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An isolated mesa, part nf the dissected Featherby Surface, 6 km southeast of Charters Towers, Queensland. 
The upper steep sections consist of deeply weathered Tertiary? sediments; the lower slopes are mottled 
Palaeozoic granitoids (Rivers, Eggleton & Beams, this issue). 
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Australian Regolith Conference '94 
Colin Pain1, Mike Craig1 & Graham Taylor2 

The Australian Regolith Conference '94 was jointly organised 
by the Australian Geological Survey Organisation (AGSO) 
and the Centre for Australian Regolith Studies (CARS), and 
was held at Broken Hill during 14-17 November 1994. The 
conference attracted over 120 registrants and more than 50 
papers were given, either as oral presentations or posters (Pain 
et al. 1994). Thirteen of those papers are presented in this 
theme issue of the AGSO Journal of Australian Geology & 
Geophysics. 

Twenty years ago, regolith (Merrill 1897) was an almost 
unknown word in Australia. When CARS was formed as a 
collaboration between the Australian National University and 
the University of Canberra in the late 1980s, colleagues, one 
assumes meaning well, advised "I wouldn't use that word if 
I were you, no one knows what it means". Well, things have 
changed since then! Perhaps the most important recent change 
has been the formation in 1995 of the Cooperative Research 
Centre for Landscape Evolution and Mineral Exploration, 
funded for 7 years by the Federal Government's Cooperative 
Research Centre program. 

To date most regolith research has been done by earth 
scientists, including geologists, geomorphologists and soil 
scientists, but rarely do they communicate or read the literature 
from each other's disciplines. Moreover, the concept of regolith 
studies being important to land management and mineral 
exploration has been known to those of us in the game for 
20 years or so, but it is fair to say that only over the last 

few years has it become clear to almost everyone that regolith 
knowledge is one of the critical factors for ecologically 
sustainable development. The water industry is beginning to 
see relationships between the nature of the regolith and 
catchment water management and quality. Agricultural scien- 
tists have for a long time seen the value of understanding 
certain aspects of the regolith (the part they call soil) and 
have over the last 100 years or so collected vast masses of 
knowledge and data about the regolith. This attention from 
so many different directions makes the study of regolith truly 
multidisciplinary. 

The papers in this volume cover a wide range of regolith 
studies. We refrain from commenting on them individually. 
We think they are representative of the conference, and we 
look forward to any comments they may generate. 

We thank Iain Campbell, Ken McQueen, Tony Eggleton 
and Steve Hill, who, as members of the organising committee, 
made the Australian Regolith Conference '94 a great success. 
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Regolith stratigraphy: principles and problems 
C.F. Pain' & C.D. Ollier2 

Several misconceptions about the origin and stratigraphy of regolith some misconceptions related to weathering processes, catenas, vertical 
arise from lack of understanding of geo~norphology and weathering. or lateral movements, landscape lowering, equilibrium, and the 
Application of stratigraphic principles learned in another context can relevance of past and present climates. and stress the need for care 
lead to error if applied uncritically to regolith profiles. We consider in both pure and applied regolith research. 

Introduction 
Regolith has been defined as follows (Bates & Jackson 1987): 
Regolith (regf-o-lith) A general term for the layer or mantle 
of fragmental and unconsolidated rock material, whether 
residual or transported and of highly varied character, that 
nearly everywhere forms the surface of the land and overlies 
or covers the bedrock. It includes rock debris of all kinds, 
volcanic ash, glacial drift, alluvium, loess and aeolian deposits, 
vegetal accumulations, and soil. The term was originated by 
Menill (1897 p.299). Etymol: Greek rhegos, "blanket", + 
lithos, "stone". 

The term stratigraphy has come to mean not just the study 
of strata, but the placing of geological events or materials in 
the order in which they occur. As Bates & Jackson (1987) 
put it "A term sometimes used to signify the study of historical 
geology." Some people talk of the stratigraphy of regolith 
materials as if horizons in a regolith profile can be treated 
like strata in a sedimentary succession. Regolith studies are 
not that simple. It might be better if the term 'stratigraphy' 
were not used, but since it is used we shall consider here 
how regolith materials and events may be placed in sequence. 
We list some guidelines and possible sources of error. As will 
become apparent, there are major disagreements between 
leading workers on regolith stratigraphy. We can hardly avoid 
stressing our own opinions, but trust that the references will 
enable readers to follow the arguments and opinions of others. 

In this paper we are not especially concerned with surficial 
sediments, such as alluvium or loess, for which normal 
stratigraphic principles generally apply, but with deeply 
weathered rock in place (saprolite) and weathering profiles. 
Because surficial deposits may be incorporated in such profiles, 
the distinction between them and surficial sediments is not 
sharp. 

Terrestrial sediments 
For layers of sedimentary material, the simple rules of 
stratigraphy apply. Thus an Eocene shale overlying a coal 
must be younger than the coal, regardless of the relationship 
of either to any associated weathering profiles. However, 
confusion arises when layers resulting from weathering in 
place are misinterpreted as sediments, or sediments, especially 
when weathered, are misinterpreted as part of a weathering 
profile in place. This confusion stresses the point that it is 
important to separate sedimentary effects from weathenng 
effects. In general, sedimentary effects should be ascertained 
before weathering is cons~dered. This means, for example, 
recognising units of alluvium and colluvium in a valley floor, 
and separating them from bedrock. In the field. this may be 
difficult, because weathering and cementation can blur the 
original distinctions, so that weathered alluvium may look 
very similar to adjacent weathered bedrock. In profiles that 
have additions of aeolian sediments, the sediments may become 

1 Australian Geological Survey Organisation, GPO Box 378, 
Canberra ACT 260 1. 

2 Centre for Resource and Environmental Studies, Australian National 
University, Canberra ACT 2000. 

intimately mixed with material derived from the weathered 
bedrock. Nevertheless, it should be possible with care to 
distinguish terrestrial sediments from bedrock. 

Another frequent misuse of terminology lies in the expres- 
sion 'transported soil', an old but persistent fallacy. It is 
important to emphasise that soils are formed in situ, even 
though solutions may move through them dur~ng and after 
their formation. It is the parent material, In part or whole, 
which may have been transported, as in windblown sand, or 
alluvium. Even when soil is eroded and redeposited, its original 
profile organisation has gone. European settlement of Australia 
led to accelerated soil erosion on slopes and deposition on 
flood plains, where perhaps a metre of sandy, post-settlement 
alluvium (PSA) is deposited over the old topsoil. But the 
PSA should be regarded as a sediment, not a soil. Only in 
the case of colluvium can there be justifiable confusion, where 
downslope movement and soil formation can not always be 
separated. However, it is better to call these colluvial soils, 
not transported soils. 

Weathering profiles 

Weathering profiles and strata 
Weathering profiles and strata can have complex stratigraphic 
relationships. 

A weathering profile must be younger than the original 
material that is weathered. 
For instance, a weathering profile on a lava flow must be 
younger than the lava flow. Lava flows of different ages 
are likely to have different kinds of weathering profiles, 
which may be classified by relatlve age even if they are 
not superimposed. In western Victoria, the Eccles regolith 
(almost fresh rock) is found on the youngest lava flows, 
the Hamilton regolith (about 5 m of weathering) on the 
oldest lava flows, and the Dunkeld regolith on lava flows 
of intermediate age. 
A weathering profile on a granite must be younger than 
the granite. But in this case there are extra complications 
of the time taken to expose the granite, and granites of 
different ages will not necessarily have very different 
regoliths, as is the case with lava flows. For example, on 
Cape York Peninsula the nature of regolith on granites is 
controlled mainly by the composition of the different 
plutons (Pain et al. 1994). 
Material overlying a weathering profile will often be 
younger than the weathering profile. 
For instance, a layer of loess on top of a weathering profile 
must be younger than the profile or, conversely, the profile 
is older than the loess. But it is possible for weathering 
to occur beneath a surficial layer. Sub-basaltic weathering, 
for example, causes deep weathering beneath some lava 
flows. It can be shown in these cases that the weathering 
is younger than the overlying basalt (Schmidt et al. 1976). 
McFarlane (1976) believed that the pallid zone beneath 
some ferricrete (laterite) in Uganda formed afrer the 
ferricrete. The clay-with-flints on the Chalk of England is 
largely a Tertiary deposit of reworked clay with rolled flint 
pebbles, but there is a basal layer of clay with unrolled 
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flints that is derived by solution of the Chalk beneath the 
sedimentary clay-with-flints. 
It is, of course, essential to determine that the upper layer 
really is a layer of younger sediment, and not part of a 
weathering profile. Some archaeologists have interpreted 
the A horizon of a podzolic soil profile as an additional 
layer, younger than the underlying B horizon. Artefacts 
found at the base of the A horizon (possibly at the base 
of bioturbation) have been interpreted as older than the 
A horizon, itself misinterpreted as an aeolian deposit. We 
have observed another example on cracking clay soils near 
Glen Innes, northem New South Wales, where artefacts 
are located at the base of the A horizon. In this case, the 
artefacts moved down cracks from the surface. and so are 
younger than the soil. 
Other examples of similar misinterpretations are reported 
by Holliday (1 994). 
If a weathering profile cuts several sedimentary layers, the 
profile is younger than the youngest material it crosses. 
On a ground surface cutting across dipping Ordovician 
strata (as in the Ballarat area) the weathering profile is 
youngest of all, but differently coloured profiles may form 
on sandstone and shale. Although different in appearance, 
the profiles are all the same age. 
On a depositional surface with diverse units, such as 
floodplain, levee banks, and alluvial fans, it is possible to 
have a weathering profile younger than all the depositional 
units, even though the profiles on each unit may look 
different. 

Weathering profiles and stratigraphic laws 
Within the weathered profile, simple stratigraphic laws do not 
apply. This is because the layering produced by weathering 
is quite different from that produced by depositional processes. 
Six cases are described below: 
1. In a profile with two or more parts, all portions may form 

simultaneously. Different layers may form: 
by organic sorting of an upper layer (e.g. by termites); 
by contemporaneous leaching of the upper part of the 
profile and precipitation in the lower; 
by eluviation of clay out of the upper horizon by water 
flowing through; and 
by simultaneous reduction of waterlogged lower layers 
and oxidation of overlying aerated layers. 

In all these instances, although there is repetition of similar 
profiles, with the same upper horizon over the same lower 
horizon, perhaps over a wide area, the upper horlzon is 
contemporaneous with the lower. 

These are simple, two-part examples. Profiles with several 
distinct layers can also be formed, and all layers or horizons 
may be of the same age. 
2. The same applies to catenas. This is sometimes surprising 

to geologists with little training in geomorphology or soils. 
Catenas form for various reasons, including greater dryness 
on upper slopes and relative wetness of foot slopes; greater 
erosion on upper slopes and sometimes deposition on lower 
slopes; and for other reasons. A common sequence in 
Australia is for reddish soils to form on upper slopes, 
yellowish ones on lower slopes, and grey soils on the 
lowest slopes. These are all the same age. Much more 
complicated catenas are also found. As Richardson & 
Daniels (1993) have pointed out, even minor changes in 
position across a landscape can alter the colour of soils. 
Catenas are, in a sense, analogous to facies in sedimentary 
units. However, it is important to ascertain that the different 
soils are the same age, and really are parts of a catena 
and not, for instance, soils formed on younger depositional 
material on lower slopes, or having inherited ancient soils 
on upper slopes. 

3. Soil horizons that parallel the slope of the ground surface 

are generally younger than the slopes on which they are 
found. 

4. A deep weathering profile (say 30 m deep) may consist 
of several zones. If valleys cut through the profile, the 
zones will crop out in the valley sides in the manner of 
horizontal strata and provide different parent material for 
soil formation on the slopes (Fig. 1). The varied soils on 
the slopes will all be younger than the deep weathering 
profile. Or to look at it another way, the weathering zones 
are older than the present topographic slopes. 

? x x x x x Bedrock x x x x x x x 
. .  , L. ., .. ., ., 28129 

Figure 1. A dissected weathering profile. The valley cutting through 
the zones causes them to crop out in the valley sides in the manner 
of horizontal strata, providing different parent material for soil 
formation on the slopes. The varied soils on the slopes are all 
younger than the weathering profile. 

5. As a rock weathers, the weathering front works downwards 
and the weathering profile gets thicker and thicker if 
erosion does not intervene. In the geological past, very 
thick profiles formed in areas of low relief with gentle 
slopes, where erosion was minimal. Because the profile 
continually thickens over time, the lower parts will usually 
be weathered at a later time than the upper parts, and so 
weathering is youngest at the base. At the weathering front 
(the junction between fresh rock and weathered rock, which 
is often sharp), weathering may be taking place even at 
the present day. Some thick profiles are of great age, such 
as Mesozoic, and formed over millions of years. This time 
span is enormous compared with the small amount of time 
needed to form some modem soil profiles. Some ancient 
weathering profiles may be treated as roughly of one age, 
such as late Cretaceous, or Eocene. 

6. Water table complications may result in repetition of 
regolith units within a single weathering profile. For 
example, the Momay Profile of Queensland has several 
silcrete layers all formed at about the same time at the 
end of the Cretaceous (Senior & Mabbutt 1979). The water 
table may change after the formation of a weathering 
profile, as is especially evident in some ore deposits. Oxide 
ores form above the water table and sulphide ores are 
enriched below the water table (supergene enrichment). In 
many mines today, the water table has changed and there 
are now oxide ores below the present water table or 
sulphide ores above the present water table (for many 
examples see King 1989). These profiles show that 
weathering is not in equilibrium with present conditions, 
a concept discussed again later. 

Regolith profiles and vertical differentiation 
Regolith profiles are often treated as if they are a result of 
vertical differentiation processes. However, single vertical 
sections alone are inadequate for interpreting regolith and it 
is better to consider two and three dimensions. A profile is 
not as useful a regolith model as a catena, and a catena is 
more useful together with a regolith map. 

Simple vertical relationships are most often assumed rather 
than explicitly stated. Weathering profiles are described using 
samples from a bore core or soil profile, often with very 
detailed chemical and mneralogical analyses. For example, 
Butt (1985) described a weathering profile of Western Australia 
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based on a single core, and the explanation of variation is 
based on upward and downward movement of chemical 
constituents. This approach has been repeated many times in 
textbooks, such as Butt & Zeegers (1992) and Martini & 
Chesworth (1992). 

In soil science, soil profiles are also often treated as if 
vertical movement is the only process. Studies of laterite are 
done this way, and the standard method of representing a 
laterite profile is on a Schellmann diagram (Fig. 2). Samples Vesicular ferricrete 
from different depths in a vertical profile are analysed, plotted 
on the diagram, and the degree of 'lateritisation' is determined. 
The method is firmly commended by Aleva (1994). 

Si02 28/31 

A Figure 3. A typical ferricrete profile with an unconformity (after 
Ollier 1959). 

Kaolinisation 

Vertical differentiation is far from being the only process 
in the formation of regolith profiles, and is a potentially 
dangerous assumption that can lead to serious misunderstanding 
of layering within the regolith. 

/ Weak lateritisation \ 
Moderate lateritisation 

Strong lateritisation 

I 
50 I F e 2 O 3  28/30 

Figure 2. A Schellmann diagram, the standard method of repre- 
senting a laterite profile (after Schellmann 1983). The various 
fields in the diagram represent degrees of laterisation, and are 
assumed to be vertically and genetically related. 

Lateral movement of groundwater or solutions is at least 
as important as vertical movement, and upward movement is 
rare. Duricrust landscapes provide numerous examples. Ma- 
terial is carried in solution in a downslope direction and 
precipitated in the footslope, as footslope calcrete, ferricrete, 
or silcrete. The situation becomes even more complex if the 
duricrust formed in an earlier climate, different from that of 
the present day. 

Femcretes may be found in arid areas, where iron movement 
is no longer significant. The great lateral variation in such 
profiles sometimes tempts people into correlating materials 
as if they were all the same age, such as the 'laterite' 
(femcretes) of the New England area, when in reality they 
formed over a wide range of time through a complex landscape 
evolution. 

Treating a weathering profile as if it resulted entirely from 
vertical differentiation is even more misleading if the profile 
contains an unconformity. Ollier & Galloway (1990) have 
made a case for unconformity being the rule rather than the 
exception in fenicrete profiles. A typical profile is shown in 
Figure 3. Below the stone line is weathered saprolite, and a 
case may be made for vertical differentiation within this part 
of the profile. But the re-sorted earth above the stone line 
has been moved by bioturbation or possibly brought in laterally 
by hillside creep, alluvial deposition, or another process. At 
a later stage, iron oxides and hydroxides were precipitated 
within the profile, the precipitation being concentrated around 
the hydrological contrast at the unconformity surface. The 
iron precipitates are different above the unconformity (generally 
pisolitic) and below the unconformity (generally vesicular). 
Furthermore, it is quite likely that much of the iron was 
derived laterally. And yet many such profiles have been plotted 
on the Schellmann diagram as if the whole profile were formed 
by vertical differentiation. 

Weathering and landscape evolution 

Lowering of the total landscape 
To explain regolith profiles and regolith-covered landscapes, 
some authors have invoked lowering of the total landscape 
(e.g. Aleva 1983), whereby removal of material from the 
surface layers lowers the elevation of the surface. Weathering 
keeps pace with surface lowering, but preferential removal of 
some elements in solution concentrates others in the weathering 
profile. It is further assumed that valleys are cut downward 
in balance with the lowering of hills and slopes, and the 
whole landscape is lowered without change of form. 'Total 
landscape lowering' refers to this particular equilibrium 
concept, and the idea has been applied commonly in landscapes 
with femcrete (laterite) profiles. Figure 4 illustrates the concept 
as presented by Tardy (1993). We have included the French 
caption so there can be no doubt about the idea of "geochemical 
landscape lowering". 

It is frequently found that the ferricrete in a profile contains 
more iron than could be derived from the underlying saprolite. 
If the extra iron was obtained from originally overlying 
weathered rock that has since been removed, the amount of 
profile lowering can be calculated. Trendall (1962), working 
in Uganda, calculated from the above assumption that 4.25 m 
of granite was required to give 30 cm of laterite. Because 
the landscape had apparently been lowered, he referred to the 
present landforms as "apparent peneplains." In spite of 
reservations raised by a number of workers (see Bourinan 
1993 for a discussion), general surface lowering is still a 
widely accepted mechanism, and has been treated with 
enthusiasm in the latest textbook of tropical geomorphology 
by Thomas (1994). Tardy & Roquin (1992) have calculated 
the amount of landscape lowering in various regions as shown 
in Table 1. 

On any basis, the lowering of a landscape by over three 
kilometres seems improbable, but that is the figure given for 
Malagasy (Madagascar). Oddly enough, Malagasy is the very 
place where Maignien (1956) first made a strong case for 
lateral transport of iron in landscape evolution. Lateral 
movement of iron is the main alternative hypothesis to 
landscape lowering in femcreted landscapes. In reality, both 
vertical and lateral movement of iron takes place, with lateral 
movement probably dominating. Lateral movement removes 
the need to lower the landscape by large amounts. It also 
requires much less total iron in the landscape, because iron 
from a large area is concentrated in a small part of the 
landscape (Pain & Ollier 1995). The alternatives are illustrated 
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Crust 

Mottled zone 

Pallid zone 

Bedrock 

Ir 7 Bedrock 

Figure 4. Diagram of reduction of a kaolinitic profile with an 
iron crust by geochemical landscape lowering (after Tardy 1993). 
(Original French caption: Schdma de rdductiorz d'ur~e lithomarge 
kaolirzique erz cuirasse ferrugirzeuse par erzfor~cernerzt giochimique 
du paysage.) 

Table 1. Amounts of surface lowering, after Table 16.2. in 
Tardy & Roquin (1992) 

Co~rrltry S~trfnce lo~~er ir lg  (kn1/100 Mvr) 

Norway 0.3 

France 0.8 

Central Africa 0.5 

Ivory Coast 1.4 

Malagasy 3.3 

in Figure 5. 
Two main objections may be raised to total landscape 

lowering: 
details of weathering profiles and catenas may produce 
evidence of lateral movement of solutions. 
many landscapes have plateau remnants with very old 
features and deposits that are incompatible with surface 
lowering of more than a few metres. Examples include 
Permian glacial pavements, Tertiary lava flows, and even 
fenicretes dated (by palaeomagnetism) to early Tertiary or 
Mesozoic times (Schmidt & Ollier 1988). 
In Western Australia, where deep saprolite abounds, land- 

scapes have been traced back to the Jurassic in the Lake 
Cowan area (Clarke 1994a), and to the Permian in the Kambalda 
area (Clarke 1994b). In Victoria, much of the weathering is 
Mesozoic, but instead of general surface lowering there has 
been differential stripping, which can be traced through the 
content of neighbouring sedimentary basins (Hill et al. in 
press). 

While general surface lowering may occur in some special 
cases, such as on ancient sand dunes which are lowered 
without changing form, we consider it to be an improbable 

Figure 5. Vertical accumulation of iron and lowering of a landscape 
compared with lateral movement of iron. In this simple example 
the saprolite is assumed to have 1% iron and the ferricrete 50% 
iron. On the left hand side of the diagram 50m of saprolite must 
be removed to obtain 50cm of ferricrete by downward vertical 
movement of iron. The same result can be otained if iron is moved 
laterally from a surface layer of saprolite 50cm thick and lOOm 
long, as shown on the right hand side. 

mechanism in most areas. When perceived as a process that 
continued through the Cainozoic, it is likely to lead to 
misinterpretation of regolith stratigraphy. 

Regolith and the present-day environment 
A frequent error is to relate regolith to present-day climatic 
and biological condltlons. Sometimes this is explicit, as when 
Aleva (1994 p. 57) remarked, in a discussion of laterite profiles 
in Western Australia, "The current climate appears to control 
the nature of the weathering profile". Sometimes it is implicit, 
as in the book of Butt & Zeegers (1992), which assumes in 
its title-"Regolith exploration geochemistry in tropical and 
subtropical terrainsm-that the present-day climate is dominant. 

Tardy (1993 fig. 118 p. 255) provides a figure showing 
similar topography with different regoliths, and attributes these 
differences to variations in present-day climates. We conslder 
the regolith to reflect past climatic and hydrological regimes. 
This difference of opinion cannot be resolved by debate, but 
only by further study. 

Objections to the exaggerated influence of present climate 
include the following. 

Deep weathering profiles take a very long time to form- 
usually longer than the present climate has prevailed. 
Even in apparently simple regions, the regolith has often 
had a complex climatic history (glacial and interglacial; 
humid and arid; stable and rapidly variable). The Quaternary 
has been a time of frequent and large climatic changes. 
Older regolith profiles may have inherited features from 
the generally more slowly changing, generally warm and 
moist conditions of the Tertiary, and some have features 
that are even older. .. 
The effects of present climate occur mainly through 
biological processes, and modem weathering extends only 
as deep as biological influences..Below that, present climate 
(mainly temperature) affects only the rate of weathering. 
The degree and style of weathering depend more on time 
and geomorphic stability. 
Geothermal heat becomes more important for groundwater 
temperature than surface temperature at surprisingly shallow 
depth. Although permafrost can penetrate hundreds of 
metres, in temperate and tropical areas a stable temperature 
is reached at a depth of about 10 m (Domenico 1972), so 
the effect of present-day temperature is limited to the 
surficial zone. "Below this depth, the primary control on 
temperature is the flow of heat from the earth's interior." 
(Domenico 1972 pp. 281-282). 
Except for profiles on very recent deposits such as alluvium 
or lava flows, present-day climate has little to do with 
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regolith distribution and characteristics. Some parts of a 
regolith profile may be genuinely old, like old strata, and 
it is vital to interpret inherited features for what they are, 
rather than to assume that they are all in equilibrium with 
present-day climatic conditions. 

Equilibrium between rates of weathering, erosiort, 
uplift and landforms 
Many researchers believe that the regolith is in some form 
of long-term equilibrium between rates of weathering, erosion, 
uplift, and landforms. This concept is often termed "dynamic 
equilibrium". It was first described in detail by Hack (1960), 
but see also the effective rebuttal by Bretz (1962). Some 
aspects have been discussed earlier under 'landscape lowering.' 

If a landscape is in equilibrium, then all parts of the 
regolith are modem and there is no place for inherited, ancient 
components. If inherited features can be demonstrated (like 
the bauxites in Hack's classical area-see Bretz 1962), then 
equilibrium has been disproved. Equilibrium is most prevalent 
on active all-slope landscapes, but even here inherited features 
are common on barts of the slope, like the earthquake-stripped 
slopes of Papua New Guinea (Pain & Bowler 1973). 

Dynamic equilibrium is treated favourably in the text on 
tropical geomorphology by Thomas (1994). But in eastern 
Australia, where land surfaces can often be dated, it is clear 
that this is seldom true and there is a great deal of inheritance 
in both landforms and regolith. 

Peneplains and regolith 
Some workers have assumed that landscape evolution goes 
through a series of peneplains and that each will be characterised 
by a different regolith. In Nigeria, for example, Sombroek 
(1971) described plinthites (indurated regolith) that were 
formed on flat surfaces in former times. Four plinthisation 
events were dated to Early Tertiary and two to the Cretaceous. 
This is not the place to debate models of landscape evolution. 
However, even if surfaces of different ages can be found, the 
regolith upon them is a matter for investigation and not 
theoretical assumption. In the Monaro highlands of southeast 
Australia, the landscape has evolved over a long time and 
deep weathering is well known, yet soils are young (Pillans 
& Walker 1995). In Uganda, a single eroslon surface has cut 
across deep regolith in the south (where it is known as the 
African surface) and across bedrock in the north (where it is 
known as the Acholi surface), and there are different soils on 
each (Ollier 1993). Other hypotheses, such as the pediplanation 
cycle of King (1953), have similar limitations. It is no better 
to assume a geomorphic cycle theory than to assume an 
equilibrium theory. Investigation of regolith and landscape 
evolution must go hand in hand, including the study of regolith 
stratigraphy. 

Alternating sedimentation and weathering 
or soil formation 
Weathering and soil formation proceed over time, and so does 
sediment accumulation. If the sedimentation rate is too high, 
weathering and soil formation cannot keep pace. If sedimen- 
tation stops or is very low, well-developed soils or weathering 
profiles may form. There is a balance between the two 
processes which may be utilised in studying and dating suitable 
profiles. 

Momson (1978) suggested the following terms. 
Composite palaeosols-for soil profiles that overlap one 
another, perhaps by addition of an increment of sediment 
thinner than the profile. 
Compound palaeosols-for non-overlapping soil profiles 
separated by sediment. 
There are several situations where weathering and sedi- 

mentation take place at the same time. Perhaps the most 

widespread is on floodplains, where floods deposit sediments 
on top of soils every time the river overtops its banks. 
Immediately following a flood, the newly deposited sediments 
are usually obvious, with light-coloured sediment overlying 
the darker soil that was previously at the surface. However, 
after a few years the sediment becomes incorporated into the 
soil, and the sedimentary layering disappears. The situation 
is complicated by shifting river channels, which rework the 
floodplain sediments so that floodplain soils are usually only 
poorly developed. Only when a flood plain is isolated by 
river incision to become a terrace, does soil development 
begin to dominate and a more mature soil develop. 

A similar situation occurs in areas of volcanic ash (Pain 
1982). Close to a volcano thick volcanic ash units are usually 
deposited rapidly. Soils develop in the quieter periods between 
major eruptions. This leads to vertical sequences of volcanic 
ash units, each with a distinct buried soil. Further away from 
the volcano, the amount of ash deposited is less, so that soil 
formation is able to keep pace with or exceed deposition. 

In parts of China there has been a long 'conflict' between 
accumulation of loess and soil formation (Verosub et al. 1993). 
Sometimes the loess accumulated too quickly for anything 
other than rudimentary soil formation. At other times, soil 
formation dominated and a paleosol was formed. Magnetic 
signals in the loess may relate to climate, but Verosub et al. 
(1993) stress pedology, for during the soil-forming process 
the magnetic signal strengthens. This method has been used, 
in association with thermoluminescence, to date loess back 
to 800,000 years (Berger et al. 1992; but see also Wintle et 
al. 1993). 

Conclusions 
The regolith includes both weathering profiles and sedimentary 
layers, which can have complex stratigraphic relationships. 
Layers resulting from weathering in place are often misinter- 
preted as sediments, or sediments, especially when weathered, 
are misinterpreted as part of a weathering profile in place. 
For layers of sedimentary material the simple rules of 
stratigraphy apply, but within the weathered profile simple 
stratigraphic laws do not apply. This is because the layering 
produced by weathering is quite different from that produced 
by depositional processes. This confusion stresses the point 
that it is important to separate sedimentary effects from 
weathering and cementing effects. 

Regolith profiles cannot be treated as if they are a result 
of vertical differentiation processes alone: they frequently 
result from lateral as well as vertical movements of material. 
Regolith profiles are not necessarily related to present-day 
climatic and biological conditions, and commonly have 
inherited features from former bio-climatic environments. 
considering the regolith to be in some form of long-term 
equilibrium with rates of weathering, erosion, uplift and 
landforms is usually an unwarranted assumption. General 
surface lowering is an improbable mechanism in most areas. 
Single vertical regolith profiles are alone inadequate for 
interpreting regolith and it is better to consider two and three 
dimensions. Investigation of regolith and landscape evolution 
must go hand in hand, including the study of regolith 
stratigraphy. 
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Ferricretes and deep weathering profiles of the Puzzler Walls, Charters 
Towers, north Queensland 
Clinton J.  river^'.^, Tony Eggleton' & Simon D. Beams2 

The Charters Towers district in semi-arid tropical north Queensland 
has large areas of transported and residual cover. It is host to several 
major gold and base-metal deposits and has a long history of mineral 
exploration, but there have been few studies of its regolith. As future 
exploration will target mineralisation under cover, an understanding 
of the regolith is essential for interpretation of geochemical and 
geophysical data. Transported regolith presents further complications. 

The Puzzler Walls, about 10 km east of Charters Towers, are a 
group of mesas capped by siliceous and ferruginous duricrusts 
developed on thick units of deeply weathered Tertiary sediments and 
Palaeozoic granitoids. The granitoids host mesothermal quartz-vein 
type gold mineralisation, commonly with associated sulphides. par- 
ticularly galena. 

Analysis of ferruginous material from the mesas reveals two main 
types of iron accumulations: an older ferruginous gravel developed 
from the weathering of granodiorite. and a younger nodular fenicrete 
overlying TertiaryIQuaternary sediments. These materials are distin- 

Introduction 
The fermginous material and deep weathering profiles which 
have been preserved as femcretes and mesas in the Charters 
Towers area, 130 km inland from Townsville, represent the 
effects of past climatic and geomorphic processes. Similar 
cover is developed over large areas of semi-arid tropical north 
Queensland. 

The Charters Towers district is host to several major gold 
and base-metal deposits and has a long history of mineral 

( 
exploration. The historical gold deposits were discovered by 
bedrock prospecting, but in the past 20 years, blind deposits 
(such as Reward and Thalanga East, respectively south and 
west of ChartersTowers) have been discovered by targeting 
secondary dispersion haloes in the regolith (Beams 1993). 

A large proportion of north Queensland has been effectively 
explored by traditional geological methods-i.e. mapping and 
sampling of bedrock--coupled with geophysics. Exploration 
is now targeting mineralisation under cover, be it deeply 
weathered or transported material. An understanding of this 
'cover', the regolith, is essential for interpreting geochemical 
results obtained from surface sampling. 

This paper is based on the results of a study of the regolith 
geology and landscape evolution of the Puzzler Walls, about 
10 km east of Charters Towers (Fig. 1) (Rivers 1993). The 
study investigated the geochemical interchange, in particular 
within ferruginous accumulations, between bedrock and the 
regolith of overlying Tertiary sediments. A model of landscape 
and regolith evolution is developed, and the development of 
fermginous accumulations within the regolith and the bearing 
these may have on mineral exploration are discussed. 

Regional observations 
A large proportion of the region, comprising undulating hills 
of Paleozoic granitic rocks, volcanics and sediments, is covered 
by a thin veneer of soils. Deep weathering profiles and 
extensive fluviatile cover sequences also occur across parts 

I Centre for Australian Regolith Studies, Australian National 
University, PO Box 4, Canberra ACT 2601 (CJR now at Terra 
Search). 

2 Terra Search Pty Ltd, PO Box 981, Castletown, Hyde Park QLD 
48 12. 

3 Present address: Queensland Nickel Pty Ltd, PO Box 7879, 
Brisbane QLD 4001 

guished on the basis of their position in the landscape. micromorphology 
(petrology), geochemistry, and mineralogy. 

The older (Tertiary?) ferricretes have developed in sit11 on the 
granodiorite. They consist of ferruginous aggregates of the underlying 
mottled saprolite, formed by the relative accumulation of iron. as 
other, more soluble, elements were leached out. The younger 
(Tertiary-Quaternary?) nodular ferricretes consist of reworked or 
transported iron nodules coated by several generations of goethite 
rinds. These nodular ferricretes are interpreted as having formed by 
the accumulation of iron, precipitated from groundwater on valley 
sides or oxidation fronts. 

The geochemistry of both ferricrete types reveals enrichment of 
transition metals, some rare-earth elements. and elements commonly 
associated with gold mineralisation in the Charters Towers district 
(Pb, Sb, As). The last may be useful pathfinders in exploration. It 
still needs to be established whether this enrichment results from 
proximity to underlying mineralisation. 

of the region, and are distinguished by their two main landforms, 
described by Grimes (1979) and Henderson & Nind (1994) 
and shown in F~gure 1: 

dissected plateaus and mesas of the older Featherby Surface, 
overlying sediments of the Southern Cross Formation; and 
flat-lying sheets of fluviatile sediments, the Campaspe 
Formation, infilling areas of low topography. 
The regolith at Puzzler Walls occurs in similar landform 

units. 
Rivers (1993) completed an airphoto interpretation of the 

Charters Towers district (covered by the 1:100 000 Charters 
Towers sheet) to establish the relationship and extent of 
Cainozoic units of the area (Fig. 1). The photointerpretation 
utilised approximately 1200 colour aerial photographs at 
1.25 000, 1.20 000, and I: 10 000 scale. Limited ground-truth- 
ing of the district was performed for several of the units 
observed, and references to mapping compiled by Hutton 
(1992) were utllised to check these observations. 

Beams (1992) mapped the area at 1:5000 scale, using 
enlargements of 1:25 000 colour aerial photography flown by 
Mount Leyshon Gold Mines (MLGM) in 1992. Rivers (1993) 
mapped the regolith in more detail. 

Featherby Surface. The Featherby Surface overlies Tertiary 
sediments (broadly assigned to the Southern Cross Formation) 
and deeply weathered granitoids. It consists of lateritic profiles 
with variable thicknesses of mottled and pallid zones, with 
or without a siliceous or fermginous duricrust or fermginous 
gravel lag. The age of the surface and the fermginous gravel 
lag is difficult to establish, but Grimes (1979) considered 
them to be Mid-Oligocene to Early Pliocene (4.5-29 Ma) on 
the basis of correlations with basalt flows north of Charters 
Towers and southeast in the Mount Coolon area. At Mt 
Dalrymple, 125 km southeast of Charters Towers, a basalt 
flow dated at 53 Ma overlies duricrust regarded as a Southern 
Cross Formation equivalent (Henderson & Nind 1994). At 
Puzzler Walls, fermginous materials related to the Featherby 
Surface were broadly assigned a Tertiary age. 

In some places the weathering profiles and duricrusts of 
the Featherby Surface are partly eroded as 'breakaways', 
exposing underlying mottled bedrock and clayey Tertiary 
sediments (Figs 2 & 3). 

Campaspe Formation. About 40km south of Charters 
Towers (Fig. 1) an extensive flat-lying fluviatile sequence of 
the Campaspe Formation covers a large area of low relief. 
The formation is believed to be Pliocene to Pleistocene in 
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age (1.3-3.5 Ma) on the basis of overlying and underlying of these nodular ferricretes overlie fluviatile sediments broadly 
basalt flows (Nind 1988). At Puzzler Walls, downslope from assigned to the Campaspe Formation (Fig. 4). Late Tertiary 
Tertiary breakaways, gravel-sized fermginous granules (Anand to early Quaternary weathering processes are thought to have 
1993) are cemented by goethite into nodular ferricrete. Some formed these nodular ferricretes. 

Figure 1. Simplified geology and regolith units of the Charters Towers region. Map developed from airphoto interpretation. Qa left 
unshaded. From Rivers (1993). 
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Figure 2. Sample sites, regolith units and simplified geology of the Puzzler Walls field area. From Rivers (1993). 
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surface fermginous accumulations, 
A horizon, 
B horizon, 
C horizon, and 
fresh rock. 
In total, 44 samples were analysed for geochemistry and 

mineralogy. 
X-ray diffractometry (XRD) was used to determine the 

bulk mineralogy and clay mineralogy (< 2 m fraction) of 
selected regolith samples. All analyses were by Cu k-alpha 
radiation at 40 kv and 20 ma, with a Ni filter to suppress Cu 
k-beta radiation. An internal standard of zincite was used to 
determine amorphous or poorly diffracting material (PDM). 

X-ray fluorescence (XRF) was used to determine major, 
minor, and trace element abundances for 44 samples. Regolith 
and rock samples of 1-3 kg were crushed, coned, and quartered 
to obtain heterogeneous aliquots, of which 200 g was milled, 
to a fine powder (< 2 pm) in a tungsten ring mill. Samples 

Figure 3. An isolated mesa, part of the dissected Featherby Surface, 
consisting of deeply weathered Tertiary? sediments (upper steep 
sections) and mottled Palaeozoic granitoids (lower slope). Located 
6 km southeast of Charters Towers. 

were then mixed with PVA and pressed into boric acid moulds 
to form pellets, which were analysed for trace elements with 
a Phillips PN 1400 XRF spectrometer at the ANU Department 
of Geology. 

Samples for major element analysis were made into glass 
discs (by mixing with lanthium borate flux, melting at 1080' C, 
then pouring into a disc mould and allowing to cool) which 
were analysed by XRF at a commercial laboratory, following 
the method of Nomsh & Hutton (1969). 

Milled samples from PZC6 and PZC7 were also analysed 
by bulk rock neutron activation analysis (NAA) for gold and 
28 other elements, including rare-earth elements (REE), As, 
and Sb, at Becquerel Laboratories, Lucas Heights. 

Puzzler Walls regolith 
The Puzzler Walls overlie a section of the Ravenswood 
Batholith east of Charters Towers (Fig. I), at 20°10'S 14625'E. 
The area was extensively mined for gold over the last century 
and bedrock exposures are riddled with old workings. The 
main obstacle to further exploration has been the concealment 
of Paleozoic host rocks by Tertiary-Quaternary cover se- 
quences. 

The area is dominated by gently undulating low hills of 
weathered granitoids and sandy alluvial material. Approxi- 
mately a fifth is covered by deep weathering profiles and 
Tertiary sediments. Deep weathering profiles capped by 
siliceous and fermginous duricrusts of the Puzzler Walls group 
are preserved as mesas. In the field area, these profiles are 
generally preserved only on the Puzzler Granodiorite and 
Tertiary sediments, making this an ideal site for a study of 
regolith derived from only two rock types. 

Tertiary sediments in the field area consist of poorly sorted 
angular colluvial sandy clays, and moderately sorted fluviatile 
sands, clays and grits with minor local conglomerate filling 
channels cut into the underlvinr! bedrock. Thev have textural . - 
and compositional characteristics similar to those of underlying 
weathered granodiorite, consisting of fine clays and 40-60 
per cent angular to sub-angular quartz grains up to 2 mm 
diameter. Exposed breakaways in Tertiary sediments are 
characterised by clay fringes and appear brighter (i.e. have a 
higher albedo) than weathered granitoids on colour aerial 
photographs and Landsat TM scenes. This allows delineation 
of these units on aerial photographs. 

These sediments are at least 11 m thick in places (Puzzler 
Walls east mesa and PZC3) and have undergone deep 
weathering, resulting in leaching of clays from the upper 
section of the Tertiary sediments (the paleo A horizon) and 
their deposition in the underlying sections (the paleo B horizon) 
with associated mottling. 

The upper section of the deeply weathered Tertiary 
sediments is commonly indurated as a siliceous duricrust, in 
which sands and clays are weakly silicified to form a hard 
surface crust less than a metre thick. Erosion of these sediments 
and this duricrust has also allowed the accumulation of minor 
amounts of hardened fermginous gravels on the surface. These 
appear to be remnants of the underlying mottled zone. Similar 
fermginous accumulations are more abundant overlying sec- 
tions of deeply weathered granodiorite. 

Examination of regolith overlying the Puzzler Granodiorite 
and Cainozoic sediments revealed two main types of fermgi- 
nous accumulations: 

an older Tertiary? fermginous gravel lag overlying deeply 
weathered granodiorite (PZC1, PZC6); and 
a younger nodular femcrete overlying TertiarylQuaternary 
sediments and containing reworked fragments of the earlier 

Figure 4. Detrital TertiarytQuaternary nodular ferricrete within gravel lags (PZCS, pzC7). 
- 

and overlying TertiaryIQuaternary alluvium, located on a lower Fermginous gravels overlying deeply weathered Tertiary 
valley side in the Puzzler Walls area. Note incorporation of sands sediments are a third and minor type of fermginous accumu- 
and quartz pehhles 4 0  mm diameter within the ferricretes. lation. These are thought to be remnants of the fermginous 
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Table 1. Selected characteristics of the two main types of ferrudnous accumulations observed a t  Puzzler Walls. (Full results, field 
and analytical procedures presented in Rivers, 1993). 

Ferruginous gravel lag Reworked nodular ferricrete 
Tertiary? Tertiar?,/Quarernan? 

Mineralogy (weight %) (XRD results) 

g hm ka qz pdm 
25% <5% 22% 3 1 % 22% (+5%) 

Al-substitution in goethite 
9 mole% (f 2.6 mole%) 

Geochemistry (ppm unless otherwise stated) 
(detection limits in brackets)(XRF results) 

Al,O, (wt%) Fe203 ( ~ 1 % )  
11-16% (>I wt%) 17-34% (>1 wt%) 

Bases = (K20 + NazO + CaO + MgO) 

t(NAA results) 

Micromorphology 
Ferruginous gravel lag formed by aggradation and hardening 
of ferruginous mottles developed further down profile. 

Similar quartz grain textures to underlying weathered 
granodiorite and mottled zone. 
Gravel lags, possibly formed in siru from granodiorite. 

Landscape positioning 
Ferruginous gravel lag overlies weathered granodiorite and, 
to a lesser extent, Tertiary sediments in the field. Gravel lag 
was observed in the middle of some mesas and at change in 
slope on the edges of mesas. Recent effects associated with 
dissection of mesas may have led to cementing of some of 
this lag into ferricretes. 

Mineralogy (weight %) (XRD results) 

Al-substitution in goethite 
4-7 mole% (excluding re-worked gravel lag sample) 

Geochemistry (ppm unless otherwise stated) 
(detection limits in brackets) 

A120, ( ~ 1 % )  Fe203 (wt%) 
6-9% (>1 wt%) 9-27% (>1 wt%) 

As(l)  Sb(0.3) Pb(>2) Cu(>4) tAu(ppb)(>3) 
39 1.3 24-34 20-36 <3 

bases (wt%) SR,O,(wt%) 
0.3-0.5 15-36 

Micromorphology 
Multi-stage reworking of transported gravel lag with 
several stages of goethite rinds developed. Quartz grains 
in the ferricretes hare a range of textures, angular to sub- 
rounded, with little resemblance to underlying sediments. 

Goethite, possibly precipitated from iron-rich solution 
carried into detrital gravels laterally by groundwater. 

Landscape positioning 
Slabs of nodular ferricretes unconformably overlie 
TertiarylQuaternary fluviatile sediments. Such nodular 
ferricretes also accumulate on valley sides and are 
generally lower in the landscape than Tertiary sediments 
and Tertiary duricrusts. 

portion of the mottled zone (Rivers 1993). Only one of these 
sites was selected for analysis (PZC4). 

Selected characteristics of the two main fermginous accu- 
mulations are shown in Table 1. Both are enriched in transition 
metals, some rare-earth elements (REE), and elements com- 
monly associated with Au mineralisation in the Charters 
Towers district (Pb, Sb, As). The geochemistry of PZC4 is 
discussed in the section on Tertiary fermginous accumulations. 

The fermginous accumulations are distinguished on the 
basis of: 

their position in the landscape: sitting as mesas above 
weathered granite in the case of the Tertiary Featherby 
Surface, or overlying TertiaryJQuaternary sediments of the 
Campaspe Formation; 
their geochemistry and mineralogy: lower amounts of 
~l-substitution in goethite in the younger nodular ferricretes, 
as well as a lower abundance of Al, Ce, As, Pb and Ba; 
and 
their micromorphology: older fermginous gravel lags, 
younger reworked nodular ferricretes. 

overlying weathered granodiorite consist of fermginous gravel 
lags (Fig. 5), rarely cemented by goethitic rinds. The fermgi- 
nous gravels are made up of hard, 5-20 mm diameter nodules 
(concretions) of iron-cemented sandy mud, consisting of a 
fine-grained groundmass (plasma) of 4 0 4 0 %  red hema- 

Figure 5. Tertiary? ferricrete. Four inch soil core PZC1, 0-30cm 
femginous accumu'ations~ grave' lag deposits visible. Ferruginous gravel lag deposit overlying Puzzler Grano- 

Morphology. The 'older' Tertiary? fermginous accumulations diorite. Note loose surface gravels. 



208 C.J. RIVERS ET P 

titelgoethite stained clays with up to 50% angular to sub-angular 
quartz grains 0.2-2rnm diameter (Rivers 1993). These fer- 
ruginous gravels contain material with similar angular quartz 
grain textures to the underlying mottled saprolite. 

The general profile is shown in Figure 6, a sandy surface 
horizon with up to 70% fermginous gravels, overlying mottled 
clayey solum, below which is a pallid kaolinitic zone overlying 
mottled granitic saprolite at depth. 

Mineralogy and geochemistry. The ferruginous gravel lags 
comprise, in order of abundance, quartz (qz), Al-goethite (go), 
kaolinite (ka), X-ray amorphous material (referred to as poorly 
diffracting material or PDM) and hematite (hm). 

In general, total iron, as goethite and hematite, increases 
up the profile in the sites examined (PZRC6, PZRCI), as do 
Cr, Sb, As, and Pb ('pathfinder elements' commonly associated 
with gold mineralisation in the area). 

This concentration of elements in the ferrules may be 
explained by the ability of goethite to adsorb these elements, 
but it is uncertain what relation their concentration has to the 
proximity of nearby mineralisation. Cu is generally of low 
abundance (20-36 ppm) in the femcretes and nearby gold 
mineralised quartz veins (10-45 ppm). 

Examination of minor fermginous gravels overlying Tertiary 
sediments (PZC4) revealed low Al-substitution in goethite 
(4 mol%), and low Al2O3 (9 wt%) and Fe203 (13 wt%), 
indicating the low activity of Al, suggestive of a water-logged 
environment. These fermginous gravels appear to have been 
developed from the Tertiary sediments and, compared to other 
femcretes observed in the field area, were only weakly enriched 
in REE and pathfinder elements. Although sampling is limited, 
their geochemistry does not give any indication of underlying 
bedrock or mineralisation. 

Possible formation of Tertiary gravel lags. The gravel 
lags are thought to have formed in situ on the granodiorite and, 
possibly to a lesser extent, on Tertiary sediments, by accu- 
mulation of ferruginous material from the mottled zone left 
behind by down-wasting of the pmfile as clays and soluble elements 
were removed. In this way, the iron has been enriched by relative 

Sandy A honzon wrth gravel lag 
compnang lwse terrules. Th~n 
goerhtttc cortex around some 
ferrules. 

Much evidence of bioturbatlon, pedo- 
tubules and mottling. Sub-angular 
quartz grains. 
Root holes and termite holes. 
Hematitic ferrules. 

Monled granitic saprolite with pseudo- 
morphing of feldspars by red kaolinite. 
Coherent (core stone?) 
Angular quartz grains. 

Pallid, leached sapmlite? Kaolinitic zone. 
Shiny clayskins and coarse, angular 
quartz grains. 

Whole mloured red granrtic saprolite 
wrrh kaolrnrte pseudomorph;ng feldspar 
and Dlobte Coarse angular quartz grams. 

Coarse quartz grains pallid 
granitic saprolite. 

Figure 6. Tertiary? gravel lag. Lateritic deep weathering profile 
developed on granodiorite. 

accumulation as other elements have been weathered out. 
The hypothesis of relative accumulation of iron in the 

gravel lag is supported by a higher concentration of A1203 : 
11-16 wt% compared to 59 wt% in nodular femcretes. 

The presence of AI-goethite indicates the activity of A1 in 
solution in these profiles, with higher degrees of Al-substitution 
in goethite occumng toward the top of the profiles (9 mol% 
in PZC6 ferrules at surface) compared with lower parts of 
the profiles (1.4 mol% in mottled B horizon PZC6 at 70 cm). 

On the basis of data from a range of environments. 
Schwertmann (1988) suggested that soils formed in hydro- 
morphic conditions contain goethite with low Al-substitution 
and that, in highly weathered soils of tropical regions, higher 
Al-substitution in goethite may occur. AI2O3 was low (9 wt%) 
in the fermginous gravels overlying Tertiary sediments, 
possibly indicating a wetter environment of formation. 

From these observations, a genesis may be envisaged in 
which hard ferruginous nodules containing high Al-goethite 

Figure 7. TertiarylQuaternary nodular ferricrete. Site PZC7, O- 
IOcm, located at slight change in slope below crest of low-lying 
mesa overlying TertiarylQuaternary sediments. 

0 cm 
A 

Nodular femcrete consisting of 80% femginous 
sandstone-gravels and re-worked femginous 
gravels cemented by goethit~c rinds and forming 
slabby ferricrete in places. 
L~ttle ~nterstitial sandy so!/. 

ferncreted together. 
Interstitial sandy soil and monling. 

0 

50% femginous gravels in sandy clay, 
angular quartz grains and mottling. 

T/O alluvium; rounded quartz pebbles, weakly 
structured peds and monled clayey sands. 
At base of unit angular quartz cobbles and 
sub-rounded quartz grains uncomfonnably 
overlie weathered bedrock with sharp contact 

Pallid grey sapmltfic bedrock, clay rich with 
angular Saprolith quartz grains. Rock textures 
increasingly apparent weathered bedmck down 

Figure 8. TertiarylQuaternary nodular ferricrete. Reworked nodu- 
lar ferricrete developed on TertiarylQuaternary sediments uncon- 
formably overlying weathered bedrock. 
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form towards the top of a well-drained profile during a period 
of strong leaching (Fitzpatrick 1988) and, hence, greater Al 
activity. 

TertiaryIQuaternary nodular fem'cretes 
Morphology. 'Younger' nodular femcretes unconformably 
overlie TertiarylQuaternarv sediments. These ferricretes consist 
of reworked de&tal feAginous gravels coated by several 
phases of goethitic rinds and sometimes cemented by these 
rinds to form slabby ferricrete (Fig. 7). A typical profile 
consists of nodular femcrete overlying mottled and clayey 
sediments (Fig. 8). 

Mineralogy and geochemistry. The ferricretes show a 
range of mineralogy and composition. Their mineralogy is 
dominantly quartz. with (in order of abundance) lesser amounts 
of kaolinite, PDM, Al-goethite and hematite. In general, they 
are enriched in REE and pathfinder elements (Table 1). Iron 
increases up the profile in the sites examined (PZRC5, PZRC7), , 
as do Cr and the pathfinder elements Sb, As, and Pb. 

Possible formation of nodular ferricretes. Nodular ferri- 
cretes are interpreted as having formed by cementation of 
detrital ferruginous gravels during precipitation of iron oxy- 
hydroxides from groundwater on valley sides or oxidation 
fronts (see inset Fig. 10). Such ferricretes generally have low 
mol% Al-substitution in goethite and low wt% Al, indicating 
an environment with low availab~lity of Al and little leaching, 
probably below the water table. The greater amount of quartz 
in these fenicretes (49-60 wt%) is a result of influx of sands 
into the gravelly ferricrete and incorporation into the goethite 
rinds. Zr and Hf are slightly greater in the nodular femcretes, 
possibly because of sorting during transport of the minerals 
containing these elements. The complex nature of these 
ferricretes may warrant closer examination of goethite rinds 
and individual ferrules to resolve geochemical associations. 

Comparison of the ferruginous gravels with the nodular 
ferricrete. Nodular ferricretes were generally observed in areas 
of lower topography and, consistent with low Al-substitution 
in goethite, may be the result of precipitation from groundwater 
seeps. 

Ba was found to be greater in the ferruginous gravels 
(230-245 ppm) than in the nodular ferricretes (15-150 ppm), 
as was Ce (85-220 ppm compared to 15-100 ppm). The 
difference in Ce may be due to its relative immobility in 
oxidising conditions (Banfield & Eggleton 1989), similar 
conditions to those interpreted for the formation of the strongly 
weathered fermginous gravel lags. The sum of A1203 and 
Fe203 (R2O3) and Ti was greater in fermginous gravels, a 
result of these elements being incorporated as immobile mineral 
phases and accumulating by relative enrichment. 

Landscape evolution 
The following model of landscape and regolith evolution of 
the Puzzler Walls follows observations by Rivers (1993) and 
is based on field, geochemical, and petrological data, and 
correlations with similar units observed by others in the 
Charters Towers region (Grimes 1979, 1980, 1993; Beams 
1993; Nind 1988; Henderson & Nind 1994) (Figs 9, 10, 11). 
No direct methods of dating were used in this study. 

Mid Tertiary 
Tertiary sediments were laid down during a period of instability 
associated with upwarping during the mid-Tertiary (Grimes 
1980). Subsequent deep weathering of both the Tertiary 
sediments and the granodiorites occurred during a time of 
relative stability (and possibly strong seasonality), which 
continued into the late Tertiary, forming the lateritic profiles 
underlying the Featherby Surface (Grimes 1979, 1980), capped 
in places by material rich in high Al-substituted goethite 
(Fig. 9). Pathfinder elements weathered from underlying or 

nearby mineralisation may also have been enriched in the 
ferricretes at this time, by absorption by goethite. 

Late Tertiary/Quaternary 

In the late Tertiary another stage of instability and erosion 
led to lowering of the water table and hardening of duricrust, 
along with dissection of parts of the Featherby Surface, 
resulting in an undulating landsurface with formation of mesas, 
and stripping of ferruginous gravels from parts of the mesas 
(Fig. 10). The Campaspe Formation and other TertiaryIQua- 
ternary alluvium were deposited at this time. Later, during 
the Pleistocene, the effects of seasonality and sufficient rainfall, 
coupled with long periods of stability, may have led to the 
overprinting of Tertiary weathering features by Quaternary 
ones (Grimes 1979, 1980, 1993), such as the reworking of 
gravel lags and the formation of nodular ferricrete overlying 
TertiaryIQuaternary sediments (inset Fig. 10). 

It may have been during this time that iron was mobilised 
and transported laterally into the nodular ferricretes by organic 
complexing in the lower solum or by reduction around tree 
roots and termite holes from decaying organic matter. Several 
generations of iron were precipitated as goethitic rinds, 
repeatedly cementing the detrital fermginous gravels on valley 
sides or floors in seeps (inset Fig. 10). 

Erosion since the Quaternary and into the Recent has continued 
shaping the regional topography, producing steep sides to the 
mesas, and exposing mineralised veining in the bedrock. The 
duricrusts of the Tertiary weathering regime and the nodular 
femcretes formed during the TertiaryIQuaternary have provided 
resistant caps on the deep weathering profiles and TertiaryIQua- 
ternary sediments, resulting in inversion of relief in places 
previously occupied by topographic lows (Fig. 11). 

Conclusion-implications for mineral 
exploration 
Ferruginous materials in the Charters Towers region, including 
lag gravels, iron nodules, and cemented nodular ferricrete, 
are of various ages and modes of formation. They are broadly 
grouped on the basis of morphology and position in the 
landscape as 

Tertiary duricrust/gravel lag (Tdf) (related to that of the 
Featherby Surface); and 
TertiaryIQuaternary duricrust I nodular ferricrete (TQdf) 
(related to that of the Campaspe Surface). 
Higher values of pathfinder elements, probably resulting 

from adsorption onto goethite, are present in ferruginous 
material; particularly gravel lags. Sampling these may detect 
geochemical dispersion trails in areas of cover. At the Puzzler 
Walls, there are two general modes of formation, ages, and 
geochemical signatures for the fermginous accumulations: the 
older 'Tertiary' ferruginous gravel lags have a higher concen- 
tration of pathfinder elements, Fe, and Al than the younger 
TertiaryIQuaternary nodular femcretes. It is, therefore, essential 
to have an understanding of landscape evolution and mode 
of formation of regolith units in order to plan and interpret 
geochemical surveys. Extensive research on the regolith of 
the Yilgarn has resulted in similar conclusions (e.g. Anand & 
Smith 1993). 

Further investigations need to be carried out to establish 
the lateral relationship between pathfinder elements in the 
ferricretes and nearby underlying mineralisation. Ideally, a 
profile needs to be located where quartz-sulphide vein material 
extends up into the duricmsted land surface. A study into the 
mobility and dispersion of pathfinder elements into ferruginous 
accum;lations would be of great benefit to the mineral 
exploration industry. 
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Non-ferruginous duricmst . . _. 
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Figure 9. Formation of deep weathering profiles, characterised by lateritic material, during a period of 
tectonic stability in the mid Tertiary. 
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Figure 10. Erosive phase of the late Tertiarylearly Quaternary formation of duricrust and partial 
stripping of lateritic profiles. Deposition of TertiaryIQuaternary sediments (Campaspe Formation 
equivalent). Inset: Weathering effects during the TertiaryIQuaternary and formation of nodular 
ferricretes in the PuzzlerWalls field area by absolute accumulation of iron. 
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Figure 11. Effects of recent weathering on the Puzzler Walls, showing relative position of selected sample sites. 
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Classification, genesis and evolution of ferruginous surface grains 
Jonathan D.A. Clarke & Lee Chenoweth' 

Studies of ferruginous surface grains (FSGs) have shed considerable 
light on the origin of both these enigmatic grains and on regolith 
evolution. This paper describes a user-friendly classification scheme. 
and the genesis and evolution of FSGs. 

The classification system has four levels. The first is based on 
initial observations necessary to recognise the class of regolith material 
to which FSGs belong, namely lags. The second separates FSGs from 
other lag components. such as rock fragments and resistant mineral 
grains, and hence requires more detailed observation of the sampled 
material. The third level of classification reauires oetronraohic and . - .  
mineragraphic examination-the main textural types are homogeneous, 
lithorelic, pseudomorphic. vesicular, sandy, and oolitic. The fourth 
level of classification identifies modifying tnicrofabrics, namely 
concentric, cutanic, compound, mottled. and syneresis fabrics. 

FSGs are formed in three main environments: the weathering 
profile (mottled zone and saprolite); surfical environments (soils and 

sediments): and subaqueous environments (lakes and rivers). They 
form by four main processes: ferruginisation of a protolith (mainly 
in the weathering profile. but also in subaerial and subaqueous 
sediments): concretion in a solid medium (surficial materials and the 
weathering profile): accretion in subaqueous environments. (lakes and 
rivers): and fragmentation of existing ferruginous material. 

Diagenesis of FSGs causes both textural and mineralogical changes. 
Dehydration. mineralogical unmixing, dissolution, and precipitation 
all alter the original fabric. Replacement. dehydration. and recrystal- 
lisation change the mineralogy. Hydration of hematite to goethite 
also occurs in hutnid climates. Ions of interest to exploration 
geochemists may be lost during syneresis and unmixing. 

Application of this classification system requires integration of 
microfabric studies with geomorphological mapping, regolith strati- 
graphy, mineralogy, and geochetnical data. 

Introduction 
Fenugtnous surface grams (FSGs), commonly known as 
'p~sol~tes', '~ronstone gravel', 'buckshot gravel' or s~milar 
terms, are Important components of lag over much of Australla 
Lag sampl~ng 1s widely used In explorat~on of deeply weathered 
environments A summary of the use of lags 1s glven by 
Carver et al (1987), whose work demonstrated that lag 1s a 
very useful and sensltlve med~um for gold and base metal 
geochemlcal explorat~on In deeply weathered terralns over 
w ~ d e  areas, despite difficult~es In sample collect~on, hlgher 
processing costs, and nolsy data. FSGs and lags provide clues 
to h~dden ore bodles In at least two ways. through anomalous 
element distnbut~on inhented from the~r protol~ths, and through 
trapping of remobillsed Indicator elements by Iron and 
manganese ox~des and oxyhydrox~des const~tut~ng the FSGs. 
Until comparat~vely recently, llttle had been published on the 
character, genesls, and evolution of FSGs, apart from the 
ploneenng studles of Anand et al (1989) and Nahon (1991) 
More recent stud~es (Allpour et al 1994, Kotson~s et al 1994; 
Clarke 1994, Robertson 1994; Tllley et al 1994) were presented 
at the 1994 AustralIan Regol~th Conference at Broken H ~ l l  
(Pam et al. 1994) Data In these stud~es complement those In 
t h ~ s  paper 

Our research has concentrated on the fabnc, m~neralogy, 
and assoclatlon of FSGs from different geomorphic and 
geologic settlngs (Fig. 1) These data are syntheslsed Into a 
proposed class~fication system, wh~ch IS useable by the PW ~n 

exploratlon~st, and which can be related to the genesis and 
evolut~on of these grains In the regolith Use of the class~ficatlon 
system w~l l  enable better ~nterpretatlon of geochemlcal data Figure 1. FSG sample localities. 

from lag samples 

Study methods 
Samples of FSGs were collected from various localities in 
Western Australia, South Australia, Victoria, Queensland, and 
the Northern Temtory (Table 1). 

Polished thin sections were prepared of all samples, which 
were examined with a Leitz Orthoplan-pol microscope under 
both reflected and transmitted light. Oil immersion proved 
most useful at higher magnification, particularly for observing 
clays in transmitted light. Distribution of trace elements in 
some FSGs was mapped with a Cameca SX-50 microprobe 

Western Mining Corporation Ltd, GPO Box 860K. Melbourne. 
Victoria 3001, Australia 

at Melbourne University. In some cases, 3-D surface features 
of FSGs were examined with the JEOL JSM-35 SEM, also 
at Melbourne University and WMC's JEOL JSM-T200 in 
Kalgoorlie, to compare results with those obtained from visible 
light studies. 

Problems of FSG classification 
Classification of FSGs is difficult, as the grains tend to be 
superficially very similar. Hence, there is a tendency for many 
explorationists to call any reddish brown to black surficial 
grain (0.5 mm-5 cm) a 'pisolite', irrespective of its compo- 
sition, surface fabric, internal structure, whether the grain is 
loose on the surface, buried in soil, reworked into a gutter 
or rill, or cemented into a ferricrete. 
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Table 1. Setting of FSGs sampled in this study. 

Locality Clitnate S~rhstrate FSG host Host lithology Axe o f  host 

Widgiemooltha 

Cave Rocks 
Tramways 

Kambalda 
Lake Lefroy 

Mt Hunt 

Tennant Ck 

Pine Ck 

Barrow Ck 

Heartbreak 

Roopena 

MI lsabella 
Mt Clyde 

Adelaide 
Naracoorte 
Mill Park 

Torquay 
Cloncuny 

Walford Ck 

semi-arid 

semi-arid 
semi-arid 

semi-arid 

semi-arid 
semi-arid 

arid 

monsoon tropical 

arid 

monsoon tropical 

mediterranean 

mediterranean 
arid 

~nediterranean 
temperate 

temperate 

temperate 
semi-arid 

monsoon tropical 

- - - -. - --. 

Archaean 

Archaean 
Archaean 

Archaean 
Proterozoic 

Proterozoic 

Proterozoic 
- - - - - - - - - 

Proterozoic 

Proterozoic 

Proterozoic 
Adelaidean 

ferricreted sediments 

ferricreted residual sediment 

ferricreted residual sediment 
fenicreted residual sediment 

sediment 

fenicreted residual sediment 

residual 
residual 

residual 

sediments 

residual 

residual 
residual 

residual 
sediments 

sediments 

sediments 
sediments 

residual sediments 

sands, silts 
gravels, sands 

gravels-silts 
gravels, sands 

sands, silts 

gravels-silts 

soils 
soils 

soils 

soils 

soils 

soils 
soils 

soils 
sands 

sands, gravels 

sediments 
silts, sands 

sands, gravels 

Cainozoic 
Meso-Cainozoic 

Cainozoic 

Cainozoic 
Miocene 

Meso-Cainozoic 

Quaternary 

Quaternary 

Quaternary 
Cainozoic 

Quaternary 

Quaternary 

Quaternary 
Cainozoic 

Quaternary 

Quaternary 
Eocene 
Cainozoic 

Quaternary 

The terms 'pisolite' and 'pisolith' also present problems. 
According to Bates & Jackson (1980), a pisolith is "One of 
the small, rounded or ellipsoidal accretionary bodies in a 
sedimentary rock, resembling a pea in size and shape, and 
constituting one of the grains making up a pisolite. It is often 
formed of calcium carbonate, and some are thought to have 
formed by a biochemical algal-encrustation process. A pisolith 
is larger and less regular than an oolith, although it has the 
same concentric and radial internal structure. The term is 
sometimes used to refer to the rock made up of pisoliths. 
Syn: pisolite." 

The key features of pisoliths in this definition are: 
accretionary origin, rounded shape, particular size (0.5-1 cm), 
and a radial and concentric internal structure. In respect to 
size, sedimentary petrologists (Peryt 1983) commonly classify 
pisoliths as coated grains >2 mm in diameter with no upper 
size limit; however, 10 cm appears to be the absolute maximum 
in practice. Sedimentary coated grains <2 mm are termed 
ooids. 

Fermginous grains, loosely called 'pisolites' by exploration 
and other geoscientists, often fail to meet some or all of the 
criteria outlined above. Many are clearly detrital rather than 
accretionary; rounding is sometimes poorly developed and 
some are highly angular; they may be smaller than 2 mm 
and a concentric internal fabric is not present in all. A radial 
fabric was not observed in any of the femginous 'pisoliths' 
examined during this study, nor was one reported in any of 
the literature reviewed. Radial fabrics appear confined to 
coated grains of other compositions (Peryt 1983). 

To avoid these difficulties, the term FSG (fermginous 
surface grain) is suggested as a more accurate, non-genetic 
term to describe these grains. 'Surface' includes all near-surface 
materials (e.g. soils, sediments, residual material) as well as 
those exposed on the regolith-atmosphere interface. The term 
'FSG' avoids the size (>2 mm), textural (rounded), fabric 
(concentric), and genetic (accretionary) inlplications of the 
term 'pisolite'. 

FSGs can be classified by many criteria. Existing classi- 
fications by CSIRO (Anand et al. 1989) and by us (see below) 
are based primarily on fabric. Other parameters not used to date, 
but which may be useful in some circumstances, include size, 
shape, colour, mineralogy, density, and magnetic properties. 

Existing classifications 
The most comprehensive previous attempt to systematically 
classify FSGs is that of Anand et al. (1989). Their work was 
based on extensive studies of weathering profiles and products 
in the Darling Ranges, east of Perth, and parts of the Eastern 
Goldfields region of Western Australia. 

Anand et al. (1989) divided FSGs (pisoliths in their 
terminology) into four basic types. These were homogeneous 
(no internal fabric), lithorelics (grains with relic rock fabrics 
and at least partial preservation of primary mineralogy), 
pseudomorphic (purely secondary minerals, but some pres- 
ervation of primary fabrics, and concentric (with multiple 
rinds indicating concretion or accretion). 

Each of the four basic types could be modified by any of 
three additional terms. These were cutanic (thin outer layer 
or layers present, but not enough to impart a true concentric 
fabric), compound (several originally separate grains that 
have been cemented together), and syneresis (vuggy and 
fissured internal fabrics indicating dewatering of clay and 
oxyhydroxides). A FSG might, therefore, be classified as 
cutanic, compound and homogeneous, indicatjng that several 
homogeneous grains had been cemented together, by cutan 
growths. . 

Size terms were also included in the classification of Anand 
et al. (1989). Ooliths are lateritic grains <2 mm in size; 
pisoliths and nodules are lateritic grains 2-64 mm in size. 
Nodules are more irregular or angular in shape than pisoliths, 
a term restricted to the more rounded grains. Pisoliths were 
noted as rarely exceeding 20 rnrn in diameter. 

Of all these diverse grain types, only cutanic, concentric 
and some compound (if containing concentric or cutanic 
grains, or cemented by cutanic andlor concentric growths) 
grains can be considered as being pisolitic in any usage of 
the term, consistent with the definition of pisolite quoted 
earlier. 

Although useful in many ways and an important starting 
point, this classification fails to completely represent the 
diversity of FSG types and the complexity of their genesis. 
It does not include what is among the most common type of 
FSG encountered-fragments of ferricreted sediment. For this 
reason we have found it necessary to introduce a new 



FERRUGINOUS SURFACE GRAINS 2 15 

classification to reflect this diversity and complexity. This , 

will place the whole FSG terminology into a classification 
system which will assist in understanding and interpreting 
FSG geochemistry and regolith evolution. 

Proposed classification 
The proposed classification scheme consists of four hierarchical 
levels (Fig. 2), determined by the degree of sophistication 
needed by the observer to discriminate between them. This 
allows classification of the grains at whatever level is 
appropriate. 

First Level 
I 

'Lags' 
I 

I 

~ o c k  FSG~S I ~esiAtant fragments Third Level minerals 

I I I I I I 
Oolitic Lithorelic Pseudomorphic Vesicular Homogenous Sandy 

I I I I I 
I 

as for ~ouflh ~ e v e l  a: tor 
I I 

as lor as for 
pseudomorphic I pseudomorphic pseudomorphic pseudomorphic 

cutanic concentric mottled syneresis compound 
2wm 

Figure 2. Proposed 4-level classification system. 

First level 
The first-level classification in the proposed scheme is that 
of lags. This can be made by cursory inspection with the 
naked eye. It is thus applied to field samples before they are 
sorted into different components. 

Second level 
FSGs are a subset of the second level of lag materials. This 
classification requires careful inspection of lags, possibly with 
the aid of a hand lens or binocular microscope. FSGs may 
dominate some samples and be absent in others. Other 
components are resistant minerals (quartz, feldspars, heavy 
minerals, etc.) and rock fragments. The relative abundance of 
each of these types of lag will vary according to the nature 
of the regolith at each sample location. The composition will 
also vary, depending on the abundance of each type of lag. 
It is thus important to suddivide the lag, where possible, into 
FSGs, resistant minerals, and rock fragments, rather than use 
an all-inclusive term such as lag. Discussion of these other 
components in sufical lags is beyond the scope of this paper. 
Fragments of bedrock-derived sedimentary ironstone and 
gossans may be confused with FSGs formed in the regolith 
unless careful external inspection or internal textural exami- 
nation is undertaken. Rock fragments and heavy mineral 
separates are legitimate sample media in their own right (e.g. 
for diamond exploration), but also beyond the scope of this 
study. 

Third level 
The third level of classification in this scheme requires 
examination of internal fabrics. As FSGs are composed largely 
of opaque or semi-opaque minerals, use of a mineragraphic 
reflecting light microscope to study polished thin sections is 
essential. Polished slabs of larger grains can be studied with 
a binocular microscope. Polarised, transmitted light is useful 
for identifying transparent minerals in thin section and oil 
immersion techniques for transmitted light have proved to be 
very helpful, at higher magnifications, for studying fine-grained 

FSGs have no protolith relics or pseudomorphic protolith 
fabrics, and contain less than 10% detrital grains. They may 
exhibit other fabrics, however. The term concentric is changed 
from being a basic fabric (third level) to being a modifier 
(fourth level). Three new modifiers must be added. These are 
vesicular, sandy, and oolitic FSGs. Vesicular FSGs consist 
of fragments of vesicular femcrete. Sandy FSGs contain 
>lo% detrital sand and may be either matrix or grain supported, 
the matnx consisting of a fermginised cement or soil plasma. 
Oolitic FSGs consist of smooth, mostly continuous, concentric 
laminae in contrast to the more irregular, discontinuous laminae 
of concentric FSGs. This differs from the use of the term by 
Anand et al. (1989), who applied 'oolitic' to any coated 
regolith grain smaller than 2 mm in diameter. In the present 
classification, 'oolitic' FSGs are those which formed in agitated, 
subaqueous, sedimentary environments, in contrast with the 
pedogenic environments of cutanic and concentric FSGs. 
Unlike cutanic or concentric FSGs, oolitic FSGs are thus 
accretionary in origin rather than concretionary. Typical 
examples of these fabrics are illustrated in Figure 3. 

Fourth Level 
The fourth level consists of the modifers concentric, cutanic, 
compound, mottled, and syneresis. Each of these terms modifies 
the third-level fabrics. Cutanic fabrics are formed by irregular 
and sometimes discontinuous overgrowths on the exterior of 
the FSG (Fig. 4). Concentric FSGs are formed by multiple 
layers of such overgrowths forming a concentric. Compound 
fabrics occur in aggregate grains and, where there is a 
significant proportion of detrital quartz, may be difficult to 
differentiate from sandy FSGs. Mottled fabrics arlse from 
reordering of metastable oxide and hydroxide phases. Syneresis 
fabrics are cracks formed by clay and oxyhydroxide dewatering. 
Typical examples might be concentric sandy FSGs, or syneresis 
vesicular FSGs. Oolitic FSGs are the exceptions in that they 
do not require modifiers. 

Application 
Application of the classification with relevant mineralogical 
descriptors to individual grains results in composite names 
being applied to individual grains. Three examples of extended 
description and naming are given in Table 2. 

Studies of populations of FSGs reveals that almost all 
contain a mixture of types. The classification of FSGs from 
all study areas is shown in shown in Table 3. Predominant 
mineralogy, prevalence of cutans (and thus applicability of 
the term 'pisolith'), and abundance of various FSG types are 
shown. The variability shown in FSGs from different areas 
reveals that sampling FSGs during geochemical exploration 
is unwarranted unless the following factors we determined- 
which fraction (rock fragments, resistant minerals, FSGs) of 
the lag is carrying the geochemical anomalies, and what is 
the nature and history of that fraction? With all fractions, and 
not just FSGs, polished thin section studies are necessary to 
characterise their nature and to place them in a local 
geomorphological and regolith stratigraphic context. 

Origin and evolution of FSGs - 
Four factors are needed for reconstructing the origin and 
evolution of FSGs. These are: the environment of formation; 
the process of formation; post-formation transport; and min- 
eralogical evolution. Environment of formation and post-for- 
mation transport are shown in Figure 5; the textural evolution 
of representatives of the main FSG types is shown in Figure 6. 
The process of formation and mineralogical evolution are 
illustrated by Figure 7. 

replacements of clays. Environment of formation 
The four basic classes (homogeneous, concentric, lithorelic FSGs can form in a wide range of weathering and sedimentary 

and pseudomorphic) defined by the CSIRO (Anand et al. environments. The three most important are in situ weathering 
1989) are relevant, but with modifications. Homogeneous profile, surficial environment, and subaqueous environment. 
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Figure 3. Main FSG fabrics. A. Oolitic goethitic FSGs from Tertiary of Lake Lefroy; Transmitted light; width of photo 14 mm. B. 
Lithorelic goethitic FSG (left-hand side) from Tanami desert. Transmitted light; width of photo 14 mm. C. Clay infills replaced by 
goethite, forming pseudomorphic goethitic FSG from Tennant Creek. Reflected and transmitted light; width of photo 0.7 mm. D. 
Vesicular hematitic FSG (upper left), Widgiemooltha. Reflected light; width of photo 3 mm. E. Homogeneous hematitic FSG, 
Widgiemooltha. Width of photo 3 mm. F. Sandy goethitic FSGs (some with cutans), Tanami desert. Transmitted light; width of 
photo 14 mm. 

Iron precipitation in the lower part of the weathering 
profile consists mainly of concretionary replacement of 
metastable minerals and the infilling of joints, fractures, and 
voids. Lithorelic and pseudomorphic FSGs are formed by 
erosion of the upper parts of the regolith and redistribution 
of the fragmented material. The upper part of the weathering 
profile (mottled zone or laterite proper) is the main zone of 
formation for pseudomorphic, relict and some concentric 
fabrics through growth of nodules and mottles. Ferruginisation 
may also occur in the uppermost part of the weathering profile. 
This results in homogeneous and matrix-supported sandy 

FSGs, where a soil plasma has been replaced by goethite 
(andlor hematite). Modification by syneresis is also widespread 
in this environment. Erosion of the weathering profile will 
produce demtal FSGs with a wide range of fabrics. 

Surficial environments, specifically soils, sand sheets, 
alluvial, colluvial, and aeolian deposits, and bogs, are where 
most, though not all, sandy, homogeneous, and vesicular FSGs 
are formed. Cutanic, compound, and concentric modifying 
fabrics can also be attributed to these environments. The chief 
process is chemical precipitation of iron oxides and oxyhy- 
droxides, which displace, replace andlor cement the original 
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soil and sedimentary material. Faecal pellets may be present. 
Erosion of weathered profiles or femcretes, followed by 
cementation to generate detrital FSGs with diverse fabrics 
also takes place here. 

Subaqueous environments, chiefly rivers and lakes, are 
the only environments where oolitic FSGs, as defined in this 
paper, can form. Marine oolitic FSGs and the manganese-rich 
equivalents (such as those at Groote Eylandt, see Bolton et 
al. 1988) are not likely to be confused with FSGs of other 
origins because of the presence of marine fossils in either the 
oolitic sediments or associated lithologies. Lacustrine or fluvial 
oolitic ironstones may be more easily confused with FSG-rich 
deposits formed by other processes because subaqueous 
indicator fossils may be scarce. Fossil wood, freshwater 
gastropods, and freshwater algae may be present, however. 
Oolitic FSGs are present in Lake Lefroy near Kambalda, in 
the Tertiary of Victoria, at Walford Creek, and in the Pilbara, 

Figure 4. FSG modifying fabrics. A. Cutan on hematitic FSG from 
Tramways. Reflected light; width of photo 3 mm. B. Concentric 
hematitic FSG, Tanami desert. Reflected light; width of photo 
3 mm. C. Mottled fabric in hematitic FSG from Tramways. Re- 
flected light; width of photo 0.7 mm. D. Syneresis cracks in pseudo- 
morphic hematitic FSG from Tanami desert. Reflected light; width 
of photo 0.7 mm. E. Compound FSG of homogeneous hematitic 
FSGs, Tramways. Reflected light; width of photo 3 mm. 

where they form the Robe River Pisolite (Zirnmerman et al. 
1973; van Houten 1992). They may be mixed with FSGs of 
other origins, particularly in fluvial settings. Oolitic FSGs are 
often attributed to erosion and re-deposition of a 'laterite' (cf. 
Hall & Kneeshaw 1990). Internal fabrics (smooth and con- 
tinuous, rather than irregular, discontinuous laminae), grain 
nuclei (fossils or detrital sand grains), and isopachous (smooth, 
even coatings) cements reveal their subaqueous origins. 
Homogeneous pellets are commonly associated with oolitic 
FSGs; these may be faecal in origin. 

Processes of formation 
The processes that formFSGs are as diverse as the environments 
in which they form. The most important are fermginisation, 
concretion, accretion, and fragmentation. Cementation of FSGs 
into larger aggregates is important locally. 

Fernginisation of pre-existing mineral phases (Herbillon 
& Nahon 1988; Beauvais & Colin 1993) is generally recognised 
to be important in the formation of mottled zones of 'laterites' 
(Ollier & Galloway 1990). The fernginisation of in situ 
mineral matter in a weathering profile results in lithorelic and 
pseudomorphic FSGs, depending on whether the ferruginisation 
is respectively partial or complete. Bourman (1993b) attributed 
vesicular and massive femcrete to ferruginisation of fine- 
grained and possibly organic-rich soils. Fragmentation of such 
femcretes, fermginous mottled zones, and ferruginous duricrust 
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leads to the formation of homogeneous and vesicular FSGs. 
Accretion in fully subaqueous environments is responsible 

for ooid formation (Siehl & Thein 1989). Ooids grow in 
periodically agitated environments, by addttlon of more or 
less smooth and even, concentric laminae to the outer surface. 
The smooth laminae distinguish accretionary FSGs from 
concretionary FSGs. The ooids may have a nucleus of detrital 
quartz or a fossil. 

Ferruginised material tends to be harder than the surrounding 
non-ferruginised surficial material or weathered profile. Erosion 
of weathering profiles and surficial soils tends not only to 
fragment ferruginous material, but also to concentrate the 
fragments through winnowing. The resulting lag may comprise 
a mixture of FSGs of diverse origins and ages. The lag may 
remain unconsolidated or become cemented to form a ferricrete. 
Bourman (1993a) attributed many ferricretes to cementation 
and ferrugintsatton of surfical FSG deposits. 

Biogenic-detrital processes result in the formation of 
small (0.1-2 mm) FSGs as faecal pellets. Invertebrates ingest 

Table 2. Examples  of FSG descript ion a n d  classification. 

Description Narne 

FSG comprising goethite- 
cemented sandy ferricrete 
with an outer cutan 

Homogeneous FSG of hematitic 
composition w ~ t h  internal 
mottles and syneresis cracks 

FSG with multiple nuclei of 
homogeneous, sandy, and 
lithorelict grains cemented by 
multiple, concentric cutans 

Cutanic, sandy goethitic 
FS G 

Syneresis, mottled, 
homogeneous hematitic 
'FSG' 

FSG with multiple nuclei 
of homogeneous, sandy, 
and lithorelict grains 
cemented by multiple, 
concentric cutans 

Table 3. Charac te r i s t i c s  of F S G s  sampled  in this  study. 

Sarnple locality Mineralogy Cutarz status 
lithorelic 

Widgiemooltha 

Cave Rocks 

Tramways 

Kambalda 

Lake Lefroy 

Mt Hunt 

Tennant Ck 

Barrow Ck 

Pine Ck 

Heartbreak 

Roopena 

Mt lsabella 

Mt Glyde 

Adelaide 

Naracoorte 

Mill Park 

Torquay 

Cloncuny 

Walford Ck 

hematite 

hematite 

hematite 

hematite 

goethite, 
hematite 

hematite 

hematite, 
goethite 

hematite, 
goethite 

goethite 

goethite 

goethite, 
hematite 

hematite 

hematite 

goethite 

goethite 

goethite. 
hematite 

goethite 

goethite 

goethite 

present, relict 

very common, comlnon 
relict 

abundant, relict 

present, relict 

present 

present, relict 

very common, present 
relict, active 

common, relict 

present, active present 

present, relict 

absent rare 

present, relict 

absent 

absent common 

present, active 

ahsent 

present 

present, relict 

absent very 
comnion 

fine-grained soil or sediment and then excrete the non-digestible 
residue as small, homogeneous pellets. If the ingested material 
is iron-rich, then so will the pellets, but they are as liable to 
later fernginisation as any other material. Faecal pellets are 
common in most surftcial environments, and are directly 
analogous to the pellets found in many marine sediments 
(Tucker & Wright 1990). 

Diagenesis 
Comparison of FSGs from different areas and of different 
ages indicates that diagenetic alteration of FSGs is widespread. 
Diagenetic alteration results in both textural and mineralogical 
changes. 

Fabrics evolve through a number of processes (Nahon 
1991). For example, dehydration of clays and iron oxyhy- 
droxides can lead to syneresis cracks and cavities. Unmixing 
of metastable gels and minerals, because of changing envi- 
ronmental conditions or simply time, can result in mottled 
fabrics, consisting of irregular networks of one iron oxide 
phase, such as hematite, separating irregular islands of another 
phase, such as lepidocrocite. FSGs can grow through concretion 
or accretton of additional material, forming cutanic and 
concentric fabrics. Furthermore, changes in water chemistry 
will lead to dissolution of previously stable mineral species, 
leaving voids or pseudomorphs. Alternating periods of FSG 
growth and dissolution form micro-unconformities within 
individual grains. This is most evident in cutanic, concentric, 
and compound FSGs. Typical evolutionary trends consist of 
the gross FSG fabric (third-level terms) being modified by 
the imposition of fourth-level fabrics. This may be followed 
by one or more stages of fragmentation and transport, with 
intervening periods of further secondary fabric modification 
through syneresis, unmixing, cutanic development, and ce- 
mentation. 

Mineralogical evolution is characterised by ferruginisation, 

FSG type 
pserrdornorphic ltornogeneo~ts vesicular sarldy oolitic 

present abundant common present 

present present present present 

very common very common 

common present common common 

abundant 

abundant 

present very common very 
common 

abundant 

present present 

rare common 

rare 

comlnon common 

common common 

rare present 

present 

abundant 

common 

abundant 

common 

abundant 

abundant 

abundant 

abundant 

very 
common 
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Unmixing of metastable oxide and hydroxides leading to 
the formation of mottled fabrics may have a similar effect. 
The geochemically interesting ions are less likely to be 
accommodated in the new, more ordered structures, and are 

Detrital FSG's eroded from likely to have been lost to the surrounding environment. 
rolite and ferricrete Cementation can occur in surficial or subaqueous environ- 

ments. In the vadose zone, cementation occurs through 
precipitation of iron minerals, clays, or carbonates from 
meniscus water films. Under subaqueous conditions, cemen- 
tation occurs in water-filled pore spaces, resulting in isopachous 

Figure 5. FSG-forming environments. and void-filling cements. Iron-poor substrates, such as clays, 
may be subsequently fermginised. FSGs of diverse origins 

PARENTAL concretion 
CLAY 4 PRECIPITATloN and fabrics may be cemented to rock fragments or residual 

accretion grains. The resulting partly or wholly lithified material is then 
subject to fragmentation, erosion, and deposition, forming 
detrital compound FSGs. Subsequent re-cementation and 
further fragmentation will produce FSGs and femcrete of 

FE-OXYHYDROXIDES polycyclic origin. 

Anomalies in FSGs 
FSGs may acquire metal anomalies in at least three different 
ways: by inheritance from anomalies in the protolith; by lateral 
solution transport and precipitation of elements on or in the 

HEMATITE FSGs; and by vertical solution transport and precipitation of 
elements. 

Inheritance of protolith anomalies is the simplest and, from 
the explorationists' perspective, the ideal situation. For example, 

MAGHEMITE if the protolith is anomalous in gold, nickel, or copper, the 
FSGs should themselves be anomalous in these and associa'ted 

FE-OXYHYDROXIDES elements. Whether the FSGs are themselves enriched or 
depleted in relation to the protolith will depend on their 
weathering history. 

Two separate processes can form anomalies through lateral 
28NA/10 migration and precipitation. (I) Physical transport of geo- 

chemically anomalous FSGs can result in local concentrations 
and thus secondary geochemical anomalies composed of 

Figure 6. Textural evolution of FSGs (adapted from Nahon 1991). detrital FSGs. Depending on factors such as attrition, size of 
the source, dispersion, dilution, and hydrodynamic processes, 

dehydration, recrystallisation and re-hydration. Fernginisation the anomaly may be hundreds of metres or kilometres from 

in the weathering profile occurs when clays replace metastable the source. (2) Elements in solution can be transported over 

minerals in the protolith. These are progressively replaced by similar distances until their precipitation in geochemical traps, 
possibly by microbial activity. These are likely to be in goethite, leading eventually to complete fermginisation. Con- 

cretionary FSGs are at least partly formed by fermginisation topographic lows, ideal places for the formation of in situ 

of precursor clays. In these cases, there appears to have been femcretes and FSGs, and accumulation of detrital FSGs. 

further direct precipitation of goethite. Goethitic FSGs are 
present in most samples examined, and have formed under a Applicafions 
range of climatic conditions Schwertmann (1985). Regolith studies 

Every gradation in replacement has been observed7 from FSGs are produced by many different processes which result 
minor hematite associated with goethite to total hematite in superficially very end-products, Furthermore, frag- 
composition. Hematitisation occurs in two stages. Initial mentation, together with vertical and horizontal transport, may 

of goethite cry~tOcrystalline hematjte result in of FSGs of different ages, environments and 
is followed by recrystallisation of the earthy hematite, which processes of formation, and histories, Classification by their 
is still reddish under reflected light, to coarser crystalline fabric is the only way to determine the origin of 
hematite with a pale grey polish under light. The populations of FSGs. Fortunately FSGs are amenable to study 

Of goethite hematite requires and through reflected light rnineragraPhy, supported by transmitted 
"Ystal reorganisation. This may be "Y ~r"l0"ged solar heating light studies, particularly if both are used in conjunction with 
and drying or by the effect of bush fires. There is also evidence oil immersion microscopy, 
in some FSGs of the breakdown of hematite and its replacement 
by goethite. This process has been well documented by Exploration 
Beauvais & Colin (1993). Maghemite was present in some A multidisciplinary approach is required to interpret geocherni- 
FSGs and has also been reported from femcretes. With a cal anomalies. In this way the context and significance of 
much higher temperature needed for its formation than hematite, each anomaly can be understood. It is important to consider 
it has been postulated that the presence of maghemite may at least three factors for each geochemical anomaly: geomor- 
be due to baking of a few centimetres of the upper regolith phology; composition of the regolith; and nature of the 
by bushfires (Anand & Gilkes 1987 Bourman 1993b). Ordering microfabric. 
processes during dehydration of iron hydroxides to form The geomorphological context includes such factors as 
hematite and maghemite may result in loss of ions of interest position in the landscape (interfluve, midslope, toeslope, valley 
to the exploration geochemist. This is because iron oxides floor) and whether it is part of the modem geomorphic regime 
have less accommodation spaces in their crystal lattice and or a relict feature. It is easy to determine that the landform 
less surface area in their crystallites compared with hydroxides. is relict where is it is being actively eroded or exhumed, but 
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Figure 7. Mineralogical evolution of FSGs. 

~t 1s less easy where ~t 1s preserved intact but inactlve The FSGs form through four maln processes. fermginisatlon 
possib~l~ty of topographic inversion must be born in mlnd In of a protolith (malnly In the weathering profile), concretion 

anclent Australian landscapes (Ollier 1991) ~n a solld medlum (chlefly in surfical materials), accretion 
The composltlon and stratlgraphy of regollth material whlch in subaqueous envlronments; and fragmentation of existlng 

contains the FSG is of critlcal Importance Questions to be fermglnous matenal. 
answered include (1) are the FSGs developed from zn sztu Diagenesls of FSGs can result in orlginal oxyhydroxldes 
weathered materlal or transported material? (2) are the FSGs being replaced by hematite through dehydration. Heatlng 
In transported matenal, have they grown 111 sztu, or are they may result In the formation of maghemlte. Rehydratlon of 
detntal7 (3) what 1s the nature of the host material? and (4) hematite to form hydroxides can occur under humld 
1s the host material relict or st111 f o m n g 7  conditions. 

Microfabnc and mineralogical studles are not by themselves Reordering of FSG nuneralogy durlng diagenesis may 
a substitute for understandlng the geomorpholog~cal and result In loss from the FSG of elements of Interest to the 
regollth contexts of FSGs, but they can greatly Increase our exploration geochemist. Mottled and syneresis fabrlcs 
depth of understand~ng Microfabrlc studles, in particular, can together with oxide-dominated mineralogy are lndlcatlve 
clarify the nature of the protolith, the mineralogical evolution of this process 
of FSGs-whether they are monormct or polymlct In ongln, Mlcrofabnc studies must be integrated wlth geochemical 
whether they are actively forming or rellct gra~ns-and the data, landform mapplng, and Interpretation of both regollth 
environment of formation stratigraphy and composit~on A multid~sc~pl~nary approach 

to FSGs has considerable benefits to both general regollth 
Summary and conclusions studles and lnterpretatlon of geochemical responses In soil 

Conclusions from thls study of FSGs from several widely lags. 

dispersed locallt~es In Australia are as follows 
It should be possible to determine if lag sampllng will be 

A four-level classlficatlon of FSGs 1s proposed, expanding effectwe In a particular area by examlnlng the charactenstics 

on earher schemes The first level 1s that of superficial of FSGs pnor to carrylng out an expensive lag sampllng 
program observation, whlch recognlses only the class of regollth 

matenal to which FSGs belong, namely lags The second 
separates FSGs from other lag components (rock fragments Acknowledgements 
and resistant mlneral grams) Thls level requlres more Samples from Cloncurry and Roopena were collected by S 
detalled observation of the sampled matenal Thlrd-level Hayward and D Lulofs, respectively. Mount Glyde FSGs 
classlficatlon is carried out through petrographic and were obtalned from K Cross. The paper 1s published wlth 
mineragraphic examination of the FSGs Categories are the permlsslon of Western Mlnlng Corporation Ltd. The 
based on the major fabncs observed by transmitted and manuscript was revlewed and improved by the patlence and 
reflected llght microscopy. The major fabncs are pseudo- helpful comments of R Anand, R Bourman, I Robertson, 
morphlc, vesicular, sandy, and oolitic The fourth classlfi- and C P a n  
cation level 1s based on textural modifiers, namely concentnc, 
cutanlc, compound, mottled, and syneresls fabrics. 
FSGs can be formed In three maln envlronments. the References 
weathering profile (saprollte, mottled zone), surficlal ma- Anand, R R & Gllkes, R J., 1987. The assoclatlon of 
terlals (soils, sed~ments), and subaqueous environments maghemlte and corundum In Darllng ranges laterltes, 
(lakes, nvers) Western Australla. Austral~an Journal of Soil Research, 
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Quaternary vadose calcretes revisited 
Aro V. Arakell 

Vadose calcretisation commences with precipitation of micritic calcite 
from carbonate-rich meteoric water in the soil moisture zone. Through 
time, calcrete is subjected to repeated episodes of vadose cementation, 
dissolution, and brecciation of earlier-formed soil components, giving 
rise to stratigraphically complex soil profiles. The degree of complexity 
of individual profiles is largely influenced by the geomorphological 
setting and hydrological history of the local groundwater systems. 

Morphological similarities of calcrete duricrusts form the basis 
for establishing inventories of textural, compositional and physiog- 
raphic features for Quaternary calcrete soil profiles and their 

Introduction 
Vadose calcrete is a secondary deposit of micritic and 
cryptocrystalline calcite, resulting from soil-forming processes 
within the regolith profile (Arakel & McConchie 1982; Goudie 
1983; Milnes & Hutton 1983). It differs in origin from phreatic 
(or groundwater) calcrete, the latter forming within the aquifer 
or laterally flowing groundwater zone (Mann & Honvitz 1979; 
Dixon 1994). 

Calcrete duricrusts of Quaternary age are an important 
component of the regolith landscape in arid and semi-arid 
regions of Australia. Pedogenic carbonate deposits, petrologi- 
cally and morphologically similar to Quaternary vadose 
calcretes, are also common in the geological record. All 
varieties of calcrete paleosol (relict, buried and exhumed) are 
found in the geological record (Allen & Wright 1989), and 
calcrete is particularly abundant in ancient petroleum-bearing 
alluvial and deltaic sequences. 

Vadose calcretes in palaeosols are intrinsically important 
for indicating subaerial exposure. They are also valuable for 
deciphering palaeoclimates and palaeogeomorphology and for 
time resolution. In natural resource assessment, calcretes are 
used for basin analysis and as indicators of porosity evolution 
in ancient limestone deposits. Geochemical and geophysical 
anomalies associated with subsurface calcrete are increasingly 
being used in mineral and groundwater exploration in regions 
with significant regolith cover. 

The presence of vadose calcrete signifies the influence 
exerted by pedogenesis on radical modification of original 
features of the host sediment. Conversely, the absence of 
pedogenic carbonates from the ancient subaerially exposed 
sedimentary record may reflect a high rate of sedimentation, 
low rate of pedogenesis, or the loss of evidence, owing to 
reworking or by diagenetic overprinting during burial. Another 
possibility is that evidence may have been missed by the 
observer. In any case, pedogenic features in calcrete soil 
profiles offer a powerful tool for identifying and differentiating 
calcrete paleosols in sedimentary records. 

This paper attempts to highlight this point by reviewing 
the present knowledge of Australian vadose calcretes. It also 
discusses the significance and application of duricrusts to 
assessment of natural resources and palaeoenvironmental 
reconstructions. 

Modes of formation and distribution of 
calcretes 
Vadose calcretes are an integral part of soil profiles in arid 
to semi-arid coastal and inland drainage basins of Australia 
(Fig. I ) .  Studies of their sedimentary features (Fig. 2) indicate 
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evolutionary stages. Such inventories are useful tools for palaeo-en- 
vironmental reconstruction. although calcrete duricrusts can be either 
an advantage or an obstacle for mineral exploration, depending on 
the level of understanding of calcrete and its relationship to the 
bedrock. 

Assessment of the timing of the main phases of carbonate 
precipitation indicates that calcrete soil profiles can attain maturity 
within a relatively short time. Problems with establishing a reliable 
time frame for differentiating Quaternary calcrete duricrusts from 
older counterparts represent a major challenge for further research. 

Great Australian Bight 

Figure 1. Australian basins with major occurrences of vadose 
calcrete. 

that, following initial precipitation of micritic carbonate in 
the soil moisture zone, calcrete can undergo repeated episodes 
of vadose cementation, dissolution and brecciation, owing to 
fluctuations in local geomorphologic and hydrogeological 
conditions (Arakel 1982; Arakel & McConchie 1982; Milnes 
& Hutton 1983; Carlisle et al. 1978). 

Calcretisation begins with downward percolation of car- 
bonate-rich soil water through the porositylpermeability zones 
in near-surface rock or sediment. The development of perme- 
ability zones in upper parts of the soil profile proceeds 
concurrently with precipitation of micritic calcite in the lower 
parts as coatings in and around solution pipes, fracture lines 
and caverns. Locally, dissolution and reprecipitation of rnicrite 
become less important as the initial porositylpermeability 
zones are progressively 'plugged' by micrite and microsparite 
cements ('plugged horizon' of Gile et al. 1966); these processes 
are then diverted to other parts of the soil horizon. Below 
the massive calcrete horizon, calcretisation is commonly 
restricted to formation of calcrete mottles and ramifying sheets. 
Above the 'plugged' horizon calcretisation continues with 
development of laminar, breccia, and pisolitic loose soil 
horizons (Fig. 2). 

Two basic modes of micrite 'plugging' in soil profiles 
have been proposed in the literature (Fig. 3). 

One mode relates to micritisation within a calcareous host 
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with a relatively deep-seated groundwater setting (e.g. in 
calcarenite terrains along the coasts of Western Australia; 
Arakel 1982). In such a setting, the 'plugged' horizon is 
commonly located above the zone of local groundwater 
influence (Fig. 3a). 
A second mode of micritic 'plugging' relates to soils 
associated with non-calcareous hosts in a shallow ground- 
water setting (i.e. most of the drainages in central Australia; 
Arakel & McConchie 1982; Jacobson et al. 1988). Here, 
micritisation evidently commences in the lower parts of a 
zone of alternate wetting and drying, which may grade 

downward into the zone of groundwater fluctuation 
(Fig. 3b). Consequently, in the majority of calcrete-bearing 
inland drainage basins, the vadose calcrete grades downward 
into phreatic calcrete that has precipitated from laterally 
flowing groundwater solutions (Arakel et al. 1990). A 
discussion on the interrelationship of vadose calcretes and 
underlying phreatic calcrete deposits is beyond the scope 
of this paper. 

Figure 2. A-mica1 calcrete soil profile from the Perth Basin, 
comprising the following horizons (in descending order): loose 
topsoil, pisolitic calcrete, laminar calcrete, and massive calcrete. 
B-Polished section of a calcrete pisolite, comprising a calcarenitic 
nucleus and laminar coatings. C-Calcrete outcrop from the Perth 
Basin, comprising an upper breccia horizon overlying laminar 
calcrete and massive calcrete horizons with abundant calcified 
root moulds. Height of the profile is about 2.2m. D-Magnified 
rhizocrete from massive calcrete horizon in 'C'. The tubule is 
about 2.5mm thick. 
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A Calcareous host, deep-seated groundwater setting (after Arakel, 1982) 
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Figure 3. Modes of micritic 'plugging' and development of calcrete soil profiles. 

Sedimentary features of the vadose 
calcretes 
The key sedimentary features of Australian vadose calcrete 
deposits are listed in Table 1. These features may be used to 
establish a set of diagnostic criteria for differentiating vadose 
calcretes from the host material or other duricrusts. 

Structural features, particularly those resulting from karstic 
dissolution (Fig. 4) and/or silicification of the upper parts of 
the duricrust mantle (Fig. 5) are common in many Australian 
inland drainage basins (Arakel et al. 1989). The Quaternary 
silcretes postdate the main phases of calcretisation and differ 
significantly from widespread silcrete cappings on buttes and 
mesas of presumed Tertiary age. Silica (Fig. 5) commonly 
mimics the textural and morphological features of the host 
calcrete and is itself impacted by late-stage karstification and 
collapse of the framework components. The end result is often 
complex facies relationships within the individual profiles and 
establishment of new surface morphology and local drainage 
and groundwater networks (Arakel 1991). 

The co-genesis of silica and carbonate species appears to 
be favoured by the presence of mildly alkaline pore solutions 
with high Mg:Ca ratios (Arakel et al. 1986b). Values of 
isotopic analysis for I3C and ' 8 0  in analysed calcrete profiles 

are consistent with the precipitation of dissolved carbonate 
in groundwater, which probably reflects the loss of C 0 2  (Chen 
& Polach 1986; Jacobson et al. 1988). Significant fluctuations 
in COz, particularly during intense evapotranspiration, is 
known to result in pH variation and extension of the 
carbonate-silica precipitation front into the soil-moisture zone 
(cf. Carlisle et al. 1978). 

Time frame for calcrete profile 
development 
Because of low average sedimentation rates in terrestrial 
settings, soil formation is expected to have a 'resldence time' 
in excess of tens of thousands of years in the upper part of 
the weathering profile. The residence time will depend on the 
sedimentation rate and the thickness of the zone of active 
soil formation. 

Vadose calcretes from the Karinga Creek drainage system 
in the Northern Territory, dated by 1% techniques. extend 
back to 20,000 years BP, a time corresponding to the start 
of aeolian reworking of central Australian playa deposits. The 
coexistence of superimposed cslcareous soil profiles and karst 
dissolutional features in the Kar~nga Creek palaeodrainage 
channel suggests episodes of minor climatic relaxation. ESR 
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Table 1. Key sedimentary features of vadose calcretes. 

Feature Indicators / Causes 

Biogenic features 

Colouration and discolouration 

Rootlets, root moulds and casts, rhizocretions, terrestrial faunal evidence, coprolites and traces 
of palaeosol microbes. 

Reddening and mottling due to changes in soil redox and diagenesis. 

Destratification Due to pedoturbation, mass-volume changes, soil creep. etc. 

Boundarylcontact relationships Superimposed by erosional contacts. 

Granulometriclmineralo~cal gradients Indicating both physical and chemical transformations. 

Chemical gradients Including trace elements and stable isotopic values. 

Clay mineralogy Indicating past changes, soil moisture regime, and past wetting and drying cycles. 

Structural features and internal fabrics Pseudo-anticlinal structures, erosional and exokarst features. 

Silicification Diagenetic replacement of calcareous material by opaline and quartzose silica. 

ages between 22 000 and 27 000 years BP were obtained for 
vadose calcretes in the nearby Curtin Springs area (Chen et 
a!. 1988, 1990). Although these ESR ages should be considered 
with caution, because they are based on estimates of dose 
rates rather than direct measurement, overall they corroborate 
the occurrence of a major phase of regional groundwater 

discharge. On the basis of moisture requirements for carbonate 
leaching, an arid to semi-arid climate has been proposed for 
most of the calcareous mantle development in this region. 

The ESR ages of 34 00-075 000 years BP for the Curtin 
Springs phreatic calcretes, in drill cores at depths to 12.5 m 
below surface, probably date the main phase of groundwa- 
ter-related calcretisation. The older ESR ages obtained from 
mottled calcrete lenses at depths of 16-17 m relate to earlier 
episodes of calcretisation. 

Overall, the available evidence indicates that, although 
chemical precipitation and alteration processes have been con- 
tinuous to the present time, the near-surface genesis of vadose 
calcrete probably took place within a remarkably short time. 

Calcrete soil landscape features in regolith 
terrains 
It is apparent that the interaction between climatic, hydrologic 
and geomorphic processes exerts an overriding influence on 
the mode of occurrence and distribution of calcrete duricrusts 
in arid and semi-arid regions of Australia. The morphological 
similarities and abundance of Quaternary calcrete deposits in 

Figure 4. Karst features in Quaternary calcrete outcrops of the 
Amadeus Basin. A-Large karst calcrete clasts showing internal 
layering features and coated with laminar calcrete. B-Ero- 
sionfbevelling followed by deposition of pisolitic calcrete. C-En- 
closure of ferruginous pebbles in micritic coating of a calcrete 
clast (see Arakel 1992 for further details). 
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Figure 5. Key petrofabric features related to silicification of vadose calcretes (after Arakel et al. 1989). 

the Australian regolith indicate that the pedogenic processes 
act as a continuum within the upper few metres of the landscape 
(Arakel et al. 1990). These processes evidently give rise to 
a number of intrinsic petrofabrics that are common to vadose 
calcretes in most profiles studied (Arakel & McConchie 1982; 
Wright 1986). Calcrete morphologies and associated fabrics 
can be used to assess causative stages in hydrologic-geomor- 
phic interactions. From these stages, time frames for devel- 
opment of calcareous soil landscape units within a regolith 
terrain may be defined. 

The key morphologic features that can confidently be 
attributed to vadose calcretes in a regolith terrain include: 

Multiple soil profiles resulting from physical redistribution 
of calcrete fragments and formation of complex soil profiles, 
which may incorporate two or more genetically distinct 
'intra-formational' pisolitic calcrete horizons (Fig. 6; Arakel 
1986a). 
Exokarst features produced at landscape level by continuous 
development and destruction of secondary porositylperme- 
ability zones in topographically elevated areas followed 
by soil creep and redistribution of calcrete duricrust 
components dn the lower surface mantle (Fig. 4; Arakel 
1991). - 

Groundwater discharge outlets developed in areas with 
well-established networks of karst solution pipes and 
cavities in calcretelsilcrete duricrusts. The karst features 
act as effective conduits for the discharge of regional 
shallow groundwater, particularly following major rainfall 
(Arakel & Cohen 1991 ). 
Relief inversion brought about by differential erosion of 
calcareous material and overlying soil or alluvial layers. 
Calcrete initially deposited in topographic lows becomes 
elevated to its present high topographic position by virtue 
of progressive removal of more easily eroded adjacent 
material. 
Within the time span indicated for calcrete soil profile 

development, the morphologic features listed above are largely 
inter-linked and often time-transgressive. In this context, karstic 
features in calcrete duricrusts have an important influence on 
the shallow groundwater recharge-discharge pattern and the 
geomorphological evolution of many Australian regional 
groundwater discharge zones (Jacobson & Arakel 1986; Arakel 
1991). The influence of variation In groundwater discharge 
patterns is shown by bevelling processes and their impacts 
on the evolution of playa lakes and associated land forms in 
arid regions (Bowler 1986). 

Vadose calcretes and resource evaluation 
Anomalous concentration of specific minerals through pedo- 
genesis is not uncommon in arid zone calcrete duricrusts. 
However, many near-surface mineral concentrations are not 
strictly pedogenic in origin, as they extend to the shallow 
phreatic zone via the capillary fringe. Thus, successful 
application of geochemical and geophysical methods of 
exploration in calcareous regolith terrains will require an 
understanding of the origin of components of a calcrete 
landform and their relationships with the bedrock and local 
groundwater system. To some extent, the level of understanding 
of calcrete can be judged from the importance given to it by 
an explorationist as either an advantage or an obstacle to 
mineral exploration (cf. Joyce & Mazzucchelli 1978). 

Systematic sampling and analysis of calcareous soil particles 
in the surface veneer is becoming a common practice for 
detecting anomalous levels of elements that can become 
concentrated in the soil horizons through a variety of dispersion 
processes (cf. Lintern et al. 1992). Sampling of calcrete pebbles 
may be a useful approach in metal exploration in arid zone 
terrains because of low leaching susceptibility of calcareous 
soil particles. However, caution is needed in the interpretation 
of results from discriminant analysis of calcareous soil surveys. 
This applies particularly to extrapolation of the results from 
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Figure 6. Multiple calcrete soil profile from the Perth Rasin. 

calcrete pebbles that represent only part of the source rock 
mass. Results from selective sampling of surface calcrete 
pebbles need to be interpreted in terms of 3D variables and 
heterogeneous processes. Soil geochemical surveys need to 
be conducted in conjunction with mapping of landscape units, 
so that the relationships between bedrock, overlying materials, 
and landforms are established before geochemical results are 
interpreted. An additional consideration is the negligible value 
of calcrete pebble mineralogy represented in each size 
population in the non-skeletal fraction. Because of extensive 
modification of host particles during soil profile development, 
pebble size of the sample medium is irrelevant. 

Opportunities for research 
Despite the widespread occurrence of calcrete duricrusts and 
their potential use for successful resource exploration and/or 
palaeoenvironmental reconstruction, the vadose calcretes re- 
main one of the least understood features of the Australian 
regolith. Because of limitations with field information and 
the incongruency of field data from past studies, the discrimi- 
nation of Quaternary duricrusts from their older counterparts 
is at present difficult. This is particularly the case for 
Tertiary(?)landscapes, where soil horizons appear to incorporate 
genetically different authigenic carbonates and carbonate host 
rocks. The presence of 'intraformational' carbonate pebbles 
and nodules complicates age determination for stratigraphic 
correlation and palaeoclimatic inference (cf. Callen et al. 
1983). Identification and genetic discrimination of carbonate 

0 Calcmte (rnicrite) . . .. 

(not to scale) 16/67 

Figure 7. Stages involved in relief inversion in calcrete soil terrains. 

components before the determination of carbonate ages is, 
therefore, an important research challenge. 

Another important research frontier is the assessment of 
variation in calcrete morphology and mineralogy along a 
major climatic gradient, to determine how climate and 
vegetation influence biogenic versus abiogenic calcretes. For 
example, there is a nearly five-fold increase in precipitation 
with corresponding changes in vegetation types from central 
Australia to Adelaide. Comparison of calcretes along such a 
regional transect would provide an excellent opportunity for 
the assessment of evolutionary features of calcareous landforms 
in different climatic zones. 

Conclusions 
Vadose calcretes initially form by micrite precipitation 
within the soil moisture zone; the thickness and lateral 
extent of the resultant calcrete soil profiles depend on local 
hydrology (e.g. groundwater depth), physiographic setting, 
and textural characteristics of the host material. 
Stratigraphically complex calcrete soil profiles result from 
multi-stage redistribution of calcrete components in the 
soil landscape in a relatively short time. 
Quaternary calcretes with similar textural, compositional 
and physiographic features can be grouped together ac- 
cording to their common morphological features. Such 
classification can aid assessment of the evolutionary stages 
and the time frame for the main phases of carbonate 
precipitation. The key processes conkolling morphological 
develo~ment of vadose calcretes include relief inversion, 
multiple soil profile development, silicification, and kar- 
stification. 
A reasonable understanding of the origin of calcrete 
components and their relationships with the bedrock is 
needed for meaningful application of geochemical and 
geophysical signatures of calcareous soils to mineral 
exploration programs. Concurrent soil sampling and map- 
ping of associated landscape units are needed for a 
meaningful outcome from a discriminant analysis of 
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calcareous soil survey results. 
Although a major formative phase of vadoae calcrete in 
Australian regolith landscapes appears to coincide with the 

- - -  

onset of aridity in the Quaternary, there are problems in 
establishing a reliable time frame for differentiating these 
calcareous duricrusts from those that may have formed 
during relatively wetter intervals in the Quaternary or 
earlier. These offer a major challenge for future research. 
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Towards distinguishing transported and in situ ferricretes: data from 
southern Australia 
R.P. Bourman' 

Controversy has arisen in the past decade concerning ferricrete genesis 
by relative (in situ ) or absolute (lateral) concentration of iron and 
aluminium oxides. Some regard 'laterite' profiles as stratigraphic 
sequences. with crusts being remnants of iron-impregnated valley 
sediments. In contrast, the traditional notion of 'laterite' formation 
invokes vertical translocation of minerals under humid tropical 
conditions on peneplains close to ultimate base level, with incomplete 
profiles reflecting variable degrees of erosion. Criteria to discriminate 
the dominant mode of ferricrete origin include topographic and 
stratigraphic relationships. A transported origin is favoured by 
unconformable contacts between truncated bedrock structures or quartz 
veins, overlain by ferruginised materials. whereas preservation of 
bedrock structures through the complete profile indicates formation 
in place. Ferricrete macromorphology can also be useful in determining 
whether iron oxides have moved into an area. 

Petrological studies suggest that pisoliths with angular irregular 
shapes and diffuse external borders. and those with similar framework 

grains within pisoliths and matrix mater~als, appear to have formed 
i r ~  sitlr. Formation by physical break up of ferruginised materials. 
transport and modification is favoured by broken surface coatings. 
different-uized grains in pisoliths and their matrix materials. differ- 
ent-sized grains in adjacent pisoliths. multiple laminar goethite rinds 
on pisoliths, abraded compound nodules cemented together by 
ferruginous. concretionary material. and cotnplex pisolith-within- 
pisolith structures. Monomineralogy may suggest irl s i ru pisolith 
formation, whereas transport is favoured by polymineralogical pisoliths 
resting on materials that could not have provided the elements for 
their formation. In pisolitic ferricrete, s~gnificantly different ~natrix 
composition from that of the pisoliths favours interpretation of plsolith5 
as clastic components incorporated within different material\. Fur- 
thermore. maghemitic pisoliths at depth suggest transport and burial. 
and scattering of palaeomagnetic data from individual pisoliths 
indicates physical disturbance since their formation. 

Introduction 
The view that 'laterite' formed on peneplains close to sea 
level under the influence of humid but seasonally dry tropical 
climates, which caused fluctuating water tables that facilitated 
vertical translocations of minerals, thereby concentrating iron 
and aluminium oxides in surface crusts, has dominated early 
theories of 'lateritisation' in southern Australia (see reviews 
in Hunt et al. 1977; Hunt 1985; Bourman 1989 1993b; Ollier 
1994). However, in contrast to this interpretation, particularly 
in the decade since the publication of the paper by Milnes 
et al. (1985), there has been greater emphasis on the role of 
lateral transport in explanations of fenicrete genesis. Milnes 
et al. (1985) interpreted 'laterite' profiles in southern South 
Australia largely as sedimentary sequences; the iron-rich crust 
was thought to be a unit younger than the underlying bleached 
and mottled zones, with which it formed an unconformable 
contact, having been deposited in a former valley. Lateral 
transport and relief inversion have come to be regarded by 
some workers as the dominant processes in ferricrete formation 
(e.g. Ollier & Galloway 1990; Ollier 1991; Ollier 1994). 

'Ferricrete' has been adopted by some workers to replace 
the term 'laterite', which has been applied to a wide range 
of weathered materials (e.g. Ollier & Galloway 1990). The 
term 'fenicrete' was originally used by Lamplugh (1902) to 
describe a fermginous conglomerate, but subsequently it has 
been extended to include all iron-cemented and indurated 
surface crusts and sub-surface horizons (e.g. Bourman 1993b). 

Consideration of the discrimination between the in situ or 
transported nature of 'lateritic' materials needs to be put into 
perspective. 

Some weathering has obviously occurred in place, as 
evidenced by the preservation of bedrock structures such 
as bedding and joints; such weathering may be regarded 
as isovoluminous. 
Almost all ferricretes display some elements of lateral 
transport of iron andlor aluminium oxides, either physically 
or in solution; but even clearly transported femcretes have 
been subsequently affected by weathering. 
There is abundant evidence of lateral movement of iron 
in solution and physical movement of pisoliths in present- 
day landscapes. 

I School of Human and Environmental Sciences, University of 
South Australia, Holbrooks Road, Underdale SA 5031. 

Thus, the formation of ferricretes appears to be a continuum 
between those clearly transported and those formed by 
weathering in place, and it is important that a set of criteria 
be established which will allow the delineation of the whole 
range of fermginous duricrusts, particularly those that are 
hard to categorise. It may be difficult to distinguish between 
femcretes resulting from landscape lowering that involves 
elements of lateral transport and ferricretes related to longer 
distance lateral transport. especially where rounded materials 
are involved. 

In this paper, the term in situ is reserved for isovoluminous 
weathering in which original bedrock structures can be seen 
either microscopically or in hand specimen. If something is 
in situ it should be in the precise position of original formation. 
Conversely, ferricretes formed by landscape down wasting 
are considered to be residual or sedentary in nature. 

In investigating the origins of femcretes, it is important 
that regolith materials be carefully studied in the field to 
establish their topographic, geomorphic, stratigraphic and age 
relationships, and to search for critical bedrock and sedimentary 
structures. It is imperative that the field relationships be well 
established before proceeding with detailed laboratory work; 
data from both must be complementary. 

Field observations of ferricretes 
Topographic relationships 
The relationships of ferricretes to present-day topography are 
significant in establishing their origins. If ferricrete occurs in 
a modem valley floor or a relatively lowland position, the 
nature of physical andlor chemical transportation, and potential 
former sources of iron oxides upslope or up-valley, must be 
considered. 

Subdued relief is usually assumed for 'laterite' development. 
However, some ferricretes in the Darling Ranges occur on 
slopes of 5-20" and completely mantle valleys wider than 
one kilometre with a relief amplitude of 100 m (Fig. 1) (e.g. 
Mulcahy 1960). The valleys are clearly of considerable antiquity 
and it is difficult to envisage ferricrete development on them 
without contributions by both physical and chemical trans- 
portation. At least five hypotheses can be proposed: 
1. Uplift and physical dissection of the landscape followed 

by deep chemical weathering accompanied by duricrusting; 
i.e. formation of the valley before duricrusting. 
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2. Deep chemical weathering and duncrusting dunng valley p ~ s o l ~ t ~ c  duncrust 1s llkely to contain transported elements. 
incision. Examples of landscape inversion occur in the Mount Lofty 

3. Duricrusted valley development dependent upon the original 
depth of weathering; i.e. development of a duricrusted 
valley during incision of a previously deeply weathered 
landscape. 

4. Duricrusting of valley sides by transport and redeposition 
of eroded pre-existing duricrust during ongoing weathering. 

5. Tectonic dislocation by warping of the duricrusted surface. 
This hypothesis may account for some sloping duricrusted 
surfaces, but it is difficult to envisage development of a 
duricrusted valley by this process. 
At the present time, in parts of the Darling Ranges, there 

is clear evidence of physical transport of pisoliths on slopes 
of less than 10". On the toe slopes of catenas and near the 
bases of valleys, there are loosely packed beds of currently 
uncemented pisoliths up to 1 m thick. Older generations of 
underlying pisoliths, now cemented, occur in exposures up 
to several metres thick and incorporate boulders of earlier 
pisolitic femcretes, the surfaces of which are glazed with a 
thin goethite patina (Fig. 2). 

Fragmental duricrust, which underlies pisolitic duricrust 
over much of the Darling Ranges, is considered residual, as 
bedrock structures are preserved and its chemical composition 
shows affinities to the underlying bedrock (Anand 1994). Its 
mineralogy is dominated by hematite and gibbsite and, in 
contrast to the overlying pisolitic duricrust, maghemite is 
typically absent (Anand 1994). Consequently, the surface 

Figure I .  View across valley in the Darling Range of \Vestern 
Australia. The valley is approximately 1.5 km wide, with a relief 
amplitude of some 120 m, yet it is mantled with pisolitic ferricrete 
both across and down valley. Maximum slopes in the valley are 
20". 

Ranges, where former femcreted valley floors now form high 
points in the landscape, indicating increasing relief amplitude 
rather than complete landscape inversion. It is possible, in 
some circumstances, to reconstruct landscapes by examining 
remnants of former valley floors, which can reveal palaeo- 
drainage lines. These remnants are usually sloping, which 
may indicate former water flow in the region, but tectonic 
disruption should not be discounted. 

At Mount Talbot in the Darling Range, femcrete occurs 
on a granite bedrock interfluve, displaying only minor 
weathering, at the highest point in the landscape. In this and 
similar cases without higher present or former sources of iron 
enrichment and insufficient time for major landscape inversion 
there are some problems faced by the relief inversion hypothesis 
(Conacher 1990). Such situations are highly suggestive of 
duricrust formation by residual weathering and landscape 
downwasting over very long periods, with only a thin 
weathering horizon remaining. Furthermore, in other situations, 
weathering of transported materials will occur after deposition, 
highlighting the need to distinguish transported and in situ 
elements of the same duricrusts. 

Stratigraphic relationships 
An origin involving transport is favoured by the existence of 
clear-cut unconformable contacts between underlying weath- 
ered zones with preserved bedrock structures and/or quartz 
veins, which are truncated and overlain by duricrusted stratified 
sediments (Fig. 3) or transported ferricrete materials. Con- 
verselv. the preservation of bedrock structures through the 
compiete would indicate formation in place ( ~ i k m a n  
et al. 1992, p. 14). At times, micromorphological observations 
may be required to identify bedrock structures if they are not 
obvious in hand specimen. Dolerite dyke positions have been 
established by chemical analysis of the overlying 'laterite' in 
the Darling Range, suggesting minimal lateral transport in 
duricrust formation in these locations. 

Channel fill materials overlying bleached and kaolinised 
saprolite (Fig. 4) comprise a variety of sediments (sands, 
gravels, clays, pisoliths, and other fermginous clasts) deposited 
in former stream channels. Ferricretes are not always associated 
with these channel fills and iron oxides may be either 
concentrated into megamottles (Ollier et al. 1988), such as at 
the Kanowna deposits (Anand 1993), or spread diffusely 
throughout the fill material. Where a femcrete is developed 
in younger sediments, it may be difficult to determine if the 
underlying older rocks were weathered and kaolinised before 

Figure 3. Road cut exposure in Esperance area, illustrating iron- 
Figure 2. Iron-cemented pisoliths and nodules incorporating large cemented sediments overlying weathered steeply dipping rocks 
clasts of transported ferricrete (e.g. near sharp end of pick) covered with a marked unconformity. Note the truncated quartz veins 
with patina of goethite. Jarrahdale area, Darling Range, Western and the black maghemitic pisoliths at the surface. Notebook meas- 
Australia. Pick handle 40 cm long. ures 10 x 7 cm. 
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Mount Lofty Ranges, are now cemented by iron oxides (e.g. 

underlying steeply dipping Precambrian rocks that have been 
weathered, differentially bleached and mottled. They are overlain 
by younger, horizontal palaeochannel deposits that have, in turn, 
been weathered and ferruginised in the top 2 m of the section. 
Note that the large mottles in the basal part of the section do 
not extend into the younger palaeochannel. Section is 7 m high. 

deposition and fermginisation of the younger sediments or if 
they were weathered simultaneously. Different hydrological 
characteristics in the two units may have favoured iron 
precipitation within the more porous overlying sands and 
gravels. 

It is not always possible to resolve this problem, but some 
evidence from the Adelaide area favours separate phases of 
kaolinisation and ferruginisation. Here, where kaolinised 
bedrock with overlying fermginised sediments is common, 
there is some stratigraphic evidence that kaolinisation preceded 
ferruginisation. Furthermore, a drill core from north of Adelaide 
shows plant roots in growth position, in pallid, kaolinised 
bedrock overlain by fossiliferous Tertiary carbonaceous sedi- 
ments (Benbow et al. 1995). This suggests that the older 
bedrock had been weathered, kaolinised, and eroded, and was 
supporting plant life when it was buried in the Tertiary. 
Magnetostratigraphy and stable oxygen isotope analyses from 
either side of an unconformity may assist in resolving the 
question of whether weathering imprints are contemporaneous 
or related to different or ongoing weathering phases. 

Iron impregnation of pre-existing sediments, particularly 
where they directly overlie unweathered bedrock, can be 
interpreted as lateral transport of iron oxides in solution. For 
example, coastal beachtdune sediments in the Bremer and 
Myponga valleys, related to Tertiary shorelines in the uplifted 

'Lucernbrae' femcrete resting on slightly weathered bedrock 
in Figure 5). The ferricreted sediments are more accurate 
palaeogeographical indicators of the former shoreline position 
than are the associated but lower limestones, which were 
deposited considerably below the water level. Consequently, 
the relationship between such ferricretes and former shorelines 
may be an important indicator of their transported mode of 
origin. 

Where no obvious unconformity exists between fermginous 
duricrusts and underlying bleached, kaolinised and mottled 
bedrock, palaeontological data may identify different ages of 
units in which separate parts of the weathering profiles have 
developed. For example, in the western Otway Basin of 
Victoria, weathering and fermginisation affect a wide variety 
of rock types and sediments of different ages in various 
topographic situations (Gibbons & Gill 1964; Gibbons & 
Downes 1964; Kenley 1971; Kenley 1975; Abele et al. 1976; 
Bourman 1989). Gibbons & Downes (1964) noted that the 
undissected surfaces of the Dundas Tableland and the Brim 
Brim Plateau are remarkably flat, capped by 'laterite' described 
as massive ironstone zones underlain by mottled and leached 
(pallid) sub-zones, up to 10 m thick, and regarded as 'classic 
examples of peneplains' capped by 'standard laterite profiles' 
(Kenley 1975). 

The Late Miocene to Early Pliocene Dorodong Sands 
comprise basal quartz sands, gravels, clays and ironstones. 
They are strongly fermginised in outcrop, and are transported 
femcretes formed in deposits younger than the underlying 
weathered and mottled fine-grained Lower Cretaceous Otway 
Group sediments. The topography and the discontinuous nature 
of the duricrust suggest preferential formation in a relatively 
low topographic area where iron oxides could accumulate 
from lateral sources, leading to the replacement of previously 
existing sediments by iron oxides without marked volumetric 
alteration. In the Casterton area, Kenley (personal communi- 
cation) discerned an unconformity between the Dorodong 
Sand and the underlying Heytesbury Group, and inferred its 
presence in other places on the basis of 'laterite' lithology 
and stratigraphic position, and in some localities on the basis 
of Tertiary microfossils incorporated into pisoliths. 

In situ ferricretes 
The formation of femcrete by weathering in situ is described 
by Bourman et al. (1995) in the Triassic Telford Basin of 
South Australia. In this case, weathering of sideritic siltstone 
produced voidal concretions as significant components of 
femcretes, in which siderite was transformed to alternating 

Gambier Limestone (Gamb) 

Compton Conglomerate (CC) 

Ferricrete 'Lucernbrae' 
Ferricrete 

Level of sandstone on Monarto Block 
- 200 m - - - - - - - - - - - - 

- 

Kalibar railway cutting 

0 1  2 3 4 5  - 
South kilometres North 

Figure 5. Section extending up valley in the Bremer Valley of the eastern Mount Lofty Ranges of South Australia. Note the relationship 
of the Lucernbrae ferricrete to the Lepidocyclina limestone. The ferricrete is interpreted as ferruginised beach and dune sand deposited 
at the level of the Tertiary (16 Ma) shoreline, and rests on slightly weathered Cambrian bedrock. 
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layers of hematite, goethite and lepidocrocite by weathering 
in place. Thin sections show similar silt-sized framework 
grains in the weathered ferricrete as in the original sideritic 
siltstone. Individual concretions may, however, be transported 
after formation by erosion. If femcretes are irt situ they should 
be formed in the same materials as the underlying materials 
and in such cases the absence of pisoliths may indicate irz situ 
formation. 

In the Casterton area many different rocks, sediments and 
materials have been weathered and ferruginised to different 
degrees (Kenley 1975). Some limestones contain iron-rich 
minerals, such as glauconite, siderite and charnosite, which 
have been weathered to produce secondary iron oxides. Most 
of the ferruginised limestone sediments (e.g. Compton Con- 
glomerate) have a mono-iron mineralogy (goethite), which 
suggests simple impregnation by transformation of pre-existing 
iron-rich minerals. Retention of CaO and P2O5 in these 
sediments also argues against them being strongly influenced 
by terrestrial leaching environments. 

Residual or sedentary deposits 
Detritus derived from downwasting of mottled saprolite, 
involving little transport, should have close affinities to the 
underlying bedrock materials and show little effect of rounding. 
Thin sections should show similar structures in the detrital 
clasts as in the underlying bedrock. The clastic nature of the 
upper sections of many profiles suggests that previously 
weathered materials have been eroded, transported and de- 
posited, largely as colluvium, and were probably associated 
with landscape downwasting. The clastic nature of the deposit 
may be apparent at many scales, from large disoriented 
boulders of iron-impregnated sediments to macroscopic and 
microscopic clasts that rest unconformably on underlying 
weathered bedrock. 

In hand specimen, the detrital origin of some material 
becomes apparent, as angular to sub-rounded clasts of iron 
oxides, varying through mixtures of hematite, goethite and 
maghemite, together with fragments of hematitic bedrock, 
some with yellow rinds, are set in matrices of kaolinite and 
gibbsite. Some of the pisolitic crusts are similarly complex. 

One of the arguments presented against fenicrete formation 
by downwasting of the landscape is that inordinate amounts 
of crustal rocks need to be weathered to produce the required 
concentrations of iron oxides (Ollier 1994). Ollier (1994) 
quoted the work of Nahon & Tardy (1992), who calculated 
that, in parts of Africa, the landscape must have been lowered 
between one and three kilometres since the Cretaceous. 

However, if ferricrete does not form uniformly over the 
landscape, but accumulates only sporadically in favoured 
locations, sufficient iron may be provided without excessive 
landscape lowering. Consequently, this argument does not 
negate the reality of landscape downwasting, but more work 
needs to be done to establish the amount of downwasting 
involved in landsurface development and ferricrete formation. 

Transported ferricretes 
A transported origin for ferricrete is favoured by the presence 
of components in the crust, including large fragments of 
reworked crusts, that are different from the underlying materials. 
For example, in the Sydney area, at Terrey Hills, there are 
clear unconformable relationships between fermginous crusts 
and the underlying Hawkesbury Sandstone. Detritus such as 
that in Sydney area indicates residual weathering and down- 
wasting that incorporates lateral transportation. Aeolian input 
to 'lateritic' materials may also be significant (Brimhall et al. 
1988; 1991). 

Investigations of weathering profiles should ~nvolve the 
search for evidence of lateral transport of physical particles 
or chemical precipitates derived from lateral sources. The 
interpretation of a weathered profile as a stratigraphic sequence 
is well illustrated at Peeralilla Hill in the Mount Lofty Ranges. 
Drilling through a thick surface fermginous crust has revealed 
underlying sandy sed~ments, which in turn rest on weathered 
Cambrian metasediments (Fig. 6). An excavation through the 
crust has exposed white and green calcareous clays, which 
contain barite and calcite. The presence of calcite and barite 
may argue against leaching and the operation of intensive 
weathering processes in the formation of the fenicrete crust, 
although they may have precipitated out of groundwaters after 
the fenicrete developed. Nevertheless, the high total Fe203 
content of approximately 70 per cent suggests iron oxide 
influx from lateral sources into a former depression. Thus, 
the sequence at Peeralilla Hill is interpreted as resulting from 
the deposition of iron oxides in a depression on an ancient 
landscape. 

Macromorphology of ferricreres 
The formation of ferricretes by lateral transportation is 
suggested by their macromorphology, especially if they contain 
femcreted clastic sediments, femcreted bedrock, pisolitic, 
slabby and vesicular to massive femcretes (Bourman 1993a). 
On the other hand, vermiform femcrete, some nodular types, 
and ferricretes with voidal concretions are considered to have 
formed essentially in place. Ollier (1994) considered that iron 
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Figure 6. Cross section through Peeralilla Hill in the South Mount Lofty Ranges of South Australia. A thick vesicular ferricrete 
successively overlies green, calcareous clays, sands and pebbles and weathered Cambrian metasediments. It occupies a relatively 
low-lying position in the landscape and was a former peat swamp that acted as a sink for iron oxides brought in in solution, forming 
bog-iron ore as the iron oxides replaced organic material. 
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oxides precipitated above and below unconformities have 
different appearances with the 'resorted earth' above being 
pisolitic or nodular and that below being vesicular, vermiform, 
or tubular in character. Further investigation of femcrete 
macromorphology, in a wide variety of situations, may yield 
valuable results with respect to identifying the origin of the 
femcrete. 

Pisolith formation 
Investigations of pisolith formation are important, because 

k i  
pisoliths are significant components of many femcretes. Much , 

controversy exists concerning the origins of pisoliths. Some 
believe that ~isoliths form in situ and that their develo~ment 
can be observed progressively through subsurface zones to 
the surface. Others interpret pisoliths as a result of physical 
disintegration of fermginous material, followed by rounding 

Figure 7. Road cutting 4 m deep on the Kingscote-Penneshaw and the acquisition of rinds during and road, Kangaroo Island, South Australia. Mottled Pleistocene sandy 
modification in the soil environment. In resolving this issue sediments at the of the section are overlain by a lighter coloured 
it is necessary to examine localities where pisoliths are clearly carbonate-rich horizon on which the modern soil complex 
transported and to examine their detailed characteristics. maghemitic pisoliths rests. 

Field evidence 
In several locations pisoliths occur on sedimentary deposits 
which could not have provided the parent materials for pisolith 
formation. For example, in the mid-north of South Australia 
a fermginous pisolith lag is underlain by calcareous material 
resting on a presumed Early Tertiary to pre-Tertiary erosion 
surface (Honvitz 1961). A similar situation occurs on the Blue 
Range of Eyre Peninsula, where bleached Precambrian me- 
tasediments are overlain successively by up to 2 m of calcareous 
fine earth and a sandy grey soil containing fragments of 
fermginised sandstone bedrock and glazed pisoliths (Bourman 
1989). The pisoliths are extremely magnetic, well sorted and 
glazed, which suggests modification in a near-surface envi- 
ronment. 

Clearly the pisoliths have been transported: the formation 
of fermginous clasts within calcareous parent material is most 
unlikely. The pisolith lag may have been transported laterally 
from higher parts of the landscape or have been concentrated 
at the surface by biological processes. Alternatively, it is 
possible that the calcium carbonate was blown into the area 
after mottling of the underlying material and pisolith formation, 
and the pisoliths progressively migrated upward as calcium 
carbonate loess accreted in the fashion described by Jessup 
(1960) and Chartres (1983) to account for the formation of 
stony tableland soils. In both these examples the present land 
surfaces are probably quite young, having been engulfed or 
overwhelmed by wind-blown calcium carbonate, probably 
during the Pleistocene. 

Another example is provided near Kingscote on Kangaroo 
Island, where a road cutting reveals a base of iron-mottled 
clayey sands succeeded by a calcareous-rich horizon up to 
1 m thick (Fig. 7). Overlying the calcium carbonate-rich layer 
is a yellow duplex soil, which contains fermginous pisoliths 
both in the A-horizon and at the surface. Quartz, hematite, 
and maghemite dominate the mineralogy df the pisoliths; 
minor minerals include fels~ar, kaolinite, mica, gibbsite, - 
smectite, and anatase. The chemical and mineralogical com- 
positions of the pisoliths reflect a long history of transport 
in the environment. They may have been derived from older 
Tertiary femcretes, especially as they contain gibbsite, which 
is common on nearby older, more severely weathered parts 
of the landscape. The fact that the soil and its pisoliths drape 
the valley where the carbonate layer has been eroded suggests 
that the ~isoliths were emvlaced after dissection of the carbonate 
layer. The complex internal structures of the pisoliths, their 
high iron contents, and the mineralogical and chemical 
incompatibilities of the pisoliths with the underlying materials 
suggest derivation from a lateral source. The pisoliths mantle 
the soil over a variety of relief, attesting to the physical 

mobility of pisoliths, which are widespread over much of the 
Kangaroo Island landscape. Lateral physical translocation of 
individual pisoliths, especially after fire or other vegetation 
degradation, appears to be extremely significant in explaining 
the present distribution of many fermginous pisoliths. 

In some cases, it is possible to demonstrate transport of 
pisoliths into sediments and former valleys, where the under- 
lying materials could have provided an appropriate parent 
material for pisolith formation. For example, within iron-mot- 
tled Pleistocene sediments at Redbanks, Kangaroo Island, 
reworked pisoliths have been buried along with quartz clasts 
and grits. In many instances, transported pisoliths are often 
associated with stone lines that might indicate transport and 
reworking. Thin sections show the pisoliths to be complex 
with variable core materials, such as metamorphic rock 
fragments and clasts of clay and iron oxides. The cores are 
rimmed with several laminae of iron oxides (hematite, 
maghemite, and goethite) and fine quartz grains. The presence 
of multiple rinds and maghemite suggests some antiquity in 
the pisoliths and that they occupied a surface or near-surface 
position before transport and burial. 

A further example occurs near Mount Desert on Fleurieu 
Peninsula, where a road cut at about 250 m a.s.1. has exposed 
former channels cut into kaolinised and iron-mottled metasedi- 
mentary rocks of the Cambrian Kanmantoo Group, and infilled 
with detritus, including fragments of bedrock mottles and 
pisoliths with multiple rinds, particularly near the base of the 
channel. Pisoliths at the base of the channel are identical in 
all respects to pisoliths that occur to the west of this site and 
at a higher elevation on the summit surface, where they form 
a one metre thick deposit in conjunction with bedrock fragments 
and other detital materials. The individual pisoliths have 
characteristic goethitic surface rinds. Undisturbed resin-im- 
pregnated samples taken across the contact of the channel 
base and its infill do not reveal any indication of incipient 
pisolith development in the weathered bedrock below the 
channel. The occurrence of maghemite-rich pisoliths at about 
6 m below the present ground surface is interpreted as evidence 
for transport from a higher section of the summit surface and 
subsequent burial near the base of a former channel. 

Micromorphology 
Microscopic studies reveal that pisoliths often have hematitic 
cores with kaolinite and gibbsite in the matrix. Matrix voids 
and fractures are coated by subsequent generations of hematite. 
Pelletal structures and ooliths of gibbsite also occur in the 
matrix. Such pisoliths do not appear to have formed in situ. 
In places, virtually pure gibbsite occurs on the margins of 
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pisoliths, suggesting either that iron has been leached from 
the rind or that aluminium-rich gels have crystallised as 
gibbsite. Where individual quartz grains do not appear to be 
well rounded, extensive transport may not have occurred and 
this observation favours the view of pisolith accumulation 
consequent upon landscape downwasting. 

Bourman et al. (1987) described a series of depositional 
multiple laminar goethite rinds on pisoliths, with occasional 
gibbsite, incorporating individual quartz grains or lenses 
between them, as evidence of their accretionary origin. They 
suggested that deposition of the laminae and incorporation of 
the quartz occurred in a succession of pedogenic environments, 
consistent with a long history of exposure, transportation and 
weathering. Some pisoliths reveal complex multi-cored struc- 
tures, with closely packed quartz in the centres of the pisoliths, 
whereas the rinds contain very little quartz and are composed 
of virtually pure hematite. The lack of quartz in the rinds is 
of significance to the origin of the pisoliths, as the preservation 
of quartz would be expected. The composition of pisolith 
cores is variable; some are composed largely of gibbsite and 
others, hematite. The thickness and complexity of the rinds 
suggest long and complicated histories of development with 
layering occurring by accretion in different environments. 
Some smaller pisoliths display less complex structures and 
were probably incorporated into the ferricrete at a later stage. 
Thus, there appear to be pisoliths of different ages within the 
pisolitic crusts. 

Coventry et al. (1983) described rnicromorphological 
features indicative of in situ and ~nherited, transported origins. 
For example, pisoliths with irregular shapes and diffuse external 
borders appear to have formed in situ, particularly as they 
display none of the evidence for transportation. Other evidence, 
which may indicate in situ formation, includes pisoliths without 
rinds, pisoliths that are angular, and those with the same 
framework grains within pisoliths as in the matrix materials. 
However, during development the angular pisoliths may be 
rounded by dissolution of irregularly shaped edges, and rinds 
may form in place, so that the above criteria may not always 
be reliable. 

According to Coventry et al. (1983), the formation of 
plsoliths involving transportation is favoured by: 

incomplete or broken surface coatings on pisoliths; 
different particle-size distributions of sand and silt grains 
in pisoliths and their matrix materials; 
different particle-size distributions of sand and silt grains 
in adjacent pisoliths; 
laminae of silt-sized quartz grains inside some pisoliths 
that are not continuous outside of the pisoliths; and 
compound nodules cemented together by fermginous, 
concretionary material whose structure has been truncated 
by abrasion. 
Other possible transport indicators include multiple laminar 

goethite rinds on pisoliths, incorporating individual quartz 
grains or lenses between them, and the presence of complex 
combinations of pisolith-within-pisolith structures. The depo- 
sition of the laminae and incorporation of the quartz may 
have occurred in a succession of pedogenic environments, 
which would be consistent with a long history of exposure, 
transportation and weathering. 

Mineralogy of pisoliths 
Once at the surface or in the near-surface soil environment, 
pisoliths appear to undergo transformations that lead to higher 
total iron contents and transformations in iron mineralogy 
from goethite to dominantly hematite and maghemite. The 
simple monomineralogy of pisoliths appears to favour in situ 
formation. Transported pisoliths commonly have different 
chemical and mineralogical compositions to surrounding matrix 
materials, and display multiple rinds. 

A site on the northern margin of the Waitpinga Creek 

drainage basin (near Victor Harbor, 80 km south of Adelaide), 
at 100 m a.s.l., appears to contain both in situ and transported 
pisoliths. The transported surface pisoliths have very different 
characteristics to the in situ pisoliths at a depth of about one 
metre. The surface pisoliths comprise 44.9% Fe203, 41.7% 
Si02 and 7.96% AI2O3 with an ignition loss of 3.85%. Their 
iron oxide mineralogy is dominated by hematite and maghemite, 
and kaolinite, smectite and mixed layer clays are present in 
small amounts. The surface pisoliths have multiple Eompound 
rims. 

The pisoliths at depth have developed in a well-sorted 
silty sandstone, consisting of rounded and sub-rounded grains 
in a ferruginous clay-rich matrix. They are composed of 
material identical to that in the bulk of the deposit, which 
contains some grains of tourmaline, felspar, andalusite and 
polymozaic quartz grains of metamorphic origin. At higher 
magnifications, the iron oxides show a colloform fabric that 
indicates multiple influxes of iron oxides into pores. Some 
quartz grains have hematite coatings and laminated goethite 
and clay occur in the voids. Some fractures in the clay matrix 
are filled with hematite, which suggests various phases of 
hematite formation. In contrast to the surface pisoliths, those 
at depth contain only 5.35% Fe203, with 75.5% SiOz and 
9.1 % AI2o3; the iron oxide mineralogy is principally goethite, 
with a trace of hematite. 

Pisolitic ferricretes 
In many pisolitic ferricretes, the mineralogy and chemistry of 
the inter-pisolith matrix are significantly different to those of 
the pisoliths. For example, gibbsite, hematite, maghemite, 
kaolinite, and goethite have been identified in pisoliths, whereas 
the surrounding matrix has contained only goethite and kaolinite 
(Bourman 1989). In such cases, the pisoliths may be interpreted 
as clastic components different from the materials in which 
they are found. Pisoliths in southern Australia commonly 
display high total-iron content and an iron oxide mineralogy 
dominated by hematite and maghemite. Maghemite may occur 
both in the body of the pisolith and in outer concentric layers. 
In some localities in Western Australia, hematite is a significant 
portion of the matrix material (Anand & Gilkes 1987a). 

The occurrence of jarosite, alunite, and smectite in ferricrete 
overlying unconsolidated sand in a clay pan bottom, 10 km 
northwest of Pinjarra Dam, South Australia, within the 
Corrobinnie Depression, is compatible with the accumulation 
of iron from groundwater in a lacustrine environment. Red- 
dish-purple sandy clay with yellow streaks, recovered from 
below the level of the above ferricrete, also contained minerals 
such as natrojarosite, alunite and barite(?), compatible with a 
lacustrine origin for the iron accumulation. It appears very 
likely that in the Corrobinnie Depression the presence of lakes 
and sluggish drainage of former Tertiary palaeochannels 
favoured the accumulation of iron oxides, and this, rather 
than differential erosion of more or less continuous ferricrete 
crusts, could account for the sporadic distribution of ferricretes 
in the area. 

Analyses of other samples of pisolitic ferricrete collected 
from near the surface and resting on or incorporated within 
sediments of the presumed Garford Formation (Benbow & 
Pitt 1978) of the Corrobinnie Depression revealed similar 
compositions. Furthermore, in all samples, the pisoliths 
displayed different mineralogical compositions and iron and 
titanium contents to those of the surrounding matrix materials 
(Bourman 1989). For example, pisoliths contained hematite, 
kaolinite, maghemite and anatase, with an iron and titanium 
contents of 30.26% and 1.24%: respectively, whereas iron-rich 
matrices were composed dominantly of goethite with minor 
hematite, kaolinite, smectite, felspar and anatase, and no 
maghemite. The iron content of the matrix is considerably 
less at 19.94%, as is TiOz at 0.68%. In all cases, the pisoliths 
contain more iron, dominated by hematite and maghemite, 
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whereas the main iron mineral detected in the iron-rich matrix 
was goethite. Where maghemitic pisoliths are found at depth, 
it is likely they have been incorporated into the matrix material 
after being at the surface. The evidence presented above 
suggests that, regardless of where the pisoliths originally 
formed, they spent some time at the surface, undergoing 
modification, before being reincorporated into younger sedi- 
ments. 

Palaeomagnetism 
According to Ollier (1994), palaeomagnetic dating demon- 
strates that crusts have formed in the past and are not 
undergoing modification. He argues that if ferricretes were 
formed by a process continuing to the present, they should 
be constantly remagnetised and have zero palaeomagnetic age, 
whereas many have been dated to the Tertiary and Cretaceous. 

However, there is confusion over whether palaeomagnetic 
dates refer to femcretes or to underlying weathered zones 
(c.f. Schmidt & Ollier 1988). Moreover, in some localities, 
even mottled zones show weathering transformations, with 
hematite converting to goethite. 

Palaeomagnetism appears to provide reasonably acceptable 
data in respect of the geomagnetic reversal time scale and 
mottled zones through which original sedimentary structures 
are preserved (Pillans & Bourman 1995). These investigations 
demonstrate both variability in the development of a single 
mottled zone as well as similar timing of formation for both 
mottles and adjoining bleached zones. 

On the other hand, pisolitic ferricretes are almost impossible 
to date and, if pisolitic ferricrete had formed in situ, there 
should be coincidence in the palaeomagnetic signatures 
preserved in the individual pisoliths. Hunt (1985) established 
that the scattering of remanent magnetism in individual pisoliths 
in the Sydney area indicated physical disturbance since their 
formation, implying transportation. However, Brimhall (per- 
sonal communication 1993) prefers to explain this observation 
simply in terms of disorientation by volumetric change 
following in situ formation. 

In situ or transported?-a case study from 
Sydney 
Many workers before Hunt et al. (1977) regarded 'laterite' 
profiles in the Sydney area as fossil soils formed under tropical 
climatic conditions during the Miocene on a 'peneplain' close 
to sea level, with the present sporadic distribution of 'laterite' 
resulting from dissection after uplift (e.g. Faniran 1969). In 
contrast, Hunt et al. (1977) interpreted the 'laterite profiles' 
as reflecting contemporary near-surface alteration of iron-rich 
Hawkesbury Sandstone units, including the mobilisation of 
iron minerals as crystalline solids. Evidence used to support 
this view included: 

the coincidence of structures in the 'lateritic profiles', 
especially at Terrey Hills, with structures in the Hawkesbury 
Sandstone: 
the overlap of iron concentrations in the 'lateritic profiles' 
with those contained in iron-rich sequences in the Hawkes- 
bury Sandstone; 
the lack of evidence for iron-enrichment in indurated zones 
and impoverishment in mottled zones; 
the absence of variations in aluminium and silica down 
profiles; 
the recognition of original sandstone fabrics in nodular, 
indurated zones; 
the in situ formation of maghemitic nodules within the 
profiles. 
Consequently, they saw no need for external sources of 

iron or for long-distance lateral iron oxide transport. Hunt et 
al. (1977) regarded the surface on which the 'laterite' occurs, 

not as a peneplain, but as a dip slope coincident with the 
upper surface of the Hawkesbury Sandstone. 

An alternative explanation by Bourman (1989) reported a 
clear unconformable contact between weathered Hawkesbury 
Sandstone and overlying fine-grained sediments that contained 
clasts of dense magnetic material and pebbles of coarse-grained 
hematitic sandstone, similar to those occumng in the Terrey 
Hills site. The contacts were observed in a cutting on the 
nearby Mona Vale Road and in the former Belrose quany 
(Fig. 8). Subsequently, Bourman (1989) interpreted the indu- 
rated materials as weathered and iron-indurated clastic deposits 
of colluvial, detrital origin rather than weathered Hawkesbury 
Sandstone structures. 

Differential desilicification of the Hawkesbury Sandstone 
along susceptible beds is common, such as at Beacon Hill, 
where essentially unweathered bedrock occurs near the summit, 
but is underlain by considerable thicknesses of weathered and 
iron-depleted sandstone. Thus, sections of the sandstone may 
be coherent, whereas, elsewhere, beds have been preferentially 
removed to cause collapse of overlying strata. In several road 
cuttings along West Head Road, sandstone depressions thus 
formed have been infilled with colluvial material derived from 
upslope. The colluvial material includes fragments of hematitic 
sandstone and fine-grained strongly magnetic clasts, both of 
which occur at the surface over many areas of the plateau in 
the Kur-ring-gai Chase National Park. These materials resemble 
those occurring in the clastic deposits that constitute most of 
the Indurated zone at Terrey Hills. Thus, while the structures 
present in the indurated material may not be directly inherited 
from original sandstone structures, deposition of the clastic 
sediments may have been influenced by them, so that the 
clastic structures could mimic those of the original sandstone. 

The occurrence of maghem~te at depth throughout the 
weathered zones throws some light on the origin of the 
duricrusts. Faniran (1970) reported that maghemite in the 
Sydney 'laterites' occurs mainly in the cores of pisoliths and 
decreases rapidly with depth in the profiles, being mainly 
confined to upper indurated zones. However, clasts composed 
of maghemite, hematite and small amounts of quartz and mica 
have been identified throughout the weathered zones above 
the Hawkesbury Sandstone in a variety of femcrete types, 
such as pisolitic, nodular, vermiform and iron-impregnated 
sandstone (Bourman 1989). The distribution of maghemitic 
flakes throughout the weathered profiles may suggest a 
derivation from iron-rich solutions permeating through weath- 
ered material, in the fashion described by Schwertmann & 
Taylor (1987). However, there is ample evidence that many 
of the maghemitic clasts have formed elsewhere, and been 
transported and deposited within finer grained sediments above 
the sandstone bedrock. 

For example, maghemite is visible in thin sections of cores 
of pisoliths from deep locations within profiles, and other 
pisoliths have maghemitic rinds that almost certainly developed 
through the transformation of goethite by surface burning. 
Another indicator of surface or near-surface modification may 
be the presence of corundum in some maghemitic surface 
pisoliths. The corundum could have formed by the heating 
transformation of g~bbsite or aluminium-substituted goethite 
(cf. Anand & Gilkes 1987b). Other possible sources of 
maghemitic clasts in the Sydney duricrusts include magnetite 
from within the Hawkesbury Sandstone and siderite from the 
Wianamatta Shales or from basic igneous rocks (Faniran 
1970). Whatever the source of maghemite, it is clear that the 
clasts have been transported to their present positions. 

Femcretes in the Sydney area appear to result from a long 
complex history involving weathering, erosion, transport, and 
deposition. This is exemplified by complex profiles (Fig. 9) 
and a series of mixed facies of ferricretes (pisolitic, nodular, 
clastic, vermiform, and vesicular) as well as soft and hard 
mottles. These may be related to different environments. For 
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Figure 8. Location map of the Terrey Hills area and study sites, Sydney, NSW. 

example, vesicular ferricrete, which is composed dominantly 
of goethite with small amounts of kaolinite, hematite, quartz, 
and gibbsite, appears to be a chemical deposit, suggesting 
that the area has acted as a sink for iron oxides transported 
in solution at some time in the past, impregnating pre-existing 
bioturbated fine soils or organic matter. Pisolitic crusts may 
relate to former soils, and, in places at Terrey Hills, there 
appears to be a succession of superimposed and hardened 
fossil soils, displaying biogenic structures and burrows similar 
to the modem soil. Clastic ferricrete material has formed by 
the iron-impregnation of colluvium, and vermiform structures 
may reflect biogenic influences or the passage of soil or 
groundwater through the deposit, leading to its dissolution. 
Hardened and soft mottles may relate to exposure and variations 
in seasonal water tables. These various fermginous materials 
occur in a colluvial mantle. which comprises the indurated 
zone at the Terrey Hills site, where Hunt et al. (1977) argued 
that clear in siru bedrock structures occur. 

Evidence of protracted weathering is provided by the 
abundance of gibbsite in the mottled and indurated zones and 
it probably developed through the incongruent dissolution of 
kaolinite. There is an inverse relationship between the relative 
abundances of kaolinite and gibbsite (Bourman, 1989). Hunt 

et al. (1977) reported gibbsite in the Hawkesbury Sandstone, 
but Standard (1967) did not indicate any significant gibbsite 
in it. Although some of the kaolinite may be detrital (Standard 
1967), its abundance suggests long periods of weathering, as 
the greatest amounts of gibbsite and kaolinite occur within 
detrital material above the weathered and kaolinised Hawkes- 
bury Sandstone. These minerals may have been derived both 
from the weathering of the immediately underlying sandstone 
and from the Wianamatta Shale. 

Variations in the mineralogy and chemistry of pisoliths in 
pisolitic ferricrete and their surrounding matrix materials 
suggest formation in different environments. Maghemite en- 
closed in pisoliths suggests a near-surface formation and 
subsequent burial or incorporation into soils. The encapsulation 
of maghemite within pisol~ths negates the significance of 
contemporary flushing of maghernite through the profile to 
concentrate it as discrete nodules. 

Biogenic structures, including burrows, trails and plant 
roots, suggest that some of the clastic materials were uncon- 
solidated soils and weathered zones, subsequently iron-im- 
pregnated and hardened. Coating of the biogenic structures 
with subsequent depos~ts of iron oxides suggests further 
complexities in the development of the indurated zones. 
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Figure 9. Variable and complex duricrust at Terrey Hills, Sydney, 
NSW. Duricrust of pisolitic (cemented pisoliths), vesicular (bog-iron 
ore) and vermiform (trail-like features) types, and soil overlie un- 
consolidated pisoliths. An isolated boulder of pisolitic crust occurs 
in the foreground. 

Some workers (e.g. Faniran 1970) have considered that 
the Hawkesbury Sandstone has insufficient iron for the 
formation of iron-cemented duricrusts and preferred iron 
sources from the Wianamatta Shale and the basic rocks of 
the area. After examining detrital quartz from weathered 
Hawkesbury Sandstone and Wianamatta Shale, Burgess & 
Beadle (1952) and Beadle & Burgess (1953) concluded that 
in most cases 'laterite' had formed from shales overlying or 
interbedded within the Hawkesbury Sandstone. They argued 
that the origin of 'laterite' from shales could account for both 
the source of iron, as the Wianamatta Shale has a Fe203 
content of 510 per cent, and the abundance of kaolinite in 
profiles. Their analytical work suggested that extra iron was 
added to the profiles from weathering of shales and basalt 
flows. 

On the other hand, Hunt et al. (1977) considered that the 
weathered profiles showed no evidence of iron-enrichment in 
the indurated zones nor depletion in the mottled zones, and 
claimed that, as there were overlaps in the iron content of 
zones of the Hawkesbury Sandstone and iron-rich crusts, there 
was no need to invoke external sources of iron. However, 
many of the iron-rich zones within the Hawkesbury Sandstone 
are quite thin and may be inadequate to produce the total 
amount of iron within the 'laterite' profiles. It appears that 
the iron bands in the Hawkesbury Sandstone have been 
incorporated into the profiles, but dominantly as clasts rather 
than as the tiny flakes suggested by Hunt et al. (1977). 
Chemical analysis of the Hawkesbury Sandstone gives a low 
total iron content, 0.32-1.41 per cent (Bourman 1989). An 
iron-rich crust, a few centimetres thick, within the Hawkesbury 
Sandstone had an Fe203 content of 19.97 per cent, dominantly 
in the form of goethite with only a small amount of hematite. 
The iron oxides could have been deposited with the bulk of 
the rock or introduced at a later stage during weathering 
processes, with the latter possibility being favoured. 

Standard (1967) reported subsurface siderite, at up to 4 per cent, 
as the main iron mineral present in the Hawkesbury Sandstone. 
This mineral was not identified in the outcrops sampled, which 
suggests transformation to other iron oxides, which it will do 
rapidly in oxidising environments (Bourman 1989). It does 
appear, however, that the local zones of iron enrichment 
require influxes of iron oxides from outside the immediate 
area, and may have been derived from a variety of sources. 
If the view is followed that there was not a uniform blanket 
of fenicrete across a former 'peneplain' surface, but a landsurface 
of some relief, with only localised colluvial and chemical 
concentrations of iron developing in favourable environments 
as the landscape suffered weathering and downwasting, then 
there is no requirement for vast amounts of iron. 

Contrary to the view of Hunt et al. (1977), there is evidence 
of profile differentiation in the section at Terrey Hills. There 
is a fairly uniform iron content down the indurated zone of 
the Terrey Hills profile, ranging from 20 to 40 per cent with 
a slight increase towards the surface. However, at the base 
of the most northerly outcrop there is a rapid drop in total 
iron content to only a few per cent. Moreover, the depletion 
of bases and silica within the profile indicates the influence 
of considerable leaching. 

There is certainly ample evidence of ferrihydrite formation 
in the modem environment, where it forms a sludge or gel 
following precipitation from iron-rich waters along roadside 
drainage channels. The transformation of ferrihydrite to 
hematite andlor goethite may better account for some of the 
observations of Hunt et al. (1977), rather than invoking the 
eluviation of tiny crystalline flakes of hematite and maghemite 
through the profiles. The fact that much maghemite is locked 
up in the cores of pisoliths suggests that those maghemite-rich 
pisoliths at depth are not currently forming. 

Conclusion 
The formation of fermginous duricrusts by relative (in situ) 
and absolute (lateral) accumulation of iron and aluminium 
oxides has been well documented (e.g. d'Hoore 1954), but 
not all workers have agreed on the significance of these 
processes and their recognition in the final weathering product. 
An attempt has been made to develop a first approximation 
for establishing criteria that might be useful in distinguishing 
the in situ and transported components of ferricretes. 

In assessing the origin of a particular ferricrete, it is 
necessary to combine all types of evidence. For example, in 
the Sydney area, evidence from field relationships, chemistry, 
mineralogy, macro-structures and micro-morphology suggests 
a long and complex hlstory of erosion, deposition and 
weathering, including the formation and hardening of soils 
on a landscape subaerially exposed and undergoing down- 
wasting and erosion for a long time, which led to the 
accumulation of iron and aluminium oxides in favourable 
environments. 

Acknowledgments 
The paper has benefited by the comments of Ravi Anand and 
Johnathon Clarke. David Brittain prepared the figures. 

References 
Anand, R.R., 1993. The regolith and its exploration and 

economic significance. In: Williams, P.R. & Haldane, 
J.R. (editors), An international conference on crustal 
evolution, metallogeny and exploration of the Eastern 
Goldfields-excursion guidebook. Australian Geologi- 
cal Survey Organisation Record 1993153, 75-1 00. 

Anand, R.R., 1994. Regolith-landform evolution and 
geochemical dispersion from the Boddington gold 
deposits, W.A. CSIRO Division of Exploration and 
Mining Report 24R, 149 pp. 

Anand, R.R. & Gilkes, R.J., 1987a. Variations in the 
properties of iron oxides within individual specimens 
of lateritic duricrust, Western Australia. Australian 
Journal of Soil Research, 25, 287-302. 

Anand, R.R. & Gilkes, R.J., 1987b. The association of 
maghemite and corundum in Darling Range laterites, 
Western Australia. Australian Journal of Soil Research, 
35, 303-311. 

Anand, R.R., Churchward, H.M., Smith, R.E. & Grunsky, 
E.C. 1991. Regolith landform development and con- 
sequences on the characteristics of regolith units, 
Lawlers District, Western Australia. CSIROIAMIRA 
Laterite Geochemistry Project P240. 160 pp. 



240 R.P. BOURMAN 

Abele, C., Kenley, P.R., Holdgate, G. & Ripper, D., 1976. 
Otway Basin. In: Douglas, J. G. & Ferguson, J. A. 
(editors). Geology of Victoria. Geological Society of 
Australia, Special Publication No. 5, 528 pp. 

Beadle, N.C.W. & Burgess, A, 1953. A further note on 
laterites. Australian Journal of Science, 15, 170-1 7 1 .  

Benbow, M.C. & Pitt, G.M., 1978. The Garford Formation. 
Quarterly Geological Notes, Geological Survey of 
South Australia, 68, 8-15. 

Benbow, M., Callen, R.A., Bourman, R.P. & Alley, N.F., 
1995. Deep weathering, ferricrete and silcrete. In: 
Drexel, J. (editor), The Geology of South Australia. 
S.A. Department of Mines and Energy. Bulletin 54, 
Chapter 10. 

Bourman, R.P., 1989. Investigations of ferricretes and 
weathered zones in parts of southern and southeastern 
Australia-a reassessment of the 'laterite' concept. 
Ph.D. thesis, University of Adelaide. 495 pp. (unpub- 
lished). 

Bourman, R.P., 1993a. Modes of ferricrete genesis: evi- 
dence from southeastern Australia. Zeitschrift fur 
Geomorphologie, 37(1), 77-101. 

Bourman, R.P., 1993b. Perennial problems in the study 
of 'laterite'-a review. Australian Journal of Earth 
Sciences, 40, 387-401. 

Bourman, R.P., Milnes, A.R. & Oades, J.M., 1987. 
Investigations of ferricretes and related surficial fer- 
ruginous materials in parts of southern and eastern 
Australia. Zeitschrift fur  Geomorphologie. N.F. Suppl.- 
Bd., 64, 1-24. 

Bourman, R.P., Fitzpatrick, R.W. and Self, P.G., 1995: 
Character and origin of ferruginous voidal concretions 
in weathered Triassic sediments of the Telford Basin, 
South Australia. 10th International Clays Conference, 
Adelaide, 1993, Proceedings, 344-352. 

Brimhall, G.H., Lewis, C.J., Ague, J.J., Dietrich, J.H., 
Teague, T. & Rix, P., 1988. Metal enrichment in 
bauxites by deposition of chemically mature aeolian 
dust. Nature, 333, 8 19-824. 

Brimhall, G.H., Lewis, C.J., Ford, C., Bratt, J., Taylor, G. 
& Warin, O., 1991. Quantitative geochemical approach 
to pedogenesis: importance of parent material reduc- 
tion, volumetric expansion and eolian influx in lateri- 
tization. Geoderma, 5 1, 5 1-9 1 .  

Burgess, A. & Beadle, N.C.W., 1952. The laterites of the 
Sydney District. Australian Journal of Science, 14, 
161-162. 

Chartres, C.J., 1983. The pedogenesis of desert loam soils 
in the Barrier Range, western New South Wales. 
ii-weathering and soil formation. Australian Journal 
of Soil Research, 21, 1-13. 

Conacher, A.J., 1991. Lateritic duricrust and relief inver- 
sion in Australia. Ollier, C.D. & Galloway, R.W., The 
laterite profile, ferricrete and unconforrnity-a discus- 
sion. Catena, 18, 585-588. 

Coventry, R.J., Taylor, R.M. & Fitzpatrick, R.W., 1983. 
Pedological significance of the gravels in some red 
and grey earths of central north Queensland. Australian 
Journal of Soil Research, 21, 219-240. 

Faniran, A. 1969 A deeply-weathered surface and its 
destruction: a geomorphological study of duricrusts in 
the Northern Sydney District. Ph.D. thesis, University 
of Sydney, 464 pp. (unpublished). 

Faniran, A., 1970. Maghemite in the Sydney duricrusts. 
American Mineralogist, 55, 925-933. 

Gibbons, F.R. & Downes, R.G., 1964. A study of the 
land in southwestern Victoria. Soil Conservation 
Authority, Victoria. 269 pp. 

Gibbons, F.R. & Gill, E.D., 1964. Terrains and soils of 
the basaltic plains of far-western Victoria. Proceedings 
of the Royal Society of Victoria, 77, 387-395. 

Hickman, A.H., Smurthwaite, A.J., Brown, I.M. & Davy, 
R., 1992. Bauxite mineralisation in the Darling Range, 
Western Australia. Geological Survey of Western Aus- 
tralia. Report, 33, 82 pp. 

d'Hoore, J., 1954. Essai de classification des zones 
d'accumulation de sesquioxydes libres sur de bases 
genetiques. Sols Africains, 3, 66-80. 

Horwitz, R.C., 1961. The geology of the Wakefield 
Military Sheet. Report of Investigations, Geological 
Survey of South Australia, 18, 1-32. 

Hunt, P.A., 1985. The mobility of silicon and iron in the 
near-surface zone; A re-evaluation of the concept of 
duricrust in central and eastern New South Wales. 
Ph.D. thesis, Macquarie University, 343 pp.(unpub- 
lished). 

Hunt, P.A., Mitchell, P.B. & Paton, T.R., 1977. "Laterite 
profiles" and "lateritic ironstones" on the Hawkesbury 
Sandstone, Australia. Geoderma, 19, 105-12 1. 

Jessup, R.W., 1960. The stony tableland soils of the 
southeastern portion of the Australian arid zone and 
their evolutionary history. Journal of Soil Science, 11, 
188-197. 

Kenley, P.R., 1971. Cainozoic geology of the eastern part 
of the Gambier Embayment, southwestern Victoria. 
Otway Basin. In: Douglas, J.G. & Ferguson, J.A. 
(editors), Geology of Victoria. Geological Society of 
Australia, Special Publication No. 5, 89-153. 

Kenley, P.R., 1975. Geology and geomorphology of 
southwestern Victoria. A.I.H.S. symposium, Horsham. 
Geological Survey of Victoria. 

Lamplugh, G.W., 1902. Calcrete. Geological Magazine, 
9, 575. 

Milnes, A.R., Bourman, R.P. & Northcote, K.H., 1985. 
Field relationships of ferricretes and weathered zones 
in southern South Australia: a contribution to 'laterite' 
studies in Australia. Australian Journal of Soil Re- 
search, 23, 441-465. 

Mulcahy, M.J. 1960. Laterites and lateritic soil in south- 
western Australia. Journal of Soil Science, 1 I,  206-225. 

Nahon, D. & Tardy, Y., 1992. The ferruginous laterites. 
In: Butt, C.R. & Zeegers, H. (editors), Regolith 
exploration geochemistry in tropical and subtropical 
terrains. Handbook of Exploration Geochemistry, 4, 
40-55, Elsevier, Amsterdam. 

Ollier, C.D., Chan, R.A., Craig, M.A. & Gibson, D.L., 
1988. Aspects of landscape history and regolith in the 
Kalgoorlie region, Western Australia. BMR Journal of 
Australian Geology & Geophysics, 10, 309-321. 

Ollier C.D., 1991. Laterite profiles, ferricrete and land- 
scape evolution. Zeitschrift fur Geomorphologie, 35, 
165-173. 

Ollier C.D., 1994. Exploration concepts in laterite terrains. 
The Australasian Institute of Mining and Metallurgy, 
Bulletin, 3, 22-27. 

Ollier C.D. & Galloway, R.W., 1990. The laterite profile, 
ferricrete and unconformity. Catena, 17, 97-109. 

Pillans, B. & Bourman, R.P., 1995. The BruhnesIMatuyama 
Polarity Transition (0.78 Ma) as a chronstratigraphic 
marker in Australian regolith studies. AGSO Journal 
of Australian Geology & Geophysics (this issue). 

Schmidt, P.W. & Ollier, C.D., 1988. Palaeomagnetic dating 
of Late Cretaceous to Early Tertiary weathering in 
New England, NSW, Australia. Earth Science Reviews, 
25, 363-371. 

Schwertmann, U. & Taylor, R.M., 1987. Iron oxides. In: 



TRANSPORTED AND IN SITU FERRICRETES 241 

Dixon, J.B. & Weed, S.B. (editors), Minerals in soil Standard, J.C., 1969. Hawkesbury Sandstone. In: Sydney 
environments. Soil Science Society of America, Madi- Basin. Geology of New South Wales. Journal of the 
son, Wisconsin. Geological Society of Australia, 16, 406-415. 





AGSO Journal of Australian Geology & Geophysics. 16 (3). 243-251 O Commonwealth of Australia 1996 

Geochemical characterisation of iron-rich regolith materials in the Olary 
Block of South Australia 
David C. Lawiel & Paul M. Ashley1 

The Olary Block (SA), an inlier of the Palaeoproterozoic Willyama 
Supergroup, is a target for base-metal and gold exploration. Overburden 
averaging less than 100 m thick conceals much of its northern part, 
wh-ere an appreciation of iron-rich regolith geochemistry is necessary 
for evaluating grab samples and rock chips recovered from drilling 
and for planning follow-up exploration. Geochemical analysis of an 
exploration suite, and statistical processing (optimised transformations, 
multivariate trimming, and simultaneous R- and Q-mode principal- 
components analysis) has enabled us to differentiate four types of . . 
iron-rich regolith: gossanous ironstones; banded-iron formations and 
replacement ironstones; pisolitic ferruginous duricrusts; and lags. 

The iron-rich regolith generally contains elevated As and Ba, and 
low Pb. Gossanous ironstones derived from the sulphide-bearing 

Introduction 
The Proterozoic Willyama Supergroup in the Olary Block 
(SA) is the target of base-metal and gold exploration, but at 
least 70 per cent of it in the north underlies Mesoproterozoic 
volcanics and Neoproterozoic, Cambrian, Mesozoic, and 
Tertiary sedimentary sequences (Yates & Randell 1994). 
Therefore, exploration is having to focus on concealed areas 
of the basement, where an appreciation of iron-rich regolith 
geochemistry is paramount for evaluating grab samples and 
rock chips of ferruginous material recovered from drilling and 
for selecting sites for follow-up exploration. 

Our study had the following objectives: 
to characterise element associations in iron-rich regolith 
of different genetic type; and 
to provide a geochemical framework for determining the 
parentage and prospectivity of samples. 
We sampled the northern Olary Block (Fig. I )  for iron-rich 

regolith developed by weathering in a variety of geomorphic 
situations. 

Geological setting 
The Olary Block, an inlier of the Palaeoproterozoic Willyama 
Supergroup, is contiguous to the east with the Broken Hill 
Block, which hosts the giant Broken Hill Pb-Zn-Ag deposit. 
The blocks are separated by a major north-northeast-trending 
fault (Flint & Parker 1993) and differentiated by a marked 
change in aeromagnetic character. The Willyama Supergroup 
in the Olary Block consists of regionally metamorphosed and 
deformed sedimentary and minor volcanic intruded by several 
granitoid types and mafic dykes. Low-grade Neoproterozoic 
metasediments unconformably overlie or are faulted against 
them to the west, south, and, to a lesser extent, north. 

Clarke et al. (1986) proposed five lithological suites that 
vary in general composition from quartzofeldspathic at the 
base to calc-silicate-bearing to pelitic at the top of the Willyama 
Supergroup. The basal unit, the 'composite gneiss suite' (CGS), 
comprises composite gneiss, migmatite, migmatitic and leu- 
cocratic granitoids, and pegmatite. Its contacts are partly 
intrusive with the overlying 'quartzofeldspathic suite' (QFS; 
Ashley et al. 1994), which is dominated by massive and 
layered quartzofeldspathic gneiss of clastic sedimentary, felsic 
volcanic, and intrusive origin. Minor iron formations, bearing 
quartz + Fe oxide +barite, in the QFS have been reconstituted 
locally into massive and brecciated varieties (Lottermoser et 
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Bimba suite are consistently anomalous in Cu, Zn, As, and in places 
Pb, Se, U, Mo, Co, Bi, Ba, and Au. A diverse group, the gossanous 
ironstones show different associations (e.g., Zn-Ba-Pb-Mn. Cu-Zn- 
As-Mc-Ag-Cc-Bi, Cu-As-Mo, and Zn-Cu-As). The iron formations 
and replacement ironstones are the least geochemically anomalous 
materials, except for one notable occurrence of anomalous Mn, P, 
As, and Zn. The pisolitic ferruginous duricrust contains Cu-Zn 
concentrations of 100-200+ ppm, and anomalous U, Ni, Se, and Ag 
compared with veneer lags. Detritus, or lags shed from the gossans 
and ironstones, have a similar chemical signature to their parent 
material. Veneer lags of ferruginous fragments, pisoliths, and nodules 
locally mantle the landscape where weathering profiles are preserved. 
and form a homogeneous group characterised by high Ba and As. 

al. 1994). The overlying 'calc-silicate suite' (CS) contains 
complete gradations from laminated quartzofeldspathic rocks 
into calc-silicate-rich rocks via 'calc-albitites' (Ashley et al. 
1994); it also includes rare iron formations, oxidic Mn-bearing 
rocks, and stratabound zones of calc-silicate-matrix breccia 
(Yang & Ashley 1994). The 'Bimba suite' (BS)-a thin, 
moderately continuous unit--comprises calc-silicate and car- 
bonate rocks, pelites, psammopelites, albitites, and gradations 
into sulphide-rich rocks (Ashley et al. 1994). Its contacts with 
the underlying CS are gradational. The uppermost unit, the 
'pelite suite' (PS), incorporates pelitic and psammopelitic 
schist, psamrnite, and local stratiform Mn enrichments and 
manganiferous banded-iron formation. Widely distributed in 
the north of the Olary Block, its contact with the underlying 
BS is sharp. 

According to Cook & Ashley (1992), the Willyama 
Supergroup developed in an intracontinental-rift setting; the 
Olary Block represents the shallow-water facies of sedimen- 
tation whose contemporaneous deeper-water equivalents are 
preserved in the Broken Hill Block. Modem analogues for 
the depositional and tectonic setting may include the East 
African Rift Valley, Dead Sea-Red Sea, and Salton Sea-Gulf 
of California. 

Figure 1. Location of the study area, and outcrop of the Willyama 
Supergroup in the Olary Block, South Australia. 
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Five deformational events are recognised in the Willyama 
Supergroup of the Olary Block (Clarke et al. 1986): Dl-D3 
occurred during the Mesoproterozoic Olarian Orogeny (1600- 
1500 Ma), and D4-Ds during the Delamerian Orogeny 
(ca 500 Ma). The Delamerian events mostly affected the 
Neoproterozoic cover sequence. The Olarian Orogeny produced 
mesoscopic to macroscopic recumbent, upright to reclined 
and open to tight folds overprinted by regional-scale retrograde 
shear zones (Clarke et al. 1986). Peak upper amphibolite-facies 
metamorphism was attained during D l  (Flint & Parker 1993). 
Prograde metamorphism varied over the Olary Block, but was 
most intense in the south and diminished northwards (Clarke 
et al. 1987). Granitoids are widespread throughout the Olary 
Block, and were emplaced during at least four different 
periods-including -1700 Ma, -1630 Ma (pre-Olarian Oro- 
geny), -1600 f 20 Ma, and -1500 Ma (Olarian events; Cook 
et al. 1994). 

Stratiform, stratabound, and transgressive epigenetic min- 
eral deposits are common in the Olary Block. They include 
Fe-Cu-Co-As-Au and Fe-Zn-Pb-Mn-sulphide associations 
of exhalative and possibly diagenetic origin; baritic and 
manganiferous iron formations of exhalative origin; epigenetic 
(replacement) ironstones; and vein- and shear-hosted Cu-Au 
and base-metal sulphides (Ashley et al. 1994). Stratiform and 
stratabound mineral deposits occur in the QFS, CS, BS, and 
PS, but the BS hosts the most regionally extensive one. 
Sulphides have also been synmetamorphically remobilised 
locally into transgressive epigenetic veins (Bierlein et al. 
1994). Iron formations, which crop out throughout the Olary 
Block, have variations that include quartz-magnetite hematite 
barite in the QFS, hematite-bearing varieties in the CS, and 
local manganiferous varieties in the PS (Lottermoser et al. 
1994). Those in the PS are geochemically distinct; having 
high Mn-P-As-Zn, they are at present the Olary Block's 
closest correlatives of banded iron formations proximal to the 
Broken Hill Pb-Zn-Ag deposit. Iron formations in the QFS 
and CS only rarely contain anomalous Cu and Au. Later 
epigenetic mineralisation styles include base-metal veins, and 
replacement and brecciation phenomena accompanied locally 
by anomalous Cu-Au-Mo (Lottermoser et al. 1994; Yang & 
Ashley 1994). Brecciation and replacement are commonly 
associated with bleaching, calc-silicate development, and pink 
hematitic alteration. 

The proximity of the Olary Block to the Broken Hill 
deposit, and younger analogues of mineralisation, alteration, 
and deformation in the Eastern Succession of the Mount Isa 
Block (Williams & Blake 1994), continue to drive exploration 
efforts in the region. Further, the thickness of the overburden 
that conceals much of the Willyama Supergroup averages only 
100 m over large areas (Yates & Randell 1994), and would 
be a small inconvenience to subsurface exploration. Possible 
exploration-target models include stratiform Pb-Zn-Ag in the 
BS and PS (Mount Isa-McArthur River-Broken Hill style), 
stratabound and ironstone-hosted Cu-Au (Selwyn-Osborne- 
Ernest Henry type) in the QFS, and breccia-hosted Cu-Au-U 
in the QFS and CS (Yates & Randell, 1994). 

Sample media 
We sampled four different categories of iron-rich surficial 
material: gossanous ironstones, banded-iron formations and 
replacement ironstones, lags, and pisolitic fermginous duri- 
crusts. 

The BS is a prominent gossan-forming unit widely dis- 
tributed in the northern Olary Block. It is thin (<50 m), 
sulphide-bearing, moderately continuous, and has a strike 
length of 250 km (Yates & Randell 1994). Much of its 
distribution is inferred by drilling and magnetics to occur 

Randell 1994). Sulphides in the BS include pyrite, pyr- 
rhotite, and minor chalcopyrite, sphalerite, galena, 
arsenopyrite, and cobaltite; they occur as disseminations 
and bedding-parallel Iaminations grading into massive units 
(Cook & Ashley 1992). .The surface expression of the BS 
varies from prominently outcropping gossanous ironstone, 
where weathering profiles are thin, to float and rubble, 
where weathering profiles are thicker-especially to the 
north in areas of low relief. Outcrop is most commonly 
goethitic; prominent outcrops contain scattered boxwork 
textures after carbonate, calc-silicate, and sulphide, but 
also include blue-black manganese-rich variants and exotic 
solution-precipitated iron oxides with no preserved box- 
works in degraded outcrops. Locations of BS gossan 
samples are shown in Figure 2. 
Syngenetic, finely laminated iron formations and massive 
epigenetic replacement ironstones (quartz + magnetite 
hematite + albite + barite + pyrite + calc-silicates; Lotter- 
moser et al. 1994) have a mostly hematite-rich (martite) 
surface expression and few boxworks. 
Lags, which consist of concentrations of coarse particles 
at the surface as a result of the selective removal by erosion 
of fine dilutant material (Carver et al. 1987), are common 
throughout the Olary Block. Gossans in the BS, together 
with iron formations and replacement ironstones, shed 
detritus or lag deposits. Extensive surface pavements, or 
veneer lags, are also present where the weathering profile 
is preserved, especially in northern parts of the field area. 
Veneer lags comprise fermginised rock fragments which 
preserve primary rock fabrics, and magnetic (maghemite- 
bearing) and non-magnetic nodules and pisoliths. Surface 
pavements range from linear features a few metres wide 
and hundreds of metres long to blanket deposits many 
hundreds of hectares in extent. 
Pisolitic, lateritic duricrust forms the top of a small 
flat-topped hill which locally occupies the highest geo- 
morphic position (Fig. 2). 
These four categories of sample media may be grouped 

Lags, fragments, pisoliths & nodules 

0 Bimba Gossan 

along the Benagerie Ridge, where the Olary Block extends Figure 2. Locality map, showing sites sampled for BS gossans, 
to the north under Cainozoic and older rocks (Yates & lags, and pisolitic duricrust. 
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into lateritic and non-lateritic types, according to the termi- 
nology of Anand & Smith (1994). The development of BS 
gossans, iron formations, and replacement ironstones is not 
confined to a single unit of a lateritic profile, and they are 
therefore non-lateritic. The lag group contains both lateritic 
and non-lateritic components: femginised bedrock fragments 
retaining primary rock textures are non-lateritic, but pisoliths 
and nodules may be lateritic. 

Sample and data analysis 
The total data set consists of 312 samples. Of these, 

was then reinstated, and the transform applied to all the data. 
Examples of calculated values for h, together with skewness 
before and after transformation (h, S-before, S-after), are: Cu 
(0.13,6.1,0.0), Ba(0.07, 5.85,-0.04), Ni (-0.06, 7.39, 0.0) 
and As (0.23, 3.63, - 0.05). Figure 3 shows the effect of 
power transformation on barium. The aim of power transfor- 
mation is not to produce a normal distribution, but, rather, 
an optimally 'deskewed' symmetrical distribution, which is 
usually accompanied by a closer approximation to a normal 
distribution to help make the data more tractable and inter- 
pretable (Mancy & Howarth 1980). 

225 are BS gossans; 18 are detritus oralag shed from 
BS outcrop; 11 are pisolitic duricrust; 30 are iron 
formation and replacement ironstone; and 28 are lags 
comprising femginised fragments, nodules, and 
pisoliths of varying types. To demonstrate the vari- 0.10 

ability, especially for BS gossans, up to 15 samples 
were collected from any one location. About 50 - 
sample locations are represented in the data (Fig. 2). 

The BS gossans, pisolitic duricrusts, and lag .S 
samples were analysed for 20 elements at Amdel, 
Adelaide. ICP-MS and -OES, after mixed hydroflu- g 0,05 
oriclperchloric, nitric, and hydrochloric acid digestion, 
were used for Cu, Pb, Zn, Fe, Mn, As, K, P, Co, Ni, 
Sb, Bi, Mo, W, U, Ag, Se, and Sn; XRF, for Ba; 
and graphite furnace AAS, after aqua regia digest, 
for Au. Iron formation samples were analysed by 
XRF at the University of New England (Fe, Mn, K, 
P, Cu, Pb, Zn, Ni, Bi, W, Sn, and Ba) and by INAA o 
(Se, As, Co, Sb, Mo, U, Ag, and Au) at Becquerel, 
Lucas Heights. Although the combination of INAA, Barium (ppm) 

XRF, and ICP strictly provides partial and total 0.07 

concentrations, for elements under consideration such 20 
as Cu, Pb, Zn, Fe, Mn, As, P, Co, Ni, Sb, Bi, Mo, o,06 
U, Ag, and Se, the sample matrices involved and 
digestions used, all techniques are considered to 
produce total concentrations and hence the data may 0.05 15 

be combined for use in subsequent statistical analysis. 3 
Multivariate statistical methods-including RQ- < 0.04 - 

mode principal-components analysis (RQ-PCA) and C = 

dynamic cluster analysis (DCA)-were applied to the 0,03 
10 S 

data matrix to extract trends and associations from a 

it; the data were first power-transformed to improve 
their skewness, to meet statistical assumptions, to 0.02 

5 
improve the reliability of statistical results, and to 
enhance correlations present in the bulk of the data. 0.01 

Multivariate normality was checked with chi-square 
cumulative probability plots. Initial inspection of the o 0 

data indicates that Sn, Sb, and Au have a large 2 6.75 11.5 16.25 

proportion of results at or below analytical detection Barium (after power transformation) 

limits, so were unsuitable for the following data- 16-31603 

processing procedures. Figure 3. Histograms showing the effect of power transformation on the 
distrihution of Ba for all samples. (A) raw data, skewness = 5.85 (values 

univariate of the raw data indicates that in ppm). (B) after h-transformation (z = - 1)lh) skewness = -0.04 (trans- 

all elements except iron are variably positively skewed. formed values)' 

A power transform of the form (xi  - I)/h was applied 
to transform the raw data to near zero skewness according to To display relationships between samples and variables, 
the procedure of Howarth & Earle (1979), also demonstrated RQ-PCA largely as described by Zhou et al. (1983) was used. 
in Mancy & Howarth (1980). Applying a variety of optimisation RQ-PCA is a powerful technique as it allows both samples 
techniques (Mancy & Howarth 1980), we chose successive and variables to be plotted in the same component space, and 
values of h in an attempt to reduce skewness to zero or to related groups of samples, together with their associated 
jointly reduce skewness to zero and kurtosis to three, so as element behaviour, may be determined. RQ-PCA, which uses 
to minimise asymmetry in the transformed data and improve least-squares estimates of dispersion (correlation and covari- 
its approach to a normal distribution. Of the three optimisation ance), is susceptible to outliers. Zhou (1989) modified the 
procedures described in Howarth & Earle (1979), the FLEX 1 method to make it robust against multivariate outliers by 
routine usually produced the most improvement in both implementing multivariate trimming (MVT). In the procedure, 
skewness and kurtosis for most of the variables. The trans- before the extraction of principal components from the 
formation is sensitive to outliers, so the top 5 per cent of the covariance matrix, the Mahalanobis distance for each sample 
ordered data were deleted before calculating A. The data set was calculated. The Mahalanobis distance is a measure of the 
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distance of an individual sample from the centroid of the 
data; it follows that outliers will fall the farthest from the 
centroid and have the largest Mahalanobis distance (Garrett 
1989). A percentage of the samples with the largest Mahalanobis 
distance were set aside temporarily, and new means and 
covariance matrix calculated. The Mahalanobis distances were 
recalculated with the trimmed matrices, and the procedure 
repeated. At each iteration, the trimmed covariance matrix 
was converted to a correlation matrix and compared with the 
previous correlation matrix. When the corre~htion matrices 
reach a set convergence level, the procedure stops and the 
trimmed correlation or covariance matrix is used for the 
RQ-PCA (Zhou 1989). Outliers are thus prevented from 
distorting the analysis. 

The combined effect of power transformation and sub- 
sequent MVT is to enhance background correlations in the 
data.. In the raw data, the highest correlation is Co-Ba (0.51; 
Table I), but after transformation and MVT the correlation 
becomes insignificant. A bi-plot of the data indicates that the 
correlation is due to a single outlier. Correlations between 
As-Mo and Cu-(Mo, As, P) are enhanced. In general, spurious 
correlations are reduced and correlations present in the majority 
of the data are enhanced. This has the additional benefit of 
concentrating more variance into the first few principal 
components extracted from the data, and making the element 
loadings more interpretable. 

To test the effect of power transformation and MVT on 
the multivariate distribution of the data, and to detect 
multivariate outliers, Garrett (1989) advocates the use of the 
chi-square cumulative probability plot. The distribution of 
Mahalanobis distances for a multivariate normal distribution 
is chi-square with degrees of freedom equal to the number 
of variables (elements). The Mahalanobis distances are ordered 
from lowest to highest, and plotted against their corresponding 
chi-square values. A multivariate normal distribution will plot 
as a straight line from the origin at an angle of 45" (Garrett 
1989). Figure 4 demonstrates the improvement in multivariate 
normality during each phase of data preparation before analysis. 
Figure 4A confirms that the raw data are not multivariate 
normal and contain outliers-i.e., the plot IS not linear, and 
samples plot as discrete entities and clusters. Univariate power 
transformation of the raw data resulted in a large Improvement 
in multivariate normality (Fig. 4B) as shown by an improve- 
ment in linearity. Finally, 10 per cent MVT (Fig. 4C) appeared 
to be optimal for setting aside outlying samples before 
calculating the correlation matrix for RQ-PCA. The resultant 
correlation matrix should be robust, enhancing the overall 
analysis. 

Results 
The results of RQ-PCA of the total data set are presented in 
Figure 5 plotted against principal components one and three. 
which account for 46 per cent of the total variance. Element 

loadings, communalities, eigenvalues, and cumulative variance 
for the first 5 principal components are given in Table 2. 
Components one and three provide the greatest group sepa- 
ration. Only those elements that share correlations with a 
number of other elements are included in the analysis, in 
order to concentrate more variance into the first few components 
and make them more interpretable. An unsupervised cluster 
analysis on the principal-component scores for all samples 
preceded plotting. Cluster analysis identifies 12 groups of 
statistically different samples, most of which are represented 
in the BS gossans. Lag sourced from BS gossans is included 
with the gossans (Fig. 5), and lag shed from iron formations 
is included with the iron formation samples. Importantly, lags 
carrying fermginised fragments, nodules. and pisoliths from 
both weathering profiles and the pisolitic duricrust cluster in 
their own chemically distinct groups. Lags sourced from soil 
profiles are therefore distinct from those shed from outcrop, 
and are treated as a separate group, whereas lags shed from 
BS gossan, iron formation, and replacement ironstone may 
be included in their respective groups. 

The proximity of the BS samples to the variables, and the 
spread of data, indicate that the BS gossans generally have 
anomalous metal contents, but with diverse associations. The 
least anomalous samples are the iron formation and replacement 
ironstone samples. The fermginised fragments, nodules, and 
pisoliths have high Ba and some As, so plot high in Figure 5. 
The pisoliticduricrust, although separable from the BS gossans, 
contains hundreds of parts per million of Cu and Zn, forcing 
the samples to plot near to the Bimba field. The BS is not 
always anomalous, because at one location As-Cu-Pb-Zn is 
low. The samples from this location plot between the 
fermginous fragments and iron formation fields in Figure 5. 
This occurrence may result from the weathering of iron-rich 
calc-silicate and carbonate rocks with little or no sulphide. 

The geochemical data for each of the groups (i.e. BS 
gossans; iron formation and replacement ironstones and their 
respective lags; pisolitic duricrust; and fermginous fragments, 
nodules, and pisoliths) have been reverse-transformed to 
parts-per-million levels after the deletion of outliers, averaged, 
and presented in Table 3 for selected elements. To gain a 
better understanding of the multielement geochemical signature 
of each of the groups, the averaged data are normalised to 
the 'average ironstone gossan' (AIG) of Eggo (1990), which 
represents the arithmetic mean of five robust estimates of the 
mean concentration for a suite of elements calculated from 
over 10 000 gossan and ironstone samples from Australia and 
South Africa. The results are presented as a spidergram in 
Figure 6. 

Figure 6 and Table 3 demonstrate many notable features 
of the data set. Levels of As and Ba are generally high 
throughout the area; thus, apart from the iron formations, As 
is generally in the 100-200+ ppm range, even in the fer- 
ruginised fragments, nodules, and pisoliths. The pisolitic 
duricrusts have Cu-Zn concentrations in the 100-200+ ppm 

Table 1 .  Selected Pearson correlation coefficients calculated from the total data set, before power transformation and 10 
per cent MVT (upper right) N = 312, and after 10 per cent MVT and transformation (lower left) N = 281. Correlations in 
italics are significant at the p <0.05 level. 

Co Ba PI7 Zil Cu M o  As P 
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range, and, compared with the fermginised fragments, nodules 
and pisoliths, are also anomalous in U, Ni, Se, and Ag. In 
comparison with other base-metals, Pb levels are conspicuously 
low throughout the area, even for many BS gossans. 

The BS samples consistently have anomalous concentrations 
of Cu, Zn, As, and, in places, Pb, Se, Sb, U, Mo, Co, Bi, 
Au, and Ba in a variety of associations. Further RQ-PCA and 
cluster analysis (Fig. 7; Table 4) enables the Bimba gossan 
suite (Fig. 7) to be further grouped into a number of 

I I I I I 
2 3 4 5 6 

Mahalanobis distance ( D ~ )  
16-31604 

Figure 4. Chi-square plots for (A) raw data (N = 312), (B) power- 
transformed data (N = 312), and (C) after 10 per cent MVT (N 
= 291). Note the improvement in multivariate normality-i.e., im- 
provement in linearity from A to C. 

associations: Zn-Ba-Pb-Mn; Cu-Zn-As-Mo-Ag-Co-Bi; Cu- 
As-Mo; Zn-Cu-As; and Ba, or low base metals. Figure 7 
demonstrates a progression from the Zn-Ba-Pb-Mn association 
to the Cu-Zn-As-MeAg-Co-Bi association, grading to the 
Cu-As-Mo group; The Zn-Cu-As group generally has lower 
levels of base metals, so plots toward the middle of the figure. 
These groups were also back-transformed, averaged, normal- 
ised to the AIG of Eggo (1990), and plotted (Fig. 8). 

Figure 8 shows that the Zn-Ba-Pb-Mn association has a 
multielement signature clearly differentiated from all the other 
groups. The group is the only one with high Mn, and also 
has the highest concentrations of Zn, Pb, and Ba. The 
Cu-As-Mo association is extreme, almost to the exclusion 
of any other indicator elements. Interestingly, the normalised 
plots for the plsolitic duricrust in Figure 6 and the low 
base-metal Bimba gossan in Figure 8 (note that Bi and NI 
are not common to Figs. 6 and 8) are very similar except for 
slightly higher Cu and Zn in the Bimba samples. 

Summary 
The sampled regolithic materials have contrasting chemical 
compositions which enable most ironstone types to be char- 
acterised. Iron-rich regolith in the Olary Block generally 
contains elevated concentrations of As and Ba, and low Pb. 
The BS gossans, including their lags, are consistently anoma- 
lous in Cu, Zn, As, and in places Pb, Se, U, Mo, Co, Bi, Ba, 
and Au compared with iron formations and replacement 
ironstones, fermginous duricrust, and veneer lags. These 
elements occur in various concentrations, but can be grouped 
into associations. The geomorphic maturity, or degree of 
stripping of a likely earlier weathering profile, does not appear 
to affect metal contents, implying that differential leaching is 
inhibited by buffering due to the presence of carbonate-rich 
and calc-silicate-rich rocks at the BS stratigraphic level. The 
iron formations and replacement ironstones are the least 
anomalous samples, except for one notable exception bearing 
anomalous Mn-P-As-Zn. This exception occurs at a strati- 
graphic level (PS) different from other iron formations and 
replacement ironstones, and is the nearest correlative found 
yet for Broken Hill Block-type iron formations associated 
with the Pb-Zn-Ag lode. 

Some problematic ironstones remain. Samples with low 
(tens to hundreds of parts per million) base metals (e.g., 
pisolitic duricmst and low-base-metal BS gossans) are difficult 
to distinguish from one another as they contain similar levels 
of target and pathfinder elements in similar associations. The 
fermginised fragments, nodules, and pisoliths, although form- 
ing an internally consistent group, could not be separated 
into, for example, various underlying parent rock types 
according to this geochemical database. 

Further work 
Further work will include analysis for 'immobile' elements 
(e.g., Al, Ti, and Zr), in an attempt to further characterise the 
femginous fragments, pisoliths, and nodules derived from 
different parent rocks, and to yield greater insight into regolith 
development to the north of the area. Immobile-element 
geochemistry may also more firmly differentiate other regolith 
types-for example, pisolitic duricrust from low-base-metal 
BS gossans. Other techniques for separating ironstone type 
will include detailed mineralogy, spectral response, and regolith 
mapping and dating. As exploration proceeds, a geochemical 
framework is required for evaluating both surface material 
and the subsurface material obtained from shallow drilling 
seeking to penetrate cover. If the origin of the iron-rich regolith 
is properly understood, different geochemical thresholds may 
be applied to different media, enhancing the sensitivity of the 
exploration technology for detecting mineral deposits. 
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0 Bimba Suite gossan 
Pb Gossan detritus (lag) 

Ba Iron formation + replacement ironstone 
A Pisolit~c duricrust 

Fragments, nodules & pisoliths 

0 
*e 

Ca R-mode (element) loadings, scale = Q- mode'3.33 

-0.3 -0.2 -0.1 0 0.1 0.2 0.3 

Component 1 
Q-mode (sample) loadings 

16-31605 

Figure 5. RQ-PCA of the total data set (N = 312); samples and variables plotted against 
components one and three (31% and 14% of total variance respectively). The scale for the 
variable scores is modified (= sample scores x 3.33) in order to fit both on the same plot. 
Note that lag or detritus shed from BS gossans share a similar composition to the BS gossans. 

Table 2. Principal components loading matrix calculated from the total data set after 10 per cent MVT (N = 281). 

Elerltertt Contponenr I Corltponenr 2 Cornponenr 3 Component 4 Cornportent 5 Cornntur~ality 

Eigenvalue 3.8 1 2.23 1.61 1.18 0.96 

Variance % 31.8 18.6 13.4 9.9 8.0 
Cumulative % 3 1.8 50.4 63.8 73.7 81.7 

Table 3. hlean composition of groups shown in Figure 5. All values in ppm. 

Sample Type Cu Zn Pb As Mn Ba Mo Ag Co Ni 

Bimba Gossan 1206 649 12 1 567 339 1 1538 70 1.7 106 54 
Iron Formation 84 6 1 8.2 16 269 1 1945 7.1 2.3 57 ' 20 
Pisolitic Duricrust 151 1 I0 3 8 40 235 1298 5.8 0.9 8.6 22 
Ferruginous 40 4 1 56 99 305 5426 I I 0.4 6.6 13 
fraes. & nods. 
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Figure 6. Plot of normalised group means from the total data set. Normalising values represent 
the arithmetic mean of five robust estimates of the mean concentration for a suite of elements 
calculated from over 10 000 gossan and ironstone samples (Eggo 1990). 
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Figure 7. RQ-PCA of the BS gossan data (N = 243). Samples and variables plotted against 
components one and two capture 50 per cent of the total variance. The scale for the variable 
scores is modified (= sample scores x 2.0) in order to fit both on the same plot. 

-0.3 

-0.4 

- 
Ba 8 

0 o As 
Pb 0 

- 

0  Mn Ag 
Co 

R-mode (element) loadings, scale = Q- mode'2 
I  I  10 I I  I  I I 

0.4 0.3 -0.2 0.1 0 0.1 0.2 0.3 0.4 

Component 1 Q-mode (sample) loadings 



250 D.C. LAWIE & P.M. ASHLEY 

Table 4. Principal components loading matrix calculated from the Bimba Suite gossans after 10 per cent MVT (N = 203). 

Element Cornportent I Cornponent 2 Component 3 Cornponertt 4 Cornpor~ent 5 Cornrnunnlity 

Eigenvalue 2.74 2.22 1.37 1.03 0.7 
Var iance % 27.4 22.2 13.7 10.3 7.0 
Cumu la t i ve  % 27.4 49.6 63.3 73.6 80.6 

+ Zn-CU-As 

+ Ba (low base metals) 

Normallsing values (ppm) 
52 47 47 23 202 90 3.6 0.3 11 2 

0.1 I I I I I I I I I I I 

Cu Zn Pb As Mn Ba Mo Ag Co Bi 
16-31608 

Figure 8. Plot of normalised group means from the BS gossan data. Normalising values 
represent the arithmetic mean of five robust estimates of the mean concentration for a suite of 
elements calculated from over 10 000 gossan and ironstone samples (Eggo 1990). 
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Figure 1: a-Two typical lags (in the 5-10 mm size range) from 
the Cobar region, with quartz fragments removed. The left hand 
group is predominantly sandstone-derived [L-Ss, FL-Ss]. The right 
hand group of lag clasts is predominantly siltstone-derived lag, 
including lithic [L-St], ferrolithic [FL-St] and pisoid simple massive 
[P-S-m] types. -EM images of sandstone-derived pisoid lag 
[P-S-m] with a pitted surface polish. Location 25 km west of Cobar. 
c-SEM images of sandstone-derived pisoid lag with a smooth 
surface polish, showing varying degrees of degradation. Location 
12 km south of Cobar. 

take a better polish during section preparation. The rims may 
be well laminated, with remnant clays being partially replaced 
by hematite. Sandy or silty bands and lenses of quartz grains, 
up to 2 mm wide, are common and are uniformly or 
asvmmetrically distributed around clasts (Fig. 2c, d). Rims 

m may be eroded and fragmented (Fig. 2a,c). - 
1 mm On the basis of the core structure of the pisoids, two 

subcategories are further divided into two subtypes, depending 
on whether sandstone [FLL-Ss] or siltstone [ K L - S t ]  is 
dominant (Fig la). 

In some lithic lag from silicified zones next to mineralised 
structures, pseudomorphs after disseminated sulphides and 
carbonates can be recognised. Such lag fragments are mainly 
irregular to angular, with a non-polished and rough surface, 
although moderately smooth-surfaced clasts are common. 
Sandstone-derived clasts are more rounded, generally larger, 
but usually less polished than siltstone-derived clasts. 

Lithic lag ranges from grey to yellow and the ferrolithic 
lag from red to dark brown, depending on the degree of 
ferruginisation. Various iron oxide species are recognisable 
by colour, magnetic susceptibility and XRD pattern (Table 2). 
Hematite appears to develop initially as a dusty film on the 
ferrolithic clast surfaces and along small fractures and joints; 
typically in the more fermginous samples. Iron oxides 
pervasively replace matrix, mineral and lithic grains in both 
siltstone and sandstone and may produce clasts with 80 per 
cent iron oxides. The extent of replacement decreases from 
margin to core. 

2.  Pisoid lag [P-S, P-C] 
This category includes iron oxide-rich lag with no recognisable, 
or only a subtle trace of, primary rock fabrics and a 
well-developed surface polish or varnish. Individual clasts are 
dark coloured (red or very dark brown), subrounded or fluted. 
Polished surfaces are smooth or pitted (Fig. Ib, c). Rim 
thickness is from less than 20 pm to more than 1 mm, and 
the rim can form up to 60 per cent of a clast (Fig. 2a, b, c). 
Where no obvious accretionary rim is present, the polished 
rim may form a 10-50 pm outer zone to the clast. Here, the 
more abundant iron oxides appear coarsely crystalline and 

sub-categories are recognised: 
1. Simple pisoid lag [P-S-m, P-S-p]. Such lag contains a 

single polished clast with or without a distinct rim. Various 
textures have been observed in the cores of pisoid lag. At 
one end of the range is massive hematite, maghemite and 
goethite with sparse, silt-sized quartz grains [P-S-m] 
(Fig. 2d). An irregular array of radial, concentric or 
cross-cutting cracks is developed in the massive cores 
(Fig. 2d). They also contain colloform hematite and are a 
locus for clast dissolution and disaggregation. At the other 
end of the range of simple pisoid lags are cores with a 
matrix of variably crystalline hematite, goethite and 
maghemite between silt and sand-sized quartz grains, which 
generally are not closely interlocking [P-S-p]. Such lags 
look porous, though they are quite resistant to abrasion. 

2. Composite pisoid lag [P-C-n, P-C-dl. This subcategory 
includes lag composed of two or more clasts with a silty 
or sandy matrix or colloform hematite. Laminated or silty 
rims are common. Individual clasts display a wide variety 
of composition and texture, ranging from poorly preserved 
lithic clasts (Fig. 2g) to simple pisoids. Clasts of petrified 
wood, with a distinctive cellular array, have been collected 
in which the cellular structure has been replaced by hematite 
(Fig. 2e). Incorporated clast shapes and sizes may also be 
quite variable. Cross-cutting veins and patches of crystalline 
hematite and, less commonly, baryte (Fig. 2f) are discernible 
in composite pisoids. As in the simple pisoid lag, complex 
arrays of cracks are developed. Partial replacement of rims 
by maghemite is common, though, in many cases, the 
entire composite clast is dominated by maghemite. The 
cores of both the composite and simple pisoid lag generally 
occupy more than 80 per cent of the total lag volume. 
Two subtypes are recognised, of nodular and detrital texture. 
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Morphology of lag in the Cobar region, New South Wales 
S. Alipour', A.C. Dunlop' & D.R. Cohen' 

Lags from the Cobar region are divided into three broad morphological detrital lag. 
categories: those with a rough, blocky, lithic morphology, where Evolutionary patterns of the lag are based on relationships between 
fabrics of the parent rock are partially preserved, and which evolved landform, lag textures and iron oxide accumulations in exposed 
predominantly in erosional landforms; a smoother pisoid lag, with portions of the weathered profile. These genetic features may provide 
well-developed varnish or polish, which is most abundant in deeply a firmer basis for the use of lag-based geochelnical exploration 
weathered, erosional and depositional landforms-internal textures techniques in the Cobar region and other areas with similar weathering 
include material of both residual and detrital origins; and miscellaneous and erosional histories. 

Introduction 
In regions characterised by deep weathering and various 
amounts of transported overburden, selecting the combination 
of sampling media, processing and analytical methods most 
likelv to detect mineralisation with subtle geochemical ex- - 
pression depends on an understanding of the geochemical 
relationships between surface materials and bedrock. In the 
arid and semi-arid regions of Australia, the lag component of 
the regolith is widely used as a surface sample medium for 
regional geochemical exploration programs. Lag is a residual 
accumulation of coarse, resistant clasts on a weathering surface. 
Lag can accumulate by deflation, sheet-wash erosion, upward 
displacement, surface beathering selective weathering,-break 
down of stony materials through moisture concentration, and 
biological activity (Carver et a1 1987). 

In the Cobar region, lag overlies weathered Early Devonian 
Amphitheatre Group, which comprises thinly interbedded 
turbiditic siltstones and sandstones, developed within the 
transtensional intracratonic Cobar Basin of central NSW (Glen 
1987). This basin hosts significant, structurally controlled 
mineralisation with various proportions of Cu, Pb, Zn, Ag 
and Au. Cleavage development is iocalised in siltstones adjacent 
to fault structures, but generally sparse sedimentary layering 
is preserved in both siltstones and sandstones. 

The Cobar region is part of an extensive palaeoplain in 
southeastern Australia which, according to Ollier & Pain 
(1994),, evolved while Australia was part of the Gondwana 
Supercontinent, and is preserved as part of the western margin 
of the Canoblas divide. Quartz-rich gravels, possibly Creta- 
ceous, are associated with north-flowing palaeodrainage lines. 
The area has low topographic relief with resistant lithologies 
and zones of silicification (generally associated with miner- 
alised structures) giving rise to local features up to 50 m 
above the surrounding palaeoplain. Deep weathering is wide- 
spread and may extend deeper than 100 m to produce 
quartzkaolinite assemblages. Over more resistant lithologies, 
weathering is much shallower, less intense and focused along 
more permeable structural fabrics. Mottled zones, richer in 
hematite than underlying material, are locally preserved in 
the upper part of the weathering profile. Ferruginous residual 
cappings are not widely developed. Massive red earths occur 
on thin colluvial mantles which have an aeolian component. 
Calcrete is widespread, whereas silicification is more localised 
in both the basement and the surficial mantle. 

A landform scheme, recognising a gradation between 
erosional and depositional domains, has been devised by 

Pisoid Senior (1992). More elevated and undulating erosional domains, 
with outcropping and subcropping sandstones and siliceous 
lithologies, grade laterally into lower relief zones and, thence, 
into more deeply weathered lithologies where the predomi- 

In depositional domains, along broad and more densely 
vegetated drainage lines and adjacent plains, colluvial and 
alluvial mantles rest on truncated weathering profiles. The 
alluvium may be more than 10 m thick and have a well-de- 
veloped basal conglomerate layer. Sandy colluvium is a readily 
discernible product of recent deflation of interfluve areas. 
Williams et al. (1991) have dated carbonates within similar 
palaeodunes, channels and fans west of Cobar at 33-13 ka. 

Systems for the classification and description of the fabrics 
of fermginous surficial materials, including lag, have been 
recently developed by Anand et al. (1994), Bourman (1994), 
Butt & Anand (1994), Clarke (1994), and Robertson (1994)-all 
have placed greatest emphasis on the overall weathered profile 
and its importance as a geochemical sampling medium. The 
present study focuses on the relationship of lag morphology 
to landform and the underlying weathered profile. 

Lag characteristics 
On the basis of examination of over 1000 lag samples from 
the Cobar region, together with ground lag slabs and more 
than 150 thin and polished sections of samples from mineral 
prospects and roadside exposures, a number of lag categories 
have been recognised (Table 1). These are based on the 
interpretation of relict lithic fabrics, iron oxide textures, and 
chemical composition. Three major categories and several 
sub-categories are recognised. 

1. Lithic lag [L-Ss, L-St] and ferrolithic lag [FL-Ss, 
FL-St] 
The fabric of the parent material is largely preserved, including 
bedding, stylolites, sutured grain boundaries, cleavages and 
cross-cutting quartz veins. These lags are similar to, and 
derived directly from, outcropping sedimentary bedrock. Two 
subcategories of lithic and ferrolithic lag are recognised. 
Although the boundary between them is gradational, the 
ferrolithic lag is defined as having more than 20 per cent iron 
oxide, at which point lithic features become less clear. These 

Table 1. Lag categories in the Cobar region. 

Category Sub-category Cornposiriotl 
Syrnbol uf Clast 

Lithic L-Ss Lithic sandstone 

L-St Lithic siltstone 

FL-Ss Ferrolithic sandstone 

FL-St Ferrolithic siltstone 

P-S-m Simple massive pisoid 

P-S-p Simple porous pisoid 

P-C-n Composite nodule pisoid 

P-C-d Composite detrital pisoid 

nantly residual-soils have an alluvial component at the surface. DetritallClastic D-Q Detrital vein quartz 

(miscellaneous) D-SI Detrltal silcrete 

D-Cc Detr~tal calcrete 
Department of Applled Geology. Unlverslty of New South Wales, 
Sydney NSW 2052 
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Table 2. Comparison of semi-quantitative XRD bulk mineralogy of various lag types from selected locations in the Cobar 
region. 

Sample Sub-category Mineralogy 

YAR 16 

YAR25 

ML13 

MLI 15 

COW3 

COW15 

L-SsISt 
FL-SsISt 
P-SIC 
Soil 

L-SsISt 
FL-SsISt 
P-SIC 

L-SsISt 
FL-SsISt 
P-SIC 

L-SsISt 
FL-SsISt 
P-SIC 
Soil 

L-SsISt 
FL-SsISt 
P-SIC 

FL-SsISt 
P-SIC 

FL-SsISt 
P-SIC 

L-SsISt 

FL-SsISt 
P-SIC 
Soil 

L-Ss/St,D-Q 
FL-SsISt 
P-SIC 

Non-mag. 
Non-mag. 
Mag. 
D 

Non-mag. 
Non-mag. 
Mag. 

Non-mag. 
Nan-mag. 
Mag. 

Nan-mag. 
Non-mag. 
Mag. 

Nan-mag. 
Nan-mag. 
Mag. 

Non-mag. 
Mag. 

Nan-mag. 
Mag. 

Nan-mag. 
Mag. 

Nan-mag. 
Non-mag. 
Mag. 

quart: kno l in~ te  mica/~l lr te  hematrre mnghernite goethrte 

D S S S - S 
A S S - - T 
M T T A A - 
S T T - - 

D S S M - S 
A S S A - T 
A T S A A - 

D S S S - S 
A S S A - T 
M T S A A - 
D T T S - S 
D S S M - S 
M T S A M - 

D T T T - - 

D T T S - - 

D T T M - - 

A T T M M - 
A S S A - - 

M T T A A - 

D T T S - M 
D T T S M - 

T S S - - ' M 

D T T S - M 
M T T M M - 

D T T T - - T  

D S S S - S 
D T S S - T 
D T T M M - 

3. Detrital, non-ferruginous lag [D-Q,  D-Si, D-Cc] 
This miscellaneous category of lag includes clasts without 
discernible lithic fabrics. Three sub-categories are recognised. 
Vein quartz [D-Q] shows a range of vein fabrics, from massive 
to brecciated and those with defined crack-seal structures, 
typical of low-grade metamorphic terranes. The shapes of 
some voids are suggestive of carbonates and pyrite. Minor 
aggregates of included or adhered hematite are common, and 
some compare with vein fabrics from mineralised vein systems 
in the Cobar district (Glen 1987). Quartz vein clasts range 
from well-rounded, suggesting significant fluvial transport, to 
rough and jagged with minor amounts of wallrock, suggesting 
local derivation from weakly weathered lithologies. 

White, cream or yellowish silcrete clasts [D-Si] are common. 
They consist of detrital quartz grains or pebbles set in an 
amorphous or finely crystalline quartz groundmass. Breccia 
fabrics may also be @served. These clasts generally have 
smooth, cuspate surfaces or subconchoidal fractures. 

Calcrete fragments [D-Cc], of rounded nodular or fractured 
fragment morphology, make up to 4 per cent of the samples 
collected. 

Characteristics of some weathered profiles 
underlying lag 
Irregular red hematitic mottles, 20@-300 mm across, can be 
seen in road borrow pits 20 km south and 24 km west of 
Cobar (Fig. 5a). In intensely weathered portions of lithologies 
in the upper part of the profile, interconnected, crudely elliptical 
or tubular mottles show poor retention of parent fabrics. In 
less intensely weathered lithologies (perhaps lower in the 
weathering profile), mottles have a crudely planar configura- 

tion, controlled by parent rock jointing, in which original 
fabrics may be more readily discerned. The mottles can be 
clearly seen to have undergone degradation, with cross-cutting 
joints (often coinciding with root penetration zones) with 
selvedges up to several cm wide of quartz and pallid clays 
(Fig. 5a, b). 

Ghosts of mottles can be seen as skeletal yellowish goethite 
patches. On closer examination, the hematite and goethite 
mottle remnants have a distinctive, fluted shape on disaggre- 
gation. These remnants are identical to the morphology of 
some of the simple pisoid lag. At several sites, iron oxides 
protrude from the surface of the remnant mottles where the 
pallid clays have been fretted away. Eventually, these could 
be released on the surface as clay-coated, fluted iron oxide 
fragments which would contribute to the lag. Polished thin 
sections (Fig. 6a,b) show remnant mottles with massive cores 
replacing quartz-kaolinite assemblages in which hints of 
original fabriczcan be  seen (Fig.6b), usually surrounded by 
a zone up to 2 mm wide of less massive goethite. Distinctive 
cracks, 0.2 mm wide and filled by carbonate and silica, 
permeate the pallid clays in these outcrops (Fig. 6a, b). They 
are much more sparse in the mottled remnants and commonly 
deflect around them, though some goethite remnants are 
truncated. 

A small erosional feature, some 5 m wide and less than 
2 m deep, is exposed in the roadside borrow pit 20 krn south 
of Cobar. This is partly filled with a conglomeratic femcrete 
(Fig. 5d). A wide range of clasts is present, including vein 
quartz, various sandstone and siltstone-derived lithic lag [L-Ss, 
L-St], and simple pisoids with massive textures [P-S-m]. The 
ferruginous lag has been transformed to a maghemite-domi- 
nated assemblage. The clasts are cemented by silica and 



256 S. ALIPOUR ET AL. 



MORPHOLOGY OF LAG, COBAR REGION 257 

carbonate, which have been replaced and overprinted by replaced by hematite. The less-polished lag tends to have 
colloform hematite (Figs. 6f, g). more goethite than hematite. The <0.5 mm size fraction, 

sampled from the top 50 mm of the profile, contains no 
Relationship of lag character to landform detectable maghemite, but minor amounts of goethite, hematite, 

The distribution of the various lag categories, clast size, iron 
content, and the relative proportion of magnetic' and non- 
magnetic clasts in the 21 1 mrn diameter lag are closely related 
to landform This is clearly shown by data from a 4 km 
traverse from a typical locality near the 'Amphitheatre' property 
20 km west of Cobar (Fig. 3). Here, the lag from the upper 
part of slopes (the erosional landform) has a low iron content 
in the non-magnetic component of the sample (most of the 
sample). The lag fragments are predominantly lithic and 
become progressively richer in iron downslope until the 
ferrolithic category dominates. However, where local iron-rich 
lithologies occur, such as in sulphide bearing zones, ferrolithic 
lag may dominate. 

Pisoid lag is most abundant on the lower slopes, on the 
edges of erosional and depositional landforms. This coincides 

kaolinite and abundant quartz. 
The magnetic susceptibility of powdered lag was determined 

by a Geoinstmments GMS-2 susceptibility meter. The iron- 
normalised magnetic susceptibility is relatively constant for 
both the magnetic and non-magnetic fractions (Fig. 3), 
reflecting the dominance of maghemite and hematite as the 
iron-rich minerals in the magnetic lag and hematitegoethite 
in the non-magnetic lag. This is confirmed by x-ray diffraction 
analysis of pressed powder and oriented clay slides of various 
lags (Table 2). In some cases, lag with the lowest iron content 
had relatively higher magnetic susceptibility in relationship 
to iron. There was insufficient maghemite in the lag of this 
size fraction to allow separation of a magnetic fraction. 

The relationships between landform and lag categories are 
shown schematically in Figure 4. 

with a maximum proportion of lag in the magnetic fraction, 
including both lithiclferrolithic and pisoid lag categories 
(Fig. 3). More than 90 per cent of the pisoid lag is magnetic. 
Clear differences can be seen in the size distribution of lag 
from different parts of landforms (Fig. 3). The coarsest fractions 
of lithic lag dominate the highest parts of erosional landforms, 
where resistant lithologies outcrop. Towards drainage lines, 
there is a progressive decrease in the proportion of lag in the 
5-11 mm diameter range and a corresponding increase in the 
1-5 mm diameter range. On depositional landforms, lag is 
finer in both magnetic and non-magnetic fractions and the 
proportion of pisoid lag increases. 

Sheetwash and related processes may explain variation in 
lag size between erosional and depositional landforms, but 
variation in the abundance of lithiclferrolithic and pisoid lag 
categories is not readily explained solely by these processes. 

On the edges of some of the present drainage lines there 
are a few patches of coarse quartz-rich lag [D-Q, D-Si] with 
some secondary pisoid composite types [P-C-dl. Some have 
hematite and silica cements. The lag becomes progressively 
finer and sparser in the lower depositional landforms. Cuttings 
from rotary air blast holes (RAB) indicate, however, that 
relatively coarse (5-1 1 mm) fermginous fragments, similar to 
overlying clasts of both lithic and pisoid types near the top 
of the residual weathering profile, are abundant at depths up 
to 10 m below the surface. 

Quartz is the dominant mineral in the non-magnetic lithic 
fraction. In some areas, an increase in goethite and a decrease 
in hematite are associated with siltstone outcrops. In the 
vicinity of the siltstones, there is a tendency towards lithic 
lag dominating, rather than polished magnetic or non-magnetic 
hematitic lag. Quartz is present in the magnetic fraction where 
large inclusions of original clay cement or matrix have been 

1 The magnetic fraction is the component which could be removed 
using a hand magnet; weakly magnetic clasts may remain in the 
non-magnetic fraction. 

Evolution of lag types 
Observations of weathering profiles underlying lag allow some 
inferences to be made on the evolution of various lags. The 
profiles are best seen in roadside borrow pits, and rotary air 
blast cuttings. 

Primary lithic Zag. The most resistant lithologies, such as 
sandstone, conglomerate and silicified rocks, form the most 
prominent topographic features of erosional landforms. Clasts 
in .colluvial mantles represent the full range of exposed, 
relatively unweathered lithologies. -These lithologies, particu- 
larly the more permeable sandstones, generally show surficial 
silicification and break down to rough, angular joint blocks, 
similar to those seen as lag clasts. The margins of clasts in 
the near surface dry and oxidise after intermittent saturation, 
thereby promoting precipitation of hydrous iron oxides, which 
age, dehydrate to goethite, and eventually form hematite. 

Ferrolithic lag, derived from an original iron-rich lithology, 
may have a higher iron content uniformly distributed through 
the clast, and this may reprecipitate during weathering. The 
cracks developed in the range of lag types are consistent with 
volume changes during dehydration. Lithic lag in the study 
area displays very weak radial crack development. Where the 
proportion of iron oxides is below about 40 per cent and the 
parent rock fabric is preserved as a quartz-kaolinite assemblage, 
volume changes are insufficient to cause radial cracking 
patterns and volume adjustment seems to take place along 
anastomosing grain boundaries. 

Pisoid Zag. This lag appears to be evolving where less-re- 
sistant lithotypes, such as those dominated by siltstone, are 
giving rise to thicker weathered profiles, which are common 
on lower slopes of erosional landforms and depositional 
landforms. Final liberation of clay-coated clasts during calcrete 
development may be coeval with those dated by Williams at 
al. (1991) at 15-33 ka during more arid episodes. The 
distinctive polish on the pisoid lag is comparable to the desert 
varnish on gibber plains, as noted by Bourman -& Milnes 
(1985), and would appear to form at or on the surface. The 

Figure 2. SEM images of a typical range of internal lag textures from the Cobar region: a-Simple pisoid massive [P-S-m] 
lag clasts with a patchy, recrystallised, hematite-rich core. The laminated rim is eroded. Location 12 km south of Cobar. 
b-Higher magnification of 2a, showing complex, laminated, hematite-rich rim. c-Simple pisoid massive lag with a thick 
sandy rim that is now largely eroded. A crude pattern of cracks in the core is partially filled by colloform hematite. Location 
as for 2a. d-Simple pisoid massive in which the massive hematite core contains prominent radial cracks linking a complex 
mosaic subsidiary structure. The distinctive laminated rim has quartz sand grains embedded in one margin. Location 25 km 
west of Cobar. e-Clast of fossilised wood in which the cellular structure has been replaced by hematite. Clast is taken 
from a composite detrital pisoid [P-C-dl. Location as for 2a. f-baryte veinlets in the crystalline hematite core of a clast 
with a silty rim from a composite detrital pisoid. Location as for 2d. g-Simple massive pisoid [P-S-m] of siltstone derivation 
with crude foliation and a truncated weakly laminated margin set in a sandy composite detrital pisoid lag. Location as for 
2a. h-Simple massive pisoid with sporadic, hematite-filled cracks. An eroded and weakly laminated rim is also developed. 
Location as for 2d. 
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Figure 4. Schematic diagram relating lag types to landforms and the underlying weathered profile. 

asymmetric polished rims with a sandy veneer on one margin 
of some clasts (Fig. 2d) suggest polishing of the exposed part 
of a partly buried clast. 

Lateral migration of landform features and lowering of the 
land surface, particularly since European settlement, has 
exposed the colluvial material. The extent of recent erosion 
may be gauged by the exposure of tree roots, the preservation 
of baked mounds around burnt-out roots in interfluves, and 
the accumulation of soil on the up-hill side of fallen tree 
trunks towards the base of slope. Some local redistribution 
of iron oxides, with the fines locally removed by sheetwash 
and aeolian action, has left a lithic-dominated lag veneer, 
some clasts of which have a thin surface varnish. 

Varnish from various arid and semi-arid regions of Australia, 
reported by Dorn & Dragovitch (1990), ranges from iron-rich 
to manganese-rich. The rims of Cobar lag clasts are iron-rich 
and manganese-poor. Views on the origin of the components 
(Fe-Mn oxides and clays) of the varnish (Drake et al. 1993) 
range from their having an external source, such as aeolian 
dust, with deposition by physico-chemical or biological 
processes involving bacteria and algal colonies, to being 
mobilised and precipitated from unstable components in the 
underlying rock. Dorn & Dragovitch (1990) suggested that 
biochemical accretion and erosion play a major role in the 
evolution of desert varnish in Australia. This, together with 
the rate of clay accretion, may determine the surface mor- 
phology of lag. 

High lead content in the surfaces of pisoid lag collected 
from mineralised targets in the Cobar region (Alipour et al. 
1995) indicates that the varnish is not totally derived from 
external sources. Thus, the pisoid lag may acquire a portion 
of the laminated clay rims during liberation from the mottled 
zone. Ages of varnishes from parts of the Olary Province, 
reported by Dom et al. (1988), using AMS 14C, range from 
2.1 to 34.6 ka. This may indicate that varnish development 

on the Cobar lag overlaps and postdates clast liberation during 
calcrete impregnation. 

The cross-cutting cracks and some concentric cracks may 
relate to the development and exhumation phases of the 
primary lag, whereas the radial cracks, and some concentric 
ones, appear to have formed after the main phase of hydrous 
iron oxide precipitation and rim development 
multivhase). The strongest develovment of radial cracks occurs . , 

in the simple, massive pisoids [P-S-m]. 
Sparse goethite-rich clasts 50-300 mm in diameter occur 

in joint zones amongst degraded hematite mottles. They have 
a sandy hematite coating, 3-5 rnm thick, and a nodular and 
tabular goethite core (Fig. 5d). Polished thin sections 
(Figs 6 c,d,e) reveal nodules of 2-5 rnm diameter set in a 
sandy matrix with colloform goethite along cracks and tube 
margins. The nodules andlor tubes, some of which have a 
crude internal lamination, appear as massive replacements of 
kaolinised siltstone blocks, defined by arrays of cracks with 
goethite-rich kaolinised siltstone. Incompletely kaolinised 
siltstone cores can be seen (Figs 6d,e). 

In some cases, the nodule core is a void with a colloform 
goethite lining, suggesting that these nodules have evolved 
from iron liberated during degradation of hematite mottles. 
On exhumation and disaggregation along incipient cracks and 
polishing, clasts similar to the pisoid composite lag [P-C-n] 
would be formed. Similar patterns for the derivation of nodular 
textures in bauxitic conglomerates from the Ivory Coast have 
been proposed by Bardossy & Aleva (1990) and Boulange 
(1983), and from Weipa by Tilley et al. (1994). 

Surface exposure of goethite-rich or hematite-rich lag of 
all categories may result in the iron oxides being transformed 
to maghemite or hematite by heating during bush fires 
(Fitzpatrick 1988). The iron oxide assemblage and the degree 
of transformation depend on the temperature and duration of 
the fire and the availability of oxygen. 
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Figure 5. a-Mottled zone of the weathering profile developed on Amphitheatre Group siltstones in a borrow pit next to the Barrier 
Highway 24 km west of Cobar. The hematite mottles appear to have undergone peripheral degradation into smaller ferruginous 
patches. Dark grey hematite cores with mid-grey fringed fluted goethite cores of quartz-kaolinite blocks. &Incipient degradation 
of hematite-stained mottle by pallid selvedges along irregular joints. A narrow central plane to the joints is coated by reprecipitated 
hematite. Location as in 5a. c-Goethite nodule with well-defined sandy hematite selvedge and cracks. See text for details. Field of 
view is 30 mm and location as in 5a. d-Block of cemented gravel exposed in a small channel in a borrow pit 20 km south of 
Cobar. Lithic, ferrolithic and pisoid clasts are set in siliceous, dusty hematite cement. A pale coloured surface calcrete selvage is 
present. (Field of view 12 cm). 

The impregnation of sand-sized particles by iron oxide 
may lead to the development of the more porous category of 
simple lag pisoids F-S-p] (Fig. 60.  On exposure, the character 
and origin of these materials could be compared to detrital 
ferricretes described by Bourman (1993) from various parts 
of South Australia. Exhumation and subsequent disaggregation 
along incipient cracks and clast boundaries would, with later 
polishing, form composite pisoids [P-C-dl. 

The variation in grain size of the lag on different landforms 
is related to different patterns of evolution for lithic and pisoid 
types together with movement or recent exhumation by 
sheetwash. Bioturbation also plays a role where clasts, 1 - 4  mm 
in diameter, have been brought to the surface by root plucking 
in present-day ant hills and termite mounds. Crater patches, 
1 m in diameter, which are richer in this size of lag, mark 
the former sites of such activity where clasts have been 
brought to surface. 

Clasts exposed in rotary air blast cuttings from 3 to 10 m 
depth at various sites in the study area, including the McKinnon 
Mine lease, show a well-developed yellow goethitic coating 
replacing the polished maghemite-hematite rims. The cores 
are maghemite and have high magnetic susceptibility, as 
evidenced by prominent dendritic aeromagnetic anomalies in 
the Cobar area. Periodic saturation and reducing conditions 
have mobilised some of the iron, which may be redeposited 
under transient oxidising conditions to cement the lag con- 

glomerate. Channel conglomerate, if silicified, may represent 
landscape inversion if exhumed and will degrade to a detrital 
pisoid composite lag (type [P-C-dl). 

Conclusion 
The morphology of a range of lags from the Cobar region 
can be explained, in part, by the evolution of the regional 
landforms and the precursor lithologies. An understanding of 
lag genesis will provide a firmer basis for planning and 
interpreting geochemical surveys based on the sampling and 
analysis of lag in the Cobar region and similar areas elsewhere. 

There is substantial debate as to whether the evolution of 
landforms has involved significant lowering of the land surface 
or lateral migration of landforms. This raises the question of 
the degree to which iron oxides (a major component of 
geochemical sampling media such as lag) have been derived 
from underlying rocks or from other sources. 

The characteristics of lag from the Cobar district suggest 
that geochemical patterns of lag on erosional landforms 
dominated by lithic types can be related to geochemical 
anomalies in underlying or adjacent rocks. Patterns of lag on 
depositional landforms, with higher proportions of composite 
pisoids, may be more subtle and enigmatic. In these environ- 
ments, there may be a greater contribution from more distant 
metal sources, dispersed during previous cycles of weathering. 
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Figure 6 a-Massive remnant hematite mottle (black) with fine 
quartz inclusions in quartz-kaolinite matrix, cut by numerous 
cracks. Whites are voids, mid grey cracks are filled with carbonates 
and silica. Macroscopic reflected light field of view 10 mm. Sample 
from a borrow pit next to Barrier Highway 24 km west of Cohar. 
b-Massive remnant mottle, as in 4a, with peripheral zones of 
lower iron oxidecontent (mostly goethite) set in a carbonate-veined, 
quartz-kaolinitic matrix. Macroscopic reflected light field of view 
10 mm. c-Incipient nodules of massive goethite developing about 
an irregular fracture in a goethite impregnated quartz-kaolinitic 
matrix pseudomorphing original siltstone from mottled zone. Mac- 
roscopic reflected light field of view 12 mm. Sample from a borrow 
pit next to Barrier Highway 24 km west of Cobar. d-Massive 
goethite nodules (Fig 5c) with cores of iron-poor siltstone (mid- 
grey) or voids (white). Aggregates of nodules are truncated by 
pseudo-radial cracks. A loose sandy goethite matrix is developed 
between the nodules. ~ a c r o s c o ~ i f  reflected light field of 4ew 
16 mm. Location as for 6a. +Massive goethite nodules as in 6d. 
Prominent tube-like structures filled by loose sandy goethite with 
more massive laminated goethite walls. Macroscopic reflected light 
field of view 16 mm. Location as for 6a. f,g-Laminated gravel 
(Fig 5d). Pisoids of simple and composite lithic type clasts with 
hematite replacing interstices shown lined by clays and silica. Mac- 
roscopic reflected light field of view 4 mm (4f) and 12 mm (4g). 
Location 20 km south of Cobar. 
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With further geochemical work on patterns of accumulation 
and retention of metals in different lag categories, it may be 
possible to enhance lag geochemical anomalies by analysis 
of specific size ranges and magnetic or non-magnetic lag 
fractions in particular landforms. 
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Interpretation of fabrics in ferruginous lag 
D.M. Robertson1 

Lag, a surface veneer of diverse ferruginous fragments, is common 
on deeply weathered terrain of the Yilgarn Craton, and particularly 
abundant over mafic and ultramafic rocks. It is a residual accumulation 
and is dispersed largely by sheetwash. The geochemistry of lag has 
been used extensively and successfully in the search for gold and 
base metals in relict and erosional regimes. However, the petrographic 
potential of lag for rock type identification has not been fully 
recognised. 

Ferruginous lag comprises lithorelics or lateritic nodules and 
pisoliths, which are generally related to the regolith substrate. Their 
external appearance gives clues to the nature of the regolith; their 
interior fabrics can contain evidence of the underlying rocks and 
their weathering history. Iron oxides may form pseudomorphs after 
pre-existing minerals and fabrics, but identification of these precursors 
can be difficult. Where ferruginisation occurred during relatively 
early weathering, a wide variety of primary rock fabrics may be 
preserved. If it took place during later weathering stages, secondary 

Introduction 
Lag is a veneer or thin pavement of fragments of diverse 
origin and/or composition on the land surface; fragments may 
be faceted or rounded and some are varnished. In intensely 
weathered terrain, the term is commonly applied to fermginous 
concretions lying on the surface (Butt & Zeegers 1992). This 
material has also been referred to by various authors as 'desert 
armour', 'surface laterite fragments', 'surface pea gravels', 
'lateritic pisolites', 'femcrete fragments' and 'loam concen- 
trates'. Pea gravels or pisolites may or may not be present. 
The term 'ferricrete' should be avoided as it is poorly defined 
(Butt & Zeegers 1992; Aleva 1994). 'Lag' or 'lag gravel' are 
probably the best terms, although 'gravel' has size implications 
which may be unduly restrictive. 

Lag is common on the Yilgarn Craton and fermginous lag 
is particularly abundant over mafic and ultramafic rocks. It 
is a residual deposit, resulting from the concentration of stony 
fragments at the surface through preferential erosion by wind 
(deflation) or water (e.g. sheetwash). Such fragments may 
have been derived from above the present surface, from 
previously overlying laterite or soil layers. Upward displace- 
ment of other fragments may take place by churning, related 
to the bioturbation of burrowing insects, termites and larger 
animals and by root plucking. A veneer of lag may develop 
over a stone-free soil, and lag fragments can be transported 
upward through fine-grained, allochthonous (e.g. aeolian) 
overburden. Lag concentrates readily on flat areas by the 
washing and/or blowing away of finer materials, where it is 
dispersed largely by sheetwash. 

Thus, lag may represent either the underlying material or 
a largely removed, pre-existing lateritic or other (e.g. trans- 
ported) cover. It has considerable geochemical potential and 
has been used extensively in the search for gold and base 
metals (Carver et al. 1987; Robertson 1995) in relict2 and 
erosional3 regimes with complete or partly truncated lateritic 
regoliths. Its ability to retain pathfinder elements, because of 
its high goethite and haematite contents, and its generally 
limited dispersion lead to strong anomalies of slightly greater 
area than those of corresponding soils; however, the potential 
of lag for petrographic identification of underlying rocks has 
not been fully recognised. 

I Cooperative Research Research Centre for Landscape Evolution 
and Mineral Exploration, CSIRO, Private Mail Bag, PO Wembley, 
Western Australia 6014 

fabrics, related to authigenic minerals, may also be preserved. If 
fernginisation followed pedoplasmation, primary fabric elements are 
lost, although pockets of earlier fabrics may still be preserved. 

Preserved primary fabrics are illustrated in lag fragments from 
sites on the Yilgarn Craton of Western Astralia, namely Beasley 
Creek (phyllitic schist. mafic and ultramafic schists and deeply 
weathered Permian tillites), Ora Banda (deeply-weathered peridotites 
and pyroxenites) and Bottle Creek (phyllic alteration). 

Pseudomorphs after mineral fabrics may be destroyed by multi- 
cyclic precipitation of secondary iron oxides. After dissolution of 
pre-existing minerals, goethite may form colloform structures lining, 
and even filling, the resultant voids. In some places the fabric is 
replaced progressively by spongy or massive goethite. In many places, 
fabric destruction is incomplete, leaving partly erased fabrics. Despite 
these limitations, careful search for useful primary fabrics in lag is 
a powerful and non-invasive aid to identification of underlying rocks, 
particularly in areas of partial profile truncation. 

A variety of sites (Fig. l), covered with fermginous lag, 
were geochemically and petrographically investigated at 
Beasley Creek, Bottle Creek and Ora Banda. Internal fabrics 
of the lag fragments were found to be rich in information 
which may be used in interpreting the characteristics of 
underlying rocks. Beasley 'Creek lies to the north of the 
Menzies Line (Fig. 1, Butt et al. 1977), Bottle Creek lies 
very close to this important environmental dividing line and 
Ora Banda is located to the south. Bottle Creek has a complex 
regolith terrain with a relatively complete, though partly 
obscured, laterite profile at the Emu gold deposit, grading to 
areas stripped to saprolite4 and buried beneath colluvium-al- 
luvium and fluvial gravels at the VB-Boags deposits. Lateritic 
duncrust5 is well preserved over pyroxenites at Ora Banda, 
but the regolith has been stripped to upper saprolite over the 
peridotites and covered with thin soil and lag. A bevelled 
profile at Beasley Creek, complete with a partly preserved 
lateritic duricrust and upper saprolite, protrudes through 
surrounding colluvium-alluvium. Drilling and mining also 
revealed a palaeochannel, filled with Permian glacial debris. 

The petrography of some lag fragments is illustrated in 
Figs 2-4. The photomicrographs, on the right, may be 
compared with corresponding or equivalent close-up photo- 
graphs of polished blocks, on the left, to illustrate what may 
be seen with a hand lens or binocular microscope. 

Geomorphology and regolith 
The combined effects of deep, lateritic weathering and 
differential erosion have led to a variety of lag deposits. Their 
distribution and characteristics are generally related to the 
regolith substrate and to erosional and depositional processes 
(Anand et al. 1993). 

Relict regime, formally residual regime-a mappable area 
characterised by widespread preservation of laterite (Anand et al., 
1989). 

Erosional regime-an area where erosion has removed the laterite 
to the level where the mottled zone, clay zone or fresh bedrock 
is either exposed, concealed beneath soil or beneath locally derived, 
associated sediments (Anand et al., 1989). 

Saprolite-weathered bedrock in which fine fabrics, originally 
expressed by the arrangement of primary minerals. are retained 
(Butt & Zeegers 1992). 

Lateritic duricmst-a hard, ferruginous crust which is commonly 
aluminous and silicic, developed in the upper part of a lateritic 
weathered profile (Anand et al. 1989). 
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original minerals from the pseudomorphs can be difficult, 
W e s t e r n  A s t  a i a particularly because there may have been intermediate stages 

such as kaolinite, kaolinite interlaminated with illite and even 
smectite derived from the primary minerals. The presence of 
minor amounts of Si and Al in some goethite pseudomorphs 
suggests that some of these intermediate silicates are preserved 

Y i l g a r n  ' on a sub-micron scale or that the goethite has incorporated 

Beasley ,C some of the Al into its lattice. However, if recognisable 
Creek r)\) elements of the original fabric remain intact (as pseudomorphs) 

O despite these mineralogical changes, vital information survives. 
The relative timing of ferruginisation and other weathering 

processes is critical to the preservation of primary fabrics. 
Where fernginisation takes place deep in the profile, during 
the earliest stages of weathering, a wide variety of primary 

KALGOORLIE rock fabrics may be well preserved. If ferruginisation takes 
place after the formation of saprolite, secondary clay fabrics 

C r a t o n  may also be preserved but, by their nature, they tend to 
preserve some original rock fabrics. If ferruginisation has 
occurred after pedoplasmation6, most primary fabric elements 
are lost. However, an important feature of the weathering 
process is that it tends to be incomplete. Thus, pockets of 
earlier fabrics may be preserved among newer ones; these 
remnants can be found by careful search. 

and the Menzies Line. Primary and secondary fabrics 
Primary phyllitic fabrics (Beasley Creek) 

For example, (i) a lag consisting of cellular gossan may Lag formed from phyllitic schist, from the ore host, clearly 
be dispersed around a gossan outcrop and subcrop (Fig. 2a), preserves the parent schistose fabric. Islands of preserved 
(ii) a lag consisting of pisoliths and nodules may occur on fabrics, both original and secondary, now largely replaced by 
relict landform regimes (Fig. 2b), overlying complete or nearly goethite, are set in bright, massive, to spongy goethite 
complete laterite profiles or (iii) a lag of saprolite and (Figs 3a, b) with open voids. The original fabric contains 
ferruginous saprolite (Fig. 2c) may occur largely on erosional mica remnants (10-100 pm), some of which are split open 
areas overlying partially truncated profiles. Lag, developed along their cleavages and are enclosed by goethite (Figs 3c, d). 
on a partially truncated profile of a mafic rock, may be highly The mica of these remnants still contains some potassium 
ferruginous and form a very dark, shiny gravel (Fig. 2d). (hydromuscovite). There are also some fine-textured pseudo- 
Lastly, (iv) allochthonous lag of mixed origins, consisting of morphs of layer silicates, probably after kaolinite and inter- 
lithic fragments, quartz and lateritic pisoliths (with worn or stratified kaolinite and mica. The mica remnants and kaolinite 
partly worn cutans), is generally abundant on colluvial-alluvial pseudomorphic fabrics are identical to those of unferruginised, 
plains. The outward appearance of lag fragments gives clues phyllitic muscovite and kaolinite, seen in saprolite in diamond 
to the nature of the underlying regolith. However, it is the drill core (Robertson & Gall 1988) from the same site. 
interior fabrics of lag fragments that can contain evidence of Primary and secondary fabrics of mafic and 
the parent rocks and their weathering history. ultramafic schists (Beasley Creek) 

Remnants and pseudomorphs Lag fragments, overlying mafic and ultramafic schists, contain 

Many 1% fragments in truncated regimes are lithorelics. Iron 6 Pedoplasmation-a soil forming process resulting in the loss of 
oxides, principally goethite and haematite, largely form fabric of the parent material and the development of new fabrics 
pseudomorphs after the original minerals. Identification of (Butt & Zeegers 1992). ' 

Figure 2. Lag-strewn surfaces. 2a.-An abundant, coarse, black lag of highly ferruginous, cellular gossan (GN) overlying the 
central par t  of the orebody subcrop at  Beasley Creek (Robertson 1989). Scattered among it is a subordinate lag of white 
vein quartz (QZ). This is typical of an erosional regime. 2b.-A very coarse, relatively pale, yellow-brown, nodular lag, 
derived from the duricrust overlying a pyroxenite of the Ora  Banda Sill (Butt et al. 1992). It consists largely of goethite 
and abundant ferruginous clays and is typical of a slightly stripped 'relict regime'. 2c.-A thin soil masked by a shiny, 
blue-black 'buckshot' lag, overlying peridotitic rocks of the Ora  Banda Sill (Butt et al. 1992). This is typical of lag overlying 
saprolite in an erosional regime. 2d.-A lag of lithic fragments of ferruginous saprolite (FS) and minor, white, vein quartz 
(QZ) overlying mafic-ultramafic schists a t  Beasley Creek (Robertson 1989). This is typical of a lag overlying an erosional 
regime. Tillite fabrics. 2e.-A ferruginised lithorelicg of polymictic fragments set in a ferruginised, arenaceous matrix, derived 
from Permian glacial sediments a t  Beasley Creek (Robertson 1989). Compare Fig. 2f. Specimen 08-120B. Close up photograph 
of polished block in oblique reflected light. 2f.-A lithorelic of matrix-supported, polymictic sediment, including fragments 
of sub-angular, bright goethite (GO), a few ferruginised saprolite fragments (SP), after mafic-ultramafic schists, quartz 
fragments (QZ) and shadowy lithorelics (SH), all comprising a ferruginised Permian glacial sediment from Beasley Creek 
(Robertson 1989). Compare Fig. 2e. Specimen 08-12OB. Photomicrograph in normally reflected light. Peridotite crrr7lulus 
fabrics. 2g.-Pseudomorphs of serpentinised olivine (OL) and talc-altered pyroxene (PX) perfectly replaced by goethite and 
haematite. Peridotite of Ora  Banda Sill (Butt et al. 1992). Compare Fig. 2h. Specimen 08-1498. Close up photograph of 
polished block in oblique reflected light. 2h.-Olivine (OL) and pyroxene (PX) pseudomorphs in a lag overlying a peridotite 
of the Ora  Banda Sill (Butt et al. 1992). The serpentinised cracks in the olivine are  preserved by hematite (HE), but the 
olivine has been dissolved and is now a void (VO). The outline and cleavage of the pyroxene are preserved in goethite (GO). 
Compare Fig. 2g. Specimen 08-1498. Photomicrograph in normally reflected light. 

8 Lithorelic-a discrete, highly weathered fragment having a primary lithic fabric (Butt & Zeegers 1992). 



FABRICS IN FERRUGINOUS LAG 265 





FABRICS IN FERRUGINOUS LAG 267 

preserved gross schistose parent rock fabrics at the microscale, 
but very fine microfabrics have been destroyed. Thus, in 
polished section, islands in the lag fragments consist of 
numerous, very fine-grained, matted, layer silicate pseudo- 
morphs that form a confused fingerprint fabric (Figs 3e, f). 
This fabric is secondary, formed in the saprolite by kaolinite 
and smectite replacing primary feldspar and amphibole. Similar 
fabrics were described from clay-rich saprolites deep in the 
regolith at this site (Robertson & Gall 1988). These clays 
have been converted to goethite pseudomorphs in the lag. 
Although the internal fabric of the amphibolite appears to 
have been lost, clustering of the layer silicate minerals into 
equant groups could reflect an original granoblastic7 fabric. 

Primary and secondary fabrics in ultramafic schist 
(Beasley Creek) 
The interiors of lag fragments overlying ultramafic schists are 
yellowish brown or red-brown, with blue-black mottles 
(Fig. 3e). The fabric consists of matted, pseudomorphs after 
a layer-silicate fabric, probably after smectite, in a few places 
showing a confused fingerprint structure, similar to that of 
the mafic rocks, but at a very fine scale. 

Primary tillite fabrics (Beasley Creek) 
Lag, overlying Permian glacial sediments, consists of diverse, 
polymictic fragments (Fig. 2e), several millimetres in size, 
with faint, secondary fabrics and a breccia-like structure, set 
in what appears to have been a relatively fine-grained, 
matrix-supported, arenaceous matrix (Fig. 20.  The lag fabric 
thus accurately reflects the sedimentary fabric of the underlying 
tillites and arenites, despite these having been weathered to 
clay-rich saprolite and mottled material typical of the lateritic 
regolith. 

Primary cumulate fabrics (Ora Banda Sill) 
Primary igneous fabrics are preserved in lag fragments 
overlying peridotite and pyroxenite (Ora Banda Sill; Butt et 
al. 1992). Many subangular fragments consist of haematite 
or mixtures of haematite and goethite. with abundant haematitic - 
pseudomorphs after olivine, and a few goethitic pseudomorphs 
after talc-altered pyroxene (Figs 2g, h). These olivine and 
pyroxene fabrics occur in various stages of preservation. 
Serpentine-filled cracks in the olivine have been faithfully 
converted to pseudomorphs by haematite, but the olivines are 
now replaced by voids, leaving only the outline of the olivine 
(Fig. 2h). The complete primary fabric of pyroxene and olivine 
is preserved where fermginisation has occurred before partial 

destruction of the fabric. Where this has not happened, only 
disaggregated olivine pseudomorphs or very indistinct pseudo- 
morphs of secondary smectitic fabrics are found. 

Abundant, drop-like crystals of weathered, pinkish grey 
chromite are also characteristic of the lag overlying the Ora 
Banda peridotites. The polished surfaces of some chromite 
crystals are extensively pitted; others have a reticulate pattern 
of goethite-filled cracks that penetrate the crystal from its 
margin. These cracks appear to reflect weathering of the 
chromite and become progressively narrower towards the 
centres of the grains. The crack pattern has almost destroyed 
the outlines of some very small chromite crystals (Butt et al. 
1992). 

The primary fabrics of the pyroxenites are not nearly as 
well preserved in the lag as those of the peridotites, where 
the lag overlies duricrust and not saprolite. In general, all that 
can be discerned is a fine-scale, parallel, goethitic structure 
that appears to indicate amphibole, talc or, rarely, pyroxene 
cleavages. There are a few indistinct pseudomorphs after sheet 
silicates, probably smectites and verm~culites, set in dark, 
spongy goethite. The lag is significantly poorer in haematite 
and richer in goethite than that overlying the peridotite; it is 
also much poorer in chromite. The chromite grains in the 
fresh pyroxenite are smaller than those in the fresh peridotite 
and are poorly formed (intercumulus); this is accurately 
reflected in the lag covering the pyroxenite (Butt et al. 1992). 

Phyllic and oxide-sulphide primary alteration fabrics 
(Bottle Creek) 
Lag overlying a phyllic alteration halo (Emu, Bottle Creek; 
Robertson & Wills 1993) contains quantities of granular quartz, 
euhedral K-mica (Figs 4a, b) and preserved quartz 'eyes'. 
Mica is visible by hand lens examination of the cut surface 
of lag fragments. In others, alternating layers of quartzose 
and fermginised, argillaceous material suggest either a graded 
argillaceous metasediment or the 'zebra rock' typical of the 
ore environs. Linear mica flakes and equant, subhedral 
haematite pseudomorphs after magnetite and/or sulphide 
(Figs 4c, d) are set in massive to spongy goethite. Although 
some of the haematite pseudomorphs are martite, which still 
preserves the internal trellis structure of pre-existing magnetite, 
others are internally massive or show internal brush structures 
more typical of sulphide pseudomorphs. There are traces of 
arsenic (SEM-EDX) in the haematite pseudomorphs and in 
the surrounding goethite. 

Secondary fabrics in goethite and haematite 
7 Granoblastic-fabric with essentially equidimensional crystals and Goethite fabrics 

well sutured boundaries. Mineral fabrics, containing pseudomorphs, may also be 

Figure 3. Pali1?7psesr fabrics. 30.-A very fine-grained, ferruginised lithorelic of phyllite from Beasley Creek. Though some 
schistosity is preserved, much of the original fabric has been replaced by dark brown, secondary goethite. Specimen 08-108C 
(Robertson 1989). Close up photograph of polished block in oblique reflected light. 3b.-Islands of layer-silicate pseudomorphs 
(LS) and a few mica remnants (MC), set in dull goethite (GI), invaded by, and now set in, bright goethite (G2) .  A few 
lozenge-shaped haematite crystals (HM) are scattered in the fabric. A coarse black, ferruginous lag from Beasley Creek. 
Specimen 08-104A (Robertson 1989). Photomicrograph in normally reflected light. Micaceo~rs phyllite fabrics. 3c.-A deep 
red-brown, ferruginised lithorelic of gold-bearing phyllite, showing a preserved and folded schistosity (SC) with a high 
proportion of fine-grained, glistening mica relics (MU) from Beasley Creek (Robertson, 1989). Compare Fig. 3d. Specimen 
08-108D. Close up photograph of polished block in oblique reflected light. 3d.-Mica relics (MU) set in porous goethite 
(GO) with small voids (VS). Goethite has, in part, wedged the mica apart along cleavages. From a coarse, black lag fragment 
overlying the ore host phyllite at  Beasley Creek (Robertson 1989). Compare Fig. 3c. Specimen 08-108B. Photomicrograph 
in normally reflected light. Saprolitic cloy fobrics. 3e.-Islands of yellow-brown goethite (YG), with a very fine-scale, preserved 
schistosity, containing very fine-grained, layer-silicate pseudomorphs after a saprolite of an  ultramafic rock. This is veined 
by da rk  brown goethite (DG). Specimen 08-117B from Beasley Creek (Robertson 1989). Close up photograph of polished 
block in oblique reflected light. 3f.-A coarse, black, ferruginous lag fragment over mafic footwall rocks, showing a matted 
layer silicate pseudomorph (LS), with a fingerprint fabric, probably after secondary kaolinite o r  smectite of the saprolite. 
Specimen 08-113C. Beasley Creek (Robertson 1989). Photomicrograph in normally reflected light. Accordiori fabrics. 3g.-A 
pedogenically recrystallised fabric of yellowish-brown goethite from Bottle Creek. Compare Fig. 3h. Specimen 06-1624; 
(Robertson & Wills 1993). Close up photograph of polished block in oblique reflected light. 3h.-Relicts of well-developed 
accordion fabrics (AC) of pedogenically recrystallised kaolinite, set in grey goethite (GO) from Bottle Creek (Robertson & 
Wills, 1993) Compare Fig. 3g. Specimen 06-1624. Photomicrograph in normally reflected light. 
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destroyed (Figs 3a, b, 4e, f;) by multicyclic dissolution and 
precipitation of goethite. After dissolution of the minerals of 
parts of the pseudomorphs defining the primary fabric, goethite 
has precipitated as colloform, delicately banded structures 
(Fig. 4f) lining the walls of the newly formed voids. In some 
places, these voids have been completely, or almost completely, 
filled with banded goethite; in others, the fabric has been 
replaced by spongy to massive goethite. In many cases, fabric 
destruction is incomplete, leading to partly erased (palimpsest) 
fabrics (Figs 3a, b). 

Haematite fabrics 
Haematite occurs overtly, as small lozenge-shaped crystals 
(Figs 3b, 4b) and as poikiloblasts, but it also occurs covertly, 
with goethite, as an ultra fine-grained mixture, a product of 
goethite dehydration. It results in goethites with a wide variety 
of colour and reflectance, from dull brownish-grey, through 
lead-grey to materials of increasing brightness as dehydration 
to haematite progresses. Thus, the haematite content is generally 
greater than is apparent from a cursory study of polished 
sections. Dehydration is accompanied by a reduction in volume, 
resulting in desiccation cracking or a spongy appearance. In 
the iron ores of the Hamersley Province, Monis (1985) 
suggested this process is selective, with goethite pseudomorphs 
after quartz being the most easily transformed, followed by 
silicate and finally carbonate pseudomorphs. Such dehydration 
appears to be related to long exposure of the goethite above 
the water-table and is most prevalent near the surface; a 

of fragments, some of which may be lithic in origin. These lag 
fragments are clay-rich and fermginous, nodular and pisolitic, 
and include angular quartz, set in one or more generations 
of red-brown to yellow-brown clay (Figs 4g, h). The ferrugi- 
nous nodules are dominated by pseudomorphs of secondary 
fabrics formed in the saprolite. Incomplete goethite cutans on 
the fermginous nodules suggest precipitation and re-solution 
of goethite prior to clay deposition. Some fragments may be 
gibbsitic in part (e.g. Bottle Creek; Robertson & Wills 1993). 

The interiors of lag fragments overlying lateritic duricrust 
vary widely in colour (blue-grey, dark red-brown, mottled 
yellow and honey-brown) and fabric (a very few retain patches 
of primary fabrics). These remnants of primary fabrics are 
set in secondary goethite (some fibrous), bright, polygonal 
grains of haematite and, in turn, in various goethite- and 
haematite-stained clays. These clays also have a wide variety 
in colour, indicating a range in hematite and goethite contents 
(Fig. 4g). In some duricrust-related lag fragments, a history 
of at least two clay phases is shown by the presence of 
fragmentary or complete clay pisoliths, some with yellow clay 
cutans, set in a second generation clay matrix (Figs 4g, h). 
Some pisoliths contain dark goethite granules. Small crystals 
of haematite occur scattered in the clay (Fig. 4h). Solution 
cavities are filled with ooliths of flocculated yellow clay 
(Figs 4g, h). In places, goethite fills the channelways that 
link voids in the clay, and the goethite has permeated outwards 
from the channel into the clay for a few millimetres. 

similar process may be equall~applicable in an accumulation 
of lag. Voids - 
Accordion fabrics 
Pseudomorphs of accordion-like layer silicates are common. 
These form vermicular structures and are generally mixed 
with, or occur on the periphery of, preserved silicate remnants, 
close to, and intimately associated with, secondary goethite 
structures (Figs 3g, h). Very similar accordion-like structures 
have been described in authigenic kaolinite of argillaceous 
rocks (Williams et al. 1955) and in kaolinites derived from 

Voids in lag fragments vary from round and cavernous to 
vermiform and some are strung together to form channelways, 
linked by hairline fractures. Some fractures are open, others 
are filled with clay and goethite. Some voids are lined with 
a thin layer of goethite, which is, in places, colloform, fibrous 
or both; other voids are lined with or filled by white, banded, 
opaline silica. Some solution cavities are filled with brown, 
siliceous, fermginous clay. 

granite weathering (Robertson & Eggleton 1991; Robertson 
& Butt 1993). These pseudomorphs probably represent late Implications for exploration and practical 
stage authigenic recrystallisation of kaolinite in the saprolite. aspects 
These have since been iron oxides, preserving The internal fabrics of lag fragments have considerable potential 
these accordion fabrics from re-texturing by the collapse and for identification of underlying rocks. Lag derived from 
compaction of the upper saprolite. fermginous saprolite is probably among the most useful. 

Goethite- and hematite-rich nodules in duricrust-derived lag Du~~c~us~-related lag may also retain lithic remnants, but these may be difficult to 
Lag developed from lateritic nodules and duricrust has had a find and recognise amongst a preponderance of secondary 
particularly complex history and incorporates numerous types structures. 

Figure 4. Phyllic and oxide-sulphrde fabrics. 40.-Lithorelic lag from the eastern edge of the Emu Pit. Patches of glistening 
sericite (MU) are set in red-brown goethite (GO). The original banded rock fabric remains. Ferruginised saprolite. Compare 
Fig. 4b. Specimen 06-0190. Bottle Creek (Robertson & Wills 1993). Close-up photograph of polished block in obliquely 
reflected light. 4b.-Well-defined, euhedral flakes of sericite (MU) are set in grey goethite (GO) with equant grains of 
haematite (HM). Compare Fig. 4a. Specimen 06-0190. Bottle Creek; (Robertson & Wills, 1993). Photomicrograph in normally 
reflected light. 4c.-Lithorelic lag from the eastern edge of the Emu Pit, Bottle Creek (Robertson & Wills 1993). Goethite 
pseudomorphs after magnetite (MT) are set in a red-brown goethite (GO). Specimen 06-0190. Compare Fig. 4d. Close up 
photograph of polished surface in oblique reflected light. 4d.-Euhedral to subhedral goethite pseudomorphs after magnetite 
(GM) and possibly some pyrite (GP), surrounded by fine-grained pseudomorphs and remnants of sericite (MU). Compare 
Fig. 4c. Specimen 06-0190. Bottle Creek; (Robertson & Wills 1993). Photomicrograph in normally reflected light. Vord-frll 
fabrics. 4e.-A fine-grained, flinty lithorelic, largely replaced by cauliflower-like secondary goethite (SG). This is cut by 
later veins (SV) of black goethite. Beasley Creek. Specimen 08-104B (Robertson 1989). Close up photograph of polished 
block in oblique reflected light. 4f.-Delicately banded botryoidal structures in alternating layers of goethite (GO) and 
haematite (HM) on the edge of a lag granule from above the orebody at  Beasley Creek. Specimen 08-216 (Robertson 1989). 
Photomicrograph in normally reflected light. Duricrrrst fabrics. 4g.-Duricrust-related lag, showing a red, hematitic clay 
fragment (HC), containing ferruginous clay pisoliths (CP) and pisolith fragments set in a mass of oolitic, yellow, clay 
spherules (CS), which may have been precipitated chemically in a solution cavity. Duricrust covering hanging wall of Beasley 
Creek orebody. Compare Fig. 4h. Specimen 08-130D (Robertson 1989). Close up photograph of polished block in oblique 
reflected light. 4h.-Dark, concentrically zoned, red clay pisoliths (PC), set in a nodule of red clay (RC). The zonation is 
due to variations in the concentration of goethite which stains the clay. Small crystals of haematite (HM) are  scattered in 
the clay matrix. Duricrust overlying the hangingwall of the Beasley Creek orebody. Compare Fig. 4g. Specimen 08-130D 
(Robertson 1989). Photomicrograph in normally reflected light. 
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It is generally necessary to examine several specimens of 
coarse lag (>lo mrn) to find recognisable remnants of primary, 
lithic fabrics. Petrographic investigation of fine lag (<I0 mm) 
is generally less effective, as the fabrics are fragmented and 
the proportion of secondary structures is generally greater. 
Lag fragments, on a preliminary basis, can be cut on a diamond 
saw or ground on a lap. Their wet or varnished surfaces are 
then examined in oblique reflected light, with a stereo-micro- 
scope, for large scale fabrics or parts that are most l~kely to 
contain primary fabrics; these can be selected for polishing. 
At least three polished blocks of the lag fragments should be 
made from each locality, and examined in normally reflected 
light. It may be necessary to use oil immersion to identify 
some remnant clay fabrics with confidence. 

Athough lag geochemistry is a well-proven and much-used 
exploration method, the full potential of the petrography of 
lag fragments has yet to be realised. The need for such a 
non-invasive, environmentally conscious technique is likely 
to increase. 
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The differential weathering of granitic rocks in Victoria, Australia 
S.M. Hill' 

Landscape features such as 'positive relief' and 'negative relief' 
plutons and stepped topography are a result of differential weathering 
of granites. Features of the granitic bedrock that may influence its 
differential weathering include fracturing, mineralogical composition, 
crystal size, and hydrothermal alteration. A high modal biotite content 
and micro-fracturing increase susceptibility of granite to weathering 
in this region. Granites that are more susceptible to weathering tend 
to form less prominent landscape features (such as negative relief 

plutons) and are usually covered by deep weathering profiles and 
fluvial sediments. More resistant granites tend to form prominent 
landscape features, such as positive relief plutons and the crests of 
topographic steps. 

Examples of differential weathering are taken from plutons 
throughout the state, although particular emphasis is given to examples 
from the Wilsons Promontory Batholith and the west Victorian 
Highlands. 

Introduction 
Granitic rocks (used here in a broad sense to mean coarse- 
grained igneous rocks of quartz + plagioclase + K-feldspar + 
mafic minerals) represent approximately one quarter of the 
exposed Palaeozoic rocks in Victoria (Fig. 1). Since exposure, 
these rocks have been weathering to products that are more 
stable in the near-surface physico-chemical conditions. Several 
factors may interact to influence the progress of weathering: 
the most important being parent material, time, climate, 
topography, and living organisms (Ollier 1984). 

Variations in landscape features of different granite plutons 
in Victoria have been recognised in many previous studies. 
Hills (1975) noted that plutons may form either positive relief 
features rising above the surrounding landscape, or negative 
relief features with a subdued landscape expression. Jenkin 
(1991) also remarked on the great contrast in landforms 
associated with granitic rocks in Victoria, where they form 
"the highest hills in some areas" or "shallow basins" in 
others. Similar observations have also been made by workers 
principally concerned with the igneous petrology of these 
plutons (e.g. Bird 1986; Stewart 1966; McGann 1989; Ollier 
1984 p.200). None of these studies suggested detailed reasons 
for these phenomena. 

The purpose of this paper is to record observations of 
different landscape features associated with various granitic 
rocks in Victoria and to consider why this variation occurs. 

Differential weathering of granitic rocks 
The principal rock features influencing weathering are frac- 
turing, mineral composition, crystal size, and hydrothermal 
alteration. 

Fracturing 
Granites are mostly impermeable to water except along 
fractures. This fracturing may develop during cooling of the 
pluton, by subsequent tectonism, or through unloading. Frac- 
turing is important on all scales from regional to microscopic, 
and rocks with more fracturing will have better access and 
throughflow of weathering solutions than those with less 
fracturing. As a result, highly fractured rocks are most 
susceptible to weathering. 

Joints and faults are well-documented controls on weath- 
ering and landscape features (Twidale 1964, 1982; Thomas 
1966, 1974). Thomas's studies of drilling records from the 
Jos Plateau in northern Nigeria clearly demonstrated that the 
weathering pattern of a biotite granite is specifically related 
to the local joint, fault and micro-crack pattern. Intersections 
of the major joint sets were marked by troughs of weathering, 
whereas intervening areas were marked by rises in the 
weathering front, often forming prominent outcrops. Early 

workers, such as Linton (1955), considered that the develop- 
ment of tors is closely related to the subsurface weathering 
of joint blocks and hence is intimately related to jointing. 
Twidale (1982) suggested that tectonic stress fields may 
influence granite inselberg location, with compressive com- 
partments being relatively free of fractures and thus more 
resistant to weathering. 

Micro-fractures are widely accepted as being very important 
for the weathering of granites (Dixon & Young 1978; Whalley 
et al. 1982; Pye 1985). Within mineral grains they increase 
the ratio of surface area to volume, providing greater access 
to weathering solutions. 

Mineralogical composition 
Granites with a greater abundance of more weatherable 
minerals, such as plagioclase feldspar and, in particular, biotite 
(e.g. Goldich 1938), are more prone to weathering (Thorp 
1967; Ollier 1983; Wahrhaftig 1965). A volume change in 
biotite during weathering leads to an increase in permeability 
and disruption of the surrounding rock (Isherwood & Street 
1976; Bustin & Matthews 1978). Banfield & Eggleton (1984), 
for example, described a 30 per cent volume change as biotite 
alters to vermiculite. Such transformations during the early 
stages of weathering greatly increase porosity and permeability, 
and thus susceptibility to further weathering. 

Brook (1978) concluded that inselbergs in the Transvaal, 
South Africa, are preferentially developed in potash-rich 
granitic rocks, because in many cases fissures are sealed 
during the process of potash metasomatism. As a result, 
granites rich in potassium minerals, particularly K-feldspar, 
are preferentially resistant to weathering. This conclusion was 
supported in a study of inselberg development in the Kora 
area, central Kenya (Pye et al. 1986). Pye et al. (1984) found 
that granite in bomhardts has a greater frequency of microcline 
phenocrysts than the granitic bedrock forming boulder insel- 
bergs or tors in the Matopos Hills, Zimbabwe. These studies 
are largely based on the geochemical composition of the 
granites, and do not report biotite contents. However, element 
mobility is less important than the stability of most minerals 
when the weathering behaviour of specific rock types is being 
considered. 

Cystal size 
The impact of variations in crystal size on differential 
weathering of granites appears to be varied (Twidale 1982). 
Although it may be assumed that finer grained granites will 
be more susceptible to weathering, owing to the greater surface 
area to volume ratio of the mineral crystals, it is commonly 
found that coarser grained granites are more strongly weathered. 
This can often be accounted for by the presence of micro-cracks 
within the coarser crystals. 

Hydrothermal alteration 
I Centre for Australian Regolith Studies, Australian National 

University, Canberra, ACT 0200 
A possible hydrothermal origin for deeply kaolinised granites, 
in contrast to weathering from meteoric waters, is a continuing 
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Figure 1. Map of Victoria showing the major intrusions (black shading) and locations of sites mentioned in the text. 1. west Victorian 
Highlands, 2. Murmungee pluton, 3. Mt Buffalo, 4. Pilot Ranges, 5. Suggan Buggan, 6. Harcourt, 7. Ararat, 8. Strathbogie Ranges, 
9. Baw Baw Plateau, 10. Wilsons Promontory, 11. Mt Buller, 12. Cobaw pluton, 13. Woolamai pluton.) 

area of debate. The three main arguments are that alteration 
is achieved: 

solely from weathering by meteoric waters (Sheppard 1977; 
Ollier 1983); 
by hydrothermal fluids (Exley 1964; Alderton & Ranhn 
1983); or 
by initial hydrothermal alteration or 'pre-conditioning' 
followed by supergene alteration (Dixon & Young 1981; 
Young & Dixon 1983). 
Sheppard (1977) used hydrogen and oxygen isotope data 

to conclude that kaolinite derived from the Comubian batholith 
in southwest England is a result of low-temperature weathering. 
Alderton & Rankin (1983) suggested that the explanation is 
not as simple as Sheppard's (1977), with the possibility that 
fluid temperatures during alteration could have been as high 
as 700°C (hydrothermal, but bordering on supergene fluid 
regime). Dixon & Young (1981) related many of the landscape 
features in the Bega batholith, southeastern New South Wales, 
to hydrothermal alteration followed by weathering. The need 
to invoke some Initial hydrothermal 'pre-conditioning' rather 
than simply using weathering to account for many of these 
features has been disputed by Ollier (1983) and since defended 
by Young & Dixon (1983). 

Alteration of granitic rocks across Victoria has most 
probably been primarily a result of weathering by meteoric 
waters, and regolith and landscape features can be explained 
mainly within the context of weathering by meteoric solutions. 
Oxygen isotope investigations of kaol~nite from weathered 
granites in Victoria support a supergene ongin dating from 
at least the Mesozoic (Bird & Chivas 1988). Nevertheless, 
further study is needed to assess the potential contribution of 
hydrothermal alteration to initial breaking down of the granites 
and, thus, facilitation of later subaerial weathering, similar to 
that described from the Bega batholith (Dixon & Young 1981; 
Young & Dixon 1983). 

Differential weathering features of 
Victorian granites 
The development of different landscape features on different 
types of granitic rocks is mainly a result of differential 
weathering of these rocks. By studying rocks from the same 
region, variations in the influence of time, climate, topographic 
setting and living organisms on weathering are reduced. 

Positive and negative relief plutons 
Groups of plutons from the same region within Victoria show 
remarkable variation in their topographic expressions. They 
may occur as positive relief features that rise above their 
surrounding metamorphic aureoles and country rocks, or as 
negative relief features surrounded by a prominent ridge of 
hills formed by the metamorphic aureoles of the plutons. The 
proximity of these plutons to each other reduces the differential 
impact on weathering of external features, such as climate, 
biological activity and landscape setting. 

Plutons in the west Victorian Highlands (Fig. 2) occur as 
both positive and negative features. Plutons such as Mount 
Cole, Ben Nevis and Langi Ghiran are prominent positive 
features rising to over 700 m above sea level, whereas the 
Glenlogie, Eversley and Amphitheatre plutons have negative 
relief and, typically, a surficial cover of alluvial deposits 
overlying saprolite. 

A major difference between .granitic plutons in this area 
is in modal mineralogy (Table 1). A reconnaissance analysis 
of their bedrock features (particularly joint frequency and 
crystal size) and the studies of Demelis (1  984) and R. Cayley 
(Geological Survey of Victoria, personal communication, 1992) 
suggest that the other variables are less significant. A more 
detailed analysis of these factors is beyond the scope of this 
study, but studies similar to those of Ehlen (199 1,  1992) could 
be applied to test this further. 
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Plots of sample elevation (derived from 1:25 000 map 
sheets, corresponding to the sample localities given in Demelis, 
1984) versus modal mineral percentages show weak relation- 
ships for all minerals except biotite (Rzvalues for relationships 
given in Table 1). There is a strong inverse relationship 
between modal biotite percentage and sample elevation (Fig. 3), 
which suggests that the development of positive and negative 
relief plutons is largely a function of the modal biotite 
percentage. This relationship implies that granites with greater 
modal biotite percentages are more strongly weathered and, 
following erosion, are topographically less prominent than 
surrounding lithologies, resulting in the basin-like morphology 
of these plutons. 

In northeastern Victoria, the negative relief of the Mur- 
mungee pluton (Ollier 1984 p.200) contrasts with the high 
positive relief of nearby granites at Mount Buffalo and in the 
Pilot Ranges. As with similar plutons in the west Victorian 
Highlands, the negative relief Murmungee pluton is rich in 
biotite, in contrast to the felsic, positive relief Mount Buffalo 
and Pilot Range granites. Negative relief plutons in the Suggan 
Buggan, Harcourt, and Ararat (Fig. 4) areas also have relatively 
high modal biotite percentages, whereas granites in areas of 
high positive relief, such as the Strathbogie Ranges and the Figure 2. Granitic plutons of the Ararat-Beaufort region, western 
Baw Baw Plateau, are more felsic. Victoria. 

Stepped topography 
The hillslopes of many granite areas often feature a series of 
alternating convex and concave breaks in slope, resembling 
steps. Similar features have been described from the Sierra 
Nevada by Wahrhaftig (1965), where it was suggested they 
formed as a result of sub-surface weathering of granites 
beneath the regolith preferentially relative to the weathering 
of exposed rock. This explanation is certainly valid for much 
of the stepped topography in Victoria, although the primary 
initiation of the steps can be related to lithological influences 
on differential weathering. 

Stepped topography is a major feature in the Wilsons 
Promontory Batholith (Fig. 1). The main features of the granite 
batholith here are summarised by Wallis (1980, 1988) and 
the geomorphological development of the area, by Hill (1992, 
1994) and Hill et al. (in press). The batholith consists of 
granites from a high-level, composite body of S-type intms~ves 
(Wallis 1988). Wallis distinguished seven main granite mem- 
bers, on differences in modal mineralogy, bulk rock geo- 
chemistry, and textural characteristics. The most distinctive 
differences are in the modal percentages of K-feldspar, 
plagioclase, and biotite. The 'Promontory leucogranite' (>38% 
K-feldspar, 4 7 %  plagioclase and 4 %  biotite) and the 'enclave 
biotite adamellite' (<30% K-feldspar, >25% plagioclase and 
4 %  biotite) represent the compositional extremes. Shallow 
(0-40") easterly dipping sheet-like granite bodies dominate 
the internal geometry of the batholith. 

An analysis of the mountain slopes of Wilsons Promontory 
(Hill 1992) found that many areas feature steps. Step 'risers' 
are 30-100 m high and typically slope more than 35". Individual 

y = 1236.1 - 86.251 x 
FI2= 0.827 
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Figure 3. A plot of the relationship between modal biotite per- 
centage (from Demelis 1984) and the corresponding sample ele- 
vation above sea level. 
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Figure 4. A cross section of Mt Ararat and the edge of the nega- 
tive-relief Ararat pluton (after Hills 1975). Note the prominent 
hornfels ridge on the margin of the negative-relief associated with 
the Ararat granodiorite. 

Table 1. Modal composition of granitic rocks from the AraratBeaufort region (from Demelis 1984) compared to sample 
elevation (SE). The correlation coefficient (R2) for the relationship between modal percentage of a given mineral (M) and 
the elevation that the sample was taken (SE). 

Glenlogie Mr Cole Ben Nevis Eversley Langi Ghiran Tower R2 

Plagioclase 

Quartz 

K-feldspar 

Biotite 

Other 



274 S.M. HILL 

steps rarely extend laterally for more than 500 m. They abundance of biotite and plagioclase than the surrounding 
normally consist of fresh granite with saprolitic regolith cover granite. The Stawell pluton (Bird 1986) in the west Victorian 
on the step 'treads'. Their form is mainly an etch feature due Highlands is another composite pluton showing similar trends. 
to the stripping of regolith exposing a stepped weathering Here, the biotite-rich (15% modal biotite) Allanvale Grano- 
front, formed from the differential weathering of the bedrock. diorite has a basin-like topography adjoining the positive relief 

A prominent step on the western side of the summit of of the more felsic Sister Rocks Adamellite (10% modal biotite), 
Mount Bishop corresponds to a layer of 'enclave biotite which forms the Black Range. 
adamellite' (Wallis 198 1 ) intruded within the 'Promontorv 
leucogranite3'(~ig. 5). The'devel~~ment of the step is attribute2 
to the greater susceptibility of the 'enclave biotite adarnellite' 
to weathering compared with the leucogranite. The textural 
and structural characteristics of these two members are very 
similar, but they have significantly different biotite and 
plagioclase contents (Table 2; Wallis 1981). It appears that 
the greater abundance of labile minerals, such as biotite and 
plagioclase, in the 'enclave biotite adamellite' has reduced its 
resistance to weathering relative to the surrounding leu- 
cogranite. Thin section, X-ray diffraction, and scanning electron 
microscope studies of the progression of weathering in these 
two rock units support this (Hill 1992). Plagioclase and biotite 
were seen to be the first minerals to weather, and rocks having 
a greater abundance of these can therefore be expected to be 
more prone to alteration. 

Other lithological controls may also account for the steps. 
Well-defined steps occur on the slopes of Mount Ramsay and 
Mount Latrobe, in the central highlands of Wilsons Promontory. 
These correspond to the location of fine-grained felsic layers 
(e.g. the 'felsic porphyritic microgranite' and other micro- 
granites) within coarse-grained granites (Fig. 6). Similar 
mineralogical differences to those at Mount Bishop may 
account for a greater resistance of the finer, felsic granites to 
weathering, as they contain less biotite and plagioclase. 
However, there is also a significant difference in texture. Thin 
sections show an abundance of micro-cracks in the large 
quartz, orthoclase, and plagioclase crystals in the coarse-grained 
granites. The cracks increase the surface area and permeability 
of the larger crystals, increasing the rock's susceptibility to 
weathering. Thus, both mineralogy and the micro-fracturing 
may have combined to influence the differential weathering 
observed here. 

The density of major fractures may also relate to the 
formation of topographic steps. Areas with lower fracture 
densities will be less susceptible to weathering than zones of 
high fracture density, and therefore will be topographically 
more prominent (Linton 1955; Ollier 1984). Such is the case 
along the western slopes of Mount Oberon, where a series 
of small domes separated by zones of higher fracture density 
give a stepped appearance (Fig. 7). 

Differential weathering of the granitic rocks of the Wilsons 
Promontory Batholith has had a major influence on the 
landscape features. The internal geometry of the batholith has 
provided situations where a highly dissected mountain slope 
exposes several layers of the sheet-like intrusive units. 
Differential weathering, due mostly to mineralogical variations, 
has meant that more-resistant units project from the slope as 
prominent steps. 

In the Mount Buller area (Fig. l), steps similar to those 
described at Wilsons Promontory, correspond to the contacts 
of granite types. This pluton is also a composite body of 
intrusive members with major variation in the amount of 
modal biotite (McGann 1989). 

The Cobaw pluton (Fig. 1) has a central core of granodiorite 
surrounded by a ring of more felsic granite (Stewart 1966). 
The landscape expression of the central granodiorite is 
low-lying and subdued, surrounded by a ring of hills composed 
of granite and the hornfels aureole. Ollier (1965) considered 
the deeper weathering of the granodiorite to be due to its 
closer jointing and finer texture, but, on the basis of the 
present study, mineralogical differences between the intrusions 
may also be a major factor-the granodiorite has a greater 

Figure 5. A photograph of the contact between the 'Promontory 
leucogranite'(upper left) and the 'enclave biotite adamellite'(lower 
right), corresponding to the topographic step on the western side 
of Mt Bishop summit, Wilsons Promontory. 

Table 2: Modal analyses of samples of 'enclave biotite 
adamellite' and 'Promontory leucogranite', corresponding to 
the topographic step near the summit of Mt Bishop, Wilsons 
Promontory (from Hill 1992). 

Mineral 'enclave biotite Leucogranire 
adamellire' 

K-feldspar 
Quartz 

Plagioclase 

Biotite 
Garnet 

Cordierite 

N S 
Mt Ramsay (685rn) 

500 m 

RAMSAY 
FAULT 

+ + + + 
+ t + +  + + + 

Adamellite 
16/J54/16 

Figure 6. Topographic steps on the southern ridge of Mt Ramsay 
(after Wallis 1988). 
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difficult to confine to a particular age. Some of these 
'surface-like' features may represent pluton roofs or exhumed 
weathering fronts, rather than planation surfaces in the true 
sense. Many have been prominent landscape features for a 
long time, and further work is needed for an understanding 
of their development, which is critical for an overall under- 
standing of landscape evolution in these areas. 

Conclusion 
Composition and texture are important factors in the relation- 
ship between weathering and landscape evolution in granitic 

1 6 1 ~ ~ 1 1 7  areas. Fresh granitic rocks are largely impermeable to water, 
Figure 7. A diagrammatic representation of the topographic steps except along joints and micro-cracks. The early alteration of 
on the western ridge of Mt Oberon, Wilsons Promontory, showing plagioclase results in increased through-flow of weathering 
the influence of fracture pattern. solutions and a decrease in bulk density. The weathering of 

biotite comes next. Major volume changes occur during 
alteration of biotite to hydro-biotite, vermiculite, and rnixed- 

Discussion layer clays. Disruption associated with this alteration effectively 
increases the permeability and porosity of the weathered 

Implications for geological exploration and sampling granite and, therefore, further increases the access and 

The relationships between mineralogical and textural features through-flOw weathering This phase 
of the granitic parent rock and the landscape may help to dteration appears be a influence On the 
identify variations obscured by deep weathering, F~~ example, breakdown of the rock, SO that the greater the biotite content, 

low topographic expression of parts of a pluton may indicate the rapid the weathering. 

zones with a relatively high biotite content; conversely, areas Fractures are for weathering suscep- 
by positive relief may be underlain by granites tibility. The exploitation of major fractures by water results 

a low biotite content, ~h~ influence of fracturing, which in the preferential weathering of adjacent areas. Similarly, 
I 
Fay  have a similar effect on differential weathering, should microfractures greatly increase the surface area of 

,also be considered. minerals, but also provide greater access to water. The extensive 
mere are implications here for the representative sampling development of micro-fractures in some coarse-grained granites 

of a particular pluton. The basis of many petrological studies account for their apparent greater susceptibility to 
of is a limited sample population (often only one weathering than adjacent finer grained rocks. Where micro- 

sample) used to represent an entire pluton. Accessibility of fractures are prevalent, finer grained lithol0gies may be 
suitable rocks often determines that samples are taken only more weathered, their higher surface areas. 
from the most prominent outcrops, nis runs the Differential weathering of granitic rocks in Victoria affects 
risk of samples being biased more resistant lithologies, landscape and regolith characteristics, resulting in features 

especially those that are more felsic and more massive. such as stepped topography and plutons of positive and 
negative topographic relief. An understanding of these phe- 

Implications for landscape evolution studies nomena has implications for geological sampling and mapping, 

Many of the differential weathering features described above and interpretations of landscape evolution. Further work on 

could possibly be confused with unrelated landscape features this subject, expanding upon many of the ideas of this 

of similar appearance. The flat summits and benches of the reconnaissance study, will assist this understanding. 
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Soil genesis in a longitudinal dune-swale landscape, New South Wales, 
Australia 
R.S.B. Greene1 & W.D. Nettleton2 

Dune soils in a longitudinal dune-swale landscape in the Kulwin 
Dunefield, east of the Darling River, in New South Wales, are 
classified as Xeric Haplargids in fine-loamy, siliceous, thermic families 
(siliceous sands Uc 1.23). They are paralleled in swales by fine, 
mixed thermic Xeric Haplargids (solonised brown soils Uc 1.12. The 
very fine sands are mostly quartz. Weatherable minerals make up 
<I0 gkg .  Clays have cation-exchange capacities at pH 7.0 of about 
50-60 cmol (+)/kg and clay mica in amounts of about 150 gkg.  
Textural differences in the two soils are in large part explained by 
differences in their aeolian parent materials. The dune sands are 
probably locally derived, whilst the fine material making up the 
swales is pama, of both local and regional origin. The winnowing 
action of eastwardmoving, converging helicoidal winds produces 
sandy dunes, while the pama is moved on. At the same time, the 
wind brings in more fines (in suspension) and coarse particles (by 
saltation), depositing them in both the dunes and swales. Some of 
the coarser dune material may have been eroded by runoff and 
deposited in the swales. 

The dune-swale landscape is believed to have been formed at 
about 16-20 ka. The profile characteristics indicate that .a common 
palaeosol exists below depths of about 195-200 cm in the dune 
profile and 40 cm in the swale profile. A calcic horizon with up to 
23 per cent carbonate has formed in the swale soil below a depth 
of 40 cm. In the dune, the ground soil has only traces of carbonate, 
but the upper part of the palaeosol apparently has been enriched with 
carbonate from the dune. Silt and fine sand size clay bodies (pama) 
occur in the Btl horizon of the swale soil and throughout the Bt 
horizons of the dune ground soil. In the Btl horizon of the swale soil, 
insepic-skelsepic fabric occurs. Illuviation argillans occur in voids 
and channels in the swale soil argillic horizon and on sands. In both 
the swale and the dune ground soils, illuviation argillans also bridge 
between sand grains. Pedogenic leaching of carbonate, pedoplasmation, 
and clay translocation thus have taken place in the soils during and 
since deposition of the parna. Because of the parna and salt additions 
(such as CaCO3), the soils have adequate physical and chemical 
properties to be productive in the climate in which they occur. 

Introduction 
Dunefield systems of east-west oriented longitudinal dunes 
separated by narrow swales, small drainage sinks and terminal 
drainage lines are common features of the semi-arid woodlands 
of eastern Australia (Walker 1991). The major land use in 
this region is extensive grazing by domestic (mainly sheep), 
native (kangaroos) and feral (goats) herbivores. However, 
overgrazing can lead to severe degradation-loss of perennial 
grasses, shrub encroachment and soil erosion. Shrub encroach- 
ment on the lighter 'soft red earth' soils is particularly severe 
and a range of strategies (including fire, chemicals, mechanical 
means, and goats) to control shrubs has been attempted with 
varying success. 

In an earlier study, Greene et al. (1992) investigated the 
effects of two different grazing regimes on the surface soil 
properties of a dunefield system at Lynwood, west of Cobar, 
NSW (Fig. 1). The land system had been heavily invaded by 
woody weeds, and goats were tned as a way of controlling 
these. High intensity grazing for 10 months by feral goats 
was compared with low intensity long-term grazing by sheep. 
The former rapidly converted the soil surface from being well 
structured and highly permeable to being highly crusted and 
impermeable,which also caused considerable runoff. 

In another study, also in a dunefield system at Tiltagoona, 
near Lynwood, Grice & Barchia (1995) compared the impact 
of grazing by different combinations of herbivores on the 
population of a range of indigenous grass species. In areas 
of uncontrolled grazing, there was a severe impact on several 
of the perennial grasses, compared with areas that had been 
enclosed. Besides loss of grasses, the grazed areas underwent 
marked changes in the condition of their surface soils (Dr A. 
Grice, personal communication). If we are to properly under- 
stand the impact of grazing and other forms of management 
on these soils, then it is essential to have knowledge of the 
nature and properties of the materials constituting the dunes 

I CSIRO Division of Wildlife and Ecology, P.O. Box 84, Lyneham, 
A.C.T. 2602. (Current address: Department of Geography, School 
of Resource and Environmental Management, Australian National 
University, Canberra, ACT, 0200.) 

CSIRO Division of Soils, GPO Box 639, Canberra, ACT 2601. 
(Current address: USDA Soil Conservation Service, National Soil 
Survey Laboratory, NSSC, Lincoln, Nebraska.) 

xperimental sites > ' I 
Lynwood I 
Tiltagoona 

Figure 1. Location map for Tiltagoona and Lynwood experimental 
sites. 

and swales, as well as their origin and genesis. 
The aims of the work described in this paper were therefore 

to: 
(i) describe the geomorphological, pedological and rnicromor- 

phological properties of typical dune and adjoining swale 
soil profiles, and 

($thus, identify parent materials and explain the genesis of 
the soils. 

Materials and methods 

Experimental site 
The experimental site is situated on 'Tiltagoona' station, about 
100 km west of Cobar, NSW, and about 30 km east of the 
Darling River (Fig. 1). Longitudinal dunes and swales dominate 
the landscape and severe land degradation is common. The 
climate is semi-arid with hot summers and mild winters, 
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though frosts do occur. Rainfall is highly unpredictable and 
aseasonal-long-term average is 350 mm. Field work for the 
project was canied out between September 1991 and November 
1992. 

Land system and vegetation 
The experimental site is in the Tiltagoona land system (Walker 
1991) and is part of the Kulwin Dunefield described by 
Wasson (1983a). This dunefield is on the Ivanhoe Plains in 
the Murray Lowlands Province, a subdivision of the Interior 
Lowlands Division of Australia (Jennings & Mabbutt 1977). 
The system comprises a dunefield with large east-west oriented 
dunes. narrow swales, small drainage sinks, and terminal 
drainage lines from adjacent ranges. Relief is up to 10 m. 

Vegetation on the dunes comprises scattered to moderate 
mulga (Acacia arteura), white cypress pine (Callitris columel- 
laris), red box (Eucalyptus iiztertexta) and rosewood (Het- 
erodendrurn oleifolium) and, locally, dense stands of 
narrow-leaved hopbush (Dodenea attenuara) and pituri 
(Duboisia hopwoodii). The grasses are woollybutt (Eragrostis 
eriopoda) and wire grass (Aristida jerichoensis); forbs are 
also present. 

The swales have moderate amounts of white cypress pine, 
mulga and ironwood (Acacia excelsia), and, locally, dense 
stands of narrow-leaved hopbush and turpentine (Erernophila 
sturtii). The grasses are mainly wire grass; forbs are also 
present. The drainage sinks and creeks have dense stands of 
bimble box (Eucalyptus populnea), with turpentine, perennial 
short grasses and forbs. 

Geomorphological and micromorphological studies 
For the geomorphological, pedological and micromorphologi- 
cal studies, two soil pits, adjacent to each other, were excavated 
on: 

the lower part of a dune-swale interface, and 
near the crest of a 2 m h ~ g h  northeast-southwest trending 
dune and adjacent to the Tiltagoona site used by Grice & 
Barchia (1995). 
The pits in the dune and swale were initially dug to depths 

of 175 and 140 cm, respectively. The profiles were sampled 
and examined on the basis of diagnostic horizons. A hand 
auger was then used to obtain samples from 250 cm in the 
dune and 275 cm in the swale. Samples for micromorphological 
examination were taken by slowly pushing tins 160 x 90 x 
50 mm deep, into wet soil and excavating soil from around 
the sides of the tin as it was pushed in. The soil was wetted 
by cutting a terrace into the side of the pit at the required 
depth and ponding water in a 20 cm diameter infiltrometer 
ring. Using this technique, soil was sampled at: 0-15, 35-40, 
and 50-60 cm in the dune and 0-15, 20-30, and 40-50 cm 
in the swale. 

After drying at 40°C, the samples were impregnated with 
polyester resin containing a fluorescent dye (UVITEX OB; 
Ciba-Geigyl). Duplicate, vertically oriented thin sectlons (75 
x 50 mm) were then produced from the impregnated soil 
samples, with the longer dimension parallel to the surface. 
The thin sections were described according to the terminology 
of Brewer & Sleeman (1988). 

Laboratory measurements 
The particle size separation of the soils into clay (<2 pm), 
silt (2-20 pm), fine sand (20200 m), and coarse sand (2002000 
m) fractions was carried out with a plummet balance, according 
to the method of Loveday (1974). The samples were also 
separated into the USDA particle size fractions (USDA Soil 
Conservation Service 1992). The carbonate content of the soil 
was determined by measuring the volume of COZ evolved 
during treatment with HCI. Cation-exchange capacities of the 

I Trade names are given for the convenience of the reader and do 
not indicate endorsement by either CSlRO or USDA. 

<2 rnrn soils were determined using IM NH40Ac, pH 7.0 
(USDA Soil Conservation Service 1992). Organic carbon 
determinations were carried out on <2 mm fractions by the 
Walkley and Black dichromate oxidation method (Rayment 
& Higginson 1992). Volumetric moisture contents were 
determined at 10 kPa and 1500 kPa on undisturbed soil cores 
and <2 mm soil, respectively, according to the method of 
Loveday (1974). The available water-holding capacity was 
calculated as the difference between water content at 10 kPa 
and 1500 kPa. 

The <2 pm clay fractions from selected horizons of both 
profiles were analysed by X-ray diffraction on glass slides, 
following a resin pre-treatment to saturate the clays with either 
K+ or Mg++. The K+ saturated clays were analysed by X-ray 
diffraction at room temperature and after heat treatment at 
300 and 500°C. The Mg++ saturated clays were analysed by 
X-ray diffraction at room temperature and after treatment with 
glycerol solvation (USDA Soil Conservation Service 1992). 
The following horizons were analysed: 

Dune: A (0-10 cm), Bt2 (35-60 cm), Bt4 (90-125 cm), 
Btk (150-175 cm), and 2Btkb2 (210-250 cm) and 
Swale: A (0-7 cm), Bt2 (15-40 cm), Btk2 (55-80 cm), 
Btk4 (115-140 cm), BCk2 (175-200 cm) and C2 (225- 
270 cm). 
Surface areas were measured by ethylene glycol monoethyl 

ether (EGME) retention. The very fine sands were identified 
under a petrographic microscope (USDA Soil Conservation 
Service 1992). 

Results 
Profile descriptions 
Field descriptions of the dune and swale profiles are given 
in Tables la and lb. Figures 2a and 2b show the dune and 
swale profiles to a depth of about 75 cm. The photograph of 
the dune was taken 1-2 days after rainfall and shows that 
the profile had been wet to about 40 cm depth, indicating 
very efficient infiltration and redistribution. The photograph 
of the swale profile also clearly shows the calcic horizon 
below about 40 cm. 

Comparison of CaC03 content and the particle size distri- 
bution for the dune and swale profiles are given in Figures 3a 
and 3b. Table 2 gives the values for exchangeable Mg and 
K, the cation-exchangeable capacity, organic carbon and the 
moisture characteristics for the two profiles. The profile 
characteristics indicate that below about 195-200 cm in the 
dune profile and about 40 cm in the swale profile, the properties 
of the soil profiles are very similar. For example at these 
corresponding depths both have very high CaC03 content 
(>20%), in the form of calcite nodules. However, carbonate 
appears at a shallower depth in the dune than in the swale. 
The fine sand, coarse sand, and clay contents are also similar 
at these depths. The only exception to this generalisation are 
the organic carbon concentrations, which are higher in the . 
swale. The available water-holding capacities in the upper 
40 cm of both the dune and swale profiles are also similar 
at 39 and 46 mm respectively. 

The dune and swale soils are classified in the Soil Taxonomy 
(Soil Survey Staff 1994) as Xeric Haplargid, fine-loamy, 
siliceous, thermic, and as Xeric Haplargid, fine, mixed thermic, 
respectively. In the Great Soil Group classification (Stace et 
al. -1968), -the dune and swale profiles are, respectively, a 
siliceous sand and a solonised brown soil; their Principal 
Profile Forms (Northcote 1979) are Uc 1.23 and Uc 1.12, 
respectively. 

Micromorphological descriptions 
Photomicrographs of different horizons from the two profiles 
are shown in Figure 4. 

Figure 4a depicts the upper Btl horizon of the dune soil. 
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Table l a .  Field descript ion of t h e  d u n e  profile a t  Tiltagoona. 

Horizori Deptlt (em) Morphology 

Red (2.5 YR 416) sandy loam; weak, thick-platy structure; slightly hard; medium acid (pH: 6.0), 
noncalcareous: common very fine, fine, and coarse roots; common very fine, fine, and medium 
interstitial and tubular pores; Inany thin clay skins on and bridging between sands; clear smooth 
boundary. 

Btl 10-35 Red ( I 0  R 418) sandy loam; weak medium subangular blocky structure; slightly hard; medium 
acid (pH: 6.0); noncalcareous; few very fine, fine, and coarse roots: few very fine. fine,.and 
medium interstitial and tubular pores; continuous thin clay skins on and bridging between sands; 
gradual smooth boundary. 

Bt2 35-60 Red ( I 0  R 418) sandy loam; weak medium subangular blocky structure; hard; slightly acid (pH: 
6.5): noncalcareous: few very fine and fine roots; few coarse and very coarse tubular pores; 
continuous, thin clay skins on and bridging between sands: gradual smooth boundary. 

Red (10 R 418) clay loam; moderate medium subangular structure; very hard; mildly alkaline (pH: 
7.5); noncalcareous; weak very fine and fine roots; few coarse tubular pores; continuous, thin 
clay skins on and bridging between sands and common, thin clay skins on ped faces: clear smooth 
boundary. 

Red (10 R 418) clay loam; moderate coarse subangular blocky structure; hard; moderately 
alkaline (pH: 8.0); noncalcareous; few very fine and fine roots; few coarse tubular pores; ' 

continuous, thin clay skins on and bridging between sands and common, thin clay skins on ped 
faces; clear smooth boundary. 

Red (10 R 418) sandy clay loam; moderate coarse subangular blocky structure; slightly hard; 
strongly alkaline (pH: 8.5); slightly effervescent; few very fine and fine roots; few medium 
interstitial and tubular pores; continuous, thin clay skins on and bridging between sands and few, 
thin clay skins on ped faces; clear stnooth boundary. 

Btk 150-1 75 Red ( I 0  R 418) sandy clay loam: massive; slightly hard; strongly alkaline (pH: 8.5): slightly 
effervescent; few very fine and fine interstitial and tubular pores; continuous, thin clay skins on 
and bridging between sands and few, thin clay skins on ped faces; gradual stnooth boundary. 

2Btkb l 175-210 Red (10 R 418) clay loam; strongly alkaline (pH: 9.0): violently effervescent; clear boundary. 

2Btkb2 2 10-250 Red (2.5 YR 418) and pink (7.5 YR 813 gravely clay loam; strongly alkaline (pH: 9.0); violently 
effervescent; could not auger through the underlying material. Underlying material is either a 
large fragment of a petrocalcic horizon or limestone, or is such a horizon or  limestone bedrock. 

Table lb .  Field descriot ion of the  swale orofile a t  T i l t a ~ o o n a .  

Horizort Deptlt (CIII) Morl)hology 

Bt2 1 5-40 

Btkl 40-55 

BCk l 140-175 

BCk2 175-200 

C 1 200-225 

C2 225-270 

Red (2.5 YR 416) clay; weak, thick platy structure; slightly hard; moderately alkaline (pH: 8.2); 
noncalcareous; many fine and very fine roots; colnmon fine and very fine interstitial and tubular 
pores; clear, smooth boundary. 

Dark red (2.5 YR 316 clay; moderate medium subangular blocky structure; slightly hard; 
moderately alkaline (pH: 8.2); noncalcareous; many fine and medium roots; many fine and 
tnedium and few course tubular pores: nearly continuous, thin clay skins on ped faces: clear 
s~nooth  boundary. 

Red ( I 0  R 416) clay: tnoderate tnedium prismatic structure; very hard; moderately alkaline (pH: 
8.2); noncalcareous; common fine and very fine roots: common fine and very fine tubular pores; 
many thin clay skins on ped faces; clear smooth boundary. 

Red (2.5 YR 518) clay with many medium prominent pinkish white (7.5 YR 812) soft carbonate 
tongues; moderate medium prismatic breaking to moderate medium subangular blocky structure; 
hard; very strongly alkaline (pH: 9.2); violently effervescent; common fine and very fine roots; 
common fine and very fine tubular pores; common thin clay skins on ped faces; gradual smooth 
boundary. 

Red (10 R 518) clay with many medium prominent pink~sh white (7.5 YR 812) soft carbonate 
tongues; moderate medium prismatic breaking to moderate medium subangular blocky structure; 
slightly hard: very strongly a lka l~ne  (pH: 9.2); violently effervescent; common very fine roots; 
common fine tubular pores; common thin clay skins on ped faces: gradual smooth boundary. 

Red (2.5 YR 518) clay with common medium prominent pinkish red (7.5 YR 812) soft carbonate 
tongues; moderate medium prismatic breaking to moderate medium subangular blocky structure; 
slightly hard: very strongly alkaline (pH: 9.2); violently effervescent: few very ftne roots; few 
very fine tubular pores: stress cutans on ped faces; gradual wavy boundary. 

Red (2.5 YR 518) clay; moderate medium angular blocky structure; slightly hard: strongly 
alkaline (pH: 8.7); violently effervescent: few very fine roots: few very fine tubular pores; 
gradual boundary. 

Red (2.5 YR 418) clay: strongly alkaline (pH: 8.5); violently effervescent: gradual boundary. 

Red (2.5 YR 418) clay: strongly alkaline (pH: 8.5); slightly effervescent; gradual boundary 

Red (2.5 YR 418) clay; moderately alkaline (pH: 8.0): noncalcareous; gradual boundary. 

Red (2.5 YR 418) clay: medium acid (pH: 6.0): noncalcareous. 
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Table 2. Various chemical and physical properties of the dune and swale profiles at Tiltagoona. 

Depth Exchangeable cations Organiccarbon Field Capacity Wilting Point A WHC a 
(cm)  (cmol (+) kg-I) (%) (ctnjcm-3) (cm3cm-3) (cm3cns-3) 

M g + +  K+ CEC 

Dune profile 
0-10 

10-35 

35-60 

60-90 

90-125 

125-150 

150-175 

175-210 

210-250 

Swale profile 
0-7 

7-1 5 

15-40 

40-55 

55-80 

80-1 15 

115-140 

140-175 

175-200 

200-225 

225-270 

a: Available water-holding capacity (AWHC) = Field Capacity-Wilting Point 
* not determined. 

The fabric is highly vughy except for the clay bands, which 
are relatively dense and have only a few metavughs. 

Figure 4b depicts the upper Bt2 horizon of the dune soil. 
The clf distribution is plectic and the plasmic fabric is skelsepic. 
There are very few aporic areas. These have insepic plasmic 
fabric. Sands are mostly quartz. Very few are plagioclase and 
hornblende grains. Sands have well onented, laminated 
yellowish-red illuviation argillans simllar to the Btl layer. 
They are also bridged by these clays. The fabric is highly 
vughy and there are some aggregates of clay in the silt to 
fine sand size range. These clay aggregates are known as 
parna (p) and are described in more detail in the discussion. 

Figure 4c shows the Bt3 horizon of the dune soil. The clf 
distribution is plectic and the plasmic fabric is skelsepic. 
There are very few areas with aporic clf distribution patterns. 
These have insepic plasmic fabric. Sands are mostly quartz. 
There are very few plagioclase and hornblende grains. All 
sands have well-oriented, yellowish-red illuviation fem-argil- 
lans on their surfaces and bridging between them. There are 
also some quartz grains with inner (subcutanic) coatings of 
darker red translucent material (black in the photograph), 
which are considered to be wiistenquarz (Radczewski 1939). 

Figure 4d is of the upper Btl horizon of the swale soil, 
showing an illuviation ferri-argillan (a). The clf distribution 
is aporic and the plasmic fabric is insepic-skelsepic. 

Figure 4e shows the lower Btl horizon of the swale soil. 
There is parna present (p) and there are orthovoids (v). 

Figure 4f is the upper Btkl horizon of the swale soil. The 
clf distribution is aporic and the plasmic fabric is insepic- 
skelsepic-calciasepic. Sand grains have illuviation argillans. 
Silt and clay-size carbonates and clays (p) are a major part 
of the plasma between the sand grains. These clay aggregates 

have a flecked extinction pattern. In addition there are well 
oriented sand-size papules. Some calcite grains occur as 
nodules, but the individual calcite crystals have no preferred 
orientation pattern. Calcite grains within the matrix also are 
discrete. Sands include quartz and hornblende and there are 
orthovoids (v). 

X-ray diffraction analyses 
Figures 5a and 5b illustrate the X-ray diffraction patterns of 
the clay fractions for a subset of the horizons analysed from 
the dune and swale profiles respectively. The following depths 
are depicted: dune-0-10 cm (A), 90-125 cm (Bt4), and 
210-250 cm (2Btkb2); and swale--0-7 cm (A), 55-80 cm 
(Btk2), and 225-270 cm (C2). Table 3 gives the types and 
abundance of minerals and clays present in the complete set 
of horizons analysed. 

The traces in Figure 5 and Table 3 show that the same 
kinds of clays-smectite, clay mica, and kaolinite--occur in 
the clay fraction of both soils; quartz is also present, and 
kaolinite is highly crystalline. Clay micas tend to dominate 
the low-angle (<loo 20) peaks of surface horizons. Interstrati- 
fied smectite and mica dominate the-low angle peaks of the 
B horizons of the two soils. Smectite tends to dominate over 
mica in the deeper horizons. Hematite was also detected by 
X-ray diffraction. Traces of quartz occur in most of the 
horizons and calcite in the Btk horizons. 

Resistant minerals make up all but traces of the very fine 
sands of the C2 horizon of the swale soil (Table 3). Thin 
section observations of both the swale and the dune soils 
show that weatherable minerals make up only trace amounts 
in all horizons. Both parna and wiistenquarz occur in most 
horizons. 
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Figure 4. Photomicrographs of selected depths from dune and swale. A, upper Btl horizon of the dune soil, showing illuviation 
ferri-argillans (a) over an organic crust (c); plane polarised light. B, Bt2 horizon of the dune soil, showing the yellowish red illuviation 
ferri-argillans on skeleton grains. The grains with cleavage traces are hornhlende. There are a few parna grains (p). Plane polarised 
light. C, BO horizon of the dune soil, showing yellowish red illuviation ferri-argillans on surfaces of skeleton grains. There are also 
some inner (suhcutanic) coatings of darker red translucent material (black in the photo) (wiistenquarz). Crossed polarizers. D. Upper 
Btl horizon of the swale soil in plane light showing an illuviation ferri-argillan (a). E, Lower Btl horizon of the swale soil, showing 
parna (p) and orthovoids (v); plane polarised light. F, Upper Btkl horizon, showing parna (p), light brown hornhlende and orthovoids 
(v); plane polarised light. 
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Figure 5. X-ray diffraction patterns from the <2 pm fraction from various horizons at Tiltagoona. A, dune profile; B, swale profile. 
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Table 3. Clay mineralogy of some horizons of the dune and swale soils from Tiltagoona and optical mineralogy of the VFS 
of the C2 horizon of the swale soil. 

Hortzon Clay EGME Surface Clay Mtneralogy <2 pm 
depth actrvrtya rerarned areab total 
(cm)  crnol ( N H 4 + )  bv <2 mm sol1 of <2 mrn clay K20 X-ray d$fractlon peakyc 

kg-' (lng g-') (m2 g-') (g  kg-') 

Dune soil 
A 
(0- 10) 5 3  9 16 486 5 12 KK(3),M1(2),QZ(1) 
B 12 
(35-60) 47  2 19 531 5 11 KK(3),M1(2),MT(2),HE(I ) 
B t4 
(90-1 25) 51 7 40 682 2 12 KK(3),MT(2),M1(2),CL(I 1, HE(I) 
Btk 
(150-175) 5 2  2 32 621 6 13 KK(4),MT(2),M1(2),HE(I 
2Btkb2 
(2 10-250) 107 6 5 5 663 1 16 KK(3),MT(3),MI(3),cA(l),  QZ( 1) 

Swale soil 
A 
(0-7) 61 2 3 6  484 1 14 KK(3),MI(2),QZ(I) 
Bt2 
(1 5-40) 61 1 7 1 674 6 15 KK(4),MI(2),QZ( 1) 
Btk2 
(55-80) 5 4  8 6 4  721 9 14 KK(3),MT(z),CA(2).MI(2), Q Z ( 0  
Btk4 
(1 15-140) 5 4  5 68  605 0 17 KK(3),MT(2),M1(2),CA(1), QZ(1) 
Bck2 
( 175-200) 5 4  8 7 8 673 4 15 KK(3I9MT(2),MI(2),CA( 1 ), QZ(I)  

C 2  
(225-270) 53  1 75 672 4 15 KK(4),MT(3),MI(2) 

a: Clay activity is the cation-exchange capacity (NH,OAc method) + c 2  pm clay content 

b: Surface area of <2 pm clay = mg of ECME retained per g <2 mm soil i 0.286 to correct to m2 of surface g-' of soil 
and then.recalculating to give m2 g-' of clay. 

c: Relative peak size: (4). large; (3). medium: (2). small: (I). very small. 
minerals: KK, kaolinite; MI, clay mica; MT. smectite: QZ, quanz: CL, chlorite: HE, hematite: CA, calcite. 

d: Grain count of the VFS (0.05-0.10 mm) fraction: quartz, 88%: Fe-coated quani! 
(wiistenquartz). 8%; chalcedony, 3%: Fe oxide aggregates (parna), I%: opaque minerals, trace; 
K-  feldspar, trace; plagioclase feldspar, trace: pyroxene, trace; tourmaline, trace. 

Discussion 
Geomorphology and soils 
The following is an interpretation of published geomorphologi- 
cal studies and our field profile descriptions, micromorphologi- 
cal and analytical data to explain the current stage of 
development of the east-west tending longitud~nal dune-swale 
system at Tiltagoona and Lynwood. 

From the descriptions of the current profiles at Tiltagoona, 
a palaeosol can be found at a depth of about 195 cm and 
40 cm in both the dune and swale profiles, respectively 
(Fig. 6a). From the carbonate profiles (Fig. 3a) this paleosol 
had some relief, being slightly elevated to a height of about 
0.5 m under the current dunes compared with the swales. The 
carbonates have probably been leached from the upper parts 
of the dunes into the palaeosol, resulting in the present relief. 

Based on the work of Bowler et al. (1978) the geomorph~c 
age of the landscape in the general area of the experimental 
site is estimated to be 16-20 ka. The current dunes-wale 
system was probably formed during the late Holocene, as 
similar sand accumulations have been identified at Belarabon, 
about 80 km south of the experimental site (Wasson 1976). 

It is proposed that at about 16-20 ka the landscape consisted 
of an old deposit with an A horizon containing some coarse 
sand (>200 pm) overlying a calcareous B horizon (Fig. 6b). 
It is further proposed that this B horizon is the same palaeosol 
horizon that currently underlies the dune at about 195-200 cm 

and the swale at about 40 cm. This suggestion is supported 
by the clay mineralogy, particle size, elevation, and carbonate 
content data of the Btk2 and the 2Btkb2 horizons of the swale 
and dune soils respectively. Kaolinite is the dominant X-ray 
diffraction peak in both horizons, smectite and mica have 
small to medium peaks, and both horizons contain carbonate 
(Fig. 5 and Table 3). The surface areas calculated for the 
clays of the two horizons are about 720 and 660 m2/g for 
the swale and dune soils respectively and the K 2 0  contents 
of the clays are nearly the same (Table 3). Clay content in 
the swale Btk2 horizon is greater than in the 2Btkb2 horizon 
of the dune soil (41 vs 29%), silt content (2-50 pm) is about 
the same (27 vs 23%) and the sand content (50-200 km) is 
less (32 vs 48%) (unpublished data, National Soil Survey 
Laboratory, NSSC, Lincoln, NE). 

The palaeosol under the dune is about 0.5 m above the 
surface of the swale, showing that the palaeolandscape had 
a low relief and probably an east-west drainage pattern. The 
carbonate contents of the Btk2 and the 2Btkb2 horizons of 
the swale and dune soils respectively are nearly the same (22 
and 21% respectively, Table 3). As both these horizons also 
contain pama, their origin is probably mainly aeolian. Pama 
material, comprising silt and fine sand size aggregates of clay, 
is the likely source of the clays in the argillic horizons of 
the Tiltagoona dune and swale soils, and may also account 
for the subplastic (Butler 1955) behaviour of their lower 
horizons. However, the probable source of the coarse sand 



SOIL GENESIS IN DUNE-SWALE LANDSCAPE 285 

would be local, as it is difficult for wind to move particles 
of that size, except by saltation. 

The source of the fines and coarse materials that constitute 
the current dune-swale landscape can be further seen by 
reference to Figure 7, which is a simplified map of the Barnato 
1:250 000 geology sheet. The map indicates the westward 

DUNE PIT 
. . 

SWALE PIT 

B Old land surface 16 000 - 20 000 B.P. ______ - - - - - - -  ---- ---- 
A horizon - coarse 

1. Winnowing 

2. Transport of flnes 
(In suspension) 

w~nd and sand (by saltation) 

28/H55/4 

Figure 6. Schematic diagram of dune formation at Tiltagoona. 

Figure 7. Simplified map of the Barnato 1:250 000 geological sheet. 
Q1, Quaternary floodplains and playas containing clays, silts and 
sand. Q2, Quaternary plains of clayey sands, loams and lateritic 
soils. Q3, Quaternary dune deposits of clayey sand, loam and 
lateritic soils, irregular deposits of aeolian sand. D, Devonian de- 
posits of sandstones, quartzites etc. 

aeolian source of fines from the Darling River floodplain and 
the eastward source of fluviate coarse material from the 
Devonian landscape into which the Cainozoic River trench 
is set (Dr M. Melville, pers. comrn.). 

The predominantly westerly winds, the east to west 
drainages, and the temperature differential between the more 
moist drainage ways and the drier drainage divides assist in 
the build up of the current dune-swale system by a combination 
of two processes: 

the wind establishes a helicoidal winnowing action that 
sorts the materials in the old A horizon, whereby the 
coarser materials are blown up onto the warmer dunes, 
and the finer materials, such as parna, are camed away 
from the site in suspension and deposited further downwind 
as the wind ceases or moderates. 
at the same time, the wind also brings in more fines (in 
suspension) and coarse particles (by saltation) and deposits 
them in both the dunes and swales. 
The net result is the formation of dunes containing more 

coarse materials than the swales. The above mechanism is 
similar to that proposed by Bagnold (1953) and supported by 
Mabbutt (1977), Folk (1971) and Wasson (1976) for the 
genesis of longitudinal dunes. However, concurrently with the 
buildup of the dunes by winnowing, some movement of dune 
material back to the swale is also probably occurring, owing 
to the runoff of water (Fig. 6c). This observation is in line 
with wind-rift hypotheses (Breed & Breed 1979), in which 
longitudinal dunes are considered wind-eroded remnants of 
alluvium rather than wholly aeolian constructional surfaces. 

Sand for the longitudinal dunes is presumed to have been 
derived from the Darling River flood plain to the west and 
from ~ t s  tributaries. Wasson (1976), in an extensive study of 
the Belarabon area of the Cobar plain, attributed sand sources 
of similar dunes to local stream channels and floodplains. 

The micromorphological and profile characteristics of the 
two soils also indicate that carbonate leaching and clay 
translocation have been important processes in both soils. The 
photomicrographs also provide direct evidence that parna is 
a component of the soil. The above results on the dune-swale 
profiles at Tiltagoona are similar to those found at Lynwood. 
Strong evidence for parna was also found in photomicrographs 
of the Lynwood profiles (Greene, unpublished data). At this 
stage it is important to consider in more detail the origin of 
the materials in the swale and dune, especially the parna 
material. 

The nature and origin of parna 
Butler (1956) has described parna as an aeolian deposit that 
was strongly aggregated and calcareous in its original state. 
Parna particles range in size from silt to fine sand. It is widely 
distributed in southeastern Australia and can be associated 
with a subplastic state (McIntyre 1976). For example, Greene 
& Ringrose-Voase (1994) described parna-like materials in 
hard red soils about 100 krn to the north of the Tiltagoona 
experimental site. 

Some of the silt and fine sand size pellets of clay are 
believed to have been derived from mudflats and playas. 
Bowler (1973) described genesis of the pellets as follows: 
seasonally high water tables charged with salts evaporate at 
the surface of clayey deposits. The salts mechanically pelletise 
the muds and wind transports the sand-size pellets to the 
adjacent dunes. This is known as 'lake parna'. The finer parna, 
consisting of silt and fine sand particles, goes further as dust. 
Work by Sibley et al. (1991) supports this, showing that 
micro-aggregates form in highly plastic clays only at moisture 
contents below the shrinkage limit. They estimated compressive 
stresses of 15.5 MPa at the shrinkage limit and also showed 
that aggregates formed under these conditions disperse poorly 
by the standard ASTM hydrometer method used for particle 
size distribution analysis (American Society for Testing 
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Materials 1959). The quasi-permanence of the clay aggregates 
was attributed to short-range electrostatic and van der Waal's 
forces, which resulted in strong interparticle bonds. 

Both the argillans on the sands and the silt and fine sand 
size clay aggregates in the dunes and swales resist dispersion 
somewhat by the common particle size methods. Butler (1 955) 
designated as subplastic soil, materials such as these that have 
a consistency suggesting less clay than they actually have. 
Walker & Hutka (1976) demonstrated that for these materials 
the clay size fraction of the soil increases progressively with 
the amount of physical work applied. Norrish & Tiller (1976) 
suggested that non-ionic bonds between the clay mineral 
particles are the cause of the poor dispersion. They also point 
out that, without chemical pre-treatment, clay yields of 
subplastic soils often reach the theoretical limits if they are 
sufficiently manipulated. 

Observations at Tiltagoona and nearby at Lynwood show 
that the aeolian mantle was deposited on an old landscape 
that included Haplargids and Petrocalcic Paleargids. Sleeman 
(1982) observed similar palaeosols below parna dunes in 
southern New South Wales, and Wasson (198313) described 
similar ones in the Strzelecki-Simpson dunefield northwest 
of Tiltagoona. The occurrence of the parna and wiistenquarz 
along with the hematite shows that the source of the aeolian 
sediments was an arid one (Bowler 1973; Radczewski 1939). 
The near absence of weatherable minerals in the silts and 
sands also shows that the source materials were exposed to 
weathering, presumably through one or more landscape 
development (k-) cycles (Butler 1982) under more humid 
climates than the present one. 

It is interesting to note that for the Bt2 horizon of the 
swale soil (containing 36.8% clay and 71 EGME gfkg), the 
surface area of the clay fraction is 675 m2/g (Table 3) This 
value is very similar to the theoretical value for a smectite 
of 760 m2/g. The K 2 0  content indicates that the clay mica 
accounts for only 15 per cent in this horizon. Furthermore, 
as kaolinite and quartz both have relatively small surface 
areas, the kaolinite and quartz present in the sample would 
contribute very little to the total surface area. Therefore, one 
would expect smectite to be the major clay mineral present. 
As X-ray diffraction did not detect any trace of smectite, it 
is probable that, in this sample, some interstratification of 
smectite and clay mica is occumng. Because the clay fraction 
has 15 per cent clay mica, the K sypply is not limiting and 
would be sufficient to keep the 14A clays mostly collapsed 
to l0A. However, smectite clay was readily detected in the 
lower parts of the B horizon and in the C horizon. 

Role of parna in soil physical and chemical properties 
The primary minerals in the dune-swale landscape include 
only trace amounts of weatherable minerals. However, the 
high surface areas and cation-exchange capacities of the clay 
fractions are responsible for imparting adequate physical and 
chemical properties to the soils in the dunes and swales and 
allowing them to be productive in the climate in which they 
occur. For example, the available water-holding capacities of 
the upper 40 cm of both profiles are very suitable for supporting 
vegetation. Also, the cation-exchange capacities of both profiles 
are sufficient to retain a reasonable level of nutrients. These 
properties are in a large part a dlrect result of the parna and 
salts (such as CaC03) that the soils received along with the 
inert sands. 

Short-term, high-intensity grazing has been shown to destroy 
these favourable soil physical properties and severely reduce 
the levels of organic matter in the soil surface (Greene et al. 
1992). The changes are largely due to the direct effects of 
grazing on the parna material. Such management practices 
are therefore detrimental to the long-term sustainable man- 
agement of this landscape. 

Conclusions 
The major source of coarser materials (for dunes) was 
local. 
Relocation of coarser materials to dunes was probably due 
to a helicoidal flow pattern of westerly winds. Coarser 
materials mixed with finer materials, such as parna and 
salts (e.g. CaC03), were blown in. 
Concurrent water erosion of materials was from dunes 
back to swales to form the present A horizon in swales. 
The finer material in the dune-swale system, consisting 
of parna and salts, gives the soil essential physical 

. (water-holding capacity) and chemical (cation-exchange 
capacity) properties for herbage production. 
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The BrunhesIMatuyama Polarity Transition (0.78 Ma) as a 
chronostratigraphic marker in Australian regolith studies 
Brad Pillansl & Robert Bourman2 

The Brunheshlatuyalna ( B h l )  polarity transition (0.78 Ma) marks . 
the end of the last major period of reversed polarity of the Earth's 
magnetic field. Weathered regolith materials with reversed polarity 
chemical remanent magnetisation (CRM) must, therefore, predate the 
BIM transition. Reversed polarity magnetisation can be preserved in 
a wide variety of regolith materials in eastern Australia, particularly 
in oxidising environments. At Sellicks Beach and Hallett Cove near 
Adelaide, the BIM transition is identified in a strongly mottled unit, 

the Ochre Cove Formation. In Canberra, strongly weathered fan 
gravels on the east side of Black Mountain have a mixture of reversed 
and normal polarities. indicating initial weathering and deposition 
before 0.78 Ma and continued weathering since then. In north 
Queensland. a soil formed on a 2.46 M a  basalt flow has reversed 
polarity in the lower B horizon, indicating that, over the last 0.78 Ma. 
pedogenesis has had little or no effect on the secondary iron minerals 
carrying the magnetic remanence in that part of the profile. 

Introduction 
The polarity of the Earth's magnetic field over the last 0.78 
million years has generally been the same as it is now (i.e. 
'normal polarity'), except for perhaps several brief intervals 
of less than a few thousand years (Jacobs 1984; Champion 
et al. 1988). Paleomagnetists refer to the last 0.78 million 
years as the Brunhes Normal Chron (Fig. 1). Before that, 
from 2.60 to 0.78 Ma, the Earth's magnetic field was of 
dominantly reversed polarity. This interval, known as the 
Matuyama Reversed Chron, contains two well-documented 
intervals of normal polarity: the Jaramillo Subchron (0.99- 
1.07 Ma) and the Olduvai Subchron (1.77-1.95 Ma). In this 
paper, we give examples of the application of magnetic reversal 
stratigraphy to regolith studies. In particular we illustrate how 
the last major polarity reversal-the BrunheslMatuyama po- 
larity transition, which occurred at about 0.78 Ma (Shackleton 
et al. 1990; Spell & McDougall 1992)--can be used as a 
chronostratigraphic marker in regolith studies. For a general 
introduction to the techniques and applications of palaeomag- 
netism, readers are referred to Butler (1992). 

Most Australian surficial deposits are strongly weathered. 
Consequently, their izatural remanent magnetisation (NRM) 
is a chemical remanent magnetisation (CRM), generally 
acquired during weathering by low-temperature formation of 
secondary iron oxides. Whereas thermal remanent magneti- 
sation (TRM) is acquired during cooling of igneous and 
metamorphic rocks and detrital remanent magnetisation (DRM) 
IS acquired during sediment deposition, a CRM may be 
acquired long after deposition or cooling of the host sedi- 
mentJrock. An important feature of CRMs is the long period 
over which the magnetisation may be acquired, typically 
several thousand years, which means that secular variations 
are probably averaged out and short polarity reversals (such 
as those during the Brunhes Chron) are unlikely to be recorded. 
As a result, regolith materials with reverse polarity CRM 
almost certainly predate the BrunheslMatuyama (B/M) polarity 
transit~on at 0.78 Ma. 

Previous work 
The Brunhes/Matuyama transition has previously been located 
in several Quaternary sequences in Australia (Fig. 1). The 
first published paper specifically identifying the B/M transition 
in Australia was by Idnurm & Cook (1980), who reported 
palaeomagnetic results from the Robe-Naracoorte beach ridge 
sequence in southeast South Australia. They concluded that 
the magnetic remanence was a CRM acquired during weath- 
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ering and diagenesis up to 30000 years after deposition of 
the beach ridge sediments. 

The BlM transition has also been located in cores recovered 
from lacustrine sediments at Lake George (Singh et al. 1981), 
Lake Buchanan (Chivas et al. 1986), and Lake Amadeus 
(Chen & Barton 1991). The upper portions of the recovered 
cores are normally magnetised, representing NRM acquisition 
during the Brunhes Chron. Glaciolacustrine sediments near - 
Queenstown in western Tasmania have reversed polarity 
magnetisation and are interpreted as predating the B/M 
transition (Barbetti & Colhoun 1988). However, since the 
glaciolacustrine sediments are not part of a continuous 
sedimentary sequence, the reversed polarity magnetisation 
could have been acquired during any one of numerous reversed 
polarity time intervals before the B/M transition (Fig. 1). 

The Murray-Darling river system formerly flowed into a 
large lake in western New South Wales, called Lake Bungunnia 
(An et al. 1986). Palaeomagnetic sampling in the Mildura 
region (Fig. 1) allowed identification of the B/M transition 
in the uppermost part of the Blanchetown Clay, as well as 
older polarity changes down to the GausslGilbert transition 
at 3.58 Ma. In western Victoria, Whitelaw (1991) undertook 
a series of magnetlc polarity studies at a number of fossil 
vertebrate sites of Pliocene and Pleistocene age. Although he 
was unable to pinpoint the B/M transition at any of the sites, 
Whitelaw inferred its presence at at least two sites. where 
younger normally magnetised strata overlie older reversely 
magnetised strata. WAr dating of basalts (see references in 
whitelaw 1991) assisted in the assignment of strata to various 
magnetostratigraphic intervals. 

Methods 
Samples for palaeomagnetic analysis in our study were collected 
from three areas: weathered alluvial and aeolian sediments 
near Adelaide, weathered fan gravels in Canberra, and basaltic 
soils in north Queensland (Fig. 1). Specimens were collected 
in 6 cm3 plastic boxes either by pushing the boxes into the 
outcrop or by carefully carving cube-shaped samples onto 
which the plastic boxes were fitted. Samples were measured 
on either a Molspin Minispin Spinner magnetometer or an 
ScT 2-axis cryogenic magnetometer. Alternating field demag- 
netisation (a.f.) was performed stepwise on each specimen to 
peak fields of 99 mT using a Schonstedt 2-axis tumbling 
demagnetiser. Specimen polarities were assigned with the aid 
of vector component plots (Zijderveld 1967; Butler 1992). 

Sellicks Beach and Hallett Cove, South 
Australia 
Coastal cliffs south of Adelaide contain excellent exposures 
of Pleistocene and Pliocene sediments. We have sampled two 
particularly well-exposed sections at Sellicks Beach and Hallett 
Cove, respectively some 50 km and 20 km south of Adelaide 
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Figure I. Locations of places mentioned in text and distribution of Tertiary and Quaternary basalts (after Ollier 1978). Geomagnetic 
polarity timescale after Shackleton et al. (1990) and Hilgen (1991). Starred localities are sites discussed in the text where the B/M 
transition (0.78 Ma) is identified or where reversed polarity strata indicate an age beyond the B/M transition. Ages indicate the 
length of the magnetostratigraphic record at each locality. 

city. Their stratigraphy and the positions of samples are 
summarised in Figure 2. Stratigraphic names are from Ward 
(1965, 1966) and May & Bourman (1984). 

The basal unit in both sections is the Seaford Formation, 
which contains a thin marine limestone (Burnham Limestone). 
Based on the presence of the pelagic gastropod Harturlgia 
dennanti chavarti, Ludbrook (1983) ascribed an early Pleis- 
tocene age to the Burnham Limestone. The Seaford Formation 
consists of green-grey sandy clay, with orange mottles. Goethite 
was identified by X-ray diffraction (XRD) as the dominant 
iron oxide in the mottles. Gravel layers occur in the upper 
part of the Seaford Formation at Sellicks Beach. The formation 
appears to be non-marine, and probably represents alluvial 
and aeolian sedimentation in a near-coastal environment. 

The Seaford Formation 1s overlain by the Ochre Cove 
Formation, which is characterised by strongly hued red and 
purple mottles. Hematite was identified by XRD as the 
dominant iron oxide in the mottles; maghemite was also 
detected, but not goethite. The sediments are gravel and 
cobble-rich alluvial fan deposits at Sellicks Beach and a 
mixture of aeolian and alluvial sediments at Hallett Cove. 
The distinctive mottles of the Ochre Cove Formation appear 

to be the product of subsurface weathering associated with a 
fluctuating water-table. The lack of features indicative of 
pedogenesis (such as root channels and soil horizons) suggests 
that the mottles formed more than 1-2 m below the ground 
surface. 

The Ngaltinga Clay, which consists largely of grey-green 
self-mulching clays, overlies the Ochre Cove Formation. Ward 
(1965) noted that the Ngaltinga Clay is thickest at the coast 
and systematically thins inland, mantling the landscape across 
varied topography. He therefore concluded that it was aeolian, 
and presumably derived from areas to the west exposed during 
times of low sea level. The Ngaltinga Clay is overlain by 
red-brown calcareous sediments attributed to the Taringa andlor 
Christies Beach Formations. 

Palaeomagnetic results are summarised in Figure 2. In 
both sections, all samples from the Ngaltinga Clay and the 
upper part of the Ochre Cove Formation are of normal or 
indeterminate polarity. We correlate these samples with the 
Brunhes Normal Chron. Near the middle of the Ochre Cove 
Formation, in both sections, there is a change to reversed 
polarity (sites 26, 12, 6, 13). Accordingly, we place the Brunhesl 
Matuyama transition (0.78 Ma) between sites 26 and 27 at 
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Figure 2. Stratigraphy of Hallett Cove and Sellicks Beach sections, South Australia, showing positions of palaeomagnetic samples 
and polarities, and correlation with the geomagnetic polarity timescale. 

Hallett Cove, and between sites 12 and 5 at Sellicks Beach. 
The lowermost part of the Ochre Cove Formation at both 
sections is of normal polarity, and we correlate these samples 
with the Jaramillo Subchron. 

We emphasise that the dominant iron oxide in the Ochre 
Cove Formation is hematite, which, unlike goethite, is a stable 
magnetic remanence carrier. Furthermore, all specimens from 
the normal polarity sites defining the B/M transition (site 5) 
and the Jaramillo Subchron (sites 7 and 14) are single-com- 
ponent magnetisations with no evidence to suggest that they 
may be secondary overprints on a reversed polarity CRM (as 
deduced from vector component plots of demagnetisation 
data). In contrast, palaeomagnetic results from the goethitic 
Seaford Formation are poor, with little consistency between 
specimens at each site. However, one specimen from each of 
sites 8 and 9 has reversed polarity, which we correlate with 
the older part of the Matuyama Reversed Chon (Fig. 2). 

The similarity of palaeomagnetic results from both sections 
is strong evidence to support our proposed magnetostratigraphy. 
The N-R-N polanty signature in the Ochre Cove Formation 
indicates that the CRM was acquired over the period of at 
least 0.21 million years, from before 0.99 Ma (top of Jaramillo 
Subchron) to after 0.78 Ma ( B M  transition), presumably 
associated with subsurface weathering that occurred in con- 
junction with a generally upwards moving water table as 
sediment accumulation proceeded. Such a link between 
sediment accumulation and weathering is consistent with the 
uniformity of sediment character and colour mottling through- 
out the Ochre Cove Formation at both sections, and also with 
the proposed magnetostratigraphic interpretation. A rising 
regional watertable is well documented in other coastal settings 
where sediment accumulation occurs, and may be ~ndependent 

of base level changes (e.g. Fryberger et al. 1988). 
If it is assumed that sediment accumulation and CRM 

acquisition proceeded upwards as postulated above, the position 
of the B/M transition relative to the present ground-surface 
indicates average sediment accumulation rates of 0.03 m k a  
(Sellicks Beach) and 0.02 mlka (Hallett Cove) over the past 
0.78 million years. The former rate is in good agreement with 
a rate of 6 ml210 ka implied for the interval between the 
B/M transition and the top of the Jaramillo Subchron in the 
Sellicks Beach section. At these rates, 1-2 m of sediment 
would accumulate in 30-100 ka, indicative of the approximate 
lag time between sediment deposition and CRM acquisition 
below the active soil zone. 
' 

Based on the position of the B M  transition and the 
Jaramillo Subchron, and assuming a constant sedimentation 
rate at Sellicks Beach, the age of the Burnham Limestone is 
approximately 1.7 Ma. This age is broadly consistent with 
New Zealand stratigraphic sequences, in which Hartungia 
occurs in strata no younger than about 1.7 Ma (A.G. Beu 
pers. comm. 1994), i.e. close to the PlioPleistocene boundary. 

Black Mountain fan gravels, Canberra 
Strongly weathered alluvial fan gravels are exposed in an 
east-facing road cutting on Frith Road, at an elevation of 
about 600 m on the east side of Black Mountain, Canberra 
(grid ref. 918952'). The gravels are composed of subangular 
to subrounded clasts of Early Silurian Black Mountain 
Sandstone, set in a matrix of red and olive-grey mottled clay. 
The gravels lack any well-defined stratification; individual 

I Grid references refer to the Australian 1000 metre grid 



292 B. PILLANS & R. BOURMAN 

clasts are typically 16 cm long, occasionally up to 10 cm. 
Some clasts are completely weathered through and can be 
cut with a knife or spade. The gravels, which reach a maximum 
exposed thickness of 4 m, occupy a bedrock hollow some 
80 m wide cut into weathered in situ Black Mountain 
Sandstone. 

A total of 21 palaeomagnetic samples was collected and 
results are shown in Figure 3. NRM directions are scattered, 
but have a dominance of negative inclinations and northerly 
declinations (i.e. normal polarity). Three samples have positive 
inclinations and southerly declinations, and are of reversed 
polarity. Four samples have NRM directions of indeterminate 
polarity (positive inclination and northerly declination or 
negative inclination and southerly declination). The behaviour 
of four samples (nos. 2, 11, 15 and 20) subject to stepwise 
a.f. demagnetisation is shown in Figure 3. In each case, the 
sample directions move progressively closer to the dipole 
field position for reversed and normal polarity. For the two 
illustrated samples with reversed polarity NRM, the retention 
of a reversed polarity to demagnetisation levels of 60 mT 
indicates the preservation of a stable remanent that must have 
been acquired before the B N  transition at 0.78 Ma. Thus 
weathering and deposition of the gravels must have been 
earlier than 0.78 Ma. 

Figure 3. Stereographic plot of NRM directions for samples from 
Black Mountain, Canberra. Representative a.f demagnetisation 
paths for four samples (numbered). Closed circles--positive in- 
clinations; open circles-negative inclinations. Small numbers are 
a.f. demagnetisation levels in mT. 

There is no discernible stratigraphic order to the sample 
polarities. The strongly mottled and weathered nature of the 
gravels, their lack of burial, and mid-slope position, allowing 
lateral movement of shallow groundwater, are all consistent 
with continued weathering since deposition. This would account 
for the predominance of normal polarity in the samples, 
acquired during the Brunhes Normal Chron or perhaps during 
earlier normal polarity intervals. 

Costin & Polach (1973) reported a I4C age of 27 800 +:+ years 

B.P. for fragments of carbonised wood in fan deposits exposed 
in excavations for the CSIRO library building, 700 m southeast 
of the Frith Road exposure. Although we cannot establish 
exact stratigraphic equivalence of the materials at Frith Road 
with those at the library, Costin & Polach (1973, p.16) noted 
that 'the nature and patterns of sesquioxide and clay devel- 
opment [at the library site] are similar to the pseudo-gley 

features described by van Dijk (1 969). . . a considerable age 
is indicated'. The colour mottling and degree of weathering 
of the materials at the Frith Road exposure are also similar 
to the pseudo-gley features described by van Dijk (1969) as 
characteristic of the oldest regolith deposits in the Canberra 
region. Our palaeomagnetic results therefore raise the possi- 
bility that the dated wood fragments were contaminated by 
younger carbon. Easterbrook et al. (1981) reported a similar 
situation from Washington, western USA, where peat from 
the type locality of the Salmon Springs Glaciation yielded a 

finite IjC age of 71 500 Years B.P., but associated silts 

were of reversed polarity and, therefore, consistent with an 
age of 0.78 Ma. 

North Queensland basalt soils 
Extensive flows of Pliocene and Pleistocene basalt occur in 
semi-arid north Queensland to the north and west of Charters 
Towers (Fig. 1). Many flows in the Sturgeon and Nulla 
Volcanic Provinces have been dated by the WAr method 
(Wyatt & Webb 1970; Stephenson & Coventry 1986) and 
provide a valuable chronology for landscape history. As part 
of a continuing study of weathering and soil development on 
basaltic parent materials, palaeomagnetic samples were col- 
lected from two sites: 

Site 1. Twins Flow basalt at Porcupine Gorge (grid ref. 
325417), some 50 km north-northeast of Hughenden, close 
to a site where Stephenson & Coventry (1986) reported a 
WAr age of 0.89 Ma. 

Site 2. Kangerong Flow basalt, exposed in a road cutting 
(grid ref. 108024) some 30 km north of Charters Towers, 
where Wyatt & Webb (1970) reported a WAr age of 2.40 Ma 
(2.46 Ma corrected to new WAr dating constants-see Dal- 
rymple 1979). 

At Site 1, the Twins Flow basalt has a primary reversed 
polarity TRM (Fig. 4), consistent with the WAr age of 0.89 
Ma, indicating eruption in the upper Matuyama Reversed 
Chron. In contrast, samples from the overlying soil all have 
normal NRMs, which change little with a.f. demagnetisation. 
This soil NRM is clearly a CRM acquired during weathering 
over the last 0.89 million years, and must have been largely 
acquired during the Brunhes Normal Chron. 

At Site 2, both the Kangerong basalt and an underlying 
red earth palaeosol (Coventry 1979) have reversed polarity, 
consistent with the WAr age of 2.46 Ma, indicating eruption 
of the basalt in the early part of the Matuyama Reversed 
Chron. In the overlying soil, reversed polarity NRMs are 
evident in samples from the BC horizon, while normal polarity 
NRMs occur above. Four samples from the soil have inde- 
terminate polarities, a common feature of soil A horizon 
samples elsewhere (BJP unpublished), and, presumably, the 
result of soil bioturbation. The presence of a stable reversed 
polarity CRM in the lower part of the soil profile is intriguing, 
indicating that the magnetic carriers (secondary iron minerals 
formed during pedogenesis) have remained unmodified since 
before 0.78 Ma, despite continued pedogenesis. 

Conclusions 
This study has shown that the B N  transition can be identified 
in weathered alluvial fan gravels at Sellicks Beach and Hallett 
Cove near Adelaide. At both sites the BrunheslMatuyama 
polarity transition occurs in a strongly mottled unit named 
the Ochre Cove Formation. In Canberra, strongly weathered 
fan gravels on Black Mountain have reversed polarity and 
must predate the B N  transition. Near Charters Towers, north 
Queensland, a soil formed on a 2.46 Ma basalt flow contains 
a reversed polarity in its lower B horizon, suggesting that the 
secondary iron minerals in the lower part of the profile are 
relict and have been little modified by pedogenesis during 
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Figure 4. Stratigraphy and palaeomagnetic results from Twins Flow basalt (0.89 Ma), Sturgeon Volcanic Province, north Queensland. 
Circles-specimens collected in 1994; crosses-specimens collected in 1990. NRM directions before a.f. demagnetisation are shown, 
since these represent the net effects of CRM acquisition throughout the period of soil formation since eruption of the basalt. 
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the last 0.78 million years. These three examples illustrate 
that reversed polarity magnetisation can be preserved in a 
wide range of regolith materials, particularly in oxidising 
environments. In each example, identification of reversed 
polarity CRMs has enabled the ages of regolith materials to 
be better constrained than previous dating methods have 
allowed. 
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Silcretes of the Mirackina Palaeochannel, Arckaringa, South Australia 
G.H. McNallyi & I.R. Wi lson2  

The Mirackina Palaeochannel (MPC) consists of a chain of parallel 
silcrete-capped mesas extending for about 200 km through the far 
north of South Australia. The channel fill comprises fluvial conglom- 
erate and sandstone; has a siliceous and ferruginous duricrust caprock; 
and overlies kaolinised and weakly silicified Bulldog Shale. 

The MPC presents a striking example of inverted topography and 
exhumed palaeodrainage on airphotos and Landsat imagery. However, 
a study of a section of the MPC 6 0  km long west and northwest of 
Arckaringa homestead, about 150 km north of Coober Pedy, has 
shown that most of its non-indurated fill has been removed by erosion. 

Introduction 
The Mirackina Palaeochannel (MPC) is a striking example 
of inverted topography (Pain & Ollier 1995) in which a 
sinuous chain of mesas and plateau remnants capped by 
silicified alluvium extends for about 200 km through the far 
north of South Australia-from near Hawks Nest Bore (about 
70 krn northwest of Arckaringa homestead) to Mount Euee 
(60 krn northeast of Coober Pedy; Fig. 1). This ancient 
drainage system, of presumed late Tertiary age, exhibits 
conspicuous branching and meandering on satellite imagery. 
It is best exposed in the Mirackina, Arckaringa, and Wintinna 
1:100 000 Sheet areas, where it occurs as a series of parallel 
elongate mesas and buttes about 1 km apart and rising 30-40 m 
above the surrounding Bulldog Shale plain. A portion of this 
double chain of mesas west of Arckaringa homestead (HS) 
is shown in Figure 2. 

This paper presents preliminary findings from fieldwork 
carried out during 1994 as part of research on the location 
and evaluation of duricrust materials (including silcrete and 
fermginised silcrete) for road construction. The study area 
(Fig. 1)  incorporates the eastern half of the Wintinna and 
western half of the Arckaringa 1 : 100 000 Sheet areas, an area 
of about 35 km2. Arckaringa HS, 150 km north of Coober 
Pedy, is located at its southeastern extremity. 

The principal objective of the study was to determine 
whether thicker and more strongly cemented duricrust deposits 
can be distinguished from the more widespread but less-in- 
durated varieties (and hence less useful as aggregate). The 
more strongly cemented duricrusts constitute the only sources 
of aggregate and crushed roadbase in such remote and deeply 
weathered terrains. The geotechnical results of this study will 
be published separately later. 

In addition to this practical objective, the study had a more 
general scientific purpose: to investigate the form and com- 
position of these ancient alluvial channels, and to establish 
the age and origins of their silcretes. The study addressed: 

topographic and age relationships between the MPC silcretes 
and the adjacent but higher and more extensive duricrust 
surfaces of the Stuart Range plateau and Arckaringa Hills; 
the influence of groundwater discharge on the form and 
degree of induration of the MPC sediments, and on the 
fernginisation which makes these sediments so conspicuous 
on Landsat imagery; and 
the effects of expansive soils derived from the Bulldog 
Shale on slope instability-and hence caprock repetition- 
beneath the duricrust-capped MPC mesas. 
The MPC was first recognised as a fossil drainage system 

in 1972, when Landsat multispectral-scanner (MSS) imagery 

I Department of Applied Geology, University of New South Wales, 
Sydney NSW 2052 
Roads and Traffic Authority, Parkes NSW 2870 

Fill remnants are preserved beneath parallel lines of silcrete cappings 
created by groundwater discharge along the channel margins. These 
caprocks have been extensively tilted and displaced by landslides 
within the underlying Bulldog Shale. The ferruginous silcrete capping 
of the MPC is typically about 30 m lower than the adjacent Stuart 
Range and Arckaringa Hills land surfaces, which are probably 
equivalent to the Cordillo Surface of early Tertiary age. The 
palaeochannel sediments are thought to be Miocene, though their 
silicification may have been completed later (possibly during the 
Pliocene) and over a short interval. 

began to be used in mapping the Wintinna and Murloocoppie 
1:250 000 Sheet areas. Owing to its iron oxide content (Barnes 
& Pitt 1976; Pitt 1979), the silcrete was prominent in band 7 
of the imagery. The present investigation is indebted to the 
work of Barnes and Pitt, and their colleagues in the SA 
Department of Mines & Energy, but has also been able to 
draw on 1981 and 1985 colour airphotos and 1980s ortho- 
photomapping at 1 5 0  000 scale by the Royal Australian 
Survey Corps. 

\ Hawks Nest 
\ well 

40 km 

161SA148 

Figure 1. The Mirackina Palaeochannel and Arckaringa area. 
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Figure 2. The Mirackina Palaeochannel and adjacent land surfaces 
west of Arckaringa homestead. The two pattern symbols reflect 
the two silcrete surfaces: the older one of the Stuart Range plateau 
and the younger one of the Mirackina Palaeochannel. 

Stratigraphic units and relationships 
The MPC is eroded into and surrounded by the Bulldog 

Shale of Early Cretaceous age. This shallow-marine formation, 
120 m thick, occurs in two lithological variants with quite 
different geotechnical properties: 

the 'altered Bulldog Shale'--an upper weathered zone, 
10-30 m thick; and 
the 'Bulldog clayshale'-an apparently unweathered zone 
beneath. 
The stratigraphic relationships between these zones and 

the overlying surficial deposits are shown schematically in 
the geological section (Fig. 3). 

The 'Bulldog clayshale' is the unweathered and unaltered 
parent rock-a very stiff, dark grey to black fissured clay. 
The term 'clayshale' follows geotechnical usage and describes 
a heavily overconsolidated mudrock with borderline hard 
soillweak rock properties. Because it contains a high proportion 
of montmorillonitic clays and is located in a semi-arid area 
of markedly seasonal rainfall, the 'Bulldog clayshale' is prone 
to shrinklswell movements. Linear gilgai and self-mulching 
'popcorn1-textured soils are conspicuously developed on it. 
lt underlies the lower slopes of mesas and the adjacent treeless 
gibber plains. 

The 'altered Bulldog Shale' is exposed towards the top of 
mesas as a white, red-brown, and yellow, frequently mottled 
chalk-like material which has been variably kaolinised, silici- 
fied, and fermginised by Late Cretaceous to early Tertiary 
weathering. The intensity and pervasiveness of this weathering 
was such that it has created a secondary rock which, though 
still moderately weak, is both stronger and more durable than 
its parent, but not as hard as the overlying silcrete. A number 
of less-silicified porcellanite bands, 1-3 m thick, occur towards 
the top of the formation and roughly follow the original 
bedding. The porcellanite is brittle, very closely jointed, and 
readily disintegrates to fine scree on steeper slopes. 

On the preliminary Wintinna 1:250 000 geological map 
(Barnes 1974), the Bulldog Shale is shown to be overlain 
conformably by the Coorikiana Sandstone (e.g., Moore et al. 
1986; formerly the 'Coorikiana Sandstone Member' of the 
Early Cretaceous Oodnadatta Formation), a fine to coarse- 
grained kaolinitic quartz sandstone. In the study area, this is 
represented by a thin sandstone unit lying immediately beneath 
the silcrete of the Stuart Range plateau, which is referred to 
as the 'older silcrete' because it predates the silcrete in the 
Mirackina Palaeochannel. The only obvious differences be- 
tween this sandstone and the younger but much less-extensive 
Mirackina Conglomerate are that the former is thinner, finer 
grained, not obviously cross-bedded, and located away from 
the palaeochannel. In the Arckaringa Hills, the Coorikiana 
Sandstone is much more distinctive, as a very silty yellow 
fine sandstone, 10-20 m thick, underlying porcellanised and 
kaolinised shale of the Oodnadatta Formation. 

The alluvial sands filling the MPC and its tributaries are 
included within the Mirackina Conglomerate by Barnes & 
Pitt (1976). At its type section north of Lora Creek (on Mount 
Barry station) this formation is 12-15 m thick, though 5-10 m 
is more usual elsewhere. It consists of three members: 

a basal conglomerate about 1 m thick, with clasts of older 
(Cordillo Surface) silcrete, 'altered Bulldog Shale', and 
quartz grains (possibly reworked from the Coorikiana 
Sandstone, or finely comminuted silcrete); 

SW 
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4 Approx 1 km 

0 Mirackina Conglomerate Bulldog clayshale 

Altered Bulldog Shale Bouldery clay talus 
and landslide debris 
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Figure 3. Simplified geological section through the Mirackina Palaeochannel (not to scale). 
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a middle unit, with up to 10 m of a conspicuously 
cross-bedded, medium to coarse-grained quartz sandstone, 
which is patchily silicified; and 
an upper member (5 m thick) of strongly silicified finer 
grained sandstone, without the distinct cross-bedding of 
the middle unit. 
In the Arckaringa study area, about 30 km north of its 

type section, the Mirackina Conglomerate's thickness is 
uncertain, owing to landslide disturbance and talus cover. A 
maximum of about 10 m has been inferred, and 2-3 m is 
common at the channel edges. Low-angle planar cross-bedding 
is a distinctive feature in many exposures; it is defined by 
alternating hard and soft bands 20-30 rnm thick in sets about 
0.6 m thick. Where observed, the basal unit of the Mirackina 
Conglomerate at the unconformity surface with the underlying 
Bulldog Shale is a grit (rather than a true conglomerate) with 
shale and silcrete clasts. As in the type section, the sequence 
fines upwards, and becomes more silicified and fermginous 
towards the top. The sandstone commonly loses its cross-bed- 
ding and merges upwards into a grey billy or a dark red-brown 
fermginised silcrete. 

The exact age of the Mirackina Conglomerate is not known, 
but it is certainly younger than the Cordillo Surface of Wopfner 
(1974, 1978) because it is topographically lower and contains 
silcrete clasts from this source. Barnes & Pitt (1976) considered 
that it is probably Miocene, and Pitt (1979) reported that 
lateral equivalents of the Mirackina sands can be found in 
the Miocene Etadunna Formation of the Lake Eyre Basin, 
though the silicification may be Pliocene. Callen (1983) argued 
a probable Late Pliocene age for the younger silcretes of 
northeastern South Australia, including 'terrazzo' silcretes 
similar to some of the MPC silcretes. We. therefore. assume 
that the MPC and its tributaries were active during the Miocene, 
draining southwest towards an ancestral Lake Eyre, for which 
Barnes & Pitt suggested reviving the term 'Lake Dieri', and 
became silicified as a result of Late Miocene to Pliocene 
climatic changes. 

This change was an interlude of reduced precipitation and 
consequently of diminished channel flow, which allowed 
siliceous mounds to accumulate at groundwater-discharge 
points along the MPC sides. In a high-flow regime, this 
dissolved silica would simply be diluted and transferred 
downstream. The reasons for thinking that this arid episode 
was brief are given later in this paper. 

In places, the younger silcrete surface of the MPC has 
thin (0.1-0.5 m) crusts of gypcrete and calcrete, for which a 
Pleistocene age and an eolian origin are assumed. A more 
widespread red-brown, weakly cemented fermginous sand- 
3-4 m thick, and containing silcrete and Bulldog Shale 
porcellanite clasts--caps much of the Stuart Range plateau 
and the Arckaringa Hills. At first, this sand was thought to 
be equivalent to the late TertiarylPleistocene (i.e., post-silcrete) 
Doonbara Formation of Wopfner (1974), but its stratigraphic 

The caprock wedges generally dip inwards at less than 
loo, but up to 45" has been observed. The lower angles are 
common in silcretes elsewhere and are a depositional feature, 
representing the groundwater gradient at the time of formation. 
Dips steeper than 10" in the Arckaringa area, however, are 
non-tectonic in origin and indicate downslope creep or 
landsliding, which may or may not be still active. This should 
not be confused with much broader-scale folding or warping 
of silcrete-capped surfaces, as exemplified by the Innarnincka 
Dome, which is the cause of steep dips elsewhere in the 
Eromanga Basin. 

We had hoped that continuous exposures across the channel 
fill could be mapped in the study area, similar to those reported 
farther south by Barnes & Pitt (1976) at the Mount Barry 
type area for the Mirackina Conglomerate, but we found no 
such extensive outcrops. Instead, the duricrust capping and 
underlying alluvial sediments are typically less than 10 m 
thick, very discontinuous, and generally obscured by silcrete 
boulders or talus. Many gully scars disfigure the mesa slopes, 
but they mainly expose the underlying Bulldog Shale (both 
altered and unaltered variants). 

A possible reason for the scarcity of the channel sediments 
and the existence of the central valley is suggested in Figures 4 
and 5. In this proposed mechanism, the channel margins were 
silicified and therefore preserved by groundwater discharge, 
whereas the bulk of the alluv~al fill remained uncemented. 
The fill was removed by subsequent erosion, leaving an empty 
central trough with thin, inward-dipping silcrete wedges 
capping the adjacent hills. This lateral-groundwater-discharge 
model for silcrete formation is discussed below. 

Cord~llo Surface 

Palaeochannel 

position became unclear when it was found in places to be 
silicified and silcrete-capped. it should be correlated Figure 4. Groundwater discharge model for silcrete deposition in 

the Mirackina Palaeochannel. 
with the older Cordillo silcrete or the younger MPC silcrete 
is still unresolved. 

Palaeochannel form 
The dark-toned and sinuous expression of the MPC on Landsat 
images is its most distinctive characteristic, and the means 
by which it was first recognised as a palaeodrainage system 
(Pitt 1979). On colour airphotos, the fernginisation causing 
this band 7 signature is less apparent, but another characteristic, 
parallel trails of silcrete remnants (see Fig. 2) dipping towards 
the channel centre, is well displayed. A simplified geological 
section through the MPC shows the moderately thin and 
inclined caprock remnants, made up of silicified Mirackina 
Conglomerate, and a U-shaped central valley (Fig. 3). 

A similar pattern of lateral silicification occurs in deep 
leads of the New England region (NSW; C.F. Pain, AGSO, 
personal communication 1994). Here, Tertiary alluvial channel 
deposits were buried under valley-filling basalt flows, in which 
inverted topography subsequently developed. Silcrete generally 
cements the sand beneath basalt-capped mesa edges, but the 
core of the buried alluvium, preserved under a continuous 
capping, remains unsilicified. The degree of induration at the 
margins was such that miners preferred to sink shafts through 
thick basalt at the centre of the lead, rather than drive horizontal 
headings through the harder silcrete. 

A longitudinal section along the MPC in the study area, 
drawn along the tops of the duricrust cappings (Fig. 6), 
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A SECTION THROUGH CHANNEL FILL (MIOCENE) 

Groundwater Silicified 

B PLAN VIEW OF SILICIFIED FANS, AS EXPOSED 
BY EROSION (LATE TERTIARY) 

C PRESENT-DAY LANDFORMS - CHAINS 
OF PARALLEL SILCRETE MESAS 16ISN52 

represents the line of groundwater discharge springs at the accuracy is about f5 m. The point of origin (zero kilometres) 
time of silcrete formation. This line is assumed to approximate is Hawks Nest Bore, the northernmost point of recognition 
the gradient of the Mirackina palaeoriver. The levels were of the Mirackina Conglomerate, which, however, assumes 
interpolated from 10 m contours on orthophotomaps, whose definite channel form about 20 km south of this locality. Note 

that the chainage ticks in Figure 2 record distances from 
Hawks Nest Bore along the thalweg of the MPC. 

The top of the MPC drops from about 270 m ASL to 
225 m over 90 km (Fig. 6). This represents an average gradient 
of 1 in 2000, though more reliable levels between chainage 
20 km and 90 km suggest that 1 in 2800 is more likely. The 
river occupying the palaeochannel was clearly a bedload 
stream, similar in size and sediment grainsize to the larger 
Late Pleistocene prior streams of the Riverina Plain (NSW). 
Its gradient can be contrasted with that of the present-day 
suspended-load Murray River, which is about I in 6000 at 
Albury and 1 in 60 000 in its downstream reaches (Gill 1970). 

Typical topographic cross-sections (Figs. 6 and 7) show 
that the top of the MPC is incised 20 to 30 m below the 
prevailing Stuart Range plateau levels (260 to 280 m ASL) 
to the west; 280 m is probably equivalent to the early Tertiary 
Cordillo Surface. Modern topographic maps confirm obser- 
vations, made during the construction of the Tarcoola-Alice 
Springs Railway, that the Stuart Range surface rises gently 
and uniformly to the northwest-at a gradient of about 
1 in 2100 over the 80 km between Mount Willoughby HS 
and Marla, for example. This suggests that regional ground 
tilting might have steepened the original gradient of the 
Mirackina palaeoriver, which could have been flatter than 
1 in 2800. 

The Arckaringa Hills, about 10 km northeast of the MPC, 
present an upper surface of remarkable planarity, which is 
also about 30 m above the level of the MPC caprock. The 
surface here is porcellanous and fenuginised (rather than 
silcrete-capped, like the Stuart Range plateau), and is developed 
on the Oodnadatta Formation. Despite the topographic con- 

Figure 5. Development of Mirackina Palaeochannel landforms. cordance between this surface and the Stuart Range plateau, 
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Figure 6. Longitudinal and cross-sections through the Mirackina Palaeochannel. 
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Figure 7. Section across the Mirackina Palaeochannel and valley of Arckaringa Creek at MPC chainage 70 km. 

the surficial stratigraphic relations between the two are not 
clear at this stage (although both are mapped as TQ on the 
preliminary geological map). However, both surfaces appear 
to be remnants of the same land surface, and the differences 
between their caprocks could be due either to different parent 
materials or to different later weathering processes. 

Finally, the remarkable state of preservation of the MPC 
margins calls for comment. As illustrated in Barnes & Pitt 
(1976), this feature is consistently about 1 km wide over its 

trending subparallel to the MPC in the study area and averaging 
about 10 km wide (Fig. 7), could also be the valley of the 
late Tertiary Mirackina palaeoriver. The MPC would, therefore, 
represent the only remnant of that ancient floodplain, because 
it was the only channel to be silicified. Arckaringa Creek, in 
any case, provides a model for the palaeoriver: it is a sand-filled 
braided channel, 1 to 2 krn wide, with about the same gradient 
as the MPC. 

length of 200 km, and at least two of its tributaries are also 
preserved. This is a drainage system frozen in time, suggesting Influence of groundwater discharge 
that silicification took place over a moderately short interval, As suggested previously, there is strong prima facie evidence 
perhaps a few thousand years or less, during the lifetime of of a groundwater origin for the duricrusts capping the MPC 
a single channel. No evidence has been found of the Mirackina sediments: 
palaeoriver significantly moving its channel laterally, or First, induration is confined to the margins of the channel, 
vertically accreting, during the silicification phase. Nor are where groundwater discharge and evaporation would be 
there stacked and laterally distributed silcretes, as might be most prevalent. This is demonstrated by the groundwater- 
expected with a river system that had shifted its bed over a discharge model (Figs. 4 and S), which has silica-charged 
million years or more. subsurface water slowly entering the channel sands at the 

It is arguable that the present valley of Arckaringa Creek, alluvium/bedrock ('altered Bulldog Shale') interface. Here, 
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Figure 8. Schematic representation of landslides and mass-movement features in Bulldog Shale slopes. 
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the water-table is closest to the surface, and groundwater- 
drawn upwards by capillary rise--can be chemically 
concentrated and evaporated, leaving silica cement behind. 
Second, the wedge-like form of the indurated caprock, and 
its inclination towards the centre of the channel, suggest 
the shape of the water-table and its hydraulic gradient 
towards the point of discharge. Similarly, the variable 
cementation of the duricrust lenses and their appearance 
on airphotos suggest fans of siliceous sinter around laterally 
discharging springs. In plan view (Figs 2 and 5), the 
discontinuous pattern of caprock remnants is also consistent 
with a line of groundwater seepages along either side of 
a broad alluvial channel. 
Third, the apparently late-stage fermginisation of the silcrete 
caprock could indicate a change in groundwater chemistry 
with time, possibly in response to increasing aridity. An 
additional cycle of silicification may have occurred at this 
time, since the silcretes associated with the fermginised 
phase tend to be finely sparkling, harder, more brittle, 
distinctly vuggy, and olive-grey or yellow, as well as dark 
red-brown. They also produce sharper edged fragments, 
and the abundance of flakes and stone cores close to their 
outcrops suggest that they were sought out by Aboriginal 
toolmakers. One aspect yet to be explained is the more 
intense fermginisation along the northeastern rim of the 
MPC, which suggests that iron-rich groundwater came 
from this direction. 
Further support for the groundwater discharge hypothesis 

is provided by probable mound-spring deposits on the flanks 
of the MPC. In the Arckaringa Hills, silica-infilled joints up 
to 0.9 m wide may have acted as artesian water feeders to 
similar springs. The presumed mound springs are isolated 
clusters of fehginous silcrete boulders, 3 to 30 m across, 
located on the Bulldog Shale valley floor adjacent to the 
mesas. Scattered silcrete boulder clusters also occur on the 
mesa sides, though these could also be the result of mass 
movement of caprock fragments. Although these features 
postdate the MPC, their preservation on lower and younger 
surfaces indicates that artesian discharge from the Cadna- 
OwieIAlgebuckina sand aquifer, about 70 m beneath the 
Bulldog Shale ground surface in this area (McConachie & 
Dunster 1995), was active during the late Cainozoic. 

Mass movement on mesa slopes 

Steeply dipping duricrust-capped slump blocks are inclined 
at up to 60" into the hillside. These are backed by closed 
linear depressions 100-200 m long by 10-20 m wide and 
partly filled by slopewash to create a level claypan-like 
floor. Such features would contain 'sag ponds' in wet climates. 
Involuted bedding visible in gully erosion scars that are 
cut into the 'Bulldog clayshale' on mesa footslopes may 
also indicate mass movement. However, this form of 
bedding distortion may simply be due to gilgai heaving, 
of which there is abundant evidence on the nearby plains. 
Because similar geological conditions (a hard caprock 

underlain by expansive and landslide-prone clayshale) occur 
widely across the Eromanga Basin, it is likely that other 
spurious multiple silcretes may occur. 

Conclusions 
The conclusions from the geological work to date are that: 

Much of the Mirackina channel fill has been eroded; the 
remnants are preserved beneath thin silicified sandstone 
wedges at the margins. These dip towards the centre of 
the former channel, and cap parallel lines of mesas. The 
trough-like valley between these lines represents the volume 
of channel fill removed. 
The mesa cappings are former groundwater discharge sites. 
Capillary rise and evaporation of silica-charged groundwater 
at the margins of the MPC channel alluvium may explain 
the greater induration observed there. Conversely, the 
less-cemented sands in the centre of the alluvial fill were 
more easily scoured out by later erosion. 
The near-perfect preservation of a single channel, 1 km 
wide, and its tributaries over a thalweg length of about 
200 km suggests that silicification took place over a short 
interval, perhaps a few thousand years. However, no new 
evidence for the age of the MPC sediments and that of 
its silicification has been discovered. 
The present-day Arckaringa Creek could be a descendant 
of the Mirackina palaeo-river, and provides a model for 
the MPC, since it is a similar braided bedload stream with 
a sand-filled channel 1-2 km wide and about the same 
hydraulic gradient. 
Slope instability within the underlying expansive 'Bulldog 
clavshale' has caused blocks of silcrete cavrock to be 
moved downslope, creating the illusion of multiple duri- 
crusts and steepening their apparent dip. This instability 

Our initial impression of the MPC channel fill exposed along appears to be accentuated along the trough-like margins 
the Arckaringa-Copper Hills-Cadney Park road was that of the MPC. 
multiple duricrusts were present, possibly as many as four or 
five, at elevations down to 30 m below the plateau crest. Acknowledgements 
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Closer examination disclosed that these were repetitions of a We would like to especially thank Ian and Sherina Williams 
single duricrust horizon produced by multiple rotational of Arckaringa HS for their help and hospitality during our 
landslides in the 'layshale' (Fig. '). fieldwork on their property, The study is being funded by an 
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Wallumbilla mudstones was found to contain 60-80% expan- 
sive clay, probably calcium montmorillonite. 

The evidence for multiple rotational landsliding at Arckar- 
inga (Fig. 8) is as follows: 

Local multiple duricrust benches or terraces are at odds 
with the more general presence of a single duricrust capping 
the MPC mesas. These benches appear to coincide with 
areas where either the channel fill is moderately thick or 
its margins steep. 
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Long-term landscape evolution on Groote Eylandt, Northern Territory 
Jonathan Nottl 

Like other areas throughout the north of the Northern Territory, 
Groote Eylandt is dominated by a landscape of great age. Previous 
interpretations have argued that this landscape experienced repeated 
cycles of uplift and erosion during the Tertiary. This view is challenged 
by the evidence of two palaeovalleys which traverse the island; both 
are filled with Cretaceous sedimentary rocks and are incised into a 
plateau surface of supposedly Miocene age. The Cretaceous marine 
transgression was the most important event in the long-term landscape 
history of Groote Eylandt. The resulting raised base-level, and the 

associated sedimentary infilling of valleys, lifted streams from their 
existing valleys, and promoted the development of a new stream 
network, which has persisted till the present. Apart from the obvious 
drainage alterations. no other significant modifications to the Groote 
Eylandt landscape have occurred since at least the late Mesozoic: an 
escarpment traversing the island has retreated less than 500 m since 
this time, and the upland plateau and surrounding lowland plains of 
pre-Cretaceous age have maintained their general form. 

Introduction 
Recognising the long-term landscape evolution of a region 
has obvious and important implications for understanding the 
origin and development of the regolith. Groote Eylandt, site 
of one of the world's largest economic manganese deposits, 
represents a physiographic outlier of the East Arnhem Land 
plateau. Like much of the remainder of the north of the 
Northern Territory, few detailed investigations of its landscape 
evolution have been undertaken. 

Previous interpretations of the geomorphic evolution of 
Groote Eylandt have argued that the present landscape 
developed in response to several erosional cycles during the 
Cainozoic (Hays 1967, 1968). Nott (1995), however, has 
shown that substantial areas of the north Australian craton 
have maintained their broad topographic outline since at least 
the Early Cretaceous, and that there was little evidence for 
even one cycle of erosion since the Cretaceous sea regressed. 
In that paper, he mentioned two palaeovalleys which extend 
virtually across the whole of Groote Eylandt. These features, 
filled with Cretaceous rocks, provide important evidence for 
deciphering the age and nature of landscape development. 
This paper documents further details of the nature and extent 
of these valleys, their sedimentary fill, and the significance 
of this fill and other Cretaceous strata for interpreting the 
long-term regional geomorphic development. 

Geology and topography 
Much of eastern Arnhem Land is dominated by horizontally 
to subhorizontally bedded Proterozoic arenites, frequently 
forming resistant plateaux 100 to 200 m above sea-level 
(a.s.1.). On Groote Eylandt, this plateau is 100 to 140 m a.s.l., 
and dominates the southern half of the island. Here, it comprises 
mainly Proterozoic Dalumbu Sandstone (Fig. 2) concordantly 
overlying the Bartalumba Basalt (Haines 1994). An escarpment 
separates the plateau from lowland plains dominating the 
northern half of Groote Eylandt. These plains also extend 
along the island's western and southern shores (Fig. 3). The 
escarpment, in places up to 100 m high, bisects Groote Eylandt 
roughly southeast to northwest. It then extends southwards 
along the western side of the island, and trends east to west 
along the island's southern side. In these areas, it is considerably 
more indented than its straighter and more elongate form 
across the central northern part of the island. Irregular outcrops 
of the Bartalumba Basalt at the base of the escarpment suggest 
that this topographic feature has formed from scarp retreat 
along the contact between the basalt and the overlying Dalumbu 
Sandstone. The Bartalumba Basalt is thought to underlie the 
Mesozoic and Cainozoic strata which cover the extensive 
lowland plains of the northern half of the island (Haines 
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Figure 2. Geological map of Groote Eylandt. Modified from Pietsch et al. (in press). 

1994). Here and elsewhere across Groote Eylandt, Mesozoic 
strata appear to be restricted to elevations lower than about 
100 to 120 m a.s.1. Hence, the plateau is almost exclusively 
dominated by Proterozoic sandstone. 

Most streams on Groote Eylandt have their headwaters in 
the sandstone plateau. As a consequence they collectively 
form a radial drainage pattern (Fig. 3). This pattern apparently 
developed during the post-Cretaceous, before which the 
drainage was dominated by two substantial stream systems 
flowing northwest and west. These ancient stream courses are 
now marked by the presence of palaeovalleys carved into the 
plateau, and extending virtually across the entire width of 
Groote Eylandt. The northern palaeovalley is 0.5 to 3 km 
wide, and presently extends for over 20 km to the northwest 
from its headwaters, about 10 km west of Illyungmadja Point 
(Figs. 2 and 3). The southern palaeovalley rises 5 km inland 
of the eastern shore of Groote Eylandt, about 15 km south 
of the headwaters of its northern counterpart, and trends in 
a more westerly direction towards the mouth of the Emerald 
Rlver about 15 km north of South Point. Both palaeovalleys 
have a Cretaceous fill, whose surface expression is restricted 
to isolated patches in their headwaters. Undifferentiated 

Cainozoic strata overlie the rest of the Cretaceous valley fill. 
The depth of Cretaceous strata in either of the palaeovalleys 
is not known, but preliminary drilling suggests that the southern 
one has at least several tens of metres of Cretaceous rock 
below the Cainozoic cover (H. Berents, BHP Exploration, 
personal communication 1994). 

Along the western side of the island, the thickness of the 
Cretaceous strata exceeds 100 m (Page 1994). Here and across 
the lowland plains, these strata exhibit both vertical and lateral 
facies changes. Near Angurugu, they comprise unfossiliferous 
orthoquartzite overlain conformably by a late Albian shallow- 
marine glauconitic claystone (Bolten et al. 1990). Towards 
the southwestern comer of the island, they are dominated by 
minor manganese-cemented sandstone and calcareous sandy 
siltstone (Page 1994). Along the western side of Groote 
Eylandt, these rocks generally dip gently to the west. Locally, 
however, dip directions vary as the Cretaceous strata drape 
basement ridges and irregularities. This underlying irregular 
topography is a reflection of the heavily dissected landscape 
dominating parts of Groote Eylandt before the Cretaceous 
marine transgression (Page 1994). 
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Figure 3. Physiography and drainage of Groote Eylandt. Note variations between large palaeovalleys trending northwest and west 
in contrast to the modern drainage. 

Landscape evolution 
The most widely recognised account of the landscape evolution 
of the Northern Temtory is that of Hays (1967,1968). Although 
he did not mention Groote Eylandt in his regional account, 
he did include the island in his map of the land surfaces. 
Hence, by clear implication, Hays attributed the landscape of 
Groote Eylandt to have developed in response to a series of 
episodes of uplift and pediplanation during the Tertiary. Groote 
Eylandt was mapped by Hays (1967) as part of the Wave 
Hill surface, which he considered to have developed during 
the Miocene after an episode of uplift associated with orogenesis 
in Papua New Guinea. The Wave Hill surface is characterised 
by its topographic position in the landscape-lower than the 
Tennant Creek surface and higher than the Koolpinyah surface. 

Both the Koolpinyah surface, which typically forms the modem 
coastal lowland plains throughout the Northern Temtory, and 
the Wave Hill surface are also characterised by a mantle of 
detrital laterite constituting the relateritised colluvial debris 
left from the retreat of scarps into the next highest surface 
(Hays 1967, 1968). 

The two palaeovalleys present severe difficulties for Hays's 
interpretation of the landscape evolution of Groote Eylandt. 
The upland surface cannot have developed during the Miocene; 
it must predate the Cretaceous because the valleys incised 
into it are filled with Cretaceous sedimentary rocks. Further- 
more, as the palaeovalleys debouch onto the lowland plains, 
these features must also predate the Cretaceous. Cretaceous 
strata across the lowland plains of the northern half of the 



306 J. NOTT 

island and along the western shores of the island add further 
support to this observation. There is little doubt that the 
landscape of Groote Eylandt had substantial relief before the 
Cretaceous marine transgression, because the upland plateau, 
lowland plains, and valleys of substantial size were clearly 
present before this time. Like considerable areas across much 
of the northern part of the Northern Tenitory (Nott 1995), 
Groote Eylandt was not dominated by a single surface of low 
relief before the Cretaceous marine transgression; it was 
characterised by a landscape of considerable relief. 

Apart from the obvious weathering and reworking of the 
Cretaceous strata across the lowland plains of Groote Eylandt 
and, of course, the deposition of Cainozoic alluvium and 
aeolian sediments, only moderately minor modification of the 
landscape has occurred since the Cretaceous sea retreated. 
This is best exemplified by Cretaceous strata at the base of 
the main escarpment dividing the northern lowland plains 
from the upland plateau. In places, the Cretaceous strata abut 
the base of the escarpment, demonstrating minimal, if any, 
scarp retreat in the last 100 million years. In other areas, the 
Cretaceous strata are less than 500 m from the escarpment's 
base, and here scarp retreat has been less than 0.5 m per 
million years since the Cretaceous sea retreated. Farther east, 
outcrops of Cretaceous strata and the escarpment carved from 
Proterozoic sandstone diverge considerably. Here too, undif- 
ferentiated Cainozoic strata abut the base of the escarpment; 
whether or not they overlie Cretaceous rocks is debatable, 
but they appear to do so in other parts of the northern lowland 
plains. 

Minimal to very low rates of scarp retreat over the last 
100 million years apparently are also recorded along sections 
of the escarpment bordering the lowland plains in the southern 
half of the island. About 15 to 20 km west of Marangala 
Bay, manganese-rich Cretaceous strata abut the escarpment 
(Bolten et al. 1990). Though Pietsch et al. (in press) have 
mapped these highly weathered and manganese-&h strata as 
undifferentiated Cainozoic, other investigations by BHP Ex- 
ploration and the Groote Eylandt ~ i n i n g  company suggest 
that their age is Cretaceous. 

Drainage evolution 
Probably the most significant alteration to the landscape of 
Groote Eylandt since the retreat of the Cretaceous sea has 
been the inception of new drainage networks. Streams now 
form a radial pattern across the island as they flow mainly 
from the upland sandstone plateau. Before the Cretaceous sea 
invaded Groote Eylandt, the two main stream systems, as 
defined by the two palaeovalleys, flowed to the northwest 
and west from the eastern side of the island. Modem drainage 
near the northern palaeovalley cuts across the ancient stream 
courses. Parts of the headwaters of the northward-flowing 
Anarrarna Creek, for instance, are located in the middle of 
this palaeovalley (Fig. 3). Nearby, and still within the palae- 
ovalley, a drainage divide separating northwesterlylsouthwest- 
erly from mainly southeasterlylnortheasterly flowing streams 
now exists. The southeasterlylnortheasterly flowing stream 
system drains into Angurugubira Lake, located behind the 
coastal barrier complex on the eastern side of the island 
(Fig. 3). The northwesterlylsouthwesterly flowing streams 
form part of the headwater network of Angurugu Creek 
draining to the western shore of Groote Eylandt (Fig. 3). 

Mainly west-flowing streams still occupy the headwater 
reaches of the southern palaeovalley. Little change, therefore, 
has occurred in these headwater reaches. However, downstream 
the modem drainage diverts to the south and flows to the 
Gulf of Carpentaria via the southern shores of the island 
(Fig. 3). Before the Cretaceous, the southern palaeostream 
system did not flow to the south, but continued west towards 
the mouth of the Emerald River. A small drainage divide is 

presently located within this palaeovalley west of the modern 
southward-flowing stream system. West of this divide, a few 
small streams drain into the mainly west-flowing Emerald 
River. 

Discussion 
There is no need to invoke stream capture and tectonism to 
explain the changes in drainage patterns across Groote Eylandt. 
Here, the Cretaceous marine transgression has been the single 
most important event affecting the long-term landscape evo- 
lution. The substantial rise in base-level as a function of the 
marine transgression and sediment-infilling of the two palae- 
ovalley networks effectively liberated the stream systems from 
their valleys, and enabled them to flow across the upland 
plateau surface. During the ensuing millions of years of higher 
sea levels, these streams adopted new courses, and new divides 
were established. 

The absence of recognised Mesozoic strata across the 
upland plateau outside the palaeovalley networks suggests 
that the Cretaceous sea did not cover the plateau, but, rather, 
penetrated the plateau region of the island via the palaeovalleys: 
the modern escarpments might have formed sea-cliffs at these 
times. The plateau may have been modified or lowered during 
this period, for streams draining the plateau were probably 
graded to the elevated seas. Despite the apparent absence of 
Mesozoic strata across the plateau surface, the level of the 
Cretaceous sea must have been close to the level of the plateau 
at the time because Cretaceous marine facies Me clearly 
evident in the headwater reaches of the southern palaeovalley. 

Southwest of Groote Eylandt, in the Yiyintyi and Tawallah 
Ranges near the western shores of the Gulf of Carpentaria, 
facies changes within Cretaceous strata filling palaeovalleys 
incised into sandstone plateaux suggest that the level of the 
seas during the Cretaceous was close to the level of these 
upland plateaux (Nott 1995). A similar relationship applies in 
western Amhem Land (Nott 1995). These observations indicate 
that the lowland plains in these regions may well be older 
than adjacent upland plateaux, which might have been 
erosionally modified in response to the elevated sea levels. 
The Cretaceous marine facies in the headwaters of the 
palaeovalleys, and the lack of Cretaceous strata elsewhere 
across the plateau, lead to a similar conclusion on Groote 
Eylandt, where the Cretaceous sea might have attained a 
height of about 100 to 140 m above present sea level. 

Tectonism appears to have had no or at most only a minor 
role in the post-Cretaceous evolution of the Groote Eylandt 
landscape. This is not to deny that uplift or warping occurred 
throughout this time, for gentle regional warping appears to 
have occurred in the Tawallah and Yiyintyi Ranges since the 
Cretaceous rocks accumulated (H. Berents, personal commu- 
nication 1994). However, the major features of the Groote 
Eylandt landscape have not developed as a consequence of 
any such possible tectonism. Previous interpretations of the 
Cainozoic landscape evolution of various parts of the Northern 
Tenitory regarded the pre-Cretaceous landscape to have been 
essentially flat, subsequently covered by the Cretaceous sea, 
and then uplifted and eroded to form the present-day upland 
plateaux and lowland plains (e.g., Hays 1967, 1968; Galloway 
1976; Williams 199 1). Hence, the present upland plateaux 
were seen to represent a land surface that lay at low elevation 
during the Cretaceous and was subsequently uplifted during 
the early Tertiary. However, this explanation does not satisfy 
the evidence on Groote Eylandt-nor in the Tawallah and 
Yiyintyi Ranges and west Arnhem Land regions (Nott 1995). 
The same is true of at least parts of mainland eastern Arnhem 
Land, for Cretaceous strata occupy moderately low positions 
in landscapes of considerable relief in the Parsons and Mitchell 
Ranges (Skwarko 1966; Crick 1994). 

The antiquity of the Groote Eylandt landscape, like that 
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of other areas of the Northern Territory (Nott 1995), suggests 
that prevlous estimates of the time required to complete a 
full erosional cycle (e.g., Gillully 1955; Schumm 1963) are 
not applicable in these regions. The form and preservation of 
the upland plateau on Groote Eylandt over at least the last 
100 Ma is largely a function of the resistance of the Proterozoic 
Dalumbu Sandstone. The present lowland plains appear to be 
developing as a result of scarp retreat around the perimeter 
of the plateau, but the rate of scarp retreat is, as mentioned, 
exceedingly slow. Accord~ng to the observations presented 
here, and until a change of tectonic regime, it would appear 
that the gross morphology of Groote Eylandt will continue 
unchanged for some considerable time. 

Conclusion 
One of the most striking characteristics of much of the 
Australian landscape is its considerable antiquity. This has 
been especially well demonstrated for parts of southeastern 
Australia (Young 1983; Young & McDougall 1985, 1993; 
Bishop et al. 1985; Taylor et al. 1985, 1990) and southern 
Australia (Twidale 1989). Until recently, however, few obser- 
vations (except for Twidale 1984; Ollier et al. 1988; Young 
1992; Nott 1995) have been made of the Mesozoic age of 
landscapes throughout tropical Australia. The palaeovalleys 
carved into resistant sandstone plateaux and filled with 
Cretaceous rocks throughout much of the Northern Territory 
highlight both the antiquity and exceedingly slow rates of 
change of these landscapes. Identical features on Groote 
Eylandt further illustrate the extent of this evidence. Previous 
interpretations, suggesting that much of the landscape of the 
Northern Temtory resulted from several cycles of uplift and 
erosion throughout the Tertiary, should now be treated with 
considerable caution. 
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Discussion: Landscape evolution and tectonics in southeastern Australia 
(Ollier & Pain 1994) 
I.C. Roach1, K.G. McQueenl & Graham Taylor1 

Ollier & Pain (1994) have presented an interesting and 
provocative essay on the evolution of the landscapes of 
southeastern Australia. A number of their ideas, particularly 
the broader scale interpretations, are worthy of further detailed 
study. There are also a number of aspects that we feel require 
discussion and clarification. 

One of our major misgivings with the article is the almost 
total lack of consideration of earlier work, carried out by 
numerous geologists and geomorphologists in southeastern 
Australia, and the stated intention to ignore most existing data 
and interpretation. Ollier & Pain have sought to demonstrate 
the landscape antiquity in southeastern Australia, but have 
neglected, or failed to acknowledge, much of the work which 
has already demonstrated this, including Craft (1933), Bishop 
et al. (1985), Taylor & Walker (1986), Taylor & Ruxton 
(1987), Ruxton & Taylor (1987), Taylor et al. (1990), Brown 
et al. (1992) and many others. Some diagrammatic data are 
also presented without full acknowledgement. For example 
the primary source of Figure 10 is an unpublished diagram 
from Sharp (1980) not Ollier & Wyborn (1989) as stated in 
the caption. 

Ollier & Pain further promote the notion of a 'Monaro 
Volcano' as a large circular structure, now mostly eroded 
away. This was originally proposed by Ollier and Denis Taylor 
(Ollier & Taylor 1988) on the basis of a poorly defined radial 
drainage pattern, for which other causes have been suggested 
(Taylor et al. 1989). The notion ignores the large body of 
data indicating the Monaro Volcanic Province is an irregular 
lava field that did not extend significantly farther east than 
its present limit (Taylor et al. 1989, Brown, et al. 1993; Roach 
1994; Roach et al. 1994). In the caption to their Figure 6, 
Ollier & Pain claim 'eruption of a huge volcano centred on 
Brown Mountain initiated radial drainage on its surface'. They 
show the outline of this proposed volcano, which, according 
to the scale on the map, is 54 km in diameter. However, the 
scale shown is incorrect. If the correct map scale is used, the 
diameter of the structure is 90 km. They do not specify the 
height of the mythical edifice nor the volume of lavas extruded. 
In the following sections some detailed data from the Monaro 
are reviewed and compared to data from other large volcanic 
structures. The implications for Ollier & Pain's hypotheses 
are then considered. 

Some statistics on circular volcanic 
structures 
Information of varying detail and accuracy about the shapes, 
slopes and heights of various volcanoes is available in the 
literature. A compilation of data is presented below for Mt 
Etna, a composite volcano above an active subduction zone, 
and Mauna Loa, a shield volcano with similar rock types to 
the Monaro (Table 1). 

Faculty of Applied Science, Department of Geology, University 
of Canberra, PO Box I ,  Belconnen ACT 2616 

Table 1. A compilation of data on the size and slopes of Mt Etna 
and Mauna Loa. 

Source M t  Ernn Mn~tnn  Lon 

Cotton (1 952) no data 2 5-3" to I l o  slope 
at m~d-flank 

Olher (1 969) no data 4000  m ASL 
100 hm average? d~ameter 
( sh~e lds  <7" slope) 

Macdonald (1972) no data 25 average slope 
Bullard (1977) 3242 m ASL 13,680 feet ASL 

6 4  km maxl- 30 by 6 0  m ~ l e s  d~ameter 
mum d~ameter 

Ha11 (1987) 3300 m ASL 4169  m ASL 
4 0  km 93  krn approx. 
diameter least diameter 

Francis (1993) 3308 In ASL no data 

Applying simple trigonometry to these figures gives the follow- 
ine ranees of average slope for the two different volcanoes: 

Mr Etnn Mo~tnn  Lon 

Ha11 (1987) 9 .3" 5.1" 
Ollier (1969) no data 4 .5" 
Macdonald (1972) no data 2 .5" 
Bullard (1977) 5.7" 2.5-4.9" (av. 3.7") 

By any reckoning, Mt Etna has a steeper slope than Mauna 
Loa, reflecting its more silica-rich nature (e.g. more viscous 
lavas, larger ratio of ash to lava). The more effusive nature 
of the Hawaiian volcanoes and development of lava tubes 
also contribute to their gentler slopes. 

The proposal of near-circular volcanic structures is of key 
importance to the interpretation of landscape evolution put 
forward by Ollier & Pain and earlier by Ollier & Taylor 
(1988). Ollier & Taylor (1989) suggested that their 'Monaro 
Volcano' was similar in form to Mt Etna, comprising a circular 
structure with numerous parasitic cones. Petrological and 
geochemical studies of the remnant Monaro lava pile indicate 
that it is composed of transitional basalt, alkali olivine basalt, 
nepheline basanite and minor olivine nephelinite and olivine 
tholeiite. Lava of these compositions is moderately to very 
fluid, similar to Hawaiian-style shield-forming lavas. Field 
evidence in the Monaro indicates many thin flows, of the 
order of a few metres to a few tens of metres thick, supporting 
this assumption (Brown et al. 1992). 

A circular shield volcano of Hawaiian style, 90 km diameter, 
centred on Brown Mountain with the minimum slope of 2.5" 
would have peaked 1965 m above the existing land surface. 
Applying the average slope of 3.7, the height would have 
been 2910 m. A composite volcano similar to Mt Etna would 
have been between 4490 m and 7370 m high, using the 
minimum and maximum slopes for Mt Etna--certainly an 
imposing edifice! 
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What was the average erosion rate in erupted from at least 65 separate vents (Roach et al. 1994). 

southern NSW over the last 34 million Rock types in the Monaro are almost identical to those at 
Barrineton. While the Monaro Volcanic Province comDares 

years? u 

closely to Barrington in terms of volume and geochemistry, 

At Brown Mountain there is currently a cap of basalt less 
than 140 m thick on Palaeozoic basement, implying the 
removal of a significant amount of overlying rock if this area 
was once the centre of a large volcano of whatever form. For 
a Mt Etna-style composite volcano, the erosion rate necessary 
to remove a minimum of 4.4 km of overburden would have 
been 0.13 nudyr, or 4 times the maximum regional erosion 
rate of 3 km in 90 million years (0.03 mrnlyr) established 
using apatite fission track analysis (Moore et al. 1986; Dumitru 
et al. 1991 ; Fabel & Finlayson 1992; Kohn & Gleadow 1994). 
Given a shield volcano with elevation 1825-2270 m above 
present, the erosion rate would have been 0.05-0.08 mrnlyr, 
still far more than this maximum rate. 

Most workers believe that erosion rates in southeastern 
Australia during the Cainozoic were generally much less than 
the maximum values suggested by fission track analysis. Ollier 
& Pain state that 'basalts show only a few hundred metres 
of erosion on most of the palaeoplain'. They also note that 
'there has been less than 1 km of erosion at the Great 
Escarpment'. The preservation of numerous deep weathering 
profiles within the Monaro lava sequence (Brown et al. 1992) 
also suggests low rates of erosional stripping, at least for the 
Palaoecene to the Oligocene. Nott & Purvis (1995) have 
shown that 100 Ma lavas in the Mt Dromedarv igneous . - 
complex sit on their original palaeosurface at current sea level 
and, consequently, that this area of the coastal plain was 
already well established by the Early Cretaceous. While Nott 
& Purvis (1995) do not indicate the erosion rate of the 
highlands, they do show that the landscape is far older than 
previously thought, and a consequent drastic reduction in the 
erosion rate is implied. Ollier & Taylor (1988) suggested that 
the Great Escarpment did not reach its current position until 
well after 50 Ma (in fact well after 35 Ma) where it was 
responsible for removing the eastern half of the towering 
'Monaro Volcano'. This implied rapid removal of material 
appears to be inconsistent with the data on erosion rates. 

Some physical characteristics of southeast 
Australian shield volcanoes and lava fields 
Ollier & Pain group the 'Monaro Volcano' with 'major shield 
volcanoes on or near the Great Divide', including the Ebor 
and Barrington volcanoes and the Canobolas Volcano on the 
'~anobolas  Divide'. Ebor is defined by Duggan (1989a) as 
a central volcano with a life span of about 1 million years 
(19.2-18.2 Ma). It is composed of various basic to evolved 
rock types ranging from feldspar-phyric basalt to quartz- 
trachytelrhyolite. Ebor is surrounded by radial drainage (Ollier 
1982) and had a maximum volume of about 300 km3. 
Barrington is defined by Mason (1989) as a lava field, although 
only one vent is known at present, with a life span of around 
11 million years ( 5 5 4 4  Ma) and a volume of around 700 km3. 
Barrington is composed of similar rocks to the Monaro 
(01-tholeiite, transitional basalt, alkali basalt, basanite, 
nephelinite, hawaiite) which appear to be largely primary or 
near-primary (like the Monaro). Canobolas had a life span of 
around 2 lnillion years (13-11.2 Ma) and is composed of 
about 50 km3 of evolved rocks, ranging from hawaiite to 
peralkaline rhyolite and syenite. Canobolas had a complex 
series of vents centrally distributed in a 210 km' area and 
appears to be a small-scale model of what the 'Monaro 
Volcano' should have been according to Ollier & Pain. Based 
on existing data, the Monaro Volcanic Province had a life 
span greater than 24 million years (58-34 Ma) and consisted 
of at least 630 km3 of mafic lavas covering more than 4200 krn' 

Ebor hnd ~anobolas  do not. Describing all these volcanic 
piles as major shield volcanoes is misleading, as it suggests 
that they were all originally nearly circular in shape. Any 
present irregularities in shape are thus implied to be largely 
the result of post-volcanic erosion. 

Examples of established shield volcanoes in eastern Aus- 
tralia, such as the Tweed and Warmmbungle volcanoes, possess 
a wide variety of volcanic structures and rock types not seen 
in the Monaro. Both the Tweed and Warmmbungle volcanoes 
contain a series of ring dykes, radial dykes and sills composed 
of various fractionated intrusive rock types (Stevens et al. 
1989; Duggan 1989b). Given that the Monaro Volcanic Province 
is older than both the Tweed and Warrumbungle volcanoes, 
hypabyssal rocks within the core of the 'Monaro Volcano' 
should now be exposed. The possibility that the Bondo Dolerite 
(Pratt et al. 1993; Roach et al. 1994) represents a large sill 
has been discounted by the Myalla drill hole (Bega (BMR) 
No. 7, Brown et al. 1992; 1994) and by stratigraphic work 
(Roach, unpublished data), which clearly demonstrate that the 
Bondo Dolerite is topped by a Tertiary bauxitic weathered 
horizon. Furthermore, the Bondo Dolerite is found within a 
sequence of moderately to highly weathered basalts with at 
least seven individual bauxite horizons, implying that all these 
rocks were deposited as lavas. 

Parasitic volcanoes and the Palaeozoic 
basement 
In reply to discussion, Ollier & Taylor (1989) suggested the 
Monaro Volcanic Province was a complex circular volcano 
with parasitic cones centred on Brown Mountain to account 
for the numerous vents, an idea carried over to Ollier & Pain. 
Roach et al. (1994) showed that the volcanic vents in the 
Monaro (now plugs, dykes and maars) are concentrated in 
two main northwesterly trending zones, probably controlled 
by similarly oriented basement structures. Vent structures are 
found along the northern Bemboka Zone from west of Cooma 
to Brown Mountain. If the volcanic province formed as a 
circular shield around Brown Mountain, there should be a 
distribution of vents around this centre. Given the structural 
restrictions of the Palaeozoic basement, most vents should be 
concentrated along a northwesterly line over the Bemboka 
Zone northwest and southeast of Brown Mountain. No remnant 
vents have been located further southeast of Brown Mountain 
and, while there is a possibility that some exist in the rugged 
country on the Great Escarpment, all of the known vents are 
concentrated well to the west of the Great Escarpment and 
Brown Mountain. Most are within the lava pile and the 
concentration of eruption sites along the Bemboka zone defines 
part of the present Great Divide. The focus of volcanic activity 
in the Monaro Volcanic Province thus lay west of Brown 
Mountain and the distribution of known eruption sites does 
not support the idea of a circular shield volcano centred on 
Brown Mountain. 

The whole notion of a circular 'Monaro Volcano' (Ollier 
& Taylor 1988, 1989; Ollier & Pain, 1994) is really only 
based on a pseudo-radial drainage pattern around Brown 
Mountain. Careful analysis of basement structures and the 
proximity of the lava pile in this region reveals that drainage 
has followed a series of orthogonal fractures within the Bega 
Batholith on the eastern side of Brown Mountain and the 
general structural grain in the Palaeozoic basement to the 
north and south, and is controlled by the Great Divide and 
position of the lava field to the west (Fig. 1). Brown Mountain 
itself is also one of the highest points of basement on the 
Monaro. The drainage pattern can thus be explained without 
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Figure 1. Map of the Monaro region, showing drainage, position of the Great Divide, location of the Great Escarpment, present 
outcrop of the Monaro lava field, pattern of basement fractures, and outline of the proposed 'Monaro Volcano' of Ollier & Pain. 
Data are from Brunker et al. (1970) and Ollier & Pain (1994). 

invoking a large circular volcano, now mostly eroded away. 
To emphasise the point that radial drainage can form without 
the prior existence of a volcano, we have included a figure 
of the Broken Hill area (Fig. 2) which shows two centres of 
radial drainage on mineralised high-grade metamorphic rocks 
where there is no evidence of volcanoes before the development 
of the landscape. 

Geochemical considerations 
A large circular volcano of central or composite type implies 
a large, centrally located, underlying magma chamber. Mauna 
Loa, Mt Etna and many other central volcanoes have such 
large magma bodies beneath their apices, where fractionation 
takes place. At Mauna Loa, fractionation is evidenced by 
phonolitic residua of alkali basaltic varents and. rarelv. 

As volcanism ceased in the Monaro during the mid Tertiary, 
it is not possible to use seismic tomography to model underlying 
magma structures. However, evidence of any large magma 
chamber should be present in the form of fractionated rocks. 
Comparing volcanic rocks in the Monaro Volcanic Province 
to those of Mauna Loa and other central volcanoes leads to 
the inescapable conclusion that there is no large central magma 
chamber beneath the Monaro. The Monaro does not possess 
the highly fractionated quartz-normative rocks found in Mauna 
Loa, nor any of the common hypabyssal rocks found in the 
Tweed and Warrumbungle volcanoes (cf. Stevens et al. 1989; 
Duggan 1989b). Monaro basalts are largely primary or 
near-primary, indicating short residence times in the upper 
mantleAower crust and high ascent rates without the interme- 
diate pause in an upper-level magma chamber. 

, , 
quartz-bearing alkali rhyolites (Wilson i989). ~ractionation 
is represented in Mt Etna as a complex series of rocks, ranging Geophysical evidence 
from tephrite to alkali basalt to hawaiite to mugearite. The There is no geophysical evidence (gravity or magnetic) to 
presence of large magma chambers beneath shield volcanoes support the idea of a major central volcano centred on Brown 
is commonly indicated by localised seismicity, which can also Mountain. The geophysical characteristics of the Monaro have 
be modelled to reveal the shape of the chamber (e.g. Ryan been previously discussed by Taylor et al. (1989), in reply 
et al. 1981). to Ollier & Taylor (1988), and by Roach et al. (1994). 
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Figure 2. Drainage map of part of the Broken Hill area, showing 
radial drainage around Broken Hill (an original landscape high 
related to the Broken Hill orebody?) and a second radial drainage 
pattern near Thackaringa. Map is from Hill et al. (1994) based 
on data from Willis (1988). 

Conclusion 
In this discussion we have concentrated on refuting the notion 
of the 'Monaro Volcano' as a large circular shield volcano 
because we have a large amount of detailed data on this 
feature. Other features used to understand the landscape 
evolution of southeastern Australia may also require more 
rigorous observation and interpretation. We feel it is important 
that all models for the landscape evolution of this region be 
constrained by the facts as they are known and modified as 
new information comes to light. 
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Discussion: Landscape evolution and tectonics in southeastern Australia 
(Ollier & Pain 1994) 
Paul Bishop' 

"ltk ns good ns nrly of rke orl~er stories" Answer of a senior Australian geoscientist (neither Ollier nor Pain) 
when asked by Bishop whether the geoscientist 'believed' his own 
interpretation of the history of the southeastern Australian highlands 

Introduction 
Ollier & Pain (1994) make many points that have already 
been disputed in various fora, and I do not seek to continue 
here the sometimes acrimonious debate and polarisation of 
'camps' that have developed in research on southeast Australian 
regional tectonics and drainage history. My aim is rather to 
explore some more general aspects of the research in these 
geographical and conceptual areas and to use this context to 
question some of Ollier & Pain's conclusions. I begin with 
some broader issues, and then address some particular points 
that I feel require clarification in relation to the broader issues. 

Historical geoscience 
Two general issues raised by Ollier & Pain's paper concern 
the objectives of historical geoscience and the nature of the 
evidence it uses. The quotation at the head of this discussion 
highlights a view of the task in historical geoscience, namely, 
to tell stories about the Earth. Baker (1994) defined the task 
more rigorously. The geoscientist's central task, Baker noted, 
consists of three principal concerns: "inspiration from natural 
phenomena in their real-world settings, the invention of 
hypotheses to explain those phenomena, and the creative 
application of quantitative measurement to test them" 
(p. 1414). The third task, the testing of our hypotheses, is 
the critical one for the present discussion. The quotation at 
the head of this discuss~on highlights the possibility that it 
may be difficult to formulate appropriate tests of our hypotheses, 
even suggesting that we may never be able to choose between 
competing 'stories' (interpretations). In other words, even 
though most geoscientists concerned with understanding Earth 
history would almost certainly claim that they want to know 
what 'actually went on', this may be very difficult because 
it may not be possible to devise adequate tests to decide 
between competing hypotheses of Earth history. 

This difficulty may be especially problematic for landscape 
development: how do we address the methodological issue 
that erosional development of landscapes involves the removal 
(denudation) of that landscape (that is, destruction of substantial 
parts of the evidence)? Thus, even though it is now generally 
acknowledged that scientific endeavour advances by some 
form of hypothesis formulation and testing (the hypothetico- 
deductive method), and that the geosciences aspire to use the 
same methodology (cf. Haines-Young & Petch 1986; Baker 
1994; and book reviews by Karl Wolf over the last three 
years in The Australian Geologist (nos 82-84)), the develop- 
ment of adequate tests for hypotheses of landscape evolution 
remains methodologically difficult. This difficulty does not 
relate to the Popperian notion of devising falsifiable hypotheses 
(cf. my rather simplistic treatment of the Davisian cycle in 
these terms (Bishop 1980)), but to the derivation of any tests 
that enable adequate evaluation of hypotheses, by either 
refutation or confirmation. 

Ollier & Pain's interpretation is but one hypothesis for the 
evolution of southeast Australia. It should be clearly identified 
as such. Their use throughout the paper of firm, unequivocal 
statements, such as, for example, "In the Mesozoic, .. . [tlhe 
upper Murray and Murmmbidgee united in a major stream 
flowing north to . . . the Surat Basin" (p. 341), is inappropriate. 
Quite simply, we do not know that this is the case. I am not 
suggesting that it is not the case, but simply that their 'story' 
is one of several possible 'stories' concerning the evolution 
of these river systems. 

The foregoing is not meant to imply that the generation 
of hypotheses concerning regional Earth history is in some 
way inappropriate. Indeed, Ollier has been one of the most 
prolific generators of such hypotheses, thereby providing a 
framework for other studies. But this does not change the 
reality that they are hypotheses. Ollier & Pain should 
acknowledge this throughout and seek evidence to test their 
hypotheses. 

The Tasman Divide 
The Tasman Divide is Ollier & Pain's name for a proposed 
continental drainage divide that they suggest lay east ('off- 
shore') of the present Tasman continental margin in the 
Mesozoic (before rifting, breakup and the formation of the 
Tasman Sea). Before breakup, they claim, this divide formed 
the watershed for westerly drainage to the Eromanga-Surat 
Basin. During rifting and breakup, the headwaters of these 
rivers were supposedly "cut off" (p. 335) and, after breakup, 
drainage rearrangement (via capture and diversion) is claimed 
to be responsible for westerly movement of the divide to its 
present position. This interpretation integrates into a plate 
tectonics framework the drainage history first proposed by 
Taylor (191 1). 

No one would dispute that the Eromanga-Surat Basin 
received sediment from the east during the Mesozoic. The 
untested part of their hypothesis is whether the headwaters 
of the systems that drained to the basin were east of the 
present continental divide (indeed, east of the present Tasman 
continental margin) and that they were subsequently beheaded 
during rifting and breakup, with ensuing westward migration 
of the divide. It is fair to say that Ollier and Pain present no 
evidence for their interpretation of the drainage rearrangement, 
apart from river patterns, which many researchers are certainly 
uncomfortable in interpreting in the way that Taylor (1911) 
did and that Ollier & Pain do (e.g. Browne 1921; Craft 
1931a-d, 1932a, b; Young 1977, 1978; Bishop 1982, 1986; 
Nott 1992). This point is not made to polarise the debate 
further, but simply to note that there is long-standing dissat- 
isfaction with the use of barbed drainage and boathook bends 
as support for the hypothesis of major drainage rearrangement 
in eastern New South Wales. 

It is worth emphasising in passing that palaeocurrent and 
Drovenance studies in sedimentarv basins establish drainage " 
directions and basin-hinterland relationships in a general way 

I Victorian Institute of Earth and Planetary Sciences, Department only. Rarely, if ever, do the Provenance and ~alaeocurrent 
of Geography & Environmental Science, Monash University, studies reveal the locations of former bedrock channel systems 
Clayton, Victoria 3168 in the way that Ollier & Pain have implied in relating the 
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Eromanga-Surat Basin data and the drainage systems of 
eastern New South Wales. The only exception to this is 
perhaps in the hinterland-basin transition zone, where ancient 
bedrock channels may be preserved as bedrock valleys filled 
with later sediment (e.g. the Early Tertiary bedrock valleys 
of the Lachlan and Murmmbidgee Rivers at the edge of the 
Murray Basin-Woolley 1978). Thus, Cleaves (1989) presented 
several drainage diagrams for the Appalachians for the Late 
Palaeozoic onwards, but, where major rearrangements of 
drainage are suggested (e.g. Cleaves' Early Cretaceous Phoenix 
River), the detailed locations and lines of these palaeochannels 
are "hypothetical", and they are explicitly not hypothesised 
on the basis of being subsequently captured precursors of 
modem drainage lines. 

The history of the supposed Tasman Divide relates to the 
style of continental margin evolution (Bishop 1986), as well 
as to the traditional geomorphological questions of denudational 
chronology and landscape evolution. Ollier & Pain's abstract 
clearly suggests that the divide migrated ~nland (westwards) 
during, and subsequent to, rifting and breakup. Other models 
for the development of the Tasman margin (e.g. Lister et al. 
1986) just as clearly incorporate a continental divide close to 
its present position during rifting and breakup, an interpretation 
consistent with the deep crustal structure beneath the drainage 
divide (Young 1989). 

It seems premature, therefore, to state unequivocally that 
the present highlands river systems, east of the continental 
divide, are 'descendants' of ancient rivers that formerly drained 
in the opposite direction, inland to the interior basins. Ollier 
& Pain's hypothesis that the Jurassic Pilliga Sandstone is the 
result of inland drainage of the Sydney Basin (p. 341) is not 
demanded by the evidence; indeed, palaeocurrent evidence 
(Conaghan et al. 1982) seems to refute it. The source area 
of the Pilliga Sandstone could be the present highlands, without 
any necessity for the drainage reversals implied by Ollier & 
Pain's hypothesis (cf. Arditto 1982). Indeed, there may be 
equal or greater justification for the hypothesis that some of 
the east-flowing systems (e.g. the Shoalhaven and Wollon- 
dilly-Hawkesbury Rivers) are 'descendants' of the east-flowing 
Mesozoic river which delivered sediment to the Sydney Basin 
from the area of the present divide in Middle Triassic times, 
an interpretation first suggested by Frank Craft in the 1930s 
(see Young 1978 and Bishop, 1982 for a discussion of Craft's 
(193 1 a-d, 1932a, b) contribution). This interpretation is 
consistent with Sydney Basin palaeocurrent data and models 
showing Sydney Basin drainage grossly to the east (Standard 
1969; Conaghan et al. 1982). Indeed, Jones & Veevers' (1983) 
discussion and diagrams clearly acknowledge that their hy- 
pothesis of a Mesozoic divide east of the present New South 
Wales ('Tasman') continental margin, a hypothesis which 
Ollier & Pain use to support their suggested Tasman Divide, 
is least well constrained, even problematic, along this very 
section of the Tasman margin. 

Ollier & Pain's discussion of the "reversals of rivers that 
followed their present course in the early Mesozoic, but in 
the opposite direction" (p. 341) is problematic for a less 
obvious reason. It is almost certainly erroneous to seek 
one-to-one correspondence between modem and ancestral 
rivers, as do Ollier & Pain in the foregoing quote and in their 
Figure 8 (despite their assertion that the drainage lines are 
generalised). It would not be expected that modem drainage 
lines are necessarily direct 'descendants' of ancient rivers, 
because significant thicknesses of the crustal section have 
been eroded since the supposed drainage rearrangements 
occurred (see Bisho~.  in Dress. for a fuller discussion of this 

is found in the southeast Australian highlands (and, incidentally, 
the Appalachians, the location of many of the classic examples 
of supposed drainage piracy and associated elbows of capture). 
If it is accepted that the continental drainage divide and the 
associated drainage systems in the southeast Australian high- 
lands date from at least the early Tertiary (see references in 
Ollier & Pain) and that rates of denudation of the highlands 
are of the order of 5-10 m/Ma (Young 1983; Bishop 1985; 
Gale 1992), denudation of faulted and folded metasediments 
and granites to depths of 0.5 km or more has occurred since 
the divide was emplaced. An older divide implies even deeper 
denudation. This denudation must have provided manifold 
opportunities for drainage realignment as denudation pro- 
ceeded, meaning that simply connecting modem drainage lines 
to suggest the patterns of formerly continuous rivers is probably 
not wise. In short, the generally neglected vertical dimension 
of denudation introduces further uncertainty into drainage line 
reconstructions at previous (higher) crustal levels. 

Conclusion 
Ollier & Pain's interpretation of the history of southeastern 
Australia incorporates many drainage rearrangements, the 
complexity (and untestability) of which are highlighted by 
the number and variety of former river connections that have 
been suggested for the southeast Australian highlands over 
the last 80 years (see Young 1978, fig. 3 and Bishop 1982, 
fig. 2). Ollier & Pain's Figure 8 is but the latest in this 
sequence and equally difficult to test. This variety and 
complexity of former drainage connections and disruptions 
east of the present continental divide in southeast Australia 
may be symptomatic of the shortcomings involved in seeking 
correspondences between ancient and modem rivers. 

Ollier & Pain's dismissal of what they call "small area" 
studies (p. 335) is unfortunate, because these studies provlde 
the essential testing of hypotheses of regional drainage history 
and landscape evolution. Their hypotheses should be consistent 
with these studies, which, in the case of southeast Australia, 
already cover a considerable part of the region. Of course, 
Ollier & Pain's laudable objective is to suggest a regional 
synthesis, which may not be provided by local area studies. 
Such a synthesis is necessary to provide an overview and 
total integration of plate margin, drainage and landscape 
evolution. But the svnthesis does not necessarily have to 
encompass change (i.e. radical drainage rearrangement). Jones's 
(1976, p. 11) description of the actualistic approach to Earth 
history is apposite in this context: 

"I take an actualistic approach to be an historical 
form of the scientific simplicity principle. The 
simplest and therefore first hypothesis we should 
adopt is that the past resembled the present, and thus 
we should use observation and interpretation of the 
present as fully as we may in reconstruction of the 
past, and only go beyond it when its capacity to 
explain is exhausted". 

Ollier & Pain have provided one story about regional 
landscape evolution in southeast Australia. It is not the only 
one, however. An alternative story, incorporating continuity 
of drainage systems from the Mesozoic to the present, has 
considerable support from theory and field studies. It may be 
less exciting and 'radical' than a story incorporating major 
drainage rearrangements in response to a supposed sequence 
of rifting, breakup and formation of new continental margin, 
but it may just be what 'actually went on'. 

& .  . 
and the following points). This eroding crustal section is the 
"neglected third dimension" that Twidale (1972) urged all Acknowledgment 
researchers of long-term landscape evolution to remember. Its 
neglect can be particularly problematical in the denudation I am grateful to the Australian Research Council for support 
of substantial thicknesses of faulted and folded crust, such as for research on the southeast Australian highlands. 
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Discussion: Landscape evolution and tectonics in southeastern Australia 
(Ollier & Pain 1994) 
J.F. Nottl 

One of the most intriguing and enduring debates in Australian 
geomorphology this century has centred on the origin and 
subsequent development of the southeast Australian continental 
divide and associated drainage patterns. Two principal schools 
of thought exist: those who advocate that individual drainage 
lines, and hence the divide, have remained essentially un- 
changed since at least the early to mid-Tertiary (Young 1977, 
1983, 1989; Young & McDougall 1982, 1983, 1985, 1993; 
Bishop 1988; Bishop et al. 1985; Taylor et al. 1985, 1990; 
Nott 1992), and those who suggest that the divide has moved 
westward as stream patterns were reorganised (captured andlor 
reversed) due to tectonism, whether that be uplift of the 
highlands or subsidence of the flanking basins (Taylor 191 1; 
Ollier 1978, 1982; Ollier & Taylor 1988; Ollier & Pain 1994). 

These differences of opinion have arisen and continue to 
be perpetuated primarily because of the different methodo- 
logical approaches adopted by both groups; those advocating 
stability base their arguments on evidence acquired from 
detailed field studies of generally quite large, individual stream 
catchments, whereas those proposing drainage disturbance 
rely not so much on detailed field evidence, but primarily on 
the recognition of so-called irregularities of stream plan form, 
such as 'boat-hook bends' and 'barbed drainage', and the 
apparent alignment of streams either side of the continental 
divide. Ollier & Pain (1994), members of the latter group, 
have suggested that the two points of view are not necessarily 
in conflict, because the field evidence supporting divide and 
drainage stability really accounts only for the post middle 
Tertiary geomorphological evolution of the region and is of 
little consequence if, as they suggest, divide migration and 
drainage reorganisation occurred before this time. However, 
such a view conveniently continues to ignore much of the 
published field evidence whilst perpetuating the divergence 
of methodological approaches. 

In their paper, Ollier & Pain (1 994) use the lower Shoalhaven 
River and its tributaries as their type example for a model 
which attempts to identify and explain the characteristics, 
particularly the development of gorges, of a reversed river 
along the east coast. However, considerable published field 
evidence exists to show that the Shoalhaven River was not 
reversed, but has maintained its present course since at least 
the early Tertiary and, most certainly, before the development 
of gorges across the upland plateau or palaeoplain. Published 
field evidence also exists showing that the coastal plain in 
this region developed through erosional retreat of the eastern 
escarpment and not by down-warping of the upland plateau 
or palaeoplain. Such evidence strongly contradicts the proposed 
geomorphic evolution of this region as outlined by Ollier & 
Pain. It is the purpose of this discussion to outline this evidence 
from the Shoalhaven catchment and its environs. 

Ollier & Pain suggested that, before its reversal, the lower 
Shoalhaven River flowed westward to the upper Wollondilly 
River and thence to the Lachlan River. Gentle downwarping 
of the highlands to the east is suggested by these authors to 
have caused the Shoalhaven's reversal, so that its downstream 
tract, east of the Tallong bend, now flows to the Tasman Sea. 
Surprisingly, Ollier & Pain (p. 340) have given a maximum 
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age for this downwarping, for they state that 
". . . the evidence of silcretes, basalts and lateritic weathering 
quoted by Young and McDougall (1983) in support of no 
tectonic movement at all neglects the fact that no occurrence 
of these materials has been found near the base of the 
Great Escarpment. All are tens of kilometres to the east, 
which is in agreement with the present hypothesis that the 
palaeoplain, complete with its silcretes, basalts, and lateritic 
weathering profiles, was gently down-warped to the east." 
This is indeed a remarkable statement to issue, for Ollier 

& Pain are clearly implying here that the basalts on the coastal 
lowland were originally extruded onto the upland plateau or 
palaeoplain. Given that these basalts are mid-Oligocene in 
age and those on the present upland plateau are Eocene to 
mid-Oligocene, the downwarping of these basalts to their 
present position at and near present sea-level must therefore, 
according to Ollier & Pain's argument, have occurred after 
the mid-Oligocene. 

Here lies an outstandingly clear example of the divergence 
of the two methodologies mentioned earlier, for Young & 
McDougall (1982, 1983) clearly demonstrated that the mid- 
Oligocene basalts on the coastal plain near Ulladulla were 
extruded onto the lower parts of the Permian Snapper Point 
Formation, not tens of kilometres from the base of the great 
escarpment, as Ollier & Pain advocate, but only about five 
kilometres from the escarpment's base. The basalts on the 
600 m high upland plateau or palaeoplain, however, were 
extruded onto the Permian Nowra Sandstone, which is 300 m 
stratigraphically above the Snapper Point Formation, of which 
approximately 200 m had been removed before extrusion of 
the mid-Oligocene basalts on the coastal plain. These obvious 
stratigraphic relationships show that there must have been 
approximately 500 m of overlying Permian strata removed 
before the basalts on the coastal plain were extruded; the 
basalts on the coastal plain, therefore, could not have been 
extruded originally onto the palaeoplain. Hence, erosion of 
all, except possibly a 5 km wide strip, of the coastal plain 
in this region must have occurred before the mid-Oligocene, 
which predates Ollier & Pain's suggested time for downwarping 
of the palaeoplain. Moreover, further south, near Mount 
Dromedary, Nott & Punis (1995) have suggested that the 
coastal plain may be older than 100 Ma, based on the presence 
of lavas of at least this age near sea-level, and Bird & Chivas 
(1993) have argued, based upon the 180  values of ancient 
regolith, that the southeast highlands were in existence before 
the Late Mesozoic. By the same token, Young (1989) has 
suggested that the close spatial association between strongly 
negative Bouguer anomalies and the Great Divide indicates 
the highland's ancient heritage and stability. Taken together, 
these various forms of evidence strongly contradict Ollier & 
Pain's assertion that the eastern portion of the highlands in 
the Shoalhaven region was downwarped after basalt extrusion 
across the palaeoplain. 

In presenting their argument, Ollier & Pain also failed to 
address the evidence presented by Young (1977) and Young 
& McDougall (1982, 1983), which highlights that the 20" 
northeasterly dip of the Permian strata of the lower Shoalhaven 
catchment is syn-depositional, not post-depositional, for the 
overlying Triassic Hawkesbury Sandstone, immediately to the 
north, remains horizontal. As Craft (1932) pointed out over 
60 years ago, any tectonic warping of the highlands in this 
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region should be reflected in the dips of the Sydney Basin 
strata. Indeed, this is the case, but this warping clearly occurred 
before the Triassic, not during the Tertiary as Ollier & Pain 
suggest. 

The structural contours of the Permian and Triassic strata 
of the lower Shoalhaven catchment also provide a ready 
explanation for the so-called irregularities of the drainage 
patterns in this area. As pointed out by Young (1977), the 
lower Shoalhaven River, from the Tallong bend eastward, 
flows down-dip across the Nowra sandstone,-and the Kangaroo 
River, a northern tributary, joins the Shoalhaven at an acute 
angle simply because it flows down the southwesterly dip of 
the Hawkesbury Sandstone. The supposed evidence for prior 
westerly drainage here-the 'barbed drainage' junction of the 
Kangaroo and Shoalhaven Rivers and the 'boat-hook bend' 
near Tallong-is really structurally controlled drainage patterns. 

That the Shoalhaven River has always flowed around the 
Tallong bend towards the east is a difficult hypothesis to 
disprove. Nott (1992) showed that sediments, now silicified 
and lying on the plateau surface beside the present-day 
Shoalhaven Gorge, parallel the course of the river around the 
Tallong bend towards the east. These sediments, estimated to 
be at least Early Tertiary in age and most certainly pre-Eocene, 
were deposited before excavation of the Shoalhaven Gorge 
and show clearly that the lower Shoalhaven River flowed in 
this direction before formation of the gorge. Completely 
ignoring this field evidence, however, Ollier & Pain (p. 340) 
specifically state that the "gorges" of the lower Shoalhaven 
and its southern tributaries were in existence before down- 
warping of the upland plateau or palaeoplain towards the east, 
which, as mentioned, was suggested by them to have occurred 
after the mid-Oligocene. These supposedly antecedent gorges, 
therefore, would have developed in the upper reaches of the 
then supposedly westward-flowing Shoalhaven River. Of 
course, as gorges develop through headward retreat of nick- 
points or steeper gradient reaches, these gorges could only 
have developed after gorges first developed further downstream, 
i.e. between the present Wollondilly and Shoalhaven Rivers. 
Nott (1992) has demonstrated that before basalt damming of 
the Shoalhaven River at 30 Ma the bed of the Shoalhaven 
Gorge at the Tallong bend lay approximately 100-120 m 
below the plateau surface. The same was true during outpouring 
of Eocene basalts into the tributary Endrick River further 
upstream (Young 1977), which clearly predates Ollier & Pain's 
suggested time of downwarping and river reversal. Therefore, 
if the drainage reversal hypothesis is correct, there should 
exist a gorge or sediment-filled palaeo-valley of at least this 
depth and, presumably, much deeper, marking the course of 
the former westward-flowing Shoalhaven River between its 
present position and the present Wollondilly River. No such 
feature exists! The palaeo-valley of the Shoalhaven River 
during the Eocene and Oligocene has been unequivocally 
shown to have followed close to its present course from at 
least Braidwood to well downstream of Tallong (Nott 1992). 

Instead of addressing the previously published evidence 
on the long-term drainage patterns of the Shoalhaven and its 
tributaries, Ollier & Pain present a model suggesting that 
antecedent gorges will parallel the contours of a down-warped 
surface and that this is evidence for antecedence. They then 
present a map (p. 341, fig. 7D) supposedly demonstrating 
this for the incised southern tributaries of the lower Shoalhaven 
River. However, as shown on their map the majority of these 
streams actually cross the contours, not parallel them and, as 
shown by Young (1977, p. 269, fig. 3), these tributaries run 
down-dip, crossing the structural contours of the Nowra 
Sandstone. If these tributaries were antecedent and originally 
joined a westward-flowing lower Shoalhaven River, their 
junctions with the Shoalhaven could be seen to be barbed, 
indicating, according to Ollier & Pain's hypothesis, that the 
lower Shoalhaven must have flowed east before it flowed 

west, prior to taking on its present easterly course. Such a 
scenario is very much at odds with the detailed field evidence 
which has been recognised within the lower Shoalhaven 
catchment. 

The Shoalhaven River figures prominently in Ollier & 
Pain's account of the landscape evolution of southeast Australia. 
Yet, as highlighted in this discussion, these authors neglected 
to mention and take into account a substantial volume of 
published field evidence which strongly contradicts their view 
of the geomorphological development of the Shoalhaven 
region. The evidence shows clearly that the Shoalhaven River 
flowed east, following close to its present course, when Ollier 
& Pain, without any firm field evidence, suggest that the 
Shoalhaven River flowed westward. Any hypothesis advocating 
widespread reversal of east coast streams throughout southeast 
Australia should acknowledge this situation and attempt to 
explain why the Shoalhaven River, being one of the major 
streams of the region, flowed eastwards as it does today, 
whilst all other streams supposedly flowed west. Hypotheses 
like that proposed by Ollier & Pain cannot, after all, be 
verified until they have been thoroughly tested against field 
evidence. 
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Discussion: Landscape evolution and tectonics in southeastern Australia 
(Ollier & Pain 1994) 
Shu Li', J.A. Webb2 & B.L. Finlayson' 

Ollier & Pain (1994) have put forward an interesting and 
thought-provoking synthesis of Late Mesozoic and Tertiary 
landscape evolution in southeastern Australia. However, their 
interpretation of landscape evolution is presented "as a brief 
outline, without reference to sources" of evidence (p. 335). 
This is unfortunate, because, as a consequence, their paper 
sometimes lacks justifications for their conclusions. To con- 
vince the reader, their interpretation requires evidence from 
detailed studies of the highlands, like those of Young (1978, 
1989), Bishop (1988), Gale (1992), and Nott (1992). These 
studies are "mostly confined to small areas" (p. 335) and 
Ollier & Pain maintain that "their relevance to the broader 
picture is not demonstrated." However, the "broader picture" 
of the whole landscape can only be built up from detailed 
studies of individual small areas; without them, a general 
explanation of the landscape evolution of southeastern Australia 
cannot be derived with any confidence. 

Because of this lack of evidence in Ollier & Pain's paper, 
some parts of their model are unclear. We would like to 
concentrate on four aspects which we think are in need of 
amplification or revaluation. 

1. Drainage reorganisation 
Ollier & Pain have proposed that numerous river diversions 
accompanied the development of particular divides. However, 
detailed evidence for the diversions, e.g. palaeocurrent direc- 
tions based on crossbedding measurements, or gradients 
calculated using the elevation of valley remnants or gravels, 
is apparently lacking. Thus, although much of Ollier & Pain's 
model may be correct, it is difficult to evaluate in detail. In 
particular, we believe that there are viable alternatives to some 
of their proposals. 

It is unlikely that the western part of the Otway Basin 
was the source of the Early Cretaceous volcanolithic sediments 
of the Eromanga Basin (p. 337). Palaeocurrents in the central 
Otway Basin are predominantly towards the west and southwest 
(data from Drossos 1989), indicating that the sediments in 
this basin were derived from active volcanoes along the 
convergent margin to the east (Veevers 1984). Volcanolithic 
strata in the Eromanga Basin may also have been derived 
from the east; the line of active volcanoes in the Early 
Cretaceous extended northwards from east of Victoria well 
into Queensland (Veevers 1984). 

Ollier & Pain also state (p. 335) that rivers flowing 
northwards from the Victoria Divide into the Eromanga Basin 
were diverted westwards at the beginning of the Tertiary by 
the uplift of the- Canobolas Divide. However, there is 
considerable evidence that rivers were flowing westwards 
before this. In particular, the Ceduna Depocentre within the 
Eucla Basin contains over 3 km of Late Jurassic-Early 
Cretaceous sediments and 8 km of Late Cretaceous strata; 
delta foresets indicate that sediment supply was from the 
northeast (Fraser & Tilbury 1979; Veevers 1984). This huge 
volume of material (0.95 x 106 kms) was most probably 
brought into the Ceduna Depocentre by the ancestral 
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Murray-Darling system, although an additional supply of 
sediment from the Eromanga Basin to the northeast cannot 
be ruled out (Veevers 1984). In any case, it is clear that major 
west or southwest-flowing river systems were in existence in 
the Cretaceous. The Canobolas Divide may indeed have been 
uplifted at the beginning of the Tertiary, at the same time as 
the Flinders Ranges (Wellman & Greenhalgh 1988); the latter 
uplift cut off sediment supply to the Ceduna Depocentre, 
which received only a small amount of detritus through the 
Cainozoic. 

2. Miocene uplift 
Ollier & Pain proposed that a "major uplift of the Gippsland- 
Snowy Mountains block took place in Miocene times" (p. 342), 
with "up to a kilometre" of throw along the Long Plain Fault, 
"leaving the 22 Ma Kiandra Flow hanging on the edge of 
the fault scarp" (p. 339). Although it is very likely that major 
movement has occurred along the Long Plain Fault, dating 
of this is problematic, and the significance of the Kiandra 
Flow is uncertain. The age of the basalt is well established 
(Wellman & McDougall 19741, but there is no detailed 
documentation showing that it has been displaced by faulting. 
On the downthrown side of the fault there is a nearby outcrop 
of basalt at Shannon's Flat, but this is of slightly different 
age (18 Ma; Ollier & Taylor 1988), and there is no evidence 
that it represents the same flow as the Kiandra basalt. 

Studies on the middle and lower reaches of the Snowy, 
Buchan and Murrindal Rlvers have shown that there has been 
only 200 m of incision by these rivers since the Eocene (Webb 
et al. 1991; Webb et al. 1992; Li 1995). Thus, there was no 
large-scale regional uplift of this part of the Gippsland-Snowy 
Mountains block in the Miocene; any major fault movement 
at this time, if it occurred, must have been confined to the 
New South Wales part of the southeastern highlands. 

3. Comparison of volumes of eroded 
material and deposited sediment 
Ollier & Pain (pp. 337, 338) calculated the volume of material 
eroded to create the Great Escarpment between Newcastle 
and Eden, and the volume of sediment on the continental 
shelf in this region. They found approximately the same 
answer for both calculations (3400 km3), but additional factors 
mean that these estimates must be revised. 

Firstly, the volume of material eroded ("a triangular prism 
of length 550 km, width 50 km and height 0.5 km") is 
6800 km3. Secondly, the calculation of sediment volume 
ignored porosity. The maximum thickness of the sediment on 
the continental shelf is 500 m (the vertical exaggeration on 
Fig. 4 in Ollier & Pain is x 200). Sands and shales at the 
base of this sediment column will have a porosity of 35-50 
per cent (Sclater & Christie 1980; Baldwin & Butler 1985); 
porosities of newly deposited sediments on the sea floor may 
be over 80 per cent (Hamilton 1971). Thus, of the calculated 
sediment volume on the continental shelf (3400 km3), about 
half to one-third represents water-filled porosity. 

There is, therefore, a major mismatch between the material 
eroded (6800 km3) and the sediment deposited (1700- 
2300 krn3). A small proportion of the material eroded will 
have been lost in solution, and some sediment will have been 
transported down the continental slope to be deposited on the 
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floor of the Tasman Sea. The latter amount is likely to be 
proportionally minor, as there are no major submarine canyons 
between Newcastle and Eden (Davies 1975), and Tertiary 
strata on the floor of the Tasman Sea are thin and often 
biogenic (Kennett et al. 1975). 

The lack of correspondence between the two calculated 
figures suggests that either the eroded volume has been 
overstated or the volume of sediment on the continental shelf 
cannot be used as an accurate guide to the amount of onshore 
erosion. 

4. The timing and scale of palaeoplain 
downwarping 
There is some confusion regarding the timing and scale of 
the palaeoplain downwarping that led to the formation of the 
coastal plain and Great Escarpment. Ollier & Pain (p. 340) 
propose that "the palaeoplain, complete with its silcretes, 
basalts and lateritic weathering profiles, was gently downwar- 
ped". This clearly indicates that the downwarping was 
post-Miocene, as the basalts are Miocene in age. However, 
their Figure 3 and the discussion on p. 337 imply that 
downwarping was associated with the rifting that formed the 
Tasman Sea; this began in the Late Cretaceous (Veevers 1984). 
The latter timing is also indicated by the statement that the 
Great Divide, which was created by downwarping of the 
palaeoplain sloping down from the Tasman Divide (see their 
Figure 5), was "in existence by the Cretaceous" (p. 343). 

Although none of the four points discussed above necessarily 
invalidates Ollier & Pain's model, either entirely or in part, 
they do require re-evaluation and amplification of some 
components of the model. It is clear that much work still 
remains to be done in understanding the geomorphic history 
of southeastern Australia, and a consistent hypothesis to explain 
all aspects of the landscape evolution has yet to be developed. 
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Reply: Landscape evolution and tectonics in southeastern Australia 
(Ollier & Pain 1994) 
C.D. Ollierl & C.F. Pain' 

"Tltere is o l , vqs  rr srrortg ir~clir~ntior~ for n 
hod! of professionnls to oppose nrl rrnorthodo.~ vien~ " 

Edward Bullard 

"Tl~e renlly volrrrrble factor is ir~t~ritiort. " 

Albert Einstein 

We thank our correspondents for pointing out a few errors, 
suggesting problems with our hypothesis, opening some new 
areas for discussion, and, above all, calling for more detail. 
We have been writing a detailed account of drainage patterns 
in southeast Australia for some time and wondered if any 
editor would accept it-we can imagine referees dismissing 
it as simply a mass of detail-but the demonstrable interest 
should now make it easier to find acceptance. 

We wrote about a new view of tectonic geomorphology 
of southeastern Australia, not a history of its study (a 
"misgiving" of Roach et al. 1995). The presentation of an 
overview demands a style totally different from local reporting. 
We cannot reply in detail here to most of the involved points 
that our correspondents raise; to do so would require a book! 
We will comment briefly on a few of the points, author by 
author, and then discuss some general points of principle. 

Points of detail 
Shu et al. 
1. We agree with Shu et al. When they write "It is unlikely 

that the western part of the Otway Basin was the source 
of the Early Cretaceous volcanolithic sediments of the 
Eromanga Basin. (p. 337)" We say on p. 337 (col. 1) that 
"for much of their history they [the Otway and Gippsland 
Basins] were filled with volcanogenic sediment derived 
from the east." 

2. Shu et al. wish to relate our Eromanga-Murray Basin- 
southeast highland story to that of the Ceduna Basin. We 
have enough problems in our own area, and do not w~sh  
to discuss the Ceduna Basin. Even Shu et al. only speculate 
that sediment in the Ceduna Basin "most probably" came 
via an ancestral Murray. Just possibly there was a different 
source, analogous to the Swan and Avon catchments in 
Western Australia (see below). 

3. Our tectonic story is very abbreviated. It may well be that 
much of the major Miocene tectonic movement was 
"confined to the New South Wales part of the Southeastern 
Highlands." We never presumed that the same amount of 
uplift was uniform in all the highlands: some faults such 
as the Tawonga Fault (in Victoria) and the Long Plain 
Fault in New South Wales have faulting of a kind and 
age not found elsewhere. As Jennings warned in 1972, "It 
is wise to retain one principle . . . namely that it is dangerous 
to assume that the geomorphic history of the whole of the 
Eastern Highlands--or even of the Southern Tablelands- 
must have followed closely the same course." 

4. In their comments about the amounts of material eroded 
between Newcastle and Eden, Shu et al. are correct when 
they say that the volume of the triangular prism is 6800 km'. 
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We divided this by two to allow for the ridges still present 
in the landscape, but neglected to mention this in our 
paper. Given this, our estimates of eroded and deposited 
material show a remarkable correspondence, and we would 
have been happy if one figure had been half or double 
the other-it is merely a rough comparison. Not only did 
we ignore porosity (as Shu et al. point out) but also losses 
in solution (which can be 50% of the total erosional loss 
(Rapp, 1960): why do Shu et al. suggest only "a small 
proportion"?), additions of organic sediment, and addition 
or loss of material by longshore, onshore or offshore drift. 
In reality the much larger amount of sediment in the 
southern part of the offshore strip matches erosion of the 
deeply weathered Bega Granite and suggests that most 
sediment is locally derived and that longshore transport is 
probably unimportant. 

5. The timing of downwarping of the palaeoplain requires 
much more .work. Our 'shorthand' description can, indeed, 
lead to confusion, as Shu et al. point out. But the transition 
from rift to sea-floor spreading, and associated downwarps 
or uplift, is not instantaneous, and furthermore is likely 
to be of different ages in different places. This may be 
compared with modem rift valleys. The Albert Rift, for 
example, started to appear in the Oligocene, but it still 
has very much the appearance of a young rift, with 
volcanoes on both the shoulder and within the rift. 

Nott 
The points raised by Nott are mainly about the Shoalhaven 
River. This is one of the most complex places in eastern 
Australia, and by no means our "type example" as he states. 
1. On the point of the gorges of the Shoalhaven system Nott 

is quite correct, and our statement that Fig. 7 "suggests 
down-warping of the palaeoplain to the east after the 
incision of the gorges across it." is wrong. The phrase 
should read "suggests down-warping of the palaeoplain 
to the east after the initiation of rivers across it." Of course 
the gorges form only after relief has been created by uplift 
or downwarping. 

2. We agree that the coastal plain was formed by erosion. 
But one must ask "what was the form of the landmass 
that was eroded?" Nott does not appear to have considered 
this earlier phase, but that is what long-term landscape 
evolution is about. We must make a clear distinction 
between a present coastal plain, and the down warped 
palaeoplain. If Nott wants to have a coastal plain eroded 
and graded to present sea level before the Oligocene basalts 
or even Cretaceous volcanics were erupted on to it (as 
described by Nott & Punis 1995), when does he suppose 
that plain was formed? When does he presume the coast 
of Australia came into existence? And how? Can he relate 
his "fixist" story to sea-floor spreading, which we believe 
is well documented? Where did the Shoalhaven flow to 
before the breakup of Gondwana? 

3. The dips of strata and the slopes of land surfaces are 
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remarkably small in this area, as indicated in the discussion 
of Brown (1983) after the paper by Young & McDougall 
(1982) (see also the reply by Young & McDougall 1983). 
The brunt of Young & McDougall's 1983 reply was to 
show that the tilting of the Permian was pre-Triassic, 
because the Triassic is still horizontal. Meredith Orr, in 
an unpublished honours thesis, wrote "A simple calculation 
. . . shows that the pre-Triassic eastward tilt of the Permian 
sediment [near Nowra] is only 0.76" effectively allowing 
most of the tilting in the Ulladulla area to be post-Triassic" 
(Orr 1992). Moreover, the difference between the east-west 
slope on the Permian and the topographic slope between 
the top of the Great Escarpment and the coast is only 0.5". 
Structural contours on top of the Hawkesbury Sandstone 
(Standard 1969, p. 416, fig. 5.37) run roughly E-W and 
show a slope to the north, absolutely discordant to the 
direction of the Kangaroo River. Farther north is the Nepean 
Fault-Lapstone Monocline with a throw up to 180 m and 
dip up to 70". It is naive- to think of the Triassic as a 
horizontal stratum as implied by Nott. The myth of 
horizontal Triassic strata is supported in this area by 
drawing strike sections, but two-dimensional arguments 
about the dip of the Triassic are not valid. 

4. Though arguing for horizontal Triassis strata in one place, 
elsewhere Nott wants the Triassic to dip parallel to the 
Kangaroo River. He states that "the Kangaroo River ... 
joins the Shoalhaven at an acute angle simply because it 
flows down the southwesterly dip of the Hawkesbury 
Sandstone." We believe, on the contrary, that all of the 
Kangaroo River main branch and the majority of the lengths 
of its tributaries flow on Permian strata. (Illawarra Coal 
Measures down to Conjola Formation), and Devonian strata 
where it joins the Shoalhaven River. Our opinion is based 
on field observation and published geological maps. 

5. Nott seems to have completely misunderstood our Figure 7. 
Of course rivers cross contours! The point is that the 
Shoalhaven tributaries do not flow at right angles to the 
generalised contours, which they would do if initiated on 
a simple sloping surface. 

Roach, McQueen & Taylor 
This contribution is almost entirely about the Monaro Volcano, 
which is not basic to our regional morphotectonic story. The 
content would have been better included in a response to 
Ollier & Taylor (1988), and we cannot reply to the details 
here. Suffice it to say that if there is a heap of basalt, with 
associated radial drainage, it might well be called a volcano. 
We insist that radial drainage is present, and is a useful 
indicator of old volcanoes, as at Ebor (Ollier 1982; Gleadow 
& Ollier 1987), where radial drainage also pointed to the 
Miocene plug, previously mapped as a Triasslc intrusion; at 
Maybole volcano near Guyra (Coenraads 1990), where drainage 
pattern analysis was used as an aid in sapphire exploration; 
at the deeply weathered volcano 12 km south of Malanda on 
the Atherton Tableland (Stephenson et al. 1980); and as a 
means of determining several volcanoes from scattered volcanic 
residuals north of the Clarence River (Ollier & Haworth 1994), 
which also makes sense of petrological relationships (N.C. 
Stevens, personal communication). 

The fanciful recognition of 'radial drainage' at Broken Hill 
is reminiscent of mock continental matches that used to be 
proposed by opponents of continental drift (now plate tecton- 
ics). Lt is alright for a joke, but hides the fact that drainage 
interpretation (like continental matching) requires knowledge 
and skill. 

Bishop 
Bishop has mainly confined his comments to general principles, 
so we shall reply to him mostly in the next section. and here 
comment only on his remarks about the Tasman Divide. 

Given that in Gondwana there was more land to the east 
of present Australia (almost universally agreed), there would 
be drainage on both Pacifica and Australia. One can assume 
either that: 
(a) there was a divide exactly coincident with the future 

continental margin of Australia, 
(b) there was a divide such as the present Great Divide with 

drainage from Australia going to Pacifica, 
(c) there was a divide in Pacifica with drainage going onto 

the present Australian continent, or 
(d) some more complex combination. 

We find hypothesis (c) the most feasible in relation to 
river patterns, sedimentation, and the history of breakup. We 
know very little about the supposed Tasman Divide, but 
presume there must be one, since rivers do not flow all around 
the earth like planetary winds. This presumption has nothing 
to do with faith in barbed drainage and boathook bends. 

General principles 
Holistic or partial approach 
We have presented a hypothesis that brings together drainage 
patterns, sedimentary basins, tectonic uplift and downwarp, 
and the evolution of the Great Escarpment. Our critics present 
a series of partial arguments, but we feel they need to suggest 
an alterative scenario for the whole. Instead we can only see 
implied suggestions for a total picture. 

For example, those authors who emphasise the lack of 
change in drainage since the mid-Tertiary do not say what 
happened earlier. But either there was an earlier drainage, 
which we can try to reconstruct, or there is no trace of earlier 
drainage and somehow the modern drainage pattern evolved 
de novo after uplift of the eastern highlands. 

Nowadays it is just about universally agreed that Australia 
was formerly bounded by land to the east (Fig. 1) which was 
separated by sea-floor spreading, perhaps after a period of 
uplift. Does Nott believe that the ancient Shoalhaven flowed 
from Australia to the east before separation? And other rivers 
of eastern Australia? If they can be traced in detail to the 
Eocene, it is surely reasonable to speculate what the situation 
was at earlier times. And it is reasonable to expect a consistent 
picture. If rivers like the Hunter and Clarence flowed from 
lost land to the east, it seems more than likely that many 
others did too. 

Detail or overview 
Shu et al write "...the 'broader picture' of the whole landscape 
can only be built up from detailed studies of individual small 
areas ..." We do not agree. Science does not advance by 
simply accumulating a lot of detail and hoping that something 
will turn up. The leap from a fixist Earth to plate tectonics 
did not come from consideration of many small areas, but 
from imaginative inslght. Many points of detail had been 
accommodated in the earlier model, but after the revolution 
different sorts of evidence were sought. 

Amongst observations, large-scale observations are as valid 
as small-scale ones. The array of major basins and landmasses 
must be accounted for just as much as river cross-sections. 
The way in which the main watershed in eastern Australia 
follows the coastline for thousands of kilometres and the 
repetition of the same set of physiographic features along this 
divide has impressed authors from Andrews (1910) to the 
present day. and calls for explanation. 

As early as 191 1, Griftith Taylor presented a splendid 
overview of the evolution of eastern Australia, but he lacked 
two important ingredients. The first was accurate topographical 
maps (much of our work is based on 1 :I00 000 maps), and 
the second was the lack of a useful global tectonic model, 
such as plate tectonics. He realised that rivers like the O'Hare, 
Cordeaux, Cataract and Kangaroo rise within a few kilometres 
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of the coast and flow to the west, with broad valleys (several 
are used for reservoirs) and with perfectly simple dendritic 
drainage patterns. Clearly it would take a long time to erode 
such valleys, and: 

"when these valleys were produced there could not 
have been coastal cliffs a thousand feet [300m] high 
immediately at their origin, as at present. We are led 
to believe, therefore, that not far back in geological 

time there was an extensive area to the east of this 
divide [our italics], perhaps one or two hundred miles 
wide, which has subsided lately beneath the waves." 
(Taylor 191 I). 

The only method available to Taylor was downfaulting. 
How happy he would have been to know about sea-floor 
spreading and the breakup of Gondwana! 

Since Taylor's day, we have acquired splendid maps and 
a vast amount of data on geology, ~ncluding absolute ages of 
rocks and new models of global tectonics. Meanwhile, many 
geomorphologists (including our critics) have generally pre- 
ferred to examine the local, small, 'safe' detail. 

Rift valleys and continental margins 
There are two major models for passive margin evolution, 
both related to rift valleys (Fig. 2). With a simple rise to the 
rift (Fig. 2A & B), a model supported by Gilchrist & 
Summerfield (1990, 1991), Gilchnst et al. (1994), Weissel 
et al. (1995), and others, there has to be a massive fault 
somewhere and, since in Australia it is not on land, it would 
have to be offshore. There would have to be massive erosion 
to cause retreat of the Great Escarpment to its present position 
and also to create the Breakup Unconformity surface (the 
offshore part of the palaeoplain in Fig. 2). Is this what our 
critics envisage? The oldest sediments on the Breakuu 
Unconformity are probably Cretaceous, so all the erosion 
would have to occur in a very short time. On this model the 
Great Divide should be the crest where the palaeoplain meets 
the Great Escarpment. This is very much the situation in the 
Western Ghats of India and the Serro do Mar in Brazil, but 
in eastern Australia the Great Divide commonly runs along 
a plateau, and there is a broad belt of seaward-dipping plateau 
between the Great Divide and the Great Escarpment. 

The alternative model. which we favour, is downwaruing 
of the palaeoplain below sea level (Fig. 2C & D). This 
simultaneously accounts for the plateau between the Great 
Divide and the Great Escarpment and the creation of the 
Breakup Unconformity, which is the downwarped palaeoplain. 
The amount of erosion after subsidence, required to form the 
coastal belt backed by the Great Escarpment, is very much 
less on this model. Another feature is that the regolith is 
downwarped to the coast and a belt of old surficial features 
can occur near the coast, which is impossible on the first 
model. We believe that deep weathering profiles and even 
some ancient lava flows, such as those described by Nott & 
Purvis (1995), have been downwarped in this way. 

Modem rifts come in both forms. The Lake Albert rift 
valley is downwarped, with a drainage divide many tens of 
kilometres to the east in Uganda, and all the features of barbed 
drainage, reversed rivers, and normal rivers on the downwarp 
side that we have described as associated with the Australian 
Divide (Ollier 1990). On the other hand, the Ethiopian Rift 
appears to have a simple rise to the rift, as in Figure 2A 
(Weissel et al. 1995). Nor must we limit our thinking to 
models that are too simple: the warping is not instantaneous, 
and the Lake Albert rift, for example, originated in the 
Oligocene and is still active. 

Since our paper was written, an interpretation of the 
landscape of southwest Western Australia has appeared, a 
story of landscape evolution very like that of our model, but 
not complicated by the formation of a Great Escarpment 
(Clarke 1994). 

The general situation is shown in Figure 3 and more detail 
in Figure 4. In the first stage (Fig. 4A), drainage came from 
the south and flowed to the north (as we envisage across 
Victoria). With the separation of Australia and Antarctica by 
rifting and sea-floor spreading, the coastal part was down- 

Figure 1. The position of southeast Australia before the separation warped, creating the Jarrahwood Axis, which may also have 
of Antarctica and land to the east (Pacifica), after Griffiths (1971). had some tectonic uplift. On the seaward side of this axis, 
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Palaeoplain 

Figure 2. Two possible relationships of the regolith-covered palaeoplain to tectonics at  passive continental margins. Left, (A)-With 
continuing rise to the continental margin, any continuation of the palaeoplain has to be downfaulted below sea level. When erosion 
produces a coastal zone with a Great Escarpment (B), no trace of old regolith will be preserved. Right, (C)-With downwarp of 
the palaeoplain from the marginal swell to below sea level, the regolith covered plain outcrops at the coast, and palaeo-landforms 
may be preserved close to the coast (D), though not nearer to the Great Escarpment. 

Figure 3. Major physiographic and tectonic features of southwestern Western Australia (modified after Mulcahy 1973). The position 
of the edge of the palaeoplain is only approximate, as there is no Great Escarpment here. 
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rivers were reversed (Fig. 4B), and the one studied in detail 
by Clarke is the Cowan drainage. The reversed Cowan river 
would flow into the Southern Ocean or a precursor rift and 
would deposit sediments. These sediments have been found, 
and turn out to be Jurassic! This is actually a longer time 
scale than we have in the east, even though less geomorphic 

Kalgoorlie 

Figure 4. Evolution of the Cowan Drainage (after Clarke, 1994). 
A, Palaeodrainage; B, Formation of the Jarrahwood Axis and 
downwarp to the south, with reversal of the Cowan drainage. 
Note the barbed drainage pattern. The names on rivers are Clarke's 
names for palaeodrainages (e.g. Rebecca P.). 

evolution has been revealed. It is also worth noting that, 
although the drainage can be traced back to the Mesozoic, 
the oldest sediments actually found in the valleys are Eocene. 
Some modem investigations, not yet published so far as we 
know, indicate that some of the palaeodrainage in the Yilgarn 
may go back to the Permian, as it does in parts of Victoria, 
another parallel to our model. Note also, on Figure 4B, the 
barbed drainage, exactly as we described for some valleys in 
southeast Australla. 

This area is also of interest for the history of scientific 
investigation in this area. In a broadside against Ollier's first 
outline of evolutionary geomorphology (Ollier 1979), Young 
(1980) offered the following local detail for the benefit of 
British readers: 

"He [Ollier] states . .. that relict drainage systems on the 
plateau of Western Australia apparently had their headwaters 
south of the present coastline and were sundered by the riftlng 
of Australia and Antarctica.. . Detailed morphological and 
geological mapping . . . show beyond doubt that relict drainage 
systems rose in the centre of the plateau and ran towards 
the present coastline." (Young's italics). 

The reconstruction of palaeodrainage 
In Bishop's penultimate paragraph he wallows in all the 
difficulties of reconstructing ancient drainage. But what are 
we to do? Not look, speculate, test? We find that modern 
rivers are in place, older ones (such as Deep Lead rivers) can 
be reconstructed in detail, still older ones have left only 
scrappy remains of their former courses. But in places we 
can find Permian streams (the Loddon, the Ovens in Victoria), 
elsewhere Cretaceous fragments (Bendigo), and so on. In 
places we know that a river has repeatedly occupied the same 
general course (resurgent landforms), like the Loddon, which 
had roughly its present course in the Tertiary and in the 
Permian (indicated by sediments). We do not imagine that 
rivers disappear from the Earth and start again from nothing 
(maybe they did on the Deccan Traps, or a newly uplifted 
Cretaceous sea floor, but not in southeast Australia), so we 
use the old ones as the best guide to where the next will be. 

Uniformitarianism 
In his conclusions, Bishop appeals to an actualistic approach, 
quoting with approval Jones' (1976, p. 11) restatement of 
uniformitarianism: "The simplest and therefore first hypothesis 
we should adopt is that the past resembles the present, ..." 

The present is not the key to the past! Indeed, the present 
is very unusual (an interglacial in the largely glacial Quaternary, 
contrasting with the long periods of stability in Mesozoic and 
early Cainozoic times), and is a very poor guide to the past. 
The present gives no clue to the Eocene situation, when the 
whole world was warm and wet, like the equatorial regions 
of today (Walker & Sloan, 1992), and none of our present 
climatic models can explain it. Nor does it indicate Permian 
glaciation, or the Cretaceous flood, or many other aspects of 
the Earth's evolution. Uniformitarianism was an important 
plank in early geological arguments, against creationists and 
extreme catastrophists, but even in early days people like 
Conybeare and Sedgwick argued strongly and rationally against 
it. To Sedgwick (1831, p. 301) uniformitarianism seemed "a 
merely gratuitous hypothesis ... unsupported by the direct 
evidence of fact." (See Hooykaas 1970 for more detailed 
discussion). More recently, Le Grand (1988), in a history of 
plate tectonics and its precursors, built much of his story 
around the orthodox uniformitarianism of Lyell and the 
alternatives of his opponents. "We can only discover what 
the past was like from consistent internal evidence, not from 
compansons with places that are thought to be somewhat 
similar today" (Ollier, 1979, p. 535). 

The literature on uniformitarianism is riddled with mis- 
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conceptions, and Shea (1982) framed the most persuasive and 
pernicious ones into a set called Twelve fallacies of unifor- 
mitarianism. He concluded that "modem uniformitarianism 
has no substantive content-that is, it asserts nothing whatever 
about nature." 

Scientific method 
Bishop uses Baker's (1994) three-point outline of the nature 
of historical geoscience: 
1. inspiration 
2. invention of hypotheses 
3. testing of hypotheses 

It should not be difficult to do part 3. and our correspondents 
make some moves in that direction. We expect most tests will 
be done by others, since this is the real point of work in 
detail. 

Bishop's statement that our hypothesis is "but one" is 
self-evident. We have stated it in some detail so that it is 
more complete than some others, and therefore more testable. 
But so far as testing goes, we do not support the Popperian 
notion that falsification of a hypothesis is the main form of 
progress, certainly not in our area of environmental geomor- 
phology, because, even if one part is proved false, the basic 
idea may still be right. A good overview of more modem 
(post-Popper) proponents of the philosophy of science, in- 
cluding Lakatos, Laudin, Kuhn, and Feyerabend is provided 
by Le Grand (1988). 

Facts and imagination 
Any theory that accounts for all the facts is likely to be 
untrue, because some of the 'facts' will ultimately prove to 
be untrue. In the present issue, the 'facts' of the Kangaroo 
River flowing on a Triassic dip slope, and the palaeo-rivers 
of Western Australia flowing to the present coast are good 
examples. "Science is not the mere collection of facts, which 
are infinitely numerous and mostly uninteresting, but the 
attempt by the human mind to order these facts into satisfying 
patterns." (Hinshelwood 1959, p. 3). 

Without going into chapter and verse, here are some famous 
quotes that support a more creative approach to investigation. 
"Gathering facts, without a formulated reason for doing so 
and a pretty good idea as to what the facts may mean, is a 
sterile occupation and has not been the method of any important 
scientific advance." (F.F. Simpson). "The scientist is every 
bit an artist, because he uses intuitive and imaginative ways 
of thought-the does not use the scientific method." (H.C. 
Longuet-Higgins). "The mark of an educated man is the 
ability to make a reasoned guess on the basis of insufficient 
information." (A. Lawrence Lowell, President, Harvard Uni- 
versity, 1909-1933). 

Conclusion 
In 1950 one of the most eminent geologists of his day, Bucher, 
wrote in the Scientific American that "In short, everything 
that is now known concerning the configuration and structure 
of the floors of the oceans proves conclusively that Wegener's 
hypothesis of continental drift is wholly untenable." Nowadays, 
practically everybody believes in continental drift, though the 
stress is now on sea-floor spreading. But geomorphologists 
have been slow to incorporate the new paradigm, largely, we 
think, because they see landscape evolution on a shorter time 
scale than plate tectonics. Few of the workers who have 
supported the fixity of drainage patterns in Australia (Bishop, 
Young, Taylor, Nott, and others) have ever related their findings 
to the creation of new continental margins, but this is now 
necessary. A biogeographer once remarked "I can explain all 
biological distributions without recourse to continental drift. 
Unfortunately it happened!" Any 'explanation' of plant and 

animal distribution without it is silly, and the same applies 
to 'explanations' of long-term geomorphic evolution. We have 
checked 18 papers by Bishop that discuss the Eastern Highlands, 
and only two refer to continental breakup and formation of 
the Tasman Sea. But breakup and sea-floor spreading did 
happen, and must be related to landscape evolution. We are 
quite sure that many details of our hypothesis will prove 
mistaken, but believe that the general model will prevail. 

But at least our cntics do acknowledge a role for 
geomorphology, even as they hanker for details of sedimen- 
tation. "Whatever grand theory may prove to be right, it is 
important to realise that geomorphology, like geophysics, 
petrology and stratigraphy, has an important part to play in 
deciphering earth history, and may provide clues that other 
branches of geology cannot reveal." (Ollier 1978, p. 45). 
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Calcareous microplankton biostratigraphy of the Eocene Browns Creek 
Clay in the Aire District, Otway Basin of southeastern Australia: an update 

In updating the calcareous microplankton stratigraphic record of the 
lower part of the Browns Creek Clay (the Errritella clays and 
Notostren greensand), Otway Basin of southeastern Australia, unex- 
pected problems with significant consequences were encountered. 
Assemblages from the base of the formation include two key species, 
the nannofossil Istlirttolirlirrs recrrrvlrs (hitherto unknown from this 
level) and the foraminiferid Acnritzit~n collncten (unknown from this 
formation until fairly recently)--in association with Neococcolithes 
drrbirls. Clzinstnolit/7rrs ootnnrrretzsis. Cyclicnrgolitl~rrs recticrrlntrrs, 
Discoaster stripanensis. Globigeritznrl~ektr index, Tenrritelln crculeclta, 
7: gernmn and 7: it~solitn. The stratigraphic range of I. recrrrvrrs is 
disjunct (in this respect, I .  recrrrvrrs resembles the two Eocene 
foraminiferids 7: nclrleara and G. index in southern Australia): in its 
lower range I. recrrrvlrs is rare, but it is common in its upper 
range-with a substantial gap in between, within which N. duhi~rs 
disappears. Elsewhere, including other southern high-latitude sections, 
A. collncten is known to disappear well below the first appearance 
datum (FAD) of I. recrrrvrrs. and the split stratigraphic range of 
I. recrrrvlrs has not been explicitly reported. Reworking could be the 

cause of the overlap in the stratigraphic ranges of I .  recunsrs and 
A. collacten at Browns Creek, although a seemingly wide geographic 
distribution of the association of these two species and N. drtbius in 
southern Australia has been indicated herein. Evidence (including the 
presence of rare 7: getnrtzn) has been discussed, favouring I. recrrrvrrs 
(in preference to A. collncten) as a prime evidence for dating the 
base of the Browns Creek Clay. This base has been correlated with 
the sequence boundary between the third order cycles 4.1 and 4.2, 
and dated late Eocene. at about 36.2 Ma. Cyclicorgolithrrs reticrrlntrrs 
disappears near the Turritelln clayslNotostren greensand boundary- 
within the foraminiferid Hnntkeninn nlnbornensis prirnitivn interval, 
which has long been accepted as isochronous across southern Australia. 
The event of disappearance of C. reticulntrrs is thought to be at 
34.9 Ma, in agreement with a previously given K-Ar age limits for 
the Hrrntkeninn interval. The combined evidence of I. reclrrvrrs and 
C. reticrrlntrrs assigns the lower part of the Browns Creek Clay a 
late Eocene age, equivalent to low either Zone NP19120 or Subzone 
CPI5b. A correlation with the foraminiferal zonal interval high P15 
to within PI6  of the tropics is possible. 

Introduction 
The importance of the Browns Creek section of the Aire 
District in the Otway Basin, southeastern Australia, to the 
calcareous microplankton (nannofossil and foraminifera) bios- 
tratigraphy of southern Australia cannot be overstressed. 
Because of its accessible outcrops and richly fossiliferous 
open-marine facies, the Browns Creek section has been included 
in numerous palaeontological (e.g. Cookson 1965; Cookson & 
Eisenack 1965) and biostratigraphic studies (e.g. Carter 1958; 
McGowran 1973, 1978, 1989; Shafik 1981, 1983; McGowran 
& Beecroft 1986b; Waghorn 1989; Abele 1994), making it 
an important reference section in the marine Palaeogene record 
of southern Australia. Indeed, it "has been a standard for the 

Upper Eocene" in Australia since the discovery of the 
foraminiferid Hantkenina in it by Pan in 1947 (McGowran 
1978, p. 89). The present study is an update of the calcareous 
microplankton biostratigraphy of the lower part of this 
important section: closely spaced samples made it possible to 
precisely determine the levels of several nannofossil biostra- 
tigraphic events. New foraminiferal data (e.g. in McGowran 
& Beecroft 1986b) have prov~ded a good basis for this update; 
and an unpublished magnetostratigraphic record of the same 
part of the section made this update especially relevant. 

A brief account of the sequence outcropping at Browns 
Creek (Fig. 1) has been presented by Shafik (1983), but a 
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Figure 1. Geological sketch map  of the Browns Creek area, Aire District, southeastern Australia. AGSO samples were collected a t  
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detailed description of the same sequence has been given by 
Abele et al. (1976) and recently has been discussed by Abele 
(1994). The transition between the Browns Creek Clay and 
the underlying Johanna River Sand is usually well exposed 
in a small gully immediately west of Browns Creek (known 
as the first gully section-see Tickell et al. 1992; Abele 1994). 
There, the base of the Browns Creek Clay approximates to 
a thin discontinuous calcarenite band (the lower in a twin 
calcarenite band, 60 cm thick-see Fig. 2). The Johanna River 
Sand is devoid of calcareous microfossil remains, and the 
base of the Browns Creek Clay coincides with the very first 
up-section appearance of calcareous microplanktic remains 
(nannofossils and foraminiferids). This base has been related 
to a major marine transgression in southern Australia: the 
later part of the Tortachilla Transgression or the early part of 
Tuketja Transgression of McGowran & Beecroft (1986b). 

In the first gully section at Browns Creek, the lower 9 m 
of the Browns Creek Clay is predominantly dark grey clay, 
with common Turritella spp., Spirocolpus aldingae and the 
bivalve Limopsis chapmani-the so-called Turritella clays. A 
prominent, 1-2 m thick bed of glauconitic sand, the Notostrea 
greensand, separates the Turritella clays from an overlying 
succession of bryozoal marls (20 m thick) and light grey clays 
(10 m thick). 

Material studied. Four sets of samples from the Turritella 
clays and the Notostrea greensand in the first gully sect~on 
were examined: an AGSO set of closely spaced samples 
(prefixed by either BCN or M, Fig. 2) collected by M. Idnurm 
and myself in 1987 for a combined nannofossiI/palaeomagnetic 
study; a UA set, also closely spaced samples (prefixed by 
BC82, Fig. 3), collected for palaeontological studies in 1982 
by a group of geologists from the Univers~ty of Adelaide; a 
GSV set of samples (prefixed by the letter A, Fig. 4) collected 
by C. Abele of the Geological Survey of Victoria in 1977 
and 1994; and a combined SADMEIESSO set of samples- 
collected during 1970 and 1971 (prefixed by either V70 or 
BC71, Fig. 5)-which was partly studied by Shafik (1981). 
In Figures 2-5 the same thicknesses were adopted for the 
Turritella clays and the Notostrea greensand despite differences 
among the four sets of samples in measurements of these two 
units. Also sample levels were not always measured relative 
to the same datum (which has been either the base or the top 
of the Notostrea greensand, or the lower calcarenite band at 
the base of the Turritella clays), but in Figures 2-5 a uniform 
practice is adopted: the base of the Notostrea greensand is 
taken as the datum for those samples obtained from this unit 
or from near its boundaries, and the lower calcarenite band 
is taken as the datum for all other samples. Abele (1994) has 
shown that the published estimates for the th~ckness of the 
Notostrea greensand vary between 2.7 m (Raggatt & Crespin 
1955) or 2.6 m (Tickell et al. 1992), and 1.2 m (as measured 
by Hocking et al. 1963 in Cookson & Eisenack 1965 fig. 1); 
Abele's (1994) own estimate is 0.6 m. 

Documentation and significance of the 
nannofloras 
The distribution of calcareous nannofossils in the four sets 
of samples is given in Figures 2-5. The relative abundance 
of each species in the AGSO set of samples, given in Figure 2, 
was determined by counting all specimens in at least 200 
fields of view, using a magnification of 1250. The nannofossils 
in the other sets of samples were not counted. However, these 
sets were studied to check the distribution pattern of certain 
key species and to establish a direct link with the foraminifera1 
results. 

the rare species which determines the main differences between 
the assemblages. The few species which are common in most 
assemblages are Coccolithus eopelagicus, C. pelagicus, Cy- 
clicargolithusJloridanus, C. reticulatus, Lanternithus minutus, 
Reticulofenestra humpdenensis, R. umbilicus, Sphenolithus 
rnoriforn~is and Zygrhablithus bijugatus. Most specimens of 
Coccolithus pelagicus have a central plug. 

The range of the biostratigraphically important Isthmolithus 
recurvus appears to be disjunct: this species is rare, but 
undeniably consistently present in the basal 1.65 m of the 
Turritella clays, virtually absent in the overlying 5 m, and 
reappears in large numbers higher up. A similar disjunct range 
for I. recuwus has not been explicitly reported from any other 
section anywhere, and, therefore, is worthy of further discussion 
(see below). 

The occurrence of Neococcolithes dubius and Isthmolithus 
recurvus together in the basal 1.65 m of the Turritella clays 
requires special attention (see below) because, almost every- 
where, a stratigraphic gap has consistently been recorded 
between the highest occurrence of the former and the lowest 
occurrence of the latter. A few other cases where the two 
species occur together are known from southern Australia and 
New Zealand, however (Shafik 1983; Waghorn 1985; this 
study). These occurrences conceivably give some physical 
evidence to the notion commonly held that I. recurvus has 
evolved from N. dubius (e.g. Edwards 1971)-but no forms 
transitional between the two species were recorded there. 

Palaeoenvironmental significance of the nannofloras. 
The palaeontological evidence suggests that the Turritella 
clavs were de~osited in a neritic environment. on the continental 
shelf. The nannofossils include several pentaliths and other 
hemipelagic species such as Braarudosphaera bigelowii, 
Holodiscolithus macroporus, Lanternithus minutus, Micran- 
tholithus inaequalis, Orthozygus aureus, Pemma basquense, 
Polztosphaera multipora and Zygrhablithus bijugatus. Ascidian 
spicules, common at some levels, support the conclusion of 
shallow-water deposition. Lithologically the Turritella clays 
and the Notostrea greensand are consistent with deposition 
on the shelf by an advancing sea. Because of the relatively 
high abundance of mesotrophic species, such as Cyclicar- 
golithus reticulatus, and the relatively low abundance of 
discoasters, it is suggested that levels of nutrients were high dur- 
ing the deposition of the Turritella clays (see also Aubry 1992b). 

Surface water temperatures were mild as suggested by low 
abundances of species of both genera Discoaster and Chias- 
molithus. However, there is some evidence of intermittent, 
warm surface-water currents brought south by the Proto-Leeu- 
win Current (Shafik 1990) in the Browns Creek area during 
the late Eocene. This includes the sporadic occurrence of rare 
Sphenolithus predistentus and other warm-water species (see 
Fig. 2). Notable among these species are Discoaster barbadi- 
ensis and Helicosphaera reticulata, which were found in low 
abundance in one sample, about 50 cm above the base of the 
Turritella clays. 

Biostratigraphic events. Assemblages from the base of 
the Browns Creek Clay include several biostratigraphically 
important species: Isthrnolithus recuwus, Neococcolithes du- 
bius, Cyclicargolithus reticulatus, and Discoaster saiparzensis. 
Four significant nannofossil biostratigraphic events are dis- 
cernible within the Turritella clays (Fig. 2): 

Isthmolithus recunlus disappears about 1.65 m above the 
base of the formation. This event (first disappearance of 
I. recurvus) is stratigraphically well below the disappearance 
levels of the Eocene Neococcolithes dubius, Cyclicar- 
golithus reticulatus and Discoaster saipanensis in the 
Browns Creek section. It is yet to be identified in other 

Composition of the nannofloras. Species diversity is sections. 
generally high in both the Turritella clays and the Notostrea Neococcolithes dubius disappears 5.0 m above the base 
greensand, but the majority of species in a given assemblage of the formation. The species has been recorded from 
occur in low numbers (Fig. 2). And it is the composition of neritic and oceanic sediments at a wide range of latitudes, 
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distance between samples M41 and M49 is exaggerated for consistency with Figs 3 - 5. 'Sequence boundary of Haq et al. (1988). 

Figure 2. Distribution of selected calcareous nannofossil species in the AGSO set of samples from the lower part of the Browns Creek Clay (first gully, Browns Creek). 
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Figure 3. Distribution of selected key calcareous planktic species in the UA set of samples from the lower 
part of the Browns Creek Clay (first gully at Browns Creek); foraminifera1 distributions are from McGowran 
& Beecroft (1986) and McGowran (1989). Explanation of symbols as in Figure 2. 

and its extinction datum could be useful for biostratigraphic 
correlation over long distances. However, possible rework- 
ing in the lower part of the Turritella clays, evidenced by 
the presence of Daktylethra punctulata (Figs 2, 4,  5), 
throws some doubt about the usefulness of this event in 
correlation of the Browns Creek section. 
Isthmolithus recurvus reappears 6.6 m above the base of 
the formation: in its higher range, I. recurvus is common 
and consistent. Shafik (1993) argued for equating this event 
of reappearance with the first appearance datum (FAD) of 
I. recurvus elsewhere. However, it can also be argued (see 
below) that the basal assemblages with rare I. recurvus in 
the Browns Creek section are above the species FAD 
elsewhere. 
Cyclicargolithus reticulatus disappears about 0.5 m below 
the base of the Notostrea greensand. This confirms Shafik's 
(1981) record of this event within the interval with the 
foraminiferid Hantkenina alabamertsis primitiva at Browns 
Creek (see below). It is worth noting here that the event 
of disappearance of Calcidiscus protoaiznulus shortly below 
the last appearance datum (LAD) of C. reticulatus at the 
South Atlantic ODP Site 522 (Backman 1987) could not 
be identified at a relatively similar level in southern 
Australia. At Browns Creek, C. protoaizizulus ranges well 
above the LAD of C. reticulatus (see Fig. 2), in agreement 
with the nannostratigraphy of the (Eocene/Oligocene bound- 
ary stratotype) Massignano section in Italy (Premoli Silva 
& Jenkins 1994). In the Garnbier Embayment (western 
Otway Basin), C. protoaizi~ulus and C. reticulatus, together 
with Discoaster saipaizensis, disappear at the same level-at 
a disconformity at the top of the Eocene (Shafik 1983). 
It is difficult to judge whether the gap in the stratigraphic 

range of Isthmolithus recunus (i.e. between the species 
disappearance and reappearance levels) in the Turritella clays 
at Browns Creek is due to some local conditions, unlikely to 
be repeated elsewhere, or could be found somewhere else. In 

the case of the Browns Creek section, the presence of (rare) 
I. recurvus in the basal 1.65 m (the species lower range) 
could only be detected by detailed sampling and very careful 
examination of the assemblages: the species lower disappear- 
ance level and, therefore, the gap in its stratigraphic range 
had not been detected in previous investigations (Shafik 1981, 
1983; Waghorn 1989). For a possible documentation of such 
a stratigraphic distribution of I. recurvus in other sections, 
detailedsahpling and thorough examination of the assemblages 
of the interval between the FAD of Chiasmolithus oamaruensis 
and the LAD of Neococcolithes dubius, particularly in facies 
similar to the Browns Creek Clay (shelfal as opposed to 
oceanic deposits), are highly recommended. The basal Browns 
Creek Clay was formed immediately after an environmental 
change from a non-marine or marginal marine regime to open 
marine. 

Zonal assignment and age. The combination of the 
age-diagnostic nannofossil species Chiasmolithlcs oamaruensis, 
Cyclicargolithus reticulatus, Discoaster saipanensis and 
Isthmolithus recurvus, recorded in the base of the Turritella 
clays, suggests a late Eocene age. Strict application of the 
widely used biostratigraphic zones of Martini (1971) or of 
Okada & Bukry (1980) indicates an assignment to the late 
Eocene combined Zones NP19120 or their equivalent, Subzone 
CPI5b. This assignment is based on the co-occurrence of I. 
recurvus and D. saipanensis: FAD of I. recurvus defines the 
base of either NP19120 or-CPlSb, and the extinction of D. 
saipanensis defines the tops of these biostratigraphic units. 
Discoaster saipanensis ranges well above the Notostrea 
greensand in the first gully section at Browns Creek (Shafik 
1983; Waghorn 1989); most authors consider the extinction 
datum of D. saipaizensis as a good approximation of the 
Eocene/Oligocene boundary (e.g. Perch-Niesen 1985). Cycli- 
cargolithus reticulatus, which consistently ranges in the 
Turritella clays to about 0.5 m below the base of the Notostrea 
greensand, is known to disappear well below the extinction 
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Figure 4. Distribution of selected key calcareous planktic species in the GSV set of samples from the lower 
part of the Browns Creek Clay (first gully at Browns Creek). Foraminiferal distribution, columnar section 
and sample levels are from Abele (1994). Explanation of symbols as in Figure 2. 

of D. saipanensis in mid and low-latitude sections (e.g. Gartner 
1971; Shafik 1981; Aubry 1992b). This evidence substantially 
narrows the biostratigraphic assignment of the Turritella clays 
to the lower part of either the NP19120 or CPI5b zonal 
interval, which is equ~valent to the foraminiferal zonal interval 
high P15 to within P16, as indicated in the AGSO charts 
(Chaproniere et al. in press). 

The interval of deposition of the Turritella clays is 
substantially less than the duration of either the NP19120 or 
CPI 5b zonal interval. 

Sedimentation rate. Published estimates of the duration 
of the NP19120 and CPl5b zonal intervals vary greatly because 
they use different time scales. For example, it is 3 m.y. 
(41-38 Ma; Okada & Bukry 1980), 2 m.y. (38.5-36.5 Ma; 
Haq et al. 1988) (36.2-34.2 Ma; Wei & Peleo-Alampay 1993), 
or 1 m.y. (37.8-36.8 Ma; Berggren et al. 1992). Among the 
numerical age brackets published for either zonal interval, 
that of Wei & Peleo-Alampay (1993), 36.2-34.2 Ma, is 
favoured in this study. This is partly because it accommodates 
the older of the K-Ar age limits of 35.9(rt0.5)-32.9(fl.5) Ma 
estimated for the interval with Hantkenina alabamensis 
primitiva in the St Vincent Basin by Lindsay & Webb (1979). 
The H. alabamensis primitiva interval, thought to be isochro- 
nous across southern Australia, is within the zonal interval 
NP19120 or its equivalent CPI 5b at Browns Creek (see below). 

I suggest that the deposition of the Turritella clays may 
have occurred in less than two million years (i.e. less than 
the duration of the NP19120 and CPISb, as calculated by Wei 
& Peleo-Alampay, 1993)-probably 1.3 m.y, 36.2-34.9 Ma. 
This estimate is not in disagreement with the numeric age 
difference of 1.77 m.y. between the FAD of Isthmolithus 
recurvus and the LAD of Cyclicargolithus reticulatus as given 
by Hazel (1989). 

Sedimentation rates in the lower 10 m of the Browns 
Creek Clay were very slow relative to those for the remainder 
of the formation in the first gully section (Shafik 1983)- 
probably about 0.7 cm/k.y. (assuming 1.3 m.y. for the depo- 
sition of the Turritella clays); this rate is significantly faster, 
however, than that estimated for the deposition of the coeval 

section in Italy (estimated herein as about 0.3 cm/k.y. for the 
4 m thick interval, between the FAD of I. recurvus and the 
LAD of Cyclicargolithus reticulatus, in Premoli Silva & 
Jenkins 1994). The 5 m section at Browns Creek, between 
the disappearance and reappearance of I. recurvus, represents 
a relatively long time interval-the few isolated occurrences 
of extremely rare I. recurvus noted in this section notwith- 
standing (Figs 2, 3). 

Biostratigraphic significance and age of 
the foraminiferal assemblages 
Foraminiferal results based on examination of the UA set of 
samples (Fig. 3) have been presented by McGowran & Beecroft 
(1986b) and McGowran (1989), and those based on the GSV 
set of samples (Fig. 4) have recently been given by Abele 
(1994). 

Biostratigraphic events. Several key planktic foraminiferal 
species are present in the base of the Browns Creek Clay in 
the first gully section. These include common Acarinina 
collactea, Chiloguembelina cubensis, Globigerinathika index, 
Subbotina linaperta, S. angiporoides and Tenuitella aculeata, 
in addition to very rare Tenuitella gemma and Z insolita. 
The levels of several significant events in the lower 10 m of 
the Browns Creek Clay, pointed out below, are from McGowran 
& Beecroft (19866), Abele (1994) and McGowran (personal 
communication, Dec. 1993): 

Acarinina collactea, common at the base, disappears about 
1.1 m above the base of the formation, largely on the 
basis of the GSV set of samples (Fig. 4). The species 
occurs, however, in small numbers in a few samples in 
the uppermost part of the Browns Creek Clay at Castle 
Cove as well as in the second gully section at Browns 
Creek; but these high occurrences are probably a result of 
some reworking (Abele 1994). 
The lowest occurrence of consistent Tenuitella insolita is 
at 1.2 m, based on the UA set of samples (Fig. 3). 
Tenuitella aculeata disappears about 3.8 m abo"e the base 
of the formation, based mainly on the UA set of samples 
(Fig. 3). The species reappears higher up in the formation part in the (EoceneIOligocene boundary stratotype) Massignano 
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and its second disappearance is also biostratigraphically 
useful (e.g. McGowran & Beecroft 1986b; Abele 1994). 
The lowest occurrence of consistent 7: gemma is at about 
5.0 m above the base of the formation, based on the UA 
set of samples (Fig. 3) ;  a few specimens of this species 
have been recorded from the base of the formation. 
The interval with Hantkenina alabamensis primitiva is 
7.6-9.3 m, extending from the uppermost part of the 
Turritella clays to within the basal Notostrea greensand, 
based on the UA set of samples (Fig. 3). An isolated 
occurrence of H. alabamensisprimiti~~a at 4.4 m apparently 
was significant in identifying the Tuketja Transgression at 
this level at Browns Creek (McGowran 1989). 
The stratigraphic order of events indicated above is 

essentially the same as that surnrnarised by Lindsay (1985) 
in the intracratonic St Vincent Basin, with two significant 
exceptions. The lowest consistent occurrence of Tenuitella 
gemma in the St Vincent Basin is at a much lower level, 
being below the first disappearance level of Tenuitella aculeata 
(this tends to indicate a special importance for the rare 
7: gemma in the base of the Turritella clays-Fig. 4).Acariniiza 
collactea ranges higher than the interval with Hanrkenina 
alabamensis primiriva in the St Vincent Basin (Lindsay 1969). 
In New Zealand, A. collactea ranges to within the interval 
with H. alabamensis primitiva (Jenkins 1985). 

Correlation with P zones. Successive attempts at corre- 
lating the top of Acarinina collactea, and the interval with 
Hantkenina alabamensis priirziriva in southern Australia, with 
the P zonation of the tropics (e.g. McGowran 1978, 1989; 
McGowran & Beecroft 1986; McGowran et al. 1992) have 
not differed significantly. Collectively, these correlations 
suggest the placement of the lower 10 m of the Browns Creek 
Clay within Zone PI5 of middle-late Eocene age-the top 
of A. collacrea being within the lower Zone P15, close to the 
middleflate Eocene boundary, and the top of the interval with 
H. alabamensis primitiva near the top of Zone PIS. 

Accordingly, the lower 10 m of the Browns Creek Clay 
was probably deposited over more than 2 my., suggesting a 
significantly slower rate of deposition than indicated above; 
any possible gaps in this section are deemed to be beyond 
the current biostratigraphic resolution and, therefore, will not 
be considered here. The present study suggests a younger 
correlation with the P zones (see above; Fig. 2). 

Discussion 
The nannofossil evidence and forammiferal evidence apparently 
conflict in dating the base of the Browns Creek Clay (as it 
coincides with the base of the calcareous microplanktic section 
at Browns Creek). Thus, this base is late middle Eocene 
according to the foraminifera1 evidence of Acarinina collacrea, 
but late Eocene based on the nannofossil evidence of 
Isthmolithus recurvus. This is understandable, especially in 
terms of data from outside the southern Australian region: 
the top of the range of A. collactea has been used, among 
other criteria, for approximating the middleflate Eocene 
boundary at low latitude sites (e.g. Berggren et al. 1985), 
while the base of the range of I. recunws has been used 
widely as a good datum well within the late Eocene (e.g. 
Martini 1971 ; Hornibrook & Edwards 1971; Perch-Nielsen 
1985). The overlap in the stratigraphic ranges of A. collactea 
and I. recurvus has not been recorded outside the Australian 
region. It will be shown below that the record of both 
I. recurvus and A. collactea in the base of the Browns Creek 
Clay is not a result of errors in sampling or sample preparation. 

The Zsthrnolithus recurvus record The occurrence of rare 
I. recurvus at the very base of the Browns Creek Clay, and 
within the basal 1.65 m, has not been reported in previous 
studies of the formation (Shafik 1981, 1983; Waghorn 1989). 
Because these occurrences are in association with Neococ- 

colithes dubius (Fig. 2), and because the stratigraphic ranges 
of these two species are not usually known to overlap, either 
I. recurvus may not be in situ (owing to sampling errors or 
contamination during sampling or sample preparation etc.), 
or N. dubius may have been displaced as a result of reworking 
from older sediments in the west or south. The possibility of 
reworking can not be ruled out, especially with the presence 
of Daktylethra puizctulata in the lower part of the Browns 
Creek Clay; D. punctulara is thought to disappear below the 
top of the middle Eocene in the Otway Basin (Shafik 1983). 
However, because several co-occurrences of I. recurvus and 
N. dubius are known from other parts of the Otway Basin 
and beyond, in New Zealand, and because the stratigraphic 
range of D. punctulata is not well established, the record of 
both I. recurvus and N. dubius at Browns Creek is likely to 
be real. This study records the two species occurring together 
in a core sample from the western Otway Basin; see also 
Shafik (1983) for another such a co-occurrence from the 
western Otway Basin. The two species share a short strati- 
graphic range in the rapidly deposited Kaiata Creek section 
in New Zealand (Waghorn 1985). 

Based on the UA set of samples, McGowran & Beecroft 
(1986b) were the first to record the foraminiferid Acarinina 
collactea in the basal part of the Browns Creek Clay-almost 
two decades after the first record of this species in the Eocene 
of southem Australia by Ludbrook & Lindsay (1969). Sub- 
sequently, this species was identified from the basal 1 m in 
the AGSO set of samples (A. Beecroft, written communication, 
Dec. 1993). More recently, Abele (1994) recorded common 
A. collactea in the GSV set of samples, from the basal 1.1 m 
of the formation (Fig. 4). These records of A. collactea indicate 
that the basal part of the formation in all three sets of samples 
studied is similarly represented and, therefore, the possibility 
of a sampling error can be eliminated. The same conclusion 
is reached from examination of the nannofossil assemblages: 
a similar distribution of I. recurvus can be shown in the three 
sets of samples, i.e. this species first appears at the base of 
the formation, and disappears at about 1.65 m to reappear 
higher up (Figs 2, 3, 4). 

The similarity in the distribution of both A. collactea and 
I. recurvus in all three sets of samples is good evidence that 
the overlap in the ranges of these species within the basal 
1 m of the Browns Creek Clay is real, in the sense that it is 
not the result of contamination during either sampling or 
sample preparation. The possibility that the presence of 
A. collactea may have been in the first instance a result of 
recycling of (slightly) older sediments during the early phases 
of deposition of the Browns Creek Clay can not be ruled out 
completely, despite a wide geographical spread of occurrences 
of that species in association with I. recurvus (and Tenuitella 
gemma-see below) being apparent in southern Australia. 

The presence of the foraminiferid Tenuitella gemma at the 
base of the Browns Creek Clay (Fig. 4) supports dating this 
base as late Eocene age (as indicated by the co-occurrence 
of Isthmolithus recurvus and Cyclicargolithus reticulatus) and, 
consequently, strengthens the case for I. recurvus being in 
situ. Interestingly, Li Qianyu (1987) showed the stratigraphic 
range of Praetenuitella praegeinm~Tenuitella gemma in the 
United States Gulf Coast, beginning at the base Zone P16 of 
the late Eocene. 

The stratigraphic range of Isthmolithus recurvus in the 
Browns Creek Clay appears disjunct or split, and a similar 
disjunct range for this species has not been explicitly reported 
previously in the formation nor in any other section. However, 
the records of the species by both Shafik (1981) and Waghorn 
(1989) are largely consistent with the results of the present 
study. Shafik (1981) recorded the lowest occurrence of 
I. recun~us at 5.5 m above the base, and in a subsequent 
publication (Shafik 1983) revised this level to 7.0 m above 
the base. Older levels, studied by Shafik (1981) are where 
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the species is likely to be extremely rare (at 0.9 m) 
or absent (2.4 & 4 m) according to the data in 
Figure 2. Similarly, Waghorn (1989) did not report 
I. recurvus from his lower three samples, below 
the 4 m level, and identified this species unreliably 
in sample A36, but confidently in sample A37 
(see Fig. 4 herein for levels of these samples). 
Re-examination of Shafik's (1981) material 
showed that I. recurvus at the 5.5 m level (sample 
BC7115 in Fig. 5) must be extremely rare, for it 
could not be identified again. The species occurs 
in the next sample up, BC7116 at the 7.0 m level 
above the base of the Turritella clays--consistent 
with Shafik's (1983) results (see Fig. 5). Shafik's 
(1981) record of I. recurvus at 5.5 m level is 
regarded as an isolated occurrence of the species, 
similar to that at 3.8 m (sample BC8219 in Fig. 3) 
or that at the 6.0 m level (M71 in Fig. 2). The 
reappearance of consistent I. recurvus at 6.6 m 
(in sample M43 in Fig. 2) is also supported by 
the distribution of the species in other sets of 
closely spaced samples (UA set, Fig. 3 and GSV 
set, Fig. 4). 

Two key Eocene foraminiferids, Tenuitella 
aculeata and Globigerinatheka index, have disjunct 
stratigraphic ranges in the neritic facies of southern 
Australia (e.g. McCowran & Beecroft 1986a). 

At the South Atlantic DSDP Site 523. the 
stratigraphic range of Isthmolithus recurvus is 
disjunct, but the lower occurrences of.the species 
are bracketed up and down with occurrences of 
Chiasmolithus &andis and are regarded, therefore, 
as a result of downhole contamination (Backman 
1987). 

The Acarinina collactea record. The occur- 
rence of A. collactea in the basal part of the 
Browns Creek Clay presents a problem because 
of the associated Isthmolithus recurvus. An overlap 
in the stratigraphic ranges of these two species 
has not been reported outside the southern Aus- 
tralian region. For example, evidence from oceanic 
southern high-latitude sections, in the South At- 
lantic, Antarctica and Kerguelen Plateau (compare 
Pujol 1983 and Backman 1987 for DSDP Site 
523; Wei & Wise 1990 and Stott & Kennett 1990 
for ODPSite 689; Huber 1991 and Wei & Thierstein 
1991 for ODP Site 738; Aubry 1992a and Berggren 
1992 for ODP Site 748) shows a gap between 
their stratigraphic ranges. Indeed, at ODP Site 
689 the top of the range of A. collactea is shown 
to be slightly below the middlenate Eocene 
boundary (Stott & Kennett 1990), whereas the 
base of the range of I. recurvus has been used at 
the same site as a good late Eocene datum (Wei 
& Wise 1990). 

The overlap in the stratigraphic ranges of 
Acarinina collactea and Isrhmolithus recurvus in 
the lower part of the Browns Creek Clay in the 
Aire District (this study) seems to be real, as it 
is repeated in widely spaced areas in southern 
Australia: (a) I. recurvus has been reported in the 
lower Blanche Point Formation (the Transitional 
Marl or the Tuketja member), in the St Vincent 
Basin (Shafik in Jenkins 1974; Shafik 1981), and 
higher up in the same formation (Waghorn 1989), 
seemingly within the stratigraphic range of A. 
collactea as shown by Lindsay (1985, 1969); (b) I. 
recurvus has been reported occumng with A. 
collacrea in dredge and core samples from the 
offshore western Otway Basin (Shafik 1992; Abele 
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1992); and (c) re-examination of the Lacepede Formation core 
F84170 from SADME Observation Bore #2 (Shafik 1983, 
table 5) in the Gambier Embayment (western Otway Basin) 
which contains rare A. collactea (McGowran 1973), confirmed 
the presence of rare I. recurvus, incidentally with rare N. dubius. 
[It is worth noting that the Lacepede Formation core F84170, 
at 135.0 m in SADME Observation Bore #2 is immediately 
above the top of A. collactea, which is at 135.3 m according 
to McGowran (1973) and Lindsay (1985); the few,specimens 
ofA. collactea in this core (McGowran, 1973) notwithstanding. 
Indeed, it is McGowran's (1989, p. 52) opinion that the 
occurrences of A. collactea in the Blanche Pojnt Formation 
(Stuart 1969; ,Lindsay 1981, with references) and in the 
younger Port Willunga Formation (as high as the basal 
Oligocene) are sporadic and "do not seriously affect the top 
of the species' range" being below the first disappearance 
level of Tenuitella aculeata (as shown, e.g., in Fig. 3).] 

Dating the base of the Tum'tella clays 

offshore Otway Basin record fits with the stratigraphic ranges 
of these species in the St Vincent Basin as shown by Lindsay 
(1985). The stratigraphic range of A. collactea overlaps with 
that of Hantkenina alabamensis primitiva in St Vincent Basin 
(e.g. in SADME South Parklands Bore, Adelaide City area- 
Lindsay 1985), whereas in the Otway Basin a stratigraphic gap 
exists between the top of A. collactea and first H. alabamensis 
primitiva (McGowran 1978, 1986, 1989). That the top of A. 
collactea is inconsistent, relative to other biostratigraphic 
events, is also shown in other southern mid to high-latitude 
locations. For example, the relative order of disappearance of 
A. collactea and Subbotiiza linaperta on the Kerguelen Plateau 
(several ODP sites: see Huber 1991; Berggren 1992) is the 
reverse to that at the Antarctic Site 690 (Stott & Kennett 
1990)-as already noted by Berggren (1992). Acarinina 
collactea ranges well above the base of Chiasrnolithus 
oainaruensis on the Kerguelen Plateau (ODP Sites 738, 748 
& 749: Huber 1991 and Wei & Thierstein 1991 for Site 738; 
Aubry 1992a and Berggren 1992 for Sites 748 & 749), and 
in New Zealand (Waghorn 1985). However, the reverse is 

The question here is which of the two biostratigraphic criteria true at several D S D P ~ D P  sites 'in the South Atlantic and 
should be used-the top of Acarinina collactea or the base near Antarctica (e.g. Pujol 1983 and Wei & Wise 1989 for 
of Isthrnolithus recunlus? In the first instance, the traditionally DSDP Site 516; Stott & Kennett 1990 and Wei & Wise 1990 
accepted concept 'that the first appearance of a species is for ODP Site 689), where A. collactea disappears well below 
usually more reliable that its extinction because of possible the base of C. oamaruensis. 
problems with reworking' would suggest greater confidence 
in using the base of I. recunlus than the top of A. collactea. 
This is particularly so considering that 'reworked' A. collactea 
has been recorded in the upper parts of the Browns Creek 
Clay (Abele 1994) and, especially, because using the top of 
A. collactea suggests an older age than the base of I. recurvus. 
The older age based on the A. collactea evidence is negated 
by other nannofossil events (see below) and, to a lesser degree, 
by foraminifera1 evidence (as indicated above). 

The use of the top of Acarinina collactea would suggest 
placement of the base of the Turritella clays very close to 
the middlellate Eocene boundary (e.g. McGowran 1989). 
Nannofossil evidence for identifying this boundary in the 
Otway Basin (in particular the Gambier Embayment) has 
already been found to match that used elsewhere, and this 
supports a late Eocene age for the base of the Turritella clays. 
The FAD of Chiasrnolithus oainaruensis (= base of Zone 
NP18 of Martini 1971; base of Subzone CPI5a of Okada & 
Bukry 1980) has been used widely to indicate the base of 
Priabonian (e.g. Berggren et al. 1985; Haq et al. 1988) and, 
similarly, the extinction of Chiasrizolithus grandis has been 
used, particularly in low-latitude sections, to indicate the top 
of the middle Eocene (e.g. Bukry 1973). Very rarely do C. 
oamaruensis and C. graizdis occur together, and only for a 
short time. This overlap has been recorded in one core sample 
in the Gambier Embayment of the Otway Basin (Shafik 1983). 
Chiasmolithus graildis has not been found in the Turritella 
clays. Instead, Chiasrnolithus oaiizarueizsis was found at the 
base of this unit (Shafik 1981, 1983; Waghorn 1989) in 
association with Isthrnolithus recurvus (this study): the base 
of the Turritella clays is well above the FAD of C. oamarueizsis, 
and the middlellate Eocene boundary. This conclusion is 
supported by the presence of the foraminiferid Tenuitella 
geinma, also in the base of the Turritella clays, suggesting a 
late Eocene age. 

Relative to other biostratigraphic events, the top of 
Acariiziiza collactea may not be a reliable event in southern 
Australia (Shafik 1983). For example, common A. collactea 
and Ter~rtitella gernrna have been recorded together in the 
offshore Otway Basin (Abele 1992) with Isthrnolithrrs recunlus 
(Shafik 1992), whereas data from the onshore part of the 
basin suggest that consistent 7: geinina first appears well 
above the top of A. collactea (McGowran 1978, 1986); this 

Isthrnolithus recunlus is rare or absent at low latitudes, 
but common in mid and high lat~tude areas, and " ... can be 
considered a consistent marker fossil only at latitudes higher 
than 30" north or south" (Bukry 1975, p. 682). The present 
latitude of Browns Creek is higher than 30°, at about 38" 50's 
(Fig. I), and according to the pole deduced in a parallel study 
(Idnurm 1994), the first gully section was at about 58"s during 
the late Eocene. Nevertheless conditions probably were not 
optimum during the deposition of the Turritella clays, as 
evidenced by the species' poor record In the lower part of 
these clays. 

In view of the above, Isthrnolithus recurvus seems a more 
serious contender for dating the Turritella clays than Acarrnina 
collactea. However, the split range of I. recurvus in these 
clays poses a difficult question-particularly in view of the 
fact that the species, being rare in its lower range, can be 
easily missed (as was the case with Shafik 1981 and Waghorn 
1989). The question is: which of the species' two appearance 
levels is correlatable with the species FAD elsewhere at mid 
and high latitudes? In an abstract, I favoured the species' 
reappearance level at Browns Creek, on the basis of the 
presence of Neococcolithes dubius and A. collactea, and the 
rarity of I. recurvus in the lower occurrences (Shafik 1993). 
Since then, I have found, as indicated above, A. collactea, 
N. dubius and I. recurvus occurring together in material in 
southern Australia other than the Browns Creek Clay (admit- 
tedly from sections with apparently very slow rates of 
deposition). This evidence, in addition to the presence of 
Tenuitella gernrna (at the base of the formation, Fig. 4) 
indicating a late Eocene age for the base of the Turritella 
clays, favours considering the lower occurrence of I. recurvus 
at Browns Creek as being above the species FAD elsewhere. 

Acariiziiza collactea may have survived longer in some 
higher latitude neritic environments than at low-latitudes, as 
probably was the case in the St Vincent and Otway Basins 
(southern Australia) and Chatham Islands (New Zealand). 
This species has been found in one basal Runangan (upper 
Eocene) sample from the Chatham Islands of New Zealand. 
(Hornibrook et al. 1989). It is worth mentioning that the base 
of the range of I. recurvus in New Zealand has been indicated 
to be well below the Runangan, within the Kaiatan (Hornibrook 
& Edwards 1971), but A. collactea and I. recunws have yet 
to be found together in New Zealand. 
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Sequence stratigraphy of the Turritella 
clays and the ~otostrea greensand 
Loutit (1992 and personal communication 1994) and 
McGowran et al. (1992) identified correlatives in the Browns 
Creek section with sequence boundaries of Haq et al. (1988). 
Loutit correlated the base of the Turritella clays with the 
sequence boundary between the second-order cycles TA3 and 
TA4, and the base of the Notostrea greensand with the sequence 
boundary between the third-order cycles 4.1 and 4.2. 
McGowran et al. correlated a level within the basal 2 m of 
the Turritella clays with the sequence boundary between the 
third-order cycles 4.1 and 4.2. Critical to these correlations 
were the then known biostratlgraphic events in the lower 
Browns Creek Clay (the Turritella clays and Notostrea 
greensand) and their numeric ages. Loutit's correlations are 
based on biostratigraphic events which could not make use 
of the presence of either A. collactea or Isthmolith~rs recurvus 
at the base of the formation, and those by McGowran et al. 
considered the presence of A. collactea (at the base of the 
formation, without the association of I. recunlus) as well as 
the presence of a perceived unconformity in the lower part 
of the Turritella clays (at the level of sample BC8215 in 
Fig. 3). 

The present study suggests correlation of the base of the 
Turritella clays with the sequence boundary between the 
third-order cycles 4.1 and 4.2 (see Fig. 2), making use of the 
presence of I. recurvus and Tenuitella gemma. Rates of 
deposition varied between the different subunits of the first 
gully section at Browns Creek (the Turritella clays, Notostrea 
greensand and the overlying marllclay package), being rela- 
tively slow during the deposition of the Turritella clays and 
Notostrea greensand, and accelerating thereafter. The Turritella 
clays and Notostrea greensand are good candidates for being 
a condensed section. 

of similar (neritic) facies at comparable latitudes. The reward 
is great-two additional biostratigraphic events and finer 
resolution. 

With Isthmolithus recurvus being present, the ranges of 
Cyclicargolithus reticrrlatus (disappearing about 0.5 m below 
the base of the Notostrea greensand-within the Harltkenirza 
alabarnensis primitiva interval), and Discoaster saipanerlsis 
(disappearing well above the Notostrea greensand) restrict the 
Turritella clays to the lower part of either the NP19120 or 
CPI5b zonal interval, and suggest a possible correlation within 
the foraminifera1 zonal interval high PI5 to within P16. The 
age is late Eocene, 36.2-34.9 Ma. 

The contact Johanna River SandBrowns Creek Clays at 
Brown Creek, Aire District of Victoria is correlated with the 
sequence boundary between the third-order cycles 4.1 and 4.2 
of Haq et al. (1988). 
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Appendix: Calcareous nannofossils referred to 
in this paper 
Blnckires spp. including 

Blnckites perlor~gus (Deflandre) Shafik, 198 1 

Blnckites spin~rl~rs (Levin) Roth, 1970 

l-ickell et al, (1992) regarded the base of the ~ ~ ~ ~ i t ~ l l ~  Blockires rernris (Bramlette and Sullivan) Sherwood, 1974 

clays as representing a change from a lowstand cycle to a Brnnrudospl~nern bigelonlii (Gran and Braarud) Deflandre, 1947 
transgressive cycle, and the Notostrea greensand as a condensed Cnlcidisc~rs protonnrr~r1~r.s (Gartner) Loeblich and Tappan. 1978 
interval, and identified a sequence boundary within the Browns CllinsmolitllLrs nlrlrs Bukry and Percival, 1971 
Creek Clay in the second gully section. 

Cl~iastnolirl~~rs grnndis (Bramlette and Riedel) Radomski. 1968 

Summary and conclusions 
The presence of Isthmolithus recurvus, Acarinina collactea 
and Neococcolithes dubius in the basal 1 m of the Turritella 
clays is not the product of error in sampling or sample 
preparation. A seemingly wide geographic distribution of the 
association of these three species in southern Australia suggests 
the possibility that A. collactea and N. dubius have survived 
longer at Browns Creek than at low-latitudes, but, based on 
the presence of Dakrylethra punctulata in the lower part of 
the Turritella clays, it is difficult to rule out the possibility 
that these two species are the product of recycling of older 
sediments. 

The evidence of Acarinina collactea, in indicating an age 
for the base of the Turritella clays close to the middlellate 
Eocene boundary, is weakened considerably by the association 
of both (albeit rare) Tenuetella gemma and Isthmolithus 
recurvus. The top of the stratigraphic range of A. collactea 
at several southern mid to high-latitude locations (St Vincent 
Basin of southern Australia, New Zealand, Kerguelen Plateau, 
South Atlantic) is inconsistent relative to the ranges of other 
calcareous microplankton key species (e.g. Chiasmolithus 
oamaruensis or Subbotina linaperta). 

Isthmolithus recurvus has a seemingly disjunct range in 
the Turritella clays. The chances of finding a similar record 
elsewhere are largely dependent on a willingness to search 
diligently for the species (in the later part of the range of 
Neococcolithes dubius) in closely spaced samples, particularly, 

Clziasmolirlnis ontnrrrrierlsis (Deflandre) 
Hay, Mohler and Wade, 1966 

Clausicocc~rs cribellrrri~ (Bramlette and Sullivan) Prins, 1979 

Clnrhrolit~rs ellipric~rs Deflandre in Deflandre and Fert, 1954 

Coccolirh~rs eopelngic~rs (Bramlette and Riedel) 
Bramlette and Sullivan, 1961 

Coccolirh~rs forrnosus (Kamptner) Wise, 1973 

Coccolith~rs pelogic~rs (Wallich) Schiller, 1930 

Cornn~~~rlrrs gerrnnnicus Stradner. 1962 

Cyclicnrgolir11~r.s floridnnrrs (Roth and Hay) Bukry, 197 1 

C.vclicnrgolir11~r.s lrrtninis (Sullivan) Bukry, 1971 

Cyclicargolithus rericul~rtrrs (Gartner and Smith) Bukry, 1971 

DnkQlethrn p~rrlcf~rlnfrr Gartner in Gartner and Bukry, 1969 

Di.scocrster bnrbadier~sis Tan Sin Hok, 1929 

Discoaster disrirtcr~rs Martini. 1958 

Discoasrer srriprr~lensis Bramlette and Riedel, 1954 

Discoasrer tarlii Bramlette and Riedel, 1954 

Disconster tnnii nodifer Bratnlette and Riedel, 1954 

Helicosphnera lophorn Bramlette and Sullivan, 1961 

Helico.spltrrera retic~rlnrn Bramlette and Wilcoxon, 1967 

Helico.sp11nera sernin~rl~rtiz Bramlette and Sullivan. 1961 

Holodiscolirlzus rnncroporrrs (Deflandre) Roth, 1970 

1srltmolithu.s recrrrvus Deflandre in Deflandre and ~ e i ,  1954 

Lnnrerr~irlnrs rnir1~rru.s Stradner. 1962 
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Lirltosrromation ol>ersurn (Deflandre) Bybell, 1975 

Litl~ostror~tatior~ sirnplex (Klumpp) Bybell, 1975 

Markaliris nsrrolmrris (Stradner) 
Mohler and Hay in Hay and others, 1967 

Markalius inversus (Deflandre) Bramlette and Martini, 1964 

Micrarrtholirl~us inaeqrtalis Martini, 196 1 

Neococcolirlres dubiris (Deflandre) Black, 1967 

0rtIroz);gus aurerrs (Stradner) Bramlette and Wilcoxon, 1967 

Pedinocyclus larvalis (Bukry and Bramlette) 
Loeblich and Tappan, 1973 

Pernrna basquense (Martini) Boucht, 1962 

Pontosphaera nrultipora (Kamptner) Roth, 1970 

Reticulofenestra harnpde11e11si.s Edwards, 1973 

Reticrrlofer~estra oarnarlrensis (Deflandre) 
Stradner and Edwards, 1968 

Reticulofenestrrr scissrcra Hay, Mohler and Wade, 1966 

Retic~ilofer~estrri scrippsae (Bukry and Percival) Shafik, 1981 

Reticlr/ofenestra umbilicus (Levin) Martini and Ritzkowski, 1968 

Sphenolithus rnorifornlis (Bronnimann and Stradner) 
Bramlette and Wilcoxon, 1967 

Sj~l~enolrtlrus predrstenrrrs Bramlette and Wllcoxon. 1967 

Syracosl~haera /nbro~a Bukry and Bramlette, 1969 

Tra~lrversopontrs spp lncludlng 

Transversopontls obllqulpons (Deflandre) 
Hay, Mohler and Wade, 1966 

Transversopor~rrs plrlcher (Deflandre) Perch-Nlelsen, 1967 

Transversol~onrr~ zigzag Roth and Hay III Hay and others, 1967 

Zygrliablrrhus byugarus brjugarus (Deflandre) Deflandre, 1959 

Foraminifera referred to in this paper 
Acarrnrna collactea (Flnlay, 1939) 

Clrrlogue~nbelrna clrbensrs (Palmer. 1934) 

Globrgerrnnthrka rrider (F~nlay, 1939) 

Har~rkenrrta alabarnensrs prr~nrrrvn Cuahman & Jarvl\, 1929 

Praerenurtella praege~nrna LI Qlanyu, 1987 

Subborlno lrr~aperra (Flnlay, 1939) 

Subborrna angrporordes (Hornlbrook, 1965) 

Tenrrrtella aclileata (Jenkins, 1966) 

Tenurrella gernrnrr (Jenklns, 1966) 

Teniirtella rr~solrra (Jenkins, 1966) 
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Geochemistry, origin, and tectonic setting of granitic rocks of the Prince 
Charles Mountains, Antarctica 
John W. Sheraton', Andrew G. Tindle2 & Robert J. Tingeyl 

Granitic rocks in different terranes and of different ages in the Prince 
Charles Mountains (PCM) show systematic compositional differences. 
Archaean granitic basement rocks of the southern PCM have 
compositions unlike those of typical Archaean tonalite-tronhjemite- 
granodiorite (TTG) terranes and consist mainly of within-plate types, 
which probably post-date .crust formation and early metamorphic 
events. Unusually HFSE-rich (Zr, Nb, and Y) hornblende-biotite 
granite gneiss with A-type (anorogenic) affinities was probably derived 
by fractionation of mafic magma, but other granites represent 
intracrustal melts. Orthopyroxene-bearing tonalitic to granitic or- 
thogneiss of the c. 1000 Ma high-grade terrane in the northern PCM 
and adjacent areas includes a large proportion of Y-depleted, Sr-un- 
depleted volcanic arc granitoids, probably derived by melting of a 
plagioclase-poor mafic source (e.g. amphibolite or eclogite) in a 
Palaeo- or Mesoproterozoic Andean-type plate margin. Tonalite-grano- 
diorite and mafic to felsic metavolcanic rocks at Fisher Massif also 
formed in an active continental margin, with an associated island 

arc, about 1300 million years ago. Most c. 1000 Ma granitoids also 
have volcanic arc characteristics, but there are significant syn-collision 
and within-plate types, indicating a polygenetic origin in a high-grade 
terrane formed at a convergent plate margin. Syn to late-metamorphic 
orthopyroxene granitoids ('chamockites') include HFSE-rich quartz 
monzonitic varieties, which probably formed by fractionation of 
made-derived magma, and more siliceous granites, which represent 
high-temperature, predominantly intracrustal melts of dry granulite- 
facies orthogneiss. These granites are mainly Y-depleted, implying 
high-pressure melting with residual garnet in crust thickened by 
continental collision (between Archaean cratons in India and Antarctica) 
and heated by magmatic underplating. Major Cambrian plutons have 
A-type features, consistent with melting of dry granulite-facies rocks 
caused by mafic underplating. Emplacement near the present Lambert 
Glacier graben suggests an association with internal fracturing that 
preceded eventual break-up of Gondwana. 

Introduction 
The Prince Charles Mountains of MacRobertson Land represent 
the best-exposed section of the Precambrian East Antarctic 
Shield (Ravich et al. 1984), and therefore provide a unique 
opportunity for elucidation of their complex geological history. 
The northern Prince Charles Mountains (NPCM) form part 
of a Mesoproterozoic granulite-facies terrane that extends from 
Enderby Land in the west to the Rauer Islands in the east 
(Fig. 1). In Enderby and Kemp Lands it has been termed the 
Rayner Complex (Sheraton et al. 1980). It adjoins several 
Archaean cratonic blocks, comprising the Napier Complex of 
Enderby Land (Sheraton et al. 1980, 1987b), the Vestfold 
Hills of Princess Elizabeth Land (Oliver et al. 1982, Sheraton 
& Collerson 1983), and the southern Prince Charles Mountains 
(SPCM) (Tingey 1982). 

This paper deals with the geochemistry and origin of 
granitic rocks of the PCM and adjacent parts of the Meso- 
proterozoic mobile belt in the Prydz Bay Coast and eastern 
Amery Ice Shelf area. It expands upon an earlier paper 
(Sheraton & Black 1988) that described the chemical evolution 
of granitic rocks in the PCM and adjacent areas, including 
the Archaean cratons, but which concentrated on post-orogenic 
granitoids. Considerable additional data have since become 
available, allowing a more comprehensive study of the 
granitoids to be made, including pre- and syn-orogenic types. 
Particular emphasis is placed on the genesis and palaeotectonic 
significance of the granitoids, because the nature of the various 
tectonic-metamorphic events in the area is still poorly 
understood. Although there is a relative lack of isotopic data 
to constrain genetic models, particularly for the SPCM, there 
are significant compositional differences between granitoids 
in different terranes and of different ages. This permits some 
tentative conclusions to be drawn regarding their tectonic 
settings, and those of the country rocks. 

The igneous rock nomenclature used in this paper is that 
of Le Maitre (1988). 

Geological setting 
The Archaean rocks of the SPCM comprise a granitic gneiss 

I Australian Geological Survey Organisation, GPO Box 378, 
Canberra, ACT 2601 
Department of Earth Sciences, The Open University, Walton Hall, 
Milton Keynes MK7 6AA, UK. 

basement, overlain by metasedimentary rocks characterised 
by massive quartzite, together with pelitic and calc-silicate 
schist, and amphibolite (Tingey 1982, 1991; Grew 1982). 
They are intruded by Archaean granite plutons at Mounts 
Bayliss, Ruker, Rymill, and Stinear, and both these and the 
country rocks have been metamorphosed under amphibolite- 
facies conditions. There are few modem geochronologlcal 
data, but Rb-Sr isochron ages of granitic gneisses are about 
2700-2800 Ma (Tingey 1991), and U-Pb zircon ages are 
somewhat older at 3000-3200 Ma (Kovach & Belyatsky 
1991). Archaean granitic basement rocks at Mount Ruker are 
overlain by greenschist-facies quartzite, slate, phyllite, calc- 
silicate schist, metavolcanic rocks, and banded iron formations 
of probable late Archaean to Palaeoproterozoic age. Along 
with the Archaean rocks, they are cut by metadolerite dykes, 
correlated on geochemical grounds with 1380+7 Ma dykes 
in the Vestfold Hills (Sheraton et al. 1987a; Lanyon et al. 
1993). A younger prograde greenschist-facies metasedimentary 
series, comprising conglomerate, phyllite, calcareous schist, 
and impure quartzite, is not cut by metadolerite dykes. Small 
granite and pegmatite bodies (dykes, veins, etc.), many of 
probable early Palaeozoic age, are widespread, particularly 
along the north side of the Fisher Glacier. 

The NPCM consist mainly of Mesoproterozoic granulite- 
facies orthogneiss and paragneiss, intruded by a variety of 
syn to late-metamorphic orthopyroxene granitoid bodies, as 
well as granite and pegmatite dykes and veins, many of which 
are of Cambrian age (Tingey 1991; Fitzsimons & Thost 1992; 
Munksgaard et al. 1992; Thost & Hensen 1992; Stiiwe & 
Hand 1992; Hand et al. 1994). Similar rocks crop out in the 
eastern Amery Ice Shelf-Prydz Bay Coast area (Sheraton & 
Collerson 1983; Sheraton et al. 1984; Harley 1987; Stiiwe et 
al. 1989; Nichols & Berry 1991), although those in the Rauer 
Islands differ in containing a large Archaean component (Kinny 
et al. 1993); the Rauer Islands rocks are not discussed in this 
paper. The grade of the Mesoproterozoic metamorphism 
decreases to the south, and amphibolite-facies orthogneiss and 
paragneiss are exposed in the northern part of the SPCM. 
Further south still, Archaean-Mesoproterozoic rocks contain 
retrograde greenschist to lower amphibolite-facies assemblages, 
but it is possible that the prograde greenschist-facies metasedi- 
ments resulted from a Cambrian metamorphic event (Tingey 
1991). Rocks at Fisher Massif differ from those In the rest 
of the NPCM in being of much lower metamorphic grade, 
and including abundant metavolcanic rocks, wlth a high 



346 JOHN W. SHERATON ET AL. 

PRYDZ BAY 

Mesoproterozoic ortho- 
pyroxene granitoids 

Mesoproterqzoic highgrade 
metamorph~c rocks 
Mesoproterozoic hornblende- 
biotite granitoids and 
volcanic rocks 

Archaean granitic basement 

* Proterozoic mafic dykes 

B Mount Bloomfield 

C Corry Massif 

G Mount Gavaghan 

I Mount lzabelle 

M Mount McCarthy 

N New Year Nunatak 

S Mount Stinear 
BH Bunger Hills T Thomas Nunataks 
EL Enderby Land 

PCM Prince Charles Mountains 

Figure 1. Generalised geological map of the Prince Charles Mountains-Amery Ice Shelf area (after Tingey 1991). Solid black depicts 
outcrop; geological boundaries away from outcrops are diagrammatic only. 

proportion of metabasalt and meta-andesite, intruded by 
gabbroic to granitic plutons (Mikhalsky et al. in press). 

The age of the Mesoproterozoic event is not well con- 
strained. Rb-Sr whole-rock isochron ages of orthogneisses 
from the PCM are around 1000 Ma (Tingey 1991) and U-Pb 
zircon ion-microprobe ages of 1000-1060 Ma have been 
obtained from felsic orthogneisses in the Rauer Islands (Kinny 
et al. 1993). Zircon from high-grade gneisses in the Rayner 
Complex crystallised at 960-980 Ma (Black et al. 1987). 

Orthopyroxene quartz monzonite at Loewe Massif has an 
ion-microprobe U-Pb zircon age of 980k21 Ma (Kinny et al. 
in press), similar to those of different phases of the Mawson 
Charnockite (985f29 and 954+12 Ma ), which were emplaced 
between D2 and D3 (Young & Black 1991). Other syn- to 
late-metamorphic granitoids at Mounts Collins and McCarthy 
have given virtually identical ages (Kinny et al. in press). 
Extensive early Palaeozoic (450-550 Ma) resetting of K-Ar, 
Rb-Sr and U-Pb isotopic systems, commonly accompanied 
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Table 1. Simplified geological history of the Prince Charles Mountains-Prydz Bay area, showing major phases of granitoid 
emplacement discussed in the text in italics (based on Sheraton et al. 1987; Tingey 1991; Kinny et al. in press; and references 
cited therein). 

Approx. age 
( M a )  

1. Emplacement of tonalite (new felsic crust) and mafic bodies; ?deposition of sediments (SPCM) 

2. High-grade metamorphism (SPCM). 

3. Emplacement of A-type Bt-Hb gratlire (SPCM) and Br granite (Mts Bayliss, Ruker, Rymill). 

4. ?High-grade metamorphism and deformation (SPCM). 

5. Deposition of mainly clastic sediments, including banded ironstones 
(probably late Archaean to Palaeoproterozoic) (SPCM). 

6. Emplacement of tonalitic to granitic I- and S-type intrusives (new felsic crust in part): 
deposition of sediments (Palaeo- to Mesoproterozoic) (PCM-PBC). 

7. Emplacement of dolerite dykes (SPCM, ?NPCM). 

8. Emplacement of arc-related mafic to felsic volcanics and I-type Bt-Hb tottalite-granodiorile; 

deposition of sediments (Fisher Massif) 

9. Emplacement of dolerite dykes (Fisher Massif, ?S-NPCM) and gabbroic bodies (Mt Willing). 

10. ?Deposition of calcareous and pelitic sediments (PCM-PBC) 

I I .  Greenschist-amphibolite (SPCM, Fisher Massif) to granulite (NPCM) facies 
metamorphism and deformation (l~igk-grade ortllogneiss). 

12. Emplacement of I-type Op granitoids (NPCM-AIS), Hb-Cp syenitic rocks and 
Hb-Bt gratlite (Mt Collins), and Bt granire (Fisher Massif). 

13. Emplacement of minor S-type Gt-Br granite bodies (NPCM). 

14. Emplacement of dolerite dykes (Mt Collins). 

15. Deposition of calcareous and pelitic sediments (SPCM, ?PBC). 

16. Greenschist (PCM) to ?granulite (PBC) facies metamorphism; emplacement of A-type Ms-Bt granire 
(Mawson Escarpment) and minor, mainly S-type Ms-BtkGt granite and pegmatite bodies (PCM-PBC). 

17. Emplacement of A-type Hb-Bt granite (eastern AIS) 

18. Emplacement of chemically varied, mostly alkaline mafic dykes (PCM) 

19. Deposition of sediments, including coal measures (Jetty Peninsula area). 

20. Emplacement of alkaline ultramafic bodies (Jetty Peninsula area), associated with Gondwana breakup 

21. Emplacement of leucite tephriphonolite lavas (Loewe Massif area). 

AIS, Amery Ice Shelf; PBC. Prydz Bay Coast: NPCM. northern Prince Charles Mountains: 
SPCM, southern Prince Charles Mountains: mineral abbreviations as in Table 4. 

by emplacement of granite and pegmatite veins and dykes, 
has been well documented (Tingey 1991; Kinny et al. 1993), 
and a major suite of hornblende-biotite granitoids was emplaced 
along the eastern the Amery Ice Shelf area at this time 
(Sheraton & Black 1988). There is also isotopic evidence of 
a high-grade metamorphic event of similar age in the Larsemann 
Hills area (Zhao et al. 1992; Dirks et al. 1993; Hensen & 
Zhou 1995). 

The geological history of the area, emphasising episodes 
of felsic magmatism, is summarised in Table 1. Analyses of 
representative biotites and amphiboles are given in Tables 2 
and 3. 

Archaean granitoids 
Archaean amphibolite-facies granitic basement gneiss crops 
out extensively in the SPCM and includes a conspicuous unit 
of brown-weathering biotite-hornblende granite gneiss at 
Mounts Bloomfield, Rymill, and Stinear, and the southern 
Mawson Escarpment. It is commonly recrystallised (grano- 
blastic-polygonal or interlobate) and strongly foliated, but 
zoned plagioclase phenocrysts are locally preserved. Dark 
green potassian hastingsite or ferro-tschermakite (mg = atomic 
100Mg/(Mg + Fez+), 22-25; 2-7%), dark brown biotite 

(mg 22-25; 2-6%), zoned oligoclase, quartz, and microcline 
are major constituents, with minor sphene, metamict allanite, 
magnetite, ilmenite, pyrite, epidote, apatite, and zircon. Com- 
positionally layered felsic gneiss is petrographically similar, 
and most is probably also of felsic igneous origin (orthogneiss). 
Biotite-quartz-feldspar gneiss and hornblende-biotite-quartz- 
feldspar gneiss are widespread, and the latter, like the granite 
gneiss, contains relatively abundant allanite and sphene. Much 
of the felsic gneiss shows the effects of low-grade alteration 
(sericitisation of feldspar,-chloritisation of biotite, etc.). 

Larger bodies of granite crop out at Mounts Ruker, Rymill, 
and Bayliss. Grey to pink granite at Mount Ruker contains 
biotite, quartz, altered oligoclase, microcline, and minor 
allanite, epidote, sphene, apatite, zircon, and opaque minerals. 
It is extensively sericitised and saussuritised, but only locally 
deformed, whereas biotite granite at Mount Rymill is less 
altered. Massive granitic augen gneiss at Mount Bayliss 
contains biotite (5-6%) and minor hornblende, sphene, and 
allanite. Granite gneiss at Mount Bayliss has given a poorly 
constrained Rb-Sr isochron age of 2750rt402 Ma (initial 
87Sr186Sr ratio 0.7076kO.0153), whereas granite at Mounts 
Ruker and Rymill have given much younger ages of 141 2f  157 
(i.r. 0.8902+0.0162) and 1169+237 (i.r. 1.1 139H.0621), re- 
spectively (Tingey 1991). However, the two exceptionally 
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Table 2. Representative biotite analyses. 

Si02 34.48 
Ti02 2.92 
A1203 14.15 
FeO 28.04 
MnO 0.58 
MgO 5.58 
CaO 0.18 
Na20 0.04 
K20 10.00 
BaO 0.07 
Rb20 0.25 
ZnO 0.15 
F 0.36 
C1 0.01 
H20 3.57 
Total 100.38 
O=F,CI 0.15 
Total 100.23 

Cations per 24 (O,OH,F) 

SI 5.518 
Aliv 2.482 
Alvi 0.188 
Ti 0.35 1 
Fe 3.753 
Mn 0.079 
Mg 1.33 1 
Zn 0.018 
Ca 0.03 1 
Na 0.012 
K 2.04 1 
Ba 0.004 
Rb 0.026 
OH 3.815 
F 0.182 
C1 0.003 
Total 19.835 

"% 26.2 

tng = 100Mg/(Mg+Fe): mineral abbreviations as in Table 4 

I. Archaean Bt-Hb granite gneiss (73281378). Mt Stinear. 
2. Bt granodiorite (91286416). Fisher Massif. 
3. Hb-Bt-Op granite (69280308), Jennings Promontory. 
4. Hb-Bt-Op quartz monzonite (91286507). Loewe Massif. 
5. Hb-Bt granite (91286420). Mt Collins. 
6. Bt granite (91286415). Fisher Massif. 
7. Cambrian Hb-Bt granite (69280171), Collins Nunatak. 
8. Cambrian Ol-Bt-Hb granite (81285399). Meknattane Nunal 

high initial ratios are thought to be a consequence of isotopic 
resetting, rather than melting of very old protoliths, because 
all these granites are cut by metadolerite dykes, most of which 
are correlated on geochemical grounds with 1380f7 Ma dykes 
in the Vestfold Hills (Sheraton et al. 1987a; Lanyon et al. 
1993). Average TSrUR model ages of all three granites are 
late Archaean (2660-2870 Ma). An Archaean age (-3000 Ma) 
for the Mount Ruker granite is confirmed by U-Pb zircon 
data (Kovach & Belyatsky 1991). 

Proterozoic granitoids 
Felsic gneiss 
Granulite-facies felsic gneiss of Mesoproterozoic age makes 
up much of the NPCM and exposures on the Prydz Bay Coast 
and eastern side of the Amery Ice Shelf. Biotite-orthopy- 
roxene-quartz-feldspar gneiss is particularly common, and 
locally contains small amounts of hornblende and clinopy- 
roxene, but sphene and allanite are generally absent. Most 
has compositions consistent with metamorphism of felsic 

igneous rocks ranging from tonalite to granite (s.s.) .  Layered 
biotite-garnetquartz-feldspar gneiss, locally with orthopy- 
roxene, is also widespread. Some is relatively rich in orthoclase 
perthite (up to 55%) or quartz (up to 50%), and is probably 
of sedimentary origin, whereas subconformable to discordant 
bodies of gamet-biotite granite gneiss are clearly metamor- 
phosed intrusives. 

Gneiss of similar age in the SPCM is predominantly of 
amphibolite facies, although granulite-facies gneiss (horn- 
blende-orthopyroxene-biotite-orthoclasequartz-plagioclase) 
occurs locally (e.g. Mount Izabelle). Compared to the Archaean 
gneiss, it is generally more layered and contains abundant 
garnet, but only rare hornblende, allanite, and sphene. Bi- 
otite-quartz-feldspar and garnet-biotite-quartz-feldspar 
gneiss predominate, and hornblende is confined to a few 
garnet-free gneisses. Much of the garnet-bearing gneiss is of 
sedimentary origin, whereas garnet-poor biotite gneiss is 
probably mainly orthogneiss, for example, massive biotite 
granite gneiss in the northern Mawson Escarpment. 
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Table 3. Representative amphibole analyses. 

Si02 
Ti02 
A1203 
Fe203 
FeO . 
MnO 
MgO 
ZnO 
CaO 
Na20 
K20 
F 
CI 
Total 
O=F,CI 
Total 

Cations per 23 oxygens 

Si 6.168 
Aliv 1.832 
Alvi 0.340 
Ti 0.131 
Fe3+ 0.932 
Fe2+ 2.659 
Mn 0.092 
Mg 0.843 
Zn 0.003 
Ca 1.724 
Na 0.474 
K 0.377 
F 0.080 
CI 0.003 
Total 15.658 

mg 24.1 

mg = IOOMg/(Mg+Fe2+): mineral abbreviations as in Table 4. 

I .  Potassian hastingsite: Archaean Bt-Hb granite gneiss (73281378), Mt Stinear. 
2. Potassian ferro-pargasitic hornblende: Hb-Bt-Op granite (69280308). Jennings Promontory. 
3. Potassian ferroan pargasitic hornblende: Hb-Bt-Op quartz monzonite (91286507). Loewe Massif. 
4. Potassian hastingsitic hornblende: Hb-Bt granite (91286420), Mt Collins. 
5. Potnssian magnesian hastingsitic homblende: Hb-Cp quartz syenite (91286451) Mt Collins. 
6. Potassian ferro-pargasite: Cambrian Hb-Bt granite (69280171). Collins Nunatak. 
7. Potassian ferro-pargasitic hornblende: Cambrian Ol-Bt-Hb granite (81285399). Meknattane Ntks. 

Orthopyroxene granitoids 
Orthopyroxene-bearing granitoids ('charnockites') are wide- 
spread in the NPCM-Amery Ice Shelf area: at northern Cony 
Massif, southern Crohn Massif, Mount Gavaghan, Gillock 
Island, Jennings Promontory, Mount McCarthy, Thomas Nu- 
nataks, and the Loewe Massif-White Massif-northem Amery 
Peaks area. The latter body crops out over an area of at least 
300 sq. km, but the other intrusions appear to be considerably 
smaller. Contacts with country rocks are typically subconcor- 
dant to gradational and commonly deformed (e.g. Mount 
Gavaghan. White Massif), but elsewhere they are clearly 
discordant (e.g. Loewe Massif). 

The Loewe Massif-White Massif batholith is composition- 
ally varied and contains lenses of mafic granulite which may 
represent deformed and metamorphosed mafic dykes. The 
most melanocratic rocks comprise quartz monzonite or quartz 
monzodiorite, containing reddish-brown biotite (mg 63-66; 
up to 4%), greenish-brown potassian ferroan pargasitic horn- 
blende (mg 49-53; 2-4%), orthopyroxene (Ca2Mg42Fe56; 
4-6%), quartz, andesine antiperthite (An34-42), orthoclase 
perthite, and minor clinopyroxene, ilmenite, magnetite, apatite, 
and zlrcon. Granite (s.s., grading into granodiorite) is more 
abundant, and contains biotite (mg 50-52; up to I%), or- 
thopyroxene (Cao 5Mg40Fe59; 1 4 % ) ,  and more sodic plagio- 

clase (oligoclase-sodic andesine), but little or no hornblende 
or clinopyroxene. Textures are medium to coarse-grained, 
subhedral to anhedral inequigranular, and many rocks are 
porphyritic (perthite). The granitoids are locally foliated and 
partly recrystallised, and orthopyroxene is commonly partly 
replaced by biotite or iddingsite. Biotite and amphibole in 
this batholith are relatively F-rich (1.67-3.44% and 0.84- 
1.82%, respectively: Tables 2,3), although this probably reflects 
crystallisation at low PHz0 (resulting in smaller modal 
abundances of hydrous phases), rather than from F-rich 
magmas. 

Orthopyroxene granite (s.s.) at Mount Gavaghan and Crohn 
Massif is petrographically similar to the Loewe-White Massif 
granite, although that at Crohn Massif contains about 2 per cent 
of homblende. Much of Mount McCarthy is made up of 
porphyritic orthopyroxene-garnet granite. Quartz monzonite 
at Loewe Massif has an ion-microprobe U-Pb zircon age of 
980f21 Ma (Kinny et al. in press). 

Biotite-orthopyroxene granite (grading into granodiorite 
and quartz monzodiorite) at Gillock Island (Gillock Charnockite 
of Tingey 1981) contains minor garnet, but lacks significant 
hornblende. It is locally quite strongly deformed (augen gneiss), 
with much granulation of quartz, feldspar, and orthopyroxene 
(CalMg39Fe60). Biotite-hornblende-orthopyroxene granite and 
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granodiorite in the Jennings Promontory area (Jennings 
Charnockite of Tingey 1981) contain anhedral K-feldspar 
phenocrysts up to 8 cm long. They are relatively evolved in 
terms of mineral mg values (orthopyroxene, Ca3Mg34Fe73; 
biotite, mg 28-30; potassian ferro-pargasitic hornblende, 
mg 25-28), although not S i02  content. The granite is cut by 
veins of garnet-biotite and hornblende-biotite pegmatite and 
a hornblende-orthopyroxene granite dyke. 

Syenitic and granitic rocks of Mount Collins 
Dark brown monzonite, quartz monzonite, and quartz syenite 
at Mount Collins are commonly K-feldspar-phyric and locally 
have a marked foliation. The least altered samples are medium 
to coarse-grained and have a hypidiomorphic inequigranular 
texture. They contain pale green clinopyroxene (Ca44Mgls. 
24Fe32-38; 4-6%), showing exsolution textures, primary dark 
brownish-green potassian hastingsitic hornblende (mg 18-33; 
up to I%), quartz (1-6%), oligoclase (An25-28; 25-35%), 
slightly perthitic microcline (55-65%), ilmenite + magnetite 
(I%), and minor orthopyroxene (Ca4Mg24.34Fe62.72), apatite, 
allanite, and zircon. In other partly recrystallised and locally 
somewhat foliated rocks, clinopyroxene is extensively altered 
to amphibole and biotite, and some pseudomorphs of colourless 
clino-amphibole, biotite, and/or iddingsite may replace or- 
thopyroxene. One quartz monzonite contains about 6 per cent 
of dark green hornblende which forms sievy aggregates with 
quartz, presumably replacing pyroxene. Allanite is a significant 
accessory mineral in many of these rocks and all contain 
abundant zircon. 

The syenitic rocks appear in outcrop to grade into pink 
granitic rocks, both being cut by abundant metadolerite dykes. 
The more felsic intrusives are mainly granite; rocks with 
slightly less quartz (15-20%) are quartz monzonite or quartz 
syenite. Dark green potassian hastingsitic hornblende (mg 9- 
10; up to 4%) and dark brown biotite (mg 7-10; 16%) are 
the major mafic minerals, clinopyroxene being rare. In most 
rocks, slightly to strongly perthitic microcline is commonly 
much more abundant than plagioclase (albite-oligoclase in 
the most leucocratic varieties), so they can be more precisely 
termed syenogranites. Some granites are porphyritic and there 
is a slight foliation locally, but most are much less altered 
than the syenitic rocks. As in the latter, allanite is aconspicuous 
accessory mineral. Both the syenitic and granitic rocks have 
indistinguishable ion-microprobe U-Pb zircon ages between 
984f 12 and 976f25 Ma (Kinny et al. in press). 

Granitoids of Fisher Massif 
A variety of granitic rocks crops out at Fisher Massif, 
particularly in the central and northeastern parts. They intrude 
relatively low-grade (lower amphibolite facies) mafic to felsic 
metavolcanic rocks which are interlayered with chert, marble, 
ironstone, and clastic metasediments (Mikhalsky et al. in 
press). Contacts with the country rocks are commonly mylo- 
nitised, but clearly intrusive in some places. Predominantly 
mafic xenoliths are locally abundant in the granitic rocks and 
all units are cut by metadolerite dykes. 

Biotite-hornblende tonalite, grading into biotite grano- 
diorite, forms small plutons in central Fisher Massif. It contains 
dark brown biotite (mg 34 in one granodiorite; up to 8%), 
dark green hornblende (up to lo%), quartz, microcline, zoned 
oligoclase-andesine, and minor ilmenite, magnetite, sphene, 
allanite, apatite, and zircon. Widespread metamorphic effects 
include sericitisation and saussuritisation of plagioclase, partial 
replacement of biotite by chlorite, kink banding of biotite, 
and development of secondary carbonate, muscovite, and 
epidote. Despite extensive recrystallisation, the original me- 
dium-grained igneous hypidiomorphic to allotriomorphic tex- 
ture is commonly preserved, and zoned plagioclase phenocrysts 
occur locally. Poikiloblastic hornblende crystals are probably 
of metamorphic origin and may replace pyroxene, although 

no fresh pyroxene has been found. One sample has been dated 
at 1293+28 Ma (ion-microprobe U-Pb zircon age: Kinny et 
al. in press). 

Biotite granite in central and northeastern Fisher Massif, 
differs from the tonalite in the absence of hornblende and 
presence of 20-30 per cent microcline. Relatively Fe-poor 
biotite (mg -50) indicates that the granite is unrelated to the 
tonalite, consistent with its much younger ion-microprobe 
U-Pb zircon age (1020f48 Ma: Kinny et al. in press). Pods 
of hornblende-biotite granodiorite and biotite granite in 
metagabbro at Mount Willing are petrographically similar to 
some of the Fisher Massif granitoids and may be of similar 
age. 

Xenoliths of fine to medium-grained hornblende-biotite 
quartz diorite in the granitoids are extensively recrystallised, 
but contain sericitised plagioclase phenocrysts up to 5mm 
long. They are probably of intrusive origin, and it is unclear 
whether or not they are genetically related to any of the 
volcanic rocks. 

Garnet granitoids 
Widespread garnet-biotite granitoids in the NPCM commonly 
form relatively small (tens of metres) subconcordant bodies. 
Most are foliated and probably of syn to late-metamorphic 
age. For example, gneissic biotite-garnet leucogranite at Jetty 
Peninsula has given a U-Pb zircon age of 940k20 Ma (Manton 
et al. 1992). Gneissic garnet leucogranite at Mount McCarthy 
was apparently formed by partial melting of metasedimentary 
country rocks during emplacement of nearby orthopyroxene- 
garnet granite, consistent with its ion-microprobe U-Pb zircon 
age of 990f30 Ma (Kinny et al. in press). Locally pegmatitic 
biotite-garnet leucogranite gneiss with K-feldspar megacrysts 
at White Massif probably has a similar origin. Most garnet 
granitoids have granitic (s.s.) compositions, but some are 
granodioritic. They typically contain foxy red biotite (up to 
5%), garnet (up to 5%), quartz, perthitic K-feldspar, oligo- 
clase-andesine, and minor opaque minerals, apatite, zircon, 
and, less commonly, monazite. Biotite commonly has a 
preferred orientation and there is generally some degree of 
recrystallisation and low-grade alteration (chloritisation of 
biotite, sericitisation of plagioclase). 

Cambrian granitoids 
Hornblende-biotite granite of the eastern Amery Ice 
Shelf 
A large (at least 15 km across) pluton of hornblende-biotite 
granite (Landing Bluff Adamellite of Tingey 1981) crops out 
around Landing Bluff at the eastern comer of the Amery Ice 
Shelf. It has a Rb-Sr whole-rock isochron age of 493f17 Ma 
(Tingey 1991) and a U-Pb zircon age of about 500 Ma 
(Sheraton & Black 1988). The granite is a massive medium 
to coarse-grained pink-grey rock with conspicuous poikilitic 
K-feldspar phenocrysts up to 6 cm long. It contains xenoliths 
of hornblende-biotite granodiorite and hornblende+biotite-rich 
segregations, and is cut by white even-grained biotite granite 
and pegmatite dykes. Major constituents are dark greenish- 
brown potassian ferro-pargasite or ferro-pargasitic hornblende 
(mg 17-1 8; up to 5%), dark brown biotite (mg 25-27; 3-1 0%), 
quartz (25-35%), oligoclase-andesine (20-35%), and micro- 
cline perthite (30-50%). Biotite and amphibole have moderate 
F contents (1.3-1.6% and -0.7%, respectively: Tables 2,3). 
A distinctive, relatively abundant accessory mineral suite 
comprises magnetite, ilmenite, apatite, zircon, fluorite, 
metamict allanite, and metamict chevkinite or pemerite 
((CaCeTh)4(FeMg)2(TiFe)3Si4022), as well as traces of pyrite 
and chalcopyrite. A sample from Collins Nunatak, 8 km south 
of Landing Bluff, has even more Fe-rich mafic minerals 
(potassian ferro-pargasite, mg 5-6; biotite, rng 7). 

Biotite-hornblende granite in the Polarforschung Glacier 
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area (Polarforschung Granite of Tingey 1981), about 50 km 
east of Landing Bluff, is probably of similar age. It differs 
in being relatively leucocratic and in containing minor fayalite 
( F o ~ ~ ) ,  together with potassian ferro-pargasitic hornblende 
(mg 17-24) and biotite (mg 13-23). Similar porphyritic biotite 
and hornblende-biotite granite also crops out at Cony Rocks 
near the northern end of Gillock Island. One sample contains 
about one per cent of euhedral largely metamict allanite 
crystals up to 5 mm long. More even medium-grained biotite 
granite, which occurs as veins and concordant sheets at New 
Year Nunatak, contains accessory allanite and may be related. 

Muscovite-biotite of the Mawson Escarpment 
Kilometre-sized stocks of grey, relatively even-grained, mus- 
covite-biotite granite in the central Mawson Escarpment are 
the largest Cambrian (or late Neoproterozoic) intrusives in 
the PCM, with a Rb-Sr whole-rock isochron age of 551k74 Ma 
(Tingey 1991). They contain rafts and xenoliths of metasedi- 
ments up to 100 m thick, and are cut by white leucogranite 
and associated pegmatite bodies with biotite, muscovite, and 
garnet. The granite comprises muscovite (up to 2%), reddish- 
brown biotite (1-5%), quartz (30-35%), zoned oligoclase- 
albite (20-30%), microcline (35-45%), and minor opaque 
minerals, apatite, zircon, monazite, and secondary chlorite. 

Minor intrusions 
Post-metamorphic granite dykes, veins, and small stock-like 
bodies occur at many places in the PCM, and are commonly 
associated with granitic pegmatites. Some are clearly associated 
with the c. 1000 Ma intrusives, such as biotite granodiorite 
and granite dykes at Mount Willing and hornblende-orthopy- 
roxene granite dykes at Jennings Promontory. However, many 
are petrographically distinct from the plutonic rocks. 

Fine to medium-grained leucogranite bodies (as well as 
pegmatites) intrude both Archaean and Proterozoic metamor- 
phics in the SPCM, notably near the Fisher Glacier at Mounts 
Dummett, Mather, McCauley, and Scherger. They commonly 
contain both muscovite (up to 8%) and biotite (up to 5%), 
as well as quartz, microcline, sericitised albite-oligoclase, and 
minor opaque minerals, apatite, zircon, and monazite; small 
amounts of garnet may be present. Dykes and veins in the 
NPCM are typically biotite granite and garnet-biotite granite, 
locally with secondary muscovite and chlorite. Both porphyritic 
and non-porphyritic varieties of garnet-biotite granite crop 
out at Jetty Peninsula. 

Muscovite and biotite Rb-Sr ages are mostly about 500 Ma 
(Tingey 1991), suggesting emplacement in the early Palaeozoic. 
Dykes and veins of garnet-biotite granite at Jetty Peninsula 
have given poorly defined zircon+monazite U-Pb ages of 
about 565 and 524 Ma, whereas Rb-Sr isochron ages are 
somewhat younger (48m13, 483f12 Ma), possibly due to 
resetting associated with pegmatite emplacement (Manton et 
al. 1992). It is noteworthy that U-Pb dating of zircon and 
monazite from some granites and pegmatites in the Mesopro- 
terozoic Rayner Complex of western Enderby Land, which 
have also given early Palaeozoic Rb-Sr isochron and mineral 
ages, indicate much older (-770 Ma) emplacement ages (Black 
et al. 1987). Hence, it is possible that some 'late' granites in 
the PCM are Neoproterozoic, rather than early Palaeozoic. 

Geochemistry 
About 150 samples of felsic gneiss and 120 intermediate to 
felsic igneous rocks were analysed for major and trace elements 
in the AGSO laboratory. FeO was determined volumetrically, 
F by specific ion electrode, and Li, Be, and, for some samples, 
Cu, Zn, Cr, and Ni by atomic absorption spectrophotometry. 
The remaining elements were determined by X-ray fluorescence 
spectrometry (XRF) using the methods of Norrish & Hutton 
(1969) and Norrish & Chappell (1977). Further details of 

methods and accuracy are given by Cruikshank & Pyke (1993). 
Representative samples were also analysed for rare-earth 
elements, Th, U, Hf, Cs, and Sc by instrumental neutron 
activation analysis at the Open University (Potts et al. 1981). 
For reasons of space, only representative analyses are given 
in Table 4, but a complete list is available from the first 
author. 

Archaean granitoids 
The very restricted range of major and trace element compo- 
sitions (Fig. 2) of biotite-hornblende granite gneiss from 
geographically widespread parts of the SPCM is good evidence 
for it representing a single intrusive suite. Like the other 
Archaean granitoids, all samples are metalurninous (Di nor- 
mative), with AS1 (alumina-saturation index: molecular 
AI2O3/(Ca0-3.33P2O5+Na20+K20) values less than 1, so 
they are equivalent to I-type (derived by partial melting of 
igneous precursors) granitoids on the classification of Chappell 
& White (1974). The granite is characterised by high HFSE 
(high field-strength elements, particularly Zr, Nb, and Y) and 
LREE (light rare-earth elements), but relatively low AI2O3, 
Sr, and rng (22.3-29.6) (Fig. 3). Spidergrams are quite 
fractionated, with marked depletion of Sr, P, and Ti, relative 
to La, Ce, Nd, Zr, and Y (Fig. 4); REE patterns are also 
moderately fractionated ((LalYb), 5.83, (CeN), 2.7-7. I), with 
a negative Eu anomaly (Fig. 5). 

Archaean granitoids 
Q 

Granodiaite 

Trondhjemite 

Ab 
Bt-Hb granite gneiss 

A Mt Ruker Bt granite 
v Mt Boyliss Bt granite gneiss 

xSPCM Hb-Bt gneiss 
o SPCM Bt gneiss 

Figure 2. Normative Q-Ab-Or and Ab-Or-An diagrams for Ar- 
chaean granitoids from SPCM. The former shows the quartz- 
feldspar field boundaries and positions of quaternary isobaric 
minima at 0.5 and 3.0 kb PH20 afer Tuttle & Bowen (1958), and 
the latter shows the granitoid fields of Barker (1979). 
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Table 4. Chemical analyses of representative granitic rocks from the Prince Charles Mountains area. 

Sample no. 73281015 73281542 73281551 69280109 71280003 91286406 91286507 
Region SPCM SPCM SPCM East Amery NPCM NPCM NPCM 
Locality Mount Mount Mount E Gillock S Crohn Wh~te Loewe 

Bloomlield Bayliss Ruker Island Massif Massif Massif 
Lithology Bt-Hb Hb-Bt Bt Bt-Op Op-Hb-Bt Op grano- Hb-Bt-Op 

granite granite granite granite granite d~orite quartz 
gneiss gneiss monzonite 

Age Archaean Archaean Archaean Proterozo. Proterozo. Proterozo. Proterozo. 

Si02 
Ti02 
A1203 
Fe203 
FeO 
MnO 
MgO 
CaO 
Na20 
K20 
P205 
H20+ 
LO1 
Rest 
Total 

72.10 69.60 73.70 
0.76 0.68 0.2 1 

12.22 13.49 13.43 
1.09 1.16 0.7 1 
3.50 3.15 1.25 
0.07 0.07 0.02 
0.57 1.14 0.33 
2.3 1 2.92 1.30 
2.75 3.40 3.60 
4.47 3.24 4.43 
0.21 0.20 0.06 
0.56 0.60 0.50 
- - - 
0.26 0.50 0.18 

100.87 100.15 99.72 

C.I.P.W. norms 

32.28 28.55 32.06 
- - 0.49 

26.41 19.15 26.18 
23.27 28.77 30.46 

7.80 1 1.98 6.06 
1.96 1 .OO - 
4.81 6.17 2.22 
1.58 1.68 1.03 
1.44 1.29 0.40 
0.50 0.47 0.14 

Trace elements in parts per million 

766 749 32 1 
144 176 166 
103 229 92 

18 43 63 
22.1 25 44 

3.4 3.5 1 1  
516 362 157 

14.2 - - 

60 26 16 
8 1 67 19 
69.1 79 46 

145 162 88 
56.1 - - 
11.9 - - 

2.10 - 
2.11 - - 

7.93 - - 
1.25 - - 
8.8 - - 

28 52 7 
I I 26 4 
6 19 20 

20 19 134 
53 67 2 1 
- - 2 

16 19 18 
- - - 

- 2450 380 
- - - 

22.5 39.2 32.0 
258 153 222 

6.5 7.1 4.0 
2.5 2.7 2.5 
4.5 6.0 11.6 
0.08 - - 

BI. hiorire: Cp. clir~op~rorerte: GI. ~ u r r ~ e r :  Hb. hornble~~de: Ms. ~~tusco~ i te :  01, o l i~~ ine :  Op. 
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Sample no. 91286421 9 1286420 
Region NPCM NPCM 
Locality Mount Mount 

Collins Collins 
Lithology Cp-Op H b- Bt 

quartz granite 
syenite 

Age Proterozo. Proterozo 

7 1280029B 
NPCM 
SE Fisher 
Massif 
Bt quartz 
diorite 
xenolith 
Proterozo. 

91286415 91286416 71280224 91286405 
NPCM NPCM NPCM NPCM 
Fisher Fisher Wall White 
Massif Massif Peak Massif 
Bt Bt grano- Bt-GI GI-Bt 
granite diorite granit granite 

gneiss 
Proterozo. Proterozo. Proterozo. Proterozo. 

Si02 
Ti02 
A1203 
Fe203 
FeO 
MnO 
MgO 
CaO 
Na20 
K20 
P205 
H20+ 
LO1 
Rest 
Total 

Ba 
Rb 
Sr 
Pb 
Th 
u 
Zr 
H f 
Nb 
Y 
La 
Ce 
Nd 
S ~n 
Eu 
Tb 
Y b  
Lu 
Sc 
v 
Cr 
Ni 
Cu 
Zn 
Sn 
Ga 
S 
F 
Li 

mg 
KIRb 
T h N  
10000Ga/AI 
(CeN)n 
SrISr* 

58.66 74.55 
0.8 1 0.2 1 

17.80 12.45 
2.28 0.86 
4.07 1.3 1 
0.16 0.05 
0.64 0.12 
3.40 0.79 
4.31 3.36 
5.89 5.44 
0.24 0.03 
- - 

I .25 0.5 1 
0.52 0.18 

100.03 99.86 

C.I.P.W. norms 

2.17 3 1.94 
- - 

34.8 1 32.15 
36.47 28.43 
11.83 2.82 
2.97 0.78 
4.62 1.33 
3.3 1 1.25 
1.54 0.40 
0.57 0.07 

Trace elements in parts per 

244 1 278 
83 98 

41 1 57 
18 22 
2.16 16 
1.11 4. 

916 377 
23.3 8 
I I 30 
19 53 
31.4 107 
64.1 216 
32.2 86 
5.76 - 
5.03 - 
0.73 - 
2.63 - 

0.45 - 
21.2 2 
9 <2 
3 I 
6 3 

10 I 
69 59 
<2 3 
22 21 

250 20 
- - 
6 4 

21.9 14.0 
589 46 1 

1.9 - 
2.3 3.2 
8.4 10.2 
0.66 0.03 

million 

346 
124 
43 1 

7 
15 
<0.5 

190 
5 

19 
60 
29 
73 
45 
- 

- 
- 
- 

- 

19 
145 
25 
15 
2 1 
99 

2 
19 

120 
- 

46 

54.0 
118 

3.3 
2.1 
3.0 
0.56 
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Sample no. 675 
Region NPCM 
Locality Jetty 

Peninsula 
Lithology Bt-Gt 

granite 
gneiss 

Age Proterozo. 

8 1285376 8 1285399 6 18E 
Prydz Bay Prydz Bay NPCM 
Landing Meknattane Jetty 
Bluff Nunataks Peninsula 
Hb-Bt 01-Bt-Hb Porphyrit. 
granite granite Bt granite 

Cambrian Cambrian Cambrian 

71280325 72280846 73282122 
NPCM SPCM SPCM 
Mount Mount Mawaon 
Gleeson Dummett Eqcarpment 
Bt granlte Bt-Ms Bt 
dyke granlte granlte 

veln 
C a ~ n b r ~ a n  Ca~nbrlan Cambr~an 

Si02 
Ti02 
A1203 
Fe203 
FeO 
MnO 
MgO 
CaO 
Na20 
K20 
P205 
H20+ 
LO1 
Rest 
Total 

Ba 
Rb 
Sr 
Pb 
Th 
u 
Zr 
H f 
Nb 
Y 
La 
Ce 
Nd 
S ~n 
Eu 
Tb 
Yb 
Lu 
Sc 
v 
Cr 
N i 
Cu 
Zn 
Sn 
Ga 
S 
F 
Li 

tng 
K/R b 
ThIU 
I OOOOGaIAI 
(Ce1Y)n 
SrISr* 

p~ - - 

76.60 68.60 75.90 
0;14 0.85 0.25 

12.45 13.73 1 1.77 
0.3 1 0.77 1.21 
0.93 3.39 1.41 
0.03 0.05 0.02 
0.15 0.53 <O. 10 
0.68 2.29 1.14 
2.29 2.08 2.00 
5.61 6.04 6.14 
0.03 0.30 0.04 
0.38 0.70 0.5 1 
- - - 

0.11 0.56 0.22 
99.71 99.89 100.61 

C.I.P.W. norms 

39.63 26.59 37.97 
1.45 0.33 - 

33.15 35.69 36.28 
19.38 17.60 16.92 
3.18 9.40 5.00 
- - 0.35 
1.65 5.60 1.03 
0.45 1.12 1.75 
0.27 ' 1.61 0.47 
0.07 0.71 0.09 

Trace elements in parts per million 

359 90 1 268 
240 278 239 

5 8 169 69 
5 3 50 33 
10 115 93 

1.5 3.11 1.97 
63 436 253 
- 16.8 10.4 
3 19 16 

34 4 1 47 
26 208 17 1 
38 404 343 
I I 159 142 
- 25.3 26.8 
- 2.10 1.12 
- 2.41 3.43 
- 2.81 2.90 
- 0.46 0.40 
4 7.9 3.3 
7 32 4 
1 10 <3 
2 5 <2 
2 7 9 

10 87 52 
- <I <I 

14 20 18 
4 0 0  - - 

- 2000 80 
14 16 7 

22.3 21.8 <I I 
194 180 2 13 

6.7 37 47 
2.1 2.8 2.9 
2.8 24.6 18.2 
0.19 0.05 0.02 
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Archaean *Bt-Hb granite gneiss 
rMt  Ruker Bt granite 
.Mt Bayliss Bt granite gneiss 

Cambrian x East Amery Hb-Bt granite 
 jetty Peninsula Gt-Bt granite 
oMawson Escarpment Ms-Bt granite 
vNPCM granite dykes 
oSPCM granite dykes 

Figure 3. S i02  variation diagrams for Archaean and Cambrian 
granitoids. 

As pointed out by Sheraton & Black (1988), the high 
HFSE and LREE contents suggest affinities with A-type 
(anorogenic) granitoids, although 104GaIAI (2.5-2.8) is lower 
and CaO is higher than for typical A-types (Collins et al. 
1982; Whalen et al. 1987). Collins et al. (1982) suggested 
that A-type magmas formed by partial melting of residual 
(i.e., previously melt depleted) felsic granulites. However, 
even the highest grade metamorphic terranes do not have 
particularly refractory compositions (Sheraton & Black 1988), 
and experimental (Skerlie & Johnston 1993) and geochemical 
(Anderson & Monison 1992) data are more consistent with 
melting of a predominantly felsic igneous (granitic, s.1.) source. 
Most of the compositional features of A-type granitoids, 
particularly high HFSE and REE contents, can be explained 
by high-temperature melting of virtually anhydrous granulite- 
facies felsic crustal rocks, as such elements are relatively 
soluble in high-temperature melts (e.g. Watson & Harrison 
1983). Solubilities are generally higher in F-rich melts (Keppler 
1993) and F is commonly enriched in A-type granitoids 
(Whalen et al. 1987), but neither the SPCM granites (average 

Archaean granitoids 

1000 
I ~ ~ - l ' ~ ' l r ~ ' l  

Bt-Hb granite gneiss 

Figure 4. Primordial mantle-normalised incompatible element 
abundance diagrams (spidergrams) for Archaean granitoids. Nor- 
malising values (Pb, 0.20; Rb, 0.63; Ba, 6.91; Th, 0.092; U, 0.022; 
K, 230; Nb, 0.71; La, 0.70; Ce, 1.81; Sr, 20.9; Nd, 1.35; P, 95; 
Zr, 11.1; Ti, 1270; Y, 4.52; Na, 2890 ppm) after Sun & McDonough 
(1989). Note that most samples do not have Nd data. 

of 5 samples is 500ppm) nor their biotite and amphibole 
(Tables 2,3) have particularly high F. 

An alternative origin proposed for A-type granitoids is by 
extreme fractionation of mantle-derived mafic magma through 
AFC (assimilation-fractional crystallisation: DePaolo 1981) 
processes (Javoy & Weis 1987; Turner et al. 1992). Indeed, 
most A-types may represent mixtures of mantle and crust-de- 
rived components, with either being predominant in specific 
cases (Eby 1990; Kerr & Fryer 1993). In the case of the 
SPCM granite gneiss, relatively small Nb anomalies (Fig. 4) 
are difficult to explain in terms of intracrustal melting, because 
most felsic crustal rocks (both igneous and sedimentary) have 
marked negative anomalies which are ultimately a consequence 
of subduction-related magmatism (Saunders et al. 1991 ; Tarney 
& Jones 1994). Thus, a predominantly mafic source, possibly 
with a Nb-rich OIB (ocean island basalt) type mantle component 
(Sun & McDonough 1989), is perhaps more likely. 

Granites of Mounts Ruker and Bayliss are much less 
enriched in HFSE and REE, although the less siliceous Mount 
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500 
, - l F , . [ . , s , m , . J  Proterozoic gneisses 

I Archaean Bt-Hb granite gneiss 73281015 - 

E 200 - Q .- 
t loo , 
0 

6 50 
\ 

20 
0 ::- 
g lo . - 

5 1 
I I I . I , I , I , I , I .  

La Eu Tb Lu 
Ce Nd Sm Y b 

Figure 5. Chondrite-normalised (Nakamura 1974; Evensen et al. 
1978) rare-earth element abundance plots for Archaean granite 
gneiss. 

Bayliss granite has moderately high HFSE, particularly Y 
(Fig. 3), and at least one sample has high F (2450ppm). 
Spidergrams show large negative Nb, Sr, P, and Ti anomalies, Ab Or 

typical of I-type granitoids produced by partial melting of An 
felsic crustal rocks, with residual plagioclase, but not garnet 
(Tarney et al. 1987). 

Many hornblende-biotite-quartz-feldspar gneisses from 
the SPCM have similar 'A-type' chemical characteristics to 
the granite gneiss, and may be genetically related. In particular, 
Zr, Y, and LREE contents are relatively high, and Sr low; 
however, they tend to be more siliceous, with higher I04GaIAI 
(2.5-3.5) and lower mg, and many have trondhjemitic bulk 
compositions (Fig. 2). Most spidergrams show much more 
pronounced Nb anomalies (Fig. 4). 

Proterozoic granitoids 
Felsic gneiss. Chemical data (Table 4, Figs 6-1 1) for biotite- 
orthopyroxene-quartz-feldspar gneisses from the NPCM- 
Amery Ice Shelf-Prydz Bay Coast area are generally consistent 
with a felsic igneous origin, with most rocks being metalu- 
minous or only slightly peraluminous (i.e., I-type, with 
AS1 4 . 1 ) .  Compositions range from tonalite to granite, but Ab 
most samples from southwestern Prydz Bay are K-poor. It is 

Or 

unclear whether these gneisses represent metamorphosed x NPCM Op gneiss 
intrusive or extrusive rocks. More massive orthogneisses may  east Amery Op gneiss 
well be intrusive, whereas many of those interlayered with oPrydz Boy Op gneiss 
metasedimentary rocks could be of volcanic origin. 

Many orthopyroxene-bearing gneisses (mostly tonalitic or Figure 6. Normative Q-Ab-Or and Ab-Or-An diagrams for Pro- 

granodioritic) belong to the Y (and heavy rare-earth elements: terozoic orthopyroxene gneisses. Most are of felsic igneous origin 

HREE) depleted suite of Sheraton & Black (1983) (Fig. 8), (Orthogneisses)' 

which tends to have high Sr and spidergrams showing little 
or no Sr depletion; some even have significant positive Sr or no residual garnet. Many gneisses from the eastern Amery 
anomalies (Fig. 9). REE patterns are mostly strongly frac- Ice Shelf area belong to this suite, although some relatively 
tionated ((LdYb), 6.2-1 18, (CeIY), mostly 4-30), and major Si02-poor (quartz dioritic) rocks may represent fractionated 
Eu anomalies are lacking (Fig. 11). Similar gneisses from mantle-derived magmas. 
other granulite terranes, such as the Napier Complex of Biotite-garnet-quartz-feldspar gneisses differ in being 
Enderby Land, commonly have positive Eu anomalies (Shera- markedly peraluminous (AS1 mostly 1.05-1.8) and having 
ton et al. 1985). Such Y-depleted, Sr-undepleted gneisses are generally higher K20, Rb, Th, U, Zr, Nb, Y, LREE, Cr, and 
thought to represent new (i.e., primary) continental crust Ni, and slightly lower CaO, Na20, and Sr. Some have 
derived by partial melting of a hornblendefgarnet-bearing, near-minimum melt (i.e. granitic, s.s.)  compositions (Fig. 7), 
but feldspar-poor, mafic source (such as subducted hydrated suggesting that they are orthogneisses, but of the S-type 
oceanic crust or a mafic underplate) (Tarney et al. 1987). (derived by melting of sedimentary precursors) of Chappell 

In contrast, some orthopyroxene-bearing gneisses (predomi- & White (1974). Many of the more strongly peraluminous 
nantly granitic (s.s.) composition) are not depleted in Y (or garnet-bearing gneisses have very high normative Q or, less 
presumably HREE) (Fig. 8). They tend to have low Sr and commonly, Or contents, indicating direct metamorphism of 
less fractionated REE patterns ((CeIY), mostly 3-8); spider- sedimentary protoliths. Most analysed garnet gneisses have 
grams, particularly for the more fractionated siliceous granites, relatively high Y, but low Sr and moderately fractionated 
have significant negative Sr anomalies (Fig. 9): consistent (CeN), (mostly 2-10), typical both of felsic igneous rocks 
with residual plagioclase andlor plagioclase fractionation. Such formed by intracrustal melting and of clastic sedimentary 
Sr-depleted, Y-undepleted gneisses are considered to represent rocks derived therefrom (Tarney et al. 1987). Spidergrams 
partial melts of predominantly felsic crustal rocks with little show marked negative Sr and Nb anomalies (Fig. 10). Even 
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Proterozoic gneisses Proterozoic gneisses 

55 60 65 70 75 80 
I " " l " ' * I " " l ' " '  

Gt gneiss 
X X 

r 0 .  0 

x NPCM Gt gneiss 
 east Arnery Gt gneiss 
oPrydz Boy Gt gneiss 
v SPCM Gt gneiss 

Figure 7. Normative Q-Ab-Or and Ab-Or-An diagrams for Pro- 
terozoic garnet gneisses. Many quartz-rich rocks are of sedimentary 
origin (paragneisses). 

when the SPCM Mesoproterozoic amphibolite-facies garnet 
gneisses are included, there are no obvious regional compo- 
sitional variations. 

Unlike many other granulite terranes, which appear to have 
undergone depletion in large-ion lithophile elements (LILE: 
K, Rb, Th, U, etc.) during metamorphism (Tarney et al. 1972), 
K/Rb ratios are not particularly high (mostly 100-350), 
implying little loss of Rb relative to K (Sheraton & Black 
1983). However, this may partly reflect the comparitive rarity 
in the PCM of biotite or K-feldspar-free rocks (e.g. anhydrous 
tonalitic gneisses) which, because they do not contain a phase 
capable of retaining much Rb, are the most susceptible to 
metamorphic depletion (Tarney & Windley 1977). On the 
other hand, Th/U ratios are much higher (up to about 100) 
than the estimated crustal average (-3.8: Taylor & McLennan 
1985), consistent with metamorphic depletion of U, relative 
to Th, possibly during dehydration. 

Orthopyroxene granitoids. Orthopyroxene granitoids 
('charnockites', s.1.) may be subdivided into low-Si02 (58.9- 

Figure 8. Plot of Y against S i02  for Proterozoic felsic gneisses. 
Dashed line indicates the approximate boundary between fields 
of Y-depleted and Y-undepleted felsic orthogneisses of the Archaean 
Napier Complex, Enderby Land, Antarctica (after Sheraton & 
Black 1983). Symbols as in Figs 6 and 7. 

62.1 %) and high-SiQ2 (66.2-74.0%) varieties. The former 
group includes quartz monzonite from the Loewe Massif-White 
Massif batholith, as well as relatively melanocratic granite of 
Gillock Island and Jennings Promontory. The latter group 
consists of orthopyroxene granite (minor granodiorite) from 
Loewe and White Massifs, together with an orthopyroxene- 
hornblende-biotite granite from Crohn Massif. 

Most orthopyroxene granitoid samples define a relatively 
potassic (Ab-poor) trend on an Ab-Or-An diagram (Fig. 12), 
although, apart from two granites from Jennings Promontory, 
not so extreme as that of the Mawson Charnockite (Sheraton 
1982). All the analysed rocks are of I-type, and marginally 
metaluminous or peraluminous (AS1 <I.]: Fig. 13). Most of 
the low-Si02 rocks (<61%) are relatively enriched in AI2O3, 
HFSE, LREE, and Sr, whereas high-SiOz granites are more 
depleted in these elements (Fig. 14). Spidergrams of the former 
group show smaller negative Nb, P, and Ti anomalies and 
little or no Y depletion (Fig. 15); REE patterns are quite 
strongly fractionated ((LalYb), 18.0-26.8, (CeN), 7.6-15.3), 
with small negative Eu anomalies (Fig. 17). High-Si02 granites 
have larger Nb, P, and Ti anomalies, but Sr anomalies are 
similar or even smaller (one Loewe Massif granite has a 
positive anomaly) and most samples are Y-depleted (on the 
orthogneiss classification of Sheraton & Black 1983); REE 
patterns are more varied, i.e., moderately to very strongly 
fractionated ((LalYb), 12.6, (CeIY), 3.0-45.6). 

Very similar spidergrams and REE patterns (apart from 
minor differences in P and Y contents and larger differences 
in the relatively mobile Th and U) of the low-Si02 granitoids 
suggest a common origin. 1170 Ma quartz monzogabbro in 
the Bunger Hills forms a geochemically coherent suite with 
associated gabbro and quartz gabbro, and is therefore consid- 
ered to have been derived by fractionation of mafic magma 
(Sheraton et al. 1992). A similar origin from mantle-derived 
magma is possible for the NPCM granitoids, although the 
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parent magma(s) may have tended towards an intermediate 
(e.g. monzodioritic), rather than mafic, composition (cf. Stem 
& Hanson 1991). Partial melting of mafic to intermediate 
granulite-facies crustal rocks (Young & Ellis 1991; Kilpatrick 
& Ellis 1992) would require a, possibly unreasonably, large 
heat input, particularly as relatively 'dry' melting is implied. 
Moreover, experimental data (Beard et al. 1994) show that 
water-undersaturated melting of a dioritic source produces 
siliceous (>72% Si02) melts even for degrees of melting as 
high as 50 per cent. 

It is unlikely that both the low-Si02 and high-S102 granitoids 
represent a single fractionation sequence, because Sr and Eu 
anomalies of the latter group are no larger (and in some cases 
are smaller), precluding plagioclase-dominated fractionation. 
The lack of correlation of either mg or K/Rb with Si02 is 
also inconsistent with fractionation being the sole cause of 
the compositional variations. The much larger degrees of Nb 
and Y depletion of the high-Si02 group are difficult to explain 
entirely by fractionation. For example, NbLa is largely 
unaffected by crystal fractionation processes, at least for mafic 

Proterozoic gneisses 

1000 

100 

10 

1 

l ; ~ ~ l ; l ; ~ ; ~ ; ~ ; l : ~ ~  

Pb ~a U Nb Ce Nd Zr Y 
Rb Th K La Sr P Ti No 

I , I S  I ~ l ' l ' l ' l ' l  
1000 - East Arnery Op gneiss * 

Rb Th K La Sr P Ti Na 
I ' 1 ' l - I ' I " ' I  

1000 E Prydz Boy Op gneiss - 

. 

Figure 9. Spidergrams for Proterozoic orthopyroxene gneisses. 
Most Y-depleted orthogneisses do not have significant Sr anomalies, 
suggesting derivation from a plagioclase-poor mafic source, 
whereas Y-undepleted orthogneisses have marked negative Sr 
anomalies, consistent with partial melting of felsic crustal rocks. 

to intermediate rocks (Sheraton et al. 1992; Thirlwall et al. 
1994), but could be markedly reduced if major crustal 
assim~lation (through AFC processes) occurred. It is thus 
likely that most or all of the high-Si02 orthopyroxene granites 
represent a distinct magma or magmas, produced by high-de- 
gree, high-temperature melting of dry intermediate to felsic 
lower crustal rocks, or at least have a large crustal component. 
A high-grade source could explain their higher Th/U (average 
of 18.4 for 10 samples, compared to 8.0 for 7 low-Si02 
granitoids). The low Y and high CelY of most samples 
(particularly those with >70% Si02), which contrast wlth the 
Y-undepleted character of the low-Si02 rocks, suggest high- 
pressure melting with residual garnet, and possibly relatively 
small amounts of plagioclase to account for the moderate Sr 

Proterozoic gneisses 
4 ~ ~ ~ l ~ l ' l ' l ' l ~ l  

1000 NPCM Gt aneiss 

db l - l m t - ~ - l . ~ r ~ T ~  i h  K i a  ~r P ti ~a 

1000 A Prydz Bay Gt gneiss 

Figure 10. Spidergrams for Proterozoic garnet gneisses. Most are 
Y-undepleted and Sr-depleted, consistent with either partial melt- 
ing of felsic crustal rocks (orthogneisses) or weathering of such 
rocks (paragneisses). 

Proterozoic gneisses 
8 - , . l ' l . l s l ' l ' J  

300 - Op tonalite gneiss m73281787 I 
e73281792 - 
9 12865 12 

Op granite gneiss 073281752 
09 12865 18 

a: 

Figure 11. Chondrite-normalised rare-earth element abundance 
plots for Proterozoic orthopyroxene gneisses. 
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anomalies. Such a feature of the low-Ti subgroup of the 
Mawson Charnockite was taken by Young & Ellis (1991) to 
imply melting of thickened crust in an Andean or Himala- 
yan-type plate margin. 

Although Y-depleted, these granites differ markedly in 
composition from the LILE-poor Archaean tonalite- 
trondhjemite-granodiorite (TTG) suite, thought to have been 
formed by hydrous partial melting of a plagioclase-poor mafic 
source (e.g. garnet amphibolite or eclogite) (Tarney et al. 
1979; Rapp et al. 1991). Their distinctive trend towards the 
Or apex, rather than the H20-saturated granite minimum, on 
an Ab-Or-An diagram can readily be explained by the 
experimental data of Ebadi & Johannes (1991) and Beard et 
al. (1994), which show that low PHZo melting of felsic crustal 

Proterozoic granitoids 

rocks produces liquids with high Or/Ab; incorporation of 
calcic plagioclase (i.e. the An component) into the melt would 
enhance this effect (James & Hamilton 1969). Hence, there 

Proterozoic granitoids 

1.4 

Figure 13. Plot of alumina saturation index (AS1 = molecular 
AI2O3/(Na20+K20+Ca0-3.33Pfi)) against Si02 for Proterozoic 
granitoids. The dashed line separates the fields of I-type (igne- 
ous-derived) (lower) and S-type (sedimentary-derived) granitoids 
(after Chappell & White 1974). Most garnet granitoids are mark- 
edly peraluminous. Symbols as in Fig. 12. 

Proterozoic granitoids 

ALOW-502 Op granitoid 
v High-Si02 Op granitoid 
+Gt-Bt granitoid 
A Fisher Massif quartz diorite xenoliths 
 fisher Massif Bt-Hb tonalite 
*Fisher Massif Bt granite 
*Mt Collins syenitic rocks 
aMt Collins Hb-Bt granite 
oJetty Peninsula Bt-Gt leucogranite 

4 Field of Mawson Charnockite 

Figure 12. Normative Q-Ab-Or and Ab-0-An diagrams for Pro- 
terozoic granitoids. The latter shows the plagioclase-alkali feldspar 
field boundary at 1 kbar PH20, projected onto the Ab-Or-An 
face of the tetrahedron (after James & Hamilton 1969). 

Figure 14. Si02 variation diagrams for Proterozoic granitoids. 
Symbols as in Fig. 12. 
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seems to be no reason to invoke a 'residual' granulite source, also tend to fractionate towards an Or-rich minimum melt 
as postulated by Sheraton (1982) for the Mawson Charnockite. composition, although this would imply a source for the 
Kilpatrick & Ellis (1992) pointed out that the very high-tem- high-Si02 group compositionally similar (but, for reasons 
peratures (-1000°C) required to produce 'C-type' magmas can given above, not identical) to the low-SiOz grantoids. Alter- 
be attained in granulite terranes, although a major heat input, natively, the two groups may merely represent parts of a 
such as emplacement of mantle-derived magma near the base continuum from an essentially mantle-derived mafic-interme- 
of the crust, would clearly be necessary (Zhao & Ellis 1994). diate end member to a predominantly crust-derived felsic one. 

The generally similar trend shown by both low-SiOz and There are presently few isotopic data to test this model, but 
high-Si02 granitoids on Fig. 12 may have originated because evolved Sr and Nd isotopic compositions imply a significant 
dry An-rich intermediate liquids (i.e., low-Si02 type) would 
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Figure 15. Spidergrams for Proterozoic orthopyroxene granitoids Figure 16. Spidergrams for Fisher Massif Proterozoic granitoids 
and syenitic and granitic rocks from Mount Collins. Low-Si02 and garnet granitoids. The former show little Sr depletion, whereas 
granitoids are Y-undepleted, whereas most high-Si02 granitoids the latter are mostly Sr-depleted and Y-undepleted, consistent with 
are Y-depleted, consistent with residual garnet during melting. melting of felsic crustal rocks (predominantly sedimentary). 
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crustal component for all subgroups (including low-Si02 types) 
of the Mawson Charnockite (Young & Ellis 1991). 

Syenitic and granitic rocks of Mount Collins. The syenitic 
intrusives are highly evolved metaluminous rocks with high 
AI2O3, NarO, K20, Ba. and Zr, but low mg (7.6-27.0), MgO, 
CaO. Cr, Ni, and V (Figs 12-14). However, REE and most 
HFSE (Nb, P, Ti, and Y) are not enriched, and I@Ga/AI 
(2.3-2.6) is not particularly high. Spidergrams show little 
variation, and have small negative Sr and moderate Nb 
anomalies, but very large positive Zr anomalies (Fig. 15); 
REE patterns are moderately fractionated ((La/Yb)n 4.58-8.00, 
(CeN)n 5.7-6.8) with large positive Eu anomalies (Fig. 17). 

These spidergrams are quite different to those of either 
the Cambrian syenites of the Yamato Mountains (Dronning 
Maud Land), which, apart from negative Nb and Ti anomalies, 
are relatively smooth (Zhao et al. 1995), or the highly 
fractionated Cambrian syenites of David Island (Queen Mary 
Land), which have much more irregular patterns with large 
negative Nb, Sr, P, and Ti anomalies (Sheraton et al. 1992). 
The Yamato syenites are considered by Zhao et al. (1995) to 
have formed from an alkali basalt parent magma by AFC 
processes, with subsequent low-pressure crystal fractionation. 
Fractionation of mafic magma, probably combined with some 
degree of crustal assimilation, has also been proposed for 
many other syenitic complexes (see various papers in Fitton 
& Upton 1987). Such an origin could account for many of 
the compositional features of the Mount Collins rocks: some 
of which contain inherited zircon (Mikhalsky et al. 1992, in 
press). However, it is difficult to produce the observed Zr 
enrichment without also enriching LREE (the relatively low 
LREE contents are the major differences from the David 
Island syenites). Thus, either fractionation of an REE-bearing 
phase (allanite is probably the main REE-bearing phase in 
these rocks), but not zircon, or accumulation of zircon, but 
not an REE-bearing phase, is indicated. The former seems an 
inadequate explanation, in isolation, even for F-rich melts in 
which zircon is much more soluble than REE phosphates, 
such as monazite (Keppler, 1993), but may have produced 
an initial degree of Zr enrichment. Accumulation of feldspar 
(plagioclase and/or K-feldspar), in addition to zircon, could 
account for the large positive Eu anomalies and AI2O3 and 
Ba enrichment.   he lack of corresponding positive Sr anomalies 
in the presumed cumulates requires an evolved parent liquid 
with negative Sr anomalies, but this is not unlikely in view 
of the low mg, Cr, and Ni of these rocks. 

This model is generally similar to that proposed for the 
low-Si02 orthopyroxene granitoids, so it is possible that the 
major difference is that syenitic liquids require a more 
Si02-undersaturated alkaline, rather than a tholeiitic, parent 
magma. Relatively high-pressure magma generation or initial 
fractionation involving garnet could account for the relatively 
low Y of these rocks. More extreme fractionation, without 
producing excessive SiOz-oversaturation, is also necessary for 
the Mount Collins (and David Island) syenites to account for 
their low mg, etc. Nevertheless, apart from low LdZr, the 
Mount Collins rocks have some other enigmatic features. 
Their high WRb (550-920) and WCs (1 90-380) might suggest 
a significant granulite-facies crustal component, but their low 
Th/U (1.4-1.9) is difficult to explain on this basis. Alternatively, 
fractionation of a low K/Rb phase, such as phlogopite or 
biotite, at some stage in their petrogenesis is possible, although 
there is no petrographic evidence for this. 

Hornblende-biotite granitoids at Mount Collins are barely 
metalurninous and have high HFSE, REE and, for the more 
siliceous granite sample, high Ga/AI, suggesting A-type 
affinities. They cannot be related to the syenitic rocks by 
fractionation processes, because the less evolved sample (a 
quartz monzonite) has higher Si02, MgO, Sr, V, Cr, and Ni; 
Nb, Y, and LREE are relatively enriched, whereas Zr is much 
lower. Spidergrams are markedly irregular, with moderate to 

large negative Nb, Sr, P, and Ti anomalies (Fig. 15), typical 
of partial melts of intermediate to felsic crustal rocks with 
residual plagioclase, but not garnet. The more siliceous sample 
has the more fractionated pattern. consistent with fractionation 
of plagioclase, apatite, and a Fe-Ti oxide, as well as a 
ferromagnesian phase. Similar, relatively high NbLa for both 
samples supports a comagmatic origin, as do the age data of 
Kinny et al. (in press). 

Granitoids of Fisher Massif. Biotite-hornblende tonalite 
forms a compositionally rather heterogeneous suite of I-type 
granitoids, with both low-SiOr (64.3-65.3) and high-Si02 
(72.2-75.4) varieties (Figs 12-14). The former has high lng 

(56.6-59.6) and low K/Rb (103-204); one rock (73281647) 
has particularly high Sr (630ppm), together with relatively 
high LILE (K20, Rb, Pb, Th, and U), whereas the other has 
much lower Sr (1 86 ppm) and LILE. Most high-Si02 tonalites 
have a very restricted range of composition, with lower mg 
(38.1-39.4), but higher K/Rb (405420); Sr and LILE contents 
are mostly between those of the two low-SiOz tonalites. The 
most siliceous rock is much depleted in Pro5, Nb, Y, and 
LREE. Such compositional differences cannot all be due to 
fractionation processes, and indicate that several distinct 
magmas were involved. Spidergrams of both groups (apart 
from the sample with the highest Si02) have negative Nb, P, 
and Ti anomalies, and small positive or negative Sr anomalies 
(Fig. 16). REE patterns are moderately fractionated ( ( L n b ) ,  
5.30-6.07, (CeIY), 2.2-5.2), with only small negative Eu 
anomalies (Fig. 17). 

Most biotite granites have generally similar HFSE and 
LREE contents to the tonalites, but have higher LILE (K20, 
Rb, Ba, Th, and U); Sr (331-407ppm) and mg (45.3-58.1) 
are relatively high for granites. Spidergrams are not unlike 
those of the tonalites, except for the LILE enrichment, and 
do not show significant Sr depletion, precluding major 
plagioclase fractionation. (CeN),, is 5.0-5.7 and K/Rb 180- 
237. A fifth, apparently unrelated, sample (71280028) is much 
more fractionated (mg 12.0), but with a similar Si02 content 
(68.3%) and high K/Rb (650); it has very high Zr and LREE. 
REE are strongly fractionated ((LdYb), 25.2, (CeIY), 60) 
(Fig. 17), but (LdCe), is unusually low (0.54, confirmed by 
XRF data), suggesting LREE (mainly Ce?) mobility during 
alteration. 

Hornblende-biotite quartz diorite xenoliths in the granitoids 
have slightly lower mg (50.2-55.7) than the low-Si02 tonalites, 
which, together with their higher 104Ga/AI (2.1-2.3, compared 
to 1.7-1.8) and slightly larger negative Sr anomalies (Fig. 16), 
preclude a direct genetic relationship. 

In spite of the obvious compositional differences (and 
different ages), spidergrams of virtually all the Fisher Massif 
intrusive rocks, including the xenoliths, emphasise some 
significant common features, notably moderate Nb anomalies, 
positive to small negative Sr anomalies, and slight to moderate 
Y depletion. Such characteristics can be explained by partial 
melting of a plagioclase-poor mafic source, although the 
moderate degrees of Y depletion (except for low-Si02 tonalite 
73281647) are not consistent with major residual garnet. 
Melting of subducted hydrated oceanic crust (amphibolite), 
perhaps with an additional crustal component, is one possibility 
(Sheraton & Black 1983). Alternatively, melting of intermediate 
to felsic lower crustal rocks cannot be entirely discounted, 
but would require either very high pressures (eclogite facies) 
or very high degrees of melting to account for the lack of 
major Sr anomalies (cf. Champion & Sheraton 1993). Com- 
positions of associated volcanic rocks, which range from 
low-K island-arc tholeiites to andesitic to rhyolitic calc-alkaline 
volcanics, suggest generation in an active continental margin 
with an associated island arc (Mikhalsky et al. in press). 

Garnet granitoids. Unlike most other granitoids in the 
NPCM, the majority of garnet-biotite granites and granodiorites 
have AS1 >I .I (Fig. 13) and are thus of S-type. They probably 
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represent relatively localised partial melts of predominantly 
metasedimentary country rocks formed during high-grade 
metamorphism, and therefore comprise a rather heterogeneous 

Proterozoic granitoids 
I ' I ' I ~ I ~ I ' "  

OD aranitoid ~69280109 

, . , . . I . , . , . ,  

Mt Collins rnonzonite m73281648 ' 1 

granodiorite m91286416 1 
granite 071280028 - 

Figure 17. Chondrite-normalised rare-earth element abundance 
plots for Proterozoic orthopyroxene granitoids, Mount Collins 
syenitic rocks, and Fisher Massif granitoids. 

Proterozoic granitoids 

Figure 18. Plot of (CeN), (chondrite-normalised) against SrISr* 
for Proterozoic granitoids. SrISr* is the primordial mantle-nor- 
malised Sr abundance divided by the interpolated value obtained 
by averaging the normalised Ce and Nd abundances (i.e., a measure 
of the Sr anomaly on the spidergram). Symbols as in Fig. 12. 

group (Fig. 14), with rng 28.9-54.7. Spidergrams are mostly 
highly irregular (fractionated) with marked negative Nb, Sr, 
P, and Ti anomalies, consistent with melting of felsic protoliths 
(Fig. 16). Many are relatively enriched in Y and have only 
moderately fractionated REE ((CeN), 3-8), which suggest 
either that garnet was not a major residual phase, which would 
be surprising, or that much of the garnet is xenocrystic and 
did not equilibrate with the melt. T h N  ranges up to high 
values of about 40, similar to those of the granulite-facies 
country rocks. 

Foliated biotite-garnet leucogranite at Jetty Peninsula is 
strongly fractionated (SOz 76.3-77.2, mg 17.5-29.1), with 
low Sr, Zr, Nb, and LREE. Two samples have low (CeIY), 
(2.8, 3.1), whereas a third, garnet-free, but otherwise compo- 
sitionally similar, sample has much higher (CeIY), (16.3) and 
lower Y (4ppm), attributed by Manton et al. (1992) to separation 
of garnet (and possibly monazite). 

Cambrian Grarzitoids 
Hornblende-biotite granite of the eastern Amery Ice Shelf. 
These K-rich (Fig. 19), slightly peraluminous (Fig. 20) granites 
have a fairly wide range of composition (65.7-76.9% SO2), 
but their generally similar chemical characteristics suggest 
that they form a related, although not comagmatic, group. 
They have low mg (-6-30.6) and Na20, and are enriched in 
LILE, HFSE (especially Zr), and, in particular, LREE (Fig. 3); 
I04GdAl (2.6-3.4) and Zn/Fe are relatively high. However, 
there are consistent compositional differences between indi- 
vidual intrusions. For example, that at Landing Bluff has 
higher F (2700-2000 ppm) and mg and lower GdAl than 
that in the more evolved granite in the Polarforschung Glacier 
area. Spidergrams are highly irregular, and very similar, except 
for one granite from New Year Nunatak which has relatively 
low P2O5, Zr, and Y, and may be unrelated (Fig. 21). REE 
are strongly fractionated ((LdYb), 32.149.5, (CeIY), 15.2- 
41.0), with moderate to large negative Eu anomalies, although 
sample 69280 17 1 from Collins Nunatak has less fractionated 
REE ((LaIYb), 13.4) (Figs 22,23). 

Such chemical features are typical of A-type granitoids, 
derived by melting of near-anhydrous granulite-facies lower 
crustal rocks (Sheraton & Black 1988). High T h N  (12-93 
by XRF, 19-47 for 5 samples by INAA) is consistent with 
such a source. However, F contents are extremely variable, 
suggesting either secondary redistribution or that high-F source 
rocks are not essential for formation of A-type magmas (cf. 
Collins et al. 1982; Whalen et al. 1987). The granites appear 
to extend for at least 150 km (and possibly 200 km if the 
New Year Nunatak samples are related) along the Prydz Bay 
Coast and eastern side of the Amery Ice Shelf. 

Muscovite-biotite granite of the Mawson Escarpment. 
These granites have near-minimum melt compositions (Fig. 19), 
and are significantly peraluminous (AS1 1.05-1.14) (Fig. 20), 
although not to the extent that they can definitely be classified 
as S-type; however, the presence of muscovite, monazite, and 
associated garnet-bearing granite bodies are consistent with a 
significant sedimentary component in their source. High Nb, 
Y, and I04Ga/A1 (2.8-3.6) and low mg (5.6-23.9) suggest 
A-type affinities. REE are unfractionated to moderately 
fractionated ((CeIY), 0.6-5.5, average 2.3). The highly frac- 
tionated spidergrams (Fig. 21) differ from those of the east 
Amery A-type granites in not showing significant Nb anomalies, 
suggesting an unusually Nb-rich source. Significantly, the 
widespread Archaean biotite-hornblende granite gneiss of the 
SPCM also has unusually high Nb and Y, and would be a 
suitable source, although probably not in isolation, in view 
of the relatively peraluminous compositions of the Mawson 
Escarpment granites. 

Minor intrusions. Late dykes and veins in the NPCM are 
predominantly K-rich, siliceous granites, and most are only 
slightly peralurninous (Figs 19,20). They do not show extreme 
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fractionation, as the majority are not particularly depleted in 
Ba and Sr and have moderate mg (31.4-45.5). LILE and 
HFSE vary considerably, and some dykes are quite depleted; 
many have high Th (average 49ppm) and U (average 5.3ppm), 
but Th/U is also high (average 9.4). Spidergrams show negative 
Nb, Sr, P, and Ti anomalies and variable Y depletion. (CeN), 
ratios are highly variable (1-73). 

Garnet-biotite granite dykes and veins at Jetty Peninsula 
are relatively low in Si02 (65.9-68.9%) and have high Th 
(53-206ppm), U (3-9ppm), Zr (506-642ppm), LREE (Ce 
342-378ppm), and 1O4Ga/A1 (2.8-3.1). The more evolved 
porphyritic variety differs from the non-porphyritic in con- 
taining more Th and U and less Ba and Sr. They are markedly 
peraluminous (AS1 1.14-1.18), suggesting a largely metasedi- 
mentary source (consistent with the presence of garnet and 
monazite), but very high Zr, LREE, and GaIAI imply A-type 
affinities (Manton et al. 1992). 

Muscovite-biotite granite dykes in the SPCM are compo- 
sitionally quite distinct from those of the NPCM, being much 
more sodic (Fig. 19). Many are markedly peraluminous (AS1 
1.05-1.21) (Fig. 20). Like the NPCM dykes, LILE and HFSE 
show considerable variation, but LREE are generally lower; 

Cambrian granitoids 
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Figure 19. Noiniative Q-Ab-Or diagram for Cambrian granitoids. 
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Figure 20. Plot of alumina saturation index (ASI) against S i02  
for Cambrian granitoids. Many are markedly peraluminous. Sym- 
bols as in Fig. 19. 
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Figure 21. Spidergrams for Cambrian granitoids. All show marked 
Sr, P, and Ti depletion, consistent with melting of felsic crustal 
rocks. 

(CeIY), ranges from 1 to 58, with some samples having 
unfractionated REE. U (average 3.2ppm) and particularly Th 
(average 11.2ppm) are lower than in the NPCM dykes, so 
that Th/U (average 3.5) is significantly lower, similar to that 
of estimated average crust (-3.8: Taylor & McLennan, 1985) 
and consistent with melting of lower-grade (mainly amphibo- 
lite-facies) metarnorphics. Spidergrams are very irregular, but 
show extremely variable degrees of Sr and Y depletion. The 
reasons for the distinctive compositions of these dykes are 
unclear, but they may partly reflect the relatively sodic 
compositions of many Archaean country rocks. Melting under 
higher PHZ0 conditions would also produce liquids with lower 
Or/Ab (Ebadi & Johannes 1991). 

Palaeotectonic Setting 
The trace element compositions of granitic rocks can provide 
valuable information on their origin, and hence on the tectonic 
environment in which they were generated. Such information 
is particularly useful in high-grade terranes like the NPCM, 
because the effects of extreme deformation and metamorphism 
make detailed interpretations of the nature and relationships 
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Figure 22. Plot of (CeN), against Sr/Sr* for Cambrian granitoids. 
Symbols as in Fig. 19. 

Cambrian granitoids (Tarney et al. 1987). 
Relics of a primitive crust may be represented by lenses 
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Figure 23. Chondrite-normalised rare-earth element abundance 
plots for east Amery Cambrian hornblende-biotite granites. 

of granulite-facies tonalitic gneiss, with typical Y-depleted, 
Sr-undepleted compositions, in the basement rocks (Kovach 
& Belyatsky 1991). Possibly such tonalitic rocks are much 
more abundant at deeper crustal levels, which may be more 
like the granulite-facies. terranes of the Vestfolds Hills and 
Napier Complex in composition (Sheraton & Collerson 1984; 
Sheraton et al. 1987b). Preliminary isotopic age data (Kovach 
& Belyatsky, 1991) are consistent with the above interpretation, 
with the tonalitic gneisses apparently being older (>3200 Ma) 
than the biotite-hornblende granite gneisses (3000-3100 Ma: 
U-Pb zircon age). Biotite granites at Mounts Ruker (-3000 Ma 

b""""'"'"""'""'""' 

of the protoliths very difficult. Pearce et al. (1984) proposed 
a series of trace element discrimination diagrams for deter- 
mining the tectonic settings of granitic rocks, which depend 
largely on the various degrees of enrichment in LILE (Rb) 
and HFSE (Nb, Y, Ta, Yb), corresponding to systematic 
variations in the amount of an HFSE-rich within-plate com- 
ponent (Brown et al. 1984). Such diagrams are by no means 
a panacea, but, in conjunction with geological data, can be 
of considerable use. 

I 

0.1 0.2 0.3 0.4 0.5 0.6 U-Pb zircon: Kovach & Belyatsky 1991) and Bayliss have 
Sr/Sr* compositions consistent with intracrustal melting, but only 
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The Archaean rocks of the SPCM were considered by Kovach 
& Belyatsky (1991) to represent a granite-greenstone terrane, 
even though typical 'greenstones' are not abundant. Moreover, 
the granitic basement rocks are compositionally quite unlike 

- * ,  v 
I . . . . I . . . , I . . . . I . . . , T . . . .  - 

typical Archaean tonalite-trondhjemite-granodiorite gneiss 
terranes, which are thought to represent new sialic crust foqned 
by hydrous partial melting of a garnet andlor amphibole-bearing 
mafic source, either subducted oceanic crust or a mafic 
underplate. Most orthogneisses (particularly hornblende-bear- 
ing ones) are unusually enriched in HFSE (Zr, Nb, and Y), 
which is difficult to explain even by dry melting of Y and 
Nb-poor tonalitic to granodioritic precursors in the lower crust, 
and an origin by fractionation of a mafic source, possibly 
togethcr with a significant crustal component, is likely. A-type 
(anorogenic) affinities and a concentration in the within-plate 
granitoid (WPG) field on the Rb vs Y+Nb diagram of Pearce 
et al. (1984) (Fig. 24) suggest they may be significantly 
younger than both the crust into which they were emplaced 
and any early metamorphic event. Nevertheless, the formation 
of such K-rich A-type granitoids in the Archaean is unusual 

the Mount Bayliss granite has within-plate chemical charac- 
teristics. 

Proterozoic orthogneiss 
A large proportion of Y-depleted, Sr-undepleted orthogneiss 
is consistent with many NPCM high-grade metarnorphics 
representing new felsic crust derived by partial melting of a 
plagioclase-poor mafic source. They do not have such extreme 
compositions as the Archaean Mossel Gneiss in the Vestfold 
Hills, which is almost exclusively of strongly Y-depleted 
tonalite (Sheraton & Collerson 1984). This could be due to 
several factors, including a more LILE-rich source, greater 
degrees of plagioclase fractionation, or the presence of 
significant amounts of gneiss representing pre to syn-meta- 
morphic intracrustal partial melts (some gneisses have marked 
negative Sr anomalies). Melting of subducted hydrated oceanic 
crust is the most likely possibility for much of the orthogneiss, 
and would imply generation in an active plate margin, i.e. a 
continental arc environment (Andean or Cordilleran-type of 
Pitcher 1982). Negative Nb anomalies are characteristic of 
subduction-related magmatism, and are thought to be a 
consequence of the stability of residual Ti oxide minerals 
(e.g. ilmenite, rutile, sphene, or perovskite) under hydrous 
melting conditions (Saunders et al. 1980; Arculus 1987). 
Subduction-derived LILE-rich fluids may also play a major 
part in the generation of syn-orogenic (calc-alkaline) granitic 
magmas, particularly in the post-Archaean (Tarney & Saunders 
1979; Arculus 1994), and could explain many of their 
compositional variations (Sheraton et al. 1985), as well as 
enhancing the negative Nb anomaly. Most orthogneisses, 
including all those from the southwest Prydz Bay Coast, plot 
in the volcanic arc granitoid (VAG) field on the Pearce et al. 
(1984) plot (Fig. 24), giving support to such an origin. 

There are few isotopic data to date this crust formation in 
the NPCM area with any degree of confidence, but a granitic 
orthogneiss has a TNdDM model age of 1770 Ma, and 
metasedimentary rocks have model ages of 2030 and 2220 Ma 
(S-S. Sun pers. comm., 1994). Similar model ages have been 
obtained from the Prydz Bay Coast (Sheraton et al. 1984). 
Such model ages can give only a rough upper estimate of 
the time of mantle extraction, but suggest a Palaeoproterozoic 
or Mesoproterozoic age considerably before granulite-facies 
metamorphism. They also suggest that there was no major 
incorporation of Archaean crust, although paragneiss from 
Mount Meredith contains both Archaean (2500-2800 Ma) and 
Palaeoproterozoic (1600-2100 Ma) zircons (Kinny et al. in 
press). Intermediate to felsic metavolcanic rocks of Fisher 
Massif have U-Pb zircon ages of 1300f4 Ma (Beliatsky et 
al. 1994) and 1283f21 Ma (Kinny et al. in press), similar to 
that of some plutonic rocks in the area, whereas TNdDM model 
ages are significantly older (1640-2250 Ma: Mikhalsky et al. 
in press). Chemical compositions of the basaltic to rhyolitic 
metavolcanic rocks imply generation in an active continental 
margin, probably with an associated island arc (Mikhalsky et 
al. in press). This is roughly coeval with periods of crustal 



GEOCHEMISTRY, PRINCE CHARLES MNTS, ANTARCTICA 365 

extension in the Vestfold Hills, as evidenced by mafic dyke 
emplacement at 138W7 and 1241f5 Ma (Lanyon et al. 1993), 
and probably in the SPCM, where dykes of similar geochemistry 
and probable age were also emplaced (Sheraton et al. 1987a). 
The compositional differences of the Fisher Massif rocks 
compared to rocks elsewhere in the NPCM suggest that they 
may represent a distinct microplate, whereas the similarity in 
model ages is consistent with Fisher Massif representing a 
higher crustal level of the same terrane (Mikhalsky et al. in 
press). 

sion-dominated retrogression in the Rauer Islands (Harley 
1988), Brattstrand Bluffs (Fitzsimons & Harley 1992), Larse- 
mann Hills (Stiiwe & Powell 1989), and Bolingen Islands 
(Thost et al. 1992) areas of the Prydz Bay Coast, as well as 
in the Reinbolt Hills (Nichols & Berry 1991). Near-isothermal 
decompression paths also seem to characterise the Rayner 
Complex of Enderby Land (Harley 1991). At Jetty Peninsula, 
a period of near-isobaric cooling was apparently followed by 
decompression, associated with some reheating, suggesting a 
link between the NPCM and Amery Ice Shelf-Prydz Bay 
Coast (Hand et al, 1994). These regional differences are 

Proterozoic granitoids consistent with a major crustal thickening event in the Prydz 
P-T-time paths reconstructed from P-T estimates on various B~~ coast, which was presumably a result of continental 
prograde and retrograde mineral assemblages in NPCM collision, followed by uplift due to erosion andlor extensional 
metamorphic rocks appear to show that they underwent collapse, although an additional heat input from emplacement 
near-isobaric cooling, with little or no evidence for decom- of rnantIe-derived magma may be necessary to explain the 
pression (~itzsimons & Harley 1992; Fitzsimons & Thost observed high-temperature evolution (Harley 1988, 1991; 
1992; Thost & Hensen 1992). This contrasts with decompres- Stiiwe & Powell 1989). Near-isobaric cooling in the NPCM 

Figure 24. Plot of Rb against Y+Nb for PCM granitoids. Granitoid 
fields after Pearce et al. (1984): syn-COLC, syn-collision; VAG 
volcanic arc; WPG, within-plate; and ORG, ocean ridge granitoids. 
Symbols as in Figs 2, 6, 12, and 19. 

was attributed by Fitzsimons & Harley (1992) to the area 
having been situated near the edge of the orogenic belt which 
was still undergoing thickening (compression) during the 
waning stages of the collisional event. 

The tectonic evolution of the NPCM area in the Meso- 
proterozoic was clearly complex, even if one makes the 
simplest assumption that the P-T-t paths reflect a single 
metamorphic event, and not two unrelated events. In fact, this 
is not necessarily the case, as Thost et al. (1991) and Stiiwe 
& Hand (1992) have pointed out. There is isotopic evidence 
for a high-grade metamorphism about 500 Ma ago in the 
Larsemann Hills (Zhao et al. 1992), and it is possible that 
the effects of this event are stronger elsewhere than has been 
generally recognised (Zhou & Hensen 1995). Such complexity 
is not, of course, surprising in view of the size of the terrane 
(Stiiwe & Hand 1992), particularly if P-T-t paths for a single 
metamorphic event can range from clockwise to anticlockwise, 
depending on distance from the heat source (Stiiwe & Sandiford 
1995). The Mesoproterozoic terrane apparently forms part of 
a global-scale mobile belt of Grenvillean age (Moores 1991; 
Dalziel 1991), which includes the 1200 Ma granulite-facies 
metamorphics of the Bunger Hills, Wilkes Land (Sheraton et 
al. 1993). 

Compositions of syn to late-orogenic orthopyroxene gra- 
nitoids lend some support to a model involving both mantle- 
derived additions to the crust and high-temperature crustal 
melting of overthickened crust. They have a wide range of 
composition, and comprise low-Si02 varieties (quartz mon- 
zonite to granite), which were probably derived by fractionation 
of mantle-derived mafic to intermediate magmas, and high-Si02 
granites, which have major crustal components, although there 
may well be a coniinuum between these two extremes. The 
former plot mainly in the within-plate granitoid field of Pearce 
et al. (1984) (Fig. 24), but their high Y and Nb (and other 
HFSE) may merely reflect the high solubilities of these 
elements in high-temperature magmas. Syenitic rocks of Mount 
Collins, which may have a similar origin, although by 
fractionation of an alkali basalt parent magma, plot in the 
volcanic arc granitoid field. High-Si02 orthopyroxene grani- 
toids, which plot in the volcanic arc and syn-collision granitoid 
(syn-COLG) fields, mostly have low Y, suggesting high-pres- 
sure melting with residual garnet. Similar characteristics of 
the low-Ti phase of the Mawson Charnockite were taken by 
Young & Ellis (1991) to imply melting of thickened crust in 
an Andean or Himalayan-type plate margin. However, there 
are no obvious regional variations in, granitoid composition, 
which can be correlated with the development of thickened 
crust in a collisional belt, i.e. no particular concentration of 
Y-depleted granitoids requiring residual garnet. In contrast, 
such granitoids appear to be confined to the NPCM, where 
the country rocks show evidence for near-isobaric cooling, 
more consistent with only limited thickening and therefore 
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little subsequent uplift. This suggests that magmatic under- 
plating may have been a more important factor in magma 
generation than major crustal thickening (cf. Ellis 1987). Both 
Y-depleted (low-Ti) and Y-undepleted (high-Ti) varieties of 
the Mawson Charnockite are present in the same area of the 
Mawson Coast (Young & Ellis 1991). 

Some of the Fisher Massif granitoids (tonalites and 
granodiorites) are significantly older than the high-grade 
metamorphism, and, like the associated volcanlc rocks, have 
compositions typical of modem Andean plate margins. Both 
these tonalites and younger granites plot in the volcanic arc 
granitoid field on Fig. 24. Other granitoids in the NPCM have 
compositions consistent with intracrustal melting during the 
granulite event. Garnet granitoids were formed by melting of 
predominantly metasedimetary country rocks, and plot in or 
near the volcanic arc granitoid field, although this may just 
reflect an origin from precursors derived by weathering of 
arc-related Igneous rocks. Hornblende-biotite granitoids of 
Mount Collins plot in the within-plate granitoid field, although 
their A-type chemical features presumably reflect unusually 
high-temperature melting of igneous precursors during meta- 
morphism, rather than a truly 'anorogenic' setting. 

In summary, an Andean-type plate margin which existed 
about 1300 Ma ago may well have evolved into one of 
continental collision by 1000 Ma, at least in the Prydz Bay 
Coast-Amery Ice Shelf area. The Archaean cratonic block in 
the SPCM would be one suitable crustal plate, but the nature 
of the other (discounting the very small Vestfold Hills area) 
is less obvious. Clarke (1988) showed that deformation of 
the Rayner Complex in MacRobertson and Kemp Lands was 
due to westward thrusting against the Archaean Napier 
Complex. Rocks of similar age and composition to those in 
the NPCM occur in the Eastern Ghats of India (Sakar 1968; 
Grew & Manton 1986), so that it is tempting to invoke 
collision of the Archaean to Palaeoproterozoic rocks of the 
Indian Shield with those of East Antarctica (the SPCM and 
Napier Complex). Gondwana reconstructions place the Bhan- 
dara and Singbhum Cratons of the Indian Shield adjacent to 
the NPCM-Prydz Bay Coast area (Sheraton et al. 1995). 
Granitoid compositions are broadly consistent with this 
scenario, orthogneissic country rocks and c. 1300 Ma intrusive 
and extrusive rocks at Fisher Massif being predominantly of 
subduction-related (volcanic arc) type (variable LILE, low 
HFSE). In contrast, many c. 1000 Ma granitoids are enriched 
in both LILE and HFSE. However, they include only a small 
proportion of typical syn-collision types, perhaps because 
major crustal thickening was confined to only a relatively 
small part of this very extensive mobile belt and elsewhere 
the main cause of granitic magmatism was crustal melting 
due to emplacement of mantle-derived magmas. Some 
c.1000 Ma granitoids thus have within-plate characters, 
whereas others are of volcanic arc type. Development of an 
extensional regime soon after the emplacement of the plutonic 
rocks at Mount Collins is suggested by the presence of, as 
yet undated, hornblende-rich dolerite dykes. A similar tectonic 
setting was postulated by Sheraton et al. (1993) for the Bunger 
Hills area, namely a continental arc to the west of a terrane 
(comprising the Windmill Islands area and the Albany-Fraser 
Province) formed by collision between an Antarctic Archaean 
craton and the Australian Yilgarn Craton. In this area also, 
dolerite dykes were emplaced at about 1140 Ma, shortly after 
major plutonism at 1170-1150 Ma. Chemically distinct 
metadolerite dykes at Fisher Massif were emplaced between 
the two major episodes of felsic magmatism at about 1300 
and 1000 Ma (Sheraton, unpubl. data). 

Cambrian granitoids 
The exact nature of the Cambrian tectonothermal event, which 
can be correlated with the Ross orogeny of the Transantarctic 
Mountains (Elliot 1975) and the Pan-African orogeny elsewhere 

in Gondwana (Clifford 1974), is even more enigmatic. A 
major event is certainly required to account for the final uplift 
of the Mesoproterozoic terrane (Harley 1988) and collisional 
tectonics were again presumably involved, either directly or 
indirectly. Clarke (1988) attributed the formation of late 
mylonite and shear zones in the Rayner Complex of Kemp 
Land at this time to northward-directed thrusting. 

Major A-type granitic magmatism in the southwest Prydz 
Bay Coast-Amery Ice Shelf area has within-plate characteristics 
(Fig. 24), and may postdate by about 50 million years 
high-grade metamorphism in the Larsemann Hills area (Zhao 
et al. 1992; Hensen & Zhou 1995). Unusually Nb-rich granites 
in the Mawson Escarpment of the SPCM also have within-plate, 
A-type characteristics. Stiiwe & Sandiford (1993) postulated 
that the lack of a pervasive deformation associated with the 
500 Ma event can be explained if the exhumation of the 
high-grade terrane resulted from extensive mafic underplating 
dunng a period of minor lithospheric thinning. Such a model 
would be consistent both with evidence for major convergent 
orogenies in adjacent parts of Gondwana (e.g. Harris et al. 
1989) and with the presence of A-type granitoids in the NPCM 
area. The distribution of these A-type granites adjacent to the 
Lambert Glacier graben (Wellman & Tingey 1976) suggests 
that they may have been associated with internal fracturing 
of Gondwana before eventual break-up. A-type magmatism 
appears to have been an early manifestation of continental 
rifting in some other terranes (e.g. Emslie 1978). 

Other granitic magmatism in the PCM appears to have 
been confined mainly to emplacement of dykes, veins, and 
other small bodies, the tectonic significance of which is 
unclear. Those in the NPCM have syn-collision granitoid 
compositions, whereas those in the SPCM are of volcanic arc 
type (Fig. 24). The unusually sodic compositions~of the latter 
are difficult to explain, but may reflect melting of Archaean 
tonalitic source rocks at deeper crustal levels. The significance 
of their concentration near the southern margin of the 
Mesoproterozoic prograde terrane and apparent association 
mainly with the younger metasediments is presently uncertain. 

Conclusions 
Archaean granitlc basement rocks of the SPCM have com- 
positions unlike those of typical Archaean tonalite- 
trondhjemite-granodiorite terranes, although such rocks may 
be present at greater crustal depths. Exposed granitic or- 
thogneisses are predominantly of within-plate type, and 
probably post-date crust formation and early metamorphic 
events. Unusually HFSE-rich (Zr, Nb, and Y) hornblende-bi- 
otite granite gneiss with A-type affinities was probably derived 
by fractionation of mafic magma, whereas other granites are 
probably intracrustal melts. 

Orthopyroxene-bearing tonalitic to granitic orthogneiss of 
the high-grade Mesoproterozoic (-1000 Ma) mobile belt in 
the NPCM and adjacent areas includes a large proportion of 
Y-depleted, Sr-undepleted compositions, which imply melting 
of a plagioclase-poor mafic source (amphibolite or eclogite). 
Such new felsic crust (volcanic arc granitoids) appears to 
have formed in a Palaeoproterozoic or Mesoproterozoic 
Andean-type plate margin. Tonalite and mafic to felsic 
metavolcanic rocks at Fisher Massif also formed in an active 
continental margin, with .an associated island arc, about 
1300 Ma ago. 

Most c. 1000 Ma granitoids have volcanic arc trace-element 
characteristics, but there are significant syn-collision and 
within-plate types, consistent with a polygenetic origin in a 
high-grade terrane formed at a convergent plate margin, which 
included both continental collision and volcanic arc settings. 
Syn to late-metamorphic orthopyroxene granitoids ('char- 
nockites') include HFSE-rich quartz monzonitic varieties, 
which formed by fractionation of mantle-derived mafic to 
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intermediate magma (or, less likely, remelting of such rocks), 
and more felsic types (granite, s.s.), which represent high- 
temperature, predominantly intracrustal melts of dry granulite- 
facies orthogneiss. The latter granites are mostly Y-depleted, 
implying high-pressure melting with residual garnet in crust 
thickened by continental collision (between Archaean cratons 
in India and Antarctica (Napier Complex and SPCM)) and 
magmatic underplating; the latter would provide a heat source. 
Other granitoids also have compositions consistent with partial 
melting of felsic crustal rocks, many garnet-bearing granites 
(S-type) from predominantly metased~mentary precursors. 
Emplacement of dolerite dykes In the Fisher Massif-Mount 
Collins area indicates development of an extensional regime 
between about 1300 and 1000 Ma and probably also soon 
after 980 Ma. 

Major Cambrian plutons have A-type features, consistent 
with melting of dry granulite-facies rocks caused by mafic 
underplating. Such underplating may well have caused the 
final uplift and excavation of the Mesoproterozoic terrane. 
Emplacement of these A-types near the present Lambert Glacier 
graben suggests an association with internal fracturing before 
eventual break-up of Gondwana. 

There is some evidence for an evolution of granitoids in 
the NPCM area from early tonalitic to granodioritic continental 
arc types (low-moderate LILE, low HFSE: Y-depleted or- 
thogneiss and most Fisher Massif granitoids), through mature 
arc types (higher LILE, low HFSE: some orthopyroxene 
granitoids), to late-orogenic and within-plate (A-type) grani- 
toids (high LILE and HFSE: some orthopyroxene granitoids 
and Cambrian A-types). A similar evolutionary trend is shown 
by granitoids in the Bunger Hills (Sheraton et al. 1995). 

Acknowledgements 
We thank John Pyke, Nick Rogers, Bill Pappas and Elizabeth 
Webber for chemical analyses, Lance Black, David Champion, 
John Tarney, Doug Thost, and Joe Whalen for invaluable 
comments on the manuscript, and Lana Murray for drafting 
one of the figures. Logistic support in the field was provided 
by the Australian Antarctic Division, Hobart, Tasmania. 

References 
Anderson, J.L. & Morrison, J., 1992. The role of anoro- 

genic granites in the Proterozoic crustal development 
of North America. In: Condie, K.C. (editor), Proterozoic 
crustal evolution. Elsevier, Amsterdam, 263-299. 

Arculus, R.J., 1987. The significance of source versus 
process in the tectonic controls of magma genesis. 
Journal of Volcanological and Geothermal Research, 
15, 109-133. 

Arculus, R.J., 1994. Aspects of magma genesis in arcs. 
Lithos, 33, 189-208. 

Barker, F., 1979. Trondhjemite: definition, environment 
and hypotheses of origin. In: Barker, F. (editor), 
Trondhjemites, dacites, and related rocks. Elsevier, 
Amsterdam, 1-1 2. 

Beard, J.S., Lofgren, G.E., Sinha, A.K. & Tollo, R.P., 
1994. Partial melting of apatite-bearing charnockite, 
granulite, and diorite: melt compositions, restite min- 
eralogy, and petrologic implications. Journal of Geo- 
physical Research, 99, 21 591-21 603. 

Beliatsky, B.V., Laiba A.A. & Mikhalsky, E.V., 1994. 
U-Pb zircon age of the metavolcanic rocks of Fisher 
Massif (Prince Charles Mountains, East Antarctica). 
Antarctic Science, 6, 355-358. 

Black, L.P., Harley, S.L., Sun, S-S. & McCulloch, M.T., 
1987. The Rayner Complex of East Antarctica: complex 
isotopic systematics within a Proterozoic mobile belt. 
Journal of Metamorphic Geology, 5, 1-26. 

Brown, G.C., Thorpe, R.S. & Webb, P.C., 1984. The 

geochemical characteristics of granitoids in contrasting 
arcs and comments on magma sources. Journal of the 
Geological Society of London, 141, 413-426. 

Champion, D.C. & Sheraton, J.W., 1993. Geochemistry 
of granitoids of the Leonora-Laverton region, Eastern 
Goldfields Province. In: Williams, P.R. & Haldane, 
J.A. (editors), An international conference on crustal 
evolution, metallogeny and exploration of the Eastern 
Goldfields. Australian Geological Survey Organisation, 
Record 1993154, 39-46. 

Chappell, B.W. & White, A.J.R., 1974. Two contrasting 
granite types. Pacific Geology, 8, 173-174. 

Clarke, G.L., 1988. Structural constraints on the Protero- 
zoic reworking of Archaean crust in the Rayner 
Complex, MacRobertson and Kemp Land coast, East 
Antarctica. Precambrian Research, 40141, 137-1 56. 

Clifford, T.N., 1974. Review of African granulites and 
related rocks. Geological Society of America, Special 
Paper 156. 

Collins, W.J., Beams, S.D., White, A.J.R. & Chappell, 
B.W., 1982. Nature and origin of A-type granites with 
particular reference to southeastern Australia. Contri- 
butions to Mineralogy and Petrology, 80, 189-200. 

Cruikshank, B.I. & Pyke, J.G., 1993. Analytical methods 
used in Mineral and Land Use Program's geochemical 
laboratory. Australian Geological Survey Organisation, 
Record 1993126. 

Dalziel, I.W.D., 1991. Pacific margins of Laurentia and 
East Antarctica-Australia as a conjugate rift pair: 
evidence and implications for an Eocambrian super- 
continent. Geology, 19, 598-601. 

DePaolo, D., 1981. Trace element and isotopic effects of 
combined wallrock assimilation and fractional crystal- 
lisation. Earth and Planetary Science Letters, 53, 
189-202. 

Dirks, P.H.G.M., Carson, C.J. & Wilson, C.J.L., 1993. 
The deformational history of the Larsemann Hills, 
Prydz Bay: the importance of the Pan-African (500 Ma) 
in East Antarctica. Antarctic Science, 5, 179-192. 

Ebadi, A. & Johannes, W., 1991. Beginning of melting 
and composition of first melts in the system Qz-Ab- 
Or-H20-C02. Contributions to Mineralogy and Pet- 
rology, 106, 286-295. 

Eby, G.N., 1990. The A-type granitoids: a review of their 
occurrence and chemical characteristics and specula- 
tions on their petrogenesis. Lithos, 26, 115-134. 

Elliot, D.H., 1975. Tectonics of Antarctica: a review. 
American Journal of Science, 275A, 45-106. 

Ellis, D.J., 1987. Origin and evolution of granulites in 
normal and thickened crusts. Geology, 15, 167-170. 

Emslie, R.F., 1978. Anorthosite massifs, rapakivi granites, 
and late Proterozoic rifting of North America. Precam- 
brian Research, 7, 61-98. 

Evensen, N.M., Hamilton, P.J. & O'Nions, R.K., 1978. 
Rare-earth abundances in chondritic meteorites. Geo- 
chimica et Cosmochimica Acta, 42, 1199-1212. 

Fitton, J.G., & Upton, B.G.J., 1987. Alkaline igneous 
rocks. Geological Society of London, Special Publi- 
cation 30. 

Fitzsimons, I.C.W. & Harley, S.L., 1992. Mineral reaction 
textures in high-grade gneisses: evidence for contrast- 
ing pressure-temperature paths in the Proterozoic 
complex of East Antarctica. In: Yoshida, Y., Kaminuma, 
K. & Shiraishi, K. (editors), Recent progress in 
Antarctic earth sciences. Terra Scientific Publishing 
Company, Tokyo, 103-1 11. 

Fitzsimons, I.C.W. & Thost, D.E., 1992. Geological 
relationships in high-grade basement gneiss of the 
northern Prince Charles Mountains, East Antarctica. 
Australian Journal of Earth Sciences, 39, 173-193. 



368 JOHN W. SHERATON ET AL. 

Grew, E.S., 1982. Geology of the southern Prince Charles 
Mountains, East Antarctica. In: Craddock, C. (editor), 
Antarctic geoscience. University of Wisconsin Press, 
Madison, 473478. 

Grew, E.S. & Manton, W.I., 1986. A new correlation of 
sapphirine granulites in the Indo-Antarctic metamor- 
phic terrain: late Proterozoic dates from the Eastern 
Ghats Province of India. Precambrian Research, 33, 
123-137. 

Hand, M., Scrimgeour, I., Stuwe, K., Arne, D. & Wilson, 
C.J.L., 1994. Geological observations in hlgh-grade 
mid-Proterozoic rocks from Else Platform, northern 
Prince Charles Mountains region, east Antarctica. 
Australian Journal of Earth Sciences, 41, 3 11-329. 

Harley, S.L., 1987. Precambrian geological relationships 
in high-grade gneisses of the Rauer Islands, East 
Antarctica. Australian Journal of Earth Sciences, 34, 
175-207. 

Harley, S.L., 1988. Proterozoic granulites from the Rauer 
Group, East Antarctica. I. Decompressional pressure- 
temperature paths deduced from mafic and felsic 
gneisses. Journal of Petrology, 29, 1059-1095. 

Harley, S.L., 1991. The crustal evolution of some East 
Antarctic granulites. In: Thomson, M.R.A., Crame, 
J.A. & Thomson, J.W. (editors), The geological evo- 
lution of Antarctica. Cambridge University Press, 7-12. 

Harris, L., Delor, C., Beeson, J. & Standing, J., 1989. A 
major Palaeozoic deformation event affecting Precam- 
brian terrains of Australia and East Antarctica: impli- 
cations for  continental scale crustal shortening 
(abstract). Australasian Tectonics, Geological Society 
of Australia Abstracts, 24, 65-66. 

Hensen, B.J. & Zhou, B. 1995. A Pan-African granulite- 
facies metamorphic episode in Prydz Bay, ~ i t a r c t i c a :  
evidence from Sm-Nd dating. Australian Journal of 
Earth Sciences, 42, 249-258. 

James, R.S. & Hamilton, D.L., 1969. Phase relations in 
the system NaA1Si308-KA1Si308-CaA12si208-Si02 at 
1 kilobar water vapour pressure. Contributions to 
Mineralogy and Petrology, 21, 11 1-141. 

Javoy, M. & Weis, D., 1987. Oxygen isotopic composition 
of alkaline anorogenic granites as a clue to their origin: 
the problem of crustal oxygen. Earth and Planetary 
Science Letters, 84, 415-422. 

Keppler, H., 1993. Influence of fluorine on the enrichment 
of high field strength trace elements in granitic rocks. 
Contributions to Mineralogy and ~ e t r o l & ~ ,  114, 479- 
488. 

Kerr, A. & Fryer, B.J., 1993. Nd isotope evidence for 
crust-mantle interaction in the generation of A-type 
granitoid suites in Labrador, Canada. Chemical Geol- 
ogy, 104, 39-60. 

Kilpatrick, J.A. & Ellis, 1992. C-type magmas: igneous 
charnockites and their extrusive equivalents. Transac- 
tions of the Royal Society of Edinburgh: Earth Sciences, 
83, 155-164. 

Kinny, P.D., Black, L.P. & Sheraton, J.W., 1993. Zircon 
ages and the distribution of Archaean and Proterozoic 
rocks in the Rauer Islands. Antarctic Science, 5, 
193-206. 

Kinny, P.D., Black, L.P. & Sheraton, J.W., in press. Zircon 
U-Pb ages and geochemistry of igneous and metamor- 
phic rocks from the northern Prince Charles Mountains. 
AGSO Journal of Australian Geology and Geophysics. 

Kovach, V.P. & Belyatsky, B.V., 1991. Geochemistry and 
age of granitic rocks in the Ruker granite-greenstone 
terrain. southern Prince Charles Mountains, East Ant- 
arctica. Sixth International Sympos~um on Antarctic 
Earth Sciences, National Institute of Polar Research, 
Tokyo, 9-13 September, 1991. Abstract volume, 321- 

326. 
Lanyon, R., Black, L.P. & Seitz, H-M., 1993. U-Pb zircon 

dating of mafic dykes and its application to the 
Proterozoic geological history of the Vestfold Hills, 
East Antarctica. Contributions to Mineralogy and Pe- 
trology, 115, 184-203. 

Le Maitre, R.W., 1989. A classification of igneous rocks 
and glossary of terms. Blackwell Scientific Publica- 
tions, Oxford. 

Manton,W.I., Grew, E.S., Hofmann, J. & Sheraton, J.W., 
1992. Granitic rocks of the Jetty Peninsula, Amery Ice 
Shelf area, East Antarctica. In: Yoshida, Y., Kaminuma, 
K. & Shiraishi, K. (editors), Recent progress in 
Antarctic earth sciences. Terra Scientific Publishing 
Company, Tokyo, 179-1 89. 

Mikhalsky, E.V., Andronikov, A.V. & Beliatsky, B.V., 
1992. Mafic igneous suites in the Lambert rift zone. 
In Yoshida, Y., Kaminuma, K. & Shiraishi, K. (Editors). 
Recent progress in Antarctic earth sciences. Terra 
Scientific Publishing Company, Tokyo, 173-178. 

Mikhalsky, E.V., Sheraton, J.W., Laiba, A.A. & Beliatsky, 
B.V., in press. Geochemistry and origin of Mesopro- 
terozoic metavolcanic rocks from Fisher Massif, Prince 
Charles Mountains, East Antarctica. Antarctic Science. 

Moores, E.M., 1991. Southwest U.S.-East Antarctica 
(SWEAT) connection: a hypothesis. Geology, 19, 425- 
428. 

Munksgaard, N.C., Thost, D.E. & Hensen, B.J. 1992. 
Geochemistry of Proterozoic granulites from northern 
Prince Charles Mountains, East Antarctica. Antarctic 
Science, 4 59-69. 

Nakamura, N., 1974. Determination of REE, Ba, Fe, Mg, 
Na, and K in carbonaceous and ordinary chondrites. 
Geochimica et Cosmochimica Acta, 38, 757-775. 

Nichols, G.T. & Berry, R.F., 1991. A decompressional 
P-T path, Reinbolt Hills, East Antarctica. Journal of 
Metamorphic Geology, 9, 257-266. 

Norrish, K. & Chappell, B.W., 1977. X-ray fluorescence 
spectrometry. In: Zussman, J. (editor), Physical methods 
in determinative mineralogy. Academic Press, London, 
201-272. 

Norrish, K. & Hutton, J.T., 1969. An accurate X-ray 
spectrographic method for the analysis of a wide range 
of geological samples. Geochimica et Cosmochimica 
Acta, 33, 431-453. 

Oliver, R.L., James, P.R., Collerson, K.D. & Ryan, A.B., 
1982. Precambrian geologic relationships in the Vest- 
fold Hills, Antarctica. In: Craddock, C. (editor), Ant- 
arctic Geoscience. University of Wisconsin Press, 
Madison, 435-444. 

Pearce, J.A., Harris, N.B.W. & Tindle, A.G., 1984. Trace 
element discrimination diagrams for the interpretation 
of granitic rocks. Journal of Petrology, 25, 956-983. 

Pitcher, W.S., 1982. Granite type and tectonic environment. 
In: Hsii, K.J. (editor). Mountain-building processes. 
Academic Press, London, 19-40. 

Potts, P.J., Thorpe, O.W. & Watson, J.S., 1981. Determi- 
nation of the rare earth element abundances in 29 
international rock standards by instrumental neutron 
activation analysis: a critical appraisal of calibration 
errors. Chemical Geology, 34, 331-352. 

Rapp, R.P., Watson, E.B. & Miller, C.F., 1991. Partial 
melting of amphibolite/eclogite and the origin of 
Archean trondhjemites and tonalites. Precambrian Re- 
search, 51, 1-25. 

Ravich, M.G., Soloviev, D.S. & Fedorov, L.V., 1984. 
Geological structure of Mac.Robertson Land (East 
Antarctica). Amerind Publishing, New Delhi. 

Sakar, S.N., 1968. Precambrian stratigraphy and geochro- 
nology of Peninsular India. Dhanbad Publishers, India. 



GEOCHEMISTRY, PRINCE CHARLES MNTS, ANTARCTICA 369 

Saunders, A.D., Norry, M.J. & Tarney, J.. 1991. Fluid 
influence on the trace element compositions of sub- 
duction zone magmas. Philosophical Transactions of 
the Royal Society of London, Series A, 335, 377-392. 

Saunders, A.D., Tarney, J. & Weaver, S.D., 1980. Trans- 
verse geochemical variations across the Antarctic 
Peninsula: implications for the generation of calc-al- 
kaline magmas. Earth and Planetary Science Letters, 
46, 344-360. 

Sheraton, J.W., 1982. Origin of charnockitic rocks of 
MacRobertson Land. In: Craddock, C. (editor), Ant- 
arctic geoscience. University of Wisconsin Press, Madi- 
son, 489-497. 

Sheraton, J.W. & Black, L.P., 1983. Geochemistry of 
Precambrian gneisses: relevance for the evolution of 
the East Antarctic Shield. Lithos, 16, 273-296. 

Sheraton, J.W. & Black, L.P., 1988. Chemical evolution 
of granitic rocks in the East Antarctic Shield, with 
particular reference to post-orogenic granites. Lithos, 
21, 37-52. 

Sheraton, J.W., Black, L.P. & McCulloch, M.T., 1984. 
Regional geochemical and isotopic characteristics of 
high-grade metamorphics of the Prydz Bay area: the 
extent of Proterozoic reworking of Archaean continental 
crust in East Antarctica. Precambrian Research, 26, 
169-198. 

Sheraton, J.W., Black, L.P. & Tindle, A.G., 1992. Petro- 
genesis of plutonic rocks in a Proterozoic granulite- 
facies terrane-the Bunger Hills, East Antarctica. 
Chemical Geology, 97, 163-1 98. 

Sheraton, J.W. & Collerson K.D., 1983. Archaean and 
Proterozoic geological relationships in the Vestfold 
Hills-Prydz Bay area, Antarctica. BMR Journal of 
Australian Geology & Geophysics, 8, 119-128. 

Sheraton, J.W. & Collerson K.D., 1984. Geochemical 
evolution of Archaean granulite-facies gneisses in the 
Vestfold Block and comparisons with other Archaean 
gneiss complexes in the East Antarctic Shield. Con- 
tributions to Mineralogy and Petrology, 87, 51-64. 

Sheraton, J.W., Ellis, D.J. & Kuehner, S.M., 1985. 
Rare-earth element geochemistry of Archaean gneisses 
and evolution of the East Antarctic Shield. BMR 
Journal of Australian Geology & Geophysics, 9, 207- 
218. 

Sheraton, J.W., Offe, L.A., Tingey, R.J. & Ellis, D.J., 
1980. Enderby Land, Antarctica-an unusual Precam- 
brian high-grade metamorphic terrain. Journal of the 
Geological Society of Australia, 27, 1-18. 

Sheraton, J.W., Thomson, J.W. & Collerson K.D., 1987a. 
Mafic dyke swarms of Antarctica. In: Halls, H.C. & 
Fahrig W.F. (editors), Mafic dyke swarms. Geological 
Association of Canada, Special Paper 34, 419-432. 

Sheraton, J.W., Tingey, R.J., Black, L.P., Offe, L.A. & 
Ellis, D.J., 1987b. Geology of an unusual Precambrian 
high-grade metamorphic terrane-Enderby and western 
Kemp Land, Antarctica. Bureau of Mineral Resources, 
Australia, Bulletin 223. 

Sheraton, J.W., Tingey, R.J., Black, L.P. & Oliver, R.L., 
1993. Geology of the Bunger Hills area, Antarctica: 
implications for Gondwana correlations. Antarctic Sci- 
ence, 5, 85-102. 

Sheraton, J.W., Tingey, R.J., Oliver, R.L. & Black, L.P., 
1995. Geology of the Bunger Hills - Denman Glacier 
region, Antarctica. Australian Geological Survey Or- 
ganisation, Bulletin 244. 

Skjerlie, K.P. &Johnston, A.D., 1993. Fluid-absent melting 
behavior of an F-rich tonalitic gneiss at mid-crustal 
pressures: implications for the generation of anorogenic 
granites. Journal of Petrology, 34, 785-815. 

Stern, R.A. & Hanson, G.N., 1991. Archean high-Mg 

granodiorite: a derivative of light rare earth element- 
enriched monzodiorite of mantle origin. Journal of 
Petrology, 32, 201-238. 

Stuwe, K., Braun, H-M. & Peer, H., 1989. Geology and 
structure of the Larsemann Hills area, Prydz Bay, East 
Antarctica. Australian Journal of Earth Sciences, 36, 
219-241. 

Stuwe, K. & Hand, M., 1992. Geology and structure of 
Depot Peak, MacRobertson Land. More evidence for 
the continuous extent of the 1000 Ma event of East 
Antarctica. Australian Journal of Earth Sciences, 39, 
21 1-222. 

Stuwe, K. & Powell, R., 1989. Low-pressure granulite 
facies metamorphism in the Larsemann Hills area, East 
Antarctica; petrology and tectonic implications for the 
evolution of the Prydz Bay area. Journal of Metamor- 
phic Geology, 7, 465-483. 

Stuwe, K. & Sandiford, M., 1993. A preliminary model 
for the 500 Ma event in the East Antarctic Shield. In: 
Findlay, R.H., Unrug, R., Banks, M.R. & Veevers, J.J. 
(editors), Gondwana Eight. Balkema, Rotterdam, 125- 
130. 

Stiiwe, K. & Sandiford, M., 1995. A description of 
metamorphic PTt paths with implications for low-P 
high-T metamorphism. Physics of the Earth and Plane- 
tary Interiors, 88, 21 1-221. 

Sun, S-S. & McDonough, W.F., 1989. Chemical and 
isotopic systematics of oceanic basalts: implications 
for mantle composition and processes. In: Saunders, 
A.D. & Norry, M.J. (editors), Magmatism in the ocean 
basins. Geological Society Special Publication 42, 
3 13-345. 

Tarney, J. &Jones, C.E., 1994. Trace element geochemistry 
of orogenic igneous rocks and crustal growth models. 
Journal of the Geological Society, London, 151, 855- 
868. 

Tarney, J. & Saunders, A.D., 1979. Trace element con- 
straints on the origin of cordilleran batholiths. 1n:Ather- 
ton, M.P. & Tarney, J. (editors), Origin of granitic 
batholiths: geochemical evidence. Shiva, Nantwich, 
Cheshire, 90-105. 

Tarney, J. Skinner, A.C. & Sheraton, J.W., 1972. A 
geochemical comparison of Archaean gneiss units from 
northwest Scotland and East Greenland. 24th Interna- 
tional Geological Congress, Section l ,  162-1 74. 

Tarney, J. Weaver, B. & Drury, S.A., 1979. Geochemistry 
of Archaean trondhjemitic and tonalitic gneisses from 
Scotland and East Greenland. In: Barker, F. (editor), 
Trondhjemites, dacites, and related rocks. Elsevier, 
Amsterdam, 275-299. 

Tarney, J. & Windley, B.F., 1977. Chemistry, thermal 
gradients .and evolution of the lower continental crust. 
Journal of the Geological Society of London, ,134, 
153-172. 

Tarney, J., Wyborn, L.E.A., Sheraton, J.W. & Wyborn, 
D., 1987. Trace element differences between Archaean, 
Proterozoic and Phanerozoic crustal components - 
implications for crustal growth processes. In: Ashwal, 
L.D. (editor), Workshop on the growth of continental 
crust. Lunar and Planetary Institute, Technical Report 
88.02, 139-140. 

Taylor, S.R. & McLennan, S.M., 1985. The continental 
crust: its composition and evolution. Blackwell, Oxford. 

Thirlwall, M.F., Smith, T.E., Graham, A.M., Theodorou, 
N., Hollings, P., Davidson, J.P. & Arculus, R.J., 1994. 
High field strength element anomalies in arc lavas: 
source or process? Journal of Petrology, 35, 819-838. 

Thost, D.E. & Hensen, B.J., 1992. Gneisses of the Porthos 
and Athos Ranges, northern Prince Charles Mountains, 
East Antarctica: constraints on the prograde and ret- 



370 JOHN W. SHERATON ET AL. 

rograde P-T path. In:Yoshida, Y. (editor), Recent 
progress in Antarctic earth science. Terra Scientific 
Publishing Company, Tokyo, 93-102. 

Thost, D.E., Hensen, B.J. & Motoyoshi Y.;1992. Two-stage 
decompression in garnet-bearing mafic granulites from 
Sostrene Island, Prydz Bay, East Antarctica. Journal 
of Metamorphic Geology, 9, 245-256. 

Thost, D.E., Motoyoshi Y. & Hensen, B.J. 1992. Mode 
of occurrence, geochemistry and mineral textures of 
mafic to ultramafic rocks from the Bolingen Islands, 
Prydz Bay, East Antarctica. In: Yoshida, Y. (editor), 
Recent progress in Antarctic earth science. Terra 
Scientific Publishing Company, Tokyo, 113-1 18. 

Tingey, R.J., 1981. Geological investigations in Antarctica 
1968-1 969: the Prydz Bay-Amery Ice Shelf-Prince 
Charles Mountains area. Bureau of Mineral Resources, 
Australia, Record 198 1/34. 

Tingey, R.J., 1982. The geologic evolution of the Prince 
Charles Mountains-an Antarctic Archean cratonic 
block. In: Craddock, C. (editor), Antarctic geoscience. 
University of Wisconsin Press, Madison, 455-464. 

Tingey, R.J., 1991. The regional geology of Archaean 
and Proterozoic rocks in Antarctica. In: Tingey, R.J. 
(editor), The geology of Antarctica. Clarendon Press, 
Oxford, 1-58. 

Turner, S.P., Foden, J.D. & Morrison, R.S., 1992. Deri- 
vation of some A-type magmas by fractionation of 
basaltic magma: an example from the Padthaway Ridge, 
South Australia. Lithos, 28, 151-179. 

Tuttle, O.F. & Bowen, N.L., 1958. Origin of granite in 
the light of experimental studies in the system 
NaA1Si3O8-KA1Si308-SiO2-H20. Geological Society 
of America, Memoir 74. 

Watson, E.B. & Harrison, T.M., 1983. Zircon saturation 
revisited: temperature and composition effects in a 
variety of crustal magma types. Earth and Planetary 

Science Letters, 64, 295-304. 
Wellman, P. & Tingey, R.J., 1976. Gravity evidence for 

a major crustal fracture in east Antarctica. BMR Journal 
of Australian Geology and Geophysics, 1, 105-108.' 

Whalen, J.B., Currie, K.L. & Chappell, B.W., 1987. A-type 
granites: geochemical characteristics, discrimination 
and petrogenesis. Contributions to Mineralogy and 
Petrology, 95, 407-419. 

Young, D.N. &Black,  L.P., 1991. U-Pb zircon dating of 
Proterozoic igneous charnockites from the Mawson 
Coast, East Antarctica. Antarctic Science, 3, 205-216. 

Young, D.N. & Ellis, D.J., 1991. The intrusive Mawson 
Charnockites: evidence for a compressional plate mar- 
gin setting of the Proterozoic mobile belt of East 
Antarctica. In: Thomson, M.R.A., Crame, J.A. & 
Thomson, J.W. (editors), The geological evolution of 
Antarctica. Cambridge University Press, 25-31. 

Zhao, J-X. & Ellis, D.J., 1994. Origin of igneous char- 
nockites. Geological Society of Australia, Abstracts 
37, 486-487. 

Zhao, J-X., Shiraishi, K., Ellis, D.J., & Sheraton, J.W., 
1995. Geochemical and isotopic studies of syenites 
from the Yamato Mountains, East Antarctica: implica- 
tions for the origin of syenitic magmas. Geochimica 
et Cosmochimica Acta, 59, 1363-1382. 

Zhao, Y., Song, B., Wang, Y., Ren, L., Li, J. & Chen, 
T., 1992. Geochronology of the late granite in the 
Larsemann Hills, East Antarctica. In: Yoshida, Y. 
(editor), Recent progress in Antarctic earth science. 
Terra Scientific Publishing Company, Tokyo, 155-161. 

Zhou, B. & Hensen, B.J. 1995. Inherited Sm/Nd isotope 
components preserved in monazite inclusions within 
garnets in leucogneiss from East Antarctica and im- 
plications for closure temperature studies. Chemical 
Geology (Isotope Geoscience Section), 121, 3 17-326. 



'Tables Burst, J.F., 1965. Subaqueously formed shrinkage cracks 
in clay. Journal of Sedimentary Petrology, 35, 348- 
353. 

Davies, G.R., 1970. Algal-laminated sediments, Gladstone 
Embayment, Shark Bay, Western Australia. In: Logan, 
B.W., Davies, G.R., Read, J.F. & Cebulski, D.E. 
(editors), Carbonate sedimentation and environments, 
Shark Bay, Western Australia. American Association of 
Petroleum Geologists, Memoir 13, 169-205. 

Friedman, G.M. & Sanders, J.E., 1978. Principles of 
sedimentology. Wiley, New York. 

Wellman, P. & McDougall, I., 1974. Cainozoic igneous 
activity in Eastern Australia. Tectonophysics, 23, 
49-65. 

Illustrations 

Line diagrams or maps should be professionally drafted. 
(AGSO can provide a full professional drafting service to 
Journal standards at competitive rates. See advertisement 
below.) Figures should be designed for reproduction at 
either single column (80mm) or double column (165mm) 
width. Final versions of line drawings should be supplied 
as high-contrast photographic prints, but photocopies of 
draft figures may be submitted initially (see Submissions 
above). 

All illustrations, both line drawings and photographs, are 
referred to as figures. 

Figures should be numbered consecutively, in the order in 
which they are referred to in the text, with parts of an 
individual figure identified, if necessary, by upper case 
letter. 

Do not draft figure titles on the figure. Captions are typeset 
and should be listed on a separate sheet. 

Photographs should be good quality glossy prints. Scale in 
photographs should be indicated by either a recognisable 
object or a plain bar scale whose length is given in the 
figure caption. 

Figures are reproduced in black and white unless special 
arrangements for use of colour have been made with the 
editor. 

Tables should be set out on separate sheets. When 
preparing tables, if possible, please use the Tables function 
of your wordprocessor rather than use tabs to align 
columns. 

Providing a disk version 

When your manuscript has been accepted, you will be 
asked to provide a copy on disk. 

The disk can be either 3.5 or 5.25 inch MS-DOS or Apple 
Macintosh format. The Journal is edited using MS Word 
for Windows version 6, which can convert from most other 
word-processing programs. Please check with the editor if 
you have any doubts, or send an ASCII file as backup. 

Proofs 

Authors will receive one proof of their manuscript, in its 
final formatted version, but without illustrations, to check 
before it goes for printing. Authors may be charged for the 
cost of major changes. 

Reprints 

The author(s) will receive a total of 50 free reprints of their 
paper. 

Authors may buy extra reprints, which should be ordered 
when proofs are returned. The cost for 50 additional 
reprints is $100; special rates apply if more are required. 

Please address all correspondence to 

The Editor, 
AGSO Journal of Australian Geology & Geophysics 
Australian Geological Survey Organisation 
GPO Box 378 
ACT 2601 

Tel. (06) 249 9771 
Fax (06) 249 9990 

CSU for Service 

Most of the illustrations in this journal have been 
professionally produced by AGSO's Cartographic 
Services Unit, using state-of-the-art CAD facilities. 
This service is extended to all contributing AGSO 
Journal authors. Please call AGSO's Chief Cartogra- 
pher on (06) 249 9100 (Fax 06 249 9984) to discuss 
your requirements and our competitive rates. 



AGSO 

A U S T R A L I A N  
GEOLOGICALSURVEY 
O " C * N I S * T I O N  

AGSO.: q . Journal of Australian Geology & Geophysics 
.4 . - 

Volume 16, Number 3,1995 

Thematic issue: Australian Regolith Conference '94 
Guest associate editors: Colin paill & Mike Craig 

(i 

Colin Pain, Mike Craig & Graham Taylor 
Australian Regolith Conference '94 - - - - - - - - - - - - - - - . . . . . . - - . . . . . . . 195 

C.F. Pain & C.D. Ollier . 4 

Regolith stratigraphy: principles and problems- - - - - - - - - - - - - - - - - - - - - - - - - - 197 
Clinton J. Rivers, Tony Eggleton & Simon D. Beams 

Ferricretes and deep weathering profiles of the Puzzler Walls, Charters Towers, north Queensland. . . . . . 203 
Jonathan D.A. Clarke & Lee ChenowettiA 

Classification, genesis and evolution of ferruginous surface grains - - - - - - - . - - - - - - - - . . 213 
Aro V. Arakel 

Quaternary vadose calcretes revisited - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 223 
R.P. Bourman 

Towards distinguishing transportedand insituferricretes: data from southern Australia - - - - - - - - - - - 231 
David C. Lawie & Paul M. Ashley 

Geochemical characterisation of iron-rich regolith materials in the Olary Block of South Australia - - - - - - - 243 
S. Alipour, A.C. Dunlop & D.R. Cohen 

Morphology of lag in the Cobar region, New South Wales - - - - - - - - - - - - - - - - - - - - - - 253 
D.M. Robertson 

Interpretation of fabrics in ferruginous lag - - - . . . . - - - . . . . . _ _ . . . . . . . . . 263 
S.M; Hill 

The differential weathering of granitic rocks in Victoria, Australia - . . . . . . _ _ r . . . . . . . . 271 
R.S.B:Greene & W.D. Nettleton 

Soil genesis in a longitudinal dunes-wale landscape, New South Wales, Australia. - - - - - - - - . . . 277 
Brad Pillans & Robert Bourman + 

The BrunhesIMatuyama Polarity Transition (0.78 Ma) as a chronostratigraphic marker 
in Australian regolith studies - - - . . . . . . - - . . . . . . . . . , . . 1 . . . . . . . . - 289 

G.H. McNally & I.R. Wilson 
Silcretes of the Mirackina Palaeochannel, Arckaringa, South Australia - - . . . . . - - - . . . . . - - 295 

Jonathan Nott 
Long-term landscape evolution on Groote Eylandt, Northern Territory. - . . . . . . - - - - . . . . . . 303 

I.C. Roach, K.G. McQueen & Graham Taylor 
Discussion: Landscape evolutiov and tectonics in southeastern Australia (Ollier & Pain 1994) - - - - - - - - 309 

Paul Bishop 
Discussion: Landscape evolution and tectonics in southeastern Australia (Ollier & Pain 1994) - - - - - - - - 315 

J.F. Nott 
Discussion: Landscape evolution and tectonics in southeastern Australia (Ollier & Pain 1994) - - - - - - - -319 

Shu Li, J.A. Webb & B.L. Finlayson 9 
Discussion: Landscape evolution and tectonics in southeastern Australia (Ollier & Pain 1994) - - - - - - - - 323 

C.D. Ollier & C.F. Pain 
Reply: Landscape evolution and tectonics:in southeastern Australia (Ollier & Pain 1994) - - - - - - - - - - 325 

Samir Shafik 
Calcarcous microplankton biostratigraphy of the Eocene Browns Creek Clay in the Aire District, 
Otway Basin of southeastern Australia: an update - - - - - - - - - - - - - - - - - - - - - - - - - 333 

John W. Sheraton, Andrew G. Tindle & Robert J. Tingey 
Geochemistry, origin, and tectonic setting of granitic rocks of the Prince Charles Mountains,Antarctica - - - - -345 


	Front Cover
	Table of Contents
	Colin Pain, Mike Craig & Graham Taylor Australian Regolith Conference '94
	C.F. Pain & C.D. Oilier Regolith Stratigraphy: Principles and Problems
	Clinton J. Rivers, Tony Eggleton & Simon D. Beams Ferricretes and Deep Weathering Profiles of the Puzzler Walls, Charters Towers, North Queensland
	Jonathan D.A. Clarke & Lee Chenoweth Classification, Genesis and Evolution of Ferruginous Surface Grains
	Aro V. Arake Quaternary Vadose Calcretes Revisited
	R.P. Bourman Towards Distinguishing Transported and in Situ Ferricretes: Data from Southern Australia
	David C. Lawie & Paul M. Ashley Geochemical Characterisation of Iron-Rich Regolith Materials in the Olary Block of South Australia
	S. Alipour, A.C. Dunlop & D.R. Cohen Morphology of Lag in the Cobar Region, New South Wales
	D.M. Robertson Interpretation of Fabrics in Ferruginous Lag
	S.M. Hill The Differential Weathering of Granitic Rocks in Victoria, Australia
	R.S.B. Greene & W.D. Nettleton Soil Genesis in a Longitudinal Dune—Swale Landscape, New South Wales,Australia
	Brad Pillans & Robert Bourman The Brunhes/Matuyama Polarity Transition (0.78 Ma) as Achronostratigraphic Marker in Australian Regolith Studies
	G.H. McNally & I.R. Wilson Silcretes of the Mirackina Palaeochannel, Arckaringa, South Australia
	Jonathan Nott Long-Term Landscape Evolution on Groote Eylandt, Northern Territory
	I.C. Roach, K.G. McQueen & Graham Taylor Discussion: Landscape Evolution and Tectonics in Southeastern Australia (Oilier & Pain 1994)
	Paul Bishop Discussion: Landscape Evolution and Tectonics in Southeastern Australia (Oilier & Pain 1994)
	J.F. Nott Discussion: Landscape Evolution and Tectonics in Southeastern Australia (Oilier & Pain 1994)
	Shu Li, J.A. Webb & B.L. Finlayson Discussion: Landscape Evolution and Tectonics in Southeastern Australia (Oilier & Pain 1994)
	C.D. Oilier & C.F. Pain Reply: Landscape Evolution and Tectonics in Southeastern Australia (Oilier & Pain 1994)
	General Papers
	Samir Shafik. Calcareous Microplankton Biostratigraphy of the Eocene Browns Creek Clay In The Aire District, Otway Basin of Southeastern Australia: An Update
	John W. Sheraton, Andrew G. Tindle & Robert J. Tingey. Geochemistry, Origin, And Tectonic Setting of Granitic Rocks of the Prince Charles Mountains, Antarctica




