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ABSTRACT

The term'calcrete' encompasses any secondary carbonate accumulation found within

the regolith, irrespective of morphology and degree of induration: Calcretes cover

geographically extensive areas of southern Australia as calcareous soils, surficial deposits of

carbonate-rich sediment, and calca¡eous palaeosols. Combined freld and laboratory studies

of calcretes on the eastern margin of the St Vincent Basin were undertaken to ascertain the

mechanisms responsible for calcrete genesis.

Geological processes .'were very important in the development of the Pleistocene

carbonate mantle which blankets a variety of substrates in the study area. The unconsolidated

carbonate silt in which the calcrete formed contains pellets (10 to 50 pm in diameter) similar

to those found in loess. The fine particle size, combined with the regional distribution of the

carbonate mantle, indicate that the ca¡bonate silt may have had an aeolian component. During

the last glacial maximum when arid climates prevailed in southern Australia and sea level was

significantly lowered, conditions were favourable for the formation of carbonate silt. Coastal

calcarenites which lacked vegetation and ephemeral carbonate rich lakes, were süanded

during the regression and eroded by strong westerly winds. This carbonate was blown

inland and mixed with locally reworked acid-insoluble minerals from fluviaValluvial

environments. Deposition of calca¡eous material occurred in several cycles. Eventually, the

deposits formed a blanket of variable thickness over the Pleistocene fluvial landscape. The

fluvial nature of the underlying sediments was identified from field observations,

granulometric analyses and studies of the surface textures of quartz grains. In the Willunga

and Noarlunga Embayments of the St Vincent Basin, the change from fluvial to aeolian

depositional environments was gradational and is recorded by compound palaeosols between

the Ngaltinga Formation and the carbonate mantle. It has been established that facies

variations within the fluvial deposits strongly influenced the form of calcrete. Low rates of

fluvial deposition associated with topstratum deposits (Neva Clay Member) allowed the

superposition of several carbonate palaeosols and thus the accumulation of thick calcretes. In

contrast, where erosion was more rapid associated with channels and, to a lesser extent,

crevasse splays of the Snapper Point Sand Member, palaeosols were eroded and rarely

preserved.

Geomorphic and pedogenic processes had a significant influence on vertical and

lateral facies changes in the carbonate mantle. The geomorphic factors which are most

important in understanding lateral changes include topography, soil creep, dissolution of

hardpans and distance from modern water courses. These factors were identifred during

mapping of changes in calcrete morphology.

The interaction of inorganic and organic pedogenic processes are thought to have

controlled the consistent mineralogical changes observed in the carbonate mantle. Typically,
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low Mg calcite concentrates in nodules, laminae and hardpans at the top of calcrete profiles,

declining in abundance with depth as the proportion of calcian dolomite increases. This trend

is mimicked by a decline in Ca/r{g ratio (determined from XRF analyses) with depth. It may

be explained by the dissolution of both calcite and dolomite from the aeolian deposit,

translocation as ions in solution and reprecipitation initially of calcite and then dolomite as the

descending solution became progressively Mg enriched. The reprecipitation of calcite may be

explained by either the lower solubility of this mineral, or the fact that many of the micro'

organisms concentrated in the upper part of the profile biologically control the deposition of

calcite within their mucilagenous sheaths and may also influence the inorganic precipitation of

micrite by changing pCOz and moisture levels within the soil.

Tubiform calcified filaments of possible fungal and algal origin concentrate in the

indurated materials of the calcrete. These filaments, which bind soil macroaggregates and

fecat pellets initiated the formation of nodules and are an important component in the coatings

on clasts. Two different gtoups of needle-fibre calcite have been identified. Small micro-

rods are bacterial in origin, whereas larger needle-fibres which may have epitaxial

overgrowths to form serrated varieties, grow within mycelial strands associated with plant

roots. These calcified micro-organisms, together with ¡hizoliths and calcareous insect pupal

cases, indicate the pedogenic nature of the calcrete.

Geological, geomorphic and pedogenic processes interacted during constn¡ctional and

destructional phases of calcrete genesis. These phases are polycyclic and often coeval. The

constructional phase is characterised by the deposition of ca¡bonate silt, followed by the

formation of pellets, nodules, platy structure, wedges, rhizoliths, rectangular texture,

hardpan and laminae. The macromo{phology, mineralogy and micromorphology of each of

these calcareous forms helped to identify the mechanisms conüolling their formation. During

the destructional phase the hardpans were dissolved, brecciated and eroded to liberate clasts

which moved downslope and accumulated as colluvial deposits. These deposits were then

recemented into rubbly hardpans. Climate and movements in sea level appeaÎ to control the

timing of major changes from constructional to destructional phases. Thus calcrete genesis is

controlled by the polycyclic interaction of climate, geological, geomorphic and pedogenic

pfocesses.
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INTRODUCTION

CHAPTER 1.

1.1 PREFACE

Terresfial catbonate accumulations which cover geographically extensive areas of

Australia are concentrated in the southern part of the continent. The major portion of the

carbonate occupies a broad arc which follows the outline of the Great Australian Bight then

extends across the gulfs region of South Australia into Victoria and New South V/ales

(Fig.1.1). This distribution has been anributed to both the semiarid climate which limits the

degree of leaching (Milnes et al l983),and the availability of carbonate (Milnes and Hutton

1983). Outcrop in South Australia is more extensive than indicated by the soils map in

Figure 1.1; for example there are accumulations south of Adelaide and in the south east of the

state. In central'Western Australia, in northern South Australia, and in Central Australia the

carbonate accumulations are less continuous, concentrating as elongate bodies in

p alaeodrainage ch annel s.

The distribution of terrestrial carbonate reflects the fact that there are two major genetic

types of carbonate accumulation. Carbonates concentrating in palaeodrainage channels a¡e

dominantly formed in association with the movement of ground waters in the phreatic zone.

The more broadly distributed surficial carbonate accumulations have been significantly

influenced by pedogenic processes in the vadose zone.

Terrestrial carbonate accumulations in southern South Australia consist of calcareous

soils, surficial sediments and palaeosols and thus predominantly belong to the pedogenic type

of carbonate accumulation. There are significant variations in the morphology and

mineralogy of the carbonate materials both laterally and vertically within an exposure. These

variations in macromorphology include different types of indurated hardpans, laminae, coated

clasts, unconsolidated carbonate silt, wedges, stringers and diffuse carbonate blotches. The

different forms may be replicated within the one exposure indicating a complex history of

formation. The carbonate mineralogy is dominated by calcite and dolomite. The distribution

of these minerals is generally consistent in terms of variations down profile, but there may be

considerable lateral variations.

The present investigation is concerned with the cha¡acterisation of terrestrial carbnate

accumulations on the eastern margin of the St Vincent Basin, in southern South Australia'

The aim has been to provide a broad explanation of the processes and factors controlling the

formation of these materials.



2

I.2 TERMINOLOGY
1.2.1 GENERAL STATEMENT

The geotogical literature is fraught with evidence of problems concerning the

nomenclature of carbonate materials in the terrestrial environment. Different terms have been

adopted by workers in almost every country, and the meanings of these tenns have often

changed historically as knowledge of the materials and their relationships has advanced. In

paft these difficulties reflect the paucity of communication between soil scientists and

geologists working on the same materials, and their different understandings of such basic

terms as horizon, earth and fabric (Campbell et al1972). These problems also indicate our

lack of understanding as to the precise nature and origin of these materials. To ensure future

communication is improved, it is essential that individual workers clearly describe the

features to which they refer so that the terminology they use is clearly understood. The

terminology used in this dissertation is based on a literature review of the historical

developments in the use of the most common terrns applied to terrestrial carbonate

accumulations. It is clear that any terminology must be able to cope with the expanding

scientific knowledge in this freld. The review is restricted almost entirely to literature written

in English and prior to the conìmencement of this dissertation in 1985.

1.2.2. REVIEV/ OF TERMINOLOGY APPLIED TO TERRESTRIAL CARBONATE

ACCUMULATONS.

In the literature dealing with work in Africa, 'calcrete' has generally been used to

denote terrestrial carbonate accumulations. Lamplugh (1902) was the first to propose the

term 'calcrete' for surficial deposits of limestone debris around Dublin (England), composed

of sand and gravel cemented into a hard mass by carbonate precipitated from infrltrating

water. In 1907 Lamplugh, working in Rhodesia, reported the presence of 'valley-calcrete',

or surface limestone, on the margins of dry river courses of the Batoka Gorge. He

recognised that these calcareous deposits were similar to'caliche' which he had seen in

Arizona. 'Caliche' was defined by Blake (1902p.220) as "a calcareous formation of

considerable thickness and volume found a few inches, or a few feet, beneath the surface-

soil" of southern Arizona and Mexico. This recognition that calcrete and caliche are

synonyms is prevalent throughout the African literature, but priority is generally given to the

term calcrete (see for example Siesser L973;Hay and Reeder 1978; Netterberg and Caiger

r983).

Since Lamplugh's original definition, workers in Africa have adopted three different

approaches to the description of calcrete. 'Calcrete' has been used specif,rcally to describe the

indurated horizon of a caliche profile (Siesser 1973; Knox 1977) or a "dominantly indurated

profile or horizon of pedogenic origin" (Hay and V/iggins 1980 p.560). Other workers have

adopted the term in a much broader sense (Netterberg 1969 a & b, 1978, 1980' 1983;

Netterberg and Caiger 1933) to describe "almost any material of almost any consistency and
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carbonate content formed by the in siru cementation and/or replacement of regolith material

by (dominantly) calcium carbonate precipitated from the soil water or gtound water.

Calcifred cave soils, spring tufas, aeolianites and beachrocks are usually excluded.."

(Netterberg and Caiger 1983 p. 235). The latter more general definition implies that

unconsolidated and only weakly cemented carbonate may be part of the same prof,rle as

indurated zones. In addition, using'calcrete'in a broad sense allows the nvo major types,

pedogenic (soil) and nonpedogenic (ground water), to be included in the same definition. It

is now customa,ry for the type of calcrete according to these wo broad classifications (see for

example Carlisle 1978; Watts 1980) to be stated in the introduction to an investigation of

these materials. The third approach is to define'calcrete' as a'pedocrete', a term restricted to

soils which contain greater than 50 per cent carbonate as the cementing or replacing material

(Netterberg 1985).

'Caliche'is generally used in America in preference to the word'calcrete'. Workers

following Blake (1902), did not always adhere to his original definition. Price (1933)

described the accumulation of carbonate, silica, iron, aluminium, kaolin and soda niter in

soils, as a duricrust, or as 'caliche'. In Argentina, Chile and Peru'caliche' was used to

describe deposits cemented by sodium nitrate (Aristarain 797I), in California for gravels

cemented by calcium sulfate precipitated from ground water (Hunt and Maybey 1966)' and in

the Persian Gulf for aragonite and high-Mg calcite crusts developed in a supratidal

environment (Schotte and Kinsman 1974). These are only a few examples of deviations

from the original definition, further examples are sited by Heath (1966), Aristarian (1971)

and Reeves (1916). 'Caliche' remains a very general term for deposits with several different

mineralogies and environments of accumulation.

Bretzand Horber g 09aÐ and later Brown (1956), recognised the danger of such a

loosely defined term. They restricted'caliche' to calcareous materials which vary in

morphology, and develop in sint in the weathering zone; such a definition is similar to

Blake's original description. Most geologists in Nonh America have adopted similar

definitions, identifying pedogenic processes in the vadose zone as responsible for the

accumulation of carbonate, mainly secondary calcite (CaCO:,) (Aristarain 7970,1971;

Gardner 1972; Ja¡nes 1972 Esteban 1976; Schlesinger 1985). Vertical and lateral variations

in caliche morphology and an association with arid and semi-arid climates are also factors

frequently mentioned (Reeves 1970; EstebanlgT6: Schlesinger 1985). In some American

literature, the 'caprock' or indurated horizon in a caliche profile is termed 'calcrete' (Reeves

1970; Gardner !972; Ettensohn et a|7988) in the same way that some African workers use

this term. Machette (1985) has suggested that'calcic soils' may be a better term than

'caliche' and that'calcrete' should be ¡estricted to'indurated calcic soils'.

In America, soil scientists adopted different terms to those used by geologists to

describe calcareous accumulations in soils. Aristarian (1971), a geologist, does not even

recognise the soils terminology in his review of 'caliche'. Initially caliche was equated with a
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Cca soil horizon, which is a zone of calcium carbonate accumulation, either fossil or active

(Brown 1956). Gile (1961) classified Cca horizons into four categories; very sEong, strong,

moderate and weak on the basis of morphology and analytical data . Later, Gtle et al (1965,

1966) proposed a new master horizon, K, to describe horizons where authigenic carbonate

dominates the mineralogy and morphology, and forms a continuous coating on all the skeletal

grains. They claimed the concept of a'K' horizon incorporated caliche, calcrete, desert crust

and croute calcaire. 'Croute calcaire'is the term used in the French literature (see for example

Durand, 1963; Verrecchia 1987) to describe hardened caliche or a calcareous crust (Campbelt

et al L972). The K horizon notation was not retained by either of the more recent major soil

classification sysrems, FAO (1974) or Soil Survey Staff (1975). They adopted the phrases

'calcic horizon' for a horizon of secondary carbonate enrichment (either calcium and/or

calcium magnesium carbonate) and'petrocalcic horizon'for a well cemented calcic horizon.

These nvo phrases are now commonly used in the pedological literature (see for example

Rabenhorst and V/ilding 1986 a,b & c), although some authors still use the 'K' notation

(Sobecki and Wildin g 1982,1983; Birkeland 1984; Machette 1985).

The preoccupation of some American soil scientists with pedogenic carbonate

accumulations (caliche) has left little scope in any of their definitions of terms or varieties to

account for nonpedogenic processes. However, several different types ofnonpedogenic

carbonate cementation have been identified in alluvial fans; case hardening, laminar layers

above unconsolidated materials and gully-bed cementation (Lattrnan and Simonberg 1971;

Lattman lg73>. Reeves (1983), an advocate of the term 'caliche', chose to call the carbonate-

cemented drainage channel-fills of West Texas and New Mexico "channel calcrete".

There are numerous other local names applied to terrestrial carbonate accumulations

(Goudie 1973; Reeves 1976) but only a few examples are mentioned in this brief review. In

Britain the term'comstone' denotes authigenic carbonate accumulations that resemble

palaeosols on the floodplain sequences of the post Carboniferous - pre Jurassic New Red

Sandstone in Western Scotland (Steel 1974>. 'Cornstone'has been used in a similar sense

by Tandon and Narayan (1981) in India. Other examples of carbonate palaeosols in Britain

are developed on the Carboniferous Eyam Limestone (Adams 1980) and the Lower

Carboniferous Llanelly Formation (Wright 1982,1983, 1986a) and are called'calcrete

(caliche)'. In Israel, exposed calcareous bed¡ock, principally marl and chalk, is altered to

form a carbonate hardpan termed'nari' (Yaalon and Singer 1974). Calcium carbonate

nodules found in soils developed on river alluvium are termed'kankal'in India (Manchanda

et aI 7984). Originally this word referred to any kind of gravel or rock fragment (Campbell er

al t972).

In the literature dealing with Australia there are excellent examples of historical

changes in the meaning of terms applied to carbonate accumulations. The term 'travertine'

was adopted by many early Australian geologists, who realised they were not using this word

in its strict sense (Jack, l9I7). Commonly'travertine'replaced the less scientific name of
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'crust limestone', for recent calca¡eous accumulations in soils with "an irregular incrustation

over, or near, the surface" (Scoula¡ 1879 p. 61). In this sense 'travertine'implied a

calcareous indurated zone or caprock, of variable thickness, which frequently included

nodular or concretionary structures (Sreich 1893; V/ade 1915; Howchin 1923; Woolnough

1927 úocker 1946 a & b; Fairbridge 1948; Fairbridge and Teichert 1952). W'oolnough

(1930) described the 'travertine' crusts covering much of South Australia as chemically

precipitated rocks that formed part of the 'Duricrust'. He did not regard the travertine alone

as an indication of the 'Duricrust' (Woolnough 1927), but considered laterite (ferricrete) and

silcrete as more important. Later Goudie (1973,1985) redefined 'duricrust' as any product

of terrestrial weathering that "accumulated in and/or replaced a pre-existing soil, rock, or

weathered material, to give a substance which may ultimately develop into an indurated mass"

(Goudie 1973 p.5) and thus included calcrete as a duricrust.

'Travertine'was also used to denote the laminae of calcareous crusts (Basedow 1905;

Mawson 1907), just as Bretz and Horberg (1949) did in their descriptions of banding on

caliche fragments. Basedow (1905 p. 91) differentiated travertine from'calc-tufa'which he

described as a deposit of "earthy, calcareous sinter, with a fair percentage of included organic

matter" situated at the base of a waterfall. Today this type of deposit would be called

travertine (Golubic 1973; Julia 1983; ChafetzandFolk 1984).

In the 1960's the nomenclature in South Australia changed from'travertine' to

'kunkar'to'calcrete'. Initially 'kunkar', derived from the Hindi word'kankal', \ilas used as

the equivalent of 'travertine' and refered to the indurated calca¡eous zone in a prof,rle

(Horwitz and Daily 1958; Johns 1963). Firman (1963a &b,1964,1965a) described the

"fossil limey 'B' horizon" in a soil as 'kunkar'. Crawford (1965) used'kunkar' in a much

broader sense to describe three horizons; a nodular zone at the top of a profile, a massive or

sheet zone beneath, and a second nodular zone often with a high proportion of mafix or marl

at the base. Just before'kunkar' completely lost favour, Heath (1966) suggested a retum to

the correct spelling of this word (kankar) and recommended that it be used to describe any

carbonate accumulations of pedogenic origin. In the same yeff Firman (1966b) introduced

'calcrete' as an all-encompassing term for travertine, caliche, soil limestone, kunkar or

kankar, and continued to use this term in subsequent reports to be consistent with

terminology in other countries.

'Calcrete' continued to be the most popular terrn in the Australian literature throughout

the 1970's and 1980's (Sanders 1973; Read 1974,1976; Wetherby and Oades 1975;

Schwebel 7978; Carlisle 1978, 1980, 1983; Mann and Horwitz 7979: Hutton and Dixon

1981; Semeniuk and Meagher 1981; Arakel 1982: Arakel and McConchie 1982; Vy'arren

1983; Milnes and Hutton 1983; Semeniuk and Searle 1985; Semeniuk 1986a) and has

commonly been defined in the more general sense used by some African workers (e.g.

Netterberg). The distinction between pedogenic and nonpedogenic calcrete is stressed by

many workers, particularly those working in northern South Australia and Western Ausfalia
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1ilhere massive carbonate is associated with palaeodrainage channels. Nonpedogenic

calcretes a¡e chemically precipitated carbonate accumulations associated with groundwater or

fluvial environments (Goudie 1984), and in their simplest forms have no horizonation, thus

preserving the textures and structures of the host materials (Carlisle 1983). There are several

subdivisions of nonpedogenic calcrete depending upon geomorphic setting; groundwater

(Mann and Horwitz 1979),valley, deltaic, alluvial fan and lake margin (Carlisle 1978,1980;

Arakel and McConchie 1982). Pedogenic calcrete also occurs over much of V/estern

Australia. In this context, Read (1974 p. 250), working at Shark Bay, defined calcrete as an

"accumulation of crypto-crystalline calcite resulting from soil-forming processes.... as

coatings around grains, as intergranular cements, and as laminated sheet-like deposits; it also

replaces carbonate grains." Such a definition "does not include original sedimentary particles

of the host" (Read 1974p.250) and thus avoids the problem of Lamplugh's original

definition which required a calcareous substrate. Many of the definitions of 'caliche' in the

American literature also assume a calcareous host material.

Problems of specifying the host material in a definition of terrestrial carbonate

accumulations are also avoided by adopting the approach of Netterberg and Caiger (1983).

Milnes and Hutton (1983) in their comprehensive review of the calcrete literature in southern

Australia, used Netterberg's concept to define'calcrete' in its broadest sense, for a "range of

carbonate accumulations in the regolith" (Milnes and Hutton 1983 p.121).

In view of the historical changes in the definition of terms, 'calcrete' will be used

throughout this dissertation, in preference to any other term, as the most appropriate word to

describe carbonate accumulations in terrestrial environments. Netterberg 0967) and Goudie

(1972a,1984) also considered 'calcrete', to be preferable to 'caliche', or any other term.

'Caliche' is rejected because it has been applied to materials incorporating noncalcareous

cements; it is not always used to describe materials accumulating in continental or terrestrial

environments; and, the definition has genetic implications such that no allowance is make for

nonpedogenic types of calcareous materials. 'Calcrete' is used by workers in Africa,

England, Spain (Klappa 1978, 1979 a & b, 1980 a & b, 1983) and Australia, and therefore is

the most common term. In its broadest sense'calcrete'is now used to refer to a variety of

carbonate accumulations either of pedogenic or nonpedogenic origin, and it is not restricted to

the indurated zone in a profile. This type of approach is essential in order to cope with the

many different forms of secondary carbonate present in terestrial landscapes throughout

South Ausralia. The following defînition of calcrete adopted in this thesis, is modified from

Milnes and Hutton (1933). The term'calcrete'encompasses any secondary carbonate

accumulation found within the regolith, irrespective of molphology and degree of induration.

Calcareous materials such as fiavertine, speleothems and tufa are specif,rcally excluded from

the defrnition (Phillips et al1987).
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1.3 REVIEW OF THE LITERATURE RELATED TO STUDIES OF SOUTH

AUSTRALIAN CALCRETES.
Detailed studies of calcretes in South Australia have concentrated on four

geographically separate ateas; the southeast, the Murray Basin, Yorke Peninsula and Eyre

Peninsula (Fig. 1.2). There has been relatively little work in the Adelaide region apart from

brief field descriptions by early geologists and pedologists (e.g.Howchin 1923 and later

Ward 1965,1966), and studies of soil morphology and mineralogy near Adelaide (Stace and

Rogers 1954; Norrish and Rogers 1956; Taylot et al1974).

The following review is only a brief summary following a more comprehensive

review by Milnes and Hutton (1933) describing calcretes in southern Australia. The literature

relating to calcretes has centred on six major topics, namely; the source of the carbonate,

va¡iations in calcrete morphology, mineralogy and geochemis¡ry, the use of calcretes as soil

stratigraphic units, dating ofcalcretes, and theories concerning the genesis ofcalcretes.

I.3.1 PROVENANCE OF THE CARBONATE.

The question of carbonate provenance has frequently been discussed in the geological

and pedological literature. Many workers now recognise that more than one carbonate source

may have influenced the formation of calcretes. Potential sources of carbonate suggested

have included;

i) sea spray containing calcium salts blown by the wind over the land until rain washed the

salts out, thus providing a source of calcium to the soil (Jack l92l; Prescott 1931; Crocker

1946 a&b; Hurton 1979;Warren 1983). Such calcium salts would have been mainly

deposited in coastal areas, but may be reworked by aeolian activity and moved further inland

in various stages, via the'piggy-back'method described by Milnes and Hutton (1983).

ii) calcareous bedrock, either limestone or calca¡enite, of Pleistocene, Tertiary, Cambrian or

Precambrian age which has been altered in siru to form calcrete (Scoular 1879; Howchin

lg}l,lg23; Jack 1917; Crawford 1965; Dixon 1978; Schwebel 1978; Milnes 1982; Milnes

et al1983;Waren 1983; Milnes and Ludbrook 1986).

iii) carbonate-rich lakes were first recognised as a possible source by Wade (1915) when he

noted that some calcretes on lake margins merged laterally with lagoonal limestones

containing the shells of Coxiella. The deflation of carbonate rich lakes has also been

recognised by several workers in the Murray Basin (Dixon 1978: Blackburn 1979; Wilson

1981; Hutton and Dixon 1981; Milnes and Hutton 1983) as a potential source of carbonate.

Hutton and Dixon (19S1) considered that some of the Ca and Mg in the lakes was derived

from local igneous and metamorphic bedrock. More recently Milnes et al (1987) have

speculated that reworking of dolomite from local groundwater lakes may explain the

distribution of dolomite within calcrete profiles.

iv) carbonate reworked by either wind action or solution and so distributed widely from the

source. Howchin (1901) working on Yorke Peninsula suggested that the extensive
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dissolution of Eocene limestones and transportation via 'subterranean water's provided the

carbonate necessary to form secondary deposits of 'travertine'. Jack (1917) postulated a

similar carbonate source for the 'Eavertine' in the Moonta and Wallaroo districts. Wade

(1915) suggesred that the carbonate was aeolian in origin. Later Crocker (1946a) proposed

that calcareous beach and sand dunes formed during a period of low sea level in the

Pleistocene were winnowed by aeolian agencies to produce a finer calcareous sediment

(loess) that was carried inland to form a calcareous blanket over the landscape. Many

subsequent workers have upheld the concept of 'Crocker's loess' (Firman L963a: Crawford

1965; Ward 1965), but more recent work indicates that the time framework may be different

to that postulated by Crocker (Milnes and Ludbrook 1986).

Whatever the carbonate source(s), it must account for the broad distribution of

calcretes across southern Australia (Fig. 1.1) where calcareous substrates are frequently

absent. Moreover, the source(s) were presumably available for long periods of time in order

to develop the thick and complex sequences of calcretes no\ü observed.

1.3.2 VARIATIONS IN TFIE MORPHOLOGY OF CALCRETES.

Prior to the 1970's, descriptions of calcrete morphology were typically brief and were

mainly concerned with gross macromorphology as seen in the field (see for example Streich

1893; Mawson 1907; rryade 1915; Jack 1917;Howchin 1923; Crocker 7946a; Ward 1965,

1966 and Firman 1962b). Such descriptions concentrated on indurated carbonate materials

particularly where they formed massive pans or sheets, or rounded concretionary structures at

the surface; only occasionally were unconsolidated carbonate forms described. Very little

detail was usually given in these descriptions. For example, Howchin (1923) noted that the

nodular 'travertine' at Hallett Cove varies in thickness from 1.8 to 4.6 m, is a 'marly clay' at

the base, "becoming more nodula¡ and limy in its upper portion, and often forms a limestone

crust or sheet, nea.r the surface". Crawford (1965) was the only worker during this period to

describe in detail the macromorphology of calcretes. In his paper on Yorke Peninsula, he

described a typical profile with three horizons: an upper nodular zone with very little matrix;

in sharp contact with the flat upper surface of a middle massive carbonate which might

contain'nodule within nodule' textures; grading into a lower nodular zone which often had a

high proportion of marly matrix. Crawford (1965) noted that large nodules up to 20 cm in

d.iameter were composed of smaller nodules cemented together. Variations on the typical

profile included the absence of any one of the horizons, poor development of a particular

horizon, or the repetition and superposition of several profiles. The thickest middle horizons

of the typical profile were noted by Crawford to occur mainly in topographic depressions.

In rhe sams manner as Crocker (1946a), Crawford (1965) differentiated calcretes

forming his typical profiles from thin, sometimes weakly cemented and sandy, carbonate

pans and single bands of nodules found commonly in unconsolidated sief dunes and

aeolianites. Both Crocker (1946a) and Crawford (1965) noted that where several of these
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thin pans occurred in a dune, those at its crest were curved and separated by sand, but near

the base of the dune and in the swale the pans became superimposed and horizontal in

orienøtion. Thus both these workers recognised the influence of topography on the

mo¡phology of the calcrete. Crocker associated the complex massive carbonate layers of the

typical profile with the Solonized brown soils (Calciorthids)* of Eyre and Yorke Peninsulas

and the Murray Basin. Calcrete developed on aeolianite he associated with Terra rossa soils

(Rhodoxeralfs). In the aeolianites multiple calcrete profiles were recognised by Crocker

(L946a) and Crawford (1965).

In the 1970's descriptions of calcrete macromorphology became more detailed

(Wetherby and Oades 1975; Dixon 1978; Schwebel t978;) and conflicts due to imprecise

terminology became important. V/etherby and Oades (1975), in describing carbonate

palaeosols throughout the Murray Basin in relation to land use, developed their own

classification scheme based on texture, the amount and nature of the carbonate, and the types

of boundaries between horizons. Each class of carbonate was then assigned to a particular

stratigraphic unit which had been identified by Firman (1972) in the Murray Basin. In

correlating their morphological units with the stratigraphic scheme suggested by Firman, the

value of the Wetherby and Oades units became restricted. Dixon (1978) adopted the calcrete

nomenclarure established by Netterberg (1969 ,l97l) for South African materials. This

recognises five main types of calcretes (namely powder, nodular, honeycomb, hardpan and

boulder) all of which were considered by Netterberg to represent stages in the genetic

evolution of calcretes. Dixon recognised such materials in several profiles in the Murray

Basin and on Yorke Peninsula, but found Netterberg's scheme inadequate to describe

accurately all the variations in morphology within each broad calcrete type. Schwebel (1978)

documented the morphological characteristics of 5 types of calcrete profile developed on

calcareous subsEates in the south-east of South Australia. In addition to macromorphology,

Schwebel included both micromorphological and ultrastructural features in his descriptions

and so found that there \ryas no single classification scheme appropriate for his work.

Schwebel's descriptions are strongly influenced by the international geological literature

relating to carbonate crusts developed on limestones.

The lack of an adequate scheme for description of the various forms of calcrete found

in southern Australia \ilas still evident in the early and mid 1980's. Wilson (1981) resorted to

broad descriptive terms in an attempt to avoid the confusion and genetic implications of the

available classification systems. Hutton and Dixon (1981) retained a modified version of

Netterberg's scheme and Muneer (1987) who only worked on carbonate nodules, was

strongly influenced by the pedological literature.

*Where soils are described in Great Soil Groups the nearest equivalent term in U.S. taxonomy is given in

brackets (after Moore et al 1983).
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1.3.3 MINERALOGY AND GEOCTTEMISTRY

The mass of mineralogical and geochemical data reported for calcretes throughout

southern Australia has been lucidly synthesised by Milnes and Hutton (1983). Calcite is

generally the dominant carbonate mineral in calcretes, with lesser amounts of dolomite. The

calcite may contain some magnesium substituted into its lattice. In the Murray Basin and on

Yorke Peninsula the proportion of dolomite in calcrete profiles is reported to increase with

depth (Wetherby and Oades 1975; Dixon 1978; Hutton and Dixon 1981; V/ilson 1981) but it

may also be the dominant carbonate mineral at the top of some profiles. Trace amounts of

ankerite and ?huntite have also been recorded (Wetherby and Oades 1975; 'Wilson 1981).

Aragonite was found in samples containing fragments of fossil molluscs. The clay

mineralogy of the calcretes is dominated by illite, kaolinite and randomly interstratified

materials. In addition, sepiolite and palygorskite have been identified in profiles from the

Murray Basin and on Yorke Peninsula. Quartz, feldspars and clays are the main detrital

minerals in the calcrete.

Geochemical data for many of the near-coastal aeolianites and associated calcretes,

and for Pleistocene calcareous sands show very high proportions of end-member CaO (more

than ñVo), indicating that calcite is the dominant mineral. However, associated lacustrine

sediments are rich in MgO due to a high dolomite content. There are local va¡iations in these

trends, as shown by data from Encounter Bay in South Australia (Milnes and Hutton 1983).

In most prof,rles the Ca/vlg ratio decreases with depth, and this may be attributed to either a

loss of magnesium or a concentration of calcium near the top of the profile (Milnes and

Hutton 1983).

Data from calcretes in inland areas, not associated with the coastal aeolianites, show a

wider variety of geochemical trends. In the Adelaide region, Stace and Rogers (1954)

recorded a wide variation in the relative proportions of total CaCO3 and acid-insoluble

residues, but a consistent decrease in Ca/f4g ratios from indurated carbonate commonly

found at the top of profiles to weakly consolidated calcareous materials near the base. On

average, the proportion of acid-insoluble material is higher in calcretes from inland areas than

in calcretes associated with coastal dune sequences. Furthertnore, there is less than 257o

dolomite in the carbnate fraction of inland calcretes, and the proportion of dolomite may

significantly increase with depth (Milnes and Hutton 1983). Sharp breaks in CalÀ4g ratios

recorded down prof,rle were thought to reflect sedimentary changes in the deposition of

carbonate and so indicate the superposition of several events (Milnes and Hutton 1983). It is

interesting to note that the decrease in Ca/VIg ratio reflecting an increasing concentration of

dolomite with depth is typical of calcretes in southern Australia, but has rarely been reported

from other pafis of the world. Hutton and Dixon (1981) attributed these trends to the

dissolution of carbonate neil the ground surface by percolating rainwater and the

reprecipitation of calcite in the upper part of the profile when pH or pCO2 changed, so that

the solution moving down profile became relatively more magnesium rich. Milnes et al
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(1987) considered that the relatively high concentration of dolomite at depth was typical of the

primary ca¡bonate sediment, whereas the increasing concentration of calcite up-profile

reflected secondary alteration due in part to pedogenesis.

Chemical analyses of carbonate coated pebbles, cobbles and boulders indicate that the

laminae rimming such structures are enriched in CaO relative to the core. Blackening of the

cores was attributed to the presence of high concentrations of organic carbon (Milnes and

Hutton 1983).

Recent studies of carbonate nodules by Muneer (1987) were restricted to soils found

above calcrete hardpans, thus ignoring the possibility that some nodules might have been

reworked from the hardpan. Muneer (1987) found the proportion of calcium carbonate in

these soils was either uniform throughout or increased with depth. These trends were

attributed to variations in the amount of rainfall and the organic content of the soil. Muneer

(1937) suggested that in low rainfall areas a uniform distribution of carbonate in the profile

was likely because of limited leaching, whereas under high rainfall (500-1100 mm p.a.)

conditions and with high organic carbon contents (-3-4 Vo) in the soil, acids were formed

which leached the carbonate. Electron microprobe and XRD analyses of the nodules within

these soils showed that most nodules contained more CaO (calcite) than the surrounding soil,

but data for MgO were inconsistent.

1.3.4 SOIL STRATGRAPHIC STUDIES

In a series of short papers throughout the 1960's and 1970's, Firman considered that

variations in calcrete morphology could be used to identify soil suatigraphic units. Based on

these differences in morphology he identified three units and attempted to make correlations

based on perceived lithological characteristics over wide areas of South Australia. However,

he failed to adequately describe the units and so other workers have not been able to

confidently adopt his stratigraphic scheme.

Initially Firman defined the Baka¡a Soil in the Murray Basin as a soil sratigraphic unit

of Late Pleistocene age, characterised by "an indurated fossil limey 'B' horizon" in "an old

brown soil" (Firman 7963a,1964). This description was taken directly from the work of

Crocker (I946a) and only later expanded to a "moderately hard massive or sheet calcrete"

(Firman 1966a). In subsequent papers, Firman correlated the Bakara Soil of the Murray

Basin with thin carbonate crusts developed on late Pleistocene Anadara-bearing limestones

(Glanville Formation) which were deposited during a higher stand of the sea in the northern

parts of Spencer Gulf (Firman 1965a). He also correlated the Baka¡a Soil with carbonate

crusts developed in terrestrial environments on sediments and bed¡ock of the Pa¡a Block and

Mt tnfty Ranges (Firman 1963b;1966b) , and with carbonate-cemented gravels (lower

member Telford Gravel) near Leigh Creek in the northern part of the State (Firman 1967b).

Firman (1966a) later recognised a younger soil stratigraphic unit, the Loveday Soil, in

the Chowilla area of the Murray Basin. The 'soft platy lime layers' he described as
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characteristic of this unit occur within the aeolian sands of the V/oorinen Formation.

However, Lawrence (1966) had identified 5 members within the Woorinen Formation, based

on the degree of pedogenic carbonate development. Firman (1966a, I967a) only recognised

the lower 3 subdivisions of the V/oorinen Formation, but never clarifred whether all three

calcareous layers of Lawrence (1966) or one in particular was equivalent to the l-oveday Soil.

Later, Firman (1967b) correlated the t-oveday Soil of the Murray Basin with terrestrial

carbonate deposits in other parts of the State including "carbonate silt-quarø sand" (upper

member Telford Gravel) in areas adjacent to the Flinders Ranges, as well as "layers of

vermiform carbonate nodules" in the upper portion of alluvial clays (Pooraka Formation) in

the St Vincent Basin (Firman 1969a).

The oldest calcareous soil stratigraphic unit recognised by Firman was described from

the west coast of Eyre Peninsula and named Ripon Calcrete (Firman 1967 a&b,1969b).

This "thin-bedded calcirudite containing dominantly lime carbonate fragments which are

angular or rounded" was reported to be up to 9 m thick (Firman 1967b). He interpreted it as

part of the earliest soil forming period in the Pleistocene and suggested that it was associated

with a major regression which separated its host formation (Bridgewater Formation) into a

lower and an upper member. This stratigraphic use of Ripon Calcrete is no longer accepted

for several reasons. There is no equivalent in the southeast of the state where the aeolianites

of the Bridgewater Formation are well developed (Schwebel 1978). At the type section of the

Bridgewater Formation nea¡ Portland in Victoria and many other localities there are numerous

calcretes in the aeolianites (Boutakoff L963) and in tectonically stable areas such as Eyre

Peninsula the aeolianite sequence may be much older than Pleistocene (Milnes and Ludbrook

r986).

There are several major problems with Firman's work. Firstly, he has never provided

detailed descriptions of the calcretes, nor has he nominated type sections for all three soil

units (V/ard 1967). Secondly, Firman apparently did not appreciate that one soil stratigraphic

unit may occur as a single palaeosol in one area and a series of superimposed palaeosols

(composite), or a sequence of palaeosols separated by sediment accumulation (compound) in

another. Such complex soil stratigraphic units were fust described by Butler (1959) and later

in more detail by Morrison (1964). Crocker (1946a), Crawford (1965) and Lawrence (1966)

had all recognised that calcrete layers in sand dunes are separated by sand in the crest of the

dune but merge on the flanks. The lack of detail in Firman's site descriptions makes it
impossible to identify which individual layer, or if all layers, represent his soil stratigraphic

units in the aeolian deposits containing the l,oveday Soil and the Ripon Calcrete.

Most workers now appreciate that soil morphology changes laterally (Morrison

1964), and this is true ofcalcretes even oververy short distances as Crocker (1946a),

Crawford (1965) and Phillips and Milnes (1988) have illustrated. However, Firman

assumed that the morphology of each of his soil stratigraphic units was relatively constant
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and used this false supposition to suMivide the units and even to correlate between separate

sedimentary basins.

1.3.5 DATING OF CALCRETES

One possible solution to the problems associated with correlating calcretes would be

to find a suitable means of dating the ca¡bonate. Williams (1969) dated carbonate nodules

from palaeosols in the Pooraka Formation using radiocarbon techniques at 18,900 +l- 430

years B.P., but cautioned that this date may have been influenced by recrystallization and

secondary contamination by atmospheric 14C (Williams and Polach 1969). Despite such

potential errors, Witliams and Polach (1969) found an increase in age with depth in carbonate

palaeosols from the Murray Basin, but noted that the absolute ages were at least 3,600

radiocarbon years too old. V/illiams (1973) also reported radioca¡bon dates for ca¡bonate

nodules and whole soil carbonates from the alluvial fans on the Lake Torrens plain, which

abuts the Flinders Ranges. He differentiated three periods which were dominated by the

accumulation of soil carbonates; between approximately 30,000 - 24,000 years B.P.

(V/ilkatana palaeosol), 16,000 - 12,000 years B.P. (Motpena palaeosol), and 5,000 - 3,500

years B.P. (Nacoona palaeosol).

Callen et al (1983) reported that radiocarbon dates were unreliable for soil ca¡bonates

in the arid zone of South Australia . Inconsistencies found even within a single horizon were

attributed to recrystallization and multiple generations of micritic cement. However, Callen et

al (1983) were able to demonstrate that the cores of nodules were older than the rims. In

conrrast to the data obtained by Williams and Polach (1969), Callen et al (1983) showed that

most dates for the various types of samples they examined were too young when compared

with the sratigraphic interpretation available.

The potential of amino acid racemization as a technique to provide relative ages of

calcrete formation in South Ausnalia has been investigated in a reconnaissance fashion by

Kimber and Milnes (1984) and Milnes et al (1987). Milnes et al (1987) analysed whole

samples from two calcrete profiles and discovered a general increase in D/L ratio for several

amino acids with depth. They interpreted this Íend as time dependant and hoped that this

method might be used to provide a time framework for calcretes in South Austalia.

1.3.6 GENESIS OF CALCRETES

The ultimate aim of most calcrete studies has been to discover the mechanisms

whereby calcretes develop. All the early hypotheses in South Australia invoked dissolution,

redistribution and reprecipitation of carbonate (e:g. Jack l9l2; Wade 1915). The main debate

centred around whether the carbonate charged waters were ascending or descending in the

profile. Scoular (1879) and Howchin (1901) considered that Tertiary and older limestones

were partially dissolved by groundwaters during winter, then in the dry summer months

evaporation from the soil surface caused these ca¡bonate charged groundwaters to rise and
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eventually to precipitate the carbonate as a crust. Based on this hypothesis it was suggested

by Basedow (1905) and Jack (1914) that the presence of calcrete was a good indicator of

underground water. In contrast, Mawson (1907) recognised that'travertine tubes'

(rhizoliths) on Eyre Peninsula were formed due to the downward percolation of water. Jack

(lgl7) favoured the ascending water model, he described the solution of carbonate by

rainwater percolating into the soil and its later ascension "into the znne of evaporation under

the influence of capillarity and through the larger channels of circulation, and on evaporation"

leaving " its mineral content at a depth dependent on the protective character of the soil. Thus

a sheet of calcareous'cement'or travertine is formed a few inches to a few feet below the

surface, and migrates downwards with the degradation of the region, keeping its relative

position to the surface " (Jack 1917, p.35).

Prescott (1931) was the first to suggest that downward leaching of carbonates was the

dominant factor in calcrete formation. This concept was further developed and supported by

Crocker (1946 a&b), Crocker and Cotton (1946), Firman (1963a,1967a),Blackburn et al

(1965), Crawford (1965) and Ward (1966). Clocker (1946a) argued that the occurrence of

calcareous crusts over very co¿rse shell beds in which capillary rise was impossible was

s¡ong evidence in favour of an alternative mechanism. However, he conceded that capillary

rise could be a contributing factor where the water table was within 2 m of the surface.

Crocker (L946a) considered that the calcretes formed on coastal aeolianites, and

further inland on noncalcareous substates, represented fossil illuvial B-C soil horizons. The

suggested winnowing of fine calcareous material (loess) from coastal dunes prior to

consolidation provided a source of carbonate for inland areas, and this might have been

deposited in a variety of sedimentary environments at any one time. Crocker realised that the

distribution of such "loess" might have been variable due to the vegetation, the amount of

rainfall, the dominant wind direction and the local availability of the "loess". Once the

carbonate had reached the landsurface Crocker considered that it could have been dissolved

and redeposited at depth within existing soils, concentrated in depressions by lateral

movement and surface runoff, or leached by high rainfall . Mineralogical work by Nonish

and Rogers (1956) in the Adelaide area confirmed that the calcrete was formed within existing

soils, Terra rossas (Rhodoxeralfs) and Rendzinas (Calcixerols), that had formed in situ and

were related to bedrock not the calcrete.

For the coastal aeolianites, as opposed to inland sites, Crocker (1946a) suggested that

the Terra rossas (Rhodoxeralfs) had developed on exposed calcrete surfaces after the eluvial

A horizon had been removed. V/ork by Norrish and Rogers (1956) and Blackbttrn et al

(1965) in the southeast of the state, demonstrated that the Terra 1ossas (Rhodoxeralfs) are

related to the underlying calcareous materials and not the illuvial B horizon which forms the

calcrete. The relatively high silt content in some of these Terra rossas soils, Blackbvn et al

(1965) attributed to aeolian reworking of sediments from adjacent swales.
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As early as 1913, Ward suggested that illuviation of ca¡bonate \ilas not the sole

process responsible for calcrete formation. In attempting to explain a calcrete containing dark

coloured concretions he postulated that ttre dark concretions were weathered at the surface

then buried by mobile calcareous sand which later became consolidated. Crawford (1965

p.42) also observed that calcretes were complicated by "reworking both by solution and

reprecipitation, and by mechanical transportation and subsequent re-cementation". These

processes resulted in'nodule within nodule' textures and very thick, consolidated horizons in

depressions. Crawford (1965) attributed these thick consolidated horizons to "accretion of

extra material by horizontal transference in solution". He also noted the presence of rare

noncalcareous clasts in calcretes several meües above quartzitic bedrock. These, he

suggested, may have been broken and wedged up by carbonate penetrating down along veins

into the quartzite.

On the basis of their mineralogy and morphology, Dixon (1978) proposed that the

calcretes on Yorke Peninsula were of complex but dominantly pedogenic origin. He

suggested that each morphological type of calcrete represented one period of formation and

that there were times during the Pleistocene when the soil cover was removed and the thick

hardpans eroded. Fragments so derived were available for transport and subsequent

inclusion in younger calcrete profiles. However, in parts of the Murray Basin where the

calcretes are very similar in morphology but their mineralogy was dominated by palygorskite,

sepiolite and dolomite rather than calcite and illite, Dixon (1978) proposed an origin as

lacustrine sediments cemented in situ. Although other workers (Blackburn 1979; Wilson

1981) have commented on the likelihood of a local lacustrine source of carbonate, none have

suggested that the calcrete actually formed in sítu on these sediments.

Wilson (1931) presented a more comprehensive model of calcrete formation. She

recognised that dolomitic sediments were deflated periodically from lacusnine environments,

accumulated on lake margins, and were subsequently altered by pedogenic illuviation of the

more soluble calcium carbonate. Removal of the eluvial A horizon exposed the indurated

carbonate, and then processes including dissolution and fracturing caused the fragmentation

of the indurated carbonate. These fragments either accumulated locally or on the flanks of

topographic highs where they were recemented during the next period of aeolian deposition,

carbonate dissolution and illuviation.

Biological organisms such as algae, fungi and plants were considered significant

factors in the genesis of calcretes by Schwebel (1978) because they influenced the

precipitation of calcium carbonate and thus the texrural characteristics of the calcrete. He

noted the presence of needle-fibre calcite and calcified filaments, although he was unsure of

their precise origin. Schwebel's hypothesis of calcrete formation in the southeast of the state,

did not neglect inorganic processes such as solution, brecciation, recrystallization and

micritization, and thus his work represents a major step forward since the early debates of

ascending and descending water.
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Waren (1933) considered that biological organisms only had an indirect effect on

calcrete genesis in the aeolianites of Yorke Peninsula. He emphasised the inorganic

processes which obliterated evidence of early stages in the development of 'mature' calcrete.

\Varren (1933) suggested that the first stage of calcrete development was the formation of thin

micritic coatings on plant roots AS presently evident in Holocene calca¡eous coastal dunes. In

the vadose zone where there a¡e significant changes in evapotranspiration, soil-moisture and

pCO1,micrite was thought to have been deposited from a film of water coating and bridging

sand grains, thus forming micritic envelopes and meniscus cements. Waren suggested that

micrite precipitation was most pronounced below the densest zone of plant roots where pCOZ

changes were greatest, eventually leading to an indurated zone within the dune. V/ater

percolation restricted by this cemented zone caused ponding with consequent dissolution of

the carbonate, whilst subsequent evapoEanspiration caused deposition of laminar carbonate.

In his simplistic model, exposure with subsequent brecciation of the calcrete resulted in lag

deposits which became incorporated in new aeolian deposits and eventually formed more

'mature' indurated zones in the final stage of calcrete development. Waren (1983) noted that

exposure and erosion may happen at any time in this sequence thus leading to more complex

calcretes.

The most recent descriptions of calcrete genesis in South Australia have occurred in a

series of papers by Milnes and his co-workers (Milnes 1982; Milnes and Hutton 1983;

Milnes et al 1983; Milnes and Ludbrook 1986; Milnes et al1987). Emphasis is placed by

these workers on the complex interaction of pedogenic, geomorphic and geological processes

responsible for calcrete development. They stress the importance of leaching and illuviation

as mechanisms to mobilize carbonate in soil profiles, and the influence of subaerial exposure,

diagenesis, and reworking of indurated zones in the formation of nodules, pisoliths and

complex hardpans. They have also discussed the effects of topography, time and climate, the

possible influence of plant roots on soil pCO2, the presence of calcified micro-organisms in

laminae, the influence of variations in the source of carbonate, and the complicating effect of

superposition of several periods of calcrete formation. The sum of all these factors indicates

the complex interaction of processes responsible for calcrete genesis.
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1.4 AIMS OF THE PRESENT STUDY

Prior to 1988 research on calcretes in South Australia illustrated many of the topics

which had been considered in the intemational literature. Work conceming the mineralogy

and geochemistry of calcretes in South Australia has led to major advances in the

understanding of the inorganic processes involved in calcrete formation. Problems of

nomenclature and uncertainties in explaining the development of individual calcrete

morphologies have also been experienced by researchers outside Australia. Several of these

questions and problems evident from the review of literature related to calcretes in South

Austalia are add¡essed in this dissertation since they are also of concern to the wider

geological and pedological communities.

The area chosen for study forms part of the eastern margin of the Cainozoic St

Vincent Basin where calcretes have not previously been studied in detail. Good exposures in

coastal cliffs, railway and road cuttings south of Hallett Cove (Fig. 1.3) favoured

concentration of the study in the Noa¡lunga and V/illunga Embayments.

The first aim of this thesis was to identify the sedimentary environment in which the

carbonate accumulated and thus to gain some understanding of the possible source and

transport mechanism(s) of the ca¡bonate. The wide distribution of calcretes in southern

Australia has been attributed to the reworking of carbonate by either wind action (Crocker

1946a) or the transference of carbonate in solution (Howchin 1901). Throughout much of

southern South AusEalia calcretes form a blanket or mantle over a variety of rock types and

are frequently associated with noncalcareous substrates, including non-marine sediments of

Pleistocene age. This distribution indicates that the source of carbonate was not solely

derived from in siru weathering.

The second problem identified in the South Australian literature was the inadequacy of

available nomenclature to allow detailed descriptions of va¡iations in calcrete morphology.

For this reason each form of calcrete recognised in this study was carefully described in ha¡rd

specimen (macromorphology), in petrographic studies (micromorphology) and electron

microscope studies (ultrastructure).

The third aim of this dissertation has been to document the mineralogy and chemisuy

of individual calcrete forms and to relate this data to vertical changes in geochemistry and

mineralogy within calcrete profiles. In ttre past, information concerning the mineralogy and

chemistry of calcretes in southern Australia has generally related to bulk samples and not

specific variations in morphology. Reviews of the world literature (Goudie I972b, Reeves

L976) are also limited by this lack of specific data.

The investigation of the effect of topography on calcrete morphology was the fourth

aim. Several of the early workers in South Australia recognised that lateral changes in

calcrete moqphology (Crocker 1946a, Crawford 1965) were associated with particular

topographic settings such as dune crests and depressions.
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The fifth aim of this dissertation has been to document the nature of micro-biological

features and to provide an explanation of their role in calcrete genesis. The results of this

work are found in 2 papers ( Phillips et aI 1987 and Phillips and Self 1987) which were

published during this dissertation. Schwebel (1978) considered that organic processes were

important in the genesis of calcretes but was unable to identify the origin of needle-fibre

calcite or calcified filaments. More detailed work by Klappa (1979a&b,1980a&b)' on

calcretes from Spain, significantly increased scientific knowledge of the calcified organic

remains in pedogenic calcretes. However, questions remained as to the role of these micro-

organisms and possible mechanisms of calcification.

The construction of a model of calcrete genesis for the eastern margin of the St

Vincent Basin was the frnal aim of this investigation. Many possible explanations of calcrete

genesis are found in the literature, including the influences of pedogenic, geological and

geomorphological processes. The interaction of these processes is currently held to be the

most plausible hypothesis (Klappa 1983; Milnes and Hutton 1983) and thus represented the

main idea tested in this thesis. Integration of data on the depositional environment,

morphology, mineralogy and geochemistry of the calcretes and the influences of topography

and biological conüols on these factors, enabled the development of a model of calcrete

genesis which may be applicable to calcretes developed elsewhere in the world.

1.5 LOCATION OF AREA STUDIED AND SAMPLE SITES

The area encompassed by this study is bounded to the east and south by the Mt Lofty

Ranges, to the west by Gulf St Vincent and to the north by an artificial line passing through

St Kilda ( Fig. 1.3). Subsections of this area where exposures of calcrete are well preserved

in coastal cliffs, gullies, and road and railway cuttings have been studied in detail.

The locations of all sample sites (Appendix A) and the area of detailed mapping are

shown in Figure 1.3. Grid references to sites given throughout the text relate to the 1:10,000

topographic map series, except where specifically stated. Suburban development severely

restricted the area which could be mapped. The majority of samples were taken south of

Hallett Cove, at known depths from freshly exposed faces in the cliff, road and railway

sections. Vibracore samples from Gulf St Vincent were kindly provided by Dr.V. Gostin of

the Department of Geology and Geophysics, at the University of Adelaide.

1.6 METHODS
Extensive field and laboratory work was undertaken during this dissertation. Details

of the methods used are given in Appendix B of Volume II.
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L.7 PHYSICAL ENVIRONMENT
7.7.7

A. Precambrían to Tertíary

Separation of the Gondwanaland continents in the Middle Eocene (Cande and Mutter

1982) coincided with the formation of several sedimentary basins along the southern margin

of Australia including the St Vincent Basin (Fig. 1.2a). Block faulting and tilting during the

Tertiary and Quaternary produced the present Mt Lofty Ranges which form the eastern

margin of the St Vincent Basin. To the \ryest the St Vincent Basin is bounded by Yorke

Peninsula and to the south by Kangaroo Island.

In the study area on the eastern margin of the St Vincent Basin, unconformably

overlying the crystalline basement there are Precambrian and Cambrian sediments which

accumulared in the Adelaide Geosyncline (Fig l.zb). Approximately 500 m.y. ago these

rocks were folded and metamorphosed to form the Delamerides (Offler and Fleming 1968,

Daily et al 1976). There is no record of sedimentation in the Adelaide region between this

orogeny and the Early Permian when glaciation eroded the Delamarides (Milnes and Bourman

1972) and deposited tills and other glacigene sediments (Alley and Bourman 1984).

Another major time break in the sedimentary record in the Adelaide region occu:red

between the Permian and the early Tertiary. However, on Kangaroo Island fluviatile

Mesozoic sediments may have been preserved (Milnes et al 1982).

B. Caínozoíc

i) ST VINCENT BASIN

Cainozoic sedimentation in the St Vincent Basin was initially fluviatile followed by

several periods of marine transgression and regression. In the Pleistocene and Holocene,

sedimentation was dominated by fluviaValluvial processes with marine transgressions in the

Early Pleistocene (Burnham Limestone), Late Pleistocene (Glanville Formation) and

Holocene (St Kilda Formation) before the establishment of the present sea level (Fig. 1.4).

Cainozoic sedimentation on Kangaroo Island at the southern end of the St Vincent

Basin, records a sequence of events (Fig. 1.a) which has signif,rcant implications for the

development of calcretes in the area. Between the Late Eocene to Middle Oligocene,

encroachment of the seas resulted in deposition of a bioclastic limestone (Kingscote

Limestone) in low lying areas . This unit is thought to be equivalent to the Tortachilla

Limestone, part of the Blanche Point Formation and the Port Willunga Formation of the

Adelaide region (Milnes et al1983). In the Early Miocene there was a major transgtession

which deposited limestones over much of the island. This was followed in the Middle

Miocene by a major regression, which exposed the limestones to pedogenic and geomorphic

alteration thus initiating the development of calcretes (Milnes et al1983).

No equivalents of the Miocene sediments have been found in the Adelaide area,

although the upper surface of the Port Willunga Formation has been calcretized, thus
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recarding the effects of subaerial exposure during the regression. Erosion of the Port

V/illunga Formation at this time on Yorke Peninsula is dominated by solutional karst features

(Crawford 1965).

The Miocene regression is also recorded in other Tertiary sedimentary basins of

southern Australia and it is thought to have been associated with tectonic movements along

the continental margin and world wide changes in sea level (Daily et al 1976). Milnes and

Ludbrook (19S6) suggested, based on the presence of Miocene microfossils, that beach-dune

calcarenites were possibly deposited along much of the coastline of Kangaroo Island and

Yorke and Eyre Peninsulas during the Middle Miocene regression. Moreover, they proposed

that later marine transgressions in the Pliocene, and Early and Late Pleistocene were likely to

have reworked some of the Miocene calca¡enites and incorporated fragments into the younger

dune and calcrete sequences which developed during the associated regressions. In the past

these complex calcarenite sequences with associated calcretes were referred to the Pleistocene

Bridgewater Formation (Firman L97 3).

On Kangaroo Island after the Miocene regression, marine conditions prevailed again

in the Early Pliocene (Milnes et aI1933) and Late Pliocene (Hallett Cove Sandstone). This

transgression was followed in the Early Pleistocene by a regression which deposited the Pt

Ellen Formation and its equivalent on the eastern margin of the basin, the Burnham

Limestone (Ludbrook 1983). Differences in the elevations of outcrops of the Pt Ellen

Formation above present sea level indicate that there has been gentle warying on Fleurieu

Peninsula and Kangaroo Island during the Pleistocene (Ludrook 1983).

Terrestrial environments were dominant on Kangaroo Island during the Pleistocene.

Red alluvial clays and gravels were deposited, whilst along the southern and northwestern

coasts aeolianites continued to accumulate. Calcretes occur above the alluvial deposits and

within the aeolianites. Only low lying coastal areas \ilere affected by the marine incursions in

the Late Pleistocene and Holocene (Fig. 1.4).

On the \¡/estern margin of the St Vincent Basin (Fig. l.a) along the coast of Yorke

Peninsula, Crawford (1965) noted that the upper contacts of many Tertiary limestones had

been calcretized wherever there was no cover of Quaternary sediments. He recognised

several shallow-water marine or deltaic deposits of Tertiary age which Stuart (1969, 1970)

later redefined (Fig. 1.4) as the Muloowurtie Formation, Throoka Silts, Rogue Formation

and Pt Vincent Limestone (Pt V/illunga Formation equivalent).

On Yorke Peninsula the Early Pleistocene deposits are also of nonmarine origin. The

Pleistocene Ardrossan Clays and Sand (Crawford 1965) which consist of red mottled clays,

sands and angular gravels (with cross bedding in the sand and gravels when confined to

channels) have an erosional contact with the underlying stratigraphic units. Near Stansbury

where the Ardrossan Clay and Sand inflrlls a channel cut in the Pt \ü/illunga Formation parallel

nodular alunite seams up to 50 cm thick occur at the base of the unit (Crawford 1965). Stuart

(1970) interpreted the Ardrossan Clay and Sand as fluvial-alluvial fan in origin.
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Disconformably overlying the Ardrossan Clay and Sand there are red sandy clays with

blocky structure, containing thin horizontal bands of alunite. A calcrete capping occurs above

the red sandy clays. Calcrete also forms a thin veneer on Cambrian limestones (Fig. 1.2c); it

occurs within modern sief dunes, in the calcarenites along the southern tip of the peninsula

and in general as a mantle above all the other older rock types of Yorke Peninsula (Crawford

196s).

Despite local variations in lithology and an absence of dateable materials which would

allow positive correlations, the Pleistocene sequence of thick clays with sand and gtavel

units, overlain by calcrete, typically crops out on all margins of the St Vincent Basin (Fig.

1.4). In the Noarlunga and Willunga Embayments, the Ochre Cove and Ngaltinga

Formations are overlain by calcrete. In the Golden Grove/ Adelaide Embayment and the

Adelaide Plains Sub-basin the Hindmarsh Clay and Pooraka Formations include and are

overlain by calcrete. On Yorke Peninsula the Ard¡ossan Clay and Sand, is overlain by red

sandy clays that are in turn overlain by calcrete. On Kangaroo Island the red alluvial clays

and gravels at Red Banks have a sharp contact with a calcrete mantle (Milnes et al1983).

Stuart (1970) and Milnes et al (1983) have suggested that ttre change from a dominantly

marine environment in the Tertiary to one of alluvial-fluvial sedimentation in the Pleistocerle

reflects tectonic uplift during the Middle Pleistocene along faults bounding the St Vincent

Basin. This uptift is recorded by warping of the Pt Ellen Formation (Ludbrook 1983).

Ca¡bonate accumulation at the top of the sequence indicates a significant change in source

materials.

iÐ MURRAY AND OTV/AY BASINS

In broad terms a similar Cainozoic sequence occurs in the Murray Basin to the east of

the St Vincent Basin (Fig. l.2a). Deposition of clays, sandstones and limestones in paralic

and marine environments during the Palaeocene to Middle Miocene were intemrpted in the

Middle-Late Miocene by a major regression (Ludbrook 1956,196I). In the Early Pliocene

marine sedimentation was renewed with deposition of the fossiliferous, grey, silty clays of

the Bookpurnong Beds which are overlain by fossiliferous sands of the Loxton Sands

(Ludbrook 1961). The upper part of the l¡xton Sands contains thin femrginous beds

(Firman I966a) and records a distinct change of facies to a nonma¡ine environment. This

may be related to the presence of a Pliocene barrier restricting drainage from the Murray

Basin and thus causing the development of a coastal lake (Carter 1985). The Loxton Sands

are equivalent to the Diapur Sandstone of Lawrence (1966). Carter (1985) suggests that the

composite structure and orientation of the Robe zurd Woakwine Ridges in the south east of the

state which have previously been reported as barrier ridges of Recent and Pleistocene age

(Cook et al1977: Schwebel 1978, 1983), may be the remnants of the Pliocene barrier. The

barrier was breached after a minor fall in sea level in the Late Pliocene and an estua.ry formed

in which the oyster beds of the Norwest Bend Formation were deposited (Twidale et al
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1978). On the margins of this estuary fine to medium grained quartz sands (Parilla Sand)

accumulated in a series of ridges (Firman 1966a). Further away from the estuary in Victoria,

fine to medium grained siliceous sand was reworked from the Diapur Sandstone to form the

sand plains of the L,owan Sand (Lawrence 1966).

Early Pleistocene sedimentation in the northern Murray Basin is marked by lacustrine

or playa deposits which accumulated at the same time as the Pinnaroo Block was uplifted and

there was a major drop in sea level (Twidale et al 1978). Basal deposits of the Early

Pleistocene Blanchetown Clay consist of red-brown sandy clay which may have been

deposited under oxidizinþ conditions (Lawrence 1976). The clay passes upwards into gey-

green sandy clay with a few thin lenses of carbonate (Firman 1965b). The grey-green clays

lack bedding and are dominantly iron-rich chlorite and illite (Lawrence 1976). Fragments of

crustaceans and ostracods reported from the sand beds in the upper part of the Blanchetown

Clay on the eastern margin of the Murray Basin (McKenzie and Gill 1968) and the presence

of evaporites in places (Lawrence 1976), suggests that the Blanchetown Clay was deposited

in shallow or brackish water. The Blanchetown Clay is overlain by the lacustrine Bungunnia

Limestone which consists of thinly bedded, micritic and oolitic calcian dolomite with some

clay layers (Firman 1965b; Lawrence 1976). Calcrete blankets this Pleistocene sequence and

is incorporated in younger aeolian sands of the Woorinen Formation, Bunyip and Molineaux

Sands.

Pleistocene sedimentation in the south western portion of the Murray Basin

(Padthaway Ridge) and in the Otway Basin to the south (Fig. l.2a) has been strongly

influenced by uplift along the NE uending Gambier axis and the Kanawinka Fault (Schwebel

1978), with consequent regression of the sea. The Kanawinka Fault marks the eastern

margin of marine Plio-Pleistocene deposition in the south-east of South Australia. The

coastal plain unconformably overlies Tertiary limestones and has been gradually uplifted

during the Pleistocene while a series of parallel sand ridges assigned to the Bridgewater

Formation (Fig. 1.2c) were deposited (CTocker and Cotton 1946; Sprigg 1952; Blackburn ¿r

al 1965: Cook et al 1977). Each ridge is composed of beach-dune and estuarine-lagoonal

sediments associated with barrier shorelines deposited during glacioeustatic sea level

transgressions (Schwebel 1983). The ridges were thought to become progressively younger

towards the modern coast but the work of Carter (1985) now casts some doubt on this

hypothesis. In low lying areas between the ridges, calcitic and dolomitic mudstones were

deposited in groundwater-fed lakes. This whole sequence of unconsolidated ridges and

intervening lake sediments has been preserved by the development of a relatively thin calcrete

capping (Schwebel 1978). Calcretization was considered by Schwebel (1978) to have been a

continuous process throughout the Pleistocene and not confined to certain periods. Firman

(1973) thought that very thick hardpans developed at certain periods, and could be used to

separate the Bridgewater Formation into an Upper and l.ower Member.
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iü) EYRE PEMNSULA

Calcareous dunes and sand sheets with numerous calcrete layers form thick aeolianite

sequences along the west coast of Eyre Peninsula (Fig. 1.2c). The aeolianite is underlain by

Precambrian crysta[ine basement and Phanerozoic sediments including Tertiary deposits of

fluvial, alluvial,lacustrine and marine origin which are confined to basins and channels cut in

the basement rocks (Parker et al 1985). Terra rossa @hodoxeralf) and Rendzina

(Calcixeroll) soils (Crocker I946b;V/right 1935) overly the aeolianite and calcretes. An

equivalent of the Late Pleistocene Glanville Formation, which is associated with a marine

transgtession in the St Vincent Basin, is exposed in localities immediately above modern sea

level on Eyre Peninsula and in places is calcretized.

In summary the literature indicates that Pleistocene deposits throughout southern

South Ausüalia record a variety of sedimentary environments which are typifred by complex

calcarenites along coastal margins and alluvial-fluvial or lacustrine deposits in sedimentary

basins. Calcretes occur within the calcarenites and as a mantle over and within the terrestrial

deposits. The areal extent of these terrestrial carbonate accumulations across southern

Australia (Fig. 1.1) must therefore reflect the availabitity of carbonate and the suitability of

conditions for its accession and preservation during the Pleistocene.

1.7.2 SOILS AND SOIL-LANDSCAPES OF THE STUDY AREA

Five factors are generally considered important in conrolling soil formation; climate,

parenr material, topography, time and vegetation (Jenny l941;Northcote 1976). Climate has

a marked effect on soil moisture with the gleatest penetration of moisture in the study area

occurring during wet winters to a depth of 1.8 m and in dry years to only 1.2 m (Taylot et al

1974). Moisture is lost from the soil by evapotranspiration for nearly seven months of the

year. Taylor et al (1974) suggest that the majority of well developed soil profiles in the

Adelaide region are related to the present climatic regime. However, V/ard (1966) believed

that climate, particularly variations in rainfall, had little influence on the distribution of soil

types apafi from the leaching of carbonate which occurred beyond the 685mm isohyet. More

recently Muneer (1987) proposed that carbonate nodules were absent in high rainfall (500 to

1100 mm) areas due to leaching, although Northcote (1976) had stated that high amounts of

rainfall (800mm) in some environments was not sufficient to leach carbonate. Thus the role

of climate, in particular rainfall, is not clearly understood as a factor in the genesis of

calcareous soils in the Adelaide region.

Examples of the effect of topography, or relief, on soil development are more

numerous for the Mt Infty Ranges than the coastal plains where relief is relatively suppressed

(Northcore 1976). Taylor et al (1974) suggested that the changes in soil type betrveen the Mt
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Lofty Ranges and the coast were related to topogaphy, but failed to take into consideration

the influence of substrate and climate.

The length of time that parent material has been exposed to weathering also influences

the nature of the soil. Firman (1969) used the nature of calcareous accumulations in soils as

stratigraphic or time markers to elucidate different periods of soil evolution in the Adelaide

area. His approach is fraught with difficulties, as briefly discussed by Phillips and Milnes

(1983). Other workers have also discussed the significance of time in soil formation, but in

relation to the geologic history of the area and the effect this has on parent material exposed to

pedogenic alteration (Northcote 197 6).

There is general agreement that parent material is the most important factor conrolling

the development of soils in coastal areas of the Adelaide region (Aitchison et al 1954; Norrish

and Rogers 1956; Ward I966;Taylor et al1974; Northcote, 1976). Northcote (1976)

recognised fîve broad categories of parent material, namely; sands, calcareous materials,

clays, fine grained feldspar rich rocks and coarse grained quartz rich rocks. In much of the

early soils literature, the alteration of certain parent materials by pedogenic processes was the

basis for classifying the diverse soil types of the Adelaide region into seven Great Soil

Groups (Aitchison et al1954: Stace and Rogers 1954; Norrish and Rogers 1956; V/ells 1966;

Firman 1969; Taylor et al1974: Taylor I976).

Ward (1966) used a lower categorical level of the Great Soil Group classification

when mapping the distribution of soils in the Noarlunga and V/illunga Embayments. He

proposed 9 soil classes which were subdivided into "soils with well-developed horizons

(non-calcareous A and B horizons)" zurd "soils without well-developed horizons (calcareous

throughout, except where developed on non-calcareous parent materials)." Each class was

referred to a soil 'series' and correlated with the 'Factual Key' classification of Northcote

(1960). V/ard (1966) established that the distribution of soil types was determined by the

nature and duration of exposure of parent material and to a lesser extent was influenced by

topography and climate.

The detail of \ù/ard's soil map was later simplif,red and incorporated by Northcote

(1976) into a map of the Adelaide region (Fig. 1.5). Three primary profile forms were

recognised based on differences in soil texture. Uniform soils (U) which were

mineralogically and texturally uniform throughout ttre profile were suMivided according to

particle size and shrink-swell capacity. Gradational prohles (G) which showed a gradual

increase in the amount of clay with depth were suMivided according to the presence or

absence of calcium carbonate. Duplex soils (D) which display a textue contrast between the

A and B horizons of at least 1 tptexture gtroups, were characterised by a sharp boundary

between horizons and a high clay content in the B horizon. SuMivision of duplex soils was

determined by the colour of the upper B horizon (Northcote, 1983). Further division of these

3 primary profile forms into finer categories was achieved by reference to a number of other

soil features including pH, colour, coherence, bleaching and porosity.
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Northcote (L976) subdivided the Adelaide region into two subregions, coastal and

hills, and in each subregion he recognised certain soil-landscapes that were considered to

have formed from the interaction between climate, topography and subsurface geology.

These soil-landscapes are complicated and contain relatively few simple soil prof,rles because

the soils present are not always genetically related to the substrate on which they are now

found (Northcote, 1983).

The main landscape types which occur in the study area are gilgai plains, outwash

plains, slopes and undulating landscapes (Fig. 1.5). Some of the morphological, physical

and chemical properties of these soils in the coastal subregion are tabulated in Figure 1.5.

The majority of soil profiles developed on these landscapes are either uniform or duplex in

nature. The gilgai plains are dominated by expansive, alkaline, black, grey and brown clays

which have low permeability. The outwash plains are dominated by duplex soils which are

alkaline, permeable, display moderate shrink-swell capacity, have hard-setting A horizons,

red pedal clays in the B horizon and have developed on fine-grained feldspar-rich parent

material. Expansive, clayey soils similar to those on the gilgai plains are also found in places

on the outwash plains. The slopes soil-landscape along the coast (Fig. 1.5) is characterised

by uniform and duplex soils. The uniform soils are developed on calcareous parent materials

or siliceous sands and thus vary from alkaline to acid. Soils on calcareous bedrocks are red,

brown or black shallow pedal clays and loams which are permeable and have a small shrink-

swell capacity. Uniform soils developed on siliceous sands are highly permeable and do not

have any shrink-swell capacity. Duplex soils of the undulating and slopes soilJandscapes are

alkaline and developed on either feldspar or quafiz rich parent materials. The A horizon is

either hard-setting or sandy, and the B horizon may consist of red pedal, calca¡eous clays or

mottled yellow (calcareous) clays (Northcote 1976).

1.7.3 CLIMATE

The study area has a temperate climate (Mediterranean) due to its coastal location, with

cool to mild, wet winters and warm to hot, dry summers. The average daily maximum

remperature for Adelaide ranges from 30oC in January to 15oC in July; the average daily

minimum temperatures range from 17oc in February to 7oc in July. Rainfall is seasonal

with 77 per cent falting during April to October. There is an increase in the average annual

rainfall from 500 to 700mm in a west-east dtection away from the coast (Fig. 1.6) because

the isohyets are strongly influenced by elevation. The Mt Lofty Ranges initiate orographic

rainfall especially during winter (Schwerdfe ger, 197 6).

The average annual evaporation (1600 to 2000mm) exceeds the average annual

precipitation throughout the whole study area. However, the concentration of rain in the

cooler winter months ensures a growing season of between six and seven months (Gibbs,

t97 t).
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The most frequent and strongest wind direction is from the southwest to northwest

quarter during the aftemoon. The sea-breeze is responsible for most of the southwest

component. The dominant moming wind direction is from the northeast. Occasionally there

are gales of several hours duration along the coast during winter. These gales blow from

southwest to west and are associated with rain-bearing synoptic systems (Schwerdtfeger,

r97 6).

1.8 TERMINOLOGY AND DEFINITIONS ADOPTED FOR CALCRETES IN

THIS STUDY

Many classification systems describing variations in calcrete morphology have been

proposed by previous workers (Gile 1961; Netterberg 1969b, 1980: Ruellan 1973; Read

¡974;l-ebedeva and Ovechkin 1975;Wetherby and Oades 1975; Reeves 1976; Harrison

1977; Arakell9}Z;Esteban and Klappa 1983; Netterberg and Caiger 1983; Goudie 1984).

These schemes are frequently specific to local calcretes and thus are not always applicable to

othe¡ areas. At least one of the systems (Netterberg 1980) specifically describes groundwater

calcrete and therefore is only of limited value in the present study.

There are additional problems with some of these schemes. For example, Arakel

(1982) incorporated what he thought were the mechanisms of formation in his def,rnitions of

morphology, thus rendering the system useless to other workers who might have evidence

for other modes of genesis. Reeves (197 6) and Goudie (1984) both emphasized

macromorphology at the expense of micromorphology, and in this way did not provide terms

for some features which ale now commonly recognised in calcretes.

Many of the more general schemes developed to describe all types of soils and

ca¡bonate rocks are applicable to calcretes. In soil micromorphology two of the most popular

descriptive systems are those of Brewer (1964a) and Bullock et al (1985). Some of the terms

used in these systems were adopted from the geological literature. Geologists who have

described calcretes, generally used terms from perological descriptions of limestones. There

have been few attempts to bridge the gaps between the terminology of soil scientists and that

of geologists, and between field, petrological and ultrastructural descriptions.

Based on an extensive review of the literature concerning calcrete nomenclature,

morphology and mineralogy (Appendix C), a new scheme is proposed for this dissertation.

The new scheme retains many of the terrns used by previous workers and is purely

descriptive being based predominantly on morphological characteristics which can be

identified in the field. It is specifically designed to describe the form of calcretes on the

eastern margin of the St Vincent Basin and may be applicable to calcretes in other a¡eas which

have formed under similar conditions.

Phillips et al (1987) briefly described some of the characteristic variations in calcrete

morphology that are evident above Pleistocene substrates on the eastern margin of the St
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Vincent Basin. These calcretes are typically overlain by a surficial soil cover which may not

be genetically related to the calcrete. In many profiles, immediately beneath the soil, there is a

carbonate rich, indurated layer, termed hardpan ,which does not change appreciably in the

degree of induration with variations in moisture. Hardpans are subdivided into two major

types (thin and thick) and three zones (laminar, consolidated and platy) are recognised within

each type. Thin hardpans are less than 30cm thick and are frequently brecciated into

horizontally disposed, flat, decimetric blocks or biscuits (Fig.2b in Philtips et aI 1987).

Thick or rubblv ha¡dpans are greater than 30cm thick and examples are known up to 2 m in

thickness (FigZain Phillips et al1987). Most hardpans are capped by a laminar zone of

variable thickness and lateral continuity. Individual carbonate lamina are up to 2mm in

diameter and are distinguished by slight variations in colour or detrital component. Some thin

hardpans are almost totally composed of this laminar zone. Below the laminae there is

commonly a more massive or consolidated zone which is the thickest part of the hardpan.

This zone can vary significantly in the degree of induration, structure and texture. Some

consolidated zones are relatively homogeneous in appearance, whilst others contain

horizontal and vertical laminae which subdivide it into rectangular patterns @ctanpl¡q

texrure) (see Fig. 2b in Phillips and Self 1987). Alternatively, the consolidated zone is

composed of numerous coated clasts and nodules cemented into a solid mass. Consolidated

zones of the latter type are generally associated with thick, rubbly hardpans. At the base of

the consolidated zone the hardpan grades into a zone of weakly cemented, horizontally

disposed thin plates which form a platy structure. Platy stmcture may also be found at the

top of some profiles where consolidated and laminar zones are absent.

V/eak to moderately indurated hardpans may form columns or pilLAIS, that are

approximately one metre high and of variable width. The pillars are typically separated by

areas ofeither noncalcareous sand or carbonate silt.

Hardpans are typically underlain by süuctureless, white to buff coloured,

unconsolidàted to weakly consolidated calcareous material known as carbonate silt. The silt

typically has a powdery consistency despite the presence of some sand grains. In some

profiles, nodules, coated clasts and rhizoliths occur within the carbonate silt. Nodules are

weakly to strongly indurated and irregular shaped masses of carbonate and detrital material.

Nodules have no internal structure, they can be separated as discrete masses from the

carbonate silt and are greater than 2mm in size. Coated clasts are well indurated, spherical in

shape, and have an internal structure consisting of a core of variable composition and an outer

rim of carbonate laminae. Coated clasts are subdivided into a range of sizes; grains or ooids

(less than 2mm diameter), granules or pisoliths (2-4mm diameter), pebbles (4-64mm

diameter), cobbles (64-256mm diameter) and boulders (greater than 256mm diameter).

Rhizolith is the only genetic term used in the present classif,rcation. It describes

"organosedimetary structures resulting in the preservation of roots of higher plants, or
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remains thereof, in mineral matter" (Klappa 1930). Commonly the rhizoliths consist of near

vertical, indurated, carbonate frlled tubes which are only a few centimetres in diameter.

At the base of the carbonate silt, penetrating down into clay substrates, there are

vertically elongate, irregular V-shaped bodies of unconsolidated to slightly indurated

carbonate termed wedges (Fig. 2 in Phillips et al1987). Associated with these wedges in the

clay substrates there are isolated, irregular shaped masses of carbonate that are not connected

to the carbonate silt and are termed blotches. Blotches may also occur in some clay rich

substrates where there is a relatively minor amount of carbonate and the carbonate silt and

hardpan are absent. Blotches of this latter type commonly occur juxtaposed to carbonate

stringers @ig.2ain Phillips and Self 1987). Stringers are vertically elongate, centimetric,

weakly indurated carbonate masses that may be contorted by shrink/swell movements in the

associated clay and are frequently difficult to distinguish from rhizoliths.
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THE ROLE OF GEOLOGICAL FACTORS AND

PROCESSBS IN THE DEVELOPMENT OF THE CARBONATE
MANTLE

CHAPTER 2

2.I PREFACE

During the Pleistocene, within the St Vincent Basin (Fig. 2.1), there was

a major change from fluviaValluviat deposits in inland portions of the basin and

aeolianites on the southern coastal margins, to an environment dominated by

carbonate accumulation. The initial deposits of carbonate were preserved within

some of the Pleistocene sediments as carbonate palaeosols. Later the carbonate

blanketed a variety of Precambrian, Mesozoic, Tertiary and Pleistocene subsEates

and was altered to form calcrete. At some localities the palaeosols merge with the

calcrete and thus become part of the 'carbonate mantle'.

One of the primary objectives of this study has been to elucidate the role

of geological factors and processes in the genesis of calcrete. This objective has

been achieved by investigating:

a) the complex stratigraphic relationships between the carbonate mantle and various

substrates,

b) the influence of substrate lithology on calcrete morphology; a factor recognised

by several previous workers (see for example Gile et a|7966), and

c) the nature of the Pleistocene depositional environment, based on field

observations and sedimentological data. The latter was essential to enable

an understanding of carbonate provenance and the factors controlling its

disribution.

2.1.1 TECTONIC EVOLUTION OF THE ST VINCENT BASIN.

The St Vincent Basin, named by Glaessner and Wade (1958), is a Cainozoic

intracratonic basin (Stuart 1969) with the main axis of alignment approximately perpendicular

to the continental edge (Cooper 1985). The basin formed on a passive continental margin

(Falvey and Mutter 1981) by tensional downfaulting and tilting during the separation of

Australia from Gondwanaland, which in southern Ausûalia began in the Middle Eocene

(Cande and Mutter lg82). Most of the faults, which were active intermittently during the

Cainozoic, are thought to be normal and steeply dipping (Daily et al 1976). They probably

delineate older structures in the basement rocks that developed during the Delamerian

Orogeny (McGowran and Beecroft 1986).
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Within the study area on the eastern margin of the St Vincent Basin there are three

embayments, namely the Willunga, Noarlunga and Golden Grove/Adelaide Embayments

(Fig. 2.1). These embayments are separated by fault bounded'high's (the Para, Eden and

Clarendon Blocks) which dip gently towards the southeast. The most rapid subsidence

probably occurred in the Adetaide Embayment adjacent to the Para Fault where the thickest

sequence of Tertiary sediments a¡e found.

Faulting of Pleistocene deposits occurred adjacent to the V/illunga and Eden-Burnside

faults (Stuart 1969). A series of minor faults in the Willunga Embayment has displaced Pre-

Pliocene sediments by a few metres (Reynolds 1953).

Sediments thicken in the Noarlunga and Willunga Embayments towards the

Clarendon and Willunga Faults and the coast. In the Noarlunga Embayment a basement high

(Christies High) caused thickening of sediments on its flanks and effectively suMivided the

embayment into two small sub-basins (Rescignano 1985).

2. 1.2 OUATERNARY STRATIGRAPHY

During the Quaternary in the Noarlunga, Willunga and Golden Grove/Adelaide

Embayments there were distinct differences in sedimentation that reflect differences in

sediment provenance, sea level and tectonism. The lack of fossils, or any other dateable

material, within the Quaternary sediments is a problem that has made the determination of

ages and the establishment of correlations very difficult.

A. Noørlunga ønd Wíllunga Embayments

Stuart (1969) believed that the Noarlunga and Willunga Embayments acted as a single

tectonic unit from the Lower Pliocene to the Pleistocene. The Quatemary stratigraphic record

in the Noarlunga and Willunga Embayments is signifrcantly different although similar

srratigraphic units can be identified in both embayments (Fig. 2.2). lt is easier to highlight

the differences by considering both embayments together.

Although Ward (1965,1966) believed that there were a series of transgressions after

the Late Pliocene, it is now generally considered (Twidale et al1967; Sruart 1969) that the

Early Pleistocene Burnham Limestone represents the last marine tansgression into the

Willunga and Noarlunga Embayments. This marly limestone with a distinctive molluscan

fauna (Ludbrook 1933) intertongues with the basal part of the fluvial Seaford Formation at

Sellicks Trig in the V/illunga Embayment (May and Bourman 1984) and overlies the Hallett

Cove Sandstone at other locations (Twidale et al 1967).

The Seaford and Ochre Cove Formations of Ward (1965,1966) were first described

as a single rock unit by Howchin (1923). Howchin (1923) suggested that these red and grey

mottled sands and clays with locatly derived \'/ater-worn pebbles were fluvial sediments

related to the "dead" river system he visualised draining from Central Australia towards the
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southern coast (Howchin 1933). In the Noarlunga Embayment, Sprigg (1942) noted a

decrease in grain size towards the coast and recognised frning upwards cycles within these

reworked fluvial sediments. At Ochre Point in the holostratotype (Ward 1966), the Seaford

Formation consists of yellow and grey mottled sands and clays which overlie Precambrian

rocks. hon-mottling is responsible for red and purple colours in these sediments.

Elsewhere, white blotches of alunite and yellow goethitic bands have been recorded. The

Ochre Cove Formation, which unconformably overlies the Seaford Formation, is

characterised by sands and clayey sands with lenses of grit and angular, poorly sorted gravels

(Ward 1966). The sands are frequently indurated and mottled, while the gtavels may display

current bedding.

Red to grey-green clays, which V/ard (1965, 1966) included in his Ngaltinga Clay,

overlie the Ochre Cove Formation. At the base of the type section in coastal cliffs at Ochre

point, the clays are massive and grey-green in colour. Higher in the section mottled and

indurated white sands form isolated lenses within the clay. At the top of the unit massive

brown and olive clays contain small hematitic mottles. Mray et ¿/ (1988) upgraded this unit to

formation starus and subdivided it into a sand member (Snapper Point Sand Member) and a

clay member (Neva Clay Member), and specifically excluded the overlying calcareous mantle

from the unit (Fig. 2.2). Theholosratotype has been changed to Snapper Point (May et al

1988), where a large well defined channel is present in the middle of the section. The planar

bedded, white, fine to medium grained sands (Snapper Point Sand Member) in the channel

are mottled by vertically elongate red and yellow staining. Approximately two metres below

the channel, within massive grey-gïeen clay of the Neva Clay Member, there is a

discontinuous bed of blotchy carbonate. This is the first appearance within the Pleistocene

succession, above the Bumham Limestone, of a carbonate palaeosol. The Snapper Point

Sand Member is generally confined to distinct channels and lenses in the Willunga

Embayment but at localities in the Noarlunga Embayment there are sand bodies with less

clearly defined margins. The Ngaltinga Formation varies in thickness between approximately

6 and 14 metres along the coast where it is well exposed. Inland, the unit thins towards the

margins of the Noarlunga and V/illunga Embayments. The Ngaltinga Formation has been

considered lacustrine (Tate 1878), alluvial (Howchin 1923) and aeolian (Ward 1965,1966)

in origin.

The most common clay mineral assemblage in the Ngaltinga Formation is illite and

randomlyinterstratifiedmaterialwithminorkaolinite (May et a/ 1988). Kaolinitebecomes

more abundant in the sandy sediments.

In many coastal exposures in the Noarlunga Embayment,'Ward noted the presence of

"weakly consolidated brownish yellow calcareous sands" of aeolian origin above the

'Ngaltinga Clay'. The Ngankipari Sand, as he called this lithostratigraphic unit, was

distinguished from the'Ngaltinga Clay' on the basis of the morphology of the associated

calcretes. In particular, the Ngankipari Sand was characterised by a leached upper sandy soil
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and a secondary rubbly calcrete comprised of pisoliths and nodules in a carbonate silt matrix.

More massive and indurated calcretes were associated with'Ward's Ngaltinga Clay. Ward

(1966) included a yellow to brownish yellow sand at the base of the rubbly calcrete in his

definition of the Ngankipari Sand. Twidale et at (1967) considered the Ngankipari Sand was

a deposit of mixed origin with several intervening pedogenic horizons and recommended that

the definition be limited to the yellow sands below the main zone of rubbly calcrete. Based

on the presence of Kartan culture stone implements, discovered after ploughing in shallow,

often sandy, surface soils immediately above calcrete rubble (Howchin 1923; Cooper 1959)

near Hallett Cove, V/ard considered that the Ngankipari Sand was Holocene in age. Lampert

(1981) has suggested that the Kartan culture may be as old as 2l-26,000 years B.P, and so

the Ngankipari Sand may be at least Pleistocene in age.

Various other lithosüatigraphic units named by Ward (1965, 1966) are related to

alluvial fan and fluvial environments. Outcrops are generally found inland from the modern

coast, exposed in banks and tenaces associated with present streams. At the base of the

Clarendon and V/illunga fault scarps, the Kurrajong Formation (Ward 1965, 1966) is

represented by "compact fanglomerates, alluvial gravels, sandstones and clays", often

cemented by silica and mottled by femrginous staining flMard 1966). Twidale et al (1967)

argued that deposits equivalent to this formation were late Tertiary in age, whereas V/ard

(1965, 1966,1967) considered them to be Pleistocene. Ward also believed that the Taringa

and Christies Beach Formations were late Pleistocene in age. The Taringa Formation

included both red and yellow mottled, grey alluvial clays with carbonate blotches and lenses

of gravel and sand, as well as consolidated coastal sand dunes which V/ard thought were

deposited soon afrer the'Ngaltinga Clay'. Carbonate within the clays typically occurs as

unconsolidated blotches, although nodules were reported from Christies Beach (Ward 1966).

There is a sharp erosional contact between the alluvial sediments of the Taringa Formation

and the reddish brown alluvial clays with lenses of sand and gravel that V/ard (1966)

assigned to the Christies Beach Formation. Although carbonate is less common in this unit,

two calca¡eous horizons were exposed at Christies Beach. The lower horizon was described

as discontinuous and nodular, with a sharp upper surface. In conEast, the upper horizon was

continuous, and similar in appearance to the Bs¿ horizon of a soil profile (Ward 1966). Red

clayey sands in coastal dunes at Moana are also included in the Ch¡isties Beach Formation.

The Christies Beach Formation has an erosional upper boundary with grey to dark grey silts,

sands and gravels of the Waldelia Formation which Ward (1966) suggested was Holocene in

age.

Modern river alluvium and coastal dunes ancl beaches form the youngest sedimentary

deposits in the Noarlunga and V/illunga Embayments.



33

B. Golden Grovel Adelaíde Bmbayment

The rock relationships of the Golden Grove/ Adelaide Embayment and the Adelaide

Plains Sub-basin (Fig. 2.1) are summarized in Figure 2.3. T\e Burnham Limestone (Firman

1976), a marly limestone containing fauna suggestive of intertidal zones and rocky headlands

(Ludbrook 1983), is found interhngering with the basal portion of the Hindmarsh Clay.

Originally the Burnham Limestone was thought to be the upper member of the Hallett Cove

Sandstone (Ludbrook 1963, Lindsay 1969), but an unconformable contact is now recognised

between the t'wo. Also interfingering with and underlying the basal portion of the Hindmarsh

Clay are white to pale brown clayey sand and gravel of the Carisbrooke Sand, which is

thought to be fluvial in origin (Selby and Lindsay I9S2). These poorly sorted sediments

were probably deposited around erosional remnants (mesas) of the Hallett Cove Sandstone

and Burnham Limestone.

The Hindmarsh Clay (Firman 1966a) consists of a thick sequence of greenish grey to

reddish brown mottled clay, sandy clay and occasional gravel lenses. Belperio and Bateman

(19S6) interpreted these sediments as possible alluvial fan, fluvial and lacustrine deposits.

More recently Sheard and Bowman (1987a) have restricted the environmental interpretation to

that of an alluvial fan. At North Adelaide the Hindma¡sh Clay is capped by thick calcrete

(Selby and Lindsay 1982) whereas in coastal areas there is evidence of incipient carbonate

nodule development (Belperio 1985). V/ard (1966) correlated the Hindmarsh Clay with the

Ngaltinga Clay of the Noarlunga and Willunga Embayments. A sand member of fluvial

origin occurs at the top of the Hindmarsh Clay in the Adelaide city area (Selby and Lindsay

1982) and separates this unit from the Keswick Clay (Sheard and Bowman 1978a).

Taylor et al (1974) reported the Keswick Clay to be green in colour, and suggested

that it was deposited further away from the coast than the Hindma¡sh Clay. Keswick Clay

can be distinguished from Hindmarsh Clay by its stratigraphic position, and different

engineering properties (Sheard and Bowman 1987b). The I(eswick Clay is probably

equivalent to the Upper Member of the Hindmarsh Clay described by Selby and Lindsay

(1e82).

In coastal regions of the Adelaide plains Sub-basin, a ma¡ine transgression during the

Late Pleistocene (c 110,000 years B.P.) deposited the coastal to intertidal sequences of the

Glanville Formation (Belperio 1935). These pale brown to yellow brown sandy clays and

shelly sands contain warm water fauna characterisedby Anadara trapezía (Deshayes) and

Marginoporavertebralis (Blainville) (Ludbrook 1976), and were deposited during a sea level

only slightly higher than the present (Belperio 1985). A subsequent lowering of sea level is

evident from pedogenic alteration of the upper parts of the Glanville Formation to form a thin

calcrete hardpan.

Alluvial sand, silt and clay of the Pooraka Formation (Firman 1966a) was deposited

on the flood plains and river channels (Cann and Gostin 1985) of streams flowing across the

Adelaide Plains from the Mt Lofty Ranges. Fragments of wood trapped within cross bedded
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sands of the Pooraka Formation are reported to have a radiocarbon age of 34,600 +/- 2700

years B.P. (Williams 1969). The Gley Quaternary Clay (pers. comm' M' Sheard) is a new

unit tentatively identified on the bases of Munsell soil Colours within the gley grouping. It

concentrates along the foothills, is frequently smectite rich, and in places contains large

bedrock clasts. Several calcareous horizons formed within the Pooraka Formation and the

Gley Quaternary Clay (Fig. 2.3).

The St Kilda Formation (Cann and Gostin 1985) encompasses Holocene marine

sediments, including estuarine sediments, as well as coastal dune and storrn ridge deposits

associated with the last marine transgression (c 6600 years B.P.). Sea level at this time did

not exceed that of the present (Belperio 1985), and so these deposits are restricted to the coast

where they disconformably overly the Glanville and Pooraka Formations. Inland from the

coast modern fluvial systems have dissected older stratigraphic units and deposited Recent

alluvium.

2.2 FIELD RELATIONSHIPS OF THE CARBONATE MANTLE

Blumel (1982) working in Namibia and SE Spain, noted that calcretes were not

restricted to any particular rock type. Similar relationships are evident on the eastern margin

of the St Vincent Basin where the carbonate mantle blankets a variety of rock and sediment

types from Precambrian to Pleistocene in age. The presence of these calcretes and underlying

carbonate palaeosols, reflects a major change in the Pleistocene palaeoenvironment. This fact

led May et al (1988) to separate the carbonate mantle from the Ngaltinga Formation. The

carbonate mantle is highly variable in character both in terms of thickness and morphology.

One of the main objectives of the field observations was to clarify the

lithostratigraphic relationships of the carbonate mantle. Since the boundaries with rocks of

precambrian to Tertiary ages are relatively straightforward, the main thrust of this section was

directed towards the pieistocene. Some of the Precambrian and Tertiary rocks are at least in

part calcareous, while the unconsolidated Pleistocene sands and clays are generally

noncalcareous. Due to ttre abundance of literature already available concerning calcretes

developed on calcareous substrates, emphasis was placed on the relationship between the

noncalcareous Pleistocene deposits and the ca¡bonate mantle-

The field relationships also provided a bases for testing the hypothesis that the

lithology of the subsrate has an influence on calcrete morphology. In addition, the field

observations were critical to the identification of the depositional environment.

2.2.1 EXAMPLES OF CALCRETES OVERLYING PRECAMBRIAN BEDROCK

A. Observatíons

Calcrete overlies a variety of Proterozoic rock types and formations, including the

Glen Osmond Slate, the Tapley Hill Formation, the Brighton Limestone and the Willochra
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Subgroup. On the Para Block of the Golden Grove/Adelaide Embayment at Modbury

(Adelaide 1:50 000 grid referen ce 28751450), in an erosion gully, calcrete overlies the Glen

Osmond Slate and Pleistocene clay. The Glen Osmond Slate is a grey-green calcareous

siltstone with sandstone dykes (Parkin 1969). Drilling at this site by G. Bowman and M.

Sheard (oint CSIRO Division of Soils and S.A. Department of Mines and Energy project)

has indicated the presence of asymmetrical valleys, infilled with clay, cut into the

kecambrian bedrock (Fig. 2.a). The upslope side of each valley is relatively steep and

forms a nick point for the creek which was actively eroding the gully. The gully has now

been destroyed by the constn:ction of a major highway.

Where the bedrock is less than2 metres from the ground surface, relatively

un\ileathered fragments of grey-green calcareous siltstone occur in a thin hardpan immediately

above the Glen Osmond Slate. The hardpan is less than 20 cm thick, undulating in form and

highly indurated, with sharp lower and upper boundaries (Fig. 2.5 a). Above the thin

hardpan there is a weakly cemented zone of nodular carbonate silt which has a clear irregular

contact with an overlying Red-brown earth (Rhodoxeralf or Haplustalf).

At nick points II and Itr (Fig. 2.5 b 8. c) a complex association of weakly cemented

carbonate and clay overlies bedrock, but there is no well indurated hardpan' The clay and

carbonate has infiltrated up to 1 metre along fractures, joints, and bedding planes in the

bedrock. Carbonate is weakly cemented in these infillings and maintains a sharp contact with

the weathered bedrock.

Comparable relationships are observed between calcrete and other Precambrian

substrates in the Noarlunga and Willunga Embayments. In a disused railway cutting adjacent

to Lander Road, near Sheidow Park (Fig. 1.3) in the Noarlunga Embayment (topographic

map no. 6627-I},between grid references 739153 and 755153) the Tapley Hill Formation is

overlain by calcrete. The Tapley Hill Formation is comprised of interbedded black shales and

dolomite which passes upwards into laminated siltstones. In places, subangular clasts of

yellowish-green siltstone with slightly discoloured rims are incorporated in a thin laminated

hardpan (Fig. 2.6a). The contact between the soil and the thin hardpan is undulatory and

sharp. However the hardpan is not continuous; where the Tapley Hill Formation consists of

thickly bedded dark grey shale, weakly consolidated ca¡bonate is present only as fracture

infillings within the bedrock and the thin hardpan may be absent (Fig. 2.6b). In contrast,

where bedding in the Tapley Hill Formation is much finer, the calcrete can be up to 2 metres

thick (Fig. 2.6c) with several thin hardpans separated by unconsolidated carbonate silt (Fig.

2.6d). In these thicker sections bedrock has frequently altered in colour to yellowish-white

and persists as clasts into the carbonate hardpans, The lateral change from thin hardpan to

much thicker sections of unconsolidated carbonate silt with multiple hardpans occurs over a

distance of only a few meües.

On the Brighton Limestone which crops out neÍr Hackham (Fig. 1.3), undulatory thin

laminated hardpans are common. The Brighton Limestone which in its lower part consists of
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blue-grey and oolitic limestones and laminated dolomites and grades upwards into limestones

with minor red siltstones. In a quarry (map no. 6627-20, grid referenceT4lO62) adjacent to

Main South Road in the Noarlunga Embayment, the morphology of the calcrete on the

Brighton Limestone displays considerable lateral variation. There are apparently unaltered

sections of limestone which occur in sharp contact with the thin hardpan. In adjacent sections

of the quarry, near-horizontal fractures in the limestone are filled with unconsolidated

carbonate, and where the limestone has well developed karst features, hollows are filled with

clay. The calcrete above the clay consists of bioturbated biscuits and nodules.

Calcrete also overlies red siltstones (?Reynella Siltstone) of the V/illochra Subgroup in

a disused railway cutting near Moana (Fig. 1.3) (map no.6527-25, between grid references

7 L30I3 and 716009). As shown in Figure 2.7 , the soil-calcrete contact is sharp, whereas the

boundary between calcrete and bedrock is variable. At the northern end of the cutting, the

calcrete consists of approximately 30 cm of unconsolidated carbonate silt which contains

bedrock clasts, coated clasts and nodules. The carbonate silt thins southwatds as bedrock

approaches the land surface and the overlying hardpan, which here contains fewer coated

clasts, is composed largely of biscuits. Calcified insect pupal cases are abundant near the

base of the biscuits (Fig.2.7). Towards the crest of the bedrock high and at the southern end

of the cutting there is no carbonate silt, only a thin laminar hardpan containing bedrock clasts

is present.

B. Díscussíon und Interpretatíon

Calcretes are recorded from many Precambrian, Paleozoic and Mesozoic rock

sequences elsewhere in the world (Steel 1974;Harnson and Steinen 1978; Adams 1980;

Wright 1982,1983, 1986b; Mader 1985 a&b; Allen 1986; Retallack 1986; Wright and

Wilson 1987; Andrews 1988) and have been recognised in Precambrian rocks at Hallett Cove

in South Australia (I. Dysonpers. comm). Therefore the possibility exists that some of the

calcretes described above are of Precambrian age. However, the fact that all the calcretes are

currently exposed at the landsurface suggests that the majority of calcretes in the study area

form part of, or at least have been influenced by, the Pleistocene carbonate mantle.

An external source of carbonate for the carbonate mantle is implied by both the

distribution of calcrete over noncalcareous Precambrian substrates and the sharp basal contact

between Precambrian substrates and the carbonate mantle. If the calcretes were restricted to

calcareous substrates and the contacts were gradational then the source could have been

atributed to alteration of the calcareous host in sirø. However, many of the Precambrian

substrates are noncalcareous and an external source must be invoked to explain the presence

of ca¡bonate. Only where carbonate fills closely spaced fractures and bedding planes in the

Tapley Hill Formation and the Willochra Subgroup does the contact appear to be gradational.

The nature of this boundary is controlled by the density of fractues and bedding planes along
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which cafbnate can infilrate and demonstrates the influence of subsrate lithology on calcrete

morphology, rather than lithostratigraphic relationships or alteration of substrates.

Where multiple, thin,laminar hardpans separated by carbonate silt occur above the

Tapley Hill Formation (Fig.2.6b), ir would appear that there have been successive deposits of

carbnate with intervening periods of alteration to form calcrete. Similar calcrete laminae

have been reported from many other localities (Multer and Hoffmeister 1968; James 1972;

Harrison and Steinen 1978; Adams 1980; Rabenhorst and Wilding 1986 a,b&c). Thin

laminar hardpans typically occur where bedrock forms topographic highs close to the present

landsurface, such as that described from Modbury (Fig. 2.4) andMoana (Fig 2'7)' and

thicker sequences, with carbonate silt, concentrate on the slopes and in low lying areas

between the highs. The irregular thickness of carbonate across the

landscape indicates that either the original distribution v/as not uniform, or that there has been

some subsequent lateral redisribution. The impermeable nature of bedrock surfaces, would

have favoured rainwater run-off, especially from topographic highs. The rainwater may have

transported carbonate in solution, which later evaporated to leave a concentration of laminae

at these sites. The lack of thin hardpans on bedrock at the base of low lying areas at

Modbury could be attributed to the great thickness of clay through which the carbonate would

have to penetrate before reaching bedrock (Fig.2.4). This reinforces the concept that the

carbonate was associated with the Pleistocene sediments and not the Precambrian bedrock.

Clearly from the example at Moana, where calcrete is thick on only one side of a

bedrock high, the distribution of carbonate does not follow a simple pattern. It is possible

that this build-up of carbonate may be related to the direction and mode of transport of the

carbonate. An aeolian origin for the carbonate was postulated by Crocker (1946a) and more

recently by Phitlips and Milnes (1988), with a dominant wind direction from the north-west,

carbonate may have been deposited on the windward side of an obstacle, such as the bedrock

high at Moana.

2.2.2

A. Observatíotts

Tertiary limestones and sands are overlain by calcretes in a number of localities in the

Noarlunga and V/illunga Embayments. Commonly, the calcretes on the limestones are

composed of either nodules and biscuits (some include dark coloured nodules) or thin

hardpans dominated by laminae. Multiple thin hardpans such as those observed overlying the

Precambrian Tapley Hill Formation have not been observed on the Tertiary limestones.

Tertiary limestone (Blanche Point Formation) exposed adjacent to the Onkaparinga

River (Fig. 1.3), in the Noarlunga Embayment, has a distinctive rubbly appealance' This

rubbty character is also common in exposures of the Tortachilla Limestone on Old Coach

Road at Maslin Beach in the V/illunga Embayment (Fig. 1.3). In a disused railway cutting
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near Hackham (map no.6627-20, grid reference 742071) an outcrop of fossiliferous Tertiary

limestone with a simila¡ rubbly form to the Blanche Point Formation (Fig. 2.8a) is overlain

by calcrete. In places the upper part of the limestone contains horizontal and vertical channels

which are infilled with soil, calcrete nodules and limestone clasts. Calcrete nodules and

biscuits a.re present within the soil, which is otherwise noncalcareous, and many display

evidence of bioturbation in the form of channels (less thzur 1 cm wide and up to 10 cm long),

filled with soil (Fig. 2.Sb). Ants have been seen in similar structures that are not infrlled.

This type of profile passes laterally into sites where a laminated, pinkish, thin hardpan above

the rubbly limestone contains fragments of limestone (Fig. 2.8c). Below the thin hardpan

there are well rounded limestone clasts set in a powdery carbonate matrix, and this has an

inegular and gradational contact with relatively unaltered limestone near the base of the

section.

Exposures of fine grained, calcareous and fossiliferous, Tertiary quartz sands in the

Noarlunga Embayment, for example, in a quafry on Piggott Range Road (map no' 6627-20'

grid referen ce734O48) are capped by a thick (average 1.5m) calcrete hardpan. The sands are

thought to be a continuarion of the ?Pliocene beach ridge which sporadically crops out

between Hallett Cove and Old Noarlunga. Noncalcareous soil overlying the calcrete has a

sharp contact with the laminae zone. The hardpan displays considerable lateral variation in

morphology from well indurated rubbly zones and areas of rectangular texture on topographic

highs to zones of bioturbated biscuits, nodules and rhizoliths in shallow depressions. Figure

2.g illustrates some of these differences in calcrete morphology. coated granules and

cobbles incorporated in the hardpan are moderately rounded, with thick laminar rinds (up to

3.5 cm) and cores of variable lithology including dark grey to black calcrete and orange-pink

sandy carbonate. The base of the hardpan is characterised by platy structure and rectangular

texture thus producing an iregular contact with the underlying red-brown, weakly indurated

?Pliocene sands.

Calcrete is also developed on greenish, sparsely fossiliferous early Tertiary quartz

sands (?South Maslin Sands) in the Noarlunga Embayment at sites near Noarlunga (Fig.

1.3). One such site occurs in a railway cutting (map no. 6627-20, grid reference 728056)

and the other in a roadcutting on Main South Road (728053). In the centre of the railway

cutting where there is a gentle rise in the topogïaphy (approximately 1.5m), a thin hardpan,

composed of biscuits, caps carbonate silt. Calcareous insect pupal cases are well preserved at

the base of the biscuits. The carbonate silt contains numerous nodules (some of dark

coloured carbonate) and has a gradational contact with the yellow and gleen, medium-grained

Tertiary sands at the base of the profile. Modern plant roots penetrate through the whole

section into the Tertiary sands, and there are tubules through the biscuit and carbonate silt

zones infilled with soil. On the flanks of the rise, coated clasts and nodules are found

immediately above the biscuits and the carbonate silt is absent ln the other example on Main

South Road, gïeen sands form the cores of coated clasts in a carbonate silt, which is also
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capped by biscuits. There are a few coated clasts and nodules in the biscuits, and some have

red sandstone cores typical of the adjacent Precambrian bedrock. A dark b'rown sandy

sediment containing small rounded quartz and sandstone pebbles overlies the calcrete.

B. Díscussíon and Interpretatíon

Some of the calcretes described above, that are developed on Tertiary substrates, may

have formed during periods of subaerial exposure associated with marine regressions in the

Tertiary. Calcretized Tertiary limestones have been described from Kangaroo Island (Milnes

et al 1983). Yorke Peninsula (Crawford 1965) and the Willunga Embayment (May and

Bourman 1984). However, since the calcretes in the study area are all exposed at the

landsurface it is difficult to identify which, if any, are of Tertiary age.

The gradational nature of the contact between Tertiary limestone and calcrete near

Hackham, and where calcrete overlies calcareous ?Pliocene sands, suggests that at least some

of the carbonate in these calcretes may have been derived from in situ alteratton. Whilst the

presence of nodules and coated clasts in the carbonate silt and hardpans at other sites, indicate

that there has been reworking of the calcrete. The latter may be related to phases of erosion

during the development of the Pleistocene carbonate mantle.

In confast to the Precambrian subsüates, the Tertiary sands and limestones are not as

well lithified and this appears to have influenced calcrete morphology. There are no multiple,

thin, laminar hardpans developed on the Tertiary limestones. This may be attributed to the

more porous and permeable character of the limestones which allowed the inf,rltration, rather

than run-off, of rainwater. Platy structure and rectangular texture are two morphologies

which are exclusively developed in poorly lithified, sandy substrates. Again the role of

porosity and permeability in the substrate appears to be signihcant. Furthennore, the grcatest

thickness of calcrete developed on Tertiary sediments was found on sandy substrates, in the

railway cutting near Noarlunga and in the quarry on Piggott Range Road. Because of the

high porosity and permeability associated with weakly consolidated sands, the potential

movement of carbonate charged rain'water through these profiles is at a maximum and

probably is a control on the thickness of calcrete developed.

At many of the sites where calcretes are associated with Tertiary substrates there is

evidence of bioturbation either in the form of tubes which were probably related to plant roots

and burrowing insects, or as calcified insect pupal cases. Bioturbation may be responsible

for the rubbly nature of the limestones adjacent to streams since at these sites vegetation

would have been well developed and thus bioturbation at a maximum.
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2,2,3 FIELD DESCRIPTIONS OF CALCRETES AND PLEISTOCENE SEDIMENTS

A. Glønvílle Formatíon

Ð OBSERVATIONS

In the Adelaide Plains Sub-basin and the Golden Grove/ Adelaide Embayment (Fig'

2.I) calcretes have developed on a variety of Pleistocene sediments including the Glanville

Formation, Hindmarsh Clay, Keswick Clay and Pooraka Formation. One sample of calcrete

developed on the Glanville Formation at St Kilda (Fig. 1.3) adjacent to the mangrove

walloway has been investigated. The sample forms part of a sequence of cores taken by the

Deparrnent of Geology in Gulf St Vincent. At this tocality the Glanville Formation is a

microcrystalline allochem or biomicrite, with wackestone texture and has a significant

terrigenous component. In hand specimen it does not appear to be highly weathered. The

biomicrite is overlain by an undulatory laminated thin hardpan approximately 4 cm thick.

Similar limestones, with reduced terrigenous components, were recovered from cores further

away from the coast. Although these limestones may not be equivalent in age to the Glanville

Formation at the coast, most have thin hardpans composed dominantly of laminae. Variable

thicknesses of shelly carbonate sands and muds overly the calcretes. Close to the present

coast, fragments of calcrete are found in these sediments Qters. comm. V. Gostin).

iÐ DISCUSSION AND INTERPRETATIO

The development of calcrete on the Glanville Formation indicates that at some period

this marine unit was part of a subaerial environment (Esteban and Klappa 1983), probably

during a lower sea level. Calcrete clasts in the overlying sediments suggest that some of the

calcrete developed on the Glanville Formation was reworked, possibly during a subsequent

marine transgression or by fluvial streams flowing out into the gulf. The indurated and

impermeable nature of the Glanville Formation, just as for the Precambrian limestones,

prevented the inf,rltration of rainwater and thus only the laminar zone of the calcrete has

developed.

B. Seaford snd Ochre Cove Formatíons

Ð OBSERVATTONS

V/ard (1966) identified most sands with minor gravels that crop out inland from the

coast in the Noarlunga and V/illunga Embayments, as Ochre Cove Formation. East of

Aldinga, (map no. 6527-26, grid reference72l949) in the Willunga Embayment (Fig. 1.3),

indurated, iron-mottled, sandy sediments are overlain by calcrete. The sands have a

pronounced rectangular textue at the base of the exposure (Fig. 2.10a) due to the peneuation

of carbonate along horizontal fractures and associated vertically oriented rhizoliths (Fig.

2.10b). In the middte of the cutting the upper surface of the iron-mottled sands is overlain by

unconsolidated red sandy clays and pebbles. At either end of the cutting, the iron-mottled

sands are overlain by a thick hardpan, composed dominantly of platy structure (Fig. 2.10c).
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Near Hackham (Fig. 1.3), in the Noarlunga Embayment (map no.6627-71, grid

reference 742076),weakly consolidated red- and yellow- mottled, medium grained q\artz

sands are overlain by calcrete. At the base of the section an undulatory lens of well rounded

quartzite gravel crops out and the sands have a blocky fracture pattern. Higher in the section

rectangular texture is overlain by 30 cm of carbonate silt, which is capped by a thin hardpan

containing coated clasts and nodules. The upper surface of the hardpan is uneven and

laminated, and is overlain by a noncalcareous brown soil. East of this site along the disused

railway line (map no. 6627-I1, grid reference 745079),Tertiary limestone at the base of the

section is overlain by coarse grained yellow sands which have an unconformable upper

contacr with red- and yellow-mortled sands (Fig. 2.10d). Carbonate has penetrated into the

red- and yellow-mottled sands and produced rectangular texture. The amount of carbonate

gradually increases upwards into a carbonate silt which is capped by hardpan (Fig. 2.10e).

Well rounded quartz pebbles and dark grey to black carbonate nodules are present in the

hardpan, which has been disrupted in many places by tree roots (Fig. 2.10Ð.

At two sites (map no.6627-10, grid references 761147 and753I3l) exposed in the

disused railway line near Reynella (Fig. 1.3), sediments mapped as Ochre Cove Formation

by Ward (1966) are overlain by calcrete. At ttre base of one section, well bedded and highly

weathered precambrian siltstones are unconformably overlain by bleached and mottled sands

and clayey sands (Fig. 2.1 1a). The sands occur in trough shaped lenses and are poorly

sorted, angular to subangular, coarse grained white qûarlz sands which are red- or yellow-

mottled in places. There is a gradational contact between these sands and the overlying

pinkish calcrete which has a platy stmcture. In a similar exposue to the south (Fig. 2.11b)'

red- and yellow-mottled sands are also overlain by calcrete. The sands are coarse grained and

subangular, and persist as relatively unaltered, rounded clasts almost to the surface of the

calcrete. Platy structure (Fig. 2.llc) is common in the calcrete, but the calcrete varies

laterally in morphology to form thin hardpans composed of laminae.

Three kilometres inland from Pt Noarlunga in a road cutting on River Road (map no.

6527 -16, grid referen ce723058), the Tertiary Blanche Point Marls are unconformably

overlain by medium grained, moderately sorted, noncalcareous red sands with minor well

rounded quartzite and sandstone gravels. 'Where the sand is moderately consolidated,

carbonate laminates the upper surface and penetrates into the sand along fractures (Fig.2.l2)

to produce rectangular texture. Immediately above the laminar zone, there are numerous

nodules, coated clasts and quartzite pebbles in an unconsolidated carbonate silt. Many of the

coated clasts have dark grey, carbonate rich cores. At least two moderately cemented thin

hardpans occur above the carbonate silt. The lower hardpan contains a few well rounded

quartzite pebbles. At the northern end of the cutting, the ca¡bonate mantle is overlain by

noncalcareous, medium grained, dark brown (5 YR 3/2) sand. Approximately 10 centimetres

above the calcrete-sand contact, an aboriginal midden containing broken mussel and oyster

shells with a few stone implements occurs within the dark brown sand (Fig. 2.12). The
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shells are reported to have u Cl4 age of 5,820 +l- g0 years B.P. (Twidale et al 1967), which

provides a minimum age for the ca¡bonate mantle at this site.

Prior to the coastal protection work at'Witton Bluff in the Noarlunga Embayment

(map no. 6527-L5,grid reference 691079), there were good coastal exposures of Pleistocene

sediments capped by calcrete (Fig. 2.13). Approximately 150 metres to the south of the

bluff, Ward (1966) described red, yellow and grey gtavel at the base of the sequence,

overlain by similar coloured sand and clayey sand, and then 2.5 metres of red, grey and

brown mottled sandy clay and clayey sand capped by calcrete. The gravel and lower sand

beds were mapped as the Ochre Cove and Seaford Formations, while the upper 2.5 metres of

mottled clayey sediment were assigned to the 'Ngaltinga Clay'. North of this locality in the

cliff face at Witton Bluft a carbonate bed occurs be¡ween the Ochre Cove Formation and the

'Ngaltinga Clay'(Fig. 2.13a). The carbonate bed is variable in thickness, well consolidated

and characterised by platy structure typical of calcretes. Rhizoliths penetrate from the

carbonate bed into the underlying yellow sand. In the middle of the overlying red sandy clay

there is a discontinuous band of centimetric sized carbonate blotches. Near the top of the

section, wedges of carbonate penetrate into the upper beds of the clay from the overlying

calcrete. The wedges originate in nodular carbonate silt which is overlain by a well

indurated, thin hardpan. The hardpan contains numerous dark cored coated clasts and has a

thick lamin ae zone on the upper surface. 'Where exposed, the surface of the hardpan is

undulatory and similar to lapies developed by solution in karst terrains (Fig. 2.13b).

iÐ DISCUSSION AND INTERPRETATION

Field observations relating to the Seaford and Ochre Cove Formations provide the

first insight as to the nature of the depositional environment prior to the development of the

carbnate mantle. V/ard (1966, 1967) interpreted these formations as fluvial deposits. The

presence of coarse to medium grained sandy channels which f,rne upwards, and the moderate

to poorly sorted nature of the sediments, including gravel lags, supports this interpretation.

Furthermore these sedimentological characterisúcs suggest that these deposits accumulated in

channel and point bar sequences.

The thickest and best developed exposure of trough and planar crossbedded channel

sands and gravels of the Seaford and Ochre Cove Formations occurs at Robinson Point (Fig.

1.3) in the Noarlunga Embayment. At this site the channel sands are overlain by a thick

sequence of clay-rich sediments, the Ngaltinga Formation. If the present Onkaparinga River

followed a straight course to the coast it would emerge at Robinson Point. However, it

diverts sharpty to the north as it crosses the Ochre Cove-Clarendon fault (Fig. 2.1). It is

possible that movement along the fault during the Pleistocene caused avulsion of a precursor

to the Onkaparinga River which originally flowed out into the gulf through Robinson Point.

Further evidence that fluvial deposition was not continuous throughout the Noarlunga

Basin during the Pleistocene is provided by the presence of a carbonate bed separating the
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fluvial sands from the Ngaltinga Formation at \Witton Btuff. The carbonate bed has been

interpreted as a palaeosol based on the preservation of rhizoliths within and below the bed,

and therefore represents a hiatus in deposition. Either the fluvial system migrated laterally

allowing time for the accumulation of carbonate or the position of the channel changed more

dramatically in response to tectonic movements. A similar sequence of fluvial sands overlain

by calcrete was described from the site near Aldinga in the Willunga Embayment (Fig. 2.10).

At the latter site the calcrete was probably eroded in the centre of the cutting by renewed

fluvial activity.

The significance of the carbonate palaeosol at Witton Bluff is not limited to the fact

that it represents a period of subaerial exposure. The palaeosol indicates that carbonate was

accumulating along the eastern margin of the St Vincent Basin prior to the major influx of

carbonate associated with the carbonate mantle. This is the first indication that carbonate

deposition was episodic during the Pleistocene.

As a substrate for calcrete development, the sands of the Seaford and Ochre Cove

Formations, appear to have a similar influence to that of Tertiary sands. Rectangular texture

and platy stmcture are the most conìmonly developed calcrete morphologies. Rectangular

texture is well developed where the noncalcareous sands are moderately cemented by silica

and iron oxides, and have developed a blocky fracture pattern into which carbonate has

peneüated. Rhizoliths are often evident as the vertical component in the rectangles and may

also form the horizontal component. In fact, fracturing of the sands into blocks was probably

initiated by the peneüation of roots only some of which have been calcified.

At the River Road site (Fig.2.I2),V/ard (1966, 1967) included the dark brown sand

and underlying coated clasts in the Ngankipari Sand. He used the morphology of the calcrete

to identify the lithological unit, but failed to recognise a lateral change from the coated clasts

into an indurated calcrete hardpan (Fig.2.l2). The latter morphology V/ard considered to be

characteristic of 'Ngaltinga Clay'. Such facies changes invalidate the use of calcretes as

morphostratigraphic markers (Phillips and Milnes 1988) along the eastern margin of the St

Vincent Basin. ln many other parts of the world, especially the United States, calcretes have

been used more successfully as morphostratigraphic markers (see for example Gile et al

1981;Machette 1985).

C. Ngaltínga Formøtíon

The Neva Ctay Member and the Snapper Point Sand Member of the Ngaltinga

Formation immediately underlie the carbonate mantle throughout much of the Noarlunga and

Willunga Embayments, and probably closely preceded its formation. Therefore the

depositional environment of the Ngaltinga Formation may have directly influenced the

development of the carbonate mantle. For this reason the relationships between this unit and

the carbonate mantle has been studied in detail.
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i) OBSERVATIONS RELATING TO THE NEVA CLAY MEMBER

a) Carbonate beds within the Neva Clay Member

Phillips and Milnes (19SS) have described the presence of at least one carbonate bed

within the Neva Clay Member at a number of localities in both the Noarlunga and V/illunga

Embayments. These ca¡bonate beds, although welt below the carbonate mantle, heralded the

major change in Pleistocene depositional environments.

The nature of carbonate beds is clearly shown at Snapper Point (map no. 6527 -26,

grid reference 674933), in the Willunga Embayment, and in coastal exposures to the north.

At this site (Fig. 2.I4), a discontinuous carbonate bed occurs in grey-green blocky clay-rich

sediments below the sands of the Snapper Point Sand Member. The bed consists of variably

indurated, irregular shaped, white masses, which in places have a strongly developed

columnar structure simitar to that in the surrounding clays. The vertical surfaces of the

columns are commonly very smooth like slickensides. Green clay and fine grained quartz

sand fills thin gaps (up to 10 cm wide) between the columns and millimetric-sized tubular

structures within the carbonate masses. Dichotomously branching, tapered tubes and

relatively straight tubes with rounded terminations containing fecal pellets were identified in

the carbonate bed. At the northern end of the Snapper Point section (Fig. 2.14), the

carbonate bed is approximately 2 m thick and has a sharp upper contact with the Neva Clay.

The base of the carbonate bed is characterised by isolated carbonate blotches. Towards the

southern extremity of the Snapper Point exposure, the carbonate bed occurs as isolated,

irregular shaped blotches that have gradational contacts with the surrounding clays.

At Aldinga Bay (map no.652l-26, grid reference 676916) to the south of Snapper

Point (Fig. 1.3), the Neva Clay Member consists of mottled green clay-rich sediments, and

contains a prominent carbonate bed (Fig.2.15) that may be equivalent to the bed found in a

similar stratigraphic position at Snapper Point. The bed is approximately 40 cm thick,

consists of isolated small blotches of carbonate and can be traced for at least 200 metres to the

north and for some distance to the south of Aldinga.

In the cliffs to the north of Port V/illunga (Fig. 1.3) a similar carbonate bed is evident

within clay-rich sediments that occur below an indurated and mottled sand lens. Equivalent

relationships between such a carbonate bed and the Ngaltinga Formation have been described

from the Noarlunga Embayment (Phillips and Milnes 1988).

The existence of ca¡bonate beds within the Neva Clay Member indicates that carbonate

was accumulating during deposition of the Ngaltinga Formation sediments. However,

carbonate deposition at such times significantly predates formation of the carbonate mantle

The boundary between the Neva Clay Member and the carbonate mantle is exposed at many

localities in the Noarlunga and \ù/illunga Embayments. Phillips and Milnes (1988) have

noted that this contact is not a simple sedimenta¡y boundary, but is marked by complex

wedges and blotches of carbonate peneÍating into the clays.
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b) Carbonate mantle over Neva Cla]¡ Member

In broad terns three different types of contact between the Neva Clay Member and the

carbonate mantle have been observed. For example, carbonate wedges from the mantle,

penetrate up to 1 mere into mottled grey-gleen clay-rich sediments @ig.2.l6a), adjacent to a

walkway giving access to the beach at Port \ù/illunga (map no. 6527-26, grid reference

680940). These vertically elongate, iregular wedge-shaped, slightly indurated, masses of

ca.rbonate generally have sharp contacts with the clay. The boundaries of the wedges become

diffuse where they are in contact with the overlying carbonate silt. Roots from vegetation in

the red sandy soil above the carbonate mantle extend down into the wedges and underlying

clays. In places where the roots have died, the relict tubules are filled with material

resembling the surface soil, and the associated carbonate and clay has a reddish

discolouration. Similar relationships between the carbonate mantle and brown mottled clay-

rich sediments are evident in coastal exposures to the north of Robinson Point (map no.

6527-16, grid reference 693035) in the Noarlunga Embayment (Fig. 2-1'6b).

A second type of contact, which is relatively sha¡p over a few centimetres, and near-

horizontal in orientation, occurs where platy structure at the base of a calcrete hardpan

overlies clays. Sporadic outcrops of the carbonate mantle in the coastal cliffs at Port

V/illunga exhibit two hardpans separated by carbonate silt. At the base of the lowermost

rubbly hardpan, there is a zone less than 30 cm thick of platy structured calcrete, which is in

relatively sharp contact with massive gïeen clay-rich sediments below (Fig.2.l6c). This

type of contact is comparatively rare.

The third type of contact is exemplified by the exposure in a small gully at Ochre Point

(map no. 6527-25, grid reference 697996), where the carbonate mantle overlies mottled

reddish brown and olive clay-rich sediments (Fig. 2.16d). Wedges of carbonate penetrate

into the clays and are associated with distinctive elongate, thin tubes filled with moderately

consolidated carbonate (Fig. 2.16e). These tubes have sharply defined margins and originate

in a nodular carbonate silt above the wedges. Although no branching has been observed, the

tubes are thought to be rhizoliths.

Carbonate stringers (Fig. 2.16f) characterise many inland exposures of the calbnate

mantle where hardpans are absent. The stringers are only found within clays, and are

vertically oriented, weakly indurated, isolated, centimetric f,rngers of carbonate. At Modbury

in the Golden Grove/ Adelaide Embayment, the Pleistocene clay contains numerous stringers

which have been disoriented due to shrink-swell and associated churning movements in the

clays. At some sites broken rhizoliths are indistinguishable from shorter more irregular

shaped carbonate stringers.



46

iÐ OBSERVATIONS OF TFIE CARBONATE MANTLE AND THE SNAPPER POINT

SAND MEMBER

a) General

The Snapper Point Sand Member of the Ngattinga Formation in the Willunga

Embayment is confined to well preserved trough-shaped channels and lenses cut into the

Neva Clay Member. Sands within the channels are fine to medium grained, qvartz sands,

which frequently display planar bedding and red to yellow mottling. Carbonate beds have

not been observed within these deposits. In contrast, in the Noarlunga Embayment, there are

many sites where carbonate beds occur in the upper parts of sandy sediments which occupy

poorly defined depressions in the Ngaltinga Formation. These sands are considered to be

equivalent to the Snapper Point Sand Member. The carbonate beds which occur in the

sequence immediatety below the carbonate mantle indicate a gradational boundary between

the mantle and the Ngaltinga Formation (Phillips and Milnes 1988). Representative sections

have been described by Phitlips and Milnes (1988) from the Noarlunga Embayment at

Lonsdale, the Onkaparinga trig and the Onkaparinga River mouth.

b) Lonsdale railwa)' cutting

In the Lonsdale railway cutting (map no. 652'7-6, grid reference 713135),

immediately south of Fietd River at Hallett Cove (Fig. 1.3), there is continuous exposure of

the carbonate mantle and associated Pleistocene sediments for a distance of 1 kilometre. The

northern end of the cutting is approximately 100 metres wide and cuts at right angles to a

natural slope, thus the eastern and western faces are significantly different. Mapping of the

cutting was divided into 3 sections (I, tr & III) as shown in Figure 2.17. Gently dipping

Permian glacigene silts and sands occur at the base of the cutting in each of the mapped

sections (Fig. 2.18a), but the outcrop is not continuous because of truncation by overlying

Pleistocene sediments. Near the boundary of the Permian with Pleistocene clayey sands and

sandy clays the glacigene sediments tend to be highly weathered and bedding is not evident.

At the southern end of the western side of the cutting (section I, Fig. 2.77b), planar

bedding is well preserved in red, mottled and indurated Pleistocene channel sands at the base

of the section. Above these sands and directly overlying the Permian sediments exposed to

the north, red and green mottled (2.5 YR 4/8) clayey sand is found. This sand is devoid of

bedding but contains poorly defined sandy beds and discontinuous, thin lenses of well

rounded, tabular to bladed, quartzite pebbles. A gradual transition occurs between this unit

and an overlying layer of brownish sandy clay, which is up to 1 m thick. This unit is

overlain by a carbonate rich bed that varies from a continuous band at the highest point in the

section, to isolated carbonate blotches within a calcareous clay at lower elevations, to the

south. Unconsolidated, yellowish red (5 YR 5/6 to 5/8), noncalcareous, fine grained sands

occur above the carbonate bed and contain rare ca¡bonate rhizoliths. The sands are covered

by the carbonate mantle in which isolated, well rounded quartzite and siltstone pebbles are
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found. At the base of the mantle there a¡e a series of irregular shaped, metre-sized, carbonate

patches (Fig. 2.18b) with sharp margins completely surrounded by noncalcareous yellowish

red sand. These patches are considered to be the remnants of a carbonate bed similar to that

found lower in the section. Above the carbonate mantle, there are brown and reddish brown

(5 YR 4/3) sandy soils (Rhodoxeralfs and Calcixerolls) which commonly contain carbonate

nodules derived from the mantle (Fig. 2.18c).

Similar tithological units are evident in section tr, although the thiclness of the

sequence is significantly reduced. Rounded to highly angular sandstone cobbles (up to 10

cm in diameter), occur in red and green mottled clayey sand, which overlies the Permian

glacigene sediments. Higher in the section, well rounded sandstone and quartzite pebbles

and cobbles (Phillips and Milnes 1988, frg. 3) with an east-west orientation, are present in

one small lens. Rounded quartzite pebbles are also found within the carbonate mantle (Fig.

2.18d). At the sourhern end of section II several beds of red (2.5 YR 5/6) sandy clay and

yellowish red (5 YR 5/6) clayey sand unconformably overlie red and green mottlsd clayey

sands, with a concentration of pebbles marking the boundary. The beds dip southwards

(Fig. 2.18e) and contain up to 4 discontinuous, undulating seams of alunite (a few

centimetres thick) which do not conform to bedding. In the same direction, thickening

occurs of fine grained yellowish red sand higher in the section. At the base of this sand a

carbonate bed merges northwards with the carbonate mantle. The contact between the

carbonate mantle and underlying sediments is highly variable. In places where carbonate silt

overlies clayey sediments the contact is sharp. However, in other sites, wedges and blotches

of carbonate occur at the boundary and so form a diffuse and irregular contact (Fig. 2.18d).

Road making and ploughing has effectively destroyed the relationships between the soil and

the carbonate mantle.

In section III, at the southern end of the railway cutting, reworked Permian sediments

are incorporated into mottled lenses of coarse sand and gravel (2-15 cm diameter). A series

of poorly defined medium to fine grained sand lenses and channels fine upwards into red and

gleen mottled sandy clays and green clays above the Permian deposits. One indurated,

medium grained, mottled channel sand (Fig. 2.18Ð within this sequence contains trough

cross beds. The green clays, which a¡e dominant near the top of the section, are massive,

with manganese staining on blocky ped surfaces. Immediately below the carbonate mantle

there are a series of shallow channels cut into the green clays (Fig. 2.17). The channels are

filled with medium grained, red clayey sands that contain a thin seam of alunite at one site.

The sands fine upwards into brown sandy clays. At the northern end of section III (Fig.

2.77d),at least two beds consisting of discrete carbonate blotches interhnger with yellowish

red (5 YR 5/S) fine grained sands and merge upslope into a single bed at the base of the

carbonate mantle. The noncalcareous sediment in these carbonate beds is more clay-rich than

the sands with which they interfinger. Rare well rounded, femrginous and quartzite pebbles

have been found associated with the ca¡bonate beds. Vertically oriented cylindrical tubes
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(approximately one centimetre in diameter), filled with clayey sands also occur in the

carbonate beds.

Field observations at Lonsdale do not provide definitive evidence upon which to

identify the Pleistocene lithostratigraphic units. The clay mineralogy of the sediments (Table

2 in Phillips and Milnes 1988) is dominated by illite, randomly interstratifled materials and

kaolinite. This assemblage is consistent with the clay mineralogy of the Ngaltinga Formation

(May et a/ 1988).

c) Other sites

At Hallett Cove, O'Sullivan Beach and in a railway cutting south of l,onsdale (Fig.

1.3), the relationship between the carbonate mantle and the Snapper Point Sand Member, is

similar to that at the Lonsdale railway cutting. Ca¡bonate beds occur within sandy sediments

below the mantle and in places merge upslope into the base of the mantle. For example, in

the railway cutting south of Lonsdale (map no. 6527 -15, grid reference 7lll2l), opposite Pt

Stanvac (Fig. 1.3), brown sandy clay at the base of the sequence (?Neva Clay Member)

contains discontinuous, horizontally elongate, carbonate blotches which separate the clay

from red and yellowish-green (7.5 YR 6/8) mottled sands, containing large irregular shaped

patches of weakly indurated carbonate and rounded siltstone pebbles (?Snapper Point Sand

Member). The carbonate patches merge upwards into the carbonate mantle to the north.

At Hallett Cove (map no.6527-15, grid reference 694103), the indurated and iron-

mottled sands of the Ochre Cove Formation, are overlain by the massive brown clays of the

Neva Clay Member (Hindmarsh Clay of Firman and Lindsay 1916). Fine grained, yellowish

red (5 YR 5/8) sands (Ngankipari Sand of V/ard 1966; Upper Bridgewater Formation of

Firman and Lindsay 1976) containing two carbonate beds (Fig. 2.15b) occur above the

brown clays. The ca¡bonate beds, consisting of weakly indurated blotches, dip gently south

towards the Field River and are only evident in the steepest face of the amphitheatre. To the

north, only one carbonate bed is observed above the brown clays. Immediately above the

lower carbonate bed, well indurated rhizoliths, similar to those at Lonsdale and in the railway

cutting east of the amphitheatre (Hallett Cove East railway station), occur in yellowish red

sand. The carbonate mantle above is dominantly composed of coated granules, pebbles,

cobbles and boulders set in unconsolidated carbonate silt. A brown sandy soil (Solonized

brown soil or Calciorthid) covers the landsurface.

In the coastal exposure at O'Sullivan Beach (map no. 6527-I5, grid reference

694103), near the boat marina (Fig. 2.15c) isolated carbonate blotches occur within greyish-

green clays of the Neva Clay Member. Above the clay there are a number of beds of fine

grained yellowish brown (7.5 YR 5/8) to reddish brown (5 YR 4/4) sandy clays and clayey

sands which, at the top of the section, contain a carbonate bed displaying platy structure.

This carbonate bed is approximately 50 cm thick and merges with the base of the carbonate

mantle towards the northern end of the exposure.
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iü) DrscussloN AND INTERPRETATION

The field observations relating to the Ngaltinga Formation enabled further elucidation

of the depositional environment, an explanation of the complex stratigraphic relationships and

confirmation of the influence of substrate lithology on calcrete morphology.

The influence of substrate lithology is clearly evident where ttre Ngaltinga Formation

is overlain by calcrete. Where clay-rich sediments are predominant, wedges, blotches and

stringers are abundant at the calcrete-clay. In contrast, the boundary between sandy

sediments and calcrete is frequently characterised by rectangular texture and platy structure,

although the latter may also be associated with clay substrates. These differences in calcrete

morphology are thought to be directly related to the porosity and permeability, and the

structure of the substrate. For example, the cracking of clays during subaerial exposure may

have facilitated the peneration of carbonate to form wedges.

Certain criteria have been identifred for the recognition of palaeosols in sedimentary

sequences. These criteria include the presence of root traces, marked colour changes

associated with the development of soil horizons and evidence of soil sffuctue (Blodgett

1988;Retallack 1988). Within the carbonate beds found in the Neva Clay Member and the

Snapper Point Sand Member there are examples of root traces, burrows filled with pellets,

calcified micro-organisms (Phillips and Milnes 1988), and cutans (cracks lined with sand and

clay). The strong colour change in sediments associated with the carbonate beds and the

clay-rich layer beneath the carbonate beds in the Snapper Point Sand Member at Lonsdale,

suggest that soil horizons had developed. Another characteristic typical of palaeosols

reported from elsewhere, and evident in the carbonate beds of the St Vincent Basin, is the

tendency for the upper boundary to be sharp due to erosion, whilst the lower boundary is

gradational (Morrison 1964; Retallack 1988). Based on these field observations the carbonate

beds in the Ngaltinga Formation are interpreted as palaeosols. Such an interpretation

precludes the description of the boundary between the carbonate mantle and the Ngaltinga

Formation using conventional stratigraphic terminology since the palaeosols at several sites

merge into the carbonate mantle. Therefore it would be more appropriate to describe the

lower boundary of the carbonate mantle using soil stratigraphic terms.

Morrison (1964) described several arangements of buried and relict 'geosols' (now

more commonly called palaeosols, see for example V/right 1986 a&b; Schaetzl and Sorenson

1987) that resemble the carbonate beds in the Snapper Point Sand Member. Where several

palaeosols occur at different intervals in a sedimentary unit and are separated by sediment or

are only slightly overlapping, they are referred to as 'compound'ot'compounded' (Morrison

1964) (Fig.2.20a & b). According to Morrison's scheme, compound and compounded

palaeosols may merge laterally to form 'composite' palaeosols ('welded' palaeosols of Ruhe

and Olson 1980), which overlap each other but still retain some distinctive characteristics

(Morrison 1-p(/|). These composite palaeosols (Fig.2.20c) commonly have a small addition

of new parent material (e.g. loess or slopewash) between pedogenic events, which becomes
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altered during the next pedogenic phase. Contacts between palaeosols were described by

Butler (1959) as conformable, unconformable, overplaced and underplaced. Conformable

and unconformable contacts have the same meanings as in the geological sense. An

overplaced contact develops when deposition separates two palaeosols and an underplaced

contact forms when erosion occurs between the development of two palaeosols (Fig. 2.20d).

In the amphitheatre at Hallett Cove, and at O'sullivan Beach (Fí92.15), there are

clear examples of superimposed palaeosols separated by sandy sediments. Whether these

palaeosols are compound or compounded, as defined by Morrison (1964), is uncertain from

the field observations. There are several sites (Pt Stanvac, Lonsdale sections II and III, and

O'Sullivan Beach) where buried compound(ed) palaeosols, merge upslope into the base of

the carbonate mantle to form a composite palaeosol. The fact that modem plant roots extend

down into some of these composite palaeosols, clearly distinguishes the palaeosols as

'buried', rather than 'isolated'. 'Isolated'palaeosols are buried by sediments to a depth

which is unaffected by pedogenic processes (SchaetzI and Sorenson 1987).

Many of the palaeosols in the Snapper Point Sand Member consist of isolated blotches

of carbonate, often with sharp boundaries, which suggests that the palaeosols were eroded

prior to burial by a new sedimentary deposit. This indicates that contacts between ttre

palaeosols are underplaced.

The presence of multiple carbonate palaeosols in the Ngaltinga Formation attests to a

depositional environment which records several hiatuses in sedimentation' Since the

sediments, apart from the palaeosols, ale noncalcareous, an external source for the carbonate

is implicated. Preservation of the carbonate was sporadic, yet an increase in frequency is

evident when the number of palaeosols in the Ngaltinga Formation is compared with that of

the Seaford and Ochre Cove Formations. This increase in carbonate accumulation in the

Ngaltinga Formation provides some indication that environmental conditions on a regional

scale were gradually changing.

The abundance of clay-rich sediment and the fine grain size of sands in the Ngaltinga

Formation indicate that the depositional environment was signifrcantly quieter than that of the

Seaford and Ochre Cove Formations. This interpretation assumes that there was no change

in particle size of the source materials. Regardless, the presence of obvious channel

structures with trough and planar crossbeds in the Snapper Point Sand Member suggests that

a fluvial environment still prevailed. In fact, at [,onsdale, not only are the channel sands and

occasional gravels preserved but the leéþes and adjacent overbank deposits are evident. The

apparent decline in stream energy during the Pleistocene may reflect a climatic change

associated with a decrease in the amount of rainfall. Relatively dry conditions would also

favour the preservation of carbonate as calcrete (Esteban and Klappa 1983).
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D. Taríngø Formatíon

i) OBSERVATONS

Fine grained, moderately well sorted, yellowish-red, calcareous sands, mapped as

Taringa Formation by Ward (1966), overlie the Neva Clay Member at Aldinga Bay (Fig. 1.3)

in the V/illunga Embayment (map no. 6527-26, grid reference 676916). The carbonate

mantle above the Taringa Formation varies laterally in morphology. Where the Taringa

Formation crops out to the north of Aldinga Bay, a well indurated, highly fractured hardpan

with platy structure at the base, is overlain by angular nodules (Fi5.2.19a). Near the

Aldinga beach kiosk, rectangular texture is well developed (Fig. 2.19b) and approximately

200 m south, metre-sized pillars of carbonate with associated rhizoliths are present within red

sands (Fig. 2.19c). The tops of the pillars are rounded and are in sharp contact with

overlying sands, while the base of the pillars are gradational. Very similar sfructures with

associated rhizoliths occur in the Christies Beach Formation at Moana near the mouth of

Pedlar Creek, where the modern dunes have been removed by mining and deflation.

iÐ DISCUSSION AND INTERPRETATION

The grain size and stratigraphic position of the Taringa Formation at Aldinga, is very

similar to that of the Snapper Point Sand Member at Lonsdale. However, the sands are

calcareous and preserved in the present landscape with a dune morphology. It is possible that

sediments reworked from point bars and channels in the Ngaltinga Formation as the climate

became drier, provided a source of sand for the dunes

Again this sandy substrate is associated with rectangular texture and platy structure,

but in addition pillars are evident. The rounded nature of the pillars belies a solutional

influence that may have been favoured by the relatively high porosity and permeability of

these unconsolidated sediments. The fact that similar pillars are evident in the Snapper Point

Sand Member and the sands of the Christies Beach Formation, supports the concept of

substrate conrol on morphology.

2.3 SUMMARY OF FIELD RELATIONSHIPS
Field work undertaken on the eastern margin of the St Vincent Basin revealed that the

carbonate mantle overlies and is incorporated in, a variety of rocks and sediments of different

ages and lithologies. The major source of carbonate was external to this landscape, although

there may have been some weathenngin situ of calcareous Precambrian and Tertiary rocks

and sediments. However, evidence for the precise nature of the carbonate source and the

mechanism of transport is not unequivocal. The presence of carbonate palaeosols in the

Pleistocene sediments suggests that carbonate deposition and preservation was episodic but
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gradually increased until a maximum was reached with the development of the carbnate

mantle.

Although the carbonate mantle forms a blanket over the Pleistocene landscape it is not

uniform in thickness nor calcrete morphology. Frequently these variations are associated

with changes in topography and the lithology of the substrate. The lithology of the substrate

has a direct control on the morphology of the calcrete at the calcrete-substrate boundary.

Field work also provided criticat observations pertaining to the fluvial depositional

environment which prevailed prior to and during the early phases of carbonate accumulation.

The Seaford and Ochre Cove Formations represent thick channel deposits, whilst the

Ngaltinga Formation was deposited under a quieter flow regime'

2.4 SEDIMENTOLOGICAL DATA PERTAINING TO THE DEPOSITIONAL

ENVIRONMENTS OF THE PLEISTOCENE SEDIMENTS AND THE

CARBONATE MANTLE.
Two major questions relating to the depositional environment remained unanswered

by the field work.. Firstly, the field evidence for a fluvial origin for the poorly defined sand

bodies which frequently contain carbonate palaeosols, and occur at the top of many

exposures above the Neva Clay Member in the Noarlunga Embayment was not unequivocal.

The lack of both bedding and induration in these sands may indicate a different depositional

environment to that of the Snapper Point Sand Member at the type section, with which these

sand bodies have been equated (Phillips and Milnes 1988). Secondly, the environment

which prevailed during accumulation of carbonate in the mantle and the mode of transport of

the carbonate was not identified. Consequently,laboratory studies, including granulometric

analyses and SEM observations of the surface textures of sand grains were undertaken in an

attempt to answer these remaining questions.

2.4.T GRANULOMETRIC ANALYSES

For the following reasons particle size analyses were calried out;

Ð to ascertain the difference between the Neva Clay Member and the Snapper Point Sand

Member of the Ngaltinga Formation;

ii) to identify differences in the particle size distribution within the Snapper Point Sand

Member, including those sediments between carbonate palaeosols in the upper part of

the stratigraphic sequence;

iii) to characterise the noncalcareous component of the carbonate palaeosols within the

Ngaltinga Formation and the 'carbonate silt' of the mantle;

iv) to provide data on some of the sandy sediments which Ward (1966) believed were related

to the carbonate mantle and which he described as Ngankipari Sand; and,
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v) to provide sedimentological data that may help in the identihcation of the depositional

environment and processes, when compared with published data from modern

environments.

All the particle size data presented (Appendix D), were obtained from noncalc¿ìreous

sediments or the acid-insoluble residues of those samples originally containing carbonate.

The acid insoluble residues were used to enable a direct comparison of the noncalcareous

sediments as suggested by Nelson (1977).

A. Neva' Clay Member

Table 2.1 indicates the abundance of sand, silt and clay in samples from several

different localities in the Noarlunga and Willunga Embayments. The proportion of clay in

these samples varies significantly from a minimum of 5I7o to a maximumof 937o.

Although only 2 samples of the acid-insoluble residues of carbonate palaeosols within

the Neva Clay Member have been analysed, there is a difference between these and

noncalcareous sediments of the Neva Clay Member. The carbonate beds have higher average

clay and silt contents and lower average sand abundances (Table 2.1).

Frequency distributions, for the sand fraction and the coarser silt of the Neva Clay

Member are illustrated in figure 2.21 (samples296a,37l and374) and figure 9 (samples

160, 188 and 378) in Phillips and Milnes (1983). It is evident from these graphs that the

sand fraction varies considerably in character from one locality to another. The frequencies

are commonly bimodal with peaks of variable height close to 2.25 ø and2.75 6' These

distributions have affinities with the Snapper Point Sand Member at the same localities. For

example compare samples 154 and 160 at Lonsdale, and samples 378 and 379 at Snapper

Point (Fig.2.2I).

B. Snapper Poínt Sand Member

Samples of the Snapper Point Sand Member (Table 2.2) are characterised by a lower

clay and higher sand content than those of the Neva Clay Member (Table 2.1). Division of

the sand samples into those found benveen the carbonate palaeosols and those unrelated to

palaeosols (Table 2.2)was designed to determine differences between the sediments.

The acid-insoluble residue of the upper carbonate palaeosol at the Onkaparinga River

mouth site (sampl e392) is finer grained than the associated noncalcareous sands (sample 170

Table 2.2). A similar relationship was observed beween the carbonate palaeosol and the

Neva Clay Member at this site.

Frequency disributions of the sand fractions in the Snapper Point Sand Member (Fig.

2.Zl andFig. 9 in Phillips and Milnes 1988) show considerable local variations. At Snapper

point, in the V/illunga Embayment, the dominant peak is located at2.0 Ø, whereas in the

Lonsdale and Hallett Cove sites the2.25 Ø peak is more typical. Samples from other

localities have flatter peaks which suggests these sediments are not as well sorted. The
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frequency distributions of the sand fraction in the uppermost carbonate palaeosol and

associated noncalcareous sediments (samples 392 and 170) at the Onkaparinga River mouth,

appear to be closely related (Fig. 9 in Phillips and Milnes 1988).

C, Carbonate mantle

Particle size data for the acid-insoluble residues of the carbonate silt from the mantle

(Table 2.3 A) demonstrate that this material is quite different from the Ngaltinga Formation.

The carbonate silt has a higher average silt and clay content and a lower average sand content

than either the Neva Clay Member (Table 2.1) or the Snapper Point Sand Member (Table

2.2). However, it has a similar particle size to the carbonate palaeosols within the Ngaltinga

Formation.

In order to ascertain the particle size of the carbonate, several samples of

unconsolidated carbonate silt from the mantle were granulometrically analysed (Table 2.38).

The average values of medium/coarse sand and silt particle sizes are higher in these samples

containing carbonate (Table 2.3A) than in those samples from which carbonate was removed

(Table 2.34).

Frequency distributions of the sand fractions, in the carbonate mantle at Lonsdale

(144) and O'Sullivan Beach (397) indicate little difference from the noncalcareous Ngaltinga

Formation sediments at these sites (Fig. 9 in Phillips and Milnes 1988). It is only in the very

fine particle sizes that the mantle materials are different. For example, in the fine sand and silt

fractions in samples from the Onkaparinga River mouth (289c), there are broad peaks aT3.5 ø

and 4.0 ø (Fig. 9 in Phillips and Milnes 1988). The peak at 4.0 ø is also evident in the

samples from the Onkaparinga Trig (300c), Noarlunga (370) and, to a lesser extent, Seaford

(372 and373). In the Willunga Embayment, at Snapper Point (377), the material in the

carbonate mantle is again finer grained than the noncalcareous clay (378) sampled below the

mantle (Fíg. 2.21) and broad peaks were recorded at 3.5 Ø and 4.0 ø.

D. Surfícíal sedíments above the carbonate mantle

Many of the sites listed in Table 2.4were mapped as Ngankipari Sand by Ward

(1966). Granulometric analyses of the sandy materials above the carbonate mantle (Table

2.4) indícate that there is no single distinctive feature characterising these sediments other

than the broad dominance of sand over silt and clay. Standa¡d deviations reveal the overall

dissimilarity in particle size between samples from different sites. 'When compared to the

acid-insoluble residues of samples from the carbonate mantle (Table 2.34), the coarser

grained nature of the surficial sands is apparent.

Frequency distributions of the sand fractions from samples of the surficial sediments

(Fig. 2.21) reveal two characteristics :

i) where surficial sands are underlain by either the Ngaltinga Formation or the Ochre

Cove Formation the sands have similar granulometric cha¡acteristics to those of the
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underlying sediments. In contrast, brown sandy sediments above the Pliocene beach ridge

on Piggott Range Road @ig. 2.21)haveno characteristics in common with the underlying

deposits and so appeff to be unrelated. At Corio Trig (Fig. 2.21), the surficial sands have

similar grain size frequency distributions to the surficial sediments on Piggott Range Road

and the Ngaltinga Formation sediments at the Onkaparinga River mouth and the Onkaparinga

Trig (Fig. 9 in Phillips and Milnes 1988).

ii) adjacent to the Onkaparinga River, particle size distributions of surhcial sediments

are significantly different at various depths in the same profile (compare 167 and 168) and

between sites (comparc 167/168 and 185). The brown sandy sediment above the carbonate

manrle adjacent to Morton Road (sample 185) has a frequency distribution similar to the

Ngaltinga Formation at Lonsdale. Brown sandy sediments at the same elevation 800 m west

of the Morton Road site (sample 167) have a dominant peak at 2.75 ø which is more

characteristic of samples of the Pliocene ridge (Fig. 2.2I) on Piggott Range Road.

E. Díscussíon

The sand and coarse silt fractions, of the Neva Clay Member and the Snapper Point

Sand Member, show similar frequency distributions at individual sites but considerable

variation be¡ween sites, indicating different sediment sources, or modes of nansport. The

field observations demonstrated that a fluvial environment was the most likely depositional

regime. Therefore differences in frequency distributions may be attributed to the different

sediment sources of the rivers.

The acid-insoluble residues of carbonate palaeosols within the Ngaltinga Formation

and the'carbonate silt' in the mantle both have higher silt and clay contents than samples of

the Ngaltinga Formation. The silt content in all samples is thought to be underestimated by

approximately 5 percent due to the imprecise decantation method used to remove the less than

2pm fraction. This problem is not signif,rcant when comparing samples because they were all

treated in the same rway, but it does influence comparisons with data in the literature. Phillips

and Milnes (1983) interpreted the higher silt and clay content, and the abundance of carbonate

in the carbonate palaeosols and'carbonate silt', as evidence that these materials contained an

aeolian component. Particle size analyses of the 'carbonate silt' without removal of the

carbonate, demonsfrated that the carbonate is present in the coarse sand and silt fractions'

SEM and thin section studies of the 'carbonate silt' (chapter 4.2) show that much of the

carbonate present in the coarse sand fraction is present as micritic coatings on sand grains

(ooids or coated clasts), or as small carbonate aggregates (pellets). The ooids and pellets are

thought to form due to cementation of the primary sediment, but may subsequently be

reworked many times. Prior to post depositional alteration the ca¡bonate was probably

associated with the silt size particles, a characteristic typical of aeolian loess deposits

throughout the world (Tsoar and Pye 1987).
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Surhcial sandy sediments above the carbonate mantle appeil to have multiple sources.

At some sites the surhcial sediments could represent a leached A horizon as Ward (1966)

suggested, because their granulometric characteristics reflect the underlying Pleistocene

fluvial sediments the sands of which are incorporated into the carbonate mantle. However,

where multiple sources are evident within the one profile and the granulometric characteristics

of these surficial sands are not related to the underlying Pleistocene sediments, they should be

considered a sedimentary deposit rather than a soil. Atthough there may be later alteration of

the sedimentary deposits by pedogenic processes.

F. Texturøl parameters

The fifth aim of the sedimentological data was to compare the data of this thesis with

that in the literature.

Ð REVIEV/ OF TECHNIQUES

During the 1960's and 1970's there were numerous attempts to differentiate

depositional processes and environments based on particle size data derived from the

mechanical sieving of sand (e.g. Friedman 1961, 1,962,1967; Tanner 1964; Sevon 1966;

Chappell 1967; Middleton 1976). It was generally agreed that there were no exclusive criteria

to identify environments, although general üends indicated that river and dune sands were

often positively skewed in contrast to negatively skewed beach sands (Friedman 1961;

Chappell 196l), and dune sands tended to be better sorted than river sands (Friedman 1962).

Cumulative frequency distributions of the particle size data were plotted in preference to

histograms or frequency distributions because they were found to consist of straight line

segments that many workers attributed to different modes of transport (Middleton 1976;

Schwebel 1978).

In the 1980's the differentiation of potential sources, modes of transport, and

depositional environments has been increasingly based on grain shape, as determined by

Fourier analysis and complex statistical techniques flMinkelmolen 1982; Sahu 1982; Clark

and Osbome |9}2;Mazzullo and Ehrlich 1983;Mazzullo ¿r al1984). The fact that sieving

actually sorts grains according to size and shape has repeatedly been stressed (Komar and Cui

1984; Menke 1984; Kennedy et al1985), and straight line segments in cumulative frequency

distributions are now recognised by some workers as mathematical artifacts (Leroy 1981;

Kennedy et al I98l). Others maintain that breaks in slope are important in hydraulic

interpretations (Bridge 1981). The presentation of data as histograms with class interval

widths determined by'maximum entropy'rather than cumulative frequency disributions are

now recommended (Full er aI 1984), but problems remain even with this improvement

(Bowles and Mclaren 1985).

Mclaren (1981) and Mcl.aren and Bowles (1985) presented a scheme to predict

possible sources and directions of sediment movement by comparing the mean, sorting and

skewness of one sediment with another. They recognised that these parameters are
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dependent on the source and the nature of certain sedimentary processes which produce

deposits with distinctive characteristics, namely;

i) if a source is eroded and all the sediment in transport is deposited, then the deposit must

be finer, better sorted and more negatively skewed than the source,

ii) the remaining (lag) sediment will be coarser grained, better sorted and more positively

skewed,

iü) if only part of the sediment in transport is deposited (selective deposition), the deposit can

either be finer or coarser than the source, with better sorting, and be more positively skewed

(Mclaren 1981).

Mclaren (1981) commented that river and dune sands result from selective transpofi,

and are thus expected to be positively skewed, confirming trends identified in the 1960's.

More specifically, Nickling (1983) found that sediments transported in suspension and by

surface creep during dust stoÍns are positively skewed, while those transported by saltation

are negatively skewed.

ii) RESULTS AND DISCUSSION

The consistent positive or fine skew trends, combined with the moderate to well

sorted nature of most of the Ngaltinga Formation sediments (Table 2.5), suggest that these

sediments may be either river or dune, rather than beach in origin (Fig.2.22a). Friedman

(1961) found that the d.istinction of river from dune sands was frequently difficult because of

an area of overlap in textural parameters. Most of the Ngaltinga Formation sediments plot

within this overlap (Fig.2.22b) and only a few of the Neva Clay Member samples have clear

associations with river sands. Particle size data reported from different facies within fluvial

systems (Allen 1965; Nanson 1980) demonstrate the vast differences possible in both grain

size and sorting depending on the size and nature of the fluvial system, the facies, and the

sediment source. Given this variability, it is not surprising that textual parameters can not be

used alone to definitively identify a fluvial environment.

Sediments benryeen carbonate palaeosols in the upper part of the Ngaltinga Formation

sequence are typically better sorted and contain a higher average proportion of fine sand than

the underlying sediments. In fluvial systems sediments frequently fine upwards, and so it is

possible that the sands between the carbonate palaeosols were deposited in a similar

sedimentary environment to the channel sands of the Snapper Point Sand Member at the type

section. The sediments between the carbonate palaeosols are all positively skewed and

moderately well to well sorted (Table 2.5), again suggesting these are river sands. The

textural plot of mean grain size versus sorting (Fig. 2.22b) does not clarify the depositional

environment although many of these sediments occur within the field of dune sands.

In an attempt to further understand the relationship of the sediments between the

carbonate palaeosols and other sediments of the Ngaltinga Formation, a sediment trend matrix

(Fig.2.23) was constmcted following the methd of Mclaren (1981). Although Mcl-aren
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(1981) and Mcl.aren and Bowles (1985) used moment measures to determine the statistical

p¿ì.rameters, and have only applied the technique to test knolryn di¡ections of sediment

transport in modern envi¡onments, the method does appear to have an application to

stratigraphic sequences as demonsüated at l,onsdale. All the samples at Lonsdale between

the carbonate palaeosols (samples 92,96, 122,135,148 and 151) are consistently finer

grained, better sorted, and either more positively or more negatively skewed, than the other

sediments of the Ngaltinga Formation. According to Mclaren's hypothesis this indicates that

the Ngaltinga Formation may be the source for the sediments between the carbonate

palaeosols, and it has been either selectively or completely reworked. This does not rule out

the possibility that both the Ngaltinga Formation and the sediments between the carbonate

palaeosols have a common source. There are some inconsistencies in the matrix, therefore it

is possible that the predictability of the sediment trend analysis has been limited by either

multiple sources of sediment, the flocculation and cohesion of frne particle sizes and,/or the

alteration of sediments during transport (McLaren 1981) and after deposition.

The sand fractions in samples of the carbonate mantle ('carbonate silt'), with the

exception of sample 370, are either positively skewed or near symmetrical, and generally

poor to moderately well sorted (Table 2.6). The majority of these sediments fall within the

field of river sands on the textural plot (Fig. 2.22b), indicating that the sand fractions may

have aff,rnities with the Ngaltinga Formation. In the sediment trend matrix for Lonsdale (Fig.

2.23) the sand fraction of the carbonate silt (144c) is finer grained, better sorted and more

negatively skewed than two samples of the Ngaltinga Formation (139 and 160). Thus

providing additional evidence that the sand fraction of the carbonate silt may have been locally

derived.

Textural parameters of sand fractions from surficial sediments above the carbonate

mantle (Table 2.6) indicate that these materials are better sorted than the'carbonate silt'. One

sample (168) plots as a beach sand (Fig, 2.24a) because of its strong negative skewness,

while all the other sediments have textural parameters simila¡ to either dune or river sands

(Fíg.2.24b). Based on the frequency distributions, it was noted that the surficial sediments

have similar characteristics to the Ngaltinga Formation. Sediment trend matrices (Fig. 2.25)

confirm this relationship for samples from the l,onsdale and Moana sites. Some river source

bordering dunes in the Murray Basin (Phillips 1980) have textural parameters that are very

similar to the surficial sediments above the midden on River Road. Since this site is close to

the Onkaparinga River it is possible that these surficial deposits were derived from sediment

transported by the river.

2.4.2 SEM STUDY OF SAND GRAINS

In the granulometric data presented above it was assumed that grain size, and not

grain shape, was being assessed. However, it is well known that sieving sorts particles

according to both size and shape, and therefore a study of grain shape was carried out.
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Fifteen samples were examined, and no attempt was made to quantify the dimensions of

individual grains. As an adjunct to the visual estimates of sphericity and roundness, the

surface textues of quartz grains were also studied in 7 samples to provide information

concernin g sediment provenance and deposition al environments.

A. Grain shøpe

Grain shape has been thought by many workers to be strongly influenced by the mode

of sediment transport. For example, the well rounded and spherical characteristics of aeolian

sand grains are attributed to mechanical abrasion during transport and preferential selection of

those grain shapes by the wind (Mazntllo et al1986). Grain shape is also partly determined

by the source rocks (Kennedy and Ehrlich L9ïS;Mazzullo and Magenheimer 1987).

According to Mazzullo and Magenheimer (1987) detrital grains derived from crystalline rocks

are typically angular and nonspherical, while those from quartz-cemented sedimentary rocks

are subangular and frequently retain quartz overgrowths. Surface textures are also

determined by the source rocks, quartz grains from aeolian deposits are highly rounded and

abraded, but grains from fluvial and marine deposits were found by Mazzullo and

Magenheimer (1987) to be more complex because they retain the shapes and surface textures

of a variety of source rocks and were not modified during transport.

Another factor which might influence grain shape is mineralogy, since this

predetermines features that may be preferentially affected by weathering. To check that

mineralogy had not affected particle shape, XRD analyses were routinely ca¡ried out on the

bulk samples used for granulomeÍic analyses and the composition of each grain studied for

surface textures and shape was checked using the EDS system on the SEM. Quartz was

found to be the dominant mineral in all samples, with only minor amounts of feldspar

present. Heavy minerals such as rutile, ilmenite and magnetite were also recognised from the

EDS analyses, but occur in such small proportions they were not recorded in XRD traces.

During the study of grain shape no major differences were observed between

samples, therefore the results are presented as a sunìmary in Table 2.7. The majority of
grains, regardless of mineralogy, are characterised by high sphericity and many are

subrounded to rounded. Some grains are more angular (subangular to angular) and of low

sphericity (Fig.2.26). The latter grain shapes, especially those with low sphericity, would

not have passed through the sieve mesh as easily as rounded and spherical grains of a similar

size. However, the limited number of these angular grains suggests that the granulometric

data, has not been adversely affected by grain shape.

B. Quørtz grøín surface lextures

Studies of quarz grain surface textures expanded rapidly after the work of Krinsley

and Doornkamp (1973). Basically it is a technique which uses differences in particle form to

identify particular transport modes. There are a number of inherent problems with this
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technique due to the subjective interpretations of operators (Culver et al 1983), the occurrence

of the same surface textures in different environments @ull 1981), and the fact that textures

may be inherited from the source rækQ!Íazzullo and Magenheimer 1987) and be altered by

posr depositional diagenesis (Bull 1981). Disputes have also occurred over the number of

grains that need to be studied to establish statistically valid results (see for example Bowman

1979; Bull 1981; Whalley 1984) and the surface textures considered diagnostic of any one

mode of transport. Due to these problems it is considered essential to use groups of surface

textures, rather than one feature as diagnostic. In addition, the results ought to be quantified

by recording the presence or absence of particular features (Ribault 1978; Bull 1978, 1981;

Whalley 1934) and the technique used in association with other sedimentological methods

(Manker and Ponder 1978; Cater 1984; Whalley 1984).

Various lists of surface textües have been adopted (Margolis and Krinsley 1974;

Culver et al 1983; Cater 1984) since the original work of Krinsley and Doomkamp (1973).

However, adequate definitions and the possible variations of a particular surface texture are

rarely provideþr described (Bowman lg79). Micrographs illustrating examples of the

surface textures recognised in this study are provided in Appendix E. The results presented

in Table 2.8 record the percentage of grains in each sample which display that particular

surface texture.

In all the samples from Lonsdale (96, 101, 148, 154) the grains are commonly

rounded or subrounded, and exhibit chemical alteration features such as upturned plates,

oriented V-shaped pits, irregular pits and hollows, and various forms of silica precipitation

(Fig. Z.27 a&b). These grains also display features such as parallel steps, random and

oriented grooves (Fíg.2.27a) and nonoriented V- shaped pits which are attributed to

mechanical abrasion (Margolis and Krinsley ß79. Relatively little difference was observed

between the four samples from Lonsdale, apart from a reduction in the number of grains

affected by silica precipitation in sample 154. These results confirm that there is little

difference between the sediments associated with the carbonate palaeosols (96 and 148) and

other sediments of the Ngaltinga Formation (101 and 154). Samples from O'Sullivan Beach

(187), Moana (181) and River Road (183) record many of the same chemical and mechanical

features, but there is an overall reduction in the number of mechanical features and an

increase in the proportion of silica precipitation and cracking. Silica precipitation on many

grains partially masks underlying features such as parallel steps and chemically etched V's

(Fig.2.27c¡ and creates new pitted textures where it has cracked and fragments of the

coating have been removed (Fi5.2.27d).

In total, the surface textures of sand samples from L,onsdale and the other sites do not

reflect any one specific mode of üansport. This is not surprising if these are fluvial deposits

as the field observations suggest, or if the sediments have only been transported a short

distance. Fluvial environments are generally considered to be ineffectual in producing

diagnostic surface texrures (Krinsley and Donahue 1968; Manker and Ponder 1978) and the
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textures present are thought to be relict from the source rocks (Kennedy and Ehrlich 1985;

Mazzullo and Magenheimer 1937). Although Manickam and Barbaroux (1987) have

observed minor modifications of quartz gains due to chemical and mechanical alteration

associated with seasonal variations in the hydrologic cycle of the Loire River, they do not

completely discount the possible inheritance of surface textures from the source rocks. In the

past, fluvial transport was distinguished from other subaqueous environments based on the

relatively low frequency of mechanically formed, non-oriented V's (Krinsley and Donahue

1968; Krinsley and Doornkamp 1973; Cater 1984), but the density is now considered to be a

function of grain size and the technique of measurement (Middleton and Kassera 1987),

rather than the energy of the environment.

Individual sand grains with surface textures similar to those described from aeolian

environments can be recognised in all the samples studied, including some samples which

were not studied in detail. There is moderate agreement amongst researchers that aeolian

transport produces rounded grains with evidence of both mechanical abrasion (dish shaped

concavities, non-oriented V's, or crescent shaped pits) and chemical alteration (upturned

plates, silica precipitation and surface cracks) (Krinsley and Donahue 1968; Krinsley and

Doornkamp L973;Margolis and Krinsley 1974; Krinsley and McCoy 1978; Ribault 1978:

Setlow 1978; Al-Saleh and Khalaf 1982; Culver et a|1983; Halitim et al 1983; Krinsley and

Greeley 1986). Examples of grains with some of these surface textures are seen in figures

2.26 a&b,Appendix E micrographs H and F, and figures 2.27 e&f. In the latter examples,

rounded grains with dish shaped depressions and'rolling topogaphy'due to silica

precipitation (upturned plates) are seen juxtaposed to grains with significantly different

surface textures.

The second most common gïoup of surface textures a.re the result of the chemical

alteration of subangular to rounded grains. These grains have abundant evidence of silica

dissolution in the form of oriented V shaped pits (Fig. 2.27b; Appendix E micrograph K),

irregular pits and hollows (Fig.2.27a; Appendix E micrograph L), and highly intricate

surfaces due to silica precipitation and dissolution (Figs. 2.27 cd&e). Several workers have

atrributed similar combinations of surface textures to pedogenic (Margolis and Krinsley I974;

Ribault 1978; Bowmanlg7g) and diagenetic or high-energy chemical environments

(Krinsley and Doornkamp 1973).

In several samples, angular to subangular grains which are often nonspherical, with

conchoidal fractures, breakage blocks, cleavage planes and crystalline nodes (Fig.2.27 fe.g)

have been observed. Based on the similarity with descriptions by Mazzullo and

Magenheimer (1987), these grains, which a¡e relatively rare, are thought to be derived from

crystalline source rocks. The least common type of grain is also angular, but is only found in

samples near the base of the stratigraphic sequence at Lonsdale. Angular grains show

superimposed surface textures (Fig2.27h). The last event is characterised by large

conchoidal fractures, parallel steps, breakage blocks, straight grooves and parallel striations.
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Similar surface textures are reported from quartz grains in glacial environments (Krinsley and

Donahue 1968; Setlow and Karpovich 1972; Krinsley and Doornkamp 1973; Margolis and

Krinsley 197 4; Culver et a|1983). It is conceivable that these grains have been reworked

from the underlying Permian glacigene sediments.

Several conclusions can be drawn from the surface texture data. Firstly, multiple

source rocks have been eroded to produce these deposits and there is no consistent evidence

of the final mode of transport. Secondly, the differences between samples in terms of the

total abundance of certain surface textures indicates that the source rocks may have been

different for each geographic location. Field observations suggest that the sediments are of

fluvial derivation and the lack of surface textures indicating the frnal transport mode adds

support to this hypothesis.

2.5 DISCUSSION AND INTERPRETATION OF DEPOSITIONAL

ENVIRONMENTS

2.5.1 NGALTINGA FORMATION

The Neva Clay Member of the Ngaltinga Formation consists of massive, mottled

gïey-green clays and fine grained sandy clays which form a lithological unit up to 14 metres

in thickness in coastal exposures of the Noarlunga and Willunga Embayments. Field

observations in combination with textuml parameters of the sand fractions suggest that these

materials may be fluvial in origin. In particular, the fine grain size suggests affinities with

sediments derived from suspended load (topstratum deposits), but the lack of sedimentary

structures precludes subdivision into either overbank or floodbasin subenvironments. It is

possible that the development of the floodplain was relatively unimpeded (Allen 1965). It is

also possible that some of the fine grained sediments, at Lonsdale in particular, were

deposited on the upper parts of sand bars within and on the margins of channels (Bridge

1985), thus explaining the association with thin pebble lags.

Isolated channels of fine to medium grained, planar bedded sands (Snapper Point

Sand Member) occur within the Neva Clay Member at va¡ious localities including Snapper

Point, Port Willunga, and Ochre Point. The lower boundaries of the channels are sharp and

are considered to be erosional. Gravels and pebbles a¡e found at the base of the channels at

Lonsdale. The upper contacts of the channel sands with the Neva Clay Member are

frequently gradational. The size and geometry of the channels vary significantly (compare

Figs. 2.14 and.2.17) and the sands are generally indurated and mottled by iron oxides. In

total, the small number of channels preserved and the fining upwards nature of the sands,

suggesrs that these were meandering rather than braided stream deposits (Allen 1965). At

Snapper Point, large broad troughs probably formed the main channels, while smaller more

U shaped channels, which occur slightly higher in the stratigraphic sequence, possibly

represent crevasse-splay channels. It is clear from the isolated nature of all the channels, and
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the lack of vertical stacking at any site, that the streams did not remain in each locality for an

extended period of time and may be interpreted as abandoned channel fills (Bridge 1984).

Meandering streams usually change course by either chute cut-off, neck cut-off or awlsion'

with the result that channels become abandoned (Allen 1965; Walker and Cant1979; Bridge

and Leeder 1979; Bridge 1984, 1985; Hopkins 1985; Bridge et al1986). Channels

abandoned by avulsion usually alternate with topstratum deposits and form in association

with periods of aggradation and tectonic tilting (Bridge and Leeder 1979; Bridge 1984). In

the Noarlunga and Willunga Embayments, it is possible that the channels of the Snapper

Point Sand Member were abandoned by either avulsion or cut-off during floods.

Concentrated in the Noarlunga Embayment are a series of sand bodies at the top of the

Ngaltinga Formation which are not confined to well defined channels. Phillips and Milnes

(1988) correlated these sand bodies with the Snapper Point Sand Member. The sands fine

upwards, are unconsolidated and fine grained with isolated pebbles, and have textural

p¿Ìrameters similar to sands in the Snapper Point Sand Member. Carbonate palaeosols occur

within these ill-defined sand bodies and, at Lonsdale and the Onkaparinga River mouth, are

preserved at the contact between the Neva Clay Member and the Snapper Point Sand

Member. Their preservation and the absence of bedding in these sand bodies, points to

differences between these sands and those of the Snapper Point Sand Member at the type

section. The depositional environment of the sand bodies was typified by vertical accretion

and short periods of deposition between long periods of stasis when palaeosols developed.

Similar sequences are recorded in sheet flood deposits derived from overflowing river

channels and the distal portions of crevasse-splays. In both these depositional regimes sandy

materials and occasional gravels are deposited intermittently (Allen 1965; Galloway and

Hobday 1983). Sand sheets would tend to concentrate in natural swales on the floodplains

without forming distinct channels. The sand bodies at the top of the Ngaltinga Formation are

considered to be sand sheets affected by fluvial deposition only during periods of flood.

Particle size data from the acid-insoluble residues of the carbonate palaeosols in the

Neva Clay Member and the Snapper Point Sand Member indicate a higher silt and clay

conrent than samples of the Ngattinga Formation. In combination with the high proportion of

carbonate these data suggest a possible aeolian origin. Based on the morphology and

mineralogy of the carbonate palaeosols, Phillips and Milnes (1988) considered the original

aeolian deposits had been pedogenically altered. Carbonate rich palaeosols have been

described from many ancient fluviaValluvial systems (Williams 1973; Steel 1974;Bown and

Kraus 1981; V/right 1982; Mader 1985 a&b;Prather 1985; Allen 1986; Atkinson 1986;

Retallack 1986b) and palaeosols in general are considered to be a normal phenomenon

recording the long periods of stasis characteristic of these environments (Kraus and Bown

1986). Bown and Kraus (1987), Kraus (1987), and K¡aus and Bown (1988) have

hypothesized that the morphology of a palaeosol will become more complex with increasing

distance away from areas of high net sediment accumulation (pedofacies). Below the
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carbonate mantle, the morphologically most complex carbonate palaeosols in the Noarlunga

and V/illunga Embayments occur within the topstratum deposits of the Neva Clay Member,

where sediment accumulation rates would have been minimal. No examples of carbonate

palaeosols have been found in the river channel facies of the Snapper Point Sand Member

where sediment accumulation rates were higher. One example of a complex carbonate

palaeosol is seen in the sand sheet facies of the Snapper Point Sand Member at the

Onkaparinga River mouth, but it is overlain by sandy clays considered to be topsratum

deposits. At other localities carbonate palaeosols in the sand sheet facies are relatively simple

in morphology and disptay lateral changes in morphology according to topography (e.g.

section I at Lonsdale).

2.5.2 CARBONATE MANTLE

The isolated ca¡bonate palaeosol in the Ochre Cove Formation at'Witton Bluff was the

first indication of a change in the depositional environment. By comparison there was a

significant increase in the number of carbonate palaeosols preserved in the Ngaltinga

Formation. These palaeosols are considered to represent a transitional phase from a fluvial

dominated sedimentary epoch to one characterised by pedogenic alteration of aeolian

deposits.

The transition to an aeolian environment with subsequent development of calcrete,

was not restricted to the eastern margin of the St Vincent Basin but is recorded from wide

areas of southern Australia (Fig. 1.1). A change to a more arid climate seems to be the most

logical explanation for this regional change of palaeoenvironment . Evidence of climatic

variation during the Pleistocene has been recorded from many parts of Australia (Bowler

1973, Bowler 1976, Bowler 1982, Bowler et a|1976). More arid periods were associated

with aeolian transpofi and dune building during the last glacial maximum between 25,000 and

13,000 years B.P. The most intense aridity is thought to have been between 18,000 and

16,000 years B.P., which corresponds to the period of intense glaciation in the northern

hemisphere (Bowler 1982). Since aeolian transport is thought to have influenced the

composition of the carbonate silt in the carbonate mantle it is possible, as suggested by

Crocker (1946a), that the deposition of carbonate across southern Australia was associated

with the dune building activity of the last glacial maximum. During this time the Australian

desert expanded and the orientation of quartz dunes and clay lunettes indicate that the winds

in southem Australia were more intense and dominantly from a westerly direction (Bowler

1976, Bowler 1982, Bowler et al 1976). Sea level was at an all time low and as a result

Tasmania was joined to mainland Australia (Bowler 1982). Vegetation was sparse during the

glacial maximum and did not stabilize the dunes until a later, slightly moister period (15,000

to 10,000 B.P.) when pedogenesis became more important (Bowlet et al 1976).

As the sea regressed exposing the continental shelf during the glacial maximum, a

succession of calcareous coastal dunes would have become progressively stranded. It is
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possible that ephemeral dolomite-rich lakes were found in marginal marine settings similar to

those of the modern coastline on Eyre and Yorke Peninsulas, and that these lakes were also

progressively stranded behind the dunes. The dunes which lacked vegetation, and the dry

lakes, would have been easily eroded by the strong westerly winds and as such may have

been the source of ca¡bonate for the carbonate mantle. The Gawler, Mount Lofty and

Flinders Ranges (Fig. 1.2) would have presented physical barriers to these westerly winds,

thus it is not surprising that the carbonate mantle is absent from these regions. It is also likely

that orographic rainfall associated with the ranges caused the leaching of carbonate from the

highlands. The climate could not have remained totally arid throughout the whole

development of the carbonate mantle since there must have been sufficient moisture to leach

carbonate down profile and to support the vegetation which influenced the formation of

calcrete. McFadden and Tinsley (1985) demonstrated that despite the presence of carbonate

there is very little calcrete development in very arid climates, a semi-arid climate is more

favourable for calcrete genesis.

Field observations from the eastern margin of the St Vincent Basin, demonstrate that

the thickness of carbonate silt within the blanket is not uniforrn. As the climate gradually

became more arid, carbonate accumulation would have been greatest on the margins of water

sheds where rivers were not actively eroding and vegetation may have still been present to

trap the sediment. As aridity increased the rivers may have completely dried up and carbonate

silt blanketed the whole landscape. There is no obvious evidence that dunes formed in the

carbonate silt, rather it appears that ca¡bonate distribution was related to local variations in the

existing topography. For example, at the Moana and River Road sites, carbonate silt

concentrates in low lying areas and thins onto adjacent highs. However, pedogenic alteration

and reworking of the carbonate silt during later phases in the development of the carbonate

mantle may mask the original thickness and distribution of carbonate.

2.6 SUMMARY OF THE ROLE OF GEOLOGICAL FACTORS AND

PROCESSES IN CALCRETE GENESIS

The geology of the eastern margin of the St Vincent Basin has had a significant effect

on the development of the carbonate mantle and hence calcrete genesis. The most significant

geological process influencing the carbonate mantle was the aeolian depositional environment

in which carbonate was blown from coastal sites to inland areas where it was altered to

calcrete. Knowledge of the depositional environment provides a possible explanation of the

source of the carbonate and its distribution across southern Australia. The uansitional nature

of the change from a fluvial environment with associated carbonate palaeosols, to an aeolian

and pedogenic environment, explains the apparently complex stratigraphic boundary between

the Ngaltinga Formation and the carbonate mantle.
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The lithology of the substrate clearly has an important control on calcrete morphology

at the substrate-calcrete boundary. The porosity, permeability and mineralogy of the

substrate are of prime importance. Thus the geology of an area prior to the development of

calcrete also has a signifrcant influence on calcrete genesis.
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CHAPTER 3

FACTORS CONTROLLING VERTICAL AND LATERAL FACIES
CARBONATE MANTLE.CHANGES IN THE

3.1 PREFACE

Lateral changes in soil morphology on a hillslope are often referred to as a'catena',

and lateral changes in palaeosols on alluvial floodplains are called'pedofacies' (Bown and

Kraus 1987). Neither of these tenns gives equal weight to vertical, and to lateral, differences

in the soil. Thus 'facies change' is a more appropriate description of the vertical and lateral

variations in calcrete morphology and mineralogy observed within the carbonate mantle on

the eastern margin of the St Vincent Basin. A 'facies change' is "a lateral or vertical variation

in the lithotogic or paleontologic characteristics of contemporaneous sedimentary deposits"

(Campbell et al1972).

Vertical facies changes in calcrete morphology have been documented by many

workers (for example Gile et al1965,1966; Crawford 1965; Ruellan 1973; Read I974;

Nette.rberg 1980;Watts 1980; Esteban and Klappa 1983) and some common examples were

illusgated by Phillips et at (1987) in their Figure 2. The most common sequence in

pedogenic calcretes consists of a hardpan capped by a laminar zone, overlying unconsolidated

carbonate silt, which may contain nodules and coated clasts. The contact between the

carbonate silt and the underlying substate may form a third, transition zone. In broad terms,

this idealized profile is complicated in many instances by the superposition of several

profiles, the absence of the hardpan in some profiles, or in rare cases the presence of a

laminar zone directly on the substrate.

Lateral facies changes in calcrete morphology have only been recognised by a few

workers (Crocker 1946a;Clawford 1965; Ruellan7973; Read 1974;Blumel 1982; Sobecki

and Wilding 1982). Crocker (1946a) and Crawford (1965) both noted that in sand dunes

where several thin hardpans are separated by sand, these prof,rles can merge in the adjacent

swale to form a thick hardpan. Furthermore, Crawford (1965) described the thickest

hardpans from topographic depressions.

Detailed accounts of lateral facies changes by Ruellan (I97 3) and Read (I97 4) clearly

identified topography and geomorphic setting as significant controls on calcrete morphology.

Ruellan (1973) described lateral changes in morphology on a Quaternary alluvial terrace

where, with increasing distance from the river, the sequence progressively increased in

complexity from blotches, nodules, and moderately consolidated zones to well indurated

hardpans with thick laminar zonss. Associated with these lateral changes Ruellan (1973)

noted that the total amount of carbonate increased in the profile, especially towards the top,

and that the thickness of the profile increased with increasing complexity. Lateral facies
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changes in calcretes on a slope, as identified by Ruellan (1973), are illustrated in Figure 3'1a'

As the slope declines the profile becomes more complex and the thickness of the soil or A

horizon above the carbonate increases.

Read (1974) provided a different interpretation of the facies changes likely on hill

slopes. Maximum profile thickness occurred on the flanks of 'highs' in the Tamala Eolianite,

and thinned towards the dune crest and/or into adjacent swales. The sequence of events

responsible for these lateral facies changes are illustrated in Figure 3.lb. Lithoclast breccias

(nodules), and ooid and pisolite (coated clasts) grainstones, which display reverse grading

were considered by Read to have accumulated as colluvial soil deposits and thus were

interpreted as a lithostratigraphic unit (Depuch Formation) which formed the uppermost zone

in a calcrete profile. Read (1974) suggested that the smallest coated clasts (ooids) would

move furthest downslope and accumulate on gentle (less than 50¡ slopes, while the larger

coated clasts required steep slopes (5-200) to initiate downslope movement and thus

accumulated on the upper flanks of topographic highs. Read (1974) found that the

stratigraphic sequence was complicated in coastal areas which had been affected by multiple

marine transgtessions and regressions. For example, in these areas the Depuch Formation

was found interhngering with and overlain by, marine units, reûmants of calcrete were found

on rock platforms, tidal terraces, and draping relict seacliffs.

Another example of the effect of topography on calcrete morphology is demonstrated

by Blumel (1982). Polygenetic calcretes in Namibia and SE-Spain were described from the

'foot plains' or lower slopes of mountains. At these sites Blumel considered that the thickest

profrles developed because there was a maximum amount of loose debris into which calcium

carbonate could pefineate, and run-off from the mountains concentrated carbonate which was

derived from the local limestones. 'With increasing distance away from the mountains the

thickness and complexity of the profile declined.

Lateral facies changes in calcareous soils are also evident, but at a much smaller scale

(20 to 30m) than those examples cited above. Sobecki and Wilding Q982) found that

Mollisols with calcic horizons were restricted to'micro-highs' (0.5m or less), while Alfisols

lacking any carbonate accumulation, apart from rare nodules, occurred in'micro-depressions'

on the Texas Coast P¡airie. Particle size data, chemical trends and micromorphological

studies by Sobecki and V/ilding (1983) pointed to leaching in the'micro-lows', followed by

lateral movement of the carbonate charged waters into the relatively drier 'micro-highs' by

'evaporative pumping'. The upper horizons in the Mollisols were characterised by carbonate

accumulation due to pedogenic processes, while the lower horizons reflected periods of

saturation and upward water movement.

Vertical changes in carbonate mineralogy within calcrete profiles in southem Ausralia

are characterised by a concentration of calcite near the top of the profile, with an increase in

theproporrion of dolomite at depth (Wetherby and Oades 1975; Norrish and Pickeringl9TT;

Dixon 1978; Hutton and Dixon 1981; \ù/ilson 1981; Milnes and Hutton 1983; Phillips and
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Milnes l98S). Associated with this trend the CaÆvlg ratio has been found generally to

decrease with depth in the profile. These trends may be intemrpted by the superposition of

several profiles or breaks in the sedimentary record (Milnes and Hutton 1983, Philips and

Milnes 1938). Vertical changes in mineralo W úe thought either to reflect changes in source

materials (Milnes et at 1987) or to be the result of pedogenic processes (Wetherby and Oades

1975; Norrish and Pickering 1977; Hutton and Dixon 1981; Phillips and Milnes 1988).

In other countries, few workers have described these mineralogical and chemical

trends. St Arnaud and Herbillon (1973) noted that in certain calcareous Saskatchewan soils,

CalÀag ratios generally decreased with depth and the highest Mg concentrations were found in

saline depressions. Later work by St Arnaud (1919) confirmed the decline of Ca/\4g ratios

with depth and demonstrated that this trend was linked to the proportion of soluble salts in the

profile. Drees and V/ilding (1987) found that calcite concentrated in the upper portion of

prof,rles from Texas, while dolomite concenfrated at the base. However, the dolomite was

thought to have been reworked from the local bedrock. One of the palaeosols analysed by

Ruhe and Olson (1980) from southern Indiana also showed an increase in Mg with depth and

a decrease in Ca. However, in other palaeosols changes in Mg and Ca with depth were

positively correlated. Sobecki and Wilding (1983) also found that the relative proportions of

calcite and dolomite with depth in Mollisols were positively correlated. There are no

consistent trends evident in the relative proportion of dolomite down prof,rles in the Kalahari

calcretes analysed by Watts (1980).

Based on the presence of dolomite in calcrete profiles, controversy has arisen as to the

origin of the dolomite. There are three possibilities, in situ primary precipitation, in situ

recrystallization by pedogenic processes of dolomite derived from an external source, and

reworking or inheritance from an external source without recrystallization. Some workers

now favour in situ primary formation (Watts 1980), but the majority of workers believe the

dolomite has been inherited.

Vertical and lateral facies changes in the morphology and mineralogy of the carbnate

mantle were studied on the eastern margin of the St Vincent Basin in an attempt to elucidate

the factors controlling these changes. The literature suggested that lateral facies changes were

influenced by topo$aphy, whilst vertical changes could be atributed to pedogenic processes.

3.2 DESCRIPTIONS OF FACIES CHANGES AT SPECIFIC SITES

3.2.1 MODBURY

The general nature of the exposure in the erosion gully at Modbury is illusrated in

Figure 2.4. LateraJ.facies changes in the calcrete at this site occur over relatively short

distances of less than one metre. Similar abrupt facies changes have been observed at

Aldinga in the \ù/illunga Embayment.
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A. Vertícal facíes changes

Ð MACROMORPHOLOGY

Seven different Sequences of vertical changes in calcrete macromorphology have been

identified at Modbury (Fig. 3.2). Many appeÍìr to have been strongly influenced by shrink-

swell movemenrs within the clay substrate (Fig. 3.3) and the irregular bedrock topography.

There are many local variations and integrations between these profiles; only the most

conspicuous are described here.

l. Noncalcareous brown loamy soil (Rendzina or Calcixeroll) overlying weakly

consolidated carbonate silt, which grades down into wedges and blotches, and finally

carbonate stringers at the base of the profile (Figs 3.2.1 and 3.3a). The ca¡bonate silt is not

homogeneous, due to the presence of rhizoliths and weakly indurated blotches and stringers,

with nodules concentating near the relatively sharp soil-calcrete boundary. The vertical

orientation of the stringers has been disrupted by shrink-swell within the green clays at the

base of the profile and in the juxtaposed Black earths (Pellustert). In extreme cases, stringers

have been thrust up though the overlying soil to the ground surface. This type of profile is

generally found where the underlying clays are at least 3 metres thick.

2. Brown loamy soil (Rendzina or Calcixeroll) containing isolated granule-sized, well

indurated nodules, overlying in descending order: biscuits with nodules in the intervening

fractures (Fig. 4.5b), platy structure, carbonate silt, and wedges and blotches (Fig. 3.2.2).

This type of calcrete profîle commonly overlies brown coloured clays and is confined to

meso-highs in a restricted zone immediately after a major change in slope, where the clays

have thinned onto a bedrock high (Fig. 2.4).

3. Noncalcareous Red-brown earth (Rhodoxeralf) overlying weakly developed platy

structure, carbonate silt and wedges and blotches (Fig. 3.2.3). V/eakly indurated nodules are

associated with the platy structure, and rhizoliths (root casts) and insect burrows, or root

moulds, filled with soil (Fig 3.3d) are common in the carbonate silt. In places, the carbonate

silt grades into patches or zones of irregular blotches and stringers surrounded by brownish

coloured clays, which also crop out at the base of the profile. Prof,rles with these

characteristics occur in meso-lows and do not appear to be related to any specific thickness of

clay substrate, nor position on the slope.

4. Noncalcareous Red-brown earth (Rhodoxeralf) overlying carbonate silt which

contains a few nodules zurd stringers. The carbonate silt rests on the thin laminar hardpan

developed directly on the Glen Osmond Slate (Figs. 3.2.4 and 2.5a). These profiles are

restricted to areas where bedrock is within 2 metres of the land surface (Fig.2.4).

5. Noncalcareous Red-brown earth (NatrixeralÐ, with some suggestion of sedimentary

layering, has an undulatory contact with the underlying calcrete. The morphology of the

calcrete profile changes from platy structure near the top, to carbonate silt and stringers

extending down into the underlying brown clays (Fig. 3.2.5). Undulations in the soil-

calcrete contact consist of troughs and V-shaped depressions up to 50cm deep. Stringers
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often occur in the soil at the base of these depressions and the platy structure is confined to

the meso-highs. In many respects these profiles are very similar to those described in (3)

above and it is only the soil-calcrete contact which is distinctive due to the undulations. This

type of profile is mainly confined to one small area (Fig.2.Ð where the clay substrate thins

tolvards nicþoint trI.
6. Black earth (Peltustert) or Red-brown earth (Rhodoxeraþ with stringers of carbnate

at the base, overlying weakly consolidated clay rich, carbonate silt (Figs 3.2.6 and2.5 b&c).

Incorporated in the carbonate silt are moderately cemented pillars of carbonate which are

suMivided by vertical and horizontal clay-frlled channels that modern plant roots

preferentially follow. Bedrock fragments occur near the base of some pillars and clay-rich

carbonate silt peneüates down fractures into the Glen Osmond Slate at the base of the profile.

Isolated rhizoliths (root casts) have also been found in these fractures. Juxtaposition to

nickpoints tr and Itr in the Glen Osmond Slate appears to have a significant control on the

distribution of this type of profile. The carbonate pillars are thickest and best developed on

the downslope side of the nicþoints.

7 . Black earth (Pellustert) containing rare carbonate nodules and stringers, overlying

green or brown clays with numerous carbonate stringers at the soil-clay contact (Figs 3.2.7

and 3.3c). These stringers are frequently disoriented and often delineate churning in the

clays. Calcrete profiles with these characteristics are very common and occur anywhere on

the slope that the underlying clay substrate is more than 2 metres thick.

ii) MINERALOGY AND CHEMISTR\

XRD analyses (Appendix F) of bulk samples indicate that calcite, dolomite and quartz

are the major minerals present, with minor amounts of feldspar and clay. A qualitative

estimate of the relative proportions of calcite and dolomite in each profile is shown in Figure

3.2. l-ow Mg calcite is always present, concentrating in the more indurated forms of calcrete

at the top of the profile and generally declining in abundance with depth. Calcian dolomite is

less common than calcite, and has a marked tendency to increase in abundance with depth.

Slight irregularities in this trend are attibuted to differences in sampling heterogeneity,

especially in the wedges which vary significantly in the proportion of carbonate from the core

to the rim (Fig 4.I6c).

Clay minerals in the soils, calcrete and underlying clay sequences ¿ue dominated by

kaolinite, illite and randomly interstratified materials. The latter have a significant smectitic

component. Green and brown clays, as identified in the field, do not vary significantly in

mineralogy, but there is a slightly higher smectite content in the Ereen clays. Semiquantitative

XRD analyses of the clays ftom 3 profiles (Table 3.1) reveal that variations in soil type in

these profiles are associated with changes in the relative proportions of clay minerals. The

Rendzina (Calcixeroll) at the top of profile 2 is dominated by rzurdonrly interstratihed

materials, while the Red-brown eafihs (Rhodoxeralfs) of profiles 3 and 6 have a higher
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proportion of illite, especially in the B horizon. The only noteworthy change in clay

mineralogy within the calcretes is a slight increase in the proportion of randomly

interstratified materials with depth in profiles 2 and 3. Vermiculite was found only in profile

6 where the chlorite content in the underlying bedrock is high.

Ca/Nag ratios have been calculated for each profile. Although these ratios are based on

bulk XRF analyses, and thus some of the Ca and Mg may be present in other minerals such

as clays and feldspars, the data presented in figure 3.2indicate that the CaMgratio declines

with depth in the carbonate rich portions of the prof,rle. Thus, the abundance of Mg increases

with depth in the profile even when dolomite is absent.

As a means of identifying the presence of superimposed or composite palaeosols

and/or sedimentary layering, ratios of Si/Al andTt/Zr were calculated from XRF results and

plotted against depth for each profile (Fig. 3.2). The Si/Al ratios are relatively constant

throughout the carbonate rich portions of the prof,rles suggesting that there is little variation in

the relative abundance of quartz and clays. However, the Si/Al ratio in profiles 2 and3,

where the surface soils were analysed, does decline from the soil to the carbonate rich portion

of the profile. A slight increase in the SVAI ratio below the biscuits in profile 2 is not

recorded in profiles 3 and 7 taken either side of 2 (Fig.3.4). Similarly, the most significant

variations in the Tt[Zr ratios occur in the soils above the carbonate, and between the biscuit

and underlying carbonate silt in profile 2. In addition, the TiÏ7-¡ ratio shows a sharp increase

in profile 4, between the carbonate silt and the underlying laminar zone which contains some

reworked bedrock clasts. Where the Glen Osmond Slate was analysed in profile 6 it has a

significantly higher TilZr ratío than the adjacent carbonate silt.

XRF analyses of the bedrock and clays (Table 3.2) atModbury were undertaken to

test the possibility that the Ca and Mg io the carbonate may have been derived and

concentratedby in sirø weathering. The highest CaO value is 0.59 wt%o in the green clay,

which is very much lower than the maximum concentration of 41.4 wt%o CaO in the biscuits

of profile 2. Themaximum MgO value in the weathered bedrock is 6.0 wtVo,but the clays

which are in direct contact with the carbonate contain only 2.08 wt%oI|l4.gO. The highest MgO

concenÍation in the calcrete is in the wedges of profile 2, where 18.9 wtVo MgO has been

recorded.

iiÐ MICROMORPHOLOGY AND ULTRASTRUCTTIRE

Vertical changes in the micromorphology and ultrastructure of the calcrete are

correlated with the changes in macromoqphology described above. Three facts are evident

from systematic studies down profile. Firstly, the number and size of quartz grains in the

soils is considerably greater than the underlying calcrete and clay. Secondly, carbonate

crystal habit is not only related to mineralogy but also to calcrete morphology (Fig. 3.5).

Calcite is typically present as anhedral micrite, with rare subhed¡al scalenohedra that

concentrate in the void spaces of the indurated forms of calcrete ( for example pillars and
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hardpans). As the degree of induration increases in the pillars of profile 6, the proportion and

size of the scalenohedra increase (Fig.3.5 f&g). Dolomite commonly occurs as subhedral to

euhedral rhombohedra, which are most obvious in the wedges (Fig. 3.5 b&e) at the base of

the profile. Dolomite has the same crystal habit where it occurs in platy structure associated

with calcite (Fig. 3.5a) or is found lining voids (Fig. 3.5d) in weakly consolidated carbonate

silt. Thirdly, evidence of fossilized micro-organisms, in the form of calcified filaments

(Phillips et al 1987) and needle-fibre calcite (Phillips and Self 1987), is concentrated in the

upper indurated parts (for example nodules and biscuits) of the calcrete profrles.

B. Løteral facíes changes

Lateral facies changes in calcrete morphology along the gully at Modbury are frequent

and highly complex (Fig.2.Ð. Some changes are very abrupt while others are gradational.

The most conìmon patterns, where the clays are thickest, are abrupt changes from

pockets of Black earth (Pellustert) with carbonate stringers at the base, typified by profile 7

(Flg.3.2.7), to profiles with Rendzinas (Calcixeroll) overlying carbonate silt, stringers,

wedges and blotches disrupted or distorted by movements in the clays as characterised by

profile 1 (Fig. 3.2.I). There is virtually no transition between one profile type and the next,

bur rather a sharp and dramatic change (Figs 3.3 b&c). Because the patterns were difficult to

delineate across the gully, a series of cores were taken to the east of the gully, just below

nickpoint I, to further characterise the pattern. The nature of the soil, depth to contact with

carbonate and relative abundance of carbonate was noted in each core (Fig. 3'6). The coring

revealed that the Rendzinas (Calcixerolls) and the thickest calcrete prohles were confined to

wavy ridges less than 1 metre high and between 2 and 6 metres in diameter. These ridges are

aligned at right angles to the natural slope. The Black earths (Pellustert) and some Red-

brown eafihs (Rhodoxeralf) occurred on the margins of, and between, the ridges.

Gradational changes are represented at Modbury immediately after the break in slope

berween nickpoints I and II (Fig.2.Ð. At this site profile 2 gradually changes to profile 3

(Fig. 3.4a). The thickness of the biscuits declines and the number of nodules increases away

from the meso-highs where the Rendzinas (Calcixerolls) are found. Most of the other

calcrete mo¡phologies remain constant, although blotches and stringers become more

prominent below the Red-broìwn eafths (Rhodoxeralfs) in the meso-lows. The thickness of

the calcrete gradually decreases down-slope from this area as bedrock rises and the blotches

and wedges at the base of the profile give way to a laminar hardpan developed on bedrock

(Fíg.3.2.Ð. The carbonate silt above the thin hardpan, containing nodules, stringers and

weakly developed platy structure, is almost identical to the sequence further upslope.

\ù/here depth to bedrock drops sharply at nicþoints II and III there are significant

facies changes. The thickness of the carbonate silt increases dramatically on the downslope

side of the nickpoints (Fig. 3.4b) and moderately indurated pillars have formed in the
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carbonate silt. Downslope from the nickpoints there is a return to the abrupt facies changes

typical of the Bl ack earth-Rendzina (Pellu stert- Calcixeroll) sequence.

C. Discussíon and Interpretøtíon

Geochemical trends in soil profiles have been used by soil scientists to identify both

inorganic processes operating in pedogenic systems and the presence of sedimentary

layering. Si/Al ratios were used by Feakes and Retallack (1988) to reflect the clay content of

palaeosols. A decreasing ratio of Si to Al was interpreted by Feakes and Retallack (1988 p.

44) as indicating an "increased proportion of clay minerals produced by either original

sedimentation or by hydrolysis of the original silicates." Tlh ratios have also been used to

reflect sedimentary layering in a profile. Ti and h t'rch minerals such as rutile, ilmenite and

ztrcon are usually chemically very stable, especially under alkaline conditions (Birkeland

1984). Since alkaline conditions are indicated by the abundance of ca¡bonate at Modbury any

variation in the TtE¡ratio should indicate sedimentary layering. However, this assumes that

the Ti andZ¡ rich minerals are part of the sand fraction and not the clay fraction which may be

illuviated down profile. This assumption is not always valid (Chittleborough and Oades

1980 a&b), but as a general rule, and when the data is combined with other evidence, can be

used with some certainty to detect sedimentary layering.

The limited variability of SVA1 ratios in the calcrete profiles at Modbury, except in the

overlying soils, suggests that there is no evidence of clay accumulating in zones within the

calcrete. A similar lack of variation in theTlZr ratios of these same profiles supports the

concept that there are no sedimentary layers or superimposed palaeosols. However, there are

definite breaks in the geochemical trends between the noncalcareous soil and the underlying

calcrete in profiles 2 and 3 (Fig. 3.2) which demonstrate an increase in the amount of clay

and Ti rich minerals towards the soil-calcrete contact. It is diffrcult to ascertain whether this

change is simply the result of pedogenesis or that the soils have formed in a new sedimentary

deposit. The fact that quartz is more abundant and relatively coarser grained in the soils,

favours the hypothesis that the soils are not genetically related to the underlying sediments.

CaIrAg ratios in several profiles show a sharp increase at the top of the profile and

then a gradual decrease down profile. These trends correspond to a change in the relative

proportions of calcite and dolomite in the profile. The fact that the Si/Al and TílZr ratios

suggest there is no sedimentary layering or composite palaeosols within the calcrete, indicates

that changes in the CalNAg ratio probably reflect pedogenic trends. The concentration of

calcite at the top of the profile may be attributed to either the preferential precipitation of

calcite in this zone, or the lack of Mg in this zone. The abundance of calcified micro-

organisms in the indurated materials at the top of the profile (Philtips et al 1987, Phillips and

Self 1987) may explain the concentration of calcite. The micro-organisms are thought to

biologically control the precipitation of calcite (Phillips et al 1987), and the changes in pCO2

associated with their respiration may influence the inorganic precipitation of calcite.
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The distribution of Mg in the prohle is less easily explained. There are three plausible

explanations as to the lack of Mg at the top of most profiles. Assuming that the Mg is

predominantly associated with dolomite, then the higher solubility of this mineral, especially

under saline conditions (Revelle and Fairbridge 1957) or in the presence of ca¡bonic acids

(Norrish and Pickering 1977) when compared to calcite, would explain the lack of Mg in the

upper zones of the calcrete. The dolomite is more mobile and therefore is leached further

down the profile than the calcite. It is also plausible that the biological control of calcite

precipitation removes much of the Ca in the upper part of the profile allowing descending

solutions to become progressively Mg enriched. The third alternative is related to a Mg

source other than from the original carbonate silt. At Modbury during the summer months

evaporation from the surface causes capillary rise of the vadose waters. If these waters were

enriched in Mg then it might be possible for the Mg to react with the carbonate to form

dolomite. Thus the position at which dolomite stafis to become important in the profile may

indicate the height to which the vadose water rose. The presence of Mg in both the clays and

bedrock at Modbury, in proportions such that after concentration they may account for the

Mg in the dolomite, lends further support to this hypothesis. However, if the Mg was being

mobilized from the bedrock then dolomite might be expected in the thin hardpan of profile 4

(Fig. 3.2) which is developed directly on bedrock. There is no evidence of dolomite at this

site. Therefore, it is assumed that if the dolomite is formed by this mechanism, it is the

mobility of Mg in the clays which is of importance. Based on the data available there is no

evidence to disprove either of the other two hypothesizes which equally well explain the

distribution of Mg in the profile. The fact that dolomite lines voids within the calcrete (Fig.

3.5d) demonstrates that dolomite is mobile in the profile, but this neither confirms nor

disproves any of the three hypotheses.

The amount of Ca in the clays and bedrock would require considerable concenEation

before it could account for the amount of Ca in the calcrete. This fact, combined with the

observation that calcrete blankets all rock types regardless of chemistry and mineralogy, on

the eastern margin of the St Vincent Basin, supports the hypothesis that the bulk of the

carbonate had an external source.

The complex vertical and lateral facies changes at Modbury, clearly, do not conform

to the models presented by either Ruellan (1973) or Read (1974). The diverse nature of the

landscape at this site made the development of a model to explain the facies changes

extremely difficult and as yet no completely satisfactory scheme has been recognised.

Despite this fact, broad events can be ascertained and these provide some general

understanding (Fig. 3.7).

Where Keswick Clay is greater than2 metres in thickness, shrink-swell is thought to

have produced mounds and swales (gilgai) in the surface layers at right angles to the slope.

Shrink-swell occurred due to seasonal flucturations in the moisture regime. During wet

periods, clays with fine particle sizes and very reactive surfaces, adsorb water, causing
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expansion, but during dry seasons when moisture is lost by evaporation and

evapotranspiration at the land surface, the clays contract. The brown staining characteristic of

some of these clays may be due to pedogenic alteration.

This landscape was then blanketed by a deposit of carbonate rich sediment which was

probably aeolian in origin (Phillips and Milnes 1988). The thickness of carbonate would not

have been uniform because of local variations in vegetation and topography which acted as

sediment traps (Tsoar and Pye 1987). During later semi-arid climatic periods, some

carbonate was leached down profile and illuviated into the underlying clays, and some may

have been washed downslope to concentrate in topographic depressions. The remaining

surficial sediment was probably qlartz and feldspar rich, since these minerals are less soluble

than carbonate, thus influencing the characteristics of soils which later developed in these

deposits.

Carbonate was better preserved on the gilgai crests, but in the troughs, where black

earths developed, the carbonate was removed leaving only stringers and a few nodules. It is

possible that this carbonate distribution was the result of 'evaporative pumping'(Sobecki and

V/ilding 1983). Rain water and hence vegetation would have tended to accumulate in the

mesolows favouring dissolution and downward movement of carbonate. On the relatively

drier mesohighs, evaporation would draw the carbonate charged moisture from the lows

towards the highs. As the moisture evaporated, carbonate would reprecipitate within the

mesohigh.

A more uniform thickness of calcrete occurs between profiles 2 and a @ig. 2.4). It is

possible that gilgai were poorly developed, or the initial carbonate blanket may have been

thicker in this area. Facies changes are more gradual on this part of the slope.

This overall pattern is intemrpted downslope by bedrock highs, over which the clays

are significantly reduced in thickness, thus diminishing the effects of shrink-swell and gilgai

development. The Keswick Clay at Modbury, probably represents an alluvial or fluvial fill of

channels cut in the Glen Osmond Slate. Soil water percolating into profiles where the clay is

less than 2 metres thick, would have been forced to move laterally over the impervious

bedrock and may have been responsible for the thin lamina¡ hardpan.

On the downslope side of bedrock highs much thicker concentrations of carbonate

occur, possibly due to accumulation by soil creep or preferential deposition in local

depressions. Plant roots which penetrated through these thick carbonate accumulations and

into the underlying bedrock, probably dissolved the carbonate adjacent to the roots due to the

presence of organic acids. The channels that remained when the roots died where then

infrlted with soil and the surrounding carbonate remains as pillars.

The removal of native vegetation and ploughing by farmers in recent times, has

resulted in reduction of the surface expression of gilgai. Native trees cause variable suction

in clays due to the uptake of moisture around the root zone (Richards et al 1984). Thus with

the removal of the trees gilgai development was partially arrested.
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In total the lateral changes in calcrete morphology at Modbury appeff to be strongly

influenced by four factors; shrink-swell within the clays, especially where the clays are

thickest; changes in topography; depth to bedrock; and soil creep. These factors have also

influenced vertical changes in morphology, complicating and masking the pedogenic

controls.

3.2.2 LONSDALE

The railway cutting at Lonsdale was described earlier (Fig.2.L7) and has been

discussed by Phillips and Milnes (1988). At this site, a different sequence of lateral and

vertical facies changes is evident in the carbonate mantle compared to Modbury. The

carbonate mantle at Lonsdale overlies the Ngaltinga Formation.

A. Vertícal facíes chønges

i) MACROMORPHOLOGY

The diversity of changes in macromorpholgy with depth in the Lonsdale railway

cutting, can be broadly categorized into four different sequences;

1. Brown, noncalcareous sandy soil (Rendzina or Haploxeroll) overlying numerous

nodules set in a slightly calcareous sandy matrix, which overlies a moderately indurated

hardpan with a laterally discontinuous laminar zone (Figs. 3.8 a &. b). Rare calcareous insect

pupal cases and siltstone pebbles are associated with the nodules. The consolidated zone is

highly variable, in part due to the bioturbation caused by insects and plant roots, and the

presence of dissolution channels and pipes frlled with either red, mottled clayey sands or

carbonate silt. Rectangular texture and laminae (Fig 3.8b) are prominent , and biscuits

frequently occur at the top of the consolidated zone. The base of the consolidated zone

grades down into carbonate silt and then red sand (Fig. 3.9.1). Patches of indurated

carbonate with sharp boundaries occur within the red sand (Fig 2.18b) below the mantle.

These profiles may attain thicknesses of up to 4.5 metres and are most common in section I.

2. Brown, noncalcareous sand grading down into red sand (Red-brown ea.rth or

Rhodoxeralf), overlies a thick sequence of carbonate silt and nodules (Figs. 3.8c and 3.9.2).

The maximum number of nodules occurs within the upper portion of the carbonate silt and

some of the larger nodules (up to 9cm in diameter) are clumped together. Most of the

nodules are moderately cemented, pinkish carbonate, similar to the matrix of the consolidated

zones in profile 1. Calcareous insect pupal cases, plant roots and siltstone pebbles are also

found in the carbonate silt. At the base of some sections isolated pillars of moderately

indurated carbonate and rectangular texture are found (Fig. 3.9.2). Within the red sand

below these profiles there are patches of indurated carbonate similar to those at the base of

profile 1. Profiles of this second type are approximately 4 metres thick, and are juxtaposed to

profiles containing moderately indurated hardpans (profile 1) as shown in Figure 2.17.
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3. Brown noncalcareous sand (Rendzina or Haploxeroll) overlying a zone containing

abundant coated clasts with pink cores, which vary in diameter from 0.5 to 6 cm (Fig. 3.8d).

The number of coated clasts decreases with depth in the profile and the laminar coatings on

these clasts are only 2mmthick. Biscuits, which occur at the soil-calcrete contact, contain

numerous coated clasts and a¡e commonly riddted by small channels, especially near the base

of the biscuit. The channels are thought to be the result of bioturbation (Fig. 3.8d).

Inegular, moderately indurated, pinkish nodules are found in association with coated clasts

and only rare examples of dark grey nodules have been observed. The coated clasts occur in

a weakly cemented carbonate silt which often grades into rectangulff texture at the base of the

profile (Fig. 3.9.5). Isolated patches of carbonate occur within red sands and clayey sands at

the base of the profile. At most, these profiles are 3 meffes in thickness, and are found in

both sections I and II of the railway cutting.

4. Brown, noncalcareous sand with nodules, a few coated clasts and biscuits, overlies

weakly to moderately indurated carbonate which grades into either carbonate silt or

rectangular texture (Figs. 3.8 e & f ,3.9.3 e.3.9.4). The biscuits and carbonate silt are

bioturbated and calcareous insect pupal cases occur in association with the nodules, and

below the biscuits. The number of nodules decreases with depth in the profile. Angular

siltstone rock fragments coated by manganese oxide, and patches or pillars of carbonate,

occur in the red sands at the base of the calcrete. These profiles are of variable thickness,

between2and3metres.

iÐ MINERALOGY AND CFIEMISTRY

XRD analyses of samples from 6 profiles at l,onsdale (Appendix F and Fig. 3.9)

produced results that are consistent with the mineralogical variations recorded from Modbury.

Low Mg calcite is always present in the upper part of the profile, and declines in abundance

with depth, except where indurated layers are encountered. Calcian dolomite is absent from

some profiles but dominant in others (Fig. 3.9), and generally increases in abundance with

depth. Carbonate nodules analysed from prof,rle 2 are enriched in low Mg calcite relative to

the surrounding carbonate silt. Quartz, feldspar and clays are the other minerals present, with

kaolinite, illite and randomly interstratified materials as the dominant clays (Appendix F).

The relative proportions of clay minerals do not change signifrcantly between prof,rles in the

carbonate mantle.

At the base of the mantle the carbonate patches or pillars in the underlying

noncalcareous sediments, contain low Mg calcite and calcian dolomite similar to the mantle.

Trends in the relative proportions of these ca¡bonate minerals are difficult to determine

because of the limited vertical thickness of the patches.

Below the surface soils, the ratio of Ca^ag Gig' 3.9) generally declines with depth in

the mantle until either more indurated layers are encountered as in profile 1, or the carbonate

patches at the base of the profile a¡e reached. The SVAI ratio shows sharp breaks in profile 1
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which are interpreted as changes in the relative proportions of quartz and clay. Only at a

depth of 240cmin profile 1 does the break in SilAl ratio correspond to a change in the Tilzr

ratio. The adjacent profile (2) does not show any of these breaks. SVAI andTifZt ratios in

less complex profiles of the mantle do not show any signifrcant variation wittr depth. Si/Al

andTtlZ¡ratios (Fig. 3.9), confirm that the majority of carbonate patches are associated with

distinct breaks separating them from the mantle.

iii) ULTRASTRUCTURE

Variations in the micromorphology and ultrastructure of the calcrete can be correlated

with changes in the macromorpholgy. Figure 3.10 demonstrates that much of the calcite at

Lonsdale is anhedral. The most anhedral and finest grained calcite (Fig. 3.10a) occurs in

profile 1 and in the patches at the base of profiles I and2. This calcite is much less than 1

pm in diameter and frequently has a pitted appearance in contrast to the carbonate silt in

profile 2 where the calcite is cemented into pellets (Fig. 3.10b). Where calcite is the

dominant carbonate mineral in other profiles it is typically present as anhedral micrite (Fig.

3.10c) up to 1 pm in diameter. The crystal habit of dolomite in the carbonate mantle and in

the beds below the mantle is very similar to that described from wedges at Modbury. Both

subhedral and euhed¡al crystals are'present. Anhedral dolomite is usually associated with

higher degrees of induration (Fig. 3.10g).

Throughout most of the profiles studied, especially in more indurated calcrete at the

top of the profrles, there are abundant calcified filaments and needle-fibre calcite (Phillips er a/

1987; Phillips and Self 1987). Calcified fruiting bodies and numerous other features that

appear to be of biological origin, but are as yet unidentified, are concentrated near the

calcrete-soil boundary (Appendix D. In total, the preservation of these biological features is

less common in the more dolomitic profiles. In some of the carbonate patches below the

mantle which are associated with clay substrates, gel-like material (?organic) is found lining

voids (Fig. 3.10d) and calcified filaments zurd needle-fibre calcite (Phitlips and Milnes 1988)

are evident.

B. Lateral facies changes

The site at Lonsdale provided an opportunity to snrdy facies changes in calcrete

morphology parallel to a slope without the complicating influence of variations in the

lithology of the substrate. However, the slope is not uniform (Fig. 2.l7): it has a crest at

approximately 70 meres above sea level which declines over a distance of 500 m at a gentle

slope of less than 50 to a flat plateau at 60 metres above sea level. The angle of the slope

after the plateau then increases to approximately 10o before the footslope is reached at 50

metres. The slope then plunges steeply towards the Field River.

The morphology of the calcrete is relatively uniform from the crest of the hill to the

plateau, and is typified by profile 6 (Fig. 3.9.6) in section trI (Fig. 2.I7>. Nodules are
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abundant in mesolows, associated with rare coated clasts, and biscuits are found associated

with mesohighs. As the plateau is reached the thickness and complexity of the calcrete

significantly increases. Abrupt lateral changes on the plateau are shown in the road cutting at

the top of section I. Pillars of moderately indurated hardpan (Figs. 3.9.1 and 3.8 a & b)

alternate with troughs or zones of carbonate silt and nodules (Figs 3.9.2 and 3.8c). The

pillars often contain caves or tunnels and solution pipes filled with nodules and weakly

calcareous, red mottled sands, or carbonate silt and nodules. The number of pillars increases

towards the margin of the plateau where the slope starts to increase.

Immediately after the increase in slope, the facies changes dramatically over a distance

of only a few metres to calcrete dominated by coated clasts (Fig. 3.8d). The number of

coated clasts declines downslope, and the exposure becomes limited due to disruption by

road making.

Further downslope the thickness of the calcrete gradually decreases. Nodules

dominate in mesolows, biscuits occur on adjacent mesohighs, and the consolidated zone is

far more continuous than on the plateau area. The vertical sequence in this position on the

slope is characterised by profile 3 in section I (Figs. 3.9.3 and 3.8e) and profile 4 in section

II (Figs. 3.9.4 and 3.8Ð. The angle of the slope increases greatly to the north of these sites

due to the gully cut by the Field River, and no exposures of calcrete ile apparent.

C. Díscussíon and Interpretatíon
In the majority of profiles at Lonsdale (profiles 3,4, 5 & 6) where there is a decline in

the Caltr4g ratio with depth there is no evidence from the SVAI andTilZr ratios of composite

palaeosols or sedimentary layers. Only where sedimentary layers can be recognised in the

field at the base of these profiles are there breaks in the Si/Al and Ti[Zr ratios. These

sedimentary layers occur immediately above the carbonate patches of prof,rles 3, 5 and 6.

Based on field evidence, mineralogy and micromorphology, the carbonate patches have been

recognised as palaeosols (Phillips and Milnes 1988). The close proximity of sedimentary

breaks with the upper portion of the palaeosols suggests there may have been erosion of the

palaeosols prior to, or during, deposition of the overlying sands.

The changes in Callvlg ratio a¡e thought to reflect pedogenic processes similar to those

described at Modbury, involving the leaching of carbonate down profile (Phillips and Milnes

1988) and possibly the upwards movement of Mg in vadose waters. The concentration of

calcified micro-organisms in the upper part of these profiles may be attributed to their

biological control of calcite precipitation (Phillips et al 1987). In addition, changes in soil

pCOz and moisture caused by these micro-organisms may favour inorganic precipitation of

calcite. Therefore both organic and inorganic pedogenic processes ¿ue influencing the

mineralogical trends in the calcrete.

More complex geochemical and mineralogical fends are evident in profile 1 at

Lonsdale. 'Where 
changes in the Caftag ratio are coincident with more indurated zones, this
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demonstrates the presence of composite palaeosols within the carbonate mantle. However,

there a¡e also changes in the Si/Al ratios which correspond to the peaks in the Ca,û\49 ratio.

The former represent a variation in either the amount of clay or quartz with depth. Clay

illuviation is common in soil profiles, but this pedogenic process has not been detected in the

SVAI ratios of other profiles from either L,onsdale or Modbury. At least one of the breaks in

the SVAI ratio of profile 1 corresponds to an increase in the Tifzr ratio which suggests the

presence of a sedimentary layer. It is possible that the other changes in SVAI ratios may also

represent sedimentary layers and that palaeosols, indicated by changes in the Ca/Mgratios,

have formed in association with each new sedimentary deposit.

The fact that geochemical trends in profrle 2 show little variability when compared to

profile 1, which is less than 1 metre away, demonstrates that a different set of controls

influenced this profile. The hardpans across the plateau exhibit many dissolution features

such as tunnels and pipes. It is possible that in places of preferential dissolution the hardpan

was completely removed and only remnants of the hardpan remained as pillars. The

intervening areas between the pillars may have later been frlled with carbonate silt during a

period of renewed aeolian activity. Furthermore, the pillars probably assisted in trapping the

carbonate-rich sediments. Nodules found in this sediment were probably eroded and

reworked from the adjacent hardpans. Thus profile 2 is thought to be located in a relatively

recent carbonate-rich deposit.

Considerable quantities of water would have been required to effectively dissolve

parts of the hardpan on the plateau . There are two possible explanations, either dissolution

occurred in association with a slightly more humid climate, or due to fluvial activity. The

latter mechanism seems likely since a gradual change from a fluvial to an aeolian environment

has been recognised for this area and sreams were active at least during the early phases in

the development of the carbonate mantle. This suggests ttrat the hardpan on the plateau at

Lonsdale may be older than the other sections in the railway cutting, despite the fact that both

now occur in the same stratigraphic position.

The lack of dolomite in both profiles 1 and2 is difficult to explain. Dolomite has a

higher solubility (0.03218 grams /100cc) in cold water than calcite (0.001425 grams /100cc)

(Weast 1973-74) and the solubility of dolomite increases under saline conditions (Revelle and

Fairbridge 1957) or in the presence of carbonic acids (Norrish and Pickering 1977).If the

dolomite had only been absent in the hardpan (profile 1), it could simply be attributed to, the

greater leaching experienced by this section when there was extensive dissolution to form

pillars, and the longer time available for subsequent leaching. However, dolomite is also

absent from profile 2 which appears to have formed in more recent carbonate-rich deposits

that have not been subjected to such extensive dissolution and leaching. The lack of dolomite

in profile 2 may be attributed to several factors; the absence of dolomite in the original

sediment, the higher salinity and/or concenradons of carbonic acid in profile 2, or the

possibility that capillary rise in the sandy substrate was not strong enough to draw Mg
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charged vadose water upwards into the carbonate. Dolomite is present in varying proportions

in all the other profiles at Lonsdale which indicates that whatever the explanation for the lack

of dolomite in profiles I and2, these conditions were not applicable, or at least modified, at

the other sites.

Neither of the models proposed by Ruellan (1973) and Read (1974) could explain the

lateral facies changes in the carbonate mantle on the plateau a.rea at l,onsdale. However,

many of the other lateral facies changes can largely be attributed to soil creep, as suggested by

Read (1974). For example, the presence of thick accumulations of coated clasts on the

downhill side of the plateau, represents an example of stage B in the processes described by

Read (Fig. 3.1b). Clasts shed from the hardpans on the plateau are thought to have moved

downslope by soil creep, accumulating laminae during stationary periods in this geomorphic

process (Phillips and Milnes 1988). However, in the footslope region, where according to

Read's model'ooid grainstone' (carbonate silt) should be found, the hardpan thins and

biscuits and nodules are dominant. Read's model is based on macrotopographic features and

does not take into account local variations in mesotopography or vegetation. The effects of

mesotopography are evident in the footslope region and between the crest and the plateau; at

these sites nodules accumulate in mesolows and biscuits on mesohighs. It is possible that

this distribution of facies was influenced by vegetation concentrating in the mesolows due to

the presence of moisture, and thus promoting the biotu¡bation and eventual disruption of the

thin hardpans.

The Lonsdale site demonstrates that where the lithology of the substrate is uniform

other factors and processes influence facies changes in the carbonate mantle. Inorganic and

organic pedogenic processes have influenced the mineralogy and chemistry of the calcrete.

Bioturbation may be responsible for disruption of the calcrete in places. The geomorphic

process of soil creep may have effected the thickness of the mantle and the development of

coated clasts. The depositional environment has complicated the geochemical trends where

sedimentary layering can be identified, and the nature of the calcrete across the plateau was

strongly influenced by localized dissolution which may have been due to fluvial activity.

3.2.3 ONKAPARINGA RIVER MOUTH TO SEAFORD

The section of coastline from the Onkaparinga River mouth to Seaford, in the

Noarlunga Embayment (Fig. 1.3), has been described by Phillips and Milnes (1988). The

detail recorded in the lateral facies changes at Modbury and Lonsdale, could not be achieved

along this coastal section because the steepness of the cliffs prohibits access at many sites.

A. Vertícal and lateral facíes changes

Vertical facies changes in calcrete morphology for profile I (Fig. 3.11) near the

Onkaparinga River mouth show a sequence of biscuits and nodules at the top of the profile,

overlying carbonate silt which contains nodules, with wedges and blotches at the base of the
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profile. The mineralogical trends down this profile (Fig. 3.11) show a decrease in the

proportion of calcite with depth and an increase in the abundance of dolomite. The CaAag

ratio shows a corresponding decrease with depth. Nodules analysed from this profile are

enriched in calcite and deficient in dolomite with respect to the surrounding carbonate silt

(Fig. 3.11.1). This trend is consistent down profile.

Some of the coated granules and pebbles, analysed from profile 3 at the Onkaparinga

trig (Fig. 3.11.3) also display an enrichment in calcite and a defrciency in dolomite with

respect to the carbonate silt but the trend is not consistent down profile. There are distinct

breaks in the SVAI and TilZt ratios where the macromorphology in profile 3 changes from

carbonate silt with numerous coated clasts, to a rubbly hardpan. At this same point the

mineralogy reverts from a predominance of dolomite, which is characteristic of the base of a

profile, to a sharp increase in the abundance of calcite, typical of indurated zones at the top of

a profile.

In profile 4 at Seaford (Fig. 3.IL4), where a thick hardpan has developed, the

mineralogical trends are not as precisely developed and only become apparent in the basal

portion of the profile where there is a gradational boundary between the consolidated zone

and the wedges and blotches at the base of the profile.

Lateral facies changes from the Onkaparinga River mouth to the Onkaparinga rig
(Fig. 3.12a) show a gradual increase in complexity away from the river. A thin hardpan,

which is broken into biscuits in places, is continuous along the top of the whole section. In

the ca¡bonate silt below the hardpan, nodules are dominant nearest the river, these gradually

give way to coated clasts initially of granule and pebble size, and finally to cobbles and

boulders near the crest of the hili (Fig. 3.1I.2). As the number of coated clasts increases in

the carbonate silt there is a corresponding increase in the number of coated clasts in the thin

hardpan. Only on the crest of the hill does the morphology of the calcrete become more

complex, with the thin hardpan separated by carbonate silt and coated clasts from a rubbly

hardpan at the base of the profile (Fig. 3.12).

From the Onkaparinga trig to Seaford (Fig. 3.12) lateral facies changes are different,

although the sequence again records changes down a slope. On the slope immediately to the

south of the Onkaparinga trig, the rubbly hardpan is no longer obvious and there is a

reduction in the number of coated clasts. Vertical facies changes in calcrete morphology are

not unlike those of profile 2 (Fig. 3.1 l). Towards the footslope near Seaford numerous

coated cobbles and boulders aggegated into clumps crop out sporadically in the carbonate

silt. At the base of the slope, in the depression between Seaford and Robinson Point, there is

a thick rubbly hardpan. The base of this rubbly hardpan consists of platy structure which is

overlain by metre-sized blocks of well indurated hardpan. Fractures and solution channels

within the blocks are infilled with coated clasts and nodules. The rubbly hardpan is overlain

by carbonate silt containing numerous coated clasts and the profile is capped by a thin

hardpan. Dark cored, coated granules and pebbles are prominent in this thin hardpan.
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Thickness of the carbonate silt above the rubbly hardpan varies laterally, and frequently the

thin hardpan at the top of the profile rests directly on the rubbly hardpan. The nature of the

rubbly hardpan also changes laterally both on a meso- and macro-scale (Fig. 4.21).

B. Discussíon and Interpretatíon
The sharp increase and then gradual decline in CallvIg ratios of profile I are typical of

trends seen in calcretes at other sites. The Si/Al and TlZr ratios only show significant breaks

at the soil-calcrete contact and the basal calcrete-clay contact where sedimentary breaks are

likety. Thus the CaÂag ratios probably indicate the influence of both inorganic and organic

pedogenic processes discussed for calcretes at Modbury and Lonsdale. Similar geochemical

trends are seen in profile 3 to a depth of 160cm and then the trends are repeated. This

repetition combined with the different morphology of the calcrete at this depth indicate the

superposition of palaeosols. The corresponding variations in the Si/Al and Ti[Zr ratios

suggest that the palaeosols have developed in different sedimentary deposits.

The high proportions of calcite in nodules (Fig. 3.11.1) compared to the surrounding

ca¡bonate silt, suggest that calcite is the cementing agent of the nodules. Changes in the

mineralogy of nodules down profile consistent with those in the carbonate silt, imply that the

nodules have formed in situ. In contrast, coated clasts do not display any consistent

mineralogical trends (Fig. 3.11.2) and therefore have probably been reworked.

At the Onkaparinga trig, the mineralogical characteristics and macromorphology of the

carbonate mantle are complicated by the superposition of two palaeosols. Since only the soil

above the basal palaeosol is apparently absent, these palaeosols may be described as

compounded. Furthermore, the complex macromorphology of the rubbly hardpan in the

depression to the south of the trig (Fig. 3.1 1.4), suggests that several palaeosols may also be

superimposed at this site.

The fact that lateral facies changes to the north and south of the Onkaparinga trig are

different, signif,res that soil creep was not the only process involved in the evolution of facies.

Exposure and erosion of the basal palaeosol at the trig could have provided clasts of various

sizes for transport by soil creep. Since the rate and distance of soil creep is controlled by the

angle of the slope (Read 1974), the smallest clasts would have moved down gentle slopes

over greater distances than larger clasts which require steep slopes to initiate movement.

Thus there is a gradual increase in clast size towards the trig from the nofth. However, the

presence of coated clasts in the basal and upper palaeosols at the trig indicate that the

accumulations at this site ¿ìre not related to the present landscape. The absence of the rubbly

hardpan on the northern side of the trig may be explained by erosion due to lateral migration

of the Onkaparinga River prior to the development of the thin hardpan. Further upstream

there are thick hardpans (Fig. 3.13) exposed in the banks of the river at the same elevation as

this coastal section.
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To the south of the Onkaparinga trig, the occurrence of rubbly hardpan in the

depression suggests that many of the coated clasts characteristic of these hardpans may have

collected as colluvial deposits. This colluvial material probably overlies a pre-existing

calcrete which is represented by the fractured massive blocks, platy structure, wedges and

blotches at the base of the profile. The coated clasts were probably derived from other

palaeosols and collected in the channels and fractures between, and on top of, the massive

blocks. The carbonate silt above the rubbly hardpan is thought to represent renewed

carbonate deposition and pedogenic alteration. This carbonate deposit blanketed the

landscape on both sides of the trig, but at the same time some of the smaller coated clasts

were reworked from the basal palaeosol and became incorporated in the new deposit. Since

the aeolian conditions associated with accumulation of carbonate in the mantle are considered

to have been related to the last glacial maximum, there would have been little vegetation to

trap the carbonate at specific sites. During more humid periods the carbonate silt was altered

to form the thin hardpan.

In summary the main factors which appeff to have influenced vertical and lateral

facies changes in the coastal section between the Onkaparinga River and Seaford are: organic

and inorganic pedogenic processes controlling the mineralogy and geochemistry; soil creep

and topography allowing colluvial deposits to accumulate; the superposition of palaeosols

related to more complex former landscapes; and the lateral migration of the Onkaparinga

River.

3.3 DISCUSSION OF FACTORS CONTROLLING FACIES CHANGES IN

THE CARBONATE MANTLE
Detailed studies of facies changes at Modbury, Lonsdale and the Onkaparinga River

mouth to Seaford section, have demonsftated that each site is unique with respect to the

combination of factors controlling facies changes. However, some common factors were

identified such as pedogenesis, soil creep, topography and the superposition of palaeosols.

Vertical changes in the relative proportions of calcite and dolomite, and variations in the

Ca/Mgratio with depth appeff to be contolled by the leaching of carbonate down prof,rle and

the concentration of calcified micro-organisms at the top of the profile. Similar mineralogical

and geochemical trends have been identified by many workers in southern Australia,

therefore emphasis was placed on understanding the causes of lateral facies changes. To test

that the factors identified from the three sites studied in detail are the primary controls of

lateral facies changes, a much larger area was mapped between the Onkaparinga River in the

Noarlunga Embayment and Aldinga in the Willunga Embayment (Fig. 3.13).

Superimposed or composite palaeosols associated with the Pleistocene sands and

clays were observed both from inland sites (e.g. Fig2.l2) and along the coast (Fig. 3.12).

Based on the number of hardpans separated by carbonate silt within the same profile, there
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appear to be at least 3 superimposed palaeosols below the uppermost thin hardpan in a section

immediately to the north of Chinaman's Gully in the Willunga Embayment (Fig. 3.12c), and

at least two superimposed palaeosols at many other sites. The coastal exposures revealed that

thick rubbly hardpans and the majority of coated clasts are restricted to localities less than 25

metres above present sea level (Fig. 3.12). Many of these sites currently occur in

topographic depressions, yet there are accumulations of coated clasts on topographic highs.

The latter are thought to be related to former landscapes and suggest that relief inversion has

occurred.

In the coastal section between Moana and Blanche Point (Fig. 3.13), where the

elevation is 30 to 45 metres above sea level, the only evidence of superimposed palaeosols

are a few isolated examples of platy structure and coated pebbles and cobbles at the base of

the carbonate silt between Tortachilla trig and Blanche Point. Calcretes along this section are

relatively simple in morphology (Fig. 3.I2b & c); there is strong evidence of bioturbation in

the thin hardpans and biscuits, and the only significant lateral facies change is the

concentration of nodules at the base of slopes. This sequence suggests that there has been

very limited preservation of older palaeosols on these topographic highs, and that the present

calcrete which is extensively bioturbated, is a reflection of the final phases in the development

of the carbnate mantle.

The effect of topography on lateral facies changes was apparent adjacent to the small

creeks in the V/illunga Embayment, and adjacent to the Onkaparinga River in the Noarlunga

Embayment (Fig. 3.13). Thin and thick hardpans which contain coated clasts often

concentrate along the banks of water courses. This disribution points to the possibility that

where colluvial deposits of coated clasts accumulated on old river terraces hardpans have

subsequently developed.

The lithology of the substrate has a snong influence on vertical and lateral facies

changes in the carbonate mantle (Fig. 3.13). Rectangular texture and pillars a¡e associated

with sandy substrates; laminar crusts are well developed where the carbonate mantle overlies

indurated Precambrian limestones; calcareous Tertiary sands are cornmonly capped by thick,

well indurated hardpans; and wedges, stringers and blotches are characteristic of clayey

substrates. A good example of these facies changes, which are associated with different

substrates, can be seen on Dalkeith Road at Moana. Moving upslope the substrate changes

from clay to Tertiary limestone, and on the crest of the hill there is a Pleistocene sand.

Calcrete morphology changes from stringers and blotches at the base of the slope to a very

thin laminar zone on the rubbly limestone, and finally to biscuits above a carbonate silt at the

top of the hill. To the south of Aldinga, gilgai in the clays have caused abrupt facies changes

in the calcrete, simila¡ to those seen at Modbury. Biscuits occur on mesohighs and stringers

concentrate in the mesolows. Thus although porosity, permeability, structure and carbonate

content of the subsüate have influenced the morphology of the calcrete at the substrate-

calcrete contact, other factors such as topography also exert a control on facies changes.
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Immediately inland from the coast a large proportion of the calcrete is mapped as

biscuits (Fig. 3.13). This distribution is thought to be artificial due to the limited thickness

and number of exposures, and the possibility that agricultural practises have disrupted the

thin hardpans corrìmonly found at the top of profiles.

Mapping has also revealed a decrease in the thickness of the calcrete, both away from

the coast and in more elevated areas of Precambrian bedrock. The morphology of calcretes in

these inland areas include thin laminae hardpans, rectangular texture and discontinuous thin

hardpans (Fig. 3.13) which reflect the limited amount of carbonate. It is most likely that this

decline in calcrete thickness towards the Mt Lofty Ranges reflects the higher rainfall (Fig.

1.6) and thus the greater leaching of carbonate from these profiles. Muneer (1987) also

found that leaching in high rainfall ¿ìreas near Adelaide had a significant effect on the amount

of carbonate present in a profile. Alternatively, the decline in thickness may be a reflection of

distance from the source of carbonate.
'When compared to descriptions of calcrete from other countries the most striking

feature about the calcretes on the eastern margin of the St Vincent Basin are the relatively

rapid lateral facies changes. Read (1974) and Ruetl an (1973) both recognised lateral facies

changes along coastal areas and adjacent to streams, but the literature from the United States

(see for example Gile et al l966,Birke1and 1984, Machette 1985, Harden et al1985)

describes laterally continuous calcrete morphologies that are used to correlate sediments of

similar ages. Older calcretes are described as complex in morphology and having higher

carbonate contents than younger calcretes. McFadden and Tinsley (1985) andMayer et al

(1988) have used these characteristics to model Pleistocene climatic change and the influence

this had on the distribution of carbonate in a profile. On the eastern margin of the St Vincent

Basin a thin hardpan occurs at the top of many profiles and is laterally quite continuous.

However, the underlying calcareous materials are highly variable in morphology and

distribution. Superimposed or composite palaeosols and coated clasts complicate the calcrete

morphology and are recognised as remnants of former landscapes. The interpretation by

Beier (1987) that more complex calcrete on San Salvador Island was an indication of longer

periods of subaerial exposure, rather than the age of the underlying deposit, is more relevant

than the U.S. literature to the present study. It would appear that in the drainage basins of the

U.S. there has been less erosion and reworking of sediments than in the carbonate mantle on

the eastern margin of the St Vincent Basin. This may be attributed to the relatively large size

of the U.S. basins, the dominance of alluvial fans in these settings and the fact that these

basins are not found in close proximity to marine settings where changes in sea level may

have significant effects on the rates of erosion.

In total, there appear to be many factors which interact to influence vertical and lateral

facies changes in the carbonate mantle, including; pedogenesis, soil creep, topography, the

superposition of palaeosols, substrate lithology, climate and geological setting. However, at
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a specific site, it is the unique combination and interaction of any number of these factors

which is important in controlling facies changes.
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CHAPTER 4

PROCESSES RESPONSIBLE FOR VARIATIONS IN CALCRETE
RPHOLOGY AND MINERALOGYMO

4.L PREFACE

Some of the broad landscape controls, such as topography and geological setting,

which influence vertical and lateral facies changes in calcretes have been discussed in very

general terms. These factors also influence variations in the macro- and micro-morphology,

and mineralogy of calcretes. The details of pedogenic, geomorphic and geological processes

which influence the formation of particula¡ features such as the carbonate silt, pellets,

nodules, coated clasts, wedges, blotches and hardpans, must also be taken into account when

developing a model of calcrete genesis. A review of the vast literaffie that is relevant to the

terminology, morphology, mineralogy and ultrastructure of these various forms of calcrete is

found in Appendix C. The principle aim of this chapter was to characterise the various forms

of calcrete in the study area and thereby identify the factors controlling their formation.

4,2 CARBONATE SILT
4.2. 1 DEFINITION AND MACROMORPHOLOGY

'Ca¡bonate silt' is the term used to describe the structureless, white to buff coloured,

fine grained, unconsolidated to weakly consolidated calcareous material that occurs in many

calcrete profiles. Carbonate silt forms the supporting matrix for nodules and coated clasts

and is typically found below hardpans (Fig. 3.S). There is commonly a gradational contact

between the carbonate silt and underlying calcareous materials which penetrate into the

substrate. No sedimentary structures have been observed in the carbonate silt which may

attain thicknesses of up to 2 m. The most distinctive characteristic of this material is the fine

grain size (dominantty fine sand, silt and clay, see Table 2.3) which produces a soft,

powdery consistency.

4.2.2 MICROMORPHOLOGY AND ULTRASTRUCTURE

In thin section, the carbonate silt consists of a groundmass, or s-matrix, dominated by

anhedral micrite (less than 4 ¡rm diameter), with larger quartz grains floating in the

groundmass. There are no conspicuous sffuctural features within the matrix. The voids in

samples collected from Lonsdale are irregular in shape and are often interconnected (Fig.

4.1a); they could be described as 'compound packing voids' (Brewer 7964a). There is no

evidence of corrosion of noncarbonate grains or brecciation of grains as Esteban and Klappa

(1983) record in 'chalky caliche'.
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Scanning electron micrographs of the carbonate silt (Fig. 4.1) confrm that micrite is

the dominant component. The micrite is typically anhedral and has an average particle size of

less than 1 pm in diameter. In most samples, micrite is cemented into rounded

microaggregates or pellets (Fig. a.1b). The pellets may combine to form coatings on quartz

grains. Rare examples of euhedral scalenohedra of micrite and microspar (5-10 pm) are seen

lining voids (Fig. 12b in Phillips and Milnes 1988) within the carbonate silt. These

scalenohedra appeil to be intergrowths of smaller crystals. In samples characterised by an

abundance of dolomite, micrite-sized, subhedral rhombohedra are usually evident (Fig.

4.1d).

In TEM micrographs of the clay fraction separated from} samples of carbonate silt

(Figs. 4.1 e&f), the clays are very poorly crystalline apart from some euhedral tubular clays

that resemble halloysite. The anhedral nature of the clays may explain why they have not

been recognised in the SEM.

Carbonate nodules, coated clasts, rhizoliths, broken fragments of calcified filaments

(Phillips et al 1987) and various forms of needle-f,rbre calcite (Phillips and Self 1987) are

present in the carbonate silt at many sites. Details of these features are given in later sections

of this chapter.

4.2.3 MINERALOGY AND CHEMISTRY

Calcite and dolomite were the only carbonate minerals detected by bulk XRD analyses

of carbonate silt samples (Table 4.1). Variations in the'd'spacing of the (104) reflections

for calcite and dolomite, when plotted on the graphs of Goldsmith and Graf (1958), give a

qualitative estimate of the CaCO3 to MgCO3 ratio in these materials (Reeder and Sheppard

1984). Based on these estimates calcite ranges in composition from pure calcite to high Mg

calcite (i.e. >8 mol. Vo MgCO3), with the majority of samples occurring as low Mg calcite (3

to 5 mol. Volli,fgCO3). Dolomite also has a range of compositions based on variations in d-

spacings, from stoichiometric dolomite to calcian dolomite, with an average composition of
44 to 47 mol. Vo MgCO3. The relative proportions of calcite and dolomite in the carbonate

silt vary from one locality to another (Table 4.1) and commonly the proportion of dolomite

increases with depth in the profile.

Quartz, feldspar and clay are the only other minerals detected in the carbonate silt.

Kaolinite, illite and randomly interstatified materials are the dominant clay minerals

(Appendix F). Oriented samples of the clay fraction display small broad XRD peaks which

suggest poor crystallinity.

Estimates of mineral abundance from XRD peak heights (Table 4.1), indicate that the

relative proportion of quartz to feldspar to clay (acid-insoluble minerals) varies from one site

to another, and the amount of carbonate relative to these minerals also changes. Acid-soluble

CaCO3 contents of the carbonate silt range from 3I7o to 697o (Appendix H).
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XRF analyses of samples of carbonate silt have been plotted on a ternary

compositional diagram (Fig.4.2a) and occupy an area similar to samples from calcretes of

inland regions reported by Milnes et al (1987). There are no carbonate silt samples in this

study which plot on the dolomite tie line as Wilson (1981) found in the Murray Basin.

The major oxides in the carbonate silt are SiO2, CaO, MgO, AIZO3 and Fe2O3 $able
4.2). T:he most abundant and variable oxide is SiO2 followed by CaO. Samples containing a

high proportion of SiO2 are commonly low in CaO and the reverse is also true. The content

of the other major oxides varies between samples by less than 107o. The inverse relationship

between SiO2 and CaO reflects the trend noted from the mineralogy: as the amount of

carbonate increases the acid-insoluble component decreases.

4.2.4 ORIGIN OF CARBONATE SILT

Based on particle size data, its distribution as a blanket over the landscape and the

high carbonate content, Phillips and Milnes (1988) suggested that the ca¡bonate silt was

aeolian in origin. The precise source of the carbonate is unknown, although it seems highly

probable that several sources including the reworking of calcareous coastal dunes, deflation

from carbonate rich lakes, the dissolution of Tertiary limestones, and Ca rich salts derived

from sea spray being piggy-backed around the landscape may have contributed. The wide

variability in the proportions of calcite a¡rd dolomite and the abundance of acid-insoluble

materials in the carbonate silt may reflect local differences in source materials (INfilnes et al

1987).

A high proportion of the acid-insoluble minerals in the carbonate silt are thought to

have a local provenance. At many localities the sand fraction in the carbonate silt (e.g.

Snapper Point in Fig.2.2l) has a similar size distribution to sand fractions in the underlying

sediments of the Ngaltinga Formation. Therefore some of the sand was probably locally

reworked by saltation and in suspension from exposed point bars and river-source bordering

dunes. The poorly crystalline and anhedral nature of the kaolinite and illite in the carbonate

silt also suggest a detrital origin. Since the sands have probably been reworked from the

Ngaltinga Formation it is likely that the clays have also been deflated from the river flood

plains and levee banks of the Neva Clay Member. The clays were probably formed by the

weathering of metasediments in the Mt tnfty Ranges and transported considerable distances

by streams which flowed out into Gulf St Vincent. This same argument does not apply to the

?halloysite which forms euhed¡al tubes (Fig. 4.1f¡. Since kaolin minerals are thought to

form under acid conditions (Deer et al1966) it is clear that the ?halloysite did not form in the

calcrete which represents an alkaline environment. The ?halloysite probably formed in an

acid pedogenic setting on the topstratum deposits of the Neva CIay Member and was

incorporated into the carbonate silt without long distances of transport thus preserving its

euhedral form.
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The original composition of the carbonate silt was determined by aeolian mixing of
carbonate with locally derived acid-insoluble materials. Complex post-depositional alteration

of the carbonate silt is evident from the presence of pellets, rhizoliths, nodules, coated clasts,

calcified filaments and needle-fibre calcite. The delicate nature of the latter crystals could not

have been preserved during transportation, nor if microbrecciation was prevalent in the

carbonate silt. Yet the pellets, nodules and coated clasts suggest that there has been

mechanical reworking and crystals of microspar in pore spaces indicate chemical alteration.

These features all point to the complex diagenetic history of the carbonate silt, involving

periods of physical reworking possibly by the wind or in response to soil creep, and in situ

alteration by organic and inorganic pedogenic processes.

4.3 PELLETS
4.3.1 DEFINITION

The smallest aggegate of carbonate in the St Vincent Basin calcretes is termed a

'pellet'. Campbell et al (1972) defined a pellet as "a small, usually rounded aggregate of
accretionary material, such as a lapillus or a fecal pellet; specifically a spherical to elliptical

(commonly ovoid, sometimes irregularly shaped) homogeneous clast made up almost

exclusively of clay-sized calcareous (micritic) material, devoid of internal structure..." Pellet

is the term used here to describe such structures in the St Vincent Basin calcretes.

4.3.2 MICROMORPHOLOGY AND ULTRASTRUCTURE

Spherical and irregular, typically structureless pellets of micritic carbonate are found

in thin sections of moderately to strongly indurated hardpan from l,onsdale and Modbury,

and samples of carbonate silt from Ochre trig, Onkaparinga River mouth, Easwiew and River

Roads, and Seaford. The carbonate in the pellets forms a dense matrix without void spaces

or skeletal inclusions. Pellets vary in diameter from 2 pm to 150 pm, with the majority

ranging from 10 p.m to 50 pm (Fig 4.3.a). Irregular pellets have poorly defined boundaries,

while well rounded types have sharper boundaries. Rare pellets have an intemal structure

which may consist of worm-like iron staining or lighter coloured patches which suggest some

compositional variation in the carbonate. The patches are not in the centre of the pellets and

have a very irregular shape.

In the hardpan at Lonsdale pellets are found in laminae, in the matrix of the hardpan

and in channels through the hardpan. In the laminae and matrix of the hardpan pellets are

packed in two ways; either there is contact between adjacent pellets and the intervening voids

are infilled with micrite and calcified filaments (Fig. 4.3b), or they are well spaced with no

interparticle contacts and skeletal grains, nodules and ooids occur in the micrite matrix.

Where pellets infill channels in the hardpan they may be self supporting or surrounded by a

cement of needle-fibre calcite (Phillips and Self 1987), calcified filaments (Phillips er ø/

1987), and micrite. Many of the pellets in channels are less than 10 pm in diameter and
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irregularly shaped. These pellets accumulate in undulations on channel margins (Fig. 4.3c)

and become cemented to the channel walls, thus staightening the channel. The centre of
some channels is also infilled, dominantly with pellets, but also with small nodules, coated

grains and detrital quartz and feldspar. These components are frequently cemented together

by needle-fibre calcite, calcified filaments and micrite to completely frll the channel.

In the SEM one partially formed or fractured pellet revealed an internal structure

composed of anhedral micrite (crystals 1-4 pm in diameter) and microspar (crystals 5-10 pm

in diameter) aggregated into a ball shaped sfucture (Fig. 4.3e). The cementing agent appears

to be a poorly crystalline material. The distinction of pellets from coated grains (ooids) in the

SEM is often impossible because there is no cross section (Figs.4.3 d&Ð.

4.3.3 MINERALOGY AND CHEMISTRY

Pellets in thin sections of the carbonate silt from Eastview Road, River Road and

Seaford were analysed by electron microprobe (Table 4.3). Analyses were located on the

centre and outer edge of each pellet. It would appear from the consistently high CaO content

found at the centre of the pellets that calcite is probably the dominant mineral present. The

MgO content varies between 1 and 5 wtTo in the cenüe of these pellets, which may indicate

that the calcite has some MgCO3 substituted into its lattice and therefore should be described

as low magnesian calcite.

The outer edges and cenÍes of many of the pellets contain minor amounts of SiO2 and

Al2O3 and trace amounts of other oxides. This indicates either that quartz and clays, which

were not discerned in thin section, are intermixed with the carbonate or that the analysis

volume has incorporated underlying material. The presence of trace amounts Na and Cl

suggest that salt may be present.

The edges of the pellets from River Road (sample 30) have a significantly higher

amount of MgO. The relative proportions of CaO and MgO in these pellets indicate that

dolomite is present on the outer edge of the pellets, with some zonation from a calcitic core to

a dolomitic rim (Table 4.3). This mineralogical zonation is apparent under the optical

microscope as a slight colour change.

4.3.4 ORIGIN OF PELLETS

A. Hypotheses ín the líterature
The formation of pellets in calcretes has been attributed to both organic and inorganic

processes.

i) oRGANTC

Some workers have suggested that the production of excrements by soil fauna are the

source of pellets in calcretes. Ovoid pellets covered with fungal hyphae were considered by

Calvet and Julia (1983) to be fecal in origin. V/right (1983) and Wright and'Wilson (1987)
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have suggested that where pellets are well sorted and confined to burrow-like structures they

resemble fecal pellets.

At least one type of soil fauna is known to produce calcite rich excrements. Certain

species of earthworms produce calcite in their calciferous glands (Laverack 1963; tæe 1985),

and the crystals are excreted in their casts. The casts are globular aggegates of calcite, with

irregular outlines and a porous internal fabric that in thin section show little evidence of
organic matter (Bal1977). Wiececk and Messenger (7972) report some zonation of crystal

size within the casts, from'fine'crystals in the centre to'larger' crystals in the rim. Bal

(1977) also reports some large intercalary calcite crystals in the casts. The size of these

ear"thworm casts, produced under artif,rcial conditions, varies from 0.8 to2.0 mm (Bal 1977).

It is clear from the estimates of V/iecek and Messenger (1972) that earthworrns can produce

vast numbers of calcite pellets in a soil each year.

In the account by Lebedeva and Ovectrkin (1975) of carbonate accumulations in

Chernozemic soils (Haplustolls), they noted that carbonate is associated with faunal

excrements in three different ways. Commonly the 'coprolites' are covered by filaments, just

as Calvet and Julia (1983) have described. Carbonate also accumulates within large

'coprolites' (1cm) as 'concentric circles' called'zebroids', or as a complete or partial

(horseshoe) crust around the outside of the 'coprolite'. Crusts are usually associated with

'coprolites' that are 2-5 mm in diameter.

Although Harrison (1977> recognised that the cha¡acteristics of the pellets which he

described were identical to those of fecal excrements, he rejected this possibility because of
the distribution of pellets and their irregular outline. The pellets were concentrated below the

soil-rock interface in micritic stringers and in the alteration zone adjacent to rhizocretions. It
is possible that the stringers and rhizocretions were related to roots, with which soil fauna

might be associated (Calvet and Julia 1983).

Hay and Wiggins (1980) also rejected a fecal origin because the pellets they studied

were inorganic in composition and they did not know of fauna which might be responsible,

given the arid climatic conditions under which the calcrete formed. Some soil fauna are well

adapted to a¡id conditions (Lee 1985) and fecal pellets may be concentrated in voids and form

distinct layers within the soil if redistributed by percolating rainwater (Van der Drift 1964). It
is the latter type of distribution which Hay and Wiggins (1980) were trying to explain by

inorganic in situ development.

A second organic source for pellets has been described by Calvet and Julia (1983).

They believed that small spherical pellets (up to 30 pm in diameter) were related to

'fungotufas', which are organic-mineral-clay masses associated with fungi and roots. These

'fungotufas'are very similar in composition and stnrcture to microaggregates (2-250 ¡tm)
which are not directly of organic origin, and have been described from calcareous soils.
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ii) rNoRGANrc
Tisdall and Oades (1982) identified ttre binding agents responsible for the

development of microaggregates (2-250 pm in diameter) in soils as resistant organic matter.

Typically soils with higher organic matter contents have more aggegates. In calcareous soils

this effect is enhanced by the presence of soluble calcium Q?\which forms cation bridges

thus causing the flocculation of clays (Muneer 1987). Muneer (1937) found thatCa2+

significantly contributed to the stabilization of aggregates less than 250 pm in diameter and

reduced the rate of decomposition of organic matter. Microaggregates typically consist of

particles less than 2 pm held together by clay-Ca2+-orga cmatter bonds. Cation bridging

attributed n C3+ was found by Muneer (1937) to occur only when the calcium was present

as Ca2+ in solution. Coarse p*irt., of CaCO3 in the soils did not dissolve easily and

therefore could not contribute to cation bridging.

The inorganic mechanisms of pellet formation suggested by geologists include the

precipitation, deposition or accretion of micrite ín sítu (James 7972; Read 1974; V/ard 1975),

the micritization of skeletal grains (James 1972;Harnson 1977; Harrison and Steinen 1978),

recrystallization @ard 1975), the replacement of clay pellets by micrite (Hay and Reeder

1978) and organic staining (Arakel 1982). The precipitation, deposition or accretion of

micrite ín situ was the most popular hypothesis. Read (197 4) suggested that clay-sized

particles were dissolved in the upper parts of a profile by percolating water and reprecipitated

in voids at depth to form pellets. A similar mechanism was postulated by Harrison (1977) in

which pellets developed by'gradual outward growth' as micrite was precipitated in the soil.

In situ formation due to accretion "either in void spaces or by displacing adjacent sediment,

or by cementation of porous micritic sediment" were the mechanisms considered by Hay and

V/iggins (1980) as explanations of pellet formation. They hypothesised in the fust

mechanism that the pellets infrlling fractures formed immediately above impermeable horizons

such as laminae, and that each new generation of pellets displaced older generations upwards.

In the second mechanism described by Hay and Wiggins (1980), poorly defined pellets in a

soft matrix became cemented into well indurated pellets. Rounding of these well cemented

pellets was attributed to accretion or solution.

B. Díscussíon

Some of the ovoid pellets described by Calvet and Julia (1983) which contain organic

matter and are covered by fungal hyphae may be of fecal origin. The occurrence of pellets in

channels and voids is also consistent with a fecal origin, and many different types of

excrement are spherical in cross-section (Bullock et al1985). Even the variations in pellet

size could be attributed to the age of the fauna. However, there are difficulties with the

hypothesized fecal origin of all pellets. The calcareous clasts produced by earthworrns are

too large and the fabrics too porous, to account for the majority of pellets in the present
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study. Other fecal pellets, which were noncalcareous initially, could be expected to show

various stages of micritization, but this has not been reported in the literature.

Where there is evidence of partial micritization of skeletal grains and clasts, then

pellets associated with these sediments undoubtedly have formed by in situ recrystallization

of the shell fragments to micrite. However, as Harrison (1977) noted, not all calcretes are

associated with a substrate containing shell fragments and this is particularly true of calcretes

from the St Vincent Basin. The hypothesis that micrite is precipitated in sttu tn void spaces

is more tenable. According to Hay and V/iggins (1980) pellets formín sítu above

impermeable layers and there is no doubt that pellets do accumulate above laminae. The

ponding and evaporation of carbonate dch waters on the top of consolidated zones is typically

thought to cause the precipitation of ca¡bonate laminae (Waren 1983). It is hard to conceive

why well rounded pellets should form given the same conditions that usually cause the

precipitation of thin horizontal layers of micrite.

An inorganic mechanism not considered by previous workers studying calcretes, is

the possibility that the pellets have an aeolian origin. Frequently, materials transported by the

wind in suspension, or by saltation, are fbund to consist of aggregates of smaller particles

(Bowler 1973; Sleeman l9l3; Tiller et al 1987). Extensive studies of silt-sized particles,

commonly known as loess, in China (Liu Tungsheng 1985; Zheng Honghan 1985), Europe

(Pecsi 1985), Japan, America and New Znaland (Selby 1916), indicate that carbonate may be

an important component of some wind derived deposits. The carbonate is typically

transported in suspension in the 10 to 50 ¡rm silt size fraction. SEM investigations of

calcareous loess in China, by Gao Guorui (1983), showed that the carbonate formed rounded

and irregular shaped aggegates ('aggregate grains') of micrite. Clay was also present in the

aggegates. These aggregates were only preserved in loess where more arid climatic

conditions prevailed; under humid conditions the carbonate was leached out and the

aggregates became unstable (Gao Guorui 1983). Carbonate was thought to be the cementing

agent in the aggregates, which formed on desert margins and were then retransported by the

wind. The morphology and size of the pellets found in loess are very similar to the pellets in

the carbonate silt on the eastern margin of the St Vincent Basin.

In the carbonate silt it is possible that micrite is precipitated in voids to form pellets.

As indicated by Muneer (1987) Ca2+ 
^solution 

will flocculate clays by cation bonding and

thus assist in the formation of microaggregates when organic matter is present. The electron

microprobe data from pellets in the carbonate silt of the St Vincent Basin indicated that clays

may be mixed with the ca¡bonate. In pore spaces within the carbonate silt it is possible that
1t

Ca'' rich solutions percolating from above caused the aggregation of trzurslocated clays. The

presence of salts would also have assisted the flocculation of clays. As the solution dried out

calcium combined with CO2 would form carbonate in the microvoids between clay lamellae

and thus cement the clay and carbonate together. Gau Guorui (1983) postulated a similar

mechanism to explain the development of 'aggregate grains' in calcareous loess.
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Although the above hypothesis accounts for the distribution of pellets in the carbonate

silt it does not explain the concentration of pellets in channels, above laminae, and in the

matrix of hardpans, nor does it account for the well rounded nature of many pellets. Since

the majority of pellets in channels and voids are 10 to 50 pm in diameter, a size typical of

particles transported by the wind in suspension, it seems likely that these pellets have been

reworked and rounded by aeolian action. The pellets then accumulate in the channels and

voids. They may also be washed down through the soil until reaching an impermeable layer

such as the laminar zone. Pellets larger than 50 pm may have been transported by saltation

over shorter distances. Those pellets with diffuse boundaries in the channels and voids were

probably altered in situ either by dissolution or the addition of more micrite.

4.4 NODULES

4.4. 1 DEFINTITON AND MACROMORPHOLOGY

Emphasis has been placed on the study of nodules since they are thought by many

workers (GiIe et al1966: Netterberg 1969b; Wieder and Yaalon 1982; Birkeland 1984) to be

the precursors of indurated zones in calcretes. In sedimentary petrology a 'nodule' is defined

as "a small, hard and irregular, rounded, or tuberous body (knot, mass, lump) of a mineral or

mineral aggregate, normally having a \ilarty or knobby surface and no internal structure, and

usually exhibiting.... a gïeater hardness than the enclosing sediment or rock matrix in which

it is embedded .... Nodules can be separated as discrete masses from the host material"

(Campbell et al1972).

'Nodule' is here used to describe weak to strongly indurated, equant to bladed

carbonate rich bodies which have sharp boundaries, exceed 2 mm in size and can be easily

separated from the surrounding matrix when found in the carbonate silt (Fig. 4.4). Nodules

do not have coatings on their outer surface.

Isolated nodules are typically concentated either in the carbonate silt (Fig. 4.5a),

above the hardpan in the overlying soil, or in cracks between biscuits (Fig. a.5b). Where

there is no soil covering the hardpan, nodules accumulate in shallow depressions on the

surface of the pan (Fig. 4.5c). These nodules are characteristically moderately well cemented

and bladed in shape, suggesting they have been flaked from the hardpan. Strongly indurated

nodules are also cemented into the hardpans. The base of thin hardpans may have a

mamillary form due to the attachment of nodules.

Some nodules are black to grey in colour. The distribution of these nodules is not

uniform. Large numbers concentrate in the thin hardpan at the top of composite profiles at

Hallett Cove, Pt Noarlunga, Seaford, Moana and Willunga. In many other arcas, such as

Maslin Bay, there are only a few small dark grey nodules in the hardpans. In contrast, pink

to buff nodules have a uniform distribution throughout the hardpans.

Visual estimates of the proportion of nodules in the carbonate silt vary from 5 to 50Vo,

with a general decrease down the profile. In profiles where there is no har{pan, nodules are
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concentrated in the upper portion of the ca¡bonate silt. There is no evidence of sorting

according to size, nor do nodules outline bedding in the carbonate silt, they have a completely

random distribution.

There is considerable variation in the macromorphology of nodules. Some nodules

are buff to pink in colour, porous and frequently only weakly indurated, i.e. can be broken in

the fingers. The fabric of these nodules is similar to that of the surrounding carbonate silt. In

addition, nodules may incorporate sand grains, coated grains, smaller nodules, and fragments

of modern plant roots. \ù/eakly cemented nodules vary from granule (2-4mm) to cobble (64-

256 mm) size, with most occurring in the pebble (4-64 mm) size fraction. In outline these

nodules va¡y from equant to bladed (the former is more common), with many surface

irregularities due to small projections and undulations (Fig. 4.4a).

Other nodules are dense, well cemented and can only be broken using a hammer.

Commonly, these nodules are composed of dark grey to black, or pink to buff coloured

carbonate with inclusions of coated grains, smaller nodules and sand grains (Fig. a.ab).

Inclusions in black nodules are also dark grey to black, with very little colour zonation.

Some of the well cemented nodules are fragments of hardpan and rare examples a¡e segments

of calcified insect pupal cases. The outer rim of some nodules has a very thin (less than

lmm) coating of buff coloured carbonate that is unconsolidated and typical of the

surrounding matrix. The size range of well indurated nodules is the same as weakly

cemented nodules, but gïanule to pebble sizes are more comlnon for indurated nodules.

4.4.2 MICROMORPHOLOGY AND ULTRASTRUCTURE

Oriented thin sections of carbonate nodules and their surrounding matrix have been

studied in several calcrete profiles from the St Vincent Basin, in pafiicular profiles exposed at

Lonsdale and Modbury. Two types of nodule can be identified based on micromorphological

studies. Firstly, nodules that contain quartz grains with a size range and spatial distribution

that is similar to that in the surrounding soil material (Fig. 4.6a). In the second type there are

less quartz grains in the nodule than the surrounding soil. The matrix of these nodules is

generally dense, fine grained calcite (micrite) which does not show any internal orientation

related to the shape of the nodule (undifferentiated). In some nodules the fabric is

complicated by the incorporation of clay pockets and zones of dense micrite. The clays in

these pockets or patches are not oriented (inargic fabric). Associated with the micritic matrix

of nodules are calcified filaments (Phillips et al 1987) that form dense networks lining the

edges of channels and voids (Fig. a.6b). The matrix of these nodules also contains needle-

fibre calcite (Fig. 4.6c) which may form random distribution pattoms and/or alveolar texture

(Phillips and Self 1987) in voids.

The shape of the outer rim of this first type of nodule is sharp and not influenced by

quartz grains in the surrounding soil. Frequently, a very thin discontinuous clay rich coating

occurs around the nodule. These nodules have very similar cha¡acteristics to the disorthic
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nodules described by Wieder and Yaalon (1974),but there is no evidence from the study area

that nodules are concentrated in pedotubules.

The second type of nodule is analogous to the allothic nodules of Wieder and Yaalon

(I974). The matrix of these nodules is highly variable and is unrelated to the adjacent soil

@ig. a.6d) in either the number of quartz grains or thefu distribution. Some matrices in the

nodules resemble those of adjacent hardpans where there is very little qu,artz and carbonate

laminae may be present. Minor undulations on the upper surfaces of allothic nodules may be

filled with very small quartz grains and clayey carbonate, thus reducing the inegutarities and

producing a more rounded shape (Fig. 4.6e). In some examples calcified filaments occur in

these discontinuous layers which are thought to be the precursors of laminae developed on

coated clasts. Similar layers are also found coating rock fragments in the carbonate silt at

Lonsdale (Fig. a.6f).

SEM studies of nodules indicate that rounded, anhedral micrite (less than 4 pm) and

anhedral microspar (5-10 ¡rm) are the typical crystal habits of the carbonate. A few isolated

quartz grains may be seen in this matrix (Fig.4.7a). On the margins of voids, calcite may

occur as subhedral scalenohedra between 2 and 5 ¡rm in length (Fig. a.7b). In weakly

cemented nodules the micrite is aggregated into pellets (Fig. 4.7c) similar to those in the

carbonate silt, thus producing a highly porous texture. In more indurated nodules, pellets are

rarely evident and the micrite forms a continuous, dense matrix (Fig. a.7d). Subhedral clay

minerals occur as pore linings and partially fill voids and channels in some nodules (Fig.

4.7e).

Mica-like minerals have been observed in one nodule (Fig. a.8) from Seaford. EDS

spectra of these platy minerals indicate the presence of Si, Al, K, Ti and Fe, a composition

typical of biotite. The fact that micrite is found wedged between the plates of biotite suggests

that growth of the micrite has had a disruptive effect on the biotite crystal.

Evidence of biomineralization is prominent in many nodules. Covering the surfaces

of voids and channels there are tangled networks of calcified filaments (Fig. 4.7fl which have

been described in detail by Phillips et al (7987). The filaments are tubiform, with a constant

width along their length and a crystal habit specific to individual filaments. 'Where calcified

filaments have been coated by anhedral micrite they are difficult to distinguish from the matrix

fig. a.7g). Needle-fibre calcite is also well preserved in nodules (Fig. 4.7h) as micro-rods

(1 pm long and 0.1 pm or less in diameter) and larger needle-fibres (up to 120 pm long and

2-6 ¡tm wide) which may have been altered by epitaxial overgrowths or dissolution to

produce serrated needles (Phillips and Self 1987).

4.4.3 MINERALOGY AND CHEMISTRY

The mineralogy of weak to strongly cemented buff to pink nodules are presented in

Table 4.44. Low Mg calcite, with an average MgCO3 content between approximately 2 and

6 mol Vo (based on d(104) values), is the dominant carbonate mineral. Some nodules also
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contain dolomite but rarcly does it attain the stoichiometric composition of 50 mol.Vo

MgCO3. Qua¡tz is present in all the nodules with minor to trace amounts of feldspar and

clay. The relative proportions of the major oxides determined from XRF analyses (Table

4.54) confirm the XRD results.

XRD traces (Table 4.48) and XRF analyses (Iable 4.58) were run of dark nodules

which differed in colour intensity from very black to pale grey and no significant difference

was found in the mineralogy of these samples. Furthermore, there is no obvious

mineralogical or geochemical difference benveen dark and pink to buff nodules. The Fe2O3

and MnO contents of the dark nodules are well within the ranges recorded in pink to buff

nodules confrming that iron and manganese staining are not responsible for discolouration.

V/et chemical analyses (Appendix H) were limited to well indurated nodules. They

reveal a total carbonate (acid-soluble Ca+Mg) content bet'ween 667o and 847o. XRF analyses

of these same nodules and many others that are not as well cemented (Fig. 4.2b) show a

wider range in the proportion of carbonate. The ternary diagram (Fig. a.Ð based on XRF

data revealed that most nodules are CaO enriched with respect to the carbonate silt and MgO

deficient in comparison to wedges and blotches.

4.4.4 ORIGIN OF NODULES

A. Hypotheses ín the literature
Two different types of nodule are described in the literature from field observations

and micromoryhological studies, those which have formed in situ and those which have been

reworked. In the past the processes whereby nodules form in situ in the carbonate silt have

not been well understood. Most descriptions are concerned with the effect of the soil matrix

on the nature of the nodule (e.g. Gile et al 1966; Reeves I9l6), rather than how, or why, the

nodule formed. Brewer and Sleeman (1964) suggested that undifferentiated fabric, which is

typical of nodules formed in situ,results from the precipitation of soluble materials in small

voids within the soil. Once these voids have accumulated some soluble materials they act as

nuclei for further precipitation (accretion). The soluble materials may have diffused from the

soil towards the voids or entered the soil along the voids after being leached from overlying

horizons (Brewer 1972). The development of carbonate nodules is visualised as a sequential

process by Brewer (1972). Initially crystallites form in the plasma of the s-matrix. Larger

intercalary crystals develop, cutans and neocutans become lined with carbonate, and finally

nodules develop.

Sehgal and Stoops (1972) favoured the leaching of carbonate from overlying horizons

to explain the formation of 'spongy calciúc nodules', which they believe may become hard

and compact by further accumulation and concentration of calcite. Mermut and Dasog (1986)

also considered that ca.rbonate nodules formed due to leaching of carbonate from above.

Once diffuse carbonate masses had formed at the base of the profile, disruption by churning

in the clay substrate was thought to produce nodules with sharp boundaries (Blokhuis er a/
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1969; Mermur and Dasog 1986). White nodules formed by this process \pere thought to

became blackened by Fe and Mn migrating from the soil to the nodule, thus coating the

nodule and restricting subsequent growth.

A more comprehensive account of how nodules form in siru was given by Wieder

and Yaalon (1974),but they still failed to identify the factor(s) responsible for nodule

formation. They recognised that the process is not a simple sequential development as

visualised by Brewer (1972) and Sehgal and Stoops (1972), but one controlled by the nanre

of the soil matrix. They suggested that in medium-textured calcareous soils carbonate leached

from upper horizons is precipitated as 'microcalcite' which gradually frlls the voids to form

orthic nodules and eventually more compact fabrics. During this process clay is thought to be

displaced from the nodule towards its rim in a random pattern. Wieder and Yaalon (I974)

suggested that in soils with a high clay content the carbonate only precipitates as fine grained

crystals, whereas in soils with coarser texture and/or low clay contents the carbonate may

precipitate as spar or microspar

B. Díscussion

Calcified filaments present in the matrix and voids of nodules have tentatively been

identihed as fungal hyphae because of their morphology and association with certain types of

fruiting bodies (Phillips et at 1987). Needle-fibre calcite associated with the filaments is

believed to form inside individual fungal hyphae of mycorrhizae (Phillips and Self 1987).

The needle-fibres concentrate in root channels where they can become attached to organic

matter which is often covered by calcifred bacteria. The inorganic material in the nodules

consists ofdetrital sand grains, clay and carbonate.

Carbonate nodules have many fossilised features in common with the ultrastructure of

macroaggregates and fecal pellets in soils. Soil aggregates may be divided into two size

categories, macroaggregates greater than 250 pm, which upon slaking break down to

microaggregates less than 250 ¡rm in diameter. Clay particles may become detached from the

microaggregates during slaking (Oades 1984). Three different types of organic binding

agents are responsible for the stability of soil aggregates (Tisdall and Oades 1982).

Polysaccharides associated with microbial activity and roots act as glues between soil

particles and are described as'transient agents' because they decompose rapidly. Organic

matter which is not easily decomposed, such as aromatic humic material, forms'persistent

binding agents' which are important in the development of microaggregates. Roots and

fungal hyphae form'temporary binding agents'when soil particles, principally clays, become

attached to the mucigel surrounding these structures (Tisdall and Oades 1979). Typically the

hyphae are either vesicular-arbuscular (VA) myconhizae which are obligate symbiots on plant

roots, or saprothytic fungi (Iisdall and Oades 1982; Oades 1987). The VA mycorrhizae can

extend 10 mm out from the root surface. These temporary binding agents are responsible for

stabilizin g macroaggregates.
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The concentration of nodules in the upper part of the carbonate silt lends support to

the hypothesis that the nodules have a macroaggregate precursor. In this zone there is an

abundance of plant roots and associated micro-organisms which are vital to the formation of

macroaggregates.

Fecal pellets or 'excrement pedofeatures' (Bullock et al 1985) are another possible

mechanism whereby soil aggregates may form. As described above, earthworms produce

large numbers of casts which, depending on the species, accumulate at the soil surface or

within the earthworm's burrow and other subsurface spaces (Lee 1985). Earthworm casts

are a mixture of inorganic soil material, finely ground organic matter, the waste products of

the earthworm's metabolism, and microbial cells. The organic matter in these casts forms an

important source of nutrients for other micro-organisms, such as fungi, in the soil (Foster

1986). The binding action of fungi may increase the stability of the cast (Lee 1985).

A macroag$egate temporarily bound by roots and fungal hyphae, or a fecal pellet, in

a calcareous soil, may be the precursors to the in síru formation of some nodules. Given that

there is a structure already in existence, then carbonate leached from the overlying horizons

may precipitate as micrite throughout the voids of the macroaggregate or fecal pellet. This

inorganic precipitation of micrite may be favoured by fluctuations in pCOZ and moisture

associated with the micro-organisms that bind the structure together. Fungal hyphae active in

maintaining the macroaggregate, or active on the surface of the fecal pellet, could ingest an

excess of calcium and in trying to remove this excess become calcified (Phillips et al1987).

At this point the filament is no longer a temporary binding agent because the mucilagenous

sheath surrounding the filament has decomposed. Rather, the calcified filament remains as a

permanent binding agent and the macroaggegate or fecal pellet becomes a weakly cemented

carbonate nodule. Organic matter still present in the weakly cemented nodules would attract

new generations of fungal hyphae which inhll some of the channels in the nodule and may

even form bridges with adjacent macroaggegates thus increasing the size of the nodule. At

the same time micrite continues to precipitate in the voids and when conditions are more ideal

sparry calcite may develop as void linings. The micrite obscures the presence of older

calcified filaments as they become incorporated into the matrix of the nodule. Repetition of

these processes eventually leads to the induration of the nodule.

The high concentration of carbonate in some nodules (84Vo) indicates that nodule

formation is more complex than simple infrlling of voids within the soil. The micrite may

either replace or displace the soil particles of the original macroaggregate. Diagenesis studies

have demonstrated that silica dissolves under alkaline conditions (Bjorlykke 1988). In thin

section, it is evident that the number of quartz grains is less in most nodules than in the

surrounding soil matrix and many of the quartz grains in the nodules have indistinct

boundaries suggesting at least partial replaced. There is no evidence of increased

concentrations of quartz adjacent to nodules which would be expected if massive

displacement had occurred; assuming that the nodules have not been moved since their
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formation. However, the concentration of clays in small pockets within the nodules as seen

in thin section, also suggests that the clay fraction is either being replaced or displaced. Folk

(1971) and \ù/ieder and Yaalon (1974) have suggested that clay is displaced during nodule

formation. Many of the nodules in the Lonsdale railway cutting have discontinuous clay

rims, which may have accumulated due to displacement or clay translocation from higher in

the profile. Watts (1978) considered that the displacive effect of micrite on minerals with

good cleavage was demonstrated by micas which split to form'concertina-like' structures.

Similar features have been observed in this snrdy. It would appear that at least some local

displacement of the clay minerals and replacement of quartz may occur during the formation

of a carbonate nodule.

Nodules that have not formed in situ (allothic) are typically fragments of hardpan.

The more rounded shape of these nodules is attributed to mechanical abrasion during

transport and incorporation of the nodules into the carbonate silt. Allothic nodules found

above the hardpan are typically more angular.

A large proportion of allothic nodules are black to da¡k grey in colour. Discolouration

can not be attributed to the presence of high concentrations of MnO. XRF results show there

isamaximumof only0.06 wt%oMnOinlightcolourednodulesandless (O.04wtVo) inblack

nodules. hon sulfide is one other possible cause of discolouration. Ward et al (1970) have

reported blackening of carbonates with Fe contents of 1000 to 3000 ppm (0.1 to 0.37o) and S

contents of 0.05 to 0.l5Vo. In the present study, Fe2O3 contents are between 0.75 wTVo and

1J8 wtVo, and SO3 contents afe up to 0.20 wt%o. However, the FeZO3 is probably

associated with clays rather than iron sulfide, since unblackened nodules have higher Fe2O3

contents (Table 4.5). The third possible cause of blackening is small amounts (less than 17o)

of organic carbon (Ward et al1970; Srasser 1934). Organic carbon contents of between 17o

and2flo have been found in black nodules and coated clasts from Yorke and Eyre Peninsulas

in South Australia (Mitnes and Hutton 1983). It is reasonable to assume that organic carbon

is also responsible for the discolouration of nodules adjacent to the eastern margin of the St

Vincent Basin.

SÍasser (1984) identified three coastal environments in which blackening due to

organic carbon may occur. They are the bottoms of lakes and channels where anoxic

conditions prevail; on beachrock or other sedimentary layers through which water enriched

with organic matter, derived from rotting plants, has percolated; and exposed surfaces where

burning by fires has released organic matter from the vegetation. Since there is no evidence

that the St Vincent Basin calcretes were associated with lakes and only the thin laminae on the

Glanville Formation may be related to coastal settings, burning with subsequent release of

organic matter is considered the most likely cause of blackening.

If this hypothesis is correct then the concentration of dark nodules in thin hardpans at

the top of complex calcrete sequences along the eastern margin of the St Vincent Basin

suggests that there may have been a change in the amount of burning at this time. Increased
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burning may be attributed to either climatic change and/or anthropogenic influences.

Documentation of the amount of cha¡coal in a core from Lake George in New South Wales

shows a significant increase between 128,000 and 13,000 years B.P. (Singh et al l98l). If
the carbonate mantle formed during aeolian conditions associated with the last glacial

maximum (25,000 to 13,000 years B.P.) then it is possible that burning was associated with

anthopogenic influences. In the Adelaide region aborigines were present about 21,000 years

B.P. (Lampert 1981) and are known to have used fires in hunting.

4.5 COATED GRAINS, GRANULES, PEBBLES, COBBLES AND

BOULDERS.
4.5. 1 DEFINTTIONS AND MACROMORPHOLOGY

In the past some of the most ambiguous terminology has been used to describe

rounded clasts composed of a core enveloped by carbonate laminae. The core may be angular

or rounded, and detrital or carbonate rich in composition. To eliminate the genetic

connotations and discrepancies in the application of previous terms, carbonate-coated clasts

are simply subdivided into a range of sizes; grains (less than 2mm), granules (2-4mm),

pebbles (4-64mm), cobbles (64-256mm) and boulders (greater than 256mm). The size of

coated grains is similar to that of ooids and the size of coated granules is similar to that of

pisoliths (see Appendix C). The small size of coated grains necessitates their description

from micromorphological and ultrastructural studies. All the other coated clasts can be

described in hand specimen.

In the St Vincent Basin calcretes, coated granules and pebbles have cores which are

similar in structure and texture to indurated nodules. The majority of these cores are equant

and subangular to rounded, highly calca¡eous with a few detrital grains, and may be pink to

buff, black to grey or in rare cases greenish in colour (Fig. 4.9a). The cores of coated

cobbles and boulders are rounded, equant to tabular fragments of well indurated hardpan.

The calcrete core may have relatively uniform characteristics or consist of smaller coated

clasts and nodules cemented in a buff coloured carbonate mafix. In either type of core the

matrix frequently contains coated grains, diffuse millimetric patches of grey carbonate, and

channels and voids which have been infilled with lighter coloured carbonate. There are

examples where infrlled channels extend from the core into the laminae rim.

Coatings on the cores of granules and pebbles vary in thickness from 1 to 5mm, they

consist of carbonate laminae up to 2mm in diameter that a¡e distinguished by variations in

colour and abundance of very fine sand grains. Colours in the laminae are those typical of

the calcrete in general: white, buff, pink, grey and black. The black and the white laminae are

rarely more than lmm in diameter. Black laminae frequently have diffuse boundaries in

contrast to other laminae. Individual laminae are undulatory, vary in thickness and rarely

completely envelop the core because they are truncated by other laminae or are tapered. Often



105

the rim displays preferential thickening over flat surfaces and depressions in the outer edge of

the core, thus resulting in the rounded external shape of the coated clasts. In general, the

diameter of the core is greater than the thickness of the laminae envelope on coated clasts.

Laminae forming the rims on coated cobbles and boulders have the same

characteristics as those coating smaller clasts. The total thickness of the rim on coated

cobbles and boulders varies between 2mm and 3cm, and it is rarely uniform in thickness

around the core. The upper surface of a coated cobble or boulder (Fig. a.9) may show

preferential thickening, while at the base smaller coated clasts and nodules may be

incorporated into the rim.

The distribution of coated granules, pebbles, cobbles and boulders in the calcrete

profrle is complex. All the coated clasts can occur in the carbonate silt, where they are

frequently concentrated in the upper portion, and in the hardpans above the carbonate silt

(Fig. a.10). Coated clasts may be the dominant component of some rubbly types of hardpan.

On the surface of hardpans coated granules and pebbles accumulate in shallow depressions

and pipes.

4.5.2 MICROMORPHOLOGY AND I.ILTRASTRUCTURE

A. Coated graíns

Thin section studies show that the distribution of coated grains is closely associated

with the occurrence of pellets. Coated grains are found in the calcareous soils above the

hardpan at Lonsdale; they occur in a laminar crust on bedrock at Modbury, and within

fractures and channels and the matrix of the hardpan at l,onsdale, and they also occur in the

carbonate silt at Ochre trig, Onkaparinga River mouth, Seaford, and in the Eastview and

River Road cuttings.

The majority of coated grains in the carbonate silt (Fig 4.LIa), vary in size from 30 to

150 pm and consist of a quartz or feldspar nucleus coated by a single layer of micrite. The

envelope of micrite is commonly uniform in thickness around the nucleus and does not

display any evidence of successive laminae. In the sample from Easwiew Road (29), one

coated grain with a core of microspar and a micritic rim was observed. Coated grains

represent less than 5 Vo ofthe components in the carbonate silt; pellets and micrite are more

abundant.

Similar, but larger (300-500 ¡rm) coated grains infill channels in the hardpan at

Lonsdale (Fig. 4.11b). Some are only partially covered by micrite and needle-fibre calcite.

Again these coated grains are associated with pellets and small nodules cemented together by

needle-fibre calcite, calcified filaments and micrite. In the calcareous soil above the hardpan,

coated grains (average 300 pm in diameter) have either a ca¡bonate pellet core and single or

double layered micritic coatings, or a subangular to subrounded quartz core and single or

double layers of micrite coating. No difference in the composition of either the core or
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laminae have been observed between coated grains in the calcareous soil and those in the

hardpan.

The most complex coated grains were observed at Modbury in the thin hardpan on

Glen Osmond Slate. The coated grains are confined to a zone of porous laminae enclosed

above and below by dense laminae. Carbonate pellets, clay pellets(?), quartz grains and

weathered siltstone rock fragments form the nuclei of the coated grains (Fig. 4.12). Rare

coated grains have multiple nuclei of carbonate and ?clay pellets. Coatings on the nuclei

completely or partially envelop the cores as single or multiple layers. The maximum number

of layers observed was three. Micrite, with possibly some clay, forms the outer layers and

the average diameter of these coated grains is 100 pm.

Needle-fibre calcite has been observed coating grains in the ca.rbonate silt from many

localities in the present study. Large multiple rods and serrated types of needle-f,tbre calcite

are typically more abundant than micro-rods. The large needle-fibres are associated with

calcified filaments and micrite (Fig. 4.13a), and commonly have been broken (length less

than 20 pm) and arranged tangentially to the surface of the grain. Longer needle-fibres occur

in bridges between adjacent coated grains (Fig a.13b). Micrite associated with these coatings

is anhedral and less than 4 pm in diameter.

The distinction between coated grains and pellets is difficult in the SEM when an

obvious coating of large needle-fibres, micro-rods or catcified filaments is absent. This

problem is compounded when only a few needle-fibres are evident (Fig 4.13c) in a mass of

micrite or the needles are highty altered (Fig. 4.13d) and almost indistinguishable from the

micrite. Where the nucleus is exposed as a derital grain (Fig. 4.13e) and the surface of the

grain is only partially coated by either micrite, needle-fibres and/or calcified filaments, this

may be interpreted as an early stage in the formation of coated grains or the loss of part of the

coating. Gellike material, thought to be organic matter, has been observed adhering to the

surface of a detritat grain. Needle-fibre calcite is embedded in the gel (Fig. 4.13Ð and micro-

rods cover the surface.

B. Coated granules, pebbles, cobbles and boulders

In the coatings on larger clasts (granules, pebbles, cobbles and boulders) micrite and

calcified filaments are prominent. Laminae dominated by anhedral micrite a¡e almost

indistinguishable in the SEM from the adjacent core (Fig.4.74a). Voids within these micritic

laminae may be lined by microspar and calcified filaments (Fig. 4.14b). Micritic laminae

occasionally contain a higher proportion of detrital grains than the core and may be separated

from the core for short distances by micro-f¡actues up to 0.1mm in diameter (Fig. 4.14c).

In the example illustrated in Figure 4.14c both the surface adjacent to the core and that on the

outer edge of the laminae a¡e covered by a network of calcified filaments (Fig. 4.14d). The

filaments are of uniform diameter (approximately 2 pm) along their length and a¡e encrusted

by anhedral micrite. Micrite also fills much of the area between the filaments (Fig. 4.14e)
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making the presence of filaments less obvious. Longitudinal cross sections through the

filaments clearly illustrate their tubiform nature and the radial ¿urangement of crystals

encrusting the tube (Fig. a.l4f.

4.5.3 MINERALOGY AND CFIEMISTRY

A. Coated graíns

Electron microprobe analyses of coated grains from the carbonate silt revealed a

variety of materials in the core with compositions typical of quartz, feldspars and low Mg

calcite. The composition of the core was found to be independent of the carbonate coating

(Table 4.6a). CaO is the most abundant oxide in all the grain coatings (33.3 to 50.9 wt%o),

indicating that calcite is the dominant mineral present. At least one sample (29) has up to 4

wt%o lldgO substituted into the calcite lattice. Other samples also consist of low Mg calcite,

but it is more difficult to ascertain whether the MgO in these samples is associated with other

minerals or the calcite. The proportion of MgO (19.2 wt%o) relatle to CaO in sample 30 is

more typical of dolomite.

SiO2 is the second most common oxide in the grain coatings, it varies between 0.1

wt%o and 13.6wtVo. Commonly the proportion of SiO2 is linked to relative changes in the

abundance of Al2O3, FeO and K2O which suggests that there may be some clay minerals in

the carbonate coatings.

B. Coated granules, pebbles, cobbles and boulders.

The consistently high CaO content of between 52.3 and 58.9 wrVo in the laminae on a

dark cored pebble (Table 4.6b) determined by electron microprobe analysis, indicates that

calcite is the dominant mineral. MgO is present in most analyses in small amounts (0.L3 wtTo

to2.73 wtVo) and SiO2, SO3, K2O and NiO are present in trace amounts. There is

insufficient SiO2 for opaline silica to be present in the lamina of this pebble and there is no

evidence of clay minerals. The sequential analyses presented in Table 4.6b represent a

traverse from one side of a coated pebble to the other. Slight colour variations in the laminae

could be detected in thin section, but these were not reflected by compositional changes.

Bulk mineralogical analyses of seve¡al coated pebbles, cobbles and boulders (Iable

4.7a) confirm that calcite, with up to 6mol%o MgCO3, is the dominant mineral. There are

minor to trace amounts of dolomite which has an MgCO3 content of between 46 and48

molVo. Quartz is also present in minor to suMominant amounts and there are trace amounts

of feldspar and clay in some coated clasts.

The total amount of carbonate (acid-soluble Ca+Mg), as determined by wet chemistry,

for one coated cobble and 3 coated boulders ranged from 697o to 78Vo (Appendix H). These

results are within the range recorded from indurated nodules (66Vo to 84Vo). The bulk

chemical compositions (Table 4.7b) of the coated pebbles, cobbles and boulders that were

analysed are also very similar to those of indurated nodules (compare Figs. 4.2b and c).
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Electron microprobe data from the laminae enveloping clasts, although not directly

comparable to the XRF data because of its more selective nature, suggest that laminae are

more CaO rich than the cores (Fig 4.2c). This is consistent with the frndings of Milnes and

Hutton (1983).

4.5.4 THE ORIGIN OF COATED CLASTS

A. Coated graíns

Ð HYPOTHESES IN THE LITERATURE

Coated grains (ooids) are known to form in a variety of sedimentary environments

including, marine environments, saline and low-salinity lakes (Wilkinson et al1980), caves

and hot springs (Simone 1980/31). Three different fabrics are recognised in the coatings

(cortex) of modern ooids: tangential, radial and random. More than one of these fabrics may

occur within an individual coating (Medwedeff and Wilkinson 1983). Most marine ooids

have cortical layers of tangentially arranged subhedrat needles (with pointed ends) or much

smaller anhedral rod-like crystals of aragonite interspersed with layers lacking any crystal

orientation (Simone 1981). The latter random fabric is composed of anhedral crystals of

aragonite, 0.25 pm in diameter, which are often associated with algae. Poorly laminated

random fabrics of low magnesian calcite are typical of ooids described by Wilkinson et al

(1980) from modern lakes of low salinity. Tangential fabrics are not exclusive to marine

environments, they have also been reported from aragonitic ooids formed in hot springs

(Richter 1983) and calcitic ooids formed in calcretes (James 1972). Radial arrangements of

calcite and aragonite needles with respect to the nucleus occur in ooids formed in marine,

lacustrine (hypersaline) and cave environments (Simone 1981; Richter 1983). Some

aragonitic ooids display both tangential and radial fabrics.

Richter (1983) claimed that "it is impossible to differentiate a marine from a non-

marine depositional environment on the basis of ooid structure and composition". This

statement by Richter (1983) is not correct. The morphology of needle-fibre calcite that forms

tangential layers in the coatings on grains in calcretes consists of a basic double rod structure

with blunt terminations (Verges et al 1982; Phillips and Self 1987). These crystals are easily

distinguished from the subhedral, straight edged, aragonitic needles with sharp terminations

that characterise marine ooids.

Several hypotheses have been proposed to explain the development of coated grains in

calcretes. Ward (1975) postulated that coated grains formed in situ by polygonal cracking

within 'massive cryptocrystalline bodies'. Subsequent rounding was attributed to dissolution

of the comers of the fractured blocks. This process was thought by Ward (1975) to be

associated with the movement of vadose water. However, Ward's hypothesis could not

account for the presence of coated grains in the unconsolidated carbonate silt, with coatings

that include organic matter, large needle-fibre calcite, calcified filaments and micro-rods.
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Hay and Reeder (1978) and Hay and rü/iggins (1980) have subscribed to several

mechanisms of coated grain formation. Firstly, Hay and Reeder (1978) believed that some

coated grains are formed by the micritic replacement of clay coatings on sand grains. Hay

and rWiggins (1980) also suggested that some of the sepiolite coating grains was replaced by

calcite. The second mechanism which these authors recognised, that of accretion, had been

suggested by some earlier workers (Siesser 1973; Read 1974) and is still favoured by more

recent investigations (Vy'anen 1983; Calvet a¡rd Julia 1983). Hay and Reeder (1978) noted

that ooids of accretionary origin contained less clay ttran those formed by replacement and

that the clay was more evenly distributed.

The most detailed explanation of how accretion might occur was given by Siesser

(1973). He hypothesised that CG2 charged rainwater percolated through the soil dissolving

small carbonate particles. During dry periods downward movement \ilas reversed due to

evaporation and soil suction in the upper part of the soil/sediment. Carbonate mud

precipitated as micrite in concentric coatings on individual grains due to the loss of CO2.

Repetition of this cycle increased the thickness of the rim on the coated grains and

mechanically displaced adjacent grains. Warren (1983) proposed a simila¡ mechanism in

which fluctuations in pCO2 and loss of pore water, both surrounding (attached water film),

and between grains (meniscus water), caused micrite to precipitate as a grain coating.

iÐ DrscussroN
Electron microprobe data from coatings on quartz grains in the carbonate mantle

suggest that clays may be associated with the micrite. In these single layer coatings there is

no evidence that the clays are being replaced by calcite. It is possible that these coatings form

by accretion in a similar manner to that hypothesized for the development of pellets. Fluids

percolating down through a calcareous soil would probably contain both clay and carbonate

in solution. Ca2+ in solution could form bonds between the clay particles causing their

flocculation onto the surface of detrital grains. As the attached water film surrounding the

grain dried, increasing amounts of calcium may come out of solution and combine with CO2

to precipitate as calcite. The result is a mixture of calcite and clay coating a detrital grain. The

same process could coat any size or type of nucleus (pellets, fragments of bedrock etc) and

with changes in the proportions of translocated clay and carbonate in solution, the

composition of successive laminae may be altered. Calca¡eous soils above hardpans, and the

unconsolidated carbonate silt below, are the most likely situation in which this mechanism

could operate. Later transportation of the coated grains by wind, \ryater, or under gravity

could lead to their concentration in chzurnels within hardpans and above impermeable

carbonate laminae.

More complex coatings on grains include large forms of needle-fibre calcite, micro-

rods, calcified filaments and organic matter. Thus a simple inorganic mechanism as given

above does not explain the development of all coated grains. Calvet and Julia (1983) noted
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that tangential needle-fibres initiated many of the coatings on grains. However, they did not

identify the mechanism whereby needle-frbres became attached to the grain. Organic matter is

now recognised as important in the formation of coated grains from a number of different

environments (Fergus on et al 1978,1984: Wilkinson et al L980; Richter 1983). In the St

Vincent Basin calcretes organic matter is associated with large needle-fibres and micro-rods

on detrital grains. It seems likely that grains may be initially coated by organic matter in the

form of mucigel extruded from adjacent plant roots. Bacteria and fungi actively search for the

gel as a food source. Later calcification of the bacteria and fungi produces needle-fibre calcite

which together with the inorganic precipitation of micrite ensures the preservation of a

complex coating. The fact that many of the large needle-fibres are broken indicates that the

coated grains may be moved during the accumulation of the coating. The sequence and

nature of these events are likely to be highly variable depending on the local

microenvironment but an initial coating of organic matter is considered essential for complex

coatings. In this sense, fecal pellets covered with organic matter may also form nuclei for the

development of coated grains.

B. Coated granules, pebbles, cobbles and boulders

i) FTYPOTHESES IN THE LITERATURE

Coated clasts larger than sand grain size also form in a variety of sedimentary

environments. Nonmarine environments include spring fed playas (Risacher and Eugster

1979), calcareous lakes (Jones and Wilkinson 1978), rivers (Braithwaite 1979), the vadose

zone (Swineford et al1958; Dunham 1969; Esteban 1976; Cbafetz and Butler 1980), and at

the top of the vadose zone where pedogenic processes a¡e dominant (James 1972:Read I974;

Reeves 1976;Hay and Reeder 1978; Calvet and Julia 1983). The morphological

characteristics of coated clasts formed in lakes and rivers are distinctly different from those

developed in calcretes. In calcareous lakes pisoliths are shaped like a compressed sphere

with concentric banding in annual couplets of porous and dense layers (Jones and'Wilkinson

1978). The radial fabric in porous laminae is attributed to the presence of calcified algal

filaments, while in the dense laminae the algal filaments are not aligned normal to the pisolith

surface. Couplets of laminae are also present in the rims of coated clasts formed on the

surface of playas @isacher and Eugster 1979). These couplets a¡e characterised by radial

calcite cones in the clear layers, and thinner dark layers composed of micrite which lacks

radial fabric. Radial fabric is reported in the laminae of pisoliths formed in rivers

(Braithwaite 1979). Coated clasts from the St Vincent Basin calcretes do not display such

structures.

There are signihcant differences between the morphology of coated clasts formed in

the vadose zone and those developed in soils at the top of the vadose zone according to

Esteban (1976). Vadose pisoliths lack calcified filaments (Dunham 1969). Moreover, they

frequently have very thick laminar rims which may thicken on the underneath of the pisolith
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(Swineford et al1958; Dunham 1969) and thus produce a polygonal frtting structure. The

laminae consist of micrite, microspar and radial fibrous spar. In the matrix of vadose

pisoliths, spar and fibrous calcite is dominant with minor amounts of detrital sediment

(Esteban 1976). These characteristics are very different from those structures in calcretes.

The laminae coating clasts in calcretes contain large needle-fibre calcite, micro-rods, calcified

filaments, micrite and occasionally microspar and detritat sediments (Calvet and Julia 1983,

Fig.4.15). There is no downwa¡d thickening of the laminae (Read 7974; Dixon 1978;

Calvet and Julia 1983) and one example has been sited in the literature of thickening on the

upper rim of 'large pisoliths' from Olduvai Gorge in northern Tanzania (Hay and Reeder

1978). The matrix be¡ween coated clasts in calcretes is dominated by micrite and needle-fibre

calcite, not spar and fibrous calcite typical of the vadose zone below (James 1972).

Siesser (1973) interpreted 'intraclasts' or pisoliths, as complex versions of

diagenetically formed coated grains. Where several grains were cemented together,

precipitation occurred around all these grains to form ín situ an'incipient intraclast'or

pisolith. In situ mechanisms of cracking (circumgranular) around a bioclast, dissolution to

round the nucleus, and the precipitation of carbonate in the cracks are the suggested processes

by V/ard (197 5) and Esteban (1973). Both Read (197 4) and Netterberg (1980) stated that the

nucleus of a pisolith is derived from the breakup of calcrete hardpan and that the laminar

coating developed on the fragment during rotation. The mechanism of rotation is visualised

as soil creep by Read (1974). Rotation during movement downslope would prevent the

preferential growth of laminae on the lower surface of the pisolith.

According to Calvet and Julia (1933)'pisoids' form by the coating of a nucleus in an

accretionary fashion. A thin cover of tangential needle-fibres generally initiated the coating,

followed by a random sequence in which radial needle-fibres and micro-rods were

precipitated as discontinuous or continuous layers on the nucleus. Precipitation of these

unstable crystals was thought to be organically controlled. Neomorphism was suggested by

Calvet and Julia (1983) as the mechanism responsible for the conversion of micro-rods and

large needle-fibres to cryptocrystalline anhedral crystals of low Mg calcite, thus the inner

laminae became characterised by diagenetically altered fabrics. Large needle-fibres and

micro-rods continued to precipitate as outer laminae incorporating detrital grains and pellets

from the surrounding matrix in the final phase of coating development.

ii) DrscussroN
Evidence from the St Vincent Basin suggests that coated clasts develop by a complex

series of processes. The presence of coated clasts in the carbonate silt discounts the

possibility that formation is only the result of circumgranular cracking in a hardpan. The

majority of coated clasts have either an indurated nodule or a fragment of hardpan as the core.

These nuclei were incorporated into the carbonate silt by reworking and then coated by

carbonate laminae. The fact that laminae are discontinuous indicates that precipitation was not
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controlled by the evaporation of a carbonate rich anached water film as identified in the

coating of grains. Evaporation of carbonate rich water trapped on the upper surface and sides

of the nucleus after the downwa¡ds movement of carbonate would produce a discontinuous

coating. During extremely dry periods when moisture is drawn upwards by capillary micrite

may precipitate on the lower surface of nuclei.

The presence of calcified frlaments in the laminae indicate that the deveþment of

laminae occurred in a pedogenic environment. The fact that lamina are always calcite rich

with respect to the nucleus and contain calcified filaments, suggests that laminae accumulated

in the upper part of the calcrete prof,rle where calcite is dominant and biological activity at a

maximum. The detrital quartz and feldspar in some laminae may have become trapped from

the surrounding carbonate silt during the precipitation of micrite. There is no preferential

thickening of laminae therefore some form of dislodgement of the clast possibly due to

bioturbation or soil creep, could have reoriented the clasts in the carbonate silt between

periods of micrite precipitation. Organic staining may be responsible for the black colours in

some laminae and it may be the organic matter which attracted fungal hyphae. Thus the

sequence involves a cycle of in situ accumulation of laminae in a soil environment, followed

by disruption and movement of the clast, possibly during downslope transport and further

accumulation of laminae. Larger clasts, such as cobbles and boulders, would be less easily

transported and consequently might remain stationary for very much longer than smaller

clasts. During these stationary periods preferential thickening of laminae could be expected.

4.6 WEDGES, BLOTCHES, AND STRINGERS

4.6. 1 DEFINTTIONS AND MACROMORPHOLOGY

Vertically elongate, irregular V-shaped bodies of unconsolidated to slightly indurated

ca¡bonate penetrating down into clay substrates, are termed'wedges' (Fig. 4.16a). Wedges

may have an indurated core sturounded by unconsolidated carbonate. They occur at the base

of the carbonate silt with which their contact is diffuse, and they penetrate down into the clay

substrate for distances up to approximately I mere. Wedges are highly irregular in shape.

The term'wedge' is only used to imply that the features are tapered from the ca¡bonate silt

down into the clays. Wedges are commonly white in colour, although some pinkish staining

is evident. The latter may be associated with root channels filled with reddish coloured soil

or iron mottled clays.

Adjacent to wedges in clay subsfrates, there may be isolated, unconsolidated,

centimetric, irregular shaped white masses of carbonate which are here termed 'blotches'.

Blotches in this position in the profile are not apparently connected to the carbonate silt.

Typically they are more rounded in shape than wedges and have diffuse to sharp boundaries.

The term blotch is also used to describe irregular shaped isolated carbonate masses that occur

in profiles were there is only a limited amount of carbonate i.e. there is no carbonate silt or
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hardpan (Fig. 4.16b). These blotches are smaller and may be the only form of calcareous

material in the profile.

Associated with blotches in some profiles there are centimetric, vertically elongate

concentrations of carbonate that a¡e here described as 'stringers' (Figs. 4.16b and2.16Ð.

The term stringer is dehned as "a mineral veinlet or filament occurring in discontinuous

pattern in the host rock" (Campbell et al 1972) when applied to ore deposits; the present

usage is consistent with this description. Stringers are generally white, slightly consolidated,

and have sharp boundaries. In some locations it is often difhcult to distinguish stringers

from broken rhizoliths. In any profile where stringers and blotches are found together, either

form may be dominant.

4.6.2 MTCROMORPHOLGY AND ULTRASTRUCTURE

In thin section, wedges have dense carbonate in the centre and diffuse boundaries.

There are rare inclusions of quartz and patches of clay associated with the carbonate. The

crystal habit of the dolomite which is abundant in many wedges (Figs. 4.I7) may vary from

euhedral rhombohedra to anhedral forms. The crystals vary in size from I to l0 pm, and

frequently the larger crystals are intergrowths of smaller crystals. In some samples, there are

flaky materials which occur coating and bridging between the dolomite crystals and are

thought to be clays (Fig. a.17f). Associated with some of the more anhedral dolomite there

are soft, partially dissolved crystals of halite (Fig. 4.17b). A thin section of the euhedral

rhombohedra illustrated in Figures 4.17 e and f, did not reveal any compositional zonation or

relict structures in the cores.

Thin section studies of blotches and stringers from several profiles at Modbury,

indicate that these two features can be distinguished on the basis of micromorphology.

Blotches are distinguished from the clay matrix by the concentration of anhedral micrite,

which infills intergranular voids and coats detrital grains (Fig 4.17 a) to form a 'floating

texture'. The detrital grains included in the blotches have a similar size and spatial

distribution to those in the surounding clay, and are dominantly quartz and feldspars. The

boundaries of blotches with the clays are diffuse, with rare exceptions where the orientation

of the clay matrix follows part of the outer edge of the blotch. In contrast, verúcally elongate

stringers (Fig. 4.17b) have sharp boundaries, rarely contain detrital grains, and are

sometimes composed of subhedral calcite crystals (Fig. 4.17c) which look like cereal grains

ranging in length from 1 to 8 ¡rm. Stringers studied in thin section appear to be carbonate

which fills cracks and voids in the clay subsfate.

4.6.3 MINERALOGY AND CHEMISTRY

In the present study, wedges contain high concentrations of dolomite (Table 4.8),

which varies in composition from 44 mol%o MgCO3 (calcian dolomite) to 50 mol%o MgCO3

(stoichiometric dolomite). Trace to codominant amounts of low Mg calcite (4-7 molVo
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MgCO3) and one example of ?high Mg calcite (9 moLTo MgCO3), have been found in some

wedges. It is questionable whether high Mg calcite (>8 mol%o MgCO3) is really present

because the method of estimating the proportions of MgCO3 and CaCO3 can produce errors

of up to 2.5 mol%o (Reeder and Sheppard 1984). Quartz, feldspars and clays are generally

present in minor to Eace amounts, and halite has been recorded in one sample (23a). When

the most indurated part of sample 23 was analysed (23b), it was found to contain only

dolomite (44 mol Voìl{gCO) and quartz. The more weakly indurated material in this wedge

(23a) is composed of dolomite (49 molVo MgCO3), calcite, qtrartz, feldspar and halite (Table

4.8).

XRF analyses of wedges (Table 4.9) indicate high concentrations of MgO, consistent

with the dolomite mineralogy. There is more MgO in wedges than any other feature

recognised in the calcretes (Fig. a.Ð. The acid-insoluble content of wedges is variable (Fig.

4.2d). The indurated cores of wedges typically have high total carbonate contents of 78 to

927o (Appendix H), with a significant decline to between 40 and 48Vo total carbonate towards

the margins (Fig. 4.16c). In the wedge illustrated in Figure 4.16c the decline in CaO and

MgO away from the core is balanced by an increase inFe2O3, MnO, TiO2, K2O, SiO2,

AI2O3,PZOS and Na2O (Table 4.9). Electron microprobe analyses of sample 10 (Table

4.10) were undertaken to check the composition of dolomite in this wedge. Even analyses

with poor totals have been included to demonsrate that the MgO content did not reach the

ideal composition of 2l.l2wt%o (Deer et a|7966) and that SiO2 and Al2O3 were detected in

all analyses, with FeO, Na2O and K2O in some analyses. These euhedral rhombs (Figs.

4.I7 e & Ð are calcian dolomites and there is no indication of high Mg calcite. The SiO2 and

Al2O3 contents are attributed to the presence of clays and detrital grains associated with the

dolomite (Table 4.8).

The carbonate mineralogy of blotches generally varies according to position in the

profile. Blotches associated with wedges may be relatively rich in dolomite, while those

higher in the profile associated with stringers, are rich in low Mg calcite. Quartz, feldspars

and clay are also present. The composition of blotches falls within a similar field to carbonate

silt on ternary diagrams (Fig. a.2d). The total carbonate content (acid-soluble Ca+Mg) of

blotches varies between 37 and63 Vo (Appendix H).

Stringers are relatively rich in low Mg calcite, and dolomite can be present but only as

a minor component (Table 4.8). Quartz, feldspars and clays are also recorded in stringers.

However, a significant proportion of this detrital material forms part of the clay substrate in

which the stringers have developed. It is extremely difficult to separate stringers from the

substrate during sampling. This sampling problem has undoubtedly influenced the

compositional field of stringers on ternary diagrams (Fig. a.2d) where they appear to have a

high acid-insoluble residue. The total carbonate content of stringers ranges between l8 and

TIVo (Appendix H).
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4.6.4 ORIGIN OF WEDGES. BLOTCHES. AND STRINGERS

A. Wedges

The origin of wedges or 'vertically elongate glaebules' was considered by Klappa

(1980, 1933) and Esteban and Klappa (1983) to be related to rhizoliths and the downward

movement of water. In contrast, Kapur et al (1987) thought that'calcite columns' were

probably related to the deposition of calcite in desiccation cracks developed in clay substrates.

Variations in crystal size were interpreted as different stages in the translocation and

recrystallization of the calcite.

Neither hypothesis fully explains the characteristics of wedges on the eastern margin

of the St Vincent Basin. The lack of calcif,red micro-organisms, which would have been

associated with roots in the wedges, and the association of wedges with clay substrates

favour the hypothesis of Kapur et al (1987). The Pleistocene clay substrates ¿re subject to

cracking during dry periods to a depth of approximately 1 metre Qters. comm. M.Sheard) and

carbonate may have accumulated in these cracks. However, wedges formed under these

conditions would have sharp boundaries and should exhibit some form of sedimentary

layering, as found by Kapur et al (1987)

In a few profiles there are breaks in the Si/Al and Tt/Zr ratios (e.g. Fig. 3.11) which

correspond to the basal carbonate silt -clay contact and suggest sedimentary layering. It is

possible that the indurated centre of the wedge where there is relatively little detrital material

was the original carbonate filled crack and that the carbonate subsequently diffused into the

adjacent clay.

The concentration of dolomite in wedges, and the fact that these features are only

associated with clay subsffates, lends support to the hypothesis that the Mg for the dolomite

may be locally derived from the clays. However, there is no evidence to negate the

possibility that the dolomite has formed due to the preferential mobilization of Mg or the

enrichment in Mg of solutions moving down profile due to removal of Ca in the zone of

biological activity. It is possible that a combination of all 3 processes is responsible for the

formation of dolomite in wedges. The euhedral nature of rhombohed¡a in some profiles

indicates that ideal conditions prevailed for slow recrystallization of dolomite. Examples of

anhedral dolomite are common and at least one sample has been found associated with halite.

The latter may have contributed to the dissolution of the dolomite, since in saline solutions

dolomite is more soluble than calcite (Revelle and Fairbridge 1957).

B. Blotches

The formation of blotches (orthic nodules) in calcareous soils was considered by

Wieder and Yaalon (197 4) to be related to the gradual precipitation of micrite in voids which

caused displacement of the clay minerals. They noted that the spatial distribution of quartz

grains was the same in the'nodule' as the surrounding matrix. Further, Wieder and Yaalon

(I974) thought that clays played "an active role in carbnate precipitation" thus the type of
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substrate was considered to effect the size of calcite crystals. Later, Wieder and Yaalon

(1932) hypothesized that the fabrics of 'orthic nodules' \ryere a function of the "nature of the

host matrix, carbonate and non-carbonate clay distribution, bulk density and the interactions

among them", but were not related to any biological influences. They reiterated that the

stages of 'nodule' formation were different in different types of soil materials.

The results of the present study are in general consistent with the findings of Wieder

and Yaalon (1974,1982). However, microspar has not been observed in blotches but does

occur in stringers and wedges. The actual mechanism(s) of blotch formation is thought to be

related to the precipitation of micrite in voids. Carbonate charged solutions moving down

profile precipitate calcite in response to local changes in the microenvironment with respect to

moisture, pH and pCOZ. The mineralogy of blotches is related to their position in the profile,

which commonly involves an increase in the proportion of dolomite with depth (Phillips and

Milnes 1988).

C. Stríngers

The vertically elongate nature of stringers suggested to Milnes and Hutton (1983) that

these features were of illuvial origin, probably due to the "precipitation of carbonate leached

down from the surface layers of the profile by soil water". If illuviation followed by

precipitation was the basic mechanism by which stringers formed, then they should have the

same micromorphology as blotches. Stringers generally have sha¡p boundaries, are elongate

and may be composed of microspar. The latter suggests that crystallization has occurred

more slowly than in blotches where the carbonate is anhedral and micritic. It is possible that

stringers have developed due to carbonate precipitation within some pre-existing structure

such as a fracture in the clays, an insect burrow or root channel, which has predetermined the

vertically elongate shape and sharp boundaries.

4,7 RHIZOLITHS AND CALCIFIED INSECT PUPAL CASES

Little emphasis was placed on either of these features since they are poorly developed

in the study area. Yet they are considered important as indicators of pedogenic environments

4.7.1 RHIZOLITHS

A. Defínítíon and macromorphology

Rhizoliths were defined by Klappa (1980a) as "organosedimentary structures

resulting in the preservation of roots of higher plants, or remains thereof, in mineral matter".

Despite the genetic implications of an association with plant roots this term is here adopted for

several reasons. The actual mechanism of preservation is not included in the definition, the

sructures are root-like in morphology, and most workers recognise this association (e.g.

Mount and Cohen 1984).
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Two types of rhizolith can be identified in the field. By far the most conìmon form

(Fig. 2.L6e) consists of near vertical, indurated, carbonate filled tubes (root casts in Klappa's

terminology). In general these root casts are only a few centimetres in diameter, do not

display any kind of internal structure and may have a number of horizontal fractures. The

length of root casts is highly variable, as is the degree of induration, and branching has been

observed in some examples. Root casts are typically found in the carbnate silt and are

associated with wedges and rectangulat texture at the base of the profile. The other form of

rhizolith is a'rhizocretion', which is defined by Klappa (1980a) as a "pedodiagenetic

accumulation of mineral matter around roots". The incompletely decayed, blackened remains

of modern plant roots, mixed with clay and some detrital grains which were probably derived

from the soil at the top of the exposure, occur in the cenre of rhizocretions (Fig. 4.le).
Surrounding the decaying root there is an irregular shaped sheath of cemented carbonate

which has a diffuse boundary with the adjacent carbonate silt.

B. Mícromorphology, ultrøstructure ønd mínerølogy

In thin section, root casts may be infrlled with ca¡bonate pellets, clay, quartz grains

and patches of iron-stained clay. Root tubules consist of micritic cement with a few detrital

grains surrounding a near circular core filled with clay and quartz. The tubule-soil contact

can be either diffuse or sharp. The core of a root cast viewed in the SEM (Fig. 4.17d)

showed that subhedral carbonate is the cementing agent and there is a suggestion of cell-like

structure preserved in the cement.

The mineralogy of rhizoliths (Table 4.8) indicates these structures can be either

dolomite rich or calcite rich. On compositional ternary diagrams (Fig. a.zd) based on XRF

data (Table 4.9) dolomite rich rhizoliths plot in the same area as wedges. Calcite rich

rhizoliths have similar compositions to nodules with a low acid-insoluble content (Fig. a.zd).

C. Orígín of rhízolíths

i) HYPOTHESES IN TFIE LITERATLIRE

The mechanisms by which rhizoliths may form have been reviewed by Johnson

(1967), Klappa (1980a), Mount and Cohen (1984), Jones and Ng (1988), but are still not

fully understood. Johnson (1967) listed 5 biochemical conffols of 'root sheath'formation;

organic acids excreted by the living root, soil bacteria and fungi in symbiotic relationships

with the root, "blue-green soil algae which have calcium carbonate- precipitating bacteria

housed in their slime sheaths" and the ability of some roots to exclude the uptake of calcium.

However, the organic acids were considered by Johnson (1967) to be the most likely control.

He suggested that when combined with soil moisture d¡awn towards the root, ionic exchange

from organic acids would cause the formation of carbonic acid. Carbonic acid could dissolve

any surounding carbonate and allow it to be reprecipitated adjacent to the root after

evaporation or a loss of carbon dioxide. On the other hand, the process responsible for the
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development of 'root casts' was considered to occur after the death of the plant, when moulds

of root channels were slowly infrlled by'caliche' (Johnson 1967).

Klappa (1980a) noted that the maximum size of 'root tubules' (root sheaths of

Johnson) was directly associated with the extent of root hair penetration into the soil. When

the root hairs die, as the growing tip of the root extends deeper into the soil, the associated

drop in pCOZallowed the precipitation of carbonate adjacent to the root. Thus Klappa

(19S0a) described the formation of a root tubule as a'centripetal process' gradually

advancing downwards into the soil. Once the root starts to decay, \¡/ater preferentially moves

down the tubule from the overlying soil and may assist in the calcifrcation of the remaining

organic matter.

Carbonate cementation of sediments adjacent to roots is considered by Jones and Ng

(1983) to be a function of the abundant micro-organisms associated with the roots and the

fact that roots "form conduits which allow \ilater to penetrate deep into the substrate". They

suggest that differences in cement types in rhizoliths may reflect different subsfates, plant

types and ground water compositions.

ii) DrscussroN
Rhizoliths are poorly preserved in the study area when compared to the dense

networks observed in coastal aeolianites on Kangaroo Island and Yorke Peninsula. The

abundance of carbonate and the highly porous and permeable nature of the aeolianites is

thought to favour rhizolith development. On the eastern margin of the St Vincent Basin

where many calcretes have noncalcareous clay substrates, the relative absence of rhizoliths

may be attributed to expansion and conraction in the clay which causes fracruring and

displacement of the root casts. Where sandy substrates are available rhizoliths are better

preserved. Preservation may also have been limited by the higher rainfall on the eastern

margin of the St Vincent Basin.

All the mechanisms of rhizolith formation proposed in the literature appear to have

some merit, especially that of Klappa (1980a). There is no evidence in the present study to

dispute any of these hypotheses.

4.7.2

A. Defínitíon and macromorphology

Calcified insect pupal cases are carbonate cemented structures of variable shape,

which are formed by insects pupating in soils. The case or cocoon, may be hollow, or filled

with unconsolidated or cemented soil.
'Well preserved examples of calcified insect pupal cases were studied from Eyre

Peninsula as a basis for identifying similar sffuctures on the eastern margin of the St Vincent

Basin. At least two different types of insect pupal case have been recognised in the

aeolianites on Eyre Peninsula. The largest pupal cases are ovoid in shape, 4-5cm in length,
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2-3cmin width, may be either well indu¡ated or crumble on touch, and commonly have a

large opening at one end (Fig. 4.18a). These large pupal cases form lag deposits at Point

Labbatt and may be found in association with a second type of pupal case. The second type

of insect pupal case is elongate, 40-70mm in length, 17 -20mm in width, may be either well

indurated or extremely fragile, is rounded at one end and truncated at the other (Fig.

4.18c,d&e). Large holes are found in the centre of these elongate fossils, whilst smaller

holes are rare. Typically the elongate fossils are found in a horizontal orientation

incorporated into the base of thin hardpans (Fig. a 18d). Alternatively, weakly indurated

forms a¡e found on the exposed surfaces of sand dunes (Fig. a.18 c&e).

On the eastern margin of the St Vincent Basin calcified insect pupal cases are evident

at many localities, especially where there are sandy substrates. Commonly, verY weakly

cemented, infilled pupal cases, which are compffable in size and shape to the large pupal

cases from Eyre Peninsula (Fig. 4.18b) occur as clusters in near horizontal orientations in the

carbonate silt immediately below hardpans. Rare examples of ovoid hollows in biscuits (Fig.

4.19a) also resemble these pupal cases. tæss frequently, very fragile elongate pupal cases

occur in sandy soils and carbonate silt at Lonsdale. At the top of a coastal exposure near the

railway cutting at L,onsdale, there is a layer approximately 20-30cm thick of coated clasts and

small (1-2 cm diameter) rounded, calcified insect pupal cases (Fig. 4.18Ð. The topographic

position of this exposure is similar to that of the profile containing abundant coated clasts in

the railway cutting. These pupal cases are only weakly cemented by micrite and are generally

hollow with a central hole; they provide a third type of pupal case, which was not recognised

on Eyre Peninsula.

B. Mícromorphology
In thin section, well indurated insect pupal cases from Eyre Peninsula have a smooth

inner surface and a relatively irregular outer wall. Large pupal cases have walls up to 7mm

thick, which are composed of a mixture of quartz, micrite and shell fragments. The material

infilling the cases is identical to that of the walls. Similarly, the elongate pupal cells are

composed of quartz, micrite and shell fragments. The wall thickness of the elongate cases is

variable depending on the orientation of the thin section with respect to the concave partitions

within the case. The surrounding aeolianites and unconsolidated sands have the same

composition as the pupal cases.

The small, rounded insect pupal cases, which cropout near Lonsdale, are composed

of micrite and quartz. The outer surface of these cases is irregular in form and porous. The

skin from an insect, found at this site (Appendix I, micrograph O), may be related to the

insects which formed these small pupal cases.
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C. Origin of Calcffied ínsect pupal cøses

Calcified insect pupal cases or cocoons associated with calcretes are universally

accepted as evidence of a soil environment (Fafubridge 1948; Read 1974; V/ard 1975; Esteban

and Klappa 1983; Milnes and Ludbrook 1986). I,ea (1925) reported that the large, broad-

nosed wingless weevil lzptos duponti, now known as Leptopius duponti (Boisduval) (pers.

comm. E.C. Zimmerman), was found inside one of the large pupal cases described from

Eyre Peninsula. Leptopi¡¿s varies greatly in size from a few mm to 3 cm. It feeds on the

foliage of various species of Acacia and pupates between the roots of these trees so that larvae

have a ready source of food Qters. comm. E.C. Zimmerman). The insect constructs the

pupal case by moistening the sides of the chamber with saliva and/or other secretions, which

act as a glue for the surrounding soil particles (pers. comm.E.C.Zimmerman).

Impregnation of the case by carbonate at a later stage leads to preservation.

The elongate type of pupal case from Eyre Peninsula has been recognised by Houston

(1987) as the petrified brood cell of stenotritid bees. The bees burrow into soils formed on

level ground. The brood cell is constructed at the end of the burrow by cementing the walls

with a secretion. The chamber is then plugged and several concave, cemented partitions of

soil are used to prevent access to the chamber (Houston 1987).

Calcifred insect pupal cases in this study have affinities with the fossils produced by

Leptopius and stenotritid bees. Lea (1925) suggested that small pupal cases, with median

holes, may be produced by cockchafers and other soil beetles. Thus the small, rounded

pupal cases found near Lonsdale, may have been formed by soil beetles. The thickness of

the deposit at this site is gteater than a natural colony would have produceÀ Qters. comm.D.

Pinnock). This fact suggests that the pupal cases have accumulated as a colluvial deposit.
'Weevils, burrowing bees and ?beetles, evident from the fossil pupal cases and brood

cells, represent soil fauna which were active in unconsolidated calcareous soils. In addition,

the weevils may indicate whereAcacias were found in the landscape. The common

occurrence of unlined channels in the consolidated zone may represent the activity of ants or

other insects burrowing to find water (Fig. a.19). Undoubtedly the soil fauna was more

varied than identified here but this does not diminish the importance of pupal cases in the

recognition of a soil environment.

4.8 HARDPANS

4.8. 1 DEFINTIION AND MACROMORPHOLOGY

Hardpan is the term used for a "relatively hard, impervious... layer of soil lying at or

just below the surface, produced as a result of cementation of soil particles......Its hardness

does not change appreciably with changes in moisture content, and it does not slake or

become plastic when mixed with water..." (Campbell et al 1972). This indurated layer was

frequently referred to as 'calcrete' when composed of calcium and/or magnesium carbonates
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(Reeves 1970; Gardner 1972; Siesser 1973; Knox 1977;McDonald et al1984), but the

number of workers now using'calcrete' in this sense is declining. 'Hardpan' is probably the

most popular alternative term for a horizontally disposed indurated zone in a calcrete profile

(Netterberg 1969,1978. 1980, 1983; Dixon 1978; Watts 1980; Esteban and Klappa 1983;

Klappa 1983; Milnes and Hutton 1983; Netterberg and Caiger 1983).

For descriptive purposes, hardpans from the eastern margin of the St Vincent Basin

have been suMivided into two types . Those hardpans which are less than 30 cm in

thickness are described as 'thin'. These hardpans commonly occur at the top of complex

profiles and contain dark cored nodules. Hardpans greater than 30cm in thickness are

described as 'thick' or'rubbly'. The latter descriptive term refers to the large number of

coated clasts which are cemented into these hardpans. Three zones (laminar, consolidated

and platy) have been recognised in calcrete hardpans. In any given hardpan, all three zones

may not be present.

The laminar zone of variable thickness and lateral continuity occurs at the top of most

hardpans, and may be found on the surface of calcareous bedrocks (Fig 4.20a) such as the

Brighton Limestone and the Taptey Hill Formation. Apart from a horizontal rather than

concentric disposition, the individual lamina are very similar in composition to those forming

coatings on clasts. The laminae ¿ì.re composed dominantly of ca.rbonate with some detrital

quartz. Lamina are laterally discontinuous and variable in colour, commonly buff, white,

pinkish or grey. Thickness of the laminar zone varies from less than I nìm up to 10 cm. The

maximum thickness occurs where laminae infill shallow hollows (Figs. 2.8c,2.70e,4.20

a&b) or depressions in the surface of the consolidated zone. However, in deeper solutional

features such as pipes, the laminar zone is much thinner (less than 5 mm) and of uniform

thickness.

The consolidated zone occurs immediately below the laminar zone and displays a wide

variety of forms. It varies significantly in the degree of induration, lateral continuity, colour,

and structure. This zone has a maximum vertical thickness of approximately 3.5 m and

frequently is composed of coated clasts and nodules cemented by carbonate.

Plate-like structures occur in the basal zone of many hardpans (Figs. 4.20c,4.21b).

This zone frequently has a gradational contact with the consolidated zone. 'When the

consolidated zone is absent, plates are the only zone in the hardpan (Figs. 2.10c &.2.llc).
Plates are laterally discontinuous over only a few centimetres, they lack nodules and coated

clasts, and are only weakly indurated. Visually plates give the impression of bedding, but no

changes in composition or grain size are associated with these structures. Weakly developed

individual plates do not have clear boundaries and are typically surrounded by carbonate silt.

In conÍast, more indurated forms which have sharp boundaries occur in moderately

indurated carbonate, where they may form wavy patterns (Fig. a.2lb).
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A. Thín hardpans

Strongly indurated (Fig.4.20c) thin hardpans may be buff, pinkish or purplish-

brown in colour with the degree of discolouration increasing towards the surface of the pan.

Both the upper and lower contacts of the consolidated zone in these hardpans are undulatory

and sharp, and the degree of induration is relatively uniform. Thin hardpans may be

segmented (Fig a.20 d, e&f) into horizontally disposed, flat decimetric blocks or 'biscuits'

(Phillips et al 1987). The upper surface and sides of biscuits are frequently coated by laminae

while the base has a mamillary form due to the adhesion of nodules and coated clasts. Where

the exposed surfaces of thin hardpans are undulatory they are comparable to 'lapie' surfaces

from karstic tenains (Fig. 2.13b). At the base of thin hardpans there is frequently evidence

of bioturbation in the form of burrows (Fig a.19b), and calcified insect pupal cases.

The carbonate cement in thin hardpans commonly has a minor detrital sand-size qua.rtz

component. In some examples, veins of white carbonate form intricate networks within the

cement, and several phases of carbonate deposition may be evident. Indurated nodules and

coated clasts of various sizes, occur in random orientations within the cement (Fig. 4.9) and

at many sites dark cored nodules are common.

B. Thíck or rubbly hardpans

The upper surface of thick or rubbly hardpans are often characterised by karst features

(Fig. a.21). V-shaped solution pipes and shallow channels 20 to 30 cm deep, occur in the

upper part of the consolidated zones. Poorly sorted coated clasts and carbonate silt infill

these solutional features at some sites (Fig. 4.21b). 'Where the hardpan is only moderately

indurated solution pipes may be over 1m deep and wide. The result is that pillars of hardpan

are left in isolation surrounded by carbonate silt. Tunnels or caves occur within these pillars

and are infilled, with carbonate silt and nodules (Fig. 4.21d). All these solutional features,

with the exception of caves, are coated by laminae.

V/ell indurated, thick or rubbly hardpans (Fig. 4.22a) are typically buff or pinkish in

colour and contain fewer da¡k coloured nodules than thin hardpans. Rubbly hardpans

represent an amalgam of vast numbers of coated clasts, nodules, laminae and cement.

Smaller coated clasts concentrate in the spaces and depressions between coated cobbles and

boulders. The latter are cemented into metre-sized blocks which give the hardpan a massive

external appearance (Fig.4.2la). The fractures which outline the blocks are thinly coated

with carbonate. Where two rubbly hardpans are separated by carbonate silt, they can merge

laterally over a distance of only a few metres and the metre-sized blocks may be replaced by a

conglomerate of coated clasts. Rubbly hardpans have also been observed which pass

laterally into carbonate silt.

In thick hardpans which are only moderately indurated, the degree of induration

typically increases towards the surface of the hardpan. Commonly these hardpans which are

associated with sandy substrates a¡e buff to pinkish-red in colour with a gradational lower



123

boundary and a sharp upper boundary. The consolidated zone may be either relatively

uniform in morphology or variegated due to horizontal and vertical veins of carbonate which

delineate rectangular patterns Qig. 4.22b). The material in the cenüe of these rectangles is

commonly less calcareous than the surrounds and the pattern produced is not always strictly

rectangular (Figs. 2.I0a,2.19b,4.22b). The ca¡bonate veins are characteristically indurated

and may standout as thin ridges. At some sites they have the appearance of rhizoliths.

4.8.2 MICROMORPHOLOGY AND ULTRASTRUCTURE

A. Lamínar zone

In the St Vincent Basin, laminar zones are developed on three different substrates,

Quaternary limestones, Precambrian calcareous siltstone and calcrete hardpans. On the

Quaternary limestones which were recovered by drilling from GuH St Vincent, 3 types of

laminae are evident. The contact between the limestone and the laminae of 2 samples (235

and239) is characterised by a single thin, homogeneous layer of clear microsp¿r, or a band

of bladed calcite spar which follows undulations within the limestone (Figs. 4.23 a,b &c).

The bladed spar consists of rod-shaped crystals up to 40 pm long and less than 4 pm wide,

arranged in interlocking fan-like pattems (Figs 4.23 b&c). Above this type of layer there are

two other types of laminae. The basal laminae contain between 5 and 40 Vo detntal quartz,

shell fragments and ooids which'float'in a micritic matrix. These laminae are irregular and

wavy in outline,laterally discontinuous, and commonly have pore spaces and fractures

partially infilled with microspar. Overlying laminae (Fig. 4.23d) are laterally more

continuous, more uniform in width, include less than 5 7o detntal quartz and are composed of

altemating layers of stained micrite and some microspar. The micrite is anhedral and

approximately 0.2 pm in diameter (Fig.4.23e). Halite is frequently found in the pore spaces

of these micritic laminae (Fíg a.nfl. In the limestones below the laminar zone, allochems

are coated with micrite; needle-fibre calcite and calcified frlaments occur in the voids; and

sparry calcite is in various stages of alteration to micrite (Figs. 4.23 g & h). All three types

of laminae are only present on two samples (235 and 236),where they occur in the order

described above. The other samples have either the basal type of porous laminae, or the more

continuous dense type of laminae without the microspar or bladed spar layer.

A srongly indurated laminar zone on the Glen Osmond Slate at Modbury contains

two types of laminae (Fig 4.2Ð. Laminae at the base of the thin hardpan are laterally

discontinuous over short distances and include between 5 to 50Vo detrital quartz, ooids,

pellets, nodules and siltstone rock fragments which 'float' in a micritic matix. Some of these

laminae are marked by differences in staining and may have either sharp or diffuse

boundaries. Calcif,red filaments a¡e evident in the pore spaces. The second type of lamina is

micritic, has no detrital inclusions, its boundaries are diffuse, voids are infilled with

microspar (Fig.4.24b) and the laminae are laterally more continuous than those at the base of

the zone.
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The laminar zone at the top of the moderately indurated hardpan at Lonsdale and on a

biscuit at Modbury contains only one type of laminae (Fig. 4.24 c&d). The laminae are

micritic, undulatory, discontinuous, have less than l Vo detital quartz inclusions, and

boundaries a¡e diffuse except where there are laterally elongate areas of more coarsely

crystalline carbonate. These areas concentrate on the crests of undulations. At the base of the

laminar zone atlonsdale, pellet'ghosts' are visible in a shallow depression and the

immediately overlying lamina is laterally more continuous than those above. Calcifred

filaments are rarely evident in these laminae.

B. Consolidated and platy zones

In moderately consolidated zones there are many textures evident that are not as

obvious in strongly consolidated zones. The most contmon texture in the moderately

consolidated zone at Lonsdale consists of detrital grains coated and separated by a micritic

matrix (Fig. 4.25 a&b). Rarely do any of the detrital grains have points of contact, thus they

appear to'float'in the micrite. The detrital grains are dominantly subangular to well

rounded, fine grained qtrartz. The¡e are minor amounts of feldspar (plagioclase, microcline

and K feldspar) which often have embayed rims and are subrounded to rounded. Clay and

numerous calcified filaments are intimately mixed with the micritic carbonate of the matrix.

The catcified filaments are most obvious in the voids and spaces between detrital grains. The

matrix in some samples is clay rich, and in these instances the clays may be oriented parallel

to grain surfaces and form cutans around voids.

Carbonate veins within the consolidated zone at Lonsdale, are generally horizontal in

orientation, undulatory, and have diffuse boundaries. They ate composed of varying

amounts of micrite, clay, calcified filaments, needle-fibre calcite, quaftz and pellets.

Horizontal veins are similar to laminae described from the top of the hardpan, although

microspar has been observed infilling pore spaces. V/here rectangular texture was identified

in the consolidated zone, some veins are evident cross-cutting each other at various angles

(Fig. 4.25c). The near vertical veins are frequently the last formed in these sequences and

appear to be channels infrlled with needle-frbre calcite, pellets and detrital grains (Fig. a.25d).

V/here veins mark channel margins they are generally thin and predominantly composed of

micrite (Fig.4.25e).

Two textures in the consolidated z.ane are conrolled by the arrangement of needle-

fibre calcite. Alveolar texture (Fig. 4.25e) is a mesh formed by the tangential alignment of

needle-fibres around tubula¡ voids (Phillips and Self 1987). This texture is frequently found

within chzurnels in the consolidated zone. Randonìly oriented, needle-fibre calcite also infills

voids and channels (Fig. 4.25d). V/here micrite has precipitated on and between the needle-

fibres dense mats are formed.

Rare examples of other textures in the consolidated zone include pellets cemented by

micrite and calcified filaments (clotted texture), and microspar filling voids and coating
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grains. The pellets are irregular in outline and difficult to discern (Fig. a.25Ð from the

micrite cement which partially infills intergranular voids. Where voids are lined or infilled

with microspar, juxtaposed quartz grains in the matrix are also uniformly rimmed by

microspar. The micrite around these grains is very dense and no calcified filaments or

needle-fibres are evident.

Thin section and SEM micrographs of strongly consolidated zones are characterised

by floating grain and laminar textures, with numerous nodules and a few coated clasts. Vast

numbers of calcified filaments are evident in the matrix (Fig. 4.26 a&b), and channels that

have been laminated and infilled can be recognised. There are relatively few patches of dense

needle-fibre calcite (Fig.4.26c). Anhedral micrite is the dominant crystal habit (Fig.4.26

d&e), and clays are evident as void linings (cutans) (Fíg. a.26 f).

The platy zone contains rhizoliths, needle-fibre fabrics (Fig.4.269) and calcified

filaments. Examples of needle-fibre calcite from the platy zone were well illustrated by

Phillips and Self (1987). There are significant variations in the crystal habit of carbonate

(Fig. 4.26h) within this zone. Both micrite and subhedral microspar form layers within the

plates. The microspar consists of weakly developed scalenohedra that are composed of

smaller crystals.

4.8.3 MINERALOGY AND CHEMISTRY

Bulk XRD analyses of hardpans (Table 4.1 1) indicate that calcite and dolomite are the

principal carbonate minerals. The calcite is generally low Mg calcite with up to'l molVo

MgCO3, and the dolomite is calcian dolomite with between 40 and 48 mo|Vo MgCO3. In the

laminae on the Quaternary limestones, the calcite is stoichiometric. The trace of aragonite in

one of these samples is attributed to the presence of foraminiferal tests, which can be seen in

thin section. Qualitative estimates of the relative proportions of calcite and dolomite in the

hardpans (Table 4.11) indicate that low Mg calcite is generally the dominant carbonate

mineral, although calcian dolomite may dominate in some hardpans. Biscuits, well indurated

thin hardpans and rubbly hardpans contain more calcite than moderately indurated hardpans.

Quartz, feldspars, clays and a trace of hematite were the only other minerals detected.

The relative abundance of these minerals is greater in the slight to moderately indurated

hardpans than in the well indurated biscuits and rubbly hardpans. Illite, randomly

interstratified materials, and kaolinite are the most common clay minerals (Appendix F).

There are lesser amounts of smectite and vermiculite in samples from some localities.

XRF analyses (Table 4.12) of the hardpans reveal that the major oxides are CaO,

SiO2, MgO, AI2O3 and Fe2O3, which is consistent with the mineralogy. The abundance of

CaO is highly variable in the slight to moderately indurated hardpans, ranging from3.2wt%o

in areas of rectangula¡ texture to 40.3 wt%o in moderately consolidated zones. In biscuits and

well indurated thin hardpans the proportion of CaO is less variable (26.7 -44.5 wtVo) and

higher than for poorly indurated hardpans. In the slight to moderately indurated hardpans,
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SiO2 varies from 13.6wt%o to 86.2 wt%o andoften is the dominant oxide. In the more

indurated biscuits, thin hardpans and platy zones there is significantly less SiOZ (9.1 to39.4

wtVo). MgO does not show any consistentrelationship with either CaO or SiO2. The

ternary compositional plot of hardpans (Fig. 4.2e), when compared to other calcrete

morphologies, highlights two trends. The majority of slight to moderately indurated

hardpans contain approximately the same amount of end member CaO and MgO as carbonate

silt samples (Flg.4.2a). Biscuits and thin hardpans are relatively deficient in end member

MgO compa¡ed to other hardpans, and have similar proportions of end member CaO as

coated pebbles, cobbles and boulders and the upperrange ofnodules.

Total carbonate contents ( acid-soluble Ca+Mg, Appendix Ð show that moderately

indurated hardpans at Modbury contain between 54.7 and79.97o carbonate. Biscuits and

thin hardpans from various locations range from 62.0 to 88.9Vo total carbonate and the platy

zone varies from 57 .7 to 80.IVo total carbonate. These percentages all fall within the range

suggested by Gile (1961) for strong to very strongly indurated horizons. The fact that some

of these hardpans can be broken in one's fingers, implies that total carbonate contents may

not be a reliable estimate of the degtee of induration.

4.8.4 ORIGIN OF HARDPANS

A. Hypotheses ín the líterature

A review of South Australian literature conceming the formation of calcretes indicates

that early debates centred around the direction in which carbonate charged waters were

moving: either ascending or descending in the profile. The weight of evidence favoured the

illuviation of carbonate via percolating rain 'water, followed by reprecipitation at depth. Most

hypotheses of the genesis of pedogenic hardpans are based on this premise.

Glle et al (1966) visualised four stages in the development of pedogenic hardpans.

The stages varied slightly according to the type of substrate (gravel and nongravel), but

always culminated with the development of a plugged horizon or hardpan. Stage I was

characterised by thin discontinuous carbonate coatings on pebbles and grains. The continued

precipitation of authigenic carbonate in stage 2 eventually caused the complete envelopment of

pebbles and grains, the formation of nodules and some interpebble cements. As the

proportion of inteqparticle space occupied by authigenic carbonate increased in stage 3, the

horizon became 'plugged' preventing the downward movement of water. Ponding on the

surface of the plugged horizon by carbonate charged waters, followed by evaporation,

resulted in the deposition of nearly pure carbonate as the laminar horizon in stage 4.

Machette (1985) considered that there were two additional stages of carbonate

morphology evident in middle Pleistocene and older soils of the southwestern United States.

His stage 5 included thick (>lcm) laminae and'incipient pisolites'. Stage 6 was

"characterized by multiple episodes of brecciation and pisolith formation through relamination
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and recementation of breccia fragments" (Machette 1985, p.5) to form a thick indurated

hardpan.

Many subsequent workers have incorporated and expanded the ideas of Gile et al

(1966), into various models of hardpan genesis (Reeves 1972; Read 1974; Wilson 1981;

Arakel 1982; Blumel1982; 'Warren 1933). It is generally believed that micrite is initially

precipitated around grains and then be¡ryeen grains to form eventually the consolidated zone

(Read 1974; Arakel I982:'Waren 1983). Most recent models, such as that by Machette

(1985), have emphasised that hardpans form initially at depth in a profile and may become

subaerially exposed at a later stage (Read 1974; Reeves 1976;'Wilson 1981; Arakel1982;

Blumel 1982; 'Waren 1983). Brecciation, erosion, dissolution, recementation and diagenesis

record these periods of exposure as disconformities in the sedimentary sequence (Milnes and

Hutton 1983).

A more complex model of calcrete genesis was presented by Klappa (1983) which

stressed biological and pedogenic influences in the early stages of profile development and

diagenetic processes during induration. Klappa (1983) hypothesized that processes active

during the initial accumulation of calcium carbonate when water could still move vertically in

the prof,rle included lining and f,rlling of pore spaces, replacement of quartz and other minerals

by calcite, formation of 'glaebules' and calcification of biological components such as roots,

filaments and fecal pellets. With decreasing porosity and permeability, soil water was forced

to move laterally and plant roots followed the water, with the result that a'sheet calcrete

horizon' or platy zone formed. Diagenetic processes, such as cementation and replacement,

then become dominant and induration occurred. Reworking and'weathering of the indurated

horizon followed at a later stage.

Esteban and Klappa (1983) suggested that platy structure was the precursor to

hardpan development and that the plates were dominantly horizontally oriented rhizoliths that

might reflect a plant succession in the soil. They considered that the sequence in hardpan

development should be unconsotidated carbonate, nodules, platy suucture and finally the

hardpan. Most workers in the past have ignored the platy structure stage.

The development of hardpans on limestone substrates are thought to be the result of in

siru processes. The limestone may be altered by brecciation, recrystallization, micritization

and bioturbation to provide a source of carbonate for later reprecipitation and induration

(Multer and Hoffmeister 1968; James 1972; Kahle 1977;Harnson 1977). In addition, some

workers (Rabenhorst and V/ilding 1986c) consider that water percolating through the

limestone also causes dissolution and reprecipitation at depth in the profile.

Two mechanisms are recognised as responsible for the genesis of laminae above

limestones and consolidated zones in calcretes. The majority of workers consider that once

the porosity of the consolidated zone is reduced to such an extent that vertical water

movement is no longer possible, then ponding and evaporation of carbonate rich waters will

result in the deposition of laminae (Gile et al 1966: Warren 1983; Rabenhorst and V/ilding
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1986c). Calcified filamentous structures of either algal or fungal origin have also been

recognised in laminae (Kahle 1977; Klappa 1979b). Kahle (1977> considered these

organisms only had a minor role in laminae development since their boring through calcite

crystals was thought to be responsible for approximately 5Vo of sparmicritization (the

alteration of sparry calcite to micrite). In contrast, Klappa (L979b) has recognised that

lichens play a major role in the development of laminae on exposed calcrete hardpans. He

noted that initially the lichens cause the breakdown of the hardpan surface into a 'protosoil'.

Subsequent induration and further colonization by lichens produce'lichen stromatolites'or

laminae. Features considered diagnostic of these 'lichen stromatolites' include organic

staining and wrinkling of some laminae, fenesffal voids, micro-borings (1-2 pm in diameter

due to fungi, and 10 pm in diameter due to algae), calcite spherulites 100 ¡tm in diameter

(?fruiting bodies), clotted texture and calcite crystals with curved outlines. Biological

influences in the development of laminae have also been recognised by Wright et al (1988).

They considered that some calcrete laminae are the result of horizontally oriented calcified

root mats which may develop on an indurated surface in response to the location of the

water table.

B. Díscussíon

The consensus of the literature, in broad terms, still favours the stages of hardpan

development on noncalcareous substrates expressed by Gile et al (1966). No purpose is

served by continual repetition of accepted facts, hence the discussion below is biased towards

additional observations made in the present study. Hardpans are seen to be the result of a

complex interaction between organic and inorganic processes, initially in pedogenic

environments. They are subsequently influenced by geomorphic and geological processes.

Ð LAMINAR ZONE

Thin hardpans composed dominantly of laminae are frequently found on calcareous

substrates in the St Vincent Basin; these laminae aÍe morphologically similar to crusts

described by Multer and Hoffmeister (1968), James (1972), Harrison 0977) and Rabenhorst

and V/ilding (1986 a,b&c). The basal'microcrystalline rind' at the contact with the limestone

is not always evident, but porous and dense laminae are conìmon. Porous laminae contain

numerous inclusions some of which have been reworked from the substrate; others such as

pellets, coated grains and detrital qua.rtz grains were probably components of the overlying

soil but have become cemented into the laminae. Calcified filaments observed in the pore

spaces indicate that these organisms were present during the calcihcation process and

probably contribute to the final reduction of porosity. The laterally discontinuous nature of

porous laminae indicates the highly variable nature of the microenvironment in which the

laminae developed, either with irregularities in the microtopography being infilled in random

fashion, or dissolution and reprecipitation occurring sequentially in different microcosms.
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Dense laminae at the top of hardpans have some of the features, such as organic

staining, wrinkling, and calcified filaments which Klappa (1979b) considered diagnostic of

lichen stromatolites, but the evidence is not unequivocal. However,lichen do encrust

exposed hardpan surfaces at many localities. None of the features attributed by Wnght et al

(1988) to calcified root-mats have been observed. Anhed¡al micrite is the dominant

component of dense laminae which suggests the laminae formed as a result of rapid

precipitation when the percolation of carbonate rich waters was restricted by an impermeable

layer. The precipitation of microspar in the final void spaces indicates that slower

crystallization was possible during this stage of laminae development. Perhaps this was a

response to slower rates of evaporation. The relative lack of detrital material in dense laminae

indicates that either they formed on an exposed surface or during the precipitation of the

micrite, soil particles were displaced or replaced. The latter hypothesis is favoured since the

displacive and replacive effect of micrite has already been demonstrated with respect to the

formation of nodules.

ü) CONSOLTDATED AND PLATY ZONES

The displacive and replacive effect of micrite is clearly seen in the consolidated zone

of slight to moderately indurated hardpans formed in sandy substrates. Prior to impregnation

with carbonate, the sand grains would have formed a self supporting matrix with numerous

grain contacts. With the introduction of carbonate the grains were displaced and replaced to

form a floating textue.

As a general rule high total carbonate contents especially of calcite, are found in well

indurated hardpans. However, the fact that some materials with high total carbonate contents

are only moderately indurated, and some materials with extremely low carbonate contents are

slightly indurated, demonstrates that the abundance of carbonate is not a good indicator of

cementation. It is the post-depositional alteration of the carbonate that is important in

cementation.

There is now considerable evidence that the induration of hardpans is partially

controlled by biomineralization. The presence of numerous calcif,red filaments in the matrix,

voids and channels of hardpans implies that these micro-organisms may have acted as

temporary binding agents prior to calcification, in much the same way as they are thought to

influence the development of nodules (Phillips et al 1987). Infilling of channels and/or

fractures in the consolidated zones with needle-fibre calcite, calcif,ted filaments, pellets and

coated grains is common. The needle-fibres and calcified filaments are interpreted as the

cementing agents in these voids and channels. Furthermore, they act as sites for later

inorganic precipitation of micrite, hence induration involves both inorganic and organic

processes.

The distribution of carbonate in some consolidated zones is not uniform, and may be

attributed to the superposition of several palaeosols. In the slight to moderately indurated
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hardpans formed within sandy substrates many stages in the accumulation of carbonate can

be recognised. Rectangular texture is thought to indicate a period in time, or depth at which,

there was limited availability of carbonate and/or moisture. Only fractures and channels some

of which may be due to roots, have been selectively infilled because these structures acted as

conduits for water moving down profile. When the supply of carbonate was abundant and

there was sufficient moisture, carbonate in solution was illuviated throughout the porous and

permeable sands to accumulate as a relatively homogeneous consolidated zone. The smooth

undulatory nature of the upper surface of this sequence at Lonsdale, which is also

characteristic of well indurated consolidated zones, suggests some solutional modification

prior to the next influx of carbonate. More extensive dissolution is evident from the

formation of caves and tunnels which probably developed when ground water was

channelled along lines of weakness in the hardpan or fluvial processes eroded the hardpan.

Deposition of carbonate resumed with the precipitation of laminae and infilling of caves and

tunnels with sediment. Ground water tables at this time must have been considerably lower.

Thus the development of hardpan does not involve only successive phases of cementation as

described by Gile et al (1966), there are periods of solution and episodic influxes of

carbonate. The net result is considerable vertical variation in the degree of induration and

amount of carbonate.

The genesis of thick rubbly consolidated zones is far more complex than is allowed

for by the model of Gile et al (1966), hence most subsequent workers have described phases

of subaerial exposure with attendant brecciation and reworking of the hardpan. An

understanding of the processes involved in the formation of these rubbly consolidated zones

is gained from the study of lateral facies changes. These hardpans concentrate in topographic

depressions, and represent a colluvial accumulation of coated clasts and nodules. Multiple

stages can be recognised in the evolution of rubbly hardpans. Once the colluvial deposits

have accumulated they become recemented into a consolidated zone. The carbonate for

cementation may be supplied by the episodic influx of carbonate silt which is subsequently

dissolved and reprecipitated. Periods of dissolution of the rubbly hardpan are evident from

the channels and pipes which are common. Frequently these dissolution features are

laminated and then filled with clasts and nodules derived from other hardpans. The rubbly

hardpans often form metre-sized blocks which suggest fracturing of the pan. Laminae are

evident along these fractures and the upper surface of the consolidated zone, demonstating a

final depositional phase.

The disruption and possible brecciation of hardpans is demonstrated by biscuits which

may form when plant roots fracture thin hardpans. Biscuits are very similar in composition

and moqphology to coated cobbles and boulders and it is possible that they have a common

origin. Once a thin hardpan has been fractured, if the block remains in situ and laminae

subseqently precipitate on the upper surface and sides then a biscuit has formed.
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Displacement of the fractured block, with subsequent movement down slope and an increase

in the thickness of laminae leads to the development of coated cobbles and boulders.

Rhizoliths, calcified filaments and needle-frbre calcite have been observed in platy

zones at the top of some calcrete profiles. These platy zones do not appear to be horizontal

rhizoliths as Esteban and Klappa (1933) believed, but rather the result of the alternation of

layers of micrite and microspar. The plates are t¡pically only continuous over a few

centimetres and are planar rather than tubular; the latter would be the expected shape of

rhizoliths. The larger crystal size suggests that slower precipitation was possible.

Respiration by plant roots in this zone may have altered the pCO2 and moisture levels

sufficiently to cause the inorganic precipitation of carbonate. Thus it would seem plausible to

describe platy structure as the initial phase in the formation of the consolidated zone and as a

transition zone with the underlying carbonate silt.
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5.1 PREFACE

The major aim of this dissertation was to test the hypothesis that calcrete genesis can

be attributed to the complex interaction of geological, geomorphic and pedogenic processes.

The subsidiary aims have all been addressed by investigating each of these processes. The

sedimentary environment prior to and during the formation of the carbonate mantle has been

identified as fluvial gradually changing to aeolian and pedogenic environments. A new

nomenclature has been described. Each form of calcrete has been characterised in terms of

morphology and mineralogy, and the mechanisms responsible for each variation identified.

The factors controlling lateral and vertical facies changes in the carbonate mantle have been

identified and the role of calcified biological features in the genesis of calcretes has been

documented (Phillips et al 1987,Phillips and Self 1987). Initially the 3 main types of

processes involved in calcrete formation were investigated at a regional scale, then at a

landscape level, and finally on a local and microenvironmental scale within calcareous soils.

It is now possible to summarize these processes and their interaction, and to demonstrate how

they have influenced calcrete genesis. This synthesis is the basis for a model of calcrete

genesis which has been developed for the eastern margin of the St Vincent Basin.

5,2 GEOLOGICAL AND GEOMORPHIC PROCESSES

The interaction of climatic and geological processes lilas responsible for the regional

distribution of carbonate and changes in depositional environments recorded across southern

Australia during the development of the Pleistocene carbonate mantle. In the Murray Basin

there was a change from lacustrine deposits to aeolian sand dunes containing and capped by

calcretes. Along the coastal margins of Yorke Peninsula and Kangaroo Island, and in the

Southeast of South Australia, aeolianites accumulated incoqporating calcrete. The inland

margins of the St Vincent Basin record a gradual change from fluviaValluvial deposits to

aeolian deposits which have been altered by pedogenic processes to form calcrete.

The regional nature of these changes in sedimentary environments is thought to have

been controlled by a change of climate and an associated lowering of sea level. Arid

conditions prevailed during the Pleistocene glacial maximum between 25,000 and 13,000

years B.P when sea level was very low. It is possible that the carbonate mantle developed

during this period. A radiocarbon age of 30,000 to 24,000 years B.P. was obtained by

rü/illiams (1973) for the oldest carbonate palaeosol in the Flinders Ranges. There is some

overlap of these dates with the predicted timing of the glacial maximum. The lack of
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vegetation and strong westerly winds at this time caused the erosion of coastal dunes, and

possibly ephemeral ca¡bonate lake deposits stranded by the regression of the sea. The

carbonate, mixed with any calcium salts derived from sea spray, was blown inland over

southern Ausüalia. During transportation fine grained acid-insoluble minerals from exposed

fluviaValluvial environments were mixed with the carbonate to form'carbonate silt'. This

calcareous material was deposited as a blanket over the landscape and was subsequently

reworked by geomorphic and pedogenic processes. The presence of superimposed

palaeosols indicate that there were several periods of carbonate deposition which may

correspond to minor fluctuations of climate.

Climate is seen as a very important control in the development of the carbonate

mantle. The distribution of carbonate across southern Australia was determined by the

westerly wind direction and its preservation in the landscape was controlled by the amount of

rainfall. The increase in rainfall associated with orographic uplift along highlands is thought

to have preferentially removed ca¡bonate from the Mt Lofty, Gawler and Flinders Ranges.

V/here rainfall is abundant as in tropical regions, karst terrains develop due to dissolution of

the carbonate (Esteban and Klappa 1983; James and Choquette 1984). However, in arid and

semi-arid climates where rainfall is limited and evaporation may exceed precipitation, the

leaching of carbonate is limited and calcrete commonly forms. McFadden and Tinsley

(1985), Mayer et al (1988) and McFadden (1988) have further demonstrated the influence of

climate on calcrete development by modelling the depth to which carbonate will be leached

under certain moisture regimes. Because at least some moisture is required to leach the

carbonate it is most likely that the climate during pedogenic alteration of the carbonate silt was

semi-arid. Nevertheless, the dissolution of calcrete hardpans to form pillars, pipes, tunnels

and caves suggests either, erosion due to fluvial processes, or that there was at least one

period with a higher moisture regime when groundwater tables may have been raised thus

causing dissolution along lines of weakness in the hardpan.

Rainfall also controls the type and distribution of vegetation. An increase in rainfall

would favour the proliferation of continental vegetation. The direct loss of moisture by

evaporation from the soil would have been reduced under these conditions. This situation

would favour the growth of soil micro-biota thus increasing pCO2levels in the soil and

enhancing the rate of carbonate dissolution.

On the eastern margin of the St Vincent Basin the change to a more a¡id climate had a

gradual effect on the sedimentary environment. The Seaford and Ochre Cove Formations are

believed to represent active channel deposits of meandering streams flowing from the Mt

Lofty Ranges into Gulf St Vincent. The preservation of a single carbonate palaeosol in these

fluvial deposits was the fust indication of the encroaching change. As fluvial activity

wanned, the number of carbonate palaeosols preserved gradually increased. Many of these

palaeosols are concentrated in the sand sheet facies of the Snapper Point Sand Member in the

Noarlunga Emba¡rment where it was the final fluvial deposit. In the Willunga Embayment
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where the sand sheet facies is not as prominent, isolated carbonate beds are confined to the

top stratum deposits of the Neva Clay Member.

However, the carbonate mantle above the Neva Clay Member, in the Willunga

Embayment, and parts of the Noarlunga Embayment, is highly complex due to the presence

of several superimposed palaeosols. This distribution of palaeosols both within the mantle

and the underlying sediments can be explained by differential rates of fluvial deposition.
'Where top stratum deposits of the Neva Clay Member occur, rates of fluvial deposition

would have been minimal and palaeosols developing in successive aeolian carbonate deposits

could be superimposed. In contrast, where fluvial sedimentation continued to deposit the

Snapper Point Sand Member, successive palaeosols were either eroded by channel processes

or separated by noncalcareous sediments deposited by sheet floods and distal crevasse

splays. This interfingering of palaeosols and fluvial sands ceased when streams began to

incise their present channels in response to lower base levels. The change in base level may

have been due to either tectonic movements or changes in sea level. Once the rivers had been

confined to these incised channels, carbonate was not eroded from the interchannel areas and

\vas preserved over the remaining landscape.

The role of geology in the development of the carbonate mantle was not restricted to

the influence of the depositional environment. It has also been demonstrated that the

lithology of the substrate on which the calcrete formed was a critical control on the nature of

the calcrete at the base of the profile.

Geomorphic processes and their interaction with geology and climate were

responsible for many of the lateral facies changes within the carbonate mantle. Topography

and soil creep are believed to be of prime importance. The carbonate silt was probably

deposited in response to local undulations in topography and variations in vegetation which

acted as sediment traps. It was then pedogenically altered and reworked by the wind to form

pellets. Soil creep is suggested as the process most likely to be responsible for the movement

of clasts down slope, and thus for the development of coatings on the clasts in successive soil

environments. The concentration of rubbly hardpans in topographic depressions due to the

colluvial accumulation and cementation of coated clasts and nodules is another example of the

effect of topography.

It is difficult to describe the formation of calcretes because so many factors interact at

any one time. Figure 5.1 has been drawn to demonstrate how geological and geomo¡phic

processes are thought to have interacted in the genesis of calcrete on the eastem margin of the

St Vincent Basin. The diagrams ile specifically based on observations in the Noarlunga and

V/illunga Embayments. Fluvial systems also operated during the Pleistocene in the Golden

Grove/Adelaide Embayment and Adelaide Plains Sub-basin (Daily et al 1976) and so similar

interactions of geology and geomorphology can be interpreted for these basins. However, in

the Adelaide Plains Sub-basin there were local complications, such as the deposition of the

Glanville Formation in coastal areas.
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In the Noarlunga and V/illunga Embayments there are several sffeams which flow

from the Mt Lofty Ranges into Gulf St Vincent (Fig. 3.13). It is assumed that during the

Pleistocene streams also flowed across the emba¡rments in a westerly direction (Fig. 5.1a).

These Pleistocene streams migrated laterally over the embayments depositing sands and

gravels where channels were active, and clays and finer sands on the adjacent flood plains.

Many of the sands and well rounded gravels may have been reworked from Tertiary

sediments such as the Maslin Sand and the Pliocene beach ridge, and possibly the Permian

glacial deposits (Mawson 1953). In the Noarlunga Embayment there were a number of

crevasse splays associated with the main stream channels. It is possible that these sediments

were deposited in response to higher stream energies which resulted from minor uplift along

the Eden-Bumside and/or Ochre Cove-Clarendon faults (Fig. 2.1).

This fluvial landscape was then blanketed by carbonate silt (Fig. 5.1b) during the

Pleistocene glacial maximum when sea level was at a low stand and several sources of

ca¡bonate were available. Deposition of the carbonate was favou¡ed by entrapment in

vegetation and topographic lows. Fluvial activity was greatly reduced during this arid period

and so carbonate was able to accumulate over most of the flood plains and margins of the

remaining süeams.

During a subsequent slightly moister period the carbonate silt was pedogenically

altered (Fig. 5.1c). As the carbonate was leached into the substrate the control of lithology

on the developing calcrete became appatent. Thin hardpans comprised of laminae developed

on impervious bedrock, wedges and stringers formed in clays and rectangular texture was

associated with sandy sediments. The return to a more humid climate encouraged the growth

of vegetation which had a dual influence on the development of the calcrete. The vegetation

supported soil micro-organisms which bound macroaggregates in the soil and eventually

influenced the development of hardpans. The penetration of roots into the hardpans also

caused brecciation and led to the formation of nodules and biscuits. Clasts were then

available for migration downslope. Calcretes in areas adjacent to laterally migrating streams

were commonly eroded and covered by fluvial sediments. Only a few patches of carbonate

remained of these calcretes to form palaeosols isolated from further pedogenic alteration by

the overlying fluvial deposits.

The development of the carbonate mantle was polycyclic. The interaction of

processes illustrated in Figures 5.lb & c were repeated several times during the Pleistocene

(Fig. 5.1d). Successive deposits of carbonate silt accumulated on the watersheds between

basins and were pedogenically altered to form calcrete. In those areas where fluvial activity

was inconsequential, superimposed palaeosols formed. Many of the coated clasts now found

on hilltops suggest that relief inversion has occurred and that the most complex hardpans

have been extensively eroded. The reasons for this erosion are not clear, but it is possible

that penetration by plant roots and minor tremors along faults bounding the basins may have

contributed to fracturing of the hardpans. The eastern margin of the St Vincent Basin is a



t36

region of high seismic activity in South Australia (Stewart 1984). Once fractured the

hardpans would have been very susceptible to other processes of erosion. Changes in sea

level and possible tectonic movements are indicated by ttre incision of streams to present

baselevels, particularly in the Noarlunga Embayment (Fig. 5.1d).

5.3 PEDOGENIC PROCESSES

5.3.1 ORGAMC

Many factors influencing the development of calcretes have already been considered.

However, only cursory mention has been made of biological activity as one of these

influences. Biological activity is considered a significant control and demonstrates the

complexity of soil environments in which the calcrete developed. Calcified remains of

bacteria and filamentous organisms, such as fungi and algae, and the fruiting bodies of some

of these micro-organisms are recognised in the calcretes (Phitlips et al1987; Phillips and Self

1987). Rhizoliths and calcified insect pupal cases of bees, beetles and weevils are also

present at many sites.

Previous workers such as Esteban (1973),Ward (I975), Kahle (1917), Klappa

(1978, 1979a&b,1980a&b, 1983), Calvet (1982), Esteban and Klappa (1983), Call'ot et al

(1985a&b), Wright (1984, 1986c), Jones (1988), Jones and Ng (1988) and Wright et al

(1988), also recognised the presence of calcihed biological remains in calcretes. Esteban and

Klappa (19S3) listed several of these biological features, 'rhizoliths, alveolar texture,

microcodium, tangential LMC needle fibres and calcified cocoons', as diagnostic of calcretes.

Biological activity has both a constructional and a destructional effect on calcrete

genesis. The formation of calcified filaments and needle-fibre calcite exemplify the

constructional phase (Phillips et at 1987; Phillips and Self 1987), while boring, dissolution

and micritization by micro-organisms is destructional (Jones and Pemberton 1987, Jones

1938). Disruptive effects are also demonstrated by burrowing insects and plant roots

(Klappa 1980b; Semeniuk 19S6b). These phases of construction and destruction may be

coeval and are potycyclic (Philtips et al 1987), further complicating the series of events

leading to the development of calcrete.

There are many micro-biological features present in calcretes which are as yet

unidentified (Appendix I). Some of these biological features are possibly related to modern

environments, in which case they demonstrate the dynamic nature of calcretes. Communities

of these micro-organisms, rather than isolated forms, could in the future be used to further

distinguish different soil environments.

The pedogenic nature of calcretes is confirmed by the presence of so many calcified

biological features. When the distribution of each group of calcified micro-organism is

compared to that in modern soils certain micro-environments can be discemed (Phillips er a/

1987). Bacteria concentrate in micro-pores within aggegates where moisture is retained for
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long periods. Fungi tend to concentrate on the outer edges of aggregates and algae are more

abundant in the top few millimetres of the soil because many species are phototrophic

(Phillips et al1987). Each group concentrates where organic matter is present adjacent to

roots (rhizosphere), in fecal pellets or where cellular debris is decomposing. Thus the

disribution of micro-organisms is not uniform throughout the soil but closely controlled by

the concentration of plant roots in the topmost horizons.

Phillips et al (1987) described the distribution of calcified micro-organisms in

calcareous soils and the underlying indurated materials. In the surface soils they found a

concentration of calcified filaments which were tubiform and had an internal diameter of 6-8

pm. Branching was common and the filaments \ryere encrusted with calcite rhombohedra,

micrite and rod-shaped calcite crystals. In confiast, the majority of calcifred filaments in the

underlying hardpans, nodules and platy structure were only 2 ttm in diameter and branching

(dichotomous) was rare. A wide variety of calcite crystal habits encrusted these filaments

(Fig. I 1 in Phillip s et al 1987) and juxtaposed filaments had contrasting crystal habits. The

association of fruiting bodies with filaments in the indurated materials suggested that at least

some \ilere fungal in origin. The larger diameter filaments in the calcareous soil are probably

attributable to algae since these micro-organisms are abundant in surface soils when organic

matter is present.

The calcified filaments and fruiting bodies are important contributors to the

cementation of the calcrete (Jones 1983). The filaments are tubiform and adjacent filaments

have contrasting crystal habits which indicates that calcification is biochemically controlled

prior to lysis (Phillips et a|1987) . The calcite crystals are deposited within the mucilaginous

sheath and less frequently within the cell wall of the micro-organism. Calcium is absorbed in

solution when the micro-organisms secrete oxalic acid and calcification is the probable

mechanism of removing the excess calcium. The importance of calcified filaments is

demonstrated by the formation of nodules. Soil macroaggregates and/or fecal pellets bound

by fungi become permanently stabilized when the filaments are calcified. The

macroaggregate and/or fecal pellet then becomes a site for the inorganic precipitation of

micrite, possibly because of changes in pCO2 levels associated with lysis of the micro-

organisms.

The distribution of needle-fibre calcite in calcretes is frequently associated with

calcified filaments and plant roots. Needle-fibre calcite is found infilling and lining channels

in hardpans, in nodules, plates and the ca.rbonate silt. There are two morphological groups of

needle-fibre calcite which have different origins (Phillips and Self 1987). Small single rods

or micro-rods are up to I pm in length and 0.1 pm or less in diameter. These micro-rods

form dense mats on organic matter and are thought to be calcified bacteria. Large forms of

needle-fibre calcite consist of double rods or multiples thereof, 2 to 120 ¡rm in length and 0.5

to 6 pm in width. These larger needle-fibres may have serrated edges where calcite

rhombohedra form epitaxial overgrowths. The presence of double rods within mycelial
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strands suggests that the needle-fibres form within the fungal hyphae that are grouped into

these structures (Phillips and Setf 1987). It is only when bacteria break the mucilagenous

sheath that the needle-fibres ¿re released for redisnibution in the profrle. Frequently the

spatial patterns formed by needle-fibre calcite are controlled by the presence of organic

matter.

The'alveolar texture', 'tangential LMC needle fibres'and'random LMC needle

fibres' of Esteban and Klappa (1983), are simply different spatial patterns of needle-fibre

calcite. Many such patterns of needle-fibre calcite are common to both calcrete and karst

terrains, but there are subtle differences in the morphology of the needles (Appendix J).

Needle-fibre bundles are composed of large needles aligned parallel to each other.

Frequently the bundles are curved and covered by calcified bacteria. The bundles form

within mycelial strands associated with plant roots (Phillips and Self 1987). Disintegration of

needle-fibre bundles results in a random distribution of needles in pore spaces. When

organic matter is present in a root channel the needles become entrapped and may form dense

mats. Once the organic matter starts to dehydrate the needles become aligned around the

edges of the holes and alveolar texture develops. Where needle-fibres are arranged

tangentially in coatings on grains organic matter and/or calcihed bacteria (which suggest the

former presence of organic matter), are evident in the coating (Phillips and Self 1987).

Needle-fibre calcite is important as a cement in calcretes. It infills channels and voids

and contributes to coatings on grains, and provides a site for inorganic precipitation. There

are likely to be many generations of needles in any profile. This demonstrates the complexity

and polycyclic nature of some biological processes in the genesis of calcrete.

5.3.2 INORGANIC

Inorganic pedogenic processes have a significant influence on the mineralogy of

calcretes, and the formation of pellets and coated clasts. The presen ce of Ca2+ in solution

can cause the flocculation of clays by cation bonding in the presence of organic matter

(Muneer 1987). As the solution dries calcite is precipitated in the microvoids between clay

lamellae due to the combination of Ca2+ with CO2. The microaggregates thus formed in the

pore spaces of calcareous soils are composed of a mixture of both ca¡bonate and clay. This

inorganic process is responsible for the formation of pellets. Similarly, the carbonate-clay

mixture may be precipitated from attached water films onto the surface of detrital grains to

form coatings.

This study has confirmed the findings of previous workers in southern Australia that

calcite concentrates at the top of calcrete profiles and declines in abundance as the amount of

dolomite increases with depth. Field observations, as well as some chemical data including

Si/Al and Tt[Zr ratios, indicate that there a¡e sedimentary breaks and composite palaeosols in

the ca¡bonate mantle. However, these breaks do not occur at the same point in the calcrete



139

profile as does the change in mineralogy from calcite to dolomite. Therefore it is assumed

that mineralogy is not controlled by geological processes.

There are a number of possible explanations for the mineralogical and geochemical

trends in calcrete profiles. If the original carbonate silt in which the calcrete developed

contained only calcite then the presence of dolomite must be explained. The dolomite may

form where Mg (derived from clay-rich substrates) ascended in the profile, due to capillary

rise of vadose moisture, and came into contact with descending leached Ca carbonate.

However, there is no evidence of zonation in the dolomite crystals which would be expected

if the Ca carbonate had been dolomitized by Mg-rich fluids. In addition, XRD analyses of

the dolomite indicate that it is an ordered mineral and not protodolomite. The latter mineral is

typical of primary precipitates of dolomite in lacustrine environments and may have been

anticipated in the calcrete if the dolomite rwas forming in moisture filled pore spaces.

Modern primary and secondary dolomite formation is usually associated with

environments such as shallow alkaline lakes (Alderman 1959,1965: Alderman and Skinner

1957; Alderman and von der Borch 1967,1963; Skinner 1963; von der Borch 1965,1976;

von der Borch and Jones 1976; von der Borch and Lock 7979; von der Borch et al 7975:,

Muir ¿/ at 1980), sabkhas (McKenzie et al 1980) and tidal flats (Gebelein et al1980; Carballo

et al1987). There is increasing evidence that dolomite may also form in soils, at least as a

secondary precipitate (St Arnaud and Herbillon I973; Friedman 1980; V/atts 1980; Hutton

and Dixon 1981; Sobecki and Karathanasis 1987). It has been hypothesised that in soils,

carbonates are dissolved at the top of the prof,rle, translocated as ions in solution and then

reprecipitated at depth in the profile. Calcite and low Mg calcite are the fust minerals to

reprecipitate, thus leaving the solution relatively enriched in Mg and allowing the precipitation

of high Mg calcite and dolomite at a later stage. This leaching accounts for the decline in

Ca/r{g ratio with depth in the profile (Hutton and Dixon 1981). In the past, one of the main

arguments against the formation of dolomite in soils was the apparent lack of the intermediate

phase, high Mg calcite. Sobecki and Karathanasis (1987) recently demonstrated the presence

of poorly crystalline, but stable, high Mg-calcite in calcic horizons by the combination of

TGA, selective dissolution analyses and XRD methods.

In the present study, the original aeolian deposit from which the calcretes developed is

considered to have contained both calcite and dolomite (Phillips and Milnes 1988). Thus the

mechanism(s) responsible for the recognised mineralogical trends must explain the

dissolution of both calcite and dolomite. The solution and subsequent precipitation of calcite

can be summarized by the equation;

COr+HrO + CaCO, == Ca2+ + 2HCO'-

Calcite dissolution is favoured by low pH, increased pCO2, decreased temperatures and the

presence of salts lacking common ions (Klappa 1983; Birkeland 1984; Goudie 1984).
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Calcite precipitation may be initiated by a loss of moisture as the result of evaporation or

evapotranspiration, biological activity (Phillips et al 1987), or a reversal of any one of the

factors listed favouring dissolution. In soils, pCOz can be at least 10 times greater than

atmospheric pCO2 (Bathurst 1971; Birkeland 1984) because of respiration by plant roots and

micro-organisms, and the decay of organic matter. Since biological activity is concentrated in

the top-most soil horizons, rainwater leaching through these horizons, combined with the

high pCO2 concentrations, is likely to cause the dissolution of calcite. Calcite may

reprecipitate in response to desiccation (Sobecki and Karathanasis 1987), the decline in pCO2

with depth in the profile (St Arnaud and Herbillon 1973), or where controlled by micro-

organisms (Phillips et al1987). Typicatly the calcite is anhed¡al and micritic which suggests

that reprecipitation may have been rapid or that impurities prevented euhedral crystal $owth.
Dolomite is more unstable than calcite, especially under conditions of either high salinity

(Revelle and Fairbridge 1957) and/or the presence of carbonic acid (Norrish and Pickering

1977). Since the production of carbonic acid is likely to be greatest in zones of biological

activity, dolomite may also be dissolved in the top-most soil horizons. The initial solution

moving down profile would thus contain both Ca and Mg. Reprecipitation of calcite in the

upper portions of the calcrete profile, due to biomineralization, loss of moisture or changes in

pCOz levels would lead to the enrichment of Mg in the solution and thus the possible

reprecipitation of dolomite at depth. The dolomite typically forms subhedral rhombohedra

which suggests that slower reprecipitation was possible.

St Arnaud ard Herbillon (1973) attributed lateral changes in carbonate mineralogy to

impermeable subsoils resricting downward drainage, "or where soluble Mg is increased, as

in depressions, due to lateral moisture flow", causing the concentration of Mg and thus

possible precipitation of dolomite. They also suggested that "capillary rise of Mg-rich waters

and eventual evaporation" might account for the high Mg contents of some calcites on the

floodplain of the Rusizi River in Africa. At l,onsdale in the Noarlunga Embayment, lateral

changes in carbonate mineralogy are thought to reflect the leaching of dolomite from some

profiles, possibly those with high salinities or carbonic acid contents, and the concentration

of Mg in profiles downslope. The sandy natüe of the substrate at this site would have

favoured strong vertical leaching. However, the presence of a clay rich layer at the base of

the sand would have favoured lateral moisture flow and possible concentration of moisture in

low lying areas downslope. This example of lateral changes in ca¡bonate mineralogy is

consistent with the suggestions of St Arnaud and Herbillon (1973) that lateral moisture flow,

with the concentration of Mg in depressions, is important in explaining the observed

distribution of dolomite and calcite.
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5.4 A MODEL OF CALCRETE GENESIS

General reviews of calcrete genesis have been presented by Reeves (1976), Goudie

(1984) and Birkeland (1934). Many of the prior explanations of calcrete formation (for

example those of Prescott 7937; Crocker 1946a Crawford 1965; Glle et al 1965,7966,

1981; Multer and Hoffmeister 1968; Reeves 1970; James 1972; Read 1974; Harrison L977;

Dixon 1978; Schwebel 1978; Wilson 1981; Arakel 1982; Blumel 1982: Klappa 1979a,1983;

Esteban and Klappa 1983; Wa:ren 1983; Milnes and Hutton 1983; Milnes and Ludbrook

1986; Rabenhorst and Wilding 1986c; and Milnes et al 1987), have emphasized the influence

of pedogenic, geomorphic and geological processes. However, most of these models have

stessed the influence of one factor such as substrate (Glle et al 1965, 1966,1981),

topography (Read 1974),inorganic pedogenesis (Hutton and Dixon 1981) or biological

acrivity (Klappa 1933). The present study has shown that it is the interaction be¡ween all

these factors which more accurately describes calcrete genesis.

Any explanation of calcrete genesis for the eastern margin of the St Vincent Basin,

must account for ceftain facts:

i) large areas of southern Australia are covered by calcretes regardless of

substrate lithology ,

ii) there are broadly similar Pleistocene sfatigraphic sequences on all margins

of the St Vincent Basin, which culminate in the carbonate mantle,

iii) the mineralogy and chemistry of calcretes in the carbonate mantle

demonstrate consistent trends down profile, except where palaeosols are

superimposed or there is evidence of a sedimentary break,

iv) lateral changes in morphology, mineralogy and chemistry may be related to

topographic setting and substrate lithology; and

v) there is abundant evidence of biological activity in the calcretes.

Based on the data presented in this dissertation and the assumption that a semi-arid

climate, with alternate wet and dry periods, prevailed during calcrete genesis on the eastern

margin of the St Vincent Basin, a model illusuating the stages and processes of calcrete

formation has been constructed (Fig. 5.2). However, any model of calcrete genesis is at best

a simplistic summation, and must be tempered by an understanding of local variability in this

dynamic system.

The first requirement for calcrete genesis is a readily available source of carbonate.

The widespread distribution of carbonate and its sedimentological characteristics indicate that

its primary mechanism of dispersal was aeolian. The wind-boume carbonate may have been

derived from calcareous coastal dunes, ephemeral lakes, sea spray and limestones, and

combined with a local detrital component to form the blanket which mantled the landscape.

Local variations in the thicknesses of the carbonate blanket would have been conrolled by

topography, the disuibution of vegetation, distance from the carbonate source and variations

in rainfall. The carbonate was deposited in several cycles. Initially these were punctuated by
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fluvial deposition and are preserved as palaeosols in the Ngaltinga Formation. Later,

carbonate deposits formed a blanket over the whole landscape as fluvial activity declined and

the aeolian environment became dominant. But deposition of the carbonate remained

episodic, as ind.icated by the superposition of palaeosols in the mantle. In this complex

blanket, irregutarities in thickness and variability in the types of substrate, influenced vertical

facies changes in the calcrete (Fig. 5.2a).

The type of substrate is considered to have had a significant influence on the phases of

calcrete genesis. Where highly porous and permeable sandy substrates prevailed (Fig. 5.2a)

all the carbonate was probably leached or translocated into the sand. Subsequent

development of the calcrete displaced and/or replaced some of the sand. In contrast, where

thicker deposits of carbonate accumulated, or less porous and impermeable clay substrates

occurred, only a timited amount of carbonate may have penetrated the upper part of the

substrate (Fig 5.2a ). The latter situation resulted in the preservation of a modified form of

the aeolian deposit (carbonate silt) above the substrate. Where the supply of carbonate was

limited, only stringers and blotches are evident in the clay. A third scenario is evident where

calcretes have developed on calcareous subsEates. Some of the carbonate silt at these sites

may be locally derived from the in situ weathering of the limestone.

The mechanisms responsible for the mobilization and recrystallization of the carbonate

are similar for each of the aforementioned substrates. In the upper part of the prohle where

biological activity is concentrated, high pCOz levels, combined with rain water leaching

through the soil, might cause the dissolution of both calcite and dolomite from the aeolian

deposit. The presence of salts in the rain water would further enhance the dissolution of

dolomite. As the solution containing both Ca and Mg moved down profile, Ca2+ caused the

flocculation of clays, and where organic matter was present, micro-ag$egates or pellets

formed. Desiccation due to evaporation or evapotranspiration in near-surface horizons would

have influenced both the inorganic and organic processes. Since desiccation is likely to be

relatively rapid in this zone, the calcite would have recrystallized quickly as anhedral micrite

within pores and from attached water films as coatings on grains. Variations in moisture

would also have led to fluctuations in the numbers of micro-organisms present.

Reprecipitation of calcite could partiatly have been controlled by these micro-organisms

which become encrusted with calcite and the micro-organisms in turn would have influenced

moisture and pCO2levels that influenced inorganic precipitation. Thus solutions moving

through the profile had a high proportion of Ca removed where desiccation was rapid and

biological activity was abundant. The remaining solution became relatively enriched in Mg as

it moved down profile, allowing dolomite to reprecipitate. Slower loss of moisture and

diminished biological activity in the lower portion of the profile, would allow the formation

of subhedral to euhedral dolomite crystals. Pedogenic alteration of the aeolian deposit is

therefore of primary importance in the initial stages of calcrete genesis and has significantly

controlled the observed chemical and mineralogical trends.
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Biological activity during the sedimentary and constructional pedogenic phases of

calcrete formation (Fig. 5.2a) had a strong influence on the morphology of the calcrete.

Calcifrcation of micro-organisms which act as temporary binding agents for macro-aggregates

and fecal pellets in the soil resulted in the initiation of nodules. Successive generations of

micro-organisms became calcified and covered by inorganically precipitated carbonate which

displaced and/or replaced clay and quartz. The number of nodules is greatest where plant

roots and the associated micro-organisms were concentrated. Insects and plant roots had the

dual, coeval roles of construction and destruction of the developing calcrete. Insects

burowed into the calcareous soils causing localized disruption, and some pupated adacent to

plant roots thereby cementing part of the soil. Actively gtowing plant roots also caused

localized disturbance, yet changes in pCO2 and moisture adjacent to the root are responsible

for the precipitation of carbonate-rich 'root sheaths'. These dual roles are maintained

throughout calcrete evolution and demonsrate the polycyclic nature of calcrete genesis.

During the final pedogenic phases of calcrete formation the platy structure developed.

These discontinuous layers of indurated carbonate probably precipitated in response to

changes in moisture and a drop in pCO2 below the root zone. Once the platy stmcture had

developed further movement of moisture down the profile would become progressively more

restricted. At this stage micrite would start to inorganically precipitate within the carbonate

silt above the platy structure and thus initiate the formation of a consolidated zone. Further

quartz and clay replacement and/or displacement would result from the carbonate

crystallization. Pellets, nodules, coated grains and rhizoliths in the carbonate silt above the

platy structure would gradually become coalesced initially by meniscus cements and finally

by the infilling of all void spaces by carbonate. Any micro-organisms in this zone would also

become calcified to form part of the hardpan matrix. Plant roots and insects dissolving and

burrowing through this zone would leave channels in the hardpan which later became filled

with pellets, calcified filaments and needle-fibre calcite. The latter two features were

probably formed by micro-organisms associated with the plant roots.

The resultant indurated hardpan would have precluded the percolation of rainwater

through the profile, causing the precipitation of calcite as laminae. As the laminae precipitated

some of the overlying soil may have been incorporated into the laminae. Any voids in the

laminae were subsequently infilled by calcified micro-organisms and microspar slowly

precipitating from solution. At this stage the constmctional pedogenic phase was complete.

Geologicat factors have the potential to introduce many complexities to the sequence

described above. New deposits of carbonate may have accumulated before the final stages of

calcrete development. The leached A horizon of the soil prof,rle may have been eroded during

periods of increased aeolian activity, or the carbonate deposit may have been remobilized

before significant amounts of carbonate could be leached (or translocated) into the underlying

substrate. Furthermore, it is impossible to gauge the influence of vegetation type and

distribution at the time of carbonate accumulation or during pedogenesis.
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In a broad sense, topographic setting appears to place few if any restrictions on the

sites where calcretes develop during constructional pedogenic phases. However, topographic

position is one of the prime controls of lateral facies changes and strongly influenced the

development of coated clasts and rubbly hardpans (Fig. 5.2b). Hardpans formed primarily

by pedogenic processes may become brecciated and bioturbated by plant roots and insects,

and/or eroded and dissolved in near surface situations at any stage during calcrete genesis.

These destructional processes may assume prominence at times of climatic change (i.e. to

more humid conditions), sea level fluctuation and/or tectonic activity. Destructional

processes liberate hardpan clasts (nodules) which upon moving down slope by soil creep,

accumulate complex laminae coatings in successive soil environments and finally form

colluvial deposits in low lying areas such as river terraces. Colluvial deposits of coated clasts

and nodules, recemented into thin hardpans by constructional pedogenic processes, may be

eroded and reworked at a later stage, resulting in coated clasts with complex cores. Further

complications to this sequence are introduced by the episodic deposition of carbonate with

consequent superposition of palaeosols (Fig. 5.2b).

Clearly, therefore calcrete genesis is controlled by the polycyclic interaction of

climatic, geological, geomorphic and pedogenic (both organic and inorganic) processes. The

complex interplay of these processes is summarised in Figure 5.2.

5.5 APPLICATION OF THE MODEL TO OTHER AREAS.

Although the model of calcrete genesis presented above is based on data from the

eastern margin of the St Vincent Basin, it may be applicable to other areas in the broad arc of

calcrete occurence across southern Australia. These calcretes form part of the same

Pleistocene carbonate mantle. Other workers in southern Australia such as Hutton and Dixon

(1981), Wilson (1931) and Milnes and Hutton (1983) have described similar variations in

calcrete morphology and mineralogy to those recorded in the present study.

The application of the model to other parts of the world is limited by differences in

geology and geomorphology. The carbonate source must be external, but it need not

necessarily be aeolian; it could, for example, be derived from rainwater. The lithology of the

substrate on which the calcrete forms is dependent on the local geology, and thus will
influence the applicability of the model. Where there is little regional va¡iation in topography

and sea level has remained constant, there may be significantly less variation in calcrete

morphology than observed in this study. Although all the stages of calcrete genesis

recognised in the United States by workers such as Gile et al (1966) and Machette (1985), are

evident in the St Vincent Basin calcretes, the lateral continuity in moqphology recorded by

these workers is not apparent.

However, the inorganic and pedogenic controls of calcrete genesis appear to be

universal in character. Many of the calcified organic remains described by Klappa (1979a,
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Lg7gb,1980a, 1980b), Callot et al (7985a &b) and Jones (1988) for example, are abundant

within ttre St Vincent Basin calcretes. It would appear that ttrese micro-organisms play a key

role in the origin of pedogenic calcrete no matter where it forms in the world. In addition, the

mineralogical rends due to leaching of carbonate down profile are likely to be common to

calcretes everywhere, and yet these trends have only rarely been recorded. Wherever

pedogenic calcrete has formed in a similar geological and climatic senings to that of the St

Vincent Basin, the model presented in this dissertation should be applicable.
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