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Landjorm Studies from Australia and New
Guinea edited by J.N . Jennings and J.A.
Mabbutt, and since then there have been
several important developments in earth
sciences with profound repercussions for Aus
tralasian geomorphology.
Plate tectonic concepts are revitalising our
approach to traditional problems in structural
and historical geomorphology. The wealth of
new data on the absolute age of rocks and
sediments in Australia, New Guinea and New
Zealand, made possible by scores of radio
carbon, p o tassium -argon, and uranium thorium age determinations, is already causing
us to question and reject many hitherto un
q u estio n ed and seem ingly u n assialab le
geomorphic paradigms. In addition, the earlier
and necessarily descriptive approach to land
scape evolution in Australasia is now yielding
pride of place to a new type of field investiga
tion founded upon accurate experimental
monitoring of river load, solution rates, beach
sediments and hillslope mantles.
The seventeen essays in this volume reflect
some of the achievements as well as some of
the difficulties involved in investigating landform evolution in Australasia. Part one deals
with the age and timing of uplift, the stability
of planation surfaces, and the sensitivity of
river systems to hydrological change. Parts two
to four discuss coastal deposits, chemical de
nudation, and pediments. Part five on
geomorphic models suggests ways of relating
process studies to actual landform development.
This book will be of interest to geologists,
geomorphologists and indeed to any earth
scientist concerned to understand how our
present landscape has evolved.
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Preface
A decade has elapsed since the publication of Landform Studies from Australia and
New Guinea, edited by J.N . Jennings and J.A. Mabbutt. Since that time seven volumes
in the Introduction to Systematic Geomorphology series edited by J.N . Jennings have
also appeared. These volumes cover themes ranging from Volcanoes, Karst, and Coasts
to Humid Landforms, Desert Landforms, Structural Landforms, and Landforms of Cold
Climates. The reader may well ask why we need yet another volume about landforms.
There are good reasons why the present set of geomorphic essays seems to us both
timely and necessary.
Since the mid 1960s several important developments have taken place which have
necessitated new examinations of old problems. Possible implications of plate tectonics
are beginning to have a profound effect upon our approach to traditional problems
in structural and historical geomorphology, as foreshadowed by several early essays
in the present volume. Furthermore, the many hundreds of radiocarbon dates and the
scores of potassium-argon and uranium-thorium ages now available for certain rocks
and sediments in Australia, New Zealand and Papua New Guinea are a product of
the past decade, and have yet to find their way into systematic texts dealing with
Australasian landscapes. Nor was the present wealth of quantitative experimental data
on river loads, solution rates, beach sediments, and hillslope mantles available to us
even a decade ago. However exiguous and imperfect these data may appear to some
of us now, they do represent a very real advance upon our earlier and necessarily
almost entirely descriptive approach to the study of landscape evolution in Australasia.
A more immediately compelling reason behind the timing of this volume is the
pending formal retirement of Dr J.N . Jennings, Professorial Fellow in Geomorphology
at the Institute of Advanced Studies of the Australian National University. In his own
research into glacial and periglacial landforms, lakes and coasts and dunes, caves and
karst landscapes, Joe Jennings is eclectic, disciplined, enthusiastic and enormously
productive and was recently awarded the prestigious Victoria Medal by the Royal
Geographical Society for his contribution to landform studies in Australia.
The six volumes in the Systematic Geomorphology series edited by Joe Jennings,
and the one he wrote himself, aptly reflect his breadth of interest, his editorial skills,
his high standards, and his ability to inspire his colleagues with something of his own
whole-hearted enthusiasm for geomorphology. A tireless and thorough referee of
scientific manuscripts, a shrewd and friendly adviser of research students, an eloquent
and arresting speaker to undergraduate and postgraduate audiences, Joe remains the
doyen of the Australian geomorphic scene.
A glance at the List of Contributors to this volume shows that many of the steady
advances in Australasian landform studies within the past ten years have been effected
by former research students and close colleagues of Joe Jennings, all of whom have
benefited enormously from his energetic example, warm-hearted advice, and unflagging
enthusiasm. By restricting the potential authors to those who had worked closely with
Joe Jennings, either as colleagues or as former research students, we have managed
to keep the volume within reasonable bounds. An obvious but sad corollary to our
editorial policy is that we have had to forgo possible contributions from many innovative
and very capable geomorphologists throughout Australasia. Clearly, the present volume
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of essays is not a comprehensive study of either the regional or the systematic
geomorphology of Australasia. Its aims are more modest. They are to examine the
origin and evolution of certain landforms in Australia, New Zealand and Papua New
Guinea through careful attention to current erosional and depositional processes, to
the age of different components of the landscape, and to the probable impact upon
landscape morphology of past and present geomorphic processes. In trying to achieve
these aims, we hope that this volume is a fitting tribute to Joe Jennings for his own
sustained and distinguished contribution to Australasian geomorphology.
J.L. Davies
M.A.J. Williams
Sydney
August 1977
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Introduction
R.W. GALLOWAY
Geomorphologists in Australia have the good fortune to work in a vast country that
includes a great variety of landforms and climates and a wide range of geologic contexts.
Inspired by the often striking inter-relationships of landforms with vegetation, soils
and human activities, geologists, geographers, pedologists, hydrologists, biologists and
engineers have all made notable contributions to geomorphology. The high proportion
of immigrant researchers together with the burgeoning of the subject at a time when
both local and international travel have become relatively easy have widened the pool
of field experience and facilitated the introduction of overseas ideas, particularly from
the English-speaking world. If the volcanic and glacial landforms of New Zealand and
New Guinea are also considered, it is clear that geomorphic researchers in Australasia
benefit from access to a wide range of highly diverse environments. Furthermore, the
volume of literature has not yet grown beyond the bounds of comprehension. The essays
in this volume reflect these advantageous circumstances and, even though they do not
attempt to cover every aspect of current geomorphic research in Australasia, they do
exemplify some major themes of academic geomorphology in Australasia today. Certain
important topics not discussed in this book include the origin of continental shelves,
cuestas, quantitative studies of fluvial networks, hillslopes, and interdisciplinary research
with archaeologists.
The origins of the major features of Eastern Australia and in particular the roles
of structural and erosional factors have attracted attention ever since the pioneering
observations in the Blue Mountains west of Sydney a century and a half ago. Much
geomorphic research before 1940, notably Craft’s work in the 1920s and 1930s, was
concerned with these questions but interest thereafter declined until recent years when
the advent of much better topographic maps, improved geologic knowledge and absolute
dating have rendered substantial progress possible as discussed in the first essay. Other
early topics of geomorphic research such as the development of the river pattern may
now be taken up again in the light of the new information available.
From the deep weathering profiles of Central Australia to the immense fixed dunes
of the Queensland coast and from the dry valleys of the Western Australian Shield
to the empty glacial cirques of Tasmania the results of former processes are strongly
imprinted on many Australian landscapes. Consequently inheritance from the past has
long been a major theme in Australian geomorphology and will continue to inspire
much valuable research in the future. It is examined here in the contexts of an alluvial
plain and of mid-latitude mountains around the world. Inheritance of course includes
not only effects of past climates but also other historical aspects of geomorphology and
it proves a relevant theme even in the rapidly evolving landscape of New Guinea where
older landforms, out of accord with current geomorphic processes, are still significant.
Concern with long-term inter-relations of erosion and structure and with landforms
affected by former climate is balanced by attention to modern processes and to the
relations between form and material in depositional settings. The near universality of
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chemical denudation invites inter-regional comparisons provided consistent methods of
study can be applied. One essay in this collection considers the possibilities and problems
of assessing rates of silica loss, while others illustrate the varying effects of solution
in calcareous rocks in a wide variety of environments. Biologically-controlled landscape
processes are also a significant if largely untapped field of research. Their potential
importance is underlined here by an essay which shows that even in the apparently
‘timeless land’ of northern Australia the effects of present day biotic activity are far
from negligible.
The coastal zones of Australia and New Zealand, where most of the population
lives, are extensive, complex and subject to rapid change. Studies of modern shore
processes and of the relations between depositional forms and materials are therefore
particularly important and are represented by four essays dealing with modern or
geologically recent coastal changes and with the nature and origin of coastal sands.
These essays reflect an increasing concern with the materials as well as the forms of
depositional landscapes and this concern is also apparent in discussing fluvial forms
in the Riverine Plains where terraces are considered primarily as bodies of sediment
and only secondarily as landforms.
Erosion surfaces, whether termed ‘pediment’ or not, dominate vast expanses of this
worn-down continent. Their study must be a prime task of the geomorphologist and
involves the major themes of structure, age, inheritance and process. Pediments are
discussed here in three contrasted settings and very different views on their origin are
propounded. All three studies show a welcome attention to detailed field examination,
not always characteristic of such studies in the past.
The discipline of geomorphology has largely rested on a few underlying dogmas
or hypotheses such as the cycle of normal erosion or universal backwearing of slopes.
Examples of such beliefs in Australia include a recent date for the uplift of the Eastern
Highlands, the long-term stability of land surfaces in the north of the continent and
the uncritical application of northern hemisphere dating to events in the local Pleistocene
sequence. Although such concepts have proved helpful on many occasions, none has
provided an enduring, universally acceptable framework and many are seriously
questioned in the contributions to this volume. For instance, the studies of karst and
pediment clearly show how varied the resulting landforms are and how different the
roles of climate and structure can be; simple universal theories of origin cannot be
supported. Major differences are shown to exist between recent coastal evolution in
New Zealand and in Australia or between the role of climatic inheritance in mid
latitude mountains and in the Riverine Plain. The importance attached to processes
which still operate today varies greatly from one study to another though most agree
that they should rarely be dismissed as insignificant.
Heretofore most geomorphic research in Australasia has been empirical with strong
emphasis on specific field examples as befits a region where the basic inventory of
landforms is still incomplete. Underdevelopment of the theoretical side has perhaps
contributed to a rather uncritical acceptance of long-standing concepts to which the
present essays display a healthy reaction. Nevertheless the science does need unifying
paradigms and the final essay is a contribution towards this end. It points the way
to further development of geomorphic theory on a firm basis of carefully studied, real
landforms.

Landscape Evolution
For over half a century progress in understanding the origin of the Australian landscape
has been delayed through unwitting acceptance of three unproven propositions. Time
and constant repetition have given these propositions a credence and an authority worthy
of more solidly based articles of geomorphic faith, and their influence has spread into
other disciplines besides geomorphology. These assumptions are first that much of inland
Australia is an erosion surface of Miocene age; second that remnants of this surface
may be identified and correlated on the basis of deeply weathered duricrust cappings;
and third that warping and uplift of this surface took place at the close of the Tertiary
during the so-called Kosciusko Uplift.
Using data from classical geomorphology, palaeomagnetic studies, and potassiumargon age determinations on volcanic rocks in the Eastern Highlands of Australia, Ollier
challenges some of the above notions, and concludes that the Kosciusko Uplift is a myth.
He points out that intermittent uplift and associated vulcamsm in this region go back
to Mesozoic times, and that the Eastern Highlands were very probably already in
existence between about fifty-five and thirty-five million years ago.
The antiquity of the Eastern Highlands is perhaps not unduly surprising, but it
is surprising that in a geomorphically active area like the Central Highlands of New
Guinea, relict landforms are the rule rather than the exception. Basing his argument
upon both erosional and depositional features, including dated tephra beds, Pain
concludes that neither climatic geomorphology nor dynamic equilibrium are of much
relevance in understanding the geomorphic evolution of the New Guinea Highlands.
He opts instead for an historical approach to the problem, and attempts to reconstruct
in broad outline the late Cainozoic history of the landscape.
‘Denudation chronology may indeed be dead in some parts of the world; its closest
relative, depositional chronology, is alive and well in others.’ With his colours firmly
nailed to the mast, Bowler sets out to investigate the role of Quaternary climates and
tectonics in the evolution of the rivers, lakes and dunes of the Australian Riverine Plain.
His emphasis is on depositional chronology, the correlative of episodic erosion in the
upland catchments. The Riverine Plain provides a spatial link between the late
Quaternary glacial and penglacial upland environments of southeast Australia and the
and inland western plains. One of several important new conclusions to emerge from
this study is that there has been almost no modification of the relict river channels
in this region during the past 10,000 years. Another is that former flow regimes cannot
be inferred from a study of channel form alone. A more profitable line of inquiry is
to map and date stratigraphic units, with their characteristic suites of sedimentary
structures and buried soils.
A further critique of the morphogemc concept additional to that of Pain and in a
different mountain context is that offered by Caine using as his examples the Snowy
Mountains of Australia, the Southern Alps of New Zealand, and the Front Range of
Colorado. Examination of sediment yields, of active penglacial features, and of major
erosional bevels lends no support to the view that geomorphic processes and forms differ
dramatically above and below the tree-line in these three areas. Caine notes that
progressive changes in penglacial processes occur across this vegetation boundary, and
that man’s influence upon erosion outweighs that of climate. Furthermore, landforms
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and vegetation doubtless respond at differing rates to changes in external influences
like climate.
Williams returns to the question of dynamic equilibrium and landform inheritance
by analysing the geomorphic role of termites in a small part of the Northern Territory
of Australia. He queries the alleged antiquity of certain soils developed on the younger
of three major erosion surfaces in this region, and argues that any realistic model of
landscape evolution must reconcile possible landform inheritance with quantitative
observations of current geomorphic processes.
Four conclusions stand out from these five regional studies. One is that where major
depositional features can persist virtually unmodified for over 10,000 years, as in the
Australian Riverine Plain; or for over 50,000 years, as in the Central Highlands of
New Guinea, then concepts of short-term dynamic equilibrium become irrelevant in
geomorphic analysis of these areas. Second, a rigorous reappraisal of the age and tectonic
history of the major Australasian landscapes is now both possible and necessary. Third,
conventional morphoclimatic concepts should increasingly be tested using results from
morphometric and process studies. Fourth and last, widespread and apparently
undissected planation surfaces may be more eroded than we think, so that when we
talk of an undissected erosion surface, we need to ask ourselves precisely what we mean.

7
Tectonics and Geomorphology of the
Eastern Highlands
C.D. OLLIER
IN T R O D U C TIO N
The Great Dividing Range of eastern Australia is a cartographic myth, but the Eastern
Highlands are real enough. There is a long and sinuous watershed in eastern Australia
but it is not marked by a range in the usual sense of the word and the divide is commonly
a region of gently undulating country or broad plains (Plate 1.1). Some plains are
so flat that they have lakes with no outlet, and Cooma airport is located precisely on
the Great Divide.
The plains of the west rise gently to the east and often form a gentle arch which
may descend rather more steeply towards the coast, or may end abruptly in mountainous
escarpments. In places, especially in Queensland, there may be mountain ranges between
the divide and the sea that reach much greater elevations than the divide. In Victoria
the trend of the Highlands swings east-west, with gentler slopes to the north and steeper
slopes to the south. Because the Highlands bend within the mainland we shall not
be concerned in this essay with the physiography of Tasmania. The location of the
Main Divide is shown on Fig. 1.1, and some typical profiles across the Eastern
Highlands are shown in Fig. 1.2.
The Eastern Highlands can be regarded as consisting of several elements: the Main
Divide, the line of highest country where this does not coincide with the divide, the
low passes across the highlands which Taylor (1911) called ‘geocols’, and the steep
and rugged seaward-facing ‘ranges’ behind parts of the coast. Such escarpments seen
from the coast look like mountain ranges and present obstacles to travel, so the idea
that there was a Great Dividing Range probably derives from the views of early settlers
along the Australian coast.
The highest point in the Eastern Highlands is M t Kosciusko, 2228 m, and other
high points include Mt Bogong in Victoria, 1987 m; Round Mountain, 1608 m, and
Mt Barrington, 1561 m, in New South Wales; and Mt Bartle Frere in Queensland,
1611 m. The gaps or geocols are only a few hundred metres high, such as the Kilmore
Gap north of Melbourne where the divide is only at 335 m, and the Hunter-Goulburn
geocol at about 500 m.
It is generally agreed that the Eastern Highlands were created by earth movements
warping up a gentle arch along the eastern edge of the continent. The uplift was
accompanied by faulting and volcanic activity in places, and the short steep rivers flowing
to the Pacific rapidly eroded the eastern slopes producing the steep and rugged
escarpments and deep gorges that run behind the coast (Plate 1.2).
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7. 2 . Rivers flowing from the high plateaus to the coast often cut great gorges, like the Barron Gorge shown here at Barron
Falls near Kuranda, Atherton Tablelands, Queensland.
(Australian News and Information Bureau Photograph)
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The traditional view was expressed most clearly by Andrews (1910). He saw a great
unity in the Australian landscape, with a single great peneplain stretching from Cape
York to Tasmania that he assumed had reached a high degree of perfection during
the Miocene. This was also a period of laterite and silcrete formation. Earth movement
then uplifted, flexed and faulted this plain, with most activity in the Plio-Pleistocene
Kosciusko Uplift. Subsequent erosion created the gorges and escarpments to the east,
mainly in Quaternary time. With one minor modification this was essentially the history
given by Browne in 1969 and is a view repeated in many more recent writings. In
this chapter I shall challenge the traditional view, and suggest that there was no
Australia-wide peneplain, and that the Kosciusko Uplift did not create the Eastern
Highlands.
Questions arise concerning the age of the erosion surface or surfaces, the age of
the uplift, the significance of folding and faulting associated with uplifts, and the
significance of volcanic activity. These questions will be answered where possible by
reference to illustrative examples, and geomorphic histories of significant areas will
be presented. Finally, in the light of the evidence now available, we shall discuss the
place of the Eastern Highlands in relation to modern tectonic ideas.
Geomorphology is now in a new setting. We are not dealing with a static world
of the Ancients, or with a Davisian world of periodic uplift. We are dealing with a
mobile world of spreading sea floors and continental fragments which, while drifting,
retain some features of pre-drift physiography. They may also reveal in their landforms
a story of the manner of drift with its associated buckling, cracking and vulcanicity
interspersed with periods of erosion.
On this modern scene some of the successful techniques used to elucidate geomorphic
history turn out to be very old-fashioned. The study of erosion surfaces and drainage
patterns has been very out of favour for the past quarter of a century, but now seems
likely to provide insights for our deciphering the broad features of landform history.
GEOLOGICAL BACKGROUND
The geological time scale relevant to this paper is given in Table 1.1. The bedrock
geology of an area as large as the Eastern Highlands is obviously very variable, but
a few essential features can be pointed out. Large areas consist of Palaeozoic rocks
of the Tasman Geosyncline. These are highly folded shales and sandstones, sometimes
metamorphosed, and intruded by batholiths of granite and other plutonic rocks which
seem to get younger to the east. The general strike of these rocks is north-south, and
differential erosion of the rocks gives a north-south grain to much of the physiography.
In some areas, such as the Sydney Basin, thick deposits of Permian and Triassic
sandstones, shales, tillites and coal are present. They are folded into basins of large
dimensions, and tight folding like that in the Lower Palaeozoic rocks is absent. Some
major sandstone bands such as the Nowra Sandstone (Permian) and the Hawkesbury
Sandstone (Triassic) have had an important structural effect on the form of later
landscapes (Plate 1.3). Jurassic and Cretaceous sedimentary rocks are confined within
the Highlands to the Clarence-Moreton Basin in northern NSW and the Maryborough
Basin east and north of Brisbane. Tertiary sedimentary rocks are generally rare, and
only in Victoria can the record of Tertiary sedimentary basins be used to test the
geomorphic records deduced from neighbouring land areas. Tertiary volcanic rocks are,
however, widespread (Wellman and McDougall 1974a) and will be discussed in some
detail later.

Tectonics and G eomorphology o f the Eastern H ighlands

Barron

Bur dekin

Burnett

Brisbane

'Macleay

Hunter

Shoathaven

M AIN DIVIDE
Fig. 7. 7. Some major rivers of eastern Australia, and the mam divide.
B = Lake Buchanan: G = Lake Galilee: L = Lake George:
C = Cooma: K = M t Kosciusko

9

10

Landscape Evolution

Fig. 1.2 Some typical cross-sections across eastern Australia, not to the same
scale, with interpretation by various authors. 1. Section across
Bellenden Ker Range. 2. Section along Lat. 27°S (after Watkins
1967). 3. Section Armidale to Coffs Harbour (after Warner 1971).
4. Section Hillston to Sydney (after King 1962). 5. Section Griffith
to Jervis Bay (after King 1962).
Projected summits are the Gondwana Surface; the flats on the main
section line are the Australian Surface.
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T able 1.1
The Cainozoic tim e scale (after W ellman and M cDougall 1974a)
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The Tasman Geosyncline was active throughout the Palaeozoic and early Mesozoic
along what is now eastern Australia, but this was stabilised long before the planation,
vulcanicity and uplift that has given rise to the Eastern Highlands.
High gravity anomalies associated with the highlands suggest an abnormally high
density crust and detailed gravity studies of Tweed, Nandewar, Barrington and
Liverpool Volcanic Provinces suggest that the volume of intrusives is about twice that
of the extrusives (Wellman and McDougall 1974b). The total volume of Cainozoic
volcanic rocks is estimated to be about 20,000 km3 and the volume of intrusive rocks
about 40,000 km3. These are spread over an area of about 3000 km by 300 km so
that the average thickness is about 70 m—only about 0.25 per cent of the crustal
thickness. This average thickness is an order of magnitude less than the amount of
uplift in the highlands, and it seems that we cannot look to intrusion of volcanics as
the cause of the uplift.
T H E EROSION SURFACES
We have already described how a traveller crossing the Eastern Highlands from the
west crosses gentle plains, which finish with abrupt sea-facing scarps in many areas;
we can reiterate Andrews’s contention that ‘The Highlands of Eastern Australia consist
of a peneplain which was raised, warped and faulted at the close of the Tertiary Period’,
and we find in the literature many references to plateaux, raised erosion surfaces and
high plains. What sort of surface or surfaces are we dealing with?
(a) Peneplains
The writers early in the century used the recently introduced term ‘peneplain’ to describe
erosion surfaces which had low relief, were of subaerial origin, and cut across geological
structures, all the accepted attributes of peneplains. Residuals of higher country standing
above the peneplains were regarded as monadnocks, or if big enough possibly as
remnants of earlier peneplains.
The problems that beset studies of erosion surfaces soon arrived. People identified
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different surfaces, different numbers of surfaces, and correlated surfaces in different
ways. This was not seen as a great problem at the time, and authorities seemed content
to let such minor disagreements wait for further work and better maps.
Andrews (1910) saw a unity in eastern Australia based on the development of a
single major peneplain, an idea reinforced by Woolnough who wrote in 1927 ‘The
suggestion is made that, throughout almost the whole of Australia, in or about Miocene
time, there existed a peneplain of almost ideal maturity of development.’ But was there
ever such a plain stretching over all the Eastern Highlands (or even all Australia)
before earth movements elevated the surface? The existence of this great peneplain
depends on correlating remnants of plains over a wide region, and the basis for
correlation generally turns out to be the presence of duricrusts of various kinds. The
continuity of great plains can be seen by ‘eyeballing’, but it is generally agreed that
there has been a certain amount of minor surface lowering in post-planation times,
and the scattered remnants of duricrust were seen as the best criteria for widespread
correlation. The duricrust and its implications will be discussed later.
(b) Pediplains
The first real challenge to the peneplain concept in Australia came from L.C. King
(1959) who imported his concept of the pediplain, developed in the first place in Africa.
Pediplains have many of the same properties as peneplains—they have low relief,
subaerial origin, and cut across geological structures. The big difference between
peneplains and pediplains is -not their descriptive features but their mode of origin.
Peneplains are said to be formed by downcutting of rivers followed by valley widening
and slope decline; pediplains are produced by slope retreat after a period of downcutting
producing a new plain near the new base level.
An important feature of pediplains is that as the scarp retreats a new bit of pediplain
is created, and so the pediplain is a diachronous erosion surface becoming younger
towards the scarp. The major pediplain recognised in the Eastern Highlands by L.C.
King, the ‘Australian’ pediplain, was thought to have been initiated by the detachment
of the Australian block in the Cretaceous and Eocene. It is possibly equivalent to the
great peneplain of Andrews (1910).
(c) Structural plains
It is unfortunate that much of the work on the Eastern Highlands’ history has been
carried out in the region near and south of Sydney, where the Hawkesbury Sandstone
(Triassic) and various Permian sandstones such as the Nowra Sandstone provide very
evident structural control to erosion surfaces (Plate 1.3). Some occur in regions of
conformable sediments, where soft shales have been stripped from sandstones, leaving
the sandstone as a stripped but structural plain. Various plateaux on the Hawkesbury
Sandstone have this origin, and Holland (1975), who has studied landscape evolution
on such rocks in the Blue Mountains area, says ‘Differential erosion largely explains
the landforms. Consequently partial entrenchment of the plateaux by rejuvenation, after
recent uplift, is not required to account for the variety of landforms’. In the lower
Shoalhaven, Young (1974) has suggested that ‘The Shoalhaven landscape now seems
to be the product of the deep erosion of a diverse lithology’.
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(d) Exhumed plains
In regions of older lava flows the basalt is sometimes stripped to reveal the underlying
surface, which may be a pre-existing plain. Craft (1933a) identified a main ‘Monaro
peneplain’, at 1000 to 1200 m above sea level, with the exhumed sub-basaltic surface.
Sometimes the presence of silcrete has been used to infer that at some time past the
locality was covered by basalt which was subsequently stripped. As we shall see (p. 17)
the assumption that silcrete implies overlying basalt is not valid, so there are some
‘phantom’ stripped plains in the literature.
(e) Palaeoplains
Hills (1975) describes the oldest surface of which we have evidence as a palaeoplain.
Because we do not know the details of formation of old plains, Hills suggests that
the non-committal term ‘oldland’ may be preferable to peneplain, panplain or pediplain
for the final product of planation. ‘Palaeoplain is the term for oldlands that have been
affected by later events of major kind and have been dissected so that only relics now
remain.’
It is certainly very desirable to have a non-committal term for describing erosion
surface in discussing the origin of the Eastern Highlands, whether it be palaeoplain
or some other term. The differences depend not on what we can observe of the plain
but on the deduced or observed mode of formation. In many places, especially when
we are dealing with small remnants of erosion surfaces, there is no way of determining
the details of formation, and Mulcahy (1966) suggested that ‘peneplain’ be used in
the sense of ‘nearly a plain’ for descriptive purposes, without connotation of the mode
of origin. Palaeoplain, if not restricted to only the very oldest plains, would also serve
as a general, non-committal term.
Palaeoplain is not meant to mean simply a very old plain that has survived
undissected, though such plains in the Eastern Highlands have been proposed. Opik
(1958), for example, derived an enormous age for the landscape in the vicinity of
Canberra. He believed that most of it was of Silurian age—the actual landscape of
today being of Lower Palaeozoic age—and that Mount Ainslie was a little-eroded Lower
Devonian volcano resting unconformably on this old erosion surface. The survival of
such ancient landscapes was challenged by Jennings (1972), and Brown and Ollier
(1975) have shown that Mount Ainslie is conformable with underlying strata and is
part of the regional Silurian volcanic bedrock. The area thus has a geomorphic history
similar to other parts of the Highlands, with Tertiary modification of earlier but postPermian planated country.
(f) The number of erosion surfaces
Andrews (1910) claimed a unity of landscape evolution based on a single planation
surface of Miocene age extending from Cape York to Tasmania that was differentially
elevated in the late Cainozoic movements of the Kosciusko Uplift. Upland plains
overlooked by still higher plains were interpreted as downfaulted areas: the Lake George
plains are an example.
Earlier Andrews himself (1903, 1904) had recognised different upland levels in New
England as the expression of successive planations due to intermittent uplift, and most
other authors have stressed the importance of multiple erosion surfaces, though the
number and correlation is variable.
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Fig. 1.3. Diagrams showing the effects oj earth movements on drainage. Assumed west to the
left. 7. JJpwarp. 2. Swamp or lake on divide. 3. Reversed river. 4. Barbed drainage.
5. Fault angle lake. 6. Overflow channel along fault angle depression. 7 . River diverted
along synclinal depression at foot of monoclinal scarp. 8. Drainage beheaded by fault
scarp. 9. Drainage beheaded by monoclinal warp. 10. Fault angle lake. 11. Overflow
channel along fault angle depression. 12. Antecedent drainage through uplifted fault
block. 13. Antecedent drainage on the flank of an anticline.
Further explanation in the text.

T e c to n ic s a n d G e o m o rp h o lo g y o f th e E a s te rn

H ig h la n d s

15

FORBES

COOTAMUNDRA

LAKE
GEORGE

{CANBERRA'

F ig.

1.4. U p p e r La ch la n and U p p e r M u rru m b id g e e drainage p a tte rn s, show ing the ‘g r a in ’
produced by the regional n o rth e rly strike in an area slo p in g to the north-west.
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Multiple surfaces exist as a matter of direct observation: controversy concerns the
alternative explanations of intermittent uplift and repeated planation, the tectonic
disruption of one or two main surfaces, or a complex assemblage of both erosional
and tectonic elements in the landscape.
(g) Latente and silcrete
In many interpretations of the Eastern Highlands landscape much is made of the
‘duricrusf—a hard layer of laterite, silcrete, or other materials which do not concern
us here. These ideas really derive from the work of Woolnough (1927), who believed
that laterite and silcrete were restricted to surfaces of very perfect planation weathered
under tropical conditions. Clearly this would fit in with the then prevalent ideas of
a pre-uplift Miocene peneplain of great perfection.
‘Laterite’ is a term used in Australia to denote either ferricrete, a hard layer of
iron oxide at or near the groundsurface, frequently nodular, spongy or pisolitic, or
a kind of weathering profile with an iron rich horizon at the top, a mottled zone below,
and a pallid zone at the bottom.
Overseas work, summarised by Maignien (1966), shows that many laterites are not
simply residual deposits but result from the precipitation of iron carried in groundwater
from higher parts of the landscape. It is especially common on lower slopes of broad
valleys. Laterite is not restricted to surfaces of very perfect planation.
While it may be true that most laterites found in the Eastern Highlands may be
of Miocene age, laterite formation could have extended over a longer time period. In
Victoria thin lateritic profiles may be of Pliocene age (Gill 1971); on Kangaroo Island,
South Australia, Daily et al. (1974) have reported an alleged Jurassic laterite and there
are several suggestions from elsewhere in Australia of pre-Miocene laterites.
Palaeomagnetism coupled with stratigraphic data may provide the best means of
determining the age of lateritisation. In the study of palaeomagnetism in the Perth
Basin, Western Australia, Schmidt and Embleton (1976) found that rocks ranging from
Lower Permian to Middle Jurassic recorded very similar palaeomagnetic directions.
The fact that tectonically tilted Permian rocks gave the same result as undisturbed
Triassic and Jurassic rocks indicates that the measured directions were not true records
of the magnetic direction at the time of rock formation. They record a remagnetisation
event in post-Jurassic times. The most probable event that could lead to remagnetisation
was the period of lateritisation.
When plotted on the Tertiary apparent polar wander path for Australia, the Perth
Basin data fall near the path segment representing 20 to 25 m.y., that is Late Oligocene
to Early Miocene.
Lurthermore, Luck (reported in Schmidt and Embleton (1976)) found a similar
direction for remagnetisation of Palaeozoic strata in the Northern Territory. Schmidt
(1976) has shown that red clays from small basins in the Blinders Ranges of South
Australia have a magnetic orientation suggesting weathering of Late Triassic rocks
during the period 25-15 m.y. (Late Oligocene-Early Miocene). The allegedly Jurassic
lateritic weathering profile on Kangaroo Island (Daily et al. (1974)) gives a magnetic
direction suggesting Tertiary sub-basaltic weathering (Schmidt et al. (1977)). All these
data suggest a synchronous remagnetisation event for a large area of Australia, perhaps
all of Australia, and suggest that the dominant period of lateritisation was Late
Oligocene and Early Miocene. Palaeomagnetic work on the laterites of the Eastern
Highlands has not yet been done, but it should provide very interesting results.
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Lateritic ferricrete duricrusts may be of either residual origin (relative accumulation
of iron) or enriched by solutions derived elsewhere (absolute accumulation), but silcrete
can only be formed by the addition of silica, that is by absolute accumulation of silica
(Ollier (1977)). Silcrete may sometimes be associated with a weathering profde but
is never a residual deposit. Silcrete formation requires a source of silica (derived by
weathering of other rocks) and a suitable depositional site (where groundwater flow
is impeded.)
Much silcrete, commonly called grey-billy, is associated with basalt. The silcrete
is not created by volcanic heat or magmatic solutions, but by silica derived from the
weathering of the basalt enriching underlying or neighbouring materials. This evidently
takes time, because the younger volcanics of western Victoria and northern Queensland
have no associated grey-billy. Other silcretes are formed without any association
whatsoever with vulcanicity.
The erroneous idea that silcrete can be taken as an indicator of a former basalt
cover leads to mistakes in the interpretation of local geomorphic history. In the Hunter
Valley, for instance, Raggatt (1938) supposed some silcrete was formed by basalt
silicifying underlying sands. As Galloway (1967) points out, the elevation of the nearest
basalt indicates a covering of 520 m of basalt, and it seems unlikely that this could
be entirely removed yet leave the thin silcrete behind. It is more likely that the silcrete
has nothing to do with basalt.
The duricrust has evidently formed in several ways in several settings, and cannot
be used as a unique indicator of age, climate or physiography.
Recently Young (1974) has made much of duricrust remnants at Nowra, N.S.W.,
found at the foot of coastal escarpments, 600 m below the plateau surface. In the same
vicinity there are mid-Tertiary basalts close to sea level. If the escarpment that rises
steeply to 600 m above the duricrust is erosional, and the cliff-foot plain on which
the duricrust rests is also erosional, then the period of erosion must be older than the
duricrust (and basalts), and therefore at least mid-Tertiary. Therefore, according to
Young, ‘the final major uplift of the highlands in the Nowra area must have been
completed by about the early Oligocene.’ However, this argument really depends on
the evidence for the roles of structure and erosion in creating the basic landscape; the
duricrust alone does not provide incontrovertible evidence.
(h) Summary of erosion surfaces
Many kinds of erosion surface have been postulated in eastern Australia and
undoubtedly different kinds are really present. Widespread correlation of erosion
surfaces is doubtful, and neither basalt nor duricrust should be used for correlation:
basalts erupted over a great time range, and duricrust may have formed on pre-existing
plains, also over a fairly long time span. Multiple erosion surfaces are undoubtedly
present in eastern Australia, and although in any one region one erosion surface may
be better developed than others, the idea of a great erosion surface extending
simultaneously over all eastern Australia is unproven, and probably untrue.
DRAINAGE PATTERNS
The history of the Eastern Highlands should be recorded not only in the hills and
elevated plains but also in the drainage pattern. What sort of drainage pattern would
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we expect to find in an area of large-scale uplift? What traces can we find of ancient
drainage lines? How have younger events affected the drainage pattern?
If we envisage some ancient plain on the site of the Eastern Highlands where would
the drainage go? In view of the known geological history of Australia with a broad
depositional area in central Australia through Mesozoic times it seems most likely that
the drainage would flow towards it, that is roughly to the west in New South Wales
and Queensland, and roughly north from the east-west Victorian Highlands. Simple
seaward drainage might be expected on the other side of the divide. Such simple drainage
patterns are not found, and many patterns, such as those of the Burdekin or the Fitzroy
(Fig. 1.1) are so far from it that they evidently have a very complex geomorphic history.
Since the study of river patterns, once a main theme of geomorphology, is now
unfashionable, it may be worth recalling some features of valley morphology. Among
the features of simple river systems are their dendritic pattern. Tributaries have steeper
gradients than the main stream, but their junctions are at precisely the same elevation
(Playfair’s Faw). Tributaries join the mainstream at an acute angle which points
downstream. Simple valleys increase in width and become flatter in the downstream
direction.
If these conditions are not met we may assume that a valley has been affected by
some complicating factor of structure or geomorphic history or both. We shall find
many examples in the Eastern Highlands.
Figure 1.3 shows some of the features brought about by earth movements affecting
an area with initially simple dendritic drainage to the west. At (1) an upwarp has
risen athwart the river; to the west of the warp the river continues to flow in the
same direction with the same drainage pattern; only the amount of water carried will
have changed. Along the ridge axis of the warp (2) there may be areas of indefinite
drainage with negligible gradient. Here there may be swamps or shallow lakes.
East of the warp the drainage is reversed and the main drainage flows to the east
(3). However the tributary valleys (which have steeper initial gradients) may continue
to flow in their old direction, so we get a barbed drainage pattern (4). Griffith Taylor
(1911) put great stress on barbed drainage in his early attempts to reconstruct old
drainage patterns in the Eastern Highlands. On Fig. 1.3(a) the backtilted block is shown
abutting a fault, with a fault angle lake (5) and the drainage flowing along the fault
angle depression (6).
Another kind of drainage modification is shown in Fig. 1.3(b), in which the westward
drainage is blocked by an upwarp and flows along the foot of the warp (7).
Figure 1.3(b) shows the effects of east-facing faults on west-flowing rivers. At (8)
we have beheaded streams that continue to flow in the same direction. At (9) we have
westward flowing streams dammed back by the fault scarp. They may end in fault
angle lakes (10), or flow around the fault block along the fault angle depression (11).
It is also possible for warps and faults to develop sufficiently slowly for downcutting
to keep pace, and we develop antecedent river courses through the uplifted blocks. These
are typically characterised by a gorge-like form, and the presence of much flatter country
both upstream and downstream of the antecedent section of the river course. Figure
1.3(c) shows an antecedent gorge (12) across a fault block (and a similar gorge could
be formed across an upwarp), and an antecedent gorge formed where a stream runs
sub-parallel to a warp axis but encroached in one place on to the flank of the warp
(13).
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(a) Grain of drainage pattern
In areas of folded Lower Palaeozoic rocks the strike of the rocks clearly has an effect
on the grain of the country. Many valleys are formed along softer sediments: these
strike valleys were commonly called ‘subsequent’ valleys in earlier literature, a term
which causes confusion because it mixes concepts of temporal succession with simple
structural relationships.
On such a ‘grainy’ basis we can expect overall drainage patterns to have some major
stream directions resulting from the original slope of the general ground surface, but
the strike of the rock will show through in many tributaries. Taylor (1911) suggests
that the drainage patterns of the Upper Lachlan and the Upper Murrumbidgee illustrate
the effect of a general slope to the northwest in a region of uniform strike to the north
(Fig. 1.4), though warping and faulting may have had complicating effects in both
areas. In the Hunter Valley area Galloway (1967) has shown that streams superimposed
from a former basalt cover rapidly become adjusted to structures on the underlying
Palaeozoic sedimentary rocks, with long stretches along the strike in softer strata and
short stretches at right angles to the strike where streams sidestep across hard bands.
(b) River Capture
A simple example of river capture or diversion appears to be provided by the Barron
River near Cairns (Plate 1.2). The upper course of this river is on a plateau, but
it turns seaward and drops 300 m via a series of large waterfalls to the Pacific. It
appears that the headwaters were originally tributary to the Mitchell, which even now
rises within 15 km of the Pacific yet flows 550 km to the Gulf of Carpentaria (Fig.
1.1). The hypothesis has been tested by looking for the connection between the two
rivers. According to Jensen (1936):
In comparatively late Tertiary times the Upper Barron flowed into the Mitchell
River. There is a continuous belt of river gravels between Mareena and a point
on the Upper Mitchell west-south-west of Molloy. Probably basaltic flows helped
the Barron River to capture the watershed which previously belonged to the Mitchell
River.
Whether river capture or volcanic diversion is responsible for the change of course
seems to be still undecided, but the former connection of the Barron and Mitchell seems
to be well established.
River capture in the M arulan area was described by Woolnough and Taylor (1906).
The Upper Shoalhaven flows north to this point, but then takes an abrupt turn to
the east and flows to the sea at Nowra: a more spectacular elbow of capture would
be hard to imagine. If the Upper Shoalhaven originally continued to flow north before
capture it would have been a tributary of the Wollondilly: to test the hypothesis a
search was made for alluvial gravel along the postulated link between the elbow of
capture and the Wollondilly, and it was found (Fig. 1.5). This capture is denied by
Craft (1931), who suggests that the pebbles could be derived from the nearby Permian
conglomerates. But Woolnough and Taylor point out that the very coarse river gravels
are
on the very edge of the precipitous bank of Digger’s Creek, 1500 feet above the
present stream . . . It is inconceivable that this gravel should have accumulated upon
the very edge of the precipice where it now occurs, and, in fact, forms part of that
precipice.
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Fig. 1.5. River capture on the Shoalhaven River (after Woolnough and Taylor 1906).

Even if we accept river capture as established, we still do not know the mechanism
or the date of the river diversion. The obvious assumption is that headward erosion
of the Lower Shoalhaven led to capture. The barbed drainage pattern of the Lower
Shoalhaven tributaries suggests reversal (see p. 14), and perhaps some earth movement
could have caused both the reversal and the river diversion; this thinking gave rise
to the idea of the monoclinal warp with an axis just east of the Upper Shoalhaven.
Young (1974) has questioned the existence of this monocline because the Hawkesbury
Sandstone near the Robertson watershed is not warped. However, the Shoalhaven may
have been an area of minimal uplift or subsidence, like the Sydney area, while the
Robertson watershed marks the culmination of uplift. Further work is needed in this
area. It is possible that the earth movements that affected the Lower Shoalhaven and
other rivers of the Nepean ramp did not directly cause a diversion of the Upper
Shoalhaven. In this case the river capture of the Upper Shoalhaven could be very much
younger than any major earth movements of the region. Jennings (1975) has shown
that a study of the Bungonia caves in the Shoalhaven valley indicates a very marked
increase in vertical erosion over a time period very much shorter than the time scale
envisaged by Young for the evolution of the Lower Shoalhaven. Perhaps the rejuvenation
in the caves relates to the river capture and not the earlier earth movements.
This area appears to be a splendid place for classical geomorphology to provide
the answers, but despite the fine work of Taylor, Craft and others, the modern data
of Wellman, Young and Jennings indicate that there is still a long way to go in the
interpretation of this landscape.
(c) Drainage patterns modified by folding and warping
Streams of the Sydney-Shoalhaven area—the O ’Hare, Cordeaux, Cataract and
Kangaroo (Plate 1.4) for example—rise close to the coast and start their courses with
simple dendritic drainage to the west (Fig. 1.6). This westerly flow is not maintained,
and the rivers are all diverted by tectonic folds and warps to flow eventually into the
Pacific.
Taylor (1911) suggested that the northern streams were diverted by monoclinal
folding to take a course parallel to the fold and fault axes, the direction taken by the
Nepean. This is an example of (7), Fig. 1.3. Further complications of the drainage
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Fig. 1.6. Drainage features of the Shoalhaven-Sydney area.
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pattern can be accounted for on this model, and provide substantial support for this
interpretation. These include Lake Mountain, a fault angle lake (5); Picton Lake and
Lake Burra, both located on watersheds on the axis of a warp where the drainage
has been disrupted (2); Mountain Lagoon on the Colo River is an example of a fault
angle lake (10); the gorge-like course of the Nepean River between Mulgoa and Penrith,
an example of antecedent drainage cutting into the rising flank of the monocline (13).
The most probable explanation of the turn of the Nepean eastwards to the coast is
that this area was an area of no uplift or even subsidence, and from this axis the
elevation increased to the Robertson watershed north of the Kangaroo catchment.
The Kangaroo-Shoalhaven looks like a perfect example of barbed drainage (4), and
the drainage pattern suggests reversal of the lower Shoalhaven (3) while the Kangaroo
(and several other tributaries) maintain their original direction. This reversal has been
attributed to a downwarp associated with the Pliocene Kosciusko Uplift, but the work
of Young (1974) makes it clear that the landscape history of the area must be pushed
back in time, to early or mid-Tertiary times at least. The ages of the lava flows on
the Robertson watershed and elsewhere in the area support this conclusion. However,
the barbed drainage patterns of the area still provide strong evidence for reversal of
the Lower Shoalhaven.
(d) Drainage patterns modified by faulting
Sorfie of the drainage patterns of Queensland are so aberrant that faulting may be
suspected (Fig. 1.1). In the Fitzroy catchment, for instance, the ‘Main Divide is some
considerable distance from the coast, and the presence of tiers of high coast ranges
causes a plateau of considerable elevation between them and the Divide’ (Favenc 1905).
How does the Fitzroy cross the coastal ranges? Either there has been river capture
of the inland drainage by a headward eroding coastal river or the Fitzroy is antecedent
or superimposed where it crosses the ranges. Superimposition seems improbable, and
antecedence suggests the uplift by faults or warps of the coastal range (here the Boomer
Range).
Similarly in the Burdekin system (Fig. 1.1) long strike-rivers (Belyando and Upper
Burdekin Rivers) unite and then ‘there is a gorge in the Leichhardt Range impassable
to four-footed animals, and through this gorge the Upper Burdekin, as it is locally
called, descends to the coastal plain and becomes the Lower Burdekin’ (Favenc 1905).
Again we have the choice of river capture or antecedent drainage to account for the
river taking a course in an impassable gorge through a mountain range.
Strong support for tectonic interpretation came from Süssmilch (1938), who based
his arguments in part on the recognition of dislocated erosion surfaces. In contrast Bryan
(1928) attributes the formation of the topography to differential erosion, since the ranges
are more or less parallel to the strike of Palaeozoic structures. Bryan regards the laterite
as an important datum, attributed to ‘a moist Pliocene epoch immediately preceding
the Kosciusko uplifts of New South Wales’, but offers little positive proof and does
not explain the strange river patterns.
Among the most striking features in the Queensland landscape are so-called
‘corridors’ elongated parallel to the coast, with either slightly emergent or buried floors.
According to Bryan these would be structurally controlled subsequent valleys; according
to a tectonic interpretation they would be grabens. An advocate of tectonic explanation,
Stanley (1927) wrote of Whitsunday Island, one of a group off the Queensland coast::
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Observe that there is here no question of differential erosion. The physiographic
units are constituted of many different types of rocks, and they cut across the
geological boundaries. In the island festoons both granites and Palaeozoic volcanics
figure equally, and the same is true of the coastal ranges. Important as rock structure
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and relative resistance to weathering may be in determining topographic forms, it
does not seem feasible to consider that it has acted as the broad control which is
required by the systematic arrangement of the units.
I believe that to account for Queensland’s drainage patterns, mountain ranges and
escarpments without recourse to special-case arguments it is necessary to involve faulting
and uplift after the initiation of the drainage system.
In New South Wales, Lake George and its associated features appear to provide
a simple and elegant example of drainage strongly modified by faulting, described very
well by Griffith Taylor as early as 1907. The situation is shown in Fig. 1.7, and
beautifully depicted on the hill-shaded Canberra 1:100,000 map. The simple story is
as follows.
Before faulting, Taylors Creek was continuous with Shingle House Creek, a tributary
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Fig. 1. 7b. Map of alluvial deposits in fault angle depressions in the Lake George area.

Tectonics and Geomorphology of the Eastern Highlands

27

of the Yass River, and to the south the Molonglo flowed along the line of its present
route. Faulting later produced a hörst athwart the Molonglo bounded by the
Queanbeyan Fault on the west and the Lake George Fault on the east, the hörst now
being known as the Cullarin Horst. The Lake George Fault is continuous well beyond
the Taylors Creek area, but the Queanbeyan Fault dies out to the north fairly quickly.
The Molonglo River eroded its bed to keep pace with uplift, forming an antecedent
course across the hörst with gorges where the river enters and leaves the fault block
(Fig. 1.3(12)). But Taylors Creek was defeated by the faulting; Lake George was formed
on the downthrow side (Fig. 1.3:10) and Gearys Gap, marked by many patches of
river gravels, marks the former continuation of the valley. Studies of the gravels show
that movement was from east to west, so they would have had to come out of the
sky on present physiography! If the basin were to fill, water would overflow through
Gearys Gap and not over the watershed to the north and south, and old beach levels
are found around Lake George at the elevation of Gearys Gap.
This story is so straightforward that it is hard to see why complications can arise,
but since alternatives have been suggested, with implications for the highlands generally,
it is necessary to review some of the points at issue.
(i) Some importance has been attached to the fact that the Lake George Fault has
never been seen, although the Queanbeyan Fault (actually a fault zone) is exposed
and was formerly easy to see in road cuttings behind Queanbeyan. It is rare to find
such faults because they are at the base of the fault scarp in a situation almost invariably
buried by debris from the slope above.
(ii) It has been maintained that the Lake George scarp is not a fault scarp but
is created by differential erosion. This hypothesis might have limited success around
Lake George itself, but it cannot explain the course of the Molonglo which leaves a
broad alluvial plain and cuts through a gorge in the hard rock to the west. Neither
can differential erosion account for the Queanbeyan Fault, which has the same lithology
on both the upthrown and downthrown sides (Brown and Ollier 1975).
(iii) It has been maintained that the Lake George Fault is a high angle reverse
fault, which is exposed in a railway cutting southwest of Bungendore. This fault is
real enough, but could be a Palaeozoic fault and not the Lake George Fault at all.
The case for regarding the Lake George Fault as a normal fault is strongly supported
from regional evidence; it is but one of a family of similar faults (Fig. 1.7b). The
Shoalhaven to the east is particularly convincing in its similarity; its fault angle has
been filled by a wide wedge of alluvium but its northern continuation has given rise
to Lake Bathurst, a minute copy of Lake George.
The main opposition to the Griffith Taylor explanation of the Lake George
physiography comes from Garretty (1936), and Noakes and Jennings (see Jennings
et al. 1964). Garretty believes the Lake George scarp is made by differential erosion.
The Lake George Plains are then part of the valley of an original ‘Lake George River’
which flowed northwards. A slight downwarp to the north made the depression now
occupied by Lake George. The gorge section of the Molonglo is regarded merely as
an expression of relative rock resistance—for which there is no evidence whatever, and
for which the mechanism seems obscure.
Noakes and Jennings have reverse faulting in the Lower Palaeozoic (to account for
observed reversed faulting described above) but the area was subsequently reduced to
a peneplain on which the stream flowed westward from a divide to the east of the
present Lake George. The Gearys Gap gravels were deposited at this time. In a new
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cycle of erosion a northerly flowing strike stream (the Lake George River) cut back
by headward erosion and etched out a fault line scarp, capturing some of the headwaters
of the Yass Valley.
This theory does not explain the course of the Molonglo, and yet the scarp crossed
by the Molonglo River is continuous with the Lake George Scarp, and if this is indeed
formed by differential erosion then the ‘Lake George River’ must have worked headward
at least as far as this. But we know that no river has ever followed such a course.
The watershed between the Lake George drainage and the Molonglo drainage is mainly
a watershed of Palaeozoic bedrock and I have found no trace of alluvial gravels here
such as are found in Gearys Gap or along the present Molonglo. Furthermore the
bedrock is deeply weathered (large areas are quarried for clay) and lateritised. On
the Taylor explanation this watershed is a fragment of the pre-faulting, deeplyweathered peneplain which has been protected from erosion by downfaulting to an
area of little relief. I do not think it can be explained by either the Garretty or the
Noakes and Jennings theories. The actual age of the Lake George faulting is not known.
Taylor thought it was Pleistocene but it is almost certainly older, probably late Miocene
or Pliocene.
(e) Volcanic disruption of drainage patterns
The widespread vulcanicity in the Eastern Highlands has interacted with drainage
patterns to provide many interesting results. Clearly if lava fills old valleys then we
can learn something of the pre-basaltic drainage pattern. If basalt partially covers a
pre-existing landscape we get stream diversion, twin-lateral streams and other kinds
of modified drainage, and if the basalt completely blankets pre-existing topography we
get a totally new drainage pattern, which may eventually erode through the volcanic
pile and become first superimposed and later to some extent adjusted to the bedrock
exposed below.
The Warrumbungles mass in New South Wales erupted on the course of the old
Castlereagh River (Plate 1.5). The water found its way around the pile and the new
drainage—the Namoi and Macquarie Rivers—flows in the same general direction,
joined by many tributaries from the Warrumbungles with a radial drainage pattern.
The Aberfeldy lava flow in Victoria evidently partly filled a valley, and the new drainage
lines developed on each side of the flow as twin lateral streams, the present-day
Aberfeldy and Thomson Rivers. In several areas including the Monaro and the Hunter
Valley, volcanic eruptions produced a very extensive basalt cover which eliminated
earlier topography, and provided a fresh start for river development.
(f) Loss of land to the east
Rivers like the O’Hare, Cordeaux, Cataract and Kangaroo rise within a few kilometres
of the coast and flow to the west, with broad valleys (several are used for reservoirs)
and with perfectly simple dendritic drainage patterns. It would take a long time to
erode these valleys, and
when these valleys were produced there could not have been coastal cliffs a thousand
feet 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, perhaps one or two hundred miles wide, which has subsided lately beneath
the waves (Taylor 1911).
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These examples are rather like (8) of Fig. 1.3 with the downfaulted block missing.
This was the only model available to Taylor, but we can now think of another way
of losing land—by continental drift or sea-floor spreading removing the land to the
east. A well-documented example roughly comparable to eastern Australia might be
the western shore of the Red Sea. This is bounded by new material of sea-floor character,
and the block that was once in contact now forms the eastern shore of the Red Sea.
We have good evidence of sea-floor spreading in the Coral Sea and the Tasman
Sea, but our knowledge of offshore geology close to the coast of eastern Australia is
insufficient to carry these arguments further.
(g) Summary
This review of river patterns reveals first that most of the river systems of eastern
Australia have been much modified and have complex geomorphic histories; second that
the drainage patterns can be traced in some instances to early, probably pre-Tertiary
beginnings; and third that earth movements and vulcanism have modified drainage
patterns at many different times, probably throughout the Cainozoic.
GEO M O RPH IC HISTORIES
Having set the stage by a discussion of erosion surfaces and drainage patterns we can
now discuss the geomorphic histories of a few areas for which suitable data are available.
Erosion surfaces and drainage patterns can only provide a speculative relative
chronology, and must be supported by other evidence. Stratigraphic evidence could be
useful, but fossiliferous deposits are rather scarce. One very useful method of absolute
dating is provided by potassium-argon (K-Ar) dating of basalt, which is distributed
so widely in the Eastern Highlands.
(a) The Hunter Valley
Perhaps the most detailed study of a volcanic drainage evolution in pre-basalt and post
basalt times is that provided by Galloway (1967) for the Hunter Valley area (Fig.
1.8), involving the lavas of the Barrington Tops and Liverpool Range and a much
smaller and younger valley flow. For his geomorphic interpretation Galloway had to
assume that apart from the much younger flow in the Upper Goulburn Valley all
the older basalts were the same age: this is now known to be untrue, as the basalts
range from 52 m.y. (Barrington), 38-41 m.y. (east Liverpool), 34-35 m.y. (west
Liverpool), and 41 m.y. (southern basalts of the Main Range). The pre-basalt land
surface was an undulating lowland with wide shallow valleys and deep soils. The main
drainage trends were towards the Oxley Basin in the west, and the divide was east
of the presen-t divide and probably roughly north-south. After the volcanic eruptions
the basalt cover was very extensive and may even have covered the entire Hunter Valley
region to a depth of several hundred metres. Erosion later produced a gently rolling
post-basalt planation surface on which laterite profiles developed. This surface was
later deeply dissected and now survives only in the Goulburn Valley and on a few
watershed sites elsewhere. During this last phase of dissection the younger basalt flow
(12 m.y.) was erupted, and a series of stream captures carried the watershed farther
west to its present position.
Post-basalt tectonics were most extensive in the Goulburn Valley, where the southern
half was uplifted and the northern part depressed. Warping of at least 150 m has
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Fig. 1.8. The Hunter Valley region.
been demonstrated, and faulting up to 300 m on a hörst near Parkville in the north
of the area.
(b) The Eastern Highlands of Victoria
Dated flows on plains give a minimum age for the plain, but do not tell us what
the elevation of the plain was at the time of eruption. Dated basalt flows in valleys
give us the age of the valley, the minimum available relief at the time of the eruption,
and from that the minimum amount of uplift in pre-eruption times.
These relationships are well displayed in eastern Victoria (Fig. 1.9). In the Gelantipy
district late Eocene flows (38-42 m.y.) rest on the Nuniong Plateau at about 1200 m,
but in the Snowy River Valley are at 600 m. This shows that the Nuniong Plateau existed
as a plateau in late Eocene times and was dissected even then by a valley 600 m deep,
and that uplift since late Eocene times has been no more than 600 m.
Similarly in the Aberfeldy district the nearby plateau has an elevation of 1350 m
and the lowest part of a valley flow is at 650 m, indicating at least 700 m of erosion
before the date of the flow which is 27 m.y. (Oligocene). In other words the palaeoplain
was uplifted at least 700 m before the Oligocene. The old flow is bounded by twin
lateral streams, the present-day Aberfeldy and Thomson Rivers, which have cut down
to depths of 320 m and 450 m respectively at Aberfeldy but are still at altitudes of
500 m and 350 m. If the lowest point on the lava flows was at base level at the time
of eruption then there has been 650 m of uplift since the Oligocene, but it is more
probable that there was more than 700 m of uplift before the lava flow, and less than
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600 m since. A broad plain in this area at 900 m shows a second period of planation
before the incision of the basalt filled valley.
To the north of the divide a lava flow dated at 7 m.y. at Seven Creeks is at the same
level as the present river, indicating no downcutting over the past 7 m.y. The basalt
is at 250 m, and the neighbouring plateau level is near 700 m.
The Bogong High Plains have a cover of basalt dated at about 36 m.y., early to
middle Oligocene, but we have no sure way of knowing what was the elevation of
the surface at the time of the basalt flows. Hills (1975) thinks that because there are
lake deposits and coal swamp deposits beneath and between flows the general elevation
must have been much less than today—but we do not know. If this area was low
in Oligocene times, while the Aberfeldy area was a 700 m plateau and the Nuniong
area had been a 600 m plateau since Eocene times, then uplift must have been very
irregular. The erosion surface remnants at the present day rise generally from west
to east, not giving much support to ideas of very irregular uplift in the area.
However the Bogong High Plain is in a very exceptional position, lying just south
of the Tawonga Fault, the only proven post-Mesozoic thrust fault in the Eastern
Highlands. The southern block has moved from south-east to north-west along this
fault in Tertiary or Quaternary times, thrusting a block of Palaeozoic rocks over a
boulder conglomerate, which is interpreted as alluvium (Beavis 1960).
Any suggestion that the boulder conglomerate might be a Permian glacial tillite can
be discounted by the presence in the conglomerate of boulders of High Plains Older
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Basalt, the rounded nature of the boulders, and the virtual absence of clay size
particles from the matrix.
According to Beavis the movements along this low angle thrust fault have resulted in
the elevation of the upthrust block by 600 m, the difference in average elevation of
the country on opposite sides of the fault— 1800 m to the south-east and 1200 m to
the north-west. The outcrop of the fault is at about 400 m and the Bogong High Plains
at about 2000 m, which means the Bogong area would have been at about 1400 m,
100 m above the valley even without thrusting if Beavis’s estimate is correct. Presumably
the Older Basalt boulders in the alluvium beneath the fault are of the same age (Eocene)
as those on the High Plains.
(c) New England
In New England (Fig. 1.10 and Plate 1.6) we have relatively detailed geomorphic studies
(Voisey 1957; Warner 1970, 1971, 1975), and numerous K-Ar dates (Wellman and
McDougall 1974a) on which to base an uplift chronology.
Briefly the history would appear to be:
1. Formation of a palaeoplain of Cretaceous or older age.
2. Uplift of at least 500 m.
3. Formation of an Eocene surface with residuals rising about 500 m above it (Dome
Mountain, Mount Duval, Round Mountain). The pre-basalt plainlands are probably
equivalent to the Australian pediplain of King, and are proved to be Eocene by fossils.
4. About this time Eocene fluvial deposits accumulate on this surface, straddling
the divide and thickening westwards (Slade, in Warner 1971).
5. Deposition of Palaeocene-Early Eocene volcanics of the Walcha Province to the
south.
6. Deposition of late Eocene volcanics at Doughboy, north of Round Mountain.

Fig. 1.10. Geography and erosion surfaces in part of New England (after Warner 1971).
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7. Deposition of early Oligocene volcanics in part of the Central Province mainly
north and west of Armidale.
(The sub-volcanic surface is very irregular, and sub-basaltic relief reaches 610 m at
Dorrigo and 1500 m at Round Mountain. There must have been about 1000 m of
further uplift either before or during the Eocene but before the late Eocene vulcanicity.)
8. Formation of the first post-basaltic planation surface. This is a fairly fiat surface
preserved on the main divides in the area. It was called the Laterite Surface by Voisey,
and the Miocene Surface by Browne (1969), although Warner thinks it fairly early
Miocene. Near Armidale it is at 1030-1070 m, and 150 m below residuals. Near Guyra
it is 1300-1370 m, and 100 m below residuals. On the divide between Guyra and
Ebor it is 1300-1370 m, and 300 m below residuals. Somewhere around this time
the early Miocene volcanics must have erupted.
9. Uplift of up to 300 m.
10. Formation of second post-basalt surface called the Macleay Surface by Browne
(1969) who thought it Pliocene (Warner thinks earlier). Valley systems were cut to
150 to 3000 m below the Laterite Surface. The altitude of the new surface is now
900 to 1070 in the Upper Macleay Valley, and on the east end of Dorrigo plateau
it is about 760 m.
11. Later uplift was estimated to be 500 m by Voisey, but is possibly as much
as 600 m at Point Lookout and no more than 450 m at Dorrigo. This is generally
thought of as the Kosciusko Uplift, with its connotation of Plio-Pleistocene age, but
Warner thinks it is no later than late Miocene.
12. Deep dissection of the periphery of the tablelands.
13. Voisey suggests another 150 m of Pleistocene uplift to account for raised gravels
in the Macleay valley.
If all these estimates of uplift are summed we get a total of 2400 m, which is much
too high, so we must assume that the movements affected different parts of New England
and nowhere achieved the full sum of uplift. In other words, uplift was very irregular.
T H E KOSCIUSKO U PL IFT
Ideas on the uplift of the highlands have been dominated by the opinions of Andrews
expressed in his paper of 1910: ‘. . . the Highlands of Eastern Australia consist of
a peneplain which was raised, warped and faulted at the close of the Tertiary Period
and the Main Divide is therefore of extreme youth’. Andrews left no doubt that he
was dealing with the end of the Tertiary period, and he even stressed the increasing
activity at the close:
The Tertiary closed with a vigorous uplift . . . For this period of plateau formation
the name ‘Kosciusko’ or ‘Plateau’ Period is suggested . . . Towards the close of the
‘Kosciusko’ Period the upwarped movement was rejuvenated. . . .
It is hard to see how this Plio-Pleistocene date became so fixed because other early
writers allowed themselves much more time. Süssmilch and Jensen, for instance, wrote
in 1909
In this way an old Tertiary (early Eocene) peneplain, in this case probably the
Mole Plain of New England, has been so shifted about, that today it occupies widely
different levels in different places. Originally it was all as level as the flat country
surrounding the Gulf of Carpentaria today.
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With this emphasis on flatness there seems little doubt that they were referring to
a major peneplain—perhaps what others have called the Great Australian Peneplain
—yet give it an early Eocene age.
Later writers seem to have felt that if their evidence did not match the idea of the
Kosciusko Uplift then their area was exceptional, and not the hypothesis faulty. Writing
of the Wellington region, for instance, Colditz (1942) argues that uplift in the region
raised the Miocene peneplain to 1000 m at Hargreaves, 700 m at Wellington and
500 m at Dubbo. This slope was produced by a series of differential uplifts which
attained their maxima in the south-east and decreased rapidly to the northwest of
Wellington. This region is not far from the western hinge of uplift, and sufficient data
were available, in 1942, to show that ‘total uplift was distributed throughout the
Tertiary period and that there was no culmination of movement at the close of the
Tertiary as there was to the east’ (my italics). But perhaps the Wellington area is
perfectly normal. More recently several writers including Young (1974) and Warner
(1971) have minimised the late Tertiary uplift and pushed earth movements back in
time.
Tasmania has not been included in this essay, but it is interesting to note that in
a review of Cainozoic uplifts there by Sutherland (1971) he refuted most of the evidence
that had been put forward for late Tertiary uplift, and concluded that ‘Overall, there
is little established evidence for significant late Cainozoic tectonic movements in
Tasmania.’ This supports a similar conclusion by Davies (1959) based largely on a
study of Tasmanian erosion surfaces.
If the term Kosciusko Uplift is to have any meaning it must surely be used in the
original restricted sense, to mean a single uplift at the very close of the Tertiary. The
Kosciusko Uplift is not synonymous with ‘Tertiary Uplift’, or with ‘the last uplift in
any area.’
Some writers stretch the meaning of the term, mistakenly in my view. Voisey (1957)
talked of ‘the first part of the Kosciusko Uplift’ and ‘the main or second part of the
Kosciusko Uplift’ as the movements responsible for the initiation and later destruction
of the second post-basalt surface in New England. In fact, according to W arner (1975)
the last main uplift in New England is unlikely to be younger than late Miocene,
so that neither movement is the Kosciusko Uplift if we use the term strictly.
Beavis wrote in 1962 that uplift in Eastern Victoria during movement on the
Tawonga Fault is regarded as a ‘phase of the more general Kosciusko Uplift’, though
he later says ‘the extrusion of basalts was associated with the development of tension
in the early stages of the Kosciuskoan movements.’ Since these basalts are now known
to be of Oligocene age such an interpretation extends the range of the Kosciusko Uplift
to the Oligocene, that is it precedes the great Miocene planation.
The emphasis on the Kosciusko Uplift becomes especially noticeable in general and
review articles where there is no space for discussion. By repetition the hypothesis starts
to sound very positive, and any reader of the latest Encyclopaedia dealing with the
Geology of Australia (Fairbridge 1975) might be excused, after reading the following,
for believing the Kosciusko Uplift to be an established fact.
Rickard (in Fairbridge 1975, p. 24):
In the late Tertiary, strong uplift of the eastern margin of the Tasman Orogen
was accompanied by abundant basalt extrusions; Tertiary peneplains became tilted
to the west, and the seaward margin abruptly downfaulted.
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Brown (in Fairbridge 1975, p. 33):
An epeirogenic movement (the Kosciusko Uplift) affected the eastern highlands in
the late Tertiary and prepared the relief for the establishment of glacier conditions
in the Snowy Mountains region in the Quaternary.
Gill (in Fairbridge 1975, p. 98):
In the Upper Pliocene and Lower Pleistocene, there was a series of epeirogenic
movements, the Kosciusko Phase, which led to the uplift of the Great Dividing Range
and the Southern Highlands.
Packham (in Fairbridge 1975, p. 36):
In the late Tertiary-early Pleistocene there were strong vertical movements (the
Kosciusko Uplift) which resulted in considerable dissection, carving deep valleys into
the fold belts and plateau-forming basins in the eastern third of the state.
The Eastern Highlands have undoubtedly been uplifted since Mesozoic times, and
probably largely in Cainozoic times. We have definite evidence of considerable movement
before the end of the Eocene; we have evidence of intermittent uplift, but we do not
have evidence for synchroneity of uplift between different regions. It is possible that
movement, on the average, has been distributed throughout the Cainozoic. We have
very little evidence for significant movement in the last few million years, and no reason
to suppose that there was a culmination of earth movements at the close of the Tertiary
Period. There has been some tectonic movement in Plio-Pleistocene times, but it does
not appear to have been especially vigorous and is of relatively minor importance. The
Kosciusko Uplift appears to be largely a myth.
VOLCANIC PROVINCES
The volcanics of Eastern Australia (Fig. 1.11) can be divided into igneous provinces.
These are distinct regions, generally less than 150 km in diameter, with rocks of similar
age and chemistry. An igneous province is generally active for less than 6 m.y. and
some (Tweed, Nandewar and Liverpool for example) were active for only 1-3 m.y.
A province is not simply a geographical area and igneous provinces can overlap: in
the Hunter Valley, for example, the small Upper Goulburn Valley flow is geographi
cally close to the Liverpool Province but its age and petrology show it is part of the
Dubbo Province.
According to Wellman and McDougall (1974b), with the exception of one small
potassium-rich province in New South Wales all the Cainozoic igneous provinces of
Eastern Australia can be divided into two kinds—lava field provinces and central volcano
provinces.
The lava field provinces were produced from eruptive areas of dyke and pipe swarms
up to 100 km across, with widespread flows building shield volcanoes and lava piles
up to 1000 m thick, consisting exclusively of rocks of basaltic composition. Examples
include Barrington, Liverpool and Monaro Provinces. Lava field provinces appear to
be closely associated with the main divide, and in Queensland they follow the divide
rather than the coastal ranges.
The central volcano provinces are related to large vents, now sometimes represented
by plugs, and were originally relatively high volcanic cones up to 1000 m, predominantly
basaltic with some felsie flows and intrusions. Examples include the Nandewars, Tweed,
Canobolas and Springsure Provinces. The average potassium content is higher (1.5 per
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Fig. 1.11. Volcanic areas of
eastern Australia.
1. Tasmania.
2. Newer Volcanics of
Victoria.
3. Older Volcanics of
Victoria.
4. Monaro.
5. Snowy.
6. Abercrombie.
7. Orange.
8. Warrumbungle.
9. Liverpool.
10. Nandewar.
11. Inverell (Central
Province).
12. Tweed.
13. Toowoomba.
14. Roma.
15. SpringsureClermont.
16. Rockhampton.
17. Hillsborough.
18. Nulla.
19. McBride-Quincan.
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cent) and more variable in the central volcano provinces than in the other provinces
(1.0 per cent), suggesting that they differ in average chemistry and differentation history
(Wellman and McDougall 1974b).
I would like to recognise a third type of volcanic province called the areal province,
which includes the Newer Volcanics of western Victoria and the younger volcanics
of northern Queensland. Wellman and McDougall include these in their lava field
province group.
Areal vulcanism (also known as polyorifice vulcanism) is characterised by the absence
of any tendency for eruption centres to be localised at definite points for any length
of time (Karapetian 1964; Shirinian 1968; Joyce 1975). Individual volcanoes are short
lived, ranging from a few weeks to perhaps twelve years, and seldom grow bigger than
450 m. Scoria cones, lava cones and maars are the dominant volcanic types and stratovolcanoes are absent or rare. The spatial distribution of the volcanoes is irregular, with
some clustering and occasional linear groups. The petrographic composition remains
fairly constant within an areal province. Examples of areal volcanic provinces from
outside Australia include the volcanic regions of Auvergne, Armenia and Mexico. The
Australian areal provinces are characterised by olivine basalt, extensive flows, numerous
but small volcanoes including many scoria cones and maars, and a low explosion index.
They are also the only Australian volcanic provinces of Pleistocene age. Karapetian
(1964) believes that areal provinces gravitate towards tectonic trenches or to zones of
deep faults which allow magma to penetrate into intermediate chambers, but we have
no evidence for this in the Australian examples.
In brief, there are three kinds of volcanic province: lava field provinces are entirely
basaltic and consist of widespread lava flows from fissure eruptions; areal provinces
are basaltic and consist of lava flows and many small scoria cones and maars; central
volcano provinces have a petrographic range from basalt to more felsic types and
consisted originally of very large volcanoes.
Wellman and McDougall (1974b) plotted age of province against latitude (Fig. 1.12),
which brings out the differences between the provinces very well. Of particular interest
is the remarkable correlation of age with latitude for the Central Provinces. On a map
the central volcanoes appear to fall roughly on two lines (Fig. 1.13) and become younger
to the south. An intriguing explanation for the southward younging of the central
volcanic provinces suggested by Wellman and McDougall is that the Australian
continent has moved in a northern direction over two magma sources fixed in the
asthenosphere beneath the crust (hot spots, melting spots, plumes). The apparent
southward migration rate of the centres of vulcanism in eastern Australia, 66 ±
5 m/1000 y, then becomes the rate of northerly movement of the Australian plate over
the asthenosphere.
The lava fields in contrast follow the line of the Divide remarkably well. They
do not get younger to the south, but within any latitudinal belt there is some suggestion
that the provinces become younger to the west, which means the active centres of the
lava fields have migrated to the west, by distances up to 200 km.
Wellman and McDougall (1974b) estimated the lava volume for each province and
produced a diagram to show the relationship between accumulated volume and time
for various provinces and for all the provinces together (Fig. 1.14). The lava field
provinces were most active between 55 and 34 m.y. ago, the central volcano provinces
were active between 33 m.y. and 6 m.y. and the areal provinces in the last 2 m.y.
Wellman and McDougall suggest that when all volcanic activity is considered
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Fig. 1.12. Relation between the latitude and age of Cainozoic
vulcamsm for central volcano (dots), lava field
(crosses) and areal provinces (triangles). Data from
Wellman and McDougall (1974b).

together the rate of activity is found to be nearly constant from about 60 m.y. to the
present day at approximately 300 km3/m.y. and they suggest that the constant rate
may be related to crustal extension being also constrained in some way to occur at
a constant rate.
But for our concern in this essay it is the separate province graphs rather than
the total graph that hold most interest. The central volcanoes are not related to the
Great Divide whereas the lava field provinces are. It is very significant that the lava
field provinces are generally older than 34 m.y. because if they are genetically associated
with the origin of the Divide then much of the Great Divide may have attained its
present position by 34 m.y. ago. If this is so then most of the earth movements took
place before or during the Miocene, and the Miocene may well have been a major
period of erosion and weathering associated with rather limited earth movement, at
least along the Divide. The areal provinces of the last 2 m.y. suggest a resurgence
of igneous activity after a period of quiescence, but still on or near the line of the
Divide.
TEC TO N IC SIGNIFICANCE OF T H E EASTERN HIG HLAND S
To understand mountain building it should be examined in a global setting. Since the
late sixties ideas of continental drift, sea-floor spreading and plate tectonics have
dominated geological thinking, and people are more interested in the horizontal
movement of slabs of crust and ocean than in the details of orogenesis that interested
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Fig. 7 . 13. Map of central volcano provinces of Australia.
Numbers refer to potassium-argon ages in
millions of years. Data from Wellman and
McDougall (1974a).

earlier generations of tectonic students. How do these modern ideas impinge on
Australia, and the Eastern Highlands in particular?
Before the Mesozoic the southern continents were united in the super-continent of
Gondwanaland. In the Jurassic a rift opened off Western Australia, and India started
drifting away as the sea floor of the Indian Ocean spread. The intrusion of dolerites
in Tasmania at this time may signal the initiation of a rift between Australia and
Antarctica, but the actual separation of these two continents occurred only in the Eocene.
The main drifting took place between 55 and 10 m.y. ago (Weissel and Hayes 1971).
New Zealand may never have been close to Australia, but drifted farther away with
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Fig. 1.14. Relation between accumulated volume and time for lava field
provinces (A ), central volcano provinces (B ), areal volcano
provinces (C) and all lavas ( D) . Modified from Wellman and
McDougall (1974a).

the creation of the Tasman Sea between 80 and 60 m.y., that is in the Upper Cretaceous
and Palaeocene (Hayes and Ringis 1972). To the north it seems that the Papua Shelf
is structurally part of the Australian land mass, but the New Guinea Highlands may
mark a zone of collision between the Australian Plate and the Pacific Plate dating
back to Eocene times. The Coral Sea is a wedge of new sea floor that formed over
a period of 11 m.y. in the late Eocene-early Oligocene (Ewing et al. 1970). By rotating
New Guinea against the Queensland Plateau, that is by closing the Coral Sea gap
or sphenochasm, a good fit is found between the Plateau and the New Guinea margin
(Gardner 1970). How do these movements relate to the geomorphology of Australia,
and the Eastern Highlands in particular?
The most direct relationship appears to be the northward drift of Australia which
Wellman and McDougall suggest to account for the age/latitude relationship of central
volcano provinces. In support of this notion, we find that the rate of separation of
Australia and Antarctica, based on the interpretation of magnetic anomaly profiles across
the Antarctica-Australia Rise, has occurred continuously since 55 m.y. ago at a rate
in the range 50-74 m/1000 y, averaging 56 m/1000 y, and that separation took place
in a roughly north-south direction (Weissel and Hayes 1971). A study of early Cainozoic
guyots (flat-topped submerged volcanoes) in the Tasman Sea, aligned north-south and
apparently becoming younger to the south, has also led to the conclusion that the
Australian Plate is moving northward relative to the asthenosphere (Vogt and Conolly
1971).
One problem with this interpretation is that palaeomagnetic studies in eastern
Australia give a polar wander curve with little indication of northward drift over the
last 20 m.y. (Wellman et al. 1969), and some authors think sea-floor spreading stopped

Tectonics and Geomorphology of the Eastern Highlands

43

10 m.y. ago, so the various lines of evidence for northward drift do not coincide in
time.
Overall there seems to be good evidence that the Australian Plate moved across
magma sources in the asthenosphere during the Cainozoic while sea-floor spreading
was occurring between Australia and Antarctica. The sinuous Divide was already in
existence on this drifting plate, and at least some areas were already considerably
uplifted, so the northerly movement had nothing to do with the .creation of the Divide
or the Eastern Highlands.
Another important component of the plate tectonic theory is the subduction zone.
If new crust is being created by ocean spreading, it is argued, old crust must be consumed
somewhere, and it is supposed to be sinking at subduction sites which are commonly
marked by ocean trenches bordered by rising land. There are no subduction zones
around Australia, and certainly none along the eastern side to be related to the Eastern
Highlands. The nearest subduction zones would be in New Guinea and the Indonesian
arc, and beyond New Zealand. These can hardly be relevant to the Eastern Highlands.
Neither the regional tectonic setting nor the details of geology and geomorphology
would suggest that the Eastern Highlands are caused by compression. On the contrary
the area shows every indication of tension, in the dominant faulting style (excluding
the Tawonga Fault) and the dyke-emplaced vulcanicity (excluding the central volcanic
provinces). The combination of tension, vulcanicity and uplift, with occasional
downwarped areas, marks the Eastern Highlands as a region of vertical tectonics.
It must be admitted that we have no good explanation for why the Eastern Highlands
are high. After decades of studying geosynclinal areas of major subsidence, O.T. Jones
could find no better explanation for the sinking than that such areas have that sinking
feeling. Areas like the Eastern Highlands of Australia presumably feel uplifted, but
we have little real idea of the fundamental causes of uplift.
Australia appears to be surrounded by spreading sites on all sides, except the north.
In this it is very like Africa, and the similarity may go further. Along the eastern
side of Africa there is a chain of swells, commonly marked by rift valleys. Perhaps
some of the higher parts of the Eastern Highlands are equivalent structurally to the
swells of Africa, with the geocols equivalent to gaps between swells. The African swells
commonly have a rise towards the rift valleys with their associated vulcanism. The
rift valley-swell landscape is attributed to vertical tectonics (Le Bas 1971). Petrologically
the rift valley volcanics differ from the eastern Australian basalts so we cannot pursue
the analogy too far, but the map of swells in Africa is certainly reminiscent of the
Eastern Highland situation (Fig. 1.15). The African rift valleys are tectonically
continuous with the Red Sea, which is in turn continuous with sub-oceanic ridges:
the rift valleys may be the initiation of spreading sites. If the Australian/Africa analogy
has any validity, the Eastern Highlands may reflect a line of future splitting of the
continent.
We have already seen some suggestion that there was a former land mass to the
east of Australia that has disappeared, either by downfaulting or in some other way.
One possibility is that suggested by Carey (1976), who envisages the various fragments
of land from eastern Australia being incorporated in the Indonesia-New Guinea arc,
Lord Howe Rise, New Zealand, and other islands. On this basis it may be reasonable
to assume that another sliver of the Australian continent will follow suit eventually,
and the line of fracture is marked by the Eastern Highlands.
Carey proposed not only continental drift but also an expanding earth. It would
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Australia, showing swells and major faults.
1 .

2.
3.
4.
5.
6.
7.
8.
9.
10.

Swell/province
E thiopia-A den
Kenya
W estern Rift
East African
Rungw e
Zambezi
Rhodesian
T ransvaal
Kimberley
Bushm anland

Approxim ate age
T ertiary— Recent
T ertiary — Recent
late T ertiary — Recent
late Cretaceous—T ertiary
late T ertiary —Recent
Cretaceous
early Mesozoic
Precam brian
Mesozoic
late Cretaceous—early T ertiary
(after Le Bas 1971)

be possible to conceive a situation in which Australia remained static while Antarctica
and the Pacific island fragments drifted away. On this basis the central volcanoes would
have to result from a mobile hot spot passing beneath the continent, not the continent
drifting over a static hot spot. The fact that the apparent rate of hot spot movement
is very close to the apparent rate of drift between Australia and Antarctica suggests
that it is rather more probable that Antarctica is relatively fixed and Australia has
indeed drifted from it. No pattern of drift seems to explain the genesis of the Eastern
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Highlands, and movement of the continent does not seem to be directly related to the
age or orientation of the Highlands, let alone have a causal connection. If the axis
of the Highlands has moved west as some writers contend, we can imagine a ripple
of uplift affecting the crust, like a cat crawling under a rug, but this ripple is independent
of the motion of the continent as a whole.
CONCLUSIONS
The review of drainage patterns and erosion surfaces and the few outlines of geomorphic
history presented here show that the Eastern Highlands have geographical diversity
and geomorphic complexity. The ‘unity’ seen by Andrews and Woolnough is largely
illusory, and their model of landscape development was premature and oversimplified.
The Eastern Highlands present fascinating tectonic problems, but do not fit very
happily into currently fashionable ideas of plate tectonics. Vertical tectonics combined
with continental drift appear to fit the data better.
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.
So far as the Eastern Highlands are concerned, the need is for more detailed study
of specific crucial areas, free from preconceived ideas of structural or geomorphic
histories, and treating each area on its own merits. As Jennings wrote 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.
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Landform Inheritance in the Central
Highlands of Papua New Guinea
C.F. PAIN
IN TRO D U C TIO N
The Papua New Guinea highlands are located along the central axis of Papua New
Guinea, and extend into Irian Jaya, the Indonesian half of the island of New Guinea
(Fig. 2.1). Landforms in the highlands consist of high mountain ranges separated by
both deep V-shaped valleys and broad basins. To date most of the geomorphic research
carried out in the highlands has been concentrated in the central areas between Tari
and Koroba in the west, and Goroka and Kainantu in the east. Accordingly the evidence
used in this chapter comes mainly from these areas, and particularly from the area
outlined in Fig. 2.2. The term highlands will be used to refer to the whole of the
central axis of Papua New Guinea, and the term central highlands will be used
informally to refer to the area shown in Fig. 2.2.
The Papua New Guinea highlands lie within the tropics, and thus might be expected
to show the influence of a tropical climate in their landforms and surficial materials.
However, three main factors make the highlands atypical in a tropical context. First,
they lie at altitudes generally above 1500 m and have a correspondingly cooler climate.
Second, they have been tectonically and volcanically active in the recent geological past,
and show the influence of events that cannot be related to climate. Third, Quaternary
climatic changes, although not confined to the highlands, must be considered when
landform development is considered, since these changes may have been more marked
in the highlands than in the adjacent lowlands.
In this paper the landforms of the central highlands are described. Processes, both
past and present, that have influenced the landforms are then discussed. Finally, various
frameworks for the explanation of landform development in the central highlands are
considered.
T H E CENTRAL HIGHLANDS EN V IRO N M EN T
(a) Geological background
Many new geological data on the central highlands areas have appeared in the past
decade and readers are referred to the bibliographies provided by Manser (1974) and
Manser and Reynolds (1975). General summaries of the structural development of
Papua New Guinea are given by Dow (1973) and Bain (1973) while more detailed
information on the geology of the central highlands is found in Dow et al. (1972)
and Bain and Mackenzie (1974, 1975).
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Fig. 2.1 Central highlands of Papua New Guinea.
Since early Mesozoic times the geological evolution of Papua New Guinea has been
controlled largely by the interaction of the Australian continental plate with oceanic
plates, particularly the Pacific Plate, to the north and east. The present contact of the
two plates is along the north coast of Papua New Guinea, but during most of the
Tertiary it was located in a zone of interaction, called the New Guinea Mobile Belt
(Dow et al. 1972). Bain (1973) divides the central highlands into four structural regions:
the New Guinea Mobile Belt (Dow et al. 1972); the Papuan Fold Belt; the Aure
Trough (APC 1961) which includes the Mendi basin; and the Kubor Anticline.
Sedimentation began in the first two of these regions in the Permian and continued
throughout the Mesozoic and into the Tertiary. The majority of the sediments present
in the Aure Trough were laid down during the Miocene. However, styles of
sedimentation were different. The sediments of the New Guinea Mobile Belt were
laid down in a geosyncline and originated from a volcanic arc to the north. The Papuan
Fold Belt, on the other hand, contains sediments that were probably derived from the
Australian continental plate, and were laid down in shelf conditions. They were
dominated by shelf coral limestones up to 3000 m thick. Finally, the Aure Trough
contains 11,000 m of flysch sediments, the upper 10,000 m of which are Miocene in
age. Both the structure and the sediments of this trough overlap into the areas of the
other structural units considered here. The Kubor Anticline is exposed basement
comprising low grade metasediments and metavolcanics intruded by Late Permian acid
to basic plutons. The crystalline core of the anticline has been a landmass since the
Late Permian, and separates and deflects two areas of intense deformation, the Papuan
Fold Belt and the New Guinea Mobile Belt.
The Papua New Guinea landmass came into existence with the emergence in the
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Fig. 2.2. Landjorm types of the central highlands, as follows:
Erosional landforms. 1. Fluvial and mass movement with weak structural control.
2. Fluvial and mass movement with prominent structural control. 3. Quaternary glaciation.
Volcanic landforms. 4. Cones and domes. 5. Footslopes. 6. Plateaus.
Depositional landforms. 7. Modern fluvial, colluvial and lacustrine. 8. Relict fluvial,
colluvial and lacustrine.

lower Miocene of the New Guinea Mobile Belt. Deformation of this area reached
a peak in the Pliocene with marked development of high angle anastomosing faults.
At the same time the Papuan Fold Belt and the Aure Trough emerged. Sediments
in the former area were subjected to a combination of diapirism and gravity sliding
with a resulting pattern of broad synclines and tight, commonly faulted, anticlines in
the north and overthrust anticlines and monoclines in the south. These features generally
trend east-west. Post-depositional folds and faults in the Aure Trough sediments trend
northwest to north-northwest. Following Pliocene and Quaternary vulcanism, together
with dissection of the uplifted landmass, the framework of the present central highlands
landforms came into existence.
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(b) Climate
McAlpine (in Haantjens et al. 1970) notes that the Papua New Guinea highlands
occur in Koppen’s wet subtropical Cf climate, which differs from the wet tropical Af
type at lower altitudes in having lower temperatures. The main feature of the area
is its lack of seasonal contrast in measured climatic attributes (Fitzpatrick, in Perry
et al. 1965).
The seasonal alternation in wind direction in the S.W. Pacific is the major control
of climate in the area. Brookfield and Hart (1966) suggest a threefold division of the
year into the following periods:
1. January to April—northwesterly wind directions
2. May to August—southeasterly wind directions
3. September to December—transitional period.
Climate in the highlands is, however, largely independent of lowland circulation since
the air bodies are greatly modified by the time they reach the highlands.
There is a transition across the central highlands from areas in the south and east
which experience a ‘dry’ season, and areas to the west where no such seasonality occurs
(Fig. 2.3). Daily rainfalls greater than 50 mm are rare. Day-to-day rainfall amount
and distribution probably depend to a large extent on local topography. Brookfield and
Hart (1966) note that rainfall may be greater on the edges of highland basins than
in the centre as a result of local air-drainage conditions.
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Fig. 2.3. Rainfall patterns in the central highlands.

The effect of altitude on temperature is shown in Table 2.1. There is a small range
in monthly means; daily range depends on cloudiness and approaches 20°C. Frosts
occasionally occur, especially in hollows towards the centre of the basins. Fitzpatrick
(in Perry et al. 1965) states that monthly evapotranspiration in the area rarely, if ever,
exceeds rainfall, so that there is never a shortage of soil moisture. However, the
widespread drought and frost occurrence down to 1500 m in the Western and Southern
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T able 2.1
Climatic attributes for selected stations in the Papua New Guinea central highlands
Station
Aiyura
Baiyer River
Erave
Goroka
Kagamuga
Kainantu
Kundiawa
Lake Kutubu
Mendi
Minj
Mt Hagen
Mt Wilhelm
Tari
Wabag

Altitude
(m)

Mean ann.
temp. (°C)

Mean ann.
precip. (mm)

Ann. evap.
(mm)

1570
1175
1035
1565
1630
1565
1495
810
1675
1565
1630
3480
1600
1980

18.6
21.9
20.1
20.1
19.5
19.0
20.4
23.3
18.1
19.5
18.3
7.6
18.5
16.7

2156
2614
3405
1921
2717
2037
2249
5801
2800
2485
2586
c.3250
2693
3015

1581
1813
—

1866
—

1670
1886
1530
1702
1807
1568
—

1656
1577

Source: Data obtained from McAlpine et al. (1975).

Highlands and Enga Provinces in late 1972 indicates that extreme events can occur
(Brown and Powell 1973).
(c) Vegetation
Robbins (in Haantjens et al. 1970) and Robbins and Pullan (in Perry et al. 1965)
discuss vegetation occurring in the central Papua New Guinea Highlands. Robbins
notes that in view of the high rainfall and low temperature range it can be assumed
that before it was destroyed by man forest was the original vegetation cover over most
of the area. This is supported by the widespread occurrence of logs in peats and other
deposits. The forest shows a clear altitudinal zonation, controlled by decreasing
temperature and increasing cloudiness. Rainfall does not appear to be an important
control because it is more than adequate for most of the year, but it indirectly affects
vegetation through drainage status of the soil.
There are three main forest zones:
(i) Lower montane forest, which occurs between 900 m and 2500-2750 m and has
two tree layers. This forest type can be divided into oak forest, occurring up to
2280 m, and beech forest between 2110 m and 2750 m.
(ii) Montane forest, which occurs between 2750 m and 3650 m, and has one tree
layer.
(iii) Subalpine forest and scrub, which occurs in sheltered positions above 3650 m.
As well as forest vegetation there is natural montane grassland which is related to
cold air drainage in hollows, and alpine tussock grassland which is found above
3650 m.
Both montane and alpine grasslands have been modified by man. The main effect
has been to push the lower forest boundary up to about 2450 m, the limit of sweet
potato cultivation. This destruction, mainly of oak forest, was taking place slowly when
the first white men penetrated the area, and has continued at a faster rate with the
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introduction of the steel axe (Bowers 1969). Forest destruction resulted in the formation
of extensive grasslands, with little regrowth forest.
LANDFORMS
It is not yet possible to present a complete and objective description of landforms in
the central highlands of Papua New Guinea, for there are no measured data on either
channels or slopes. What follows is necessarily a subjective assessment of the main
landform attributes of the study area. The descriptions are taken from the writer’s
field notes supplemented by reference to CSIRO publications (Haantjens et al. 1970;
Perry et al. 1965) and work by E. Löffler (1974, 1977).
A map of landforms in the central highlands is presented in Fig. 2.2. This map
is adapted and simplified from Löffler (1974). It shows broad groupings of landform
types and is intended to show the distribution and relative abundance of the different
landform groups rather than present an accurate map of landform distribution in the
area. Readers who require more detailed information are referred to Löffler (1974)
and to the CSIRO land systems reports on the Wabag-Tari area (Perry et al. 1965)
and the Goroka-Mount Hagen area (Haantjens et al. 1970).
The landforms of the central highlands are conveniently divided into four
groups: erosional landforms; volcanic landforms; karst landforms; and depositional
landforms. This division follows Löffler (1974). Karst landforms are largely con
fined to the southwestern part of the area (Fig. 2.2), within the Papuan Fold Belt.
Their location and to a certain extent their forms exemplify the influence of struc
ture on landforms in the central highlands (Bik 1967). These karst forms have been
studied in some detail by Williams (1971) and are not considered further in this
paper.
(a) Erosional landforms
Erosional landforms cover more than half of the area of the central highlands of Papua
New Guinea (Fig. 2.2). Moreover, Löffler (1974) notes that they are the most
widespread landform type in Papua New Guinea as a whole. Within this large group
three main types may be separated. These are (i) erosional forms produced by fluvial
and mass movement processes and having little or no structural control, (ii) those
produced by similar processes but controlled largely by structure, and (iii) forms
developed by glaciation during the Pleistocene.
(i) Landforms developed by fluvial and mass movement processes and showing little
or no structural control are the most widespread erosional forms present in the area
(Fig. 2.2). Referred to as ridge and ravine landforms by Löffler (1974), these landforms
consist of ridges with steep slopes, narrow and sharp crests, separated by V-shaped
valleys with steep gradients. There are many variations on this simple pattern, related
to different rock types, dissection patterns, drainage density, slope form and steepness.
Of these, rock type may be the most important variable, but there are no data on
this. Löffler suggests that on igneous and on coarse-grained sedimentary rocks the slopes
are not as irregular and dissected as they are on fine-grained and unconsolidated
sediments. On the latter the slopes are chaotic, changing in gradient over very short
distances and having high drainage densities (Plate 2.1).
A marked feature of small basin areas draining mainly straight ridges is the herring
bone pattern of drainage with parallel tributaries in shallow V-shaped valleys. In plan
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2.1 Chaotic hillslope forms, with slump features and high drainage density, south of Kainantu. Most
of the lower angled slope areas in view are covered with tephra beds deposited more than 50,000
years ago (CSIRO photo).

the streams from these valleys make angles of less than 90° with the ridge crest and
resemble chevrons; for this reason these features have been termed ‘chevron relief’ by
Bik (1967). Other minor features present on slopes include saucer-shaped depressions
developed from slump scars, V-shaped depressions at the head of first order streams,
and steeply sloping planar valley floors up to several tens of metres wide. Slope angles
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vary a great deal, from less than 5° to more than 45° being a common range on many
valley sides.
Included in this group of landforms are areas of gentler slopes and lower relative
relief. These areas can still be described as ridge and ravine landforms, but they have
gentler river profiles and were apparently developed during a period when the base
levels were different from present.
(ii) Löffler (1974) notes that there are various forms associated with structure,
reflecting such structural features as bedding, foliation, joint patterns, and fault patterns.
These areas are largely confined to the Papuan Fold Belt and the Aure Trough. They
include such landform features as homoclinal ridges and ravines, strike and hogback
ridges, structural plateaux and sloping structural surfaces. In most cases these features
have been modified by fluvial and mass movement processes so that they have similarities
in detail with the landforms that are not controlled by structure (Plate 2.2).
(iii) Glacial landforms found on the highest mountains of Papua New Guinea have
been described by Löffler (1972). During the late Pleistocene the snowline in Papua
New Guinea was at about 3550 m, and relatively large glaciers covered the highest
peaks. In the central highlands the largest areas of glaciation were Mount Giluwe
(188 km2), Mount Wilhelm (107 km2), the Kubor Range (27 km2) and Mount Hagen
(21 km2) (Fig. 2.2).
Well-preserved glacial features include cirques, overdeepened rock basins, U-shaped
valleys and terminal and recessional moraines. These glacial forms give the high
mountain peaks a distinctive appearance, and strongly contrast with the ridge and ravine
or incised footslope landforms of lower altitudes.
(b) Volcanic landforms
Volcanic landforms dominate the central highlands of Papua New Guinea. Some of
the highest peaks (e.g. Giluwe, Hagen, and Doma Peaks) are volcanic, and they also
cover a substantial part of the area (Fig. 2.2). Löffler (1974) divides volcanic forms
into three groups, (i) volcanic cones and domes, (ii) volcanic footslopes and volcanoalluvial fans, and (iii) volcanic plateaux.
(i) The upper parts of the areas of volcanic rocks, with the exception of Mount
Giluwe, all fall into the category of cones and domes. Even on Giluwe, where glacial
erosion has removed much of the volcanic form of the summit area, there are isolated
cones and domes surrounding the glaciated area. The cones and domes of the central
highlands volcanoes have all been eroded to various degrees, producing radial incision
by gullies and V-shaped valleys. Many of the craters have been breached forming large
amphitheatres (Ollier and Mackenzie 1974). In most cases the original volcanic surfaces
have been largely removed leaving narrow remnants on ridge crests.
(ii) Volcanic footslopes and volcano-alluvial fans surround all the highlands volcanoes
(Fig. 2.2). These landforms have gentler slopes than the tops of the volcanic piles (Plate
2.3), and in most cases have a lower drainage density, although depths of dissection
may be greater.
(iii) The only volcanic plateaux present in the study area are those associated with
the Sugarloaf Volcanics, north of Mount Giluwe (Fig. 2.2). The two areas shown on
Fig. 2.2 consist of slightly dissected plateaux at about 3200 m altitude, with volcanic
hills rising to over 3500 m. Drainage lines are controlled by the location of the volcanic
hills.
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(c) Depositional landforms
Depositional landforms in the central Papua New Guinea highlands may be divided
into modern and relict forms. Modern forms occur in valleys where deposition is
currently active both on the footslopes and on the valley floors. Minor forms associated
with alluviation are present; these include meanders and meander scrolls, levees,
backplains, swamps and fans (Plate 2.4). Active footslopes are also found, and are
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generally areas of active colluvial deposition and slow deposition from surface wash.
These valleys are characterised by wide alluvial flats surrounded by narrow footslopes
abutting against the commanding slopes. Bik (1967) has described these valleys as
saucer-shaped, a description which fits well enough.
Relict depositional landforms have most of the features present on the active
depositional landforms, and in addition are incised to varying degrees by streams and
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2.4 The Wahgi Valley from near Banz. The foothills of the Kubor Range lie in the distance and
are separated from the modern alluvial plain of the Wahgi River by relict fan and terrace deposits
(CSIRO photo).

gullies. These relict forms have been inactive for varying periods of time and as a
result some of their forms are subdued and modified. Trenches cut in these relict
depositional forms may be up to 100 m deep or more, and have steep sides and generally
flat floors (Plates 2.3, 2.4). Terraces and fans occur in some of these trenches.
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(d) Summary of landform characteristics
The main features of the landforms of the central highlands of Papua New Guinea
are (i) the large areas of ridge and ravine landforms, some of them controlled by
structure, (ii) the volcanic landforms which visually dominate the landscape over much
of the central highlands, and (iii) the broad basins, containing both actively developing
and relict landforms. Glacial landforms occur on the high mountains.
The boundaries between the various kinds of forms are usually distinct. The
depositional basins are surrounded on all sides by the steep slopes and river courses
of the ridge and ravine areas. Similarly the volcanic forms contrast with the adjacent
areas. Any explanation of central highlands landforms must account for the co-existence
of these different forms, and their distinctiveness.
SURFICIAL M ATERIALS
Surficial materials in the central highlands fall into three groups: residual weathering
products; tephras and other deposits from volcanic eruptions; and lacustrine, alluvial
and colluvial depositional materials. Weathering materials, discussed by Haantjens and
Bleeker (1970), are not usually more than one or two metres thick, and are commonly
less than one metre. Haantjens and Bleeker (1970) distinguish between skeletal,
immature and mature weathering. M ature weathering is uncommon in the central
highlands both because of low temperatures and because of the presence of young and
unstable landforms. On erosional landforms there is usually an equilibrium between
weathering and erosion which maintains skeletal and immature weathering profiles.
Volcanic materials and depositional materials, on the other hand, may be more strongly
weathered as a result of their finer particle size and the fact that some of these materials
are preweathered. Generally speaking, however, tephras and tephra-derived materials
are the only ones that can be regarded as strongly weathered.
Volcanic materials blanket much of the central highlands of Papua New Guinea.
Immediately surrounding the volcanic piles are such volcanic-derived deposits as
agglomerates, lahars, and volcano-alluvial materials (Plate 2.5). These are confined
largely to the areas mapped as volcanic footslopes in Fig. 2.2. Covering and extending
beyond these areas are considerable amounts of airfall tephras or fragmented volcanic
material (Plate 2.5). These tephras have a total thickness of up to 20 m around Mounts
Hagen and Giluwe, and decrease in thickness away from these mountains (Pain and
Blong 1976). Tephras are also present around the other volcanic centres, and extend
eastwards at least as far as the Kassam Pass, east of Kainantu.
The tephras appear to be very stable, and in some areas tephra beds as old as 50,000
years are found on slopes of 30 degrees. There are, however, exceptions to this general
statement, the main one being that where unconsolidated mudstones occur, tephras are
rarely preserved. Thus on volcanic slopes, and on the more indurated rocks of the ridge
and ravine landforms, the tephras are commonly preserved, and areas where they are
stripped are small and rare. On mudstones, tephras are found only in isolated
occurrences, on terrace surfaces and on gentle slopes. Elsewhere they have been stripped,
largely by rapid mass movement.
The thickest surficial materials are found in areas of depositional landforms. In some
of the areas of depositional landforms shown in Fig. 2.2 unconsolidated terrestrial
deposits may reach more than 300 m in thickness. In the Kaugel Valley 50 m of gravels,
sands, silts, clays, and organic materials are exposed in the walls of the trench of the
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Kaugel River and its tributaries (Plate 2.3), and it is likely that the total thickness
of these deposits exceeds 200 m (Pain 1973). Similarly, in the Gumants River valley
Blong (1972) reports depths of alluvial and colluvial materials in excess of 40 m.
Deposits in these basins wedge out against the surrounding hillslopes.
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GEO M O RPH IC PROCESSES
There have been no measurements of present-day processes in the central highlands
of Papua New Guinea. This means that any statements about present processes can
only be qualitative and based on a few isolated observations. This applies to both rates
of processes and comparisons between different kinds of processes. Both channel and
slope processes contribute to landform development in the highlands and it would be
difficult to assess their respective roles quantitatively.
Slope processes appear to be dominated by rapid mass movement. Falls of rock debris
occur along the rare cliffs in the area, especially at high altitudes on Mount Wilhelm
and Mount Giluwe. Slumps occur where there are considerable thicknesses of
unconsolidated surficial materials, either deeply weathered bedrock, unconsolidated
sedimentaries or, more rarely, considerable thicknesses of tephras. The most common
agents of rapid mass movement of material from slopes are mudflows, debris slides
and debris avalanches. These movements, consisting of the stripping of a thin layer
of soil and regolith from slopes usually over 30°, occur on nearly all kinds of materials,
and are particularly important under primary rain forest. Earthflows are also found
in the highlands, and are most common in areas of extremely unconsolidated rocks.
Slope wash has been shown by Ruxton (1967) to be important under lowland
rainforest, but does not appear to be as effective at higher altitudes. Löffler (1977)
notes that this decreased efficiency is due to the greater density of ground cover under
the lower and upper montane forest vegetation. This ground cover, composed of roots
and mosses, absorbs water and inhibits runoff, allowing movement of water between
the root mat and the soil surface, but not allowing surface runoff. Thus such soil
movement as does occur takes place under the root mat.
finder the high altitude grasslands, runoff is also unable to remove large quantities
of sediment. Löffler (1977) reports the observation that runoff after prolonged rain
is in the form of a shallow sheet of clear water. Streams at these altitudes, and even
lower, are rarely discoloured, and then only for short periods during only the heaviest
rainfalls. This is true particularly for areas covered with tephras. Surface wash appears
to be more efficient in the areas of unconsolidated mudstone that are not covered with
tephras.
Thus, when compared with mass movement, slope wash appears to play only a
small part in current denudation of slopes in the central highlands. It seems probable
that chemical denudation is more important than either surface wash or mass movement,
but there are no data to support this.
An important function of channels in many parts of the central highlands is the
removal of material eroded from the slopes; this is in addition to any incision that
may be carried out by the streams. Rapid mass movement occurring on slopes transfers
large amounts of material to the channels. This material commonly moves down channel
as a mudflow which gradually becomes more fluid until it is carried in suspension
and as bed load by the stream. The streams thus carry sporadic loads of suspended
sediment.
Most channels contain large amounts of bedload material, some of it in the form
of boulders up to several metres in diameter. Some of this material moves downstream
during periods of high flow. However, the larger boulders cannot be moved by high
water flow alone; they are moved when the channels are temporarily filled with mudflow
material.
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Periglacial processes occur at altitudes over 4000 m. Löffler (1975) notes that small
terraces with overhanging risers are found above 4000-4100 m. Patterned ground,
including small polygons and stone stripes, are developed on Mount Wilhelm above
4350 m.
Figure 2.2 shows areas where depositional processes, including alluvial, colluvial
and lacustrine processes, are now occurring as well as where these processes have
operated in the past.
With obvious exceptions, past processes in the central highlands do not appear to
have been very much different from those operating at present. A record of colluvial
and lacustrine sediments extending back more than 50,000 years in the Kaugel Valley
contains no evidence of changes in the kinds of processes occurring on the slopes of
the valley (Pain 1973). A similar sequence of deposits in the Gumants Valley is reported
by Blong (1972) and additional examples of sediment sequences extending over late
glacial and postglacial times are provided by Blong and Pain (1976). There appears
to have been no change in the kinds of processes operating in the central highlands
in late Quaternary times despite well documented climatic changes that occurred during
the same period (Hope and Peterson 1975).
In addition to the processes presently occurring in the central highlands, in the late
Quaternary, glacial processes modified landforms on the high mountains (Löffler 1972).
From the forms produced these processes may be assumed to have been similar to those
occurring in areas under mountain glaciation at present. However, there is no definite
evidence for fluvioglacial outwash processes; it is not necessary to invoke glaciation to
explain any but the obvious glacial forms on the high mountains. Fans in likely
situations in the Kaugel Valley have been shown to be formed by a mudflow event
(Pain 1975). Similar fans, both colluvial and fluvial, occur throughout the central
highlands, but none of them can unequivocally be assigned a fluvioglacial origin.
LANDFORM ORIGINS IN T H E CENTRAL HIGHLANDS
(a) A framework for discussion
This preliminary discussion is presented in order to indicate the reasons for adopting
the approach followed in the latter part of the chapter. Three frameworks are
considered, and their advantages and disadvantages discussed.
(i) An approach to the study of highlands landforms using the concepts and methods
of dynamic equilibrium would not produce a satisfactory statement on their origins.
The necessary quantitative morphometric information is not available, and the absence
of detail on existing maps precludes their use for this purpose. However, conditions
of dynamic equilibrium may occur on some parts of the ridge and ravine landforms,
where land surface age is essentially modern. In these areas it seems that erosion keeps
pace with weathering, and colluvial and alluvial transport keep pace with erosion, these
processes working to maintain a steady state ridge and ravine form. Nevertheless, the
evidence amassed so far points to the overwhelming presence of relicts in the central
highland landscape, both in landforms and in surficial materials.
Given the presence of these relicts, it is unlikely that states of dynamic equilibrium
have contributed significantly since the advent of vulcanism in the early Pleistocene.
In post-glacial times, land surface development has not progressed sufficiently to show
that a state of dynamic equilibrium has been approached. The general lack of vigorous
incision within the basins and the large areas of gently sloping basin floor suggest
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that large bodies of material remain to be removed before the central highlands basins
approach the dynamic equilibrium apparently present in the mountains at lower
altitudes along the north coast of Papua New Guinea (Ruxton 1967; Pain 1972).
(ii) A morphogenic approach to central highlands landforms has recommended itself
to Bik (1967), and has also been touched on by Ollier and Mackenzie (1974). If a
morphogenic approach is to be used, which morphogenic region or regions are
represented in the central highlands? Climatic data from the area (Table 2.1) are not
very helpful in this regard. When they are plotted on to the various models of
morphogenic regions presented by Stoddart (1969) they fall within two distinct regions.
The diagram from Tanner (1961), together with the location of the highlands data
at the same scale, is presented in Fig. 2.4 as an example. Of the world morphoclimatic
regions presented on maps and figured in Stoddart (1969), only those of Tricart and
Cailleux (1965) and Strakhov (1967) appear to consider the azonal nature of the New
Guinea mountains. Tricart and Cailleux (1965) map the mountains of New Guinea
as an azonal mountain region, while Strakhov (1967) includes much of New Guinea
in his tectonically active category. Of these two, the recognition of an azonal mountain
region seems the more realistic, and indeed has been advanced at length by Tricart
and Raynal (1962).
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Fig. 2.4. Climatic data from the central highlands plotted in relation to Tanner’s (1961) diagram
of morphogenic regions. The diagram presented here is modified from Tanner (1961)
and Stoddart (1969).

For the central highlands the relevant points of the arguments of Tricart and Raynal
(1962) are slope steepness and high relative relief. The steep slopes are necessary for
rapid mass movement, while long slopes (high relative relief) are necessary to impart
the energy required to move mudflow materials over long distances. However, although
the effects of mountain morphogenic attributes are noticeable in the central highlands
they have been modified by factors such as vulcanism that are not controlled by climate.
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Bik (1967) maintains that although the distribution of major landform types in the
central highlands of Papua New Guinea is determined by stratigraphic and tectonic
history, including volcanic activity, the detail of landscape sculpture is related to the
past and present dominance of characteristic climatic types at certain altitudes. Bik
notes the following in connection with morphoclimatic systems in the central highlands:
(i) The morphoclimatic system at higher altitudes is decidedly moister than the one
active at the present time at lower levels, (ii) There is not a true periglacial zone at
present. The main effects of the moister climate at the higher altitudes are seen by
Bik to be chemical weathering, removal in solution, and lubrication of mass movement.
Bik (1967) divides the highlands into four morphoclimatic zones: a lower montane
forest zone; a possible [sic] montane forest zone; a natural grassland zone; and a
Pleistocene glacial zone. The validity of his zones and more particularly the bases of
his division require comment.
Of the four zones delimited by Bik (1967) the lower montane forest zone is the
most widespread, and is the one that displays the most similarities with the mountain
morphogenic system presented by Tricart and Raynal (1962). However, as already
pointed out, factors other than climate and altitude have been imposed on the system,
so that a purely morphogenic explanation cannot be sustained.
The delimitation of a possible montane forest zone is based on the presence at
altitudes above 3000 m of areas with little or no dissection and low relative relief.
Crests in these areas are bevelled rather than sharp. However, Löffler (1977) interprets
these areas as relict surfaces unrelated to current base levels. This latter interpretation
is supported by the presence of volcanic ash older than 50,000 years B.P. on such
surfaces west of Wapenamanda.
A natural grassland zone is difficult to define because of the great variety of landforms
present under grass, and also because evidence gathered in the past decade suggests
that in fact very little of the grassland in the central highlands is strictly ‘natural’;
all of it has been disturbed and probably expanded by human agencies. Smith (1975)
argues that many areas of grassland in the highlands have been substantially modified
as a result of human interference, mainly burning. He maintains that small areas of
natural swampy grassland were enlarged at the expense of adjacent forest-covered slopes
by a process of gradual attrition by fire.
Only the glacial landforms on the high mountains can unequivocally be assigned
a morphoclimatic explanation; they are undoubtedly the result of Pleistocene glaciation.
At present, however, modes of erosion and transport are little different in these areas
from those operating in high altitude grasslands that have not been glaciated. The details
of landform sculpture on Mount Giluwe are no different from those on the Sugarloaf
Plateau. Only above 4000 m is there any evidence of periglacial activity (Löffler 1975).
Mitigating against a purely climatic control of central highland landforms is the
fact that any adjustment of landforms to the present climate must have taken place
within the last 8000-9000 years. Before then the climate was substantially different
(Hope and Peterson 1975). Yet much of the landscape is older than 50,000 years B.P.,
which is the minimum age of the youngest major tephra unit in the western part of
the area (Pain and Blong 1976). Similarly there is good evidence for the considerable,
even surprising, antiquity of basin floors and footslopes (Blong and Pain, 1976). The
conclusion must be that there are too many relicts in the area for either a climatogenetic or a mountain morphogenic approach to lead to a satisfactory explanation of
central highlands landforms.
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Both dynamic equilibrium and morphogenic approaches have foundered on the
presence in the central highland landscape of relicts—both relict landforms and relict
surficial materials. These relicts suggest that an historical approach will overcome the
difficulties present in using the other two frameworks. In the following section the major
landforms of the central highlands are explained in terms of their geomorphic history.
(b) Geomorphic history in the central highlands
In this section the broad outlines of the geomorphic history of the central highlands
are presented. Space precludes a detailed account of the historical evidence available
from the Kaugel Valley (Pain 1973) and the Gumants Basin (Blong 1972) but the
results from work in these two areas together with unpublished results from elsewhere
are used extensively in what follows.
The major structural units of the central highlands are the result of Miocene and
Pliocene uplift and tectonic activity which produced the Kubor Anticline and the
Bismarck Fault Zone, together with the major features of the areas where rock structure
controls the main elements of the landscape.
Erosion which began with the emergence of the area from the sea and continued
through the Pliocene produced the major valleys of the highlands, although some,
particularly the Wahgi Valley and its extension east to Chuave, may be the result
of a combination of erosion and tectonic depression. The major drainage lines and valleys
were probably established before major volcanic activity. Perry (in Perry et al. 1965)
points out that the main drainage divides in the western part of the area do not cross
the highest mountains (Giluwe and Doma Peaks), indicating that regional drainage
was established before the formation of these volcanic mountains. Major depressions
in the landscape also existed before the eruptions of Giluwe and Hagen. This is indicated
by lava-filled strike valleys south and east of Mount Giluwe, and a contact between
lava from Mount Hagen and underlying Tertiary sediments at 1300 m in the Lai
Valley near Wapenamanda. This latter contact is more than 1000 m below general
levels in the central highlands areas and as much as 2000 m below the highest Tertiary
sediments in the area.
Löffler (1977) expresses the view that major uplift had also finished before much
of the volcanic activity. In support of this he notes recent evidence that volcanic eruptions
alternated with glacial activity on Mount Giluwe perhaps as long ago as 300,000 years
B.P., although it can be argued that Giluwe owes its great elevation to vulcanism rather
than tectonic uplift.
The Pleistocene was dominated by the eruption of the Highland Volcanics. Bain
and Mackenzie (1974, 1975) note that the majority of the volcanic rocks in the area
were erupted during the Pleistocene, although some activity may have begun earlier.
Activity on the major volcanic piles is thought to have finished before the end of the
Pleistocene. Bain and Mackenzie report a K/Ar date of about 200,000 years B.P. from
Hagen lavas, and Löffler (pers. comm.) has obtained dates of 250,000 to 300,000 years
B.P. from Giluwe. Tephra evidence (Pain and Blong 1976) indicates that both Hagen
and Giluwe were active and produced large volumes of tephra before 50,000 years
B.P. Since then, however, there appears to have been little activity from these mountains.
Work at present in progress on tephras in the Chimbu and Eastern Highlands Provinces
indicates nothing to suggest that the volcanoes farther east (Suaru, Karimui, and Crater
Mountains) have produced large amounts of tephra during any more recent period.
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The eruption of the Highlands Volcanics had four main effects on the landscape.
First, the volcanic mountains which visually dominate the highland landscape were
built up by accumulating lavas and pyroclastics. Blake and Löffler (1971) describe
Giluwe in some detail, while the other mountains are described briefly by Bain and
Mackenzie (1974, 1975). Second, lahar and agglomerate activity affected the footslope
areas of the volcanic mountains as well as extending down rivers leading away from
the volcanoes for considerable distances. Third, tephras were spread over the whole
of the central highlands area, and beyond. The youngest widespread central highlands
tephra bed has been named Tomba Tephra, and is more than 50,000 years old (Pain
and Blong 1976).
The fourth effect of vulcanism on the highlands landscape was the damming and
fdling of previously existing valleys. Drainage diversions and even reversals took place.
The present course of the Kaugel River cuts through ridges of Miocene sediments
indicating that the eruption of Giluwe shifted the river to the east so that it now flows
around the northern and eastern sides of the mountain. Similarly, the Gogimp River,
a tributary of the Nebilyer River, flows north before it joins the Nebilyer River, and
appears to have had a pre-Hagen Volcanics course that continued in that direction.
The Nebilyer now flows eastwards along the southern side of Mount Hagen, and turns
south after cutting through a ridge in Miocene sediments and limestone. The Wahgi
River appears to have been reversed (Haantjens, in Haantjens et al. 1970; Löffler 1977),
and the presence of Hagen Volcanics blocking likely prior courses through the Baiyer
River Valley to the north and down the Nebilyer Valley to the south would certainly
have been a contributory cause of such a reversal.
The present broad-floored form of most of the basins in the study area can be
attributed directly to damming of rivers by either lavas or pyroclastic flows (Blong
and Pain, 1976). Of the basins shown in Fig. 2.2, only the Sirunki Basin cannot be
attributed to vulcanism. Of the others, the origin of the Kandep and Marient basins
is not certain, but there are certainly volcanics present in the area between the two.
The Wahgi Valley is more complex in that tectonic depression may also have played
a part, but it is no accident that the broadest area of modern deposition is in the eastern
end of the valley, adjacent to the Hagen Volcanics (Fig. 2.2). The most probable
sequence of events in the Wahgi Valley is a pre-Hagen Volcanics river flowing down
either or both the Baiyer and Nebilyer valleys, during which time the fans and terraces
in the middle and eastern end of the valley were formed. The Hagen Volcanics were
then erupted, blocking off the western end of the valley, and at the same time, tectonic
tilting and/or capture of the Wahgi River by a tributary of the Chimbu River allowed
the Wahgi River to flow east instead of west.
Following the damming of various river valleys by volcanic activity, there followed
a period of basin infilling by alluvial, colluvial and lacustrine processes. Of these the
latter two appear to be overwhelmingly more important (see Pain 1973). The
radiocarbon dates so far available suggest that the damming of the valleys took place
well before 50,000 years B.P. The ages of the basin fills vary considerably. The Kaugel
Valley basins were all infilled, and incision had begun, by the time Tomba Tephra
fell more than 50,000 years ago. On the other hand, the Kandep and Marient basins,
and the eastern end of the Wahgi Valley, are still being filled, though at very slow
rates (Blong and Pain 1976).
Evidence from the Kaugel basins indicates that much of the infilling, in that valley
at least, took place in lakes (Pain 1973). This lacustrine deposition, especially during
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the last phase of lake filling which took place up to when Tomba Tephra fell, was
dominated by subaqueous mudflow and turbidity current activity. The nature and
composition of the beds suggests that this activity was the result of landslides that
originated on the tephra-covered slopes of the valley, and entered the lakes as mudflows.
Mudflows resulting from landslides continued to occur after the lake had been filled
and the deposits incised. These younger mudflows produced lobes, fans and even terraces
within the trenches cut into the lake sediments. There is nothing in the Kaugel Valley
evidence to suggest that the nature of these landslides and mudflows changed much
over the period from before 50,000 years ago until the present.
Although different in kind, the processes filling the Gumants Basin and the Kuk
Swamp, both at the western end of the Wahgi Valley, have not changed significantly
over the same period (Blong 1972; Golson 1976). Such changes of rate as have occurred
are attributed by Golson to the activities of gardeners cultivating the slopes surrounding
Kuk between 9000 and 6000 years ago. Man would thus seem to be a more easily
demonstrated agent of change in the geomorphic history of the upper Wahgi Valley
than climate.
Those basins where infilling finished some time in the past have since been incised
by the rivers that traverse them. The valleys where this has occurred are shown as
relict depositional landforms in Fig. 2.2. Within the incised valleys of these basins minor
alluvial and colluvial landforms have been and are being produced. The other basins
(modern depositional landforms on Fig. 2.2) are still being filled.
The apparently slower rates of infilling at present and in the more recent past support
a suggestion (Löffler 1977) that a shift in the location of tectonic activity from the
highlands to the north coast of Papua New Guinea has led to a general decrease in
the rates of geomorphic activity in the central highlands. There does appear to have
been such a change in some parts of the central highlands at least, but when it occurred
and the nature of its effects are problems that await further research.
Within the geomorphic history presented above, the glaciation of the high mountains
of the central highlands from more than 37,000 to about 9000 years B.P. (Hope and
Peterson 1975) seems an isolated and relatively unimportant occurrence. The glacial
forms on these mountains (Fig. 2.2) are firm geomorphic evidence for climatic change
in the central highlands. However, the effects of the glaciation are restricted to the
erosional features on the mountains, and there are no areas of either periglacial or
outwash landforms. The glaciation of the central highlands mountains would seem,
indeed, to be a good example of a climatic accident in the Davisian sense.
CONCLUSION
The central highlands of Papua New Guinea have had a complex history of geomorphic
change despite their location in a very young orogenic belt and a comparatively short
geological time span. Direct and indirect results of vulcanism have been imposed on
a previously dissected landscape with the result that all the major and many of the
minor attributes of the present landscape reflect past events more than present processes.
Most of the landform attributes of the Papua New Guinea central highlands today
result, either directly or indirectly, from historical events. Present-day processes are
altering the form of the land surface but to only a minor extent. Pleistocene vulcanism
still dominates when an explanation for many of the central highlands landforms is
sought. Many of the basin floor features in incised basins like the Kaugel Valley, the
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Gogimp Basin and the Baiyer River valley owe much to lacustrine sediments despite
the absence of lakes today. Because of the presence of such relict forms and materials
covering large areas, the historical approach is regarded as being the most profitable
in the study and explanation of central highlands landforms.
Such an approach to geomorphology has been criticised by some workers, especially
Chorley (1965), who considered that the historical approach constitutes ‘a branch of
historical geology in which the central theme is the interpretation of past forms rather
than the full understanding of the present landscape’. But this assertion mistakes the
purpose and so the character of historical geomorphology. In historical geology, events
assume importance in relation to the full history of part of the earth’s crust in all
its attributes. In historical geomorphology, emphasis and selection depend instead on
the contribution historical events have made to the production of the present landscape.
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Quaternary Climate and Tectonics
in the Evolution of the Riverine
Plain, Southeastern Australia
J.M. BOWLER
The historical bias . . . has meant that landforms have been viewed, in much the same manner as the light
from a distant star, in which what is perceived is merely a reflection of happenings of past history.
. . . much of the former dominance claimed for denudation chronology in the field of geomorphology has
now vanished . . . .

—R.J. Chorley 1965

IN T R O D U C TIO N
Over large areas of Australia and through a wide variety of forms, the influence of
Quaternary climatic change has left its mark on the face of the land. Of the many
regions so affected, few possess an array of features so peculiarly ‘Australian’ as the
Riverine Plain (Fig. 3.1). The relatively late emergence of systematic studies of such
features can be attributed largely to the unfamiliarity they presented to workers trained
in the European tradition. The techniques of northern hemisphere glacial
geomorphology found little application outside the small but important areas of montane
southeastern Australia and Tasmania. However, the dearth of glaciation on mainland
Australia, far from presenting any great disadvantage, has ensured the preservation
of a record free from great erosive episodes.
In the west, playas and dunes that extend throughout large areas of the arid and
semi-arid continental interior represent low latitude non-glaciated environments. By
contrast, the only record of Pleistocene mainland glaciation is preserved in a relatively
small area of the southeastern highlands. Furthermore, the plain preserves a longer
and more complete stratigraphic sequence than is available from the denuded highlands.
Lying between the margin of the semi-arid zone to the west and the more humid
highlands of the southeast, the Riverine Plain provides a link connecting the two both
in terms of spatial relationships and geomorphic histories. While its rivers were at
one time reflecting the influence of widespread periglacial and more restricted glacial
conditions in their catchment areas, they also played a part in the hydrologic changes
recorded as lake level oscillations and construction of dunefields in the west. Thus by
focusing on those events of late Quaternary age, an understanding of order, chronology
and process may enable us to relate them to both the cold environments of the east
and to the evolution of the deserts to the west.
The geomorphology of the Riverine Plain provides additional contributions. Although
alluvial plains extend over large areas of this and other continents, as distinctive
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Fig. 3.1. Regional map of southeastern Australia showing the Riverine Plain in relation to the
southeastern highlands and western dunefields.

landforms in their own right they have received less than representative attention in
geomorphic literature. In this respect the alluvial plain of the M urray Basin is something
of an exception. Within this region are to be found some of the best known and most
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characteristic landforms of the continent. Prior streams, although present in alluvial
regions elsewhere, were first recognised and described from this region (Butler 1950).
The area provided the first type examples of lunette lakes with their characteristic
transverse loam- or clay-rich dunes on eastern margins (Mitchell 1839; Harris 1939;
Hills 1939, 1940). Recognition of younger ancestral streams (Pels 1964) and the
frequent occurrence of aeolian sand hills next to channel margins (source-bordering
dunes) provide additional examples of forms for which the characteristic types have
been drawn from the Riverine Plain. Thus the region displays a distinctive array of
forms, typically Australian in their expression and representing a long and complex
sequence of environmental changes.
Features of the Riverine Plain also demonstrate principles relevant to systematic
geomorphology. First, the influence of tectonics, so well known and dramatically
portrayed in the young mountain ranges of the world, takes on a more subtle expression
in relatively stable continental interiors. The presence near Echuca of a tectonic
lineament, probably active since early Palaeozoic time, provides an excellent example
of the influence of Quaternary tectonics on the drainage and evolution of this major
alluvial region.
Second, an understanding of the structure and evolution of the palaeochannels is
as relevant to the study of mechanics of fluvial deposition today as it is to the manner
in which these ancestral channels adjusted to different flow regimes in the past.
Third, the role of soils in geomorphic development is portrayed nowhere better than
in the Riverine Plain. Not only do present surface soils represent integrated products
of past associations of sediment, landform and hydrology, but the buried palaeosols
act as important expressions of past environments. Their presence in a sequence
indicates a depositional break whilst their morphology is a reflection of past climatic
regimes. Thus whilst they provide important tools assisting stratigraphic analysis, their
age and processes of formation are clarified by the very sequence they help define.
The emphasis in this chapter is unapologetically historical. Denudation chronology
may indeed be dead in some parts of the world; its closest relative, depositional
chronology, is alive and well in others. The claim by general systems theoreticians
that ‘the geometry of stream channels . . . showfs] remarkable adjustments to contem
porary processes—on whatever level the action of these processes may be defined’
(Chorley 1962: B6) rings strange in a continent where entire drainage systems (as in
Western Australia) have undergone little change since Mesozoic time. This chapter
sets out some of the complexities of inheritance expressed through the influence of past
climatic and tectonic changes in the relatively short time interval of the late Quaternary.
In an environment where landscape longevity is the rule rather than the exception,
modern process studies are of limited relevance in understanding landforms formed
under past environments unless that influence can be defined. The landscape of the
Riverine Plain provides many such examples.
(a) Previous work
Following his long experience in studying the distribution and origin of soils on the
Riverine Plain, the pioneering studies of Butler (1958, 1961) were of particular
significance. First, he demonstrated the reality and regional importance of the ancient
channel systems in the evolution of the area. Moreover in their control on the
development of soil associations and groundwater hydrology, the prior streams
recognised and defined by Butler provided a major impetus to the study of this previously
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little understood region. Second, Butler’s system involved the recognition and systematic
description of palaeosols which became the basis for erecting major stratigraphic units.
In so doing, it provided the first example of the systematic application on a regional
scale of the use of buried soils in Australian Quaternary stratigraphy. In the context
of this non-glacial continental sedimentary record, an understanding of palaeosols is
as important to the student of the Australian Quaternary record as is the knowledge
of moraines and glacial till to his counterpart in the northern hemisphere.
The next major advance was provided by Pels (1964, 1966) who recognised that
the youngest stratigraphic unit defined by Butler (Coonambidgal) was more complex
than previously thought. On the basis of sequential diversions and terrace relationships
of the palaeochannels that immediately predated the development of modern drainage,
Pels defined a system of ancestral rivers which postdated the prior streams. Three cyclic
phases of incision and aggradation were recognised within the earlier Coonambidgal
system, each thought to be controlled by climatic change with incision occurring during
pluvial episodes and aggradation during arid phases (Pels 1971). The more detailed
comparative study of palaeochannels within the Murrumbidgee valley including both
prior streams and ancestral rivers presented by Schumm (1968) provided the first
systematic analysis of individual drainage systems in this area.
Although the influence of climatic change in the record of the plain has been widely
acknowledged, the reliability of its various interpretations remains somewhat ambivalent.
The absence of well dated chronologies tied with confidence to climatic events known
from elsewhere in the region has helped perpetuate this uncertainty. Prior stream
deposition during early arid phases as proposed by Butler (1960, 1961) was correlated
with either dry glacial or warm interglacial periods (Schumm 1968). From evidence
in the Murrumbidgee region Langford-Smith (1960a, 1960b) correlated prior stream
deposition with pluvial rather than arid episodes. Schumm (1968: 57), in discussing
the cause of an apparent increase in discharge from prior stream to ancestral phases,
speculated on possible control by wetter ‘Little Ice Age’ climates. That transition is
now known to have occurred before rather than during the Holocene.
Bowler (1967) presented a summary of the radiocarbon chronology of events in the
Goulburn Valley omitting stratigraphic detail and climatic explanations. Pels (1969,
1971) reinterpreted Bowler’s chronology and attributed fluvial changes to climatically
controlled events. Incision and channel formation were correlated with pluvial episodes
whilst aggradation was the result of increased aridity. In all such attempts to understand
the complex evolution of the plain, the climate interpretations offered have lacked
confirmatory support.
The latest significant advance was the publication of the Geomorphic Map of the
Riverine Plain (Butler et al. 1973) in which the efforts of many workers combined
to provide a detailed mosaic of the complex palaeochannels associated with each major
drainage system. On this map, features recognised in one area can be compared with
those of adjacent rivers thus providing a means of evaluating the regional significance
of detail drawn from a restricted area.
(b) Methods and limitations of the analysis
Despite the intensity of previous work no account is yet available that combines a
description of the morphology of various fluvial episodes with details of subsurface
stratigraphy and absolute chronology. The integration of morphology and stratigraphy
for the last 40,000 years presented here provides a means whereby the evolution and
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controlling processes can be identified for the Goulburn Valley in particular and against
which events in other regions can be compared. In this way the influence of climatic
change may be isolated and better understood. This chapter presents details of surface
morphology, stratigraphy and gross sedimentary characteristics of fluvial episodes, lakes,
dunes and features associated with the late Quaternary development of the GoulburnMurray channels between Echuca and Shepparton. A chronologic outline was published
earlier (Bowler 1967).
Subsurface information has been derived from examination of many sections exposed
along the modern river banks. Where suitable natural sections were not available data
have been supplemented by shallow cores and auger holes. Local detail drawn from
the Goulburn Valley is evaluated and compared with features of more regional extent.
Although soils as such do not receive explicit attention the identification of individual
stratigraphic units and the erection of the geomorphic sequence is dependent to a large
degree on identification of buried soils. The sequence thus erected and controlled by
absolute dating provides a reliable context in which pedogenic evolution can now be
studied with a new degree of reliability.
TEC TO N IC AND G EO M O RPH IC SETTING
The Riverine Plain landscape is flat and topographically relatively featureless, except
ior occasional low sand dunes adjacent to ancient streams and lunettes on the eastern
side of dry lake basins. The rivers usually flow within a belt of incised or terraced
alluvium the surface of which lies a few metres below that of the surrounding plain.
From Echuca (elevation 96 m) to Shepparton, a distance of 60 km, elevation varies
by only 18 m. Such extremely low gradients are maintained throughout the Plain.
Near Echuca, two areas bounded by north-south escarpments have been raised above
the general level of the plain (Fig. 3.2). The most important of these, the Cadell tilt
block, is bounded on the east by a north-south lineament, the Cadell Fault, which
extends from near Echuca for some 60 km north to near Deniliquin. Uplift of the
western block has resulted in relief of 14 m across the line of the fault. The Cadell
Fault, first described by Harris (1939), provides an excellent example of tectonic
influence on the alluvial landscape (Hills 1960). Its relevance to the Quaternary
stratigraphy of a large area in the M urray Basin can best be demonstrated by
summarising its influence on drainage and landscape evolution.
Between Echuca and Mathoura the ancient courses of the Goulburn and Murray
Rivers were defeated by uplift of the Cadell block, leaving two abandoned incised
channels known as the Goulburn Tributary and Green Gully respectively. The uplift
resulted in river diversion and the development of two new courses around the northern
and southern margins of the block. The first of these was a channel system that
developed near Deniliquin and now controls the course of the Edward River. The second
was a later diversion of the Murray south towards Echuca where it joined the Goulburn
River (Pels 1966).
Northeast of Echuca, the Barmah sand hills form a large continuous ridge 19 km
long rising up to 18 m above the plain. The Goulburn River bypasses the southern
tip of this sand ridge but the M urray, flowing south past Barmah, runs parallel to
the crest of the ridge in a southeasterly direction before cutting through it and joining
the Goulburn.
In the south, the Colbinabbin Range forms a strike ridge in Lower Palaeozoic
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sediments rising to approximately 180 m above the surrounding plain. The ridge dies
out to the north beneath the Quaternary sediments.
In a depression east of the Colbinabbin Range is a large system of lakes and swamps
including Lake Cooper (Fig. 3.2). Sandy clay or loam lunettes on the northeastern
and eastern shores of the basins rise to 18 m above the plain. Harris (1939) related
the formation of the Lake Cooper depression to movements on the Colbinabbin axis
which he correlated with the movements on the Cadell Fault. He showed the northern
continuation of the Colbinabbin structure passing east of Echuca and north of the
Barmah sand hills into southern New South Wales linking it with the Cadell Fault.
However, the Cadell Fault, rather than being a simple northern extension of the
Colbinabbin structure, is separated from it by an intermediate or discontinuous
lineament developed southeast of Echuca. Here a low escarpment, the Echuca South
Fault, reaches a maximum relief of 6 m with the western block uplifted above the
eastern plain. The displacement which has deformed the channels of two prior streams
dies out towards the north before reaching the Murray, and towards the south near
Rochester.
Near Echuca an almost circular escarpment forms the outline of a large depression
some 18 km wide called the Echuca depression; it is the site of a former lake here
called Lake Kanyapella. The northern and southeastern ends of the low escarpment
merge with the arcuate sand ridge, the Barmah sand hills. These developed as a large
sand lunette on the northeastern shores of the ancient lake (Bowler and Harford 1966).
Ancient channels cross the Echuca depression, indicating that after the lake
disappeared ancestors of the present Goulburn incised into its floor. At this time a
smaller lake and sand lunette were formed inside the borders of Lake Kanyapella and
south of the present Goulburn River. This lake is referred to here as Little Kanyapella
(Fig. 3.2).
TERM INOLOGY AND D EFIN ITIO N OF FLUVIAL SYSTEMS
(a) Terminology
In the late Quaternary streams, ancestral river phases are distinguished from the older
leveed prior streams in the terminology of Pels (1964, 1966). Sediments deposited by
the three ancestral river systems were named Coonambidgal I, II and III from oldest
to youngest. This terminology presents a number of problems.
The term ‘Coonambidgal’ was first introduced by Butler (1958: 16) to describe a
soil-sediment association found in terraced alluvium usually close to the present rivers.
The type section on the Edward River near Deniliquin represents only the younger
two fluvial systems recognised by Pels. Moreover in his description of typical
Coonambidgal features, Butler (1958: 17) described their soils as having weak colours,
no textural differentiation and acidic pH values throughout. Lawrence (1966) later
formalised the use of the term in accordance with Butler’s definition, retaining the
soil characteristics as an important element in the definition. In the ancestral river
sequence of Pels, the soils developed on the oldest sediments (Coonambidgal I) consist
of yellowish-red duplex profdes with alkaline pH and carbonate segregations at depth.
The presence of these red-brown earth profiles would have excluded these sediments
from Butler’s original definition. In extending the term to cover sediments with such
mature soils, Pels has extended its range greatly in time and included a wider range
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of soil-sediment variations than permitted by the original definition. The sediment
described as Coonambidgal I should therefore be given another name.
The classification of streams into two types presents an additional difficulty. Many
old stream traces are preserved on the plain such as the ‘prior streams’ described by
Butler (1950), all of which constitute former courses of the present rivers. Separation
of the last three fluvial episodes into a special category implies that they are genetically
different from all the episodes that preceded them. This may or may not be true, but
it should not form the basis of the classification until proved.
A further difficulty arises when attributes of both prior streams and ancestral rivers
occur in different tracts of the same channel, e.g. near Tallygaroopna (Bowler 1967;
Pels 1969), or when leveed streams with red-brown earth soils occur intermediate
between successive ancestral river phases (the Kanyapella prior streams of Bowler and
Harford 1966).
The limitations of the terminology are further demonstrated by the different
interpretations implicit in names of identical units. In Butler’s original sequence,
Coonambidgal referred to deposits of a single depositional cycle (K 1). In subdividing
this unit into three depositional cycles Pels demonstrated but did not avoid the dangers
implicit in using a terminology with consecutive numbering or with time connotations.
The amended system with consecutive lettering (I to III) implies that changes from
one phase to another occurred simultaneously, an assumption which, however likely,
must first be demonstrated rather than assumed.
To help meet this problem, mappable units have been identified and given geographic
names. Although not accepted in the code of formal stratigraphic nomenclature, such
morphostratigraphic units (Frye and Willman 1962) provide the Quaternary stratigrapher with units as useful and as realistic as lithologic formations are when dealing
with rocks. Moreover, because of the three-dimensional expression of Quaternary
features, the morphostratigraphic unit, often incorporating distinctive sedimentary and
pedologic criteria, provides a description that is both flexible and objectively accurate,
thus fulfilling the basic requirements of a terminology especially adapted to a wide
range of Quaternary environments.
Where related features are expressed throughout a single landform the unit may
be designated simply by a geographic name such as the Oodnadatta dunes or the Keilor
terrace. However, in the fluvial stratigraphy of the Riverine Plain mappable units are
identified on the basis of a wide ränge of features rather than by any single morphologic
attribute. Thus the linear continuity of interrelated relict channels, meander scrolls or
terraced topography (sometimes grading into leveed aggradational forms) may individ
ually and collectively identify a discrete fluvial episode, separating it from those that
came before and after. The assemblage of such features is here designated a fluvial
complex. A single fluvial complex includes all those forms and associated deposits that
can be mapped as representing an episode of fluvial deposition, the legacy of whose
hydrologic regime it preserves. When designating a specific geomorphic unit it will
be used here in conjunction with a geographic name and capitalised, for example, the
Kotupna Fluvial Complex, abbreviated for convenience to the Kotupna Complex. The
term complex is used as a time-rock equivalent; it assumes no specific time connotations
and may be diachronous from one place to another. For time units, we shall refer
to a specific phase (e.g. the Kotupna phase) as meaning ‘the time during which sediments
and forms of a particular complex originated’.
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(b) Three fluvial complexes defined

Three major fluvial systems are recognised in the younger events of the plain near
Echuca. Each preserves sufficient detail to permit it to be mapped as a belt of distinctive
channel forms with associated sediments and soils. These bear a close resemblance to
the sequence described by Pels.
(i) Green Gully-Tallygaroopna Complex
The active channels that existed immediately before tectonic diversion correspond
to the Green Gully and the Tallygaroopna channels of the Murray and Goulburn
i espectively. Channels and point-bars of this system can be traced upstream almost
to Shepparton maintaining large meander wavelengths in a wide meander belt (Fig.
3.2). The ancient channel of the Tallygaroopna system is now occupied in part by
Broken Creek. Sandy sediments are associated with this system and have weak redbrown earth soils developed on them. In the terminology of Pels these constitute
Coonambidgal I sediments corresponding to the earliest ancestral river deposits. The
morphology and sediments of this system are named here after the ancient channels
which controlled them. Downstream from the Cadell Fault the channel-sediment
association is called the Green Gully Complex; upstream from the fault in the Goulburn
Valley it will be called the Tallygaroopna Complex (Figs. 3.2 and 3.3B). These once
formed part of a tributary drainage system; their ages are therefore closely related.
(ii) Kotupna Complex
Fault movements produced Lake Kanyapella which was supplied by an ancient
course of the Goulburn River. At that time, the Goulburn possessed characteristics
markedly different from those of the present regime. Evidence preserved both upstream
and downstream from the Barmah sand hills shows a wide meander belt in which
outlines of original channel morphology are preserved in oxbow swamps and in pointbar traces. The size of channels and meander wavelengths are much larger than those
of the present regime. Point-bar sediments have a higher sand content and their traces
(Figs. 3.3A and 3.4) demonstrate low sinuosity compared to the Tallygaroopna system
into which these younger sediments are incised near Shepparton (Fig. 3.5). Evidence
of this phase of Goulburn River evolution is well preserved near Kotupna (Fig. 3.4A);
from its morphology and sediments at this locality it is here called the Kotupna Complex.
Throughout most of the region, deposits of this system occur in a belt lying slightly
below the general level of the plain and often control the course of the present Goulburn
River. Sediments of this complex have only weakly developed grey acidic soil profiles
developed on them (the minimal prairie soils of Butler 1958). They lack the more
mature red-brown earths of the Green Gully Complex. Like the Green GullyTallygaroopna Complex, the Kotupna channels have associated source-bordering sand
dunes (Figs. 3.3-5). Sediments of this system correspond to Coonambidgal II deposits
defined by Pels.
(in) Goulburn Complex
Final stream development is represented by the channels and sediments which are
regarded as essentially part of the present Murray and Goulburn regimes. Abandoned
channels and point-bar traces have dimensions similar to those of the modern streams.
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Fig. 3.3. Plans constructed from aerial photographs showing relationships between Tallygaroopna,
Kotupna and Goulburn Fluvial Complexes near Shepparton. For areas covered, see
Fig. 3.2.
A. Upstream from Shepparton, Goulburn runs in inset terrace of Kotupna Complex.
Note regular pattern of large Kotupna meanders as traced by point-bars and margins
of terrace depression; also large abandoned channel in south.
B. North of Shepparton, the Goulburn and Kotupna Complexes diverge from older
Tallygaroopna channel system. Note dramatic change in morphology between ancient
and modern streams.
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Fig. 3.4. Plans showing relationship of present drainage to that of earlier Kotupna Complex.
For areas covered, see Fig. 3.2.
A. Upstream from McCoys Bridge , the Goulburn River has broken out of the broad
alluvial belt of Kotupna system with its sandy point-bars and associated source-bordering
dunes.
B. On the floor of Lake Kanyapella, the Goulburn is again superimposed on older
alluvial belt of the Kotupna system. Note sand dunes and large abandoned oxbow of
late Quaternary age.
Madowla Park lagoon represents point of entry of Kotupna channel which filled lake
to inner margin of Barmah sand hills.
Kote relative absence of point-bars and low sinuosity of Murray upstream from its
junction with Goulburn-Kotupna systems.
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Fig. 3.5. Enlargement of Goulburn River terrace patterns upstream from Shepparton. Area
covered is in centre of Fig. 3.3A. Stratigraphic cross-section through A and B are shown
in Figs. 3.7 and 3.8 respectively.

Sediments have a high content of silt and clay; source-bordering sand dunes are not
developed. Channels and sediments of this system are represented along the Goulburn
River between McCoys Bridge and Lake Kanyapella (Figs. 3.2 and 3.4); elsewhere
they are usually superimposed on the earlier Kotupna or Tallygaroopna complexes.
This association is here referred to as the Goulburn Complex. It corresponds in a general
way with the third ancestral river (Coonambidgal III) of Pels although differing in
one respect. It has not been possible on stratigraphic, sedimentary or morphologic
grounds to differentiate between the regime and sediments of the present Goulburn
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River and those deposited since the end of the Kotupna phase. However, Pels separated
modern channels into a separate category, proposing a four-unit classification while
only three are recognised here.
M ORPHOLOGY OF FLUVIAL COM PLEXES
(a) Morphologic parameters
The essential differences between the various fluvial complexes recognised in the
Echuca-Shepparton region are summarised in Table 3.1. Although a full analysis of
stream morphology and sedimentary detail lies beyond the scope of this essay, parameters
of channel reaches representative of each of the three systems demonstrate the main
differences between them. Of the parameters used, the width of meander belt, meander
wave length and sinuosity were measured from aerial photographs, while channel widths
and depths were measured in the field. Measurements of meander wavelengths remain
imprecise and dependent on the length of stream measured and the method employed.
However, the consistency in the shape and size differences between ancient and modern
streams is such that errors involved in measuring meander wavelengths of individual
streams are of minor importance where the features differ in size by an order of
magnitude.
The width of some former channels can be estimated from meander cut-offs which
sometimes remain relatively unmodified by later drainage (Figs. 3.3 and 3.4). The
difficulty of estimating precisely the position and height of former channel banks must
take account of some wearing down or back. The width of channels therefore has been
conservatively estimated to allow for widening after they become inactive. Bed width
(W) is estimated by adjusting bank width according to slope angles either in dipping
point-bars of ancestral sediments (average 12°) or on the banks of present channels
(average 30°). One side of the channel is assumed to dip at the representative angle
for that system; the other is assumed to be vertical, a combination typical of channel
shape on active meanders.
Depths of channels are known where they are exposed in the banks of present rivers
and from State Rivers and Water Supply Commission bores across the Tallygaroopna
channel downstream from Shepparton and across the site of the Goulburn weir 40
km upstream from Shepparton. The weir was built where a channel of the Kotupna
system was cut into hard Palaeozoic bedrock providing a solid constricted basement.
The depth and width of the ancient channel can be accurately defined; it is now only
partially occupied by the present river (Fig. 3.6).
Detailed relationships between stream morphology, sediment types and flow regime
will not be discussed fully. The following comments are limited to a summary of the
main morphologic and sedimentary characteristics of each system.
(b) Green Gully-Tallygaroopna Complex
On the Cadell block, the abandoned course of the Murray River is sufficiently well
defined to permit only an approximate estimate of channel size to be made. The
Goulburn Tributary is also short and poorly preserved; its parameters cannot be
measured accurately. Width of the Tallygaroopna channel has been estimated from
the relict course north of Shepparton, from State Rivers and Water Supply Commission
bores and from an abandoned channel exposed in section on the right bank of the
Goulburn River 5 km south of Shepparton (Figs. 3.5 and 3.7).
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Fig. 3.6. Cross-section showing bedrock channel, now partly occupied by present river, at site
of Goulburn weir approximately 30 km upstream from Shepparton.
Data from records of State Rivers and Water Supply Commission, Victoria.

The Green Gully channel is incised deeply into the uplifted block and the presence
there of paired terraces suggests several phases of movement on the fault. Because of
its deep incision, the meander characteristics differ from those of the Tallygaroopna
channel, remnants of which are well preserved with associated point-bars near the
present Goulburn River 10 km north of Shepparton (Fig. 3.4B). The width of the
Tallygaroopna meander belt is much larger than that of the later systems while both
the meander wavelengths and radius of curvature are an order of magnitude larger
than those of the present Goulburn River.
The Tallygaroopna channels (Table 3.1) are smaller than those of Green Gully
as would be expected, since they have a smaller catchment. The size estimates are
consistent in their relative magnitudes.
Sediments in terraces along Green Gully and the point-bars of the Tallygaroopna
Complex are composed almost entirely of medium to fine micaceous quartz sands which
coarsen in depth to bedload gravels. Source-bordering sand dunes derived from sandy
point-bars occur intermittently along the length of the Tallygaroopna, Green Gully
and Goulburn Tributary channel traces.
(c) Kotupna Complex
Measurements of channel width available from abandoned oxbow meanders upstream
from Shepparton (Fig. 3.3A) and in the Lake Kanyapella area (Fig. 3.4B) consistently
indicate widths in excess of 100 m. From six such sites along the Goulburn Valley
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T able 3.1
Morphologic parameters oj modern and ancient courses of the Murray and Goulburn Rivers near Echuca.
All measurements in metres.

70
55
550
8.8
549
1.58-1.82
730

152
114
1620
> 7 .6
>1065
NA
1520

T allygaroopna
downstream from
Shepparton

107
90
1070
10
983
1.76
920

Palaeochannels

G reen Gully

98
84
610
8.3
753
1.1
210

G oulburn at
M cCoys Bridge

M u rray at
Echuca

Bank width
Bed width (W ) estimated from bank width
M eander wavelength (L)
Channel depth (bank height)
Channel cross-section area (Ac)
Sinuosity (S)
M eander belt width

M u rray at
Barm ah

M odern Rivers

140
93
1600
12.5
1380
3.70
2560

c
Q.

122-137
97
3000
8-10
779
1.23-2.02
1340

the mean channel width is estimated at 130 m. The width of the meander belt, and
sinuosity (determined from the traces of point-bars) is evident in Figs 3.3-5. Meander
wavelengths have been measured from channel course reconstructed from point-bar
traces as in Fig. 3.3A. The Kotupna Complex consistently maintains large meander
wavelengths along its course from above Shepparton downstream to Echuca. The
adopted figure (3000 m), although very large, is consistent with the geometry of pointbar traces wherever they occur.
In cross-section, the point-bars of this system consist of medium to fine sands with
low dips (10-15°) and are overlain by horizontal layers of overbank silts and clays
producing a bar-and-swale topography. As in the Green Gully-Tallygaroopna Complex
they have often supplied the sands found in the source-bordering dunes along the eastern
margin of Kotupna channels (Figs. 3.3-5). In the Kotupna gravel pit (Fig. 3.4A)
sediments of this system consist of sheets of cross-bedded coarse sands and gravels in
shallow channel remnants, the bases of which are only 4 to 6 m below the level of
the plain. Depositional structures indicate high velocities in the upper regions of lower
flow regime in which large mobile dunes with amplitudes from 0.3 to 0.7 m migrated
downstream. The sandy bedload and point-bar deposits of this exposure are character
istic of this system although the channels were shallower here than elsewhere (usually
8 to 10 m below the plain).
The belt of Kotupna sediments within the confines of Lake Kanyapella demonstrates
a lower degree of sinuosity, narrower meander belt and less down-valley migration
than is found in the same complex upstream from the Barmah sand hills. This represents
an age difference between different parts of the Kotupna Complex; that downstream
from the sand hills was initiated only after the drainage of the lake while the upstream
portion was active throughout the entire period of lacustrine activity.
(d) Goulburn Complex
The morphology of the Goulburn and M urray channels in Table 3.1 is strikingly
different from that of the ancient river systems. Channels are relatively narrow and
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Fig. 3 .7. West to east stratigraphic sections on right bank of Goulburn River at Site A,
Fig. 3.5.

follow a sinuous course with short meander wavelengths in a belt which is often less
than one-quarter the width of the Kotupna system (Figs. 3.3 and 3.5). Similar
differences have been recorded by Schumm (1968) between the present Murrumbidgee
and its ancestral channels.
Meander geometry is often influenced by the presence of older Kotupna channels
and point-bars into which the Goulburn Complex is incised. Meanders free from such
inherited influences have developed only where the river has broken out of the Kotupna
belt as in the McCoys Bridge section (Fig. 3.4A). Similarly, within the modern Murray
system, the morphology upstream near Barmah in its youngest tract is markedly
different from that below the Goulburn junction (Figs. 3.2 and 3.4B). Near Barmah,
although the channel dimensions are similar to those near Echuca, the meander geometry
shows low sinuosity and small meander wavelengths, giving the M urray an overfit
appearance in the reach. Using the relationships of channel size to meander wavelength
established by Leopold and Wolman (1957: Fig. 4.5) a channel 100 m wide would
be expected to have a wavelength of about 1000 m compared with only 600 m measured
near Barmah. However, downstream at Echuca, both channel and meander geometry
are consistent with the relationships demonstrated by Leopold and Wolman. Such
variations are an expression of difference in channel ages and variations in sediment
cohesion in different reaches as discussed later.
Sediments of this system consist largely of fine sands and silts with characteristically
high percentage of clays. Their cohesive properties contribute to the formation of steep
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Fig. 3.8. Southwest-northeast section on right bank of Goulburn River at site B, Fig. 3.5. Sourcebordering dunes of Kotupna Complex were blown from sandy point-bars dated by
N-301. Dunes have been slightly eroded on inner margin by later drainage.

channel sides and relatively high dips of point-bar sediments. Their sediments and
channel shape show they are suspended load channels as described by Schumm (1963).
STRATIGRAPHY AND CHRONOLOGY
(a) Fluvial Complexes
(i) Principles and methods
In establishing the age of the fluvial complexes the following principles have been
applied:
First, the pattern of intersecting palaeochannels identified from aerial photographs
enables a relative chronology to be erected in which many events can be placed in
correct sequence.
Second, samples for radiocarbon analysis were collected from sediments representative
of the various phases of stream activity.
Third, reliability of radiocarbon results were evaluated on the basis of internal
consistency. In the light of subsequent experience in dating organic samples from related
environments some samples can be recognised as having a higher risk of contamination
than others. Special risks attach to organic remains derived from channel gravels which
provide aquifers for groundwaters bearing organic compounds. Contamination of older
samples by such environments may produce large errors: such dates provide minimum
age values. Radiocarbon results are summarised in Table 3.2.
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N -306
20,300+450
C ross-bedded
sa n d s ^ g ra v e ls

Fig. 3.9. Vertical section exposed in gravel pit in
bed oj abandoned Tallygaroopna channel
near Barmah (Fig. 3.2).

(ii) Green Gully-Tally garoopna Complex
Sediments and channels of this pre-fault system continue from Shepparton through
the parish of Tallygaroopna to Barmah and across the Cadell block. Throughout this
distance they maintain their high sand content. Moreover the soils developed on them
retain similar degrees of profile organisation ranging from pale red weakly differentiated
duplex profiles with or without carbonate to a variant developed near Barmah where
grey clays in the calcareous B horizon reflect the reducing conditions developed by
more frequent flooding on the down-thrown side near the fault.
In an abandoned channel near Barmah (Figs 3.2 and 3.9) 3.2 m of sand and gravel
pass up to 3 m of silt and clay. Cross-set laminae within the channel sands indicate
flow in a direction consistent with this stream having been continuous with the Goulburn
Tributary across the Cadell Fault. After displacement, the transport of coarse sands
would have ceased due to reduction of gradient. The channel became inactive and was
filled with a clay plug.
Limonitically replaced charcoal pellets within basal channel sands yielded a C-14
age of 20,300 ± 450 (N-306). Pels (1969) has correctly drawn attention to the possibility
of this date being too young. The presence of limonite indicating a high degree of
alteration of original carbon indicates the probability of groundwater alteration. This
date represents a minimum age for tectonic disruption of the drainage system.
A second section through deposits relating to the Tallygaroopna phase is located
upstream from Shepparton (Figs. 3.5 and 3.7). Here point-bars from a leveed channel
are exposed in a vertical section on the right bank of the Goulburn River. The ancient
stream channel has been truncated by later erosion; it cannot be linked with an
integrated drainage system. However, the predominantly sandy deposits and red-brown
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Fig. 3.10. Vertical section through cross-bedded coarse
sands and gravels exposed in pit north of
McCoys Bridge, Fig. 3.4A. Gravels are be
lieved to represent the final channel deposits
of the Kotupna phase.

soils developed on them relate it to the Tallygaroopna Complex. Moreover, it is separate
from and older than channels and point-bars of the younger Kotupna Complex which
truncate it.
The northeast-southwest section (A in Fig. 3.5) exposes point-bar sands in which
dips to 22° are preserved (Fig. 3.7). The channel migrated laterally to the northeast
depositing sands and basal gravels from which charcoal fragments have been dated
(29,700 ± 1250, N-298). Simultaneously with the point-bar deposits, grey overbank
clays were deposited on the floodplain represented by a surface (now a buried soil)
near the eastern end of the section. Here clays with soil biotic tubules are buried beneath
grey silts and clays which lack soil development due to their rapid deposition
contemporaneously with the sandy point-bars about 30,000 B.P.

90

Landscape Evolution

The channel was later abandoned and infdled by a grey clay plug in which laminated
silts, evidence of lagoonal deposits, are associated with limonitically replaced unionid
shells, leaf impressions, charcoal pellets and a thin band of red clay. Two samples
of soft, carbonised pellets from near the red clay band towards the base of the channel
fill yielded ages of 23,800 and 25,500 B.P. (N-300 and N-299). The sequence passes
up to a red-brown earth profile with carbonate concretions developed from 50 to
120 cm.
The C-14 ages indicate that the final stage of activity in this channel terminated
before 25,000 B.P. Channel abandonment bracketed between 30,000 and 25,000 B.P.
may have been caused by tectonic disruption downstream. Taken with the date from
the Barmah sand pit this evidence is consistent with diversion caused by fault movement
about 30,000 to 25,000 B.P. as proposed by Pels (1969). Events of this period marked
the beginning of the next fluvial episode.
(hi) Kotupna Complex
Sediments of this system which are inset into the plain have been studied at three
localities.
1. On the right bank of the Goulburn River upstream from Shepparton (Figs. 3.5,
and 3.8).
2. In gravel pits 2 km north of McCoys Bridge (the Kotupna section Figs 3.4A
and 3.10).
3. On’ the left bank of the Goulburn River near Kanyapella inside the boundaries
of the lake (Figs. 3.4B and 3.11).
Near Shepparton an area of source-bordering sand dunes (Fig. 3.5) is associated
with dipping point-bar sands which provided their sediment source. The dunes migrated
to the northeast covering earlier Kotupna point-bars. The aeolian sands preserved here
and the sediments which supplied them therefore represent a late stage in the evolution
of the Kotupna Complex. The section (Fig. 3.8) shows medium to coarse sands dipping
to the southwest consistent with deposition on the inside of a meander. Three
stratigraphic units are present:
1. Upper silts and silty clays associated with the low undulating terrace along the
present Goulburn, representing deposits of the Goulburn Complex.
2. Dipping sands, slightly indurated, and with prismatic jointing developed near
the contact with 1 above, suggesting weak soil development and a possible disconformable contact between the two units. This unit is inset into 3.
3. Heavy grey plastic clays with red ferric iron staining producing grey to red mottles,
indurated in places to hard ferruginous layers.
Small charcoal fragments dispersed through a 10 cm bed of sand in 2 provided
material for radiocarbon analysis. From the sequence of point-bar development, location
of the site with respect to evolution and migration of meanders, and relationship to
source-bordering sand dunes, the date obtained (16,150 B.P., N-301) is interpreted
as being near the final development of the Kotupna system.
At Kotupna, near McCoys Bridge, gravels are exposed in palaeochannels the flow
direction of which, determined from aerial photographs and from current bedding,
corresponded to the final development of meanders and point-bar deposits of this system.
Farge carbonised wood fragments from cross-set laminae within basal gravels yielded
a C-14 age of 13,000 B.P. (N-296) (Fig. 3.10). But from the degree of limonitic
replacement some small groundwater contamination is probably associated with this
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hig. 3.11. Stratigraphic section through lacustrine and alluvial sediments within the margins of
former Lake Kanyapella. Site is in centre of Fig. 3.4B. Channels of Kotupna Complex
migrated south to north before the transition to the low discharge, suspended load
regime of Goulburn Complex. Radiocarbon dated sample overlies most northerly, and
therefore youngest, channel gravels of Kotupna age. Date is therefore close to KotupnaGoulburn transition.

result. The true age of gravel deposition is to be reckoned as older than 13,000 B.P.
The final section through Kotupna sediments lies in a sequence near Kanyapella
where point-bars have migrated from south to north (Fig. 3.4B). These have incised
into lacustrine Kanyapella silts and are in turn cut by channels of the younger Goulburn
system. Charcoal from an in situ fire in sediments developed after the deposition of
the most northerly and final point-bar yielded a C-14 age of 13,500 B.P. (ANU-29)
providing an additional age control for the close of this phase (Fig. 3.11).
While the beginning of the Kotupna Complex dates from the close of the preceding
phase about 25,000 to 30,000 B.P., the closing limits can also be specified. The streams
were actively depositing sandy point-bars with the growth of source-bordering sand
dunes at 16,000 B.P. By 13,000 B.P. meander migration, with the development of pointbars characteristic of this system, was in its terminal phase or had already ceased (Fig.
3.11.). The upper age limit is therefore located after 16,000 but before 13,000 B.P.
An age of about 15,000 B.P. för the close of the Kotupna episode is consistent with
the evidence available.
These data also provide age limits for the source-bordering dunes with which the
Tallygaroopna and Kotupna complexes are associated. The dunes, thus restricted in
time, often provide a means of differentiating older fluvial systems from the younger
Holocene river sediments when these units are superimposed, as in the far west of
the plain near Mildura.
The Kotupna phase extended from before 25,000 to about 15,000 B.P. during which
the rivers produced widespread morphologic and sedimentary modifications across the
plain. The Goulburn River excavated and backfilled its channel, producing a belt of
incised alluvium 2 to 3 km wide and up to at least 10 m deep. Downstream meander
migration of corresponding magnitude is also evident (Figs. 3.3 and 3.5) with
simultaneous deposition of source-bordering dunes. These features represent a situation
which has never been repeated in the 15,000 years since the end of the Kotupna phase.
It represents a most important stage in the hydrologic evolution of the plain.
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(iv) Goulburn Complex
Radiocarbon dates from sediments of the Goulburn Complex are available from two
stratigraphic sections (Figs. 3.7 and 3.8). These indicate an age range from before 8000
to after 5000 B.P. The sediments dated are indistinguishable from those deposited by
the river today, suggesting a continuation of the regime throughout Holocene time.
The final event in the development of the Goulburn Complex was the diversion
of the Murray River south past Barmah through the sand hills to join the Goulburn
near the centre of Lake Kanyapella. The incipient development of point-bars on the
Murray and its low sinuosity upstream from the Goulburn junction (Fig. 3.4B) present
evidence of relative youth in morphologic development. On this basis Bowler (1970a)
suggested an age of diversion of about one or two thousand years ago. However, a
radiocarbon date obtained from the base of a point-bar deposited in the diverted tract
downstream from Barmah yielded an age of 8640 ± 550 (ANU-877, H. Polach and
J. Urquhart, pers. comm.), emphasising the stability of this channel over a much greater
period than evidence from morphology alone would suggest.
(b) Lacustrine and aeolian events
Lake Kanyapella
1. Sections and stratigraphic units
Sections through Lake Kanyapella sediments measured from bank exposures along
the Murray and Goulburn rivers are shown in Fig. 3.12 with the general relationships
of the four units present as described below.
1. A basal unit of fluvial sands and clays of early prior stream origin passes upwards
through a zone of mottling to sandy clay with soil features including development of
pedality and vertical cracks. Oriented waxy clay faces (cutans) and manganese stains
often form linings on ped and void surfaces. Heavy grey clays sometimes contain
carbonate concretions similar to those found in surface soils elsewhere in the region.
The buried soil shows no textural A horizon suggesting truncation before burial.
Sediments of this unit represent early prior stream deposits.
2. A thin deposit of pale grey, finely laminated silts extends from west to east across
the area. They occur only within the Echuca depression and represent sediments of
Lake Kanyapella. They are called here the Kanyapella silts. A representative type
section exposed on the southern bank of the Murray River 4 km east of Echuca contains
1 m of grey laminated silts overlying grey manganese-stained calcareous clays of the
buried soil (section B, Fig. 3.12.). To the east, near the sediment source supplied by
the ancient Goulburn River, the unit becomes sandier passing into fine to medium
layered beach sands in section J adjacent to the sand hills.
3. The Kanyapella silts grade laterally through laminated beach sands into aeolian
sands which form the Barmah sand hills.
4. Grey clayey silts that overlie the Kanyapella lake deposits provided a C-14 age
of 6800 B.P. Previously regarded as contemporaneous with the lacustrine facies (Bowler
and Harford 1966), they lack the laminae distinctive of bedded lake sediments. They
are now regarded as overbank alluvial deposits post-dating draining of the lake.
2. Deposition of Kanyapella silts
The lacustrine sediments consist of weakly indurated, bleached, pale grey silts with
fine laminations. Laminae maintain constant thicknesses over considerable distances
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Fig. 3.12. West to east stratigraphic section through the Echuca depression, formerly occupied
by Lake Kanyapella. Location of sections, measured on river bank exposures, is shown
on plan.

which, with a complete absence of either ripple marks or cross-bedding, suggest
deposition from suspended load.
In thin-section laminae of coarse silts often grade up to fine silts. The well sorted
sediments contain an unusually low clay content. Representative samples from near
the centre of the basin have an average clay and silt content of 24 and 74 per cent
respectively: fine sand is almost absent. Characteristically high silt content is maintained
throughout the central part of the basin, although towards the eastern entry point of
Kotupna channels sand increases and the small clay component disappears. The silts
consist almost entirely of quartz with traces of muscovite, heavy minerals and opal
phytoliths. Carbonate and gypsum, although abundant in almost all other lakes in the
Murray basin, are absent.
The depositional structures and the lateral continuity indicate an absence of bottom
currents consistent with deposition in a shallow lake. However, the high content of
silt and the relative absence of clay are not normal in other lake sediments of this
region. The effective sorting and the laminated structure suggests episodic deposition
under relatively high energy conditions. Moreover, the lateral coarsening towards the
point of entry of the supplying stream to the east suggests that textural contiol was
a function of distance from the river mouth. Sorting across the basin was probably
an effect of shallow, wave agitated conditions that kept silts and clays in suspension.
However, their removal from the system requires explanation.
Two lines of evidence indicate that throughout its existence Lake Kanyapella
maintained an overflow outlet to the west. First, the Goulburn River which supplied
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it, even if reduced in flow, could easily maintain a lake of that size. Moreover, from
the presence of a single, well developed strandline on the northeastern segment, the
lake stood at a constant level for a long time. This stability could be maintained only
if the water supply was considerably in excess of annual loss, thus holding the supply
to constant level.
Second, the absence of clays, carbonate and sulphate indicates continuous flushing
of the system.
Lake Kanyapella therefore constituted a settling basin in which the coarser sediments
were deposited and from which solutes and suspended fines were removed through an
outlet to the west. At no stage in its history did it form a closed internal drainage
basin. In this respect it differs from other lakes in the region in which clays and silts
occur both within the lake sediments and in the deflation products deposited on the
shore. The basic reasons for these differences lie in the tectonic nature of the lake’s
origin, its short-lived history and its association with a large river that prevented it
from evolving into an internal drainage basin.
Channels of the Kotupna Complex were responsible at one time for supplying the
lake whilst later they cut through the floor. Their characteristic bar-and-swale
topography, abandoned channels and source-bordering sand dunes that developed inside
the lake strandline (Fig. 3.4B) confirm that the Kotupna phase continued after the
drainage of Lake Kanyapella. The existence of the lake was therefore restricted to
the early part of the Kotupna phase.

Dune

O f f - shore

ts a n d v. f i n e s a n d s

^n-jytTTtrrrTTiT^
Fine s ands, dune

Fig. 3.13. Cross-section through the Barmah sand hills showing relationship between topography
and facies variations. L'pper curve represents median diameters of sediments typical
of the four facies recognised.
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The age of Lake Kanyapella therefore lies within the limits 25,000 to 15,000 B.P.,
and probably within the range 25,000 to 20,000 B.P., even though this leaves an
apparently short time for the evolution of the lake, its shoreline features and the
development of the sand lunette.
Origin of sand lunette
A large sand lunette on the northeastern side of Lake Kanyapella forms a major
topographic feature called the Barmah sand hills. They consist of micaceous quartz
sand with steep foreset bedding typical of normal quartz foredunes (Fig. 3.13). Unlike
lunettes on other lakes in the area the Barmah sand hills lack large quantities of clay
and possess cross-set laminations (cf. Bowler 1973).
The sand hills were originally regarded as evidence of aridity in the Echuca district
(Pels 1966), although a different explanation was advanced by Bowler and Harford
(1966). Two lines of evidence demonstrate they were derived from a lake beach during
high water conditions rather than from a dry lake floor.
First, the aeolian sediments consist of well sorted medium to fine quartz sands with
median diameters in the range 0.22 to 0.85 mm (samples 7 and 8, Fig. 3.13). These
contrast with the well sorted silts that characterise the lake floor sediments (Md 0.008
to 0.01 mm, samples 1 and 2, Fig. 3.13). Deflation of a dry lake would therefore
produce silts rather than sands.
Second, positive evidence of the dune sediment source is found in deposits of stratified,
well sorted medium to coarse beach sands which interfinger with dune sands on the
inner margin of the sand ridge. In this deposit, continuous planar laminae dip with
low angle (5°) towards the lake. Well sorted layers of medium quartz sands alternate
with coarser layers with the range of median diameters from 0.62 to 1.60 mm (samples
5 and 6, Fig. 3.13). The sorting and structure of this deposit identify it as a lake
beach lying 3 to 4 m above the adjacent lake floor.
The sedimentary sequence therefore demonstrates a lateral facies variation from silts
on the lake floor to medium and coarse sands in the beach grading to fine and medium
quartz sands in the dune. The aeolian sands were derived by blowing fine sands off
an active beach nourished by sediment transported by littoral drift controlled by the
dominant southwesterly winds. They therefore represent a high water-level, windy
environment rather than arid conditions. Water-level must have remained high
throughout the entire period of dune building to ensure an adequate sediment supply
along the length of the dune. This relationship between quartz-rich lake shore dunes
and high water-levels is particularly important in understanding the evolution of other
lake-lunette systems throughout the region. Although the clay-rich dunes found on the
shores of most other lakes require a different explanation (Bowler 1973), many of them
overlie a quartz-rich core similar to that identified at Echuca, a core which originated
in the same way as the Barmah sand hills.
Post-Kanyapella events
South of the Goulburn River the traces of two leveed streams are preserved on the
lake floor, the Kanyapella prior streams of Bowler and Harford (1966). These emerge
from the belt of terraced alluvium indicating that they entered the lake at the same
point as the Kotupna channels and the present Goulburn channel.
In cross-section they have well developed levees rising to one metre above the plain;
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well developed red-brown sods with dense clusters of carbonate cylindroids are developed
on them. The channels have no identifiable extensions outside the lake floor. They
are regarded as variants of the Kotupna channels developed soon after the lake dried.
Their occurrence with morphology and soil association typical of prior streams generally,
in the middle of the ancestral river phase, points up the dangers of too facile an
application of the prior stream-ancestral river terminology with implied age rela
tionships.
From a radiocarbon sample in a small trench in the channel of a Kanyapella leveed
stream, Bowler and Harford (1966) estimated its age of formation at about 4200 B.P.
However, a later excavation on the river bank has shown the dated channel sands
represent sediments deposited during recurrent flooding of the Goulburn, long after
the main period of channel development. By correlation with other dated events in
the sequence, these Kanyapella channels are now assumed to have formed contem
poraneously with the main post-lake Kotupna phase about 20,000 B.P. Being local
in extent, they have no regional climatic significance.
At a later stage after aggradation and deposition of levees, the small lake (Little
Kanyapella) was formed in the far floodplain position south of the most prominent
leveed stream channel (Fig. 3.2). The lake eroded the levees and almost obliterated
part of the stream course; its sand lunette was formed over the eroded levees. Thus
a further sequence of fluvial and lacustrine events associated with the close of the
Kotupna phase followed the drying of the main lake.
Source-bordering sand dunes
The intimate relationship of channel marginal dunes with point-bars of the
Tallygaroopna and Kotupna channels is evident both in plan and section (Figs. 3.3-5
and 3.8). Their characteristic development on the east or northeast side of palaeochannels reflects the dominant influence of westerly winds.
The sands consist predominantly of well sorted quartz, with median diameter
approximately 0.2 mm, with a variety of accessories, mainly felspar with lithic
fragments of shale, slate, and silicified sandstone reflecting their highland provenance.
Although it forms a minor component, the clay content is important. Sometimes it is
dispersed through the dune sands but its more prominent expression is when organised
into a mosaic or boxwork structure of thin reddish bands discordant with dune bedding.
An important sequential change is evident in the progressive development of soils
and the increasing content and organisation of clays from the younger to the older
dunes. Proceeding from the youngest Kotupna dunes through the Tallygaroopna
representative to older prior stream equivalents, the depth and degree of rubefaction
increases systematically with age from a shallow yellowish-red solum (approximately
0.5 m deep) characteristic of the Kotupna sediments, through stronger reds with deeper
solum (l-0.5m) in the Tallygaroopna system, to stronger reds and deeper soils in the
source-bordering sands in the older prior streams. The organisation and content of clay
varies similarly. In dunes of the Kotupna Complex the red clay bands are absent; they
appear in dunes of the Tallygaroopna phase and are best developed in terms of
frequency and depth of occurrence in dunes of the prior streams.
In thin-section the red bands reveal concentrations of clay, infilling voids and
surrounding skeletal quartz grains with a very high degree of orientation. The red
bands represent illuvial or translocated clay moving through the otherwise permeable
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dune sands. The origin of the days within the dunes is of considerable importance.
The parent materials beneath the solum maintain low clay contents. The clay component
increases both vertically up the profile and backwards through time, effects that may
be attributed to either (a) in situ weathering of felspars and lithic grains, or (b) episodic
aeolian accession of dusts carried in suspension from the semi-arid western region during
periods of aridity or prolonged drought. Additional studies of clay within the dunes
derived from ancient channels may provide a measure of the contribution of aeolian
dust (parna of Butler 1956) to the landscape sediments and soils of the Riverine Plain.
As well as occurring frequently in the plains tract of the major drainage systems
of the Riverine Plain similar dunes exist at higher elevation. At Canberra sands blown
from the Molonglo channel blanket the south-facing slopes of Mt. Pleasant. East of
Lake Bathurst they form an extensive system extending some 15 km east from the
Shoalhaven River to the margin of the tableland escarpment (Galloway 1969). All such
dunes are now vegetated, confirming their origin under previous climatic conditions.
DISCUSSION
(a) Geomorphic history: sequence and chronology
The influence of tectonic diversion combined with systematic changes in stream
morphology and sediment types permit the erection of a detailed geomorphic sequence
for the Goulburn-Murray rivers near Echuca. Summarised in Fig. 3.14, the sequence
provides a basis for correlation with other late Quaternary events elsewhere in
southeastern Australia.
In terms of number and type, the fluvial systems identified and dated here closely
correspond to the ancestral river units proposed by Pels (1964). Thus the Green GullyTallygaroopna system is equivalent to AR I whilst the Kotupna and Goulburn systems
correlate with AR phases II and III respectively of Pels. However, as mentioned earlier,
the fourth phase equivalent to the modern channels in the Goulburn River region is
not differentiated from earlier Holocene features. In terms of channel morphology and
nature of associated sediments, the attributes of the modern Goulburn channel are
indistinguishable from those dated to 8000 B.P. Although changes in flow regime almost
certainly occurred within the past 10,000 years, they do not appear to have been
sufficiently different from today’s to produce detectable changes in morphology or
sediment type.
(b) Palaeohydrology and depositional environments
Discharge reconstructions
The evidence drawn from the Kotupna and Tallygaroopna palaeochannels confirms
the reality of a late Pleistocene flow very different from the present regime. Differences
between the morphology of ancient and modern channels, both developed on the Riverine
Plain with free meanders cut into alluvium, are comparable with those described from
misfit streams with incised bedrock meanders (Dury, 1960, 1965, 1966).
Using evidence relating morphologic parameters to discharge as recently revised by
Dury (1976), estimates of flow regimes have been calculated for ancient and modern
Murray-Goulburn channels (Table 3.3). Bankfull discharge Qj, has been estimated from
a rating curve for the Murray at Echuca and for the Goulburn at Shepparton, the
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T able 3.3

Discharge calculations (m 3/sec) for ancient and modern channels of the Murray and Goulburn Rivers near
Echuca; palaeodischarges (QJ from regressions of Dury (1976) using morphologic parameters of Table 3.1.
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gauging station closest to McCoys Bridge for which morphologic data are available
(Table 3.1). From flood frequency analyses at these stations, Qb is exceeded on an
average of 1.5 years. Thus the discharge recurrence (Q, 58) used by Dury is sufficiently
close to Qb for the Murray and Goulburn rivers to serve as a basis for comparing
past and present regimes.
The internal consistency between discharges calculated by regressions based on
bedwidth (W), meander wavelength (L) and channel cross-sectional area (Ac) provides
a check on reliability. For the modern rivers, flow estimates based on W and L
underestimate Qb whilst those based on Ac overestimate it. By comparison with each
other, discharges for the Murray and Goulburn based on W and L vary in the right
proportions averaging 523 and 180 m'/sec.; they underestimate measured Qb by a factor
of 33 and 27 per cent respectively. On the other hand Ac yields results that are higher
by a factor of two. The application of a slope correction factor (S in Table 3.1) according
to Dury’s formula (Q=0.83 Ac109) enlarges rather than reduces the discrepancy.
The failure of regressions based on channel morphology to predict modern flow
regimes accurately may be due to the inherent difficulty in measuring the relevant
parameters with objective consistency. Alternatively it may stem from basic differences
between these rivers and those for which Dury obtained good agreement between
regression predictions and modern measurements. Whatever the explanation, we are
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led to conclude reluctantly that, since the regressions fall so short of accurate prediction
of modern M urray-Goulburn discharges, they cannot be used with confidence to yield
anything but trends of change in past regimes.
The parameters bedwidth, meander wavelength and reconstructed cross-sectional
areas of ancient channels considerably exceed those of the modern rivers. Discharges
reconstructed from them are accordingly higher, those based on wavelength being much
greater than those derived from bedwidth. This is almost certainly due in part to
underestimation of palaeochannel width following modification during the waning and
subsequent infilling stages. But again, estimates based on the three interdependent
parameters fail to yield internally consistent results. They agree only in pointing towards
ancient discharges in excess of those of the present day.
Taken at their face value, palaeodischarge averages based on all three regression
parameters suggest flow regimes higher than present by an order of magnitude. However
four lines of evidence urge caution in accepting these as quantitative values:
1. Table 3.3 suggests the discharge of Tallygaroopna system was greater than that
of Green Gully of which the former was but a tributary. In terms of catchment area,
Green Gully must have exceeded Tallygaroopna discharge.
2. Estimates suggest that discharge in the Kotupna channels was higher than that
of Tallygaroopna phase. However, evidence discussed later from lakes in the Murray
Basin indicate the period 25,000 to 15,000 B.P. was one of relatively reduced flow
by comparison with that immediately preceeding it.
3. The regressions take no account of changes in sediment regime. Of all the factors
controlling variations in palaeochannel morphology this would appear to be one of the
most important. The inter-dependence of channel morphology and sediment load
characteristics established by Schumm (1968: 45) has particular relevance in these
systems, which have undergone substantial changes in bedload characteristics through
time.
4. Those rivers on which regressions are based not only exclude many sandload
channels (Dury 1976: 222) but are restricted to streams of humid mid-latitudes; data
from many semi-arid regions are excluded. In the late Quaternary history of the
Riverine Plain, the arid and semi-arid zones were considerably expanded (Bowler 1976).
In the period between 25,000 and 15,000 B.P. some channels may have come under
the influence of semi-arid environments thus excluding them from treatment in a manner
applicable to those of the modern humid regime.
The importance of channel-forming factors other than bankfull discharge alone is
strikingly demonstrated by the history of the Murray River. When it diverted south
of the Cadell Fault to join the Goulburn shortly before 8000 B.P. it effectively produced
a three-fold increase in discharge in the former Goulburn tract. The subsequent
downstream modifications did not produce channels of the Kotupna type; the new
channel more closely resembles that of the present Goulburn. Thus the formation of
large wavelength channels with bar-and-swale morphology characteristic of both the
Tallygaroopna and Kotupna systems involved changes other than variations in the
magnitude of flow at the bankfull stage alone. Changes in the calibre and quantity
of channel sediment were involved.
Evidence of a regional and therefore climatically controlled change in discharge is
to be found in other rivers of the M urray Valley. Although their sediments are said
to be finer, the ancestral channels of the Murrumbidgee studied and illustrated by
Schumm (1968: Figs. 9 and 10) resemble those of the Kotupna system in their shape,
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size and meander geometry. The Murrumbidgee palaeochannels exert a strong control
on the course of the modern river, suggesting that one was the precursor of the other
as in the Kotupna to Goulburn evolution. Moreover, Schumm correlated the M urrum 
bidgee ancestral channels with AR II of Pels with which Kotupna features are correlated
here. Schumm (1968: table 7) estimated Murrumbidgee ancestral channel discharge
as 460 per cent that of today. However, we might attach the same reservations to the
validity of these reconstructions as indicated earlier for the Goulburn channels.
Although the exact magnitude of ancient channel-forming discharges remains open
to question, the evidence from the Goulburn, M urray and Murrumbidgee valleys
draining snow-affected catchments confirms the reality of a phase of greatly increased
discharge throughout this region of southeastern Australia. Corresponding in time with
the onset and climax of the last glaciation, such conditions were almost certainly affected
by low temperatures. Periglacial processes affecting upland slopes combined with
reduced evapotranspiration would have resulted in increased catchment efficiency,
thereby contributing to increased discharge even though precipitation may have
remained relatively constant. Analysis of periglacial slope mantles in southeastern
Australia suggests the duration of such cold phase processes extended from about 32,000
until after 26,000 B.P. (Costin 1972; Costin and Polach 1971, 1973). Thus they
coincided with the Tallygaroopna Complex.
In the functioning of an inefficient drainage system such as the Lachlan at Cowra,
where only 10 per cent of catchment rainfall passes through the channel, changes of
th is. type may produce a three-fold increase in discharge, assuming precipitation
remained constant. The Goulburn River by comparison already constitutes an efficient
drainage system. At Murchison, 32 km upstream from Shepparton, the mean annual
discharge represents 28.5 per cent of total catchment precipitation. Increased glacial
age runoff may have doubled discharge but could scarcely have trebled it unless
accompanied by increased precipitation. A similar argument applies to Schumm’s
estimate of increased flow in the ancestral Murrumbidgee correlated here with Kotupna
channels in the Goulburn Valley.
The size of the postulated ancestral discharge is difficult to reconcile with a
substantial reduction in glacial age precipitation (Galloway 1965a, 1965b). Part of the
difference between present and past regimes may lie in increased seasonal flow of the
latter associated with spring-summer thaw contributing to annual flood patterns of
greater magnitude and frequency than now.
Fluvial energy and channel migration rates
A further measure of the differences that separated the pre-15,000 and post-15,000
regimes is provided by estimates of the volume of materials eroded and redeposited
by migrating channels. Thus during their lifetime from about 25,000 until 15,000 B.P.
Kotupna channels excavated a belt 1500 metres wide, half a meander wavelength long
(1500 to 1800 metres) and at least 10 metres deep (Figs. 3.3, 3.5 and 3.8) equivalent
to a total volume of 22 X 106 metres3 and a channel migration rate of 15 cm/year.
By comparison, channels of the Goulburn phase, assuming migration of one meander
wavelength (a realistic value based on stratigraphic and morphologic evidence) have
excavated 3.6 X 106 metres3 over a comparable period with equivalent migration rate
of only 5 cm/year. Thus a 6:1 volume ratio exists in favour of the Kotupna system,
demonstrating the contrast between the two.
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The contrast is even more striking when considered in terms of the sediments through
which the channels were flowing. Over large distances Kotupna channels were cut into
relatively consolidated alluvium of prior streams. By comparison, the Goulburn near
Shepparton (Fig. 3.3 and 3.5) runs mainly in soft sediments redeposited during the
preceding Kotupna phase.
The slow adjustment of younger channels to process changes is demonstrated further
by the small point-bars implying minimal migration in the diverted course of the Murray
downstream from Barmah. Throughout more than 8000 years since its diversion the
low sinuosity and absence of true meander belt attest to remarkable stability compared
with earlier phases. Moreover, calculations of discharge based on meander wavelength
in this tract underestimate actual discharge by a factor of 3 (Table 3.3). Therefore,
with respect to meander wavelength, sinuosity and width of meander belt, this part
of the M urray retains elements of an overfit stream, perhaps reflecting channel-forming
discharges in the early history of diversion. The flows that followed diversion and formed
the channel were probably smaller than those that subsequently occupied it.
Any absence of channel margin trees along palaeochannels may have contributed
to bank instability thus helping accelerate meander migration rates. However, the
relative speed with which ancestral channels eroded, transported and redeposited
sediment serves to reinforce the reconstruction of high discharges based on evidence
of morphology alone.
The high energy and effective eroding capacity of glacial age streams in this region
strengthen the proposed relationship with the large bedrock meanders outside the plain.
The existence of a regime with energy levels much greater than today’s would be
consistent in both the incised upland tracts as well as on the alluviated plains, both
reflecting different aspects of increased stream competence and capacity.
Tallygaroopna-Kotupna transition
The age of this event dated to between 30,000 and 25,000 B.P. is taken to indicate
the age of tectonic disruption by movements on the Cadell Fault (Pels 1969), an
interpretation supported by the evidence re-evaluated here. But did this also coincide
with a regional hydrologic change sufficient to produce an equivalent transition in other
valleys unaffected by tectonic influence? A definitive answer to this question cannot
be provided by the fluvial evidence alone. Too few dates are available from other rivers
in southeastern Australia to evaluate possible regional synchroneity of this transition.
However two lines of evidence are available that point towards the possibility of
increased aridity at least on a seasonal basis about 25,000 B.P.
The presence of a thin band of red clay intermixed with and lining angular clay
peds within the zone of grey silty clays infilling the ancient Tallygaroopna channel
(Fig. 3.7) relates to the environments that existed at the onset of the Kotupna regime.
The ferric-rich clays which in thin-section contain desert quartz ( Wüstenquarz) and
abundant phytoliths are foreign to the reducing lagoonal clay-silt environment; if
deposited by normal fluvial processes, the strong ferric colour would have been masked
by incorporation into the dark grey deposits of the lagoonal facies.
Modified by apparently simultaneous pedogenic processes, the red clay fills voids
and coats grey clay blocks with pedal structures. The band can only be explained as
a long-distance aeolian dust component deposited while the lagoon was dry. Although
too thin to be recognisable outside the infilled channel the facies is identical with the
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wind-borne parna deposits described by Butler (1956). Long-distance transport of dusts
at this time points to increased aridity having developed by 25,000 B.P. in the dunefields
to the west, as indicated by the radiocarbon samples associated with this zone.
The second line of evidence in support of a change about this time comes from
the Willandra lakes in western N.S.W. Following a long period from before 40,000
until after 30,000 B.P. in which lake levels generally remained high, the first evidence
of reduced levels occurred about 25,000 B.P. (Bowler 1976). This led to the construction
of clay-rich dunes simultaneously with an increase in the desert dust component
( Wüstenquarz) in the lakeshore sediments.
Thus both local and regional evidence points to the possibility of significant climatic
changes having occurred at the time of the Tallygaroopna-Kotupna transition. The
lacustrine evidence would suggest that the period of the Kotupna regime represented
the waning stage of highland glaciation in which hot windy summers alternated with
cold stormy winters (Bowler 1975). Such conditions would produce high summer thaw
discharge carrying coarse sediment from unstable highland slope mantles. Thus although
mean annual runoff was reduced below Tallygaroopna values, nevertheless a more
complete seasonal thaw under the possible influence of rising summer temperature could
produce annual flood peaks perhaps exceeding those of the full-glacial Tallygaroopna
interval.
Kotupna-Goulburn transition
Of all events in this sequence the transition of the high discharge Kotupna regime
with its large bedload channels to the deep, narrow suspended load channels of the
Goulburn system presents the most dramatic expression of widespread environmental
change. The contrast is evident in Fig. 3.5 where the sediment belt of the Goulburn
Complex follows the most northerly of the Kotupna bar scrolls representing the final
event of that regime. This relationship provides morphologic evidence of the transition
from one phase to another and demonstrates the controlling influence of the older on
the younger.
The age of the transition, ascertained from the pattern of radiocarbon dates discussed
earlier, lies close to 15,000 B.P. The first channels of the Goulburn system are not
dated accurately. Fine clay and silts in association with radiocarbon sample N-303
(8090 B.P., Fig. 3.8) indicate that the suspended load regime had been in existence
for a considerable period before that date. A period of transition may separate the
last of the Kotupna channels and the development of the new, narrow suspended load
channels. Such transition occurred between 15,000 and about 10,000 B.P.
The number and reliability of dates available do not provide a more precise
assessment of the age of transition. Elsewhere in the Murray Basin, an event of
comparable magnitude is recorded in the lakes and dunes of western N.S.W. and
northern Victoria. About 16,000 B.P. many lakes dried after a long period of relatively
high water levels. Clay-rich dunes (lunettes) were constructed on their eastern margin
simultaneously with reactivation of desert quartz dunes farther west (Bowler 1976).
By 14,000 B.P. all lakes in the Willandra system had dried. Thus the lacustrine
chronology supplements the conclusion drawn from the rivers that a major hydrologic
change of regional extent occurred about that time.
In helping to understand the nature of the transition from one system to another,
the relationship between meander wavelength and discharge of the M urray in its
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Fig. 3.14. Diagram summarising late Quaternary sequences of the Goulburn River and related
environments in southeastern Australia. Variations in width of the fluvial column
represent major changes in morphology (Kotupna-Goulburn transition) and in
discharge (diversion of Murray into Goulburn).

diverted tract near Barmah is particularly instructive. In retaining some unusual
characteristics of an overfit channel its relative stability for some 8000 years points
towards two principles underlying the manner in which channels adjust to hydrologic
change.
First, where modern suspended load channels with wooded margins are cut into
consolidated sediments, as is the Murray near Barmah, they seem capable of absorbing
considerable variations in discharge with minimal adjustments to channel geometry.
Whilst channel width may respond sensitively to such changes, meander patterns formed
under a lower regime present a considerable degree of inertia to changes in flow.
Second, the apparent failure to reach equilibrium between wavelength and discharge
is relevant to understanding those processes that differentiated channels of the Kotupna
type from those of the younger Goulburn Complex. As indicated earlier, a Holocene
trebling of Goulburn River flow by diversion of the Murray into it did not reproduce
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channels of the Kotupna type. Major changes between all channel parameters involved
variations in the nature and rate of supply of bedload, in channel margin vegetation
(especially the presence or absence of trees), as well as in the seasonal pattern and
magnitude of discharge. Thus the transition from one channel type to another, as
occurred in the Kotupna-Goulburn transition, suggests more a critical threshold
adjustment producing a change in kind rather than a slow equilibrium adjustment to
variations in any one of the channel-forming parameters.
Source-bordering dunes
The diminished contribution of bedload sands between 16,000 and 13,000 B.P. also
marked the close of the dune building episode. Several factors were involved.
As well as the diminished supply of medium-sized sand on large point-bars suitable
for deflation, the transition to suspended load regime was also accompanied, and may
indeed have been largely caused, by the return of woodland eucalypt vegetation to
channel margins and catchment slopes. The oldest dated occurrence of large charcoal
concentrations representing abundant remnants of burnt trees lies in the fine loams
from which N-303 was obtained (8090 B.P.). In deposits of the earlier Kotupna phase
the absence of such charcoal deposits together with the preservation of point-bar bedding,
which is easily destroyed by deep tree roots, provides pnm a facie evidence that trees
were absent from the earlier channel margins. This is consistent with the evidence
of source-bordering dune production described earlier. Elsewhere in southern Victoria,
the first appearance of trees in the terrace sediments of the Maribyrnong Valley near
Keilor is dated to 11,000 B.P. (Bowler 1970b: Fig. 22). There too the evidence of
tree charcoal, whilst abundant in the Holocene deposits, is absent from older deposits.
For long periods throughout Green Gully-Tallygaroopna and Kotupna time, while
discharges remained higher than today’s, trees were relatively sparse if present at all.
Strong westerly winds were capable of blowing sands from seasonally exposed pointbars, a process that was assisted by the absence of tall vegetation.
Dunes and sand sheets similar to those described here occur in association with
palaeochannels over a wide area of Tasmania. Nicholls (1958), describing their
occurrence in Tasmania, related them to periods of Pleistocene periglacial activity, while
Davies (1967), reviewing the evidence, favoured an origin of aridity under relatively
high temperatures. They were formed on the Riverine Plain by a combination of local
factors including a large sand supply, seasonally low stage flow, and a vegetation cover
(or lack of it) that permitted high wind velocities at surface level. Similar dunes are
developing today from Alaskan rivers under tundra conditions (Rickert and Tedrow
1967); they may represent a modern analogue of glacial age Murray basin sourcebordering dunes. Their correlation with relatively cold environments in which
periglacially affected slopes contributed high sand load to catchment streams is consistent
with their ages established here as ranging from before 30,000 until about 15,000 B.P.
(c) Palaeoclimatic correlations
As outlined earlier, the high discharge Tallygaroopna-Kotupna bedload environments
were equivalent in time with the onset and disappearance of glacial and periglacial
conditions in the southeastern highlands. High runoff and increased coarse sediment
yield on the plain can be related to events at higher altitude. Denudation of catchment
slopes in the absence of woodland cover finds support from the evidence of source-
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bordering sand dunes that imply the absence of eucalypt riparian woodland on the
plains also throughout the period from before 30,000 until the end of Kotupna time
about 15,000 B.P.
Apart from indicating the direction and age of broad regional trends the fluvial
evidence cannot yet define the parameters that controlled glacial age climates. Whilst
the discharge reconstructions of Goulburn palaeochannels are difficult to reconcile with
precipitation substantially lower than today’s, they are equally incapable of specifying
past precipitation levels. Taken at their face value, the palaeoflow regimes of the
Goulburn valley suggest seasonal runoff levels some three times higher than now to
produce the magnitude of the features preserved in the Tallygaroopna and Kotupna
Complexes.
Despite its inconclusive climatic implications, the chronology established from the
alluvial plain should accord with that known from the highlands to the southeast and
from the Mallee plains to the west. Thus the early glacial and periglacial phase that
extended from about 32,000 until after 26,000 B.P. (Costin 1972; Costin and Polach
1971, 1973) had terminated by 13,000 B.P; it may have begun contracting much earlier
(Bowler et al. 1976). The age of reduced discharge and sediment yield implied in the
Kotupna to Goulburn transition is consistent with that change being a direct result
of the disappearance of glacial and periglacial environments in the Snowy Mountains
and related catchment areas. Similarly in the western plains, the evidence of a
widespread reduction in lake levels and dune construction between 17,500 and 15,000
B.P. affirms that a regional drying took place about this time (Bowler 1975, 1976).
The Kotupna-Goulburn transition represents the fluvial expression of that event.
The evidence cited earlier of an aeolian dust layer in the abandoned Tallygaroopna
channel or lagoonal environment dated to 25,000 B.P. may appear inconsistent with
the general long-term trends of high discharge before and after this time. Any increase
in desert-derived dust is seen as the result of intensified seasonality in which hot dry
summers produced drought conditions in the continental interior. Lakes in the Willandra
region fell and local dune building was accelerated (Bowler 1976). Dry summers
alternated with winter conditions of severe cold which would have brought seasonally
high precipitation to the southeast. Such intense seasonal conditions would produce at
one time elements of summer aridity alternating with seasonally high runoff and high
sediment yield. Severe frosts and strong winds producing environments inimical to
eucalypt cover (Gentilli 1960) would have facilitated the development of dunes from
exposed point-bars even whilst the seasonal flow regime remained higher than it is
today.
The development of narrow channels of the Goulburn Complex with its fine sediment
load marks the return of stability to both upland slopes and channel banks. The
appearance of tree remains in the sequence about this time suggests that vegetation
colonisation, responding to rising temperature and decreased seasonal stresses, may have
exerted a controlling influence. Pollen analyses from the Snowy Mountains (Raine
1974), from Lake George (G. Singh pers. comm.) and southwestern Victoria (Dodson
1974, 1975) consistently point to the extension of woodland conditions between 13,000
to 10,000 B.P. The stability of regimes in both Murray and Goulburn channels
throughout ffolocene time may reflect both the relatively small nature of Holocene
climatic changes compared with those of full glacial and deglacial times as well as
the stabilising influence of woodland vegetation in catchments and channel margins.
Thus, in terms of their ages and trends, the climatic implications of Riverine Plain
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palaeohydrology are in good agreement with those from both the southeastern highlands
and the drier western plains. In helping to substantiate the reliability of environmental
reconstructions from those regions, the fluvial interpretations are themselves strength
ened. The history of the rivers fulfils the role outlined in the introduction; it provides
an essential link between the glacially affected catchments and the more arid playa
and aeolian environments of the continental interior.
(d) Regional significance
(i) Prior streams
Some features of the systems described here are relevant to the understanding of
prior stream development. As a group those designated as prior streams include a wide
variety of different forms and extend through a long time range. They are related only
in that they are inactive under present-day conditions, they possess channels and levees
often aggraded to or above the level of the plain and have characteristic soil associations.
Within such a diverse group no simple, single explanation is likely nor should one
be sought. The channels of the Tallygaroopna system, with its weakly developed redbrown earth soils and its low levees, are intermediate between the incised ancestral
rivers described by Pels and the aggraded prior streams in the strict sense defined by
Butler.
Bedload channels such as those of the Tallygaroopna and Kotupna ancestral rivers
would, .on abandonment, eventually aggrade by intermittent flooding to reach levels
above the plain, thus becoming progressively more inefficient until only the highest
flood levels would induce flow in them. Some confusion in the controversial analyses
of prior stream depositional regimes has arisen from the concentration on surface form
whilst the record of the formative depositional stage lies in the buried sequence below
the plain. The surface form, sediments and soils follow from the final waning phase
of activity, an event that may be controlled by local upstream channel diversion as
well as by regional climatic influences.
Channels of the prior stream type are found on all major rivers of the Riverine
Plain with the single and the important exception of the Lachlan downstream from
Hillston. Instead of aggraded leveed channels, the Lachlan possesses a system of
distributaries most of which remain active under conditions of flood discharge. Pointbars are preserved, channel flood plains are characteristically not aggraded above the
plain and source-bordering dunes are not found along these courses despite their
antiquity. The Willandra-Billabong Creek is a typical example. Despite evidence that
it was supplying lakes of the Willandra system as early as 130,000 years ago and
probably earlier (Bowler 1976), it has not evolved beyond the stage characteristic of
young ancestral rivers. The absence of prior stream characteristics in this area of the
Lachlan may be attributed to the low sediment yield resulting from catchments of
relatively low altitude and therefore subjected to much less intense periglacial activity
than those of higher altitudes in the Murrumbidgee, M urray and Goulburn Rivers
farther south. Catchment changes did occur in the Lachlan and contributed sediments
to the upper reaches but yields were insufficient to produce bedload characteristics on
the far flood plain although substantial changes in runoff controlled by catchment
hydrology registered their effects in the lakes to the west.
The evidence therefore reflects evolution of channel form in both a lateral sense
from north to south, from the Lachlan which lacks typical prior streams and source-
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bordering sand dunes to the Murrumbidgee, M urray and Goulburn in which such
forms are well developed. This progression, as in the case of the evolution of the
Tallygaroopna ancestral channel, to prior stream characteristics, reflects variations in
the availability of coarse bedload relative to discharge at different points in time and
over different areas extending away from periglaciated highland catchments.
(n) Early Quaternary events
When considered in terms of the number and complexity of prior streams developed
within the Goulburn, Murrumbidgee and M urray valleys, the evidence points to more
than one single prior stream forming episode. The transition demonstrated here from
bedload regime with sand dunes to a suspended load system that accompanied the last
glacial to interglacial transition almost certainly had its correlatives in the earlier history
of the plain. On the geomorphic map (Butler et al. 1973) prior streams of the
Murrumbidgee, M urray or Goulburn valleys possess more numerous and more complex
channels than those of the last glacial period. This, together with their widespread
association of sand dunes, indicates that bedload regimes similar to those of the last
30,000 years have occurred frequently or existed for long periods during the Pleistocene
evolution of the plain. Within the Goulburn valley some eight prior stream channels
or remnants thereof can be identified between the Goulburn and the Campaspe River
(Fig. 3.2). Thus the conditions that existed within the past 10,000 to 13,000 years
and their expression in the rivers of the plain since the development of the present
hydrologic phase are the exception rather than the rule when viewed through the long
time span of the Pleistocene period.
CONCLUSIONS
In the Echuca-Shepparton region the tectonic interruption of landscape evolution which
separated various geomorphic processes in space provides a starting point in time from
which the evolution and controlling processes of many features can be more easily
identified. The diversion of the M urray and Goulburn rivers around the fault block
set up a complex sequence of lacustrine and aeolian events summarised in Fig. 3.14.
The sequence demonstrates the magnitude of changes that accompanied events
corresponding to the last glaciation. Various fluvial episodes, identifiable as mappable
units, have been designated Fluvial Complexes, a term used in a morphostratigraphic
sense combining criteria based on form, structure, sediments and soils. Three such units
in the late Quaternary sequence correlate with the ancestral river terminology but avoid
the nomenclatural difficulties.
In the oldest, Green Gully-Tallygaroopna Complex, rivers flowed west across the
fault block. Tectonic movement about 25,000 B.P. diverted both the Murray and
Goulburn Rivers with the latter forming a new channel with distinctive meander scrolls
and sediments now preserved as the Kotupna Complex.
Morphologic analysis of both the pre- and post-fault systems suggests they
represented regimes in which channel forming discharges were perhaps some three times
greater than in the present Goulburn River. Although subject to real limitations, the
palaeohydrologic reconstructions, by their consistency, provide firm evidence that
discharges throughout the period from before 30,000 to about 15,000 B.P. were greater
than those of today. A major hydrologic change occurred about 15,000 B.P. correspond
ing to the end of the dominantly bedload Kotupna phase and marking the initiation
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of a new phase characterised by a high proportion of suspended load, a regime that
in form and sediment type was the precursor of modern channels. During the transition
from the Kotupna phase, channel width diminished as did meander belt and meander
wavelength.
The tectonically formed Lake Kanyapella demonstrates the mechanism of formation
of a large sand lunette. Textural variation from lake floor to dune, and the presence
of coarse sandy beaches preserved within the dune, demonstrate its origin by deflation
from wave-nourished beaches rather than by deflation from a dry lake floor. Such dunes
provide the type example for reconstructing the hydrologic evolution of other lakes and
lunettes. The presence in lunettes elsewhere of a quartz core overlain by a thick, saline
aeolian clay-rich blanket points to the efficacy of former high waterlevels in such lakes
though most in southeastern Australia are now dry.
The transition from Kotupna to the later hydrologic regime implies large changes
in the controlling climate. The Green Gully-Tallygaroopna and Kotupna channels
correspond in age to the onset and culmination of glacial and periglacial environments
in the catchments which produced large responses in the channels downstream. Runoff
was high as a result of low evapotranspiration whilst simultaneously, at high altitudes,
slopes affected by seasonal freeze-thaw periglacial phenomena, and denuded of tree
cover, yielded large quantities of bedload sands and gravels. The high bedload
component reaching streams on the plain required wide channels thereby contributing
to the wide meander belts and long meander wavelengths that characterise channels
of that time.
The most dramatic expression of a climatically controlled change in the regimes
was that represented by the Kotupna to Goulburn transition, a change from at least
seasonally high to lower discharge and from bedload to suspended load. The differences
between these two regimes are emphasised by the estimates of sediment volume
excavated and redeposited by each. Over comparable periods, Kotupna channels
migrated downstream at three times the rate of their Holocene successors and excavated
six times their volume of sediment. The transition from high to low energy phase
recorded here finds its equivalent expression in widespread drying of lakes and dune
building on the western plains, evidence of a regional trend towards aridity at about
the same time.
The sequence of events that controlled this hydrologic change on the plain is closely
related to events at high altitudes. In the Snowy Mountains the retreat of glaciers and
the final disappearance of periglacial environments implied by events dated to 15,000
and 13,000 B.P. provide the explanation for the reduction in runoff and stabilisation
of slopes reflected in the development of the new suspended load regime.
The corresponding role played by climate in the earlier transition of Green GullyTallygaroopna to Kotupna phases is not resolved by the present evidence. This event
may have been due solely to tectonic diversion; additional evidence controlled by reliable
dating is required from other valleys to isolate the regional climatic influence. The
presence of red clays of presumed aeolian origin within grey, fine-grained deposits of
the abandoned Tallygaroopna channel about this time suggests seasonal aridity in desert
areas to the west. Source-bordering sand dunes extensively developed along channels
of the Tallygaroopna and Kotupna phases owe their origins to deflation from seasonally
exposed point-bars under the influence of strong westerly winds, their action being
facilitated by the absence of channel margin eucalypt woodlands.
The climate on the plain during this period is seen as one of strong seasonality
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in which cold severe winters brought high precipitation to the highlands, largely as
snow. Late frosts produced a short growing season which, with high winds, formed
an effective ecologic barrier preventing colonisation by woodland communities. During
late springs and throughout early summer, snow thaw would have produced large
discharges associated with the transport of large quantities of sand and gravel from
unstable catchment slopes. With the seasonal return to freezing conditions, river levels
would fall exposing point-bars and providing the source for dune building.
Thus conditions that existed from before 30,000 towards 15,000 B.P. have no modern
analogue within Australia; although not as cold, they may have borne some resemblance
to parts of Alaska where similar source-bordering dunes form today.
Approaching 16,000 B.P. the range of seasonal extremes may have been amplified
with warmer summers sufficient to reduce the size of periglacially affected areas. Runoff
diminished, and slopes stabilised by improved vegetation cover yielded less sand to
channels. By 10,000 B.P. channels similar to those of today were probably already
in existence. Throughout the subsequent ffolocene period the amplitude of hydrologic
change has not been large enough to produce detectable changes in shape, size or
sediment characteristics of rivers in this area.
The climatically controlled channel evolution demonstrated here for events of late
Quaternary age is relevant to those processes that produced earlier prior streams.
Channels of the Tallygaroopna system possess attributes of both prior streams and
ancestral rivers. Given sufficient time they would develop characteristics identical with
those of prior streams elsewhere throughout the region. Thus in the special environments
of the Riverine Plain, incised channels of one type will proceed through successive stages
of development often becoming more sinuous and less efficient until an event that may
be climatic, tectonic or accidental in origin produces diversion and abandonment of
the former inefficient channel. The latter will continue to receive flood discharge carrying
only suspended load and will develop levee-floodplain associations characteristic of prior
streams.
The processes involved in prior stream development are clarified further by the
implications of the late Quaternary climatic sequence proposed here. The occurrence
of calcareous dust storms originating from the arid interior during summer was
simultaneous with high meltwater flooding on the plain. These conditions that produced
renewed flow in otherwise abandoned channels coincided with high evaporation from
channel margin sediments. Thus low solubility carbonates, perhaps derived largely from
aeolian sources, were concentrated in silty levees corresponding to the zone of highest
evapotranspiration loss. Flooding during the summer discharge regime would produce
the morphology and calcareous soil associations characteristic of these relict landforms.
With the exception of the Lachlan, all major rivers on the plain possess a large
number of prior stream channels implying an evolutionary sequence extending through
a long period of time. Moreover, the transition from one channel type to another
demonstrated by the Kotupna-Goulburn change in the late Quaternary record may
have been repeated many times throughout the early Pleistocene. The number of prior
stream channels possessing source-bordering dunes and implying bedload rather than
suspended load characteristics points to the dominance of environments related to glacialperiglacial catchment processes in contrast to the stable, vegetated slopes and narrow
channels of today’s suspended load regime.
Landscapes of the Riverine Plain have been little afTected by present climatic
environments; to a large degree they preserve legacies of regimes of which the past
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10,000 years have been unrepresentative. Such features cannot be understood in
uniformitarian terms. Indeed, it can truly be said that here the past is the key to the
present, not vice versa. Where the influence of Quaternary events is so firmly imprinted,
geomorphic analysis calls for studies on both short and long time scales. The successful
appraisal of Australian landforms in general depends on such an approach.
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4
Climatic Geomorphology in
Mid-Latitude Mountains
NEL CAINE
IN TRO D U C TIO N
The fact that climate has an influence on the geomorphic processes affecting the land
surface, and so on its surface form, has been recognised for a long time. Derbyshire
(1973) suggests that it was implicit in the recognition of glacial landforms during the
early years of the nineteenth century, although an explicit statement of climatic controls
in the development of landforms was delayed until the early twentieth century (Penck
1905; Davis 1905; de Martonne 1913). More recently, the climatic influence on
geomorphic processes and forms has been the focal point in the work of Büdel (1948,
1963), Peltier (1950, 1962) and Tricart and Cailleux (1965, 1972). All of these workers
consider morphoclimatic influences on a global scale which leads to a zonal
geomorphology in which large morphogenetic regions should be latitudinally defined
to match climatic and/or vegetation regions. Stoddart (1969) provides a comprehensive
review of such broad-scale studies.
On a local scale, the vertical arrangement of climatic and vegetation zones (which
was also first recognised scientifically at the beginning of the nineteenth century) offers
an analogue to the more extensive latitudinal zones. The equivalence between elevation
and latitude is by no means a good one (Tricart and Cailleux 1972: 147) but should
be sufficient to allow testing of the morphoclimatic influence across a range of elevations
in high mountains. Such a test is the objective of this essay which, therefore, derives
its impetus from earlier work on the vertical morphoclimatic zonation of tropical
mountains (for example, Büdel 1954; Jennings and Bik 1962; Bik 1967).
In testing the morphoclimatic concept, any mountain area with sufficient relief to
induce climatic gradients offers advantages to testing not found in a latitude transect.
In particular, a high mountain situation gives a variety of climatic conditions within
a small space and so should allow better control of variables other than the climatic
ones of most interest. Further, the steep slopes and consequent high levels of geomorphic
activity in most mountains should also ensure a closer correspondence between present
landforms and climate than occurs in lowlands.
Both of these advantages are counterbalanced by equivalent problems. The relatively
small scale of elevationally-defined morphoclimatic units means that many topographic
systems (stream catchments and hillslopes for example) include a variety of environments
(Tricart and Cailleux 1972: 149). Several morphoclimatic ‘regions’ may be included
in a system as small as a single first-order catchment, the response of which is then
likely to be a complex integration of different climatic influences (if its response is
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influenced by climate at all). The high level of erosional activity characteristic of
mountain areas gives problems in empirical comparisons between mountain situations
because it is associated with an equally high variability. The correlation of the means
and variances is clearly evident in the data summarised by Young (1969) and its effect
on statistical evaluation has been examined by Hayward (1969) and Bovis (1974).
Finally, there is the problem of distinguishing present climatic influences from past
ones, although this is not restricted to the mountain environment. The historical
influence is basic to the distinction between climatic geomorphology (sensu stricto) and
climato-genetic geomorphology as defined by Büdel (1963). The survival of Pleistocene
glacial landforms in almost all mountain ranges is a clear indication of a ‘historical
hangover’ which cannot be ignored in examining the landscape for evidence of climatic
influences. In keeping with Büdel’s distinction, this essay considers two tests of the
broad morphoclimatic concept: one based on a restricted set of geomorphic processes
which is a truly contemporary one, and a second based on landforms which requires
that the possibility of relict forms be recognised.
FIELD AREAS
These tests are based on studies in three very different mountain ranges, all of which
extend above present timberline. These are the Snowy Mountains of New South Wales,
the Southern Alps of New Zealand and the Front Range of Colorado. The general
characteristics of the mountain environments in these three areas are summarised in
Table 4.1 and, for more detail, reference should be made to the reviews of Costin
(1954); Costin et al. (1959) and Carr and Turner (1959) for the Snowy Mountains;
Gamier (1958), Maunder (1971), Mark (1965), and Wardle (1973) for the Southern
Alps; and M arr (1961), M arr et al. (1968 a,b), Barry (1973), and Leaf (1975) for
the Colorado Front Range.
T able 4.1

Mountain area environments

Snowy M ountains.
Southern Alps
Colorado
Front Range

Latitude

M ean
temp.*
°C

M ean
precip.*
cm

T reeline
elevation
m

Snow cover
duration
months

37°S
43°S
40° N

2.0
5.5
- 0 .6

220
125
110

1850
1500
3300

4
2-3
8

Lithology

G ranites
Greywacke
G ranites and
m etam orphics

* Estimated for the elevation of treeline, often from short records only.

In testing the morphoclimatic concept in these areas, it is useful to emphasise those
parts of the elevational range in which environmental gradients are likely to be steepest.
Intuitively, the ecotone between forest and tundra which occurs at the limit of tree
growth (timberline) appears to be a basic discontinuity in the ‘geomorphic environment’
of a mountain region. Above timberline, the ground surface is more exposed to
atmospheric processes than it is below that level and, for this reason, it has been
suggested that a change in the quantity and quality of erosion occurs at this elevation
(Daly 1905; T hompson 1962 a,b, 1968). Is it, therefore, reasonable to hypothesise a
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morphodimatic boundary at timberline and to use this limit in evaluating the
applicability of the morphodimatic concept to mountain areas?
At higher elevations, other morphodimatic boundaries, the most obvious of which
would be the glaciation limit (Flint 1971: 64), have been defined in mountainous areas
(e.g. Rapp and Rudberg 1960; Rudberg 1972). These boundaries are not usually so
easily identified as that associated with treeline and so their influence on geomorphic
processes is not considered here.
A TEST ON G EO M O RPH IC PROCESSES
Since erosional activity reflects material and energy fluxes which in turn are responses
to the local climate and vegetation, it should change at timberline. Thus, one might
expect a change in the observed rates of sediment yield between the subalpine forest
and the alpine areas above timberline. Such a test should be based on local studies
because of the variability of mountain climates and so the results of small (under
10 m:) plot observations are emphasised here. This ensures a comparative homogeneity
of the conditions on each plot, although the representativeness of the results remains
open to question. The different studies reviewed here are not entirely comparable. Some
involve the use of bounded plots and others are based on unbounded ones. There are
also differences in the size of plot areas: the bounded plots vary from 4.0 to 5.5 m2
while unbounded plots acquire sediment from an unknown, and very variable,
contributing area. It is also worth noting that none of these studies was originally
designed to test for differences in erosional activity across timberline. Their efficiency
in such a test is, therefore, lower than it might have been had they been designed
for this purpose.
In the Snowy Mountains, the work of Costin et al. (1960) which is summarised
in Table 4.2 allows a comparison of soil erosion across treeline. This work suggests
that, under quasi-natural conditions, there is negligible sediment yield from plots both
above and below treeline. Under disturbed conditions, the erosional responses are very
T able 4.2
Soil loss near treeline: Snowy M ountains
Zone and veg.
type
Forest
Natural
Depleted
Regrowth
Ecotone
Natural
Depleted
Regrowth
Alpine
Natural
Depleted

Slope
O

Ground
cover
%

N

Soil loss (2 yr)
X
s
g

g

Rate of
soil loss
g yr~ ‘

17-23
16-24
16-24

90-100
40-60
70-100

5
4
4

0.0
244.9
15.9

0.0
144.7
10.0

0.0
122.5
7.9

3-24
11-26
8 -16

95-100
15-75
100

18
5
4

0.0
2961.9
3.6

0.0
2440.8
5.9

0.0
1481.0
1.8

15
15-20

95-100
10-75

2
4

0.0
26579.6

0.0
19141.1

0.0
13289.8

Source: Costin et al. (1960).
N — number of plots used,
x — arithmetic mean; s — standard deviation.
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much increased and show a definite tendency to increase with elevation. Soil loss from
alpine areas after disturbance is two orders of magnitude greater than that from plots
in the forest. Under natural conditions, however, the difference between the two
environments is slight and is nowhere near that induced by disturbance of the natural
vegetation cover.
Some support for the conclusions drawn from Table 4.2 can be found in the broader
survey of Douglas (1973), which suggests higher levels of sediment yield from stream
catchments in the Snowy Mountains, which extend above treeline, than from those
in the lower Tinderry and Brindabella Ranges to the north. However, this cannot be
interpreted as a simple climatic response since any climatic effect could be confounded
with one due to different histories of land use (Hancock 1972) and with a lithologic
one. The principal components analysis which Douglas performed on suspended load
data confirms the lack of a strictly elevational influence. The third component in the
analysis is interpreted as a reflection of an alpine-subalpine contrast but is not
significantly associated with the suspended load variable (Douglas 1973: 97).
Two studies from the Southern Alps in Canterbury allow a similar comparison of
observed sediment yield from runoff plots, but one which is difficult to interpret in
terms of elevational influences. Hayward (1967, 1969) shows the testing of inter
community differences in erosion to be statistically inconclusive. This occurs in spite
of the wide differences between the mean rates of erosion under each plant community
(Table 4.3). This study was made at the approximate elevation of timberline and
included plots in both alpine and subalpine environments. The lower plots in this study
yielded much more sediment than those in the alpine environment but this probably
reflects nothing more than the influence of differential disturbance of the natural systems
in the past 800 years. The disturbance due to deforestation should have been greater
below treeline than above it and so dominates any comparison.
T able 4.3
Soil loss near treeline: Southern Alps
Cover type

Elev.
m

Bare soil*
%

N

Scrub
Scrub/bare
soil
Bare soil
Subalpine
scrub-tussock
Alpine scree

1075

0

4

1075
1150

29-74
18-45

4
4

1377.8
2034.4

245.9
2440.3

1377.8
2034.4

1250
1310

0-62
0

4
4

232.2
120.2

289.8
55.8

232.2
120.2

Soil loss (1 yr)
x
s
g
g
18.1
11.3

Rate of
soil loss

g v -'
18.1

Source: Hayward (1969)
* Bare soil is defined by Hayward (1969) as material under 1.3 cm calibre,
x is the arithmetic mean; s is the standard deviation.

Hayward’s work may be compared to that of Soons which is derived from plots
of similar area and design (Soons and Rayner 1968; Soons 1971). These observations
were made in a mountain catchment which is 600 m below the regional treeline but
which has experienced a history of deforestation and land use similar to that of
Hayward’s study area. Measured sediment yields in Soons’s study are of comparable
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magnitude to those defined by Hayward, despite the difference in elevation between
the two areas (Table 4.4). Further, the mean rates of waste removal from mountain
slopes suggested by both Hayward and Soons (0.007 to 0.7 mm yr“1) are probably
not different from the rate of cliff retreat at much higher elevations (c. 2200 m) in
the Southern Alps (0.03 mm yr-1) as suggested by the data used in Caine (1969).
T able 4.4
Soil loss below treeline: Southern Alps
Cover type

Slope
O

T ussock
grassland
Bare soil
Tussock scree

30-36
29
22-24

Ground
cover
%

N

80-100
0
50-100

3
1
2

Soil loss (4 yr)
x
s
g
g
1168.3
7887.0
276.5

1279.1
—

80.5

Rate of
soil loss
g yr“ '
292.1
1971.8
69.1

Source: Soons (1971).
The elevation of all plots is approximately 690 m.
x is the arithmetic mean; s is the standard deviation.

In the Colorado Front Range, Bovis (1974) has conducted studies which are
comparable in scale to those of Costin, Hayward and Soons, although the plots used
were not isolated from the slope system in which they were set. Some of the results
of this study are summarised in Table 4.5 which shows that the highest rates of soil
loss occur at the present time in the upper Montane Forest (as defined by M arr (1961)).
This is well below the regional timberline in the Front Range but is a conclusion
supported by other surveys which show soil erosion to be most serious in this part
of the Front Range forests (Gary 1975). There is no way of knowing if the present
rate of erosion in the Montane Forest is a reflection of natural conditions since this
part of the Front Range system is the one which has been most severely disturbed
in the period since European settlement just over a century ago. Above timberline,
similarly low levels of activity are defined in Table 4.5, particularly at those alpine
sites on which the tundra vegetation cover has not been disturbed by frost or mass
wasting.
T able 4.5
Soil loss: Colorado Front Range
Cover type*

Elev.
m

Open ponderosa
forest and snowfree tundra
Subalpine forest
Alpine turf

2500
and
3400
3050
3400

Slope

15-20
<15
<10

Ground
cover

Low
High
High

N

9
15
6

Soil loss (1.8 yr)
x
s
g
g

296.5
15.8
13.6

434.4
25.4
16.7

Rate of
soil loss
g yr” '

169.4
9.0
7.8

Source: Bovis (1974).
Cover types are defined by cluster analysis following PCA of plot characteristics (Bovis 1974: 30).
x is the arithmetic mean; s is the standard deviation.
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On a broader scale, Bovis’s observations of relatively low rates of soil erosion above
treeline are supported by the slow rates of sedimentation in alpine lakes and of sediment
yield from stream catchments within the alpine environment of Colorado (Caine 1974,
1976). At the glaciation limit, the rate of geomorphic activity seems to increase markedly
(Reheis 1975) and this may also happen locally within the alpine system but is not
evident in the sediment discharge through stream channels.
Initially, the relatively low level of erosion found in the alpine environment of the
Colorado Front Range appears at variance with Benedict’s work in the alpine of Niwot
Ridge (Benedict 1970). He defines more activity, in the form of solifluction and frost
creep, than Table 4.5 suggests and a similarly high level of activity is suggested by
the rock glacier observations of White (1971). In both of these cases, study sites have
been chosen for an atypically high level of activity and so cannot be taken as
representative of the alpine zone in general.
In all three mountain areas, two conclusions are evident. First, the evidence of man
as an agent of erosion (Jennings 1965) is clear and accounts for most of the variation
in sediment yields from mountain environments at the present day. In this, mountain
and lowland situations do not differ in that the anthropic effect overrides all ‘natural’
ones which are, therefore, more difficult to detect. Second, none of the evidence
summarised here suggests that rates of geomorphic erosion change at the elevation of
treeline, or even over a wider elevational range. This is supported by observations in
other mountain ranges: the multiple regression analysis of Andre and Anderson (1961)
fails to show an elevational influence on soil erodibility in the Sierra Nevada, for
example. In the mountains of Central Asia, Schcheglova (1974) suggests two general
situations from which most sediment is removed. One of these is more than 1000 m
below present timberline and is explained by soil erosion associated with rainfall; the
second is found well above timberline in association with glacial activity. This seems
to be a clear parallel to the situation found today in Colorado.
The test of erosion processes at timberline is, however, one which is limited in both
its spatial context and the range of geomorphic processes involved and so the fact that
it does not support the morphoclimatic concept should not be viewed as an invalidation
of the concept. It is worth considering further tests that are based on landforms and
their distribution.
TEST ON M OUNTAIN LANDFORMS
The more usual approach to testing the morphoclimatic concept is that which considers
the spatial distribution of landforms. In mountainous terrain, this suggests the hypothesis
that landforms, or landform assemblages, change with elevation, as do their climatic
and vegetational controls. Most tests of this hypothesis are based on ‘diagnostic forms’,
whose presence is thought critical, rather than the entire landscape. This is most evident
in work which reports the distribution of periglacial landforms associated with the
tundra above timberline.
Two tests using this approach are applied to the three mountain ranges under
consideration here. In the first, only relatively small landforms (on a scale of metres)
are used. This is complicated by the presence of relict forms associated with past climates
in all mountainous areas and so most emphasis is placed upon the very small periglacial
forms which are clearly active at the present day. The criterion of activity is especially
important in view of what is known of the shifts of timberline during the Holocene
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on mid-latitude mountains (e.g. Maher 1972; Andrews et al. 1975). The second test
uses much larger features (of kilometric scale) that have been interpreted intermittently
for almost 100 years as a geomorphic response to the position of timberline on alpine
mountains (Thompson 1962a, 1968). The preliminary test of these forms which is
performed here is based solely on evidence from topographic maps.
Small-scale forms
The three-way zonation of mountain landforms of Rapp and Rudberg (1960) (after
Büdel 1948) has been amplified by subdivision of the area just above timberline on
a number of occasions (e.g. Rapp and Rudberg 1964; Höllerman 1967; Swan 1967;
Rudberg 1972; Ellenberg 1974; Hastenrath 1974). Table 4.6 summarises the resulting
hierarchy of zones and shows the general similarity of European and African mountain
ranges in this respect. Here, a landform test of the morphoclimatic influence will be
made by reference to only the three basic zones of Rapp and Rudberg (1960). The
contact between two of these zones is defined by the timberline.
The forest zone
By comparison with the periglacial zones found above timberline, geomorphologists
have paid little attention to the zone immediately below treeline. Hence, there is little
known of forms that may be diagnostic of the subalpine forest environment. Rapp and
Rudberg (1960) report on the presence of frost phenomena in the Scandinavian forest
zone and my own observations of hummocks and frost cracking in wet sites well below
timberline in the Colorado Front Range confirm this report. In the Snowy Mountains,
solifluction forms have been reported from the forest zone by Costin et al. (1967) but
there is no doubt that these are relict from Pleistocene climates. The result is that,
for the present, the forest zone appears to be defined by negative characteristics: the
absence of the forms characteristic of the zones above it. 'Phis is unsatisfactory, but
unavoidable, and does not allow a conclusive test of the morphoclimatic concept.
Such a test is further complicated by the fact that some forms found within the
forest zone may be produced by events initiated at higher levels. Thus, rockfall, talus
accumulation, snow avalanches and mudflows are all capable of producing landforms
in the forest zone as a response to conditions prevailing above it. These effects are
clearly evident in many parts of the Colorado Rockies and the Southern Alps.
The solifluction zone
There have been relatively few surveys of active periglacial forms in the three
mountain ranges considered here. For this reason, these comments are based upon few
published statements and my own observations, neither of which allows a comprehensive
evaluation. As suggested by Table 4.6, the distribution of forms within this zone is
non-uniform and varies with elevation.
In Australia, Jennings (1965) suggested that the limit of active frost action was
at about 1500 m elevation in the Snowy Mountains. However, it is only above
2000 m that Costin and Wimbush (1973) have, more recently, recorded active
solifluction forms and frost cracking associated with hummock development. The
2000 m level is also the approximate elevation of significant nivation, if that is defined
by the activity of snowbanks like that in the Twynam Cirque (Costin et al. 1964,
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T able 4.6
Landform zonation in mountains
H ö lle r m a n (1 9 6 7 )

R u d b e r g (1 9 7 2 )

R o c k s /B lo c k fie ld

B e d ro c k
B lo c k field s

H a s te n r a t h

(1 9 7 4 )

G la c ie r zo n e
(h ig h e s t elev .)
B lo c k field zo n e

U nbound
so liflu c tio n
S o liflu c tio n
zo n e

T r a n s i tio n a l
fo rm s
B o u n d s o liflu c tio n |
P a tc h y s o liflu c tio n j

— > S o r te d p a t te r n s < - - - - - >
H um m ocks
V e g e ta te d
^
s o liflu c tio n

T r e e lin e
F o re s t zo n e
(lo w e st elev.)

S to n e s tr ip e s

->

M ic r o - t e r r a c e tte s
S o il fro s t fo rm s
T r e e lin e

F o rest

1973). A 2000 m limit is clearly above timberline. It is separated from timberline by
about 100 m and a similar separation is evident in Tasmania where active frost sorting
and solifluction only appear above 1350 m elevation (Davies 1964, and my own
observations). The inactive periglacial forms which are found to much lower elevations
in the Snowy Mountains are interpreted as relict from cooler conditions in the period
between 30,000 and 15,000 years B.P. (Galloway 1965; Costin et al. 1967; Caine and
Jennings 1968).
In the Southern Alps, the separation between timberline and contemporary frost
features is not nearly so clear as it is in the Snowy Mountains. In the Big Ben,
Craigieburn, Torlesse and Two Thumbs Ranges I have not found evidence of active
frost sorting much below 1750 m. This corresponds to the observations of Kaiser (1975)
although Zotov (1940) records striping to elevations as low as 1200 m and Gradwell
(1957) shows sorting to be active in stone stripes at 1500 m (cf. the elevation of
timberline (Table 4.1)). The activity of needle ice in the Canterbury High Country
is known to extend to below 1000 m elevation (Soons and Rayner 1968; Soons 1971).
In the South Island, too, a variety of inactive periglacial forms is known across a range
of elevations. Surveys of these forms are provided by Soons (1962), McCraw (1965),
Brockie (1965) and Harris (1975). McCraw (1965) includes a vertical zonation for
relict periglacial features and deposits in Otago which is similar to that of Rapp and
Rudberg (1960).
Benedict (1970) provides a map of frost features on Niwot Ridge in the Colorado
Front Range which allows a preliminary evaluation of the elevational range of different
features. Some of these forms are undoubtedly inactive at the present time but, even
so, this map suggests a separation between timberline and the forms of solifluction
and sorting characteristic of the periglacial environment (Fig. 4.1). My own observations
in the Front Range and elsewhere in Colorado support such a conclusion. The lowest
examples of presently active sorted patterns are usually 50 to 100 m above timberline
and are found in poorly drained situations. In similarly wet situations, frost cracking
and hummock development may be found at elevations as low as 2450 m on the east
slope of the Front Range, almost 1000 m below the regional timberline.
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Fig. 4 .7. The elevational limits of periglacial forms in the Colorado Front Range.
Arrow heads mark the approximate lower limit of the features developed above
timberline. Sources: Outcalt and MacPhail (1965); Benedict (1970); White (1971);
Madole (1972).

The blockfield zone
The diagnostic forms of the blockfield zone are accumulations of coarse blocky
detritus and bare bedrock. The forms of this zone that are found along the valley sides
and floors of the Colorado Front Range have been differentiated by Madole (1972)
(after Richmond 1962) into three elevationally-arranged facies. The lowest of these
is a talus facies which is followed successively up-valley by lobate rock glaciers (the
valley-wall rock glaciers of Outcalt and Benedict (1965)) and tongue-shaped rock
glaciers (the cirque-floor rock glaciers of Outcalt and Benedict). Tongue-shaped rock
glaciers in the Front Range are then immediately adjacent to the cirque glaciers in
the manner described by Thompson (1962b). Madole (1972) shows that this sequence
of facies has migrated vertically with the climatic fluctuations of the Holocene, in phase
with episodes of neoglaciation (Outcalt and MacPhail 1965) in the Front Range cirques.
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In the Colorado Front Range, these three sets of landforms and deposits are restricted
to valleys which were glaciated during the Pleistocene. This part of the blockfield zone
is, therefore, spatially separated from the forms of the solifluction zone although
overlapping with them in the vertical dimension (Fig. 4.1). The separation is most
easily defined in interfluve situations which have not been glaciated in the recent geologic
past. Autochthonous blockfields on ridges (not considered by Madole (1972)) are found
in the more usual relationship to the solifluction zone and appear limited to the ground
above 3725 m elevation.
Similar sequences of forms and deposits are probably present in the Southern Alps,
east of the Main Divide. There, lobate rock glaciers are active on cirque floors below
true glaciers whose recent history seems to have been similar to that of the Front Range
glaciers (McGregor 1967). Jeanneret (1975) records the elevations of lobate rock glaciers
in three mountain ranges in Canterbury. Most rock glaciers are found well above
timberline (a mean elevation of 1880 m: 400 m above timberline), but some extend
to below 1700 m. However, the lower ones appear inactive at the present time. The
disparity in the lower limit of the blockfield zone between valley-floor and ridge crest
situations appears similar to that found in Colorado.
In Australia, a contemporary blockfield zone has not been demonstrated. Bedrock
tors and blockstreams are found in the Snowy Mountains (Costin 1954; Caine and
Jennings 1968) but are related to late Pleistocene conditions rather than the present
climate. In view of the fact that the lower limit of the active solifluction zone lies close
to the highest summits, it seems best to suggest that the limit of the blockfield zone
is above the summit of Kosciusko (2230 m).
In summary, the distribution of small-scale forms around timberline is not simple.
Many of these forms are not limited at timberline but at some elevation above it, which
is also apparent in the subdivisions of the alpine area suggested by European workers
(Höllerman 1967; Rudberg 1972). This variation in elevational limits suggests that
forest growth does not exercise a limiting control on the periglacial forms of the alpine
zone, rather that timberline and periglacial features are both responses to similar sets
of more basic controls (presumably climatic ones). There is no need to infer a direct,
causal connection between timberline and geomorphic forms. This conclusion is further
supported by the fact that, in areas where the forest has been removed, the limit of
patterned ground and frost features remains at or above the former limberline elevation.
In the English Lake District, the limit of active frost sorting is 610 m (Caine 1972),
about the elevation of a former timberline (Pearsall 1950).
Large-scale landforms
In the early years of this century, a climatic explanation of summit accordances and
alp slopes at about the elevation of present timberline was offered by Daly (1905).
More recently, this hypothesis was revived by Thompson (1962a, 1968) to explain
accordant summits and alp shoulders in a variety of mid-latitude mountain ranges.
He explains the correspondence with timberline by assuming much greater geomorphic
activity above timberline than below it. The evidence considered until now in this paper
does not support such an assumption. There is no marked increase in erosion rates
as one moves upward across timberline. There is a change in small-scale landforms,
particularly those associated with mass wasting, but these change gradually above
timberline rather than abruptly at that elevation.
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D e spite th is, a p re lim in a ry test o f T h o m p s o n ’s hypothesis is w o rth w h ile . Such a
test is p ro vid ed by an a ltim e tric frequ en cy analysis using the m a x im u m elevations w ith in
1 m i2 (2.59 k m 2) square q u a d ra ts fo r sections o f the three m o u n ta in ranges considered
in th is paper (F ig . 4.2). 'P his test is open to the c ritic is m s fre q u e n tly aim ed at such
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F ig. 4.2. A ltim e tric frequency analysis.
H istogram s o f the freq u e n cy o f m a xim u m elevations w ith in 2.5 k m 2 quadrats in three
m id -la titu d e m ountain ranges. Sources: Topographic M a p s — Colorado F ro n t Range:
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analysis of topographic maps (e.g. Clarke 1966) but the use here of a wide filter for
elevation (65 m interval) and a quadrat whose maximum dimension approximates half
the valley spacing should remove some of these problems. Figure 4.2 suggests a bimodal
frequency of elevations in both the Colorado Front Range and the Southern Alps, with
less obvious bimodality in the Snowy Mountains. Neither mode corresponds in elevation
to present timberline and only in the case of the Snowy Mountains (and particularly
the Geehi SMA 1 mile sheet) does a minor peak in the frequency appear to correspond
to timberline. The test, crude though it is, fails to support the idea that present
timberline is reflected in large-scale topographic benches. A generally acceptable
explanation for the frequency modes above timberline has yet to be proposed.
CONCLUSION
In this essay three tests have been applied to the idea that mountains, by influencing
local climates, have an influence on geomorphic forms. These tests have involved
estimates of present day geomorphic activity, small-scale landforms (especially those
diagnostic of ‘periglaciaf conditions) and major topographic frequencies. In their present
application, all three tests can only be considered provisional but, when applied to three
different mid-latitude mountain areas, they give results which converge on the same
conclusion: there is no sharp geomorphic discontinuity at timberline. The test on
periglacial forms offers most support for the morphoclimatic concept but even that
defines a progressive influence rather than one which reflects a discontinuity. Where
it has been examined, the frequency of periglacial forms along the elevational dimension
suggests a normal distribution rather than a rectangular one or one which is truncated
at timberline (e.g. Caine 1972; Jeanneret 1975).
An explanation for the lack of support for a morphoclimatic boundary at timberline
in mid-latitude mountains may lie in the different response times of landforms and
vegetation. That of the former is probably much greater than that of the latter: some
rock glaciers, for example, seem to have been active for more than 4000 years. In contrast
to this continuity, Andrews et al. (1975) show that timberline elevation, in Colorado
at least, has varied by as much as 100 m in the last few centuries. This kind of temporal
instability in a morphoclimatic boundary, added to its local spatial variability, must
blur its influence on landforms and geomorphic processes. Above timberline, the
glaciation limit probably forms a much more convincing morphoclimatic boundary, and
one which is defined also by a marked increase in denudation rates (Schcheglova 1974;
Reheis 1975).
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5
Termites, Soils and Landscape
Equilibrium in the Northern
Territory of Australia
M.A.J. WILLIAMS
‘The Territory has two main problems: white ants and politicians; politicians are the worst’— Frank Atkins,
Northern Territory gold prospector.

IN TRO D U C TIO N
The persistence throughout much of tropical northern Australia of major Cainozoic
erosion surfaces capped by seemingly undissected deeply weathered mantles (Wright
1963; Hays 1967) places the process-oriented geomorphologist in a very real dilemma.
Rates of both fluviatile and hillslope erosion in the seasonally wet tropics of Northern
Territory and Queensland amount to a surface lowering ranging from 10 m to 100 m
per million years even in little disturbed catchments or well-vegetated gentle slopes
(Douglas 1967; Williams 1973). Are present rates of erosion typical of those that
prevailed during the fashioning of the Cainozoic planation surfaces? And if so, are
the surfaces and their associated weathered mantles and soils quite as unmodified as
much of the literature implies?
The aims of this chapter are to challenge the notion that the soils developed on
the younger of three major planation surfaces recognised in the north of the Northern
Territory (Hays 1967) are ancient ‘lateritic podzolic’ soils associated with a stable late
Cainozoic weathered surface (Stewart 1956); and to argue that any realistic model of
landscape evolution in this region must take into account present-day erosional and
zoogenic processes as well as possible landform inheritance from late Cainozoic times.
By comparing two localities (A and B) on deeply weathered granite near Brocks
Creek in tropical Northern Territory (Figs. 5.1 and 5.2) I hope to show that
modification of the weathered surface by erosion, termite activity and soil development
has been very active for probably at least 20,000 years, so that what appears from
air photo interpretation to be a stable late Cainozoic surface is still in fact being
weathered and lowered.
Localities A and B are only 5 km apart, and both are on granite which has suffered
only minor dissection since the last phase of deep weathering, yet they differ in
topography and soil morphology. Valley aggradation is dominant in area B, stream
incision in area A. In area A four species of mound-building termite are active; in
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area B te rm ite m ounds are rare. T h e soils at A are th re e -la ye re d , con sistin g o f a sandy
top soil, an in te rm e d ia te q u a rtz sto n e -la ye r, and a w e athe red g ra n ite subsoil. A t B there
is no stone la yer, and deep sands rest d ire c tly on w e athe red gra n ite . Before proceeding
to describe the differences in the soil m antles developed at A and B, w h ic h are ascribed
here to differences in te rm ite a c tiv ity , it is use fu l to describe the p h y s io g ra p h ic setting
o f the area as a w hole.
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T H E PHYSIOGRAPHIC SETTIN G
Eandforms between Darwin, Pine Creek and Arnhem Land have been mapped by
Story and co-workers (1969). Two distinct granite landscapes occur sporadically in the
south of this area (Fig 5.2). One consists of granite domes and rugged boulder-mantled
hills; the other, with which we are concerned here, has a gentle relief, with slopes
commonly 1°-4C>, and a weathered surface usually 1-3 m deep from which emerge
tors, corestones, and level granite platforms.
The Brocks Creek weathered surface may be a modified remnant of the (?) Pliocene
Maranboy Surface mapped by Wright (1963) in the Daly River basin to the west,
or may relate to the more recent period of Koolpinyah deep weathering (Hays 1967;
Williams 1969). Support for the first suggestion comes partly from the fact that the
Brocks Creek granite lies over 60 km south of the nearest mapped occurrence of the
Koolpinyah Surface and partly from Wright’s assertion (1963: 158) that Maranboy
remnants occur down to a height of 80 m, the elevation of the Brocks Creek granite
being 85-115 m.
The region has two seasons: a wet season from November to March and a dry
season from May to September. Rainfall is reliable, with a coefficient of variability
between 18 and 25 per cent (Anon. 1961), and roughly 1300 mm of rain fall each
year at Brocks Creek. The highest mean monthly temperature is 38°C in November
and the lowest is 13°C in July.
Dominant vegetation is eucalypt and mixed woodland over tall grass on gentle slopes
with deep, well-drained soils, and grassland or open savannah on the alluvial flats
with impeded drainage and non-eucalypt woodland over tall grass among the tors and
granite outcrops (Story 1969).
D EFIN ITIO N S
Since my interpretation of the soils developed on the weathered Brocks Creek granite
differs from that of earlier workers in this region, I begin by defining my terms.
The soil profile is defined as ‘the complete vertical succession of genetic horizons
down to the unaltered parent material or parent rock’ (Brewer 1964). It therefore
includes the ‘deep weathered mantle’ (Wright 1963) above fresh bedrock.
Each Brocks Creek granite soil profile has one or more of the following horizons:
M, S and W.
The M horizon corresponds to Watson’s (1961) mineral M horizon and in many
cases to the CrT horizon or ‘gravel-free coarse sandy horizon formed largely by termites’
of Nye (1954). It is defined as: a sandy surface horizon with more than 70 per cent
sand particles (from 0.02 to 2 mm) and less than 20 per cent gravel (coarser than
2 mm). It may overlie an S or a W horizon.
The S horizon is a layer in which quartz granules and pebbles (from 2 mm to
200 mm in size) constitute at least 20 per cent of the horizon. It may be overlain
by an M horizon, but never by a W horizon, which it overlies. The S horizon
corresponds to Watson’s (1961, 1962) S or stone line horizon, to the CrS horizon
or horizon of gravel accumulation of Nye (1954) and to any of the three types of
stone line described by de Villiers (1965). The M and S horizons together constitute
Nye’s (1954) Cr or creep horizon, and the soil migratory layer of Berry and Ruxton
(1959).
The W horizon is that part of the soil profile in which some granite fabric and
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structure is visible. It lies above fresh rock, and may be further divided into three fairly
distinct weathering zones (W l, W2, W3), each characterised by differing degrees of
preservation of the original rock structure. The three weathered zones have the following
characteristics:
W l. Rare litho-relicts. Red or reddish-brown coarse sandy clay loam to clay loam
with more than 50 per cent quartz sand, abundant ferruginous mottles and soft
concretions, 10 to 50 per cent feldspar, and less than 20 per cent quartz pebbles.
Structure and fabric of parent granite almost completely destroyed. 2.5YR hues
dominant.
W2. Conspicuous litho-relicts. Massive or structureless red, brown or reddish-brown
clay loam to sandy clay loam, often traversed by shattered but otherwise undisturbed
quartz veins; occasional corestones. Over half the original granite structure and fabric
destroyed. Hues variable, chiefly 2.5YR.
W3. Abundant litho-relicts. Rests directly on fresh granite. Massive, white or grey
gritty sandy loam (sandy clay loam if illuvial clay present); occasional to abundant
corestones; abundant feldspar and mica; more than half the granite structure and fabric
preserved. 5Y hues dominant.
W l corresponds to Zone 1 of the granite weathering profde described by Berry and
Ruxton (1959): W2 to their Zones II and III, and W3 to their Zone IV. W l and
W3 are the least variable of the three layers. The overall W horizon is equivalent
to Watson’s (1961) W or weathered rock zone, to the sedentary (S) horizon of Nye
(1954), and to the ‘weathering profile’ of Berry and Ruxton (1959).
T H E SOIL M ANTLES
Two distinct types of soil mantle are developed on the Brocks Creek granite, and variants
of these two types are sufficiently common on granite-gneiss rocks throughout the region
for taxonomically-inclined pedologists to have spawned a picturesque array of Soil
0

200 400
metres

granite tors
low convex weathered
granite knolls
granite slopes
alluvial flats
--

levelled slope tr ans e ct

Fig. 5.3a. Plan view oj area A, Brocks Creek, Northern Territory.
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Family names by way of classification (Stewart 1956; Hooper 1969). The three-layered
soil mantle in area A is here referred to as the Brocks Creek soil mantle; and the
two-layered soils in area B as the Ban Ban soil mantle, after Ban Ban springs
immediately east of the granite intrusion (Figs. 5.3a and b; 5.4a and b).
(a) The Brocks Creek soil mantle
The M horizon is a loamy coarse sand with 5 to 22 per cent clay. It is thin and
sometimes completely absent on the steeper middle slopes, but is elsewhere up to 45
cm thick (Fig. 5.4a). The boundary to the S horizon is clear.
The S horizon consists of 40 to 60 per cent by volume of sub-angular iron-stained
vein quartz up to 5 cm long. There is a greater concentration of the quartz fragments
towards the top of the horizon. It is sometimes possible to distinguish an upper SI
horizon with up to 15 per cent clay, and a lower S2 horizon with up to 23 per cent
clay. The boundary to the underlying W horizon is generally gradual.
The W horizon retains its granite fabric including corestones embedded in weathered
grus, and shattered but otherwise undisturbed quartz veins. It is clearly in situ, and
becomes progressively more weathered with a higher clay content towards the surface.
The transition from W 1 to S2 horizons is often very gradual. Both horizons may have
similar colours and textures, the only obvious difference being the greater concentration
of stones in the S2 horizon.
(b) The Ban Ban soil mantle
The two-layered soils of the Ban Ban soil mantle consist of colluvial-alluvial sands
over weathered granite (Fig. 5.4b). In their morphology, texture and fabric they
resemble the transported granitic soils described by Milne (1947) and later workers
in Africa, and the Cullen Family soils of Stewart (1956) and of Hooper (1969) developed
within this region.
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At the foot of the interfluvial tors the soils consist of shallow sands containing
transported fragments of weathered granite above a clayey W3 horizon. The thick
ness of the sandy M horizon increases downslope from about 40 cm to 140 cm
until it abuts on to the swampy flats in the centre of the valleys. Here clay content
increases from 13 per cent in the topsoil to 40 per cent in the subsoil (pit 11,
Fig. 5.4b).
The M horizon contains about 15 per cent coarse prominent ferruginous mottles
and soft irregular concretions, but the mottled layer becomes deeper downslope,
occurring at 60-90 cm upslope, 110-160 cm downslope, and at 155-165 cm in the
valley bottom, where depth to bedrock was nowhere found to exceed 200 cm. S horizons
were absent from the Ban Ban catena, despite the presence of quartz veins in the granite
in this area and of occasional quartz fragments in the soil mantle.
ORIGIN OF T H E SOIL MANTLES
(a) Authogenesis
The W horizon in both localities is formed by weathering in situ. In area A, the colour
and textural transition from the YV1 to the S horizon is sometimes so gradual that,
without the concentration of quartz stones, these S horizons would be indistinguishable
from the weathered rock. Area B lacks any such gradual transition for sand overlies
the W horizon abruptly and disconformably, resulting in texture-contrast soils. The
essential difference between the soil mantles at A and B is that stone-layers are present
at A but absent from B. In addition, the W horizon is well developed at A but very
thin at B (Fig. 5.4a and b). It is instructive to explore some possible reasons for these
differences in more detail.
(b) Origin of the stone-layer
In order to explain the origin of the S horizon in area A, it is necessary to account
for the lack of stones in the M horizon, for the alignment of the stone-layer parallel
to the present surface, for its occurence on interfluves as well as on slopes, and for
the absence of stones in area B.
Subsurface stone-layers are characteristic of soils on strongly weathered rocks
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containing resistant quartz veins, and are widespread in tropical Africa, Asia and South
America as well as in the sub-tropical Piedmont region of the United States. They
have been attributed to soil creep; to the burial of stony colluvium, alluvium or erosional
lag gravels; to slope retreat; to the swelling of clay soils; and to termite activity.
Soil creep is active in both localities, and rates measured during 1965-8 are
summarised in Williams (1973). In area A friction within the subangular stone-layer,
allied to gentle gradients, minimises rates of soil creep, which nevertheless amounted
to a mean annual volumetric movement downslope of 7.5 ± 5.1 cm3 per cm width of
slope during 1965-8.
Pit 1 at the base of transect 4 (Fig. 5.3a) furnishes further proof of movement,
for the feldspar-rich M and S layers have moved several metres beyond the granite
margin and overlie a non-feldspathic quartzose subsoil. The lenticular stratification of
the S horizon in pit 10 also indicates transport and sorting of the quartz stones. Soil
creep may well be a factor contributing to long-term movement of subsurface vein quartz
in area A, but does not account for the lack of stones in area B.
Slopetuash and sheet erosion are active in both areas, so that burial of surface stones
is conceivable. The net effect of monitored slopewash seems to be the removal of a
thin surface layer from A, and transport of the sand out of the area by seasonal streams.
In area B the result of slopewash seems to be a gradual thickening of the M horizon
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Fig. 5.4b. Cross-sections of some two-layered soil mantles in area B, Brocks Creek, Northern
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downslope. In short, the ground surface in area A is being lowered by erosion rather
than being buried.
Runoff plot and sediment-tray data (Williams 1973) show that the granite slopes
in area A were lowered at mean rates of 3.1 cm per 1000 years during the 1965-6
and 1967-8 wet seasons and of 11.3 cm per 1000 years during the exceptionally wet
1966-7 season. (Between 14 and 22 February 1967, 190 mm of rain fell, at a mean
maximum intensity of 4.7 cm per hour, causing rates of surface lowering amounting
to 2 cm per 1000 years.) During the 1965-6 wet season, out of 194 quartz pebbles,
1 to 8 cm long, over half moved 1 cm or more downslope, and of these, half moved
2 cm or more. Greater movement took place during the 1966-7 rains. Although the
W horizon is sedentary, the S and M layers are thus moving gradually downslope
under the influence of sheetwash and soil creep.
Slope retreat, if it is occurring at all, is subordinate to slope lowering in both areas.
To sum up so far: the creep, the burial and the slope retreat hypotheses fail to explain
the absence of the stone-layer from area B, and do not account for the distribution
of the S horizon throughout all of area A.
Seasonal expansion of swelling clays and the upward displacement of stones from
the subsoil do not account for the association of stoneless sandy topsoils and stony
subsoils, unless the M horizon is considered a later feature. Nor does this hypothesis
accord with the low clay content of many S horizons, and it fails entirely to explain
the lack of a stone-layer in area B. Furthermore, the clay minerals in the W horizon
are almost entirely kaolinite and halloysite (R. Frank, pers. comm.) and are not liable
to swell much when wet.
The possibility favoured here is that termites are in large part responsible for the
development of the stone-layer in area A, and are indirectly responsible for the M
horizon in that area. Both S horizons and termite mounds occur in area A; neither
occurs in area B, although the petrologically identical biotite-hornblende granite
contains similar proportions of vein quartz. The absence of mound-building termites
from area B seems due to water-logging downslope and perhaps to the lack of clay
in the soils upslope, factors which inhibit termite activity elsewhere (Sys 1955; Boyer
1959).
Four mound-building termite species were identified from area A (F. Gay, pers.
comm.). They were Nasutitermes tnodiae (Froggatt), Drepanotermes rubnceps (Froggatt), Tumulitermes pastinator (Hill) and T. haslilis (Froggatt).
Measured vertical growth of T. hastilis mounds ranged from 3 mm per day at the
close of the 1966-7 wet season to 9 mm per day at the beginning of the next. Counts
of active and defunct mounds, measured rates of mound growth and disintegration,
and analyses of mound samples (Table 5.1) suggest that T. hastilis, the commonest
species in area A, brings 0.48 m3 of soil per ha to the surface each year (Williams
1968). N. tnodiae adds a further 0.002 cm to the topsoil annually. These values accord
closely with the more recent estimates of rates of topsoil replenishment by termite activity
near Brocks Creek by Lee and Wood (1971a, 1971b: 154).
The silt/clay ratios of sampled mounds all fell between 0.44 and 0.50. Corresponding
ratios in adjacent soil horizons were 0.50 in the W l, and 0.39 in the W2 horizon.
There seems little doubt that in area A the mounds consist mainly of material brought
up from the weathered zone beneath the stone-layer, which develops from the
concentration of vein quartz caused by removal of the fine earth fraction by termites.
Erosion of defunct mounds gives rise to the stone-free M horizon. Termite mounds
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T able 5.1
Clay content and voids ratios of some term ite mounds in area A

Termite species
Nasutitermes
tnodiae
Tum uliterm es
hastilis
Tum uliterm es
pastinator
Drepanotermes
rubnceps

Mound
height
(cm)

Mound
width
(cm)

Voids
ratio
(%)

Clay
content
(%)

Silt
content
(%)

Sand
content
(%)

500

200

51.0

35

16.5

48.5

75

40

28.5*
80.0+

25*
20+

13*
11 +

64*
67+

50

70

—

—

5

150

—

80.0

20

9

—
71

* Base of mature mound
+ Summit of recently-built mound

built predominantly from subsoil material are common outside Australia (Hesse 1955)
and in the Katherine area south of Brocks Creek mounds are often diagnostic of subsoil
conditions (Litchfield 1952).
Foraging depths during the wet season—the period of maximum mound-building
activity—are often restricted to above about 150 cm by the perched water-table which
forms periodically over the impermeable W3 horizon. If the M horizon is indeed derived
from termite mound material, it is necessary to account for its lack of clay.
(c) Lateral seepage, eluviation, and illuviation
Greene (1947) stressed that many features of tropical soils result from lateral seepage,
and Ruxton (1958) estimated that on granite hillslopes in Sudan, up to 70 per cent
of the original rock may be removed by subsurface lateral eluviation.
The vertical anisotropy in both areas favours lateral seepage, for the permeable
surface horizons overlie the impermeable W zones. Permeability was related inversely
and exponentially to clay content, decreasing rapidly with increasing clay content and
so with depth.
Clay content in the SI and S2 horizons reflects downslope subsurface movement
of clay-size particles. On transect 1 (Figs. 5.3a and 5.4a), clay content increases from
10 per cent upslope (pit 7) to 36 per cent downslope (pit 5), and on transect 4, from
11 per cent upslope (pit 3) to 23 per cent downslope. Also, since the M horizon in
area A is being renewed constantly by material accreting from the breakdown of termite
mounds which never contain less than 20 per cent clay, in contrast to the 11 per cent
maximum clay content of the M horizon, then about half of any additional colloidal
particles must be removed almost immediately from the topsoil, by rapid vertical
eluviation, before being washed laterally through the permeable SI horizon into the
S2 and W horizons. Evidence of such illuviation below the M and SI horizons is given
in Table 5.2.
The highest proportion of illuvial to total clay (55 per cent) in area A was in the
base of the stone layer in pit 5 downslope and very high values were also obtained
for the W1 and W2 horizons of pit 3 upslope (20 and 22 per cent). The smallest
amount and proportion of illuvial clay was in pit 10, at the base of the slope, and
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T able 5.2
Total clay content and illuvial clay content in selected horizons, areas A and B
T o ta l
P it N o .

H o r iz o n

c la y

%

Illu v ia l
c la y

%

%

Illu v ia l/

to ta l c la y

Area A
S u m m it

3

W1

20

4 .0

2 0 .0

S u m m it

3

W2

23

5 .0

2 2 .0

L o w e r s lo p e

4

S2

16

1 .5

9 .4

L o w e r s lo p e

5

S2

36

2 0 .0

5 5 .0

L o w e r s lo p e

10

SI

12

0 .4

3 .3

L o w e r s lo p e

10

S2

10

0 .5
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L o w e r s lo p e

10

W3

10
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5 .0

B

29

1 0 .0

3 4 .0

Area B
E d g e o f a llu v ia l
f la t

11

situated at a seepage line during the wet season. In area B over a third of the clay
in the subsoil of pit 11, located at the junction between alluvial flat and pediment,
was illuvial (R. Brewer, pers. comm.). One may conclude from these limited data that
in area A 80 per cent of the clay in the upslope W horizons seems due to in situ
weathering, and from 45 to 90 per cent of the clay in the transitional or S2 horizon
is formed by weathering in situ, except where lateral seepage is particularly rapid,
when the content of both total and illuvial clay is very low.
(d) Soil age and erosional history
The contrast in the soil mantles and local relief in areas A and B has been noted,
with stream incision dominant at A and valley aggradation at B. Steep stream gradients
and convex slope profiles at A, and gentle valley gradients and concave slopes at B
testify, respectively, to increasing and decreasing stream incision (Penck 1953: 150).
The incipient erosion of the weathered mantle in area A reflects recent incision by
a tributary of the main fault-line stream which is eroding headwards along the line
of structural weakness indicated by the NNW -SSE aligned quartz reef shown on Fig.
5.1. On the other hand, in area B the phase of weathering and erosion which presumably
created the now buried rock-cut footslopes has given way to a phase of alluviation.
The footslopes at B are mantled granite pediments similar to those described elsewhere
in this volume by Mabbutt and by Whitaker.
Mean sediment yield from the footslopes in area B was 38 m3/k m 2/y r for the period
1965-8. Maximum thickness of alluvium in the valley bottom is 2 m, and the ratio
of footslope area to area of alluvium is 11 to 2. If we assume a closed system with
no losses of alluvium (and ignore such compensating factors as soil removal from the
slopes by subsurface eluviation and solution, and a formerly more extensive footslope
area), then the present depth of alluvium could have been laid down in roughly 9500
years at current rates of erosion.
The time necessary for the M horizon to form in area A has been estimated elsewhere
(Williams 1968) at 12,000-17,000 years, so that the Brocks Creek soil mantle may
have had longer to develop than the Ban Ban soil mantle.
In area A, the W horizon is being truncated at a rate of roughly 0.068 m m /yr
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by certain mound-building species of termite (Williams 1968), so that unless weathering
is proceeding simultaneously with the removal of secondary weathering products from
the subsoil, there would be no weathering profile. Termites have probably been active
in this region for the past 50 million years or so (Emerson 1965), from which we
may infer that a form of equilibrium must long have existed between subsurface
weathering and truncation of the weathered profile by termite activity.
T E R M ITES AND LANDSCAPE EQUILIBRIUM
The anatomically primitive species Mastotermes darwiniensis (Froggatt) is common in
parts of coastal tropical Australia, and may well have occupied parts of northern
Australia throughout much of the Tertiary, for it occurs in fossil form in Eocene and
middle Oligocene deposits in England, in upper Oligocene rocks in Germany, and in
lower Miocene formations in Yugoslavia (Emerson 1965). Circumstantial evidence of
possible prolonged occupation of Northern Australia by Mastotermes and by more
recently evolved species of tropical termites, and the fact that the termites near Brocks
Creek replenish the topsoil as fast as it becomes eroded (as shown by the burial of
the stone layer) suggest that in the wetter parts of tropical Australia termites may
long have been in equilibrium with the local ecosystems. If we neglect the erosional
effects of man-made bush-fires which generally but not invariably lead to above-average
soil loss, it is apparent that for a relatively stable plant community to develop and
persist a delicate natural balance must exist between plant growth, plant consumption
by animals and insects, and soil development through rock-weathering and re-cycling
of nutrients from broken-down plant residues.
The equilibrium between termites and their environment is geomorphological as well
as ecological. By promoting seasonal moisture penetration along their galleries, the
Brocks Creek termites enable the granite bedrock to weather at about the same rate
as they are removing weathered material from the subsoil. The topsoil is constantly
lowered by slopewash to be continuously replenished by mound disintegration. The
weathered rock is repeatedly being mined by worker termites in search of fresh building
material, but the progressive advance of the weathering front keeps pace with the
removal of the weathered products. In other words we see here a condition of
equilibrium in which renewal balances removal as the soil mantle is constantly denuded
and constantly replenished. A logical inference from such reasoning is that the weathered
surface of the Brocks Creek granite is not part of an unmodified deeply-weathered
surface of late Tertiary or early Pleistocene age, as assumed by Stewart (1956) and
by Hays (1967).
If current rates of surface lowering at Brocks Creek of roughly 5 cm per 1000 years
obtained throughout the Quaternary, the present land surface may be up to 100 metres
lower than it was some 2 million years ago. However, it is far more likely that runoff,
erosion, weathering and plant cover were not constant through time, but varied in
response to Quaternary climatic fluctuations, glacio-eustatic sea-level oscillations, and
possibly even slow earth movements in this generally stable area.
From Western Australia to Cape York, tropical northern Australia was arid during
the very late Pleistocene (Williams 1975; Wyrwoll and Milton 1976). Late Quaternary
marine cores show a rapid rate of clastic sedimentation on the Sahul Shelf during the
cold, dry terminal Pleistocene followed by slower fine-grained deposition during the
warm, wet early Holocene (Van Andel et al. 1967). It is therefore more realistic to
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envisage Brocks Creek (and indeed tropical Northern Territory in general) as having
been subjected to alternations in the relative efficacy of weathering, erosion, and soil
mantle formation. An earlier phase of severe erosion during the Pleistocene probably
accounts for the relatively youthful ages deduced for soil mantles in area B, as well
as for the probable late Quaternary age of the soil mantles in area A. At all events,
we need to reconsider what we really mean when we talk of unmodified late Tertiary
or early Quaternary erosion surfaces in northern Australia.
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Coastal Deposits
A distinctive feature of work in coastal geomorphology in Australia and New Zealand
during the past decade has been the increased interest in the nature and history of
the sediments which make up the depositional landforms of the shore. In particular
the problem of shore sediment budgets has emerged as a major focus of research with
important applied connotations.
Different aspects of such studies are illustrated in the four chapters that follow. Bird
reviews the broad distribution of beach materials around the Australian coast and shows
how variations in mineralogy from place to place suggest variations in origin and history.
On a much smaller scale Davies reports variations in sand grain characteristics around
the Tasmanian coast which he relates to differences in the wave environment as well
as to source lithology. An enormous amount of further work remains to be done along
these and other lines. Such a high proportion of the coast is made up of beaches and
dunes that the history of their constituent sand will continue to be critical to much
research on shore morphology.
A marked contrast exists on either side of the Tasman Sea in respect of sediment
budgets. In southeastern Australia it seems that beaches have been stationary or in retreat
in recent decades and there is every indication that budgets are balanced or negative.
However, periods with positive budgets have occurred in the past, notably just after
the sea reached its present general level about 6000 years ago. Thom reconstructs the
story of progradation and recession as he sees it at present along parts of the New
South Wales coast and makes some suggestions about cause and effect. In tectonically
more dynamic New Zealand the story is different, with well attested recent progradation
on many coasts. However, the survey made by McLean points to the complicated nature
of some of this progradation. In spite of spectacular short term changes the net longer
term effect is not always clear and some local progradation is the result of redistribution
rather than a positive sediment budget.
Given the great range of environments around the Australian coasts and the great
variations in sediment source from place to place and time to time, it seems certain
that other parts of Australia will have yet different sand budget histones. The
comparative elucidation of these histories will be a major task for the future.
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6
TheNature and Source of Beach
Materials on the Australian Coast
E.C.F. Bird
Beach sediments show variations in petrography and granulometry related to the nature
of source materials on the one hand and environments of transport and deposition on
the other. Some beach materials are derived from the erosion of coastal clifTs and
foreshore rock outcrops; others have been supplied by rivers draining to the coast; and
others have been washed in from the sea-floor by waves and currents. Many beaches
include sediment derived from more than one source, and it is sometimes difficult to
decide the relative proportions of coastal, fluvial, and sea-floor supply in the composition
of a particular beach. Some beaches are still receiving sediments; others are relict, the
sediment source being no longer available or the process of delivery no longer effective.
Beach sediments also show features produced by sorting and abrasion in the course
of their delivery to the shore and subsequent re-working by shore processes. As a result,
there is often considerable spatial variation in petrography and granulometry over the
surface of a beach. The upper beach, above mid-tide level, is often coarser in texture
and steeper in profile than the beach at lower levels, largely because of swash-andbackwash sorting effects. Exceptions occur where the foreshore is occupied by relict
coarse materials, such as cobbles and boulders unrelated to existing shore processes
at work on an upper sandy beach. Further variations accompany minor features, such
as berms, beach cusps, swash marks, ripples, and bars.
In addition to these spatial variations, beach features change in response to tidal
movements and weather conditions. Vertical sections through a beach usually show
contrasted laminae, each of which represents a particular depositional phase related
to wave and current processes accompanying sequential fluctuations of weather and
tide. After a storm, the eroded beach may retain superficial deposits of relatively coarse
material, or minerals of high specific gravity, which are buried by finer sediment when
wave action is less vigorous. There are also lateral variations in beach materials,
especially in embayments, in the vicinity of rocky headlands, and near river mouths,
and these also show temporal changes linked with process fluctuations: for example,
newly-delivered fluvial sediment after an episode of river flooding may dominate a beach
adjacent to the river mouth until it is dispersed by longshore drifting.
In order to make broad comparisons of beaches around the Australian coast it is
necessary to discount these local and short-term variations. Generalisations about the
predominant characteristics of beach materials should ideally be based on comprehensive
statistical analyses of grain-size distributions and proportions of mineral constituents
based on intensive systematic sampling over a period of several years. In the absence
of such inventories, it is necessary to use reconnaissance data, much of it only qualitative:
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for some sectors of the Australian coast, even this is sparse. Nevertheless, it is possible
to indicate the general distribution of beach materials in the course of an anticlockwise
circuit of Australia, beginning with the Ninety Mile Beach in Victoria.
EASTERN COASTS
The Ninety Mile Beach consists largely of quartz sand, the carbonate sand fraction
being generally less than 5 per cent. There are occasional accessions of modern shell
debris from the adjacent sea-floor, and small quantities of heavy minerals (usually less
than 0.5 per cent), including ilmenite, tourmaline, garnet and monazite (Tan 1970).
The beach forms the seaward margin of the outer barrier, the most recent of the
sequence of Quaternary sand barriers deposited on the Gippsland coast (Bird 1965).
The quartzose sand which forms these barriers has evidently come from the sea-floor
during the successive marine transgressions that have taken place in Quaternary times,
for there are no rivers opening directly on to this coast (apart from one small stream,
Merrimans Creek, at Seaspray) and no cliff or shore outcrops yielding sand (except
for Red Bluff, at the eastern end of the Ninety Mile Beach, where marine erosion
of Tertiary rocks contributes sand locally). It is deduced that the emerged sea-floor
off Gippsland during Pleistocene low sea-level phases was an area where sand produced
by the weathering of Tertiary outcrops then exposed was augmented by aeolian and
fluvial sands brought down from the hinterland, and that during the intervening marine
transgressions part of this material was collected and carried shoreward for deposition
as barriers. Phases of superabundant sand supply in the nearshore zone during the
maximum of each transgression and during succeeding episodes of falling sea-level
resulted in the broadening of barriers by sandy shoreline progradation, typically marked
by the successive development of parallel beach and dune ridges. However, at present,
the Ninety Mile Beach (like most of Australia’s sandy shorelines) is retrograding,
shoreward advance during the past century having been limited to sectors alongside
the Lakes Entrance harbour jetties (Bird 1973). As this erosion proceeds, the beach
is supplied with sand that had previously been deposited in the dune-capped beach
ridges of the outer barrier.
East of Red Bluff the Gippsland coast is lined by quartzose sand beaches similar
to the Ninety Mile Beach, but interrupted by occasional headlands of granite and
Palaeozoic metamorphic rock. The chief variation is in the vicinity of the Snowy River
mouth, where fluvial sand and gravel are carried into the sea by occasional floodwater
discharge. After such episodes it is possible to detect accessions to the adjacent beach
of angular and subangular quartz, felspar, and heavy mineral (notably augite) grains,
similar to material in the shoal deposits of the Snowy River, but the quantities are
very small compared with the mass of well-sorted, well-rounded quartzose coastal sand,
and these accessions are soon dispersed by wave action (McLennan 1972).
On the south coast of New South Wales the beaches occupy embayments separated
by rocky and cliffed sectors, and are also predominantly quartzose, forming the margins
of barriers that have been nourished by shoreward drifting of sea-floor sand in the
past (Bird 1967). Some sand has also been derived from erosion of Devonian sandstones
which outcrop on the coast south of Tathra and Permian sandstones between Durras
and the Shoalhaven, but the intervening coast consists of schist, chert, basalt, and
crystalline rocks, none of which yields quartzose sand, although boulders and gravels
have been produced locally. Most of the rivers drain into barrier-enclosed lagoons, but
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the Towamba, Bega, Moruya and Shoalhaven have each filled in the lagoons that
formerly existed at their mouths, and in times of Hood these rivers carry sand and
gravel into the sea, for subsequent deposition on local beaches. Whereas the beach sands
are generally well sorted subangular to rounded medium sand, largely quartz with
varying proportions of shelly debris and little felspar, the fluvial sands are less well
sorted, poor in shelly debris but richer in felspars. Whale Beach, at the mouth of
Towamba River, is a distinctively coarse beach with sediment characteristics similar
to those of river shoals upstream at Kiah (Hails 1967; Bird 1967). On a larger scale,
Seven Mile Beach north of the mouth of the Shoalhaven is frequently in receipt of
flood-supplied fluvial sand, containing felspar as well as quartz, and accompanied by
small pebbles carried northward from the river mouth (Wright 1970). Away from these
four river mouths the beach sands have come mainly from the sea floor, and repeated
re-working by wave action has reduced their felspar content (probably by selective
abrasion), leaving a predominance of quartz.
In the Sydney district some of the beach sand has been eroded from weathering
outcrops of Triassic sandstone in cliffs and shore platforms, but here, too, there has
been substantial accumulation of sand washed in from the sea-floor, notably at Cronulla.
On the north coast of New South Wales each of the large rivers from the Hunter
to the Tweed discharges sediment in times of flood, the sand fraction being subsequently
delivered to beaches, and carried mainly northward by longshore drifting, which is
stronger here than elsewhere on the Australian coast (Davies 1977). However, the bulk
of the sand on the present beaches is the outcome of shoreward drifting and barrier
construction, followed by modern retrogradation (Thom 1974). This is also evident on
the barrier islands off southeast Queensland, where the Stradbroke Islands, Moreton
Island and Fraser Island are each the outcome of episodic accretion of quartzose sand
through the Quaternary. Between Newcastle and Fraser Island the proportions of heavy
minerals (notably zircon, rutile, and ilmenite) are locally high enough to be worth
mining. They have come from the granites of New England, by way of the derived
Mesozoic sandstones: delivered to the coast by the rivers of northern New South Wales,
they have been spread, mainly northward, by longshore drifting (Gardner 1955).
Quartzose sand is still being carried northwards to Sandy Cape and beyond, where
Breaksea Spit is an underwater extension towards the southernmost live coral structures
of the Great Barrier Reef.
The Queensland coast inshore from the Great Barrier Reef also has quartzose sandy
beaches, many of which are directly supplied with fluvial sediments (Bird 1972a).
Felspars are present, especially in the relatively coarse sediments close to river mouths,
but they rarely exceed 5 per cent of a sample. Lithic fragments (slate, schist, granite,
basalt) are common near rocky shore outcrops, where they are typically angular, and
near river mouths, where they are typically well rounded. The finer beach and foreshore
sediments contain mica, mainly bleached biotite. Heavy minerals are rare, ilmenite and
magnetite being the most frequent, with hornblende, rutile and zircon occasional. There
is generally a close petrographic relationship between beach sands and fluvial sands
in the major rivers draining to the coast, but the beach sands are generally better sorted
than the fluvial sands from which they have been largely derived. Erosion of rocky
sectors yields cobbles and boulders, and on steep coasts there are fans of gravel at the
mouths of gullies and rocky debris where mass movements have occurred. Coralline
material is uncommon, except in the vicinity of nearshore and fringing reefs, which
have calcareous sands and gravels similar to those of outlying cays and low coral islands,
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6 .7 . The southwestern end of the Ninety Mile Beach, looking towards McLaughlins Inlet, and showing
the present sandy shoreline truncating the parallel beach ridges of the outer barrier (Department
of Geography, University of Melbourne).
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locally cemented as beach rock and beach conglomerate, usually with an admixture
of quartzose sand brought in by longshore drifting.
Coralline beaches of this kind are found at Yule Point, north of Cairns, in the lee
of a fringing reef, the growth of which has separated Four Mile Beach, to the north,
from its former fluvial sediment source, the Mowbray River. In consequence, Four
Mile Beach has become a beach of exceptionally well sorted fine pale grey quartz sand,
in contrast with less sedimentologically mature beaches still receiving fluvial sediments,
which show lateral transitions in grain size, rounding, and sorting, as well as a
decreasing range of mineral constituents away from the river mouths (Bird 1972a).
The contribution of sand carried shoreward from the sea floor has evidently been
relatively small on the Queensland coast because of the impedance of ocean waves by
the Great Barrier Reef. Maxwell (1968) described zones of terrigenous quartzose
sediment deposited on the emerged sea-floor during low sea-level stages in the region
between the Great Barrier Reef and the mainland coast. In some sectors quartzose
sand of this kind has been carried shoreward and added to beach deposits, for example
on the prograded beach ridges of the Kurrimine coast (Bird and Hopley 1969).
N O R TH ER N AND W ESTERN COASTS
The beaches which fringe the shorelines of the Gulf of Carpentaria are also primarily
of fluvial origin, delivered by floodwaters, then dispersed and emplaced (often in the
form of cheniers perched upon silt or clay plains) by wave action. Shells and shelly
fragments are present in varying proportions. The more substantial beach and dune
formations on the southeast coast of Groote Eylandt and the similarly oriented coast
near Cape Arnhem evidently include sand carried in from the sea-floor, with substantial
proportions of carbonate sand apparently derived from a comminuted benthic shell fauna
rather than from coralline sources.
On the north coast of Arnhem Land the beaches are again predominantly quartzose,
with sand and gravel derived from coastal and sea-floor sources and, to a limited extent,
from rivers. The shores of Van Diemen Gulf show mangrove-fringed clay plains, with
intermittent cheniers that converge locally in cuspate beaches, as at Point Stuart. Here,
in addition to quartz sand, there is locally derived shelly debris and coralline sand
and gravel.
Near Darwin the beaches are related to coastal and sea-floor erosion of sandstone
formations which have been subjected to lateritic weathering. Ferruginous gravels thus
derived are common near cliffed coasts, and the quartzose beach sands show transitions
to coralline sand and gravel, locally cemented as beach rock and beach conglomerate,
close to nearshore reef structures. The shores of Joseph Bonaparte Gulf are dominated
by fluvially-supplied sediment, mainly from the Victoria and the Ord Rivers, but the
Kimberley coast shows pocket beaches of coarse sand derived from erosion of coastal
and sea-floor outcrops of weathered sandstone. In King Sound, Jennings and Coventry
(1973) attributed shore deposits at Point Torment partly to fluvial sediment yield from
the Fitzroy River, partly to marine re-working of desert dune sands, and partly to
erosion of a local outcrop of quartz sandstone. At Gantheaume Point, near Broome,
eroding cliffs in red, yellow and white quartz sandstone have contributed coloured sands
to local beaches.
In the Broome district there is a transition towards the carbonate sands that dominate
beach deposits on the western and much of the southern coasts of Australia. These
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6.2. The broad sandy beach and as
sociated mobile dunes on Sandy
Cape, at the northern end of Fraser
Island, Queensland (E.C.F. Bird)

6.3. The River Don, Queensland, show
ing extensive fluvial sands in the
river channel which are carried to
the coast during floods and then
moved northwards by longshore drif
ting to build spits and beaches
(E.C.F. Bird)
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consist of varying proportions of quartz and carbonate sand, the carbonate fraction
ranging from 50 per cent to over 95 per cent on most of the beaches. They are associated
with coastal deposits of dune calcarenite, a calcareous sandstone also known as aeolian
calcarenite, dune limestone, and aeolianite, which have accumulated during Quaternary
times along substantial sectors of Australia’s western and southern coastline (Fairbridge
and Teichert (1952)). The carbonate sand is evidently of biogenic origin, and is
correlated with the prevalence of bryozoan carbonate sand on the continental shelf off
southern and western Australia, where living bryozoa are abundant at depths of 90
to 220 metres (Wass et al. 1970), and associated molluscs, algae, corals, and foraminifera
(Conolly and Von der Borch 1967; Carrigy and Fairbridge 1954). The prevalence of
biogenic shelf sediment is related to the general aridity of the hinterland: rivers that
drain to the coast are few and far between, and the yield of terrigenous sediment has
been correspondingly meagre and localised (Gill 1970; Bird 1976). It is inferred that
large quantities of biogenic sand have been collected and carried shoreward during
Quaternary oscillations of sea-level, to be deposited as beach materials and derived
coastal dune systems, some of which have become partially lithified as a result of
secondary internal carbonate precipitation. In places the dune calcarenites are now
cliffed, and their erosion has yielded calc-lithic sands and a variety of calcrete gravels
to adjacent shores.
Variations in beach material on the western and southern coasts of Australia are
related to localised dilution of the carbonate sands brought in from the sea-floor by
terrigenous, mainly quartzose, sediment delivered to river mouths, and by material
eroded from coastal and sea-floor outcrops. Along the coast west from Broome non
carbonate sand is being derived from eroding sectors where elongated desert dunes of
red silty quartzose sand have been submerged and dissected by marine erosion. Beach
sand directly eroded from these ‘pindan’ sand ridges retains a pink coloration, but re
working of this material by wave action yields white quartzose sand. Stages in this
sequence can be seen in the vicinity of Cape Villaret and Cape Joubert. Farther west,
the De Grey River carries quartzose sand into the sea during floods for subsequent
incorporation in beach sediments, as do the Fortescue and the Ashburton Rivers: in
each case the proportion of carbonate in the beach sands diminishes towards the river
mouths. In the same way, terrigenous sand supplied by the Gascoyne River produces
a contrast with the carbonate sands bordering the rich biogenic environment of Shark
Bay (Logan et al. 1970).
SO U TH ER N COASTS
In southwestern Australia the predominance of shelf-derived carbonate sand is
interrupted by the presence of quartzose sands derived from coastal and sea-floor
outcrops of granite and metamorphic rock. Some of this quartzose sand has been carried
eastwards along the coast to Israelite Bay and beyond, the quartzose fraction diminishing
as carbonate sand, largely shelf-derived, becomes dominant. Lowry and Jennings (1974)
noted an increase in the proportion of carbonate sand from about 5 per cent at Israelite
Bay to about 50 per cent at Eucla, the dunes at the Head of the Bight being
predominantly calcareous. The eroding cliffs of Tertiary limestone on this coast
contribute only small quantities of quartzose sand residue, much of the eroded material
being consumed by solution processes.
Farther east, carbonate sands are associated with the dune calcarenites bordering
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the west coast of Eyre Peninsula, the south coast of Yorke Peninsula, and much of
Kangaroo Island. The beaches include sand derived from erosion of the dune
calcarenites, but modern shell deposits occur locally, especially near rocky reefs and
platforms. The chief variations in beach sediment in these sectors are sands and gravels
eroded from outcrops of crystalline rocks, notably the Archaean formations on the Eyre
Peninsula, and the Cambrian metamorphic rocks of Kangaroo Island and the Fleurieu
Peninsula.

6.4. The sandy beaches occupying coves on the west coast of Wilsons Promontory, Victoria. In the
foreground, Norman Bay, and to the rear, Oberon Bay (Department of Geography, University
of Melbourne).
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Within the South Australian gulfs there are sectors where beach materials are derived
from lateritic desert formations, including Pleistocene pediment gravels. In places,
towards the heads of the gulfs, these are overlain by shelly beaches derived from
organisms on the present sea-floor.
At Victor Harbour, quartzose sand eroded from weathering outcrops of granite on
the coast, and similar material supplied from river catchments, dominate local beaches,
but along the shores of Encounter Bay there is an increase in the proportion of carbonate
sand from about 40 per cent near Goolwa to almost 90 per cent at Kingston (Sprigg
1959). This may be related in part to the former yield of quartzose sand from the
Murray River to the sea-floor, but the river now discharges into lagoons behind barrier
islands, and its direct contribution to beach sediments is prevented by barrage weirs
designed to keep seawater out of the lagoons.
Carbonate sands are predominant in the beaches of southeastern South Australia,
in association with an eroding coast of dune calcarenite, and near Cape Northumberland
the beach material includes flint nodules derived from sea-floor outcrops of Oligocene
limestone (Boutakoff 1963). The beach sands of Discovery Bay and Portland Bay in
western Victoria are again predominantly carbonate sands (Coulson 1940), with
material derived from volcanic outcrops in coves on the Portland peninsula and near
Port Fairy. Carbonate sands extend along the Port Campbell coast, and intermittently
as far as Cape Otway, with variations related to material eroded from Tertiary rocks
(notably the gravels at Pebble Point) and the Cretaceous formations of the Otway coast.
Between Anglesea and Torquay the beaches are derived largely from erosion of Tertiary
rocks on the coast, but east of Torquay the shelf-derived carbonate sands are again
dominant in southwest-facing sectors extending to Cape Schanck, Cape Liptrap, and
Wilsons Promontory, interrupted by the rocky coasts of Flinders and Phillip Islands,
where locally there are black basaltic beach sands, by the Cretaceous formations near
Kilcunda and Inverloch, and by the Palaeozoic outcrops on Cape Liptrap, which yield
beach gravels.
Port Phillip Bay has beaches of quartzose sand and ferruginous gravel derived from
Tertiary outcrops on the Bellarine Peninsula and on the northeast coast (Bowler 1966;
Bird 1970), quartzose sand from the Mount M artha granodiorite (Beasley 1971), and
carbonate sand from the dune calcarenites of the Nepean Peninsula (Beasley 1969).
The west coast of the bay, bordering basalt plains, is notable for shelly beaches derived
from sea-floor fauna in an environment where the coastal rock formations are not sandyielding and the few streams yield silt and clay, rather than sand, to the coast. Beach
sands consisting of mixtures of quartz and carbonate extend into Westernport Bay as
far as Sandy Point on the west coast and Observation Point on Phillip Island, but
elsewhere around Westernport Bay the beaches are of local derivation, mainly from
Mesozoic and Tertiary sandstone outcrops on the shore (Bird and Barson 1975;
Marsden and Mallett 1975).
There is marked variation in the beach sands which occupy coves and embayments
around Wilsons Promontory. Squeaky Beach, in Leonard Bay on the southwest coast,
consists almost entirely of well-sorted white quartz grains of medium sand size, mostly
subrounded to rounded, with a fairly high degree of sphericity, the dry sand emitting
a squeak when walked upon. By contrast, the beaches in adjacent Picnic Bay to the
north and Norman Bay to the south contain up to 40 per cent of carbonate sand,
are generally finer and less well sorted, and do not squeak (Beasley 1972). Oberon
Bay, farther south, has a higher proportion of carbonate, but on the east coast of the
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Promontory the beach sands are again predominantly quartzose, notably the coarse
white quartz sand in Waterloo Bay. On the northeast and northwest coasts of the
Promontory the beach sands, still quartzose, are yellow in colour, the quartz retaining
an iron oxide staining. It is possible that quartzose sands derived from superficial,
leached weathered material in this granitic area are white in colour, whereas those
derived from underlying horizons, stained by down-washed iron oxides, are yellow.
As on Wilsons Promontory, the beaches on the west coasts of King Island and
Flinders Island are richer in carbonate sands than those on the east coasts (Jennings
1959; Kershaw and Sutherland 1972): sectors facing west appear to have been in receipt
of shelf-derived carbonates drifting eastwards into Bass Strait.
In his review of Tasmanian beaches, Davies (1973) reports similar carbonate sands
on the northwest coast of Tasmania, south from Cape Grim, with local dilution by
quartzose sediment near the mouths of the Arthur, Pedder, and Pieman Rivers. South
of Conical Rocks, the beach sands of 1'asmania’s west coast become quartzose, probably
as a result of the long-term sediment yield from the Henty and Little Henty Rivers,
re-worked during successive marine transgressions. In southern Tasmania the beaches
form distinct sediment compartments between headlands and rocky coasts, and show
marked contrasts related in part to variations in catchment characteristics: the cove at
the mouth of the Wanderer River, for example, contains only sediment of the kind
supplied from that catchment. Locally there are beaches of gravel.
On the east coast of Tasmania north of Freycinet Peninsula the beach sands are
generally quartzose, derived from weathered outcrops of granite along the coast and
on the sea-floor. As on Wilsons Promontory there appears to be a distinction between
white quartz sand derived directly from superficially leached weathering mantles and
yellow iron oxide stained quartz sand derived from underlying illuvial horizons. Fluvial
sediment supply to the beaches of northeastern Tasmania has been negligible, except
near the mouth of George River, but much of the sand deposited on the north coast
east of the Tamar is thought to have been carried down to the sea-floor by the Forester,
Tomahawk, and Ringarooma Rivers from granitic catchments over prolonged periods,
and to have been re-worked and carried shoreward by wave action during successive
marine transgressions. West of the Tam ar there is a recurrent pattern of lateral
transition in beach sediments within bays fed with sediment from the Mersey, Forth,
Leven, Blythe, Emu, Cam, and Inglis Rivers: near the river mouths the carbonate
fraction is about 20 per cent, and away from them it increases to 60-80 per cent (Davies
1972: Fig. 81). Phis is consistent with the idea that shelf-derived carbonate sand has
been delivered to the coast and diluted by terrigenous sediment from rivers. As Davies
(1973) points out, it implies that longshore drifting has been very limited on this coast,
almost all the shore sand being trapped within coastal compartments, to which the
only significant modern accessions are those supplied by rivers.
DISCUSSION
In the light of this traverse, some generalisations on the nature and source of Australian
beach materials can be proposed.
Australian beaches are generally sandy, gravels being restricted to limited sectors
where coastal outcrops are weathering or disintegrating into rocky fragments. This
occurs where the outcrops include harder layers, such as the calcretes in the dune
calcarenites of southern and western Australia and the ferricretes in lateritic profiles
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developed in humid tropical sectors of northern Australia; where the coastal rocks are
intricately jointed or shattered, as in the dolerites of southeastern Tasmania, the basalts
of Phillip Island, and the granite at Cape Woolamai in Victoria; and where coastal
outcrops contain harder nodules, such as the rhizoconcretions in dune calcarenite and
the flint, chert, and quartzite pebbles found in Tertiary and Quaternary gravel
formations. Beach gravels are not found where the coastal rocks are homogeneous and
resistant, as on the massive granites of Wilsons Promontory, or homogeneous and soft,
as on the Tertiary sediments of western Victoria and the Head of the Bight (Bird
1972b).
Shelly beaches (as distinct from comminuted biogenic sands) are localised in relation
to areas where shelly organisms are abundant, such as rock and reef habitats and
shallow-water lagoonal or estuarine environments. Pumice gravels are common on
oceanic beaches around Australia: they are produced by distant volcanic eruptions.
Sutherland (1964) reported the arrival of pumice fragments on the beaches of southwest
Tasmania late in 1963, which he thought came from ocean drift dispersal of material
generated by a submarine eruption near Hawaii in March 1962. Mention should also
be made of artificial materials, such as glass and plastic, which are locally prominent
on litter-strewn beaches close to urban and industrial centres on the Australian coast.
The predominance of sandy beaches is related to the widespread availability of
arenaceous source formations, notably weathered granites and sandstones, in coastal
rock outcrops, within river catchments, and on parts of the sea floor. In addition, physical
disintegration of benthic organisms yields mainly sand-sized carbonate material on the
continental shelf, especially offi western and southern Australia.
The fundamental contrast between beach materials on the western and southern
coasts of Australia, from Broome around to the western margins of Bass Strait, where
shelf-derived biogenic carbonate sands predominate, and the rest of the continent, where
terrigenous quartzose sands predominate, is related ultimately to climatic patterns.
Fluvial sediment yield to beaches has been substantial in the more humid regions,
especially in northeastern Australia, and significant, though more localised and
intermittent, in northern and northwestern Australia, and in eastern and southeastern
Australia, including Tasmania. Derivation of beach materials from clifT and foreshore
erosion has been related primarily to geological factors determining the nature and
extent of coastal rock outcrops, but climatic factors have influenced the weathering of
these formations, and hence the kind of sediment derived from them. Sediment supply
from the sea floor has been most evident on oceanic sectors of the Australian coast,
from Broome in the northwest around the western and southern margins and up the
east coast as far as Fraser Island; it has been more limited on the Queensland coast
in the lee of the Great Barrier Reef, and on the north coast, where wave action in
shallow and landlocked seas is comparatively weak. The climatic factor is most obvious
in the correlation between hinterland aridity, biogenic dominance of shelf sediment,
and carbonate sands in coastal deposits in western and southern Australia.
While relationships may be discerned between present climatic conditions and the
existing spatial distribution of coastal sediments, the interpretation of these relationships
requires consideration of the time factor. Beach materials around the Australian coast
are related to geomorphological processes that have operated during phases of climatic
change and sea-level fluctuation through Quaternary times. The transference of large
quantities of sediment from the shelf to the coast is the outcome of successive marine
transgressions and regressions: the predominance of biogenic carbonates, on the one
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hand, or terrigenous quartzose sediment, on the other, in the shelf sediments thus
collected must be seen in terms of climatic contrasts prevailing in the Australian region
through Quaternary times. Indeed, a similar spatial contrast in sedimentology appears
to have existed when marginal Tertiary basins were developing. Interpretation of coastal
depositional features around the Australian coast has to be firmly based on an awareness
of temporal and spatial variations in the Australian climate.
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7
Beach Sand and Wave Energy in
Tasmania
J.L. DAVIES
The nature of beach sand is important in geomorphology not only for the extent to
which it may influence beach form and rates of dune building but also for its possible
effects on sand budgets. There is for instance a minimum size of sand grain that can
be retained on a beach with a certain level of wave energy, and the contribution of
rivers to shore sand may be diminished considerably if they are not supplying material
above this critical dimension. Since a high calcium carbonate content in beach sand
seems to be mainly a result of lack of quartz, it is possible that local correlations between
high wave energy and high carbonate, observed for example by Keary (1968, 1969),
may result in part from the inability of the higher energy beaches to retain more of
the available quartz. Relationships such as these have been very little explored and
not much relevant information is available on regional variations in the size, shape
and degree of sorting of beach sand.
It is true that there is a very considerable literature on the relationship between
the characteristics of sand particles and the environments in which they are deposited,
but its primary objective has been to facilitate the identification of ancient depositional
environments in the stratigraphic column and emphasis has been placed on discriminat
ing between beach sands, dune sand, lagoon sands and so on. Relatively little attention
has been paid to studying geographical variation within the same type of deposit as
environmental factors change through space.
During the course of a survey of Tasmanian beach sands, the major intention of
which was to study origins, movements and extent of compartmentalisation, some
significant variations between different coasts appeared to be related to wave energy
and are reported here as a small contribution towards such studies.
About 500 samples were taken from the centre of the swash slope to a depth of
15 cm, and where beach cusps were present, the shoulder of the cusp was selected
as being likely to approach an average value for grain size. Along the Bass Strait coast
of Tasmania tidal range at springs is a little above 2 m but it is less than 1 m on
the exposed oceanic coasts. Swash slopes are therefore relatively narrow.
The survey demonstrated a high degree of compartmentalisation and low degree of
littoral drift so that sediments are trapped within more or less well defined divides
(Davies 1973). One could expect therefore that the sand contained within one
compartment would be relatively well adjusted to the prevailing energy conditions.
However, a number of considerations, including the relative sparseness of the sampling
and the fact that it was carried out at different stages of the cut and fill cycles on
different beaches, make it inappropriate to analyse individual beaches or even individual
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sediment compartments. For present purposes the sample data have been aggregated
within eight major coast sections which are defined in Fig. 7.1.
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Fig. 7.1. Tasmania: lithology and coastal sections. M, mean grain size; S, sorting coefficient;
C, coarse percentile; T, supposed saltation suspension truncation.

BEACH COM POSITION
Quartz and calcite are by far the most important constituent minerals. Rarely do heavy
minerals make up more than 1 per cent of the sample and on all except one of the
coastal sections other lower density minerals, mainly felspars, contribute around 5 per
cent. The exception is Bass Strait East where there is an active supply of river sands
from granite catchments and the proportion of other light minerals may rise to about
10 or even 15 per cent on some beaches.
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Table 7.1 shows the average proportion of calcium carbonate present in the different
sections, overwhelmingly in the form of shell particles. The highest values are found
in the northern part of West Coast North and in parts of Bass Strait West away from
river mouths. The east coast sections and the D ’Entrecasteaux section are particularly
low in beach carbonate. Sieving some samples both with and without the carbonate
fraction confirmed the experience of other workers that no significant difference in
derived measures results, and simple regression of carbonate content against other grain
parameters indicated a lack of correlation in all cases. The ordinary Pearson product
moment correlation coefficient for carbonate content against mean grain size, for
instance, proved to be almost exactly zero for Tasmania as a whole.
T able 7.1
Mean measures for grain characters on beaches in eight coastal sections. Correlation coefficients underlined
are significant at better than the 99 per cent level. The supposed values for saltation/suspension truncation
were obtained by settling tube and are not strictly comparable with others.
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From the point of view of quartz supply the coastal sections can be placed in three
general groups. In Bass Strait West and on the west and south coast the quartz grains
are derived from siliceous rocks of Precambrian and Palaeozoic age. Except locally,
particles larger than 1.0 0 are scarce. In Bass Strait East and East Coast North, sand
comes largely from granite hinterlands and there is a bigger coarse fraction which is
reflected in the phi values for coarse percentile given in Table 7.1. However, within
this northeastern corner there is a contrast between the Bass Strait coast, where sand
is still being actively supplied by rivers, so that beach quartz is more angular and
accompanied by lithologically associated minerals, and the east coast where rivers are
not at present supplying sand directly to the coast and beach quartz is more rounded
(see Table 7.1), with few other minerals present. East Coast South and D ’Entrecasteaux
make up the third and last group and here quartz sand has been supplied from the
Triassic and Permian sandstones, which are predominantly fine grained. On these coasts
there is a noticeable proportion of iron-stained quartz grains both in the beaches and
in the parent rocks.
To judge by estuarine form and the relationship between beach and river catchment
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mineralogy, the quartz fraction is being most actively replenished in Bass Strait East.
From here westward around the west and south coasts small quantities are being
brought down by some rivers from quartz-rich, high runofT catchments, but on the
east and D ’Entrecasteaux coasts there is no indication that modern rivers are bringing
any sand to the coast.
WAVE ENERGY
Although beach sand characteristics can be quantified with varying degrees of statistical
significance it is not possible to quantify wave data in any meaningful way. There
are no usable instrumental records and the application of standard hindcasting
techniques is made highly dubious by the very exposed nature of the oceanic coasts,
which are open to waves from multitudinous distances and directions. Calculation of
shoaling and refraction effects is difficult everywhere and impossible on the west coast
because of the lack of bathymetric information.
However, because of the great variation in aspect and fetch exhibited by the
Tasmanian coast, there are certain limiting factors of wave climate that make it possible
to group the coastal sections on an energy basis and to rank the groups in a qualitative
way so as to allow some comparison with the beach sand data.
The D ’Entrecasteaux coast, lying totally in the shelter of Bruny Island, experiences
low levels of wave energy. Local fetch is very small (less than 10 km) and ocean swell
is very much refracted as it enters the D’Entrecasteaux Channel. It is safe to place
this section at the bottom of the energy scale. Next can be placed Bass Strait West,
which faces away from the prevailing westerly swell entering Bass Strait and also the
great majority of local gale force winds, which come from the northwest. Local
unrefracted fetch here is no greater than about 300 km.
The Bass Strait East coast is also limited in fetch and exposure to ocean swell,
but it faces both the refracted swell from the west and the occasional northwesterly
gales. There is little doubt that it experiences distinctly higher wave energy than the
first two coastal sections.
When we come to the open ocean coasts, wave energy levels jump again, but it
now becomes difficult to attempt further ranking because there are not such clear
differences of storm wave fetch and swell exposure. Another complication is that the
southern beaches, which might appear more generally exposed to southern ocean waves,
are more segmented and recessed than those farther north and so wave energy on the
beach face itself is more likely to be reduced by refraction. The most rational and
defensible division is between the south and west coasts on the one hand, which are
most exposed to the dominant westerly winds and swells, and the east coast which
is more sheltered.
SOME RELATIONSHIPS
Sand was sieved at half phi intervals and a wide range of moment and graphic measures
derived. The graphic measures of Folk and Ward (1957) are used here but use of
alternatives would not alter the conclusions offered. Mean grain size in the eight coastal
sections ranges between medium and fine on the Wentworth scale. Sorting is good or
moderately good on the Folk and Ward scale, skewness ranges from nearly symmetrical
to negative, and kurtosis values all lie in the mesokurtic category. Because of the
relatively coarse sieving interval the small differences between skewness and kurtosis
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measures in the various coastal sections cannot be considered reliable and are not used
here.
Mean Gram Size (Fig 7.2)
The main limiting factors in determining grain size characteristics are sand provenance
and wave energy. The nature of sand being supplied to the beach influences the upper
limit of grain size and the wave energy, more particularly the strength of the backwash,
influences the lower limit. Grains below this limit are generally thought to be winnowed
from the sand supplied.
Of the coastal sections listed in Table 7.1, the highest mean grain sizes are to be
found in Bass Strait East and East Coast North. These are to be correlated with the
supply of coarse granitic sands and reflected in the large grain sizes for the coarse
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Fig. 7.2. Distribution of beach particle size.
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percentile. The lowest mean grain sizes are in D ’Entrecasteaux and Bass Strait, which
are the two sections with the lowest wave energy where exceptionally fine sand is
retained in the beach. The remaining four sections have means lying close to the
Tasmanian average of 2.2 0.
Sorting (Fig 7.3)
Statistical dispersion of grain sizes is measured by the sorting coefficient of Folk and
Ward (1957). It shows that the two sections with highest mean grain size and the
two with the lowest also have the most poorly sorted sands (highest coefficient) whereas
the four sections with intermediate means have the best sorted. In the northeastern
granite sections, the less efficient sorting is due to the size range being extended towards
higher grain sizes because of the availability of coarser sand: in Bass Strait West and

SORTING
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o
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Fig. 7.3. Distribution of beach particle sorting.

164

Coastal Deposits

D’Entrecasteaux it is due mainly to extension into the lower grain sizes because of
the lower wave energy.
The inclusion of relatively coarse grains in the northeastern samples is demonstrated
by figures for the coarse percentile. In an attempt to obtain some measure of the lower
limit, the samples were run through an Emery-type sedimentation tube to produce
continuous cumulative curves of settling time. The supposed break between the
suspension and saltation populations was then identified, as in Visher (1969), and the
point translated to a phi value. The resulting figures averaged within the eight coastal
sections are listed in Table 7.1 and show that in this respect all except three sections
lie very close together (2.25-2.36 0). Two of the exceptions are D ’Entrecasteaux and
Bass Strait West, in which the supposed break is at a significantly lower grain size
than elsewhere (2.48 and 2.50 0). This seems to be correlated with low wave energy
and supports the conclusion that poorer sorting here is due primarily to this factor.
The other exception is East Coast North in which the cut-off point is at an abnormally
high grain size (2.00 0). This seems to be because of the absence of smaller quartz
grains on many beaches in this section. In contrast to Bass Strait East, quartz is not
being actively supplied by rivers and the sand body has a much bigger relict element.
Their longer history on the shore has made these sands distinctly better sorted than
those of Bass Strait East (sorting coefficient 0.56 compared with 0.72). As will be noted
again later, they are also much less angular.
Another measure of dispersion is given by the index of maximum sorting (Im) of
Passega (1964). Again the lower values indicating better sorting come from the southern
and western sections with higher wave energy and lower maximum grain sizes.
The relative importance of available grain size and wave energy in influencing the
degree of sorting appears to be indicated when product moment correlation coefficients
for simple regression of mean grain size against sorting are compared. The low energy
coasts—Bass Strait West and D ’Entrecasteaux—show high correlation, with grain size
explaining a very large part of sorting variations. Bass Strait East comes next and
the five oceanic coasts show the least correlation of sorting with grain size. In their
case it can be concluded that wave energy is more important as a control of sediment
sorting. The virtually complete lack of correlation between particle size and sorting
in East Coast South is a result of a small group of beaches with coarse sand that
is abnormally well sorted. If these are omitted this section plots close to the other oceanic
sections.
Roundness
Sphericity and roundess of quartz grains in the 2.0-2.5 0 class were estimated visually
by one operator using the scale of Powers (1953). Sphericity was found not to differ
significantly between any of the coastal sections and this confirms general experience
(Fig 7.4). Roundness however did vary significantly and is expressed in Table 7.1 in
terms of the rho scale of Folk (1955) and in terms of the percentage assigned to the
angular class.
As reflected by both measures the most angular and least rounded sand is found
in the low energy sections of Bass Strait West and D ’Entrecasteaux. Bass Strait East
comes next followed by all except one of the oceanic sections with closely grouped rho
values of 2.78-2.98. The exception is East Coast North which has abnormally low
values for angularity and reaches 3.24 on the rho scale. These relatively coarse and

Beach Sand and Wave E nergy in Tasmania

WEST COAST NORTH

WEST COAST SOUTH

EAST COAST SOUTH

HIGH SPHERICITY

EAST COAST NORTH

SOUTH COAST

BASS STRAIT WEST

D'ENTRECASTEAUX '

BASS STRAIT EAST

% ANGULAR
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well sorted sands have been mentioned earlier as not being actively replenished by rivers
and as having had a relatively long history on the shore.
The conclusion that roundness is related to wave energy differs from the usually
accepted view of sand abrasion and rounding. The 2.0 to 2.5 </>class interval was chosen
because, in view of the known effect of size on degree of grain abrasion, it seemed
necessary to choose a size class which was common to all samples. However work by
sedimentologists, still generally summarised by Twenhofel (1945), suggests that grains
below 2.0 4> in diameter do not undergo perceptible abrasion. The evidence for this
comes from laboratory experiments involving tumbling sand and water and from looking
at changes taking place with longshore transport. But on coasts of free transport, where
there is unidirectional littoral drift over long distances, sand may have only a short
life on the beach as it travels through the beach system relatively quickly. On coasts
of impeded transport such as those of Tasmania where there is strong compartmentalisation, the length of time during which sand is trapped in an abrasive situation may
be vastly longer than on a beach with rapid longshore transport or in a laboratory
tumbler.
Another possibility is that low roundness values on the Bass Strait West and
D ’Entrecasteaux sections may be related to low wind energy rather than to low wave
energy. Beaches in both sections are backed by dunes that are smaller than on other
coasts and it is probable that there has been correspondingly less cycling of sand between
beach and dune. On beaches with higher wind and wave energy levels, more sand
particles have probably spent significant lengths of time being transported by the wind
during successive episodes of cut and fill. In view of previously indicated differences
between Bass Strait West and D ’Entrecasteaux, it appears very unlikely that provenance
and rate of supply of fresh river sand can be important factors.
CONCLUSION
On Tasmanian beaches, wave energy, apparently operating through its effect on
minimum grain size, is the main control of mean grain size and sorting. Larger mean
grain size and better sorting is characteristic of the open oceanic beaches when compared
with those of Bass Strait and the D ’Entrecasteaux Channel. But an important part
is played by variations in sand provenance so that in the two sections with granite
hinterlands a proportion of abnormally coarse sand is available and this gives
exceptionally high mean values. In Bass Strait East it also gives exceptionally poor
sorting, but in East Coast North sorting is only slightly poorer because of the absence
of smaller grains on many beaches, giving a higher minimum size than might ordinarily
be possible even under open ocean conditions. Roundness of quartz grains appears to
correlate mainly with wave and wind energy.
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5
Recent Coastal Progradation
in New Zealand
R.F. M cLEAN

IN TRO D U C TIO N
During the last few thousand years, since sea-level reached around its present position,
massive quantities of sand and gravel have been shifted to and along the coast to build
up the magnificent bay-beaches, spits, barriers and forelands that abound on New
Zealand coasts. Successively built beach and dune ridges are indicative of incremental
progradation in Holocene times. And yet, recently the seaward margins of many of
these depositional landforms have been receding, creating expressions of alarm amongst
officials, engineers, entrepreneurs, scientists and the general public. This apparent
paradox, of eroding beaches bordering shores that have previously prograded appears
to be a widespread phenomenon. El-Ashray (1971) considers three major causes are
responsible along United States shorelines. These are: (1) hurricanes and severe storms;
(2) recent eustatic rise in sea-level; and (3) interference by man with natural shore
processes. These, together with diminished sand supply in nearshore cells, are also seen
as potential reasons for contemporary coastal erosion in eastern Australia (Thom 1974).
Recognising the widespread nature of shore retreat in the past few decades, and
mindful of the fact that it was occurring even in areas indicating previous phases of
substantial progradation, the International Geographical Union, in 1972, established
a Working Group (Chairman, E.C.F. Bird) to examine the evidence for changes on
the world’s sandy shorelines during the past century. Their approach was a novel one.
Instead of concentrating on coastal erosion, the Working Group sought data on recent
progradation. This was justified on the grounds that it is
easier to obtain data from relatively limited sectors of progradation than from the
many thousands of kilometers of sandy shorelines that are retrograding; and an
explanation for localized progradation must also account for the more widespread
retrogradation (Bird 1973).
The present paper seeks to assess the nature and magnitude of recent coastal changes
in New Zealand, with emphasis on progradation. A number of types of accreting shores
are distinguished and these are illustrated with examples selected from the literature
and from a report on coastal progradation prepared for the I.G.U. working group and
edited by the author (McLean 1976). The theme developed here is that coastal change
in New Zealand during the last several decades reflects the continuing adjustment of
our shorelines to Quaternary and particularly Holocene events, upon which have been
superimposed natural and man-induced changes within the past century. Such a theme
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not only throws us headlong into distinguishing temporal and spatial variations in the
development of coastal landforms but also into distinguishing the role of ‘man as a
geological agent’ (Jennings 1965).
TIM E-SCALE AND HISTORICAL DATA
Time is a continuum. Coasts are undergoing continual change. These changes can be
studied at several scales. Schwartz (1968) designated three scales of shore erosion which
are functionally related to equilibrium amplitude and equilibrium time: (1) microscale,
representing the swash-backwash zone; (2) macroscale, representing neap-spring or
seasonal cycles; and (3) megascale, representing long-term changes in sea-level. Each
requires different modes of research, the first physics, the last geology. Our time scale,
the past several decades, is not included in Schwartz’s framework, but using like
terminology could be called meso-scale. Here the research method is largely historical.
In New Zealand the initial charts of the coast were prepared during Cook’s
exploratory voyages, but the first complete hydrographic survey was carried out between
the years 1849 and 1855 by Stokes of h .m .s. Acheron and Drury of h .m .s . Pandora.
A second and supplementary survey was undertaken by h .m .s . Penguin in 1901-5. On
land provincial governments had surveyors in the field around the mid-nineteenth
century, and many produced maps of coastal sites, some in great detail. By the turn
of the century, nearly thirty years after provincial governments were replaced by a
central government, there must have been few parts of the coast which had not been
mapped or described. Nineteenth-century and early twentieth-century coastal conditions
were also documented by scientists, particularly geologists and botanists, and engineers,
as can be seen in the pages of the Transactions of the New Zealand Institute,
Proceedings, New Zealand Society of Civil Engineers, and the Appendices to the Journals
of the House of Representatives. Clearly, there is a great deal of early baseline material.
More recently aerial photographs have become available with complete coverage going
back to the 1940s and local cover at various earlier times. Reference points, either
intentionally or accidentally emplaced near the shoreline, can also be used as markers
from which to measure coastal changes. Some of the foregoing, as well as other types
of historical and field evidence (e.g. tephrochronology), have been utilised by writers
on coastal change in New Zealand. However a systematic evaluation of much of this
available material awaits the development of a long-term national coastal research
program.
Problems associated with such diverse sorts of data are obvious. They include
variations in scale and accuracy of charts and maps, distortion of air photographs,
identification of common stable reference points, as well as problems relating to shore
position itself. For instance, on maps or plans high water mark may be plotted in
terms of local tidal datum or it may refer to the ‘drift-line’ seen on the beach; on
aerial photographs it is often impossible to discriminate between a normal and storm
drift-line, or indeed the tide-level at the time of photography. Problems such as these
account for an unquantifiable amount of ‘noise’ in any investigation of sequential
changes in shore position.
But there are more vexing questions which relate directly to our time scale of about
100 years, and our interpretation of the magnitude and direction of shore changes in
that period. The first is that beaches are notoriously changeable landforms. Thus any
particular vertical shore position may be displaced gradually several or many metres
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horizontally over a period of months or years, or rapidly in response to a storm event
lasting a few hours or days. Single storms or storms-in-series may severely deplete
a shore, cutting well hack into the foredune. But are such changes temporary or
permanent, and over what time period? In New Zealand on the Otago coast, twenty
years of progradation was removed during the severe storms of 1974 (Brockie, pers.
comm.), while on the Ohope coast, twenty years of accretion followed major storm
erosion in 1953 (Pullar, pers. comm.). In the first instance the net change in shore
position over twenty years is zero; in the second the net result over the same period
is progradation of 20-40 m. But had our initial and terminal observations both been
made a year or two earlier, the first would have displayed accretion and the second
zero change. On the other hand, had the terminal observation alone been made a year
or two earlier, both locations would have recorded substantial accretion over the period.
Clearly, gross changes have been large, but net changes in both magnitude and direction
are dependent on when we decide to take our initial and final observations. Rarely,
with historical data, do we have a choice.
A second and related problem is our lack of sufficient time-frames over the last
100 years. In order to distinguish a realistic net trend (direction) in shoreline position
over the time period, we need a minimum of say 10 equi-spaced time-frames (decadal),
plus knowledge of the magnitude of say average decadal fluctuations in shore position.
Without such data—and it is not available for any one locality in New Zealand—
it may be illusory to seek trends. Of course, in reality we have little or no control
over our to . . . 0 . . . t2 . . . tn when using historical sources. Moreover, each time
series, its starting and terminal dates and the number and interval of time-frames is
likely to be unique to one locality. Correlation of different time-series from a number
of localities is thus highly subjective. And yet, this is what we must do when attempting
to identify general trends in the direction of shoreline changes.
SPATIAL VARIATION AND COASTAL TYPES
Problems associated with the time dimension are exacerbated by spatial variations. Not
only are we comparing unlike time series, but also frequently quite different coastal
environments.
New Zealand has a long (more than 5000 km) and richly varied coastline. It displays,
in microcosm, the whole array of coastal features found in mid-latitude regions
throughout the world. Moreover, coastal scenery changes abruptly from place to place.
For our purposes the coast can be divided into four types: bold coasts, headland-bay
coasts, cliffed coasts and depositional coasts (Fig. 8.1).
(a) Bold coasts
Bold coasts are those developed in steep-hilly or mountainous terrain. Such coasts occur
in Fiordland, the Marlborough Sounds and Bay of Islands in Northland as deeply
indented ioci of submergence’ (Cotton 1918); others are found in parts of Southland,
Marlborough, Wellington, western Coromandel and eastern Bay of Plenty as uplifted
greywacke blocks of rugged relief; and in northwest Nelson and between Hawkes Bay
and Wellington bold coasts are developed in hard granite and soft uplifted Tertiary
and Cretaceous mudstones and sandstones respectively. All these coasts are essentially
beachless.
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(b)

Ileadland-bay coasts

These coasts comprise a succession of headlands separated by narrow shallow bays.
Beaches commonly display regular geometrical outlines, and are backed by alluvial
plains, swamps, lagoons or a succession of beach ridges or low dunes of late Quaternary
and Holocene age. Headland-bay coasts are found in eastern Northland and Auckland,
eastern Coromandel, the Gisborne and Nelson districts, Banks Peninsula, Otago
Peninsula and in southernmost New Zealand. Recent beach progradation has been
reported from a number of these localities.
(c) Low clijjed coasts
Low cliffed coasts possess regular, straight or gently curved outlines fronted by
narrow ‘travelling beaches’ (Carruthers 1877). ClifTs are commonly over 30 m high,
are cut into deposits of Quaternary age, and are backed by low sub-horizontal or
terraced surfaces. In Westland, Canterbury and northern Otago, cliffs are developed
in glacio-fluvial deposits; in Marlborough, Wellington and northern Wanganui and
Hawke Bay they occur in fluvial sands and gravels; in Taranaki and parts of the
Bay of Plenty they are cut into volcanic deposits; while along the Waikato, western
Auckland and Northland shores partially consolidated old sand dunes form the cliff
line. In most areas cliff faces are active and are being trimmed back, particularly
during stormy periods although some appear stable as a result of sand pile-up at
their bases. Erosion of Pleistocene cliffs has supplied sand and gravel to downdrift
beaches during the Holocene and provides a continuing sediment source for contem
porary progradation.
(d) Depositional coasts
These are low coasts of accumulation which show substantial Holocene progradation.
In many parts of the country bays are fringed by broad bands of sand or gravel
ridges which separate flood plains, swamps or degraded bluffs from the sea. Coastal
barriers, tombolos, spits and forelands are also found in widely scattered areas.
Examples of gravel forms include the Kaitorete barrier in Canterbury and the boulder
banks in Nelson and Marlborough, and sand forms include the tombolos of north
ernmost New Zealand, barrier islands of Matakana (Bay of Plenty) and Rabbit
Island (Nelson), and Farewell Spit at the extreme northwestern end of the South
Island. Dunes of Holocene age fill the broad embayment stretching from Wanganui
to Wellington, and other major dune fields are developed along parts of the western
coast of both islands. Active deltas are locally found in the Westport, Nelson and
Marlborough districts; they are not common elsewhere because of the efficiency of
littoral drift.
The distinction between these coastal depositional features and those that occur
on headland-bay coasts is simply a matter of scale. Beach progradation during the
last century has been reported from both coastal types.
D IFFICULTIES IN ASSESSING R EC EN T COASTAL CHANGES
Collectively, depositional landforms occupy about 30 per cent of the total New
Zealand coastline. Most sites display evidence of considerable progradation in Holo
cene times. It is to such sites that we must turn for evidence of recent coastal changes
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and assess these in the light of contemporary processes and the Holocene legacy.
Discrimination is not easy, even at the local level. Problems associated with our timeframework and historical data have been outlined in a previous section. To these,
problems associated with the great variety of coastal accretionary forms, scattered around
the whole coast, can now be added. Moreover, because New Zealand is located in
the circum-Pacific mobile belt with its tectonics and volcanic activity, because it is insular
and has coasts facing in all directions, and because of its latitudinal range in the mid
latitudes, diversity of geologic, oceanographic, topographic and climatic conditions is
also characteristic. Obviously, this complex of factors makes for difficulties when
attempting to distinguish coastal changes resulting from local or general causes. Such
difficulties are heightened when the variable impact of man, both in time and over
space, is added.
The foregoing comments on time scales, historical data and spatial variations
are not just prefatory remarks. Some of the problems are specifically of concern to
New Zealand workers but others are universal. Nor are they offered as apologia
for the substantive part of this paper. Instead, they have been raised because
of an upsurge of interest in recent changes (be they changes of climate, coasts or
river regimes) and because we appear to lack an adequate methodology to handle
information at this scale. The evaluation of changes over a period of several decades
is not usually in the geomorphologist’s repertoire. The effects of a century are
fdtered out in investigations of landform evolution when the time scale is thousands
or perhaps millions of years, and are not considered in short-term process studies
where both dependent and/or independent variables are measured or observed
over a few months, days or instantaneously and are correlated. But, for changes
over a century, most of our data are too fuzzy for a correlation exercise and
frequently we have difficulty in distinguishing cause and effect. Additionally, we
may magnify short-term fluctuations or highlight seemingly catastrophic changes
which in the perspective of landform evolution may be so minor as to go virtually
unnoticed. However, if changes are massive enough, if they occur at a variety
of sites in widely scattered places, and if they are generally in phase, then the
chances are a general trend can be identified. It is believed that this is the case
for recent coastal progradation in New Zealand.
TYPES OF PROGRADATION AND ACCRETION
In New Zealand numerous examples of progradation in recent decades have been
reported from a wide variety of localities scattered around the country. It is possible
to divide these case studies into four groups.
A number of instances of progradation are directly related to the local effects of
man-made works, particularly breakwaters or moles built to provide or protect harbours
or stabilise river entrances. Others represent continuing or new growth on parts of
forelands, barrier islands or spits that have been developing for a longer period. There
are also compartments where part of the shore has prograded while adjacem parts
have receded or remained stable, the effect being to reorient the shoreline. Finally,
there are some instances where progradation has occurred along the entire length of
a beach compartment.
These four groups will now be considered in more detail. Figure 8.2 locates places
mentioned in the text.
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PR O G R A D A T IO N A N D H A R B O U R C O N S T R U C T IO N
In 1940 the President of the New Zealand Institution of Engineers wrote:
Taking our harbours as they now exist some have been created in open roadsteads,
as Tim aru, New Plymouth and Napier; some have been created in river mouths
. . . as Greymouth, W estport and W anganui; and some are natural harbours . . .
of which Wellington and Auckland stand pre-eminent (Baker 1940).
T he first two types—open coast and river mouth ports—well illustrate coastal changes
resulting from harbour works. Most of New Z ealand’s harbours were developed during
the last quarter of the nineteenth century. Initial breakwater, mole and training wall
construction had immediate effects on littoral regimes. On the open coast ‘at New
Plymouth the breakwater has in seven years, caused an accumulation of about 770 000
cubic yards of sand, and the shore northw ards has been denuded’ (Blair 1890). Likewise
at T im aru
the construction of the breakwater has in nine years intercepted the travel of about
1 200 000 cubic yards of shingle. T his shingle in its course formed a natural
protection to the coast, but as soon as the flow was interrupted the sea encroached
rapidly on the land north of the breakwater, and caused great damage (Blair 1890).
River mouth works had equivalent effects. Breakwaters built on either side of the Buller
River at W estport between 1883 and 1892 caused the foreshore ‘to advance rapidly
behind both breakwaters during their progress’, but once work ceased ‘then movement
diminished rapidly’ (Wilson 1893). And at the early port of N apier
small harbour works at the mouth of the estuary trapped 240 000 cubic yards of
shingle in less than three years, notwithstanding that the mouth of the Tuki Tuki
River— the source of shingle supply— was closed for nearly half the time . . . the
beach north of the Tuki Tuki was greatly denuded of shingle while the river was
closed (Blair 1890).
These four examples testify to the rapidity of coastal change when the littoral system
is interrupted by an artifical shore-normal barrier. Indeed, the effects appear almost
instantaneous. For instance at N apier the shingle advanced with the work and at T im aru
it was believed that shingle would swamp the work (Culcheth 1885). These nineteenthcentury harbour construction works were on a small scale. Equilibrium conditions were
soon re-established with a diminution in progradation rates and replenishment of eroded
down-drift beaches. But longer, higher and more massive structures were built at many
ports particularly during the early decades of this century. Consequently, coastal changes
were magnified. These can be illustrated by reference to one open coast and one river
entrance port.
(a) Tim aru— an open ocean port
The Tim aru area consists of a basalt headland with a covering of loess. Before
breakwater construction, a shingle beach fringed the bluff, linking the barrier beaches
to the north and south of the headland. Net littoral drift was and still is from south
to north. This ‘travelling beach’ was first interrupted by the construction of breakwaters
in 1878. Extensions and additions have been made since that time. Numerous studies
have been made of the effects of these harbour works, including those of Clarke (1921)
and Maxwell (1930) and most recently Tierney (1977). T he cumulative results of these
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changes are shown in Fig. 8.3A. In the triangular area between the southern breakwater
and Patiti Point, over five million m3 of shingle accumulated in the period 1879-1967.
Progradation of up to 500 m, in the form of broad low-amplitude shingle ridges, has
taken place, the immediate source of material being beach-drift from the south supplied
ultimately by cliff erosion and river yield. Immediately to the north of the harbour
in Caroline Bay, about 2.7 million m3 of fine sand has accumulated in the last 100
years to form a 300 m wide low angle beach. But farther north, the former headland
beach was destroyed early and the barrier beach continually eroded.
In the last decade or two the prograding shingle beach to the south of the breakwaters
has remained reasonably stable, while the sand beach at Caroline Bay has continued
to accrete. The recent appearance of shingle on this beach is indicative of leakage around
the breakwaters. In the long term, delivery of surplus sand and gravel to the north
may offset erosion of the down-drift barrier beach. Thus, in a coastal system with
strong, almost unidirectional littoral drift, the attainment of equilibrium can be expected
to proceed in a down-drift direction through time, a point which is further exemplified
at the mouth of the Wanganui River.

E 400

Timaru
Harbour

Wanganm

Patiti Pt

Fig. 8.3. Coastal changes associated with breakwater construction. A: Timaru 1870-1970 (based
on Tierney 1977), B: Wanganui 1880-1970. Inset shows cumulative progradation in
m immediately north of northern breakwater (based on Burgess 1971).
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(b) Wanganui—a river mouth port
Beach and bar-depth changes around the Wanganui River mouth during the last century
have recently been documented (Burgess 1971; McLean and Burgess 1974). Figure
8.3B shows the change in shore-position resulting from breakwater construction, which
here commenced in 1880 and continued intermittently until 1935. Immediately to the
north of the entrance, progradation has taken place along 3 km of shoreline. In all,
an area of 75 hectares has been added since 1880 in a roughly right-angled triangular
area. This area is now made up of a series of high but very irregular dune lines which
splay out southwards from a northern focus. Over the last century the rate of
progradation has not been uniform. The inset in Fig. 8.3B shows that for 20-year
intervals the high tide mark adjacent to the northern breakwater advanced seaward
some 50 m in the period 1880-1900, 100 m from 1900 to 1920, 200 m between 1920
and 1940 and 100 m between 1940 and 1960. During the period of most rapid
progradation, which coincided with the completion of the breakwaters, annual
accumulations were in the vicinity of 150 000 m3. Since 1960 little change in shoreline
position has been detected.
The narrow sand spit on the south side of the river has had a history of instability.
It has undergone phases of recession and accretion, the former up to 1941 and the
latter since then. In view of the location of the breakwaters and magnitude of updrift
progradation, the amount of change has been surprisingly small suggesting that erosional
loss has been offset by sand drift counter to the net direction and fresh river-transported
sediment.
In sum, around the Wanganui River mouth more than five million m3 of sand has
been added to the shore during the past century. The bulk of this sediment has been
derived from updrift beach and nearshore sources. Recession of high cliffs cut in
Quaternary mudstones, volcanic and aeolian deposits along 100 km of coast north of
Wanganui provide a potential ultimate source for sediment. The sediment laden
Wanganui River itself, with a load discharge of some 2000 tonnes/day for average
flow and one million tonnes/day for maximum flow, is an obvious sediment source,
but there is good evidence to suggest its effect on local beaches is minor.
With the completion of harbour works some forty years ago, the coastal system at
the mouth of the Wanganui River has had considerable time to adjust to the new
conditions. It has now reached a quasi-equilibrium situation, whereby the rate of change
is slow, and magnitude of change small. However, because net littoral transport is from
north to south, equilibrium was first achieved on the updrift beach and then on the
mouth-bar, while the down-drift beach has not yet achieved this state (McLean and
Burgess 1974). As with the Timaru case, time lags in adjustments between different
sub-systems are again indicated.
(c) Other examples of changes around harbours
While Timaru and Wanganui are probably the most completely documented instances
of coastal change associated with port development on, respectively, an open coast and
river mouth situation, some other examples can be cited.
The breakwater harbour at Napier in Hawke Bay is similar to Timaru. In southern
Hawke Bay two long gently curving gravel beaches are separated by a headland,
formerly known as Scinde Island. Drift from south to north generally prevails. Before
the commencement of the breakwater in 1887 the sea used to break against the bluff,
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but immediately afterwards the southern beach extended northwards to the breakwater
and began to prograde (Holmes 1919). Coastal changes with development work up
to 1945 have been described by Simpson (1945). Downdrift erosion initially resulted,
but intermittent resurveys of five cross-sections in the downdrift area since 1937 have
indicated little or no net changes along this section of the beach, while south of the
breakwater there is visual evidence of continuing build up of gravels (Knowles, pers.
comm.).
At the two west coast South Island ports, Greymouth and Westport, progradation
accompanied the initial construction and extension of river mouth moles. Westport,
on the River Buller, has been studied in greatest detail (Wilson 1893; Furkert 1947;
Simpson and Fyson 1971). Here there are strong reversals in drift direction, and the
distinction between updrift and downdrift sides is blurred, although the dominant
direction is from west to east. Massive quantities of sand have accumulated on both
sides of the river mouth. Furkert (1947) concluded that during the past fifty-four years,
1.25 million cubic yards per annum has lodged about the harbour works as a
consequence of their construction, the bulk of the material being derived not from the
local Buller watershed but from the immense quantities of detritus passing up the
Westland coast. Considerable progradation took place both during the building of the
initial breakwaters (Wilson 1893) and with subsequent lengthening and heightening.
From 1895 to 1928, for 1 km west of the western breakwater the shore advanced some
300 m, while from 1928 to 1944 it advanced about 120 m. Progradation was perceptible
for over 3 km from the breakwater (Furkert 1947). Progradation also took place on
the eastern side, but further up the beach, beyond the effective shelter of the breakwaters,
erosion occurred. Both the rates of advance and erosion have lessened in the last few
years, suggesting that the system has stabilised, although undergoing wide fluctuations.
Low irregular dune lines developed on the prograding portions of the shore, the net
effect of accretion being to exaggerate the cuspate delta form at the river’s mouth.
(d) Relevance of changes
Evidence of progradation associated with harbour development during the past century
is instructive from a number of standpoints. It illustrates: (i) that large quantities of
sediment have recently moved along the coast in the beach and nearshore zones and
that movements are continuing; (ii) that beach and dune ridges can form rapidly when
there is a local surplus of sediment; (iii) that adjustments in beach plan outline are
rapid; (iv) that rates of progradation decline as the shore moves towards equilibrium,
and (v) that equilibrium is achieved in a downdrift direction through time. Indeed,
investigations of the history of coastal change around harbours may well help us
understand more fully recent changes in ‘natural’ systems, and may also provide useful
time-condensed analogues for interpreting Holocene shore changes.
GROW TH OF COASTAL LANDFORM S
Additions to free (spits, forelands) and detached (barrier islands) accumulation forms
have taken place during the last century. Such accretion may represent continuing
growth of depositional features that have been developing over a longer period or they
may represent new growth. Progradation appears to result from the addition of fresh
sediment supplied from the nearshore zone, or from erosion and redistribution of
adjacent Holocene beaches. The Holocene qualification is important: we are not here
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concerned with erosion of Pleistocene sand and gravel deposits, but with depositional
features that have accumulated in the current cycle, that is since sea level reached its
present approximate position.
(a) Spit growth
Farewell Spit extends eastward from Cape Farewell at the extreme northwestern end
of the South Island (Fig. 8.4A). This ‘mammoth spit’ (Cotton 1952) is about 30 km
long. At high tide the land above sea level varies in width from 1 to 1.5 km, and
at low water tidal flats to the south extend for several kilometres. The beach on the
north side is some 100-200 m wide at low water. Much of the spit is covered with
dunes up to 25 m high, with semi-permanent lakes in interdune hollows. M arram
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Fig. 8.4. Spit growth. A: Farewell Spit; B and C: Coastal changes in Tahunanui area, Nelson,
from 1853 (B) to 1970 (C).
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grass, lupins and manuka scrub have stabilised some of the dunes, although those on
the north side appear unstable and are being continually changed by the addition and
subtraction of sand. No geomorphological study has been made and changes during
the last century have not been carefully documented. Nevertheless, there is enough
evidence, from a variety of sources, to suggest accretion has continued during the past
century.
Ongley and MacPherson (1923) found that Farewell Spit is formed chiefly of quartz
sand derived from the waste of the granite and other rocks on the west coast brought
down by rivers and swept northwards to Cape Farewell, where it is carried eastward
and has built the spit. Furkert (1947) estimated that at least 3.28 million m3 are added
to the spit each year. His study of surveys made in 1851, 1867 and 1938 show no
extension of the high-water mark to the east, but that the average width of the spit
has increased by 63 m throughout its length, that the tip at low water has extended
610 m, and that the outer 305 m as depicted on the early survey has widened
considerably. He makes no reference to which side of the spit has increased, but it
is logical that growth would be to the south as a result of wind-transported sand in
the sheltered tidal-flat environment rather than to the north on the open-sea side of
the spit. Ongley and MacPherson (1923) suggested this mode of growth. Textural and
mineralogical analysis of sands by Sevon (1966) and the extension of salt marsh and
shoals in the south support this suggestion.
We thus have an interesting situation where the open ocean side has reached
equilibrium and is not prograding, even though massive quantities of sand are received
at the proximal updrift end. This sediment is passed downspit to the distal end or
across the spit to the lee side, causing accretion in both these localities. Whether or
not Golden Bay will eventually become a lagoon if a sufficient supply of sand is kept
up, as Carruthers (1877) suggested, is a matter of speculation. What is important for
our purpose is that Farewell Spit provides a good example of growth during the past
century continuing in much the same manner as previously.
On the other hand Tahunanui Spit at Nelson illustrates the formation and
development of a new landform (Fig. 8.4B, C). This spit extends for 1 km in an eastwest direction out from the steep NE-SW trending Port Hills. To the south is a partially
infilled tidal flat, which is succeeded by a series of curving dune ridges that mark stages
of Holocene progradation. Comparison of present-day topographic maps with Stokes’s
chart of Nelson Anchorages published in 1853 show the changes that have taken place
over more than a century. Sediment for building the spit appears to have been derived
from landward movement of tidal banks accompanying a westward shift of the main
river channel. That is, the source has been the nearshore zone, rather than from erosion
of adjacent beaches. The southern side of the tidal inlet to the south of the spit marks
the line of the 1850 beach. What role the artificial cut through the boulder bank to
the north played in the formation of the spit is not known. Recurves indicate incremental
development from east to west, although some of the recurves display features of
washover lobes. The spit is now surmounted by low (5 m) irregular dunes, and has
a long tongue exposed at low water extending northwards from the distal end. The
quantity of material deposited above the high water mark during the past century or
so is of the order of 1.5 million m3.
The coastline between Farewell Spit and Tahunanui Spit has a wealth of depositional
features, spits, barriers and barrier islands. Comparison of topographic maps and air
photographs produced in the 1940s and 1960s show many instances of recent accretion,
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including the formation of new spits, and some ‘stable’ forms, but few of erosion. This
suggests that the sheltered shores of Tasman and Golden Bays are still receiving a
supply of sediment mainly from the bay floors, but also from the Motueka, Takaka
and Aorere River systems.
(b) Barrier islands
The largest barrier island in Tasman Bay, Rabbit Island, displays evidence of lateral
accretion at its southeastern end in historical time. But the most completely documented
instance of change on a barrier island in New Zealand is Matakana in the Bay of
Plenty. Matakana Island lies between two tombolos and forms the ocean shore of
Tauranga Harbour (Fig. 8.5). Coastal progradation at Panepane Point on the
southeastern extremity of the island has been described by Healy (1977) and is based
on analysis of hydrographic charts of 1852, 1901, 1954, and 1972 as well as air
photographs of 1943 and 1971. He found the minimum width of the harbour entrance
in 1852 was 1100 m, but by 1901 it had been reduced by 250 m. In the interval
there was some erosion at the southern tip of the island, but the quantity lost from
this site provided only a small proportion of that which accumulated. Healy (1977)
suggests that the reasons for progradation at Panepane Point between 1852 and 1901
are complex but may be related to (i) the Tarawera eruption of 1886 which injected
considerable material into the Bay of Plenty littoral system, and (ii) littoral drift moving
southeastwards along the island with an updrift source from erosion of Holocene dunes
at Waihi. The trends evident in the early period continued for the next fifty years,
such that by 1954 the shoreline had advanced by an average of 500 m from the 1852
position and the harbour entrance width reduced by half. Healy estimates the total
volume of sand added since 1852 is some four million metres3. However, since 1954
the progradational trend has halted and by 1972 the shoreline had receded by over
100 m, except at Panepane Point itself. He suggests reasons for this beach recession
are related to dredging seaward of the receding shore and dredging of the channel
leading to the port. The first would have the effect of allowing storm wave action
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Fig. 8.5. Matakana barrier island. A: Shoreline changes 1854-1972. B: Holocene sand deposits
(stippled) (based on Healy 1976).
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to be more effective on the beach face, and the second has altered tidal mass flow
patterns.
The cumulative effect of the changes over the last 120 years, in addition to net
accretion, has been to modify the outline of the southeastern end of Matakana Island
from a gently curved shore to a rectangular form. Indeed, the recent erosional trend
has meant that Panepane Point has become sharper, perhaps indicating incipient spit
development.
(c) Cuspate forelands
On the other hand, at North Kaipara Head, the cumulative result of shore changes
over the same period has been the opposite. Here a former spit is today more like
a cuspate foreland. These changes in shore geometry, together with those on the opposite
side of the entrance, have been documented by Wright (1969). The Kaipara Harbour
entrance separates two dune-barrier systems; the northern peninsula has a cliffed
coastline cut in Pleistocene sands and possesses a discrete recent salient, while the
southern peninsula has a 3.5 km wide band of Holocene dunes seaward of the
Pleistocene formations. Changes in shore outlines are illustrated in Fig. 8.6A. On
the south side harbourward extension of the spit is shown, while on the north
side, incremental seaward and northward movement of the spit-foreland is indicated,
the rate declining with time. Here the erosion and accumulation pattern
suggests redistribution of on-site sands, rather than loss of local and gain of new
material.
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Fig. 8.6. Coastal changes at entrance to Kaipara Harbour. A: based on Wright 1969. B: Manukau
Harbour (based on Williams 1976).
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Although there have been significant changes at Kaipara during the past century,
the extent of cut and fill of the subaerial beach appears to balance out and it is not
necessary to invoke fresh sediment supply to account for the changes. However, at the
entrance to Manukau Harbour, some 100 km to the south, massive quantities of sand
have gone into the recent formation of the Whatipu foreland and it is clear that this
sediment has not been directly supplied from erosion of adjacent beaches. Whatipu
beach forms the northern exposed part of an asymmetric arcuate mouth-bar and is
backed by steep bluffs of a Miocene andesite block which outcrops on the shore both
to the north and east of the foreland. Since 1844 dramatic changes in shoreline position
have taken place. These have been documented by Williams (1977) and are illustrated
in Fig. 8.6B. In the mid-nineteenth century Ninepin Rock was an island at high tide,
Cutter Rock was just reached by surf, and waves at high water broke at the foot of
the western cliffs. One hundred years later high water mark was near Ninepin Rock,
Cutter Rock was completely isolated in a broad sandy flat 270 m from the sea, and
the western cliff line was stranded in places more than 1 km from high water mark.
Clearly, progradation has taken place on a massive scale at this locality during the
past century. Williams (1977) also recognised four phases of shoreline change: 1844
to 1910 progradation; 1910 to mid-1930s recession; mid-1930s to 1954 progradation;
and, 1954 to 1976 oscillation. Considering both his and other examples such as Wright
(1969) and Brothers (1954) Williams suggests that progradation on the west coast of
Auckland appears to be a local rather than general phenomenon. It can occur as a
result of one or more of the following factors: changing harbour hydraulics, climatic
oscillation, or human impact. These suggestions will be developed more generally later
in this chapter. Suffice to say here that Williams concludes by quoting Wright’s (1969)
comment for Kaipara, that ‘on the basis of our present knowledge of the local conditions
in the area it is impossible to explain the changes.’
(d) Summary
The foregoing examples demonstrate that free and detached depositional features have
recently formed or been added to, again illustrating the fact that large quantities of
sediment have been moving along the New Zealand coast. In some cases sources other
than erosion of local Holocene beach deposits appear responsible for build-up, the most
likely source being the adjacent nearshore sea floor. In no case has sediment been derived
mainly from erosion of older Pleistocene forms. Three other points are worth noting.
First, although the net result of the last hundred years has been substantial progradation
or accumulation, in many instances development has been episodic. Moreover,
progradation rates have diminished in the last one to two decades such that the forms
now appear stable, or in one case (Matakana) are undergoing a phase of erosion. Second,
a number of the spits, forelands and barriers are located near the mouths of large
tidal inlets. This suggests there is abundant sediment being directed at inlet entrances,
either from the seabed or from the inlet itself. Changes in tidal compartments as a
result of sedimentation in inlet catchments reduce entrance cross-sectional areas thus
inducing sedimentation around their mouths (Heath 1975). Third, the examples
described are not likely to be the only instances of accretion during the past century.
Already attention has been drawn to others in the Tasman Bay and Golden Bay areas
and these may well be duplicated elsewhere particularly along the eastern coast of
Northland and Coromandel Peninsula as well as in southern Southland.
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REO R IEN TA TIO N OF SHORE OUTLINES

Beach outlines in plan are governed by the relationships between coastal configuration,
especially headlands, sea bed topography, wave patterns and sediment supply. Many
of New Zealand’s beaches possess stable, frequently geometrical plan shapes which
have developed since the Holocene transgression (McLean 1967). But some have lagged
behind and not yet attained equilibrium (see below). Others are being realigned in
response to recent changes in one or more of the controlling factors, the construction
of artificial headlands (breakwaters) such as at Timaru and Wanganui being examples
which have been discussed previously.
Within a single compartment, reorientation may take place simply by recession of
one part and accretion of another part. For instance, recent progradation at the eastern
end of the Kaitorete barrier has been accompanied by erosion of the western part of
the Holocene barrier and of the Pleistocene sand and gravel cliffs farther alongshore
(Fig. 8.7A). In 1930 Speight (1930) noted that a bank formed a permanent barrier
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Fig. 8.7. Reorientation of shorelines resulting from erosion and accretion. A: Kaitorete barrier
showing successive Holocene shore positions (after Armon 1974). B: Cloudy Bay
showing zones of accretion, stability and erosion (based on Pickrill 1976).
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ponding back the waters of Lake Forsyth, which in the early days of settlement was
more commonly open. He also found an old map which recorded the existence of a
Maori boat-harbour at the entrance to the lake and represented it as being permanently
open, thus concluding that the outlet had only lately been closed. Comparison of plate
28 of Speight (1930) with present field and photographic evidence suggests that some
progradation has taken place in the last fifty years, although field surveys by R.M.
Kirk (pers. comm.) have shown no trend toward growth in the beach in the last ten
years. Sediment for the prograding part of the barrier has come from the updrift ‘eroded
coastline’ (Speight 1950) south of the barrier, where cliff recession rates of about 1 m
per year have been measured over the interval 1931-67 (Kirk 1969), and from erosion
of the western part of the barrier itself, these trends continuing in sympathy with earlier
shoreline changes (Armon 1974) but at a lesser rate.
Another example of the continuing adjustment of shore outlines can be cited. At
Cloudy Bay in the northeast South Island, erosion of cliffs at the southern extremity
of the bay, plus beach drift of sediment supplied from the river and cliffs in the next
compartment to the south, furnish sand and gravel for the prograding section (Pickrill,
1976). The 21 km long shore of Cloudy Bay (Fig. 8.7B) is divided into two sectors
by the Wairau River which is not an important contemporary sediment source. Pickrill
(1976) found that since 1924 the 13 km long embayed northern sector has prograded
an average of some 57 m, adding to the 5 km wide Holocene gravel ridge sequence.
No detectable change has taken place along the 8 km boulder bank of the southern
sector, suggesting this part of the shore is sufficiently in equilibrium to bypass material
and deliver it alongshore to the prograding sector. Provided sediment continues to be
supplied from the south, this trend is expected to continue until such time as the portion
north of the river is aligned with the boulder bank.
Both the Kaitorete and Cloudy Bay examples illustrate changes in shore outline
initiated after the Holocene transgression and continuing through the past century.
Active erosion of sand and gravel cliffs, cut in deposits which predate the recent stillstand in sea level continue to provide material for progradation in areas of sediment
deficit, as they have done in the last few thousand years. In both cases, gravel for
the prograding sectors is delivered by beach drift and not recruited from adjacent sea
floors which are covered with fine sand. Moreover, they both illustrate the changing
relationships among sea-level change, sediment supply and littoral drift as expressed
in zones of retrogradation, stability, progradation and coastal alignment as the latter
moves towards an equilibrium geometry.
BEACH PROGRADATION
In some instances progradation has taken place along the entire length of a straight
or gently-curved beach compartment. In others, progradation has occurred in a
substantial portion, the remaining portion being either stable or showing only minor
erosion. In both cases new sand and/or gravel has been recruited recently, either from
the sea floor or from river catchments. Examples of such progradation can be cited
from beaches on coasts classified earlier as headland-bay coasts and depositional coasts.
(a) Headland-bay coasts
Banks Peninsula, the loess-covered eroded remnant of the Lyttleton and Akaroa
volcanoes, is the largest promontory on the east coast, South Island. Its steeply cliffed
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coastline is punctuated by a series of steep narrow embayments formed by the flooding
of eroded river valleys during the Holocene transgression. On the northeastern side,
the 800 m long bay-head sand beach at Okains Bay is backed by a succession of sub
parallel beach ridges which can be traced 2.4 km inland (Fig. 8.8A). Progradation
of some 230 m has taken place during the last century with the addition of new beach
ridges (Dingwall 1974). Regularity in ridge height and spacing suggests that the rate
of progradation has been fairly uniform, and that recent accretion is continuing an
earlier trend. Calculations based on shoreline locations in 1872, 1920, 1951 and 1969
plotted by Martin (1969) show a uniform rate of progradation of 2.3 m/year. Textural
and mineralogical analyses of the sand by Dingwall (1974) clearly shows nourishment
from the sea floor and not local fluvial or cliff sources.
Nourishment from the sea floor also accounts for progradation at Little Omaha Bay,
one of a series of bay beaches on the headland-bay coast of eastern Northland
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investigated by Schofield (1967). The 4 km long curving beach at Little Omaha Bay
comprises the seaward face of Mangatawhiri Spit which is joined to the southern
headland but separated from the northern headland by a narrow tidal channel (Fig.
8.8B). The spit is made up of a series of low beach-dune ridges built in post-glacial
times (Schofield 1973). Comparison of an 1871 and a 1934 land survey by Schofield
(1967) indicates that some of the foredunes for a width of about 40 m along all but
the northern 400 m of the ocean coast were added between 1871 and 1934 and that
from 1942 to 1950 progradation of some 15-35 m continued forming a modern foredune
standing 2-4 m above high-tidal level. After 1957 erosion was rapid along the full
length of the spit moving the shore well west of the 1934 outline. Excluding the highly
sensitive distal end of the spit, net build-up of sand is indicated for the first eighty
years of the past hundred years with erosion in the following two decades. Schofield
(1967) also shows that sand is transported to Mangatawhiri Spit from the bay floor
from depths to 30 m during periods of progradation. He considers that the bulk of
erosion up to at least 1962 was probably due to an overall rise in sea-level during
the previous thirty years plus the effects of dredging close to Mangatawhiri, the total
output from the system as a result of sand removal by man far exceeding the natural
input (Schofield 1975).
Thus, at both Okains Bay and Mangatawhiri Spit sand for recent progradation has
been recruited directly from the sea floor as it has throughout the post-glacial period.
However, in the first case continuing progradation suggests continuing replenishment
of the sea-floor sediment reservoir, while in the second recent erosion suggests the sand
reservoir has become exhausted during the past century and that dredged materials
are not now being replaced naturally.
In contrast to these two examples, fluvial sources alone appear responsible for recent
progradation at Kawakawa Bay in the Gisborne district (Smith and Brown 1976). Here
the 6.5 km long straight sandy-gravel beach strung between two steep rocky headlands
is backed by a succession of Holocene gravel ridges and swales (Fig. 8.8C). Comparison
of foreshore surveys in 1899 and 1975 by Smith and Brown (1976) shows that the
beach has accreted some 80 m along its entire length. They calculated that about 2.2
million m1 of sand and gravel, particularly the latter, has accumulated in the interval,
the source being the Awatere and Karakatuwhero Rivers which enter the bay in the
east and centre respectively. These rivers drain steeply dissected catchments of Miocene
and Cretaceous sandstones and siltstones and Eocene volcanics and deliver dark durable
gravels and sands to the shore during floods. Again, recent accretion is just a continuation
of a previously established pattern.
A final example can be cited. At Kaikoura, on the east coast of the South Island,
Kirk (1975) describes accretion in the period 1942-74 of up to 25 m along most of
the 8 km long compartment to the south of Kaikoura Peninsula and up to 40 m along
all but the ends of the 16 km long beach to the north (Fig. 8.8D). He believes that
most of the coastal changes are consistent with the known long-term dynamics of the
coast. Thus accretion of the southern beach reflects strong longshore drift from south
to north in response to southerly storm waves and an active supply of gravels and
sands from the Kowhai and Kahutara catchments, while on the northern beach there
is southward drift toward the peninsula but the quantity is not large since the southern
terminus has been stable over the last thirty-two years. The changes reflect the erosional
and tectonic regime of the area and the distribution of contemporary processes of littoral
sedimentation, and may be expected to continue for the foreseeable future (Kirk 1975).
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(b) Depositional coasts

T here are a num ber of instances of recent accretion on long low depositional coasts
which show H olocene progradation of some kilom etres. T hese have been rath e r fully
documented by other authors and need only be briefly reported here.
Poverty Bay is a deep re-en tran t on the east coast of the N orth Island, protected
by two prom ontories 8.5 km ap a rt and fringed by a gently curving sandy beach some
16.4 km long (Fig. 8.9A). Recent surveys by Sm ith and Brow n (1976) show
progradation of some 6 0-330 m along portions of the shore aw ay from the direct effects
of river m ouths, in the period 1886-1975. T h ey estim ate th at this has involved the
accum ulation of about 8.3 m illion m 3 of sand. P u llar and P enhale (1970) found that
the average rate of shore advance during the seventy years 1883-1953 is about three
times the average rate estim ated for the last 1800 years, indicating th at m ore river
sand is now being supplied to the coast than previously, presum ably as a result of
accelerated erosion associated w ith forest clearance in river catchm ents since E uro p ean
settlement.
In the R angitaiki Plains area, Bay of Plenty, about 250 km to the northw est of
Poverty Bay, forest was not cleared on such a large scale, yet P u llar and Selby (1971)
found the rate of recent progradation has also been high, about 1.3 m /y e a r from 1886
to 1962, nearly twice the average of the last 1800 years. T h ey believe th at accelerated
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catchment erosion here may be related to a higher incidence of high intensity storms
during the last eighty years, thus increasing sediment yield. Advance of the 20 km
long Rangitaiki Plains shoreline may well be representative of a much longer stretch
of coast extending from Whakatane in the east to Mt Maunganui in the west, a distance
of some 100 km. Details of the Holocene and recent history of the Poverty Bay,
Rangitaiki and Mt Maunganui shorelines can be found in a series of papers by Pullar
(1967), Pullar and Cowie (1967), Pullar and Warren (1968), Pullar and Penhale (1970)
and Pullar and Selby (1971).
The longest continuous sector of coast for which a good record of recent progradation
is available is located in the southwest of the North Island. The west Wellington coast
consists of a single compartment which runs south from Wanganui in a broad sweeping
curve for 120 km (Fig. 8.9B). Locally, parts of this shore have witnessed erosion, but
over much of its length a high but irregular foredune has been added to the broad
Holocene dune-sand plain during the last century (Adkin 1948, 1952; Cowie 1963).
An average progradation rate of about 1 m/year is indicated, although rates of up
to 4 m /year have been recorded in places (McFadyen, pers. comm.). It is believed
by most workers that accreting sediment is mainly supplied from the half-dozen rivers
which enter the compartment, particularly the Wanganui and Rangitikei in the north
and then is drifted south alongshore. Coddington (1972) estimated that the capacity
of the littoral drift is in the order of 750,000 yd3 of sand per year based on the rate
of growth of the Paraparumu foreland in the south.
(c) Summary
In summary, net progradation has taken place along considerable lengths of beach along
New Zealand’s headland-bay and depositional coasts. Those documented here are not
the only cases. For instance, Wellman (1962) found the Holocene dunes around
Doubtless Bay, Northland are still slowly building out, and Brothers (1954) noted
progradation of about 800 m in sixty-three years (1880-1943) along 15 km of the
dune-backed Auckland west coast south of Kaipara. Nevertheless, our examples include
both short and long beach compartments, sandy and gravelly shores, straight and gentlycurved beaches in widely scattered areas of the country. Accretion has been in the form
of new beach ridges or foredunes or broadening of backshore zones. Beach drift of
fresh fluvially supplied sediment from actively eroding river catchments is the commonest
explanation ofTered for the material involved, although in at least two instances sand
has been derived from the adjacent bay sea floor.
PROGRADATION, EROSION AND STABILITY
The examples of progradation detailed in this chapter have been drawn from a wide
variety of situations in different parts of the country. There have been those associated
with harbour construction at headlands on the open coast or at river mouths on
depositional coasts. In these, trapping of beach and nearshore sands and gravels has
resulted in local accumulations of sediment which otherwise would have passed farther
alongshore. Second, there have been cases where beaches have prograded in areas of
sediment deficit, the material coming from zones of sediment surplus such as cliff erosion
of unconsolidated Pleistocene deposits, the effect being to realign the shore as it seeks
an equilibrium plan geometry. Then there have been extensions to free and detached
coastal features, such as spits, forelands and barriers, and the growth of new features.
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In these cases sediment has been recruited from erosion of Holocene beach deposits
and shore-normal and longshore movement of tidal and sub-tidal materials. Finally,
there have been cases where progradation has occurred along entire beach compartments
with sediment being derived from the sea floor or fresh fluvial supplies.
Clearly then there has been considerable recent progradation around the New
Zealand coast. But have these gains been offset by erosion in other areas and stable
conditions (steady-state) in still others? By focusing on accreting shores there is a danger
of overemphasising this aspect of coastal change. Regrettably, sufficient data are not
yet available on the total lengths of coastline which show net outbuilding, stability,
or net recession during the past century. Nevertheless, considering beaches on headlandbay coasts and depositional coasts, the following percentages are offered as estimates:
progradation 40; stability 40; erosion 20.
While the figures can be treated as little more than guesses at this stage, they do
suggest that there has been a substantial net gain of sediment in the last century or
so. The quantity of sand and gravel added to the shore during the period is likely
to be some tens of millions of cubic metres.
Nonetheless, considerable losses have also occurred, but the estimate of net erosion,
along 20 per cent of headland-bay and depositional coasts may well be too large. Erosion
of deposits which have accumulated since the Holocene transgression is scattered and
isolated and generally has occurred over short lengths of coast. Many examples are
given in the pages of the house journals New Zealand Local Government and Soil
and Water (National Water and Soil Conservation Organisation): Waihi and Ohiwa
(Bay of Plenty), Whitianga and Kaiaua (Coromandel-Thames), Wainui (Gisborne),
Clifton-Haumoana (Hawke Bay), Ngamotu, East End, Fitzroy (Taranaki), Eastbourne,
Paekakariki (Wellington), to fist a few from the North Island. To these can be added
South Island examples from the southern Karamea Bight, Westland (Furkert 1947)
Sumner beach (Scott 1955) and Washdyke lagoon barrier (Kirk 1969) in Canterbury.
This fist is not exhaustive. But, with few exceptions, the information given is not
sufficient to determine whether net erosion has occurred over the past several decades.
Rather, most refer to erosion during storm events and/or to the effects of man’s activities.
Whether the losses are permanent or temporary is not certain, but an example of the
latter can be cited. In 1914 the sea beach fronting Hokitika in Westland suffered very
severe and continuing erosion, which eventually uncovered an old shoreline with groins
built forty years previously (Sharp 1916)1 Certainly, there is no known documented
case where recent erosion has occurred to Holocene coastal deposits on such a large
scale as progradation at Poverty Bay or the western Wellington coast, for instance.
On the other hand there is good evidence for continued erosion along what in this
chapter have been defined as low cliffed coasts. On the southern Taranaki coast Gow
(1967) found coastal regression everywhere dominant, Maxwell (1896) noted re
markably rapid cliff erosion on Auckland’s west coast, while along the Canterbury
Bight and Oamaru coasts erosion rates of some 1 m per year have been documented
by Kirk (1969) and Doidge (1941) respectively. In these instances, cliff recession of
Pleistocene deposits has been compensated by sediment gains alongshore. Clearly, both
retrogradation and progradation along these coastal sectors reflect the continuing
adjustment to shore processes operating over the last few thousand years.
Between retrograding and prograding sectors, zones of stable shore outline are
frequently found, a number of cases being described in earlier sections of this chapter
(e.g. the boulder bank at Cloudy Bay). In these zones, material received at the updrift
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end is bypassed downdrift without any net change in shore position at the site. This
same concept, of bypassing and equilibrium shore position, can also be applied in a
shore-normal sense. The case of Farewell Spit can be recalled. Here sediment received
at the beach is bypassed landward, the shore position remaining constant although large
quantities of material pass through the system. Such a process may well be operating
on beaches fronting the dune areas along the west coast, particularly between Taranaki
and northernmost New Zealand, where Stewart (1873) a hundred years ago, Field
(1891) and other writers since have considered the increasing and apparently unresisted
advance of sand inland from a great length of the coastline to be a serious evil. Many
of these shorelines have remained essentially stable during the past century, while
quantities of sand appear to have been added to the dunefields. Thus, stability in shore
position does not necessarily imply the exhaustion of sediment reservoirs.
EPISODIC DEVELOPM EN TS
Two recurring themes have emerged from the case studies reviewed in this chapter.
The first is that phases or episodes of progradation either slow or rapid, punctuated
by periods of stability or erosion, have occurred within the past century. The second
is that the rate of progradation in the last decade or two has decreased in rate or
been replaced by shore stability or a phase of erosion. Among the factors that make
it difficult to identify the reality, comparability and generality of such episodic changes
is our lack of a sufficient number of time-frames at sufficient localities over the last
hundred years, a point which was raised earlier.
REASONS FOR COASTAL CHANGES
(a) M an’s impact on the coastal environment
Phases of heightened progradation have been initiated or supplemented by the activities
of man during the last hundred years. Direct effects on the shore such as breakwater
construction are an obvious example. Away from the shore, accelerated erosion in river
catchments consequent on forest clearance during the expansion of European settlement
increased rates of erosion by a factor of about three (Selby 1974) and increased sediment
yields to the coast, part of this surplus being available for accretion. Sedimentation
and reclamation in the heads of tidal inlets reduced tidal compartments and the crosssectional areas of entrances and permitted accretion around their mouths. Beach
stranding of driftwood brought to the coast during flood flows and artificial stabilisation
of dune fields are other factors which would induce beach progradation. The first would
add mass to the beach and also act as a sediment-trapping device, the second would
block at the shore sediment which was formerly blown inland.
Conversely, reductions in river sediment yield, causing reductions in the rate of
progradation, may well have resulted from the success of catchment erosion control
schemes which were begun on a large scale in the 1940s. Such schemes were reinforced
by river stabilisation works and hydro-electric power dam construction in many
catchments, which further reduced the quantity of sediment delivered to the shore. Sand
and gravel extraction from river, beach and offshore, and dredging of navigation
channels are other activities which locally may have depleted shore sediment regimes.
The interaction between the various sorts of human activities noted above is clearly
a complex matter. Some would induce progradation, others reduce and reverse it. But,

192

Coastal Deposits

seen in the broadest historical perspective, human impact, direct or indirect, during
the last century falls into two phases. In the first from, say, 1870 to 1940, processes
were essentially those that would result in coastal progradation. And in the second,
since 1940, they have been those where erosion or stability would be expected to follow.
However, the effects of man’s activities would be essentially local and vary greatly
between localities.
(b) Variations in climate
Climatic factors influencing either sea or land conditions or both have their repercussions
at the shore. Pullar and Selby (1971) distinguish the last eighty years from earlier
periods when they suggest the possibility that accelerated erosion in catchments of the
Rangitaiki coast is related to a higher incidence of high intensity storms thus increasing
sediment supply from land to sea. Salinger (1976) deduced temperature differences
between the centuries before 1800 and since then in New Zealand. But the possibility
of distinguishing meaningful (from a coastal point of view) differences in the climate
of the last century from immediately preceding centuries in this country is remote.
However, the possibility of distinguishing climatic oscillations within the past several
decades is substantially greater. Shore responses to variations in storminess frequency
and intensity is one obvious area of investigation for coastal geomorphologists.
(c) Other environmental changes
There are other geophysical phenomena which have caused or contributed to recent
coastal changes. New Zealand is located on the circum-Pacific mobile belt and has
a Holocene history of volcanic eruption and earthquake activity. Fallout from the last
major volcanic eruption, Tarawera in 1886, may well have contributed material for
the rapid progradation of the eastern end of Matakana Island and aided foredune
development around other parts of the Bay of Plenty during the past century. Uplift
during the 1855 earthquake near Wellington extended the shoreline seaward over
200 m (Stevens 1974), while flexure of the coast in the 1931 earthquake heightened
progradation in parts and erosion in other parts of the Napier shoreline (Marshall
1933). Furkert (1947) explained recent erosion north of Westport by the general
lowering of coastal lands at the time of the Murchison earthquake in 1929. The effects
of both earthquakes and volcanic eruptions on the coastal zone are essentially but not
exclusively local.
Eustatic shifts in sea level are more general. If the sea floor is in equilibrium with
sea level then a fall in sea level promotes coastal progradation (Schwartz 1967).
However, continuous tidal records from Auckland record a net rise of 110 mm between
1910 and 1960 which is similar to the average world-wide sea-level change (Schofield
1967, 1975). Given that the sea floor is in equilibrium with sea level, such a rise should
promote coastal erosion. Acceptance of this hypothesis and its conditions means that
progradation during the last century would only occur in areas where the sea-level
rise has been equalled or exceeded by tectonic uplift of the land margin, or where
sea-level rise has been offset by increased sediment supply in the coastal zone. We
have already seen that in parts of New Zealand progradation during the past century
has resulted from both local tectonic uplift and increased sediment supply. However,
when we consider the sources of sediment which have gone into progradation, a more
general explanation for progradation, in face of a rising sea level, is required.
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T H E HOLOCENE LEGACY
Directly or indirectly, human activities in the last century have been instrumental in
promoting progradation. Earthquakes and a volcanic eruption in 1886 also had a role
locally. But progradation is not simply the outcome of recent human activities or
catastrophic geophysical events: it would have occurred at many localities regardless
of such perturbations. Nor is it simply the result of the redistribution of eroded beach
materials which have accumulated since the Holocene transgression. Instead, prograda
tion during the past century can be viewed basically as the continuing adjustment of
our shorelines to trends and events in the preceding centuries, the Holocene and the
Pleistocene. The last century comprises about one-fiftieth of the time since sea level
first reached around its present general position following the mid-Holocene trans
gression. In this context it is not important whether sea level has risen and/or fallen
slightly in the last few thousand years. What is important is that this period has
witnessed widespread, and in some cases massive, progradation, in the form of beach
ridges, dune fields, barriers, spits, forelands and the like in nearly every embayment.
It would be unwise to think that the recruitment of sediment which has gone into
building these coastal landforms ended a century or more ago everywhere. To suggest
this would imply that sea-floor sediment reservoirs were depleted, rivers were not
discharging sediment and cliff erosion had ceased. Clearly, this was not the case. There
is abundant evidence, documented in this paper, to suggest the presence of local surfeits
of sediment for beach nourishment during the past century from sources which have
continually, even if episodically, supplied sands and gravels since sea level first reached
its present position. Obviously, sea-floor sediment reservoirs have been depleted in the
late Holocene, and in some areas may well be exhausted (for example eastern
Northland). But in others, during the same period, output has been compensated to
a less or greater degree by fresh sediment, contributed particularly from rivers still
adjusting to rapid regional uplift (Chappell 1975) and climatic and sea-level changes
during the Quaternary, and from Holocene volcanic eruptions. Significant time lags
between such processes and their ultimate shore responses are suggested, especially since
shelf sands around New Zealand show a noticeably directional trend of dispersal in
sympathy with tide, swell and storm-wave components (Carter and Heath 1975),
suggesting long residence times and distances travelled. In addition to continually
supplying sediment to parts of the shelf floor, river sands may be dropped near river
mouths and quickly dispersed alongshore. Large bodies of sediment are injected to the
shore system episodically during floods and volcanic eruptions, and although yields may
have locally increased in the past century as a result of the activities of man, there
is no doubt that such processes have operated throughout the Holocene. High relief,
intense rainfall, active tectonics, and deep regoliths have given New Zealand rates of
denudation higher than in most other temperate regions (Selby 1974).
Significant time lags between the time when sea level first reached its present position
and the attainment of equilibrium shore geometry are also apparent along many
compartments possessing cliffed coasts. Retrogradation of unconsolidated fluvio-glacial
and fluvial deposits, and partially consolidated aeolian and volcanic deposits, all of
Pleistocene age, has been a continuing process. Large quantities of sand and gravel
have been released for travel downdrift to embayments, with resulting progradation.
Recession and progradation have thus gone on concurrently through the Holocene to
the present, at a diminishing rate as shore adjustment becomes more complete.
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In sum, if New Zealand has had a different shoreline history from other countries
during the past century, it is less the result of a unique set of circumstances within
that limited period than of a unique and dynamic Quaternary history, which continues
to imprint its legacy on our shores.
CO NCLUSION
Thus, coastal changes in New Zealand during the past century can be seen, in the
first instance, as a continuing adjustment to a range of Quaternary events, some of
which have had general and others only local consequences; some have run their course;
others are still in train. These events have in the last few thousand years resulted
in progradation on a massive scale. Evidently the major phase is over, for there has
been time since sea level reached its present position for major shore adjustments to
have taken place. Equilibrium of accreting shores would be reached at different times
in different places, and given the dynamic nature of recent millennia a steady state
is unlikely to exist in many places, or for long. With this broad perspective we would
expect some shores to display progradation, others stability, and still others erosion.
This indeed has been the case during the past century.
Secondly, superimposed on these long-term antecedent adjustments have been the
events within the past century, some of which have opposed prior shoreline trends,
others reinforced them. Progradation (and erosion) has resulted either directly or
indirectly from human and/or geophysical activities.
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Coastal Sand Deposition in Southeast
Australia during the Holocene
B.G. THOM
Over the last two decades there have been several attempts to relate contemporary coastal
erosion in southeast Australia to possible changes in the direction, magnitude or
frequency of environmental parameters (Davies 1957; Bird 1960; Langford-Smith and
Thom 1969; Thom 1968, 1974). Numerous factors have been called upon to explain
the cliffing and breaching of foredunes in east coast embayments; these include the
effects of a contemporary world-wide sea-level rise (Bird 1960), increased storminess
affecting wave climate (Davies 1957), and diminished sand supply in nearshore
compartments or ‘cells’ (Thom 1968; Langford-Smith and Thom 1969). Thom (1974)
has recently reviewed the relative significance of these factors, and concluded that the
absence of long-term observations in eastern Australia inhibits any useful evaluation
of cause and effect at the present time. Furthermore, it could be argued that observations
of coastal erosion have not been related to any theoretical model of environmental
change. In order to choose between the various possibilities, it is important to construct
models of coastal environmental change and then attempt to find observable features
that would relate to one of the models.
The purpose of this paper is to formulate and test, at a preliminary stage, one such
model, a climatological model. The aim of the model is to help explain the patterns
of beach recession, foredune erosion and transgressive dune mobilisation observed not
only in the historical period, but also at other times over the last 6000 years (that
is, since sea level has been approximately at its present position, see Thom and Chappell
1975). This model may be useful in any future examination of the rapidly increasing
data base, both historical and geological, related to coastal erosion.
In essence, the problem of explaining coastal landform change using a climatological
model involves two time scales. On the one hand, there are short-term changes of the
last hundred years or so, which can be partly documented by historical information
(weather records, photographs, newspaper accounts, etc.). Climatologically, these
changes may be related to aperiodic fluctuations within a climatic state (an expression
of ‘normal’ climatic variability), or to persistence of quasi-periodic climatic anomalies,
or as an expression of a threshold change in circulation modes during the movement
from one climatic state to another.
There is also the need for the geomorphologist to explain longer-term (Holocene)
coastal landform change. Since sea level has reached its present position (± 1 m), it
is possible to show (see below) that there have been
(a) phases of beach ridge progradation separated by phases of relative shoreline
stability; and
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(b) phases of transgressive dune mobilisation followed by phases of vegetative stabil
isation of free-moving sand surfaces.
These changes are increasingly being better documented by morphostratigraphic
investigations supported by radiocarbon chronologies at selected localities in N.S.W.
However, data remain inadequate for the development of a comprehensive model of
long-term geomorphic change. Nevertheless, sufficient information now exists to check
the feasibility of a climatological explanation of periodic shoreline progradation, on
the one hand, and initiation and stabilisation of transgressive dunes, on the other hand.
EPISODIC BEACH PROGRADATION AND DUNE ACTIVITY
Variations in depositional and erosional histories of coastal sand bodies in southeastern
Australia reflect the interaction of the embayed coastal configuration, coastline
orientation, sea-level change over the last 10,000 years, dispersal of sediment on the
continental shelf during glacial low sea-level intervals, nearshore sand supply including
biogenic production, and atmospheric and wave climate. Even between adjacent
embayments morphological response in the form of bay-barrier development can be
quite variable. Port Stephens-Myall Lakes is an excellent example, where there is a
contrast within and between embayments in the degree to which mid-Holocene beach
ridges have been consumed to some degree by later Holocene transgressive dunes (Thom
1965: Fig. 1). Such morphological variation has also been identified in other parts of
eastern Australia (see Jennings 1959; Bird 1961; Hails 1968).
Morphostratigraphic studies by the writer in N.S.W. and southern Queensland have
led to the recognition of five models or types of sand deposition in the Holocene (Thom
1974). Using radiocarbon dating it is now possible to specify at selected localities the
chronologic pattern in the formation of these types. Although still imperfectly
understood, these patterns strongly suggest an episodic history in the geomorphologic
development of bay barriers.
Beach ridge progradation
The morphological form and genesis of beach ridges in eastern Australia have been
discussed by numerous writers (see Davies 1957; Bird 1960; McKenzie 1958; Jennings
1959; Thom 1964; Jenkin 1968; Wright 1970). Thom (1974) and Shepherd (1974),
on the basis of a few radiocarbon dates from Hawks Nest near Port Stephens and
Moruya, argued that beach ridges prograded rapidly from about 6000 to 5000 years
ago, and approximately 3000 to 4000 years ago progradation virtually ceased. More
recent drilling and dating indicate a more complex pattern at these and other localities.
Moruya on the N.S.W. South Coast (lat. 35°50'S, long. 150°15/E), is now the best
known locality. Here a bay-head barrier blocks narrow drainage basins. The beach
ridge plain is composed of 40-50 ridges at its maximum width, the largest being the
foredune ridge on the seaward side. Morphological discontinuities are not readily
apparent in this plain, but there are distinct differences in degree of soil profile
development across the ridge series which could be related to time (G. Bowman, pers.
comm.).
The stratigraphy at Moruya has been established along a transect bisecting the
embayment. Figure 9.1 shows the age structure of sediments along this transect.
Seventeen dates on nearshore shell detritus document the Holocene sedimentary
regressive or beach ridge progradation sequence (Table 9.1). These dates have been
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Fig. 9 . 7. Age structure of the regressive sand unit beneath the beach-ridge plain at Moruya,
N.S. W. For dates see Table 9 . 7.

obtained by the A.N.U. Radiocarbon Laboratory; along with the sedimentology, they
will be reported in more detail elsewhere (Thom and Polach, in preparation).1
Four age groups have been recognised in the Moruya sequence on the basis of the
overlap of C 14 dates at one standard deviation. The earliest set of six dates has a mean
of 5950 radiocarbon years ago. It matches a date on estuarine shells, now buried by
peat, recovered in a swamp formed behind the beach ridge plain. More than half the
regressive sequence per unit width of section was deposited in a few hundred years
between 6000 and 5700 years ago. The second cluster of seven dates is concentrated
on 5100 radiocarbon years ago. Approximately a quarter of the regressive sequence
was deposited at this time, + 200-300 years. A third set of three radiocarbon dates
occurs on the seaward side of the plain. The mean value of this set is 3873 radiocarbon
years (+ 200 years), and the amount deposited during this interval represents 12 to
' C 14 dates reported in this paper and shown in Fig. 9.1 are based on estimates of <5C15 and are
for the so-called environmental or oceanic reservoir effect.

not corrected
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T able 9.1
Radiocarbon dates of regressive nearshore shelly sands at M oruya, N.S. W.

Phase
A
A
A
A
A
A
B
B
B
B
B
B
B
C
C
C
D

Ref. No.

Lab. No.

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

A N U -1117
A N U -1118
A N U -1197
A N U -1119
A N U -1198
A N U -1200
A N U -1116
A N U -1199
A N U -1400
A N U -1138
A N U -1139
A N U -1398
A N U -1399
A N U -1115
A N U -1137
A N U -1114
A N U -1397

Field No.
47-6
45-6
45-11
4 8-4
48-9
46-13
46-5
46-8
61-6
49-10, 11
40-13
8B -6
62-7
49-3
49-7, 8
8B -3
62-2

Age (B.P.)
6080 ± 85
5 9 1 0 ± 85
5 8 5 0 + 80
5 7 9 0 ± 100
5 8 1 0 ± 80
6280 ± 90
4 9 1 0 ± 75
5 1 0 0 + 90
5390 ± 90
5 1 7 0 ± 70
5 1 3 0 ± 70
4 9 1 0 ± 90
4930 ± 110
4080 ± 70
3 7 5 0 ± 70
3790 ± 90
2 7 3 0 ± 80

Note: Ages reported here in Conventional Radiocarbon Years B.P. are based on estimates of ÖC13
(+ 1 .0 + 0.5%). These results are not corrected for environmental effects, which involves subtraction of
450 + 35 C H years from each shell date (Thom and Polach, in prep.).

15 per cent of the depositional sequence. Only one radiocarbon date of 2730 ± 80
(ANU-1397) has been obtained from beneath currently mobile beach sediments.
Obviously more assays are needed at this end of the section.
Recently, a small number of C 14 dates have been produced from regressive shelly
facies of beach ridges at several other localities along the N.S.W. coast. With the
exception of those reported by Shepherd (1974), these dates are unpublished. The
extensive beach ridge plains of Woy Woy and Wonboyne are currently under
investigation. Only two dates are available from Woy Woy, at the rear of the sequence
(about 6000 years) and at the seaward end of about 1500 years (G. Bowman, pers.
comm.). At Wonboyne, on the far South Coast, four dates suggest three depositional
events: about 6000, 3000-4000, and about 1500 years. Beach ridges in Newcastle Bight
appear to have been formed immediately after sea level reached its present position
(2 dates). However in the Fens embayment, north of Hawks Nest, the sequence has
yielded two additional episodes at about 5000 and about 4000 years BP (Shepherd
1974; Thom and Polach, in press).
Transgressive dune episodes
Some bay barriers in southeastern Australia are composed entirely of both vegetated
and mobile transgressive dunes (e.g. Eurunderee Outer Barrier, Myall Lakes, see Thom
1965: Plate 1), or are a composite of beach ridges and transgressive dunes (e.g. Newcastle
Bight Outer Barrier, see Thom 1965: Plate 11). Morphological arrangement of
transgressive dunes within an embayment, such as ‘nested’ parabolic dunes, as well
as differences in the degree of soil profile development between landward and seaward
ridges, support the hypothesis of episodic dune development (Thom 1960).
Unfortunately, very few radiocarbon dates exist which could be used to document
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the maximum age of transgressive dune activity. The writer is aware of 15 C 14 dates
from ten localities on the N.S.W. coast between Smiths Lake near Seal Rocks and
M urramurrang Point. These dates have been obtained on a variety of materials
(charcoal, wood, peat, shell), collected from exposures and drill hole samples, and dated
by six different laboratories employing more than one procedure for isotopic fractiona
tion correction. There are difficulties in comparing one date with another within the
resolution of 450 years, the period of the so-called oceanic reservoir effect in eastern
Australia (ff. Polach, pers. comm.). Furthermore, only at one site (Murramurrang
studied by P. ffughes) have cross-checks been conducted by dating the same buried
horizon more than once. All these factors inhibit the writer from presenting a correlation
diagram at this stage. A more thorough investigation of ‘correction factors’, stratigraphic
relationships, and degree of sample contamination will be needed before correlation
using an absolute time scale can be undertaken. Moreover, there is an urgent need
for more dates which purport to document transgressive dune development in the later
half of the ffolocene. Thus compared with the age structure of beach ridges drilled
along transects normal to the shore, the age pattern of transgressive dunes is much
more patchy and open to speculation.
However, it is possible to recognise two broad groupings of dates of transgressive
dune activity. The oldest group represents surfaces presumably buried by transgressive
sand before sea level reached its present position. Large free-moving dunes are assumed
to have been initiated along exposed open ocean shores and migrated downwind, often
climbing up bedrock slopes (e.g. Jibbon in the Royal National Park), or spilling into
lakes. The rate of sea level rise is seen as the ‘triggering mechanism’ or forcing function
in forming transgressive dunes between 6000 and 10,000 years ago. During this interval
sea level rose about 30 m at about 10-15 mm per year in eastern Australia (Thom
and Chappell 1975). Those embayments which experienced transgressive dune inunda
tion at this time are characteristically highly exposed to southerly winds, and are at
or near the eastern ends of bedrock promontories which probably served as sediment
traps during lower sea levels (e.g. Norah Head, Seal Rocks).
The other group of dates occurs during the so-called ‘still-stand’ interval when
evidence for sea-level fluctuation in eastern Australia is minimal (± 1 m?). Unfor
tunately, ‘clusters’ of dates within this interval are poorly defined. This reflects:
(i) an inadequate number of dates;
(ii) the indirect way in which the dates are being used; and
(iii) the time lag between initiation of a transgressive dune and burial of a surface
some variable distance inland.
If it is assumed that all sites were buried shortly after the death of the dated organism,
then the scatter of ages might be used to test the hypothesis that each episode of
transgressive dune development was out-of-phase with periods of beach ridge prograda
tion. At present the pattern can only be regarded as suggestive.
Morphological, stratigraphical and pedological criteria have been used to separate
transgressive dune phases on the Outer Barrier of Newcastle Bight. The dunes clearly
postdate beach ridges. Their episodic development is diagrammatically depicted in
Fig. 9.2. Here beach ridges older than 5000 years are overlain by three high
(20-30 m) transgressive dune ridges, two of which are stabilised by Eucalyptus-Banksia
woodland, the third is currently active (Thom 1965; Plate 11). There are distinctive
differences in soil profile development between each of the two vegetated transgressive
dune ridges and the beach ridges (Thom et al., in prep.). The current or modern phase
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Fig. 9.2. Schematic diagram showing sequence of beach ridge and
transgressive dune ridge development at Newcastle Bight,
N.S. W.

of dune instability is younger than 300 ± 70 (ANU-1331), based on the date of an
exhumed tree stump from within the mobile dune sheet. The next youngest (and
vegetated) transgressive dune ridge shows incipient signs of podzolisation, but has not
been dated. However, soil profile characteristics compare favourably with dated dunes
at Eurunderee and Redhead (1200 to 2300 years). The oldest transgressive ridge occurs
farther inland and directly overlies the beach ridges.
There remains the problem of the source of sediment for the construction of
transgressive dunes. One possible source is the erosion of beach ridges and foredunes
formed during progradation or stabilisation phases. There is also the possibility of
onshore transport associated with a continually adjusting nearshore profile perhaps
affected by Hunter River sedimentation and biogenic production.
It is apparent that many embayments in N.S.W. experienced quite different Holocene
histories of marine and aeolian erosion and deposition. Beach ridge growth now appears
to have been intermittent, in some places ceasing at about 5000 years ago, in others
much later. The intervening erosive phases in the beach ridge areas were expressed
as ‘stable’ shorelines and not as phases of transgressive dune initiation. In the most
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exposed bays where promontories served to trap longshore sediment at lower sea levels,
the morphological history has been dominated by episodes of transgressive dune
instability. However there are localities, such as Newcastle Bight, where after an initial
phase of beach ridge progradation, phases of transgressive dune formation and
stabilisation are characteristic. In N.S.W. there is no evidence for progradation in the
form of beach ridges after a period of transgressive dune formation, where the dunes
are younger than 6000 years. However, such a phenomenon has been observed on Fraser
Island, Queensland. Is it possible that a general explanation exists which will account
for these varied histories?
Factors responsible for non-progradation episodes
Three general factors have been used to explain Holocene shoreline changes during
the ‘still-stand’ interval of the last 6000 years. These are fluctuations in the volume
of sand within embayments available for shoreface deposition, oscillations of sea level
(1 to 2 m), and changes in the duration and intensity of storms generating high waves.
The first factor can be regarded to some extent as being dependent on the last two.
However, locally independent sources of sediment may be available over this time
interval. Is there any evidence within embayments of sediment becoming more or less
rich in fluvially-derived lithic sands or marine carbonate with time? In Newcastle Bight,
an embayment recently subjected to a detailed sedimentological study, the Hunter River
has not significantly contributed fresh lithic sands to barriers. On the contrary, sediments
in this bay have become progressively more ‘mature’ in the Holocene (Ly 1976).
However, there is considerable need for further studies of sediment budgets within
compartments in order to evaluate contemporary inputs and outputs (see Davies 1974).
Oscillations of sea level have been used by many to explain surges of aeolian activity
along coasts (for a general review, see Cooper 1958). Schofield (1975: 300), following
Bruun (1962) and Schwartz (1965), has argued that just as a rise in sea level promotes
coastal erosion, ‘sea-level fall promotes both large scale progradation when it falls a
metre or two and probably small scale progradation where the fall is only a few tens
of millimetres’. Erosion is regarded as providing the breaks in dune deposition (that
is, during periods of sea-level rise). It is implied that sand moves inland to form ‘dune
belts’ during lower sea-level periods (see also Brothers 1954). However, Cooper
(1958: 136) has argued quite the opposite for the Oregon Coast: the ‘trigger action’
responsible for uniform sequences of inland dune migration, with a generally similar
morphology to those in northern New Zealand, is seen as ‘a small eustatic sea-level
rise’. On coasts of high precipitation with aggressive sand-binding plants, Cooper
envisages effective stabilisation of sand masses near the shoreline during ‘periods of
emergence’. A third view has recently been expressed by Stapor (1973) in trying to
explain discontinuities in beach ridge sequences in Florida. Fluctuations in the volumes
of ofTshore sand supplied to the shoreface are attributed to an oscillating Holocene
sea level: a lower sea level making additional sand available for erosion by lowering
the wave base; a rising sea level driving this ‘new’ sand shoreward for incorporation
into beach ridge plains (that is, for progradation).
It is difficult to object to the view that sea-level oscillations during the Holocene
have contributed to episodic depositional histories. However, three points need to be
made. First, it is not clear what would be the morphological response, if any, of Holocene
fluctuations of sea level of the order of 1 to 2 m, although it is very likely that the

204

Coastal Deposits

post-glacial rise at a rate of 10 to 15 m m /yr over several thousand years was responsible
for transgressive dune development on certain exposed, open-ocean shores prior to 6000
B.P. (Cooper 1958: N.S.W. evidence cited above). Although laboratory experiments
confirm the efifect of a rise in water level on shoreface erosion (Schwartz 1965), it
is not known whether a certain magnitude and/or rate of sea-level change needs to
be exceeded on highly dynamic, open-ocean coasts before an erosive efifect on the
backshore becomes evident. Second, contemporary coastal erosion cannot clearly be
correlated with a rise in sea level along the east coast of Australia (Thom 1974). Third,
any attempt to correlate the imperfectly dated dune and beach ridge sequences with
regional (e.g. Schofield 1960) or synthetic (e.g. Fairbridge 1961) sea-level curves is
viewed with scepticism at the present time.
The third factor used to explain Holocene shoreline changes, changing storm wave
climates, could be viewed as interacting with sediment supplies and sea-level change
or operating independently. However, it is first necessary to examine the physical basis
for the ‘storminess hypothesis’.
CONTEM PORARY COASTAL EROSION EVENTS
The destructive effects of coastal storms in 1950, 1967, 1974 and other years have
highlighted the susceptibility of east coast beaches and dunes to periodic wave and wind
erosion (see Thom 1974). During ‘fair weather’ periods between major stormy years,
beaches are restored to ‘full beach’ form, dune scarps become vegetated, and incipient
foredunes colonised by Spinifex hirsutus grow upward and seaward. Erosional periods
are characterised by straight and short beach-face slopes, removal of incipient foredunes,
and clififing of well-vegetated, established foredunes accompanied by their landward
retreat. Dieback of dune and beach ridge vegetation (salt-spray damage?) is also a
feature of major stormy periods.
A partial list of coastal erosional events which have occurred in eastern Australia
over the past hundred years has been compiled by Thom (1974: Table 1). "Phis list
is not the product of an exhaustive literature search, and it is likely that many events
remain undocumented. However, it does provide some information on the magnitude
and frequency of erosional phenomena.
It is apparent that the interval between major erosional events is quite variable.
The time series is too short and too poorly understood in terms of the nature of the
process and the biophysical response to be able to use the information for any
quantitative analysis of storm wave magnitude and frequency. However, meteorological
processes and storm wave regimes are sufficiently well understood to enable reconstruc
tion of the general character of an erosional event. There are many similarities between
the well-documented 1974 event and others which have occurred during the past
hundred years.
One of the basic characteristics of an erosional event is a sequence or ‘cluster’ of
storms over a relatively short time interval (6 to 18 months). Such a sequence occurred
in 1912, 1950, 1967 and 1974 (see Andrews 1916; Thom 1974; Foster et al. 1975;
McLean and Thom 1975).
Five phases of an event are recognised:
1. Preparation: Storms in the preceding year trim back the beach face and create a
steep beach slope and a well-defined nearshore bar-trough morphology (this phase
may not always be present).
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2. Summer erosion: Attempts to reform a beach berm in summer are frustrated by
the erosion effects of a tropical cyclone (or cyclones) moving south of! the east coast
of Australia.
3. Autumn- Winter erosion: Mid-latitude depressions or cyclones, which intensify in the
Tasman Sea, cause further beach recession; storm waves now begin their erosion
of the incipient foredune.
4. ‘Culminating’ storm (s): The final phase occurs in winter (e.g. 1967 in Queensland;
1974 in N.S.W.) or spring (e.g. 1967 in N.S.W.) with the destructive effects of
a very intense east coast ‘cut-off’ depression or depressions generating storm waves
in the Tasman Sea.
5. Maintenance: The erosion effects of the ‘culminating’ phase may not be healed for
many years. In fact, the occurrence of storms in the following months can sustain
the process of cliffmg the established foredune, and prevent the redevelopment of
an incipient foredune (in 1968 and 1975-6, for example).
The impact of an erosional event can be magnified if the culminating phase coincides
with a period of very high tides, such as the perigee-syzygy tides of mid-1974.
Climatologically, a coastal erosional event appears to be associated with the following
phenomena in eastern Australia and the Tasman Sea region.
1. Southern movement of tropical cyclones, generally in February or March, into
the Tasman Sea. (Are these years with a high Southern Oscillation Index? see Pittock
1975).
2. In winter, belts of anticyclonicity, instead of following a zonal path between
latitudes 25°S and 35°S, trend more southeasterly; in the Tasman Sea they are
frequently located south of 40°S (e.g. 1950, see Karelsky 1954; Gentilli 1971:
Fig. 7; at least 7 degrees south of the normal position of the subtropical high pressure
belt, Wright 1974).
3. The southern position of anticyclones is related to an atmospheric ‘blocking
phenomenon’ which forms a barrier to the progression through middle latitudes of the
upstream westerly troughs (Wright 1974). This phenomenon is characterised by
displacement and replacement of strong anticyclones south of normal latitudes. Flere
they ‘weaken and move northeast and are replaced by anticyclones of about the same
intensity, the latter usually beginning as “ budded off” highs breaking away from
an upstream anticyclone’ (Wright 1974: 3). The 5-day mean 550 mb ridge at
45°S progresses eastward at a much slower rate compared with periods of more
zonal flow.
4. Associated with blocking is the split of the basic westerly jet stream into two
branches.
5. Cyclones or troughs at sea level frequently form in the cyclonic portion of the
blocking pattern (that is, on the equatorial side in the Tasman Sea), but they can
be quite variable in location and intensity (see Gentilli 1971: 139-40; Thom et al.
1973). During particularly stormy years these mid-latitude cyclones remain quasi
stationary for several days and generate strong southerly to easterly winds (Stevenson
1975). Foster et al. (1975) describe the meteorology and wave-tide-surge effects of the
storm in May 1974.
6. The rainfall pattern along the eastern seaboard is high when the high pressure
belt is farther south, while the southern coast has decreased rainfall (and reduced
westerly wind strengths) from frontal systems embedded in the westerlies (Pittock 1975;
Linforth 1975). Eastern Australian rainfall will be especially high if such a winter
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is preceded or succeeded by a summer with increased surface flow towards the south
from tropical regions (Pittock 1975).
7. Blocking action and Tasman Sea cyclogenesis appear to be favoured when sea
surface temperatures in the Tasman Sea are generally above average (Wright 1974).
Trenberth (1973) has argued that increased baroclinicity will be enhanced by an increase
in the SSI' gradient in the Tasman Sea region. A major feature of a numerical
simulation of the atmospheric circulation recently undertaken by Simpson and Downey
(1975) was enhanced cyclogenesis on the equatorial side of a mid-latitude sea surface
temperature anomaly (SSTA) (+4°C, centred near New Zealand 45°S, 180°E). An
examination of sea surface temperature data for the past ten years in the Tasman Sea
region shows distinctive peaks and ‘plateaux’ which may interact with the atmosphere
to create enhanced cyclogenesis in a manner not unlike that proposed for the north
Pacific by Namias (1965, 1971). This point will be explored further in the next section.
SECULAR VARIATION IN COASTAL WAVE CLIM ATES—A M ODEL
Assumptions
In order to develop a model that can be used to explain the observed changes in coastal
landforms described above, it is necessary to make several assumptions. The first is
that past Holocene climatic fluctuations are similar in kind to those of the historical
periods (see Barry and Perry 1973: 365 for a discussion of this assumption). Thus
we can reasonably apply the uniformitarianism principle, although allowing for the
possibility that past climatic variations may have persisted much longer and thus had
a more sustained impact on the natural system than those occurring at present. In
other words, the longer the duration of a climatic fluctuation the greater will be not
only the area affected but also the extent of the morphologic and biologic response.
The second assumption requires a minimum of lag delay between physical process
change and biophysical response. In a coastal system, this means that if the storminess
pattern changes significantly, such changes will be reflected very quickly in coastal
landforms and vegetation. The initiation or cessation of beach ridge progradation and/or
transgressive dune retrogradation will take place almost immediately, and will continue
until the process mechanism independently reverses itself or negative feedback effects
result in a decline in the response (for instance, as a result of diminished sediment
supply in the nearshore zone). This assumption also involves acceptance of the
radiocarbon assays as being adequate indicators of the age of the physical event.
The final assumption is that the physical mechanism(s) responsible for coastal change
does not result solely from random combinations of meteorological phenomena. The
atmospheric circulation is regarded not so much as a process characterised by irregular
fluctuations with varying degrees of persistence, but more as a deterministic process
with a high degree of interaction between components. Cause and effect relationships
potentially can be unravelled according to this assumption and should be sought. In
the following section, the various attributes of a physical deterministic model are brought
together in a qualitative way, which when quantified may be capable of predicting
future behaviour of the atmosphere-ocean-coastal biophysical system.
The model
The climatological model developed in this chapter to explain coastal landform change
in the Holocene can be divided into two components: morphodynamic and episodic.
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(i) Morphodynamic
The morphodynamic component involves a description of the physical mechanism which
could explain at any given time (1) cessation of progradation within those embayments
where beach ridges are growing seaward; (2) vertical accretion of sand to parts of the
massive established foredune where it occurs in many N.S.W. embayments; and (3)
partial or complete destruction of the foredune-beach ridge complex within an
embayment, and the initiation of blowouts and free-moving sand sheets. Essentially
there exists an atmospheric-ocean-coastal landform system in which the atmosphere
and ocean are interacting to a considerable degree (e.g. effect of sea level pressure on
sea surface temperature and vice versa). Coastal landform change is viewed as having
negligible influence on these physical processes. The mechanism of coastal erosion is
primarily the result of wave action assisted by onshore winds capable of transporting
sand. The erosive waves are generated by storms within the Tasman Sea (Thom
et al. 1973; Thom 1974). Variable morphological response between embayments is an
expression of variable boundary conditions at any given time. The boundary conditions
include coastal orientation with respect to direction of wave and wind approach and
coastal configuration affecting wave energy distribution. Near-shore profde morphology
is a ‘semi-dependent’ variable reflecting the equilibrium state within the sediment-rich
bay in which beach ridges are rapidly growing; the effect of an increase in coastal
storm wave energy may be simply to prevent further accretion (e.g. in Moruya after
the first phase of 5900 years ago).
If there had been no change in the wave energy regime, then continuous accretion
would have taken place until the sediment supply available for the nourishment of
beach ridge growth was exhausted. It is not necessary to envisage backshore erosion
or transgressive dune formation in these localities. The relatively flat offshore profile
associated with prograding phases could effectively dissipate the increased storm wave
energy and during this interval the nearshore sediment store could be added to by
biogenic production. However, in another embayment which may be more exposed,
higher wave energy levels may initiate transgressive dunes after an initial progradation
phase (e.g. Newcastle Bight). Similarly, a phase of transgressive dune instability
accompanying the postglacial sea-level rise could be stopped during the period of
adjustment between bottom topography, sea level and wave climate. For instance, in
the Eurunderee embayment the adjustment process at about 6000 B.P. is exhibited
by foredune growth involving transfer of sediment from the nearshore to vegetated
backshore, an essentially stable shoreline in space, and development of a steeper
nearshore profde. Reactivation of transgressive dunes could recommence if the wave
energy level is increased by an increase in the frequency and magnitude of coastal
storms. This process is possibly enhanced in its morphological effect by a progressive
(?) steepening of the nearshore profde by transfer of sediment during the period of
foredune construction.
The basic physical process in the model is a change in the degree of autumn-winter
spring cyclogenesis. Variation in the incidence of tropical cyclones is not essential to
this model. An increase in the intensity of blocking action is considered critical to any
change in the Tasman Sea cyclogenesis pattern. This involves the near-stationary
development of a long-wave ridge in the middle troposphere (Wright 1974), as well
as an increase in its amplitude introducing a dominant wavelength (Trenberth 1973).
The near stationary long-wave ridge may be associated at sea level with either a single
quasi-stationary high or the repetitive sequence of high pressure formation, displacement
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(or decay), and replacement (Wright 1974: 27). As noted above, blocking action
also involves a split jet stream, and an increase in the frequency of Tasman Sea cyclo
genesis.
What is the mechanism for enhanced blocking in the atmosphere? It is clear from
the literature (see a review in Simpson and Downey 1975) that the precise mechanism
for blocking is not yet established, although it is suggested that it is somehow a function
of the global scale thermodynamic state of the atmosphere. Van Loon (1956) points
out that the preferred location for blocking in the Southern Hemisphere is to the
southeast of continents. In a recent simulation experiment concerning the Tasman Sea
region, Simpson and Downey (1975) found that blocking action appears to be related
to: (1) a geopotential temperature field configuration which is favourable for warm
advection on the western flank of the 500 mb ridge near 55°S, 170°E; and (2) the
development of a major cyclone in the east Tasman Sea near latitude 30°S. As this
cyclone develops there is marked amplification of the trough-ridge system aloft. They
recognise that this mechanism primarily describes the way in which the middle
troposphere ridge is maintained in a slow-moving, large amplitude configuration.
However, it is still difficult to determine how the atmosphere establishes its initial
configuration which leads to the blocking sequence. Although global teleconnections
(see Bjerknes 1969) and complex non-linear interconnections are probably involved,
the role of sea surface temperature anomalies and anomalous sea surface temperature
gradients must not be overlooked (Namias 1966; Trenberth 1973, 1975; Simpson and
Downey 1975; Wright 1974).
The wave-like form of atmospheric motion can be ‘forced’ by a number of factors,
such as topography, snow-ice distributions, moisture contents of underlying land masses,
and anomalous sea surface temperature patterns (Namias 1965, 1966; Trenberth 1973,
1975). Sea surface temperature anomalies (SSTA) can influence the atmosphere in two
ways. Anomalous warm water allows increased cyclonic activity through enhanced
sensible heating and vertical destabilisation of the atmosphere. An increase in
evaporation gives rise to enhanced latent heating and this further intensifies the cyclonic
activity (Trenberth 1973: 3). However, negative feedback processes can lead to the
dissolution of the warm anomaly.
The cyclones comprising the mean trough brought about the advection of polar air
waves behind and, in many occluded cyclones, around them. The large air-sea
temperature contrasts, the winds associated with the cyclones, and perhaps increased
upwelling removed heat from the surface waters and thereby demolished the warm
pool. In other words, while the warm pool may have instigated the abnormal
cyclogenesis, the cyclones ultimately destroyed the warm pool. This negative feedback
process can extend over fairly long periods because of the differing time scales of
atmospheric and oceanic phenomena (Namias 1971: 79).
The second mechanism by which SST may influence the atmosphere concerns the
development in certain regions of pronounced SST gradients. Vertical diffusion processes
may pass on the gradient to the atmosphere, thereby providing additional baroclinicity
(Namias 1965; Trenberth 1973). White and Barnett (1972) describe a positive feedback
mechanism whereby this effect could establish and maintain cyclonic vorticity and
deeper-than-normal long wave patterns. This mechanism involves the likelihood of
increased cyclonicity along the enhanced barocline zone (Trenberth 1973: 4). The
pattern would have to be destroyed by an external forcing agent.
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. . . cyclones rarely crossed the zone of surface-water contrast, pursuing instead a
course parallel to the isopleths of sea-temperature anomaly. Of course, the cyclone
tracks are related to the mean steering flow indicated by the 700-mb contours, and
it is not possible to say definitely what causes what. I emphasize here that one is
dealing with coexisting, probably co-operating, air and sea systems. The families
of cyclones are maintaining abnormalities of water temperature (established earlier),
while the abnormalities of water temperature are encouraging the cyclonic action
to repeat time after time. (Namias 1965: 702).
Figure 9.3 schematically summarises the interacting ocean-atmosphere system which
could be responsible for any significant increase in wave energy along southeast shores.
In this model emphasis is placed on the influence of contrasting warm-cool surface
waters in the Tasman Sea and to the south. Application is made of Namias’s empirical
concept which requires special tuning between atmospheric and oceanic systems. The
winter cyclogenesis pattern in the Tasman Sea is viewed as an outgrowth of air-sea
coupling induced by a prevailing SST pattern. The change in location, frequency and
magnitude of extra-tropical cyclones thus reflects the forcing influence of abnormal pre
existing SST patterns or gradients which promotes their excitation.
(ii) Episodic.
The second component of the climatological model must explain the recurrence of
atmospheric conditions which lead to shoreline erosion or deposition. Two time scales
are involved. Variation in the degree of coastal wave energy on a year-to-year basis
may be explained by the interaction of the atmospheric flow pattern and abnormally
warm pools of water in the Tasman Sea. These pools may be dissolved relatively quickly

Mojor jet s t r e a m s b as ed on is o ta c h s at 3 0 0 mbs
Axis of belt of antlcyclonicity a t SL in winter
----------- T rough a t 5 0 0 m b s
---------- Ridge a t 5 0 0 mbs

ill//

Region of en h a n c e d cyclogenesis
Region of pronounced S S T g r a d ie n ts or warm SSTA

Fig. 9.3. Possible meteorological characteristics of
winter seasons involving increased east coast
storminess (modified after Karelsky 1954
and Simpson and Downey 1975).
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(one to two years maximum?) by negative feedback processes. However, if conditions
such as those which prevailed in 1974 are explained in this way, then even at this
short time scale an erosion event can have dramatic morphological responses.
On a larger time scale, episodic ‘stop and go’ phases of beach progradation have
to be explained, as do the locally impressive masses of transgressive sand. It is not
known whether a single sequence of storms like the 1974 event could be responsible,
or whether more sustained ‘anomalous’ atmosphere-ocean conditions are necessary. If
the latter, then erosional response could be considered as an expression of increased
magnitude and frequency of coastal storms excited by pronounced SST gradients in
the Tasman Sea. It is necessary that these greater-than-normal gradients be sustained
over a considerable period of time (decades or centuries). Positive feedback processes
provide a mechanism for continuation of conditions which enhanced cyclogenesis along
the barocline zone.
Is there a mechanism which could lead to periodic increase in the SST gradient
in the south Tasman Sea? Professor H. Flohn suggested to the writer that colder periods
in the Holocene may be associated with a northwards movement of the Antarctic
convergence zone. It is a possibility that such a movement coupled with a continuation
of south-flowing warm surface water in the East Australian Current would produce
the necessary increase in baroclinicity. Is it possible that the later phases of periods
of world-wide Holocene glacier expansion as interpreted by Denton and Karlen (1973),
correspond to the phases of transgressive dune instability? The Little Ice Age is viewed
as a climax of glacial expansion initiated just over 1000 years ago and may well
correspond to a period of increased storminess along the N.S.W. coast which triggered
off the most recent wave of transgressive dunes, a phase that most certainly pre-dated
European occupance in some localities (e.g. Fraser Island, Eurunderee embayment,
Myall Lakes). Therefore, it could be that global cooling was responsible for not only
glacial expansion but also northward movement of cold Southern Ocean waters. It is
beyond the scope of this chapter to further pursue correlations and associations given
all the uncertainties, ambiguities and lack of information on the palaeoclimatology of
the last 6000 years.
DISCUSSION
The climatological model offered here as a means of explaining coastal landform
evolution in southeast Australia in the mid to late Holocene may not represent the
sole cause of change. The influence of other factors cannot be overlooked. It is quite
likely that some sea-level oscillations induced by glacio-eustasism have occurred in the
last 6000 years, although it is most likely that recorded high levels around Australia
reflect hydro-isostatic and not glacio-eustatic effects (Thom and Chappell 1975). If
hydro-isostacy involves emergence, then progradation may be encouraged. As pointed
out by A. Bloom (pers. comm., 1974), the amount of ice involved in modern valley
glaciers and ice caps, excluding Antarctica and Greenland, represents a sea-level
equivalence of only 0.25 m. Major ice sheet oscillations (e.g. west Antarctic) are required
to produce the required eustatic fluctuations envisaged by Fairbridge, Schofield and
others. Do the energetics exist which will permit such oscillations at this time scale?
If Denton and Karlen (1973) are correct, then the magnitude of the Little Ice Age
glacial expansion was equivalent to others since 6000 B.P. Thus the sea-level fall
between the sixteenth and eighteenth centuries should be equivalent in magnitude to
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that which occurred between 2000 and 3000 years ago and approximately 5000 years
ago. Only Tooley’s (1974) curve suggests that oscillations of this order may have
happened; but even here the Little Ice Age effect is not recorded. Most other curves
show dampened oscillations towards the present. It is apparent that many such curves
are integrative in character and fail to distinguish the local from world-wide factors
responsible for sea-level change.
Assuming an oscillation of sea level no greater than ±1 m on the east Australian coast
for whatever reason, what would be the morphological response? As noted above, the
impact of a fall in sea level of this magnitude, involving say a rate of 1 to 2 mm per year
is not clear. Progradation of beach ridges may be expected where sand supplies are
adequate, or the tendency for vegetation on the backshore to become better established
may be enhanced, thus encouraging stabilisation of transgressive dunes. Such responses
are at variance with those described by Schofield or Stapor, the latter seeing sea-level rise
periods as involving increased shoreface deposition. However, they are in agreement with
Cooper’s model of dune surges. The shoreline should prograde during globally colder or
lower sea-level phases, if glacio-eustasism is significant, but the N.S.W. data suggest
progradation was not associated with such phases. On the contrary, coastal erosion and
dune instability appear to correlate, albeit crudely, with the later phase of globally
‘cooler’ periods. Moreover, we sadly lack an Australian east coast sea-level curve for the
last 6000 years, even if synthetic in terms of factors responsible, which can be used to test
notions of shoreline movement.
There appears to be little doubt that sediment stored in the nearshore zone has
dwindled in east coast embayments over the last 6000 years (Thom 1974; Davies 1974).
Phis is primarily the result of outputs from the compartment system (beach ridges,
transgressive dunes, tidal deltas) not being replaced by fresh supplies from offshore,
and longshore or rivers. Most east coast estuaries behave as sediment traps so it is
difficult to see how episodic beach ridge or dune formation could be related to any
pulsating mechanism of sediment supply. Biogenic production in the storage zone may
vary with time, but there are no independent reasons to expect such changes.
The role of Aboriginal man in coastal landform stability remains unresolved.
Charcoal layers sampled from buried soils in transgressive dunes may be the product
of Aboriginal fires. The scatter of radiocarbon dates obtained in future will be expected
to widen if this factor is significant. Discrete clusters of dates should relate to coastwise
dune surges. It is difficult to see how Aborigines could influence coastal progradational
episodes.
The explanation which appears to satisfy available data at present is the
climatological model involving changes in the degree of storm wave energy. From the
modern analogue its impact on coastal landform development is quite clear. Its
application to the N.S.W. situation as outlined in this chapter is unique only in its
extension to the Holocene time scale. Hayden (1975) has drawn attention to secular
variations in storm wave climates at Cape Hatteras, and the possible impact of these
short-term climatic changes on shoreline stability. However, the model contains a
number of problems, not the least of which is its relation to small eustatic sea-level
oscillations over the last 6000 years, and possible variations in the nearshore sediment
supply over time from one embayment to another.
How can the model be tested? More geochronological control on beach ridge and
dune morphostratigraphic units is required. The sample number of dates has to be
increased to allow statistical testing of the hypothesis. Another test would be to determine
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secular variation of sea surface temperatures from isotopic analysis of planktonic
foraminifera. A high sedimentation rate core is required (N. Shackleton pers. comm.,
1975) and such is not likely in the Tasman Sea (Cochran 1973). Thirdly, if the
hypothesis is correct then dune phases in western Victoria, Bass Strait islands, and
northern Tasmania should be out of phase with those in N.S.W. Periods of high rainfall
on the east coast which are partly associated with cyclogenesis and strong winds from
the southeast quadrant are also periods of lower rainfall and lower westerly wind energy
in the other areas (Pittock 1975; Linforth 1975). Again suites of radiocarbon dates
are necessary from stratigraphically critical sites. All three tests may be difficult, if
not impossible, to achieve. Alternatively we are left with the rather nebulous technique
of intra-regional and extra-regional correlation, which can be suggestive, but is far
from being definitive, or even convincing, at the present time.
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Chemical Denudation
Ehe term chemical denudation usually brings to mind solution of limestones but a wide
variety of rock constituents may be removed in solution to greater or lesser extent. Solutes
may be identified in the waters of rivers draining the areas being denuded but the visible
effects on the landscape vary considerably. Where solution is a dominant process of
rock removal it may produce karst landscapes, in which enclosed depressions, dry valleys
and underground drainage are rife; but there are non-chemical karst processes and also
there are solution processes that do not produce karst.
Limestones are particularly susceptible to solution and to karst development, yet, as
Sweeting stresses in her chapter, they may vary greatly petrologically and these
differences find expression in the resulting landscapes. Especially in the tropics, karst
features have been reported from rocks other than those composed of lime-rich sediments.
Löffler describes such features from New Guinea in an igneous rock, dumte, the
magnesium content of which is highly soluble in water charged with carbon dioxide.
Löffler considers the New Guinea environment to be especially favourable to such
solution and the effect of climate, either direct or indirect, has been widely mentioned
in relation to karst development. Williams, in his review of Australasian karst, uses
the enormous variety of available environments to test some of these ideas and points
to apparent fallacies. He concludes that karst is not nearly so climate specific as has
been sometimes suggested and that there has been too much jum ping to conclusions.
Silica is much less soluble than calcium carbonate but it is vastly more common in
the landscape. As a result there has been interest in using measured loads of dissolved
silica in rivers as an indication of rates of catchment denudation. Douglas looks critically
at some of the difficulties of attempting this and concludes that reliable measurements
of the silica loads of rivers are few. Uptake of silica by plants, ranging from diatoms
to trees, complicates the picture further. Indeed in all considerations of chemical
denudation and redeposition the influence of organisms often obtrudes.
Williams remarks that the rather autonomous nature of the study of karst has been
to its disadvantage: the juxtaposition of the four chapters that follow may help in some
small way to induce broader perspectives.
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When European geomorphologists first saw the steepness of humid tropical slopes and
the density of the vegetation which obscured the details of the topography they began
to speculate that the rate of landform evolution in the humid tropics was much faster
than in other environments. On the windward slopes of the Hawaiian Islands Dana
(1850) commented:
There is every thing favorable for degradation which can exist in a land of perpetual
summer: and there is a full balance against the frosts of colder regions in the
exuberance of vegetable life, since it occasions rapid decomposition of the surfaces,
covering even the face of a precipice with a thick layer of altered rock, and with
spots of soil wherever there is a chink or shelf for its lodgement.
Observations of this type led to broad generalisations that humid tropical landforms
evolve rapidly. Miller (1961), for example, argued that in the Serra do M ar of Brazil
steep slopes cannot last long, peneplanation is rapid and rivers remove waste rapidly.
For tropical karst landforms, this debate about the humid tropics was brought to a
head by Corbel’s estimates (1959) of denudation rates based on measurements of the
calcium carbonate content of rivers draining limestone areas. Subsequent karst studies
have shown that while there has been a tendency to overlook differences in denudation
rates due to such factors as lithology, the broad reality of climatic control in karst
cannot be denied (Jennings 1971, 1972).
For landforms on other rocks, there has not been a single, simple indicator of the
efficiency of the denudation process. However, the emphasis placed on granitic landforms
by many tropical geomorphologists (Freise 1933; de Martonne 1940) led to the notion
that the denudation of silicate rocks could be monitored by examining the silica loads
carried by rivers (Corbel 1957). Bogomolov et at. (1966) have asserted that the silica
content of tropical river waters is greater than that of open streams in higher latitudes,
while Strakhov (1967) noted that the migrational capacity of silica is particularly high
in the humid tropics.
If these assumptions of greater silica mobility based on measurements of solute
concentrations in rivers are correct, then perhaps some of the global distributions of
ferricretes and silcretes could be explained. However, more detailed analyses of river
waters (Douglas 1969) and of the characteristics of laterite (Paton and Williams 1972)
and silcrete (Stephens 1971; Smale 1973) imply that climatic conditions alone cannot
account for the occurrence of these features. Indeed, given a suitable lithology and rapid
leaching, laterite-like material can form in environments from the humid tropics to
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the sub-arctic (Paton and Williams 1972). Students of these features of tropical
landscapes have often suggested that accurate definition of laterite and other duricrusts
must wait until careful studies are made of the conditions under which silica, iron,
manganese and aluminium are mobilised, transported and precipitated. Although there
already exist many data on the quantities of these substances in rocks, soils and rivers
of the humid tropics, the development of accurate accounts of their mobility is full
of difficulties. As more data become available the complexity of their interrelationships
with each other and with organic substances is found to be more intricate. The
limitations of the use of silica concentrations as an indicator of the efficiency of
geomorphic processes must therefore be evaluated.
This chapter discusses some of the recognised factors affecting the mobility of silica
and silica concentrations in surface waters and then evaluates how far observed patterns
of regional variation in silica concentrations in some humid tropical rivers may be
explained by these known factors. Although there are many problems in the
determination of silica in natural waters (Bishop 1973), the most widely used method
of determining silica concentration involves the formation of a coloured molybdate
complex in solution (Hem 1970; Traversy 1971). The results discussed in this chapter
have all been obtained by methods employing this principle.
Occurrence and forms of silica
The element silicon is second only to oxygen in abundance in the earth’s crust. Silicon
and oxygen are strongly bonded chemically, with the Si+4 ion fitting closely in the space
at the centre of a group of four closely packed oxygen ions. Silicon is thus said to
be tetrahedrally co-ordinated with respect to oxygen. The (S i04)-4 tetrahedron is a
fundamental building unit of most of the minerals making up igneous and metamorphic
rocks and is present in some form in most other rocks and soils, as well as in natural
water. In discussing silicon in natural waters, the term ‘silica’, meaning the oxide S i0 2,
is widely used, although silicon is generally present in water in a hydrated form as
H 4S i0 4 or Si(OH)4.
Crystalline S i0 2 as quartz is a major constituent of many igneous rocks and comprises
the bulk of the grains in sandstones. Quartz is one of the most resistant of all rock
minerals to attack by water, having a solubility at earth-surface temperatures of about
6.5 ppm of dissolved silica. The cryptocrystalline and amorphous forms of silica such
as chert and opal are more soluble. It seems probable, however, that most of the dissolved
silica observed in natural water results originally from the chemical breakdown of silicate
minerals during weathering.
Many natural waters contain less than 10 mg 1_1 silica, although some may approach
60 mg I-1. Silica is present in natural waters in soluble and colloidal forms. Also, a
silica cycle occurs in many bodies of water from which organisms, such as diatoms
and plants, take up silica for incorporation in their skeletal structure. The silica removed
from the water may be slowly returned by re-solution of the dead organisms (Ward
and Karaki 1970).
The chemical weathering of silica occurs by congruent solution and hydration
according to the reaction
S i0 2 +
2H zO = H 4S i0 4
Fresh silica gel precipitated in the laboratory has a solubility of 115 ppm of dissolved
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silica at 25°C. The first dissociation constant of silicic acid is 10 98; at pH values above
9, silicic acid dissociates significantly according to the reaction
H ,S i0 4 =
H + + H 3SiCT4
and the solubility of silica increases if a source of S i0 2 is present.
The chemical weathering of silicates is, like that of the carbonate minerals, effected
by hydrolysis and reaction with CO,. A Mg-olivine, for example, would weather as
follows:
Mg2S i0 4 + 4 C 0 2 + 4H 20 = 2Mg2+ + 4HCO," + H 4S i0 4
H + ions derived from the H 20 and C 0 2 unite with the silicate group in the form
of silicic acid, H 4S i0 4. In this reaction, acid is consumed, and any unit of soil water
reacting with a silicate mineral becomes more alkaline as the reaction proceeds (Garrels
and Mackenzie 1971). Thus on bare silicate rock surfaces, such as the granodiorites
at Babinda Boulders, are found grooves, or silikatkarren (Jennings 1971; Tschang HsiLin 1961), containing water with a pH of over 8.5, nearing the alkalinity level at
which silica solubility increases dramatically. Evaporation enhances this trend towards
alkalinity and must thus further the evolution of the silikatkarren topography.
In nature, the cation composition of silicates is more complex than that of the idealised
Mg-silicate described above. The cations go into solution at varying rates and the surface
of each silicate grain in contact with the reactive water is armoured by a coating the
composition of which differs somewhat from that of the original mineral. Once this
coating is built up, alteration of the silicate mineral is slow because solution must now
take place primarily by diffusion of cations through a nearly inert surface layer. Such
effects of coatings and redeposition of silica are well shown by scanning electron
microscope photography (Le Ribault 1975). Electron microscope observations of the
surfaces of various types of feldspar grains from Scottish soils show deep and extensively
developed etch marks leaving little doubt that continuous dissolution has occurred
(Wilson 1975). As it is known that in metals a close correspondence exists between
etch pits and dislocations, it seems reasonable to suppose that there is a similar
relationship in naturally etched minerals, and that feldspars in a weathering environ
ment undergo preferential dissolution where some kind of crystal dislocation meets the
surface and coincides with points characterised by a distorted lattice and a high strain
field.
As such imperfections in natural crystals occur universally, the uniform rate of attack
of mineral grains implied by many weathering models obviously does not apply
generally. The initial mobilisation of silica from the weathering of feldspars probably
has to be envisaged as an irregular process determined by irregularities of crystal
morphology and surface. The character of the mineral lattice determines the freedom
with which ionic substitutions can occur. If the bonding of atoms is strong, the
breakdown of the feldspar lattice will be difficult.
In silicate tetrahedra the silicon atom of valence 4 is sometimes replaced by an
aluminium atom of valence 3, but of similar size, thus not causing serious disruption
of the lattices. However, the lower valence means that other atoms such as potassium
or calcium must enter to maintain the electrical balance of the lattice, as in the feldspars
which have a framework with aluminium replacing silicon, and alkali or alkaline earth
cations entering the lattice to balance the deficiency of positive charge. Albite, sodic
plagioclase, Na(AlSi30 8), is an example of an Na+Al3+ substitution for a Si4+ ion (Searle
and Grimshaw 1959). The resistance to weathering of silicate minerals depends greatly
on the number and nature of such substitutions.

Denudation of Silicate Rocks in the Humid Tropics

219

Environmental controls on the weathering of feldspars
Temperature has long been thought to control the rate and type of weathering reactions,
although much evidence of the influence of water availability and drainage on the
formation of particular weathering products has indicated that thermal contrasts may
control the type of weathering much less than hitherto expected. Thus while it is well
established that in highly leached tropical soils feldspars may be converted to gibbsite
either through an intermediate halloysite stage (Bates 1962) or directly (Stephen 1963),
it is now known that this transformation may also occur in cool temperate (Wilson
1969) or even in alpine environments (Reynolds 1971). However, although the
weathering of silicates into gibbsite is possible under all these conditions, the rates and
degrees of weathering are markedly different. A clear distinction must therefore be
made between the type and degree of silicate weathering (Pedro, Delmas and Seddoh
1975). The proportion of gibbsite in the weathering products of granitic rocks in the
Massif Central ranges from 0.1 to 0.9 per cent (Pedro, Delmas and Seddoh 1975)
compared with 10 per cent in the weathered residue of granodiorite in Singapore (Nossin
and Levelt 1967). Experimentally, olivine has been shown to yield ten times as much
silica in solution under identical intense drainage conditions at 40°C as at 6°C. Where
drainage is less effective, the difference in degree of weathering is less marked, but
still clear (Pedro, Delmas and Seddoh 1975).
Gibbsite is often produced early in the weathering process under favourable
conditions. Breakdown of silicate minerals can yield gibbsites which subsequently are
re-combined with mobilised silica to form kaolinite. Water entering silicate rocks can
attain a chemical equilibrium with an isoelectric amorphous or poorly crystallised
aluminosilicate which is supersaturated with respect to crystalline secondary
aluminosilicates such as kaolinite. The amorphous solid is metastable at lower
temperatures and acts as a reversible reservoir of readily dissolvable alumina and silica
(Paces 1973). In highly weathered soils, gibbsite is a major control of aluminium
solubility, but under more moderate weathering regimes aluminosilicate minerals are
more likely to control aluminium solubilities (Marion et al. 1975).
Effects of organic acids
In nature, however, the temperature and drainage variables do not act alone, but are
complicated by factors affecting pH and oxidation-reduction potential and by the variety
of organic acids involved in the weathering of silicates. Weathering of silicate minerals
by complexing acids, such as those which commonly occur in soils, may result in a
different order of mineral stability than the traditional one of Goldich which applies
more consistently to inorganic reagents (Huang and Keller 1970). The action of organic
acids on silicates is significant in denudation systems in at least two ways:
1. the solubilities of framework cations, Si, Al and Fe, are greatly increased over those
in pure water, and
2. Al may be more soluble than silica, in terms of congruency with the parent-mineral
formula, in certain acid-mineral combinations (Huang and Keller 1971).
One set of laboratory experiments, for example, indicated that organic acids, represent
ative of the functional groups in soil humus, dissolved Ca-rich plagioclase more than
Na-rich plagioclase, while deionised water, used to simulate the effects of rainwater
on minerals, dissolved more Na-rich plagioclase. Thus, the susceptibility of plagioclase
to natural weathering differs significantly whether it be Na-rich or Ca-rich, and whether
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the leaching solutions are relatively pure water or contain humic compounds (Huang
and Kiang 1972).
In evaluating the possible significance of organic acids in various environments, the
quantity of organic matter available to interact with infiltrating water has to be
considered. The rapid breakdown of leaf litter and other plant and animal debris in
the lowland humid tropical rainforest often requiring only six to eight weeks for leaf
matter, may result in a relative lack of opportunity for highly concentrated organic
acids to develop. In the humus-rich environments of low-latitude montane rainforests
or in temperate zones humic acids may be stronger. Indeed Huang and Keller (1971)
suggest that organic complexing of aluminium in humus-rich environments can result
in solution of aluminium in excess of congruence with silica and thus the formation
of the siliceous residues characteristic of podsolic environments.
However, against this must be set the repeated experience in laboratory tests that
the bulk of the mobilisation of silica occurs within the first 24 hours of contact with
organic acid solutions. Solution may therefore take place so rapidly that silica may
be removed from silicate minerals more quickly than it would be dissolved by rainwater
alone, merely by the addition of organic acids derived from the partially decayed litter
of lowland tropical rainforests.
Silica accumulation in organisms
Many plants incorporate silica into their bodies, with large amounts accumulating in
particular species. Lovering (1959) has estimated that under extremely favourable
conditions plants could consume the equivalent of a 25 cm depth of basalt in 800 years.
Silica uptake by plants in the cold, dry, adamellite Sage Hen Basin, eastern California,
was estimated at about one-thousandth of the dissolved silica load carried by rivers
draining the basin (Marchand 1971).
In heavy storms much organic matter is washed into streams. Silica is contained
in varying quantities in this plant debris, but the rate at which it is released back
to stream waters in solution after degradation of the organic matter is not known.
Different silica accumulators may release silica in very different forms upon decay,
and contrasts in silica held in various plants are great.
Wherever lush, dense vegetation occurs organisms dominate the solution of silica.
If conditions favour the preservation and accumulation of insoluble phytoliths of siliceous
vegetation, as on prairies, the A horizon may become enriched in silica from plants
that pump it out of lower horizons. Under other conditions, silica made soluble during
decomposition of litter in tropical rainforests would be available to vadose water for
removal through groundwater, for recycling through plants, or for resilication of the
upper part of the profile of laterisation. This latter silica may be liberated in part
by organic agents and in part by changes in soil moisture that reflect the alternation
of wet and dry seasons (Lovering 1959).
On bare rock surfaces lichens and algae selectively take up some minerals and
accelerate the mobilisation of others. The lichen Stereocaulon vulcani greatly increases
the rate of chemical weathering of recent lavas on the island of Hawaii, accumulating
iron and causing silica, titanium and calcium to be lost to drainage waters more rapidly
than they would be under the direct action of rainwater on the fresh rock (Jackson
and Keller 1970). On the biotite granite of the Voltzberg area of Surinam, a bluegreen algae (Cyanophyceae) accumulates aluminium and iron preferentially, again
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allowing silica to escape rapidly to drainage waters (Bakker 1970). The growth of
the algae in pools of water in hollows on the rock creates a low pH environment which
favours the solubility of Fe20 , and A120 3. Thus, just as high pH can help silica solubility
and the creation of silikatkarren topography, pH values below 4.5 on granite surfaces
can help the growth of circular hollows and weathering pits.
Organic removal of silica from lakes and rivers
The uptake of silica to form the siliceous frustules of diatoms is an example of the
biological accumulation of material during its passage through the denudation system.
Noting marked seasonal depletions of dissolved silica in the rivers Yare, Tud and
Wensum in eastern England, Edwards (1974) suggested that such removal of silica
from solution by diatoms during the growing season was an important regulator of
the rate of silica removal from catchment areas. Overall about 15 per cent of the silica
supplied to these rivers was taken up by the diatoms, but during certain seasons the
removal was much higher, reaching over 90 per cent during the first week of May.
During the spring diatom bloom, dissolved silica concentrations can be reduced to less
than 2 mg l 1 (Edwards and Liss 1973).
Wang and Evans (1969) found that changes in silica concentrations in flowing water
were due to diatom activity. Three observations suggested this: first, the relation of
free dissolved silica to the diatom concentration was inverse and characterised (at a
highly significant level) by a hyperbolic function; second, the silica concentration was
much lower in late summer than in spring, low summer flow resulting in a longer
residence time and allowing a large population of diatoms to absorb silica; third, the
free dissolved silica concentration was lower downstream than upstream. Wang and
Evans believe the decrease of free dissolved silica to be due to absorption by diatoms
and the decrease of total silica to be caused by diatoms settling to the river bottom.
In relatively quiescent fluvial conditions, quartz grains have been found to which diatoms
have become attached by secondary redeposition of silica. It appears that the diatoms
have been fixed in these positions while still alive (Le Ribault 1972). Generally, such
diatoms show little sign of subsequent loss of silica into solution.
Exactly how and by how much diatoms may be redissolved to return silica in solution
to rivers is not known. The solubility of diatoms in natural waters and sediment is
not a simple function of pH (Hecky and Kilham 1974). Lewin (1961) and Siever (1962)
have demonstrated the importance of trace elements and organic compounds in
stabilising the amorphous silica of diatom frustules. Studies of sediment cores have also
failed to substantiate dissolution in the sediments of the Momela Lakes of Tanzania
(Hecky and Kilham 1974). In these cores scanning electron microscopy revealed
excellent preservation, and pore water silica never exceeded 10 mg l 1 despite sediment
pH values over 9. Such silica concentrations are well below the concentrations of over
100 mg 1 1 normally expected at such pH values but agree well with the solubilities
of around 15 mg P 1 which Siever (1962) measured for amorphous silica in the presence
of humic compounds. Therefore, the organic matter incorporated in the sediment can
allow diatoms to accumulate silica efficiently in even the most alkaline lakes.
In rivers, aquatic plants also take up silica. For example, in the Hog Creek basin
of Central Texas, silica concentrations vary with the life cycles of aquatic plants (Moore
1970). Thus the silica carried by a river at a given time is often not a direct reflection
of that being mobilised by weathering at that time.
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Inorganic removal of silica from rivers

Laboratory experiments have suggested that quite large amounts of dissolved silica could
be adsorbed on to amorphous hydroxides of iron, aluminium and magnesium from
solutions containing as little as 0.5 mg l"1 silica (Harder 1965; Harder and Flehmig
1970). Quartz could subsequently be formed quite rapidly by diagenesis, with the
formation of clay minerals also. Such reactions must affect the concentration of dissolved
silica in natural waters. In Japan, under oxidising conditions, dissolved silica has been
removed from lake water by coprecipitation on hydrated oxides of iron and manganese
(Kato 1969). It seems likely that such reactions are particularly important in soil waters,
rivers and lakes where equilibrium between dissolved silica and solid phases has not
been attained.
When a solution containing dissolved silica reacts with a solution containing AF+,
the ability of silica to remain in solution decreases markedly. In the normal range of
soil pH, such effects reduce the solubility of silica by about half. Alumino-silicate gels
are formed, such gels probably being present in bauxites and soils (Segalen 1965).
Abundant evidence of secondary redeposition of silica on quartz grains has been
reported from many soil profdes. In western Europe local concentrations of secondary
silica, sand concretions, cements and freshwater quartzites, silicified fossils and
limestones occur frequently and are well known. Van der Waals (1967) suggests that
secondary redeposition of silica could be widespread in seasonally wet tropical climates
with a marked dry season. Under such conditions in Cambodia, silica concentrations
in groundwater during the dry season in flat country south of Phnom Penh vary between
128 and 190 mg U 1 (Carbonnel 1965). Fluctuating groundwater tables may thus be
an important factor in the redeposition of silica. In this way, much of the silica mobilised
in the weathering process may not reach the main drainage channels. In seasonally
wet climates, also, floodwaters which spread across plains or through distributary river
systems could lead to supply of silica to depositional areas. However, more local and
microtopographic situations will also have patterns of silica mobilisation and redeposi
tion. Silica mobilised in the well drained upper parts of slopes will be redeposited in
the less efficiently drained footslope area. Silica mobilised and carried into one tributary
may well be deposited through inorganic processes when the chemical environment is
changed by water mixing further downstream.
REGIONAL VARIATIONS OF SILICA CONCENTRATIO NS IN RIVERS
The foregoing remarks have indicated some of the factors likely to cause local and
regional variations in the amount of silica carried by rivers. Variations in silica
concentration at different sampling stations would be expected to arise from the influence
of parent material on the rate and quantity of ions released by weathering. At a
particular station, variations would be expected from the influence of hydrological events
affecting the relative proportions of overland, subsurface and groundwater flow in the
total discharge of the stream. The amount of variation in silica concentrations which
can be explained by lithology and hydrological events must now be examined before
the influence of organic and inorganic modes of silica removal or addition is evaluated.
Silica concentrations as a function of lithology
The mineralogical controls of silica solubility produce wide variations in the silica
concentrations in ground, soil and surface waters. River water quality reflects the
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composition of parent rocks at all scales from catchments of less than 10 km2 up to
the size of the Amazon Basin. In the latter basin, rivers draining rocks of the Tertiary
series have silica concentrations of 0.5 to 4.5 mg l 1, those from Archaean rocks, 0.5
to 6.7 mg F \ and those from Carboniferous terrain, 1.5 to 22.4 mg F 1 (Sioli 1965).
In terms of the general relationships between rocks and the waters which circulate
within them, Schoeller (1962) showed that silica concentrations in granite waters range
from 23 to 57 mg l"1 and those in basalt waters from 23 to 70 mg P 1. He suggested
that the greater concentration of silica in basalt waters arises because the solvents in
basalt are less acid.
Even at the scale of individual soil profiles in different facies of the same basic
rock, contrasts in silica mobility arise. While the percentage of silica increased from
47.7 per cent in the amphibolite parent material of a vertisol in Eastern Senegal to
61.9 per cent at the surface, in a neighbouring brown earth profile on amphibolopyroxenite, the same change was only from 50.2 to 53.4 per cent (Blot and Leprun 1973).
Such contrasts suggest that wide differences in silica concentrations in river waters as
a result of lithology are to be expected.
In some thirty-five small catchments in North Queensland and southeastern New
South Wales, the average mean silica concentrations in relation to lithology were found
by the writer to be:
Range
3- 8
2-11
5-10
4- 7
3- 9

Average
5.0 mg F 1
5.0
7.1
5.7
6.3

Sedimentary rocks
Basalt
Granite
Metamorphic rocks
Rhyolite

Comparing each pair of mean values using Student’s t showed the probability of random
values falling outside the limits ± t to be:
Sedimentary
Basalt
Granite
Metamorphic
Rhyolite

Sedimentary
—

Basalt
—

—

0.02
0.60
0.50

0.1
0.8
0.6

Granite
0.02
0.10
—

0.20
0.40

Metamorphic
0.6
0.8
0.2
—

0.8

Rhyolite
0.5
0.6
0.4
0.8
—

While the difference in silica concentrations is greatest between waters from sedimentary
and granitic rocks, that between basalt and granite derived waters is sufficiently marked
not to be due to chance or experimental error. These data show that, contrary to
Schoeller’s observations, silica concentrations in Australian river waters are higher in
those from granite than those from basalt.
On a more local scale, streams draining granitic rocks in the western part of the
Barron River catchment above Picnic Crossing on the Atherton Tableland in North
Queensland have higher silica concentrations than those draining basalt (Fig. 10.1).
At a somewhat larger scale, considerable variation in mean silica concentrations within
the Sungai Kelang Catchment, Selangor, Malaysia arises from lithological contrasts
(Fig. 10.2). Small headwater streams draining granite have mean silica concentrations
over 25 mg F 1, while similar order tributaries draining sedimentary rocks have mean
concentrations between 10 and 20 mg F 1. In an independent study of the Sungai
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Gombak portion of the Kelang catchment, Bishop (1973) found that the highest silica
concentrations occurred in the upper coarse-grained granite derived tributaries, lowest
concentrations from the quartzite shales and cherts and a slightly higher concentration
from the fine-grained granite of the lower foothills.
On the island of Oahu, Hawaii, despite the volcanic origin of all the upland areas,
the relatively low mean silica concentrations of streams draining the flows of the

ATHERTON

■

.—

10;

Alluvium
Basalt
Rhyolite and ignimbrite
Granite

KILOMETRES

Fig. 10.1. Barron River catchment above Picnic Crossing, North Queensland, showing silica
concentrations in tributary waters in relation to lithology. Silica measurements were
made on 18 and 19 January 1964, and are in mg l '.
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shale in the South
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Fig. 10.2. Sungai Kelang catchment above Puchong, Selangor, Malaysia showing
mean silica concentrations in tributary waters in relation to lithology.
Samples for silica determination were collected June 1969 to May 1970,
and are in mg l~'
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Limestone (reefs and dunes)
Honolulu volcanic series
Flows and dike complex

- Caldera complex

Fig. 10.3. Oahu, Hawaii, showing average silica concentrations in streams in
relation to lithology. Based on data in the Surface Water Year Books
for Hawaii and adjacent areas 1967-74, in mg l
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Fig. 10.4. Silica concentration in relation to discharge on the Kamooali Stream at Kanehoe, Oahu,
Hawaii. Based on data in the Surface Water Year Books for Hawaii and adjacent
areas 1967-74.

Schofield Plateau are in strong contrast with those flowing to the east coast, and flowing
through the Honolulu volcanic series (Fig. 10.3). While streams with mean concentra
tions of 25 mg P or more show a decrease in concentration with increasing discharge
(Fig. 10.4), base flow concentrations are always higher east of the Koolau Pali than
on the lava flows west of the Koolau Range:

Catchments draining Schofield Plateau lavas
Catchments east of the Koolau Pali
Catchments containing Quaternary lavas
(Honolulu Volcanic Series) north and east
of Honolulu
Makaha Stream (Waianae volcanics)
Kaupuni Stream (Waianae volcanics)

Mean dissolved
S i0 2 concentration
mg /"'

Range

4.6
23.8

2.0- 6.6
19.8-19.4

13.4
29.2
54.0

10.3-17.0
—

—

These contrasts may be due in part to the contrasts in the composition of the volcanic
rocks in the different areas. The lavas of the Honolulu Volcanic Series include
nephelinites, melilite nephelinites, basanites, and alkalic olivine basalts (basanitoids).
All are notably rich in magnesium and iron and undersaturated with silica. The Koolau
Volcanics on the other hand are almost all tholeiitic basalts and olivine basalts
(Macdonald and Abbott 1970) (Table 10.1). While the higher silica content of the
latter basalts may result in more silica being lost in solution, much depends on the
mineralogy of the individual rocks and on the proportion of groundwater in the total
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T able 10.1
Average chemical composition of Hawaiian rock types
(in weight per cent)

SiO,
TiÖ2
M P,
F eA
FeO
MnO
MgO
CaO
Na.O
k ,6
PA

Melilite
nephelinite

Nephelinite

Nepheline
basanite

Alkalic
basalt

Tholeiitic
basalt

36.7
2.8
10.8
5.6
8.8
0.1
12.7
13.7
3.9
0.9
1.1

38.7
2.7
10.8
5.8
7.8
0.1
13.6
13.0
4.0
1.1
1.0

44.3
2.6
12.8
3.4
9.2
0.2
11.0
10.5
3.6
1.0
0.4

46.5
3.0
14.6
3.3
9.1
0.1
8.2
10.3
2.9
0.8
0.4

49.4
2.5
13.9
3.0
8.5
0.2
8.4
10.3
2.1
0.4
0.3

—After Macdonald and Abbott 1970

streamflow. The deeply incised streams east of the Koolau Pali and those draining
the Honolulu Volcanics have a much higher proportion of groundwater than the streams
of the Schofield Plateau. Base flow on the South Fork Kaukonahua Stream on the
Schofield Plateau is 0.0014 m3 km 2 sec-1, compared with 0.0064 m3 km 2 sec-1 from
the Waikane Stream east of the Koolau Pali. Although it is probable that the bulk
of the mobilisation of silica in soil and groundwater occurs within a few metres of
the groundsurface, the coastal streams have both a high groundwater discharge and
all the opportunities for solution provided by the long, steep, valley-side slopes.
Lithological influences are thus not clear cut, hydrological factors often complicating
the situation.
Variation in silica concentration with hydrometeorological events
The general relationship between solute concentrations and discharge, in the form of
a solute load/discharge rating curve, has been widely used in studies of denudation
rates (Douglas 1972). Recently, however, considerable emphasis has been placed on
the analysis of the impact of individual storm events on solute discharge. In terms of
the concentration discharge relationship, silica appears to behave differently from other
solutes. Davis (1964) argued that the lack of change of silica concentration with
discharge that he found in some United States streams resulted from the rapid dissolution
of silica from soil particles and rock fragments during storm runoff. In many small
eastern Australian rivers the same lack of contrast between stormwater and baseflow
silica concentrations is found. For example, although measured silica concentrations
in the Wild River in North Queensland ranged from 2 to 14 mg l-1, the concentrations
in peak flood discharge and at minimum baseflow were both 4 mg 1 '. In the Barron
River at Picnic Crossing, North Queensland, no direct relationship exists between silica
and discharge (Fig. 10.5) but silica concentrations change in time through storm events,
falling during the rising stage, rising rapidly near the discharge peaks and subsequently
levelling off 18-24 hours later. Exactly the same sequence of events occurs on the
Mattole River in northern California (Kennedy 1971) and on the Sungai Kelang at
Petaling, Malaysia (Fig. 10.5).
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Such a sequence of events would seem to explain the lack of an overall relationship
between silica concentration and discharge. Minimum silica concentration and maximum
suspended sediment concentration occur before peak discharge as the initial rise of the
stream is produced by rain falling into the river itself and by overland flow. However,
peak overland flow probably precedes peak river discharge, and thus at peak discharge
stream flow probably contains a high proportion of water which has passed through
the soil as subsurface flow and has higher silica concentrations than overland flow.
Silica concentrations at peak discharge would thus be higher than during the earlier
rising stage. The variation between catchments in the extent of the decrease in silica
concentration with discharge probably supports this interpretation, as those catchments
where infiltration is high and slopes relatively steep will have more throughflow and
thus less of a silica concentration decrease, as in the Mattole Basin.
The significance of the subsurface throughflow component of runoff in the supply
of silica to streams arises from the rapidity of water-silicate reactions. Rain charged
with CO, reacts rapidly with the silicate minerals in the fresh rock and soil, producing
a solution enriched in silica cations and bicarbonate ions (Bricker, Godfrey and Cleaves
1968). Zeman (1975) believes that release of silica during podzol formation in Jamieson
Creek in southwestern British Columbia is the reason why silica accounts for 47 per
cent of the total net loss of dissolved matter from that catchment. In the forest
environment of the Ivory Coast, silica is rapidly acquired by rainwater penetrating
the soil (Mathieu 1971) being mobilised rapidly in the weathering profile, even though
it tends to be involved in the neoformation of kaolinite in the less well drained sites
(Delvigne 1967). Silica concentrations in relation to discharge thus have to be seen
as a function of the sources of streamflow, the character of hydrometeorological events,
the nature of pedogenesis and the parent material of the catchments.
The mechanism by which the chemical composition of water which has reacted for
different periods of time with its rock environment changes is complex and probably
includes:
(i)
(ii)
(iii)
(iv)
(v)
(vi)
(vii)

fast dissolution of CO, and dissociation of carbonic acid
slow oxidation of pyrite and/or faster dissolution of secondary sulphate
minerals
dissolution of organic matter and dissociation of resulting organic molecules
fast absorption of hydroxyl ions on surfaces of aluminium silicates
incongruent hydrolysis of primary aluminium silicates
diffusion of cations from inner structures of aluminium silicates to solution
in exchange for hydrogen ions
reversible movement of silica and probably alumina out of solution on to
amorphous surface layers of aluminium silicates and back into solution again
(Paces 1972).

The importance for the rate of solution of relatively rapidly moving water has been
demonstrated in limestone terrains by Bögli (1960) and Weyl (1958), but it is equally
significant in silicate areas. Hegelson (1971) found that the rate of loss of ions from
silicate minerals to waters is controlled by the speed at which dissolved ions are carried
away from the surface of the mineral.
This interaction between hydrologic events, especially runoff generation processes,
and the movement of dissolved silica to rivers suggests that the hydrological concepts
of contributing area, partial source areas and the relative importance of overland flow,
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quick return flow and delayed return flow (Whipkey 1965; Kirkby 1969; Jamieson
and Amerman 1969; Dunne and Black 1970) could provide a framework to explain
the variation in silica concentrations through time at a given river water sampling
station.
One explanation sometimes put forward for the relative lack of change of silica
concentration with increasing discharge is that silica is dissolved from suspended
particles in turbulent flood waters (Davis 1964). However, silica concentrations in north
Queensland streams, such as the Wild River and the Millstream, which carry large
amounts of suspended matter during floods, are not noticeably greater than those in
streams which transport much less suspended sediment, such as Behana Creek. Kennedy
(1971) carried out a series of experiments and field measurements which led him to
conclude that an hour or two of contact time with the soil can account for almost
all the dissolved silica carried by the Mattole River, California, during high flows.
Probably less than 10 per cent of the dissolved silica in the Mattole River is derived
from suspended sediment.
Silica concentrations and catchment size
In the Sungai Kelang catchment (Fig. 10.2) small headwater streams on granite have
the highest mean dissolved silica concentrations generally, with concentrations decreasing
in a downstream direction. Although he found little downstream change in silica
concentrations within the granite sector of the catchment, Bishop (1973) attributed slight
decrease further downstream partly to dilution and lack of enriching tributaries running
off granite. Howrever, following Kobayashi (1959) he also considered that silica could
be lost by some diatom growth and, more significantly, by the uptake of silica by rice
plants from water supplied to paddy fields.
The writer found that the overall pattern in the Kelang catchment shows a greater
downstream variation than that reported by Bishop. The great contrast between the
small tributaries and the main stream on the granite portion of the catchment cannot
be due to dilution alone. Other reactions must be taking place in this swiftly flowing
stream. One possibility is that silica concentrations are affected not only by dilution
but also by evaporation from rivers. However, the only general relationship between
water temperature and discharge in the Sungai Kelang catchment is in the lower reaches
at Puchong (Fig. 10.6), where the lowest silica concentrations occur at the lowest
temperatures which coincide with flood flows when dilution effects are greatest.
A close relationship between temperature and silica concentration was found in
Strike-a-Light Creek on the Southern Tablelands of New South Wales, where there
is a marked difference between summer and winter air temperatures. Despite
considerable variations in discharge between sampling times, the lowest silica concentra
tions in this creek also occur when the water temperature is lowest, with the exception
of one observation when a concentration of 2 mg T 1 occurred at a water temperature
of 22°C. The possibility of concentration of silica by evaporation during low summer
flows thus exists in this case. However, in the Barron River of north Queensland,
a diurnal variation of 6°C in water temperature appears to have no effect on silica
concentration, notwithstanding the possibility that increased diatom activity at higher
temperatures could remove some silica from solution thus counteracting any concentra
tion by evaporation. There is little evidence, therefore, to support Rougerie’s contention
(1962) that evaporation influences the concentration of silica in tropical rivers. As
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demonstrated earlier, the character of hydrometeorological events is much more
important.
Silica may be lost inorganically from solution in tropical river waters. In the Dumbea
River of New Caledonia, detrital hydroxides of iron recombine with dissolved silica
to form nontronite (Baltzer and Trescases 1971). The analysis of suspended sediments
and recently deposited bed material shows a tendency for their silica content to increase
downstream. In the Dumbea, the geochemical balance between weathering and
sedimentation involves a series of events in which silica released by the hydrolysis of
peridotites is recombined into solid phases (quartz and magnesium silicates) in the lower
reaches of the river. Thus a high proportion of the silica released in the weathering
process is recombined into minerals before the river waters are discharged to the sea.
It is likely that such processes also operate in the Sungai Kelang and other rivers where
dissolved silica concentrations decrease markedly downstream.
Silica loads and denudation rates
The foregoing case studies and discussion suggest that the silica loads of streams are
extremely variable and that without elaborate water sampling schemes, both in terms
of frequent sampling at one station and in terms of monitoring downstream changes
in silica concentration, estimates of silica transport in rivers based on silica concentration/
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discharge relationships may be erroneous. In the light of this evidence, only a few of
the previously published estimates of silica loads in Australian and Malaysian rivers
(Douglas 1969), those for Nitchaga Creek, the Barron River, the Sungai Gombak and
Strike-a-Light Creek, could be considered reliable. Re-examination of other published
data suggests that reliable measurements of the silica loads of rivers are few (Table
10.2). Nevertheless, the complex fluctuations through time, with many storages of silica,
and many releases of silica from storage, tend to cancel one another out. This levelling
out of fluctuations in concentration means that it is reasonable to assume, with Kennedy
(1971), that silica loads calculated as though silica concentration varies directly with
discharge are reasonable estimates. The range of silica loads derived from reliable results
is much the same as that which led to the earlier conclusion that the rate of removal
of silica by rivers is unaffected by temperature but is dependent on runoff (Douglas
1969). The present inquiry suggests that the study of the mobility of silica in the humid
tropical landscape has much to tell us about the role of lithological and structural
contrasts in the evolution of tropical landforms.
CONCLUSION
The mobility of silica in the landscape is subject to a variety of controls. Just as the
erosion and transport of sediment has to be envisaged as a series of episodic movements
through a series of storages, such as slope foot, river bank, river bed, overbank floodplain
T able 10.2
Mean annual silica loads of tropical and extra-tropical rivers

A. Tropical rivers
Ei
Dumbea, East Fork
Dumbea, North Fork
Couvetee (all New Caledonia)
Sg Gombal (Malaysia)
Nitchaga Ck (Qld)
Barron River (Qld)

Source
of data

Area
km2

D
C
C
C
A
A
A

16
56
32
42
140
75
225

Average silica
concentration
mg r 1
31.3
12.8
13.1
16.7
19.0
18.0
12.0

B
B
B
E
B
E
B
F
A

5796
3352
585
302
505
1500
68
n.a.
216

14.0
16.0
28.0
n.a.
4.0
n.a.
16.0
4.0
8.0

Mean annual
runoff
mm
1478
2027
1774
1140
856
818
657

1618
1172
437
n.a.
1568
n.a.
225
n.a.
90

Mean
silica load
m! knU2 yr~
24.66
10.38
9.30
7.62
5.92
4.57
2.27

B. Extra-tropical rivers
Cowlitz (Wash.)
Chehalis (Wash.)
Anchor (Alaska)
Six Mile Water (N. Ireland)
Trail (Alaska)
Blackwater (N. Ireland)
Second Creek (Minn.)
Hubbard Brook (New Hampshire)
Strike-a-Light (N.S.W.)
Source
A
B
C
D
E
F

of data:
Fieldwork
Calculations from United States Geological Survey published data
Baltzer and Trescases (1971b)
Turvey (1975)
Dickson (1975)
Likens et al. (1970)

8.57
6.84
4.19
3.96
2.32
1.40
1.02
0.68
0.23
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and deltaic deposits, so must the translocation of silica. Seasonal fluctuations of silica
concentration are crucial, and much more understanding of the interrelationships
between fluvial sediments and solutes is needed if the true character of denudation
processes is to be understood. The evidence gathered in this chapter suggests that humid
tropical landform studies need to pay attention to finer detail and to acknowledge that
variation between one part of the humid tropics and another is possibly greater than
variation between the humid tropics and other humid areas. The humid tropical
landforms we see are created by many different complex bio-physico-chemical reactions
which can sometimes be reconstructed by the analysis of drainage waters. However,
inorganic and organic processes which remove silica and other ions from solution make
it necessary to examine the chemistry of all the material carried by the river. Further
progress in process studies in climatic geomorphology is going to require much more
application of organic geochemistry than hitherto.
The evolution of humid tropical landforms is extremely sensitive to change in the
weathering environment. Processes on bare rock surfaces with sudden, short duration
wetting and long periods of insolation are quite different from those under the more
uniform conditions of the forest interior. Yet even on the bare rock surfaces, the presence
of organisms creates weathering environments with completely different Eh and pH
conditions from those without organisms. Because such bare surfaces are created by
extreme geomorphic events such as landslides or lava outpourings, humid tropical
landform evolution has to be seen not as the steady, persistent combination of highly
efficient chemical weathering and fluvial erosion, but as a changing pattern of events
of varying intensity and nature. Since the nature of weathering and debris removal
varies spatially through time, the detailed topography of the humid tropics contains
similar elements of widely differing ages. The more closely these variations are
examined, the clearer it becomes that landform change proceeds relatively rapidly only
at a few points in fluvially eroded landscapes, points where water accumulates, or fines
of water flow converge, or rock and mineral structures have greatest heterogeneity.
Such points must be identified and become the focus of future process studies. These
investigations will surely involve nested sampling systems ranging in scale from large
river basins to detailed studies of soil profiles and rock surfaces coupled with leaching
experiments in the laboratory and the direct determination of microscopic variations
in composition using the scanning electron microscope.
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11
Karst Features in Igneous Rocks in
Papua New Guinea
ERNST LÖFFLER
Karst landforms have always been closely linked with carbonate rocks such as limestone
and dolomite and the presence of these rocks has often been regarded as one of the
main criteria for karst (Sweeting 1973). Priesnitz (1969) and Jennings (1971) have
stressed that it is not the presence of a particular rock type or feature such as subsurface
drainage which is the important criterion for karst but the fact that karst landforms
are primarily the result of a ‘higher degree of rock solubility in natural waters than
is found elsewhere’ (Jennings 1971: 1). This definition allows a more natural grouping
of those landforms having similar morphology and origin and is thus consistent with
geomorphological terminology employed for other landforms.
Solubility is not a set property, of a rock type solely depending on its chemical
composition but may vary considerably depending on factors such as grain size, structure,
degree of fracturing or spacing of joints. Most important, however, is the climatic
environment to which the rock is exposed. There is now general agreement among
karst workers that the degree of solubility and thus the tendency toward karstification
is directly related to climatic and environmental conditions. Optimal conditions are
present in the perennially humid tropics where constantly high temperatures and
precipitation combine with relatively high amounts of C 0 2 and organic acids in allowing
weathering and solution processes to proceed rapidly. In addition, the tropics have
experienced comparatively little climatic change during the Pleistocene permitting an
uninterrupted action of these processes. The spectacular tropical limestone karst
landforms are the best known examples resulting from these favourable conditions but
they are not the only ones. Other rock types also develop elaborate karst landforms
in this climatic zone.
Karst landforms on noncarbonate rocks have been reported in the literature for some
time. They range from well developed karren and other solution sculptures in granite,
granodiorite, quartzite and other igneous rocks (e.g. Klaer 1956; Wilhelmy 1958;
Tschang 1961; White et at. 1966; Wall and Wilford 1966) to small solution depressions
such as gnammas, oricangas and dolines in a variety of igneous or metamorphic rocks
(Schwinner 1935-6; Reed et at. 1963; Le Grand 1952; Twidale and Bourne 1975).
Some authors have used the term pseudokarst for these features; however, since they
are the result of solution processes the term karst is more appropriate. Pseudokarst
should be reserved for features that superficially resemble karst but are formed by
processes other than solution. One such example would be piping where the
subterranean removal of material is as solid particles (Löffler 1974).
Karst as an important element in the development of landforms on igneous rocks
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has so far been reported only from peridotite areas in New Caledonia (Wirthmann
1970). Here numerous closed basins which are present in lowland areas are interpreted
by Wirthmann as true karst basins. The author has observed similar features on aerial
photographs of Papua New Guinea in the ultrabasic (ultramafic) areas around Lake
Trist. These have subsequently been studied in the field to verify their karst nature
and to gain some insight into the processes involved in the formation of these basins.
GENERAL SETTIN G
The Lake Trist area is situated west of the Bowutu Mountains and is part of the
Papua New Guinea ultrabasic belt. This is a complex of basic and ultrabasic rocks
which are exposed over a length of some 400 km along the northeastern flank of the
Owen Stanley Range. The complex is regarded as oceanic crust and mantle which
were thrust over the Cretaceous sediments (which became metamorphosed during this
process) in the Eocene and Oligocene as a result of interaction between the Australian
and Pacific plates (Davies and Smith 1971). Rod (1974) has argued against this
interpretation and suggested that the ultrabasics represent sheared off lenses and slices
of upper mantle and oceanic crust that rose from the lower subduction zone along
a major fault; however, this controversy is of no consequence in the present context
of landform development. The break between the two units is marked by the Owen
Stanley fault, one of the main structural lineaments of Papua New Guinea. For most
of its length this fault has clear topographic expression as a fault trough, but in the
Lake Trist area it is less distinct and is discernible mainly by the differences in dissection
pattern and forest types on the two different rock types.
Geomorphologically the Lake Trist area is part of an irregular summit surface which
is characterised by distinctly lower relief and less steep gradients of the rivers than
the surrounding ridge and V-shaped valley landscape (Plate 11.1). This summit surface
can be traced along much of the watershed area of the Owen Stanley Range and
continues westward to Mt Missim and possibly into the Saruwaged Range and is
thought to represent a post-Miocene erosion surface (Löffler 1977). The Lake Trist
summit surface varies in altitude between 1600 and 2200 m and consists of irregularly
shaped hills and ridges which enclose numerous basins of various sizes (Plate 11.2;
Fig. 11.1). Structural lineations of some ridges and depressions are evident on the aerial
photographs.
The enclosed depressions range in size from a few square metres to several hectares.
Some of the small depressions are accentuated on the aerial photographs because they
contain small lakes or are occupied by herbaceous swamps, while others are indicated
by only small openings in the canopy or as endpoints of blind valleys. The larger basins
are occupied by swamp forest. The small lake basins are not permanently water filled
but dry out during periods of relatively low rainfall when the loss of water through
subsurface drainage and evaporation exceeds the inflow. This is evident from a
comparison of aerial photographs taken at the end of July 1959 and at the end of
August 1968 and also from our own field experience. The 1959 photograph (Plate
11.2) shows water-filled basins (July 1959 rainfall for Wau 125 mm) while the 1968
photograph shows the basins had completely dried out (August 1968 rainfall for Wau
65 mm). Similarly, the basins were water filled during an aerial reconnaissance at
the end of September 1973 (September 1973 rainfall for Wau 114 mm) and were dry
at the time of the field investigation at the end of May 1974 (May 1974 rainfall for
Wau 42 mm).
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11.1. General view of the Lake Trist area from the north.
11.2. Stereopair of Lake Trist area. Main part of summit surface to the east with enclosed depressions,
blind valleys and small lakes and swamps. Structural lineations of some ridges are evident. The
basins investigated in the field indicated by arrow.
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The drainage system is clearly not integrated and several blind valleys are present
on the summit surface (Plate 11.2; Fig. 11.1). Most of these flow into small lake or
swamp basins but some have no clearly discernible outlet and appear to end in small
sinkholes or ponors. There is little doubt that superficially at least the landforms greatly
resemble limestone karst from temperate regions.
Whether this also applies to the Lake Trist basin itself is difficult to establish. Lake
Trist is situated at the western side of the summit surface and separates a smaller
and somewhat lower western part from the larger eastern section. The lake surface
is approximately 400 m below the general level of the summit and measures about
6 km in length, 1.2-1.5 km in width, and its mean depth is about 35 m (Fig. 11.1).
The maximum depth based on line soundings is 65 m (claims of a depth exceeding
100 m (Campbell 1958, unpubl.) could not be substantiated). At its western side the
shallow overflow of the lake drains through a narrow, V-shaped valley which is
strikingly different from the other valleys of the summit surface and is probably a
much younger feature.
There is little doubt that the general position of the lake is structurally controlled.
A fault line parallel to the Owen Stanley fault runs through the entire length of the
lake basin and continues north and south as a distinctive topographic depression (Plate
11.1). However, there is no fault or any other structure running east-west to account
for the ponding of the lake. Lava flows and other volcanic features which have caused
the ponding of many highland basins (Löffier 1977) (including Lake Kutuba (Bayly
et al. 1970) which is of similar depth to Lake Trist) do not occur here. Ponding by
landslides can also be ruled out because of the great size and depth of the basin and
also because bedrock surrounds the entire basin. It is therefore likely that Lake Trist
itself also represents a karst basin similar to a polje in the limestone karst situation.
Little is known about the vegetation and climate of the area. Lower montane forest,
locally dominated by Nothofagus, Castanopsis and various conifers, covers the entire
area except for the swamp basins which are covered either by swamp forest or sedges
and grasses (K. Paijmans, pers. comm.). No direct climatic information is available
from the area but data from Wau, which is situated some 25 km to the northwest,
are probably representative. The annual rainfall is of the order of 1850 mm and
November to April are the wettest months. The driest months are usually May to
August. There is virtually no seasonal variation in temperatures which vary between
19°C for the lake area and about 17°C for the upper parts of the summit surface.
FIELD EVIDENCE
Field investigations were carried out in May 1974 and three of the small basins to
the east of Lake Trist were visited.
The narrow elongated basin in the south proved to be occupied by a herbaceous
swamp and no direct evidence for subsurface drainage conditions could be found. The
two northern basins which appear water filled on the 1959 aerial photograph were
dry at the time of the visit and this permitted direct observation of the subsurface
drainage features (Plates 11.3-5).
The larger of the two northern basins is about 2 ha in area, and has a flat to
very gently sloping floor of lacustrine deposits covered with grasses and sedges. The
sharp boundary between grass-covered basin and the surrounding forest indicates the
level to which the basin is usually water filled and it is apparent that most of the
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1t.3. Floor of lake basin, doline and small creek which has cut through the lake sediments. Water
disappears into two cavities at the margin of the basin. The sharp boundary between grassland
and forest indicates the level to which the basin is usually water filled. Small depression in centre
foreground is due to collapse by piping.

lake is very shallow with a depth of less than 1 m except at the western margin where
the subsurface outlet is situated and where the depth is approximately 5 m (Plate 11.3).
A small creek crosses the dry lake floor from east to west and has cut through the
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sediments at the western margin of the basin where the water disappears into two
small caves about 0.5 m in diameter (Plates 11.3 and 11.4). The caves narrow down
quickly into small pipes and it is therefore impossible to follow and explore the
subsurface drainage system.
About 2 m of these lake deposits are exposed. In the vicinity of the creek there
are a few circular depressions 1-2 m in diameter and 0.5 m in depth formed by
subsidence due to removal of clastic material by piping. These pseudokarst features
are not related to the subsurface drainage system of the basin.
The lake deposits consist mainly of finely bedded silt and clay interbedded with
organic material. At the base of the sediments is a thick layer of organic material mainly
consisting of large tree trunks, logs, and branches. The thickness of this layer could
not be established because groundwater prevented deep excavation, but it appears that
the logs rest close to the bottom of the basin since the deepest part of the basin is
close by and here bedrock crops out.
It is unlikely that the numerous logs were transported into the basin by the small
streams entering it or that they could have moved across the shallow lake and it is
thus assumed that they are more or less in situ. This indicates that the lake floor was
forest covered at some time in the past. Three C 14 datings of the organic material have
given ages of 31,800, 32,000 and 37,000 years B.P. (one sample was dated at 8900
years B.P., but this is rejected because it is inconsistent with the stratigraphic evidence
and there is also no evidence in the pollen spectrum to suggest that the sample is different
from those above or below it.) If the lake floor was forest-covered at one time, the
hydrology of the basin must have been different from the present. Two possibilities
are: (1) the subsurface drainage system was more efficient and the water drained more
quickly than today so that no ponding occurred, or (2) the inflow into the basin was
reduced because of different climatic conditions and the drainage system could cope
with the inflow as it does today during relatively dry spells.
Pollen analysis of the organic layers shows that all the vegetation represented in
it does grow in the area at present. Nothofagus is dominant in the samples. This
indicates
that rainfall must have been high and well distributed throughout the year similar
to the present situation where Nothofagus occurs in areas receiving between 1500 and
5000 mm but is most common in areas receiving between 3000 and 4000 mm (R.A.
Hynes, unpubl.). A climatic explanation of the change in the hydrology of the basin
is therefore not feasible and it can be assumed that the forest growth in the basin
was due to a more efficient subsurface drainage system and not to a substantially reduced
inflow.
The much smaller basin immediately to the north is separated from its neighbour
by a low narrow ridge some 2 m above the lake floor. The floor of the basin slopes
between 2° and 5° to a doline which is about 6 m in diameter and 2-3 m in depth
and which is again situated asymmetrically at the margin of the basin. Bedrock crops
out at the sides and base of the doline and there is no doubt that the depression is
developed in bedrock and is a true karst feature (Plate 11.5). No water was flowing
into this sinkhole at the time and no lacustrine sediments are present.
In addition to these karst features two small caves were observed in the upper parts
of a creek draining into Lake Trist. The caves are between 0.50 and 1.00 m high
and 2-3 m deep just allowing a person to crawl in. The caves narrow down into small
pipes which cannot be followed further but it appears that they are connected with
an outlet pipe that emerges some 8-10 m further downslope. The cave walls are rough
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11,5. Sink hole draining small lake basin to the north of main basin. Sink hole developed in
bedrock.

and highly irregular and are largely developed in bedrock. This irregularity and
roughness of cave and pipe walls is an indication that solution processes rather than
mechanical corrosion have been the main agent of the cave formation.
ANALYTICAL DATA
Because no quantitative data on solution processes in ultrabasic rocks are available,
one aim of the field investigation was to obtain some quantification. In addition to
soil and rock samples, ten water samples were collected and analysed. The results of
the analyses are shown in Table IL L
Petrographically, the rock is a dunite consisting of 90 per cent olivine and accessory
amounts of orthopyroxene and chromite; there has been little alteration to the
phyllosilicate minerals. The rock is dominated by MgO (47 per cent) and S i0 2 (42
per cent). Except for iron (8 per cent), all other elements are represented in insignificant
amounts. Clay mineral analysis of two samples from the weathering mantle shows that
the dominant clay mineral is goethite, with trace amounts of quartz, gibbsite and talc.
This appears typical for weathering profiles of ultrabasic rocks which are usually more
strongly leached than weathering products derived from other rock types (Haantjens
and Bleeker 1970). The most significant chemical features are the relative increases
in iron and aluminium oxides and the dramatic loss of magnesium oxide. The loss
in silica is also substantial but not nearly as high. From this alone it is obvious that
the solubility of the magnesium must be the crucial factor in karst development. This
is supported by experimental work on dissolved products of pulverised silicate minerals
(Keller et al. 1963). These experiments show that the solubility of olivine in distilled
water is not very great and that except for some slight enrichment of magnesium, the
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ratio of dissolved elements is similar to that in the mineral formula. However, in
C 0 2-eharged water, the solubility of magnesium is increased twelve times while the
solubility of silica is only increased by a factor of two. The solubility of most other
elements remains about the same; in some cases, e.g. iron, it is even reduced.
The ratio of Mg:Si solubility in the experiment agrees well with the author’s data
especially with Sample LT1 (Table 11.1(a)). The reason for the great increase in the
T able 11.1
Analyses ojrock, soil and water samples, Lake Trist area
(a) Chemical analysis of rock and soil samples (%>)

Silica
Aluminium oxide
Ferric oxide
Ferrous oxide
Magnesium oxide
Calcium oxide
Sodium oxide
Potassium oxide
Titanium oxide
Manganese oxide
Phosphorus pentoxide
Water (+110°C)
W ater (-110°C )
Chromic oxide
Carbon dioxide
Organic carbon

Rock

Sample LT1

Sample LT2

SiO,
A 1A
F e20 ,
FeO
MgO
CaO
Na.O
K ,0
TiO,
MnÖ
PA
FLO
H ,0
NiO

42.20
0.13
1.50
6.45
47.10
0.14
0.01
0.01
<0.01
0.11
<0.01
0.87
0.13
0.33

co2
c

—

28.80
10.30
38.60
1.13
4.80
0.16
0.11
0.06
0.26
0.46
0.06
11.40
5.80
0.50
0.30
0.56

27.60
9.45
39.60
1.13
1.02
0.10
0.13
0.06
0.25
0.62
0.06
11.10
3.85
0.70
0.25
0.66

—

(b) Chemical analysis of water samples fro\m Lake Trist area
(values in mg/1)
River/Area
Lake Trist
Small creek west of Lake Trist
Small creek west of Lake Trist
Small creek west of Lake Trist
Small creek east of Lake Trist
Stagnant water in small creek east
of Lake Trist
Small creek in karst basin
Small creek in karst basin
Small creek on summit surface
Small creek on summit surface

Rock type

Mg

HCO,

SiO,

TDS

1600
1650
1650
1650
1700

Dunite
Dunite
Dunite
Dunite
Dunite

6.0
4.8
1.6
11 3
4.35

34.0
27.0
10.0
64.0
22.0

9.0
8.0
12.0
14.0
8.75

56
48
31
97
50

1800
1900
1950
1950
1950

Dunite
Dunite
Dunite
Dunite
Dunite

3.6
4.0
1.8
3.2
5.2

13.0
29.0
10.4
17.0
27.0

2.65
9.3
6.0
6.6
9.1

30
49
25
34
48

Altitude (m)

(c) Petrographic description of rock sample. Optical estimate of mineral constituents in thin section
Olivine
Pyroxene
Chromite
Serpentine/clays

%
90
5-7
1-2
1-2
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solubility of magnesium in C 0 2-charged water is probably because M g (H C 0 3)2 is more
soluble than M g(OH)2 (Keller et al. 1963).
Since CO; is usually present in the water infiltrating the soil and the weathering
profile, particularly under humid tropical conditions, magnesium can be expected to
be strongly dissolved. Surprisingly the water analyses do not show unusually high
amounts of magnesium. The reason for this must be that the collected water represents
largely surface and subsurface water that had little contact with the rock but moved
on or through the leached soil and weathering mantle.
The weathering mantle on the summit surface varies between 1.2 and 18 m in
thickness, the average thickness being about 6 m (Campbell 1958 unpubl.; Metals
Exploration N.L., Freeport of Australia 1971 unpubl.; Placer 1967 unpubl.) and there
is generally a sharp break between weathering mantle and fresh rock. This again is
a feature that dunite has in common with limestone. In view of the enormous loss
of material in solution, it is interesting to estimate the volume of rock necessary to
produce the weathering mantle which is present on the surface. According to Brewer
(1964) the volume of rock (Vr), can be expressed empirically as a function of bulk
density of rock (Dr), weathered material (Dw), and percentage of total element loss
(L).

lOODw
r

(100 —L)Dr

The total element loss can be calculated on any element that has low solubility in
the weathering process. Because aluminium is one of the most stable elements and
it is considered entirely (or almost entirely) conserved in the weathering mantle (Hem
1969), it is well suited for this calculation. On this basis the total element loss in the
two samples is 98 per cent and consequently a volume of 25 m3 of rock is required
to produce 1 m3 of weathered material. Since volume changes can only be accommodated
perpendicular to the land surface (Haantjens and Bleeker 1970), the figure for volume
is equal to the thickness of rock and weathered material. Since the average thickness
of the weathering mantle is about 6 m, weathering of the summit surface can be expected
to be of the order of 150 m.
CONCLUSION
The observations in the Lake Trist area show that under humid tropical conditions
dunite, a magnesium-rich igneous rock, has a high degree of solubility that leads to
the development of karst landforms. The landforms are similar to those usually found
in limestone karst from temperate regions and also occur in similar geomorphological
settings—that is they are associated with relict surfaces or other low relief areas. Most
prominent are closed depressions and blind valleys, but small caves and other subsurface
features are also present. Lake Trist itself may represent a structurally controlled karst
basin similar to a polje but this is difficult to prove.
Weathering characteristics of dunite also show great similarity with limestone. In
both cases there is a sharp break between an almost completely leached clay weathering
mantle and the unweathered rock. The survival of older landform elements in the dunite
is favoured not only because of the subsurface drainage but also because of the more
or less horizontal lowering of the land surface by weathering. This adds support to
the hypothesis that lateritic surfaces can be lowered considerably by weathering processes
(Trendall 1962).
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Some Observations on New Zealand
Limestone Areas
M.M. SW EETING

IN TR O D U C TIO N
New Zealand has many scattered limestone areas in both the North and South Islands,
though none of these is large. In 1974 I had the opportunity to work in some of the
limestone districts and with the aid of some fifty thin sections was able to give attention
to the petrology and texture of the rocks. It is only by examining the nature of the
rocks themselves that it is possible to deduce any conclusions about the importance
of climate upon the differentiation of limestone landforms. Far too often conclusions
are made in a climatic context without any consideration of the differences in relief
caused by lithology. This chapter will examine in outline some of the limestone districts
in both the North and South Islands; the areas examined are separated by no more
than four degrees of latitude, from 38°15' to 42°10' S (Fig. 12.1).
The main areas in which observations have been made were the Takaka and
Punakaiki areas of the South Island; and the VVaitomo, Makuri-Coonoor, and Piri
Piri areas of the North Island. I was also able to visit the Broken River district in
the South Island (Fig. 12.1). Only sporadic sampling of the limestones was possible,
but it is hoped that these comments may encourage others to look more closely and
systematically at their lithological characteristics. Four of the districts lie largely on
or near the New Zealand west coast (Takaka, Punakaiki, Waitomo, and Piri Piri),
and experience a wet and generally frost-free warm temperate climate with high
intensity showers and rainfall. The other areas lie east of the main divides and have
a drier and more continental type of climate. Some differences also exist in the altitude
above sea level of these districts, as is shown in Table 12.1, Punakaiki forming part
of the coastal belt of Westland, whereas Broken River lies in the foothills of the Southern
Alps behind Canterbury.
About fifty limestone samples were collected—about eight to ten specimens from
each area. Their petrological descriptions are given below, (p. 253) and their main ages
and characteristics are given in Table 12.1. Effective porosity and insoluble residues
were determined in the laboratory in Massey University; the examination and
descriptions of the thin sections have been made by G.S. Sweeting in Massey and in
Oxford. As will be seen from Table 12.1, all except the Upper Ordovician Arthur
Marble of the Takaka area are mid- or later Tertiary limestones. The metamorphic
Arthur Marble occurs in large lenses and beds up to 1200 m thick within
metamorphosed argillites. The samples are composed entirely of calcite which occurs
as bright lustrous rhombic forms, all closely packed. No other mineral constituents are
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Fig. 12.1. Location of some limestone areas in New Zealand.
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present and no cementing material occurs, the calcite plates having been fused together.
In hand specimens the marble has a saccharoidal appearance. It is one of the most
pure carbonate rocks in New Zealand, and is also the most folded and fractured. Solution
is restricted to joints and fractures as the rock itself is impermeable.
The other limestones, of various Tertiary ages, show no recrystallisation in the
specimens examined, though they can be quite hard and lithified. No true micrites
or sparites were found, and the general textural scheme devised by Folk (1959), which
is so helpful elsewhere, is not easily applicable to these rocks. Calcite rarely occurs
in rhombic or platey forms, but rather as cloudy and smudgy patches full of inclusions
and fragments. The rocks are largely fine to medium textured and are mainly biomicrites
and biosparites with a fairly high porosity. The calcitic matrix is often granular. Quartz
occurs in all these more recent limestones from about 1-2 per cent in some rocks to
approaching 40 per cent in others (Table 12.1). In some of the platey beds of the
Cobden Limestones at Punakaiki, fine grained and compact limestones may contain
up to 40 per cent quartz, and this is one factor (though probably not the only one)
in the formation of the platey layers of this rock. In the majority of the Tertiary
limestones sampled, quartz forms 10-20 per cent of the constituents of the rocks. The
quartz occurs as large fractured grains and stout prismatic crystals, and there are a
few pyramidal sections; but it occurs chiefly in clear allotriomorphic forms with no
inclusive material. Quartz also is found in stalagmites and stalactites, particularly in
T able 12.1
Karst landforms in relation to lithology and climate, New Zealand
Locality

Lati- Height Raintude
above
fall
O sea level mm
m

Age and type of
limestone

Takaka Hill
(S. Island)

41.00 300-600 2200 Arthur Marble
Up. Ordovician
compact,
metamorphosed.
Waitomo-Te Kuiti 38.15 120-300 1800 Te Kuiti Limestone
(N. Island)
Oligocene. Platey
facies, tough,
somewhat siliceous.
Makuri-Coonoor
40.25 300-450 1500 Waitotaran (Te Aute)
(Puketoi Range,
shelly limestones.
N. Island)
Uppermost Pliocene.
Piri Piri
450
39.55
1200 Waitotaran (Te Aute)
(Upper Pohangina
Coquina limestones
valley, N. Island)
(uppermost Pliocene)
with greywacke.
Punakaiki
42.10 0-75
2760 Cobden limestone
(Westland,
(Oligo-Miocene)
S. Island)
Upper platey facies.
Lower blocky facies,
very siliceous.
Broken River
West Canterbury
(S. Island)

43.12 300-450

800 Miocene limestones,
slightly siliceous.

Effective Insoluble
porosity of residue of
limestone limestone
%
%

Karst type

0.5

0.02

Dolines and large
closed depressions,
caves and potholes.

3.9

2.5

Doline, blind valleys,
many caves, ‘classical’
karst.

5-12

5

5-10
all
quartz
20.00

Dry valleys, closed
depressions, collapsed
caves.
Caves, collapsed
hollows; dry valleys.

8

15-20

Valleys and
rectangular fissures,
caves.
Caves and collapsed
hollows.

3

no data

20-40
almost
all quartz
1.00 Dry valleys.
almost Exfoliating ‘tors’.
all quartz
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caves in the Te Aute limestones (Table 12.1), an indication of the unusual ubiquity
and solubility of quartz in these limestone areas. Chalcedony and chert are absent.
Though dolomite occurs in New Zealand, none was detected in the carbonate rocks
examined. Apart from some thin secondary stringers or veins with mosaics, there was
relatively little secondary material. No pyrite and little limonite, other than staining,
was detected. There was also no shaley material as is common in the Carboniferous
Limestones in England. Some of the rocks, particularly those from Punakaiki and Piri
Piri, showed scattered fragments of orthoclase and plagioclase felspar; the presence of
such felspars testifies to the relatively unweathered condition of the limestones, and
to their clean and fresh condition. Some of the limestones notably in the Te Aute
sequence in the Makuri-Coonoor area in the Puketoi Range are almost entirely made
up of friable shelly fragments.
The Tertiary limestones are also strongly faulted and fractured, the result of New
Zealand’s tectonic mobility throughout that period until today. The rocks are therefore
strongly jointed. Ley (1976) has shown that jointing in limestones increases in frequency
as the insoluble residue increases.
The two largest limestone areas examined were the Takaka-M t Arthur district in
the northwest of the South Island, and the Waitomo area of the western central North
Island. In these areas the influence of the non-limestone rocks is reduced and they
are essentially doline karsts with considerable fluvial influences. The higher parts of
the T akaka-M t Arthur range were glaciated in the Quaternary; thus the summits of
that district are a glacial karst. Dolines and dry valleys occur in all the areas and
much drainage is carried underground through well-defined conduits and caves. Because
the limestones contain so much insoluble residue and quartz there is much residual
material on the limestone surfaces, although this is not the case for the marble; this
together with volcanic ash from various recent eruptions, particularly in the North
Island, means that the limestones are much covered with non-limestone ‘drift’ and
weathered material. These thick soils and the mild rainy climate support a dense
vegetation cover. Such circumstances are ideal for the development of enclosed
depressions and dolines, most solution taking place along cracks in the limestones
beneath a cover of soil and weathered material. Bare karst areas are rare, except in
the glacial karst of Mt Arthur and in a small part of the Punakaiki area (due to
rapid erosion). These green karsts resemble to some extent the green karsts of Kentucky
and of West Virginia in the Appalachians in the U.S.A.
T H E PETROLOGY OF SOM E NEW ZEALAND LIM ESTONES
In this section, selected limestone thin sections are discussed.
(1) Arthur marble. Lakaka Hill (S. Island)
This is composed entirely of calcite which occurs as bright lustrous rhombic forms,
all closely packed. The calcite has perfect cleavage and twinning and is devoid of
inclusive material. No other mineral constituents are present. No cementing material
occurs, the calcite plates or rhombs having been fused together.
(2) Te Kuiti limestone. Waitomo Caves (N. Island)
This is a very shelly, medium to coarse textured rock with many quartz grains. The
rock is fresh and clean and devoid of any staining or impurities. Although a number
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of the fossils are fragmental, others are almost complete in form and appear to have
been deposited under quiet or undisturbed conditions. The organisms themselves
constitute a conspicuous feature of the rock.
Calcite occurs in irregularly shaped forms, often as smudgy and cloudy patches which
spread over the rock. Quartz is common as stumpy or tetrahedra forms. These are
clean and lustrous and often occur surrounded by or enclosed in the calcite patches.
(3) Cobden limestone. Punakaiki (S. Island)
The platey facies is a rock of fine to medium texture. The ground mass is dull grey
and felt-like in character, and composed of calcite and quartz. The calcite is without
definite prismatic form, consisting of smudgy clot-like patches. Cleavage is almost
entirely obscured by the pasty matrix, and no individual calcite plates occur.
On the other hand, quartz is abundant in granular and partial crystalline forms.
Many of these (1-2 mm in size) often show definite prismatic outlines with pyramidal
terminations. It is estimated that this rock contains 15-20 per cent quartz.
(4) Cobden limestone. Punakaiki (S. Island)
The blocky facies is a coarse textured rock with grains of a uniform size. In general
the rock is clean and fresh in character and is composed of irregular-shaped fragments
of calcite and quartz.
For a limestone, quartz is unusually abundant and is estimated to contain upwards
of 40 per cent of the entire rock. Also scattered through the rock are small fragments
of plagioclase felspar showing repeated or lamellar twinning. Many such grains,
including orthoclase felspar, are likely to be present in minute forms in the groundmass
of the rock.
(5) Te Aute limestone. Makuri (N. Island)
This is a very fossiliferous rock, all organisms closely packed together and although
fragmental their margins are generally smooth and rounded and appear to have been
transported over a prolonged period of deposition. The matrix in which these fossils
are embedded is very fine and like them appears to have been laid down under very
quiet conditions.
Scattered through the rock are clean bright quartz fragments, some showing distinct
prismatic outlines. The rock is clean and fresh and there are no evidences of any
alteration products.
(6) Te Aute limestone. Pin Pin (N. Island)
This is also a very fossiliferous rock with most of the organisms closely packed, in
a ragged and crushed condition. Few of them occur as complete forms since their
deposition. In a similar state is the condition of the calcite which is cloudy and muddy
and practically lacking in clear rhombic forms.
Quartz is common and freely distributed through the rock. It occurs in small fractured
grains and often in small lustrous prismatic crystals.
A feature of the occurrence of these crystals is their presence in small ragged patches
made up of calcitic paste and mud. In this material small conspicuous prismatic forms
are seen firmly embedded.
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(7) Miocene limestone. Broken River (S. Island)
This is a medium to coarse grained rock composed of angular and fractured, closely
packed, components. There is little true matrix to be seen. A few foraminifera are
present. Calcite is inclined to be patchy in outline and with poor polarisation; it has
many inclusions.
Quartz occurs but in very small amounts and then as tiny shapeless forms. The
rock itself is mainly dull and cloudy in character and has the appearance of having
undergone some alteration.
T H E INFLU EN CE OF PETROLOGICAL CHARACTERISTICS
ON T H E NEW ZEALAND KARST LANDFORMS
Because the Arthur marble is so pure, the Takaka area has a thinner residual cover,
but doline formation is controlled by the number of well-defined fractures and jointing
in the rock. Faults and thrusts extend to depths within the marble, and deep caves
and potholes are quite frequent (Grindley 1971). Because of this tectonic fact, together
with the effects of heavy rain (2500 mm) and the relatively high altitude, the deepest
potholes in New Zealand (for example Harwood Hole (Shannon 1973)), occur in this
district. Large quantities of water are moving underground through fissures as is
evidenced by the occurrence of the large Waikoropupu Springs, near Takaka.
The Punakaiki limestone area is situated north of Greymouth along the Westland
coastal district (Nathan 1975). The Cobden Limestones are among the most
quartziferous in New Zealand; this could increase their resistance to chemical
weathering, but differential solution of the calcium carbonate may alternatively cause
disintegration of the rock. The Cobden Limestones consist of two series, the upper
being the fine grained platey member seen in the well-known ‘pancake’ rocks, the lower
being more massive and blocky. Cave formation seems to be more important in the
platey beds (Rogers 1972). In general Punakaiki is a karst of joint-controlled valleys
and caves, the presence of much underground water giving rise to collapse and to solution
subsidence hollows. Partly because of the large amount of insoluble residue, particularly
in the platey series, the rocks are well jointed and these joints have been exploited
by vigorous marine erosion and land drainage as a result of recent uplift. Joint-controlled
corridors and isolated pillars and residuals remain to form the pancake rocks. Jennings
and Sweeting (1963) coined the term ‘giant grikeland’ for somewhat similar but greater
relief produced in strongly jointed and resistant limestones in the Devonian limestones
of the Geikie Gorge in the Fitzroy area, northwest Australia. The pancake rocks of
Punakaiki also bear some resemblance to the rocks of Bryce Canyon, Utah, where
jointed impure limestones of Tertiary age have suffered rapid fluvial erosion which
has occurred due to a lowering of the base level. Thus rapid erosion and the nature
and structure of the Punakaiki limestones are responsible for the distinctive relief.
The best known karstic area in New Zealand, that of Waitomo in the North Island,
is also underlain by limestones which contain significant amounts of quartz.
Furthermore, the Te Kuiti limestones contain thin partings a few millimetres thick
of clay and other insoluble material along the bedding planes, which impart a
characteristic striping to the beds (Marwick 1946; Barrett 1967). On the surface these
insoluble partings are more easily weathered and removed, leaving the thicker limestone
beds (12-20 cm) the more resistant and outstanding. In the caves, however, solution
of the limestones only attacks the rock, and the clayey partings prove the more resistant
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and stand proud of the limestone beds. Such differential weathering contrasts can also
be seen in shale beds in the Carboniferous Limestones in the Ingleborough area in
northwest England, where on the surface the thin shale bands are extremely difficult
to see but are very obvious in cave passages underground (Waltham 1971). The
Waitomo karst consists essentially of a network of close set dolines which form, in
the terminology of Williams (1971), a polygonal karst. Along the edge of the limestone
outcrops blind valleys are important. Before European colonisation, this area was
densely vegetated, and even today some of the limestone area is still uncleared and
consequently difficult to investigate.
The later Tertiary and lowermost Quaternary limestones are fairly abundant in
the eastern part of the North Island. They form the shelly limestones known as the
Te Aute series and occur around Napier and Gisborne and in the Puketoi Range
(Kingma 1962). These areas are drier than Waitomo and were cleared of forest earlier.
The limestones of the Makuri-Coonoor area are often almost entirely made up of shells,
apart from quartz as the main impurity; they are relatively porous (Table 12.1). They
are also from 150 to 400 m thick and form prominent escarpments of moderately dipping
limestones as in the Puketoi. They resemble the Jurassic escarpments of southern Britain
—particularly before the British areas were cultivated. A close-set network of dolines,
as in the Waitomo area, does not occur, but enclosed depressions are still numerous
and chalk or Cotswold-type dry valleys are conspicuous. As a result of strong jointing
and fracturing, confined solution can take place in these rocks and limited cave passages
occur; some roof collapse has also taken place and steepsided collapse dolines formed.
Underground drainage is important; but its directions are unknown.
The shelly limestones at Piri Piri in the upper Pohangina valley west of the Ruahine
range are also Te Aute limestones; they occur in a small isolated folded and faulted
outlier bounded by Mesozoic greywackes. They form an area of hilly fluvio-karst in
which the impure limestones have been dissolved and covered by alluvium derived from
the surrounding greywacke hills. The limestones form the lower ground. Dry valleys
and joint-controlled collapse hollows are important. The limestones are also sufficiently
indurated to permit of some cave development and underground drainage. Many of
the hollows have been formed by the collapse of cavern roofs. The surprising feature
of the Piri Piri area is the impact which even a relatively small area of not very pure
limestone makes upon the relief.
The Miocene limestones of the Broken River area in the South Island are less
quartziferous than most of the other limestones of the country; they are medium to
coarse grained and have undergone alteration, presumably as a result of their
incorporation into the eastern margin of the Southern Alps. The limestones have been
toughened by tectonic activity, and jointing is very prominent, though not as frequent
as in rocks with a greater insoluble residue. The most striking features of this region
are tor-like exfoliating residuals caused by Quaternary periglaciation and also by
modern frost action, an indication of an overriding influence of climate in this instance.
Karstic features occur in the form of dry valleys, disappearing rivers, springs and caves,
but there is no development of enclosed depressions.
In Table 12.1 the effective porosities of the chief limestones dealt with are given.
Takaka and Waitomo are on the areas of the least porous limestones. As in Britain,
dry valleys are conspicuous on the more porous limestones.
Despite the relatively low hardness content of waters draining from the New Zealand
limestones (60-140 ppm C a C 0 3), solution rates are probably very rapid, short residence
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times and quick flow through probably accounting for the low calcium figures. The
mild and wet climate ensures that generally the limestones are covered with vegetation
and solution must be encouraged by high biogenic carbon dioxide production. Sharp
micro-relief forms, formed by solution under free air conditions, are rare on the porous
limestones. Rundkarren occur in nearly all areas even on the coarse shelly Te Aute
limestones.
It will be seen that some of the limestones contain unweathered fragments of felspars
derived from erosion of the Mesozoic greywackes. Furthermore, all the limestones are
fresh and contain no alteration products. These facts are consistent with the idea that
these rocks have been weathered in temperate climates. There are generally no
weathering crusts or case-hardening on the limestones, again indicating temperate
weathering and solution. They are therefore somewhat different in weathering pattern
from limestones in tropical climates.
The New Zealand limestone areas which have been briefly discussed have therefore
been developed on mainly siliceous limestones which have been strongly fractured and
jointed. The landforms to which they have given rise are clearly influenced by their
lithological and tectonic restraints, though the effects of climatic factors are equally
evident or even predominate. New Zealand is a country of tectonic relief and should
therefore be a good area for the evaluation of the climatic influences on landform
development.
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13
Interpretations of Australasian
Karsts
PAUL W. WILLIAMS
EXPLANATION IN KARST
The climatogenetic approach to karst
In the forty year period since H. Lehmann (1936) recognised the role of climate in
the development of Kegelkarst relief (cockpit or cone karst) in Java, geomorphologists
have generally sought an explanation of the various types of karst scenery around the
world in climatogenetic terms. Descriptions and comparisons of karsts from contrasting
climatic zones have been at the centre of karst research (e.g. Lehmann 1954, 1956,
1960), the aim being to determine the influence of climate on the development of
landforms. Particular attention has been devoted to differences in landscape styles, and
these differences have been generally ascribed to zonal variations in the operation of
karst processes. The principal karst process, the chemical solution of carbonate rock,
has also been studied in detail, both in the laboratory and the field, especially following
the stimulus provided by the controversial work of Corbel (1959). Hence, there is now
an abundance of descriptive and historical geomorphology on karst landscapes through
out the world and an increasingly large body of quantitative data on chemical processes;
though non-chemical karst processes and those in the coastal zone have been seriously
neglected.
However, despite these decades of climatically oriented karst research, this approach
can claim little success in explaining karst landforms. While broad landscape differences
have undoubtedly been demonstrated to exist in regions of extremes of climate, there
is still little basic understanding of why karstic activity in one place results, for example,
in cockpit karst while in another may lead to doline karst. There is a vague notion
that the explanation may lie in the balance between superficial and deep solution, but
there are no quantitative data of consequence to elucidate or validate this idea. In karst
as in most of geomorphology, an act of faith is required in relating supposed process
to perceived form.
While great effort in climatic geomorphology has been put into identifying the role
of climate in the evolution of karst, the fundamental nature of a karst erosion system
—its structure, operation, and controls—and the linkages between such a system and
the landforms to which it relates are not yet understood. Thus the present conceptual
framework and orientation of research in climatic geomorphology is unlikely to permit
more than a general qualitative understanding of the landscape, even with the everincreasing quantitative data that are available on solution rates.
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It is also clear that recent ideas of climatic geomorphology as applied to karst
are too simplistic. Landforms are not nearly so climate specific as once suggested by
the I.G.U. Commission (Lehmann 1954, 1956). The occurrence of karst landscapes
with supposedly tropical ‘cockpit’ attributes in the cool temperate Westland area of
the South Island, New Zealand, and of theoretically warm temperate polje karst in
the subarctic Nahanni region of the Canadian Rockies (Brook and Ford 1974)
illustrate this point. There has been a tendency amongst climatic geomorphologists
to jump to conclusions about what features are typical of a climatic zone without
first establishing the range, precise attributes and relative occurrence of the landforms
that exist. Sweeting (1972: 254) is correct in stating that ‘to a certain extent modern
German and French karst morphologists have been obsessed with this one factor’,
i.e. climate. In fact many karst styles can occur in comparatively small regions such
as Papua New Guinea for example (Williams 1972), just as rates of solution can
vary considerably even within comparatively uniform climatic zones (Priesnitz 1974).
Equally misleading is the result of focusing attention on landscape differences at the
expense of similarities and on residual landforms rather than on dynamically evolving
features, because this approach exaggerates the importance of the unusual rather than
the general and draws attention away from the main sites of and main patterns of
process activity. It should be obvious that a detailed understanding of the function
and evolution of fundamental landforms, such as closed depressions and caves, is
required before the full significance of climate-related variations in those landforms
can be appreciated. In the study of humid tropical karst, for example, towers and
conical hills—residual features in the landscape—have received much descriptive
attention, whereas the processes operating in the dynamic centres of the landscape
—the closed depressions—have been neglected.
Climatogenetic research has been important in drawing attention to the broad
zonal differences that occur in karsts around the world, but effort now needs
refocusing away from a blinkered, subjective search for uniquely distinguishing hall
marks of karst in different climatic zones and towards a minute examination of
the relation of processes to landforms. The cautious and usually inadequate treat
ment of karst landscapes in most general geomorphology texts and particularly
the usual exclusion of karst from discussions of fluvial geomorphology and morpho
metry (e.g. Woldenburg 1972; Gregory and Walling 1973) virtually implies that
karst terrains are considered subject to a different set of barely understood natural
laws from ‘normal’ landscapes. Clearly this cannot be the case. Karst processes and
resultant morphologies are merely at one end of a continuum of processes and
forms that are found throughout the natural landscape. This must be fully recog
nised if interpretation and explanation of karst phenomena are to be successful.
The fact that ‘karst has long constituted an almost autonomous field within the
scientific study of scenery’ (Jennings 1967a: 256) has been to its disadvantage,
and will become even more so if comparative isolation limits the application of
a wide range of ideas and techniques now being developed in geomorphology in
general.
Models in karst
Explanation of karst phenomena rests principally upon four sets of interdependent
models:
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(1) landscape models

(2) hydrologic models

General models of landscape evolution, for example as by Sawicki (1909) and Grund
(1914), have been shown not to be universally applicable (Jennings 1971; Sweeting
1972). Thus they have been replaced by climatically specific schemes (e.g. Lehmann
1936; Corbel 1959; and Jennings and Sweeting 1963a). Morphometric models, aiming
at objective landform description and related to specific karst localities, have also been
introduced recently, (e.g. La Valle 1968; Williams 1973a; Jennings 1975).
General karst hydrologic models developed in the early years of this century (Grund
1903; Katzer 1909; Cvijic 1918; Martel 1921) have been successively modified
(O. Lehmann 1932; Swinnerton 1942; Jenko 1959; White 1969; Zötl 1974), the
conclusion being that no all-embracing theory of karst hydrology seems possible, but
that the hydrologic system of each karst region must be assessed individually. An
appropriate karst hydrologic model may then be selected from amongst the range
available, the principal contrast being between those that adopt an integrated watertable approach and those that favour the concept of independent discrete conduits
draining the karst mass.
Current ideas on karst hydrology inevitably affect concepts of cave evolution. Thus
in a recent discussion on speleogenesis Ford (1971) concludes that no general case of
limestone cavern development can be precisely defined. Instead there are three common
cases: the predominantly vadose cave, the deep phreatic cave, and the water-table cave;
and in addition there is one special case: the artesian cave. He explains that the types
of caves that develop depend upon the frequency of fissures significantly penetrated
by groundwater and the ratio of joints to bedding-planes—which influences the
hydraulic conductivity. And Ford notes that the higher the value of hydraulic
conductivity, the more likely are the water-table type of cave and vadose cave to develop.
However, vadose systems are especially favoured where hydraulic gradients are steep.
By contrast, deep phreatic caves attain their optimum development in steeply dipping
rocks, where continuous bedding-planes guide water to great depths. Particularly
relevant to the present discussion is Ford’s statement that ‘It is doubted that difference
of climate alone generates any fundamental difference in patterns of cave development’
(p. 93).
Process models in karst were adapted from those in chemistry that defined the system
C aC 0 3—H ,0 —CO, (Adams and Swinnerton 1937; Miller 1952; Trombe 1952; Weyl
1958; Roques 1969; Picknett 1973; Jacobson and Langmuir 1974). Field studies of
solution processes, while commencing many years ago (e.g. Ewing 1885; Lindner 1930),
have only gained momentum in the last twenty years, particularly following the work
of Corbel (1959). There is now a rigorous theoretical basis for the study of carbonate
solution processes and considerable supporting field data, although some of the latter
are of doubtful quality. Nevertheless, a preliminary analysis of global results shows
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Fig. 13.1. Approximate relative contributions of input components of gross total hardness of the
Blue Waterholes (from Jennings 1972a).
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Williams and Dowling in press).
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T able 13.1
Sources of solute load (Ca + Mg) in the basin of the Riwaka South Branch, Nelson, New Zealand
(Error terms omitted)

tonnes/yr

Source of Ca + Mg Load
From solution of marble by autogenic waters
From solution of marble by allogenic waters
N E T KARST SO LU TIO N
From solution of non-karst rocks
Introduced by precipitation
T O TA L SO LU TE LOAD

1,709*
440+
2,149++
250
116
2,515

percentage of
karst solution
total solute load
79.5*
20.5+
100
—
—

—

68
17.5
85.5
9.9
4.6
100

Source: Williams and Dowling (in press)
* Mainly surface lowering
+ Mainly cave conduit development
f f Equivalent to marble removal rate of 100 ± 24 m3/k m 2/y

that the principal climatic factor controlling limestone solution is rainfall (Priesnitz
1974), although analysis of North American data also indicates temperature to be
important (Harmon et al. 1975). However, while it may be said with a degree of
confidence that karstification proceeds most rapidly in wet climates and that temperature
appears to have a positive influence—not negative as earlier asserted—still we do
not know exactly how it proceeds. Recent solution studies in Australia (Jennings
1972a, b) and New Zealand (Williams and Dowling, in press), for example calculate
corrosion loss from karsts and assign the solution to various parts of the karstic mass
(Figs. 13.1 and 2; Table 13.1), thus suggesting a location and rate for the solutional
modification of the terrains, but the process of initiation and evolution of individual
landforms remains partly conjectural and only qualitatively understood. Still we cannot
explain for certain why, say, polygonal karst has evolved at Waitomo in the King
Country, New Zealand (Pringle 1973), as well as in the Darai Hills of Papua (Williams
1971). It is evident that a fifth set of karstic models is required that relates processes
(chemical and mechanical) to landforms.
Process-response systems in karst
A useful starting point in any evaluation of the manner in which landforms relate
to processes is to consider the relevant elements in terms of an interacting system (Fig.
13.3) . The main lines of process-response reaction are depicted by linkages with a sign
to indicate if the ‘response’ is encouraged (+) or inhibited (—) by the ‘process’. In
the solution system illustrated, it will be noted that a response or output factor at one
stage may become a process or input factor at a later stage. A similar schematic model
is required to conceptualise interaction in the mechanical erosion system, while detailed
breakdown into component subsystems is necessary to clarify process-response rela
tionships within individual landform elements of the karst domain. For example, it
may be desired to examine the controls of basin area (mesh size) as defined by the
polygonal topographic divides in a centripetally draining cockpit karst landscape (Fig.
13.4) . A working model of the subsystem determining basin area in a cockpit karst
terrain may be constructed (Fig. 13.5) and used as a basis for quantitative study of
the processes and responses involved. The validity of the model depends upon the
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INTERPRETATIONS OF SOME AUSTRALASIAN KARSTS
There is an extremely rich variety of karsts in Australasia, which for the purpose of
this essay will be narrowly defined to include only Australia, New Zealand and New
Guinea (f ig. 13.6). They are found in a large number of climatic zones from tropical
to alpine and arid to superhumid and are developed on a broad spectrum of carbonate
types from Quaternary corals and calcareous aeolianites to Ordovician marbles and
Cambrian dolomites. They include in the Nullarbor Plain the world’s largest subtropical
arid karst and in the highlands of West Irian and Papua New Guinea some of the
most elevated karsts in the world (Jayakusumu Pk. (Mt Carstensz) 4883 m). Papua
New Guinea contains both the deepest (Bibima 494 m) and the longest (Selminum
Tern > 20 km) known caves in the Southern Hemisphere, while New Zealand has
this hemisphere’s largest measured karst spring (Waikoropupu Springs, 14 m V ).
Numerous authors have contributed to the description and explanation of these varied
terrains and features including Balazs (1968), Barrett (1963), Bastian (1964), Blackburn
et al. (1965), Danes (1910, 1917, 1924), Dunkley and Anderson (1971), Ellis (1972),
Frank (1969, 1971, 1972, 1973, 1974, 1975), Goede (1973), Hendy and Wilson (1968),
Holmes and Colville (1970a, b), Hunt (1970), Jennings (1956, 1962, 1963, 1964, 1965,
1966, 1967a, b, 1968, 1969, 1972a, b, c, 1975), Jennings and Bik (1962), Jennings
and Sweeting (1963a, b), Jennings et al. (1976), Kermode (1969), Laird (1963), Lowry
(1968), Lowry and Jennings (1974), Maksimovich (1962), Marker (1975), Ollier
(1975), Ollier and Holdsworth (1968, 1969, 1970), Ollier, Holdsworth and Heers
(1971), Sexton (1965) Sweeting (1960), Verstappen (1964, 1969), Williams (1969, 1971,
1972, 1973b, 1977), Williams and Dowling (in press). But despite their researches,
knowledge of Australasian karsts is still barely beyond the exploratory stage except
in a few small areas.
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The striking contrasts in lithology, structure, stage and climate that are found in
Australasian karsts make the region an exceedingly good laboratory for examining the
problems of karstic systems and evolution. But the very complexities coupled with
present inadequate levels of knowledge lead to more problems than answers when
considering what has been learnt from karstic studies in the region to date.
Probably the most important single contribution to the study of karst that has come
from Australasia is that concerned with karst in the arid and semi-arid zones of the
tropics and sub-tropics. The Nullarbor Plain (Jennings 1962, 1967a, b; Lowry and
Jennings 1974) and the Limestone Ranges of the Fitzroy Basin (Jennings and Sweeting
1963a; Jennings 1969) have above all become the global type examples of these
landscapes, but other instructive sites are Chillagoe (Danes 1910; Jennings 1966) and
Riversleigh-Camooweal in Queensland, and Katherine and Wave Hill in the Northern
Territory (Fig. 13.6).
The Nullarbor karst
In the particularly arid Nullarbor karst, solution has proceeded at an average rate
of only 2-5 mm/1000 yrs (Lowry and Jennings 1974); thus karstic evolution has
been very slow. In the 200,000 km2 region, aridity increases inland, with about
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250 mm annual rainfall in the south near the Great Australian Bight declining to
only 150 mm annually farther north at the edges of the Great Victorian Desert. In
the 14 million years since the landscape began to evolve, some 30-180 m of limestone
has been dissolved from the surface, leaving the present erosional plain of little relief.
Occasional dismembered fragments of prior stream channels penetrate the Nullarbor,
suggesting a period of slightly greater humidity in the past, but none ever reached
the coast (Lowry and Jennings 1974: Fig. 3). The Nullarbor seems never to have
departed far from an arid to semi-arid state. Relief on the surface is slight, and
conventional doline-like depressions are uncommon. Solution mainly produces very
broad ( ~ 1 km) but shallow (1.5-6 m) and elongate flat-floored basins set amongst
a geometrical lattice of wide, low and probably joint-controlled dividing rises. Equally
unusual amongst world karsts, but just as common on the Plain, are the ‘blowholes’,
which are circular vertical shaft features up to 11 m deep and 2 m in diameter. Their
origin is obscure, but it seems that many formed by extension upwards of blind pipes
in shallow cave roofs until they perforated the surface. However, only a small proportion
of the estimated 104—10s blowholes in the main Bunda Plateau of the Nullarbor Plain
lead into caves (Lowry and Jennings 1974: Fig. 4). A more familiar landform, but
far less common, is the collapse doline. Only about 130 of these are known in the
huge area of the Nullarbor and most have been mapped by Lowry and Jennings (1974).
They range from 10 to 240 m in diameter and from 2 to 35 m in depth and occur
predominantly within the wetter southern fringe of the plateau.
Caves commonly lead from the sides or base of collapse dolines, some of the
subterranean systems being large and long. Mullainullang Cave (Hunt 1970), for
example, has some 5 km of spacious passage about 30 m wide besides a further similar
length of smaller galleries. It is a characteristic of caves in this arid zone, however,
that clear-cut phreatic or vadose bedrock solution forms that might give clues to
speleogenesis are not well displayed. Speleothems are also poorly developed, those
occurring having gypsum and halite important in their composition. Instead there is
a prevalence of breakdown forms and debris, and abundant evidence of the effectiveness
of salt weathering.
The large dimensions of many cave passages are attributed by Lowry and Jennings
to upward stoping from a former zone of shallow phreatic solution, probably during
the last glacial low sea-level, when the water-table was lower and the groundwater
possibly more aggressive. The regional water-table is reached today by eight known
caves in some of which are impressive lakes. The water is brackish, generally stagnant
and supersaturated with respect to carbonate.
In giving perspective to the occurrence of caves in the Nullarbor Plain, Lowry and
Jennings (1974: 57) point out that with about 100 small caves and roughly 20 larger
ones, ‘the conclusion must be that this karst is poor in caves in proportion to its area’.
By comparison, more than 100 generally larger caves are found in the thousand times
smaller but very much wetter Mole Creek karst area of Tasmania.
Minor solution features (karren) on rock outcrops are also uncommon, despite
induration of the uppermost 15 m or so of the porous generally chalky limestones by
calcrete or kankar, which testifies to the activity of solution (and redeposition) in the
superficial zone. Yet karren are developed, even if somewhat spasmodically, at the same
latitude some 1000 km to the east in the Flinders Range near Brachina Gorge, where
rainfall is also slight (230 mm) but the rock is a dense Cambrian limestone.
In interpreting the Nullarbor karst, the relative effects of climate and lithology are
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not entirely clear. Although indurated near the surface, the Nullarbor limestones are
porous, yet not always very permeable, and often chalky and not hard. Had a denser,
more crystalline and impermeable rock been the basis of the karst in the region, it
is likely that a bolder morphology would have been the result and our ideas of what
constitutes subtropical arid karst would have been correspondingly modified.
The Limestone Ranges and Riversleigh karsts
In the Limestone Ranges of the Fitzroy Basin in Western Australia (Fig. 13.6), however,
the Devonian reef limestones (Playford and Lowry 1966) are of the structurally
competent, dense pure crystalline type that most favours the development of dramatic
karst relief. Thus the striking difference in landscape between the Nullarbor and the
Limestone Ranges cannot simply be ascribed to the modest change in climatic regime
alone. Whereas annual rainfall in the Nullarbor usually varies between 150-400 mm
and is relatively evenly distributed, though with a slight autumn/winter maximum,
rainfall in the Limestone Ranges amounts to 450-640 mm and occurs almost entirely
during a wet monsoonal season between December and March. Potential evaporation
in both areas far exceeds precipitation, although water surplus is sufficient for plant
growth in the Limestone Ranges for several months. Thus there is a distinct period
during which limestone solution can be an effective process, even if activity is negligible
for the rest of the year.
The karst of the Limestone Ranges became a type example amongst world karsts
following the publication of an important paper in 1963 by Jennings and Sweeting.
Their study revealed not only a distinctive landscape but also a particular sequence
of landform evolution that has since been found to be applicable to other semi-arid
(seasonally humid) karsts in northern Australia, e.g. Wave Hill, Northern Territory,
and Riversleigh, Queensland. The sequence commences with an uplifted planation
surface in limestone standing as a plateau above a neighbouring lower level pediment,
also truncating limestone bedrock. Jennings and Sweeting trace the evolution of the
landscape as the elevated plateau is dissected and reduced, to be replaced ultimately
by the expanding lower pediment.
Jennings summarises the essential stages in the landscape development in his 1969
paper:
(a) The upper planation surface is stripped of soil, and solution operating down joint
planes produces areas of intersecting sets of closed solution corridors or ‘giant grikes’
up to 3 m wide, 33 m deep and hundreds of metres long. Intricate karren solution
forms are in abundance, although closed depressions are rare. Fissure caves prolong
the giant grikes underground and provide cross-links along joint sets of different
trend. Allogenic streams superimposed on to the karst generally have cut deep
gorges, although a few pass beneath the karst plateau in caves. There is considerable
secondary calcite deposition both as speleothems within caves and as calcrete (caliche
or kankar) on the neighbouring pediment.
(b) As a result of fusion and intersection of the solution corridors and closed depressions
of ‘giant grikeland’, integrated valley systems of rectangular plan develop. The
valleys also have rectangular cross-sections with flat floors, near vertical valleyside
walls and plateau-like divides. There is also a significant amount of tufa deposition
in some valleys, sealing their floors.
(c) Widening of the box valleys eventually reduces the interfluves to narrow ridges
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and towers that are scattered over Hat rock plains. The result is a style of bare,
karren-fluted tower karst that is sharp and abrupt but of comparatively small relief
(< 5 0 m).
(d) Pediplanation results from both further reduction of the towers and from direct
scarp recession into the margin of the plateau. The junction of pediment salients
from either side of the Limestone Ranges produces pediment passes.
Thus far there has been no criticism or modification of this scheme of evolution
in the light of further research in tropical seasonally humid karst elsewhere.
The remarkably perfect pedimentation and in particular the especially abrupt
piedmont angles is a notable feature of this karst (Jennings and Sweeting 1963a:
Fig. 8). Piedmont angles are sharper and steeper than most of those found in other
rocks, although lithological differences in the Riversleigh karst (Fig. 13.6) appear to
find little expression in piedmont angle variations (Fig. 13.7).

'ambrian

Grikeland surface

stone Plateau
of Tertiary LimesfQJf |
-------- * / ?

Fig. 13.7. Sketch of karst landforms in the Riversleigh area, Queensland.

The widespread deposition of secondary calcium carbonate both underground as
speleothems and on the surface as amorphous tufa or as crystalline calcrete is another
characteristic feature of karst in the seasonally humid zone. Jennings and Sweeting
(1961) discuss this in connection with caliche pseudo-anticlines in the Fitzroy Basin,
but secondary carbonates are even more in evidence at Riversleigh in Queensland, where
the O’Shanassy and Gregory rivers emerge from their gorges in the uplands of
Cambrian Thorntonia Limestone before draining to the Gulf of Carpentaria. In this
locality, extensive floodplain deposits of chert gravels and silty clays are seasonally
infused with carbonate rich groundwaters which precipitate calcium carbonate in the
voids to produce a tufaceous alluvium (Fig. 13.8). In the river channels themselves,
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thick, soft cream-coloured calcareous tufa deposits sometimes occur, while along colluvial
footslopes of valley sides angular slope debris is often bound by a carbonate cement.
These various deposits ultimately undergo induration and recrystallisation, such that
when in a later erosion cycle they are found higher on valley sides, they appear as
dense crystalline freshwater limestones of variable purity often rich in fossil terrestrial
and aquatic fauna. They are also subject to karstification, and thus introduce an element
of recycling into karstic evolution. The implication for process study is that the rate
of landform development depends upon the gross solution not the net solution loss from
an area, for a significant proportion of the limestone corroded is redeposited at a lower
level and hence does not leave the locality.
The tower karst landscapes associated with the Limestone Ranges and Chillagoe
have raised the question of whether or not they are relic forms related to a previous
more humid tropical climate; the point being that tower karst landforms are better
known from more humid tropical regions such as southern China and Malaysia, where
they are considered to develop by a process of lateral solution planation. If a significantly
more humid climate had previously prevailed in the Limestone Ranges of the Fitzroy,
however, then distinct remnants of a cockpit-like landscape would also be expected
on the limestone plateau above the marginal pediment with its towers; but such is
not the case. Closed depressions are infrequent in the region, as are caves, yet abundant
caves and depressions are an attribute of karstification in humid regions and could
be expected to remain almost unmodified if a phase of relative aridity, perhaps extending
to the present time, later affected the area. Nevertheless, caves are more of a feature
of the rather restricted Chillagoe karst, so there the question of climatic change and
polygenetic evolution remains more open.
Contrasting karst styles of the humid and semi-arid (seasonally humid) tropics
When considering the landscapes developed in the Australasian tropics, the very striking
difference between the karst landforms of the humid zone and those of the seasonally
humid regions always demands attention, but never receives explanation. On the one
hand is a landscape of giant grikeland, box valleys, towers and pediments and on the
other is a polygonal karst of hemispherical to conical hills between adjoining
centripetally draining closed depressions 30-150 m deep and 150-1000 m wide. On
the one hand the rain falls in 30-80 days, during a few summer months, whereas
on the other it may rain almost every day of the year.
The most fundamental difference in the karst landscapes of the permanently humid
and the semi-arid (or seasonally humid) tropics is in their drainage systems, which
in one case is centripetally focused and subterraneously evacuated (Fig. 13.9), but in
the other case is rectilinear, i.e. angular dendritic, being ‘normal’ although strongly
joint influenced (Fig. 13.10). While there are some caves, springs and subsurface flows
in the seasonally humid karsts, the drainage system is essentially superficial—some
might say, non-karstic. The reason for this contrast is important, indeed fundamental,
and may be deduced from Fig. 13.3.
In the tropical rainforest regions, abundant aggressive water supplies ensure corrosive
weathering of limestone both at the surface and well underground, thus promoting
considerable secondary permeability and the development of a large permanent
groundwater body. The surface hydrological system simultaneously adjusts to the
immense rainfall inputs by developing an exceedingly efficient drainage basin network.
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Fig. 13.10. Drainage networks in seasonally humid tropical karsts. A: Limestone
Ranges, W.A. (from Jennings and Sweeting 1963a) B: Rwersleigh,
Queensland.
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The most economical surface drainage basin shape from the point of view both of
minimising energy expenditure in drainage and of subdividing space efficiently is the
hexagon with a central streamsink, for this configuration permits the minimisation of
distance both from divide to streamsink and around the watershed (Fig. 13.4). Hence
in humid karst regions an approximation to this spatial organisation develops, as
discussed by Williams (1971, 1972) in Papua New Guinea and by Pringle (1973) in
New Zealand, where the terrains may be appropriately termed polygonal karst (Figs.
13.9 and 11). Subterranean evacuation of water is permitted because of high subsurface
permeability, and thus the drainage system provides the closest available approximation
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to free fall under gravity. Completely free vertical drainage down joints from the surface
is hindered, however, by the sealing effect of soil which causes most rainfall and
throughfall to be shed laterally to streamsinks. Nevertheless, the centripetally focusing
polygonal karst drainage net is probably the most efficient drainage system in nature
(Fig. 13.12).
By contrast, in the semi-arid zone water surplus is both slight and seasonal, although
rainfall intensities during storms may be comparable to those in Papua New Guinea
(Table 13.2). The potential for development of secondary permeability is thus very
limited. It is also restricted to the uppermost layers of rock down to about the local
base-level of the neighbouring pediment or permanent rivers. This abrupt downwards
limit to major secondary permeability results from
(i) most corrosion activity by diffuse autogenic percolation waters being accomplished
in the upper vadose zone;
(ii) almost complete emptying of any groundwater storage during the long dry season,
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Fig. 13.12. Drainage m a centripetal basin in polygonal karst.

276

Chemical Denudation
T able 13.2
Climatic characteristics of some Australasian karsts

Locality

Nullarbor Plain (N)
Nullarbor Plain (S)
Limestone Ranges, W.A.
Chillagoe, Qld
Southeast, S.A.
Southwest (S), W.A.
Cooleman Plain, N.S.W.
Mole Creek, Tas.
Craigmore, N.Z.
Waitomo, N.Z.*
Takaka Hill, N.Z.*
Punakaiki, N.Z.*
M t Kaijende, PNG*

Emia Valley, PNG*
Kikori, PNG*

Koppen
climatic
classification

Mean
annual
temperature
(°C)

Mean
annual
rainfall
(mm)

Approx, average
rainfall per
rain day
(mm)

Bwh
Bwh/Bsh
BSwh
Aw
Csb
Csb
Cfb
Cfb
Cfb
Cfb
Cfb
Cfb
Tropical
mountain
(Cfbi?)
Af/Cfbi
Af

18
18
25
27
14
17
11
12
10
13
9
11
12

150
400
450-640
770
600-750
1100
950
1145
700
1800
2200
2760
3700

4
4
12
12
5
8
10
7
7
10
10
10
12

17
25

3115
5800

12
16

* denotes polygonal karst

resulting in loss of head and thus in minimal groundwater circulation, which
consequently severely restricts phreatic development below the level of main rivers;
(iii) sealing of fissures in the lower vadose zone and incipient phreatic zone by carbonate
redeposition in stagnant groundwater pools, especially during the dry season.
As a consequence of these processes and the absence of a surface soil cover that
blocks joints and delays runoff, water first moves rapidly and vertically down through
the vadose zone, thus promoting the widening of joint planes, but then runs off laterally
at the much less permeable horizon related to the local base-level.
In areas of modest local relief as found in northern Australia, an incised jointinfluenced but surface drainage pattern is soon initiated and maintained (Fig. 13.10).
Subterranean karst drainage is mainly only favoured where discrete point inputs of
allogenic (non-karst) water permit more concentrated and continuous solution activity,
as for example at Tunnel Creek (Jennings and Sweeting 1963b) in the Limestone
Ranges. However, in partially covered karst, where remnants of a former caprock or
thick soils produce a relatively impervious surface upon which small streams collect,
point inputs of water into the occasional exposures of the underlying limestone will
induce the development of a centripetally draining closed depression karst, even in the
seasonally humid zone. The topography at Katherine described by Litchfield (1952)
and discussed by Jennings and Sweeting (1963a) is probably of this type.
The presence of a surficial cover such as soil that reduces the surface permeability
of karst is essential for the development of closed solution depression relief, because
such depressions evolve as a consequence of the focusing of runoff with a marked lateral
component of flow. This lateral flow is generated as a result of the clogging of many
of the joints of the otherwise highly permeable underlying karst rock. The fissure
filling medium may be local soil, allogenic material such as volcanic ash, residual caprock
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debris, and even redeposited carbonate. The surficial cover ensures that the normal
processes of slope hydrology, involving overland flow, interflow and slow infiltration,
will operate over large areas, although occasional zones of very high permeability or
thin surface cover ultimately result in all drainage going underground. Where a thick
soil cover was not inherited or generated, constant soil loss down widening fissures
results in the total denudation of the surface and under arid conditions particularly
leads to the development of bare karst in which lateral runoff is minimal. If the karst
rock is massive, crystalline and well jointed, a castellated deeply fissured topography
develops—whether in the tropics or elsewhere.
In the tropical karst of Papua New Guinea, forest cover and soils developed largely
on volcanic ash acting in conjunction with frequent intense rain result in sufficient
lateral as well as vertical drainage to develop polygonal karst. In the Limestone Ranges
where the semi-arid environment and sparse vegetation produce only thin patchy soils
which are easily eroded during monsoonal rains, vertical drainage is promoted down
close-set fissures in an otherwise impermeable dense crystalline rock. This lithology
contrasts markedly with the porous limestones of the Nullarbor karst, the strikingly
different landscapes of which are probably more the product of their differing
hydrological response to rainfall than to the relatively minor contrast in their climatic
environments.
The climatic significance of cone karst/polygonal karst
Ever since the publication in 1936 of H. Lehmann’s study of karst in Java, Kegelkarst
has been associated with the humid tropics, although Panos and Stelcl (1968) have
properly stressed that it is but one of the types of landscape to be found amongst karsts
in that climatic zone. Nevertheless, the topographic originality of mamillated Kegelkarst
has ensured the interest shown in this kind of terrain and it has been used by climatic
geomorphologists as a typical example of relief produced under the influence of a
particular climatic regime (Lehmann 1954; Machatschek 1969). The distinctive quality
of Kegelkarst landscapes is generally considered to be its sea of roughly hemispherical
or sinusoidal hills (Fig. 13.4), but it has been pointed out (Williams 1971, 1972) that
these hills are merely residual landforms delimiting the watersheds (as in an egg box)
of eentripetally draining hollows located between them, and therefore that the
depressions as the controls of dynamic development are of greater geomorphological
significance. By focusing attention on the depressions (cockpits) rather than the hills
of Kegelkarst landscapes, the polygonal organisation of the drainage basin network
becomes obvious (Fig. 13.9) and the development of the relief in terms of fluvial
processes is more readily appreciated. The elementary cockpit valleys that focus on
the lowest point of the depressions operate hydrologically like the most distal tributaries
of any river system. Runoff from the slopes is channelled downvalley, but flow is
intermittent in time and space, and channel morphology in terms of a thalweg of distinct
form with banks, pools and sediment bars is generally absent. The slopes which develop
as a consequence of such activity appear to depend very much on the mechanical
competence and permeability of the limestones being karstified (Fig. 13.13); thus massive
crystalline rocks support steep slopes and tower-like ‘cones’, while thinly bedded and
chalky rocks yield rounded hemispheres, unless case-hardened when the forms are
steeper.
If the range of occurrence of polygonal karst is examined in New Guinea (Williams
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1973b), it is found to extend to 3500-3750 m above sea-level (Fig. 13.14), that is,
well beyond the tropical humid zone to an elevation where mean annual temperature
at around 10°C is distinctly temperate. Indeed, night-time frosts are common. Thus
polygonal karst certainly is not exclusively a tropical karst-style, even though its cone
karst variant with more prominent mamillated hills—being best developed in New
Guinea below 1500 m (mean annual temperatures > 20°C)—appears to be so. This
point may be emphasised by considering next the case of some New Zealand karsts.
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Fig. 13.14. Altitudinal location of karst forms in New Guinea (from Williams 1973b).

Pringle (1973) examined karst in the Mangapu district of the Waitomo region of
the North Island (Fig. 13.6), an area that under natural conditions has a cover of
mixed broadleaf-podocarp rainforest. The mean annual temperature is about 13°C, with
an annual range of 11°. Rain falls on almost half the days of the year and attains
1500-2000 mm with a short comparatively dry season in mid to late summer.
Morphometric analysis of the landforms using aerial photographic and field survey
revealed the karst in the locality studied to be completely pitted with depressions; thus
the terrain could be classified as polygonal karst (Fig. 13.11). The study area of about
35 km2 contains 1930 closed depressions, a density of more than 55 km-2, indicating
a mean depression area of 0.018 km2. This contrasts with the results of a morphometric
survey in New Guinea (Williams 1971, 1972) where depression densities range from
13.1 to 22.1 km 2 and their area averages 0.065 km2 or 3.6 times larger than at Waitomo.
However, the important point is not the size or density differentials, but the fact that
the organisation of the landscapes is similar. Pringle superimposed on graphs illustrating
the association of landform parameters in the New Guinea karsts, the results of the
morphometric analysis at Waitomo, and a remarkable similarity of trends was displayed
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(Williams 1972; Pringle 1973). Thus, while there are undoubtedly significant contrasts
in the karst landscapes of the areas studied in New Guinea and New Zealand, notably
in the size of the depressions and their slope forms (which were not analysed), they
are strikingly alike in their most important attribute, their fluvial organisation.
This finding raises once more the question of the relevance of climate in landform
evolution, and one is bound to conclude that the tropical versus temperate contrast
does not appear to be significant in this case. Probably more important factors are
the heavy and well distributed rainfalls, the thick soils and the rainforest cover.
Temperature only appears to be significant in so far as it is warm enough to permit
forest growth and runoff is not impeded by ice. Even in the Pleistocene glacials,
temperatures at Waitomo appear from oxygen isotope data from speleothems to have
been only 6°C cooler than at present (Hendy 1969); thus forests would still have
prevailed in the region then and process activity should have been little different than
at present. Here it is worth noting that Balazs (1962) considered 1200 mm annual
rainfall and 18°C mean annual temperature to be limiting for the development of cone
karst (and also tower karst).
In the New Guinea polygonal karsts, rainfall is very heavy (3050-6600 mm) and
well distributed, although subject to some seasonal oscillation. Average rainfall per rain
day is in the region of 10-20 mm with most of this in fact falling in a few hours.
Runoff in the same areas is a high proportion of rainfall, being approximately
2030-5600 mm (Aitken et al. 1972). In the New Zealand polygonal karsts of the
Waitomo region, Punakaiki area of Westland in the South Island, and to a lesser extent
on Takaka Hill in northwest Nelson (Fig. 13.6) rainfall is also high at 1800-4000
mm and well distributed, though with a short relatively dry summer period. Average
rainfall per rain day is probably rather less than in New Guinea at about 7-15 mm,
although statistical information is again not good on this point. The maximum probable
rainfall in twenty-four hours in a year is estimated (Seelye 1947) to be 76-89 mm
in these New Zealand areas. Water surplus is not such a high proportion of rainfall
as in New Guinea, but is still appreciable at 1000-3000 mm (Coulter 1973). These
figures for polygonal karst contrast strikingly with rainfall statistics for other karsts
in Australasia (Table 13.2).
It is evident from Fig. 13.3 that when both frequent superficial runoff following
high intensity rain on a vegetated and soil covered surface, and deep subsurface
permeability developed as a consequence of a large corrosive water surplus are combined,
then polygonal karst develops. Limestone lithology and structure are important in
affecting permeability, solution rates and slope stability. Thus, given a reasonably pure
limestone, rock factors influence the subtleties of a polygonal karst landscape style and
its rate of evolution, but well distributed heavy annual rainfall yielding a water surplus
after evapotranspiration in excess of about 800 mm appears to be essential. Temperature
constraints are not critical (10-30°C) provided a dense forest growth is permitted and
an almost continuous soil cover is developed and maintained.
The mesh size or mean basin area of polygonal karsts has been found to vary about
3.6 times between study areas in New Guinea and New Zealand. Figure 13.5 suggests
that the determinants of the length of superficial and channelled flow may control this.
SCOPE FOR FU R T H E R RESEARCH
Attention thus far has focused upon some of the better known karst localities in
Australasia and on the systematic problems that their study raises. However, there are
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many other important and often unusual karsts in the region, the special conditions
of which would make their study of especial interest. For example, the question of
the nature of karst relief developed on coral reefs during low glacio-eustatic sea levels
has recently been raised (for example Purdy 1974), and it is hard to imagine a more
suitable site for its study than the Great Barrier Reef, the largest coral reef complex
in the world. Similarly, the concept of syngenetic karst development is new (Jennings
1968), although karst evolution on indurated calcareous dune sands has been studied
at other sites in the northern hemisphere (Swinnerton 1929; Bretz 1960; de Vaumas
1970). Nevertheless, karst in aeolian calcarenite is more extensive in Australia than
on any other continent; thus its further study there would be likely to be especially
rewarding, particularly as it occurs under a range of climatic conditions.
Field conditions in the region also favour the further detailed study of a number
of old problems, one of which is the relationship of karst development to base-level.
The local base-level of a river valley has long been known to influence the development
of cave passage levels (e.g. Ek 1961), although re-examination of some localities has
shown lithological control sometimes to be of overriding importance (Waltham 1970).
Numerous caves in Australasia such as Punchbowl and Signature Caves at Wee Jasper
with four levels (Jennings 1964) and St Benedicts at Waitomo with five levels require
detailed geomorphic study to elucidate their development and the nature of speleogenetic
controls. But more important is the relationship of karstification to sea level. In
landscape evolution, sea level is generally considered to exercise the ultimate base-level
control of erosion, but in karstic development erosion may proceed well beneath ‘baselevel’ in cases where coastal limestones descend below sea level. This is because vigorous
groundwater circulation—and therefore chemical solution—commonly extends beneath
the sea floor in areas of coastal karst (Jevremovic 1966) where submarine springs mark
the upwelling of phreatic karst waters. An excellent example of this situation is found
in New Zealand at Golden Bay near Takaka, northwest Nelson, where submarine
springs associated with drainage of karstified marble in a fault-angle valley upwell
in 14-17 m of water (Williams 1977). Opportunities for study of such inaccessible
coastal karst are presented when rapid tectonic uplift results in drainage of previously
phreatic coastal zones. However, although there are suitable field areas for such research
in Australasia, especially in New Guinea and New Zealand, very little research has
been done on this topic. The possibility of dating emerged coastal terraces, using
radioisotopic ages of speleothems in caves related to former sea levels, makes the likely
results of such research especially valuable.
A reconnaissance examination of coastal karst in the Paturau district of northwest
Nelson (Figs. 13.6 and 15) supports this prospect, but also indicates that coastal histories
may be very complex. A cursory survey of Wet Neck Cave, which is related in level
to a major emerged marine terrace at about 55 m, indicates at least three major stages
of evolution: (1) development of the cave; (2) invasion by the sea and emplacement
in underground passages of abundant marine erratic gravels up to the height of the
adjoining shore platform; and (3) draining of the cave and emergence to its present
location at 20-110 m above sea level.
The possibilities for further karst research in Australasia seem almost limitless. By
far the most important pioneering work is being done by Jennings, whose numerous
valuable publications describe the varied karst terrains, give them global perspective,
define their problems, offer insights into complex processes and present well-considered
explanations. Accurate and perceptive interpretation of Australasian karsts such as this
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Fig. 13.15. Sketch of relationship of caves to emerged marine terrace level, Paturau, New Zealand.

is increasing in importance, not only because a deeper intellectual appreciation of
geomorphic phenomena is constantly demanded, but also because the need for more
rational and effective use of finite landscape resources is now more readily appreciated
than ever before, whether this is brought about by quarrying at Bungonia, tourist cave
conservation at Waitomo or by major hydroelectric development in karstic catchments
of Papua New Guinea.
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Pediments
A perennial problem in landjorm studies is whether the land surface is worn down
or worn back. Nowhere has the debate been more clearly polarised than in Australia,
where the advocates of backwearing aver that slope retreat produces rock-cut slopes or
pediments, and that pediments coalesce to form pediplains. Elements of circular
reasoning cloud the issue. If pediplains are indeed formed by backwearing, as is often
maintained, though with scant evidence, then it follows that pediments must have formed
in the same way. If the pediments did not form by parallel retreat of the backing hillslope,
then they cannot by definition be called pediments . . . .
Recognition that dissimilar geomorphic processes may converge to produce similar
end forms allows us to avoid the sterile argument outlined above, and to interpret
landscape with greater precision and more subtle awareness of the complexity of
interacting processes.
In the arid Eyre Peninsula of South Australia granite benches formed by subsurface
weathering at the base of granite domes are being exposed by accelerated erosion.
Twidale’s analysis of these narrow rock pediments shows that they are formed by
lowering of the adjacent plains following a phase of intense weathering in the scarp
foot zone. Scarp retreat, if it occurs at all, is negligible relative to surface lowering.
A different interpretation of granite pediments is given by Whitaker, who combines
seismic data, trend surface analysis, and detailed observations of pediment form at and
below the surface at four localities in the seasonally-wet East Kimberleys region of
tropical northwest Australia. No one process is sufficient to explain the evolution of
these presently active pediments, and a combination of downweanng and slope retreat
seems necessary to account for their surface and subsurface morphology and mantle
characteristics.
Beginning with two extreme examples of structural control of pediment forms in
Central Australia, Mabbutt extends the discussion of these ubiquitous landforms by
revealing the interdependence between lithology, mantle thickness and composition, and
pediment evolution. Where pediments abut steeply-dipping, massively-bedded,
chemically-resistant rocks, slope retreat is minimal, and stepped pediments developed
by episodic vertical erosion are the rule. Exhumation of an irregular granite weathering
front leads to another category of pediment, equally subject to control by running water,
but differing in form, mantle calibre and thickness, and detailed subsurface weathering
processes.
The careful analyses of pediment form and process offered by Mabbutt, Twidale and
Whitaker have implications for geomorphology which transcend the local case studies
upon which they base their conclusions. Perhaps it is not too much to hope that the
pediplain-peneplain debate be abandoned in favour of more objective analyses of
landforms in the light of modern process studies.
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14
Granite Platforms and the Pediment
Problem
C.R. TWIDALE
IN TR O D U C TIO N
The broadly rolling plains of northern Eyre Peninsula are eroded in Precambrian
granite. Gneiss and schist occur in places but the country rock is predominantly granitic.
The plains, which carry a mantle of calcrete and are traversed by northwest-southeast
trending sand ridges, are of Pleistocene age (Twidale, Bourne and Smith 1974, 1976).
Morphologically they conform to the peneplains theoretically derived and described by
Davis (1909: 350 et seq.), though the residual hills that stand above the general plain
level surely warrant being called inselbergs. For whether quartzitic as at M t Wedge,
Darke Range and Tooligie Range, or granitic as at Carappee Hill, M t Wudinna,
Ucontitchie Hill and many other sites (Fig. 14.1), the residuals rise abruptly from
the plains, as islands from the sea.
The plains in the immediate vicinity of the inselbergs and other, smaller, granite
residuals are gently inclined, virtually undissected, meet the backing scarps in a sharp
break of slope or piedmont angle, and are almost everywhere mantled by debris,
although fresh bedrock is nowhere more than a few centimetres below the surface.
These low angle cones (Fig. 14.2) are pediments in the sense used by such writers
as McGee (1897), Bryan (1922), Blackwelder (1931) and Tator (1952-3).
Pediments have long attracted the attention of geomorphologists, their evolution in
particular having given rise to prolonged debate and an extensive literature. The
pediments of northern Eyre Peninsula are of some relevance to this problem because
bedrock platforms {glacis de denudation) occur as integral parts of many inselbergs
and boulder remnants, so that their relationship with the backing slopes is readily
observed.
Platforms are planate or, more commonly, gently sloping surfaces. Although cut in
essentially unweathered bedrock, they are remarkably smooth. Miniature platforms are
developed on boulders of sandstone in the southern Flinders Ranges, and of soda-rich
trachyte (solvsbergite) at Mt Diogenes (better known nowadays as Hanging Rock),
in southern Victoria. Similar features occur in the dacite and quartz porphyry of the
southern Gawler Ranges, though some quite broad platforms are also found there.
However, extensive platforms are most commonly developed on the granite outcrops
of northern Eyre Peninsula.
This essay is concerned to describe and discuss the origin of these several platforms.
Examples are taken principally from Eyre Peninsula, though other occurrences are
cited where it is apposite to do so.
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Fig. 14.1. Location maps.
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Fig. 14.2. Extract from topographic map sheet, Pordia, showing granite inselbergs and fringing
pediments, northwestern Eyre Peninsula. The linear dunes which occupy the lower
valley floors and depressions are of late Pleistocene age.

DESCRIPTION OF T H E PLATFORMS
Granite platforms vary both in extent and setting. They range in width from a few
centimetres to about 700 m and in area from a few square centimetres to several square
kilometres. Some extend from the margins of inselbergs or other residuals (Plates 14.1
and 2) and yet others occur in isolation, remote from any remnant blocks. Some stand
coincident with the present plain level; some are situated at various elevations on the
slopes of inselbergs well above the contemporary plains.
Fringing platforms coincident with present ground level occur marginal to both
inselbergs and boulders. Some of those etched into the sides of boulders are only a
few centimetres wide and can be regarded as horizontal and smooth, although in detail
they display a microrelief due to the angularity of the rock-forming minerals that are
exposed there. Most of the more common, and wider, platforms, whether found on
boulders or cut into the flanks of larger residuals, are gently inclined at angles up
to 4° but those at Hyden and Gorge Rocks, both in the southwest of Western Australia,
are essentially horizontal though they are up to four metres wide (see Twidale 1968).
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14.1 (a). This fringing platform on the western side of Ucontitchie Hill is physically continuous with
the backing flared slope and at its outer edge plunges abruptly beneath a regolith at least
8 m thick comprising corestones set in grus.
14.1(b). The narrow Jnnging platform on the southern side of Pildappa Rock displays similar
characteristics to that at Ucontitchie, with flared backing scarp and a steep plunge at the
outer edge.
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14.2. This narrow ground level platform is etched into the side of a large boulder, one of the M urphy
Haystacks, so called because from a distance, and in particular from the Streaky Bay-Elliston
road they look like stacks of hay.

Many of the platforms fringing inselbergs display a pitted microrelief due to the
preferential weathering of biotite and orthoclase, leaving the quartz in relief (Twidale
and Bourne 1976a). There is also a subdued local relief in the form of broad swells
and depressions in a direction parallel to the scarp face.
Thus the platform on the western side of Ucontitchie Hill is about 10 m wide and
slopes at an angle of 2° down from the base of the flared slope. Parallel with the
backing scarp there are swells with an amplitude of perhaps 40 cm superimposed on
an overall inclination of 2°. At the outer edge of the platform, however, the bedrock
surface plunges at an angle of some 22° beneath a regolith of grus and embedded
corestones; and in this the platform described from Ucontitchie is characteristic of many
for at Hyden Rock, Pildappa Rock, Chilpuddie Hill and several other residuals the
fringing platform, whether broad or narrow, dips steeply beneath the mantle of grus
(Plate 14.1a).
In addition the more extensive platforms and some of the narrower ones have been
made slightly irregular by the development of gnammas or weather pits and shallow
Rillen or gutters. The platforms around Corrobinnie Hill (Fig. 14.1) and nearby Peella
Rock, are up to 700 m wide and well display such minor landforms cut in what is
essentially fresh granite (Plate 14.3). In many places the bedrock surfaces can be traced
without interruption from the base of the flared slope into the fringing platform. The
transition from steep to gentle slope takes the form of a narrow zone of concavity,
though at some sites and particularly at Gorge Rock and Hyden Rock, Western
Australia (Twidale 1968), it is so narrow and sharp as to be angular (Plate 14.4).
But elsewhere, as for example at Corrobinnie Hill the junction is masked by
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14.3. Corrobinnie Hill, seen across part of the grooved and shallowly dimpled broad platform that
adjoins the residual on its southern side. Note the prominent tower—a single large boulder—
surmounting the otherwise flat-topped hill, and the occasional boulders left on the platform.
14.4. Flared slope and horizontal rock platform on the northern side of Hyden Rock, Western Australia.
Note the angularity of the junction between slope and platform and the steep plunge of the
bedrock beneath the grus on the outer side.
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14.3. (a) Diagrammatic section through Corrobinnie Hill, (b) Diagrammatic section
through margin of Pildappa Rock.

accumulations of boulders that have tumbled from the slopes above (Fig. 14.3a), and
by corestones set in grus. At Pildappa Rock (Plate 14.5, Fig. 14.3b) an extensive low
platform is separated from the backing flared slope by a flat plain underlain by up
to 2 m of grus; there is a distinct moat of weathered bedrock at the base of the steep

14.5. At the western end of Pildappa Rock, seen here in the background, a rock platform, dimpled
due to the evolution of rudimentary pans, is exposed, though between it and the margin of the
residual there is up to 2 m of grus.
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sided low granite dome or ruware (Thomas 1965). A similar situation obtains at
Waulkinna Hill (Fig. 14.1) where the grus and soil are up to a metre deep near the
base of the boulder strewn northern scarp of the inselberg but where there are also
bouldery outcrops with minor platforms located 100-200 m distant down the pediment
slope.
Stream action cannot be invoked in explanation of the scarp foot debris-fdled
depression for there is rarely any evidence of stream channels there, the debris consists
of grus in situ, and many of the residuals are too small to generate rills and streams
of any volume. It is more likely that weathering has been concentrated in the scarp
foot zone (Twidale 1962, 1967a). At Wattle Grove Rocks there are peripheral enclosed
depressions around the residuals (Plate 14.6) and at Mt Wudinna a depression some
7 m deep intervenes between the present multiflared slopes of the dome and a nearby
platform remnant. Here, volume decrease consequent on alteration (Ruxton 1958) may
have occurred; and though there are considerable doubts concerning the feasibility of
flushing even the silt fraction through such a fine matrix as is provided by weathered
granite (J.T. Hutton, pers. comm.), the evacuation of salts in solution may result in
shrinkage and compaction.

14.6. A moat or enclosed depression has developed at the base of some of the large boulders and low
domes that together form Wattle Grove Rocks (Photograph by Jennifer A. Bourne).

The platform around Corrobinnie Hill is characteristic of many others in that it
carries a scatter of granite boulders and blocks, with a maximum diameter of about
50 cm. The fringing platform appears as several separate outcrops but they are clearly
parts of a single conical apron of rock much of which is still covered by a thin mantle
of grus in which corestones remain embedded. Again, at Tcharkuldu Hill, the remnant
of regolith that survives near the head of the platform at the northern side of the low
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inselberg consists of granite sand or grus surrounding numerous angular blocks; and
similar features are displayed at other sites. The grus and corestone mantle is clearly
significant in determining surface form, for whereas the rock platforms are in detail
dimpled and grooved, the surface of the overlying mantle is smooth (cf. Twidale 1967b).
Isolated platforms also occur at ground level (Plate 14.7). The only difference
between most of them and their fringing counterparts is that they are not associated
with residual remnants of any magnitude. They extend beneath the surrounding plains
where they are masked by grus. Many have been artificially enlarged for in places
the regolith has been stripped away by pastoralists seeking to create larger areas of
impermeable rock to serve as catchments for their local, but important, water
conservation schemes (Twidale and Smith 1971). The smaller isolated platforms display
negligible microrelief but the more extensive are commonly dimpled and grooved, and
there are boulder remnants, particularly at the margins where corestones can be seen
embedded in grus. But the relief amplitude displayed on most of the platforms is
remarkably small. On one minor unnamed exposure north of Podinna Rock small
gnammas are so profusely developed that the platform looks like a petrified choppy
sea or a meringue baked in granite: nevertheless, and despite its intricacy in detail,
the natural relief amplitude in toto amounts to less than one metre.
On Lisa K, one of the Kwaterski Rocks located north of Minnipa, the effects of
jointing are expressed in a number of small linear clefts but the relief amplitude of
the entire rock amounts to no more than two metres of which half is accounted for
by excavations for artificial water storage. Other isolated platforms like Pinbong Rocks
are broadly domed with the crest standing perhaps a metre above the level of the
surrounding plains. On the other hand, the isolated ground level platform called
Windmill Rock, one of the Kwaterski Rocks located 25 km NNE of Minnipa, is
exceptional in that the bedrock displays up to 3 m relief amplitude, many deep joint
clefts, and an apparent steep bedrock slope at the western margin.
Thus, in summary, ground level platforms, whether fringing or isolated, are not
structural forms for they transect both orthogonal and sheeting joints. In places the
platforms are coincident with the latter but this is local and fortuitous. The platforms
are also devoid of regolith though there are enough discrete patches, many of them
with corestones, and enough scattered boulders, to suggest that the mantle formerly
covered the whole.
ORIGIN OF T H E PLATFORMS
Epigene origin
Hills (1949) suggested that shore platforms are not well developed in unweathered
granite, but on the west coast of Eyre Peninsula and on southern Yorke Peninsula
planate forms eroded in granitic rocks are nevertheless displayed. Though some are
etch surfaces (Twidale et al. 1977) the origin of others remains debatable, so that the
narrower fringing platforms described from Eyre Peninsula and elsewhere could
conceivably be regarded as of marine origin. However, the evidence to hand strongly
suggests that they have formed under the influence of epigene processes.
On Eyre Peninsula, for instance, the residuals on which the platforms occur are
of considerable antiquity (Twidale and Bourne 1975a) but even so the regions under
discussion have not been invaded by the sea during the Phanerozoic. The granites,
dacites and folded sediments and metasediments that form the early Proterozoic
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14.7(a). Lisa K is one of the Kwaterski Rocks. It comprises an extensive platform with minor joint
clefts and broad shallow depressions which together give less than 1 m relief amplitude. In
the right middle distance is an artificial reservoir, about 1 m deep, formed by the removal
of grus down to the weathering front.
14.7(b). One of the Richardson Rocks, with a platform standing some 60 cm above present plain
level and backed by flared slopes. The plain in the foreground is underlain by a few centimetres
of granite sand resting on granite bedrock.

298

Pediments

basement of northern Eyre Peninsula are in the northeast unconformably overlain by
essentially flat-lying Late Proterozoic strata, which cover the area north of Whyalla
and extend as far west as the shores of Lake Gairdner. During the Mesozoic there
was sedimentation on the continental shelf to the west and south of the Peninsula (Smith
and Kamerling 1969) and though the conglomeratic sandstone exposed in coastal sections
at Talia Caves may be related to this period of deposition, it is a marginal occurrence;
sedimentation, for example in the Polda Basin, an easterly extension of the Elliston
Trough, was terrestrial (Harris 1964; Smith and Kamerling 1969). Similarly there
was marine deposition in the Whyalla region during the Miocene (Miles 1952; Lindsay
1970). But throughout the Phanerozoic the major part of Eyre Peninsula and certainly
the central and northern areas remained terrestrial. Thus it is not possible to invoke
marine agencies in explanation of the platforms and associated features.
Similar arguments apply to the southwest of Western Australia where the granite
residuals have been exposed in relatively recent times and where there have been no
marine incursions during the Phanerozoic (Williams 1975; Playford et al. 1975). In
other areas the argument is not so clear cut. The southeast of South Australia, for
example where boulder platforms are well developed (Plate 14.7b), was inundated by
the sea during the Pleistocene and though it can be suggested that the similarity of
the forms developed on the granite outcrops there and on Eyre Peninsula argues
similarity of origin (Twidale and Bourne 1976b), convergent forms are not unknown.
Subsurface weathering
Several lines of evidence and argument at once confirm the non-marine origin of the
platforms and point to their having evolved beneath the land surface at the weathering
front, under the influence of soil moisture.
First, many of the platforms eroded in granite (and sandstone, dacite, rhyolite and
quartz porphyry—the latter at Coralbingie Rocks—Fig. 14.1) are demonstrably being
exposed from beneath the regolith. The isolated ground level platforms extend beneath
the mantle of grus, as does the Corrobinnie platform, and the boulders and blocks
found on many of the bare rock surfaces are readily interpreted as corestones released
through the evacuation of the grus.
Second, the rock surface of the platforms, particularly the fringing platforms, are
pitted, indicating that the bedrock was until recently covered by soil and in contact
with moisture (Twidale and Bourne 1976a). Other irregularities in the form of
gnammas and gutters may also be initiated at the weathering front (Twidale and Bourne
1975b).
Third, and perhaps most telling, the fringing platforms are associated with flared
backing scarps and in many places physically continuous with them, and are reasonably
interpreted as lateral extensions of the steeper slopes. The suggestion that the flared
slopes develop in two stages, the first consisting of intense and relatively deep weathering
in the scarp foot zone, the second of erosion (or possibly compaction—but see earlier)
of the weathered material and exposure of the erstwhile weathering front, has been
put elsewhere (Twidale 1962, 1968, 1971: 90-2, 1972, 1976: 7-17) and there is no
necessity for a lengthy exposition here. Suffice to say that at several sites concave
weathering fronts cut in essentially fresh granite have been exposed by excavation or
detected by augering, and clearly occur beneath the natural land surface. Though some
of the arguments originally advanced in 1962 may require modification, particularly
those concerned with the preferred development in the southern hemisphere of flared
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slopes on northern aspects, and with the role of base-level lowering in producing the
exposure of the weathering front, the interpretation of flared slopes as a special type
of etch surface or weathering front remains essentially valid. As lateral extensions of
the flared steep slopes, platforms must also be regarded as exposed weathering fronts.
They are attributed to planation by moisture in the regolith (Twidale 1962; Mabbutt
1966).
Fourth, the composition of the grus confirms the suggestion that the platforms mark
the lower limit of significant moisture attack, for the kaolinitic clays, vermiculite, and
slightly etched quartz particles all point to solution, hydration and hydrolysis having
been active in the disintegration and alteration of the granite.
Variations in depth and extent of weathering
The narrower platforms presumably reflect either dry sites or only brief duration of
moisture attack. Conversely the broader platforms like those bordering Corrobinnie Hill
and Peella Rock result from the wet conditions prevailing in the Corrobinnie Depression
(Bourne et al. 1974).
The abrupt descent of the platforms beneath the grus mantle at many sites may
be due in part to the contemporary development of flared weathering fronts beneath
the modern plain surface. But it may also be an expression of structure, and be merely
a modification of the joint controlled margin of the resistant or essentially monolithic
compartment of rock which is the residual. The absence of a steep bedrock gradient
at the margins of isolated ground level platforms may reflect a more advanced stage
in the planation of the areas concerned or it may result from the absence of any
significant remnant and a subsequent lack of concentration of runoff in any particular
zone.
The penetration of moisture is not everywhere equal so that in detail the weathering
front is uneven. Joints and zones of textural and mineralogical weakness are exploited.
Joint clefts are developed on several of the platforms, and the saucer-shaped depressions
that form in the weathering front, later to become gnammas, in some instances reflect
the intersection of joints, but in others may be an expression of an original concentration
of micas or feldspars. Once formed, such depressions in the weathering front tend to
hold water and so are enlarged: an example of a reinforcement effect (Twidale et al.
1974). Some gutters result from joint exploitation at the weathering front but others
are subsurface extensions of epigene Rillen (Twidale 1971: 90, 1976: 204; Twidale
and Bourne 1975b).
But having elaborated upon the irregularity of the platform surfaces resulting from
differential weathering in the subsurface it must also be stated that the end result of
such moisture attack is often remarkably even. Boulders of limestone and of quartzite
situated on the Brachina pediment, for example, have been planed off. The sandstone
platforms found in the lower Mt Arden Creek valley in the southern Flinders Ranges
are remarkably smooth. In both of these areas the soil is alkaline, as indeed it is on
Eyre Peninsula, and there is thus a suggestion that weathering in such chemical
conditions may be more effective on granitic bedrock than are acid waters. Though
not generally accepted, possibly because it is an over-simplification of reality, it was
argued some seventy years ago that alkaline waters are capable of more rapid dissolution
of some minerals than is distilled water (Joly 1901); and some field evidence points
to the effectiveness of alkaline waters in the disintegration of granite in varied climatic
conditions (Bakker 1957).
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Exposure of the bedrock platforms

The occurrence of platforms implies that erosion has outpaced weathering at these sites.
This may be caused either by the uncovering or exposure of resistant compartments
of rock (Fig. 14.4) that have as it were been lurking beneath the surface of the previously
mantled pediments; or their occurrence may reflect accelerated erosion which may in
turn be due to climatic fluctuations, storms or to other factors.

ESSENTIALLY
MONOLITHIC
COMPARTMENT

WELL JOINTED

—

Fig. 14.4. Exposure of resistant compartments of granite, or incipient inselbergs.

Evidence from the southern Flinders Ranges where there are many minor flared
slopes and platforms developed on a sequence of early Tertiary lacustrine sandstone,
quartzite and conglomerate suggests that their exposure has occurred during the present
century. The testimony of the early settlers backed by archival evidence shows that
the land was ploughed for agricultural purposes late in the last century and in the
first decade of this. The disturbed topsoil was subsequently eroded by sheetwash and
gullying. There is no such direct and reliable evidence from Eyre Peninsula except
in the obvious and minor instances due to the enlargement of natural platforms in
connection with water conservation schemes. But many of the platforms are pitted,
pointing to recent exposure; there are many low ramparts, flared slopes and tafoni
located a few centimetres above the present soil level and again indicative of recent
lowering of the land surface; the cover of the mantled granite pediments is thin and
consists of grus with little or no topsoil, and this again may indicate recent stripping.
It is therefore difficult not to agree with the widely held suggestion that there is in
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train an anthropogenic epicycle of accelerated soil erosion and that it is responsible
for the lowering of the land surface and the exposure of the platforms.
Thus granite platforms are considered to be exposed weathering fronts. They are
planate etch surfaces. They owe their development to what Mabbutt (1966) has called
mantle-controlled planation, that is to soil moisture beneath a stable land surface, and
are lateral extensions of the flared slopes attributed to subsurface moisture attack
(Twidale 1962). Their exposure may be due to surface lowering having exposed resistant
compartments or to recent accelerated erosion associated with European settlement and
land use, or to both of these causes.
DISCUSSION
If the platforms at the foot of domed granite inselbergs are rock pediments, how does
their development bear upon the general question of pediment genesis? In particular
are pediments due to scarp retreat or to surface lowering, to backwasting or to
downwasting?
If the platforms are indeed rock pediments then it is clear that several phases of
such mantle planation have affected some of the inselbergs and other residuals (Twidale
and Bourne 1975a). Several such platforms are preserved on the flanks of the upland
remnants, which display a stepped morphology. Many of the high platforms like those
on Yarwondutta Rocks are backed by flared slopes (Plate 14.8; see also Plate 14.7b)
at the base of which there are minor depressions in the bedrock—small moats
comparable with those found in association with present scarp foot areas. On others,

14.8. The western side of Yarwondutta Rocks is clearly stepped. The residual rises from the present
plain by way of a flared scarp to a gently sloping step backed by a flared slope with minor
but distinct scarp foot depressions and with a residual boulder. The upper flared slope leads
up to the rolling upper surface of the residual.
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for instance Cocata Hill, the residual boulders standing on high platforms but below
the level of the hill crest display flared side slopes. The flared slopes, tafoni and platforms
represent former hill-plain junctions and where they can be traced for some distance
along the hillsides have been used to determine phases or stages in the exposure of
the inselbergs. Moreover by correlating these old piedmont zones with palaeosurface
remnants and to the various elevational zones of the inselbergs (Twidale and Bourne
1975a) it has proved possible to date, albeit tentatively in regard to the older features,
the landforms etched into the margins of the residuals.
Two points emerge from this analysis of the history of development of the residuals.
At many sites the steep flared margins of inselbergs and ruwares display several distinct
concavities within the one complex flared zone. Each concavity presumably represents
mantle planation associated with a period of relative stability or standstill, when the
plain level was lowered only very slowly and when in consequence there was time
for the weathering forms to evolve. Nowhere do the lower flared slopes undermine
those just above them. Far from receding, the margins of the inselbergs, which were
gradually revealed as the surrounding plains were lowered, actually ‘advanced’ a few
metres: that is, residuals increased in area as the plains were eroded, and compartments
of greater dimensions were exposed.
At a broader scale the high platforms perched on the flanks of the various remnants
also represent periods of relative standstill. Assuming that the resistant compartments
that are now the inselbergs had vertical sides, the maximum extent of backwearing
can be demonstrated by measuring the horizontal distance between the abandoned
piedmont zones on the various residuals. The horizontal distances represent the
backwearing achieved by weathering during the time interval between the formation
of the two platforms of which the scarp foot remnants survive. On M t Wudinna, for
instance, the backwearing amounts to some 60 m, which is insignificant compared with
the great extent of the plains in between the residuals. The time period represented
by the weathering phase in question is estimated to be some 20 m.y., that is from
the Miocene to the Plio-Pleistocene (Twidale and Bourne 1975a; Twidale et al. 1976).
Thus the evidence derived from a study of inselberg evolution is that they are resistant
compartments of rock which have emerged and grown both in height and, in some
slight measure, in area as the surrounding weaker rock has been eroded.
What form did this erosion take? There is no real evidence on this point: reference
can only be made to the stripping of the present regolith, in full understanding that
modern conditions almost certainly do not reflect those which obtained in the past,
and to general theory concerning slope behaviour. The evidence derived from
observations of the erosion of the present regolith is inconclusive, though gullying,
rillwash and surface wash are clearly at work during and following heavy rains.
Many pediments, for example those at Carappee Hill and Cocata Hill, are scored
by shallow valleys and some minor gullying has been observed on the eastern side
of Carappee Hill, near Pildappa Rock, on granite pediments in the Georgetown area
of north Queensland and elsewhere. Rillwork is evidenced by linear scouring, though
merging of the rills produces sheetwash. To this extent the field evidence corroborates
in detail both the earlier observations of Blackwelder (1931), who noted the effects
of divaricating rills on pediments in the Basin and Range Province of the American
southwest, and in general terms the sheetflooding advocated by McGee (1897) in
Arizona and New Mexico.
The latest epicycle of erosion involves only a few centimetres of mantle. In few

Granite Platforms and the Pediment Problem

303

places is the mantle more than 1 m thick. In some areas the grus is bounded by steep
slopes which extend round the perimeter of the residual and can be interpreted as
resulting from scarp retreat, though they may merely represent the prevailing
equilibrium conditions. The cliffs occur where there is an appreciable ground cover
of vegetation which binds the grus and forms in effect a resistant capping. But in many
other places the mantle gradually thins out, indicating surface lowering. Thus the
stripping of the contemporary thin mantle is not diagnostic of the overall mode of
landscape development.
So far as past events are concerned, flared slopes up to 6 m high border and delimit
many residual remnants. They are related to Pleistocene deep weathering but nowhere
has the thick mantle developed in association with these flares been preserved. It may
be that the grus is so weak that, whatever the means, it has been entirely eliminated.
On the other hand because the grus is weak, because there is no capping that could
hold up high slopes, general theory suggests that the surface would be lowered at least
as rapidly as gully dissection and slope recession took place (Tricart 1957; Twidale
1960).
Thus although no unequivocal answer can be given, it seems from general argument
and from a consideration of the history of the inselbergs that the present platforms
and pediments have developed as a result of surface lowering of weathered granite,
achieved by shallow gullying and by wash and rills.
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Pediment Form and Evolution on
Granite in the East Kimberleys
C.R. WHITAKER

IN TR O D U C TIO N
Considerable work on pediments in many parts of the world has generated several
theories of pediment evolution but substantial gaps remain in our understanding of
this landform. Although many workers have studied process, certain aspects are little
understood, and in general insufficient attention has been paid to the three-dimensional
forms of both the subaerial pediment surface and the bedrock pediment surface (for
terms used see Fig. 15.1). These gaps in our knowledge have hindered the evaluation
of alternative hypotheses of pediment evolution.

footstream

transported
regolith
suboeriol pediment surface
bedrock
pediment
surface

saprolite
weathering
front

Fig. 15.1. Idealised sketch of typical pediment

The first detailed description of pediments in Australia was made by Jutson (1917,
1924, 1934) who described ‘rock-floored plains' and ‘levelling without base-levelling’
in Western Australia, but with a few exceptions there was no great interest in pediments
until recently. Three main themes have emerged: (1) pediplanation as the general mode
of slope evolution and planation in inland Australia; (2) the association of pediments
with inselbergs; (3) their association with laterites and old land surfaces of deep
weathering, and the related evolution of pediments as exhumed weathering fronts
trimmed by mantle-controlled planation (Mabbutt 1966). Specific aspects of pediments
have also been studied, including the relationship between particle size and pediment
slope (Dury 1966), gibber shape (Dury 1970), and the weathering at the piedmont
angle (Twidale 1967, 1972).
This study considers first the characteristics of granite pediments in the East
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Kimberleys, and pays particular attention to (1) the relationships between the
hillslope and the footslope in terms of form, regolith, and process and
relationships between the subaerial pediment surface, the bedrock pediment
and the weathering front. These findings are then discussed with reference
alternative hypotheses of pediment evolution which are outlined below.

backing
(2) the
surface,
to three

(a) Hypothesis of lateral planation
The process of lateral planation was first mentioned by Gilbert (1877: 129) and later
applied to the formation of rock pediments in the Cerrilos Hills by Johnson (1903-4).
Johnson developed a general theory of pediment formation by lateral planation in several
later papers (1931, 1932a, 1932b). He thought that the abrupt change of gradient
encountered by the stream at the footslope as it emerges from a mountain causes it
to deposit some of its load, thus tending to block its own channel. The stream is diverted
laterally and notches the mountain foot, and after repeated lateral swinging a pediment
is formed.
(b) Hypothesis of compartment weathering, dissection, and subsequent lowering
The evolution of pediments and inselbergs in many parts of the world has been
ascribed to structurally-guided compartment weathering, followed by dissection and
etchplanation to give an initial break of slope which is subsequently exploited by
localised weathering and erosion. The inselberg and break of slope persist as the
footslope is progressively lowered (Thomas 1974: 164-206, 228-57; Twidale 1971:
50-5). This hypothesis has often been applied to landscapes with domed inselbergs
in areas displaying evidence of multicyclic evolution (Ollier and Tuddenham 1961;
Twidale 1964; Thomas 1965). Compartment weathering is an expression of structure:
zones of tightly compressed and widely-spaced joints are resistant to weathering, and
are separated by zones of closely-spaced open joints which in the case of granite under
tropical conditions may weather to depths of 100 m or more (Barbier 1967). Dissection
is induced by climatic changes, regional uplift, or lowering of baselevel, and the
saprolite is eroded by fluvial and slope processes either partially (Ollier 1960) or
completely (Biidel 1957), depending on structural and baselevel conditions (Twidale
1971: 55; Mabbutt 1965).
(c) Hypothesis of hillslope retreat
The lack of evidence for deep weathering in pedimented landscapes in southern Africa
led King to develop an hypothesis of pediment formation by ‘scarp retreat and
pedimentation’ following joint-guided drainage incision (King 1948). As the hillslope
retreats in a parallel fashion, the angularity of the break of slope is preserved, and
material is transported from the nickline across the pediment by sheetflow to the streams
(Mabbutt 1955; Twidale 1956). Two mechanisms which might control hillslope retreat
and pediment development have been suggested: control by a free face on the summit
of the retreating hillslope, often referred to as a ‘caprock situation’ (Fair 1947, 1948);
and so-called ‘boulder control’ (Bryan 1922; Young 1972: 133-5). In either situation
the retreat of the hillslope is subject to control by weathering, and the advance of the
footslope is subject to control by removal (Young 1972: 24; Carson and Kirkby 1972:
354).
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STUDY AREA
(a) Physiography
The East Kimberley region is an area of rugged hilly terrain in the tropical northwest
part of Australia (Fig. 15.2, inset). It lies between the Kimberley Plateau to the west,
the coast to the north, the Victoria River Plateau to the northeast, and the Sturt Plateau
to the south and southeast. Excepting small areas in the south the region is drained
northwards into the Cambridge Gulf by the Ord River. The deeply weathered granites
which are studied here belong to the Lamboo Complex of Lower Proterozoic rocks
and form a single batholith 400 km long by up to 30 km wide trending NNE-SSW
in the Halls Creek Mobile Zone between the Sturt and Kimberley Plateaus (Dow
and Gemüts 1969). The granite crops out discontinuously in the centre and west of
the region. Although varying locally, it is characteristically porphyritic; felspars up to
5 cm across are set in a groundmass of often polycrystalline quartz and feldspar.
Mean annual temperatures exceed 26°C, and mean monthly temperatures are quite
uniform in summer (up to 32°C) but decrease inland in winter. Mean annual rainfall
(Fig. 15.2) and rainfall intensity increase northwards, while variability decreases
northwards. Thunderstorms are important at the beginning and end of the wet season,
whereas more prolonged rains occur in the middle. Nearly 90 per cent of the annual
rain falls between November and March, and there are at least four consecutive rainless
months. Extreme falls occur, for instance 420 mm fell in about twenty-four hours at
Dunham River in 1971. Annual potential evaporation is estimated as 2352 mm at
VVyndham and 2656 mm at Halls Creek (Gentilli 1971: 276, 280).
(b) Four case-studies
Following considerable reconnaissance four locations were chosen for detailed study
(Fig. 15.2).
(i)
Sprmgvale Pediment (Case-study A) is located at 17°46/S and
127°34/E and takes its name from the station 14 km to the ESE.
Its altitude is estimated at 500 m. The backing hillslope (Plate
15.1) trends N -S and its height above the footslope reaches a
maximum of about 30 m. The granite is finer-grained than the
characteristic Bow River Granite, and dolerite dikes abound.
Skeletal soils support a sparse vegetation of spinifex and snappy
gum. The mean annual rainfall is estimated at 530 mm.
(ii) and (iii)
Alice Downs No. I Pediment (Case-study B) and Alice Downs
No. 2 Pediment (Case-Study C) are located at 17°54'S and
128°48'E and lie approximately 100 m below Alice Hill. B is the
footslope surrounding the more northerly of two low residuals
(Plate 15.2), which rises up to 18 m above the nickline. C lies
west of B from which it is separated by a small stream (Plate 15.3).
A nickline depression is developed and the backing hillslope is up
to 60 m high. The granite is porphyritic. The rainfall is about
500 mm, and the vegetation is similar to A.
(iv)
Pompey’s Pillar Pediment (Case-study D) is located at 16°37'S
and 128012'E and is named after a large monolithic boulder 24 m
high (Plate 15.4). The base of the pillar lies 143 m above the

308

P e d im e n ts

WYNDHAM
LOCALITY MAP
0
800km

A+

KUNUNURRA

Granite pediment

•

Town

o

Station

Dunham River

- Main road
- 6 5 0 — Isohyet mm

Alice Downs

hales

CREEK

— 4 5 0 ---------- ^

20
I

0
.

I

20
.

I

40
.

I

60
.

I

80
.

I

100km
,

I

F ig. 15.2. M ean a n n u a l ra in fa ll in m illim e tre s. The location o f the fo u r g ra n ite casestudies is shown by the letters A, B, C, D.

Pediment Form and Evolution on Granite in the East Kimberleys

309

310

Pediments

Pediment Form and Evolution on Granite in the East Kimberleys

311

312

Pediments

15.4. Pompeys Pillar Pediment, looking east-southeast. The channel in the foreground originates in
the nickline depression, but is diverted northwest across the pediment by a quartz reef.
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nickline on the western side where a nickline depression is
developed. The granite is of medium grain and dikes are prominent.
Area D lies to the east of an extensive undulating pediplain with
few residuals. The mean annual rainfall is about 630 mm, and
gritty sands support northern box-bloodwood trees and upland tall
grass (Stewart et al. 1970).
CHARACTERISTICS OF T H E GRANITE PED IM EN TS
A description of the ground surface (comprising the subaerial pediment surface, the
nick, and the backing hillslope) according to form, transported regolith, and process
is followed by a description of the subsurface (comprising the bedrock pediment surface
and the weathering front).
(a) The subaerial pediment surface and the backing hillslope
(i) Form
Typical transverse profdes of the backing hillslope and the subaerial pediment surface
are shown in Fig. 15.3. The backing hillslope is approximately rectilinear on most
profiles, but irregularities in detail correspond to large slabs or boulders (see profiles
Al and D l). The steepest segment generally abuts the footslope at the nick. However,
on some transects at C the steepest segment is separated from the footslope by a slope
unit of lower angle (C2 and C3), and on some transects at D large slabs of bedrock
crop out immediately above the nick (D l, D3). The mean slope of the steepest segment
at A is 19.8° (CV = 29 per cent), at B is 16.2° (CV = 22 per cent), at C is 23.1° (CV = 22
per cent), and at D is 24.4° (CV=11 per cent). The slope of the steepest segment
varies both at one location and between locations (B is significantly lower than C at
0.005 p, and from D at 0.001 p; A is significantly lower than D at 0.05 p). For all
mean values given n=10.
The nick is angular on every transect surveyed. The angularity ratio is defined here
as the ratio between (1) the angle of the upper quarter of the footslope and (2) the
angle of the segment of the backing hillslope abutting the footslope, both in the bestfit to y = mx + c. The mean angularity ratio at A is 1:8 (CV = 40 per cent), at B is
1:15 (CV = 90 per cent), at C is 1:13 (CV = 26 per cent), and at D is 1:15 (CV = 88
per cent). The development of a nickline depression at both C and D has emphasised
the angularity of the nick, since the negative slope of the footslope (looking towards
the hillslope) abuts the positive slope of the hillslope.
Saprolite favours the development of a nickline depression. However, saprolite is
found in profiles on most parts of the footslope, and the formation of nickline depressions
appears to require that at least one of four situations obtains: (1) a stream flowing
off the backing hillslope is diverted laterally, (2) a pronounced longitudinal slope exists
near the nickline, (3) a major joint is found at the nickline, (4) a headwater stream
is fortuitously guided to the nickline by a combination of structure and topography
in nearby areas. The first two of these are evident at D, and the last at C. The channel
at C has cut up to 2 m below a reconstructed former subaerial surface (Fig. 15.4).
The lowering of the former surface is indicated by numerous gibbers on plinths, and
by the emergence of corestones, especially in the stream channel.
The nickline depression at D has not effected a general slope reversal of the subaerial
pediment surface. The main channel does not follow the nickline closely, but numerous
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Fig. 15.4. Transverse profile showing the nickline depression developed in saprolite at Alice
Downs No. 2 Pediment (C).
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small tributaries erode headwards to that point. The stream is diverted northwestward
across the footslope by a quartz reef (Fig. 15.6D and Plate 15.4).
The mean slope of the subaerial pediment surface at A is 1.4° (CV = 20 per cent),
at B is 1.3° (CV = 42 per cent), at C is 0.9° (CV = 57 per cent), and at D is 1.6°
(CV=13 per cent). Only at C is there a significant correlation between mean transverse
slope (of the entire footslope profde) and slope length (r = —0.85, which is significant
at 0.02 p). The mean slope of the upper quarter of the footslope is greater than the
mean for the lower three quarters at A (significant at 0.001 p) and B (0.005 p), but
where a nickline depression has developed it is lower, as at C (0.10 p) and D (0.40 p).
This indicates that the subaerial pediment surface is concave in overall form except
where a nickline depression has developed. Longitudinal profiles are remarkably
rectilinear over great distances (Fig. 15.5).

Fig. 15.5. Longitudinal profiles of the subaerial pediment surface, bedrock pediment surface, and
the weathering front at Alice Downs No. 2 Pediment (C). For location of points A
to D, see Fig. 15.6C.

Hand-contoured maps of the footslopes are shown in Fig. 15.6. Linear erosion is
confined to channels in the nickline depressions at C and D and to the end of the
footslope. The direction of maximum slope on the footslope is not collinear with the
direction of maximum slope on the backing hillslope. Since slopes are gentle, this lack
of collinearity is not always readily detected in the field. At B the presence of the
other isolated residual to the south is implicit in the hand-contoured map (Fig. 15.6B),
and the trend of the contours suggests that the two isolated residuals once formed a
single residual centred around point X.
(ii) Regolith
The regolith on the backing hillslope comprises tors (monoliths), boulders, gibbers, and
grus. Tors are found on the summits of all backing hillslopes except B. Large slabs
of rock are also common, and may be large corestones exposed by partial removal of
the weathered mantle. The boulders originated as corestones and are generally varnished
and rounded, although split corestones with unvarnished faces are also found (Whitaker
1974). There is considerable variation in boulder size from less than a metre to 12 m
in maximum dimension, but there is no apparent downslope change in boulder size
or boulder density, and the cover is discontinuous. Gibbers are common on all backing
hillslopes, particularly near dikes. They are also formed by the disintegration of
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Fig. 15.6. I land-contoured maps of the subaerial pediment surface in metres at Sprmguale
Pediment (A), Alice Downs No. 1 Pediment (B), Alice Downs No. 2 Pediment (C),
and Pompeys Pillar Pediment (D). On each of these maps an arbitrary value of 100 m
has been given to a survey point on the subaerial pediment surface. The height of
all other places, and the height of the bedrock pediment surface are all expressed relative
to this survey point.

exfoliation sheets from boulders. Finally, a thin cover of white grus in transit varying
from small gravel to sand size is found between boulders and gibbers. This cover is
discontinuous, especially in places where rotten unoxidised granite is being eroded
subaerially. It is rarely more than 10 cm thick except locally (e.g. upslope of large
boulders).
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At the nickline there is a marked decrease in the percentage volume of cobble and
coarser material compared with a few metres upslope:
A
B
D
C
Mean percentage of cobbles and
60
larger 3 m upslope of nickline
70
70
70
Mean percentage of cobbles and
20
larger at nickline
20 < 1 0 < 1 0
Boulders often abut the angular nickline, and are occasionally found a few metres below
it (Plate 15.5). Fans of white grus several centimetres thick are commonly deposited
at the nickline, whereas in other places only a thin cover of gravel and finer material
masks the weathered bedrock surface (Plate 15.6). Deeper accumulations are rare.
On the subaerial pediment surface a thin layer comprised mainly of sandsize
fragments of quartz, rotten feldspar, and biotite is common. Near the nick it resembles
grus. It is coarser than the material immediately below from which it is readily
distinguished by its size, appearance, and lack of compaction. It is commonly white
and unoxidised in marked contrast to the oxidised and compacted material below, and
these differences become increasingly marked away from the nickline. This material
is generally found over the whole footslope surface. However, it may be absent locally,
for example around large spinifex tussocks growing on small topographic highs or
pedestals, or may accumulate upslope of tussocks not associated with a small pedestal.
The area covered by this material decreases from approximately 90 per cent near the
nickline to approximately 30 per cent at the end of the footslope. The mean particle
size decreases from an average value of —0.71 phi at the nickline to 1.64 phi at the
end of the footslope where the surface layer is usually a single grain thick compared
with an average value of about 1 cm at the nick. In general the material is poorly
sorted near the nickline, but sorting improves downslope.
The gibbers or rock fragments found on the footslopes are pieces of granite, or
feldspar crystals, or rocks from dikes and veins. Gibbers of all lithologies are often
well weathered and most have weathering rinds. Gibbers derived from the subaerial
disintegration of dikes account for over 80 per cent of the total gibber sample, and
do not appear to be transported significant distances from the parent outcrop. Since
the outcrop of dikes on the footslope appears to be random, any spatial trends in density,
size, and shape of gibbers not derived from dikes (i.e. granite and feldspar gibbers)
are masked by the random occurrence of gibbers derived from dikes, especially since
the latter form a high percentage of all gibbers. The mean gibber density at A is 1.4/m2,
at B is 1.4/m2, at C is 1.8/m2 and at D is 1.8/m2. However, an analysis of the granite
and feldspar gibbers on the upper quarter of the footslope where over 80 per cent
of all such gibbers occur shows that there is an exponential decrease in gibber density
and in mean gibber size away from the nickline. No measures of gibber shape could
be significantly correlated with distance from the nickline.
The mean particle size of samples of surficial material below the surface layer
generally decreases away from the nickline (Fig. 15.7A), and fits an exponential
relationship better than a linear relationship. However, the trend of mean particle size
is not always collinear with the direction of maximum slope on the backing hillslope
(Fig. 15.7B).
The transported regolith forms a discontinuous cover on the bedrock pediment
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Fig. 15.7. A Trend surface diagrams of particle size and mantle depth on selected pediments.
Third-degree trend surface of mean particle size of surface samples in phi units at
Alice Downs No. 2 Pediment (C). (CD = 0.749, p = 0.01). B Fourth-degree trend
surface of mean particle size of surface samples in phi units at Pompeys Pillar Pediment
(D). (CD = 0.967, p = 0.01). C Fourth-degree isopach of depth to the bedrock
pediment surface in metres at Alice Downs Pediment (C). (CD = 0.507, p = 0.01).
D Fifth-degree isopach of depth to the bedrock pediment surface in metres at Pompeys
Pillar Pediment (D). (CD = 0.404, p = 0.01).

surface, varying in depth from less than a centimetre up to a maximum of 6.11 m
(A), 6.81 m (B), 15.17 m (C) and 6.64 m (D). Its subaerial surface is generally less
irregular in detail than its interface with the bedrock surface (Fig. 15.3). Isopach
surfaces of the depth of transported regolith at C (Fig. 15.7C) show that there is a
strong longitudinal component to the trend across the footslope. At D (Fig. 15.7D)
there is a rapid downslope increase in the depth of the transported regolith near the
nickline, and little variation over the remainder of the footslope.
Four distinct soil profiles (McArthur and Wright 1967) are found on granite
footslopes: (1) uniform texture profiles with minimal pedogenesis and relatively
unweathered bedrock below the unbleached A2 horizon; (2) gradational texture profiles
with an increase in the percentage of fine earths down the profile; (3) duplex texture
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profiles with a red clayey subsoil; (4) duplex texture profiles with a yellow clayey
subsoil. Both (3) and (4) are seasonally hard-setting soils.
Profiles of type 1 are very common near the nickline on all cases and give way
to gradational or duplex profiles within a few metres of the nickline. Profiles of class
3 have a reddish-brown B horizon of hard clay loam with quartz grit. The junction
with the A horizon is clearly defined and abrupt. The duplex texture is better developed
as distance from the nickline increases. Thin sections reveal that illuvial argillans are
well developed in the B horizon, whereas in the A horizon there is little clay and
the material is poorly organised. Thin sections of the B horizon of profile types 3 and
4 also indicate a downslope increase in the proportion of plasma, better organisation
of grains and plasma, and a decrease in the feldspar content. Such evidence from
micropedology indicates the downslope increase in soil development. Near the footstream
at Pompey’s Pillar Pediment (D) the B horizon has rusty mottles, probably indicating
seasonal oscillations in the level of the water table. In the weathered rock at the base
of most profiles, cutans are developed in both fractured quartz and cracks in the rock.
This material is commonly damp even in the middle of the dry season.
In the nickline depressions at C and D weathered granite is commonly exposed,
and there is little or no transported regolith. The granite may be white or red, and
is occasionally mottled.
(iii) Process
The supply of debris from the backing hillslope is determined by the rate of comminution
rather than the rate of erosion, since no significant accumulations of debris are found
on the hillslope. Emerging coFestones appear to weather in situ, since there are no
obvious boulder accumulations, either at the nick or above it. They are weathered by
a variety of processes including varnishing, case-hardening and the development of
tafoni, flaking, sculpting (Ollier 1969: 196), exfoliation producing miniature A-tents
(Jennings and Twidale 1971), fire, hydration of feldspars, and subsoil notching. The
debris produced by these processes does not have the simple bimodal size distribution
of boulders and individual grains as is commonly claimed. Large granite gibbers of
intermediate size are also found, and appear to be fragments of exfoliated sheets.
Erosion on the backing hillslope is mainly by raindrop impact, rillwash, and
rainsplash. Streams are generally very small and their beds are devoid of significant
amounts of debris. Rillwash and rainsplash move sands and small gravels, and are
probably capable of dislodging loose grains from the weathered rock between corestones.
Subsurface transport of material in solution and suspension is probably also important.
Chemical weathering is always present at the nick, and evidence of subsoil notching
of the backing hillslope (Mabbutt 1966) was found in many pits, and the saprolite
was usually damp. Accumulations of detritus are rare here also: at most there may
be a layer, of grus in transit a few centimetres thick. The angularity of the nick is
maintained by the efficiency of rills and sheetflow in removing granular material derived
from the disintegration of boulders and weathered rock on the backing hillslope. Rill
channels up to 30 cm wide and 1 cm deep are common.
On the footslope the removal of bedrock projections above the subaerial pediment
surface and the comminution of gibbers and finer material are achieved by the same
variety of processes found on the backing hillslope. Granite gibbers and outcrops clearly
show the effects of feldspar hydration and individual grains can often be dislodged
by light finger pressure. The trimming of exposed dikes often lags behind the grading
of the remainder of the footslope, but projections rarely exceed 0.5 m in height. The
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footslope is always graded to a footstream which is cut into the transported regolith
and sometimes also into saprolite.
The erosion and transport of weathered material is done by sheet and linear erosion.
Sheet erosion is particularly effective at the onset of the wet season when the scant
vegetation offers little protection: spinifex and shrubs may offer only 10 per cent ‘canopy’
cover at this time of the year.
Observations made during sheetfloods together with the characteristics of the coarse
surface layer suggest that this material is carried by sheetwash, possibly several times
each wet season. It is deposited into the footstream, the bed of which is commonly
choked with such material. The downslope decrease in mean particle size of the surface
material below this layer is probably the product of numerous cycles of small-scale
regrading by sheetfloods, and exceptions to this trend are usually associated with nearby
rock outcrops.
In addition to sheetwash and sheetfloods, regrading of the pediments is influenced
by solution and eluviation of chemically-altered minerals, and by mantle-controlled
planation. There is considerable evidence of lowering, including abandoned notches on
boulders and outcrops above the general level of the present-day subaerial surface;
gibbers and spinifex tussocks on plinths; the absence of a weathering rind on boulders
near the present level of the groundsurface; the reversed slope in the nickline depression
at C (Fig. 15.4).
Several lines of evidence suggest that gibbers are rarely moved by sheetfloods. They
are very rare in footstreams; gibbers on plinths and gibbers with weathered bases are
common; and gibbers derived from dikes and granite gibbers are usually within 2 m
of an outcrop. Such spatial associations suggest that they are derived from nearby
outcrops and are rarely moved.
(b) The bedrock pediment surface and weathering front
(i) Form
Transverse profiles of the bedrock pediment surface derived from seismic traverses,
augering and digging are shown in Fig. 15.3. The bedrock surface normally lies very
close to the subaerial surface and in places is exposed (as on transects A3, B5, C2,
C3, C4, D2, D4, D5). The general slope is away from the nick, but reversed slopes
are common over short distances, and over longer distances at C in association with
the nickline depression. Considerable local irregularities are sometimes found (e.g. near
the nick on B4). Longitudinal profiles of the bedrock pediment surface display similar
features (Fig. 15.5). Small rises and falls on the subaerial surface near the nickline
and opposite small re-entrants and salients on the backing hillslope respectively (noted
by Mabbutt 1966) are not found on the bedrock surface.
Trend surfaces of the bedrock pediment surface have high coefficients of determina
tion significant at 0.01 p (Fig. 15.8), and in general show a close correspondence to
the subaerial pediment surface (Fig. 15.6). For example, at Springvale Pediment (A)
both surfaces show that the maximum slope is in an approximately transverse direction
near the nickline, but as distance from the nickline increases the longitudinal component
becomes more important.
The bedrock pediment surface is separated from the weathering front by a very
variable thickness of saprolite (Fig. 15.3). The seismic velocity of the saprolite varies
considerably, but generally decreases from about 1800 mps to 900 mps transversely
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Fig. 15.8. Third-degree trend surfaces of the bedrock pediment surface in metres at: Springvale
Pediment (A), CD = 0.856, p = 0.01; Alice Downs No. 1 Pediment (B ), CD =
0.863, p = 0.01; Alice Downs No. 2 Pediment (C ), CD = 0.912, p = 0.01; and
Pompeys Pillar Pediment (D), CD = 0.914, p = 0.01.

across the bedrock pediment surface, indicating an increase in the degree of weathering
away from the nickline. The velocity at the weathering front increases to 2400 mps.
In most pits the bedrock surface is clearly defined and weathered rock passes abruptly
into transported regolith. Occasionally the bedrock surface is formed by a corestone
partially emerged from the surrounding saprolite, as in the nickline depression at C.
The depch of the weathering front could not be determined continuously along each
transect; the maximum recorded depth from the subaerial pediment surface was 22.95 m
at A, 20.00 m at B, 18.65 m at C, and 18.24 m at D. There are considerable
irregularities in detail (e.g. A l, A3, B2, C l, D l), which may be related to dikes and
joint patterns, although this could not be confirmed.
(ii) Process
The form of the subaerial surface is transmitted to the bedrock pediment surface by
mantle-controlled planation. Evidence of regrading of the subaerial surface has been
given, and as this occurs any upward projections of the bedrock surface which are
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exposed or brought closer to the subaerial surface may be subjected to ground-level
trimming and subsoil notching in the manner described by Mabbutt (1966).
DISCUSSION
The interpretation of these observations in the context of rival hypotheses of pediment
evolution is difficult, especially since the East Kimberleys region lacks both an overall
geomorphic and climatic chronology. The correct time-perspective is therefore difficult
to achieve. However, observations in these and in other granite areas of the East
Kimberleys allow us to evaluate the three hypotheses outlined earlier.
(a) Hypothesis of lateral planation
This hypothesis is of little value in explaining the four granite pediments examined
here. Very few streams flow on to the footslopes, and where a channel persists on
the footslope it is rarely diverted laterally. Granite pediments extend in a longitudinal
direction for several hundreds of metres in places where no stream emerges from the
backing hillslope, and no fresh undercut faces are found. Furthermore, re-entrants are
joint-guided and not fan-shaped (as Mabbutt (1966) also noted), and embayments are
characteristically blunt-headed rather than apical. Finally, a small residual like B can
hardly nourish a stream of sufficient power to remove itself, and there is no evidence
of footstreams swinging laterally against residuals in the manner described by Rahn
(1966).
(b) Hypothesis of compartment weathering, dissection, and subsequent lowering
There is some evidence supporting this hypothesis. For example, there is often a close
correspondence between the positions of joints and streams, suggesting that joints may
have guided weathering and removal. At the nick, bedrock is weathered, and there
is localised overdeepening of the weathering front on some transects (A2, Bl, B3, B5).
At C corestones are being exposed in the weathering profile of the nickline depression.
Furthermore, this hypothesis may explain the occurrence of a slope unit of low angle
found between the steepest segment of the backing hillslope and the footslope (e.g. on
transects C2 and C3), for it may have originated as a subsurface feature like the forms
described by Twidale and Bourne (1975a, b). Finally, irregularities and slope reversals
on the bedrock pediment surface are easily understood in the context of etchplanation
and subsequent mantling. Etching could either operate within the saprolite to form
the bedrock pediment surface or else could expose the weathering front to subsequent
modification by mantle-controlled planation.
If this hypothesis is applied to the study areas it appears that the present-day slopes
are developed below the level of the weathering front, since there is no local evidence
of weathered profiles on footslopes or hillslopes. If the granite pediments have indeed
resulted from alternate weathering and stripping, then weathering must now be
dominant.
(c) Hypothesis of hillslope retreat
Notwithstanding the evidence for downwearing which has just been discussed, there
is a considerable body of evidence which suggests that slope retreat occurs. The backing
hillslope appears to be subject to control by weathering. There is considerable evidence
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of weathering and transport of grus between boulders and it does not appear that the
corestones forming the boulder mantle protect the hillslope from weathering and erosion.
The boulders do not form a complete cover, and even in localities where they do, the
in situ granite below and between them is also very weathered and is being eroded.
Since the discontinuous boulder mantle is only very rarely more than one boulder thick,
and since the grus is being removed to expose corestones, it must be concluded that
the boulders are comminuted subaerially and are replaced by others as the hillslope
retreats. This is facilitated by weathering of the corestones before they are exposed
subaerially.
Debris is not accumulating on the hillslope or at the nickline, so retreat is not
prevented by the formation of an accumulation slope. Furthermore, there is considerable
evidence of weathering at the nick and on the backing hillslope immediately above
it, meeting a necessary condition for slope retreat to occur. It is reasonable to infer
that this weathered rock is notched and eroded by sheetwash, rillwash, raindrop impact,
and rainsplash erosion to maintain the angularity of the nick and to permit retreat
of the hillslope. Evidence of this is afforded by notching of miniature platforms at the
nick, in some cases removing an approximately horizontal slice from a corestone.
This hypothesis may also account for the lack of a steep plunge in the weathering
front at the nickline on certain profiles (At, A5, D2), for the lack of a greater degree
of weathering at the nickline, and for the general lack of coincidence between major
joints -and the nickline.
The evidence at B points to the former existence of a larger residual comprising
both present-day residuals. Although the regional slope of the land is eastwards, the
residual at B has parts of its subaerial (Fig. 15.8B) and its bedrock pediment (Fig.
15.8B) surfaces graded to nearby streams to the west and north. If the footslopes were
simply an exhumed feature, then it might be expected that all the footslopes would
be graded eastwards, including those to the west of the residual. However, the general
morphology of the subaerial and bedrock pediment surfaces at B can best be explained
by slope retreat from a formerly larger residual centred on X (Fig. 15.6B). It is suggested
that the former residual has been divided by the formation of a pediment pass shown
on Plate 15.2.
However, there are certain features which cannot be explained by this hypothesis.
For example the reversals of slope and extreme irregularities in detail of the form
of the bedrock pediment surface cannot be explained by the simple hypothesis of slope
retreat, since there is no way in which the material from these irregularities and reversals
of slope can be evacuated. Also, if this hypothesis is correct, there should be an increase
in the depth of the weathering front away from the nickline, since a progressively longer
period of time would have been available for weathering to occur; such is not the case.
On both the subaerial and bedrock pediment surfaces the increasing importance of
the longitudinal slope component away from the nickline (especially at A and C) also
remains unexplained, unless the altitudes of different parts of the nickline (considered
in a longitudinal direction) have changed relative to each other during retreat. This
is very unlikely, and no realistic mechanism for such an occurrence can be suggested.
(d) Composite hypothesis
A combined theory of compartment weathering, dissection, and subsequent lowering
on the one hand and of slope retreat on the other is proposed here to explain the
initiation and continuing evolution of granite pediments in the East Kimberleys.
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Discussion of rival hypotheses has shown that some evidence can best be interpreted
according to an hypothesis of compartment weathering and other evidence according
to an hypothesis of hillslope retreat; but no single hypothesis can explain all the evidence.
The comparison and ordering of variants distributed in space as a means to the
identification of development through time is hazardous in this study, since it can be
shown that small residuals are not necessarily older than nearby large residuals, but
may be younger and just emerging from a compartmentally-weathered profile. A
provisional interpretation of all the field evidence will now be given.
(i) Compartment weathering, dissection and lowering
Daring the Cainozoic, granite rocks were weathered, uplifted, dissected, and underwent
etchplanation. Evidence from nearby areas suggests that this sequence of events may
have happened several times during Cainozoic times (Wright 1964), but the granite
areas considered here lie below the weathering front, and no evidence of multiple
weathering surfaces is preserved. Compartment weathering is still important. At present
the footslopes appear to be stable, graded to footstreams, and are being weathered.
Quaternary changes in climate probably initiated periodic mantling and stripping of
the footslopes which have emphasised these basic compartments.
Although descriptions of compartment weathering have usually emphasised the
structural difference between domed inselbergs and the closely and openly jointed granite
of the intervening footslopes, there can also be a structural difference between hillslopes
and footslopes where the former are boulder inselbergs. Once boulder inselbergs and
intervening footslopes have been formed, and even if there is little structural difference
between the rock forming hillslopes and the rock forming plains, these compartments
will tend to be preserved in the landscape on account of the relative weakness of the
footslopes to subsurface weathering compared with the relative resistance of the
hillslopes to subaerial weathering (Eggler et al. 1969). In other words, a system of
positive feedback will preserve the compartments. Boulder inselbergs which have been
exposed in the manner described also undergo slope retreat to extend the pediments
formed initially by compartment weathering, and lateral components of the joint system
will become important.
(ii) Downweanng and slope retreat
The relative importance of downwearing and slope retreat at any particular time may
vary according to climate. The characteristically angular nick is maintained by both
downwearing and hillslope retreat. Although the development of nickline depressions
is facilitated by the presence of weathered rock at the nick, such weathering is not
systematically greater or deeper at the nick than elsewhere on the footslope. It appears
that other circumstances are of critical importance in determining whether channels
will develop at the nickline, and their development may be in part fortuitous.
Stripping in recent cycles of mantle-controlled planation (possibly related to
Quaternary climatic changes) has been shallow since the bedrock pediment surface is
considerably less irregular in overall form than the weathering front. Certainly, no
large-scale exhumation of a weathering front to form a bedrock pediment surface has
occurred recently. When the mantle is only partially stripped, the bedrock pediment
surface will be cut mainly in saprolite and may exhibit detailed irregularities and local
reversals of slope. The development of the longitudinal slope component on the bedrock
pediment surface may also occur at such times. Small-scale regrading of the subaerial
pediment surface without significant reworking of the mantle occurs in respect to wet
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season conditions, especially near the nick. This surface is graded to the footstream,
and is usually inclined at a low angle. Footslopes seem to be in equilibrium with the
present climate, for there is no evidence of significant dissection or burial.
This composite hypothesis is in accord with observations made, and is consistent
with our limited knowledge of climatic and geomorphic history. The actual mechanism
of slope retreat is not fully understood, since boulder-controlled parallel retreat in the
manner envisaged by Bryan (1922) does not occur. It is possible that there is also
a degree of slope decline and slope replacement, but neither is inconsistent with overall
hillslope retreat. Tors on the skyline, such as Pompey’s Pillar, suggest that there is
some downwearing of the hillslope, particularly on the divides.
CONCLUSION
The combined theory is not new. Biidel (1957) envisaged a certain amount of slope
retreat and pedimentation accompanying overall lowering of the plains. Ruxton and
Berry (1961) came to a similar conclusion. Similarly, Thomas (1974: 187) observed
that tors might undergo some retreat after exhumation. Twidale (1972) has also observed
that such a situation is possible.
Conclusions from this study of a dry savanna region differ from those reached by
Mabbutt (1965, 1966) in Central Australia, where it appears that hillfronts have
scarcely retreated since they were exposed by stripping of the weathering profiles. The
situation in the East Kimberleys differs in four important respects. First, the balance
of evidence indicates that the development of footslopes postdates the formation of major
deeply weathered surfaces, unlike Central Australia where the present plains were also
lowlands in the Tertiary surface (Mabbutt 1966). Second, incision has exceeded the
depth of Tertiary weathering; in Central Australia this has only occurred in isolated
cases (Mabbutt 1965). Third, the hillslopes in the East Kimberleys above the nickline
are very weathered but in M abbutfs study area fresh granite is found at this point
(Mabbutt 1966: Fig. 6). Fourth, rainfall in the East Kimberleys is about double that
in Mabbutt’s area, and seasonally concentrated as well.
Vigorous controversy surrounds morphogenesis in tropical regions. One school of
thought, championed by Biidel, confined pedimentation mainly to the more arid
subtropical zones, and considers that in the tropical zone extensive washplains form
and may be associated with marginal ‘rim pediments’ surrounding residuals (Biidel
1957, 1969). A rival school of thought, recently elaborated by Rohdenburg (1971:
181-276), refutes the assumption of climatic stability and stream paralysis on which
Biidel’s views are based, and argues instead that pedimentation is the general mode
of slope evolution in both the tropical and subtropical zones. Rohdenburg considers
that ‘valley bottom pedimentation’, or the extension of pediments from valley floors
following dissection by streams, only occurs in the subtropics; any evidence of this in
the humid tropics is considered to be relict from more arid times. In the tropics
Rohdenburg considers planation to be by ‘slope pedimentation’, or rapid retreat of low
scarps in regolith or chemically weathered rocks.
The results presented here do not support either school of thought. The seismic
profiles show that the (bedrock) pediment landform extends to the footstream and is
not confined to the ‘rim’ of a residual. Nevertheless, Büdel’s concept of ‘double surfaces
of levelling’ in the seasonally humid tropics does appear to be valid in the East
Kimberleys, with planation and lowering by erosion at the level of the plains, and
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by weathering below the surface. However, depths of weathering of the footslope are
considerably less than those given by Büdel (1957), and his essentially monogenetic
approach to landform evolution in the humid tropics cannot be adopted in the East
Kimberleys.
Rohdenburg’s view cannot be applied generally to the East Kimberleys. There is
no evidence that pediments there have evolved simply by ‘slope pedimentation'. On
the contrary, it is clear that the granite pediments require pedimentation on the scale
which Rohdenburg (1970) terms ‘valley bottom pedimentation’ and which he considers
to be active only in the more arid subtropics. However these forms are not relics of
former drier periods, but are actively evolving and differ from semi-arid ‘valley bottom
pedimentation’ because the bedrock pediment surface in the East Kimberleys is
weathered.
In common with Birot’s account (1968: 118-24) of savanna areas with alternating
wet and dry seasons, this study has evinced a theory which embraces certain concepts
of pedimentation in arid and semi-arid regions and the formation of washplains in
more humid savanna zones. Both backwearing similar to the ‘valley bottom pedimenta
tion’ allegedly typical of the arid and semi-arid subtropical zones (Rohdenburg 1970)
and downwearing associated with the ‘double surfaces of levelling’ considered typical
of more humid tropical savanna zones (Büdel 1957) are thought to be important in
the East Kimberleys region of Australia.
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16
Lessons from Pediments
J.A. M AB B U T T

IN TR O D U C TIO N
Much writing on pediments has been blinkered by two constraints: a presumption that
the development of a pediment is inevitably linked with the retreat of a backing hillslope,
and by association an acceptance that all pediments owe their origins to a common
group of headward-extending and regrading subaerial processes, although in proportions
that may differ between settings. In the opinion of this writer these constraints have
tended to obscure the functional view of pediments as erosional footslopes graded to
the requirements of water flow and sediment transport from a hill foot, and with it
the realisation that a general similarity of pediment form may disguise a diversity of
origin. Starting out from examples of pediments that could be held to be exceptional
in that they do not conform with the preconceptions stated at the outset, this essay
aims to illustrate some principles that are applicable to pediments in general. If there
is a conceptual theme, it is the reality of convergence or equifinality in the diverse
fashioning of functionally equivalent landforms under differing external controls.
The definition of a pediment adopted here is a piedmont plane cut in bedrock and
separated from a backing hillslope by an abrupt change of gradient. It may be mantled
with detritus not in immediate transit, but its surface form should be determined by
the erosional base. ‘Pediment’ and ‘mantled pediment’ are used of subaerial and covered
rock planes respectively. There are two common situations in which it is unlikely that
there has been significant retreat of the hillslope during the fashioning of the pediment
that fronts it. The first is where the upland front consists of very steeply dipping,
massive resistant strata, and the second is in granitic terrain where the present-day
patterns of upland and plain have been determined by compartmented prior deep
weathering followed by partial etchplanation. Features of pediments in these settings
are first reviewed, followed by discussion of pediments backed by retreating hillslopes,
generally presented in the literature as the normal type. Each pediment setting can
usefully be viewed as a limiting case of the other, in order to explain their contrasting
features and to identify some general principles that determine their differences.
PED IM EN TS FR O N TIN G STRIKE RIDGES
Much photogeological mapping is based upon the accordance between the foot of a
free face and the outcrop boundary between hard ridge-building strata and softer rocks
of the piedmont. In homoclinal ranges with very steep dips this boundary stands close
above the piedmont junction, and there can be no important lateral shift of that junction
during any lowering of the land surface involved in the fashioning of existing pediments
(Plate 16.1a). Some back-wearing of the hill face is indicated as a necessary source
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16.1 (a) Homoclinal ridge of the Macdonnell Ranges east of Alice Springs, a non-retreating hillslope
with an outlying silcrete-capped mesa that has been subject to escarpment retreat. The silcrete
surface on the mesa in the background still abuts closely on the range.
16.1(b) Staged mantled pediment fronting steeply dipping limestone and quartzite in the western
Flinders Ranges. In the foreground a stone-veneered pediment is extending by rillwash and
stream erosion at the expense of the higher surface. Photograph by C.R. Twidale.
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of correlative deposits in talus cones and other colluvial forms, nevertheless the observed
coincidence between structure and upland form requires that any lowering of the
piedmont has involved renewed exploitation of lithologic boundaries, whereby correspon
dence between the stratigraphic and topographic breaks was reasserted. That fashioning
of successively lower piedmont planes does in fact occur without extension at the
piedmont junction is demonstrated by the unchanged position of the junction in the
points of attachment of staged piedmont surfaces over a vertical range.
Pediments in these settings are generally mantled because of the plentiful supply
of coarse resistant debris from the massive ridge-building strata. The thickness of the
mantle will vary on the one hand with the geologic and topographic controls of the
amount and calibre of the debris supplied, and on the other with the extent of the
piedmont. In the confined setting of a strike vale, as within the western Macdonnell
Ranges of central Australia (Fig. 16.1), the mantle may be thick enough to introduce
uncertainty about the relationship between the surface form and that of the rock base,
and so dispose an investigator to regard it as a piedmont Till terrace (Mabbutt 1966a);
in a wider vale or in the more open setting of an outer piedmont a comparable yield
of debris spread more thinly over a rock plane might warrant description as a mantled
pediment, as in the Flinders Ranges (Twidale 1967; Plate 16.1b).

10 Km

Fig.

Strike r idges
r ' ~ ] Mantled piedmont
surface

16.7. Mantled piedmont surfaces, including pediments and terraces, in the western
Macdonnell Ranges, central Australia.

Another common feature of this type of pediment is its partial survival in staged
or nested pediment sequences indicative of alternate pediplanation and stream incision,
as in Plate 16.1b. The setting determines this in various ways, not least through the
protective mantle of coarse gravels. The resistance of a gravel capping to erosion is
considerable (Rich 1911), particularly in a dry climate where it may additionally be
reinforced by duricrust. The calcreted nested pediments south of the Moroccan Atlas
provide a classic example of this control (Joly 1950).
Another factor due to the setting is the likely existence of large river channels capable
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of incision and lateral undercutting. Staged mantled pediments tend to be best developed
near major stream outlets (Mensching and Raynal 1954), whereas a single high level
may persist in the intervening sectors of the piedmont. A general control, however,
is exercised through the fixed position of the piedmont junction, whereby the
consequences of long-term fluctuations in the competence of the main stream channels
are played out in one locality.
The longitudinal profiles of sets of nested pediments drawn normal to the upland
front generally converge downslope, upon each other and on the present river plains.
In the Missionary Plain south of the western Macdonnell Ranges the line of convergence
runs between 5 and 15 km from the upland front (Fig. 16.1). A transversely undulating
pediment with only a veneer of stone typically occurs beyond the convergence and may
extend upslope into it where higher-standing mantled pediments have been stripped
and trimmed back (Plate 16.1b). Within the strike vales the staged piedmont surfaces
may converge towards rock thresholds in the main transverse river gaps.
In tectonically stable settings, convergence of staged piedmont profiles away from
the upland invites an explanation in terms of changes in the discharge-load balance
of the systems of runoff, commonly assumed to be an expression of changing climate.
There is no general agreement on the nature of the regime shifts and climatic controls
involved, however, nor need these be the same everywhere, but attention is here focused
on the patterns of change rather than on the fundamental causes. The adjustments
consist of successive reductions in the gradients of slopes of debris transport in the
zone of convergence, involving a corresponding increase in the angularity of the piedmont
junction.
The particular case of staged pediments illustrates two general principles of the
control of pediment form by the mantle. The first arises from the fact that the staging
of piedmont surfaces is confined to the piedmont zone of mantle accumulation. Beyond
that limit pediments are veneered rather than mantled, and are possibly polycyclic in
that they may prolong more than one of the multiple levels upslope. They typically
have a moderate transverse relief indicative of regrading in progress. The point is that
planation proceeds only where the cover of debris is no more than a veneer, and not
beneath a mantle. This also has the corollary that the covered rock planes of the
immediate piedmont were fashioned at an initial stage with debris in transit, until
overtaken by mantle accumulation. Second, evidence from the western Macdonnells is
that, for whatever reason, the progressively gentler longitudinal gradients of successive
piedmont surfaces are linked with a corresponding decrease in the thickness of the
mantles and in the calibre of their larger clasts. These changes come with a trend
from a predominance of colluvium at the highest level to a more marked alluvial
component in mantles on lower surfaces developed near the main river outlets. More
important, the progressive diminution of piedmont gradient applies to the rock base
as well as to the surface of the mantle, indicating that before accumulation began the
slope of the pediment was also fashioned in accordance with the grades of detritus
in movement across or coming to rest upon it.
It was noted earlier that the highest in a sequence of nested pediments tends to
predominate in the interfluvial sectors of the upland front. It is not merely that survival
is favoured beyond the range of lateral trimming by larger channels: in all probability
the surface was originally best developed there. The present or reconstructed former
extent of the mantle will generally confirm this. For instance the piedmont mantles
extending from the Macdonnells into the north of the Missionary Plain were broadly
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lobate in plan (Fig. 16.1), with re-entrants at the upland exits of the main river channels
and attaining distances of up to 15 km from the ranges in between. Obviously the
main agents of deposition of the mantle were minor channels and hillslope rills, and
this is supported by the character of the detritus. In the Missionary Plain the mantles
typically contain rounded gravels weathered from an underlying Palaeozoic con
glomerate, but elsewhere in the Macdonnells they consist almost entirely of angular
or subangular clasts of quartzite from the bluffs, unstratified and poorly sorted and
with occasional giant blocks near the piedmont junction. An origin as colluvium with
a secondary component from minor streams is confirmed where the mantle passes
headwards into colluvial aprons and part-colluvial cones. Arguing from the origin of
the mantle to that of the underlying rock plane, it would appear that the pediment
in these sectors was fashioned by rillwash fed from the backing hillslope and by minor
channels of local origin, and certainly by water running normal to the foot of the
hillslope rather than by lateral stream swinging.
In a ridge-and-vale setting the piedmont slope may be graded across minor resistant
strike bands, and the accumulation of a mantle of debris may contribute to this
achievement. Eventually it will obliterate such minor structures completely, and from
an air photograph of the Flinders Ranges Twidale (1967: Plate X) has illustrated the
marked contrast between the uniform texture of a mantled pediment surface and the
banded outcrop pattern of an adjacent subaerial pediment. A dissected mantled piedmont
in the western Macdonnells yields some evidence of the control exercised by the mantle
over the smoothing process. As shown in Plate 16.2a, the mantle masks low rises in
the underlying rock surface formed by bands of hard sandstone in the predominant
greywacke of the Areyonga Formation. Sections of the basal unconformity illustrate
a progressive on-lap of detritus across the rises during the course of burial and indicate
that the surface was not only levelled through the filling of strike depressions but also
through erosion of the rises by stream channels being superimposed across them on
the fill. It has earlier been suggested that planation of the basal rock surface proceeds
with a veneer of debris, before the mantle accumulates; here is evidence that bevelling
may also accompany the first stages of accumulation on a surface that is still uneven.
Plate 16.2a shows that some of the minor superimposed channels have held their courses
through sandstone ridges etched out during subsequent dissection of the mantled
pediment.
The same picture also demonstrates the role of a gravel capping as a resistant bluff
forming stratum controlling the retreat of a dissected pediment margin. This effect is
increased in the Macdonnells because the lower part of the mantle has commonly been
indurated by iron-cementation.
Another consequence of this structural setting is the enhanced role of weathering
at the piedmont junction, particularly where massive ridge-building strata dip towards
the piedmont and lead to increased infiltration into weatherable rock types at the foot.
In the western Macdonnells, for instance, the Heavitree Quartzite dips southwards at
more than 80° into the piedmont junction, where shale of the overlying Bitter Springs
Limestone Formation is markedly weathered. Similar observations have been made in
the comparable setting of the Flinders Ranges (Twidale 1967), where the weakened
scarp-foot zone has similarly been exploited by minor strike streams, leading to the
detachment of high pediment spurs. The development of a piedmont angle and the
localised regrading of the scarp-foot zone comprised in the evolution of nested mantled
pediments may be aided in these circumstances, where there can be little displacement

336

Pediments

16.2(a) Dissected mantled piedmont surface in the western Macdonnell Ranges, with sandstone beds
being etched from weathered greywacke. A Lower plane is developing along minor streams
superimposed across the sandstone bands.
16.2(b) Etchplanation of tor and pediment landscape from a lateritic weathering profile exposed in
the retreating escarpment in the background, Yilgarn Plateau, Western Australia. Photograph
by N.U. Speck.
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of the piedmont junction as the landscape is lowered. In the Macdonnells the weathered
rock beneath the highest mantled level probably formed part of a deep profile of midTertiary age (Mabbutt 1965), providing an extreme example of control by prior
weathering where a hill-plain junction is fixed in place over geologic time.
GRANITIC PED IM EN TS ON PARTIAL ETCHPLAINS
Localities with strong evidence that the present piedmont lowlands have been closely
determined by etchplanation at a front of prior weathering offer another opportunity
to investigate the mechanisms of pediment formation without significant headward
extension. Examples of such landscapes, typical of granitic shield blocks, are provided
in central Australia by the northern piedmont of the Macdonnells and by the Kulgera
Hills and Musgrave Ranges, and in the south of Western Australia by the Yilgarn
Plateau. Etchplanation of the Yilgarn Plateau has involved extensive stripping of a
lateritic profile that was virtually continuous across the granitic rocks as shown in Plate
16.2b, whereas in central Australia, at the continental watershed, the existing uplands
also rose above the level of a thinner and discontinuous lateritic profile, and there is
added interest here in comparing the piedmont profiles of the weathered land surface
with those presently being fashioned.
For the central Australian landscapes, evidence of the relationship between piedmont
forms on the weathered land surface and that now developed has been reviewed by
the writer (Mabbutt 1965). It consists of laterite cappings less than 10 m above existing
pediments, commonly within a few kilometres of but locally close to the upland margin,
truncated weathered (kaolinised) profiles in schist and gneiss within a hundred metres
of the hill foot, and associated tors and penitent rocks. These features are illustrated
diagrammatically in Fig. 16.2. They indicate that the present-day piedmonts have
largely formed from the stripping and partial truncation of a lateritic weathering profile
which was selectively developed but locally deep near the piedmont junction, and more
widespread although shallower at greater distances into the lowland; that the lowering
involved in the development from the lateritised plains to the pediments of the present
cycle was between 5 and 15 m; and that the Tertiary weathering front has exercised
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Pig. 16.2. Diagrammatic representation of the relationship between the piedmont junction on
the lateritised land surface and the existing hillslopes and pediments in the Burt Plain,
north of the Macdonnell Ranges.
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considerable control of present-day surfaces in the course of this partial etchplanation.
There is no evidence of perched rock pediments adjusted to former higher piedmont
levels, of the type envisaged by Biidel (1957) as ‘rim wash pediments’, nor of any
significant headward extension of pediments during the exposure of the present surface.
Indications are strong that the pediments of today have been formed mainly by lowering
and levelling in place, and not as an adjunct of hillslope retreat.
Corroborative evidence from a comparable setting of the fixed position of a piedmont
junction over time has been provided by Oberländer (1972) from the Mojave Desert,
where basalts dated at 8.3 m.y. have preserved a Tertiary weathering profile and an
associated piedmont junction. Subsequent modification has been restricted to the
stripping of the palaeosol over a zone about 30 m wide, with little change in the position
of the hillslope, on which the large superincumbent joint blocks have been interpreted
as stripped corestones by Oberländer.
Despite their shared character as piedmont surfaces formed without significant
hillslope retreat, the piedmonts of these shield landscapes differ in important respects
from those of the strike ranges discussed above. In the first place they are far more
extensive in comparison with the bulk of the associated uplands, and accordingly the
detritus shed from the upland is spread more thinly; and second the detritus consists
largely of sand and grit. The markedly bimodal size-grading of the breakdown products
of the predominant granitic rocks is reflected in a clear demarcation between the blocks
and boulders of the hillslope and the sand which commonly mantles the pediment to
the hill foot. In consequence, the longitudinal slopes of mantled granitic pediments are
modest ( < 2°) throughout and straight rather than concave, consistent with the finer
grades and lack of downslope sorting of the mantle detritus, and this typically results
in a piedmont angle rather than a curved piedmont junction at the pediment head
(Plate 16.3a).
The extensive mantles convey a misleading impression of a corresponding evenness
of the pediments beneath. In areas of schists the upper pediments may locally be seen
to be irregular where impersistent low outcrops break the continuity of the mantle,
but such interruptions are exceptional on granite. Profiles of upper pediments with
mixed gneiss and schist reveal that the irregularity of the exposed rock surfaces continues
beneath the mantle, with many small reversals of slope as in Fig. 16.3a. Mantled granitic
pediments are generally less irregular (Fig. 16.3b), but nonetheless uneven in detail
as revealed where streams have stripped the mantle (Plate 16.3b). The pediments are
there shown to vary between fiat or convex sound rock surfaces over a small range
of levels, separated by joint clefts filled with detritus or weathered rock, and hummocky
surfaces of subrounded and superficially weathered joint blocks. Smoothly graded rock
slopes are indeed exceptional in these settings, and the evenness of the piedmont surfaces
is a legacy of deposition, as confirmed by the slight rise of the mantles towards the
outlets of minor upland channels.
A rock surface of such irregularity cannot have developed as the locus of successive
positions of a retreating piedmont junction; nor should it be interpreted simply as a
stripped and subsequently mantled Tertiary weathering front. Although that front may
have determined the general level and extent of the piedmont lowland, and may locally
coincide with a pediment, the pediments are cut across both fresh and deeply weathered
rock and are better interpreted as crude bevels of largely stripped fronts of prior
weathering which were irregular in detail near the uplands. This crude bevelling has
been described by the author as mantle-controlled planation (Mabbutt 1966b), and
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16.3 (a) Mantled granitic pediment near Kulgera, Northern Territory, showing abrupt piedmont angle.
16.3(b) Stripping of the mantle to expose a superficially weathered, uneven granitic pediment, Aileron
area, central Australia.
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Fig. 16.3. Pediment and mantle profiles on (a) granite with schist, and (b) granite only, in
central Australia.

comprises the slow downward ingress of subsoil weathering, within and beneath the
mantle, combined with ground-level trimming of rock at the surface. These processes
‘whereby the mantle imparts a general levelling to . . . an uneven rock surface’ are
particularly effective on crystalline rocks that resist erosion if relatively fresh, as where
exposed in a dry environment, but are susceptible to shallow chemical weathering under
moister conditions where buried. The suggested mechanism is one of alternate burial,
weathering and stripping. The irregular, partly weathered surfaces exposed by stripping
are seen as the result of selective weathering attack, exploitative of structural weaknesses
such as jointing. They result from lowering in place, and lack the continuity of fall
associated with erosional grading by running water.
Deposition and transport of mantle detritus on granitic pediments are mainly the
work of rills, with a secondary contribution from small streams. Mantle surfaces near
the hill foot are generally seamed with networks of shallowly imprinted rills, traces
of the end-phases of episodes of dispersed runoff that may have attained the dimensions
of sheetfloods. The zone of active mantle deposition shows as a light-toned aureole
on air photographs, its width roughly proportional to the upland mass and doubtless
related to the supply of detritus from the hillslope (Mabbutt 1955). This relationship
demonstrates how strongly the forms of surface runoff near the hill foot are determined
by the amount and calibre of debris carried from the upland.
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Dissection and stripping of the mantle, on the other hand, are carried out by stream
channels as in Plate 16.3b. Such incision is invariably shallow, being restricted to the
thin mantle and a superficial layer of weathered bedrock; it has not been seen to proceed
into sound rock. Accordingly there is a tendency for the channel to open out at the
level of the rock floor, through braiding and marginal gullying. In the central Australian
areas investigated such stripping of the mantle is presently localised, but in comparable
settings, for instance granitic pediments in southeastern Arizona, it has occurred on
a regional scale (Tuan 1959), and in such a tectonically stable setting indicates a radical
change in load-discharge regimes. Possible controls of such changes will not be discussed
here, beyond mention that they provide the removal mechanism in the processes of
mantle-controlled planation discussed earlier.
Granitic pediments thus share with other ‘non-extending’ pediments a history of
alternate mantling and incision, but confined within a much smaller vertical range than
on pediments in strike vales. Where such changes are restricted to the piedmont, and
are presumably determined by changes in load-discharge conditions in upland runoff,
the limits of adjustment of grade are set by the contrast between the coarseness of
the colluvium yielded in the phase of accumulation of mantle debris and that of the
alluvium carried by the incising stream channels when relatively small amounts of finer
sediments are being supplied. In the strike vales of the western Macdonnells the change
from the boulders and coarse blocks of the piedmont mantles to the sand loads of
dissecting channels has allowed a surface lowering of as much as 30 m below the highest
mantled surface near the piedmont junction. The weathered sedimentary rocks beneath
the mantles have not resisted the adjustment of grade by the relatively powerful main
streams developed in these areas of strong upland relief. In contrast, the coarsest grades
in the mantles of granitic pediments are sand and grit, and their surfaces are accordingly
gently sloping and offer little opportunity for significant regrading, and in any case
further downcutting by the smaller channels supported from the restricted granitic
uplands is hampered by resistant crystalline rocks.
The significance of prior weathering in the fashioning of granitic pediments cannot
be overemphasised. On the Yilgarn Plateau an existing topography of small granite
domes and tors and fringing pediments is entirely inherited from compartmented
weathering followed by etchplanation, as shown in Plate 16.2b. In central Australia,
the transformation from more concave piedmont junctions on the lateritised land surface,
indicated by remnants of latente, to the existing piedmont angles was facilitated and
to some degree controlled by the disaggregation of granite in weathering profiles which
appear to have been deeper in piedmonts and valley tracts (Mabbutt 1965). The partial
etchplanation represented in the stripping of these lateritic profiles is seen as only the
latest of several episodes which determined the pattern of uplands and piedmont plains
in this area. The mantle-controlled planation that has followed, resulting in further
modification of the etched surfaces, also constitutes a form of etchplanation, although
with a smaller vertical range and a more compressed time scale. As in the lateritic
weathering that preceded it, it is demonstrated to have been particularly effective in
subsoil notching at the piedmont angle, where it has contributed to the basal steepening
of the hillslope (Mabbutt 1966b).
Evidence from granitic pediments combines with that from strike vales to suggest
that subsurface weathering becomes important in the evolution of pediments where a
mantle protects the rock in place, or is conducive to its weathering, and rocks in the
piedmont are much more susceptible to weathering than those of the upland front,
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either because of contrasting lithology, as in the ridge-and-vale settings, or because
of the contrast between the stability of exposed and buried granite in a desert
environment, as in shield areas. However, these factors become most effective where
retreat of the backing hillslope is relatively unimportant and where the upper
pediment, and above all the piedmont junction, has remained in place over a long
period.
A complete absence of hillslope retreat is inconsistent with the periodic renewal of
pediment mantles from upland sources. Clearly these are relative terms, although the
thinness of the mantles and their stability as indicated by the evolved soils developed
in them render the sequence of stripping and renewal compatible with very slow rates
of denudation of the uplands. Nevertheless, the apparent contradiction draws attention
to any evidence of changes in the position of the hill foot in these settings. What
impresses, particularly on air photographs, is the degree of control exercised by master
joints over the plan of these granite uplands. Apical stream re-entrants are infrequent,
and the typical pediment embayment is blunt-headed and parallel-sided; dissection
within the upland is equally joint-guided, and granitic hill faces are otherwise resistant
to gullying and remain little indented. To a large extent the uplands appear to be
destroyed from within as major joint clefts are exploited and gradually widened. They
illustrate a general rule that planation within upland catchments can become a major
factor in the extension of pediments in the measure that headward retreat of an outer
escarpment becomes of lesser importance (Lustig 1969). This is a pattern of evolution
that has been very much underemphasised in accounts of pediment formation.
STONY PED IM EN TS FRO N TIN G R ETR EA TIN G ESCARPM ENTS
Few regions contain pedimented landscapes with retreating escarpments on the scale
of the Central Lowlands of arid interior Australia, where a widespread silcrete duricrust
forms the flatfish summits of mesas and tablelands above weathered shale in the lower
hillslopes and pediments (Plate 16.4a). In the hillslope profile the silcrete forms a
relatively low bluff susceptible to undermining, which leads to slope retreat without
change in the lithologic make-up of the slope, and consequently without alteration of
slope form. Similar landscapes are developed on comparable lithologies in older rocks
in central Australia south of the Macdonnell Ranges.
The uplands form a minor component of these landscapes and the piedmonts share
the openness of the granitic shield settings described above. They are mantled only
in the lowest plains sectors and elsewhere form stone-veneered surfaces cut in bedrock.
These stony pediments are traversed by well-developed stream channels and are
markedly undulating in transverse profile in their upper sectors.
In these settings the yield of coarse debris to the piedmont is determined by the
thickness of the silcrete duricrust, for the underlying weathered shale and thin sandstone
beds break down rapidly into fine sediments. The silcrete breakaway rarely exceeds
5 m in height, and with the characteristic range of upland relief of between 30 and
50 m the debris cover is restricted to a mantle up to about a metre thick on the upper
debris slopes of the hills and generally thins to a close veneer of silcrete gibbers not
more than one deep on the upper pediments. The exceptions, where silcrete debris
has locally extended as a protective mantle on the upper pediment, are particularly
instructive. These mantles commonly preserve higher-standing planate remnants of
former pediment surfaces that are now detached from the hillslope and that generally
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16.4(a) Stone-veneered pediments cut in shale bedrock beneath a thin capping of silcrete duncrust,
with characteristic concave piedmont junction and slightly undulating surfaces traversed by
streams, Henbury area, Northern Territory.

terminate upslope in a bouldery bluff facing towards the escarpment over a depression
as much as 100 m wide. In the general case where the mantle is lacking, the pediments
are broadly undulating in cross-profile, with slightly rounded stony interfluves above
the narrow alluvial fiats of the drainage ways. In the Henbury area south of Alice
Springs this transverse relief may attain more than 10 m near the piedmont junction,
diminishing to a negligible amount in a kilometre or two downslope (Plate 16.4a).
These stone-veneered interfluves are approximately accordant with the mantled spurs
already described, although the latter slope more steeply and have flatter crests; unlike
them, however, the unmantled interfluves generally connect directly with spurs in the
lower escarpment. The rounded forms of the stony pediment interfluves are further
evidence that continuous regrading can take place with a stone veneer, whilst the
presence of a pediment mantle introduces a sharp discontinuity between surfaces
adjusted to the differing phases of fluctuating load-discharge regimes, a discontinuity
that is expressed most markedly on the mantled pediments in strike vales. An additional
feature in this setting is the detachment of the mantled pediment spur due to subsequent
retreat of the escarpment.
Since thick protective mantles are generally confined to the debris slope of the
escarpments in these settings, the landform evidence of alternate incision and mantling
is also found there, in- the form of talus flatirons. These are upstanding triangular
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16.4(b) Debris slope beneath a silcrete capping, showing an early stage in the detachment of a talus
flatiron by incision of the colluvial mantle, Henbury area.

facets preserved by a colluvial armour of silcrete boulders commonly indurated with
a clay matrix and in some cases reinforced with cementing iron oxide. The boulder
cover, which preserves a former profile of the debris slope, is much more resistant
than the underlying shale, which therefore tends to be exploited during episodes of
gully incision, leading to the detachment of the flatiron from the receding slope and
the formation of a steep in-facing scarp (Plate 16.4b). Talus flatirons indicate an
alternation between slopewash and linear erosion as dominant processes on the hillslope
during its retreat, equivalent to that between pediment mantling and channel incision
in the piedmonts of strike vales, and doubtless due to similar causes. Locally, flatirons
pass downslope into mantled pediment spurs, but they are more characteristic of debris
slopes on soft rocks with moderate or thin cappings, where pediment mantles are rare.
More than one generation of flatirons may remain in front of an escarpment, indicating
successive fluctuations in hillslope regime.
Stony pediments are markedly concave in longitudinal profile and grade smoothly
into the hillslope in a piedmont junction over some tens of metres, in which any
separation of the two slope elements must be arbitrary (Plate 16.4a). This continuity
is associated with the complete range of size-grades among the larger gibbers which
form the stone pavement. A significant direct relationship between pediment slope and
the size of the larger pavement stones has been established for stony pediments in
Australia and elsewhere (Dury 1970; Cooke and Reeves 1972).
In contrast to the pediments discussed previously, stony pediments generally have
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bedrock exposed in the upper sectors. A combination of circumstances has determined
this: the supply of coarse pavement stone yielded from the silcrete is adequate to veneer
the surface, maintain its hydraulic roughness and hence determine the appreciable slope
of the upper sector, but not so plentiful as to form a protective mantle and prevent
its erosional regrading over time; and the fine sediment provided from the shale beneath
the silcrete is readily evacuated from the steep upper pediment, leaving only pavement
stone above bedrock. This contrasts with pediments in strike vales, where abundant
coarse debris mantles the pediment, prevents its regrading, and leaves channel incision
as the only means of adjustment; and with granitic pediments, where the absence of
coarse debris allows pediment slopes to be adjusted to gradients close to those suited
to the movement of the abundant coarse sand, and where complete although thin
mantling ensues, periodically at least.
Longitudinal slopes may exceed 5° on interfluvial sectors in the upper parts of stony
pediments, yet these remain free from gullying. This is partly a consequence of the
stone pavement, which disperses runoff and hampers the establishment of effective
channels, and tends to concentrate in local depressions and so check their further
enlargement; in part it follows from the presence of adequate finer interstitial sediment
to ensure that rillwash and sheetfloods are fully loaded, so inducing a miniature braiding
habit rather than single-channel flow. The first of these controls is shared with the
mantled pediments of strike vales, and the second with granitic pediments. Maintenance
of the planate form of the bedrock surface depends on this balanced supply of coarse
pavement stone and fine sediment load. As the bedrock plane of a mantled pediment
is analogous to a subaerial pediment with its stone veneer, we may assume that the
former equally corresponds to the fully-loaded state of runoff, with channel incision
representing the underloaded, and mantling the overloaded condition.
Several lines of evidence suggest that, following their emplacement near the head
of the pediment by processes active on the hillslope, the larger pavement stones on
stony pediments are no longer subject to transport. These include degree of varnishing,
absence of improved sorting downslope, and the incorporation of the stones in patterned
arrangements of pedogenic origin (Dury 1970). This is in apparent contradiction to
the rough downslope decrease in the size of the larger stones recorded in association
with the decline in longitudinal gradient. A possible cause of this decrease is the
progressive comminution of stones by weathering in place as a function of time since
the passage of the hillslope, and hence more advanced with distance down the pediment.
This contributes to the smoothing of the pavement with age, aided by the filling of
interstices with secondary waste and the settling of stones into the topsoil (Cooke 1970b).
This in turn should allow a corresponding reduction of slope and hence the continuous
regrading of the pediment, concomitant with retreat of the backing hillslope. That such
regrading is not possible on pediments mantled with coarse debris, as in strike vales,
is demonstrated by the survival of staged mantled pediment spurs; nor can it occur
on granitic pediments, where the sand mantles remain unchanged in surface texture
over time.
SOME GENERAL PRINCIPLES OF PE D IM E N T FORM ATION
If contrasts between the various pediment settings are seen as differences of degree
rather than of kind, some general principles emerge about the evolution of pediments
and its controls.
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First, the rate of retreat of the backing hillslope is closely linked with the liability
of the pediment to mantling. In part this is a direct control, in that detritus is likely
to be spread more thinly over an open, extending pediment than over a fixed or confined
one; more importantly perhaps, it follows from the fact that geologic settings conducive
to escarpment retreat also result in a moderate supply of coarse debris to the pediment.
Second, most piedmont settings bear evidence of alternations between planar and
linear runoff" and erosion, doubtless associated with fluctuations in load-discharge ratios.
The presence or absence of a pediment mantle strongly influences the course of these
changes, and with it the regrading of the pediment surface over time. Thick protective
mantles lead to periodic incision and to the survival of staged pediments, whilst thin
mantles are subject to stripping. Continuous regrading occurs only in the absence of
a mantle, and tends to be associated with and facilitated by retreat of a backing hillslope.
Regrading is evident in the undulating transverse profiles of upper sectors of stoneveneered pediments, where differences between the steeper gradients of the interfluves
and those of the drainage ways can be explained as adjustments to less efficient dispersed
runoff and more efficient channel flow respectively. In such settings the requisite
conditions for periodic incision, namely a protective mantle above soft underlying rock,
occur mainly on the debris slopes and lead to the formation of talus flatirons.
Third, the association between planation and balanced load-discharge conditions,
demonstrated for stone-veneered pediments, can be applied in the interpretation of
comparable processes on mantled pediments. The soft rocks in strike vales are planed
during the onset of mantling; on the harder rocks of granitic pediments, lowering of
bedrock proceeds only after subsurface weathering, although ground-level trimming to
the level of a partial mantle can occur on an uneven schist pediment, a complex of
processes termed mantle-controlled planation.
Fourth, rock-weathering in the piedmont contributes to pediment evolution where
hillslope retreat is insignificant, particularly at the fixed piedmont junction. In these
settings weathered profiles inherited from older land surfaces may be important controls
of pediment form.
Lastly, the piedmont situation is critical for the fashioning of pediments. The stony
pediments of the interior lowlands of Australia owe their forms to the presence of a
stone veneer, which preserves the planate interfluvial surfaces, in conjunction with
sufficient fine sediment to induce planar rather than linear erosion by running water.
This combination is due to the presence of a backing hillslope, and changes in the
form of the pediment result from the changes in these controls which come with
increasing distance from the hill foot, and hence follow from hillslope retreat. In Little
Namaqualand, for example, channels head on the lower sectors of granitic pediments
below the limit of a debris apron which is related to the bulk of the upland (Mabbutt
1955). The general consequences are seen in the breakdown of certain morphometric
relationships, as between pediment slope and distance from the hill foot, beyond a certain
range (Mammerickx 1964; Cooke 1970b). In the interior lowlands of Australia, for
example, concave pediments give way to the multi-convex lowlands known as ‘Rolling
Downs’ beyond a certain distance into the plains. The concept of widespread planation
by the extension and coalescence of pediments, as envisaged under pediplanation, must
be relaxed to accommodate pediments where there has been no retreat of the backing
hillslope, and also the changes that inevitably occur where the hillslope does retreat,
with the eventual elimination of the upland sources of debris and runoff.
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On Process— Landform Models
from Papua New Guinea and
Elsewhere
JOHN CHAPPELL
The most enduring theme in geomorphology is to do with morphologic change as a
product of processes observable in the present landscape. I am concerned with the extent
to which landforms can be explained in the light of process studies. Landscapes are
composed of elements which lie large in our vision, and the sculpturing processes also
appear large or forceful. An impression of obviousness about processes is embedded
in classical qualitative models of landscape evolution, an impression which has
conditioned several more recent quantitative models for landforms, as I shall discuss
shortly. Concerning processes, the fact is that these usually are subtle or complex and
the ability directly to descry them is a rare gift. Figure 17.1 shows Leonardo da Vinci’s
interpretation of the currents and incidental motions in a waterfall plunge pool—a
depiction which shows ‘a cinematographic eye and memory of an extraordinary degree’
(Popham 1946), although even Leonardo somewhat constrains his sketch to a more
general model (his own) of vortices in nature (see caption, Fig. 17.1). The obvious
point about difficulty of perceiving processes is made at once. However, nowadays we
are considerably advanced in describing many landscape processes no more accessible
than that in Fig. 17.1—for example, wind-driven waves on water, or motions of glaciers.
The problem of explaining landform evolution rises first from there being many
interdependent phenomena acting on the landscape, and second from the fact that the
processes are variable or discontinuous in time, with effects which are slow to
accumulate.
The problem is well illustrated by a critique of the model I developed for evolution
of small valleys in Pleistocene coral terraces in New Guinea (Chappell 1974). The
terraces are radiometrically dated and provide a good natural laboratory in which
notions of landscape evolution can be tested, because the time of emergence of each
terrace is knpwn reasonably precisely. The valleys in question are eroded into the terrace
fronts and their watersheds lie entirely within the terrace into which each cuts. A typical
example is shown in Fig. 17.2. The model and its testing were as follows.
Eight valleys from four terraces were surveyed. Epochs of terrace emergence range
from 70,000 B.P. to 320,000 B.P., and initial profiles for time zero were reconstructed
from valley interfluves (Fig. 17.2). The model for thalweg evolution, in the (x, z) frame
of Fig. 17.2, was
= —[A(x+d)e TX + B(x+d) ^ + C
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Fig. 17.1. Study of swirling water, by Leonardo da Vinci (from Popham 1946). Leonardo’s
comment includes ‘Thus the water forms eddying whirlpools, one part of which is
due to the impetus of the principal current and the other to the incidental motion
and return flo w ’. Details in the picture reveal Leonardos tendency to synthesise into
a single model all natural ‘vortices’, including biologic spirals such as exhibited by
hair and some forms of plant growth.

When calibrated against the surveyed valleys this model ‘explained’ 98 per cent of
the thalweg profde variance across the set, and 94 per cent of the age variance. Figure
17.3 illustrates computed results for four valleys of different ages, shown as successive
stages at equal time steps evolving from the initial profiles. The terms in (1) weighted
A,B,C respectively represent solution, corrasion, and mass movement of valley floor
debris. Equation (1) is derived by substituting simple models for each of these processes
into the general equation

</>(x)V

Tt =
+
• • • (2)
and linearising. Equation (2), first given by Scheidegger (1961), follows simply from
the geometry shown in Fig. 17.2. Denudational action acting at right angles to the
surface is represented by 0(x), and vertical lowering of any point on the surface is
expressed at the rate dz/dt. The particular process models used were rationalised as
follows:
(i) Solution, (x)so|n, was heuristically reckoned to increase downstream with water volume
but tends simultaneously to diminish as travel distance (x) in the channel increases.
Water volume was assumed to increase linearly with distance, and includes overland
and through flow over distance d above the channel head. Hence volume is proportional
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(distance below channel head)
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Fig. 17.2. Geometry of small valleys developed on the fronts of coral reef terraces
at Huon Peninsula, New Guinea.
Upper: contours on typical valley.
Middle: watershed and runoff lines, plux x-axis from origin o, parallel
to thalweg.
Lower: geometry of lowering in x-z frame.
Gwen that erosion action perpendicular to slope can be represented by
increment bx, the vertical lowering is \Jbz2 + bx2 (small vertical triangle)
(after Chappell 1974).
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A: Valley development, composite process model

lb, 70ka

11a, 150 ka

111c, 210ka

IV, 3 2 0 k a

B: Valley development, improved solution model

observed

predicted

Fig. 17.3. Computed models of valley evolution compared w ith observation. In itia l profile (upper
solid line in each case) is reconstructed from valley interfluves, which s till show origin al
terrace form ; fin a l profile (lower solid line in each case) is thalweg. A: valley evolution
computed by composite process model of Chappell (1974) shown by successive dashed
lines. Model time increment is the same between dashed lines in a ll cases and difference
between dashed line spacings reflects different actual sizes o f the valley. B: valley
evolution fo r valley 1b solution alone, according to ‘im proved’ solution model (see te x t),
w ith intermediate time steps shown.
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to (x + d). A compromise between 2 analytic ‘end-point’ models was taken as
0(x)soln = A(x+d). exp (—rx) where 1 /r is the chemical reaction rate constant.
(ii) Corrasion, 0(x)corr, was modelled by simple Hortonian approximation for erosion
in a uniform-section channel, viz. 0(x)corr = B(x + d) sin a(x) where a(x) is angle
of slope at x.
(iii) Mass movement of the valley floor debris mantle, 0(x)mm, was reckoned as
principally responding to changing thalweg profile curvature, i.e. 0(x)mm = Cd2z/dx2.
The linearised model (1) was computed by appropriate difference equation methods,
and iterated across the set of eight valleys. Best-fit values for coefficients A, B, C were
found at the levels of variance ‘explanation’ indicated above.
A fairly obvious criticism of this exercise is that with four adjustable parameters
(A, B, C, r), for process functions which have complementary effects (see Chappell
1974: Figs. 5, 6), it is unsurprising that a good fit was achieved between (1) and
observations. A second important point is that a different set of process formulations,
as plausible as those embedded in (1), would very likely have yielded an equally
satisfactory fit, with quite different weightings for A, B and C. This may be illustrated
by reconsidering the problem and concentrating on the model for only one process.
Let us try to deduce a model for solution along the thalweg, more incisively than was
done for equation (1).
The aggressiveness of any packet of water towards limestone diminishes from initial
value A0 by the first order kinetics A = A0 exp (—rt). Now the time taken for any
packet entering the stream at ( to a point x > £ is ^x (1/v) dx where v is velocity.
The channel is cut in unconsolidated valley-floor debris of predominantly soil material
under which conditions the velocity is most likely to vary as Q °22 where Q is discharge
(Scheidegger and Langbein 1966), for a given slope. Velocity should vary with square
root of slope, by the Manning equation. Hence, from these approximations a new
formula for 0(x)soln may be constructed for substitution in (2), as long as Q(x) is known.
Field observations of ephemeral flow in the small valleys indicate that Q increases
uniformly, as far as the point at which the valley steepens markedly and descends the
terrace front, i.e. Q(x) oc x (Chappell 1974). Derivation of 0(x)soln can be simply
illustrated for the hypothetical case where thalweg slope in the upper valley is effectively
constant. Substitute v oc Q022 in jx (l/v ) dx and then integrate over f to sum the
effects of all packets : this yields^ aggressiveness: A(x) = kA0 [1—exp(—rx 0'82)]. The
solution at any point will be inversely proportional to transit time of a water packet
through the point, and hence
kA

(x)Soln = ^ [ l - e x p ( - T X 0-82)]

...

(3)

where k is a constant, for constant thalweg slope. Modification for variable slope
introduces the x-integral of slope into the exponent term of (3), which complicates
the numerical evaluation of (2) when 0(x)soln is substituted. However, using the Manning
velocity equation (the use of which may be justified by the lack of bed load and
apparently uniform bed roughness in the small valleys), and then computing by
successive approximation, thalweg evolution by this solution model can be calculated.
The sole parameter for calibration now is the rate-constant r. Of the four valleys shown
in Fig. 17.3, lb is the most suitable test case for this argument, because its watershed
is of constant width from its head to the terrace margin, indicating that discharge should
increase uniformly down to that point. The scarp below the terrace margin is steep
and broken ground, probably contributing nothing to the thalweg flow. Figure 17.3
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shows the best-fit result, computed in eleven segments using (3) modified by the square
root of slope in each segment (i.e. using the Manning velocity-slope relationship). The
best-fit result is achieved with 1 /r = 5 minutes, assuming that mean existing velocity
throughout is about the same as the 0.8 m/sec which have been observed in a similar
valley (Chappell 1974).
The fit of this pure solution model for valley 1b is at least as good as the combined
solution-corrasion-mass movement model (1). The argument of Occam’s razor implies
that it is a ‘better’ model. The fact that the terrain is coralline limestone makes it
easy to accept that the valleys form by solution alone. A final cross-check of the argument
would be field determination of (a) the rate constant r, and (b) of the assumption
that all water packets enter the stream with similar aggressiveness A0. It is exactly
at this point that the problem commences, of relating process measurements to landform
via a model. Firstly, while a value for 1 /r o f ^ 5 minutes is consistent with Weyl’s
(1958) measurements of solution of pure calcite by agitated carbonic acid, field
measurements on these same terraces by Dunkerley (1977) indicate 1 /r values of around
ten seconds for runoff from limestone outcropping on the terrace surfaces. Whether
the same is true of channel flow in the small valleys is unknown. Secondly, the
occurrence of travertine deposits on the rocky sides of central parts of the small valleys
(Fig. 17.2) suggest that at least part of the inflow is saturated. Additionally, effects
on aggressiveness caused by mixing of stream and effluent groundwaters are complex
in limestone terrain (see Jennings 1971). Finally, streams f lo w in these valleys only
when rainfall intensity and duration are high, and aggressiveness may vary during a
flow episode. Uncertainty about distributions and variabilities of these factors makes
it seem impossible properly to postulate ‘averaging’ parameters such as those embedded
in (3). Hence, it is impossible to be satisfied that adequate ‘explanation’ is offered
by the solution-process model in Fig. 17.3b, and this is true also for the composite
model in Fig. 17.3a.
All that can be stated is (a) that solution is most likely the dominant process forming
these valleys, possibly accounting for near 100 per cent of thalweg lowering (solution
model) rather than for the overall 70 per cent estimated by the composite model, and
(b) that elementary rules of hydraulics embedded in these models are not contradicted
by the ‘test’. These unsurprising results appear especially flatulent when one notes
that a small set of field measurements would give more accurate figures for point (a),
and that for landscape control purposes it is more useful to extend knowledge of fluvial
hydraulics by controlled experiments. It appears correct to make similar criticisms of
other comparisons of hydraulically reasonable models with landscape profiles, such as
the classical erosion investigations of Horton (1945) or the more comprehensive slope
models of Mizutani (1974).
Despite this, the strong desire remains to derive morphologic evolution from process
investigations because only by so doing can we sufficiently explain the present, and
extrapolate to future or other worlds. It may be asserted that if process observations
were sufficiently numerous then the example of the Papua New Guinea small valleys
could be explained. It is precisely here, however, that the observation problem appears.
This has two sides. First, process events in the valleys are sparse as well as complex,
and lengthy and elaborate observations are required. Second, morphologic response is
so slow as to make closure of the experimental argument well nigh impossible. If similar
arguments are widely applicable then evolutionary geomorphology must always remain
most qualitative in its explanation, with the major utility of process studies being for
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landscape management. However, I will argue that this need not be the case, using
as illustration a landscape type where processes and the resulting form changes are
more or less continual and both are readily measured.
Ocean-coast beaches provide the case in point. Analyses of nearshore wave dynamics
and associated currents nowadays are good, and understanding of sediment entrainment
and transport is quite good. Coupling of these two phenomena has been achieved quite
satisfactorily to explain form changes where either the transport mechanism is relatively
simple, as is the case for littoral drift of gravel (illustrated by the model of spit growth
by King 1972) or where the permitted variation of wave field and nearshore bed form
in a given case is relatively small (illustrated by the explicit numerical models of Noda
et al. 1974). Far from complete, however, is explanation of patterns of change in the
interesting general case of sand surf beaches. There are two aspects. First, several of
the inshore processes are not yet well analysed for a steady-state wave train
superimposed on tide. Hence, second, the kinetics of disequilibrium between wave field
and inshore morphology are poorly known to such a degree that the procession of bed
forms resulting from a variable wave climate is not yet predictable. By discussing both
of these I will try to indicate further the routes from process study to explaining form.
Sand exchange between the beach face and inshore circulation oscillates with swash.
Observed velocity and depth variations in uprush and backwash agree quite well with
modern predictions based on analysis of the hydraulics (Kemp 1975). Whether a beach
will accrete or lose sand cannot be predicted from these velocity and depth variations
alone, however. In addition to the budget inshore between shoreward drift by shoaling
waves and seaward transport via longshore and rip currents, there is an extra factor
influencing the sand budget in the swash zone. This is the beach water table, the role
of which is seen in beach cusps where net accretion occurs on the cusp horns
simultaneously with net removal from the cusp bay. Figure 17.4 shows a typical case
taken from surveys by the author of Bracken Beach, southern N.S.W. The cusp
geometry modifies uprush and backwash so that backwash in particular is focused into
the cusp bay where velocities in the central vortex are over twice those below the horns.
Accretion on the horns is not solely due to the focusing effects shown in Fig. 17.4,
however. Backwash volume from the horns is proportionately smaller than uprush,
compared with the bay, because of rapid infiltration of uprush on the horns (first noted
by Longuet-Higgins and Parkin 1962).
Measurements taken during field observations of Fig. 17.4 showed hydraulic
conductivity beneath the horns and cusp bay was essentially the same, which implies
that the infiltration rate difference reflects different depths to the water table. This
was confirmed by well-spear observations: contours of the water table run parallel to
the mean shoreline, and hence its surface ‘outcrops’ in a cusp bay, while on the same
transect it may lie 0.5 m below the cusp horn surface. Water table effluent boosts
sediment entrainment by backwash in the cusp bay while backwash energy on the cusps
is much reduced by the high uprush infiltration. This effect of relative water table
elevation on uprush/backwash sediment budget was forecast by Grant (1948), and the
hypothesis was confirmed by Chappell et al. (in press) by artificially varying beach
water tables using large pumps coupled to arrays of well spears. The result of the
latter experiments, conducted on a high-energy surf beach, was that sediment accretion
was induced by artificially lowering the water table beneath the intertidal beach, during
situations where the natural regimen varied from equilibrium to steady erosion.
This discussion illustrates development of geomorphic understanding, from perception
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UPRUSH
Central bore preceding main uprush

C o arse s e d im e n t
on cusp horn
Uprush w a t e r table

BACKWASH
Central vortex from
converging drainage

WmtSSm
Rapid infiltration
on horn

Roll wave

B ackw ash water table
Fig. 17.4. Cusps on intertidal zone of high energy, coarse sand beach. Sketches were made at
Bracken Beach,- southern N.S. W. Mean spacing of horns is 22 m.

356

Geomorphic Models

of process to direct testing of process-morphologic interaction. However, the quantitative
dynamics in this case are complex. Concerning the water table alone, in a medium
with hydraulic conductivity k, elevation h of the water surface is described by
<9h d(kh) dh
. .
— = ----- —
• • • (4)
dt

dx

dx

This equation, itself embodying the strong Forchheimer approximation, is non-linear
and its solution for tide-induced variations of water table in a sloping beach is likely
to be achieved only for the special case of a steep beach with a negligible swash
(J. Knight, pers. comm.). The real case of a surf beach is further complicated by swash
and shock interactions of the surf with the water table, so that hardware model
realisations of (4) differ significantly from observations, as shown in Fig. 17.5 (from
Chappell et al., in press). Hence the kinetics of beach profiles in response to changing
wave climate are unlikely to become predictable explicitly from the hydraulic equations.
This statement appears to destroy the hope that the process analysis will lead to
complete explanation of morphology, at least for the surf beach example. But this
problem may be sidestepped if complete determinacy is not required. Langbein
(Scheidegger and Langbein 1966) has shown that satisfactory statements can be deduced
about statistical relationships between parameters of a fluvial stream such as discharge
versus mean velocity, channel width, and depth. Yet in detail the mechanics of
fluid/sediment/channel wall interaction are about as complex as for the beach face
example. Let us re-examine the latter at a more generalised level.
Appropriate parameters must first be chosen. The dependent variable must describe
tendency of vertical change, dh/dt, on the intertidal beach (accretion or degradation).
Independent parameters must include wave energy flux onshore (E), and height of water
table above low water datum (h*). An important feature of the functional relationship
dh/dt = f (E, h*) is that it will not be continuous. This is because catastrophic change
from accretion to degradation can occur, due to liquefaction within the intertidal beach
triggered by combination of high water table and shock induced by the shore break
(Chappell et al., in press). Once rapid lowering has occurred, slower degradation still
may continue because of removal of the vadose ‘buffer’ above the water table. These
relationships are sketched in Fig. 17.6 using one of the catastrophe-theory frames of
Rene Thom (1975). This allows an explicit account to be given of the accretiondegradation discontinuity, and offers some general theoretical advantages which are
explained below, in the light of this example. Use of the diagram is illustrated by
the effects during a normal tide cycle on a mildly accreting beach. This is represented
by the small ellipse above the fold in Fig. 17.6. Moving clockwise around the ellipse
the following cycle is traced. Flood tide commences near X with energy flux rising
on the beach face as depth over the near-shore zone increases. W ater table rise lags
behind tide and energy rise (see Fig. 17.5). During ebb phase the energy flux wanes
but water table rises for a period before its slow fall begins. This greater water table
effluent during ebb accounts for the commonly observed reduction of accretion during
this tide phase. Change of accretion rate is represented by the ellipse arrow heading
downslope during ebb, upslope during flood. Now consider a moderate increase of wave
energy with a marked water table rise, represented by the dashed line to P (e.g. a
mild storm with heavy rain). Liquefaction and the erosion catastrophe occur (fall to
Pi). The vadose buffer having been eliminated, the tide cycle resumes its degradation
regimen (lower ellipse). Figure 17.6 implies that a converse ‘accretion catastrophe’
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Beach Section

O bservation W ells
DATUM-

W ater Table
1. H.W.
2. M id-tide,ebb
3. L.W.

Hele-Shaw Cell Model

4. Mid-tide, flo o d
Fig. 17.5. Observed variations of beach water table on high energy surf beach during ebb tide
(Durras Beach, southern N .S.W .), compared with ideal variations in an isotropic
porous medium, driven by tide without high-frequency swash. The latter is determined
from a Hele-Shaw cell (after Chappell et al., in press).

should also occur. This may be represented by the final rapid accretion to the beach
face of shoreward-moving transverse bars, which can happen during periods of fair
weather and waning swell. Demonstration that such a process is the converse of the
erosion catastrophe would entail observation of inshore currents and sediment move
ments coupled with water table measurements; no such observations during a natural
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Erosion
catastrophe
Rapid erosion

Bifurcation s e t

Position of bifurcation
set varies with hydraulic conductivity
Fig. 17.6. Catastrophe-theory model of relationships between wave energy, water table
height relative to beach surface, and erosion versus accretion. The vertical thick
arrow is erosion/accretion axis.

rapid-accretion event are known to me. However, reflection shows that the folded surface
is realistic. Consider an energy/water table condition which lies at point L in the corner
of the lower fold edge. If water table rises with energy constant then degradation
increases, that is the locus tracks down the lower surface. It cannot trace up towards
V because this implies accretion. Hence the surface VXV is prohibited, although it
is mathematically continuous with the upper and lower ‘permitted’ surfaces. The fold
formally accounts for catastrophic change of state from accretion to erosion; the
continuity of the fold surface represents a basic mathematical relationship between these
states, as is discussed shortly. Of course, there are likely to be other factors affecting
behaviour of the system, implying that Fig. 17.6 is an incomplete description. One
such is hydraulic conductivity, an increase of which will decrease the probability of
liquefaction and hence will swing the trajectory of the fold edges (projected on to the
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lower plane as the ‘bifurcation set’) towards the water table height axis. However,
for a given hydraulic conductivity the beach behaviour should be predictable, for any
wave and water table history, as long as the equation of the surface is known.
This brings us to the inner point of Fig. 17.6. According to catastrophe theory,
any phenomenon describable in such terms has an associated potential function which
is minimised on the behaviour surface (which in this case is the folded surface in the
figure). The reason is that basic principles of conservation (of mass, momentum, etc.)
constrain the potential functions, by which phenomena may be described, to seek a
minimum state compatible with given constraints. If more than one minimum exists
then catastrophic change between states is possible. The general family of cases of
multiply-minimum potential functions and associated behaviour surfaces is developed
by Thom (1975), who particularly elaborates all such cases as can occur in our familiar
4-D world of space and time (an elementary review of which is given by Zeeman
1976). Figure 17.6 couches our erosion catastrophe in terms of one of the simpler of
Thom’s 4-D cases. The general equation of the potential function in this case is
!/4x4 — ax — Vfcbx2 = 0
. . . (5)
where x is the behaviour variable, and a, b are the control (independent) variables.
The behaviour surface is the first derivative
x3 — a — bx = 0
. . . (6)
for a minimum of 0. A strong clue to the nature of the potential function is that it
is minimised on the behaviour surface. In energy-dissipating open systems it is entropy
production which in general is minimised (Prigogine 1961: 76). For fluvial systems,
Langbein and Leopold (1966) argue that meanders conform closely with the entropyminimising form, and the general relationships between river width, depth, velocity,
and discharge deduced by Langbein (Scheidegger and Langbein 1966) on a ‘least biased
estimate’ basis are in fact consistent with minimum entropy. Take for example the
case of fixed channel width and slope. In reckoning least-biased indices
f and (1 — f) in d = Qf, v = Q0'0,
Langbein in Scheidegger and Langbein (1966) minimises variance partitioned over
velocity, depth bed shear and friction. Bed shear is taken as oc depth and friction
as inverse of the Darcy-Weisbach coefficient. Now work rate in a stream is mass flow
rate X frictional force per unit volume, where the latter is proportional to (velocity)2.
Thus work rate is proportional to p X width X depth X velocity X (velocity)2. This
is equivalent to the combined factors taken by Langbein, and at given potential above
base level is entropy production.
Taking the potential function in (5) as entropy production rate, ds/dt = (work
rate)/(potential above base level), the nature of the axis functions in Fig. 17.6 can
be gauged by making (5) dimensionally consistent throughout. Thus the behaviour axis,
which is a function of dh/dt, must be proportional to [(l/h)(dh/dt)]0'25 where h is
mean height of beach above low water datum. The water table axis is a function of
mean water table elevation h* times the water flux ‘lifted’ through h*, and will be
proportional to h*1’25 times (flow velocity)075. The wave energy flux axis should be
described by the function (E/0)05 where 6 is swash zone set-up relative to the nearshore
water surface. Thus the behaviour surface should be such that

( ± . .-,,(1r-(isr-„

where v is mean flow velocity. Unfortunately, at this stage I can show no data to test
this prediction, although I hope to be able to do so. However, the main intention of

360

Geomorphic Models

these last paragraphs has been to signpost a route for arguing from process to form.
My next and concluding remarks amplify this.
For vitality to remain in classical geomorphology, arguments from process to form
must be pursued quantitatively. It was demonstrated, however, that the value of
modelling exercises similar to the case of small valleys in Papua New Guinea is limited.
Nor does any substantial advance in understanding stem from simulation models which
embody simplified construction rules such as stochastic simulations of branching
drainage nets. But the task of predicting form from meticulous assessment of processes
in all their details appears largely impossible, as the beach-face example seems to show.
As was stated, the crux is the degree of determinacy required. It may be granted that
it is satisfactory to make statistically accurate predictions. Certainly it is sensible to
try to do so, given the tortuous chain of computation and uncertainty intervening in
the deterministic approach. An apt parallel is with the global climate problem, where
in an atmospheric system with a memory of about one month for any given configuration,
the ultimate value of the elaborate and costly explicit models which currently are being
widely investigated is limited.
Paltridge (1975) has demonstrated the power, for statistical prediction of climate,
of thermodynamic statements in which entropy production is minimised. In
geomorphology Langbein and Leopold (1966), in particular, foreshadowed this argu
ment, and in the last part of this essay I have tried to show how it may be further
developed. This is not intended to deny the value of process analysis for landscape
management, but is meant principally to affirm a most useful route for continuation
of classical geomorphology.
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Carpentaria (Gulf) 21, 146, 149
Castlereagh R., NSW, 28
Chillagoe, Qld, 266, 271, 276
Cloudy Bay, NZ, 184, 185, 190
Colbinabbin Ra., Vic., 74, 75, 76
Colo R., NSW, 24
Coral Sea, 30, 42
Corrobinnie Hill, SA, 289, 292, 293, 294, 295, 298,
299
Cronulla, NSW, 147
Darai Hills, PNG, 263, 266, 272, 278
Darwin, NT, 129, 131, 149

Index
Deniliquin, Vic., 74, 76
d’Entrecasteaux, Tas., 159, 161, 163, 164, 165, 166
Discovery Bay, Vic., 153
Dorrigo Tablelands, NSW, 34, 35
Doughboy, NSW, 33
Dubbo, NSW, 36
Dumbea R., New Caled., 232, 233
Durras Beach, NSW, 145, 147
East Kimberleys, WA, 287, 305-329
Eastern Highlands, Australia, 3, 5-47
Echuca, Vic., 71, 74, 75, 76, 78, 82, 84, 85, 87,
92, 93, 95, 97, 98, 103, 107
Edward R., Vic., 74, 76
Emia Valley, PNG, 276, 278, 279
Encounter Bay, SA, 146, 153
Eucla, WA, 151
Eyre Pa., SA, 146, 152, 287, 288-303
Farewell Spit, NZ, 172, 174, 179-80, 191
Fitzroy R., Qld, 9, 18, 14
Flinders I., Vic., 146, 153
Flinders Ra., SA, 16, 154, 267, 288, 300, 332, 333,
335
Four Mile Beach, Qld, 149
Fraser I., Qld, 146, 147, 150, 155, 203, 210
Front Ra., Col. USA, 3, 114-23
Gawler Ra., SA, 288, 289
Gearys Gap, NSW, 27
Geikie Gorge, WA, 255, 273
Gippsland coast, Vic., 145
Gogimp R., PNG, 66, 68
Golden Bay, NZ, 174, 180, 183, 281
Gorge Rock, WA, 289, 290, 292
Goulburn R., NSW, 5, 30, 31, 37, 73, 74, 75, 76,
78, 79, 80, 81, 82, 83, 84, 85, 86, 87, 90, 92,
93, 95, 96, 97, 98, 99, 100, 101, 103, 105, 107
Goulburn Weir, Vic., 82-83
Great Barrier Reef, Qld, 147, 149, 155, 281
Green Gully, NSW, 74, 83, 87, 98, 99
Greymouth, NZ, 174, 175, 178, 255
Groote Eylandt, NT, 146, 149
Gumants R., PNG, 60, 62, 65, 67
Halls Ck., WA, 307, 308
Harwood Hole, NZ, 255
Hawaii, USA, 220, 224, 226, 227, 228
Hawke Bay, NZ, 170, 171, 174, 190
Henbury, NT, 343, 344
Hokitika, NZ, 174, 190
Hunter R., NSW, 9, 31, 146, 147, 202, 203
Hunter Valley, NSW, 5, 17, 28, 30, 31, 37
Huon Pa., PNG, 350
Hyden Rock, WA, 289, 290, 292, 293
Israelite Bay, WA, 146, 151
Jamieson Ck., BC, Canada, 230
Joseph Buonaparte Gulf, NT, 146, 149
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Kaikoura, NZ, 187
Kaipara, NZ, 182-3
Kaitorete Barrier, NZ, 172, 174, 184, 185
Kangaroo I., SA, 16, 146, 152
Kangaroo R., NSW, 20, 22, 23, 24, 28
Kaugel R , PNG, 49, 50, 57, 59, 60, 62, 65, 66,
67
Kawakawa Bay, NZ, 187
Kelang R., Malaysia, 223-4, 225, 228, 229, 231,
232, 233
Kimberley coast, WA, 149
King Sound, WA, 146, 149
Kotupna, Vic., 78, 98
Kubor Ra., PNG, 49, 50, 55, 58
Kuk Swamp, PNG, 67
Kulgera Hills, NT, 337
Kurrimine, Qld, 146, 149
Kwaterski Rocks, SA, 289, 296, 297
Lachlan R., NSW, 9, 15, 21, 100, 106, 109
Lai Valley, PNG, 49, 50, 65
Lake Bathurst, NSW, 26, 27, 97
Lake Cooper, Vic, 76
Lake George, NSW, 9, 13, 15, 25, 26-8, 105
Lake Kanyapella, NSW, 75, 76, 78, 80, 81, 83,
84, 90, 91, 92-6, 103, 108
Lake Trist, PNG, 239-42, passim , 247, 248
Limestone Ra., WA, 267-71, 273, 276, 277
Little Omaha Bay, NZ, 186-7
Liverpool Ra., NSW, 11, 30, 37, 38
Lost World Cave, NZ, 274
McCoys Bridge, NSW, 80, 81, 84, 85, 89, 90,
98
Macdonnell Ra., NT, 332-7, passim, 341, 342
Makuri, NZ, 250-6, passim,
Mangatawhiri Spit, NZ, 182, 183
Manukau Harbour, NZ, 182, 183
Maribyrnong Valley, Vic., 104
Marulan, NSW, 21
Matakana I., NZ, 172, 174, 181-2, 192
Mattole R., Calif., USA, 228, 229, 230, 231
Missionary Plain, NT, 334, 335
Mojave Desert, Calif., USA, 338
Mole Ck., Tas., 266, 267, 276
Molonglo R., NSW, 27, 28, 97
Moreton L, Qld, 146, 147
Moruya, NSW, 198-200, 207
Mt Ainslie, NSW, 13
Mt Arthur, N.Z., 250, 253, 255
Mt Giluwe, PNG, 49, 50, 55, 57, 59, 61, 64, 65,
66

Mt Hagen, PNG, 49, 50, 51, 52, 53, 55, 59, 60,
65, 66
Mt Kaijende, PNG, 266, 272, 276, 278
Mt Kosciusko, NSW, 5, 9, 71, 122
Mt Twynam, NSW, 119
Mt Wudinna, SA, 288, 289, 295, 302
Mullamullang Cave, WA, 267
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Murray R., NSW, 9, 74, 76, 78, 80, 82, 84, 85,
87, 92, 97-103, passim, 105, 107, 146, 153
Murrumbidgee R., NSW, 9, 15, 21, 73, 85, 99,
100, 107
Myall Lakes, NSW, 198, 200, 210
Namaqualand, S. Africa, 346
Napier, NZ, 174, 175, 177-8, 192, 256
Nebilyer R., PNG, 60, 66
Nelson, NZ, 170, 171, 172, 263, 280, 281
Nepean Pa., Vic., 153
Nepean R., NSW, 22, 23, 24
New Caledonia, 232, 233, 239
Newcastle Bight, NSW, 200, 201, 202, 203, 207
New Plymouth, NZ, 174, 175
Ninety Mile Beach, Vic., 145, 146, 148
Niwot Ridge, Colorado, USA, 118, 120
Norman Bay, Vic., 152, 153
Nuniong Plateau, Vic., 31, 32
Nullarbor Plain, 265, 266-8, 276, 277
Oberon Bay, Vic., 152, 153
Okains Bay, NZ, 186, 187
Otago, NZ, 120, 170, 171, 172, 174
Owen Stanley Ra., PNG, 239

Snowy Mts., NSW, 3, 38, 108, 114-25
Snowy R., NSW, 9, 31, 145, 146
Southern Alps, NZ, 3, 114-25, 250, 256
Squeaky Beach, Vic., 153
Strike-a-Light Ck., NSW, 231, 233
Sugarloaf Plateau, PNG, 50, 65
Sydney, NSW, 12, 147
Tahunanui Spit, NZ, 179, 180
Takaka, NZ, 250-6, passim, 276, 280, 281
Tallygaroopna, Vic., 77, 78, 82, 88, 98
Tambul, PNG, 51, 57
Tarawera volcano, NZ, 181, 192
Tasmania, 36, 154, 158-67
Tasman Sea, 30, 42, 205-12, passim
Tauranga, NZ, 181
Taylors Ck., NSW, 26, 27
Teharkuldu Hill, SA, 289, 295
Te Kuiti, NZ, 255, 274
Timaru, NZ, 174, 175-6
Tua R., PNG, 56
Uncontitchie Hill, SA, 288, 289, 290, 292

Paturau, NZ, 266, 281, 282
Perth Basin, WA, 16
Pikikiruna, NZ, 262
Pildappa Rock, SA, 289, 291, 292, 294, 302
Piri Piri, NZ, 250-6, passim
Point Stuart, NT, 149
Pompeys Pillar, WA, 307
Portland Bay, Vic., 153
Port Phillip Bay, Vic., 153
Poverty Bay, NZ, 174, 188, 189, 190
Puketoi Ra., NZ, 252, 253, 256
Punakaiki, NZ, 250-5, passim, 276
Rabbit I., NZ, 172, 181
Rangitaiki Plains, NZ, 188-9
Richardson Rocks, SA, 297
River Don, Qld, 150
Riversleigh, Qld, 266, 268, 269, 273
Riwaka R., NZ, 263
Round Mt., NSW, 5, 10, 33, 35
Seven Mile Beach, NSW, 147
Shark Bay, WA, 151
Shepparton, Vic., 71, 74, 75, 78, 79, 82, 83, 88,
90, 97-101, passim, 107
Shoalhaven R., NSW, 9, 12, 21, 22, 23, 27, 97,
146, 147

Van Diemen Gulf, NT, 146, 149
Victor Harbor, SA, 153
Wahgi R., PNG, 49, 50, 58, 65, 66, 67
Waitomo, NZ, 250-6, passim, 263, 266, 276, 279,
280, 281, 282
Wanganui, NZ, 171-7, passim, 180
Warrumbungle volcano, NSW, 28, 29
Wattle Grove Rocks, SA, 289, 295
Waulkinna Hill, SA, 289, 295
Wave Hill, NT, 266, 268
Wellington, NSW, 36
Wellington, NZ, 170, 171, 172, 174, 175, 188, 189,
190
Westernport Bay, Vic., 153
Westport, NZ, 172, 174, 178, 192
Whale Beach, NSW, 146, 147
Whatipu, NZ, 183
Wild R., Qld, 228, 231
Mt. Wilhelm, PNG, 49, 50, 52, 55, 61, 62
Willandra Lakes, NSW, 71, 102, 105, 106
Wilsons Promontory, Vic., 146, 152, 153, 154
Wonboyne, NSW, 200
Woy Woy, NSW, 200
Yarwondutta Rocks, SA, 289, 301
Yilgarn Plateau, WA, 336, 337, 341
York Pa., SA, 146, 152, 289, 296

(c) SUBJECT INDEX
Aeolian dust, in Riverine Plain sediments, 97, 101,
102, 105, 109
Aeolianite, see Calcarenite

Africa, tectonic analogue to Australia, 43, 44
Aggradation, climatic control of, 73
Alluvial plain, 172; see also Riverine Plain

Index
Alluvial stratigraphy, 73, 74-110
Ancestral rivers, Riverine Plain, 72, 73, 76, 77, 78,
81, 85, 96, 99, 100, 101, 106-7, 109
Antecedent river, 14, 18, 24, 27
Anticyclones, in Tasman Sea, 205
Atmosphere circulation: effect of sea-surface tem
perature on, 206, 207, 208, 209, 210, 212; effect
on coasts, 206-12; storm cycles, Tasman Sea,
204-6
Aure Trough, see Papua New Guinea, geology
Australian Alps, 6
Australian Plate: northward movement of, 39,
42-3, 44; relationship of Papua New Guinea to,
42, 49, 239
Australian surface, Eastern Highlands, 10
Backwearing, 2, 287, 302, 331, 342; see also Slopes,
retreat of and Pediments, origin of
Bankfull discharge, M urray-G oulburn channels,
97-9
Barmah sandhills, 74, 75, 76, 80, 84, 85, 90, 92,
94, 95; see also Lunettes
Barriers, coastal, 145, 147, 168, 172, 175, 176, 182,
183, 184-5, 189, 193, 198, 200
Barrier islands, 147, 153, 172, 173, 178, 181-2,
183
Basalt, Eastern Highlands Australia: ages of, 3, 30,
31, 32, 33, 41; effect on drainage, 21, 28, 30, 31;
relation to Eastern Highlands uplift, 17, 24,
30-5, 36; relation to silcrete, 13, 17; volcanic
provinces, 37-40
Beach cusps, 354, 355
Beaches, see Coasts, also Beach sediments
Beaches, accretion of, 356-9
Beach processes, modelling of, 354-60
Beach profiles, 357
Beach ridges, 149, 168, 172, 176, 178, 180, 184-9,
passim, 193, 197, 198-205, passim, 207, 210,
211; age of, 198-200, 201
Beach rock, 149
Beach sediments: age of, 198-200, 201, 202; Aus
tralian coast, 144-57; budget, 143; climatic fac
tors affecting, 155, 156, 183, 192, 193; composi
tion of, 145-57, 159-61; Eastern Australia,
145-9; effect of sea-level change on, 154, 155-6;
effect of wave energy on, 158-67; effect of wind
energy on, 166; grain characteristics, 144, 149,
160, 161-6; heavy minerals in, 147; New South
Wales, 144-6; Ninety Mile Beach, 145, 148;
Northern Territory, 149; Queensland, 147-9;
sorting of, 163-4, 166; source of, 145-56, 160-1,
177, 178, 180, 181, 183, 186-90 passim, 202,
203; South Australia, 151; Tasmania, 155,
159-66; Victoria, 145, 152, 153-4; volcanic origin
of, 153, 155; Western Australia, 149-51
Beach water table, influence on beach sediment
budget, 354-9
Bedrock platform, 288, 290-4, passim, 296-9,
passim; see also Pediments
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Blind valley, see Karst landforms
Blockfields, 121-2
Boulder banks, 184, 185, 190
Breakwaters, effect on coasts, 175-8, 184, 191
Brocks Creek granite, N T, 128, 132, 133, 139, 140
Cadell Block, 82, 87, 88
Cadell Fault, 74, 75, 76, 78, 83, 87, 88, 90, 99,
101
Cainozoic time scale, 11
Cainozoic vulcanism, Eastern Australia, see Basalt,
Eastern Highlands Australia
Calcarenite, dune, 151, 152, 153, 265
Calcrete, 267, 268, 269, 288, 333
Caves, see Karst landforms
Central Highlands, Papua New Guinea, see Papua
New Guinea, Central Highlands
Channel migration, Riverine Plain, 100-1
Channel shapes, Riverine Plain, 82-6, 98, 99, 100,
103, 108
Cheniers, 149
Clay, illuvial, 137-8, 322
Climate: effect (on beach sediments), 155, 156, 183,
192, 193, (on coastal landforms) 197-214, (on
limestone landforms) 250, 256, 257, 259-63, 268,
(on pediment evolution) 328-9, (on Riverine
Plain sediments) 73, 100, 102, 104-9
Climatic geomorphology, 3, 113-24, 234, 259, 260,
261, 328-9
Climatic modelling, 197, 206-12, 360
Coastal sediments, see Beach sediments
Coastlines, drowned, 185-6
Coasts: bold, 170, 171; depositional, 171, 172,
188-9, 190; depositional features of, 168, 172,
178-83, see also barriers, barrier islands, cuspate
forelands, spits; effect of climate on, 155, 156,
183, 192, 193, 197-204; effect of man on, 168,
173, 175-8, 181-2, 183, 187, 188, 189, 190,
191-2, 193, 194, 211; effect of sea-level change
on, 186,192,193, 194, 197, 198, 201,203-4, 207,
211; effect of tectonic movements on, 192; erosion
of, 169-70, 188, 192, 203, 204-5, 207, 210;
headland-bay type, 171, 172, 185-87, 189, 190;
low-cliffed, 171, 172, 190; New Zealand, 168-94;
progradation of, 168-94, 197, 201, 203, 210;
progradation rates, 177-83, 185-9; see also Beach
sediments
Colorado Front Range: altimetric frequency
analysis, 123; blockfields, 121-2; effect of climate
on landforms, 114; periglacial features, 119;
physiography, 114; treeline, effect on soil erosion,
3, 117-18
Compartment weathering, 306, 325, 326, 327, 331,
341
Continental drift: disintegration of Gondwanaland,
41; effect on drainage pattern, Eastern Australia,
28-30; northward movement of Australia, 42-3;
relation to Eastern Highlands, Australia, 40-5
Coonambidgal Fluvial System, 73, 76-7, 81
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Coral terraces, Huon Pa., PNG, 348-54
Corestones, granitic, 132, 133, 291, 292, 294, 295,
296, 298, 315, 326, 337, 338; see also Tors
Cullarin Horst, 25, 27
Cuspate forelands, 182-3
Cyclones, genesis in Tasman Sea, 205-6, 207-9
Deep weathering, 128, 131, 305, 328; see also
Laterite
Deltas, 172, 178, 211
Denudation chronology, 3, 70, 72
Depositional chronology, 3, 72
Diamicton, Kaugel, PNG, 57
Diatoms, silica uptake by, 215, 217, 221, 231
Discharge, river, in Riverine Plain, 97-100, 101,
105, 107-8; effect of glacial and periglacial
processes, 100, 101, 104, 105, 108, 109
Dolines, see Karst landforms
Dolomite, 253, 265
Downwearing, 287, 301, 306, 325, 327, 329, 333,
338; see also Pediments, origin of
Drainage: antecedent, 14, 18, 24; barbed, 14, 18,
22, 24; dendritic, 18, 22, 28; Eastern Highlands,
Australia, 15, 17-30; herringbone, 53-4; struc
tural control of, 21-8; tectonic diversion of, 14,
18, 22-8, 66, 74, 90, 92, 103, 107, 108; in tropical
karst, 272, 273, 274, 275, 276; volcanic diversion
of, 21, 28-31, 66
Dry valleys, see Karst landforms
Dune ridges, 145
Dunes, coastal, 150, 151, 168, 172, 177-80, passim,
187, 189, 192, 193, 197, 198, 200-7, passim, 210,
211; age of, 200-3; movement of, 197, 198,
200-3; reactivation of, 207; stabilisation of,
179-80, 191, 198, 201, 203, 204
Dunes, desert, 102, 105
Dunes, linear, 288, 290
Dunes, source bordering,
72,74,78, 80, 81, 83,
84, 86, 90, 91, 94, 96-7, 103-9, passim; see also
Lunettes, arid origin of, 104
Dune surges, 211
Dunite, solution of, 215, 246-8
Duricrust, 3, 12, 16-17, 342, 343; see also Laterite
and Silcrete
Earthquakes, effect on coastal morphology, 192,
193
Eastern Highlands, Australia, 3, 5-47; analogy
with East Africa, 43; Cainozoic vulcanism, 11,
28, 30-1, 32, 36, 37, 39, 40, see also Basalts,
Eastern Highlands Australia; drainage patterns,
17-30; erosion surfaces, 10, 11-17; geology, 8;
gravity anomalies, 11; palaeomagnetic studies, 42;
plate tectonic significance, 40-5; rifting, 43; rela
tion to expanding earth theory, 43-4; uplift of,
2, 5, 8, 11, 13, 14, 17, 26, 31, 32, 33, 35-7, 40,
43; westward migration of uplift, 45
Echuca depression, Riverine Plain, 76, 92, 93; see
also Lake Kanyapella

Eluviation, 137
Erosion: accelerated, 116, 118, 139, 300, 301, 302,
303; coastal, see Coasts, erosion of; headward, 22,
28; hillslope, see Slopes, erosion of; rainsplash,
322, 326; rates of, 128, 138, 139, 349, 350; sheet,
323; treeline, effect of, 114, 115-18, 122
Erosion surface: Eastern Highlands Australia, 10,
11-17, 24; on limestone, 267, 268; supposed
Miocene, 8, 13; multiple, 13, 16, 17; New
England, 33; Northern Territory, 128, 131, 138,
140; Papua New Guinea, 239; problems of
correlation, 17; structural control of, 8, 12, 19;
see also Pediplain and Peneplain
Etchplanation, 301,306, 325, 327, 331,336, 337-8,
341
Exfoliation, 256, 316, 322; see also Corestones and
Tors
Expanding earth theory, relation of Eastern Aus
tralia to, 44
Eyre Peninsula, landforms, 288-303
Fans, alluvial, 56 58, 62, 66, 67, 80
Fault angle depression, 14, 18, 26
Fault angle lake, 14, 18, 24, 26, 27
Fault control of drainage, see Drainage, structural
control of
Ferricrete, 16, 17, 216; see also Laterite
Fitzroy Basin, 266, 268, 271
Flow regime, 3, 82, 97-102, passim, 104, 108, 109
Fluvial Complex, definition of, 77, 107
Fluvial Complexes, Riverine Plain, 78-107; age of,
86-92; geomorphic history, 97-107; morphology,
82-6; stratigraphy, 86-92
Fluvial System, 76, 97; Coonambidgal Fluvial
System, 76-7, 81
Geocols, Eastern Highlands Australia, 5, 43
Gibber, 305, 316, 317, 322, 323, 342, 344
Glaciation: mainland Australia, 70, 102, 104, 108;
limestone, 253; Papua New Guinea, 50, 55, 62,
64, 65, 67; effect on Riverine Plain river dis
charge, 100, 101, 104, 109
Gnamma, 238, 296, 298, 299
Gondwanaland, 41
Gondwana Surface, Eastern Highlands Australia,
10
Goulburn Fluvial Complex, see Fluvial Complexes,
Riverine Plain
Granite: soil development on 128-39, 321, 322;
subsurface weathering of, 298-9, 301; see also
Corestones and Tors
Granite platform, 288-303; see also Pediments;
origin of, 296-303
Gravity anomalies, Eastern Highlands Australia,
11
Great Divide, 5, 9, 10, 24, 40; see also Eastern
Highlands, Australia
Great Dividing Range, see Great Divide
Grey-billy, see Silcrete

Index
Grike, see Karst landforms
Grus, 291-9 passim, 316, 317, 326
Guyots, Tasman Sea, 42
Green Gully Fluvial Complex, see Fluvial Com
plexes, Riverine Plain
Harbours, effect on coasts, 175-8, 183, 189
Hawaii, chemical weathering of volcanic rocks,
220, 224, 226-8
Hawkesbury Sandstone, 8, 12, 19, 22; structural
control of erosion surface, 12, 19
Heavitree Quartzite, 335
Heavy minerals: in beach sediments, 147; in Riv
erine Plain sediments, 93
Homocline, 331, 332
Hotspot, movement of Australian Plate over, 39,
43, 44
Hunter Valley: geomorphic evolution, 30-1; vulcanism, 30-1, 37
Honolulu volcanic series, 227
Illuviation, 137-8
Illuvial clay, see Clay, illuvial
Inheritance, landform, see Landform inheritance
Inselberg, 288, 290, 292, 300-7, passim; formation
of, 302
Kankar, see Calcrete
Karren, see Karst landforms
Karst, 2, 215, 238-86; Australia, 262, 263, 265,
266-71, 273, 276; coastal, 281; cockpit, see
Kegelkarst; cone, see Kegelkarst; effect of sea level
on, 281; glacial, 253; influence of climate, 216,
250, 252, 256, 257, 259-61, 268, 271, 276,
277-80; Kegelkarst, 259, 260, 263, 264, 271,
277-80; landforms on silicate rocks, 218, 238-48;
lithologic control of, 216, 252-3, 255-7, 280;
models, 260-5; morphometry, 279-80; non
chemical processes, 215; Nullabor Plain, 265,
266-8, 276, 277; New Zealand, 250-8, 260, 262,
263, 265, 266, 273, 276, 279, 280, 281, 282;
Papua New Guinea, 215, 238-49, 260, 263, 265,
266, 272, 276, 277-80; phreatic, see Karst,
vadose; polygonal, 263, 264, 265, 271, 272, 274,
275, 276, 277-80; pseudokarst, 238, 245; vadose,
261, 275; on volcanic ash, 277
Karst landforms: blind valleys, 239, 240, 241, 242,
248, 252, 256; blowholes, 267; caves, 245-6, 252,
253, 255, 256, 261, 265, 267, 268, 271, 274,
281-2; closed basins, 239, 240, 241, 248, 261,
271, 272, 274-6, 277; see also Kegelkarst and
Karst, polygonal; dolines, 238, 243, 245, 252,
253, 255, 256, 259, 267, 279; dry valleys, 252,
253, 256; grikes, 268, 269, 271; karren, 218, 221,
238, 267, 268, 269, 279; polje, 242, 248, 260;
potholes, 252, 255; sinkholes, 241, 242, 245, 246,
272, 274, 275; streamsinks, see sinkholes
Kosciusko Uplift, 3, 8, 13, 24, 35-7
Kotupna Fluvial Complex, see Fluvial Complexes,
Riverine Plain
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Lagoons, 83, 145-7, 172, 180, 184
Lahars, Papua New Guinea, 59, 60, 66
Lake George area, effect of faulting on drainage,
25, 26-8
Lake George Fault, 27, 28; age of, 28
Lake George, former beach levels, 27
Lake Kanyapella, Riverine Plain: lacustrine and
aeolian sediments of, 92-7; geomorphic evolution
of, 92-6; origin of sand lunette, 95
Landform evolution, models of, 348-61
Landform inheritance, 1, 2, 4, 48-68, 72, 85, 97,
103, 104, 109-10, 128
Landslides, Papua New Guinea, 67
Latente, 8, 16, 17, 24, 216-17, 248, 305, 336, 337,
341; age of, 16, 24, 30; definition, 16; origin of,
16; palaeomagnetic studies of, 16
Limestone, 250-8; see also Karst; differential
weathering, 255-6; erosion of, 255, 348-53; New
Zealand, 250-8; petrology of, 250-8; porosity,
250, 252, 256; solution of, 253, 255, 256, 257,
259, 260, 262, 263, 266, 349-53; springs in, 255,
256, 262, 265; texture of, 250-5
Little Ice Age: effect on ocean waters, 210-11;
effect on river discharge, Riverine Plain, 73
Longshore drift, 168, 172, 175, 176, 177, 178, 180,
181, 185, 187, 189, 190, 193, 354
Lunettes, 72, 74, 76, 95, 96, 102, 107, 108; see also
Barmah sandhills
Mallee, 105
Mangroves, 149
Mantle controlled planation, see Pediments, mantle
controlled planation of
Marble, karst development in, 250, 255, 263,
265
Mass movement, 61, 63, 67, 349, 352, 353
Meander: belts, 78, 79, 80, 82, 83, 91, 100, 101,
103, 108; scrolls, 56, 107; wavelength, 78, 82, 83,
84, 85, 98-103, passim, 108, 359
Mesa, 332, 342
Miocene peneplain, see Peneplain, Miocene
Misfit stream, 97
Models: beach processes, 354-60; climatological,
197, 206-12; landform evolution, 348-61; valley
evolution, 348-53
Monadnocks, 11
Monocline, 22, 24
Morphoclimatic system, test of concept, 113-24
Morphogenic region, 63-4, 113
Morphostratigraphic unit, 77
Mudflows, Papua New Guinea, 61, 67
M urray Basin, 71, 74, 93, 99, 102
Nepean Ramp, 22
Nick, 305, 312, 313, 314, 315, 318, 319, 322, 323,
326, 328
Nivation, Snowy Mountains, 119
Northern Territory: beach sediments, 149; soils,
128-40
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Nowra Sandstone, 8, 12; structural control of
erosion surface, 12
New England, geomorphic evolution, 33-5
New Guinea, see Papua New Guinea
New Guinea Mobile Belt, 49, 50
Overfit stream, 85, 101, 103
Oxbow, 78, 79, 80, 83
Owen Stanley Fault, Papua New Guinea, 239,
241, 242
Pacific Plate, relation of New Guinea to, 42, 239
Palaeochannels, Riverine Plain, 72, 73, 76, 79, 82,
84, 85, 86, 90, 97, 98-9, 100, 105, 107
Palaeomagnetism, 3; Australian laterites, 16;
evidence for remagnetisation, 16; influence of
deep weathering on, 16; Perth Basin, 16
Palaeoplain, 13, 31, 33
Palaeosol: indicator of past environment, 3, 72, 89;
Lake Kanyapella, 92, 94, 96; use in stratigraphic
correlation, 73, 74
Pancake rocks, 255
Papua New Guinea: coral terraces, 348-54; geol
ogy, 48-50, (Aure Trough) 49, 50, 55, (Bismarck
Fault Zone) 65, (Kubor Anticline) 49, 65, (New
Guinea Mobile Belt) 49, 50, (Owen Stanley
Fault) 239, 241, 242, (Papuan Fold Belt) 49, 50,
55; Karst, 238-49; landform models, 348-54,
356; pollen analyses, lake sediments, 245; radio
carbon dates, lake sediments, 245
Papua New Guinea, Central Highlands, 3, 48-68;
climate, 51-2, 63; drainage diversion, 66; geologi
cal history, 48-50, 75; geomorphic history, 65-7;
geomorphic processes, 61-2; glaciation, 50, 55,
62, 64, 65, 67; location, 49; lahars, 59, 60, 66;
landforms, 48, 50, 53-9, 62-8, (depositional)
56-8, (erosional) 53-5, 56, 62, (origin of) 62-8,
(volcanic) 55; landslides, 67; morphoclimatic re
gions, 63-4; Quaternary climates, 55, 62, 64, 65,
67; periglacial activity, 62, 64; slope processes, 61;
surface deposits, 59-60; tephra, 3, 54, 59, 60, 61,
64, 65, 66, 67; uplift of, 65; vegetation, 52-3,
(effect on runoff) 61; volcanic activity, 50, 55, 59,
60, 65-6, 67; volcanic ash, see tephra; volcanic
diversion of drainage, 66; weathering, 59
Papua Shelf, 42
Parna, 97, 102
Pediments, 2, 287-347; Central Australia, 287,
328, 331-46; definition, 331; downwearing of,
301-3; dissection of, 333, 336, 344; Eyre Penin
sula, 288, 289-303; granitic, 138, 287, 288-303,
306, 325-9, 331-46; East Kimberleys, 305-29;
limestone, 268, 269, 271; mantled, 287, 300, 331,
332, 333, 334, 335, 336, 338, 339, 342, 344, 346;
mantle controlled planation of, 301, 305, 323,
324, 325, 338-41, 346; origin of, 287, 296-303,
306, 325-9, 331-46; pass, 310, 326; nested, 333,
335; regolith, 305, 314, 315, 316, 317, 321, 326,
(particle size) 315, 317, 338, 345; slope of, 315,

316, 321, 324, 338, 345; staged, 332, 333, 334,
335; stony, 342-45; three-dimensional form, 305,
313, 316, 324; transverse profile, 305, 313-15,
323, 340
Pediplain, 12, 287, 313; definition, 12; origin of,
12, 287
Pediplanation, in limestone, 269
P e n e p la in : A u s tra lia -w id e (su p p o sed ), 36;
definition, 11; Eastern Highlands Australia,
11-12, 27, 28, 35; Eyre Peninsula, 288; Miocene,
3, 8, 12, 13, 16, 35, 36
Periglacial features, 118-22; below treeline, 119;
Front Range, Colorado, 120-1; Papua New
Guinea, 62; Snowy Mountains, 119; Southern
Alps, New Zealand, 120
Periglacial processes: effect on limestones, 256;
effect on river discharge, Riverine Plain, 100,
104, 108, 109
Periglacial solifluction, 3, 118, 119, 120, 121
Perth Basin, palaeomagnetic studies, 16
Phytoliths, 220; in Riverine River sediments, 93,
101
Piedmont, 2, 135
Piedmont angle, 269, 287, 288, 293, 335, 338, 341
Piedmont junction, 331, 333, 334, 337, 338, 343,
346
Planation, lateral, 306, 324
Planation surface, 4, 30; see also Erosion surface
Plate tectonic theory: relation to Eastern Australia,
40-5; relation to Papua New Guinea, 42, 49, 239
Playfair’s law, 18
Podzolisation, 202, 220, 230
Point bar, 78, 79, 80-96, passim, 101, 104, 105,
106, 108, 109
Polar wandering, apparent path for Australia, 16,
42
Polje, see Karst landforms
Pollen analysis: Lake George, 105; Papua New
Guinea lake sediments, 245; Snowy Mountains,
105; southwestern Victoria, 105;
Potholes, see Karst landforms
Prior streams: Riverine Plain, 72, 73, 75, 76, 77,
79, 92, 95-6, 106-7, 109; Nullarbor Plain, 267
Pseudokarst, see Karst
Quaternary climates, 139, 327, see also Glaciation
and Periglacial solifluction; Papua New Guinea,
55, 62, 64, 65, 67; Riverine Plain, 70-110
Queanbeyan Fault, 27
Radiocarbon dates: beach sediments, Moruya,
NSW, 198-200, 201, 202; Riverine Plain sedi
ments, 86, 87, 88-92, 95, 96, 102, 104; Papua
New Guinea lake sediments, 245
Reversed drainage, see Drainage, tectonic diversion
of and volcanic diversion of
Rift Valley, Africa, analogy with Eastern High
lands, Australia, 43, 44
Rillen, 292, 299

Index
River capture, see Drainage, tectonic diversion of
and volcanic diversion of
Riverine Plain, 70-110; dunes, see Dunes, source
bordering; lake level changes, 102, 105; lunettes,
see Lunettes and Barmah sand hills; sediments,
clim atic im plications, 104-10; stratigraphy,
86-95; palaeochannels, see Palaeochannels, Riv
erine Plain; tectonics, 74-6; topography, 74-6
River sinuosity, 82, 84, 85
Rundkarren, 257
Ruware, 295, 302
Saprolite, on pediment, 305, 313, 314, 315, 320,
322, 323, 326, 327
Scarp retreat, 306, 325, 326, 327, 328, 329
Sea-floor spreading, in relation to Australia, 30,
41-3
Sea level change: cause of, 210-11; effect on coasts,
197, 198, 210, 203-4, 207, 211; effect on karst,
281; rates of, 201, 204, 211
Sediment yield, 3, 104, 115, 116, 118, 138
Sheetwash, 323, 326
Silcrete, 8, 13, 16, 17, 216, 332, 342, 343, 344,
345
Silica: biogenic uptake of, 215, 217, 220-1, 231;
concentration (in ground water), 223, (in river
water) 216, 217, 220, 222-34, (effect of lithology)
222-8, (effect of discharge) 228-31, 233, (meas
urement of) 216, 217, 223, 224, 225, 226, 227,
228, 229, 231, 232, 233; mobility of, 216-34;
occurrence in rocks, 217, 218, 219, 228; redeposi
tion of, 218, 222, 230; solubility of, 2, 215, 217,
218, 219, 220, 221, 228, 247; weathering of,
217-18
Silicon, 217
Silicate minerals, chemical weathering of, 218-19,
230, 246-8
Silikatkarren, 218, 221
Sinuosity, river, see River sinuosity
Slope angles: backing hillslope, 313; pediment
slope, 315, 338, 345
Slopes: boulder mantled, 131; decline of, 12; de
velopment on limestone, 277; erosion of, 115, 116,
117, 118, 124, 128, 138, 139; erosion rates, 128,
138, 139; flared, 291, 292, 294, 295, 297, 298-9,
300, 301, 302; pediment, 315, 316, 321, 324, 338,
345; retreat of 12, 136, 287, 301, 325-8, 331,338,
342, 345, 346
Slope processes, Papua New Guinea, 61
Slopewash: Northern Territory, 135-6, 139; Papua
New Guinea, 61
Slumps, Papua New Guinea, 61
Snowy Mountains, NSW: altimetric frequency
analysis, 123; blockfields, 122; effect of climate
on landforms, 114-25; glaciation, effect on Riv
erine Plain river discharge, 100, 101, 104, 109;
lithology, 114; nivation, 119; periglacial features,
119, 122, (relict) 119, 120; pöllen analyses, 105;
precipitation, 114; snow cover duration, 114;
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temperature, 114; treeline elevation, 114; treeline,
effect on soil erosion, 3, 115-16
Soil: creep, 135, 136; erosion, 115-18, 139, 300,
301, 302, 303; granitic, 129, 131, 132-9, 321,
322; Northern Territory, 128-40; texture con
trast, 133, 134, 321-2; zoogenic, see Termites,
influence on soils
Soil profile: definition, 131; development (on beach
ridges), 198, 201-2, (on dunes) 200, 201-2, (on
granite pediment) 321-2; Riverine Plain, 76, 78,
81, 85, 88, 89, 92, 96-7; Northern Territory,
131-9
Solution: rates in limestone, 260, 263, 266; of rocks,
factors determining, 238; of silica, see Silica,
solubility of; of ultrabasic rocks, 246-8
Southern Alps, NZ: altimetric frequency analysis,
123; blockfields, 122; effect of climate on landforms, 114-26; Karst, Broken River area, 250,
251, 252, 255, 256; lithology, 114; periglacial
features, 120; precipitation, 114; snow cover
duration, 114; temperature, 114; treeline eleva
tion, 114; treeline, effect on soil erosion, 3, 116-17
Speleothem, 252, 267, 268, 269, 280
Sphenochasm, Coral Sea, 42
Spits, 168, 172, 173, 177, 178, 182, 183, 187, 189,
354; growth of, 179-81, 191, 193
Springs, in limestone, 255, 256, 262, 265
Stalactites, see Speleothem
Stalagmites, see Speleothem
Stone layer, 129, 131, 133, 134-7, 139; origin of,
134-7
Storm cycles, Tasman Sea, 204-6
Storm waves, effect on coasts, 197, 203, 204, 205,
207, 210, 211
Strike valley, 21, 24
Subduction zone, relation to Eastern Highlands,
43
Superimposed drainage, 21, 24, 28
Suspended load channel, 86, 104, 107, 108, 109
Swamps, 18, 56, 79; coastal, 172, 199
Sydney Basin, 8
Tafoni, 300, 302, 322
Tallygaroopna Fluvial Complex, see Fluvial Com
plexes, Riverine Plain
Talus flatiron, 343-4, 346
Tasman Geosyncline, 8, 11, 36
T asm a n ia: beach sedim ents, 155, 1 5 9-66;
Cainozoic uplift, 36
Tasman Sea: opening of, 42; storm cycles in, 204-6
Tawonga Fault, 32-3, 36, 43
Tectonic movements, effect on coasts, 192
Tectonic diversion of drainage, see Drainage, tec
tonic diversion of
Tephra, see Papua New Guinea, tephra
Tephrochronology, 169; see also Papua New
Guinea, tephra
Termites: influence on soils, 4, 128-9, 131, 136-7,
139; mound buildings, 136-7
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Terraces, river, 2, 81, 83
Thalweg, evolution of, 348-54
Tides, effect on beaches, 356-9
Timberline, see Treeline
Tombolo, 172, 181
Tors, 131, 132, 133, 134, 252, 256, 315, 328, 336,
337, see also Corestones, granitic
Travertine, see Tufa
Treeline, 3, 114-24; effect on erosion, 115-18, 122;
elevation of, 114; morphoclimatic boundary,
114-15, 118-24
Tufa, 268, 269, 270, 271, 353
Upwelling, effect on atmosphere circulation, 208
Valleys, model for evolution of, 348-53
Victoria, Eastern Highlands: geomorphic evolution,
31-2; age of vulcanism, 31-2
Volcanic diversion of drainage, see Drainage, vol
canic diversion of
Volcanic landforms, Papua New Guinea, see
Papua New Guinea, volcanic landforms

Volcanic provinces, Eastern Australia, 37-40; agelatitude relationship, 39, 40, 42; areal volcanic
provinces, 39, 40, 42; central volcano provinces,
29, 37, 39, 40, 41, 42; lava field provinces, 37,
39, 40, 42
Vulcanism, Hawaii, 30-1, 227-8
W arrumbungle volcano; 28, 29; effect on drainage,
28
Washover lobes, 180
Water table, see also Beach water table; influence
on cave formation, 261, 267
Waves, effect on beaches, 158-67, 184, 197, 203,
204, 205, 207, 209, 211, 354-9
Weathered mantle, 128, 131; ultrabasic rocks, 248
Weathering: biological agents, 220, 234; deep, 128,
131,336, 337, 338, 341; front, 287, 299, 305, 306,
314, 315, 323, 327, 338; influence of temperature,
216, 219; ultrabasic rocks, 246-8
Wind energy, effect on beaches, 166, 204
Wüstenquarz, in Riverine Plain sediments, 101,
102

