunga and Witton Bluff. They are conformable to bedding of the

Robinson Point Formation. Alunite dominates the mineralogy of these beds with halloysite
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forming a minor but variable component. Halloysite also occurs as part of the matrix in

surrounding sandy sediments.

At Robinson Point an interval of yellow, white and pink sands and fine gravels is up to 50

cm thick and often overlies a thin brownish-red sand and weathered Tertiary limestones of

the Port Willunga Formation. Above this is a 50 cm zone of fine sand which is relatively

tough and compact for the first 25 cm where sediments are impregnated with halloysite.

Sands from the upper 25 cm are softer and include pods up to 15 cm across and

discontinuous seams up to 4 cm thick of white alunite (Fig 5.3). The soft pods are often

elongate to a maximum length of 25 cm and include visible quaftz grains. Very sharp lower

contacts with surrounding sediments but diffuse upper contacts a¡e observed for many pods

Gig 5.a). Fine sands which display colour banding of white, grey, yellow and orange

interbed with green-grey clays and overlie the alunite-rich material.

Alunite is also identified in association with sediments other than the Robinson point

Formation. Immediately south of the Port Stanvac Oil Rehnery near O'Sullivan Beach, twe

bands of white, nodular alunite, conformable to bedding, occur both just above and below

remnants of the Hallett Cove Sandstone within sandy clays (Fig 5.5). Adjacent to the

Onkaparinga River, approximately 2 km upstream from the mouth, several thin bands of

alunite, conformable to bedding, occur within sands of the Eocene South Maslin Sand (Fig

5.6). Small, rounded pods are also common and often coalesce to form discontinuous seams

of alunite.

Within the Willunga Embayment, occurrences of alunite and halloysite are less frequent than

in the Noarlunga Embayment. At Maslin Bay, halloysite is common in basal sandy

sediments of the Robinson Point Formation.' One metre of fine yellow-orange (10yR 6/g)

sand overlies the Burnham Limestone at this site with a clay mineralogy dominated by

smectite. In the overlying 3 metres, halloysite is the dominant clay mineral and occurs
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disseminated through fine pink-red (2.5YR 5/6) to yellow-green (2.5Y 6/4) fine sands and

clayey sand. Haltoysite is not identifred from several clayey interbeds, nor is alunite

identified as part of the matrix of any sample in this interval. In upper parts of the interval,

white to grey sandy and waxy pods of halloysite occur in several discontinuous massive

beds- These pods are 10 to 20 cm in size and commonly show pink-red staining on the

margins. Alunite is identified as a rare component of these pods but horizontally oriented,

chalky pods of alunite several cm thick and up to 10 cm long are occasionally observed

within the same interval. Grey-white clayey sands in which neither alunite nor halloysite is

identified overlie the interval described here.

Just south of Chinaman Gully discontinuous seÍìms and elongate pods of alunite occur in a

20 cm thick zone lying some 60 cm above the Early Pleistocene Bumham Limestone in green

(5Y 6/3) clays of the Ngaltinga Formation. The pods are up to 10 cm in diameter and as at

several other sites display sharp lower contacts and diffuse upper contacts with surrounding

clays. No halloysite has been idenrified at this locality.

At Snapper Point, halloysite is identihed in the clay fraction of a sample from the base of the

Snapper Point Sand Member (RM223) and forms part of the clayey matrix in sandy

sediments. Alunite is not identifred at this site.

5.1.3.4 Sites outside the Willunga and Noarlunga Emba),ments

Alunite and/or halloysite have been identifred in samples from several localities outside the

immediate study area but only the occurrence at Port Moorowie on the southern coastlinb of

Yorke Peninsula has been studied in any detail. At Port Moorowie, 1.3 metres of brown-

gtey (2.5YR 5/6 to 5Y 7/2) motttú.clay and sandy clay of Quaternary age overlie mortled

Permian sand. Up to 1.5 metres of soft calcareous silty clay and calcrete cap the sequence.

In the upper half of the Quaternary sediments, several discontinuous seams, 2 to 5 cm thick,

of soft, white, waxy material a¡e found (Frg 5.7). This zone is continuous along the coast

for almost one km. XRD shows that both aluniæ and halloysite occur in the seÍìms but with
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halloysite the dominant mineral. Larger, vertically elongated pods up to 15 cm in size are

common and show mostly sharp contacts with surrounding clays. Minor disseminated

alunite and halloysite together with rare small pods of alunite-rich material several mm in size

are found within the surrounding clays. Neither alunite nor halloysite occur in clays

immediately overlying the Permian sequence or calca¡eous clays below the calcrete interval.

5.1.3.5 Other Sulphate Minerals

Alunite is not the only sulphate mineral in the Quaternary sediments of the region. A_djacent

to both Chinaman Gully and Onkaparinga Trig, a fine-grained, pale yellow (2.5y 7/3)

mineral, which XRD identifies as jarosite, is frequently observed in association with iron-

rich mottles which have formed in sandy sediments from the Snapper point Sand Member of

the Ngaltinga Formation. The jarosite occurs as coatings, up to 5 mm thick, on large iron-

rich, hematitic mottles and also fills fissures and pores within rhe mortles (Fig 5.S). It

appears that the jarosite formed by alteration of iron oxides in the mottles. At both sites

where jarosite has been identified, alunite is also present, but crops out near the base of the

Quaternary sediments, up to 8 metres below the mottled zone.

Barite has been identified in Permian sediments in a railway cuming just south of the Field

River where it occurs in several thin colourless seams. These are up to 1 cm thick, several

metres in length and conformable with bedding. Ba¡ite has also been observed in permian

sediments from other localities such as Hallett Cove as reported by Mawson (1907) and

Howchin (1923). It is possible that formation of sulphate minerals such as barite, jarosite

and alunite in these sediments is the result of a common source of sulphate.

5.1.4 Laboratory Anal]¡ses

5.1.4.1 X-ra)¡ Diffraction

Selected bulk samples have been analysed using XRD techniques and the mineralogy of

these samples is summnized in Table 5.2. Alunite is present in most samples and XRD
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peaks colrespond closely to those for end-member KAI3(SO4)2(OH)6. This suggests thar

very little Na+ has replaced K+ in the structure and that natro-alunite is not present (Fig 5.9).

Peaks are very sharp indicating that the alunite is well crystallised- Halloysite occurs in most

samples together with variable amounts of alunite, but rarely as the sole mineral (Fig 5.9).

Peaks for halloysite a¡e much broader and less intense than those for alunite and both 10Å

and 7Å forms of halloysite occr¡r. It is possible however, ttrat 7Å haloysite forms as a result

of dehydration of the sample during storage in the laboratory and that when sampled all

halloysite was present in the 10Å form. For example, samples from port Moorowie which

initially indicated the presence of only the 10Å form of halloysite showed diffraction peala of

both 7Ä. and 10Å forms after three months srorage in the laboratory (Fig 5.10).

There are few other minerals evident in the bulk XRD traces. Quartz occurs in a number of

samples together with minor amounts of K-feldspar. Traces of halite are present (identified

by att XRD peak at2.82Ã) and interpreted as contamination from sea spray producing salr

rich interstitial waters. Subsequent crystallisation within pore spaces results from

evaporation on exposure of the sediments or during dtying in the laboratory.

Clay-sized fractions (<2pm) were separated from a number of samples for both

mineralogical examination and transmission electron microscopy. XRD analyses of oriented

samples confirmed the presence of halloysite in the clay fractions of most samples with

alunite present in several samples. Halloysite is identifred from samples due to broadening

on the low angle side of the 7.Ls^kaolinite peak and also occasionally on the high angle side

of the 10Å itlite peak (Fig 5.11). Detection in this manner of very small amounrs of

halloysite (up to 57o) ftom samples containing abundant kaolinite would be difficult and

hence all samples containing halloysite may not have been identified. 'Where broadening of

the 7.15Å peak was suspected, the presence or absence of halloysite was confirmed using

intercalation with formamide (Churchman et aI1984; Theng et a11984) which expands the

halloysite structure giving a peak at 10.4Å. Formamide does not react rapidly with kaolinite

which will continue to give a diffraction peak close to 7Å. Heating to 100"C collapses all



93

kaolinite and halloysite minerals to 7Å but does not affect the illite/mica peak which remains

at 104, thereby allowing the relative proportions of kaolinite and halloysite to be estimated-

Halloysite was identified in the <2pm fraction of samples from three of the four major sites

at Snapper Point, Maslin Bay and Onkaparinga Trig and these sites provide information on

the relationship between halloysite and other clay minerals identihed in the euaternary

sequence. At Snapper Point, halloysite was identified from sample RNl223 at rhe base of the

SnapperPoint Sand Member within coarse sediments. Kaolinite is the dominant clay mineral

in this sample with minor amounts of illite and randomly interstratif,red illite-smectite.

Halloysite was not detected in any other sample from this location.

At the Maslin Bay section, halloysite is recorded in most samples near the base of the

Robinson Point Formation between 1.5 and 5.0 metres (see Figure 4.ZB). Between 0 and

1.5 metres, samples are rich in smectite with no halloysite identifîed. Interstratihed clays are

not observed in samples where halloysite is common with kaolinite and iltite being the only

associated clay minerals. Illite proportions change little through the halloysitic interval and

hence the formation of halloysite appears to be at the expense of interstratified clays and

some kaolinite. Several clay-rich bands were identified during fieldwork within the

halloysitic zone and no halloysite was identified in samples from these bands (RM25l,

RM254). This suggests that the formation or preservation of halloysite in this sequence

requires porous, coarse-grained sediments or alternatively that deposition of halloysite only

took place in coarser sediments.

Similar clay mineral associations were observed near the base of the Robinson point

Formation at Onkaparinga Trig. Ilalloysite was identified in sandy sediments from the basal

3 metres together with kaolinite and illite (see Figure 4.32). No interstratified clay minerals

were detected in these halloysite-rich samples, although two fine-grained bands within this

interval contain no halloysite (RM144, RM293). Illite, kaolinite andrandomly interstratified

illite-smectite were recorded in these two samples.
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5.1.4.2 Optical Microscopy

Thin sections were made of twelve samples collected from the alunite-halloysite interval at

five sites and observed using normal optical petrologic techniques. Details of thin sections

are given in Appendix 6. V/here fine-grained material was present and individual grains

could not be resolved under the optical microscope, the mineralogy of these areas was later

confrrmed using the electron microprobe.

Most thin sections show a fine-grained matrix filling a¡eas between widely scattered skeletal

grains up to I mm in size and comprising dominantly quartz with ¡are feldspar (Fig 5.12).

Quartz grains are sub-angular to sub-rounded and commonly show embayed edges while

feldspar grains are more angular and often etched along cleavages.

Both alunite and halloysite occur as part of the matrix with individual grains rarely resolved.

Alunite-rich samples such as RM142 and parts of RM63 contain small lozenge-shaped grains

of alunite up to lpm in size (Fig 5.13). These often occur as clusters within a fine-grained,

dark-coloured matrix which consists of both cryptocrystalline alunite and halloysite (Fig

5.14). The clusters of alunite lozenges may be replacements of previous minerals, although

they form no particular shape such as may be expected if replacing a mineral such as pynte.

In most samples, both alunite and halloysite appear to form an intimate rnixture, but with

variable birefringence patterns. The speckled fabric displayed in parrs of RM63 (Fig 5.15)

may be due to tiny alunite crystals which can occasionally be resolved, while the coarser

interlocking pattern (left hand edge) resembles halloysite-rich material from other samples.

Such segregation suggests that there have been several phases of formation of both alunite

and halloysite. The undulose extinction pattern displayed in Figure 5.15 may be related to

sEess during deformation of the sediments possibly as a result of drying and desiccation of

the sediments. Fractures cutting through the sediments are likely to have a similar origin and

have been filled by late-stage halloysite (RM167, Fig 5.16) or cryptocrystalline alunite

(RM120, Fig 5.12).
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Apa¡t from alunite lozenges which form clusters in some samples, there is no evidence of

alunite or halloysite replacing previous minerals or organic matter. Oxidation of the

sediments during diagenesis would however, be expected to have desnoyed any organic

matter originally present. The embaying of quartz grains and etching of fetdspars suggesrs

that diagenetic processes have been active in these sediments and K+ and 413+ from feldspars

may have contributed to subsequent formation of alunite.

Because of the intimate mixing of both alunite and halloysite in many samples and the desire

to relate the various optical birefringence patterns observed to actual mineralogy, the use of

SEM techniques to enable observation at higher magnifications was proposed. Several thin

sections from sample RM63 (Port Moorowie) were fractured and edges of these fragments

placed in the SEM for observation. While some crystal forms can be identified, in particular

small rhombohedra which are probably alunite crystals and small platelets which could be

clay minerals such as kaolinite or illite (Fig 5.17), impregnating media severely restrict the

usefulness of the SEM to obtain 3-dimensional views. Following the ideas of Norton ef d/

(1983), selective etching of the impregnating material was attempted. Portions of thin

sections from RM63 were subjected to immersion in Epoxysolve or methylene chloride for

varying periods of time from 30 seconds to 5 minutes. Methylene chloride was found to be

better at etching the Escon polyesterresin used as an impregnating medium with Epoxysolve

merely loosening the thin section from the glass slide by dissolving the Araldite used as the

adhesive. Examples of scanning electron images obtained from these experiments clearly

show rhombohedral-shaped crystals cha¡acteristic of alunite and small laths which are

thought to be halloysite crystals (Fig 5.18). Unetched quarrz grains remain as flat-topped

mesas (Fig 5.19). These images confirm the cryptocrystalline nature of both alunite and

halloysite in matrix material but do not allow determination of the exact relationship between

the two mineral phases.
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5.1.4.3 Scanning and Transmission Electron Microscopy

In addition to the etching experiments described above, normal SEM procedures were

adopted to look at small fragments of alunite and halloysite-rich material. TEM techniques

were used to determine the nature of these minerals and also other clay minerals which

occu¡red in these samples.

Transmission electron micrographs indicate that the halloysite occurs as thin tubes of variable

size; length varying from 0.4pm to 3pm and width from 0.03Frm up to 0.1pm. For

example, tubes in sample RM166 (Port Moorowie) are typically short and stubby (Fig 5.20)

while those from sample RM141 (Port Noarlunga) a¡e much longer and slender (Fig 5.Zl).

A few tubes of halloysite appear to be slightly bent while others exhibit sharp and irregular

terminations suggesting breakage of the tubes probably during dispersal of the samples

which was car¡ied out using an ultra-sonic probe. The wide variety of sizes exhibited by

halloysite suggest variations in the local environment during formation although even

samples from the same locality often differ widely in crystal morphology. There is no

obvious relationship between diffraction data which show the presence of both 7Å and 10.Â

forms of halloysite and observed crystal morphology. The 7.4, traltoysite phase therefore

appears to be partly related to dehydration of the samples during storage as described earlier.

Where alunite has been recognised, for example in sample RM138 (Robinson point), it

occurs as small euhedral rhombs with the largest dimension seldom exceeding lpm nor

being less than 0.5pm (Fig 5.22). XRD analyses indicate that small amounrs of kaolinite

and illite are present in many samples and these minerals can be clearly seen using the TEM

(Fig 5.23, RM167). The clay particles take two forms. One group includes large grains

ranging in size from 0.5pm to 2pm and generally showing irregular to rounded shapes and

the second comprises particles mostly less than 0.2pm in size. The smallest clays are more

regular in shape with many being euhedral and hexagonal and suggesting the possibility ttrat

some of the very small clay is of authigenic origin. Larger, irregular grains of the fint group

are most likely to be of detrital origin.
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Scanning electron micrographs confirm the mineral forrrs identified in the transmission

electron micrographs. Alunite crystals tend to be blocky, often diamond-shaped and

commonly occur massed together (Fig 5.24, RMl42). Halloysite crystals are clearly

identified occurring individually and also as matted tubes. Nested within the halloysite-rich

areas are ra¡e rhombs of alunite (Fig 5.25, RM69). Talba (1932) termed the matted tubular

form of halloysite a "wet-gtass structure" and identified rough hexagonal shapes for some

matted tubes which he suggested were formed from hexagonally shaped kaolinite crystals.

In this study "wet-grass structure" has been observed in some samples but pseudo-hexagonal

shapes were not noted. A number of mineral forms observed in the micrographs are diff,rcult

to identify due partly to their small crystal size. Aluminosilicate clay minerals appear to

account for many of these crystals which are often present as small, etched and i:regular thin

plates and frequently associated with tubes of halloysite (Fig 5.26, RM165). The

morphology of these clay minerals suggests that they have undergone some alteration,

possibly during the formation of alunite and halloysite.

Thin, wispy forms were noted in a number of samples but the mineralogy of this material

could not be identified using the SEM (for example RM165, Fig 5.26). Atþhane had been

previously reported to occur in association with halloysite (Ross & Kerr 1934; Keller et al

1967) hence it was thought that the wispy material may also be allophane. Oxalate

extractions were ca¡ried out to determine the amount of amorphous Si and Al present in the

samples and the results of these procedures for the eight samples analysed are shown in

Table 5.3. Only minor amounts of Si and Al were extracted from these samples indicating

that amorphous phases such as allophane, while possibly present, form a very small

component of the sample. Additional SEM studies indicated that the wispy material occurred

only in pore spaces and was not preferentially associated with any other mineral phase.

Chloride was also detected in these samples. Additional observations in coastal cliffs where

the samples had originally been collected identified small crystals of a white to colourless

material which occurred as crusts and frlling small fractures. X-ray diffraction analyses

determined this material as halite. The thin, wispy material may therefore be halite,
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crystallised recently in pore spaces within the sediments as a result of their close proximity to

the sea.

5. 1.4.4 Electron Microprobe Anal]¡ses

Electron probe analyses have been canied out on polished thin sections. Despite the ca¡eful

selection of operating conditions, one of the problems encountered while using the probe

was damage to the sample caused by the focussed beam. A considerable drop in the counts

being registered for most elements analysed could be detected within a second or two of the

beam being focussed on the sample. Two methods of analysis were thus employed to obtain

dehnitive data for the samples; one method used a stationary beam and the other a moving

beam. Results from both analytical methods have been plotted on the triangular diagram

shown in Figure 5.27. Fn greater sulphur losses are ind.icated for stationary beam analyses

and hence a moving beam analysis was employed for all subsequent determinations.

The remaining data gathered from the probe analyses have been plotted on the triangular

diagram in Figure 5.28. The majority of plotted points tend to lie along the alunite-halloysite

tie line. It would appear that despite the problems discussed above, careful analysis utilising

a moving beam has not seriously influenced the mineralogical interpretations made using the

chemical data obtained from the probe. A number of points plot to the left of the alunite-

halloysite tie line toward the SiO2 end-member. Other than quartz, no other silicon-rich

phase was evident in the XRD traces, however during analyses, care was taken to avoid

including qtrartzclasts in the areas being investigated. It is possible that Si exists within the

sample either as microcrystalline particles of quartz or in an amorphous state, neither of
which would be optically resolvable but which could result in higher SiO2 measurements.

The three samples in which no silica was detected from ammonium oxalate extractions

(RM135, RM138A, RM142; Table 5.3) all plot along the alunite-halloysite tie-line in Figure

5.28, while other samples which had measurable silica contents, apart from RMl67, all plot

toward the SiO2 end-member. Goldbery (1978; 1980), while discussing the formation of
alunite, proposed a model in which SiO2 was formed as a product of the reaction. The
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displacement of some data points from microprobe analyses away from the alunite-halloysite

tie line and the presence of amorphous silica in ammonium oxalate extracts from these

samples suggests that the model invoked by Goldbery may also be applicable to the present

study.

5.1.5 Summary

Alunite has been described at numerous locations within South Australia from widely

varying strata but such occurrences have not been studied in detail. Recent field observations

have shown a common occwrence of both alunite and halloysite in Quaternary sediments of
the Noarlunga and Wiltunga Embayments. Halloysite occurs mostly in waxy, sandy masses

which a¡e often indurated while alunite forms softer bulbous masses, elongate pods and

stringers which are conformable to bedding and show sharp lower contacts with surrounding

sediments and diffuse upper contacts. Where halloysite occurs, there is depletion in smectite

and randomly interstratif,red clays compared with surrounding sediments suggesting that

halloysite may have been transformed from these minerals. Transmission and scanning

electron micrographs show that both alunite and halloysite occur as euhedral crystals and

hence are most likely to be of diagenetic origin rathq than sedimentary. Thin sections show

several phases of alunite and halloysite which often occur as intimate mixtures and show

evidence of formation under conditions of stress and dehydration. No evidence of
replacement structures or organic material have been observed.

5.2 Iron Mottling

5.2.1 Distribution in the Late Cainozoic Sequence

A most stiking feature of Quaternary sediments in the Noarlunga and Willunga Embayments

is the spectaculü mottled patterns developed as a result of the redistribution of iron oxides

during post-depositional alteration. Mottling is observed within sediments of both the

Robinson Point and NgaltingaFormations. The mostprominent concentrations occur within
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corrse sandy intervals from parts of the Robinson Point Formation and Snapper point Sand

Member. These sandy lenses are frequently enclosed above and below by finer-grained,

often clay-rich sediments. Mottles from these intenrals are indurated, as is the host sediment.

In contrast to the large indurated mottles, many fine-grained sediments from both the

Robinson Point and Ngaltinga Formations display minor concentrations of iron, rarely

greater than 1 cm in largest dimension. Such mottling is often developed in finer sediments

immediately adjacent to larger mottles in the indurated sandy lenses but can also be observed

in lesser densities in most fine-grained sequences.

A third mottling pattern is generally observed in interbedded gravel, sand and silt sequences

from basal parts of the Robinson Point Formation. Vertically oriented mottles are coarsest in

sandy units and finer in silty units and are highlighted by the verrical and horizonral patrerns

of associated bleaching. Such mottling patterns have not been observed in sediments from

the Ngaltinga Formation.

In summary, mottling can be observed throughout the Late Cainozoic sediments with the

nature of the mottles varying according to the lithology of the host sediment. The most

striking mottling is confined to coilse lenses which occur within parts of both the Robinson

Point and Ngaltinga Formations.

The iron mottling described from Late Cainozoic sediments can be found in both the

Noarlunga and Willunga Embayments. Large, prominent and indurated mottles occur in
both the Robinson Point and Ngaltinga Formations in the Noarlunga Embaymenr. In the

Willunga Embayment, they are confined to the Snapper Point Sand Member apart from an

occurrence within the Robinson Point Formation at Maslin Bay near the northern margin of
the embayment. This variation in the host unit for these indurated mottles is detemrined by
the distribution of the stratigraphic units within each embayment with the Robinson point
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Formation being confined to basin margins in the \ilillunga Embayment but being more

widespread in the Noarlunga Embayment. The mottles are always developed in sandy

sediments within a finer-grained sequence regardless of the stratigraphic unit which is
present. Similarly the coarse, rectangulff mottling patterns observed in basal parts of the

Robinson Point Formation are widespread through the Noarlunga Embayment. They are

rarely observed in the Willunga Embayment due to the limited distribution of the Robinson

Point Formation in the southern a¡ea and also the fact that simila¡ interbedded gravel, sand

and silt sequences do not occur as part of the Ngattinga Formation.

Prominent iron mottling is not confined to Late Cainozoic sediments of the Noarlunga and

V/illunga Embayments but can be observed at numerous locations on yorke peninsula such

as at Ardrossan and Port Moorowie, in the Adelaide region at Mitcham and Redbanks and on

Kangaroo Island at Redbanks. Mottles are also developed in sediments of Tertiary and older

ages particularly in the Mt Lofty Ranges and on Fleurieu Peninsula. Many of these older

occunences have been discussed in relation to development of ferricretes and weathering

zones by Milnes et al (1985b) and Bourman (19g9).

5.2.3 Field Observations

Some form of iron mottling within Quaternary sediments can be observed at most locations

along the coastline in the Noarlunga and Willunga Embayments. Observations presented in

this section are confined mostly to the four major sections at Hallett Cove, Onkaparinga Trig,

Maslin Bay and Snapper Point which have been used for derailed study of other aspects of
the sediments. Additional sites are discussed where such observations add to an

understanding of the iron mottling or where a different type of mottling occrrs.
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5.2.3.1.1 Hallett Cove

The most prominent mottling at Hallett Cove is confined to a central sandy interval in The

Amphitheatre within the Robinson Point Formation (Fig 5.29). The mottles are large, red

(10R 3/6) and indurated, up to 50 cm long and 20 cm across and generalty vertically

oriented. Occasionally a lighter, yellow-orange zone (10yR 6/8) is developed around part of

the dark red core. The pale-coloured host sandy sediments are also indurated and include

rare stone lines and occasional planar bedding. Immediately above the indurated zone, in

light grey, more clay-rich intervals of the Robinson Point Formation, soft mottles up to 25

cm in size and less intense in colour (10R 4/6) are found. Clay-rich sequences with up to

50Vo <2¡tm occur both above and below the indurated interval. To the north of The

Amphitheatre, small, indurated sandy lenses forming the Snapper Point Sand Member occur

in clays of the Ngaltinga Formation and these display simila¡ bright red mottling.

Finer-grained sediments of the Robinson Point Formation near the base of the sequenc e are a

fairly uniform brown-red colour (7.5YR 5/6) but do display rare yellowish mottles

(10YR6/6). In contrast, clays from the Ngattinga Formation are frequently mottled with

small concentrations of iron up to 2 cm in greatest dimension. The density of mottling

however is not great with often 10 cm of pale-coloured clay between mottles. They are

confined to surfaces of clay peds or along fractures which are frequently developed within

the clays. Fine-grained sediments of the Ngaltinga Formation are mostly grey to olive-

coloured (5Y 612to 5Y7/3), while the small mottles are eirher yellowish (10yR 6/8 to l0yR

6/4) ot reddish (7.5R 314). YelIow mottling is most common in basal clays of the Ngaltinga

Formation with reddish mottles confined mostly to areas adjacent to slightly coarser

sediments and upperparts of this sedimentary unit
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5.2.3. 1.2 Onkaparinea Trig

At Onkaparinga Trig, large red mottles are rare and confined to a sandy interval at the base of

the Snapper Point Sand Member. These mottles are less indurated and smaller in size (up to

30 cm) than those observed at Hallett Cove but retain a simila¡ red colour (lgR 4/6). Rare

coatings of yellow jarosite (2.5Y 7/3) are found on some mottles at this location, while in

thinner sandy units within the Snapper Point Sand Member, the mottles tend toward an

orange-yellow colour (10YR 6/8). Fine-grained intervals of the Ngaltinga Formation are

mottled in a similar manner to that observed at Halletr Cove with small red (7.5R 314) or

yellow (10YR 6/8) blotches on ped or fracture surfaces. Red mottles predominate

throughout the Ngaltinga Formation at this site with yellow mottles occasionally observed in

upper parts.

Mottling in the Robinson Point Formation is confrned to silty intervals within gravel, sand

and silt sequences. The silty sediments are light grey in colour (10YR 8/2) with a columnar

structure and have broad orange-yellow (10YR 718) vertically oriented mottles, 1 to 3 cm

wide and up to 5 cm in length. This mottling is not developed in underlying coarse gritty or

gravelly sediments and is truncated where overþing gravels fill shallow channels eroded into

the silty sediments (Fig 5.30). Where alunite and hatloysite have formed near the base of the

Robinson Point Formation, an unusual pink-red colour (10R 5/6 to 10R 6/4) isobserved in

surrounding sediments. While this is not in the form of mottling, the presence of a laterally

extensive zone with distinctly different colour to surrounding sediments suggests

mobilisation and precipitation of iron oxides in this interval.

Between Port Noarlunga and Witton Bluff, basal sed.iments of the Robinson point Formation

comprise a series of interbedded gravels, grits, sands and silty clays. Gravels and grits are

not mottled, however grey silty sediments display numerous small, yellow (10yR 7/g)

vertical mottles up to 4 cm in length. Sandy intervals are broadly mottled with large irregular
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red to onlnge patches (10R 4/s). Intervening sediments are white to grey coloured and these

bleached zones often form a roughly rectangular pattern (Fig 5.31). Induration of the sandy

zones is common and hence these beds often form small benches in the cliff face.

Quaternary sediments exposed in a railway cutting adjacent to O'Sullivan Beach Road fill a

channel eroded into underlying Precambrian bed¡ock. Sandy sediments which display

horizontal bedding Eends are mottled near the base of the channel but not in upper parts

where they are overlain by clays (Fig 3.39). Induration of the mottles and surrounding white

to grey sands is common. The mortles are dominantly red-coloured (lOR 4/6) with yellow

colours (l0YR6/8) often forming an outer margin. Both vertically and horizontally elongate

mottles are present with a maximum size of 30 cm. In upper pafis of the sandy channel-fill

sedimentjust below the clay-rich sequence, small, soft yellow mottles (10yR 6/6) up to 5 cm

in size are occasionally developed. These do not extend into the overlying clays.

5.2.3.2.1 Maslin Bav

Large, vertically oriented mottles are cornmon at Maslin Bay within a2 mthick, white, sandy

unit from central parts of the Robinson Point Formation. This interval is strongly indurated

and stands out in coastal cliffs as a resistant bench (Figs 3.14; 3.16). Mottles are up to 40

cm long and generally red-coloured (10R 3/6) but with significanr development of yellow

colours (10YR 6/8) on the edges of the mottles. Softer and smaller red mottles (10R 4/6)

extend from the indurated interval into the surrounding more clayey sediments. The

remainder of the Robinson Point Formation at Maslin Bay comprises greyish sandy clays

(7.5Y 7 /2) with occasional clay-rich beds and these sedimenrs cornmonly display broad,

irregular orange-brown patches (2.5yR 5/6).

Mottling in clay-rich sediments of the Ngaltinga Formation comprises small yellow (10yR

6/8) or red (2.5YR 5/6) patches up to 2 cm in size on the surfaces of clay peds. yellow



105

mottles are most coûlmon in the basal metre and upper 2 m of this unit while red mottles

dominate the central4 m.

5.2.3.2.2 Snapper Point

Mottling is less pronounced at SnapperPoint than at Maslin Bay with large mottles confined

to horizontally bedded sandy sediments at the base of the Snapper point Sand Member @g
3.4). The vertically oriented mottles are red to omnge in colour (lOR 4/6 to 10yR 7/g) and,

up to 20 cm in length. They are confined to either the base of sand-frlled channels or upper

parts of the sandy interval where a üansition takes pla"ce to more clay-rich lithologies.

Central parts of the sand unit which is up to 2 m thick, are rarely mottled. In the overlying

clays and sandy clays, small red mottles (7.5R 3/6) arecommonly developed. These are up

to 5 cm in size and decrease in abundance towa-rd the overlying carbonate unit. Green clays

(5Y 6/3) of the Neva Clay Member which form the basal 9 m ar the Snapper point section

display small yellow mottles (10YR 6/8) on ped surfaces along with occasional manganeso

staining.

Nea¡ Blanche Point, the Quaternary sequence often comprises red-green clays overlying

yellow-green clays. Occasional sandy intervals occur between these clay units which are

strongly mottled in a manner similar to the Maslin Bay section (Fig 5.32). In places, this

sandy interval is indurated and the monles are extremely dark red (7.5R 2/r),weathering to a

lighter red on the margins (10R 3/4). Where thinner, slightly clayey intervals occur, the

mottles are soft, smaller and light coloured (lOR 4/6). Clay sediments from the upper and

lower units have the same olive-yellow base colour (5Y 6/3). Theperceived difference when

looking at these two units from a distance is due to the colour of the small femrginous

mottles which are coÍìmon in the clay-rich sed.iments. Mottles from the lower clay are

dominantly yellow-orange (10YR 6/8) while those from the upper clay unit are mostly red

(7.sR 3/6).
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At Ochre Point, isolated sandy intervals which are prominently mottled and indurated occur

within the Ngaltinga Formation. Surrounding sediments are olive-green clays which display

minor small red mottles similar to clay-rich units from other locations. Grey sandy

sediments of the Robinson Point Formation are broadly mottled with orange-red colours

which are similar to mottling developed throughout much of this formation at Maslin Bay. In

central parts of the Robinson Point Formation in the Ochre Point area, some sandy beds are

indurated, displaying a columnar structure and a broad red vertical mottling pattern (Fig

3.19). Bleached zones between mottles have a rectangular pattern similar to that developed

in equivalent sediments neilWitton Bluff.

5.2.4 Laboratorv Observations

Mottles from Quaternary sediments in the region were sampled to collect material

representative of the variation in the nature of mottles which had been observed in the field.

The mineralogy and chemistry of the mottles was subsequently determined and is discussed

in the following sections.

5.2.4.1 X-Ray Diffraction (XRD) and X-Ra)'Fluorescence CXRF)

Colour variations in mottles from dark red through to yellow suggest that there are

differences in the iron mineralogy associated with mottles developed in these sequences.

Examination of XRD traces indicates that the darkest mottles have hematite as the dominant

iron mineral while yellow colours are generally associated with goethite. Such an association

of mineralogy with colour is in agreement with previous work by Schwertmann (1985) who

indicated that yellow colours were associated with goethite and reddish colours with

hematite. Most mottles however, have an iron mineralogy composed of various proportions

of both hematite and goethite and this is shown in Table 5.4. Ratios of the height of the

goethite (110) and hematite (110) peaks are a crude measure of the relative proporrion of
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these two minerals in the samples and it is evident that low values of this raúo correlate well

with samples having a strongly red colour.

No other iron-rich minerals have been identified from XRD traces and tests using a hand-

held magnet indicate that no samples contain detectable magnetic minerals. Quartz and clay

minerals are the major non-femrginous minerals present in all samples with various amounts

of feldspar and halite also present. These minerals occur in both the mottled samples and

adjacent non-mottled marerial (Iable 5.4).

Both hematite and goethite give XRD peaks of variable sharpness with widths ar half height

for both the hematite (110) and goethite (110) peaks varying from 0.3"20 to 0.7'20 (Table

5.4). Similar sharpness values are recorded for each mineral in the same sample.

Comparison of diffraction peak positions for goethite and hematite from the present study

with calculated positions given by Brown (1930) show that there is very little difference

(Table 5.4). Norrish & Taylor (1961) discussed the isomorphous substiturion of Fe by Al in

soil goethites and the effect of this substitution on peak positions. This information, together

with the position of goethite (110) and (111) peaks from samples studied in this rhesis have

been used to estimate the degree of Al-substitution in these samples. Most samples show

negligible Al incorporated in the goethite structure, however four samples have between 2

and 6 moleTo Al (Table 5.4).

Iron contents (VoFe2Oj) as measured by XRF of bulk mottled and non-mottled material a¡e

highly va¡iable. Mottles have between l0 and 457o Fe2O3 while associated non-mottled

sediments have iron contents varying from 1.6 to2.77oFe2O3 (Table 5.4, Appendix T). No

association can be seen between iron mineralogy and total iron content although the highest

FezO¡ value in sample RMk62-2corresponds with the lowest goethite to hematite ratio.
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5.2.4.2 Associated Clay Mineralogy

Where intensely mottled and indurated intervals occur within the Robinson pointFonnation

at Maslin Bay and Hallen Cove, clay minerals from the <2pm fraction have been studied- At

Maslin Bay, there is a decrease in the proportion of both randomly interstratified clays and

kaolinite with illite showing a strong increase compared with surrounding sediments of the

Robinson Point Formation. Similarly, at Hallett Cove randomly interstratified clays are

depleted in the mottled zone with the kaolinite proportion also decreasing and illite increasing

at the base of this zone compa¡ed with surrounding sed,iments. From the bottom to the top of

the2-5 m thick mottled interval, there is then a gradual increase in the proportion of kaolinite

and a decrease in illite. Randomly interstratified clays remain a minor proportion throughout

the interval compared with surrounding sediments. In contrast, mottling at the Snapper point

and Onkaparinga Trig sections within sandy sediments of the Snapper point Sand Member is

associated with an increase in the proportion of kaolinite and decreases in the proportion of

both illite and randomly interstratifred clays.

5.2.4.3 Micromorphology

Daø obtained from XRD and XRF analyses of bulk samples can provide only limited

information regarding the processes involved in the formation of mottles in the Quaternary

sediments. Observations of the distribution of iron oxide minerals in thin sections enable

relationships with host sediments to be determined and form the basis for understanding the

origin of the mottled sequences.

Field studies indicate that in a macro sense, the nature of mottling is strongly dependant on

the host lithology. Thin sections have been grouped and observed using this as a basis for

intelpretation. Sandy sediments which are generally broadly mottled with orange-red to

yellow colours comprise rounded to sub-rounded sand-sized grains of quartz with very rare

feldspan and opaques. Considerable porosity is often present and only partially filted by

clays and iron oxides. Clays form thin coatings around skeleton grains and also small
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bridges joining adjacent grains. A mixture of iron oxides and clays partialty fill some pore

spaces and form thicker skins around the clay coated quartz grains @g 5.33, RMl34). hon

oxide mineralogy is a mixture of hematite and goethite.

Fine-grained clay and sandy clay sediments such as those forming much of the Ngaltinga

Formation have small blotches of iron which are generally visible in the field on fracture or

ped surfaces. Thin sections of such sediments indicate that iron has usually accumulated in

elongate zones which are often recognised as present or former fracture zones (Fig 5.34,

RM80). The mineralogy is a mix of both hematite and goethite with yellow goethire colours

frequently found on the margins of the iron accumulation.

V/ell developed mottles from sandy and sometimes indurated intervals often show complete

impregnation of intergranular space, with hematite being the dominant iron oxide (Fig 5.35,

RM349). Precipitation of iron oxides is commonly through the replacement of existing clay

minerals a¡rd where remnant clays are identified they occur as isolated pockets within an iron-

rich matrix (Fig 5.36, RM349). Partial replacement of clay minerals which coar many qüaÍz

grains in the mottled sediments is also frequently observed @g 5.37, RM264). On a larger

scale, the partial disintegration of a mica lath by iron crystallising between cleavage planes

indicates the extent of clay mineral alteration and also suggests that the clays themselves may

be a potential source for some of the iron forming mottles (Fig 5.38, RM40). kon oxides

can also be seen replacing and etching feldspars and quartz in some samples (Fig 5.39,

RM41).

In fractures leading toward femrginous zones iron oxides are often concentrated along the

margins of such fractures @g 5.40, RM264). Preferential precipitation of iron oxides along

fractures within the sediment is supported by observations of thin sections from mottled

carbonate within the Neva Clay Member. In sample RM170, hematite precipitation clearly

marks the edge of a fracture through microcrystalline carbonate with secondary crystallisation

of carbonate following development of carbonate @ig 5.41). While most iron-rich material

observed in thin section is an intimate mix of hematite and goethite, there are several



110

examples of multiple phases of iron oxide precipitation. In sample RM264, precipitation of
iron oxides along a fracture was initially composed of goethite with a subsequent phase of
hematite (Fig 5.a0). Iron oxides frlling intergranular pore space in sample RM40 show

several phases of precipitation of hematite within a lighter coloured goethite-clay material.

Very small crystallites of hematite (rccur within the goethite-clay matrix and in places these

coalesce to form larger aggregates (Fig 5.aÐ.

Opaline silica has been identified in several thin sections occurring as an isotropic material

infilling voids (Fig 5.43, RM264). Samples in which this material is observed a¡e mostly

from indurated intervals within either the Robinson Point Formation or the Snapper point

Sand Member. XRD traces of bulk material and the âWnfraction from these intervals often

show a broad region of high background centred on 4.1Å and comparison with the work of

Jones & Segnit (1971) suggests that such diffraction effecs are due to the presence of minor

opaline silica.

5.2.5 Summarv

Mottling of Quaternary sediments from the Noarlunga and V/illunga Embayments by iron

oxides is commonly observed. The nature of the mottling varies, being dependant on the

nature of the host sediment. Coarse sandy sediments are often indurated and display large,

red, hematitic mottles. In contrast, finer sediments have smaller, soft mottles of lighter

colou¡ with goethite rather than hematite forming a largerproportion of the iron mineralogy.

Thin section studies show iron filling pore spaces and replacing clay minerals in coarser

sediments and precipitating along present or former fractures in finer sediments, at sites of

local oxidation. Silica released from clay minerals during replacement by iron oxides may

form opaline silica which has been identified in some thin sections. Reduction in the

proportion of randomly interstratified clays and kaolin in mottled zones compared with

adjacent sediments indicates the potential importance of mineral transformations in the

formation of iron-rich mottles and the possible effect of local groundwater conditions.
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5.3 Palaeosols

The recognition and description of fossil soils (palaeosols) in sedimentary sequences has

been undertaken by many researchers (eg Allen 1974:Buurman Ig75;1gg0; Iæeder lg76;
Retallack 1976: 1977; 1988; Wright 1986). A number of features indicative of
palaeopedogenesis have been identified from this previous work which include the presence

of root traces, marked colour changes associated with development of soil horizons,

evidence of soil structure, intensive bioturbation and mineral accumulation horizons

(Blodgett 1988; Retallack 1988). There is also a tendency for the upper boundary of the unit

to be sharp due to erosion, whilst the lower boundary is gradational (Retallack 19Sg). Using

these criteria, palaeosols in Quaternary sequences from the Noarlunga and V/illunga
Embayments have been identified and are discussed in this section.

5.3.1 Field Observations

5.3.1.1 Robinson Point Formation

In basal parts of the Robinson Point Formation at the onkaparinga Trig site, a series of
upward fining intervals have been described (Section 3.2.g). Such intervals begin with
gravel and gritty or coarse sandy sediment which often show remnant cross bedding

structures. A gradual decrease in particle size is observed to a grey silty to clayey interval

which is then overlain with an erosional contact by the next coarse gravel or sand unit. Such

intervals are of va¡iable thickness depending on the degree of truncation prior to deposition

of the next unit but have been observed up to I m thick. At onkaparinga Trig, four upward

fining units a¡e identified, however in the vicinity of Seaford a maximum of nine units have

been observed.

Several features which a¡e identified within silty to clayey units of the upward fining
sequences suggest these to be palaeosols. Firstly, there are abundant small pores of circular

cross-section which penetrate the sitty sediments forming thin tubes of between 0.5 and 2
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mm in diameter and with a vertical or sub-vertical orientation. Many of the tubular structures

have a very thin red-brown (7.5YR 516) clay coating the walls which is a different colour ro

the rest of the grey (l0YR 812) silt and clay-rich sediment. Occasional larger tubes with a

diameter of between 5 and 10 mm are also observed and these are usually filled with red-

brown clay. None of the tubular structures can be traced for more than 5 cm and branching

structures have not been observed. These tubules are interpreted to be biogenic structures

most likely to have been created by burrowing insects or wonns. Similar structures

described by Retallack (1976; 1977) from the Triassic Narrabeen Group in NSW were

postulated to be formed by cicada-like insects, however insufficient information is available

to allow such a detailed conclusion fo¡ tubular structures from the Robinson point

Formation.

The second feature of significance is the development of a columnar structure in the upper

half to two thirds of the silty unis (Fig 5.aa). These are sub-rounded aggregates up to 3 cm

in diameter and elongated in a vertical direction for up to 7 cm. No primary sedimentological

structures are noted within these silty units.

Finally, a vertical pattern of iron mottling is common within the silty units having a diameter

of up to 2 cm and length to 5 cm. The mottles are a yellow ro orange colour (10yR 7/g) in

contrast to the unmottled material which has a grey colour (10YR 812) and,they often impart

an overall yellow hue to the units. This is in contrast to a-djacent sed"iments which do not

normally display iron-rich momling.

Features such as those described from the Robinson Point Formation at Onkaparinga Trig are

commonly observed in coastal cliffs between Witton Bluff and Moana. They have not been

observed from sediments in the Willunga Embayment

In other parts of the Noarlunga Embayment to the north of Witton Bluff and south of Moana,

more subtle features suggesting the presence of palaeosols are seen within predominantly

sandy sequences from middle parts of the Robinson Point Forrnation. In the vicinity of
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ochre Point" there are a number of indurated intervals up to I m thick and continuous for up

to 10 m (Fig 3'19). These sometimes overlie cross bedded gravels and comprise sand to
clayey sand with rare isolated gravel clasts. A coarse, vertical columnar structure is always

prcsent with peds up to 20 cm in tength and 5 cm diameter. No primary bedding structures

are observed. The beds are red to oftìnge coloured with broad vertical and rarely horizontal

bleached zones which extend for up to 50 crn Yellow, goethitic colours are cornmon on the

margins of bleached zones which grade into red-orange coloured zones. Many sites exhibit a

complete bleaching in the upper 5 to 10 cm, similar to that observed in A2 horizons of soil

profiles. Within upper parts of these units, very rare tubular structures are observed,

generally about 1 cm in diameter and 5 to l0 cm in length. They are vertically oriented and

often filled with more clay-rich sedimenr.

Sandy intervals displaying features described here have not been observed in sediments from

areas south of Ochre Point. To the north, in the Noarlunga Embayment, isolated examples

have been identified nea¡ Hallett Cove, o'Sullivan Beach, port Noarlunga and Seaford, all
within sediments of the Robinson point Formation.

Just south of Blanche Point there are several isolated locations where small, vertical tubula¡

structures up to 1 cm in diameter have been noted at the boundary between the Robinson

Point and Ngaltinga Formations. These occur within sandy sediments and are filled with
laminated clay which has a concave upward orientation. This infill material is thought to be

derived from the overlying clays of the Ngaltinga Formation due to similarity in colour. No
distinctive mottling or soil structures are noted in association with the infilled tubula¡

structures.

5.3. 1.2 Ngaltinga Formarion

within sediments of the Ngaltinga Formation, tubular structures of possible biogenic origin
have only been noted at the onkaparinga River Mouth site. Micaceous, silty sediments form
the basal part of the snapper Point sand Member at this locality and several vertically
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oriented tubes, up to 1 cm in diameter occur within this unit. They are filled with more clay-

rich sediment derived from overlying unis.

A ca¡bonate bed of variable thickness and lateral extent has been noted within olive-green

clay-rich sediments of the Neva Clay Member at several localities along the coast. At
Snapper Point this bed is up to 1.5 m thick and comprises irregularly shaped white masses of
carbonate which are usually soft and friable but occasionally indurated. The carbonate tends

to have a vertical, blocky structure similar to that developed in the sunounding clays (Fig

5'45). Individual carbonate masses are separated by up to 15 cm of clay and hne sand and

have sharp edges which are cornmonly smooth with development of slickensides. Very rare

thin tubes, several mm in diameter are observed in some carbonate masses and may represent

rhizoliths. In the vicinity of Snapper Point, the carbonate bed is intermittenrly exposed for at

least 400 m and in general has a relatively sharp upper contact with clays of the Neva Clay

Member' The base of the bed is more diffuse with small isolated carbonate masses occurring

up to 30 cm below the main carbonate bed. Just north of the Snapper point section a sand-

filled channel of the SnapperPoint Sand Member has eroded into the underlying Neva Clay
Member and removed the ca¡bonate bed which continues to be exposed on either side of the

channel (Fig 3.7). This indicates that the development of the carbonate bed pre-dates

sedimentation of the Snapperpoint Sand Member.

In the Noarlunga Embayment, a carbonate bed is noted within the Neva Clay Member at the

onkaparinga Trig and onkaparinga River Mouth sites. At onkaparinga Trig, a

discontinuous bed of ca¡bonate masses up to 2 m thick can be traced intermittently for up to

50 m @g 5.46). The masses are very similar to those described from the Snapper point site

and, in addition, often show small hollows and fractures within the ca¡bonate masses which

are filled with clay. At the Onkaparinga River Mouth site, the vertical secrion eroded by

stormwater clearly displays the strongly vertical structure and sharp upper surface of the

carbonate bed @g 5.47). A more irregular basal contact is apparent with isolated masses

extending into the underlying clays below the 1 m thick main ca¡bonate bed.
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Further north, about 100 m south of Witton Btuff, a carbonate bed of variable thickness but

up to I m is exposed in the cliff face at the boundary between the Robinson point and

Ngaltinga Formations (Fig 5.a8). Due to the shear nature of the cliff face at this location the

carbonate bed is inaccessible but appears to be well consolidated and have a platy structure in

contrast to the blocky structure of previously described ca¡bonate beds from the Neva Clay

Member. Thin carbonate blotches appeff to extend into the underlying sands of the

Robinson Point Formation. A carbonate bed is not recognised at this stratigraphic position at

any other location in the study area.

A carbonate unit mantles Quaternary sediments throughout the Noarlunga and Wilunga

Embayments and the relationship between this mantle and underlying sediments has been

discussed by Phillips & Milnes (1988) and Phillips (1988). They describe a complex

transition between the units with isolated blotches of carbonate and,/or several discontinuous

horizontal carbonate beds occurring within upper parts of the clay or sand-rich Ngaltinga

Formation. Carbonate rhizoliths are recognised within carbonate in this transitional zone as

well as in the overlying carbonate mantle.

5.3. 1.3 Burnham Limestone"

Isolated masses of ca¡bonate occur within the meEe of sediments overlying the Burnham

Limestone at several locations in the Willunga Embayment between Snapper point and

Maslin Bay and also at Sellicks Beach @ig 5.a9). These masses are up to 20 cm in size and

tend to occur in discontinuous beds which can be traced laterally for tens of metres. The

masses have sharp boundaries and include many thin veins which are filled with clays or

sands from the surrounding sediment. V/hile there are no obvious features which enable

these carbonate beds above the Burnham Limestone to be thought of as palaeosols, their

similarity with carbonate beds from other pafs of the sequence ind.icate that such an origin

should be considered.
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5.1.3.4 Preserved Root Stn¡ctures

At several places along Sellicks Cheek, indurated and mottled gravels which are thought to be

part of the Robinson Point Formation are exposed in the creek bed. On several of these

horizontal surfaces small, white cylindrical structures up to 5 mm wide and 10 cm long are

preserved. Similar features are observed on indurated benches composed of euaternary
gravels in a quarry at Mitcham (Adelaide 1:50 000; 825257). These srrucures are interpreted

as preserved roots.

More extensive preservation of root structures occurs on the shore platform at Snapperpoint

where a mat of twisted and gnarled cylindrical structures up to 80 cm in length and2¡cm in
width is observed (Fig 3.6). These roots are preserved on the Hallett Cove Sandstone and

cover an area of approximately 100 by 50 m. Similar, but isolated features have also been

noted on the shore platform to the north of Snapper Point. The observation of preserved root

structures at various snatigraphic positions and geographic locations within Late Cainozoic

sediments from the Noarlunga and Willunga Embayments indicates that hiatus in
sedimentation have occurred at numerous times in the past. This supports the interpretation

that features described from the Robinson Point and Ngaltinga Formations represent

palaeosols.

5.3.2 Laboratory Observations

5.3.2. I Cla)' Mineralogy

Information regarding the clay mineralogy related to palaeosol features identified in the

Quaternary sequence is taken from the Snapper Point and Onkaparinga Trig sites. These dat¿

show that silty unis near the base of the Robinson Point Fonnation at onkaparinga Trig have

a clay mineralogy dominated by kaolinite but with appreciable amounts of smectite and illite

Gig a3Ð. Smectite is not commonly present within Quaternary sediments from the

Noarlunga and Willunga Embayments and at the onkaparinga Trig site the silty units are the

only sediments containing smectite. Reconnaissance samples collected from similar silty,
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mottled and bioturbated sediments in the Seaford area have the same clay mineralogy. No
smectite was identified from sandy units above the palaeosols at Seaford.

At both onkaparinga Trig and Snapper Point, a ca¡bonate bed occurs within clays of the

Neva clay Member. clay mineralogy of this member is dominated by illire with lesser

amounts of kaolinite and randomly interstratified illite-smectite. While these three clay

minerals are all present within the ca¡bonate bed, the proportion of each shows a sudden

change associated with the carbonate bed. At Snapper Point the proportion of illite rises

from 40-50vo to 50-60vo immedtately above the carbonate bed. The kaolinite proportion

drops from 20-30vo to Io-2o%o at the same position while the proportion of interstratified

clay remains constant (Fig 4.25). There is a similar change in clay mineral proportions at

onkaparinga Trig with illite increasing from 40-50 vo to 50-60vo at thebase of the carbonate

interval' Both kaolinite and randomly interstratified clay show a decrease in their proportions

at the same position from 30-40vo to 20vo for kaolinite and,30vo to 20vo for the interstratified

clays (Fig 4.32). At both sites, the trend to higheç illite and lower kaolinite contenrs is the

same' although the position at which the change takes place differs between the locations.

No change in particle size is evident through the carbonate beds at either site with the vo

<2Pm averaging 70Vo throughout the Neva Clay Member at Onkaparinga Trig and,7SVo at

Snapper Point. Triangular d.iagrams summarising particle size data show that all samples

from the Neva clay Member cluster tightly toward the cray apex.

5.3.2.2 Ca¡bonate Mineralogy

The nature of the carbonate mineralogy within the carbonate bed at onkaparinga Trig has

been studied in detail with 12 samples collected through a 1.5 m interval. Numerous

carbonate masses 10 by 20 cmin size occur in this interval with gaps of up to 20 cmbetween

the carbonate accumulations (Fig 5.50). Dolomite is the only carbonate mineral identified
from several samples at the base of the interval with dolomite and minor calcite present in
most other samples below the top 50 cm. Calcite is the dominant mineral in uppermostparts

of the interval (Fig 5.50). This va¡iation from dolomite to calcite in an upward direction is
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also shown in the ca¡bonate bed at Snapper Point. At this site three samples were collected

with the basal sample containing only dolomite, the middle sample approximately equal

proportions of dolomite and calcite and the upper sample calcite with rare dolomite.

The discontinuous interval of carbonate above the Burnham Limestone has a mineralogy

dominated by dolomite with only rare samples exhibiting small amounts of calcite (Table

5'5)' This is in contrast to samples collected from the Burnham Limestone at Sellicks Beach,

Snapper Point, Port Willunga and Maslin Bay where all samples have a carbonate

mineralogy dominated by calcite. Only minor amounts of dolomite are recorded from these

samples.

In samples where dolomite has been recorded either associated with the Burnham Limestone

or the Neva Clay Member, examinaúon of XRD traces shows only minor substitution of Mg
by Ca (Table 5-5). Similarly, calcite XRD peaks are nor displaced from expected positions
and hence the composition of calcite in these sediments is close to the ideal CaCO3.

5.3.2.3 Micromorphology

Thin sections from silty palaeosol sequences at onkaparinga Trig show sub-angular to sub-

rounded silt-sized qaartz grains and mica laths within a clay matrix. Where small, hollow
tubular structures have been sectioned, a thin dark brown to black layer is observed coating

the holes (Fig 5.51). This material appears to be organic and srained by dark iron oxides

with the clay matrix elsewhere showing pale yellow to orange colours. Apart from some

preferred orientation around biogenic structures, the silty sediment is thoroughly mixed.

Carbonate from beds within the Neva Clay Member is shown to be microcrystalline with
occasional silt and fine sand-sized, quartz grains scattered randomly throughout. Isolated
pockets of ca¡bonate-free clay occur infrequently and are often stained red or yellow by iron

oxides (Fig 5.52). Red hematite can also be seen forming small, isolated accumulations

within the microcrystalline ca¡bonate. Fractures which cut across the sediments are
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discontinuous and these voids are generally partially filled by coarser, secondary carbonate

which has precipitated following mobilisation and deposition of several generations of iron
oxides (Fig s.al). Scanning electron micrographs of carbonate from the voids show it to
consist of euhedral-shaped crystals up to 4¡rm in size which a¡e often embedded in a

microcrystalline matrix (Fig 5.53).

5.3.3 Summary

Within silty members of upward fining cycles of sedimenration from the Robinson point

Formation several features such as biogenic alteration, distinctive iron mottling and columnar

soil-like structure have been identif,red. Such features suggest the presence of palaeosols

within these sequences and indicate an envi¡onment of intermittent deposition and limited
erosion' The presence of smectite within these sediments may be reiated to the local

conditions which enabled soil formation to proceed. Similar, but less pronounced features

a¡e present within other parts of the Robinson Point Formation and suggest more widespread

development of soils at this time. Such sedimentary sequences are not part of the Ngaltinga

Formation, however accumulations of irregular masses of carbonate showing vertical blocky

structure and rare tubular forms a¡e considered to represent former soils. Changes in the

proportion of kaolin and illite associated with the carbonate intervals also suggest that these

represent the position of sedimentary breals.
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CHAPTER 6

SEDIMENTARY HISTORY OF THE QUATERNARY SEQUENCE

Field observations and laboratory data which have been gattrered for Quaternary sediments

from the Noarlunga and Willunga Embayments provide the basis for understanding the

origins of the sediments, the depositional environments and diagenetic changes which have

taken place. Marine units of Tertiary and Early Pleistocene age provide suitable data points

from which to describe the overlying non-marine sequence which, due to a lack of fossil

evidence, cannot be dated. Diagenetic features which have been identified within the

sequence and discussed in Chapter 5 provide evidence of continuing change following

deposition and also support conclusions regarding environments of deposition. The

following discussion draws together this information together with detailed clay mineralogy

to develop a Quaternary history of these sediments. Sedimentary features a¡e discussed in

this Chapter while diagenetic changes are considered in Chapter 7.

6.1 Origin of Sedimentary Features

6.1. I Burnham Limestone

The Burnham Limestone was interpreted by Ludbrook (1983) ro have been deposited in the

intertidal environment of estuaries and sandy or muddy flats of sheltered bays. It is thought

to be of Early Pleistocene age on the basis of the fossil assemblage identified. As this unit

provides a datable marker unit at the base of the Quaternary non-marine sequence, the

distribution and relationship of this unit with younger sediments has been investigated in this

study.

Signifrcant differences in the distribution of the Burnham Limestone are recognised between

the Noarlunga and V/illunga Embayments. Extensive deposits are found along the coast in

the Willunga Embayment from Sellicks Beach northward to Maslin Bay where a gradual
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change from limestone to dolomitic mottles within basal sandy sediments of the Robinson

Point Formation can be observed. The only possible occuIrence of the Burnham Limestone

in the Noarlunga Embayment is at Hallen Cove where dolomitic mottles occur at the base of
the Quaternary sequence simila¡ to occruïences at Maslin Bay. These observations suggest a

gradual waning of the marine influence in a northerry direction.

Identification of the Burnham Limestone at Sellicks Beach (May & Bourman l9g4) and the

identification of the ma¡ine gastropod Hartungia dennanti chavaní suggests a strong

correlation with the Early Pleistocene Point Ellen Formation of southern Fleurieu peninsula

and Kangaroo Island in which Hartungia had previously been found. This gastropod is

indicative of more exposed coasts (Ludbrook 1983) and hence suggests that not all limestone

of the Burnham Limestone in the St Vincent Basin was deposited in estuarine environments.

The Sellicks Beach site also indicates that the Burnham Limestone represents a marine

incu¡sion within non-ma¡ine sandy and clayey sediments of the Robinson point Formation.

Thin, discontinuous beds and larger blotches of dolomite frequently occur within clayey or

sandy sediments immediately overlying the main limestone bed. Dolomite is only a very rare

component of the main limestone. In sediments associated with the dolomite, smectite is

commonly found in the <2ltm fraction and as this clay mineral is uncommon within the

Quaternary sequence it is suggested to be of d.iagenetic origin and ¡elated to dolomite

formation. The origin of such dolomite is discussed in Sectio n 7 .3.2 and is thought to be

related to interaction of continental groundwaters with saline \4/aters following regression of
the sea. Smectite formation would be favoured in such a Mg-rich environment with high

groundwater levels and limited leaching.

The rare occurrence of the Burnham Limestone within the Noarlunga Embayment indicates

that non-marine deposition was dominant in this region during the ma¡ine incursion into the

Willunga Embayment. The Burnham Limestone is also recognised within the Adelaide

Plains Sub-basin to the north (Firman L976; Selby & Lindsay lgS2). Mottled dolomite
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within basal sediments of the Robinson Point Formation at Hallert Cove which has been

tentatively correlated with the Burnham Limestone indicates that at the most, only marginal

marine conditions existed within the Noarlunga Embayment.

This data indicates that the Bumham Limestone is an Early Pleistocene unit which represents

a marine incursion at the base of the Quaternary sequence but is not present throughout the

study area. Basal Quaternary sediments in parts of the Noarlunga Embayment where the

Burnham Limestone does not occur may therefore be older than Early pleistocene as non-

ma¡ine sedimentation was taking place in these areas at the time of marine deposition in

southern areas. Subsequent to primary deposition, groundwater reactions have modihed the

sequence forming dolomite and smectite.

6.1.2 Robinson Point Formation

Basal non-ma¡ine sediments from the Noarlunga and Willunga Embayments have been

assigned to the Robinson Point Formation. This formation comprises an interbedded

sequence of gravels, sands, silts and clays with sand and sandy clay sediments

predominating. Horizontal, planar bedding is exhibited in some sandy units with planar

cross-bedding common in gritty sand and gravel units. Most sediments from the formation

however, have no sedimentary structures preserved. Gravels frequently fill broad channel

structures eroded into underlying units but also occur as tabular bodies which can be traced

for several hund¡ed metres. Upward fining sequences from gravels or sands to silts and

clays occur commonly, particularly in central parts of the Noarlunga Embayment, and many

of these show pedogenic modification of the finer-grained sediments. There is no evidence

of organic-rich layers within the sequence and hence it is likely that deposition took place in

predominantly oxidising conditions.
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6.1.2. 1 Depositional Environmens

The features present in sediments of the Robinson Point Formation indicate that a fluvial

origin is probable for this unit. Such an origin is consistent with examples described in the

literature which show interbedding of gravels, sands and clays, channel and sheet structures

and cross bedding (Allen 1965 Jackson 1976; Collinson 1978; Friend 1978; 1983;

Galloway & Hobday 1983; Bridge 1985). Allen (1965) illustrated four models for common

alluvial facies which included piedmont formed of alluvial fans, braided streams, low

sinuosity streams and strongly meandering streams. The overall proportion of coarse to

finer-grained sediment has been used as a means to distinguish braided from meandering

deposits with braided systems considered to contain abundant coarse-grained sediment

(Friend & Moody-Stuart 1972). More recently, Friend (1978; 1933) has indicated that the

proportion of fine-grained sediment can not, by itself, be used as an indicator of channel

pattern. This is due to the common introduction of coarse-grained sediment into an area of

fine-grained sedimentation through short term flood events brought about for example by

crevasse splays. Hence, such sand or gravel bodies need not represent fixed channel

deposits. Grain size however, is a useful indicator of bed-load (gravel, coarse and medium

sand) versus suspended load (silt and clay) deposits (Friend 1983).

Both bed and suspended load deposits are recognised in sediments of the Robinson point

Formation. Bedload deposits comprising gravels and sands f,ill broad and generally shallow

channel structures in which both planar cross-bedding and horizontal bedding is recognised.

Upward fining of sediments within the channel deposits is common. Tabular, sheet-like

bodies with rare cross bedded gravels are also present in a dominantly sandy or gritty

upward frning sequence. Pedogenic modifrcation of finer sediments from these sequences is

frequently noted a¡rd indicates a period of stasis following vertical accretion. The presence of

channel and sheet-like bodies suggest that these deposits accumulated in channel and point

bar sequences with some flood events contributing sediment by way of crevasse splays

(Allen 1965; Friend 1983; Galloway & Hobday 1983).
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Fine-grained suspended load deposits are rarer in the Robinson Point Formation and

confined to upper parts of channel and sheet deposits. Erosion of finer grained sediments

prior to deposition in subsequent fluvial cycles is evident at numerous localities and may

partly explain the general lack of fine sediment. Bedding structures are not observed in silts

and clays of the Robinson Point Formation, particularly where pedogenesis has occurred.

Suspended load deposits represent deposition in distal a¡eas from channels and also the final

sedimentation following flood events (Galloway & Hobday 1983).

Coarsest sediments which occur at Sellicks Beach are adjacent to the V/illunga Fault

Escarpment and comprise numerous lenses of poorly sorted, often cross-bedded gravels

which f,rll channels. Upward fining to sands and clays is observed with many gravel units

having a muddy matrix. Williams (1973) described alluvial sediments of Late Quaternary

age forming piedmonts draining the Flinders Ranges in northern South Australia which have

similar cha¡acteristics to those identified at Sellicks Beach. Such comparison, together with

the proximity of the Sellicks Beach sequence to a steep escalpment suggest that the Robinson

Point Formation at this locality was deposited as an alluvial fan.

Smith & Putnam (1980) provide criteria for identifying different fluvial sysrems including

anastomosed, meandering and braided regimes. Anastomosed systems which occur in

actively aggrading basins have multistorey channel deposits with common splays and

avulsions separated by fine-grained sediment. Braided systems occur in areas of high

sediment input and high gradient while meandering systems rarely have multistorey channel

deposits or crevasse splays but commonly show evidence for extensive lateral channel

migration. Evidence from sediments of the Robinson Point Formation suggest that there are

features from both anastomosed and meandering systems present with the sediments at

Sellicks Beach possibly representing a braided system. Thus depending on the position in

the embayment, the nature of the fluvial sedimentation varied with a continuum of styles

present. Braided systems occured on embayment margins where steep escarpments
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provided a plentiful supply of sediment while in more central parts, as stream gradients and

sediment supply decreased, a combination of anastomosed and meandering systems

prevailed.

6.1.2.2 Sediment Sources

A fluvial origin for the Robinson Point Formation implies that higher ground to the east

forming the Mt Lofty Ranges was the probable source for the sediments deposited in the

Noarlunga and Willunga Embayments. Granule, pebble and cobble-sized clasts from the

Robinson Point Formation comprise quartz, siltstone, quartzite, ferricrete, schists and rare

limestone fragments. All rock types occur in the Precambrian sequence, or as weathering

products in the case of ferricrete, in the Mt Infty Ranges. This suggests that this area forms

the provenance for the Robinson Point Formation.

Ratios of coarse to fine sand for sediments of the Robinson Point Formation are quite

variable with a tendency for coarsest sands to be deposited with the coarsest bed load

sediments. Fine-grained units generally have little coarse sand and such a relationship

suggests that depositional processes have influenced the proportion of coarse and. fine

sediment deposited at any site. No conclusions can be drawn regarding sediment source

from the sand ratio data given that depositional processes may have influenced the grain size

distribution.

Heavy mineral assemblages (>2.96 SG) have been determined for all samples from the

Onkaparinga Trig site and several samples from Maslin Bay. While the number of different

minerals identified is greatest in samples from the coarsest sediments, there are several

minerals such as tourmaline, rutile, staurolite and i¡on oxides which occur throughout the

formation. Other minerals occur sporadically in samples from throughout the unit and do not

concentrate in upper or lower parts of the Robinson Point Fonnation. This limited data

therefore suggests that there has been no major change in provenance during deposition of
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the Robinson Point Formation. Furthermore, comparison with data provided by Aitchison er

al (1954) for heavy minerals from soils and basement rocks in the Adelaide region indicate

that all heavy minerals identified in the Robinson Point Formation could have been derived

from the Precambrian sequence and soils developed on such rocks-

Clay minerals identified from the Robinson Point Formation suppot the thesis that the

provenance for the Quaternary sediments was Precambrian and Tertiary sequences from the

Mt Lofty Ranges and soils developed on these sediments. Kaolinite, illite and randomly

interstratif,red illite-smectite are the dominant clays identif,red from the Robinson point

Formation with lesser amounts of smectite recorded in fine-grained sequences near the base

of the formation. Data from Norrish & Pickering (1983) for soils from the Adelaide area are

summarised in Table 6.1 and show that kaolinite, illite and randomly interstratified clays are

common in most soils from the region with ra¡e occr.urences of other clays such as smectite,

chlorite and hydroxy interlayered vermiculite. Hence the clay mineral assemblage identified

from the Robinson Point Formation is most likely to be of detrital origin. The origin of

smectite is discussed in sections 5.3 and 7.3 and is thought to be related to pedogenic

modif,rcation of fîne-grained sediments. Further discussion of the clay mineral assemblage

can be found in Section 6.2.

The Robinson Point Formation is thought to be of fluvial origin based on the sedimentary

features identified in the sequence. Alluvial fans forming piedmonts adjacent to fault

escarpments on basin margins grade to anastomosing and meandering alluvial deposits

further into the embayments. Both gtavel and clay components of the sediments suggest a

provenance in the Mt Lofty Ranges to the east and this source remained unchanged

throughout the period of deposition.
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6. 1.3 Ngaltinga Formation

The Ngaltinga Formation comprises a basal massive, grey-green clay with rare fine sandy

interbeds assigned to the Neva Clay Member and an upper coarser unit consisting of channel-

fill sands and interbedded sand and clay units termed the Snapper Point Sand Member.

Small yellow to red mottles are conìmon in clay-rich sediments while sandy units generally

show larger, vertical mottles. Sediments from the Neva Clay Member display no

sedimentary structures apa-rt from very thin interbeds of hne sand in basal parts at several

localities. In contrast, the Snapper Point Sand Member is often recognised by broad

channels cut into clays of the Neva Clay Member and filled by planar bedded sands with very

rare gravel lines. The channel deposits grade upwards to clays with upper pafis of the

Snapper Point Sand Member comprising an interbedded sequence of poorly defined sands

and clays. Where channel structures are not recognised, the Snapper Point Sand Member is

represented by laterally extensive tabular sand bodies which normally have a gradational

upper boundary to clays and a poorly defined lower contact with clays of the Neva Clay

Member. Rarely, the lower boundary is gradational and coarsens upward, as at port

Willunga.

6. 1.3. 1 Depositional Environments

Bands of carbonate occur within both the Neva Clay and Snapper Point Sand Members. A 1

to 2 metre thick interval of large, irregular blotches of ca¡bonate occurs within upper parts of

the Neva Clay Member in central pa-rts of the Noa¡lunga and V/illunga Embayments and has

been interpreted as a palaeosol (Section 5.3). Thin beds and isolated blotches of carbonate

are also observed in upper parts of the Snapper Point Sand Member immediately below the

carbonate mantle and are also thought to be pedogenic in origin.

The presence of channel structures and upward fining of sediment filling these channels

suggest that sediments of the Snapper Point Sand Member are of fluvial origin. The isolated
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nature of the channels and lack of vertical stacking of the channel deposits indicates that the

channels were frequently abandoned and probably represent meandering rather than

anastomosing or braided stream deposits (Allen 1965; Smith & Putnam 1980; Bridge 1984).

Poorly defined, upward fining, tabular sand bodies contain very rare gravel layers and may

represent sheet flood or crevasse splay deposits. Intermittent deposition of sands and

occasional gravel is generally short-lived in these environments and occurs overlying fine-

grained flood plain sediments (Allen 1965; Galloway & Hobday 1933). Non-deposition

between flood events allows palaeosols to develop and intermittent beds and mottles of

carbonate in upper parts of the Snapper Point Sand Member record such periods of stasis.

Palaeosols are considered to be a normal phenomenon in fluvial systems with carbonate-rich

palaeosols, in particular, often described (Williams 1973; Wright 1982; Atkinson 1986;

Retallack 1986). Rare examples where upward coarsening sequences are observed in basal

parts of the Snapper Point Sand Member are considered to represent crevasse splay deposits

by comparison with Smith (1983). Splay deposits transport coarse bed-load sediment onro

surounding fine-grained sequences and coarsen upward from silt to coarse sand and rarely

gravel as the depositional event progrades away from the main channel. A waning of the

flood event will often see a gradual upward fining of sediment and this is recognised for

many sheet-like sand deposits from the SnapperPoint Sand Member.

A depositional environment for the Neva Clay Member is more difficult to interpret due to the

lack of sedimentary structures present in these fine-grained deposits. However the close

association of the unit with overlying fluvial sediments of the Snapper Point Sand Member

suggests that the Neva Clay Member is also of fluvial origin with deposition of suspended

load as floodplain or overbank sediments (Allen 1965; Galloway & Hobday 1933). 'Where

the base of the Snapper Point Sand Member is not defined by sand-filled channels, the sand

sheets recor{ an upward coarsening sequence from massive fine-grained sediments of the

Neva Clay Member. Such sequences are interpreted as crevasse splay deposits following the

work of Smith (1983) and indicate that a continuum of depositional environments existed

between the Neva Clay and Snapper Point Sand Members.
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An alternative hypothesis for deposition of the Neva Clay Member is that it is of lacustrine

origin. Picard & High (1972; 1981) discuss various criteria for the recognition of lacustrine

deposits and while there are no criteria by themselves which are sufficient for such

identifÏcation, the presence of a number of related features is diagnostic. Such features

include palaeontological evidence, bedding and sedimentological structures such as

laminations, ripples or varyes, the presence of authigenic minerals, particularly those from

evaporitic environments, the identification of limestones, regressive patterns of sedimentation

with narrow shoreline facies and regional settings enclosed by fluvial sediments or

disconformities. Features such as these are not recognised from the Neva Clay Member. In

addition, preliminary micro-palaeontological work on fine sand and silt fractions separated

from eight samples collected from the Robinson Point Formation and Neva Clay and

Snapper Point Sand Members of the Ngaltinga Formation at the Onkaparinga River Mouth

and Onkaparinga Trig sites did not identify a micro-fauna or flora in these sediments

(samples RM197 to RM204, Dr N. Alley, pers. comm). In regions adjacent to major sali4e

playas in northern South Australia, lacustrine sediments of Tertiary age are well developed

and have lacustrine features that are well preserved (Callen 1976: 1977; Callen & Tedford

1976). There seems no reason why similar features should not be preserved in pleistocene

to Recent lake sequences from the St Vincent Basin if such environments prevailed at this

time. Thus the lack of lacustrine features and an association with fluvial sediments of the

Snapper Point Sand Member suggests that the Neva Clay Member is also of fluvial rather

than lacustrine origin.

6.1.3.2 Sediment Sources

A fluvial origin for the Ngaltinga Formation suggests that the provenance for this unit may

have been rocks and soils of the Mt Lofty Ranges as is the case for the Robinson Point

Formation. Very few gravels are present within the Ngaltinga Formation with siltstone and
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quartzite being identifred as clasts. Both rock types could be sourced comparatively locally.

They also occur within the Robinson PointFormation.

Only a limited suite of heavy minerals is identified within the Neva Clay Member with

tourmaline, iron oxides, staurolite and rutile present in most samples together with several

other minerals which occur more sporadically. A much larger heavy mineral suite is

recorded from the Snapper Point Sand Member, but with tourmaline, iron oxides, staurolite

and rutile being common throughout. This data suggests that a simila¡ source was present

during deposition of both the Neva Clay and Snapper Point Sand Members. The larger

range of minerals present in the Snapper Point Sand Member is often related to higher

proportions of coarse material and hence, as was the case in the Robinson Point Formation,

depositional processes may effect the range of heavy minerals deposited. However, even in

finer-grained units of the Snapper Point Sand Member, a larger range of minerals is recorded

compared with the Neva Clay Member suggesting the possibility of an additional source at

this time. The data is insuff,rcient to allow a definite conclusion to be drawn on this marter.

The fact that almost all heavy minerals identihed within samples from the Snapper Point

Sand Member are also recorded in at least one sample from the Neva Clay Member suggests

however, that an additional source is unlikely. It may be that processes during deposition of

the Snapper Point Sand Member were better at concentrating heavy minerals compared with

those operating whilst the Neva Clay Member was deposited.

Clay minerals identified within the Ngaltinga Formation include illite, kaolinite, randomly

interstratified illite-smectite and hydroxy interlayered smectite. While the proportion of each

mineral varies considerably between the Neva Clay and Snapper Point Sand Members, the

same clay minerals are identified throughout the Ngaltinga Formation. Kaolinite dominates

coarser samples while illite and randomly interstratified clays are present in higher

proportions in finer-grained samples. Similar clay minerals a¡e present in the Robinson

Point Formation where they are thought to be mostly of detrital origin. A similar origin for

clay minerals from the Ngaltinga Formation is probable.
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Carbonate, which is identified within pafis of both the Neva Clay and Snapper point Sand

Members, is thought to have been derived during pedogenic modification of the sediments.

The frequency of occurrence of carbonate intervals increases in upper parts of the Snapper

Point Sand Member with a thick but variable mantle of ca¡bonate overlying sed,iments of

Quaternary age as well as older sediments. Phillips & Milnes (1988) and phillips (l9gg)

argue that the carbonate represents material derived from an external source, unrelated to the

provenance of fluvial sediments of the Robinson Point and Ngaltinga Formations. Such an

external source has not been identified, however the ca¡bonate was thought to be deposited

by aeolian means. Hence the increasing frequency of carbonate palaeosols in upper parts of

the Snapper Point Sand Member represents a transition from a fluvial dominated environment

to one characterised by aeolian deposition. A change to a more arid climate is the most

logical explanation for this marked alteration in depositional regime and climatic variation

during the Pleistocene with increasing aridity has been documented from many parts of

Australia (Bowler et al 1976; Bowler lgBZ).

Textural parameters of samples from the Snapper Point Sand Member suggest that it is
transitional between the Neva Clay Member and Robinson Point Formation. Coarser beds

from the Snapper Point Sand Member plot on triangular diagrams in similar positions to most

samples from the Robinson Point Formation while finer beds from this member plot toward

samples from the Neva Clay Member. Rare clay-rich beds from the Robinson point

Formation also plot close to most samples from the Neva Clay Member suggesting

simila¡ities in depositional processes and the probability that the provenance of sediments had

not changed. Such similarities between pafts of the Ngaltinga and Robinson point

Formations is not surprising given that both formations are considered. to be of fluvial origin

and that both had a local provenance in the Mtlnfty Ranges.

The distribution of the Ngaltinga Formation in the Noarlunga and V/illunga Embayments

shows that it is thickest in central parts of the embayments in a¡eas furthest from the Mt Lofty
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Ranges. These dominantly fine-grained sediments were deposited on more distal parts of the

alluvial fans draining from the ranges. An increased supply of sediment into the embayments

following deposition of the Neva Clay Member led to deposition of coarse channel and sheer

sand sediments of the Snapper Point Sand Member. This supply was of limited duration

however, as aeolian contributions represented by carbonate palaeosols increased dramatically

during later stages of deposition under an increasingly arid climate.

6.2 Origin of Clay Minerals

Clay minerals identified within the Quaternary sequence from the Noarlunga and Willunga

Embayments include kaolinite, illite, randomly interstratified illite-smectite, hydroxy

interlayered smectite, smectite and halloysite. Due to their rare occurrence and confinement

to several intervals within the sequence, both halloysite and smectite are considered to be of

diagenetic origin. The remaining clay minerals are most likely to be of detrital origin

although variations in the proportions of these minerals through the sequence may reflect

minor diagenetic modification of the detrital clay mineral suite. A discussion of these issues

is presented below.

6.2. 1 Detrital Minerats

Sediments from both the Robinson Point and Ngaltinga Formations are considered to be of

fluvial origin (Section 6.1) and hence the dominant source is likely to be precambrian and

Tertiary sediments and soils of the Mt I-ofty Ranges. Table 6.1 summarises data for the clay

mineralogy of soils from this region provided in Norrish & Pickering (1983) and indicates

that kaolinite, illite, randomly interstratified clays and hydroxy interlayered clays occur

commonly. Thus these minerals could readily be derived from source regions and form a

detrital component within the Quaternary sediments. Smectite is an uncommon component

of soils from the Adelaide region although small areas of smectite-rich black clay soils occur

in poorly d¡ained parts of the Mt Lofty Ranges. Smectite would therefore be expected as a
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minor component within Quaternary sediments. Its concentration within several restricted

intervals within the Quaternary sequence suggests that a simple detritat source is unlikely for

this clay mineral.

Data for clay minerals present in sediments from the Mt Lofty Ranges are more d.ifficult to

obtain. several samples from an abandoned quarry in the Precambrian woolshed Flat shale

at Bradbury in the Mt Lofty Ranges show that kaolinite and illite are present in various

proportions. Samples from mottled and weathered sandy clay of probable Tertiary age from

a railway cutting at Blackwood also contain both kaolinite and illite. Bourman (1989) reports

various proportions of kaolinite, illite, randomly interstratifred clays, smectite, chlorite and

vermiculite from samples associated with ferricretes in the Mt Lofty Ranges. Analyses of
samples from a 104 m deep borehole at Willunga Hill (V/illunga 1:50 000; S04916)

presented by Bourman (1989) showed that minor randomly interstratified clays and smectite

were present throughout the sequence of clays, shales and slates. Kaolinite was present in

high amounts in the upper 30 m and then decreased while illite showed a reverse trend. Rare

vermiculite was identified in upper parts of the sequence while moderate amounts of chlorite

were present in the lower half of the hole. These data confrm that both illite and kaolinite a¡e

readily available in source regions for the Quaternary sediments, with weathered precambrian

rocks providing a limited source of other clay minerals.

6.2.2 vatiability of claln Mine.al p.oponions withir the Sequ"nce

Given that many of the clay minerals identified within the Quatemary sequence are likely to

be dominantly of detrital origin, the variation in proportions of these minerals within the

sequence requires explanation. Simila¡ clay mineral proportions would be expected

throughout the sequence if there were no other factors to consider besides provenance. The

fact that variation occurs within and between statigraphic units suggests that processes of
erosion and deposition may be preferentially concentrating some clays in certain parts of the
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sequence. Alternatively, diagenetic processes may modify the detrital components with such

diagenesis trking place in particular intervals.

Kaolinite is the dominant clay mineral in coarse-grained units within both the Robinson point

and Ngaltinga Formations with illite and randomly interstratified illite-smectite being

dominant in fine-grained units. To investigate whether such a distribution may be a primary

depositional feature, detailed size separations of the <20pm fraction were undertaken for

eight samples and clay mineralogy of each of the four size fractions determined. XRD data

from these samples indicate that illite and expansible clays such as smectite and randomly

interstratified illite-smectite are concentrated in the finest fractions (<0.2¡rm). previous

studies from soils have found a similar size distribution. Micas are thought to occur

preferentially in the 0.2 to 2pm fraction due to physical breakdown while mica present in

finer fractions has often undergone partial interstratification with exchangeable cations

(Fanning et al 1989). Similarly, studies by Fanning & Jackson (1965) and Borchardt et al

(1966) show that smectite is most common in the <0.08¡r.m fraction while mica occurs most

frequently in the 0.08 to 0.2pm fraction. In conüast to illite and expandable clays, kaolinite

in Quaterna.ry sequences from the Noarlunga and V/illunga Embayments appears to be

concentrated in the coarse clay fraction (0.2 to 2pm). Dixon (1939) indicates that while

kaolinite in soils can occur in a wide range of sizes from tenths of microns to several

microns, the most common size range is from 0.2to2¡tm.

In several samples (eg RM304, RM327), two phases of micaceous material are identified.

The first occurs in coarsest fractions (2 to 20¡tm), gives sharp peaks and is thought to

represent muscovite, as flakes of muscovite can be seen in hand specimens of these samples.

In finer fractions (<2pm) the l0Å material gives rise to broader peaks which are similar to

illite recognised from other samples. These data therefore suggest that two types of detrital

mica co-exist within the Quaternary sequence. The first represents coarse mica derived

through erosion of Precambrian meta-sediments and young soils developed on these rocks.

The second represents fine-grained illite derived through erosion of soils where illite formed



135

through transformation reactions from muscovite and chlorite. Data provided by Fanning er

al (1989) suggests a simila¡ size relationship for micas in many soils.

Kaolinite to illite ratios for size fractions from the eight samples analysed support the

conclusion that illite is more common than kaolinite in the <0.2¡rm fraction compared with

the 0.2 to 2¡tm fraction. The absolute value of this ratio is highest for samples which have

the least amount of materiat <2pm in size as measured by sedimentation techniques (eg

RM259, RM326). Such samples would also have the least amount of material in the

<0.2pm fraction and hence minerals such as illite and expandable clays which occur

preferentially in the finest fractions would not be present in these samples in large amounts.

Thus the higher kaolinite to illite ratios for these samples are the result of the particle size

distribution of the sediment. Such a distribution is most likely to reflect primary

sedimentation.

An alternative explanation for the variable kaolinite to illite ratio through the euaternary

sequence is that diagenetic reactions have transformed illite to kaolinite in coarser-grained

units or conversely kaolinite to illite in fine-grained intervals. Diagenesis may also have

contributed to randomly interstratified clays being more cortmon in finer-grained units.

Scanning electron microscopy was undertaken on the same samples as those used for

detailed size separations to look for evidence of authigenic minerals which would suggest

that diagenetic processes were important in determining clay mineral proportions. For the

most part, clays occur as very fine particles which have aggregated into dense masses where

morphology of individual clays is impossible to determine. Possible authigenic minerals

with distinct morphology were detected in th¡ee samples. Smatt rods of halloysite were

noted in RM323, fine hair-like material protruding from the edges of muscovite grains in

RM304 and tiny spherules of silica on the surface of quartz grains in RM265. These

observations indicate that authigenic minerals have formed within the sequences, however no

evidence of these reactions contributing to a significant change in the proportion of kaolin or

illite is recognised. Fine-grained authigenic clays could be present in the matrix. As
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authigenic illite is reported to form in lacustrine environments (Porrenga 1968; Nonish &

Pickering 1983), the possibility remains that some illite could be formed in frne-grained units

of the Neva Clay Member given that these sediments are interpreted as poorly drained

floodplain deposits. The data presented here do not enable the proportion, if any, of this

type of illite to be determined.

6.2.3 Interstratified Clay Minerals

Many clay mineral changes take place not though re-crystallisation reactions but through

transformations which need not alter the morphology of the crystal (Millot 1970: Eberl

1984). Such transformations may only require a change in interlayer material and little re-

organisation of the crystal structure. The conversion of illite to halloysite discussed in

Section 7.1 represents a transformation which leads to a morphological difference, however

the conversion of mica to hydroxy interlayered material requires only that the interlayer

material changes.

Interstratified clay minerals identified within the Quaternary sequence include randomly

interstratified illite-smectite and hydroxy interlayered smectite. Both minerals occur in higher

proportions in frne-grained units with randomly interstratified illite-smectite having a variable

expandable component and hydroxy interlayered clay minerals being almost totally confined

to sediments of the Ngaltinga Formation. A study of the distribution and possible origins of

these minerals may therefore contribute to an understanding of possible diagenetic reactions

within the sequence.

Hydroxy interlayered clay minerals are generally considered to be a product of intense

weathering in an acidic environment such as that found in many highly leached soils (Rich

1968; Barnhisel & Bertsch 1989). They form following replacement of interlayers with Al-

hydroxy polycations most commonly through removal of K from dioctahedral mica.

Alternatively, the Al polycations can fit into interlayer regions of vermiculite and smectite
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(Schulze 1989). Intense weathering is required to form hydroxy interlayered clay minerals

so that Al is released during this weathering process. It is difficult to envisage such intense

weathering occurring within the Quaternary sequence and hence it is more probable that the

hydroxy interlayered clay minerals recorded in these sediments are derived from soils of the

Mt Lofty Ranges. Norrish & Pickering (1983) record hydroxy interlayered clay minerals in

soils from this region and many of these soils a¡e considered to be products of prolonged

weathering (Northcote 1976; Twidale 1976).

The concentration of hydroxy interlayered clay minerals in sediments of the Ngaltinga

Formation is more difhcult to explain. If it is a detrital component then it would be expected

in both the Robinson Point and Ngaltinga Formations. It is difficult ro measure rhe

proportion of the clay fraction formed by hydroxy interlayered material, but even in samples

from the Ngaltinga Formation, this clay mineral is not present in large amounts. Hydroxy

interlayered clay minerals are detected by incomplete collapse of clays to 10Å on heating to

300 and 550"C and the degree of non-collapse approximates the proportion of this material in

the sample (Barnhisel & Bertsch 1989). Where only a small proportion of the clay fraction is

accounted for by interstratified clay mineral, as in many coarser-grained samples from the

Robinson Point Formation, a small amount of hydroxy interlayered material would be

difficult to detect The apparent concentration of hydroxy interlayered clay minerals in the

Ngaltinga Formation is therefore most likely to be due to the much greater proportion of

interstratified material in this unit.

Randomly interstratified clay minerals are a common clay mineral identified in soils and

frequently form through loss of interlayer K from micas or illites or through loss of interlayer

hydroxides from chlorite (Norrish & Pickering 1983; Sawhney 1989). In both cases

interlayer material is replaced by hydrated exchangeable cations. Chlorite is a common

component of Precambrian sediments from the Adelaide region (Airchison et at 1954) but is

not often identified within soils of this region due to its instability in the weathering

environment (Norrish & Pickering 1983). It is most likely that chlorite alters to vermiculite
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and randomly interstratified clay minerals in the soil environment (Barnhisel & Bertsch

1989). Randomly interstratified clay minerals are mostly formed in weathering environments

and soils, with regularly interlayered clay minerals generally forming in sediments during

diagenesis (Wilson & Nadeau 1985; Sawhney 1989). No evidence of regularly

interstratifred clay minerals exists within the Quaternary sequence and hence all interstratified

clay minerals are most likely derived from a weathering environment. Norrish & pickering

(1983) report randomly interstratified clay minerals in mosr soils from the Adelaide area

while Bourman (1989) reports them from weathered sediments and ferricrete profiles in the

Mt l-ofty Ranges. These soils and sediments provide the most likely source of randomly

interstratified illite-smectite in the Quaternary sediments.

Comparison with the work of Reynolds & Hower (1970) shows rhat the proportion of

expandable smectitic layers within the randomly interstratified illite-smectite from the

Quaternary sequence varies from 10 to 5OVo. The majority of samples have smectitic

proportions in the range 2O to 30Vo, however increases to 40 and 50Vo occvr within clayey

interbeds of the Robinson Point Formation and also the Snapper Point Sand Member. Basal

parts of the Ngaltinga Formation also sometimes show increased smectite layers within the

interstratif,red clay. The increase in expandable layers described for some intervals within the

Quaternary sequence suggests modification of the randomly interstratified illite-smectite

following deposition. Smectite forms where leaching is limited due to low precipitation, a

restrictive layer in the profile or a high water table and hence cations are retained within the

system (Allen & Hajek 1989; Borchardt 1989). Thus, where smecrite interlayers increase

within the Quatemary sequence, similar conditions would have prevailed. The association

with clay-rich intervals from the Robinson Point Formation and Snapper Point Sand Member

indicates that in such intervals, water movement through the sediments may have been

restricted enabling hydrated cations to enter layer lattices, thereby producing a more smectitic

interstratified clay. It is interesting to note that one of only two occurrences of smectite in the

Quaternary sequence occurs in clay and silt-rich units in which high water tables are

postulated and pedogenesis took place. Randomly interstratified illite-smectite is not present
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in this interval and it is postulated that smectite formed through transformation of detrital

illite-smectite.

A second transformation probably taking place within the Quaternary sediments involves

illite. Measurement of the width at half height of the (001) peaks indicates that illite from the

Ngaltinga Formation has much broader peaks than illite from most of the Robinson point

Formation. Peak characteristics are determined by size of the diffracting crystals and the

degree of ordering within these crystals with smaller and less ordered crystals giving rise to

broader diffraction peaks (Fanning et al 1989). Size fractionation srud.ies have indicated that

kaolinite tends to occur preferentially in the silt and co¿ìrsest clay fractions and hence exists as

larger crystals when compared with other clay minerals. Measurement of the kaolinite (001)

peak shows that kaolinite generally has sharper peaks than illite and this is a reflection of the

coarser size of kaolinite compared with illite. Therefore the broader diffraction peaks

identified for illite from the Ngaltinga Formation may be partly explained by finer-sized clay

minerals being present. In addition, such diffraction effects could be due to less well ordered

crystals. Loss of interlayer K from illite crystals would result in broadening of the

diffraction peaks as the K was replaced by hydrated cations. In the same way that smectite

contents of randomly interstratified illite-smectite were increased in fine-grained units where

through flow of water has been restricted, so too could illite gradually become interstratified

within the fine-grained Ngaltinga Formation.

6.2.4 Smectite

Although a greater proportion of expandable smectitic layers occur in interstratified clays

from various intervals within both the Robinson Point and Ngaltinga Formations, relatively

pure smectite is only identified from two intervals. The first occrurence is associated with

fine-grained sediments from the Robinson Point Formation which have been interpreted as

palaeosols while the second is related to dolomitic mottles immediately above or laterally
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equivalent to the Burnham Limestone. Both occwrences are discussed in Sections 5.3 and

7.3.

The formation or preservation of smectite is favoured in environments where leaching is at a

minimum and there is a high proportion of available Si and basic cations (Jackson 1965;

1968)' A transformation from muscovite to smectite is commonly observed due to
similarities in the structures of both minerals and this takes place through loss of interlayer K
(Crawford et al 1983). A loss of Al from octahedral sheets and a gain of Si in tetrahedral

sheets results in a lowering of layer charge (Komarn eni et al 1985). such a transformation

requires Si(OH)4 concentrations to be high (Huang 1966) and Al concentrations to be low as

would occur in soils of pH >6. Where the pH is <6 smectite weathers to vermiculite which

subsequently tends toward kaolinite (Ismait lg70). Thus the evidence suggesrs that

restricted drainage is an extremely important factor leading to the formation of smectite

(Borchardt 1989).

Where smectite is a major component of the clay mineralogy of the euaternary sequence,

illite and randomly interstratified illite-smectite a¡e either not present or identified in greatly

reduced amounts compared with overlying or underlying sediments. This suggests that

smectite is forming at the expense of these clay minerals following the transformation

reaction suggested by Crawford, et al (1933). Restricted drainage in alluvial sediments

exposed on floodplains and undergoing pedogenic alteration provided ideal conditions for the

transformation of illite and randomly interstratified clays to smectite.

Similar ffansformations are reported in soils of the Swan Coastal plain in Western Australia
(McArthur & Bettenay L974). Parent materials for soils of the Wellesley sysrem were

deposited in low lying areas subject to periodic ponding of surface water and poor drainage.

The clay mineralogy of these soils is dominantly smectite with lesser kaolinite whereas other

soils on the Swan Coastal Plain which arc better drained have a clay mineralogy comprising

kaolinite and lesser illite. Meyer & Pena Dos Reis (19s5) also report smecrite forming in
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swampy floodplain sediments from western Portugal at the expense of both kaolinite and

illite' A number of upward fining fluvial depositional units have undergone pedogenic

alteration in upper fine-grained sections and the formation of smectite is associated with
silicification and later precipitation of alunite. Transformations identified within the

Robinson Point Formation are similar to this example from portugal.

Smectite occurring with dolomitic mottles associated with the Bumham Limestone must also

have formed in a poorly drained environment. The formation of dolomite suggests an

alkaline environment in which basic cations were available and these conditions would enable

the transformation of other clay minerals to smectite. Following regression of seas in which

the Burnham Limestone was deposited an interaction between continental Mg-rich
groundwaters and saline marine-derived waters took place. Such an environment would

favour the formation of both dolomite and smectite.

6.2.5 Summary

Clay minerals identified from Quaternary sediments in the Noarlunga and Willunga

Embayments are mostly detrital in origin and derived from weathered sediments and soils of
the Mt Lofty Ranges. Kaolinite, illite, randomly interstratified illite-smectite and minor
hydroxy interlayered smectite are derived in this manner. variations in the disribution of
these clay minerals through the sequence are related to depositional factors brought about by

the particle size of each clay mineral. Kaolinite occurs mostly as pafiicles with a size range

from 0'2 to 2pm while illite and randomly interstratified clays are present in the finest

fraction <0.2¡rm. Thus kaolinite was deposited most readily with the coarsest sediments

leading to highest ratios of kaolinite to illite in these inrervals and lowest ratios in units

containing abundant material <2Frm. In several coarse-grained units there is an increased

amount of clay giving a diffraction peak at 10Å in the >2ltmfraction. This corresponds to

muscovite derived from weathered Precambrian sediments and gives rise to much sharper

diffraction peaks than fine-grained illite derived from soils in the same areas.
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Diagenetic reactions have transformed detrital clays in some intervals leading to the formation

of smectite and halloysite and these a¡e discussed in Chapter 7. White many of the clays

discussed in this snrdy are of detrital origin and hence assist in determining a provenance for

the sediments, the identification of diagenetic clays allows a better understanding of
depositional environments and the subsequent history of the sediments.
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CHAPTER 7
DIAGENETIC HISTORY OF THE QUATERNARY SEQUENCE

It is argued in Chapter 6 that sediments of Quaternerry agefrom the Noarlunga and Willunga

Embayments were deposited in a fluvial environment on alluvial fans built out from the Mt
Lofty Ranges to the east. A number of features such as the development of alunite and

halloysite within parts of the sequence, mottling of the sediments by iron oxides and

identification of palaeosols at numerous localities do not appeü to be related to initial
sedimentation. The identification of these diagenetic features provides information on the

subsequent modihcation of the alluvial sediments and the environments under which these

changes may have taken place. Such interpretations a¡e discussed in this chapter.

7.1 Formation of Alunite and Hailoysite

7.1.1 Previous Studies

Jack (1914; 1918) in his investigations of alunite in South Australia preferred to explain

many occurrences as the result of the introduction of solutions of deep-seated origin. This

was an alternative to the then generally held view that alunite was formed by volcanic activity

in association with feldspathic rocks. In discussing a deposit near Stansbury, Jack (l9lg)
thought that the introduction of deep-seated solutions probably accompanied late Tertiary

faulting in the St Vincent and Spencer Gulfs areas; pathways for alunite-bearing solutions

being provided by fault planes. Many of the deposits in South Australia however, remained

unexplained.

King (1953), in discussing the Pidinga deposit, stated that alunite was almost universally

accepted as being of secondary origin and related to the alteration of potassium feldspar and

kaolinite in host materials. Sulphur was intoduced through volcanic agencies or by the

oxidation of pyrite or other sulphides. At Pidinga, while potassium was available in the host
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clay-rich sediments, the sulphur was interpreted as coming from oxidation of sulphide

minerals present in lignites which were interbedded with the clays in nearby areas.

Many occurences of alunite have been described in the international literature and these have

been summarised by Hemley et at (1969) and also Hall (197g). Most deposits show a clear

relationship to intn¡sive bodies, volcanic activity or hydrothermal mineral deposits and are

thus interpreted as resulting from hydrothermal alteration. However, Goldbery (197g;

1980)' while studying Na-alunites from Jurassic flint clays in Israel could. find no evidence

to support an hydrothermal mode of formation. Instead, he proposed that the alunite was

early-diagenetic and related to the environmental conditions prevailing at the time of
deposition of the host sediments either in a swampy environment (Goldbery 197g) or in

organic-rich lagoonal sediments and algal mat facies (Gotdbery 1980). Where non-

hydrothermal alunite has previously been described, its genesis has generally been attributed

to the reaction of sulphuric acid, generated locally from oxidation of pyrite, with clay

minerals (King 1953; Keller et al1967; Ross ¿r aI 196g).

Any model proposed for the formation of alunite in Quaternary sediments from the

Noarlunga and Willunga Embayments must account for its co-existence with halloysite in

these areas. Some previous studies have reported alunite occurring together with halloysite

(Ross & Kerr 1934; Keller L964; ZaJba 1982; Patterson & Murray 1984) while other work

has shown alunite or halloysite occurring separately or in association with other minerals

(Dana 1951; Goldbery 1978;1980; Slansky 1983). Ross & Ken (1934) suggested that

halloysite formed as a result of weathering or supergene processes and postulated the action

of sulphate-bearing solutions to transform kaolinite to halloysite. Some subsequent work

concurs with this hypothesis (Keller 1964; Zalba 1982; Patterson & Murray 1934). T-alba

(1982) termed this a desilicification process in which aluminium-rich phases such as alunire,

halloysite and diaspore are forrned. Both Keller (1964) and.Zalba (IgB2) af{ree that the

presence of sulphate ions and acidity are important in influencing the alteration of kaolinite

minerals to halloysite. Keller et al (194I) when discussing the formation of halloysite from
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rhyolitic volcanic rocks by the action of hot spring waters also noted the need for sulphate as

the solvent ion in addition to high amounts of Si and Al in solution and a low pH of 3.5.

In the soils literature, halloysite is considered to be a product of acid weathering (Dixon

1989) which occurs primarily in youthful soils developed from volcanic deposits @ixon &
McKee 1974; Dudas & Harward 1975;Dixon 1989). In some cases halloysite is thought to

be an intermediate product of weathering feldspars or other minerals such as amphiboles and

chlorites to kaolinite (Deer et at L962: Anand & Gilkes 1984; Anand et al l9g5). A

dehydration process in which tubular kaolinite forms from tubular halloysite and with

prolonged weathering eventually transforms to gibbsite is proposed in lateritic weathering

profiles over granites and dolerites in Western Australia (Churchman & Gilkes 19g9).

7.1.2 Consideration of a Sedimentary or Diagenetic Origin

Alunite and halloysite have been identified occurring mostly within euaternary sediments

interpreted to be of fluvial origin as well as adjacent Tertiary sediments. The sediments

exhibit some planar horizontal bedding with rare cross beds in gravel lenses and frequent

upward-fining sequences. Unbedded silty and clay-rich intervals are typically light grey in

colour with development of a goethitic, yellow-orange, rectangular mottling pattern. They

also show evidence of pedogenic modification in the form of small bu¡rows and a coarse

prismatic structure. Smectite is often the dominant clay mineral in these hne-grained

sediments while alunite and halloysite a¡e best developed in sandy and clayey sediments

immediately below the pedogenically modifred sediments.

While there are many thin white seams of alunite which are conforrnable with bedding, at

numerous localities the alunite and halloysite occur as large pods and blebs of material which

cut across pre-existing sedimentary structure (for example at Port Moorowie, Chinaman

Gully and in the vicinity of Seaford). Sharp lower and diffuse upper contacts with

surrounding sediments are noted from many pods of alunite which are also free of visible

qaaflu in contrast to the generally sandy host sediment. Goldbery (1978) described similar
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contacts for early diagenetic alunite from Israel and suggested that colloidal segregation

during dehydration of the sediments may have connibuted to such stn¡ctues. Alunite, and in

particular halloysite, also occur disseminated through predominantty sandy sediments for

several metres above zones where alunite has been concentrated into pods and thin beds.

Such observations suggest that it is unlikely that the alunite or halloysire are of primary

sedimentary origin.

It is also considered that the alunite and halloysite a¡e of non-hydrothermal origin. While

many occwrences of alunite reported in ttre literature are thought to be of hyd¡othermal origin

(see Hemley et al 1969; Hall 1978), in all such cases they show clear ¡elationships to

intrusive bodies, volcanic activity or other hydrothermal deposits. No such relationships can

be inferred for the deposits described here. Similarly, weathering of carbonaceous,

sulphide-bearing sediments (Keller et al1967; Meyer & Pena Dos Reis 1985) is unlikely to

have contributed to alunite formation in the Quaternary sediments described here which a¡e

considered to be free of sulphide minerals.

The description from Port Noarlunga of thicker beds of alunite which exhibit loading on the

underþing fine-grained sediments, suggests that the formation of alunite took place prior to,

or at the time of consolidation and dewatering of the sedimens. While none of the sediments

of Quaternary age in which alunites occur are strongly lithifred, it would seem unlikely that

such loading structures could have been produced very recently. Two other possibilities

exist. Firstly, the alunite could have replaced previously loaded components of the

sediments and secondly, the structures could have forrned during precipitation of alunite

from a gel-like phase following compaction of the main body of sediment. No replacement

structures have been recognised in thin section studies and hence the fi¡st scenario is the least

likely explanation of these features. Gotdbery (1973) postulated the colloidal segregation of

alunite from kaolinite to form pods of alunite and noted that Nemecz & Varju (1967) had

suggested a simila¡ origin for nodula¡ aggregates within flint clays. In addition to pods and

seams of alunite similar to those described by Goldbery G978), zones of nodula¡ halloysite
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are present within the Quaternary sequences, particularly in the vicinity of Onkaparinga Trig,

and segregation during drying is most likety to have formed these features.

Thin section obserrrations show an intimaterelationship of aluniæ with halloysite and indicaæ

a complex history for the formation of the two minerals. In addition, later phases of both

alunite and halloysite have precipitated in cracks which cross-cut earlier phases (Figs 5.12;

5.16). Some crystallisation of the nvo minerals evidently tookplace prior to the deveþment

of cracks which are probably related to shrinkage and dehydration of the sedimens, possibly

as a result of exposure and desiccation. Undulose extinction patterns exhibited by mixtures

of alunite and halloysite (Fig 5.15) are further evidence of stress arising from this

dehydration.

A study of stable isotope ratios of surficiat alunites from Australia has been made by Bird er

al (1989) and several samples from Quaternary sediments in the Noarlunga Embayment

formed part of this research (RM142, RM178, RM20S). The high ôD values recorded in

this work indicate that the alunite formed in equilibrium with evaporated meteoric waters and

hence support the hypothesis that alunite fonnation took place on dehydration of the

sediments during early diagenesis.

7.1.3 Source of Sulphate

Formation of alunite requires a source of sulphur. Most workers have determined that non-

hydrothermal alunite is the result of oxidation of pyritic sediments (see Section 7.1.1). In

contrast, Goldbery Q978; 1980) suggested that oxidation of H2S produced in anaerobic

sediments contributed to alunite formation while King (1953) postulated that regional

groundwaters contributed to the source of sulphate. The fluvial sediments which host the

alunite in the Noarlunga and V/illunga Embayments show no evidence of being organic-rich,

although such evidence could easily be destoyed on oxidation of the sediments. No

sulphide minerals have been identified in any of the Quaternary sediments from the study

area, nor have pseudomorphs after sulphides been recognised in thin section. It is also
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difficult to envisage the reducing conditions necessary for formation of H2S in these

sediments although a reducing environment could occur as a result of high water tables on

river floodplains. An alternative source for the sulphate in these sediments may have been

regional groundwaters following the ideas presented by King (1953), who proposed an early

diagenetic formation for alunite which occurred in Eocene lacustrine clays at pidinga. The

clays provided sources of K+ and Al3+ for the alunite while sulphate was thought to be

derived from both the regional groundwaters and oxidation of abundant pyrite and free

sulphur contained in lignite beds which were interbedded with the lacustrine clays at this

location (King 1953). A similar sulphate source was postulated for gypsum which also

occurs in the Pidinga area.

In the St Vincent Basin, carbonaceous and pyritic sands and clays of the Middle to Late

Eocene South Maslin Sand are described occurring subsurface in the Adelaide plains Sub-

Basin and Willunga Embayments (Lindsay 1969). Carbonaceous clays with lignites are

reported in the Clinton Formation of similar age from the Noarlunga Embayment (Cornelius

1927) and Adelaide Plains area (Lindsay L969). A small outcrop of the Clinton Formation is

reported by Daily et al (1976) immediately south of the Noarlunga township and indicates the

possibility of groundwaters in this area being supplied with sulphate. Ludbrook (1980)

indicates that the lignite deposit in the Noarlunga a¡ea has proven reseryes of 1.5 million

tonnes.

Bird et aI (1989) have studied the stable-isotope composition of surhcial alunite in Australia

including three samples from the present study. The ô34S value for these samples is high

(+15.6"/"o for RM142, +17.7o/æ for RM208, +20.6o/* for RM178) and nor strongly

negative as would be expected if derived from oxidation of biogenic sulphur which would

have formed part of sulphur derived from the lignite deposits. In fact, sample RM178 has a

composition identical to that of modern seawater, suggesting ttrat the source of sulphate was

most probably seawater sulphate blown in from the sea and subsequently incorporated into

the groundwater system. It would be interesting to determine the õ34S composition of

alunite occurring in the South Maslin Sand appoximately 2lcn upstream from the mouth of



149

the Onkaparinga River and within 2 km of the outcropping Clinton Formation to see whether

there is an influence of biogenic sulphur at this site.

7.1.4 Origin of Alunite

It appears quite likely that groundwaters in the Noarlunga and Willunga Embayments at the

time of formation of alunite were rich in sulphate. Bird et at (1989) suggest from õ34S

analyses that such sulphate was derived by aeolian means from seawater. Locally, where

alunite has deveþed in sediments of the South Maslin Sands, nearby Tertiary ca¡bonaceous

sediments may have been an important additional source of sulphate.

The Quaternary Robinson Point Formation which hosts the most conspicuous development

of alunite in the region is of fluvial origrn. A series of interbedded, upward-fining sequences

comprising gravels, sands, silts and clays reflect deposition in both channels and adjacent

floodplains. Pedogenic alteration of silty sediments indicated by bioturbarion, mottling

patterns and mineralogical alteration took place in this environment. The presence of smectite

as a major clay mineral component in fluvial sediments near where alunite is common

suggests that these sedimentary sequences were generally poorly d¡ained (see Chapter 6).

Under such conditions, a reducing environment may have developed within the floodplain

sediments and generation of H2S would have contributed an additional source of sulphur to

that already present in the groundwater. Experimental work by Brophy et al (L962) on the

alunite-jarosite system indicates that under the low temperature and pressure conditions

prevailing during the formation of alunite, Fe3+ is more likely to be incorporated in the

crystal structure than Al3+. The formation of alunite and not jarosite suggests either that iron

was not present in the sediments or that it remained in a reduced state (Fe2+) while alunite

developed. This supports the contention that reducing conditions were present in floodplain

sediments.

Clay minerals and possibly feldspars are the most likely sources of K+ and Al3+ for the

formation of alunite with acid weathering of the sediments allowing decomposition of these
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components. Goldbery (1978) provides a reaction pathway for the transformation of illite to

alunite which is given below.

KAl3(OH)2Si3O1s + 4IJ+ + 25c.42- -) 3SiO2 + KAl3(SOa)z(OH)o

illite alunite

Oxidation of sediments containing sulphate-rich groundwater and possibly H2S generated

from reducing conditions would enable acid weathering to take place. Generation of
sulphuric acid within soils or sediments of drained swamps similar to those envisaged for

parts of the Robinson Point Formation could resulr in pH values as low as 2.5 (Bear 1964,

p87). The presence of broad pink-red mottles within the host sediments, a thin femrginous

crust above this interval at Onkaparinga Trig and a zone of manganese oxide accumulation at

Maslin Bay indicate that previously reduced components precipitated following oxidation of

the sediments.

Oxidation must have been initiated by a lowering of the water table in the floodplain

sediments and this could have occurred for a variety of reasons. Lowering of the local

baselevel would reduce the water table and may be due to a marine regression or uplift of the

sediments following movement along faults in the region. A more a¡id climate leading to

lower stream discharge could also result in lower water tables in floodplain sediments. There

is no evidence to suggest that any one of these theories is more probable than another.

Tectonic instability in the region is thought to have continued into the euaternary @u¡y et al

1976), while this period is also characterised by climatic flucuations (Bowler lg12) and sea

level variations. The association of alunite formation with dehydration of the host sediments,

possibly related to lowering of water tables is suggested by thin section studies. These show

secondary alunite and halloysite frlling cracks within the sediments, birefringence parterns

suggestive of stress at the time of mineral formation and possible colloidal segregation of
mineral phases.
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7.1.5 Origin of Hallovsite

Acid weathering of clay minerals and feldspar would make available Si and Al in addition to

K and Al to form alunite. Halloysite is essentially an hydrated kaolinite and it would be

expected that the Si and Al would be more likety to form kaolinite than halloysite given that

alunite formation took place under conditions of oxidation and dehydration of the sediments.

Bailey (1989) discusses the structure of halloysite and concludes that the water layer is

present to minimise repulsion between layer surfaces and to coordinate exchangeable cations

which are present to compensate for small charge imbalances which occur in the tetrahedral

layer due to substitution of Si by 41. The presence of water molecules ensures that

tetrahedral layer rotation which accommodates lateral misfit between the octahedral and

tetrahedral layers in most layer silicates does not occur in halloysite. This results in the

structure rolling up. In the kaolinite structure, there is no water layer and hence rotation of

the tetrahed¡al layer is not restrained. A sheet-like, platy structure is therefore most common

for kaolinite. SEM studies show that halloysite from the Quaternary sequences studied has a

tubular morphology and hence the model discussed by Bailey (1989) is applicable to this

work.

Detailed clay mineralogical studies show that where halloysite is present at the Onkaparinga

Trig site, randomly interstratified illite-smectite is absent and illite present in reduced amounts

compared with surrounding sediments. The proportion of kaolinite remains relatively

constant throughout the interval. At Maslin Bay, randomly interstratified illite-smectite is

again absent where halloysite occurs, however a decrease in the proportion of illite is not

obvious. These observations suggest that randomly interstratified illite-smectite and to a

lesser extent illite, have been transformed to halloysite through acid weathering. Kaolinite is

not likely to have been involved in these reactions, possibly due to it being present as larger

particles (see Section 4.3) andalso to its greater stability in the acid.ic weathering conditions

envisaged.



L52

It is most probable that2:I clay minerals have been transformed to halloysiæ rather than 1:1

clay minerals and this observation is critical to understanding why halloysite may form in

preference to kaolinite during diagenetic alunite formation. As suggested by Bailey (19g9),

halloysite fomts due to the need to balance layer charges. Negative layer charges in 2:1 layer

lattice silicates arise due to various substitutions in octahedral and tetrahedral layers, with

replacement of some Si by Al in tetrahedra being quite common @ailey 1980). If 2:1 clays

have been transformed during acid weathering conditions as postulated above, it is possible

that the resultant 1:1 clay mineral will inherit some of the substituted Al tetrahed¡a. Remnant

layer charges brought about in this style of transformation would create the structural

relationships which Bailey (1989) considers important in halloysite. Thus halloysite and not

kaolinite forms.

The acid weathering of 2:I clay minerals to form alunite also produces an excess of SiO2 as

indicated by the reaction proposed by Goldbery (1978). White much of this is subsequently

utilised during formation of halloysite, electron microprobe analyses indicate that a number

of samples have excess SiO2. This enrichment in SiO2, which could not be accounted for by

any of the identifÏed mineral phases, may be amorphous silica produced by the reaction

described above. At Port Moorowie on Yorke Peninsula, there are a number of hard,

cemented zones in the Permian sediments which immediately underlie the alunite and

halloysite-rich zone. XRD shows that these zones include significant opal which may have

originated as amorphous silica in the overlying sediments (Milnes,pers. comm.).

7.1.6 Summarv

The formation of alunite and halloysite in fluvial sediments of the Robinson point Formation

is the result of acid weathering and transformation of randomly interstratified illite-smectite,

illite and possibly smectitic clays. Sulphate derived through aeolian processes from the sea

contributed to sulphate-rich groundwater. Poorly drained floodplain sediments which, in

places, favoured formation of smectite were oxidised during the early diagenetic history of
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the sediments when sea level, climatic or tectonic changes took ptace allowing a lowering of
the water table. Alunite subsequently formed in res¡nnse to dehydration of the sediments.

A study of the mineralogical changes represented by the occturence of alunite and halloysite

in the Quaternary sediments shows them to be related to the early diagenetic history of the

sediments. As such, they provide a better understanding of palaeoenvironments soon after

deposition and the importance of groundwater chemistry on the stability of detrital

components within a sedimentary system.

7.2 Ferruginous motfles

I¡on, in the form of oxides, has accumulated in a wide variety of lithologies and stratigraphic

units within sediments of Quaternary age deposited in the Willunga and Noarlunga

Embayments. However the most concentrated forms of iron appeff in coarser-grained

sediments where the iron has infilled pores and voids within the sediments. Resulting

mottles are often indurated, composed of both hematite and goethite and have a variable

Fe.zOz composition. In contrast, mottles from fine-grained sediments are much smaller and

develop along fissures within the sediments or on ped surfaces. The proportion of hematite

and goethite and total iron content are highly variable.

Most data regarding the occurrence and form of iron oxides in weathering environments

comes from the soil science literature. Schwerftnann (1985) states that hematite and goethite

are the most common iron oxides and oxyhydroxides in weathering environments,

particularly soils, and that they have similar thermodyn¡miç 5¡¿þilities. It is not surprising

then that both minerals occur within mottles from the Quaternary sequences south of
Adelaide. The relative abundances of hematite and goethite in pedogenic environments are

strongly influenced by the initiat valence of the iron source and the concentration of iron in

solution. In addition, factors such as temperature, water activity, pH, Eh, presence of
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organic matter, the activity of Al in solution and rate of release of i¡on during weathering

have some effect (Schwertmann & Taylor 1989). Goethite forms from solutions containing
Fe3+, Fe(oH)f and Fe(oH))and,is favoured by low temperatures, high water acúvity and

high organic matter content. Hematite forms through dehydration and structural

re¿urangement of ferrihydrite particles which precipitate by rapid oxidation of Fe2+ solutions

in the presence of high concentrations of organic matter anüor silicates. Higher temperatures

and lower water activity favour formation of hematite in preference to goethite (Schwertmann

& Taylor 1989).

Little Al-substitution occurs in goethite from the Quaternary sediments. Schwertmann

(1985) has reviewed the effect of pedogenic environments on the degree of Al-substitution in

goethite and concludes that amounts above 10 to 15 mole Vo are typical of highly weathered

soils. Low substitution reflects formation in weakly acidic soils and hydromorphic

environments. He also indicates that the concentration of Si in the local environment may

affect the degree of Al-substitution. The identihcarion of opaline silica within some mortled

intervals would therefore suggest a high activity of Si in solution and preclude significant Al
substitution in the Quaternary sediments.

Micromorphological studies indicate that i¡on has precipitared at sites of localised oxidation.

Hematite can be seen as scattered small crystallites within a clay matrix, which coalesce into

larger masses. In coarse sediments, iron has also filled voids and replaced clay minerals

while in more clayey sediments iron has precipitated along the margins of fractures

developed within the sediments. As a major accumulation of iron is approached, the

fractures leading toward this area become more and more concentrated with iron, suggesting

that such fractures provide pathways for the movement of iron through the sediments.

Milnes et al (7985a) identified simila¡ relationships in their petrological study of ferricreres

from southern Australia and southern Africa.
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The va¡iability of iron mineralogy between mottles and occasionally within mottles suggests

that fluctuations in local environmental conditions have occurred. When water activity was

greater, possibly at times of higher water tables, formation of goethite was favoured.

Torrent et al (1982) investigated the effect of relative humidity on the formation of goethite

and hematite and found that at constant temperature, goethite formed more readily than

hematite in the most humid environments. In fine-grained sediments where humidity within

pore spaces would be higher than coarse sediments, goethite should be more abundant than

hematite. This is supported by thin section observations which indicate that mottles from

finer-grained sediments are less intensely red and hence contain less hematite and by fietd

observations which suggest that the reddest mottles occur within sandy sediments. As clay-

rich sediments became dehydrated, particularly adjacent to fractures, conditions would have

been more conducive to formation of hematite.

7.2.2 Association with Cla), Mineralogy

Iron oxides are frequently observed replacing clay minerals. This alteration would release

Si, Al and alkalies into solution. Opaline silica is identified in association with mottled

sequences in the Noarlunga and V/illunga Embayments and probably formed from silica

released by alteration of clay minerals during mottle formation. The indurated nature of
many mottled intervals is most likely due to the presence of opaline silica. Halloysite is

recorded from a mottled interval at Snapper Point forming up to 2OVo of the <2$mfraction

and in electron micrographs fiom other samples associated with iron mottles within the

Quaternary sequence. Diagenetic formation following alteration of existing clay minerals

during development of mottles is also thought to account for these occunences of halloysite.

Tardy & Nahon (1935) studied the mechanisms of concrerion formation in bauxites and

ferricretes and concluded that hematite tended to form through replacement of kaolinite in
areas of small pore size. While data on clay mineralogy obtained at the Maslin Bay site

support this concept, changes in clay mineralogy through mottled intervals at other sites

suggest that kaolinite, in fact, increases in relation to other clay minerals. A discussion of the
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manner in which clay mineralogy is influenced by particle size distribution indicates that in
many coarse intervals kaolinite is the dominant clay mineral because it is present as larger

particles (Section 4.3). This suggests that the high proportion of kaolinite present in the

mottled zones is related to primary depositional processes rather than reflecting alteration

during mottle formation. Such observations do not discount the possibility that hematite

subsequently replaces kaolinite within the mottled zone.

Micromoqphological observations which show that i¡on oxides frequently replace clay

minerals, are in agreement with the work of Tardy & Nahon (1985) who state that iron
accumulation takes place in small-sized pores. It is easier to reach saturation of solutions in
small pores and hence precipitation takes place at these sites. While the water activity is
fairly high, goethite will precipitate but as the size of the pore decreases, \ryater activity also

diminishes and hematite becomes the dominant mineral formed. Observation in thin sections

of hematite forming a final coating along fractures, often following deposition of goethite,

supports ttre importance of water activity in determining the i¡on oxide mineral formed. Even

within the coarsely mottled sandy intervals which are prominent in the euaternary sequence,

there are small patches of clay which can be observed in thin sections and these may have

acted as nucleii for mottle formation. In contrast, clean, sandy sediments often have only

thin skins of clay and iron oxide coating skeleton grains with large intergranularpores.

7.2.3 Source of the kon

There a¡e several possible sources for the i¡on which has accumulated in the form of mottles.

Firstly, iron may have been introduced in a reduced state by groundwaters. Secondly,

weathering of ferro-magnesian or other similar iron-rich minerals within the euaternary
sequence may have contributed Fe2+ to groundwater circulating through the sediments.

Finally, clay minerals within the sequence may have contributed iron. Norrish & pickering

(1983) indicate that illite can contain up to l\Vo FezOzwhile Rengasamy et al (197S)suggesr

that substitution of Al by Fe in soil kaolinites does not exceed 3 mole vo. Henceit is likely
that the clay minerals in the Quaternary sequence are a sufficient source of iron for the
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mottles' The replacement of clays by iron oxides as observed in thin section, would release

iron and other cations and precipitation of iron oxides could øke place virnrally in situ in
response to local environmental conditions. Therefore large scale lateral rnovement of iron in
solution is not essential for mottle formation.

7.2.4 Summary

kon monling within the Quaternary sequence has developed through the local mobilisation

and possible introduction of iron in a reduced state in groundwaters flowing through

confined aquifers or along fractures within the sediments. Mottles form at localised sites of
oxidation with variations in the mineralogy and crystallinity of the oxides reflecting

fluctuating local envi¡onments. The lack of Al-substitution in goethites suggests formation in

slightly acidic and/or hydromorphic conditions. Alteration and replacement of clay minerals

by iron oxides would be favoured under slightly acidic environments and iron released from

clay minerals could contribute to mottling of the sediments.

7.3 Palaeosols

Comparison of the features identifred and discussed in ttris Chapter with those generally used

to suggest the modification of sediments by pedogenesis (Blodgett lggg; Retallack lgss)
indicate that there are several intervals within the Quaternary sequence which may have

undergone pedogenic alteration. A succession of silty intervals that are devoid of
sedimentary structures but which show biogenic alteration, iron mottling and soil-like

structure are the most likely palaeosols in the sequence. The presence of up to nine such

intervals in the Seaford a¡ea in various states of preservation suggests that periods of non-

deposition and soil formation were common within basal parts of the Robinson point

Formation in this area. The lack of lateral continuity of these palaeosols over distances

greater than 200 metres and the fact that the number of palaeosols preserved at any site is

extremely variable indicates considerable fluctuation in the nature of the depositional

environment during this time.
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The presence of smectite in the clay fraction of intervals inærpreted to be palaeosols and not

in other sediments at Onkaparinga Trig suggests that unique conditions prevailed within these

intervals to allow either the preservation of smectite or its formation through diagenesis from

previously deposited clays. Within the Quaternary sequence from the Noa¡lunga and

Willunga Embayments, smectite is only recorded from the palaeosol sequences discussed

above and from clays and sands immediately above the Burnham Limestone at several

localities in the Willunga Embayment. Smectite is commonly reported from soils where

leaching is limited due to low precipitation, a restrictive layer or a high water table and under

such conditions smectite can form pedogenically or alternatively be preserved if inherited

(Borchardt 1989). The silty palaeosols are formed in a sequence believed to be of fluvial

origin and hence periodic exposure of fine-grained components of these sediments, possibly

on floodplains, would enable pedogenesis to occur. High water tables and limited leaching

would be common in such environments and hence tÈe formation of smectite could take

place. The sediments have a general grey colour with mottling being of yellow-orange

goethitic colours. Goethite forms preferentially over hematite in conditions of high water

activity and low temperature (Schwertmann & Taylor 1989) and this supporrs the hypothesis

that these diagenetic changes took place in a poorly leached environment. Thus the presence

of smectite in silty sequences of the Robinson Point Formation supports other observations

which suggest that these units are palaeosols.

In other parts of the Robinson Point Formation there are sandy indurated intervals displaying

columna¡ structure' a rectangular bleaching pattem and rare tubular structures. Such features

suggest that these intervals have undergone pedogenesis but to a lesser degree than silty

sequences from other parts of the Robinson Point Formation. Complete bleaching of the

upper 20 cm of some sections suggests affrnities with A2 horizons of soils where clays and

iron oxides a¡e leached from this zone and illuviated to lower horizons. The preservation of
upper parts of the soil profile in the sedimentary sequence indicates that only limited erosion
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has taken place between successive depositional cycles and hence an aggradational

environment can be postulated. A vertical and horizontal trend to bleaching within the sandy

sediments may h related toprior sedimentary structure in the case of horizontal bleaching or
to removal of iron adjacent to roots in the case of vertical bleaching. No organic remains are

identified, nor do these sandy units display horizontal bedding trends although rare gravel

accumulations in basal parts show a general horizontal orientation. The sandy palaeosols are

generally present in central to upper parts of the Robinson point Formation and most
cornmon in areas to the north and south of the greatest development of silty palaeosols.

Several features suggest that the carbonate bed within the Neva Clay Member is a palaeosol.

There are rare examples of tubular, calcified structures which are interpreted as renìnant

burrows or roots' The beds have a sha¡p upper boundary suggesting erosion prior to further
deposition and a lower gradational boundary cha¡acteristic of mineral accumulation horizons

in soils (Retallack 19s8). Thin sections show that the carbonate impregnates existing clay-
rich sediments leaving occasional angular blocks of clay within the carbonate matrix.
Changes in the proportion of kaolinite and illite occur in association with the ca¡bonate beds

implying a sedimentary break at this level. Such changes in clay mineralogy do not occ'r at

any otherposition within the Neva Clay Member and elsewhere in the Ngaltinga Formation

only occur in association with changes in lithology. Mineralogy within the carbonate beds

shows a characteristic increase in calcite towards upper parts of the carbonate interval with
lower parts dominated by dolomite and such variation is typical of many calcrete profïles in
southern South Austalia (Milnes & Hurton 19g3).

The presence of dolomite within parts of the ca¡bonate beds suggests that comparison with
other Quaternary sediments containing dolomite should be made to ascertain it,s origin. The
presence of dolomite in calcrete profiles has already been noted. Dolomite also occurs

extensively in lacustrine environments where association with hypersaline playas and

marginal ma¡ine ephemeral lakes is noted (Last 1990). Within southern Australia the best
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documented example is the Coorong lake system where interaction between continental Mg-

rich waters andhighly saline marinederived waters allows precipitation of dolomite (von der

Borch 1965; 1976; von der Borch et al1975: von der Borch & Lock LgTg). Sediments of

the Neva Clay Member do not exhibit sedimentary structures such as mud cracks, teepee

structures, intraclast breccias or pseudomorphs after evaporite minerals such as would be

expected from saline, ephemeral lacustrine environments. Nor is there an association with

marine or marginal marine sediments. Hence carbonate beds within the Neva Clay Member

most likely represent the preservd BC" horizons of soils.

Dolomite is also noted immediately above the Burnham Limestone at several locations in the

V/illunga Embayment. At none of these locations are the blotches of carbonate associated

with features cha¡acteristic of palaeosols and hence a different mode of formation for this

dolomite is probable compared with carbonate from the Neva Clay Member. The spatial

association of dolomite with the BurnhamLimestone of marine origin suggests an interaction

of groundwaters of marine origin with less saline continental waters may have taken place.

A Coorong-type model may be appropriate for dolomite associated with the Burnham

Limestone with regression of the sea allowing marginal marine conditions to develop as

continental sedimentation became increasingly important.

Palaeosols developed in the Robinson Point Formation are more frequent and distinctly

different to those identified from the Ngaltinga Formation. Thus the depositional regime of

the Robinson Point Formation was episodic allowing sufficient time between depositional

events for soil formation to take place. Additionally, erosional events were not severe

enabling the preservation of many of the soils which had developed. Soils identified from

the Ngaltinga Formation are calcareous suggesting an environment with limited leaching and

as intervening sediments between the carbonate palaeosols are non-calcareous, there must

have been an additional external source to provide the carbonate. Increasing numbers of

carbonate palaeosols preserved in upper parts of the Quaternary sequence and the presence of
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a thick carbonate mantle overlying the sequence is taken by Milnes & Phillips (l9gg) and

Phillips (1988) to indicate a gradual change in environmental conditions and an increasing

importance of an external sedimentary source.

While the nature of palaeosols within the Ngaltinga Formation is identical in both the

Noarlunga and Willunga Embayments, the same is not true for the Robinson point

Formation. The best developed, silty palaeosol sequences are only identified from the

Noarlunga Embayment between Witton Bluff and Moana. This region is adjacent to the

modern position of the Onkaparinga River and hence silty pataeosols may relate to deposition

associated with the palaeo Onkaparinga River. Palaeosols from other pa$s of the Noarlunga

Embayment are sandy and less well developed. Apa.t from several sandy palaeosols

identihed on the northern margin of the Willunga Embayment at Och¡e point, no palaeosols

have been identified from the Robinson Point Formation in this embayment. This reflects the

limited extent of this unit in the Willunga Embayment and also the gradual change in

depositional regime which takes place within the Robinson Point Formation in a southerly

direction away from central parts of the Noarlunga Embayment.

The nature of palaeosols preserved in Quaternary sediments of the Noarlunga and V/illunga

Embayments therefore reflect changes in the nature of the depositional environment and are

useful in determining the history of sedimentation in this region during the euaternary.

7.4 Summary of diagenetic clays

The clay mineralogy of the Quaternary sediments from the Noarlunga and Willunga

Embayments has been discussed in Sections 4.2,4.3,4.4 and,6.2. Many clay minerals are

considered to be of detrital origin, however in this chapter formation of some clays through

diagenesis has been proposed. Diagenetic reactions have transformed detrital clays in some

intervals leading to the formation of smectite and halloysite. Halloysite forms in an acidic

environment following the lowering of water tables in floodplain sediments in conjunction

with development of alunite (Section 7.1). llite and randomly interstratified illite-smectite
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are considered to be precursors of halloysite. Smectite also forms from illite and randomly

interstratified illite-smectite following pedogenesis in poorly drained floodplain sediments

(Section 7-3). In f,rne-grained intervals within parts of the Robinson Point and Ngaltinga

Formations, increases in the proportion of smectitic layers within interstratifred illite-smectite

suggest that a similar transformation toward smectite has taken place. Such clay-rich

intervals were evidently zones of restricted drainage but there is insufficient additional

evidence to indicate whether this transformation is related to pedogenesis. Simila¡ reactions

also altered illite in these fine-grained intervals with broader diffraction peaks indicating

replacement of interlayer K with hydrated cations. Intensely iron-mottled zones from both

the Robinson Point Formation and Snapper Point Sand Member show some evidence for a

loss of kaolinite relative to illite. Following studies by Tardy & Nahon (1935) replacement

of kaolinite by hematite is suggested to account for this.

While many of the clays discussed in this study are of detrital origin and hence assist in

determining a provenance for the sediments, the identification of diagenetic clays allows a

better understanding of depositional environments and the subsequent history of the

sediments. Deposition of some sediments in areas of restricted drainage is indicated by the

identification of smectite while subsequent exposure and desiccation of the sediments is

suggested by the formation of both halloysite and alunite. Such clay mineralogy confirms

the presence of palaeosols within the Quaternany sequence which was suggested by field

observations at many sites.
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CHAPTER 8
COMPARISON WITH PREVIOUS STUDIES OF QUATERNARY

SEDIMENTS FROM THE NOARLUNGA AND WILLUNGA
EMBAYMENTS AND NEARBY AREAS

Studies of clay and sand-rich deposits of Quatern ary a1e from the eastern margin of the St

Vincent Basin have been undertaken by a number of scientists. Early work such as that by

Tate (1878; 1882; 1890) and Howchln (L923;1935; L936) was mosrly descriptive. More

recent contributions have been with regard to soil relationships (Aitchison et al 1954; Wa¡d

1966; Taylor et al 1974), to engineering problems (Selby & Lindsay 1982 Sheard &
Bowman 1987a; 1987b) or to a general stratigraphic understanding (Firman 1966; 1967;

Lindsay 1969; Stuart 1969; Daily et al1976). In the Noarlunga and Willunga Embayments,

Ward (1966) subdivided the Quaternary sediments into the Seaford and Ochre Cove

Formations which he considered to be of alluvial origin and the Ngaltinga Clay of aeolian

origin. Fi¡man (1966) and later Sheard & Bowman (1987a;1987b) divided euaternary

sediments from the Adelaide Plains Sub-Basin and Adelaide/Golden Grove Embayment into

the Hindmarsh and Keswick Clays which they thought to have an alluvial origin. Thus there

is some conflict in the interpretation of the origin of these sediments and their relationships,

particularly between studies from the Adelaide Plains Sub-Basin and the Noarlunga and

Willunga Embayments. These problems are discussed in this section using the results of

detailed work undertaken in the Noarlunga and Willunga Embayments as a basis.

8.1 Sedimentary Features

8.1.1 Origins of the Sediments

Ward (1966) suggested an alluvial origin for the oldest Quaternary sed.iments in his area of

study and an aeolian origin for upper clay-rich sediments. In the Adelaide area, fluvial,

alluvial or colluvial origins have been suggested for similar sedimenrs (Tate 1890; Howchin

1935: L936; Glaessner & wade 1958; Firman L966: 1969a; Sheard. & Bowman 19g7a;
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1987b). The present study indicates that Quaternary sediments from the Noarlunga and

Willunga Embayments are of alluvial origin. Clay-rich units wittrin the sequence, which are

more common in upper parts are considered to result f¡om overbank deposition while

channel-fill deposits with cyclic sequences of gravel, sand, silt and clay are common in basal

parts. Similar sedimentary features have been recognised by Sheard & Bowman (19S7b)

from the Hindmarsh and Keswick Clays in the Adelaide region and areas further north.

Ward's (1966) interpretation of the Ngaltinga Clay (renamed Ngaltinga Formation in this

thesis) as aeolian in origin was based on the interbedding of carbonate beds through the unit.

The carbonate was considered to be derived as wind-blown dust with the host clay-rich

material assumed to have a simila¡ source. The lack of sedimentary structure, the presence of
silt-sized quafiz grains scattered randomly through the deposit and the distribution through

the area were all thought to indicate an aeolian deposir

As part of this interpretation, Vy'ard (1966; Appendix 3) reassessed data for heavy minerals

collected by Aitchison et al (1954) from soils and rocks in rhe Adelaide area. These workers

suggested that minerals which occurred in soils but not in rocls may have been introduced as

wind-blown dust. Ward's interpretation of this data involved separating samples into groups

according to the source of the sample. He concluded that groups B to F, comprising samples

from Tertiary and Quaternary sediments and recent soils, had higher proportions of zircon,

rutile, tourmaline, sillimanite and amphibole when compared with samples from basement

rocks. These minerals had therefore been introduced to the area together with the Ngaltinga

Clay during the Late Pleistocene.

There are several problems with the data as presented by Ward (1966). Firstly, summarised

results for groups C to E covering the Ngaltinga Clay and soils developed from this material,

total much greater than lO}Vo heavy minerals (Table 14, pl12; Group C=l70Vo,D=l40Vo,

E=180Vo). The resultant data is therefore mislead.ing. Secondly, with the exception of
amphibole, those minerals considered by Ward to be more abundant in younger sediments

and soils also occur in elevated amounts in basement rocks when compared with all other
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Great quantities of iron oxides (tenned ore

minerals by Ward) and chlorite in basement rock samples ensure that absolute amounts of
other heavy minerals are low, however if iron oxides and chlorite are ignored in the

calculations, the relative abundance of the remaining minerals is tittle changed in any of
ward's goups. Heavy minerals, in general, tend to be more resistant than other minerals

present in rocks and hence it would be expected that these minerals may be concentrated in
sediments derived by erosion of older rocks. A change in the proportion of the minerals

present may be evidence of an additional source, however the data presented by Ward does

not show such a change. Chlorite, which is common in samples from basement rocks (10 to

30vo or heavy minerals), is rarely identified in younger samples (Groups B to F) as it alters

readily in soils and weathered sediments. Norrish & Pickering (1933) indicate that chlorite is

an uncommon clay mineral of soils in the Adelaide area due to it's instability. An
understanding of the resistivity of the heavy minerals identified in the study of Ai tclúson et al
(1954) is therefore necessary to interpret thei¡ data-

ward (1966) placed considerable importance on the interpretation that some heavy minerals

had been introduced by aeolian means as this supported his contention that the Ngaltinga

Formation was of aeolian origin. rt is argued above that the heavy mineral abundances used

by Ward to support this theory do not require a source other than the basement rocks in the

region to produce such a suite of heavy minerals. Recent studies presented in this thesis of
heavy minerals separated from samples collected at the onkaparinga Trig and Maslin Bay

sites indicate that there is little difference in the range of minerals present in the Robinson

Point and Ngaltinga Formations. If an aeolian source was dominant during deposition of the

Ngaltinga Formation then underlying alluvial sediments should have a significantly different

heavy mineral assemblage. Such a difference is not observed and hence a similar source is

postulated for both stratigraphic units.

An alluvial origin with both channel and overbank deposition recognised for sediments of the

Robinson Point and Ngaltinga Forrnations is in agreement with suggested origins for the

Hindmarsh and Keswick Clays. Sheard & Bowman (1987a; 1987b) indicate that the



166

Keswick Clay was deposited in alluvial fans or as overbank sediments. some areas located

in depressions on basement highs (eg Para and Eden Blocks) were formed through ín siu
weathering of Precambrian bedrock and Sheard & Bowman (19g7a) indicate that the
Ngaltinga clay which ward (1966) mapped on the Noarlunga Block also forrned in this
manner' The Hindmarsh Clay is also considered to be of alluvial origin with Sheard &
Bowman (19s7b) recognising the presence of cyclic sand, silt and clay layers, shoestring

sand, gravel and boulder deposits and rapid lateral and vertical facies changes. Similar
features occur frequently in the Robinson Point Formation and occasionally in the Ngaltinga
Formation' Lindsay (1969) reported minor marine and estuarine facies within basal parts of
the Hindmarsh Clay from drillholes in the Adelaide Plains Sub-Basin and a similar ma¡ine
facies, which has been named the Burnham Limestone, is recognised in the Robinson point

Formation from the Noarlunga and Willunga Embayments.

8.1.2 Mineralog)¡ of the Sediments

The mineralogy of Quaternary sediments from the Noarlunga a¡rd v/illunga Embayments, in
particular clay and diagenetic minerals, has been used in the present study to help distinguish
environments of deposition and to understand changes which have taken place in this region
following deposition. Minimal information regard.ing the mineratogy of sediments in this
and nearby regions has been provided in previous studies and hence inte{pretations of the
origins and diagenetic history of the sediments have been based solely on field observations

of sedimentary strucl.ures and the distribution of va¡ious units through the region.

Ward (1966) anempted to use heavy mineral data from sediments and soils in rhe Adelaide
region to help interpret a source for the Ngaltinga Clay. The interpretation of this data can be

shown to be misleading (Section s.1.1) and hence the postulated aeolian origin is unlikely to
be correct' The identification of a similar heavy mineral assemblage throughout the

Quaternary sequence and also identical detrital clay mineral assemblages indicates that a
similar origin existed for both the Robinson Point and Ngaltinga Formations. In the
Adelaide Plains Sub-Basin, shea¡d & Bowman (r987a) report that smectite with lesser
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amounts of illite and randornly interstratified clays are present within the Keswick Clay,

however no conclusions were drawn from this observation. A slightly different clay

mineralogy has been reported in the present study for sediments from the Robinson point

and Ngaltinga Formations with illite, randomly interstrarifred illite-smectite and kaolinite

being the major clay minerals identifred. Variations in the proportions of these clay minerals

are useful in distinguishing between sediments of these two formations while the presence of
smectite and halloysite indicate specific environmental conditions leading to diagenetic

alteration. The lack of mineralogical information from previous studies precludes such

detailed conclusions.

8.2 Diagenetic Features

Several features thought to be of diagenetic origin have been identified within the euaternary

sequence during the present study through field observations of the sediments and also

detailed mineralogical investigations. These features include the presence of femrginous

mottles, the identif,rcation of palaeosols and the development of alunite and halloysite.

8.2.1 Femrginous Mottling

The presence of femrginous mottling within Quaternary sediments from the St Vincent Basin

has been frequently noted. Early researchers recognised the mottled nature of the sediments

as indicated by the terminology they used which included "alluvial mottled clays', (Howchin

1923; 1935; 1936; Reynolds 1953), "terrestrial mottled clays" (Aitchison et al 1954) and

"varigated clays" (Glaessner & v/ade 195s). sheard & Bowman (1gg7a; 1gs7b)

commented that small-scale mottling in both yellow and red colours was common,

particularly in fine-grained units. In contrast, Daily et at (L976) and Firman (1931)

emphasised a distinctive iron-mottled interval within the sequence and referred to it as the

Ardrossan Soil or Palaeosol. Ward (1966) described motrled intervals within the Seaford

and ochre cove Formations but did not discuss their origins.
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Data from this study indicaæ ttrat femrginous mottling is extensive throughour the euaternary
sequence. Large, vertical and indurated moffles occur within sandy intervals surrounded by

fine-grained sediments from both the Robinson Point and Ngaltinga Formations. They are

not confined to a single stratigraphic interval as suggested by Daily et at (1g76) and Firman

(1981) but occur within confined sandy lenses. Such a distribution suggests that this
prominent mottling is related to groundwater movement within conf,rned aquifers rather than

to soil forming events and hence cannot be used as a reliable stratigraphic ma¡ker unit. There

are no other features within these mottled intervals similar to those described in Section g.2.2

which suggest that they may be palaeosols.

Sheard & Bowman (1987a; 1987b) described small-scale mottling within f,rne-grained

sediments of the Keswick and Hindmarsh Clays and similar mottling has been identif,red in
clays from the Noarlunga and Willunga Embayments. The mottles often occur along

fractures within the clays or on ped surfaces and represent sites of localised oxidation and

deposition of iron. Mobilisation of iron takes place periodically within the sediments in
response to fluctuating moisture conditions. Mottles of this sort are particularly obvious in
silty and clayey beds which have undergone pedogenesis (Section s.2.2). Thus mottling in
fine-grained sediments occurs in response to a fluctuating moisture regime, which in some

cases is related to near-surface alteration during pedogenesis.

8.2.2 Palaeosols

Carbonate palaeosols have been described from the Adelaide area within Late pleistocene

alluvial sediments of the Pooraka Formation and also from older calcretes which mantle a

wide range of sediments in the area @aity et at 1976). Strongly mortled sediments within
older Quaternary clay and sand sequences have been interpreted as femrginous palaeosols

representing old laterite profiles (Daily et al 7976;Firman 1981). Such an interpretation for
these femrginous mottled zones has been shown to be incorrect based on the detailed

investigations of mottled sediments undertaken in the ctuïent study (Section g.2.1). They

are now interpreted to result from water table fluctuation within confined aquifers.
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Small-scale mottling patterns associated with columnar structure, upward f,rning cycles,

bioturbation and mineralogical changes such as formation of smectite are commonly

observed from parts of the Robinson Point Fonnation. These features are thought to
represent pedogenic alteration of the atluvial sediments following periodic exposure on

floodplains. Simila¡ features have been recognised by Sheard & Bowman (l9g7a; l9g7b) in
parts of the Hindmarsh and Keswick Clays. In upper parts of the Hindmarsh Clay, Shea¡d

& Bowman (19s7b) describe palaeosols comprising remnant'B' horizons which include

ca¡bonate segregations. Similar ca¡bonate zones are recognised from parts of the Neva Clay

and Snapper Point Sand Members with the frequency and extent of these zones increasing in
the youngest sediments. Phillips & Milnes (19s8) and Phillips (19gg) discuss the ca¡bonate

interval overlying Quaternary sediments in the Noarlunga and V/iltunga Embayments and

conclude that this represents the coalescence of a number of palaeosols. Isolated ca¡bonate

beds within upper parts of the Quaternary sequence are thought to have a similar origin and

reflect a gradual change in climatic conditions which favoured the formation and preservation

of carbonate palaeosols.

The present study concludes that pedogenic modification of the euaternary sequence is more

common than previously thought. Initial modification involved the bioturbation and

mineralogic transformation of poorly drained alluvial sediments which were periodically

exposed on floodplains. Later pedogenic events, which include preservation of carbonate-

rich 'B' horizons, reflect increasing aridity and a decreasing importance of alluvial
sedimentation.

8.3 Stratigraphy

The stratigraphy of Quaterna¡y sediments from the Noarlunga and Willunga Embayments is

modified in the present study from that defined by Ward (1966). The proposed stratigraphy

is discussed in detail in Chapter 3. The Robinson Point Formation is equivalent to the

Seaford and Ochre Cove Formations of Ward (1966) and has been proposed due to the
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difficulty in distinguishing between w'ard's units in the freld. ward (1966) considered that

thick gravels marked the base of the Ochre Cove Formation with the Seaford Fonnation

comprising interbedded sands and clays. Recent field studies have shown that a marker

gtavel horizon is not always present and can also occur at a variety of stratigraphic positions

within the basal Quaternary sediments. In addition, sandy clay sediments which occur in
upper parts of the ochre Cove Formation are simila¡ in terms of texture and mineralogy to
parts of the Seaford Formation. For these reasons, it is considered that amalgamation of the

two units into the Robinson Point Formation is more practical and reflects the similarities in
origin, mineralogy and post depositional alteration of the basal euaternary sediments.

The Ngaltinga Formation is equivalent to the Ngaltinga Clay of Ward (1966) with the

exception that the overlying ca¡bonate blanket has been separated from this stratigraphic unit.

This material is vastly different to the alluvial sediments which form the Ngaltinga Formation

and also overlies a wide variety of sediments in the area ranging in age from precambrian to

Quaternary- Twidale et aI (1967) and Phillips & Milnes (198s) have also argued thar this

overlying carbonate blanket should be considered a separate stratigraphic unit from the

underlying clay-rich sediment.

While there a¡e distinct differences in clay mineralogy and texture between much of the

Ngaltinga and Robinson Point Formations, parts of the Snapper point Sand Member do not

show these differences. These observations suggest the repetition of depositional

environments and sedimentary sources throughout the Quaternary period. Lateral changes

are also noted, with sediments of the Ngaltinga Formation more cornmon in central parts of
the embayments and, in particular, within the Willunga Embayment. Thus, it is concluded

that the stratigraphic units proposed- in this study represent different facies within an alluvial

sequence and that there have been signif,rcant lateral and vertical facies changes during the

Quatemary.

Sedimentologicat and mineralogical data for the Hindmarsh and Keswick Clays is limited and

hence only general comparisons can be made with Quaternary sediments from the Noarlunga
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and Willunga Embayments. Sheard & Bowman (1987a; 19s7b) provide most information

and suggest that the Keswick Clay is equivalent to rhe Ngaltinga Clay of Ward (1966).

Sedimentological features described from parts of the Hindmarsh Clay (Lindsay 1969;

Shea¡d & Bowman 1987b) are simila¡ to features identified within the Robinson point

Formation and hence these two units may be equivalenr

8.4 Summary

Previous studies of Quaternary sed-iments from the St Vincent Basin have generally lacked

sufficient sedimentological and mineraloglcal information to enable detailed conclusions to be

drawn on the origin of these sediments and diagenetic changes which have subsequently

taken place. A detailed study of these sediments along the coastline in the Noarlunga and

willunga Embayments where they are well exposed indicates that they represent a complex

alluvial sequence which is coa¡ser at the base and fines in an upward direction. pulses of
coarse sediment are recognised in upper parts of the sequence and. are referred to the Snapper

Point Sand Member. The decreasing importance of an alluvial source in younger sediments

is reflected by the inc¡eased prevalence of carbonate palaeosols in upper pafis of the

sequence' In contrast, palaeosols from basal units developed in poorly drained alluvial
sediments, possibly on floodplains, and a¡e characterised by ferruginous mottling,
bioturbation, soil-like structures and mineralogical transformations. Comparison with
limited data for Quaternary sediments from the Adelaide plains Sub-Basin and the

Adelaide/Golden Grove Embayment suggests that similar processes were operating in these

regions' The Hindmarsh Clay is likely to be equivalent to the Robinson point Formation and

the Keswick Clay equivalent to the Ngaltinga Formation.
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CHAPTER 9
SUMMARY AND CONCLUSIONS

The Quatemary sequence exposed in coastal cliff sections within the Noarlunga and Willunga

Embayments south of Adelaide has been studied in this thesis. Sedimentology, mineralogy,

in particular clay mineralogy, stratigraphy and diagenetic features of the sediments have been

considered and an integration of these aspects forms the basis of an understanding of the

landscape history of the region. Previous investigations of Quaternary sediments in this area

have been based on limited data, particularly with regard to mineralogical and diagenetic

features and thus some previous conclusions regarding the origins of this sequence differ
from those outlined in this thesis.

9.1 Sedimentary History

Underlying and interhngering with basal non-ma¡ine Quaternary sediments in the Noarlunga

and Willunga Embayments is the Early Pleistocene Burnham Limestone which provides a

convenient marker unit. While the Burnham Limestone is generally considered to be of
estuarine origin (Ludbrook 1983), the identification of the marine gastropod Hartungia

dennantí chavani in southern parts of the study area (May & Bourman 19g4) suggests more

exposed conditions in these areas. Thin beds of mottled dolomite associated with smectitic

clays overlie the Burnham Limestone and have not previously been reported. The mottled

dolomite may be of pedogenic origin although thc absence of other pedogenic features makes

this origin less likely. Comparison with studies of dolomite in the Coorong region of South

Australia (von der Borch 1965; 1976; von der Borch et at L975; von der Borch & Lock
L979) and summaries of dolomite occunences in Quaternary sediments around the world by

Last (1990) suggest that the dolomite above the Burnham Limestone results from an

interaction between continental Mg-rich groundwater and highly saline waters of marine

origin' They therefore reflect transitional environments from marine to non-marine

sediments and suggest relatively high water tables at this time.
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Non-marine sediments which overlie the Burnham Limestone have been divided into two
stratigraphic units, the Robinson Point and Ngaltinga Formations. The Robinson point

Formation comprises an interbedded sequence of gravels, sands, silts and clays while the
Ngaltinga Formation is dominantly massive clays with rare fine sandy interbeds. Isolated

lens-shaped and thin tabular sand bodies occur in upper parts. Both units are interpreted to
be of fluvial origin, representing deposition from anastomosed and meandering streams on
alluvial plains by comparison with previous studies of fluvial sediments (Allen 1965;
williams L973: smith & Purtnam 1980, Friend 1983; Smith l9g3; Galloway & Hobday
1983; Bridge 1985; Atkinson 1986; Fielding 1986; Besly & Fielding 19g9; Smith 1990).

Cross-bedded gravels and sands deposited in distributory channels are common within the

Robinson Point Formation with interbedded finer sands and clays representing overbank
sediments deposited in adjacent areas. upward fining sedimentary cycles grading from
gravel or sand to silt or clay are commonly observed. Fine-grained sediments from upper
parts of these sedimentary cycles display thin vertical tubular structures, characteristic
yellow-orange reticulate mottling patterns and columnar structures indicative of pedogenic

modification of the sediments. Episodic deposition was evidently a feature of the alluvial
plains allowing development of soils within exposed sediments. palaeosols a¡e described in
numerous studies of alluvial sediments (for example Allen 1974; Retall ack 1976; 1977; l9g3;
1986; Bown & Kraus 1981; 1987; Nickel 19g5; Fielding 19g6; Kraus l9g7;Besly &
Fielding 1989; Smith 1990) and have been frequently used to help reconsrruct rhe

palaeogeomorphology, palaeoclimate and palaeoecology.

Fine-grained sediments of the Ngaltinga Formation represent suspended load deposition in
more distal par-ts of the alluvial plain as overbank sedimentation. Rare lens-shaped and

tabular sand bodies (shoe-string bodies; Fielding 1986) indicate deposition from minor
distributory channels and crevasse splays. Ca¡bonate mottles within clays at some localities

were formed during pedogenesis and represent Bçu horizons. calcareous palaeosols are

commonly observed in alluvial sequences (Williams 1973; Bown & Kraus 19gl; l9g7;
Wright 1982; Atkinson 1986; Retallack 1986; Kraus lgïT)and are generally considered to
cha¡acterise soils of semi-arid climates where leaching is limited @own & IGaus 1gg1). The
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increasing incidence of calca¡eous palaeosols in upperparts of the Ngaltinga Formation and
the presence of a thick blanket of calca¡eous material overlying the alluvial sequence suggests
a gradual change to drier climates during the euaternary.

9.2 Mineralogy

The clay mineralogy of the Quaternary sequence has been investigated in detail following
work by Callen (1976; 1977) which showed that clay mineralogy could be used to aid the
interpretation of origins of rertiary sediments from northern south Australia. Many studies
have been made of the palaeoclimatic significance of clay minerals identified in ma¡ine
sediments (for example, Jacobs & Hays r9l2;Ataman & Gokcen 1975;chamley 1979;
1989; singer 1984; Pearson 1990; Robert & chamley 1990) and in palaeosols and palaeo-
weathering horizons (for example, Birklan d 1969; Singer 197S;Abbot et al r976;Meyer
1976; Singer 1980). In ma¡ine sediments, problems a¡ise in these interpretations due to
diagenetic changes to clays (Hower et at 1976; Nadeau et al 1gg5), effecrs of additional
secondary sources of clays such as smectite from volcanic activity (Jeans et al lggz) and
effects of differential transport of clays where finer particles such as smectite and illite are
transported further distances before sedimentation (Millo t 1964; porrenga 1966; Gibbs
1977). similarproblems of intelpretation exist with palaeosols (singer l9g0).

Fewer studies have been undertaken where clay minerals were used to help study the origins
and history of the sedimentary soquence, rathcr than just the palaeoclimate. Macleod & vita-
Finzi (1982) for example, used clay minerals of alluvial valley-fills from Greece to determine
the relative importance of diagenesis and parent materials in determining the local character of
the sediments' They concluded that clay mineralogy reflected local provenance except where
seasonal waterJogging and desiccation promoted development of pseudo-gley features and
increased smectite' Meyer & Pena Dos Reis (1985) attempted to classify environments
where silicification and alunite formation took place in alruvial sequences from portugal and
utilised clay mineral distribution in their study. They found that smectite was formed from
illite and kaolinite in upward-fining sequences with associated production of opaline silica.
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Such transfomtations took place in soils from swampy environments. Sulphides formed in
this organic-rich environment were later oxidised and the sulphuric acid which was produced

reacted with clay minerats fomring alunite and amorphous silica. Similar diagenetic reactions

have been noted in Quatemary sediments studied in this thesis.

While broad studies of the palaeoclimatic significance of clay minerals in sedimentary

sequences have sometimes proved difficult, it would appear that clay minerals are sensitive

indicators of envi¡onmental change (Singer 1980; 1984). I¡cal factors such as leaching and

groundwater movement, topography, vegetation and associated geology are important

modihers of local environment and thus clay minerals will reflect these variables (Grim 196g;

Allen & Hajek 19s9). Thus, provided the clay mineralogy of the sequence is not considered

in isolation, clay minerals can provide useful information on provenance and specif,rc local

environments both at the time of sedimentation and during subsequent diagenesis.

The clay minerals identified in Quaternary sediments from the Noarlunga and Willunga
Embayments are dominantly kaolinite, illite and randomly interstratified illite-smectite.

Lesser amounts of hydroxy interlayered smectite, smectite and halloysite are also identified.

Most of these clays are considered to be of detrital origin and derived from the Mt Lofty
Ranges to the east where they form the dominant clay mineral component of present-day

soils and sediments.

The proportions of kaolinite, illite and randomly interstratified illite-smectite vary
considerably through the Quaternary sequence with the Robinson point Formation and

coarser sediments containing more kaolinite than illite or randomly interstratified illite-
smectite. Finer sediments, particularly those from the Ngaltinga Formation, contain higher

proportions of illite and randomly interstratified illite-smectite compared with kaolinite. A
study of the clay mineralogy of four size fractions <20¡rm from eight samples indicates that

illite and expandable clays such as smectite and randomly interstratified illite-smectite a¡e

concentrated in finest fractions <0.2pm, while kaolinite occurs mostly in fractions >0.2¡rm.
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Thus the concentration of kaolinite in coa¡ser sediments, and in particular the Robinson point

Formation, appears to reflect primary sedimentation.

In fine-grained units of the sequence the smectitic proportion of randomly interstratified illiæ-
smectite increases together with broadening of diffraction peaks for illite. Transformation
reactions involving hydraæd cations entering layer lattices of interstratified ctay and illite with
resultant loss of interlayer K+ is postulated to account for these observations. Restricted
drainage within clay-rich intervals would allow less leaching of hydrated cations and in such

an environment, transformation of randomly interstratified clays and illite to more smectitic
species could take place.

Preliminary investigations of the heavy mineral suite present in the euatemary sequence have

been undertaken and while greater numbers of heavy minerals are present in coarser-grained

sediments, a similar suite of minerals can be found in both the Robinson point and Ngaltinga
Formations. Thus there appears to have been no change in the dominant source for the
sediments throughout the euaternary.

smectite and halloysite are confined to specific intervals within the sequence, mostly near the
base of the Robinson Point Formation. This limited occrurence, together with associated

sedimentological features such as evidence of pedogenesis and minerals such as alunite,
suggests that smectite and halloysite are products of diagenesis. This is discussed below.

9.3 Diagenetic History

smectite is the dominant clay mineral of fine-grained sediments in basal parts of the
Robinson Point Formation which have been subject to pedogenesis. Small vertical tubes
which represent burrowing by organisms, columnar structures developed as a result of
illuviation of clays and distinctive yellow-orange reticulate mottling suggest that these
intervals represent palaeosols. Kaolinite, illite and randomly interstratified illite-smectite
clays occur in much lower proportions in these intervals compared with surrounding
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sediments while smectite is generally absent from adjacent sediments. This suggests that

smectite has formed by transformation of other clays, particularly randomly interstratified

illite-smectite and itlite which show the greatest decreases in this interval. smectite is
considered to forrn most readily in an environment with restricted drainage (úawford et al
1983; Borchardt 1989) and such transformation to smectite is reported from swampy, poorly

drained soils in many areas (for example McArthur & Bettenay 1974:Meyer & pena Dos

Reis 1985)' Repeated cycles of wetting and drying also favour formation of smectite (Buol

et al 1973)' Thus soils in lower parts of the Robinson Point Formation characterised by

smectite formed on alluvial plains where high water tables existed, possibly due to a

relatively moist climate. Repeated cycles of wetting and drying, reflecting a fluctuating
groundwater table, are also likely and would enable development of yellowish goethitic

mottles' Schwertmann & Taylor (19s9) indicate that goethite forms preferentially in
conditions of high water activity and low temperature and this supports the suggestion that

pedogenesis took place in a poorly leached environment.

In other parts of the Robinson Point Formation, features suggesting pedogenesis such as

yellow-red reticulate mottling, development of columna-r structures, presence of thin tubules

and thin bleached intervals possibly analogous to A2 horizons are not accompanied by
smectitic clay minerals. These local environments were evidently better drained, although

periodic wetting and drying continued as indicated by development of fem¡ginous mottling.

The presence of A2 horizons suggests limited erosion took place and that the alluvial plain
was one of continual aggradation.

In the Ngaltinga Formation, intervals of clay mottled with small red blotches of hematitic iron

oxides occur and may represent palaeosols. Bown & Kraus (1981; 19g7) interpret similar
features from Tertiary sediments in wyoming, usA as palaeosols. The absence of other
features indicative of pedogenic modif,rcation associated with these mottled intervals in the

Ngaltinga Formation makes it difficult to positively determine the origin of these features.

The most obvious palaeosol features in the Ngaltinga Formation are intervals of mottled
ca¡bonate which occur with occasional tubula¡ structures thought to be of biogenic origin.
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Calcareous palaeosols suggest a drier climate than that which existed during formation of
palaeosols in the Robinson point Formation.

Alunite occurs in basal pafts of the Robinson Point Formation as elongate pods and thin
seams associated with halloysite-indurated sandy sediments. Based on field and thin section
observations these minerals are interpreted to be of diagenetic origin. Alunite and halloysite
commonly show evidence of stress and precipitation in cracks and such features are thought
to represent formation during exposure and desiccation of the sediments. Support for this is
given by Bird et al (1989) who studied hydrogen isotopes from the alunite and suggested that
alunite precipitated in equilibrium with evaporated meteoric waters. compared with
surrounding sediments, randomly interstratified illite-smectite and illite are depleted in
intervals where halloysite is identihed and this suggests thar halloysite has formed through
diagenesis from these clays.

Diagenetic alunite has been reported in a number of studies (King 1953;Ross ¿r at 196g;
Goldbery 7978;1980; Hall 1978; Rouchy & Pierre 1987;Khalaf 1990) and in a¡ cases is
attributed to acid weathering of clays. several sources of sulphur have been suggested

including hydrogen sulphide from oil f,relds (Khalaf 1990), bacterial reduqion in reducing
envi¡onments (Goldbery 1978;1980), bacterial reduction of sulphate evaporites (Rouchy &
Pierre 1987) and pyrite from lignitic sediments (King lg53). Intervals where alunite occurs

in the Noarlunga and willunga Embayments are closely associated with palaeosols rich in
smectite which have developed as a result of high water tables on alluvial plains. In such a

setting, reducing conditions are likely, possibly in a swampy environment, where H2S could
be generated through reduction of sulphate in groundwaters. Bird et al (Lggg) have studied
the stable-isotope composition of three alunite samples from the Noarlunga Embayment and

concluded that salt spray from the ocean is the likely source of sulphur fo¡ the alunite. Thus
regional groundwaters have been enriched in sulphate by oceanic spray blown inland.
Alunite ultimately formed during acid weathering initiated by oxidation of the sediments and

H2S' sulphuric acid produced at this time reacted with clays, particularly illite and randomly
interstratified illite-smectite which provided a source of K. various cations and amorphous
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silica are products of this reaction (Goldbery L97}:Thiry & Milnes 1gg1). oxidation of the

sediments was probably initiated by a lowering of the water table and improved groundwater

flow through the sediments. Petrographic evidence of formation of alunite and halloysite

under conditions of desiccation supports such an origin. Rouchy & pier¡e (19g7) suggested

a similar lowering of the water table due to local diapiric uplift to account for alunite

formation in their study from Egypt. climatic change, tectonic uplift or sea level lowering

are all possible causes of lower water tables in the study area, however the present data does

not enable a definite conclusion to be made regarding which of these is most likely. Si and

Al released from 2:l clay minerals during formation of alunite subsequently formed

halloysite rather than kaolinite due to Si substiruted Al tetrahedra beirrg inherited from the 2:1

clay minerals (Bailey l9S9).

Pink hematitic mottling is often noted in association with alunite in euaternary sediments of
the Noa¡lunga and Willunga Embayments. Khalaf (1990) noted similar pink colours related

to alunite development in Kuwait and considered this due to abundant opaque clusters of i¡on

oxides, usually <5pm in size, which had formed in an oxidising environment following
alunite formation. Iron occurs in clay minerals, particularly illite, in significant amounts

(Rengasamy et aI1975; Norrish & Pickering 1983) and hence following acid weathering of
the clays, iron is released to groundwaters. The formation of alunite and not jarosite

indicates that iron remained in a reduced state while alunite deveþed, as Fe3+ is more likely
to be incorporated in the crystal structure than 413+ under the prevailing temperatures and

pressures (Brophy et al 1962). Precipitation of iron as small clusters and mottles musr

therefore post-date alunite formation and relate to less acidic conditions where Fe2+ would be

readily oxidised to Fe3+.

The diagenetic reactions associated with basal parts of the Robinson point Formation to
produce alunite and halloysite a¡e related to the local environmental conditions of high water

tables which enabled reducing conditions to take place. Smectite formed in poorly drained

soils immediately above the water table, together with development of goethitic mottles

where the level of the water table fluctuated. Following oxidation of the sediments initiated
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by lower water tables, alunite and halloysite forrned under acidic weathering conditions.
Iron released during weathering of clays was then available to forrn mottles and iron-
impregnated zones once the conditions became less acidic.

Femrginous mottling is present throughout much of the alluvial sequence with small yellow-
orange accumulations in fine-grained sediments and larger red mottles in porous sandy
sediments' Based on petrographic evidence, iron appears to precipitate at sites of localised
oxidation either along cracks in finer-grained sediments or in pores of coa¡ser sed.iments.

Iron mottling is generally considered to develop in soils and sediments where fluctuations of
pH and Eh allow iron to be reduced and mobilised and then oxidised and precipitated (Bown
& Kraus 1981; schwertmann 1985; Schwertmann & Taylor l9g9). In nea¡-surface
pedogenic environments such mottling may reflect a seasonal climate (van v/allenburg 1g73;

schwertmann & Taylor 1989), however mottling may also be produced by fluctuations in
groundwater levels in deeper parts of the prof,rle (Bown & Kraus lggl). coventry &
williams (1984) found that mottling, and in particular gleying, usually associated with high
water tables could develop under a semi-arid climate given relatively short periods of profile
saturation' Perched water tables rather than high regional groundwater tables can also be

responsible for mottling (Guthrie & Hajek lgTg). Thus ca¡e must be taken in interpreting
conditions leading to mottle formation. They are not necessarily representative of
widespread climate-induced groundwater changes, but often determined by specihc local
groundwater fl uctuations.

The most prominent mottles in the Quaternary sequences studied occur within sandy intervals

which are confined by clay-rich intervals where perched water tables could exist. Local
redistribution of iron from weathering of clays within these intervals under slightly acidic
conditions is the most likely source of iron for the mottles. Tardy & Nahon (19g5) show
that iron oxides can form mottles through replacement of kaolinite in areas of small pore size
and such reactions are likely precursors to mottle formation in the Noarlunga and Willunga
Embayments' Many of these mottled zones are indurated and amorphous silica released

following weathering of clays and replacement by iron oxides is the most likely cause of the
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induration. Silica would precipitate from solution in response to groundwater va¡iations.

Thiry & Milnes (1991) have suggested a simila¡ mechanism for the development of some

silicified zones in inland South Australia- The fluctuating groundwaters nìay reflect a climate

with some seasonality, although as discussed above, caution must be shown when

interpreting the climatic implications of local groundwater fluctuations.

rron mottling in sandy sediments developed as a result of groundwater fluctuations in
confined aquifers. Replacement of clay minerals during weathering under acidic conditions

by iron oxides occurred at sites of localised oxidation. Excess cations were removed by

groundwaters with silica precipitating locally in response to va¡iable groundwater levels and

resulting in induration of these intervals. Silicifrcation therefore post-dates the initiation of
mottle formation and possibly relates to a drier local environment where flow of groundwater

was reduced.

9.4 Landscape History

A review of the sedimentary and diagenetic history of the Quaternary sequences from the

Noarlunga and Willunga Embayments suggests that for much of the euaternary, the region

comprised a series of alluvial fans eminating from the Mt Infty Ranges. A minor marine

incursion took place early in this period, represented by the Burnham Limestone, which is

interbedded with alluvial sediments at many localities. This transgression was most

pronounced in the Willunga Embayment and greater rates of sediment supply to the

Noarlunga Embayment may have ensured that only isolated and marginal marine conditions

prevailed in this region. Further north in the Adelaide plains Sub-Basin, a marine

transgression of simila¡ age is recognised from borehole data (Lindsay 1969). Thus an Early

Pleistocene ma¡ine tansgression may have been a widespread event in the St Vincent Basin.

The dominance of coarser sediments in basal parts of the Quaternary sequence represented by

the Robinson Point Formation indicates that sediment supply was probably greatest during

this period due either to uplift of source areas, a wet climate or combination of the two.
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Subsequent sedimentation represented by thick clay-rich sequences of the Ngaltinga

Formation suggests less active erosion in source areas. Pulses of coarser sediment such as

channel sands and crevasse splay deposits assigned to the Snapper Point Sand Member in

uppermost parts of the sequence suggest renewed erosion in source areas at this time or

alternatively higher rainfalls. A migration of distributory channels across the alluvial plain

could account for isolated sandy deposits within the Ngaltinga Formation, however the fact

that the influx of coa¡ser sediment is widespread throughout the a¡ea at a similar stratigraphic

position argues for a regional change such as climate or tectonism.

Further confirmation of the changing nature of the sediment supply is provided by carbonate

palaeosols which are preserved in the sequence and represent the introduction of material

from a second sedimentary source. Phillips (1988) and Phillips & Milnes (19SS) suggesr

that this calcareous material was derived by aeolian processes. Erosion of coastal calcareous

dunes developed during lower stands of the sea is one possible source of this carbonate. It is

argued elsewhere that a probable sulphur source for alunite was oceanic spray which

contributed sulphate to regional groundwaters. Thus the prevailing winds have contributed

first sulphate and later carbonate to the sediments through the Quaternary period where they

have been important components in the diagenesis of the sequence. A more a¡id climate

which limited leaching of carbonate from soil profiles must also have contributed to the

preservation of the calcareous palaeosols.

Thus in a broad sense, a consideration of the amount and nature of sediment contributed to

the embayments together with the nature of diagenetic changes to these sediments suggests a

gradual change in climate during the Quaternary. High water tables leading to reducing

conditions and development of smectites in palaeosols at the base of the sequence suggest

relatively moist climates. A lowering of the water table when alunite formed may have

resulted from a drier climate. The development of femrginous mottling in much of the

Robinson Point Formation suggests a seasonal climate with fluctuating groundwater tables.

Calca¡eous palaeosols and reduced sediment contributions whilst the Ngaltinga Formation

was deposited indicate less erosion and runoff from source a¡eas and limited leaching of soils
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in the a¡ea. The deveþment of a thick blanketof calcareous sediment overlying the alluvial

sediments reflects minimal fluvial input from inland areas and continued low leaching of
soils. Thus the climate must have gradually become more arid. Zrisheng et al (1986) have

interpreted aridity in the Murray Basin of southeastern Australia from a study of fluvio-

lacustrine sediments of ancient Lake Bungunnia. They conclude that for the euaternary

period up until about 700,000 years BP the climate was relatively wer, but with some drier

periods. Aridity and development of arid-zone landforms such as dunes and salt lakes

became dominant after this time and in par:ticular during the last 500,000 years. These

observations support conclusions from the present study which suggest that the climate was

relatively wetter during early Quaternary deposition in the Noarlunga and Willunga

Embayments and that aridity increased during deposition of later sediments. euaternary

sediments in the study area have not been dated and hence no direct correlations can be made

with the timescale proposed by Zhishen g et al (19g6).

Sediments of the Robinson Point and Ngaltinga Formations are considered to have been

deposited in an alluviaVfluvial environment. Comparison with previous work suggests that

sedimentological features of the Quaternary sediments from the Noarlunga and Willunga

Embayments are simila¡ to those described f¡om alluvial fan depositional systems (Allen

1965; Williams 1973; Collinson L978; Galloway & Hobday 1983; Bridge 1984;19g5;

Nickel 1985; Smith 1990). These studies show that close to the source areas, generally

uplifted areas, debris flows and braided streams deposit coarse material. With increasing

distance from the ranges, the amount of channel deposition and coarse sedimentation

decreases with fine-grained suspended load deposits on floodplains being common.

Exposure of sediments on the alluvial fans and frequent changes of stream course enable

palaeosols to develop. Therefore a complex stratigraphic sequence where there is frequent

lateral and vertical sediment variation results from sedimentation on alluvial fans.

In the Noarlunga and Willunga Embayments, the Robinson Point Formation represenrs

coarser-grained facies closer to the ranges with deposition from braided and anastomosed

streams. Limited erosion of sediments is indicated by widespread preservation of palaeosols
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and hence a continual supply of sediment in an aggradational environment is assumed. Short

periods of stasis allowed pedogenic modification of these sediments. High water tables and

limited leaching, particularly in areas adjacent to the main channels, enabled diagenetic

development of smectitic and halloysitic clays together with alunite. The Robinson point

Formation is widespread in the Noarlunga Embayment but occurs less frequently in present-

day coastal sections of the Willunga Embayment where deposition took place on more distal

parts of the fans. Sediments of the Neva Clay Member represent deposition on these more

distal parts of the alluvial fans dominated by overbank and floodplain facies. Isolated

channel sedimentation characterised by infrequent sandy channel and crevasse splay deposits

of the Snapper Point Sand Member persisted in these parts of the fans. The dominance of

this style of sedimentation throughout the region in later periods of the Quaternary suggesrs

that supply of sediment to the embayments gradually decreased, possibly due to drier climatic

conditions. Thus, while sediments of the Robinson Point Formation dominated deposition

in early parts of the Quaternary, in distal portions of the alluvial fans, sediments of the

Ngaltinga Formation were being deposited concurrently with coarser sediments of the

Robinson Point Formation. The stratigraphy is therefore not a simple system but one in

which interFrngering and gradation between facies takes place.

The landscape of the region today is still one of alluvial fans d¡aining the Mt Iofty Ranges.

There is little evidence of significant deposition of sediments from streams draining across

these fans and in fact sEeam incision and gullying is commonly observed. Bourman (1975)

discusses the present-day river systems around the Fleurieu Peninsula south of Adelaide and

concludes that gullying in upper reaches and minor aggradation in lower reaches of streams

is widespread. This implies very limited sediment inputs from catchment areas. In earlier

periods of the Quaternary, erosion in the Mt I-ofty Ranges must have supplied considerably

more sediment to form alluvial fans in the Noarlunga and Willunga Embayments than is

presently the case. A wetter climate than the semi-arid one experienced today anüor

significant uplift in the ranges brought about by tectonic activity are likely during formation

of the alluvial fans during early parts of the Quatemary period.
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9.5 Advances on previous Work

An understanding of the sedimentological and diagenetic history of the euaternary sediments
from the Noarlunga and willunga Embayments though detailed field and mineralogical
observations indicates that the sediments form complex aluvial fan deposits. previous work
by ward (1966) based on more limited information, had indicated that finer-grained
sediments from this sequence were of aeolian origin. No evidence can be found to support
such a contention' In addition, similar sediments from nea¡by areas have been considered to
be fluvial in origin (Firman 1966 1969: sheard & Bowma n r9g7a; r9g7b). The
interpretations of ward regarding the origins of the euaternary sediments led to
inconsistencies regarding the stratigraphy he proposed for the area. In the light of
interpretations made in this thesis, modifications have been made to the stratigraphy for the
region which reflect the differing facies identifred in the euaternary sequences.

Detailed mineralogical analyses have not been made in any previous study of euaternary
sediments from the Noarlunga and willunga Embayments or nearby areas. Identif,rcation of
detrital and diagenetic clay mineral suites from the study area as well as diagenetic minerals
such as alunite have enabled the nature of the sedimentary environment to be better
understood' The frequency of palaeosols and their changing nature through the sequence

have also enabled conclusions to be drawn regard.ing the nature of sedimentation, potential
sediment sources and possible climatic changes. Previous work has interpreted large,
conspicuous, femrginous mottles as palaeosols @aily et at lg76;Firman lgs1). The present

study suggests that these mottles are produced by fluctuating groundwaters within confined
aquifers and hence are a reflection of va¡iation in local groundwater conditions. Mottling
may not necessarily be associated with pedogenesis and therefore should not be used to
define ancient land surfaces without consideration of other sedimentary and mineralogical
features.
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9.6 Suggestions for F.uture Research

In understanding the landscape history of euaternary sedimsnts from the Noa¡lunga and

Willunga Embayments, one of the difficulties encountered is the lack of age control on the

va¡ious sedimentary units. Thus methods for dating the sediments should be investigated to
enable the timing of diagenetic events, periods of climatic change and increased tectonic
activity to be more accurately identified. Such inforrnation would be useful when making
comparisons between areas where simila¡ sediments or events are identified. For example,

Zhisheng et al (1986) have used palaeomagnetic dating techniques for Late cainozoic
sediments from the Murray Basin. Bird er al (1990) in their study of surfrcial alunite in
Australia have used IVAr techniques to date alunite. Three samples from the current study
gave ages rangrng from 0.7 to 1.7 Ma and it would be useful to date a wider range of alunites
from the Noarlunga and willungaEmbayments selected to represent the varying stratigraphic

and geographic locations in which alunite occurs. The possibility exists that there may be

several phases of alunite formation related to the continuous fluctuations of groundwater

tables which appear to have taken place during the euaternary period.

Bird et al (1989) have also studied the hydrogen and sulphur isotopic composition of alunites

in Australia including three from the present study a¡ea. These studies suggest that sulphur

for the alunite was derived from sulphate salts of oceanic origin and that alunite precipitated

in equilibrium with evaporated meteoric waters. A more detailed study of a wider range of
alunites from the study area would determine whether all alunite had similar origins despite

the va¡iation in stratigraphic and geographic location. The model proposed in this study for
formation of alunite and halloysite could then be modified based on more comprehensive

data.

The study of mineralogical components of the Quaternary sediments in this thesis has been

undertaken using various techniques including X-ray diffraction, optical petrology and

scanning electron microscopy. on the basis of data collected using these techniques a
number of mineral transformations, particularly involving clay minerals have been pro¡nsed.
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More detailed mineral chemistry using the electron microprobe and transmission and

analytical electron microscopes would be necessary to fully understand these alterations.

Such additional detailed studies are beyond the scope of this thesis which was intended as a

cross-disciplinary study of the Quaternary sequence to provide a different focus for
interpretation of the origins of these sediments in comparison with the narrower studies

which had been previously undertaken. Several studies (Norrish & pickering 19g3;

Porrenga 1968) have suggested that diagenetic illite may form in poorly drained floodplain

sediments similar to those of the Neva Clay Member. Detaited mineral chemistry could help

determine whether any illite of this origin is present within the euaternary sequence and

hence enable a modification to the present conclusion that most illite is likely to be of detritat

origin' For example, recent detailed work by Robertson & Eggleton (1991) has shown that

halloysite tubes can form directly from kaolinite and do not necessa¡ily require Al-substituted

tetrahedra derived from 2:1 layer silicates as precursors. The present study has concluded

that development of iron mottles associated with alunite and halloysite formation takes place

at a later stage. Similarly, silicification of indurated and iron mottled intervals requires earlier

replacement of clay minerals by iron oxides with silicification being a later diagenetic event.

Detailed studies of mineral chemistry would provide a better understanding of these

diagenetic transformations and confirm the order in which they take place.
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Figure 3.3 Coastal cliffs at Sellicks Beach which_are up to 50 m in height and comprise
to the Robinson Point Formation. Numerous

ling is
(F).
(T) and

Figure 3.4 Coast¿l cliffs immediately sout
Burnham Limestone (B) occurs at the bãse of
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Figure 3.6 Root structures which are preserved on the upper
Sandstone on a shore platform adjacenfto the section aepicLa

cm long).

surface of the Hallett Cove
in Figure 3.4 (hammer is 28

^Figg1._ 
3.7 Coastal cliffs just norrh of Snapper poinr
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Figure 3.10 Coastal cliffs adjacent to Ch
the base of the cliffs are mostly obscured

strongly mottled sandy interval (F) marks
and overlies a thin sequence of greenish cl
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lanche Point. Marine sediments of Tertiary
stone (H) and the Bumham Limestone (B).
R) and Ngaltinga (N) Formarions are visible

n Point Forrnation comprises a red, mottled
sandy unit overlying unmottled_yellorvish clays and sands. The red, mottled unit appears to

occur discontinuously as it is not present in central parts of the photo.

Figure 3.13 Undulating contact between sandy sediments of the Robinson Point
Formation (R) and Ngaltinga Formation (N) exposed in coastal cliffs just south of Blanche

Point. The base of the Robinson Point Formation is obscured by surface wash.
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. 
Fi8urg 3.14 Quaternlry sgqmeqts exposed in coastal cliffs at Maslin Bay, jusr north of

the beach access track. Mottled ca¡bonate @) equivalent to the Burnham Limeitone occurs at
the base of the sequenge and is overlain by sands and sandy clays of the Robinson Point

Formation (R). A distinctive iron mottled unit (F) occuri within the Robinson Point
Formation. Red-gr-een clays of the NgaJtilea Formation (N) are exposed in upperparts of
the sequence. The location of the sampled section depicted in Figure 3.15 is sh^o*ti by the
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!ig_u_re J.16 exposed in coastal ctiffs adjacent to Tortachilla Trig in
the Maslin B iliferous sands equivalent tõ the Hallett Cove Sandsione

urnham Limestone @). Sands
an interval rich in manganess
I parts (F). Red-green clays of
parts of the cliffs.

Figure 3.17 Quaternary sediments exposed in coastal cliffs near Ochre Point. Sands,
gravefs and sandy clays of the Robinson PointFomration (R) occupy the lower half of the

section with central pqtts of_Fs_form_ation being coarser and displaying cross-bedding.
Greenish clays of the Neva Clay Member ( {) overlie the Robinson Þoint Forrnation uÀ'thsand er

.p
1n

s a calcrete layer caps the sequence.
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10m

5rn

0m

Neva Clay

Robinson Point
Formation

Hallett Cove Sandstone

Umberatana Group
(Precambrian)

cross-bedded gravels
and coa¡se sand

_+

grey (l0YR 8p)
clayey sand with

clay-rich interbeds

femtginous sandy
conglomerate

steeply dþing
femrginous siltstone

Figure 3.11: Sketch seilion of euæemary sediments
exposed in coastal cliffs near Ochre point. The

interpreted stratigraphy of the sequence is shown.
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Figure 3.19 Indurated reddish sandy sed.iments from the Robinson point Formation
exposed in coastal cliffs between Ochre point

b
c
c

28c

ì1æi

Figure
of the
(R). c
Robinson Point Formation is overlain by
white to brown sands and sandy clays óf

caps the sequence.
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fine upward from gravel or sand to silt or
(N) overlie the Robinson Point Formati

Member (S) fill a small channel eroded into t
sandy clays. The channel-fill sediments s

approximately 15 m high. A sketch
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calcrete overlying soft calcareous silt

ca¡bonate mottles in upper part of clay

red-brown (5YR 4/S) sandy clay
with rare cþ-rich interbeds

red-yellow femtginous mottles
sandy lens occupying small channel

eroded into clays, planar bedding

grey-greæn (5Y 6ß) clay, columnar
structure, rare red mottles

10m

5m

upward fining
sedimentary cycles

0m

Sand

Neva Clay
Member

Robinson Point
Formation

sharp undulafing contact

coa¡se ¡ed (10R 4/8) sand,
minor clayey interbeds

ra¡e cross- bedded gravel

buff-grey (10YR BZ) clay, minor
small yellow (l0yR 7/8) monles

thin gravel beds
isolated gravel lenses

within grey sand
gravel lenses f,rlling

small channels
shaqr erosional contact

gey-green (5Y 6n) sand with
isolated orange-yellow (10yR

6/4) ferruginous blotches
minor gravel beds

orange (IOYR 6/4) sand
grey-green clay

grey sand with orange-pink
(10R 5/6 ro 2.5yR 5/6) monles

isolated pods and thin seams
of white alunite within

grey-gre€n fine sand

I

Figure 3.22: Sketch sectio
south of Robinson point. coastal cliffs

Robinson point Formation within the
stratigraphy.

I
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Figure 3.23 Detail-of sedimentary depositional cycles in lower parts of the Robinson point
Formation near Robinson Point. The contact I

gritty sand is inegular. A furthe
above this irregular contact.

(Flammer is 28 cm long)

Figure 3.24 Unusual red-pink and yellow-brown colours associated with thin seams of
white alunite in sandy sediments from the base of the Robinson Point Formation near

Seaford. (Pencil is 13 cm in length)
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,Figure 3.25 Aerial view of coastal cliffs just south of Onkaparinga Trig. Tertiary
sediments of the Port Willunga Formation (Ð form a bench at the basé of thè cliffs and are

gver-l.ai¡t by y-ellowish sands and silts of the Robinson Point Formation (R). The majoriry of
the cliffs are formed by red to green clays of the Neva Clay Member (N). Isolated pátchès of

soft, white dolomite occur in upperparts of this member. 'White silts and sands with
occasional femrginous mottles which grade up to brown sandy clays in upper parts are

assigned to the Snapper Point Sand Member (S). A calcrete layer caps the sequènce. The
cliffs in this area are approximately 20 m high.

Figure 326 More detailed view of Quaternary sediments exposed in coastal cliffs just
south of Onkaparinga Trig and the locality of the sampled section shown in Figure 3.27.
Alunite (A) occun near the base of the Robinson Point Formation (R). Mottled white

carbonate (C) is clearly seen in upperparts of the clay-rich Neva Clay Member (N). A white
sandy interval occurs at the base of the Snit;ö""_Ë,:Sand Member (S) and grades up to
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calcrete layers overlying

soft calca¡eous silt

mottles of carbonate
within sandy clay

thin sandy beds within
red-b'rown (5YR 4/8) sandy clay

red-brown clay, columnar structuro

red-yellow ferru ginous mottles

white-grey silty sand

diffuse contact

RM337

RM336

RM335

RM334

RM333

RM332

RM331

RM33O

RM329

RM328

2Om

15m

10m

5m

RM299

RM297

RM294

0m

gr€en-grcy (5Y 612) clay, massivc
with rare columna¡ structu¡e and

small yellow mottles

soft calc¿reous mottles
within green clay

RM326
RM325

RM324

RM323

RM322

RM320, RM32l

RM319

RM318

RM316, RM3t7

Snapper Point
Sand Member

Neva Clay
Mer

Robirson Point
Formation

PortWillunga
Formation
(Tertiary)

red-green clay, massive with
rare columna¡ structure and

small red-yellow motdes

shar¡r contact between
clay and silty sand

grey-yellow silty sand,

minor clay

RM314

RM313

RM312

RM3I1

RM3lO

RM3O9

RM3O8

RM307

RM293
NM292
RM291

RM3O4

RM3O3

RM302
RM3Ol
RM3OO

RM298
RM296,
RM295

yellow mottled silty clay
cross-bedded gravels above

erosional contact
upward fining unit from

gravel to silty cþ
thin yellow-brown (10YR 6/6)

ferruginous sand, indurated

halloysite impregnated sand
forming bulbous masses

small pods of soft white
green-yellow (2.5Y 7ß)
clay ovedying karstic
weathering surface on

Tertiary limestone

Fþure 3.27: Sketch secrion of coastal cliffs near Onkaparinga
Trig showing sarnple sires ( e Appendix I for details) and

interpreted Quatemary stratigraphy.
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Figure 3.28 The Robinson Point Formation exposed in coastal cliffs south of Robinson
Poinl This is a more detailed photo of the right hand side of Figure 3.2I. Clay-rich beds

(C) mark the top of upward fining sedimentary units. Cross-bedded gravels (G) in the cenrre
of the photo fill a broad channel eroded into underlying sandy clays of a previous

depositional unit. (Flammer is 28 cm long)
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calcrete layers

soft calcareous silt
carbonate mottles peneEating

underlying clay
¡ed-brown (5YR 4/8) and grey

RM184

RMI85

RM186

RM189

RMl90

RM19I

RM192

Snapper Point
Sand Member

I

Neva Clay

Robinson Point
Formation

6Y7n)
sandy clay, columnar structure

sandy interbed

silty sand above sharp
erosional contact

grey-green (5Y 612) clay,
columnar structure

mottles of ca¡bonate
within clay

grey-green clay,
columna¡ sfucture
sharp

fine sand overlying
gravel lens

87

5m

0m

I{ I

Quatemary sequence
near the mouth of the
A-ppeqdix 1 for detaits)
also shown.
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and Quuemary sediments exposed in coastal cliffs
luff. White sediments formirig the lower haH of the
These are o and

gravelly sediments lays
assigned to the Ng are

calcrete

soft calcareous silt
soft ca¡bonate mottles within

upper part ofclay

red-b¡own (5YR 4/8)
clay, massive

undulating, sharp contact
planar bedding within sandy intenal

massive clayey sand

isolated blocks of well bedded sand

indurated sandy intervals,
planar bedding

10m

5m

0m

Neva Clay
Member

Robinson Point
Forr

Blanche Point
Formation
(Tertiary)

gey
mottles and columnar structure

isolated gravel lenses

discontinuous bed of
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Tertiary siliceous clays
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Fig.ure 3.33- Nea¡ horizontal ba ich occur in basal sandy and gritty
sediments of the Robinson Point Port Noarlunga. The aiunite iendï
to have sharp lower boundaries ding sandy sediments bui more diffuse upper

contacts. (Lens cap is 50 mm in diameter.)

Figure 3.34 An unusually thick bed of white alunite which occurs at the base of the
Robinson Point Formation in coastal cliffs between Port Noarlunga and Witton Bluff. The
lower boundary of the alunite is sharp but irregular and includes several rounded masses

which pro.Jrude into the underþing sediments. (Hammer is 28 cm in length.)
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Figure 3.35 A sequence of interbedded s
PointFormation just south of Witton Blu

Robinson Poin
display no c

throughout the
(N) can be seen in the upper left portion of th

mt

Figure 3.36 Quaternary sediments exposed in The Amphitheatre ar Hallett Cove. White
sands of Permian age occur at the base of the sequence @) and are overlain by yellow to red
s-aldy clays and sands of the Robinson Point Forrnation (R). Sediments in upþer parts of
this unit are often mottled and a conspicuous indurated zone (F) occurs within the inottled
sediments. Reddish clays assigned

Point Formation and the sequence is c
is approximately 20 m thick' *"'lfio*n 

by the Íurow.



large red femrginous mottles

white-grey ind urated saad,
rare planar bedding

gey-geen clay, massive
with small red-brown
(7.5YR 5/6) monles

grey-geen (5Y 62) sand

discontinuous gravel beds

white unconsolidated
Permian sa¡rd
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RM357

RM356
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RM354

RM352, RM353

RM351

RM35O

233

Neva Clay
Member

Robinson Point
Formation

Sugarloaf Sand
(Permian)

calcrete layers

soft calca¡eous silt

ca¡bonate mottles within clay
sandy interbed within brown

clay, columnar stnrcture

green-grey (5Y 7 t2)
clay, massive

reÀ-greæn (2.5YR 5/6)
clay, massive

sharp, undulating contact

isolated gravel lenses 

-+
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15m

10m

clay-rich interbeds within
grey clayey sand
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RM345

RM344
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0m
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Figure 3.37: Sketch s
in The Amphitheatre

Appendix 1 for details
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^ Figure !.-38 Ae Cove
Sandstone (H) form

representing the Robi ediments
Ngaltinga

Forma

y thin indurated intervals, is

approxima 
l' The section exposed is



FIGURE 3.40: DISTRIBUTI ON
COASTLINE IN TI{E ÑôÀNIUNCA AND

WILLUNGA EMBAYMENTS

No'IE: Vertical scale l cn represents 2 m except for Sellicks Beach where 1 cm reprcsents 4 m.

See Figure 1.2 for locational infomlation
For fuñher detatr, ,rgrrar'; iiäiuiätiitìt.t see Figures 3,2, 3.5, 3.9, 3. I l, 3 1s, 3 't8,3 '22' 3 'n ' 3 '3o' 3 '32' and3 '3i
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Fine Sand 7o

Neva Clay
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Figure
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Total Sand 7o
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Group A: Snapper point Sand
Member, lower sand

Group A: Snapper
Point Sand Member,

lower sand

Group B: Snapperpoint
Sand Member, upper

clay
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Member, upper clay

Neva Clay Member-<
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&.f..4.6 Pa¡ticle size dara for Snapper
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Total Sand 7o

Coarse SandVo

Group C: Robinson Point Formation,
below mottled zone

Group B: Robinson Point Formation,
above mottledznne

Clay-rich beds within
Robinson Point Formation

Group A: Ngaltinga Formation

Clay Vo
SiltTo

Fine Sand 7o

- - Figury 4.7 Panicle size data for samples from the
Maslin Bay site summarised on a terna:ry diacram usins
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Group C: Robinson PointFormation,
below moEled zone

B: Robinson Point Formation,
above mottledznne

Clay-rich beds within
Robinson Point Formation

Group A: Ngaltinga
Formation

SiItVo + Clay Vo
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Figury 4.8- Parricle size data for samples from the

Maslin Bay site summarised on a ternari diagram using
coarse sand, fine sand and silt plus ctay ás enã-memberõ.
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Figure 4.9 Particle size data for
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^ . Figure 4-49 Particle size data for samples from the
Onkaparinga J4g site summarised on a tem^ary diagram using

coarse sand, fine sand and silt plus clay as end-rnembers.
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Figure 4.41 Scanning electron micrograph from sample RM326 (Onkaparinga Trig)
showing clays (C) forming a thick skin around large detrital quartz grains (Q). (Bar scale

represents 40¡tm.)

Figure 4.42 Scanning electron micrograph from sample RM323 (Onkaparinga Trig)
showing oriented individual clay- aggregates within the clay skin (C) surrounding a detital
qrartz grain (O. RodJike material up to 2pmin length which occr¡rs on the surface of the

quartz grain is halþsite (tI). (Bar scale represents 2pm.)
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Figure 4. micrograph from sample
showing fl up to 0.4¡rm in diameter.

noted on the assive clay and may repre te
or smectitic phases (S). (Bar scale represents 4pm.)

sample RM304 (Onkaparinga Trig)
major component. Fine-grained clays
the edges which is thought to indicate

the presence of smectitic phases (S). Very fine hair-like material protrudes from some
muscovite grains and is interpreted as authigenic clay (A). (Bar scale represents 10pm.)
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site impregnated sands near
Trig. The lower bounda¡ies

diameter.) 
iffuse' (Lens cap is 50 mm

Figure 5.3 S
within a ¡ed

ev ds of white alunito at the base oithe occur
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/l

Fisup 5.4 Lalge. mass of white alunite which occurs in sandy sediments near rhe base ofthe Robinson Point Formation south of Robinson Poirn The lower contact of the alunitewith surrounding sediment is sharp while. the. upper *"á"1is diffuse. ei"; ðànt piece is 2
cm in diameter.)

)ú.

Figure 5.5 -White alunite_(A) occurring as isolated pods and thin seams above and below aremnant of the Pliocene Hallett Cove Sandstone (Hiimmediately souttt oiitte Þort Stanvac
Oil Ref,rnery. flrens cap is 5O mm in diarnêter.)
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Figure 5._6 Thin seams and isolated nodular masses of white alunite occurring within the
Eocene South Ma^slin Sand adjacent to $_e Onkaparinga River several km upstrËam of the

river mouth. (flammer is 28 cm long.)

Fig_ure 5.7 Thin, discontinuous seams and large pods of white alunite in femrginous
mottled grey clays of Pleistocene age at Port Moorowie on Yorke Peninsula. The ñammer

_. . (28 cm long) of permian age and
Pleistocene sedim sandy clays iñrmediately
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{S.ure^S.S. lygy femrginous mottles which occur within indurated sands of the Snapper
Point Sand Member adjacent.to Chinaman 9o-Uy. Yellow marerial.óut-itrg ro-Ë moftles isjarosite. (Lens cap is 50 mm in diameter.)
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Figure 5.12 Photomicrograph of sample RM120 (P
frqctures cutting across matrix material cõnsisting of an
aluniternd halloysite. Fractures have been inf,rlled by
rich. Framework grains consist sub-rounded quarøwhich show some

embaying of edges. D*!_rp9 ge by the electron microprobe beam.
Transmined light, crossed p width of field 0.5 mm. 
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al 
ed

polars, width

. . Figure 5.15 Photomicrograph of sample
birefringence pattem charactéristic of alunite

patle- orithe le 
r¡rlv g

extinction patt-ery s is thought to be related to stress during
desiccation of the crossed"polars, width õfn"l¿ O.S _.."
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Fi_gu19 5.16 Photomicrogy¡h of sample RM167 (Port Moorowie) comprising dominantly
buff-coloured halloysite ({). Fqacturès developed through the seáimeni ¡uué'U".n frlled

with secondary halloysite (F) exhibiting a differeit birefri^ñgence palern. TransmitteA tight,
crossed polars, width of field 0.5 mm.-

ra

uul,0 u l-f
tr5-3 PEI tO tJ I I e ¿Og

-
õ.-

Tigure.5.l7 ¡am.pl.e BIq63 (port Moorowie) foltowing
-fracturing.of f a sûde is shouÀ with small rhómbohedra"
being alunite rting clay minerals (C). (Bar scale represents 1

pm.)
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sq1plg R]vI63 (Port Moorowie) showing a
chloride for 2 minutes. Alunite occurs as

rlloysite occurring as masses of thin laths. (Bar
scale represents 1 pm.)
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Moorowie) showing a
. Quarø gains remain
. (Ba¡ scale represents
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Figure 5.20 Transmission electron micrograph of sample
showing short, stubby tubes of halloysite. (Width

RM166 (Port Moorowie)
of field, 10 pm.)

\

\

\

/ /.._ \

Figure 5.21 Transmission electron micrograph of sq1_np19 RM_111 (Port Noarlunga)
showing long, slender tubes of halloysite. (Width of field, 10 pm.)
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. Figure 5.22 Transmission erectron micrograph of sample RM13gshowing a mix of halloysire rubes and smal 
",itreåraf 

.no-ts of arunite
to 1 pm in size. (Widrh of field, 10 pm.)

(Robinson Point)
which vary from 0.5
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Figure 5.23 Transmission electron m
showing clay minerals which occur within
up to 2 pm in size are irregular to rounded in

in size tend to be ofèuhedral, almost h
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Figure 5.24 Scanning electron mi-crogmp.h o.f sample-RM]42 (Onkaparinga Trig) showing
a mass of blocky, diamond-shaped alunite crystals. (Bar sèale.êpr"sãnts l "ú1¡.)- - "
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Figure 5.25 Scanning.electronrnicrograph of samplq Byqg (Seaford) showing halloysite
which occurs as matted layers of thin tubeì. Nested'wirhin rhe haút;ií";;; rhombs of

alunite. (Bar scale represents 1 pm.)
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Figure 5.29 I¡on mortled interval within the Robinson Point Formation at Hallett Cove.The mottled zone is indurated and sandy
The white sediments at the base oî the exposure are of Permian

sediments above and below this zone
age. Mottled interval

a¡e clav
while

rich.
approximately 2.5 m thick.

ls

l\
I . tr'l':ir'

¿:i ,i..'
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Figure 5.31 Fem¡ginous mottling within basal sediments of the Robinson Point
Formation at Port Noarlu-nga. Fine grey silty clays (C) near the base display numerous small
yellow-orange patches of iron which tend to e vertically oriented. Coarsei sediments above
this interval show much coüser mottling patterns which in places have a rectangular fabric.

Mottled silty clays at the base of the sequence arc approximately 2 m thick.

Figure 5.32 Fem¡ginous mottling (F) within the upper part of the Robinson Point

in
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Sg-".tt from near
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349 (Robinson Point Formation from Hallett
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Figure 5.37 Photomicro graph of sample RM264 (Robinson Point Formation from MaslinBay) showing
grains in this

partial replacement by iron oxides of clay minerals which coat most quanz
sandy sample. Transmitted light, plane polarised, width of field 1.2 mm.

Figure
Point)
apart
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Figure 5.39 Photomicrograph of sample RM41 (Snapper Point Sand Member from Ochre
Point).showing red iron all intergranular space and also
parrially replaced feldsp d light, ðrossed po-lars, width of

Figure 5.40 Photomicrograph of sample RM264 (Robinson Point Formation from Maslin
. BaÐ r!o*TÌ the clay-rich matrix
immediarely adj f yellorí goethite with a
subsequentphaseofredhematite. Transmit wiatnoffieH l.2mm.
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70 (Neva Clay Member from Snapper
oxides along margins of a fracture zone

has precipitated subsequent

1.2 mm. 
rossed polars, width of field

Figure 5.42 Photomicrograph of
Point) showing several phases o

within the yellowish goethite-clay
grains. Transmitted light, cross
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^ 
Figure 5.15 A carbonate interval within grey-geen clays of the Neva Clay Member at

Snapper Point which displays a blocky structure similar to that developed in the surrounding
clays.

Figure5.46 qd of mottled carbonate up to 2 m thick which occurs within the Neva Clay
Member at Onkaparinga Trig. -Carbonate masses a¡e va¡ia rle in size and generally have 

'
sharp contacts with surrounding clays. @en is 13 cm long.)
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Figu
Clay
displ

of the carbonate mass is sharp with the lo

Figure 5.48 A 1 m thick interval of carbonate (C)__which occurs at the boundary between
the Robinson Point and NgaltingaFormations at fuitton Bluff. rrte 

"-uo"áìãuþp"-, tó
have a platy structure at this locality.
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::?

Figure 5.49_Bed of mottled ca¡bonate (M) up to 40 cm thick which occurs immediately
above the Burnham I-imestone (B) at Port V/illunga in the basal part of the Neva Clay 

-

Member. This interval can be traced laterally for tens of metres. (Hammer is 28 cm long)



110 m

ll.5 m

ll.0 m

10.5 m
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12 = RM32l Calcite only

I I = RM405 Calcite only

l0 = RM3l9 Calcite with trace dolomite

9 = RM404 Dolomite only

8 = RM403 Dolomite only

7 = RM402 Dolomite with trace calcite

6 = RM400 Dolomite only

5 = RM399 Dolomite with trace calcite

4 = RM398 Dolomite with trace quartz

3 = RM397 Dolomite only

I = RM3l7 Dolomite only

2 = RM401 Dolomite only

ffi = Carbonate = Clay

{ie*p 5.50: Sterch ttrough g onkaparinga Trig
shgwing.qample locations and r retitiónffiwitñ
other sediments at this site. Dolomite is the m ase of the iriterval

with calcite dominant in upper parts.
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\r

O rmation from

Th in a clay matrix.
black material is

interpreted as a pore of biogenic origin. Transmitted light, plane polarised, *iãìfr of freld 1.2
mm.

q

¡' rr ìa
' ,ì r(, .?,' . 

^' .q-
," rY

(NevaClay Member from Snapper
ate which forms mottles within these

ent together with isolated patches of unaltered
_ _ _ by red iron oxides. Transmitted light, crossed

polars, width of field I.2 mm.
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Figure 5.53
(Neva Clay Me
upto4pmin

microcrysta.lline matrix. (
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;:; : i: ;ì;ìiìil ::::t::l:
Semaphore Sand

Pooraka Formation

,ìiì'i$î'ì'ì,$r

Keswick Clay

Hindmarsh Clay

BumhamLimestone

Hallett Cove
Sandstone

Daily et aI (L976)

General

:ì;i;ì;ì;ì;i;ì;iiì,ìiìiìi
Fulham/Semaphøe

Sand ^

St Kilda Formaticrr

Lipson Formaticrr

Pooraka Clay

Glanville Formation

trriìiririìiriìiI*
Bridgewater Formation

Ripon Calcrete

Keswick Clay

Hindmarsh Clay

BumhamLimestone

Hallett Cove
Sa¡rdstone

Ward (r966)

Noarlurga & Wi[unga
Embayments

Waldeila Formation

Ngankipari Sand

wii ii;.'ii'ìíw
Christies Beach

Formation

çiriririri:i:ñ,
Taringa Formatio¡r

Ngaltinga Clay

Kurrajcrrg Formation

Oche Cove
Formation

Seaford Formation

Hallett Cove
Sandstone

Firman (1966)

Adelaide Plains
Sub-Basin

\\\\\\\\\\\\'ala/t
\\\\\\ra/ftlt/

Fulha¡n/Semaphore
Sand '

St Kild¿ Formation

Lipscrr Formation

Pooraka Clay

Glanville Formation

Hindmarsh Clay

Hallett Cove
Sandstone/

Dry Creek Sands

Campana & Vy'ilson
(1953)

Sellicks Beach

Uppermottled
gravelly clay

Middlepink
coarse gravel

Lower
reddish-buff

clay

Segnit (1939)

Ochre Point

Travertine Lirnestone

Mottled green fine
sandy clay

Reddish-brown fine
sand & gravel

Mottled green &
brown fine sandv

clay

Coarse sand,
iron cemented

Howchin (1923)

General

Traverttne & Ma¡l

Recent Clay

Pleistocene Clay

LowerPliocene
calca¡eous sands and

marly limestone

Table 1.1: correration of Late cainozoic stratigraphic units fromprevious studies in easrern parts of the St viri"""t gãrt (.¡)
Oè
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Holocene Waldeila Formation

Ngankipari Sand

I¿te
Pleistocene

Christies Beach
Formation

Taringa Formation

Mid
Pleistocene

Early
Pleistocene

o
ctl

tro
fJ<

Sand
Neva Clay Member

Member

C(t
èo

(d
boz Robinson Point

Formuion

Bumham Limestone

Pliocene Hallett Cove Sandstone

Table 3.1: Late cainozoic.-r-mtigryphy proposed for the Noarlunga
and Willunga Embayments.

(Note that the time scale is tentative and provided only as a guide.)



Table 4'l xRD Peak Positions for Samples where Smectite rdentified

Sample (002) Peak

é)
(003) Peak

é)
(00a) Peak

ê)

4.45

306

Iltitic

Component

(vo)

0

20

20

5

5

5

5-10

0

20

20

20

5

10

5

5-10

?

20

20

20

20

?

20

20

0

5-10

10

5-10

10-15

Location (001) peak

ú{)

Calculated

Data

RM248

RM249

RM25O

RM294

RM295

RM296

RM299

RM3O1

RM302

RM303

RM304

RM305

RM306

RM307

RM54

RM73

RM75

RM76

RMlø
RMl05

RM391

RM392

RMl19

RM133

RM155

RM158

RM181

MB

MB

IVIB

OT

OT

OT

or
OT

0t
OT

OT

OT

OT

crl
PW

PW

PW

PW

SB

SB

CG

CG

WB

RP

OC

AR

RB

18.4

17.88

17.8

17.6

17.7

L7.9

t7.9

17.6

17.6

17.6

77.7

17.8

17.7

t7.4

19.0

18.7

19.0

L9.2

18.5

18.4

19.0

19.0

18.4

18.8

18.1

18.7

18.2

9.25

9.t3
8.9

8.99

-9.0
-8.9
8.99

9.06

9.25

-9.25
8.91

9.01

8.94

8.78

-9.6

-9.5

-9.6

-9.7
-9.5

-9.3

-9.5

-9.6
9.2

-9.4
9.17

9.3

9.23

5.87

5.87

nd

5.91

5.87

-5.8s
5.91

-5.84
5.86

5.87

nd

nd

nd

nd

nd

nd

nd

nd

-5.87
nd

nd

nd

nd

nd

nd

nd

nd

4.48

4.52

4.46

4.47

4.46

nd

nd

nd

nd

nd

nd

nd

nd

nd

nd

-4.52

-4.47

-4.52

-4.54
nd

-4.51

-4.5t
nd

-4.47
nd

4.6

nd

17.8 8.9 s.93

I solvated.

Sellicks
int,



Table 5'1: Previously reported occurrences of arunite in south australia

Author
Jack (1914)

Jack (1915)

Ward (1917)

Dickinson (1943)

King (19s3)

Crawford (1965)

V/ard (1966)

Lindsay (1970)

Callen (1976)

Lindsay & Williams (t977)

Location

C::rickalinga

Napperby

Stua¡t's Range opal field
Angepena Station

Pidinga

Yorke Peninsula - numerous

sites

Seaford

Tickera

Lake Frome

Hartley

307

Host sediment

Cambrian slates and

limestones

Shale of uncerhin age,

?P¡ecambrian

Alunite enclosed by opat

Weathered Precambrian shales

Tertiary clay

Tertiary-Quaternary clays

Pliocene sandy clay

Oligo-Miocene fossiliferous

sand

Tertiary sediments

Oligocene clayey sand



308

Table 5.2: Bulk mineralogy of samples containing alunite and/or halloysite
determined from XRD.

Sample

RM141

RM142

RM2O9

RM2lO

RM4O8

RM412

RM135

RM138

RM388

RM389

RMl20
RM149

RM126

RMI27

RM174

RM175

RM177

RM179

RM385

RM386

RMISO

RM63

RM64

RMl60
RMI65

RM166

RM167

Location
Onkaparinga Trig

Onkaparinga Trig

Onkaparinga Trig

Onkaparinga Trig

Onkaparinga Trig

Onkaparinga Trig

Seaford

Seaford

Onkaparinga River

Onkaparinga River

Port Noarlunga

Wittoh Bluff
Port Stanvac

Port Stanvac

Stanvac Railway Cutting

Stanvac Railway Cutting

Field River

Field River

Hallett Cove

Hallett C-ove

Redbanks

Port Moorowie

Port Moorowie

Port Moorowie

Port Moorowie

Port Moorowie

Port Moorowie

Mineralogy

Quartz, 7Ä,+10Å halloysite, alunite

Alunite, quartz

Quartz, 7Å hattoysite, halite, feldspar, alunite

Quartz, Z,{ hattoysite, halite, feldspar

10Å+7Å hailoysite, quartz, feldspar, halite, alunite
Alunite, quartz, halite, ZÅ halloysite, feldspar

Alunire, 10Å halloysite

Al unite, 1 0Å+ZÄ. halloysite, quartz, feldspar

Alunite, quartz, halite

Alunite, quartz, halite, clays

Quartz, 7.Å+ 10,Ä. halloysite, alunite

Alunite, quartz, clays

Alunite, qLtarrz, feldspar, 7Ä. haìloysite

Alunite, quartz, feldspar, 7,Ä. halloysite

AIunite, quartz, feldspar

Quartz, feldspar, alunite

Alunite, quartz

Alunite, quartz

AI unite, quattz, halite, 7Å halloysite, feldspar

Alunite, quartz, halite, clays

Alunite, quartz

Aluni te, quafiz, I 0.Ä,+7.Ä. halloysite

10Å halloysire, quartz

Quartz, 1 0Å+7Å halloysite, felclspar

Alunire, 10Å haüoysite

10Å halloysite, quartz, alunite

10Å halloysire, alunire

Note: Mineralogy given in order of decreasing abundance as estimated from XRD peak

intensity.
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Table 5.3: Si and Al concentrations in ammonium oxalate extractions

Sample Mineralogy Vo Si Vo |¡t

RM63

RMl2OA

RMl2OB

RMI35

RM138A

RMl42

RMl65

RMl67

alunite + halloysite

alunite + minor halþsite
minor halloysite + trace alunite

alunite + trace halloysite

alunite + halloysite

alunite

alunite + halloysite

halloysite + trace alunite

0.026

0.014

0.012

n.d.

n.d.

n.d.

0.012

0.028

0.072

0.170

0.100

0.034

0.078

0.044

0.116

0.178

Field
Test

*
*

*
*

* indicates positive field test forreactive aluminium using 0.02M NaF
n.d. indicates silica not detected in this exrract



Table 5.4: Mineraloglcal detalls for lron-rich sampres from motfled rntervars

sample Location Description Dorninant iron Goethrte peak width
mlneral (XRD) (110).peak

(a)

Goethite Al
(111) peak substitution

(Å)

Hematlte (110)

peak width
%Fe2O3 Ratlo goethlte (110)
(XRF) to hematite (tIO)

Munsell
colour

Other mlnerals
(xRD)

RM24

RÀ,125

RM28-l
RM28-2

RIvf3l

RM32-1

Rlvl32-2

Rlvß7-l
RM37-2

RM4O

RM41

RM62-l
RM62-2

RM168

RM22ON

RM22OM

RM264

RM327N

RM327M

SellicksBeach Unmottled

Sellicks Beach Mottle
SelliclsBeach Unmorded
Sellicks Beach Mottle

Mircham Mottle
Mtcham Unmottled
Mtcham MoftIe

Blackwood Yellow motle
Blackwood Red mottle
Och¡e Point Mottle
Ochre Point Mottle

PortMoorowie Unmottled
Port Moorowie Momle
Port Mocnowie Mottle
SnapperPoint Unmottled
Snapper Point Mottle
Maslin Bay Mottle

OntaparingaTrig Unmonled
Onkaparinga Trig Mottle

gæthite=hernarite 4.794

goethite=hematiæ

goethite

goethite=hernatiæ

goethite

hematite

goethite=hernatite

goethite=hernatite

hematite

hematite

hematite

hematite

hematite

K,M,qF
K,M,Q,F,H

MK'QJ
MK,r,q
K,M,Q¡
K'M'Q¡
KM'Q¡

K,Q,F

K'Q¡
K,M,Q,F

K'M'Q¡
M,K,Q,F"A,,H

Q,M,K,F

Q,HA,F,A
K,M,Q,F,H

K,M,Q,RH
K,M,Q,RH
K,M,Q,F,H

K,M,Q,F,H

4.777

4.175

4.lE

4.175

4.179

4.18

4.767

4.177

4.163

4.18

4.185

nd

nd

2.447

nd

2.437

nd

2.446

nd

2.448

2.446

None

None

2-5 mo]le%o

None

2 n'rcledp

None

None

2-6 nrcle%o

None

-8 mole9o

None

None

1.67

9.94

2.78

22.79

26.88

2.70

11.53

17.90

15.00

25.42

n37
1.73

45.64

38.71

1.04

2.82

1.1 I
2.26

0.56

7.73

1.59

0.03

o.32

0.80

0.83

<<0.1

10R 3/6

loR 4/6

7.5YR 6/8

2.5YR 4/8

10YR 6Æ

10R 3/6

10R 3/6

10R 4/6

75R2n
7.5R316

5YR 6/4

l0R 6/3

10R 4/6

0.6

0.3

0.3

0.4

0;l
0.4

0.4

0.4

0.6

0.7

0.4

0.5

0.3

0.3

0.7

0.3

0.6

0.5

1.18

,ì

0.3't

nd

nd

nd

?

0.6
0.7

0.7

0.7nd

NOTE: Peak widths in '20, measured at half height
K=kaolinite,M=mica,e=quartz,F=feldspar,H=halite,A=alunite,Ha=halroysire
nd = not detected

(^.)
l-r
O



Table 5.5: Mineralogical information for samples containing calcite and dolomite from the Neva Clay
Member and the Burnham Limestone

Sample Location Ca:Mg ratio
in dolomite

Ratio of calcite

to dolomite

311

Other

minerals

RMI

RM2

RM4

RM6

RM8

RM2I

RM23

RMITO

RM171A

RM171B

RM228

RM23O

RM231

RM243

Rl\Í244

RM246

RM5I

RM52

RM53

RMTO

RMTI

RM72

RM74

RM390

RMIlO

RM147

RM317

RM3I9

RM321

IìM191

Rt4150

Dolomite

Dolomiæ

55:45

50:50

55:45

55:45

50:50

50:50

50:50

55:45

>>25

>>25

3.0

6.4

7.8

a
Q,C,F

Q'C

Q,C,F

Q,C,F

Q,C,F

Q,C,H,F

Q,C,F

Q,C,F

Q,C

Q,C

Q,C

Q,C

Q,C,F

Q,C,F

Q,C

Q,C

Q,C,H

Q,C,H,F

Q,H

Q,H,F

Q,C,H,F

Q,C

Q,C,F

Q,H,G,C

Q,C,H

Q,C,H

Q,C,H

Q,C

o
Q,F,I{

Sellicks Beach

Sellicks Beach

Sellicks Beach

Sellicks Beach

Sellicks Beach

Sellicks Beach

Sellicks Beach

Snapper Point

Snapper Point

Snapper Point

Snapper Point

Snapper Point

Snappcr Point

Snapper Point

Snappcr Point

Snapper Point

Port Willunga

Port Willunga

Port Willunga

Port Willunga

Port Willunga

PortWillunga

Port Willunga

Chinaman Gully

Tortachilla Trìg

Onkaparinga Trig

Onkaparinga Trig

Onkaparinga Trig

Onkaparinga Trig

Onkaparinga River

Ifallett Cove

Stratigraphic
unit

BLS

BLS

BLS

BLS

BLS

BLS

CO3 above BLS

NCM

NCM

NCM

NCM

NCM

NCM

CO3 above BLS

CO3 above BLS

BLS

BLS

CO3 above RLS

CO3 above BLS

CO3 above BLS

CO3 abovc BLS

CO3 above RLS

BLS

BLS

BLS

NCM

NCM

NCM

NCM

NCM

CO3 mottles.

BLS?

Calcite Dolomite
d(104) d(104)

tÅl (Å)

3.030 2.897

3.029 2.898

3.032 2.909

3.030 2.903

3.034 2.906

3.030 None

None 2.897

3.027 2.905

3.027 2.906

3.033 2.907

None 2.894

3.031 2,909

3.034 2.909

None 2.909

3.024 2.900

3.025 2.903

3.030 None

None 2.909

None 2.903

None 2.900

None 2.903

None 2.908

3.030 None

3.032 None

3.026 None

None 2.896

None 2900
3.031 2.906

3.025 None

3.030 2.886

Nonc 2.891

Dolomiæ

50:50

55:45

55:45

Dolomite

55:45

55:45

55:45

50:50

50:50

0.5

0.5

2.0

Dolomite

50:50

55:45

Dolomite

Dolomite

t.2
>>25

<<0.1

0.3

>>25

>>25

NOTE:Tor pure calcite d(104) = 3.035Å and pure dolomíre d(104) = 2.8g6Å.
Expectcd Ca:Mg rario in dolomite is 5l:49.
Q - Quartz, C = Clay minerals, F = Feldspar, H = Halite, G = Goethite.
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Table 6-1 Summary of Clay Minerals Identified in Soils from the Adelaide
Region

(after Norrish & Pickering L9g3)

Area

Barossa Valley (23 soils)

Adelaide Plains and Lower

North (55 soils)

Mtlofty Ranges and

Fleurieu Peninsula (31 soils)

Major Componen ts (>20Vo)

Illite, Kaolin, RIM
Illite, Kaolin, RIM,

Smectite (1 soil)

Illite, Kaolin, RIM (9 soils),

Chlorite (l soil)

Minor Components

V, RIM, T, K, FVGO, I
K, FlGo, c, v

RIM, FVGo, Vi, G, T

Note that certain clay nrinerals (e,g lili¡s, RIM) occur as major components in some soils but
as minor components in other soils from the same a¡ea.

SIú_ : Randomly interstratif,red clays
V = Vermiculite
T = Talc
K = Kaolinite
WGo = Hematire and/or goethite
I = Illite
C = Chlorite
Vi = Chloritised vermiculite
G = Gibbsite
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APPENDIX 1.: DETAILS OF SAMPLES COLLECTED

Sellicks Beach. 1.05 km south of boat ramp
RMl BLS
RM2 BLS

Ochre Cove
RM3 BPM

Description

Soft, white calcareous sediment
Hard, white calcareous sediment

White to green, porous and silicified clay

White füable limestone with orange mottting

Grey-black non-calca¡eou s clay
White friable limestone, fossiliferous
Black clay
Ha¡dwhite limestone
Black clay with inclusions of white carbonate
Orange-grey sand
White limestone

Black-grey clay above Burnham Limestone

above Burnham Limestone

clay above gravel layer
clay below gravel layer

Sandy orange-grey ciay below gravel layer

clay
clay with orange motties and small carbonate pods
grey clay with minor black inclusions
te limestone

Red-grey clay with sand and grit-sized clasts above gravel layer

Location Sample
number

Stratigraphic
unit

Height above
datum

RM4

Rtvt5
RM6
RM7
RM8
RM9
RMlO
RMl1

RM13
RM14
RM15
RM16

BLS 1.5 m above
Tertiary

2.9 m
0.75 m
1.3 m

RPF
BLS
RPF
BLS
RPF
RPF
BLS

RPF
RPF
RPF
RPF

RPF
RPF
RPF
BLS
RPF

2.5 m
1.7 m
2.7 m
2.0 m

RM12 RPF 2.2m above
Tertiary
2.0 m
1.2 m
0.6 m
0.3 m

RM17 RPF 1.45 m above
BLS
1.1 m
0.75 m
0.1 m
0m
1.6 m

RM18
RM19
RM2O
RM21
RM22

(¡)
lr
C^)



RM21
RM25

RPF

RPF
RPF

RM27

RPF

RPF

1 RPF

RPF
NF

Mtcham Ouarry. gogqh west of Old Belair RoadRM3O HC
RM31 HC
RM32-1 HC
RM32-2 HC

RM33 NF
Ochre Cove. adjacent to l-enna¡d Drive

RM34 RPF
RM35 NF
RM36 RPF

'White clay immediately above gravel layer

þite-grey sandy clay within iron mottled interval
Brightred sandy clayfrom iron-rich mottle

white-grey sandy clay from orange-coroured broadly mottled interval

7.7 mabove
BLS
3.5 m
3.5 m

4 m above
BLS
11.0 m clayey sand from or¿ìnge mottled interval

5 m below top White-grey gravelly and sandy clay from within iron mottled interval
of cliff
3.5 m
2.0 m

Hard red mottled sandy clay
Grey-green clay with ðan¿ 

-an¿ 
gravel-sized clasts, minor orange mottling

Ochre Point

RM37-1
RNI37-2
RM38

RM39
RM4O
RM41
RM42
RM43

Tertiary?
Tertiary?
Tertiary?

RPF
SPSM
SPSM
HCSS
NCM

from iron mottled zone

Green friable clay

ts from base of NF

-1
upper surface of Tertiary sediments

Red and yellow mottled sandstone
ns
40

overlying bedrock
cattered sand-sized clasts

(,
l-¡è



RM44 SPSM
RM45-1 SPSM
RM45-2 SPSM
RM46 NCM

PortWillunga. cliffs immediately south of kiosk
RM47 SPSM
RM48 SPSM
RM49 SPSM
RM5O SPSM
RM51 BLS
RM52 NCM
RM53 NC}I
RM54 NCM

Bradbury. (Max Bradbury's quarr,v)
RM55 Precambrian
RM56 Precambrian

Port Julia. Yorke Peninsula. opposite jetty
RM57 QuaternaryRM58 QuaternaryRM59 QuaternaryRM60 QuaternaryRM61 Quaternary

Port Moorowie. Yorke Peninsula. 100 m east of boat ramp
RM62-1 QuaternaryRM62-2 QuaternaryRM63 QuaternaryRM64 QuaternaryRM65 QuaternaryRM66 Quaternary

Port Moorowie. Yo¡ke Peninsula. adjacent to boat ramp
RM67 QuaternaryRM68 Quaternary

Seaford. 500 m north of Moana boat ramp
RM69 RPF

Red-green sandy clay between RM41 and overlþg calcrete
Red-brown clay immediately below calcrete
White ca¡bonate mottle surrounded by red-brown clay
Green-grey clay immediately above RPF

Hard calca¡eous nodules in green clay below calcrete, 30 m south of kiosk
Calca¡eous clay immediately below calcrete,200 m south of kiosk
Carbonate pod in Fey-green clay below calcrete, 240msouth of kiosk
Ca¡bonate mottle 10 cm above RM49
Ha¡d nodular cream limestone, 35 m south of kiosk
Softrubbly ca¡bonate 20 cm above BLS within green clay, above RM51
Equivalent to RM52, but sampled 2mto the norttr
Green clay immediately below RM53 but above BLS

Soft white weathered shale from base of quarry face,'WoolshedFlat Shate
Soft white weathered shale, minor iron staininç,2y¡l above RM55

Reddish sandy clay from base of cliffs
Light b¡own sandy, calcareous sediment 40 cm below lower calcrete
Ha¡d white calcrete
Light brown calca¡eous sand 60 cm below upper calcrete
Ha¡d nodular calcrete

Grey sandy clay immediately above mottled Pennian sedimens
Red mottle adjacent to RM62-1
Grey clay, columna¡ stn¡cture, mottled, immediately below halloysite layer
White halloysite from thin upper bed within brown clay
Brown sandy clay benveen halloysite layers and calcrete
Carbonate nodules in brown silt at base of calcrete

Brown sandy clay from just below calcrete
Nodules of carbonate within brown silt at base of calcrete

White alunite from narrow band in sand at base of cliffs
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Port Willunga.40 m south of kiosk
RMTO NCI\{

RM71
RM72
RM73
RM74
RM75
RM76
RM77
RM78
RM79
RMSO
RM81
RM82
RM83
RM84
RM85

RM87
RM88S
RM88M
RM89
RM9O
RM91
RM92
RM93
RM94
RM95
RM96
RM97

NC\{
BLS
NCM
BLS
BLS
BLS
NCN{
NCNf
NCNf
NCNf
SPSM
SPSM
SPSM
SPSM
SPSM

15.65 m below
cliff top
15.70 m
15.85 m
15.80 m
15.90 m
16.50 m
16.70 m
15.40 m
13.30 m
10.40 m
9.80 m
8.60 m
8.40 m
6.40 m
4.00 m
3.80 m

0.2mabove
base of section

Thin white friable carbonate layer above BLS, ha¡d skin

Soft white ca¡bonate from centre of layer within clays above BLS
Soft carbonate mixed with green clay, minor manganese coating
Green clay benveen BLS and ov ate layer
Rubbly carbonate mixed with of BLS
Crreen sandy clay filling hollo
Green sand and nodules of carbonate from within BLS

mottles

Red mottled grey-green sandy clay from base of exposure

Large red vertical mottle adjacent to RM86
White sand from patch within mottled sandy clay, 0.5 m above RM86
Red mottle with yellow alteration on margins, adjacent to RM88S
Red and yellow mottled white sand from top of sandy unit
Grey-green clayey sand with broad orange-yellow mottles
Soft white carbonate from base of 0.3 m thick carbonate layer
Grey-green sandy clay from contact with overlþg carbonáte
Green-grey clay immediately above carbonate, minor ca¡bonate nodules
Top surface of carbonate, white rubbly material
Ha¡dened clast of carbonate 10 cm diameter
Orange mottled clayey sand, minor ca¡bonate nodules
Non calcareous orange sand just below main calcrete interval

NF
NF
NF
NF
NF
NF
NF
NF
NF
NF
NF
NF

0.2
0.t
0.7
1.1
2.1
3.0
2.9
3.4
3.3
3.3
4.3
5.3

m
m
m
m
m
m
m
m
m
m
m
m
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RM98

RM99
RMlOO
RMlO1
RM102
RM103
RM104
RM105
RM106

0.1 m above
Teniary
0.4 m
0.65 m
1.05 m
2.0 m
2.2 m
2.6 m
2.9 m
3.0 m

RPF Grey to dark brown clay

mottles
ttles

atches, immediatelY below BLS
s clasts, 10 cm above BLS

ge mottles
ite laminations of sand

of soft white carbonate
sized clasts

Thin bed of soft white alunite 1.2 mabove BLS
Black manganese staining sandq 1 m above BLS
Yellow-brown to white clayey limestone
White, shelly sand
Green fossiliferous claY

atelY above Precamb'rian rocks
sandY unit

RMl14
top of sandy unit
zone above sandy unit

clay unit

Green clay below alunite intervat and above Tertiary sediments

White alunite from hard thin bed
Grev sandv alunite from same thin bed as RM120A
Sofíwhite alunite from layer 15 cm above RM120

Soft white siliceous material
Green clay s

Green clay
Hard fossil

RPF
RPF
RPF
RPF
RPF
RPF
RPF
RPF

TortachillaTrig
RM1O8 RPF
RM1O9 RPF
RMllO BLS
RMlll HCSS
RM112 TLS

Railway cutting. immediatel)' sor{Eof o'sullivan Beach Road
RM113 RPF
RM114 RPF
RM115 RPF
RM116 RPF
RM117 NF
RM118 NF

Port Noarlunga. 150 m north of jettl
RM119 RPF?
RM12OA RPF
RMl2OB RPF
RM121 RPF

Christies Beach. south end of beach
RM122 BPM
RM123 BPM
RM124 BPM
RM125 BPM

(¡)
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RMI41A RPF
RM141B RPF
RM142 RPF
RM143 RPF
RM144 RPF
RM145 RPF
RM146 RPF
RM147 NCM
RM148 SPSM

Witton Bluff
RM149 RPF

Hallett Cove. imgrgrdia!4y east of The Sugarloaf
RM15O BLS
RM151 NF

soft white alunite immediately below hard calcareous sandstone of HCSS
soft white atunite forming roúnd pods immediately àÍóuè Ècss

ga Formation
Formation

calcrete

!*9y c-lay {rom base of cliffs, jusr above alunite interval
Red and yellow mottled sand from centre of RpF

ow andpink coloured sand
ary limestone, base of cliffs

ately below alunite interval

mÍ#
white ca¡bonate forming verticar -*f$é3oåäïå"ilüTst 

below calcrete

ately above Tertiary
as RM14lA
solutional hollow in Tertiary
,0.5 m above RM142

BPM and below alunite beds

Yellow-dark brown iqdurated r-o no.ohtolt#åt""rr" intenral
Soft white carbonare from 10 cm inrerval wit¡,in g*"n ¿Ëtì
ve'rtical carbonate mottle within sandy clay immediatety uéiow calcrete

White alunite from thin band within upper sands of RpF

white ca¡bonate from 15cm band wi rin grey sandy clay 70cm above Hcss
Brown clay from immediately below calcrete

RM127
HCSS
HCSS

RM128 NCM
RM129 SPSM
RM13O SPSM
RM131 SPSM
RM132 SPSM

Robinson Point. just north of the point
RM133 RPF
RM134 RPF
RM135 RPF
RM136 RPF
RM137 RPF
RM138A RPF
RM138B RPF
RM139 SPSM
RM14O SPSM
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Witton Bluff
RM152 NF
RM153 NF
RM154 NF

Ochre Cove. adjacent to lænnard Drive
RM155 BPM
RM156 BPM

RM157 QuaternaryRM158 QuaternaryRM159 Quaternary

RM160 QuaternaryRM161 QuaternaryRM162 QuaternaryRM163 Quaternary

RM166 QuaternaryRM167 QuarernaryRM168 Quaternary
Aldinga Beach. 150 m north of ca¡ park

RM169 NF
Snapper Point. 400 m south of point

RM17O NCM
RM171 NCM
RM172 SPSM
RM173 SPSM

Stanvac railway cutting. 600 m south of Field River
RM174 SPSM
RM175 P

Coastal cliffs. 1 krn south of mouth of Field River
RM176 HCS S

RM177 RPF

at base of red-brown clay 2.5 m below cliff-top
within red-brown clay 50 cm above RM152
ediately above RM153

$"gn rytskled glay iqrmediately below sand and alunite of Quaternary
White siliceous fossiliferous sedimenr from immediately below RM155

mottles

beiow calc¡ete
e RM161

Green clay sampled 90 cm above RM163

White nodular alunite from basal band of alunite interval
waxy nodule from upper white band of alunite interval 30 cm above RM165
Soft waxy mate¡ial from central band ben¡¡een RM165 and RM166
Hard red mottle within sandy clays just above Permian sediments

Thin 30 cm layer of white carbonate in green-brown clay

White ca¡bonate from 2 m interval within clays halfway up cliffs
Soft white carbonate 50 crn above RM170
Ha¡d white-buff sand from c¡oss-bedded lens 2.5 m above RM171
Uncemented white sand from adjacent to RM172

White pods of alunite within brown sandy clay just below calcrete
Well-bedded grey clay, Fe-mottled. Probable Permian sediments

Calcareous gravelly sandstone, femrginous below Quaternary sediments
Off-white alunite from thin bed just above RM176

(¡)
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RM178 RPF Softerwhite alunite from thin bed2m south of RM177RM179 RPF Hard white alunite with gravel clasts 1 m south of RM178
sln

RMlq0 Quaternary White alunite within grey-yellow sand 0.5 m above Tertiary? limestoneRM181 Quatemary Chocolate brown clay bétween RM180 and underlying limestone
en sandy clay firm small pockets interbedded? with limestone

RM183 Quaternary Grey clay from immediately below Pooraka Formation. Hindma¡sh Clay?

RM184 SPSM

RM185 SPSM
RM186 SPSM
RM187 SPSM
RM188 SPSM
RM189 SPSM
RM19O NCM
RM191 NCM
RM192 NCM

Ochre Point
RM193 HCSS

Snapper Point. 400 m south of point
RM194 HCSS

V/itton Bluff
RM195 BPM
RM196 RPF

6.5 m above
RPF
6.0 m
5.5 m
5.0 m
6.7 m
4.2 m
3.5 m
2.5 m
0.2 m

Brown clay immediately below calcrete, rare nodules of ca¡bonate

Brown clay with manganese staining
Mottled grey sandy clay. Monles red-brown coloured
Mottled grey sand from laterally extensive thin lens
Vertical white carbonate mottle adjacent to brown clay of RM184
White-grey silty sand with numerous tubular bur¡ow? structues
Green-grey clay, columnar structure, slickensides, rare red mottles
White carbonate f¡om 4O cm interval within clays
Grey sandy ciay with small red and yeilow mottles

Femrginous sand from interval containing fossiliferous conglomerate

Preserved roots (calcifred) on upper surface of HCSS, on shore plaform

Possible presewed (silicified) root on uppü surface of BPM
Pink sand from within alunite interval at base of RPF

RMl97
RM198
RM199
RM2OO
RM2Ol
RM202

RPF
NCM
NCM
SPSM
SPSM
SPSM

Yellow-red sandy and gravelly sediment
Grey-green clay, 1 m above RPF
Grey-green clay between carbonate and SPSM. Equivalent to RM190
Grey silty sand. Equivalent to RM189
Grey sand. Equivalent to RMl87
Red-brown clay. Equivalent to RM185

Grey fine silty sand just above alunite intewal. Equivalent to RM293
Green clay from adjacent to ca¡bonate interval. Equivalent to RM322

RM2O3 RPF
RM2O4 NCM
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RM2O5 RPF Laminated yellow, pink and white sandfrom just below alunite interval

Soft mottled carbonate from upper part of probable BLS
Simila¡ white mottled carbonate 150 m further south

Tortachilla Tris
RM2O6 BLS
RM2O7 BLS

RM2O8 RPF
RM2O9 RPF
RM21O RPF

Snapoer Point. 400 m south of point
RM211 SPSM Calcareous brown sandy clay

Soft white carbonate motrle adjacent to RM211
Sandy green clay
Hard white pod of carbonate within clay of RM213
Green clay slightly sandy, minor sm mottles
Green orange-red mottles
Green
Green
Green sand with red mottles
Green sandy clay with some red mottles
Horizontally bedded buff sand with some small orange mortles
White sand, red-orange mottles
White sand with broad pink-red mottles
Green clay with rare sm¡ll yellow-orange mottles
Green clay with small orange mottles
Dark green clay, massive
Green clay, small orange mottles and manganese staining
Green clay with rare small orange mottles
Blotches of soft white carbonate associated with clay, top of ca¡bonate zone
Green clay with small orange mottles within carbonate zone
Large mottles of soft white carbonate in green clay
Çneen clay with small orange mottles and manganese staining
small blotches and mottles of soft white carbonate, base of c¿rbonate zone
Green clay,
Green clay, tles
Green clay

RM212
RM213
RM214
RM215
RM216
RM217
RM218
RM219
RM220
RM221
RNT222
RNT223
RNI224
RM225
RNt226
R\n27
RM228A
RM228B
R\n29
RM23O
RM231A
RM231B
RNT232
RM233
RM234

SPSM
SPSM
SPSM
SPSM
SPSM
SPSM
SPSM
SPSM
SPSM
SPSM
SPSM
SPSM
NCM
NCM
NCM
NCM
NCM
NCM
NCM
NCM
NCM
NCM
NCM
NCM
NCM

14.1 m above
BLS
14.1 m
13.6 m
13.6 m
13.1 m
12.6 m
12.35 m
12.1 m
11.6 m
11.1 m
10.6 m
10.1 m
9.6 m
9.1 m
8.6 m
8.1 m
7.6 m
7.1 m
7.1 m
6.6 m
6.1 m
5.6 m
5.6 m
5.1 m
4.6 m
4.1 m

(¡)
f\)
lr



RM235 NCM
RM236 NCM
RM237 NCM
RM238 NCM
RM239 NCM
RM2¿m NCM
Rlv211 NCM
PNI242 NCM
RM243 NCM
RM244 NCM
RM215 NCM
RM2T6 BLS

Maslin Bav. 200 m no'rth of toilet block
RM247 BLS

3.6 m
3.1 m
2.6 m
2.1m
1.6 m
1.1 m
0.7 m

Green clay with small orange mottles
Green clay with small orange mottles
Green clay with small orange mottles
Green clay with small orange mottles
Green clay with small orange mottles
Green clay wittr small orange mottles and some manganese stainþB
Green clay with smatt orange mottles and some manganese staining
Green clay with small red-6rown mottles and manganese staining
White ca¡bonate from small vertical mottle within clays
Hard carbonate mottle from adjacent to RM2z13
Green clay with small red-brown mottles
Soft ca¡bónate from rubbly BLS, 0.2 m below RM245

White-green sand interbedded with orange sand
White-yellow-oran ge clayey sand
Yellow-green sandy clay wittr extensive mangangse stainin g

Yellow-green sandy clay with rare interbeds of p-ink-red clay
Small 20 cm pocket of white sand within RM253
Yellow-green and pink-red sand to sandy clay
Pink-red sandy clay
10 cm layer sediment wi
Grey sandy 10 cm band
Grey sandy forming thin
Grey-white sandy clay with small red mottles
Grey-white sand with small red monles
Grey-white clayey sand with red mottles
Grey-white clayey sand with red mottles
Sofi grey-whité sandy clay with large hard red vertical mottles
White clayey sand
krge indiráted red sandy mottle from adjacent to RM263
Indurated white sand
White sand from upper part of indurated interval
Soft white sandy clay
Grey-white clayey sand

0.4 m
0.2 m
0.2 m
0.0 m

0.0 m above top White carbonate forming large mottles within yellow-orange sand

RM248
RM249
RM25O
RM251
RM252
RM253
RM254
RM255
RM256
RM257
RM258
RM259
RM260
RM261
RM262
RM263
RM264
RM265
RM266
RM267
RM268

RPF
RPF
RPF
RPF
RPF
RPF
RPF
RPF
RPF
RPF
RPF
RPF
RPF
RPF
RPF
RPF
RPF
RPF
RPF
RPF
RPF

ofBLS
0.35 m
0.7 m
1.0 m
1.4 m
1.8 m
1.8 m
2.3 m
2.7 m
3.0 m
3.5 m
4.0 m
4.5 m
5.0 m
5.5 m
6.0 m
6.5 m
6.5 m
7.0 m
7.4 m
8.0 m
8.5 m
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RPF
RPF
RPF
RPF
RPF
RPF
RPF
RPF
RPF
NF
NF
NF
NF
NF
NF
NF
NF
NF
NF
NF
NF
NF

Onkaoaringa Trig. 2(Ð m south of trig point
RM291 RPF

Grey-white sand
Grey-white sand
Grey-white sand
Grey-white sand with small red mottles
Grey-white sandy clay
Grey-white sandy clay from 0.7 m clay-rich bed, minor red-brown mottling
Grey-white clay from same intervat as RM274
Grey-white clayey sand, minorred mottles
Grey-white clayey sand, minor yellow-red mottles
Green clay with some yellow-orange mottles
Green clay, minor red mottling
Green clay
Green clay
Green clay
Green clay with ra¡e red mottles
Green clay with rare red mottles
Green clay with red and ora¡ge mottles
Green clay with some small yellow orange mottles
Green clay with rare orange mottles and minor manganese staining
Green clay with ra¡e small white ca¡bonate blotches
Dark green clay with rare white carbonate mottles penetrating ciay
Brown clay with numerous small mottles and blotches of white ca¡bonate

Pink-orange sand from top of alunite-rich interval

Yellow sand
Green sandy clay with minor orange mottles
Grey-green clay with small red mottles
Grey clay with small yellow-orange mottles, evidence of bionrbation
Grey sandy clay, small yellow-orange mottles, bioturbated, palaeosol
Oriented sample of palaeosol for thin section studies
Red gritty sand
Grey silty clay with small yellow-orange mottles, palaeosol
Closs-bedded red grits and gravels
Red-grey clay
Grey-yellow silty clay, mottled yellow-orange, bioturbated, palaeosol

RM269
RM27O
RM271
PNf272
RM273
RNT274
RM275
RM276
RM277
RM278
RM279
RM28O
RM281
RM282
RM283
RM284
RM285
RM286
RM287
RM288
RM289
RM290

RNT292
RM293
RM294
RM295
RM296
RM297
RM298
RM299
RM3OO
RM3O1
RM302

9.0 m
9.5 m
10.0 m
10.5 m
11.0 m
11.5 m
11.9 m
L2.4 m
L2.9 m
13.5 m
14.0 m
14.5 m
15.0 m
15.5 m
16.0 m
16.5 m
17.0 m
17.5 m
18.0 m
18.5 m
19.5 m
20.5 m

RPF
RPF
RPF
RPF
RPF
RPF
RPF
RPF
RPF
RPF
RPF

1.6 m
1.8 m
2.0 m
2.0 m

0.8 m above
Tertiary seds
1.0 m
1.4 m

2.3 m
2.45 m
2.65 m
2.9 m
3.15 m
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RM3O3
RM304
RM305
RM306
RM307
RM3O8
RM309
RM3lO
RM311
RM312
RM313
RM314
RM315
RM316
RM317
RM318
RM319
RM320
RM321
RM322
RM323
RM324
RM325
RM326
RM327
RM328
RM329
RM33O
RM331
RM332
RM333
RM334
RM335
RM336
RM337

RPF
RPF
RPF
RPF
RPF
NCM
NCM
NCM
NCM
NCM
NCM
NCM
NCM
NCM
NCM
NCN4
NCM
NCM
NCM
NCM
NCM
NCM
NCM
SPSM
SPSM
SPSM
SPSM
SPSM
SPSM
SPSM
SPSM
SPSM
SPSM
SPSM
SPSM

3.8 m
4.3 m
4.8 m
5.3 m
5.8 m
6.7 m
7.2 m
7.7 m
8.2 m
8.7 m

Grey silty clay, minor red and yellow mottles

s

S

mottles
red mottles

s

onate, base of carbonate interval
nt to RM316

Dark green clay with small carbonate blotches, mino-r manganese staining

Soft wtrite ca¡bonate fomring mottles within green clay
Green clay with numerous small carbonate blotches
Soft whité carbonate adjacent to RM320
Green clay from immediately above carbonate-rich intenral
Green clay
Green clay
Green clay
Grey-white silty sand
White sand with yellow-orange mottles

es

ottling. 
.

ese stammg
Chocolate-red sandy clay
Chocolate-red sandy clay
Red sandy clay, rare carbonate inclusions
Red calcareous sandy clay
Red calcareous sandy clay with small white carbonate mottles

9.2 m
9.7 m
10.2 m
10.5 m
10.5 m
11.0 m
11.5 m
12.0 m
12.0 m
I2.5 m
13.0 m
13.5 m
14.0 m
14.3 m
14.8 m
15.3 m
15.8 m
16.3 m
16.8 m
17.3 m
17.8 m
18.3 m
18.8 m
19.3 m
19.8 m
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Hallett Cove. along gully 25 m north east of Sugarloaf
RM338 RPF 0.0 m above

HCSS
0.5 m

Green-yellow sand immediately above isolated remnant of HCSS

Green sand from thin gravel layer
Green-yellow clay with minor orange mottles
Green clay with minor small orange mottles
Green clay with minor small orange mottles
Green clay with small red and orange mottles
Green clay with small red and orange mottles
Green clay with larger red mottles
Green silty clay with large red mottles
Crrey sandy clay with red mottles
White indurated sand
I*rge indurated red mottle from adjacent to RM348
Indurated white sand
Indurated white sand
Indurated white sand
hrge indurated red mottle from adjacent to RM352
Indurated white sand
Indurated white sand
Soft white sand with large soft red mottles
Grey sand with small red mottles
Grey sand with small red mottles
Grey clayey sand with small red monles
Grey clayey sand with small red mottles
Grey sand with small red-b¡own mottles
Grey sand with small red-brown moftles just below small gravel lens
Grey sand with minor small red-brown mottles
Green clay with minor small red mottles
Green clay with minor small red mottles
Green to red clay
Green clay with small red mottles
Green clay with small red mottles
Green clay with small red mottles
Green clay with small red mottles

RM339
RM340
RM341
RM342
RM343
RM344
RM345
RM346
RM347
RM348
RM349
RM350
RM351
RM352
RM353
RM354
RM355
RM356
RM357
RM358
RM359
RM360
RM361
RM362
RM363
RM364
RM365
RM366
RM367
RM368
RM369
RM37O

RPF
RPF
RPF
RPF
RPF
RPF
RPF
RPF
RPF
RPF
RPF
RPF
RPF
RPF
RPF
RPF
RPF
RPF
RPF
RPF
RPF
RPF
RPF
RPF
RPF
NF
NF
NF
NF
NF
NF
NF

9.0 m
9.5 m
10.0 m
10.5 m
11.0 m
11.5 m
12.0 m
I2.5 m
13.0 m
13.5 m
14.0 m
14.5 m
15.0 m

1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5
5.0
5.0
5.5
6.0
6.5
6.5
7.0
7.5
8.0
8.5

m
m
m
m
m
m
m
m
m
m
m
m
m
m
m
m
m
m
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RM371 NF
RM372 NF
RM373 NF
RM374 NF
RM375 NF
RM376 NF
RM377 NF
RM378 NF
RM379 NF

Hallett Cove. adjacent to The Amphitheatre
RM385 RPF
RM386 RPF
RM387 RPF

15.5 m
16.0 m
16.5 m
17.0 m
17.5 m
18.0 m
18.5 m
19.0 m
19.5 m

Green clay with small ¡ed mottles
Green clay with small red mottles
Green clay with small red mottles
Green clay with small red mottles
Green clay with rare small red mottles
Green clay with minor small ¡ed mottles
Green clay with minor small red mottles
Green clay with rare orange-red mottles
Brown-grêen sandy clay with minor small white carbonate inclusions

Soft white alunite from base of RPF, south end of Amphitheatre
White alunite from thin band at base of RPF, north end of Amphitheatre
Hard sandy white alunite from 0.5 m above RM386

RM388 NMS
RM389 NMS

Chinaman Gully. exposure immediately south of gully-Rlvi390 BLS whi
RM391 NCM
RM392 NCM Gre
RM393 SPSM Pale

Blanche Point. immediatel], south of point
Yellow-green clay from about 3 m above BLS

RM395 NF Green cñy with minorred mottles about 3 m below overlying calcrete

white ca¡bonate f¡om small 3 cm thick pod
of carbonate

RM398 NCM 0.25 m Soft white carbonate f¡om 6 cm by 10 cm mottle
RM399 NCM 0.3 m Soft white carbonate from base of large 10 cm thick by 40 cm wide mottle
RM400 NCM 0.4 m Soft white carbonate from top of same mottle as RM399
RM401 NCM 0.05 m Soft white carbonate from 5 crn thick elongate mottle
RM402 NCM 0.65 m Soft white carbonate from base of 25 cm thick by 15 cm wide mottle
RM403 NCM 0.7 m Soft white carbonate from same mottle as RM402
RM404 NCM 0.85 m Soft white ca¡bonate from top of same mottle as RM402 and RM4O3

RM405 NCM 1.05 m Indurated clast of carbonate iurounded by softer white material
RM406 NCM 0.25 m Green clay forming small pod within carbonate mottle

Small round pod of alunite in roadside cutting
Long thin beð of soft white alunite adjacent to RM388
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RM407 RPF 0.3 mabove, Induratedclastof limestonewithinyellow-greenclay
Tertiary PWF

RM408 RPF 0.6 m Base of waxy pod of halloysite 16 cm by 24 cm within yellow-pink sand
RM409 RPF 0.7 m Upper portion of same pod as RM408
RM410 RPF 1.0 m Thin band of white alunite/halloysite within tough pink-red clayey fine sand
RM411 RPF 0.75 m White alunite from 25 cm long pod 3 cm thick in yellow-pink clayey sand,

50 cm south of RM408
RM412 RPF 0.65 m Soft white alunite f¡om 7 cm by 3 cm pod immediately below RM411

NOTE: RM107 collected in NSW and not related to present study
RM380 to RM384 collected in NSW and not related to present study
RM396 collected in Adelaide Hills but not related to present study

SPSM = Snapper Point Sand Member
NCM = Neva Clay Member
NF = Ngaltinga Formation
RPF = Robinson Point Formation
HC = Hindmarsh Clay
BLS = Burnham Limestone
HCSS = Hallett Cove Sandstone
PWF = Port V/illunga Formation
BPM = Blanche Point Ma¡ls
TLS = Tortachilla Limestone
NMS = North Maslin Sand
P = Permian
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APPENDIX 2: PARTICLE SIZE DATA

Snapper Point

Sample Height Crse Sand Fine Sand
(m) (7o) (%)

RM215

RM216

RM217

RM218

RM2T9

RM22O

R'¡/d22I

Rlvt222

RM223

R'Ì¡d224

RM225

RM226

P.l/{227

RM228A

RìiI229
RM231

RM232
RM233

RM234

RM235

RM236

Rl,4237

RM238

RM239

RM24O

RM241

R.}{242

RM245

13.1

12.6

12.35

12.t

11.6

I1.1

10.6

10.1

9.6

9.1

8.6

8.1

7.6

7.r
6.6

5.6

5.r
4.6

4.1

3.6

3.1

2.6

2.1

1.6

1.1

0.7

0.4

0

14.5

18.9

23.6

36.8

26.7

23.6

33.3

26.0

3r.9
3.0

1.2

2.t
0.8

0.4

0.4

0.8

0.7

0.6

0.5

0.7

0.5

0.8

0.7

0.7

0.4

0.4

0.3

1.5

18.7

20.3

23.0

28.9

23.9

22.5

37.4

47.3

36.2

5.7

4.8

2.5

2.4

1.2

1.7

2.8

2.5

2.6

2.3

3.2

2.1

2.7

2.6

2.8

r.9
2.0

0.9

6.9

S¡It
(%)

17.6

r5.8

t4.t
9.2

1r.5

t4.2
10.5

7.2

7.1

23.6

2t.5
21.9

2t.r
18.5

20.6

2r.2
24.7

2r.2
20.7

28.4

20.6

21.2

21.6

21.2

20.4

20.5

19.8

18.8

sitt
(vo)

19.6

15.4

16.2

8.0

1.1

9.7

t2.l
17.2

r3.8

Clay
(v.)

49.2

45.0

39.3

25.2

37.9

39.7

18.8

19.5

24.8

67.7

72.5

73.5
't5.7

80.0

71.3

75.2

72.r

15.6

76.5

67.7

16.8

75.3

75.2

75.2

77.2

77.r

79.0
'12.8

Clay
(vo)

28.7

40.0

20.0

48.9

4.0

15.5

50.9

30.0

25.0

Cs/Fs

0.78

0.93

1.02

r.27

t.t2
1.05

0.89

0.55

0.88

0.53

0.25

0.83

0.33

0.30

0.23

0.28

0.26

0.23

0.23

0.22

0.23

0.29

0.28

0.26

0.23

0.19

0.30

0.22

Cs/Fs

0.62

0.76

0.65

0.76

3.23

0.26

0.9r
1.86

0.5r

Maslin Bay

Sample Height
(m)

Crse Sand Fine Sand
(vo) (7o)

RM248

RM249

RM25O

RM25I
R.I0{t252

RM253

RM254
RM255

RM256

0.35

0.7

1

t.4
1.8

1.8

2.3

2.7

3

t9.9

19.2

25.1

18.6

72.5

r5.5

17.6

34.3

20.7

31.9

25.4

38.7

24.5

22.4

59.4

19.4

18.5

40.6
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Sample Height

(m)

3.5

4

4.5

5

5.5

6

6.5

7

7.4

8

8.5

9

9.5

10

10.5

11

11.5

11.9

12.4

12.9

13.5

t4
14.5

15

15.5

16

16.5

t7
17.5

18

18.5

19.5

20.5

RM257

RM258

RM259
RM260

RM26T

R'I[/f262

RM263

RM265

RM266

RM267

RM268

RM269

RM27O

RM271

P.Iù/{272

RM273

RM.274

RM275

RM276

Rli{277

RM278

RI0,l279

RM28O

RM28I
RM282

RM283

RM284

RM285

RM286

RM287

RM288

RM289

RM29O

RM144

RM291

R}/t292
RM293

RM294

RM295

RM296

RM298

RM299

RM3OO

Crse Sand Fine Sand
(%) (%)
32.6 30.5

r8.8 45.7

24.2 38.4

26.6 34.4

33.6 36.5

10.4 tt.4

silt
(%)
7.9

9.5

8.5

t2.r
10.9

31.9

27.8

26.3

29.4

28.5

Clay
(%)
29.0

26.O

28.9

27.O

r9.0

46.3

35.6

14.6

tt.2
22.8

25.3

27.0

24.0

r9.8

26.O

27.0

38.0

57.5

24.3

2t.0
65.3

10.3

68.9

68.8

68.6

66.0

6.3
&.0
60.5

60.5

60.5

60.9

59.8

Cs/Fs

1.07

0.41

0.63

o.77

0.92

0.92

0.51

0.44

0.&
0.56

0.67

0.44

0.56

0.54

0.17

0.62

0.30

0. l3
0.16

0.16

0.16

0.25

0.2t
0.32

0.33

0.28

0.38

0.3s

0.34

Onkaparinga Trig

Sample
(m)

0

0.8

I
1.4

1.6

1.8

2

2.3

2.45

2.65

15.8

t4.2
18.3

18.6

19.7

15.5

16.3

5.8

7.9

23.3

t.7
0.3

0.5

0.5

0.6

r.4
1.3

2.3

3.4

2.9

3.8

3.4

3.7

Crse Sand

(v")
1.0

16.9

r.3
3.0

1.3

3r.2
32.5

28.4

33.2

29.5

35.2

29.3

10.9

47.6

37.5

5.6

2.0

3.0

3.4

3.7

5.7

6.0

7.2

10.3

10.3

9.9

9.7

r0.7

Fine Sand
(vo)

41.0

67.2

86.8

60.0

18.3

24.8

22.3

16.5

25.8

20.2

18.2

27.4

27.5

27.6

27.3

27.2

26.9

26.5

26.5

25.8

26.2

25.8

26.0

25.9

Height SiIt
(vo)

8.0

4.9

4.4

10.9

3r.7

Clay
(7o)

50.0

11.0

7.5

26.r

48.6

39.0

30.0

10.0

32.0

r7.4

Cs/Fs

0.02

0.25

0.0r
0.05

0.07

3.68ffi-7 18.1 5.2

71.0 4.9 6.7 r4.58
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Sample Height

(m)

2.9

3.8

4.3

4.8

5.3

5.8

6.7

7.2

7.7

8.2

8.7

9.2

9.7

t0.2
10.5

11

t2
t2.5
l3

13.5

I4
14.3

14.8

15.3

15.8

16.3

16.8

r7.3

17.8

18.3

18.8

19.3

19.8

sitt
(%)

54.0

53.5

27.7

28.4

29.3

24.3

24.6

27.0

25.7

27.4

25.3

26.r

18.6

26.6

26.0

29.8

26.0

30.9

7.4

15.5

t3.2
16.2

16.0

18.1

2r.8
24.t
20.2

16.0

17.5

Clay
(7o)

38.0

29.0

34.5

37.0

36.0

39.7

38.0

70.5

70.r

67.8

72.5

10.2

65.t
67.5

&.6
7r.0
69.3

75.4

66.3

67.7

60.8

6.9
37.0

16.8

36.2

36.1

37.4

36.8

46.r

49.7

54.6

38.6

36.6

40.1

Cs/FsCrse Sand Fine Sand
(V") (Vo)

RM3OT

RM302

RM3O3

RM304

RM305

RM306

RM307

RM3O8

RM309

RM3lO
RM311

RM312

RM313

RM314

RM315

RM316

RM318

RM320

Rlúd322

RM323

RM324

RM325

RM326

RM327

RM328

RM329

RM33O

RM33I
RM332

RM333

RM334

RM335

RM336

RM337

RM338

RM339

RM34O

RM341

RM342

RM343

RM344

RM345

5.2

7.9

r.5
t.4
2.5

2.7

4.3

5.9

5.4

6.2

2.8

3.5

4.1

5.1

4.9

6.4

5.0

26.r

50.4

3r.2
27.7

25.6

25.6

2r.3
r8.0
13.3

30.0

34.9

30.6

30.0

21.0

5.3

4.0

4.3

6.5

8.1

9-7

0.22

0.08

0.16

0.14

0.19

0.r7
0.2r
0.24

0.26

0.29

0.32

0.34

0.45

0.40

0.30

0.47

0.42

0.23

0.50

0.55

0.83

0.81

0.84

0.69

0.58

0.60

0.38

0.36

0.39

3.15

1.1

0.6

0.2

0.2

0.5

0.5

0.9

t.4
1.4

1.8

0.9

1.2

t.9
2.0

1.5

3.0

z.l
6.1

25.4

L7.r

23.r

20.9

2r.6
t4.6
10.5

8.0

11.3

12.5

11.8

Hallett Cove

Sample Height
(m)

Crse Sand Fine Sand
(Vo) (V.)

0

0.5

I
1.5

2

2.5

3

3.5

25.8

33.3

t2.3

7.2

4.0

5.3

7.8

7.r

silt
(Vo)

11.6

5.2

30.0

24.7

22.6

24.3

24.1

29.9

Clay
(Vo)

32.6

40.5

52.5

9.2
69.0

&.o
60.0

53.3

Cs/Fs

0.86

r.58

2.34

r.79

0.93

0.81

0.96

0.74
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Sample Height

(n)
4

4.5

5

5.5

6

6.5

7

7.5

I
8.5

9

9.5

10

10.5

1l
11.5

t2
12.5

13

13.5

l4
14.5

r5
15.5

t6
16.5

I7
17.5

18

18.5

T9

Port Willunga

SampIe

Crse Sand Fine Sand
(vo) (vo)

16.8 r9.2
r5.7 r9.4
22_0 U.7

RM346

RM347

RM348

RM350

RM35I
RM352

RM354

RM355

RM356

RM357

RM358

RM359

RM360

RM36I
RM362

RM363

RM364

RM365

RM366

RM367

RM368

RM369

RM37O

RM371

P.l/4372

RM373

RM374

RM375

RM376

RM377

RM378

RM73

RM75

RM76

RM77

RM78

RM79

RM8O

RM81

RM82

RM83

RM84

RM85

Height
(m)

L.2

0.5

0.3

1.6

3.7

6.6

7.2

8.4

8.6

10.6

r3

13.2

19.2

t7.6
18.7

r5.3

14.7

13.3

15.8

19.2

13.0

2.6

6.4

8.6

8.3

7.5

5.6

5.3

6.4

7.6

5.0

4.O

4.r
5.1

8.2

Crse Sand

(vo)

4

t7
5

4

7

t7
r5
27

9

5

7

7

32.0

29.6

28.7

28.3

27.8

25.2

29.5

32.5

2t.2
7.0

tt.7
14.8

14.8

13.3

10.3

9.6

t2.4

13.7

9.9

7.3

7.7

10.3

19.5

Fine Sand
(v.)
28

26

58

32

t2
30

44

35

29

16

26

28

Cs/Fs

18.8

20.8

12.8

13.2

13.4

14.0

12.9

t2.t
14.6

22.6

t9.3

20.7

20.7

22.2

25.8

26.4

25.2

24.4

25.5

28.2

21.8

24.9

19.2

0.60

0.60

0.6s

0.54

0.53

0.53

0.54

0.59

0.61

0.38

0.55

0.58

0.56

0.57

0.54

0.5s

0.52

0.56

0.51

0.54

0.54

0.49

0.42

silt
(%)
14.3

14.5

21.2

Clay
(%)
49.7

50.3

32.O

2r.0
r6.0
18.0

23.O

17.0

30.0

32.O

39.8

43.2

44.r

47.5

41.8

36.2

5r.2

67.1

62.5

56.0

56.2

57.0

58.3

58.7

s6.0

54.3

59.6

60.5

60.4

59.8

53.1

Clay
(vo)

60

48

36

6I
70

43

28

29

53

72

60

59

Cs/Fs

0.88

0.81

0.89

(

sitr

)Vo

8

9

I
3

l1
l0
13

9

9

7

7

6

0.14

0.65

0.09

0.r3
0.58

0.57

0.34

o.77

0.31

0.31

o.27

0.25
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Sellicks Beach

Sample Height
(nt)

0.1

0.4

0.65

1.05

2

2.2

2.6

2.9

J

Aldinga Beach

Rlvf98

RM99

RMTOO

RMIOl
RMlO2
RMlO3
RMl04
RMT05

RM106

Sample

RM86

RM88S

RM88M
RM89

RM9O

RM92

RM93

RM96

RM97

RM136

RMI37P
RM137Y
RM133

RMl34
RMI28
RM129

RMl30

Gravel
(%)

2

trace

I
5

10

Crse Sand

(7o)

36

4I
32

56

36

22

T4

34

31

Crse Sand
(%)

2

r3

32

52

trace

trace

3

r8
5

Fine Sand
(%)

7

36

30

22

5

6

37

37

zt

silt
(vo)

6

16

7

I
5

10

r8
9

23

Clay
(vo)

83

31

27

19

88

82

43

32

42

Cs/Fs

0.33

0.36

1.07

2.36

0.08

0.05

0.08

0.49

0.24

Robinson Point

Sample

Height
(m)

Fine Sand
(vo)

23

3l
28

29

35

3r
36

37

51

Cs/Fs

1.57

1.11

1.1 I
1.93

1.03

0.70

0.38

0.93

0.60

Cs/Fs

0.85

0.03

0.08

0.11

0.70

0.r2
0.14

0.57

sitt
(7o)

3

5

4

2

1

')

4

trace

trace

Ctay
(vo)

38

16

t4
29

43

37

45

29

tl

Clay
(vo)

9

15

11

33

l5
67

l6
40

Stratigr
Unit
RPF

RPF

RPF

RPF

RPF

NCM
SPSM

SPSM

Crse Sand
(vo)

4l
)
6

6

35

2

35

t9

Fine Sand
(vo)

48

79

81

54

50

r8
46

34

)(

trace

silt
Vo

J

J

2

4

10

J

5

Onkaparinga River Mouth

Sample Crse Sand Fine Sand
(vo) (vo)

t3 54

215
250
20 50

RM192

RMl9O
RM189

RMI87

Stratigr
Unit
RPF

NCM
SPSM

SPSM

Clay
(vo)

26

73

31

23

Cs/Fs

0.24

0.16

0.03

0.40

S¡It
(vo)

6

9

t7
4
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Sample

RM186
RM185

RMT84

RMII3
RMl14
RMl15
RMTI6
RMl17
RMIIS

Stratigr
Unit

SPSM

SPSM

SPSM

silt
(%)

6

8

9

S¡It
(%)

1l
trace

1

2

2

5

Clay
(%)
46

45

49

Clay
(%')

58

8

t2
9

28

4T

Cs/Fs

Stratigr
Unit
RPF

RPF

RPF

RPF

RPF

NF

0.37

o.32

o.28

0.16

0.16

0.40

Cs/Fs

0.r7
2.99

1.08

r.52

0.99

0.86

Cs/Fs

0.41

0.35

0.2r

Crse Sand Fine Sand
(%) (%)
13 34

ll 35

932

Railway Cutting, O'Sullivan Beach Road

Sample

Port Moorowie

Sample Stratigr
Unit

A. Boat Ramp Site
RM62 Lower clay

RM63 Mottled clay

RM65 Upper clay

Crse Sand Fine Sand

(7o) (Vo)

42t
68 23

45 4r
53 35

34 34

24 28

Crse Sand Fine Sand

(Vo) (Vo)

28

16

26

11

6

5

sitt
(vo)

Clay
(vo)

47

70

55

15

10

t4

B. 1km East of Boat Ramp

RMl63 Lower sand 10

RMl60 Centre clays 4

RM164 Upper clay 11

J

9

8

6s

27

28

2T

6l
50
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APPENDIX 34. MINERALOGY OF FINE SAND FRACTIONS USING
X-RAY DIFFRACTION

LOCALITY STRATIGRAPHIC UNIT MINERALOGY

Aldinga Beach
RM90 Ngaltinga Formation Quartz dominant, minor K-felds

Sellicks Beach
RM99 Robinson Point Formation
RM100 Robinson Point Formation
RM1M Robinson Point Formation

RM105 Robinson Point Formation

Quarz dominant, minor K-felds, plag

Quarø dominant, minor K-felds, plag

Quartz dominant, minor K-felds,
plag, calcite
Quarz dominant, minor K-felds, trace
plag

Quarø dominant, minor K-felds, plag

Quartz dominant, minor K-felds,
plag, calcite, trace dolomite
Quarz dominant, minor K-felds, trace
plag
Quartz dominant, minor K-felds
Quarø dominant, minor K-felds, plag

Quaru dominant, minor K-felds, plag

Quarz dominant, minor K-felds, plag

Quartz dominant, minor K-felds, plag

Quartz dominant, minor K-felds,
plag, frace hematite
Quartz dominant, minor K-felds,
plag, trace dolomite
Quartz dominant, minor K-felds, trace
plag
Quartz dominant, minor K-felds, plag

Quarz dominant, minor K-felds, trace
plag

Quarø dominant, minor K-felds, plag

Quartz dominant, minor K-felds, plag

Quartz dominant, minor K-felds, plag

Quarø dominant, minor K-felds, plag

Quarø dominant, minor K-felds, plag
dominant, minor K-felds, trace

dominant, minor K-felds,

RM77
RM78
RM79
RMSO
RM81
RM82

Port Willunga
RM73
RM75

RM76

Neva Clay Member
Neva Clay Member

Neva Clay Member

Neva Clay Member
Neva Clay Member
Neva Clay Member
Neva Clay Member
Snapper Point Sand Member
Snapper Point Sand Member

Snapper Point Sand Member

Snapper Point Sand Member

Snapper Point Sand Member

Robinson Point Formation

RM83

RM84

RM85

Ochre Point
RM39

Seaford
RM128
RM129
RM130

Neva Clay Member
Snapper Point Sand Member
Snapper Point Sand Member

Hallett Cove
RM33 Ngaltinga Formation

O'Sullivan Beach Road Railway Cutting
RM113 Robinson Point Formation
RM114 Robinson Point Formation

RMl18 Ngaltinga Formation
plag, trace hematite
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APPENDIX 3Bl. MINERALOGY OF COARSE SAND FRACTIONS FROM ONKAPARINGA TRIG.

Sample Quertz Feldsper Tourm¡llne

PR
PFR
PFT
PR
PT
PR
P

PFF
PF
PR
PR
PF
PF
PF
PFR
P

PT
PRT
PR
PR
PR
PR
PR
P

PRT
PR
P

PRT
PTT
P

PR
PR
PR
PRF
PRR
PRF
PFF
PRF
PFF
PFR
PRF
PRR
PRR

Rutlle

R

T

T

T

T
R

T
T
T
T

Muscovlte

F

R

F

F

F

F

o
T

F

o
F

Iron Oxldes

R

R

R

R

R

R

F

F

R

F

R

R

T
T

T

R

F

F

o
o
o
F

R

F

F

F

Epldote

R

T

Barlte Rock
Frugm€nts

T

TT

T

TR
R

R

R

R

R

R

R

St¡urolite

R

RM144

RM29I
RM292

RM293

RM294
RM295

RM296

RM298

RM299

RM3OO

RM3OI

RM302

RM303

RM304

RM305

RM3O6

RM307

RM308

RM309

RM3IO
RM3II
RM312

RM313

RM3I4
RM315

RM3I6
RM318

RM320

RM322

RM323

RM324

RM325

RM326

RM327

RM328

RM329

RM330

RM33I
RM333

RM334

RM335

RM336

RM337

T

T

R

R

R

R

R

R

T

NOTE: P= >SOVI, A= 20-507o, C= l0-207o, S= 3-107o, O= l-34o,F= 0.1-17o, R= 2-10 grains, T= I grain



336

Semple

RMl,l4
RM29I
RM292

RM293

RM294

RM295

RM296

RM298

RM299

RM3OO

RM3OI
RM302

RM303

RM304

RM305

RM306

RM307

RM3O8

RM309

RM3IO
RM3II
RM312

RM3T3

RM314

RM3I5
RM3Ió
RM3I8
RM320

RM322
RM323

RM324

RM325

RM326

RM327

RM328

RM329

RM33O

RM33I
RM333

RM334

RM335

RM336

RM337

Ilmenlte Blotltc Slllim¡nlte G¡rnet Leucoxene Corundum Pyroxcne An¡tase Amphlbole Pyrlte
Pseudomorph

T

RR
TRR
RRT

TT

TTTT

TT
RR

T
T
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APPENDIX 3C: MINERALOGY OF HEAVY MINERAL CONCENTRATE FOR EIGHT

SAMPLESFROMMASLINBAYANDoNKAPARINGATRIG

Sample

Location
RM259

MB
RlvI262 RM265 RM304 Rlv[tl2 RlvÍ]23 Rlvf]Zí Rlvf]34

MB MB OT OT OT OT OT

F

Iron Oxides

Tourmaline
Sillimanite
Staurolite

Garnet
Rutile
Mica

Ilmenite
Kyanite
Barite
Zircon

Amphibole
Spinel

Corundum
Andalusite

Rock Fragments
Leucoxene

o
F

o

R

A

R
A

o
A
A
o

R

S

R

A
A
s

o

R

F

F
A
A
S

R

P

F

T

T

T

F

A
s

o
S

o
F
A
S

R

R

T

c
A
F
F
A
F

o

F

T

A
A

o
S

F

S

R

R

T
R

R T
c F

F

NOTE: P=>507o, È20-507o,C= l0-207o, S= 3-107o, O= L'37o'F=O.L-l%o,R= 2-10 grains, T= I grain
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APPENDIX 4. CLAY MINERAL DATA

Snapper Point

Maslin ßay

cEc
(mequiv 7o)

53

51

52

48

57

44

48

40

37

54

54

53

57

55

56

54

56

56

54

54

55

51

50

52

54

56

51

51

CEC
(mequiv 7o)

69

12

60

38

Sample Height
(m)

13.1

12.6

12.35

T2.I

11.6

11.1

10.6

10.1

9.6

9.1

8.6

8.1

7.6

1.1

6.6

5.6

5.1

4.6

4.1

3.6

3.r
2.6

2.1

1.6

1.1

o.7

o.4

0

Measured

III
0.70

0.95

0.96

0.86

r.20

2.00

1.90

2.27

2.25

0.33

0.33

0.33

0.32

0.42

0.53

0.50

0.50

0.55

0.49

0.48

0.49

0.53

0.51

0.51

0.58

0.54

o.54

0.50

<2pm
(%)
49.2

45.0

39.3

25.2

37.9

39.7

18.8

19.5

u.8
67.7

72.5

73.5

75.7

80.0

77.3

15.2

12.t
75.6

76.5

67.7

76.8

75.3

75.2

75.2

77.2

77.r

79.0

72.8

Kaolin
(vo)

20-30

3040
30-40

3040
3040
40-50

40-50

50{0
3040
10-20

10-20

10-20

10-20

t5-25
20-30

20-30

20-30

20-30

20-30
20-30

20-30

20-30

20-30

20-30

20-30

20-30

20-30

20-30

Halloysite
(vo)

20-30

Halloysite
(vo)

55-65

3040

30-40

3040
25-35

0-10

Tr
Tr

Illite
(7o)

40-50

3040
3040
3040
2030
20-30

20-30

20-30

20-30

50-60

5060
50-60

50-60

40-50

40-50

40-50

40-50

40-50

40-50

40-50

40-50

40-50

40-50

40-50

40-50

40-50

40-50

40-50

Illite
(vo)

3040
3040
20-30

3040
0

25-35

3040
20-30
25-35

20-30

20-30

20-30

20-30

2030

RM215

RM216

RM217

RM218

RM219

RM22O

RM221

RNÍ222

RNT223

RNI224

RM225

RM226

RNT221

RM228A

RM229

RM231

RNÍ232

RM233

RM234
RM235

RM236

RM237

RM238

RM239

RM24O

RM241

RNT24.Z

RM245

Sample

RM248

RM249

RM25O

RM251

RM252

RM253

RM254

RM255
RM256

RM257

RM258

RM259

RM260

RM261

IC¿O

(vo)

2.9r

2.94

2.78

2.34

2.M
2.02

2.26

1.96

1.6i
2.86

3.1I
3.00

2.93

3.t2
3.05

2.96
,)ô,)

2.96

3.07

3.r2
2.84

2.78

2.86
1(ì,)

3.03

3.00

3.00

3.22

MeasuredHeight
(m)

0.35

0.7

I
1.4

1.8

1.8

2.3

2.1

3

3.5

4

4.5

5

5.5

K20
(v")
r.40

t.4'l
2.30

1.00

0.15

1.18

1.77

1.05

1.08

r.02

r.40

t.70

2.36

2.08

I(/I
0.60

0.55

t.r2
1.15

0.93

1.38

1.35

r.33

r.74

r.75

2.50

2.40

1.85

.2pm
(vo)

28;7

40.0

20.0

48.9

4.0

15.5

50.9

30.0

25.0

29.O

26.O

28.9

27.O

19.0

Kaolin
(v')

15-25

r0-20
3040
40-50

3545
3040
40-50

3040
30-40

40-50

40-50

50-60

5565
50-60

20

45

19

22

t7

18

40

35

31

36
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Expandibte Collapse Peak wldth Peak wldth Other

layers (lo) on heatlng? Kaolin (001) ltlte (001) minerals
Sample Smectlte

(7o)

RM215

RM216

RM217

RM218

RM219

RM220

RM22I
RNT222

RNI223

RNÍz24

RM225

RM226

RNl227

RM228A

RM229

RM231

RNl232

RM233

RM234

RM235

RM236

RM237

RM238

RM239

RM24O

RM241

RNÍ24.Z

RM245

Interstratifled
(v.')

30-40

30-40

3040
20-30

30-40

20-30

20-30

20-30

t5-25
25-35

20-30

20-30

30-40

30-40

30-40

25-35

30-40

30-40

25-35

30-40

30-40

20-30

20-30

20-30

30-40

30-40

20-30

zo-30

0

0

20-30

0

0

0

20-30

LO-20

r0-20
10-20

30

30

15

20

40

30-40

2030
15

20

20

20

20-30

20

20

20

20-30

o.4

0.45

0.5

o.45

0.5

0.5

0.5

0.55

1.3

0.5

0.45

0.45

0.45

o.4

o.4

0.4

0.4

o.4

0.4

0.45

o.4

o.4

0.4

0.4

0.45

o.4

0.45

0.45

0.9

1

1

0.9

0.9

1.1

1

I
1.8

1

I
I
1

1

0.9

0.9

0.85

0.9

0.9

0.85

0.85

0.85

0.9

0.15

0.9

0.75

o;7

0.9

Q,F

a
Q,F,Go

a
a¡
a

Q,F

Q,F

a
a

Q,Go

a
a
a

Q,Go,Do

Q,Go,Do

a
Q,Go

a
a
o

Q,Go

a
a
a
a
a
a

No
No

No

No

No

No

No

No

Yes

20

20

20

20

20

20

20

20

20

20-30

20-30

20-30

No

No

No

No

No

No

No

No

No

No

No

No

No

No

No

No

No

No

No

Maslin Bay

Sample

RM248

RM249

RM25O

RM251

RM252

RM253

RM254

RM255

RM256

RM257

RM258

RM259

RM260

RM261

Smectite
(vo)

40-50

45-55

3545

Interstratified ExPandible
(Vo) laYers (7o)

Collapse Peak width
on heating? Kaolin (001)

Yes 0.4

Yes O'45

Yes 0.6

Yes 0.5

Peak wÍdth Other

Illite (001) minerals

Q,Go

Q,Go

Q,F,Mn
0.740

20

15-25

Yes

Y
Y

es

es

He

He

a

a
Q,F

Q,F

Q,F

0.9

0.9

1

0.85

1

0.55

0.6

0.6

0.5

0.55

10-20

ro-20
10

10

Yes

Yes
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Sample Helght
(m)

6

6.5

7

7.4

8

8.5

9

9.5

10

10.5

11

11.5

11.9

12.4

12.9

13.5

I4
14.5

15

15.5

16

16.5

t7
17.5

18

18.5

i9.5
20.5

CEC
(mequiv %)

45

48

30

26

35

35

40

38

33

35

36

42

45

34

28

55

57

59

60

60

61

58

53

54

55

57

55

51

Measured Kaolin
(%)

3040
3040
40-50

20-30

30-40

3040
40-50

40-50

45-55

50-60

5060
50-60

40-50

50-60

50ó0
20-30

20-30

20-30

20-30

20-30

20-30

20-30

20-30

20-30

15-25

10-20

10-20

r0-20

Halloyslte
(7o)

Halloysite
(7o)

45-55

45-55

RM262

RM263

RM265

RM266

RM267

RM268

RM269

RM27O

RM271

RNI272

RM273

RNT274

RM275

RM276

RNT277

RM278

RM279

RM28O

RM281

RM282

RM283

RM284

RM285

RM286
RM287

RM288

RM289

RM29O

K20
(%)
2.77

2.72

r.&
z.3l
2.65

2.23

2.r5

2.W

2.33

1.84

1.90

t.47

2.r0
1.61

r.45

2-30

2.56

2.52

2.44

2.6r

2.70

2.75

2.9
2.8r

3-39

3-30

3.10

3.r9

wr
0.68

0.83

o.92

0.50

0.70

0.83

l.l0
1.18

1.36

t.&
1.84

2.35

1.35

r.75

t.77
0.53

o.49

0.55

0.65

0.60

o.67

0.55

0.58

0.50

0.40

0.30

0.25

o.u

<2lrm
(%)
6.3
35.6

t4.6
LI.2
22.8

25.3

27.O

u.0
19.8

26.O

27.0

38.0

57.5

24.3

2t.o
65.3

70.3

68.9

68.8

68.6

66.0

66.3

&.o
60.5

60.5

60.5

60.9

59.8

IIlite
(7o)

40-50

3040
40-50

65-75

50-60

40-50

30-40

3040
3040
3040
z0-30

20-30

3040
25-35

3040
40-50

40-50

40-50

30-40

3545
3040
40-50

40-50

40-50

40-50

50-60

50-60

60-70

Illite
(v")

40-50

10-20

10-20

25-35

20-30

3040
3040
3040
20-30

30-40

20-30

3040
20-30

20-30

20-30

20-30

20-30

3040

Measured

Onkaparinga Trig

Sample Height CEC

RM144

RM291

RM292

RM293

RM294

RM295

RM296

RM298

RM299

RM3OO

RM3Ol

RM3O2

RM3O3

RM304

RM3O5

RM306

RM307
RM308

lv 7o)

50

20

19

50

36

38

36

25

40

30

38

35

40

48

47

46

48

45

(mequ(m)

0

0.8

1

L,4

1.6

1.8

2

2.3

2.45

2.65

2.9

3.15

3.8

4.3

4.8

5.3

5.8

6.7

K20
(vo)

2.t8
0.50

0.40

2.34

t.72

1.55

1.56

1.20

t.4l
1.15

L.7l
2.r5
1.84

1.90

1.85

1.77

t.&
2.56

wr
0.46

t.70
1.80

1.30

r.75

1.35

r.25

1.58

1.90

t.75

1.81

1.60

t.ll
2.M
1.90

2.M
1.88

0.95

.2pm
(%)
50.0

1r.0

7.5

26.r

48.6

39.O

30.0

10.0

32.0

L7.4

38.0

29.0

34.5

37.0

36.0

39.7

38.0

70.5

Kaolin
(vo)

20-30

3040
3040
3545
50-60

40-50

40-50

50-60

45-55

5060
45-55

45-55

40-50

40-50

40-50

40-50

40-50

3040



Sample

RM262

RM263
RM265

RM266

RM267

RM268

RM269

RM27O

RM271

RNT272

RM273

RM274

RM275

RM276

RNT217

RM278

RM279

RM28O

RM281

RM282

RM283

RM284

RM285

RM286
RM287

RM288

RM289

RM29O

Sample

RM144

RM29I
RM292

RM293

RM294

RM295

RM296

RM298

RM299

RM3OO

RM3Ol

RM302

RM3O3

RM3M
RM305

RM306

RM307

RM3O8

Smectite
(7o)

Interstratified
(7o)

20-30

20-30
5-15

0-10

10-20

10-20

t5-25
10-20

10-20

t0-20
10-20

20-30

20-30

l0-20
l0-20
30-40

3040
30-40

30-40

30-40

30-40

30-40

20-30

25-35

3040
25-35

20-30

20-30

Expandible
Iayers (%)

50

50
20

341

Collapse Peak wldth Peak width Other
on heatlng? Kaoltn (001) illite (001) mlnerals

No O.45 0.6 Q,F
Yes

Yes

o.45

0.4

o.45

0.5

o.4

0.35

0.5

0.5

0.4

0.6

0.6

o.4

0.45

o.7

o.7

0.8

0.75

0.7

0.8

1

1

r.2
0.9

1

t.2
I
1

QF,Go

20

20-30

30

10-20

20-25

3040
30

30-40

3040
l0-20
r0-20

30

30-40

3040
20-30

30

30

30

20-30

30

25

20

20

20

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

No

Yes

Yes

No
No

No

No

No

No

No

No

No

No

No

No

No

o.45

o.4

o.4

0.5

0.45

o.4

0.5

0.5

0.5

0.6

0.65

o.4

o.4

0.4

0.4

o.4

0.4

o.4

0.4

o.4

o.4

0.35

0.4

o.4

a
Q,F

Q,F

Q,F

Q,F

Q,F

Q,F

Q,F

Q,F

Q,F

Q,F

Q,F

Q,F

a
a
a
a
a

Q,F

a
a
a
a
a

Onkaparinga Trig

Q,Do,ca

neralsmr

Q,ca,Do

OtherSmectite
(7.)

15-25

20-30

15-25

0-10

20-30

10-20

20-30

r0-20
20-30

25-35

20-30

25-35

25-35

Interstratified
(7o)

30-40

0-10

0-10

25-35

Expandlble
layers (%)

40-50

Collapse Peak width Peak width
on heating? Kaolin (001) Illite (001)

Yes 0.45 0.8 a
a

20-30 Yes

No

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

No

0.75

0.55

0.4

0.5

a
Q,Go

Q,Go,F

Q,Go

Q,Go

Q,Go,F

Q,Go
Go,Q

Q,Go

Q,Go

Q,Go

Q,Go,F

Q,Go,F

Q,Go,F

a

0.4

o.4

0.4

0.4

0.6

0.4

0.5

o.4

0.4

o.4

o.4

o.4

o.4

0.4

o-4

0.45

0.4

0.35

0.35

0.4

0.35

0.35

0.5520-30 3040
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RM309

RM310

RM3lT
RM312

RM3I3
RM314

RM315

RM316

RM318

RM320

RM322

RM323

RM324

RM325

RM326

RM327

RM328

RM329

RM33O

RM331

RM332

RM333

RM334

RM335

RM336

RM337

RM338

RM339

RM34O

RM341

RM342

RM343

RM344

RM345

RM346

RM347

RM348

RM350

RM351

RM352

RM354

RM355

RM356

RM357

RM358

RM359

KJz0
(%,
2.35

2.48

2.û
2.42

2.42

2.5r

2.68

3.30

3.U
3.20

3.U
3.47

3.30

3.U
2.to
2.38

2.90

2.43

2.6
2.80

2.89

3.20

3.r2
2.88

2.67

2.82

<2pm
(%)
70.1

67.8

72.5

70.2

65.7

67.5

&.6
71.0

69.3

75.4

6.3
67.7

60.8

6.9
3'1.0

16.8

36.2

36.1

37.4

36.8

46.r

49.7

54.6

38.6

36.6

40.1

.2ltm
(v')
32.6

40.5

52.5

æ.2
69.0

64.0

60.0

53.3

49.7

50.3

32.0

2t.0
16.0

18.0

23.0

17.0

30.0

32.O

39.8

43.2

Illite
(vo)

30-40

3040
3040
3545
3545
3040
3040
5060
50{o
50{0
5060
50-60

5050
5060
25-35

3040
40-50

30-40

25-35

3040
3040
30-40

40-50

3040
3545
40-50

Illite
(vo)

3040
3040
3040
3040
30-40

3040
3040
3040
30-40

3040
3040

5050
40-50

40-50

3040
3040
3040
20-30

20-30

20-30

Sample Height
(m)

7.2

7.7

8.2

8.7

9.2

9.7

t0.2

10.5

ll
t2

t2.5

13

13.5

l4
14.3

14.8

15.3

15.8

16.3

16.8

r7.3

17.8

18.3

18.8

19.3

19.8

CEC
(mequtv %)

49

47

50

49

51

49

52

48

49

51

49

47

46

47

35

27

34

50

47

51

55

51

52

51

57

54

CEC
(mequiv 7o)

&
62

48

47

46

43

42

40

4I
4t
37

30

30

29

26

27

45

50

48

47

Measured
I</I
0.97

0.85

0.82

0.81

o.75

0.83

0.90

0.31

0.34

0.32

0.30

0.35

0.M
o.34

r.79

L.36

1.00

l.L7
1.40

1.22

0.91

o.79

0.63

0.75

0.&
0.50

Kaolin
(%\
3040
3040
3040
3040
25-35

3040
3040
t0-20
15-25

10-20

to-20
15-25

20-30

15-25

50-60

5060
40-50

3040
40-50

3040
30-40

20-30

20-30

20-30

20-30

20-30

Kaolin
(vo)

20-30

20-30

30-40

3040
3040
3040
40-50

40-50

40-50

3545
40-50

3040
40-50

40-50

5050
50-60

40-50

40-50

40-50

40-50

Ilalloysite
(v.)

Halloysite
(vo)

Hallett Cove

Sample Height
(m)

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

5.5

6

6.5

7

7.5

8

8.5

9

9.5

K20
(7o)

2.70

2.44

2.5t
2.48

2.44

2.49

2.36

2.3r

2.52

2.62

2.45

2.12

2.12

1.97

r.46

t.&
2.28

2.M
2.14

2.L]

Measured

WT

0.67

0.78

0.93

0.96

0.96

1.04

1.36

t.39

1.36

1.10

r.25

1.15

1.1 1

1.06

1.50

r.6'l
t.u
1.46

1.59

1.85



343

Sample

RM309

RM3lO
RM3I1
RM312

RM313

RM314

RM3T5

RM316

RM318

RM320

RlvÍ322

RM323

RNI3'A
RM325

RM326

RM327

RM328

RM329

RM33O

RM331

RM332

RM333

RM334

RM335

RM336

RM337

Smectlte
(ro)

Smectite
(vo)

Interstratified
(%)

20-30

20-30
20-30

20-30

25-35
20-30

30-40

20-30

20-30

20-30

20-30

20-30

20-30

20-30

10-20

5-15

10-20

25-35

20-30

30-40

30-40

30-40

25-35

30-40

30-40

25-35

Interstratified
(v')

40-50

35-45

20-30

20-30

20-30

20-30

20-30

20-30

20-30

20-30

10-20

5-15

5-15

5-15

0-10

5-15

20-30

3040
20-30

20-30

3040
20-30

30

30

30

30

20-30

20-30

20-30

20

20

20

20

20

30

3040
3040

30

3040
30

30

30

30

30

Expandible
layers (Vo)

40-50

20-30

3040
30

20-30

30

20-30

20-30

20

3040
20

20

20

20

Expandible Collapse Peak wldth
layers (%) on heating? Kaottn (001)

Peak wldth Other
Illtte (001) mlnerals

0.6 a
o.7 a
o.7 a
O.ss a
0.75 a
0.7 a
o.1s a
1.2 Q,Dor.2 a
1.1 a
0.e a
1Q
0.8 a
0.e a
0.6 a
0.4s a
o.4 a
0.6 a
0.8 a
0.85 a
0.8 a
0.8 Q,Ca
0.8s Q,ca
0.8 Q,Ca,Do
0.8 Q,Ca,Do

Q'Ca'Do

Peak width
IIlite (001)

0.9

0.8

0.6

0.5

0.6

0.45

0.75

0.65

0.45

0.4

0.4

o.4

0.4

0.4

Other
minerals

a
a

Q,F

a
a

Q,F

a
a

Q,F

Q,F

Q,F

Q,F

a
Q,F

a
a

Q,F

Q,F

Q,F

Q,F

20-30

40-50

40

3040
30-40

Yes

Yes

Yes

Yes

0.4

o.45

0.45

0.45

o.4

o.4

o.45

0.45

0.45

o.45

0.4

o.4

0.45

0.45

0.45

o.4

0.4

0.4

0.45

0.45

o.4

0-4

0.45

o.4

0.5

0.45

0.45

0.4

o.45

No
No
No
No

No
No

No

No
No
No
No

No
No
No

No

No

No

No

No

No

No

No

No

No

No20-30

Hallett Cove

Sample

RM338

RM339

RM34O

RM341

R]ûJ[342

RM343

RM3zl4

RM345

RM346

RM347

RM348

RM35O

RM35I
RM352

RM354

RM355

RM356

RM357

RM358
RM359

Collapse

on heating?

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Peak width
Kaolin (001)

0.5

0.5

0.5

0.5

0.5

0.45

0.65

0.6

0.5

o.45

0.55

0.5

0.5

0.5

0.5

0.5

0.45

o.45
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Sample Height
(m)

10

10.5

11

11.5

T2

12.5

13

13.5

14

14.5

15

15.5

16

16.5

T7

r7.5

18

18.5

19

Measured <2pm
(%)
44.1

47.5

41.8

36.2

5r.2

67.7

62.5

56.0

56.2

57.O

58.3

58.7

56.0

54.3

59.6

60.5

60.4

59.8

53.1

Kaolln
(%)

45-55

40-50

40-50

40-50

40-50

3040
20-30

20-30

3040
20-30

20-30

20-30

20-30

20-30

25:35

20-30

20-30

20-30

r0-20

Halloysite
(%)

Illite
(%)

20-30

20-30

20-30

20-30

20-30

3040
40-50

40-50

3040
40-50

40-50

40-50

40-50

40-50

40-50

5060
50-60

50-60

50-60

RM360

RM361

RM362

RM363

RM364

RM365

RM366

RM367

RM368

RM369

RM37O

RM371

RM372

RM373

RM374

RM375

RM376

RM377

RM378

cEc
(mequlv %)

45

50

46

47

46

48

48

49

52

55

53

53

52

49

47

48

49

50

52

K20
(%)
2.25

2.30

2.r8
2.t9
2.02

2.60

2.82

2.70

2.44

2.60

2.65

2.57

2.77

3.01

2.75

3.U
3.r4
3.28

3.46

IVI
2.25

t.79

r.97

1.90

r.46

0.91

0.61

0.60

0.81

0.54

o.57

0.58

0.58

0.53

o.67

0.41

0.4r
0.40

o-27

NOTE: Q = Quartz, F= Feldspar, Do =Dolomite, Ca = Calcite, Go = Goethite, He= Hematite

Mn = Manganese Oxide
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Sample

RM3óO

RM361

RM362

RM363

Rlvf:]64

RM365

RM366

RM367

Rtvf!68

RM369

RM37O

RM37I
RM372

RM373

RM374

RM375

RM37ó

RM377

RM378

Smectite
(%,

Interstratlfled Expandlble
(%) layers (%)
20-30 30

30-40 40-50

20-30 20-30

20-30 20-30

25-35 40-50

20-30 40-50

20-30 30

20-30 30

30-40 40-50

3040 3040
25-35 30

30-40 30

25-35 3040
20-30 30

20-30 30

20-30 30

20-30 30

20-30 30

20-30 20

Collapse Peak wldth Peak width Other
on heatlng? Kaoltn (001) lllte (001) mlnerals

Yes O.45 0.45 aF
No 0.45 0.6 Q,F
Yes 0.45 0.45 QF
Yes O.45 0.45 Q,F
No O.45 0.6 a
No o.45 0.ó a
No 0.4 0.65 a
No O.4 O.7 a
No 0.45 0.75 a
No 0.45 0.85 a
No 0.45 0.85 a
No 0.4 0.85 a
No 0.4 0.7 a
No 0.4 0.85 a
No 0.4 0.8 a
No O.4 0.85 a
NoOAIQ
No 0.4 0.9 a
No 0.45 1.1 a
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APPENDIX 5. CLAY MINERAL DATA FOR SIZE FRACTIONATED SAMPLES

Sample Location Measured

RM259 Maslin Bay

RM262 Maslin Bay RPF

RM265 Maslin Bay RPF

RM304 Onkaparinga Trig RPF

RM312 OnkaparingaTrig NCM

RM323 Onkaparinga Trig NCM

RM326 Onkaparinga Trig SPSM

RM334 Onkaparinga Trig SPSM

NOTE:

Stratigraphic
Unit
RPF

Size

Fraction
<20Fm

<5¡rm

<2¡rm

<0.2Fm

<20pm

<5¡rm

<2W
<0.2pm

<20Um

<5pm

<2pm
<0.2pm

<2Qrm

<5pm

<2ltm
<0.2¡rm

<20¡rm

<5pm

<Zpm
<0.2pm

<2Opm

<5pm

<2ttm
<0.2Fm

<2Opm

<5pm

<2pm

<0.2pm

<2Opm

<5pm

<2ltm
<0.2pm

Smectite
(7o)

45-55

20-30

30-40

40-50

60-70

K/I
1.63

1.58

1.50

1.15

0.53

0.s6

0.57

0.92

o.44

0.44

0.41

0.27

0.87

0.81

1.20

2.55

0.56

0.45

0.54

0.32

o.2t
0.20

0.20

0.14

0.91

0.92

r.23

0.78

0.36

0.40

0.45

0.22

Kaolin
(%\

50-60

50-60

40-50

3040
20-30

20-30

20-30

20-30

20-30

20-30

20-30

r0-20

30:40

25-35

20-30

20-30

20-30

20-30

20-30

10-20

r0-20

r0-20
10-20

5-15

3545
3040
40-50

3040
15-25

15-25

15-25

r0-20

Itlite
(vo)

3040
3040
3040
3040
40-50

40-50

40-50

20-30

50-60

50-60

50-60

50-60

40-50

3040
20-30

5-15

40-50

50-60

40-50

40-50

60-70

60-70

50-60

50-60

40-50

35-45

3040
40-50

45-5s

45-55

45-55

50-60

Q - Quartz, F = Feldspa¡, H = Halloysite, A = Alunite, Go = Goethite

RPF = Robinson Point Formation

NCM = Neva Clay Member

SPSM = Snapper Point Sand Member
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Sampte Interstratiflred Expandible Collapse on

(%\ layers (%) heating?

RM259 Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

No

No

No

No

No

No

No

No

Yes

Yes

Yes

No

No

No

No

No

RM262

RM265

RM304

RM312

RM323

RM326

RM334

r0-20
10-20

t5-25
25-35

20-30

20-30

20-30

10-20

10-20

20-30

25-35

20-30

20-30

3040
3545
20-30

20-30

25-35

3545
r0-20

20-30

10-20

t0-20
25-35

25-35

25-35

30-40

20

20

20

30

40

40

50

20

20

40

40

Q,F

Q,F

Q,F

a
Q,F

Q,F

Q,F

a
Q,F

Q,F

Q,F

a

20

20

30

30

25

25

25

25

20

25

25

25

30

30

30

30

Peak width
Kaolin (001)

0.5

0.55

0.5

0.75

0.45

0.45

0.45

0.6

0.4

0.4

0.45

0.55

0.4

0.4

0.4

0.65

0.45

0.45

0.4

0.6

0.4

0.4

0.4

0.5

0.4

0.4

0.4

0.65

0.4

0.4

0.4

0.6

Peak width
Itlite (001)

0.55

0.55

0.65

0.85

0.45

0.5

0.45

0.75

0.45

0.5

0.55

0.8

o.4

Other
Minerals

Q,F,H

Q,F,H

Q,F,H,A

a
QF,H
Q,F,H

Q¡,H

0.4

Q,F,H

QF,H
Q,F,H

Q,F,GO

Q,F,Go

Q,F,Go
Go

Q,F

Q,F

a

0.4

0.6

0.6

0.65

0.65

1.15

0.75

0.7

0.75

0.9

0.45

0.5

0.65

0.9

0.7

0.8

0.8

1.15
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APPENDIX 6

DESCRIPTION OF THIN SECTIONS

RM34, Ochre Cove, Robinson Point Formation
Porous sandy sediment with sand-sized grains comprising up to 807o of sample and voids up

to 20Vo.

Framework Grains

Quartz with very rare opaques and tourmaline. Size is generally between 0.2 and 0.4 mm

with rare grains to 0.6 mm. Sample is well sorted with grains rounded to sub-rounded.

Matrix

Mostly red-orange iron oxides with rare grey-yellow clays. Forms coating around many

grains with minor laminations observed. Iron oxides very rarely fill intergranular pores.

RM40, Ochre Point, Snapper Point Sand Member

Femrginous, sandy sediment with sand-sized grains forming 70 to80Vo of sample.

Framework Grains

Dominantly sub-rounded to rounded quartz grains with rare feldspar and tourmaline. Most

grains are 0.3 to 0.5 mm in size with rare grains to 0.8 mm. Sample is well sorted with
many grains showing corroded edges.

Manix

Red iron oxides which coat framework grains and fill some intergranular space. Voids make

up about IïVo of sample. Iron oxides impregnate frne fractures in quartz grains where small

crystallites up to 10 pm can be seen.

RM4l, Ochre Point, Snapper Point Sand Member

Sandy, femrginous sediment with sand-sized grains forming 70Vo of sample. About lÙVo of
sample comprises voids with remainder being iron oxides.

Framework Grains

Dominantly quartz with some composite grains and very rare feldspar, tounnaline and

opaques. Moderately well sorted with most grains between 0.2 and 0.4 mm in size and

some grains up to 1 mm. Grains a¡e rounded to sub-angular with many showing corroded

edges. Some silt-sized quartz grains occur within femrginous matrix and have angular

shapes.

Matrix

Mostly da¡k red iron oxides which coat framework grains and fill some intergranular space.

Iron oxides also impregnate small fractures within quartz grains. Several small patches of
grey-yellow clay occur within femrginous matrix which show deveþment of tiny areas (up

to 0.05 mm) where iron has replaced clays.
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RiÙd62-2, Port Moorowie, Quaternary sediments

Sandy clay which is mostly femrginous. Sand-sized grains comprise 3O to 4OVo of sample

with few voids.

Framework Grains

Mostly quartz grains from 0.1 to 0.3 mm in size with some grains to 0.5 mm. Occasional

mica laths to 0.15 mm in size. Poor to moderate sorting with sub-angular grains which
show etching and corrosion. Some silt-sized, angular quartz grains observed within clay-

rich matrix.

Marix

Dominantly red to black iron oxides which f,rlls all intergranular space. On margins of
femrginous material there is some yellow-grey clay. Tiny patches of red iron oxide replace

clays in some parts and often coalesce to larger patches up to 0.2 mm in size. hon also

impregnates elongate fractures within clay. Clay tends to show bi-directional extinction
(bimasepic).

RM69, Seaford, Robinson Point Formation
Fine grained sediment with less than l7o of sand-sized grains in alunitic parts of the sample

but approximately 70Vo in clay-rich sections.

Framework Grains

Sub-angular to sub-rounded quartz grains averaging 0.5 mm in size but with several grains

up to 4 mm. In clay-rich zones there are also numerous silt-sized grains <0.1 mm in size.

Matrix

Alunite-rich sections have very low birefringence and also show a speckled pattern. Several

patches occur where a second phase of alunite has filled fractures and disptays a different
orientation to the surrounding matrix.

Clay-rich zones are yellow to orange in colour with low birefringence and occur in elongate

patches up to 4 mm wide which are surrounded by alunitic material. The contact between

the two matrix materials is sharp. The clay often shows a bi-directional pattern of striations

at right angles (bimasepic after Brewer). Isolated small patches of alunite up to 0.1 mm in
diameter also occur within the clays.

RM80, Port Willunga, Neva Clay Member

Sandy clay with approximately 60Vo sand-sized grains. Intervening areas are filted by clays

with very few voids.

Framework Grains

Mostly quartz with very rare feldspar and tourmaline. Most grains are0.2 to 0.3 mm in size

with some to 0.5 mm. Common silt-sized,quartz grains as well. Grains are sub-rounded to

sub'angular showing minor solution and embaying.
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Matrix

Very fine clays showing low birefringence. Commonly oriented, particularly around

framework grains and along fractures. Patches of yellow and red iron oxides are common

and appear to replace clay minerals. Size of these patches varies from 0.1 to 3 mm in

diameter with shape being irregular but with some tendency toward elongation, possibly

along old fractures.

RM105, Sellicks Beach, Robinson Point Formation

Calcareous sandy clay with sand-sized grains comprising 50 to 60Vo of sample. Very few

voids are present with carbonate or clay filling most intergranular spaces.

Framework Grains

Mostly quartz with very rare opaques and tourmaline. The sub-rounded to sub-angular

grains are generally 0.2 to 0.5 mm in size with rare grains up to 1 mm. Moderate sorting is

observed.

Marix

Fine-grained highly birefringent carbonate fills most intergranula.r pores. Minor yellow-grey

clay forms a thin coating around many framework grains and also occurs as rare, isolated

patches within the carbonate.

RM113, O'Sullivan Beach Road Railway Cutting, Robinson Point

Formation
Sandy clay with approximately 25Vo of sample comprising sand-sized grains.

Framework Grains

Quartz grains with size mostly in the range 0.2 to 0.3 mm. Rare grains to 0.6 mm are

observed. Grains are sub-angular to sub-rounded and scattered randomly through the clay-

rich matrix. Some silt-sized quartz grains to 0.05 mm in size also occur.

Matrix

Grey-yellow clay which shows orientation around framework grains. Remainder of clay

matrix often shows bi-directional extinction. Isolated patches of red-orange iron oxides to

0.1 mm with some elongate patches along fractures through the clay.

RM120A, Port Noarlunga, Robinson Point Formation

Very fine grained sediment with 407o comprising sand-sized grains. These occur mostly in

several thin bands. Fine grained areas include <57o sand-sized grains.

Framework Grains

Sub-angular to sub-rounded quarø with very rare feldspar. Most grains are between 0.2 and

0.3 mm in size with some grains to 0.6 mm. Minor silt-sized qtrartz is also present.

Marix
Grey, very low birefringent material which is sometimes almost isotropic comprises most of

sample (probable alunite, identified by XRD). Large patches up to 0.5 mm in diameter



351

extinguish together as a block. These are cut by thin, elongate zones displaying different
orientation which represent a second phase of alunite. Minor yellow-brown (clay?) forms

laminations on margins of some rounded pores within the sediment which are up to 1 mm in
diameter.

RM120B, Port Noarlunga, Robinson Point Formation
Sandy sediment with sand-sized grains forming approximately 70Vo of sample. Framework

grains often form thin bands up to 3 mm thick. Matrix fills most intergranular space.

Framework Grains

Mostly quartz with about 5Vo leldspar and rare tourmaline, opaques and rutile. Grains a¡e

sub-rounded and generally O.2 to 0.4 mm in size. Some grains to 1 mm are observed with
generally poor sorting. Minor embaying shown by larger grains with smaller silt-sized
grains being angular to sub-angular. Silt-sized mica laths are common.

Matrix

Colourless material showing very low birefringence; a mix of halloysite and alunite. Some

yellowish clay forms thin laminae along elongate fractures. No iron oxides observed.

RM121, Port Noarlunga, Robinson Point Formation
Fine grained sediment with less than 5Vo comprising sand-sized grains.

Framework Grains

Sub-angular to sub-rounded quaftz grains with very rare rounded grains. Most grains are

between 0.2 and 0.4 mm in size with rare grains to I mm and also some silt-sized grains.

Sorting is poor and the qua.rtz grains are generally scattered randomly through the sample.

Matrix

Fine, greyish material which has very low birefringence and displays a patchy, undulose

extinction pattern. A second phase of material having a different orientation fills very thin,
elongate fracture zones which cut across the matrix. Several small mica laths about 0.1 mm
in size show individual layers being forced apafi by the alunitic material crystallising between

them.

RM134, Robinson Point, Robinson Point Formation
Sandy sediment with approximately 90Vo comprising sand-sized grains. Considerable
porosity with fine matrix forming coatings around larger grains and joining grains with
meniscus-like cements.

Framework Grains

Mostly quartz with rare feldspar, tourmaline and opaques. Grains are sub-angular to sub-

rounded and well sorted with size mostly in the range from 0.2 to 0.3 mm.
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Matrix

Mostly a yellow-orange colour and is a mix of very fîne clay and iron oxides. Some brighter

red iron-rich patches. Occasional evidence of layering of matrix around framework gtains,

particularly where meniscus-like deposits join several grains.

RM135, Robinson Point, Robinson Point Formation
Fine grained sediment with approximately 57o sand-sized material.

Framework Grains

Mostly sub-angular to sub-rounded quartz with very rare feldspar. Size of grains averages

0.2 mm but with rare grains up to 0.4 mm. Grains are scattered randomly through the

sample.

Marrix

Very low birefringent cryptocrystalline material which displays undulose extinction patterns

in some ¿reas. Other parts of the sample show a speckled pattern and these arc thought to be

alunite-rich.

RM137, Robinson Point, Robinson Point Formation
Sandy sediment with approximately 807o sand-sized grains. Minor yellow and pink patches

of iron oxides.

Framework Grains

Mostly quartz grains with rare feldspar, opaques and tourmaline. Grains are sub-rounded

and rarely sub-angular. Size is mostly between 0.2 and 0.3 mm with some grains to 0.6

mm. Rare mica laths to 0.1 mm. Mostly moderately well sorted with common small pores

(to 0.3 mm size) between grains.

Matrix

Low birefringent clays form thin coatings around many grains but rarely fill intergranular

pores. Isolated patches of yellow-orange iron oxides varying in size from 0.1 to I mm

replace clays coating framework grains and filling pore space. These patches are sometimes

elongate.

RM138B, Robinson Point, Robinson Point Formation
Fine grained sediment with approximately 57o sand-sized grains.

Framework Grains

Sub-rounded to rounded quartz grains which are mostly between 0.1 and 0.2 mm in size but

with some grains up to 0.6 mm. Sand-sized grains are scattered randomly through the

sample.

Matrix

Very low birefringent material which often shows a speckled pattern, most probably due to

tiny alunite crystals. Other sections show an undulose extinction pattern. A second phase of
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alunite occurs along thin fractures several cm long and displays a different orientation from

the surounding matrix.

RM141B, Onkaparinga Trig, Robinson Point Formation

Sandy sediment with approximately 807o sand-sized grains'

Framework Grains

Sub-angular to sub-rounded quartz grains with rare feldspar. Grains are mostly 0.1 to 0.3

mm in size with some to 0.6 mm and rare silt-sized micas.

Marix

Very low birefringent clays which are almost isotropic in places (halloysite?) and filImost

intergranular spaces, coating many grains. Minor porosity is present. Clays exhibit wavy'

undulose extinction in places with some areas showing cumulate textures and others being

fibrous in nature.

RM142, Onkaparinga Trig, Robinson Point Formation

Fine grained sediment with less than2%o comprising sand-sized grains.

Framework grains

Rare sub-rounded quartz grains which are scattered randomly through the matrix. Average

size of grains is 0.1 mm.

Matrix

Very low birefringent to isotropic cryptocrystalline alunite which often shows undulose

extinction over large areas. Numerous elongate fractures averaging 0.05 mm wide are filled

with a second phase of alunite which has a completely different orientation.

RM166, Port Moorowie, Quaternary sediments

Fine grained sediment with less thanT%o sand-sized grains.

Framework Grains

Sub-rounded to rounded quartz grains up to 0.5 mm in size. Quartz is more common in

clay-rich zones comp ared with aluniticihalloysitic areas.

Matrix

Fine grained, almost isotropic material (probable halloysite) makes up most of matrix. Tiny

lozenge-shaped grains (<20 pm in size) are scattered through some sections and probably

represent alunitic material.

Small patches of clay up to 5 mm in size occur on the edge of the sample and also embedded

within the alunite-rich areas. Some prefened orientation of the clay occurs around the edges

of quartz grains. Thin cracks through the clay are frlled with nearly isotropic material which

is similar to the halloysite-rich matrix.
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RM167, Port Moorowie, Quaternary sediments

Fine grained sample with scattered sand-sized quartz grains comprising approximately SVo of

the sample.

Framework Grains

Sub-rounded quartz grains averaging 0.2 mm in size but with some grains to 0.4 mm. Silt-

sized grains are common and are more angular than larger grains-

Marix
Very fine grained material with very low birefringence which often displays a mottled to

undulose extinction pattern. A second phase of this material exhibiting different orientation

fills thin fracture zones through the matrix. A colourless material with low birefringence

showing bimasepic clay-like extinction patterns occuts in some areas and is thought to be

halloysite which has replaced other clay minerals but retaining previous textures.

RM170, Snapper Point, Neva Clay Member

Fine clay with abundant carbonate. Sand-sized grains comprise less than lOVo of sediment.

Framework Grains

Rare sub-angular grains of quartz up to 0.3 mm in size. Occasional round, nodular

carbonate masses up to 0.15 mm in size and surrounded by clays. These may be reworked

into sediment from carbonate mottles formed elsewhere in the clay-rich sediment.

Matrix

Mostly very fine carbonate. Some pockets of grey to yellowish clay which are completely

surrounded by carbonate. These may vary in size from 0.5 to 10 mm and appear to be

unaltered by invasion of carbonate. A second stage of carbonate has precipitated in voids

and fractures as much larger crystals up to 10 pm in size. Elongate patches of yellow and

red iron oxides are often seen along margins of fractures in the sediment.

RMt72, Snapper Point, Snapper Point Sand Member

Sandy sediment with sand-sized grains comprising approximately 80Vo of sample. Grey,

very low birefringent clays form coatings on grains and fill some voids. Sediment has

moderate porosity (up to 207o).

Framework Grains

All grains observed are quartz with most being sub-rounded but with rare sub-angular

grains. Size of grains is up to 1 mm but with most between0.2 and 0.4 mm. Sediment is

well sorted.

Matrix

Clays fill some voids and form coatings around most grains, including some meniscus-like

coatings which join adjacent grains. No iron oxides observed.
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RM217, Snapper Point, Snapper Point Sand Member

Sandy clay with 5O to 6O7o sand-sized grains, scattered randomly through the sample.

Framework Grains

eua¡tz with very rare feldspar. Grains are sub-rounded to rounded and well softed. Most

grains are between 0.2 to 0.4 mm with some to 0.6 mm.

Matrix

Low birefringent clay fills all intergranular space and is oriented around some framework

grains and along elongate fractures. Isolated patches of yellow-orange iron oxides up to

0.05 mm in size replace clays with redder patches developed on edges of framework grains

and along fractures.

RM220, Snapper Point, Snapper Point Sand Member

Clayey sand with 60 to707o sand-sized grains.

Framework Grains

Sub-angular to sub-rounded quartz grains with rare feldspar and opaques. Moderate sofiing

with grains mostly between 0.2 and 0.4 mm in size. Some grains to 1 mm in size. Frequent

sub-angular silt-sized qvafiz grains scattered randomly through the matrix-

Matrix

Clay fills most pore space with some orientation around framework grains and along

fractures. Many small patches of red i¡on oxides from 0.05 to 0.1 mm in size replace clays.

Some elongate zones of iron along fractures with larger areas to 0.5 mm size developed

through coalescing of smaller patches.

RM238, Snapper Point, Neva Clay Member

Clay-rich sediment with approximately 57o sand-sized grains in a clay-rich matrix-

Framework Grains

Sub-angular to sub-rounded quartz grains scattered randomly through the matrix. Size is

mostly between 0.2 and 0.4 mm with rare grains showing embayed edges. About 207o of

sample comprises sub-angular silt-sized quartz grains.

Marix
Fine clay which is commonly oriented to produce a striated birefringence pattern (bimasepic,

after Brew er 1964). Clay is also oriented along fractures running through the sediment. Can

often observe small silt-sized mica grains (up to 5 pm in size) within the matrix. Rare, round

carbonate masses occur within the matrix and are up to 60 pm in size. Smaller masses up to

20 ¡rm appeil concretionary and have a highly birefringent centre with thick outer walls.

RM250, Maslin Bay, Robinson Point Formation

Clayey sand with approximateby 7 57o sand-sized grains. Black manganese oxides form thin

bands through the sample.
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Framework Grains

Sub-rounded to suÞangular quartz grains with rare feldspar. Size is mostly between 0.2 and

0.5 mm with some grains to 1 mm and numerous silt-sized grains of 0.05 mm. Sorting is

moderate.

Matrix

Clay fills most voids and coats framework grains. Minor lamination of clay is seen along

margins of several cross-cutting fractures. About I07o of sample comprises black, isotropic

manganese oxides (identified using XRF) which form elongate, parallel zones varying from

0.3 to 2 mm width. Manganese oxides replace clays in pore space in these zones with

yellow-orange iron oxides (goethite) forming small, isolated zones adjacent to the manganese

oxide.

RM264, Maslin Bay, Robinson Point Formation

Iron-rich mottle from sandy interval. Sand-sized grains form approximately 10Vo of the

sample with clay or iron oxides filling many intergranular voids. Section shows transition

from iron-rich mottle to unmottled sediment.

Framework Grains

Mostly quartz grains with rare feldspars. Rare composite quartz grains and some which

show undulose extinction. Grains are sub-rounded to rounded and mostly between 0.3 to

0.5 mm in size. Some grains up to 1 mm are observed as well as many small, silt-sized

grains which tend to be more angular than larger grains. Embaying of grains is uncommon

in unmottled part of sediment but common in mottled parts. Feldspars are often considerably

etched and corroded in mottled portions with replacement of grains by iron oxides.

Matrix

In unmottled portions, low birefringent clay forms thin oriented coatings a¡ound framework

grains and joins grains by way of meniscus cements. Numerous voids ¿ìre up to 0.2 mm in

diameter. Colourless, isotropic material with high relief is probably opal and fills some

voids, coats grains and partially replaces some quartz grains.

In mottled portions, red to black iron oxides have almost completely replaced clays filling all

intergranular space and coating larger grains. Replacement of quartz grains and feldspars by

iron oxides is common. In places, small pockets of yellow-grey clay remain and are

completely enclosed by dark iron oxides. Opal is only rarely observed in mottled areas.

In transitional portions, red to orange iron oxides replace some clay, occurring as small

blotches and in elongate zones along fractures in sediment.
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RM293, Onkaparinga Trig, Robinson Point Formation

Fine sandy clay with approximately 7O7o of sample comprising sand-sized grains.

Framework Grains

Dominantly quartz with very rare opaques, garnet and rutile. Average gtain size is 0.1 mm

with some grains to0.2mm and also <0.05 mm (silt). Most grains are sub-angular and well

sorted.

Marix

Yellow-green to grey clay frlls many intergranulil spaces and coats framework grains. No

orientation of clay is noted. Rare tiny patches of red iron oxides (mostly <0.05 mm) within

the clay matrix. Voids form about 10 to 20Vo of sample. Many are rounded in shape but

with some being elongate and up to 4 mm in size. These may be biogenic in origin.

RM297, Onkaparinga Trig, Robinson Point Formation

Silty sediment, from palaeosol horizon. Clay forms approximately 3O7o of sample with

remainder being silt and sand-sized grains.

Framework Grains

Mostly quartz but with some feldspar and micas. Quartz and feldspar are mostly sub-angular

and 50 to 100 pm in size with rare grains to 0.5 mm. Micas iue mostly muscovite but with

some biotite and generally 20 to 50 ¡rm in size.

Voids

Some circular to oval-shaped voids up to 0.2 mm in diameter are observed. These are coated

by dark black-brown organic-rich clays which tend to be laminated. These probably

represent burrows of soil organisms.

Matrix
yellow-grey clay coats larger grains and partially fills voids. Little orientation of clays is

observed compared with other samples from this study. Yellow-orange iron oxides form

small patches up to 0.2 mm in diameter replacing clays and silt-sized micas.

RM319, Onkaparinga Trig, Neva Clay Member

Clay-rich sediment with abundant ca-rbonate. Less than lÙVo of the sediment comprises

sand-sized grains.

Framework Grains

Quartz grains up to 0.4 mm in size scattered randomly through the sample. Grains are sub-

angular to sub-rounded. Some round carbonate masses up to 0.2 mm in size are noted

completely surrounded by claY.

Manix

Mostly very fine carbonate with rare patches of grey-yellow clay up to 1 mm in size.

Secondary carbonate with crystals up to 10 pm in size fills some voids and fractures.
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RM349, Hallett Cove, Robinson Point Formation

Red, iron-rich mottle from indurated sandy unit. Sand-sized grains form approximately 607o

of the sample.

Framework Grains

Mostly quartz with minor feldspar and mica. Grains are sub-angular to sub-rounded, mostly

about 0.25 mm in size but with some grains to 1 mm. There are a significant number of

small, more angular, silt-sized grains approximately 0.05 mm in size. Many grains,

particularly the smaller ones show embaying of margins-

Marix
Mostly very dark red to black iron oxides which replace clays and fill all intergranular voids.

Where iron has replaced margins of quartz grains, very small crystallites up to 2 pm are

observed. Some isolated pods of fine-grained clay-rich material up to 4 mm in diameter

occur. These contain small patches of orange-red iron oxides and silt-sized quartz grains.

On edges of the mottled atea, minor opal is observed filling some pores.

RM353, Hallett Cove, Robinson Point Formation

Red clayey sand forming mottle with approximately 60Vo of sample comprising sand-sized

grains.

Framework Grains

Sub-rounded to rounded quartz with very rare opaques and rutile. Moderate sorting with

most grains between 0.3 and 0.5 mm in size. Some grains to 1 mm and also many siltsized

grains <0.5 mm.

Matrix

Clay forms small part of matrix and where present fills intergranular space, coats framework

grains and shows orientation around some larger grains. In mottled zone, red to black iron

oxides completely replace clays and also margins of some quartz grains. Fractures in many

framework grains also filled by iron oxides. Transition from clay to iron oxides is relatively

sha¡p and takes place over a 2 mm zone. Small patches of iron oxides within clay frequently

coalesce particularly along elongate fracture zones. Yellowish (goethitic?) iron oxides are

often present on margins of red mottled areas.
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1. Major Element Geochemistry <2um Fraction

Sample
RMI¿14

RM2I9
RM221

KM226
RM238

RM249
RMã9
NMt262

RM266
RM2ó9
RM282
RM29I
RM293

RM294

RM296
RM298

RM299
RM3OO

RM3OI

RM3O2

RM303

RM3O4

RM312
RM3I5
RM3I6
RM318

RM320

RM327

RM332
RM341

RM35O

RM361

RM362
RM368

RM369

Location
OT

SP

SP

SP

SP

MB
MB
MB
MB
MB
MB
OT
OT
OT
OT

OT
OT
OT

OT
OT
OT

OT
OT
OT
OT
OT
OT
OT
OT
HC

HC

HC

HC

HC

HC

MnO %
0.013

0.016

0.003

0.019

0.020

0.067

0.009

0.002

0.004

0.013

0.021

0.004

0.017

0.012

0.006

0.012

0.015

o.o23

0.0æ
0.012

0.0r4

0.0?r
0.0r8
0.008

o.o22
o.o2t

0.025

0.007

0.028

o.023

0.005

0.016

0.013

0.o20

0.021

Tio2 %

o.43

0.81

0.69

0.84

0.83

0.35

0.88

o.82

Lt7
1.46

0.86

0.r6
o.62

1.07

0.48

o.46

1.03

o.79

0.80

0.61

0.98

r.09
0.86

o.74

0.68

0.70

o.70

0.38

o.73

0.83

0.76

0.80

1.14

0.84

0.86

CsO %
0.06

0.rl{)

0.11

0.35

0.16

o.20

0.08

0.09

o.12

0.35

0.18

0.09

0.r0
0.û7

0:2ß

0.22

0.07

0.51

0.10

0.09

0.13

0.13

0.10

0.14

2.16

0.51

0.85

0.25

0.14

0.12

o.77

0.10

0.06

0.ll
0.08

IK20 %
2,78

2.Ol

1.14

3.41

3.m
1.23

7.42

1.22

1.77

2.18

2.61

o.49

2.34

1.48

0.74

1.01

1.33

1.46

1.33

1.33

1.44

1.55

2.58

2.58
aaa

3.24

3.28

1.02

2.55

2.45

1.24

1.77

1.95

2.n
2.44

%MgO%
L7

3.3

L9
3.1

3.0

4.3

3.5

4.3

4.1

4.3

3.1

E.2

4.4

2.9

5.1

4.5

4.0

4.5

2.9

3.0

4.1

2.6

2.1

t.2
4-3

3.4

3.0

2.5

3.5

1.8

2.5
t)

1.9

2.1

2.0

SiO2:Al203%Fe2O3 SiO2 Eo 
^120349.9 21.7

50.3 2L3
26.7 15.8

53.0 n.3
50.0 21.4

45.2 l2.3
44.7 25.3

29.5 18.4

53.8 t3.4
51.3 21.8

50.6 21.5

3L3 25.7

46.4 2t.O

49.5 2t.O

29.7 t6.2
31.1 14.3

45.0 2A.3

34.O 16.6

36.8 20.O

29.7 16.6

41.4 18.8

44.5 22.4

50.3 23.8

36.4 22.4

50.2 2n.t
49.6 20.7

50.9 21.5

n.8 36.5

48.0 21.4

47.3 23.2

37.5 23.O

49.7 22.6

51.9 25.8

52.O 27.9

51.3 21.5

8.9

9.2

3.0

9.0

8.9

18.4

5.9

2.9

1.9

6.9

8.7

2.7

9.4

10.0

6.0

7.6

9.7

7.0

10.3

8.5

7.4

9.4

8.0

8.2

7.9

7-7

8.4

3.1

9.3

9.7

2.3

9.7

5.4

9.5

9.0

2.30

2'26
1.69

2.38

2.34

3.67

7.77

1.60

4.01

2.35

2.35

1.26

2.21

236
1.83

2.17

2.22

2.05

1.84

7.79

2.20

1.99

2.tt
1.63

2.50

2.40

2.37

0.76
,'A

2.O4

1.63

2.77

2.01

2.37

2^39

NOTE All clays Mg saturated

OT = Onkapa¡inga Trig
SP = Snapper Point

MB = Maslin Bay

HC = Hallett Cove
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2. Low dilution analyses of the <2¡rm fraction

360

CaO Vo Na2O Vo K2O Vo TiO2 7o

0.06 0.r2 r.39 0.92

0.20 0.16 2.32 0.80

0.M 0.r7 r.35 1.01

0.06 0.19 r.43 r.06
0.06 0.13 2.35 0.80

0.48 0.18 3.06 0.66

0.13 0.19 1.80 0.81

0.07 0.18 2.33 0.70

Sample
RM259

RM282

RM294

RM304

RM3T2

RM3T8

RM327

RM332

Location
MB
MB
OT

OT

OT

OT

OT
OT

sioz % Ar203
42.6 24.7

43.3 t9.4
M.2 r9.8

40.7 21.0

44.3 22.3

44.3 t9.4

38.4 r9.7
42.5 19.8

Fe2O3 % lùlg0 %
5.7 5.2

7.7 4.5

9.2 4-4

9.0 5.2

7.r 3.3

7.0 4.9

6.2 7.9

8.3 5.1

Zn ppm

34

36

6l
82

47

40

65

&

Sample
RM259

RM282

RM294

RM304

RM312

RM318

RM327

RM332

Sample
RM259

RM282

RM294

RM304

RM312

RM318

RM327

RM332

RM259

RM282

RM294

RM304

RM312

RM3T8

RM327

RM332

Location P2O5 Vo lsÁn0 7o Cu ppm
MB 2.33 0.008 70

MB r.22 0.016 39

oT r.29 0.010 t22
oT 4.30 0.015 115

oT 1.00 0.014 43

oT 1.68 0.017 33

or 6.60 0.015 98

oT 2.20 0.023 65

Location Ba ppm V ppm Cr ppm
MB 128 70 t22
MB L74 108 98

oT r20 94 127

oT 185 108 126

oT 166 75 97

oT 120 43 116

oT 130 76 rt4
oT r47 109 95

La ppm Ce ppm Pb ppm Y ppm

51 <10 18 19

l8 <10 t7 15

l7 <10 31 16

25 27 49 25

2l <10 27 14

t2 <10 35 t5
78 l8 48 L9

36 50 39 41

Zr ppm Ni ppm Rb ppm
186 32 t44
r45 23 114

196 25 118

243 32 r47
155 35 r20
t31 4r t23
190 38 rO7

146 31 113

Co ppm

7

9

8

t4
T4

13

10

9

Sr ppm

40

7T

46

56

42

77

89

69

Sample Location Ga ppm U ppm Th ppm Ignition
Loss Vo

18.7

2t.0
2r.6
2r.7
20.3

20.7

2r.8
20.7

Sum 7¿

83.1

79.7

8r.6
83.1

81.5

81.8

81.9

81.3

7

<5

6

14

7

<5

13

l1

5

<5

5

<5

<5

<5

<5

<5

30

25

35

38

27

23

28

24

MB
MB
OT

OT
OT

OT
OT

OT

NOTE All clays Mg saturated and with some residual Calgon þhosphate)
MB = Maslin Bay

OT = Onkaparinga Trig
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3. Analyses of various bulk samples

sample Location Description Na2o Mgo al2o3 sio2 p2os so3

A. MOTTLED ZONES

RM24

RM25

RM28-1

RM28-2

RM3O

RM3T

RM32-1

RM32-2

RM4O

RM41

RM62-1

P.Ìlr4:62-2

B. SEDIMENTS

Sellicks Beach

Sellicks Beach

Sellicks Beach

Sellicks Beach

Mitcham

Mitcham

Mitcham

Miæham

Ochre Point

Och¡e Point
Port Moorowie

Port Moorowie

Pallid

Mottle
Pallid
Mottle

Pallid

Mottle
Pallid

Mottle
Ilard mottle

Soft mottle

Pallid

Mottle

2.4

1.9

0.9

0.8

0.5

0.4

0.6

0.7

0.4

0.8

r.4

0.9

0.96

0.74

0.62

0.63

0.70

0.49

0.61

0.50

0.18

0.30

0.90

0.82

17.27

r3.35

ll.7l
9.75

18.25

11.98

t5.7r
13.90

2.32

3.15

10.r8

6.69

59.9

60.5

73.3

54.O

65.4

47.7

67.8

61.3

67.0

60.8

7t.t
35.1

0.03

0.08

0.03

0.r5
0.02

0.13

0.03

0.03

0.09

0.08

0.02

o.t4

0.09

0.03

tr
0.01

nd

0.01

0.01

0.05

0.03

0.01

nd

0.01

0.14

0.04

0.08

0.02

nd

0.03

0.05

0.07

RM33

RM34

RM35

RM42

RM43

RM44

RM45

RM46

RM63

RM64

RMl2OA
RM142

r.45

0.46

0.91

0.20

0.93

r.o2

1.85

r.34

1.09

0.38

0.75

0.30

15.33

3.5r
8.84

1.56

13.83

r0.89

t3.02
17.15

42.0r
45.75

38.61

60.88

55.5

84.8

72.3

88.2

67.5

73.8

62.8

56.2

40.3

52.4

48.7

2.9

0.06

0.36

0.02

0.08

0.02

0.02

0.03

0.02

0.2r
0.01

0.24

0-24

Ilallett Cove NCM
Ochre Cove RPF

Ochre Cove NCM
Ochre Point HCSS

Ochre Point NCM
Ochre Point SPSM

Ochre Point SPSM

Ochre Point NCM
Port Moorowie Aluniæ inærval
Port Moorowie Halloysite
Port Noarlunga Aluniæ interval

Onkaparinga Trig Alunite

1.3

1.6

t.2
0.4

0.9

t.2
2.0

1.7

1.6

1.5

3.2

1.3

nd

NOTE All values ¿ìre percentages

Samples RM63, RM64, RMI20A, RM142 prepared as ignited samples. Sulphur not recorded
for aluniæ-rich samples due [o ignition losses.

NCM = Neva Clay Member

SPSM = Snapper Point Sand Member
RPF = Robinson Point Formation

HCSS = tlalletr Cove Sandstone

['= present in t¡ace amounts

nd = not deæcted
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Sample K2O CaO TiO2 MnO Fe2O3 Ignition Loss Total

A. MOTTLED ZONES

RM24

Rlvf25

RM28-1

RM28-2

RM3O

RM31

RM32-1

RM32-2

RM4O

RM41

RM62-1

F.l!4:62-2

RM33

RM34
RM35

RM42

RM43

RM44

RM45

RM46

RM63

RM64

RMl2OA
RM142

2.63

2.52

2.71

2.tl
2.33

t.74

2.30

2.M
0.M
0.55

3.34

1.95

2.62

0.76

r.49

0.41

r.39

t.02
1.88

1.86

8.52

0.09

6.15

t6.47

r.67

9.94

2.18

22.79

2.05

26.88

2.70

rr.53
24.08

24.85

r.t3
45.&

13.67

10.03

7.24

8.81

9.22

9.44

8.52

8.63

5.29

9.20

9.6
832

r00.7

100.1

99.8

100.0

100.0

99.8
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