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Introduction to the 2017 edition

During the early 1990s I agreed to edit a book on the Cretaceous and Tertiary fossil plant re-
cord of Australia. A huge amount of information was available to be synthesised into a single
volume, and I was fortunate to have an excellent group of people to draw on to produce a
comprehensive set of chapters. Much of what they wrote has stood the test of time, and hence
this reprint of that book should be a very welcome addition for anyone with an interest in
the Australian fossil record. However, there have been some great advances in the last 25 years
and it is important to recognise the contribution that has been made during that time to our
understanding of the overall picture of the evolution of the living Australian vegetation. The
best way to do this and to keep it up to date is via a website that provides details of important
advances in this area over the last quarter of a century. The details of that website will be made
available soon, and I invite everyone to submit relevant publications to that site.

It is an exciting time to be a palacobotanist and the Australian fossil record promises
much that is new and innovative for the future. I believe this reprint provides a very solid base
that will stand for many years to come as the basis on which our reconstruction of past events
can be made. The fossil record provides a vast and precious resource that demonstrates the
history of life, and its relevance to our present and future well-being becomes more apparent
as new approaches to using the fossil record as important tests of contemporary issues of great
significance, like adaptation to climate change and determining the best approaches to fire
management.

Studying the fossil record holds a strong appeal for young people and I hope this book
and the associated web-based resources will attract more people to the plant fossil record of
Australia, which stands as one of the great natural experiments in plant evolution.

Professor Bob Hill
The University of Adelaide
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1 The Australian fossil plant record:
an introduction

R. S. HILL

The living Australian flora is a complex mixture
of species with widely varying distributions and
interactions, covering the range from arid zone
grassland to rainforest, alpine heath to mangrove
swamp. The latitudinal range of Australia spans
tropical to cool temperate climatic zones, and this
is reflected in the extant vegetation, which is enor-
mously complex (see Groves, 1981). Attempts to
explain the distribution of Australian vegetation
based solely on prevailing variables have been less
than satisfactory. Australia, in all its aspects, is a
product of its past. That is especially true of its
flora and, unless the fossil record is properly con-
sidered, all attempts to explain vegetation patterns
will be incomplete. Despite the complexity of the
living vegetation, there has been a tendency to
consider the past vegetation, especially that of the
pre-Quaternary, as consisting in widespread,
monotonously uniform communities. The recent
explosion in information on Australian fossil
plants shows that this perception was largely the
result of a highly incomplete database, where the
unknown areas were assumed to be the same as
the small areas that were relatively well under-
stood. It is now clear that past vegetation com-
plexity, at least during the Cenozoic, was as high
as, or possibly higher than, that seen at present.
The past complexity is abundantly illustrated in
this book, which may well represent the last
occasion on which a thorough review of such a
large period of time can be accomplished for the

(]

whole of Australia. Data are accumulating at a
rapid rate, and almost every new site produces
much that is novel, causing a reassessment of the
prevailing hypotheses.

There is a long history of attempts to explain
the origin and evolution of the Australian flora;
some of these are well known, others more
obscure. Hooker’s (1860) discussion of the Aus-
tralian flora provided a base of the highest quality,
which slowly evolved into the invasion theory, per-
haps best argued by Burbidge (1960). However,
this theory crumbled soon after Burbidge’s work,
due to the broad acceptance of plate tectonics and
the massive new collection of fossil data. Unfortu-
nately, the fossil record has been given scant treat-
ment by most Australian botanists, but the
angiosperm fossil record has a long history, begin-
ning in earnest with the work of von Ettingshausen
(1888). The cosmopolitan theory espoused by von
Ettingshausen led to a bitter debate, particularly
involving Deane (e.g. 1900), which was well sum-
marised by Maiden (1922). This seems to have
gone largely unnoticed outside the palacobotan-
ical world, and in Australia had little impact on
other areas of research. Palacobotanical research
that impinged on the living flora went through the
doldrums following the early activity of Deane and
of Chapman (e.g. 1921) in particular, but was
almost single-handedly resurrected by Isabel
Cookson, who set palaeobotanical studies on their
modern course (for a list of her publications, see
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Baker, 1973). There are currently many
researchers working on plant remains in post-
Jurassic Australian sediments. While their results,
which are summarised here, suggest an increas-
ingly complex picture, they also show an exciting
prospect, where the enormous changes in Aus-
tralia’s past position and climate will make it a
fertile ground for syntheses on factors involved in
plant evolution at all levels in the years to come.

There are a number of features of this book
that require a brief introduction, which will be
attempted here. Some areas are incomplete or
absent, but that is more the nature of current
knowledge than a deliberate “omission. The
breadth of the topic of this book is such that some
aspects are bound to be covered in less detail than
may have been desired by some readers.

GEOLOGICAL TIME

There is not a standard time scale in use through-
out this work. While that is desirable in theory, it
proved impossible in practice because different
research groups are tied to different interpret-
ations of geological time. The inconsistencies are,
however, relatively small, and in my view do not
substantially affect the vegetation history pre-
sented here.

More critical is the choice of starting time for
this work. The beginning of the Cretaceous was
selected for two main reasons. Firstly, few pre-
Cretaceous plants had a major, direct impact on
the extant flora, and this work is meant primarily
to explain the underlying causes of the make-up of
the living vegetation. While some pre-Cretaceous
genera, e.g. Glossopteris and Dicroidium, are very
well known, they belong to another era of earth’s
history and cannot really be considered as ‘Austra-
lian’ plants in any meaningful way. Secondly, the
history of Australia as an individual entity is a
post-Jurassic phenomenon and therefore it seems
legitimate to consider the Australian flora as hav-
ing roughly that starting time.

ENVIRONMENTAL VARIABLES

Climatic change

Since the Jurassic, Australia has separated from
Gondwana and moved over thousands of kilo-
metres to its present location. Movement of
Gondwanic land masses has, coincidentally,
caused major climatic shifts, which have been
vitally important for the development of the extant
flora. Those changes are detailed in this book,
although there is still much to be learned. There
is a strong impression that climatic change has
been the major factor shaping the extant vegeta-
tion, but there have been other factors that are
more difficult to document, and the effects of
which are more difficult to predict.

Photoperiod

One of the critical features of the Australian
environment that has changed dramatically since
the Cretaceous is photoperiod. For a long time
the extreme southern part of Australia was at more
than latitude 60° S (Wilford & Brown, Chapter
2, this volume). This means that the vegetation
was growing under conditions of winter darkness
and continuously light summers. The effect of
this on the vegetation is difficult to predict, since
there is no comparable situation in the modern
landscape where the climate is suitable for large-
tree growth. However, there is a good fossil record
from both high southern (e.g. Jefferson, 1982) and
northern (e.g. Francis & MacMillan, 1987) lati-
tudes that suggests large trees were able to thrive
as long as there was a suitable climate. Since the
sun remains quite close to the horizon during
much of the growing season, the trees must have
been widely spaced and probably cone shaped to
intercept the maximum possible incoming radi-
ation (Francis & McMillan, 1987). The canopy
layer is therefore effectively vertical or subvertical
instead of horizontal as in modern tropical forests.
While there is good evidence for the spacing of
trees in these forests, the canopy shape can only
be inferred. However, this suggests a forest struc-
ture very different from that which currently pre-
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vails in Australia, and this may have had many
subtle but far-reaching effects. There are as yet
no direct data on the extent of these effects.

Carbon dioxide levels

Evidence is accumulating for widely fluctuating
CO; levels during the Cretaceous—Recent, from
extreme highs of about 1000 (Walker ¢t al., 1981)
or even more than 1500 p.p.m. (Berner, 1990)
during the Cretaceous to lows of just over 180
p.p.m. between 40 000 and 160 000 years ago
(Barrett, 1991). Such levels of CO, must have
had extreme effects on plant growth. Many of the
broad-leaved conifers from Cretaceous and early
Tertiary sediments in southern Australia have
extraordinarily thick cuticles (e.g. Cantrill, 1991),
which are well beyond the range of that exhibited
by any extant conifers. The leaves are often quite
intact and well preserved, suggesting the presence
of clean abscission, and sometimes leaf bases
demonstrate a clean abscission zone. The robust
nature of the leaves and their extremely thick cut-
icles, in the context of extant CO; levels, suggest
they were evergreen, since leaves of extant decidu-
ous plants tend to be very thin, with an almost
insignificant cuticle. However, with CO; levels
above 1000 p.p.m., growth rates may have been
so rapid that other features (e.g. resistance to her-
bivory) may have been more critical than seasonal
loss of carbohydrate. Certainly the winter dark-
ness in a mild climate would seem to suit the
deciduous habit, and more effort should be
directed toward determining whether these leaves
were in fact winter deciduous.

There is evidence, largely unpublished, that
winter deciduousness was more prevalent in Aus-
tralia during the early Tertiary than at present.
Only one winter deciduous species survives in
Australia today (the Tasmanian endemic Notho-

Jfagus gunnii).

NOMENCLATURE

There are few major nomenclatural problems in
Australian palaeobotany, since most researchers
work to a common system. Occasional conflicts in

this book do not increase the difficulty of under-
standing the data presented. However, there is
one exception which must be explained in some
detail. One of the dominant genera in the Austra-
lian fossil record, particularly that of pollen, is
Nothofagus. Pollen of this type was initially split
into two morphological types by Cranwell (1939),
with a third added later by Cookson (1952) and
Cookson & Pike (1955). These types were infor-
mally categorised as the Nothofagus brassii, N. fusca
and N. menziesii types. One of the major problems
with these pollen types was that the species
assigned to the types did not closely match the
formal infrageneric divisions of the time (van
Steenis, 1953). Dettmann et al. (1990) revised the
pollen of fossil and living Nothofagus and
recognised eight types, four of which were
produced by extant species. At about the same
time Hill & Read (1991) revised the infrageneric
classification of the extant species and proposed
four subgenera, which, in species make-up,
matched the new pollen groupings exactly. This
paved the way for the use of formal subgeneric
names in place of the informal pollen names, and
that procedure has been adopted in this book.
Unfortunately, the history of the infrageneric
nomenclature of Nothofagus is very complex, and
there are errors in Hill & Read’s names. Hill &
Jordan (1993) have corrected two of the sub-
generic names, so that the names used here and
their equivalents in Hill & Read’s nomenclature
are as follows (Hill & Read’s names in parenth-
eses where they differ): Nothofagus subgenus
Nothofagus, N. subgenus Fuscospora (Fuscaspora),
N. subgenus Lophozonia (Menziesospora) and N.
subgenus Brassospora. These four subgeneric
names are used throughout the text for fossil pol-
len and macrofossils.

THE CURRENT STATE OF
RESEARCH

Research on various aspects of Australian Cre-
taceous and Cenozoic palaeobotany is proceeding
at an all time high. However, not all areas are
at the same level of understanding. This is very
strongly reflected in this book. Some topics, such



as Paleogene palynology, may be reviewed on the
basis of an enormous data set. However, at the
other end of the spectrum, Neogene macrofossil
palacobotany is very poorly known and is rep-
resented here by a combined study of the micro-
and macrofossil record of the Latrobe Valley
brown coal. While this flora is very well under-
stood, there are only a few isolated and poorly
studied macrofloras in this age range outside of
southeastern Australia. The range between these
extremes is clear in the various chapters. Our
understanding of the evolution of the flora is
expanding, but such is the complexity of the prob-
lem that it will be many years before an overall
sense of order prevails.
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2 Maps of late Mesozoic—Cenozoic
Gondwana break-up: some
palaeogeographical implications

G. E. WILFORD & P. J. BROWN

The nature and positions of neighbouring land
areas have been significant factors in the evolution
of the Australian flora, both directly in determin-
ing migration routes and indirectly in influencing
ocean currents and climate. The maps (Figures
2.3 to 2.10) show the approximate positions of the
continents at 10 million years (Ma) intervals from
150 Ma onwards, based on the data of Scotese &
Denham (1988), with modifications referred to in
the notes below. Separation of continental frag-
ments by sea-floor spreading was commonly pre-
ceded by rifting. Where the relative motion of the
fragments was oblique, some fault blocks were
uplifted and eroded and others were deeply
buried by sediment, resulting in zones with a
varied and changing mosaic of complex environ-
ments by comparison, for instance, with adjacent
interior areas. These zones, peripheral to the Aus-
tralian land mass, are shown together with some of
the larger areas of sedimentation and volcanicity
(from BMR Palaeogeography Group, 1990) which
would have influenced soil type and vegetation.
The time scale shown in Figure 2.1 has been used
for the reconstructions. The key for Figures
2.3-2.10 is shown in Figure 2.2.

150 Ma (Figure 2.3)

At about 150 Ma the ‘Antarctic’ coastline of
Gondwana was positioned close to the South Pole

(5]
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Figure 2.1 Time scale on which the following palacogeogra-
phical maps are based.
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Key for Figures 2.3-2.10
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Figure 2.2 Reference to localities referred to in the text, and
the key to symbols used in Figures 2.3-2.10.

Marine environments

and western Tethys was connected to the proto-
Pacific Ocean. Continental slivers from the north-
east margin (Northwest Shelf region of Australia)
and eastern tip (New Guinea region) of Gond-
wana may have rifted off periodically and been
carried northwestwards from Permian time
onwards. Such fragments now lie in South Tibet
and various parts of Southeast Asia, but little
definitive information exists on their time of move-
ment and even less on their palacogeographical
configuration during transit across Tethys. Fol-
lowing Audley-Charles et al. (1988), who favoured
a later, rather than earlier migration of fragments,
the maps show them as a string of possible islands,
assuming most departed after the Callovian (c. 167

— 150 Mg

\\\\\vi‘._ s )

I

-

¢

1
i
4

%, 2
K
2 &

Ma) sea-floor spreading event along that part of
the edge of Gondwana. The fragments accreted
to the southeastern part of the then Asian conti-
nent to form a promontory (Sundaland), which
has remained in equatorial latitudes to the present
day. It is shown on the maps by a group of ‘hypo-
thetical’ islands to indicate possible ‘stepping
stone’ links between Australian Gondwana and
the Asian mainland, although the palacogeogra-
phy of the area will have changed quite dramati-
cally with time.
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At about 150 Ma, the present-day eastern Aus-
tralian coastline was separated from the proto-
Pacific Ocean by a strip of terrain now marked
by the present-day Lord Howe Rise, Queensland
Plateau and New Caledonia.

Gondwana break-up was preceded, in early
to mid-Jurassic time, by widespread basaltic
magmatic activity (dolerites of Tasmania, south-
eastern Australia; Karoo dolerites of South Africa;
Ferrar Super Group, Dufek Intrusion in
Antarctica), reflecting a major thermal event.
By 150 Ma, movement between Africa—
South America (West Gondwana) and Antarctica—
Madagascar—Greater  India—Australia  (East
Gondwana) had been initiated. However, the
break-up was dominated by strike—slip move-
ment, narrow basins were formed and it is likely
that land connections between the two major
fragments existed from time to time. Rifting
along the southern margin of Australia was
initiated at about this time (Willcox & Stagg,
1990).

140 Ma (Figure 2.3)

By 140 Ma narrow seaways existed along much
of the split between Africa and Antarctica—
Madagascar—Greater India—Australia and the
fragments from the northeastern margin of Gond-
wana had moved towards the Equator. The incipi-
ent separation of Australia from Antarctica and
Greater India was marked by the continued devel-
opments of rifts along the former’s western and
southern boundaries, although evidence for sedi-
mentation in East Antarctica is virtually restricted
to recycled palynomorphs (Truswell, 1983). Rift-
ing along Australia’s southern margin was accom-
panied by initial extension in a northwest to
southeast direction of about 300 km and this was
accomplished by about 120 Ma (Willcox & Stagg,
1990). New Zealand at this time was part of a
considerable land mass flanking East Antarctica
and southeast Australia. This land mass probably
reached its greatest extent in the Early Cretaceous
as a result of the Rangitata Orogeny (Stevens,
1989).

AR
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130 Ma (Figure 2.4)

By 130 Ma, Greater India, Australia and Antarc-
tica had begun to move apart, although no signifi-
cant seaways had developed between them
(Powell et al, 1988), the rate of separation
between the last two being of the order of only a
few millimetres per year. Break-up began at the
southwest margin of the Exmouth Plateau at about
132 Ma and progressed southwards, then east-
wards along the southern margin of Australia.
The South Atlantic started to open about this
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time, propagating northwards (Nurnberg &
Muller, 1991).

120 Ma (Figure 2.4)

By 120 Ma, substantial seaways existed along the
east coast of Africa and between Greater India
and Antarctica—western Australia. The slow con-
tinental extension between Australia and Antarc-
tica continued but the earlier NW-SE direction
changed to NNE-SSW with movement in the east
of 120 km leading to the formation of the Gipps-
land and Bass Basins and modifying the develop-
ment of the Otway and Sorell Basins (Willcox &
Stagg, 1990).

110 Ma (Figure 2.5)

The map shows the Australian continent at the
height of the marine transgression that culminated
in the Aptian (¢. 116—113 Ma), when extensive
areas were covered by shallow seas. At about this
time rifting commenced along the southeastern
(‘Australian’) margin of Gondwana, and along the
western margin of New Zealand, the former
ceventually leading to the formation of the Tasman
Sea (Stevens, 1989). Rifting, together with the
rotation of crustal blocks locally, affected the Ant-
arctic Peninsula and adjacent areas of West Ant-
arctica until about 100 Ma but had no major effect
on the overall geography (Storey et al., 1988).
Spreading between Australia and Antarctica
allowed the proto-Indian Ocean to enter from the
west, initiating the formation of the Southern
Ocean.

100 Ma (Figure 2.5)

By 100 Ma, erosion and subsidence had reduced
the land masses around New Zealand, allowing
the sea to flood a number of rift zones, although
a land connection to Antarctica persisted in the
south (Stevens, 1989). Uplift of the Australian
Eastern Highlands may have started about this
time, associated with the subsequent opening of
the Tasman Sea (Wellman, 1987). At about 95

i
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Key for Figures 2.3-2.10

Approximate position of present day continent/island
boundary through time

Areas of widespread fluvial and/or lacustrine environments
Zones of rapidly changing environments

Volcanicity

Marine environments
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Ma the rate of Greater India’s northward move-
ment rapidly increased.

90 Ma (Figure 2.6)

Slow sea-floor spreading in a NNW direction
between Antarctica and Australia continued until,
by about 90 Ma, a tongue of the proto-Southern
Ocean extended almost to Tasmania. Sea-floor
spreading also resulted in the establishment of

open ocean in the Tasman Sea and to the south of
New Zealand isolating ‘New Zealand’ and ‘New
Caledonia’ from the remainder of Gondwana
(Stevens, 1989). Following Stevens (1989, figs. 5,
6), we show a land link between ‘New Zealand’
and ‘New Caledonia’ until about 70 Ma, although
direct evidence for this is lacking. Subaerial vol-
canism existed in the open ocean west of Australia
from 90 to 60 Ma, sited at the northern edge of
the Broken Ridge platform (Rea et 4l., 1990), and
might have provided a ‘stepping stone’ for floral
migration.

At about this time sea-floor spreading was
under way between northeastern Australia and
eastern New Guinea, leading to the formation of
the Coral Sea Basin by the end of the Paleocene.
Coeval sea-floor spreading in the vicinity of
eastern New Guinea may have given rise to the
separation of continental fragments that, in post-
Paleocene times, were carried westwards by
Pacific plate movements and are now located in
the eastern islands of Indonesia (Pigram &
Symonds, 1991).

80 Ma (Figure 2.6)

Madagascar separated from greater India at about
this time, both being isolated in a surrounding
ocean. Tasmania was still close to Antarctica and
connected to Australia, the present-day Bass
Strait area being occupied by mainly lowland,
depositional environments until flooded by the sea
in the Oligo-Miocene.

70 Ma (Figure 2.7)

The paucity of clastic sediments of this and earlier
Late Cretaceous ages on and around the Austra-
lian continent (except for parts of the tectonically
active southern margin), together with the wide-
spread presence of thick, weathered profiles, indi-
cate that relatively uniform humid climates were
typical of much of Late Cretaceous time (G. E.
Wilford, R. P. Langford & E. M. Truswell,
unpublished data).
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60 Ma (Figure 2.7)

By about 60 Ma, sea-floor spreading ceased in the
Tasman Sea, although Australia’s slow northward
drift away from Antarctica continued. In the early
Cenozoic, one or more cooling events, probably
associated with ice build-up on Antarctica, trig-
gered widespread erosion and deposition across
much of Australia. Broad, swampy, alluvial chan-
nels were formed in the west, and extensive sandy
fans accumulated in the east (G. E. Wilford, R. P.
Langford & E. M. Truswell, unpublished data).
These conditions continued intermittently until
about Early Oligocene.

50 Ma (Figure 2.8)

Uplift of the Transantarctic Mountains at about
this time (Fitzgerald & Gleadow, 1988) would
have encouraged accumulation of snow and ice
which was to become a major feature of Antarctica
for much of the remainder of the Cenozoic.

40 Ma (Figure 2.8)

At about this time movement of the Pacific Plate
changed from a northerly to a more west-
northwesterly direction, resulting eventually in
collision with the Australian Plate in New Guinea
and mountain building there from the mid-
Oligocene onwards (Pigram & Symonds, 1991)
and subduction of the Australian Plate beneath
Sundaland. At about 44 Ma, the spreading rate
between Australia and Antarctica increased as the
former moved northwards, and by about 38 Ma a
deep marine strait had formed between Tasmania
and Antarctica (Kennett, 1980), allowing circum
Antarctic oceanic flow for the first time and
resulting in the increased cooling of Antarctica
and the adjacent oceans.

Until about this time microcontinental blocks
formed a link between the Antarctic Peninsula
and South America. They have subsequently
become dispersed by plate movements and sea-
floor spreading, associated with the opening of the
Scotia Sea. However, considerable uncertainty
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surrounds the exact timing of the opening of
Drake Passage, the oceanic seaway between the
Antarctic Peninsula and southern South America.
Lawver ez al. (1985) suggested the Passage opened
between 64 and 34 Ma, whilst Barker & Burrell
(1977) favoured a younger age of 30—25 Ma,

A possible ‘stepping stone’ island on which
Cretaceous limestone and chert were exposed
existed in the vicinity of Broken Ridge, a sub-
marine feature 2000 km west of Perth, about 42
Ma but was probably short lived (Rea ¢ 4l., 1990).

..

30 Ma (Figure 2.9)

Large-scale ice sheet development became estab-
lished in East Antarctica by Early Oligocene
(38-36 Ma) times (Ocean Drilling Program,
1988), causing a change to a much drier climate
over much of Australia and the formation of wide-
spread duricrusts (G. E. Wilford, R. P. Langford
& E. M. Truswell, unpublished data).

Although there is no evidence for a land con-
nection between New Caledonia and Australia
during the Tertiary, volcanic islands between the
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Figure 2.10
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two from about 30 Ma onwards could have influ-
enced plant migration during the Neogene.
Except for Lord Howe Island, just over 6 million
years old, these islands are now submerged and
form seamounts in the Tasman Sea (McDougall
& Duncan, 1988).

Major mountain building in New Guinea dates
from about 30 Ma (Pigram & Symonds, 1991).

20 Ma (Figure 2.9)

By 20 Ma, Australia’s drift towards the equator
had brought its northern fringes within the
reaches of a tropical monsoonal climate, resulting
in bauxite formation at well-drained coastal sites.
Elsewhere, rivers flowed in channels and basins
that were active in the early Tertiary, but less
rainfall and a partly duricrusted surface reduced
erosion. Lakes were common.

As the Australian plate continued to collide
with that of Southeast Asia, sporadic volcanism
along the junction provided island connections
between the Southeast Asian mainland and the
Australian continent that have persisted, albeit in
a changing form, to the present day.

10 Ma (Figure 2.10)

By 10 Ma and despite the continued equatorwards
movement of the Australian continent, the expan-
sion of Antarctic ice sheets began to cause increas-
ing aridity, particularly in the interior of Australia.
This resulted in less widespread erosion and
deposition compared to that in earlier periods.

The Australian plate’s northward movement
has continued to the present day, with accom-
panying volcanic activity along the junction with
the Pacific plate in the rugged mountainous ter-
rain of Papua New Guinea.

During the Quaternary the waxing and waning
of polar ice caps produced sea level fluctuations
that resulted in large areas of the continental shelf
periodically becoming dry and both Tasmania and
Papua New Guinea being continuous with the
continent during these times.
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3 The background: 144 million years
of Australian palaeoclimate and
palaeogeography

P. G. QUILTY

The preface to Pittock et al. (1978) discussed the
question ‘What is climate?’ (without saying so) and
refers to its main feature — its variability. And this
was in relation to modern climate! How difficult
then to address the question of palaeoclimate. We
must recognise and accept that any reconstruction
of palacoclimate is at best an approximation, and,
even then, is averaged over time scales of hun-
dreds of thousands to millions of years, a length
in which modern ‘short term’ variability is not
decipherable. Many of the elements measured as
part of modern climate are not recognisable in the
geological record or must be implied from various
features of the record. Although this may seem a
somewhat negative way to introduce the subject,
there are several firm conclusions that can be
made about past climates and the way in which
they have changed.
The purposes of this chapter are:

. To review the climate of Australia over the last

144 million years (Ma) (Cretaceous to Recent).

To provide a background for other studies of

Australian fauna and flora over the same

interval.

. To stimulate discussion on the directions for
further research into the Cretaceous—
Cenozoic of Australia.

The figure of 144 million years is taken because

(14]

that is what is understood to be the age of the
boundary between the Jurassic and Cretaceous
periods. It is based on our understanding of that
boundary dated by isotopic methods and using
constants that are accepted at present. It is not an
absolute date and can be expected to vary as our
understanding of the isotopic dating method
improves. This range of time is taken because it
is the one during which Australia underwent its
major change from part of a supercontinent
(Gondwana), to an isolated interval in which
the modern fauna and flora evolved, to another
when it is colliding with Asia and also under-
going changes associated with the influence of
humanity.

To achieve its aims this chapter is divided into
two parts, describing background and principles,
and reconstructions, respectively.

BACKGROUND AND PRINCIPLES

Past climate is inferred almost entirely from evi-
dence incorporated into the sedimentary rock
record and particularly from the contained fossils.
Australia is a continent on which continuous
onshore sedimentary records, particularly of those
deposits that accumulated in a nonmarine
environment, are rare, and students must depend
on the offshore marine sequences, themselves



Palaeoclimate and palaeogeography 15

incomplete, around the continent margins aug-
mented by other diverse sporadic records. For
much of the time, Australia has had a relatively
low humidity regime with low runoft. Even in the
offshore, much of the area has been characterised
since the mid-Cretaceous by carbonate deposition
with low input, by global standards, of terrigenous
(land-derived) detritus. Figure 3.1 shows the
basins that have been active during the
Cretaceous—Cenozoic and contain sections that
are providing the data for reconstructions of
palaeogeography and climate.

While these records provide excellent, and glo-
bally exceptional, sections for use in interpreting
offshore history (tectonic and climatic), they are
frustratingly incomplete insofar as records of
onshore conditions. In this summary, offshore ter-
rigenous material is taken as indicative of onshore
high humidity and runoff. While this approach
can be criticised for reconstruction of short-term
conditions, it is probably valid over longer inter-
vals as close inshore sediment reservoirs (such

as estuarine systems common today) fill, and are
bypassed, on a time scale longer than a few thou-
sand years.

The time scale (Figure 3.2) used is that
assumed in the compilation of the Australian
palacogeographical series by the Bureau of Min-
eral Resources, Geology and Geophysics (Brad-
shaw et al, 1993) and by Wilford & Brown
(Chapter 2, this volume). It is based on that of
Harland et al. (1982) and the Australian applica-
tion is discussed in more detail by Burger (1989)
for the Cretaceous and by Truswell e al. (1989)
for the Cenozoic. Different versions of the time
scale were given by Haq e al. (1987) and Veevers
(1984).

The topic of climate history is of critical impor-
tance at present as humanity endeavours to come
to grips with the question of global change, usually
in the context of the next few decades. The story
documented below shows that the Australian
continent, which is tectonically very stable over
long periods in global terms, has changed climate
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Figure 3.1 Sedimentary basins that have been active during the Cretaceous and Cenozoic
in Australia (and in Antarctica during the Early Cretaceous).
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Figure 3.2 Time scale, sea level (s.1.) (global and Australian) and oxygen isotope data from
southeast of Australia. Q, Quaternary. Scale for global sea level is metres above present
sea level (redrawn from Haq et al., 1987). Australian sea level curve is the western margin
curve redrawn from Veevers (1984). Oxygen isotope curves are based on separate analysis
of benthic and planktonic foraminifera to differentiate temperature changes on the sea-floor
and surface, respectively. Breaks in individual curves reflect study on samples from different
Deep Sea Drilling Project holes (redrawn from Shackleton & Kennett, 1975). For a fascinat-
ing review that includes the origin of the time terms, see Rudwick (1972).

greatly, naturally, over that time and that much
global change is natural. The critical quest is to
understand natural variation and to differentiate

it from human-induced change.

At the time of commencement of this story,
Australia was part of an almost complete Gond-
wana, and the early part of the interval was a time
of dismemberment of this long-standing super-
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continent. The details of the break-up of Gond-
wana have been the subject of many studies,
including those by Audley-Charles (1987), Barron
et al. (1978), Veevers (1984; Veevers et al., 1991)
and Wilford & Brown (Chapter 2, this volume).
The details of the Australia—Antarctica—New
Zealand part of the break-up story also have
received a great deal of attention such as that from
Griffiths (1971), Hayes & Ringis (1973), Weissel
et al. (1977), Cande & Mutter (1982) and Mutter
et al. (1985). Thus, the evolution of the climate
of Australia until some 90 Ma ago is inextricably
linked with that of Antarctica and New Zealand,
and even since then there have been important
influences from the south during the development
of the Southern Ocean circulation system. It was
not until about 30 Ma ago that Antarctica and
Australia became totally independent as the South
Tasman Rise cleared North Victoria L.and, the
Circumpolar Current system became established
and both Antarctica and Australia became isolated
from each other and from the rest of the world.
Since then, the influence of Antarctica has been
distant, as a source of weather, and thus ultimately
climate, for southern Australia. The role of the
dispersion of continents and continental frag-
ments to the north and northwest of Australia has
been the subject of reviews by Audley-Charles
(1987) and Truswell et al. (1987), the latter
examining the migration paths of vegetation
through this pathway.

The topic of Australian climate has been
reviewed on many occasions, usually as part of
compilations of longer-term history, such as those
by Kemp (1981), Quilty (1982), Frakes et al.
(19874, b), and Frakes & Vickers-Rich (1991),
and the Bureau of Mineral Resources, Geology
and Geophysics has produced a general synthesis
of which climate is part (BMR Palaeogeographic
Group, 1990). Bradshaw et al. (1988) have pro-
duced a compilation of the evolution of the North
West Shelf and this can be viewed as a subset of
the Palacogeographic Atlas series. Veevers (1984)
also referred to the topic, although not as his
major thesis. There have been few major changes
in interpretation since the last of these was pub-
lished, but there has been a great deal of refine-

ment, and a significant growth in the database due
to continuing routine studies and particularly the
drilling of Ocean Drilling Program (ODP) legs
around Australia. Unfortunately, the results of
these legs are not yet available for integration into
the story. Perhaps the main recent change over
the time under consideration is the recognition
that there may have been a cool interval in the
Early Cretaceous with sea ice as a transporting
mechanism for pebbles in the Bulldog Shale
(Frakes & Francis, 1988). Another major develop-
ment has been the concentrated emphasis on the
Murray Basin, because of concern over the effects
of humanity’s activities there (Brown, 19894).

In recent years, there has been a great growth
in the study of vertebrate faunas and the results
have been summarised by Vickers-Rich et al.
(1991). To date, studies have concentrated on the
taxonomy and evolutionary significance of the fos-
sils. In future they can be expected to contribute
to the environmental synthesis.

Cretaceous and Cenozoic sections are separ-
ated everywhere in Australia by an unconformity,
and thus this continent seems not to contribute
to the debate concerning events at this boundary
(Alvarez et al., 1980; Emiliani ef al., 1981).

Controls on climate

The approach taken here is to accept that the
main elements that decide climate are long-term
temperature and hydrological characteristics.
Long-term temperature is determined by a series
of factors such as latitude (= distance from the
South Pole) and oceanic circulation patterns;
hydrological characteristics depend on ocean cir-
culation, sea level, degree of inundation, relief,
and wind direction and intensity. There are other
factors that are outside the scope of this chapter.
They include variation in solar constant, cloudi-
ness, etc. Some of the elements influencing cli-
mate are identifiable from the geological record,
either directly or indirectly, and others, while not
normally included specifically as elements of cli-
mate, are reviewed here because they are impor-
tant in influencing, or being influenced by,
climate. Many determinants of climate depend on
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the tectonic history of the region and this has been
reviewed elsewhere (Wilford & Brown, Chapter
2, this volume).

Many of the elements listed in combination
constitute the palaecogeography of a region, and in
this work both palaeoclimate and palaeogeography
are discussed.

Palaeolatitude

Figure 3.3 shows the Apparent Polar Wander
Path (APWP) of the South Pole relative to Aus-
tralia, although in reality it is the continent that
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Figure 3.3 Apparent Polar Wander Path (APWP) of the
South Pole relative to Australia over the interval Cretaceous—
Cenozoic. APWP is shown by thick dashed line. Intervals
indicated include those during which Australia was part of
Gondwana, or was separating slowly or quickly from Antarc-
tica. (From Embleton & McElhinny, 1982; Veevers, 1984).

moves in relation to the Pole. The assumption is
that the measured palaeomagnetic pole is statisti-
cally the same as the geographical Pole.

The position relative to the Pole controls lati-
tude, and thus general temperatures (oceanic and
atmospheric), major meteorological features (such
as continent position relative to lows and fronts
and their frequency), and the proportion of the
continent under tropical influences. Also relevant,
but nonmeasurable at this stage in the geological
record, are the effects of albedo including ques-
tions of constancy (day-to-day and annual fluctu-
ation especially during intervals when there may
have been winter snow). In contrast, only non-
quantifiable albedo variations on a long time scale
can be guessed at, due to changes in vegetation/
aridity factors such as the contrast between a veg-
etated Middle Miocene (low albedo), due to a
humid environment, and the Late Cretaceous
when the continent was thought to be arid and
thus paler (higher albedo). Also nonquantifiable
geologically are the impacts of changes of sun
angle due to differing latitudes and the summer/
winter day duration factors.

During this interval, the relationship between
Australia and the south geographical Pole (or axis
of rotation of the earth) as measured by the APWP
changed radically. Throughout the Cretaceous,
the Pole lay to the southeast or south of Australia
but relative movement was slow and did not cause
palaeolatitude to change greatly. The most sig-
nificant change followed the more rapid separ-
ation of the continents commencing in the
Paleocene, leading to relatively fast movement of
Australia north through various climate zones and
ever decreasing latitude. The movement of Ant-
arctica during this time has been minor. The situ-
ation has been reviewed in detail by Embleton
& McElhinny (1982) and formed the basis for
interpretations by Veevers (1984).

Palaeoceanography

Nearshore temperature and precipitation are very
strongly influenced by ocean temperature, wind
direction and strength, and terrestrial relief. The
interaction is too complex and poorly known to
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explore here in detail. It is probably true also that
atmospheric composition and consequently some
elements of vegetation distribution and evolution
are controlled by events occurring in the oceans.
It is in the area of oceanography particularly that
the global milieu impacts on local or regional
evolution.

This interval is seen by many authors (e.g.
Frakes et al., 19874) to have been a key event in
the evolution of the oceans to their modern mode.
Initially they were regions of depressed high to
low latitude temperature gradient, very low shal-
low- to deep-water temperature gradient, and
with much less differentiation and mobility than
today. Cretaceous oceans were characterised by a
series of ‘anoxic events’ but the number, duration
and distribution of the resultant sediments are
subjects of some debate. The oceans were gener-
ally warmer, even at depth, than they are today
and thus may have had a lower O; solubility. The
change to the modern style seems to have begun
in the Late Cretaceous.

The palaeoceanography of the Australasian
region is very poorly known except in the most
general way, and the reconstructions shown on
Figure 3.4 are very tentative. Control on the
understanding of past water temperature is mainly
biological (presence or absence of large foramini-
fera, features of planktonic foraminifera such as
diversity, presence or absence of keels, etc.), and
not on directly measured parameters such as oxy-
gen and carbon isotopes, except for southeast of
the continent, and then only for part of the Ceno-
zoic. The understanding of the situation around
Australia is worse than that of the area around
New Zealand and the only significant results to
date stem from Deep Sea Drilling Project
(DSDP) material (e.g. Shackleton & Kennett,
1975). There has been a considerable amount of
oxygen isotope study performed earlier (Dorman
& Gill, 1959; Bowen, 1961; Dorman, 1966, 1968)
but this suffers the disadvantage of having been
conducted on spot samples rather than from con-
tinuous sections.

The palacoceanographic reconstructions em-
ployed are based on those by Burns (1977),
Edwards (1975), Kennett (1980) and Savin

(1977), which are generally consistent throughout
the Eocene and younger and have been the source
for many more recent compilations. They differ
in the Tasman Sea at 21 Ma, where Kennett pro-
posed a clockwise current (shown on Figure 3.4).
At ages greater than 21 Ma, the current direction
in the Tasman Sea is taken to be from south to
north, in contrast to the situation since. This is
believed to result from the formation of the Tas-
man Sea and Lord Howe Rise and the resultant
channelling effect. Earlier than 63 Ma, the recon-
structions are largely speculative and my own and
are based on the assumption that each major
southern hemisphere ocean basin was charac-
terised by a large counterclockwise current
system. Smaller current systems are not yet
differentiated and the general evolution in the
Indian Ocean is unknown. Earlier than 95 Ma,
the position of the continents relative to the South
Pole was significantly different than later and
there is little basis even for conjecture.

Temperature

As noted above, palaeotemperature estimates in
Australia do not rest on a good basis of many
oxygen isotope profiles. Australian reconstruc-
tions depend on data from nearby (e.g. New Zea-
land; Clayton & Stevens, 1967; Stevens &
Clayton, 1971), from more scattered oxygen iso-
tope data sets, from sediment features (Frakes &
Francis, 1988), and on other information from
fossils, such as features that are temperature
dependent.

The most important oxygen isotope data set
available is that from Leg 29 of the DSDP from
south and southeast of Tasmania (Shackleton &
Kennett, 1975). The curves for both planktonic
and benthic foraminifera are shown on Figure 3.2.

Sea level/inundation

Sea level varies significantly from time to time
and Figure 3.2 shows the variation throughout
the Cretaceous and Cenozoic as understood at
present (Quilty, 1977, 1980; Vail e al., 1977; Haq
et al., 1987). The subject is one that is evolving
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Figure 3.4 Variation in oceanic current patterns through the Cretaceous and Cenozoic of
Australia, from many sources. S.P., South Pole; M.B., Murray basin. Arrows indicate
positions of surface currents. Continent outlines in continuous lines are as present and
bear little relation to positions of past coastlines. Dashed lines represent the continent—
ocean boundaries.
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rapidly. The global sea level change curve shown
in Figure 3.2 illustrates two orders of variation,
a long-term component that ignores short-term
change, and a short-term component that is made
up of more rapid variations. For most of the time,
there is not a great disparity between the two
curves but there is a marked change at about 30
Ma (mid-Oligocene) when the two diverge. This
probably marks the time at which the short-term
component became controlled by variation in the
volume of sea water locked up in polar icecaps,
allowing variation to be within = 100 m (modern
sea level is about 65—70 m below maximum, and
18 000 years ago, during the last glacial maximum,
was some 130 m below present). This ice-volume-
controlled eustacy does not seem to be a valid
explanation for much of the variation prior to the
mid-Oligocene, and an explanation is still
required for much sea level variation. Tectonics
seem to control the long-term component and
may also be responsible for some of the short-
term fluctuations. The equivalent curve for the
western margin of Australia (Veevers, 1984),
although constructed on a totally different basis,
is grossly similar to a smoothed version of the
short-term global curve, but differs markedly in
the Oligocene, when the Australian data suggest
a major sea level fall at the end of the Eocene,
whereas the global curve would have the same
change occurring in the mid-Oligocene. The
marked increase in 8'80 at the Eocene/Oligocene
boundary (Shackleton & Kennett, 1975) seems to
suggest that the Australian curve (e.g. Quilty,
1977, 1980) reflects the time of onset of some
Antarctic glaciation and resultant sea level fall
better than does the global curve described by
Hagq et al. (1987).

Inundation is caused by two factors: sea level
rise and tectonics. Sea level change on a coast of
low relief has a marked effect on the area to be
covered by inundation, on the biota there and the
climate it lives in. Significant sea level rise causes
depression of the crust due to the effects of hydro-
isostasy and this leads to enhanced inundation.
This effect can augment the sea level rise effect
by as much as 30%. Tectonics can cause
depression of continental crust, allowing inun-

dation even at times of globally depressed sea
level. Although Australia is generally of low relief
and tectonically stable over the interval discussed,
the continent did undergo major inundations in
the Aptian and Albian (Frakes et al., 19875) dur-
ing the Potoroo Regime described by Veevers
(1984). The cause was probably largely tectonic,
as too much negative relief was generated to be
ascribed to a simple sea level rise and global sea
level at the time was generally depressed except
at the end of the interval. Following this interval,
the Australian history seems almost to be the
antithesis of the global scenario in the later Cre-
taceous.

Relief

Relief is the opposite of tectonic depression
referred to above and has a major controlling
influence on precipitation and on the direction of
runoff. It is controlled by tectonics.

The feature that is very important for the
Cretaceous—Cenozoic history of Australia, and
even more so for Antarctica, is that compressional
tectonics has been almost irrelevant, except to the
extent that it played a part in the development of
the southeastern margin in New Zealand, and the
northern margin through Papua New Guinea.
The virtual absence of compressional features has
meant the absence of very high mountains and
their associated andesitic volcanism except in
southeastern Australia during the Jurassic/Cre-
taceous transition, when the basins along southern
Victoria did accumulate very significant amounts
of andesitic volcanics. The Australian relief
through the interval under discussion has there-
fore been important but not extreme due to its
origin in divergent plate tectonics.

Australia is now a large land area of generally
low relief, with a few marked exceptions such as
Tasmania, and areas marginal to the continent in
eastern Australia and northwestern Australia.
This has also generally been true throughout the
time under consideration, but with marked excep-
tions, particularly in the early part. There is
considerable evidence from the Perth Basin
(Johnstone et al., 1973; Veevers, 1984) to indicate
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that, during the latest Jurassic and earliest Cre-
taceous, the Darling Range stood much higher
than it does now, as a result of the evolution of
the divergent margin during the separation of
India from southwestern Australia. Veevers
(1984) stated that there were predecessors to the
Flinders Ranges (among others) in the Cre-
taceous. The details of the evolution of the East-
ern Highlands are poorly known but they seem to
have had forebears during most of the Cretaceous
(especially those in Queensland in the Late Cre-
taceous) and may owe their origin in part to the
Australia~New Zealand separation. There is
little known of the timing of commencement of
the highlands (Stirling Ranges, etc.) along the
southern margin of Western Australia.

Drainage

Drainage depends on the presence of relief and
enough precipitation to provide excess surface
water. In the interval under consideration there is
no evidence to suggest that there was any signifi-
cant contribution from snowfall except perhaps in
the earlier Cretaceous in southeastern Australia.
Patterns of drainage have varied greatly, and
included times when there is no evidence of any
drainage at all, to times when drainage was domi-
nantly to the central south coast, or to inland
depocentres (past equivalents of Lake Eyre), or to
a vast inland ocean via short streams radial to a
series of smaller land masses. The best summary
to date is that edited by Veevers (1984). There is
not enough information available so far to
decipher the history of most of the river systems
flowing to the east of the Eastern Highlands, but,
for most of the rest of the Australian margin, oil
exploration drilling has yielded data that provide
some clues.

Volcanism

Although continental Australia is devoid of active
volcanoes at present, throughout most of the time
covered by this chapter, volcanism has been a
major feature of the landscape over an arc from
northern Queensland, in a zone a few hundred
kilometres wide around the eastern margin of the

continent to Mt Gambier in South Australia,
where dates as young as 4600 years before present
(4.6 ka) have been recorded, suggesting that vol-
canism in some areas should be regarded as dor-
mant rather than extinct. Tasmania has a major
history of volcanism during a large part of the
Cenozoic.

The volcanic activity has been responsible for
a great deal of the geomorphology of eastern Aus-
tralia, including lava plain, volcanic cones with
fresh appearance and plugs that are positive geo-
morphic features left by the erosion of the softer
surrounding material. Much of the Australian
gemstone industry is based on the products of this
phase of volcanism.

The controls on this volcanism are not fully
understood, but a major element can be ascribed
to movement of the Australian plate over a series
of ‘hotspots’ that periodically cause lava to make
its way to the surface. The product of this type of
control is a linear series of volcanic vents and
rocks. This feature is well documented but is not
enough to explain all occurrences of volcanics.
The volcanics are spatially associated with the
highlands of eastern Australia and to the Austra-
lian plate margin. Johnson (1989) discussed the
volcanism over this time in much greater detail.
The occurrence of volcanoes is recorded wher-
ever relevant in the second part of this chapter.

EVOLUTION OF AUSTRALIAN
PALAEOCLIMATE AND
PALAEOGEOGRAPHY

This section consists of a series of reconstructions
(Figures 3.5-3.13) that illustrate the palacogeog-
raphy of Australia at discrete times throughout
the Cretaceous and Cenozoic. The palacoclimate
is discussed in relation to these reconstructions.

The use of regimes as a basis
for discussion

Veevers (1984) introduced the concept of regimes
as a means of discussing the geological history of
Australia. It is an adaptation of an earlier concept
applied to the historical evolution of North
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America (Sloss, 1963), and was also employed by
Haq et al. (1987). Two of the three Phanerozoic
regimes identified by Veevers are relevant to dis-
cussion of the Cretaceous—Cenozoic. They are
the Innamincka (320-90 Ma, terminating in the
Cenomanian, using the time scale of Veevers,
1984) and Potoroo (90 Ma to Recent) Regimes.
The boundary between the regimes is identified
by two features: a major retreat of marine con-
ditions from central Australia during the Ceno-

manian, and a widespread change in depositional
regime in the offshore from terrigenous (before)
to dominantly biogenic carbonate (after)
sediment.

Cretaceous part of Innamincka Regime
(Figures 3.5-3.7)

When the Cretaceous began, terrigenous sedi-
mentation was generally a continuation of that in
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Figure 3.5 Reconstruction of the palaecogeography of Australia during the Aptian—Albian.
Identified are areas of marine sedimentation, volcanism, direction of sediment movement,
locus of sedimentation, and an indication of sediment thickness. NZ, New Zealand. (Modi-

fied from Quilty, 1982.)
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Figure 3.6 Coastline variation during the earlier Cretaceous
part of the Innamincka Regime. 1, Latest Jurassic—early Neo-
comian (Berriasian); 2, mid-Neocomian (Valanginian—
Hauterivian). (After Frakes e al., 1987a.)

° 14 "1

AN { )

/ \\\\\g\\ \“\‘\\ \\\\ AN \!
//-//-\ /'\\—"‘ wd

b ,/. .‘ ‘\\\"Xﬂ\z \\\\\\\

Figure 3.7 Coastline variation during the Innamincka
Regime, towards its end. 3, Aptian; 4, late Albian. Hatched
areas were not inundated during this interval. In addition to
the marine sedimentation within the coastlines indicated, there
was a great deal of nonmarine accumulation outside these
coastlines. (After Frakes ef al., 1987a.)

the Jurassic, dominantly in active graben struc-
tures around the Australian margin and in a large
gentle depression in ‘central’ Australia that
formed the Great Australian Basin. This was the
last time that great thicknesses of detrital sedi-

ment accumulated because this interval marked
(1) the final act in the tensional development of
depocentres related to the dismemberment of
Gondwana and (2) the last long-term interval of
detrital sedimentation in Australia, these con-
ditions giving way in the mid-Cretaceous to a
dominantly biogenic carbonate regime in the
marine environment. Most deposition after this
time was on subsiding continental margins with-
out an obvious basin style geometry.

Volcanism was a major source of sediments
around southern and southeastern Australia and
the Bunbury Basalt of southwestern Australia was
extruded onto an erosional surface during this
time. Other evidence of volcanism in the form of
plugs, flows and volcaniclastic sediment of this
age is not well documented.

In northwestern Australia, the southern part of
the west coast, south and southeast coasts and
the Great Australian Basin, deposition of great
volumes of sediment indicates that river systems
were active and well developed and thus that there
was significant precipitation continentwide. In the
Great Australian Basin and southeast basins
(Otway and Gippsland/Strzelecki), the land-
derived material was accompanied, and some-
times dominated, by andesitic volcanic input
related to the tension associated with the break-up
of Gondwana. Drainage was concentrated to two
major deposition sites, one a series of small basins
along the south coast, and the other in central
Australia. The system to the central south coast
(then a depocentre for drainage from both Antarc-
tica and Australia) was fed in part by the salt lake
system of Western Australia and South Australia,
which is taken as a relict of this interval and per-
haps earlier. At the same time there was active
tectonism in the Perth Basin and onshore, with
the present Darling Ranges markedly uplifted
causing an influx of coarse detrital sediments with
fresh feldspars to the Perth Basin, all suggesting
rapid erosion and deposition with transport by
active short path streams. Sediment thickness in
the offshore Perth Basin is very great but the
depocentres are relatively small. The other side
of the ranges was serviced by much longer, slower
streams carrying finer material to the Eucla Basin.
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The major drainage during the final stages of the
Innamincka Regime was into the central Austra-
lian depression, which accumulated the bulk of
the sediment deposited during this time.

Marine sediments were initially restricted to the
western margin as the Indian Ocean evolved, but
marine conditions spread progressively eastward
along the south coast, and from an initially
north—south incursion (Valanginian—Hauterivian)
into the Great Australian Basin from the north,
as shown on Figure 3.6. Marginally marine micro-
fossils are sporadic in sediments older than Aptian
but the first major evidence for advancing marine
conditions is in sediments of the Eucla Basin
in the Aptian as the earliest transgression of
the sea began between Australia and Antarctica.
In the Aptian—Albian, conditions continentwide
became marine and Australia was divided into
three large islands (Figures 3.5, 3.7) by an inun-
dation, the like of which had not occurred before
in the Phanerozoic, and has not occurred since.
Drainage was radial from these islands but also
generally to the depocentre to the south of the
central south coast. Deposition was in shallow-
water intracratonic basins that were very wide-
spread. The general Aptian—Albian transgression
may have been two transgressions separated by a
small regression, and this is indicated on the Aus-
tralian sea level curve on Figure 3.2. Reducing
conditions were widespread, radiolaria an import-
ant constituent in the sediments, and planktonic
foraminifera rare, or if present of low diversity
and small size (Scheibnerova, 1976). Molluscs
are abundant and widespread indicators of
this marine phase (see e.g. Ludbrook, 1966).
Marine conditions became more restricted by the
end of the Albian to small areas of the Great
Australian Basin and northwestern Australia. At
the end of the Early Cretaceous, marine condi-
tions retreated from central Australia, and have not
returned. The position of the coastline through-
out the Cretaceous has been documented in
considerable detail by Frakes et al (19874).
Figures 3.6 and 3.7 summarise the variation in
position of the coastline for this part of the
Cretaceous.

The microfossil evidence cited above suggests

that marine conditions may have been cool
throughout much of the Aptian—Albian, consist-
ent with the location of the southeastern quarter
of Australia inside the Antarctic Circle. Firmer
conclusions come from other sources. Douglas
(1969) identified a cool temperate climate, with
high rainfall in the range 760-1140 mm, with
a seasonal dry period as normal in southeastern
Victoria during most of the Early Cretaceous.
Waldman (1971) suggested cold winters with ice
cover in restricted environments during part of
this interval, and Frakes & Francis (1988) also
proposed that winter sea ice was present more
generally and was a sediment-depositing agent.
Sheard (1990) detailed the occurrence of glen-
donites in the Bulldog Shale and called for very
cold to frigid conditions at the time. Jell & Duncan
(1986) questioned the need for winter ice but
agreed with the other elements of Waldman’s
hypothesis. While conditions were cool generally
across Australia, perhaps with a gradient towards
increased coolness in the southeast, there is no
evidence of nearby widespread glaciation. Rich
et al. (1989) have reviewed in detail the results of
studies of fossils from the Victorian Early Cre-
taceous and included data from other sources, to
make a summary that Early Cretaceous polar
atmosphere may have had a temperature range of
—5to +8 °C. They also quote evidence to suggest
cool, humid conditions with seasonal climate, con-
sistent with earlier hypotheses. These cool climate
scenarios are in conflict with some other hypoth-
eses (Barron et al., 1981; Hallam, 1984, 1985)
that the Cretaceous was an ice-free period, but
have not yet developed to the stage of suggesting
the presence of any polar icecaps. There is a need
to search the Antarctic for any evidence of cold
conditions, even of the presence of an icecap and
sediment transport by icebergs.

Cretaceous part of the Potoroo Regime
(including the Cenomanian Interregnum)
(Figures 3.8-3.9)

This is an interval for which data from central
Australia are very few and much reliance for cli-
mate must be on well-studied marine sections
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Figure 3.8 Variation of coastline through the Late Cre-
taceous. Over most of the western margin, variation in position
throughout was very minor. Areas of difference are in the
Gulf of Carpenteria and Eucla Basin. 1, Cenomanian coastline
where it deviates from average; 2, average coastline throughout
most of the Late Cretaceous; 3, Campanian—Maastrichtian
coastline along the south coast; 4, Cenomanian, Turonian,
Santonian, Maastrichtian coastline along southwest Victoria.
(After Frakes et al., 1987a.)

along the western margin and less well-known
sections along the south coast. The interpretations
are thus weaker for central regions than for other
intervals during the Cretaceous—Cenozoic.
Veevers (1984) separated the Innamincka and
Potoroo Regimes by a 5 Ma Cenomanian Inter-
regnum, which here is taken as part of the later
Cretaceous history. At the end of the Albian, the
sea withdrew from the Great Australian Basin
(except for the northernmost area around the
margin of the Gulf of Carpenteria) and non-
marine deposition replaced marine in the central
parts of the Basin for a time. This transition set
the pattern for Australian climate and palaeogeog-
raphy until the present day. The sea entered the
narrow rift opening between Antarctica and Aus-
tralia, and terrigenous sedimentation along the
west coast gave way to biogenic carbonate sedi-
ment, reflecting reduced river activity and perhaps
precipitation continentwide. In contrast with the
global sea level curve (Figure 3.2), Australia was
not subject to a transgression in the Cenomanian,

but was characterised by regression of marine
conditions. The coastline during each Late Cre-
taceous sedimentation cycle along the western
margin was very uniform in position (Figure 3.8)
and the only areas where there was significant
variation in position were the Gulf of Carpenteria
and the Eucla Basin. The Cenomanian coastline
in these two areas is a relic of the Albian trans-
gression and along the south coast depended on
elements of the Australia—Antarctica break-up
history for its variation. During this interval Aus-
tralia and New Zealand separated with the open-
ing of the Tasman Sea, and slow spreading began
between Australia and Antarctica.

Volcanism occurred through several areas of
eastern Australia but is neither well dated nor
well understood. The Cenozoic volcanism, so well
developed and understood, had its origin in the
Late Cretaceous. Dates of around 70 Ma are
known for volcanic rocks from Queensland and
New South Wales but are not widespread. Group
1 rocks (Johnson, 1989) of this age are known
from central Victoria. Lavas at Cape Portland in
Tasmania may have been extruded at the earliest
part of this interval or perhaps a little earlier
(Sutherland & Corbett, 1974).

Most of continental Australia was bypassed by
sediment except for the Cenomanian Winton For-
mation and possibly the Mt Howie Sandstone
(Figure 3.9). Sediment sources included uplifted
Eastern Highlands in Queensland and south-
eastern Australia. The former seem to have been
the source of a large amount of volcanic debris,
some of which made its way into the Winton For-
mation and possibly the central south coast depo-
centre, which by this time had ceased to be a
site of deposition for Antarctic-sourced sediment.
Otherwise, the terrigenous component of sedi-
ments changed from the earlier volcanogenic type
to a more quartzose, continental source.

The central Australian depocentre declined
dramatically in importance and was overridden by
drainage to the central south coast, which now
became the site of deposition of sediments from
the drainage of approximately two thirds of Aus-
tralia, including that by ancestors of the Murray
and Darling Rivers, which seem to have been
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Figure 3.9 Reconstruction of the palacogeography of Australia during the Late Cretaceous.

(Modified from Quilty, 1982.)

initiated during this time. The change in drainage
character was effected by the movement north,
almost to the Gulf of Carpenteria, of the drainage
divide that had been in place earlier. Instead of
deposition in the region, much of it seems to have
been subject to intense chemical weathering, per-
haps reflecting humid conditions and tempera-
tures that were warmer than they had been earlier.
This is consistent with global reconstructions for
the time (Hallam, 1984).

Douglas et al. (1976) have suggested that, in
southeastern Australia, cool conditions character-
istic of the earlier Cretaceous continued until the

Santonian, when temperature and humidity
increased through to the end of the Cretaceous.
The evidence for considerable humidity exists in
the form of coals, although, in total, the coal
swamp environment was less widespread than in
earlier parts of the Mesozoic. Dettmann (1981)
suggested cool to mild temperatures and humid
conditions for this interval, whereas Truswell
(1990) noted that it was during the Late Cre-
taceous that ‘temperate forest elements like Notho-
Jagus’ evolved, the evidence coming from the
Otway and Gippsland Basins.

Along the western margin, the pre-existing
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basin geometry gave way to deposition of a sedi-
ment wedge thickening generally seawards with a
prograding geometry. The best sections known to
date are from the Carnarvon Basin and offshore
Northwest Shelf (Apthorpe, 1979), and sporadic
records exist for the Perth Basin (e.g. Quilty,
1978; McNamara ¢t al., 1988). Sediments are
dominated by biogenic carbonate, of which the
foraminifera are the only part that has been the
subject of detailed published studies.

Cold water indices are absent from the region,
as are tropical fossils such as rudistid bivalves,
large foraminifera or coral reefs, although
Glaessner (1960) recorded large foraminifera
from nearby New Guinea, indicating that the
region was very close to areas where tropical con-
ditions prevailed. Most of Late Cretaceous time
is represented by sediments containing abundant,
diverse planktonic foraminifera, with double keels
and other complexities indicating warm to tropical
conditions. Faunas belong to Sliter’s (1976) Tran-
sitional or Tethyan Faunal Provinces. Much
needs to be done to document allocation to Faunal
Provinces in detail but marine temperatures were
considerably higher than during the earlier Cre-
taceous. During the Santonian—Campanian, the
faunas appear to have been Transitional, but at
other times they were Tethyan and thus represent
subtropical—tropical conditions. While sedi-
ments are dominantly biogenic carbonate, virtu-
ally all contain a fine terrigenous component and
there is sandstone sporadically in the Perth Basin
and more widely around the Kimberley Block,
attesting to some activity of drainage systems in
those areas, particularly in the north.

Cenozoic

The Cenozoic encompasses the last 66.4 Ma of
geological history and includes the Quaternary in
which humanity lives. Cenozoic rocks are very
widespread in Australia and include not only sedi-
mentary rocks and volcanic accumulations but
other features not so evident from earlier times,
such as soils and other weathering effects includ-
ing the almost ubiquitous laterite (taken here as
a generic term to include silcrete). Climatically

the Cenozoic was a continuation of the regime
established in the Late Cretaceous, but developed
further with a general trend towards more
biogenic carbonate in the marine realm, and
reduced internal drainage, although with some
important exceptions.

There is no evidence for the presence in Aus-
tralia of sediment sections representing continuity
from Cretaceous to Cenozoic, and thus no evi-
dence can be provided to contribute to the debate
on the immediate causes of the major extinction
that took place at the end of the Cretaceous. The
Australian oceanic biota changed in the same way
as did others elsewhere in the world. A great deal
needs to be done before onshore changes to fauna
and flora are documented and understood. Gen-
erally the Cenozoic climate change is better
understood than that of other parts of geological
time because the outcrop is better and more
accessible, closer to the centres of population, and
organisms are more similar to modern ones, and
thus provide better analogues than do older
examples. In addition, this is the time for which
reliable oxygen isotope records (e.g. those of
Shackleton & Kennett, 1975) became available
and formed an important determinant in recon-
structions of global as well as Australian climate
evolution.

During this interval, Australia began to migrate
northward from Antarctica at a greater rate than
it did earlier (Cande & Mutter, 1982) and the
nexus between the two continents was finally
broken.

During the Cenozoic, the biogenic carbonate
regime expanded progressively to encompass the
southwestern margin and eventually the entire
south and east coasts. Uplift along the south coast
caused cessation of major sedimentation in the
central south coast and the Murray and Birdsville
Basins came into being.

Several authors such as Quilty (1977, 1980) and
McGowran (1979) have recognised a convenient
subdivision of the Australian Cenozoic record into
four intervals based on the concept of ‘uncon-
formity-bounded stratigraphic units’ (Ki Hong
Chang, 1975) or sedimentation cycles. Conse-
quently, this has been found to be a useful dis-
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cussion framework and was employed by Quilty
(1982), Veevers (1984), Frakes et al. (1987h), and
Apthorpe (1989). It is employed here again! The
time units are

Paleocene—~Early Eocene
Middle—Late Eocene
Oligocene—Middle Miocene
Late Miocene and younger

Paleocene-Early Eocene (Figure 3.10)

Savin et al. (1975; Savin, 1977) proposed that this
interval globally was of warm marine conditions
with bottom temperatures generally of the order
of 14-15 °C. At the Paleocene/Eocene boundary,
water temperatures were higher than at any time
since, and had been rising slowly throughout the
Paleocene after a brief cool period near the Cre-
taceous/Tertiary boundary. Marine faunal evi-
dence shows that there was less tropical—polar

PALEOCENE - EARLY EOCENE

Fo careonate
TeRRIGENOUS | B > s m

<= DIRECTION OF SEDIMENT FLOW

T VOLCANICS

Possible /iy
0verﬂow¢ .

- AS
7 ) Murray Basin
& details unknown?
s ~

marginal marine
sands and grits \\
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Early Eocene. (Modified from Quilty, 1982.)
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differentiation of climate zones than now. Kemp
(1981), in a comprehensive review of the palynol-
ogical evidence for reconstruction of Tertiary cli-
mates of Australia, indicated that control of
precipitation in southern Australia would have
been by westerly winds, and farther north the cir-
culation pattern would have been less regular and
somewhat chaotic inland. The evidence for warm
marine conditions is consistent with the interval
being one of considerable humidity.

There was considerable volcanism with diverse
products in southeastern Queensland and north-
eastern and southeastern New South Wales. In
Victoria, Group 1 and Group 2 volcanics were
emplaced in the central and southwest parts of
the state. This interval seems to have been a minor
source of volcanics in Tasmania (southeast only)
and the geometry of the volcanics has been used
to indicate that the present topography of Tas-
mania had been generated prior to this time
(Johnson, 1989).

Quilty (1982) suggested that generally this
interval was one of low significant drainage but a
great deal of information is now available to sug-
gest that this view should be changed. Apthorpe
(1989) divided this cycle into two (her subcycles
1A and B), and presented evidence that a gradient
existed in the northern part of northwestern Aus-
tralia from a ‘relatively wet climate in the south’ to
drier in the northeast, and that water temperatures
were ‘at least’ warm temperate. The later subcycle
coincides, at its earliest, with the most widespread
part of transgression in this cycle towards the
youngest part of the Paleocene. Apthorpe sug-
gested that conditions initially were warmer than
in subcycle 1A with hot arid conditions in the
northeast, perhaps with seasonal precipitation. In
the Carnarvon Basin area, waters may have been
warm temperate—subtropical and there may have
been a coastal countercurrent analogous to the
Leeuwin Current of today. At the end of the sub-
cycle 1B, within the Early Eocene, Apthorpe
recorded evidence of significant cooling in oceanic
temperatures and an increase in runoff from the
Carnarvon Basin hinterland. This cooling follows
immediately the time of warmest marine con-

ditions worldwide (Savin et al., 1975; Savin, 1977,
Hagq, 1981; Kennett & Barker, 1990). The north-
ern parts, in the Bonaparte Basin, continued tropi-
cal and arid. As noted by Apthorpe, this cooling
seems to pre-date by some time the global cooling
described by Savin (1977), but the evidence for
the timing of the global cooling is not very precise
and it may be that the evidence from northwestern
Australia is the best available, except for oxygen
isotope-based studies such as that by Kennett &
Barker (1990). Davies et al. (1991) indicated that
this scenario was also applicable to northeastern
Australia, where the Early Eocene was an interval
of the warmest conditions of the Paleogene
(warm enough for colonial coral growth) but not
as warm as at present. Warm temperate conditions
probably applied also during sedimentation in the
Perth Basin (Quilty, 19744,b), with significant
rainfall and runoff (Kemp, 1978).

In southeastern Australia, there is evidence of
considerable precipitation and runoff (Deighton
etal., 1976), and Kemp (1978) referred to temper-
ate conditions with high rainfall; Harris (1965)
mentioned cool, moist conditions for the Paleo-
cene in the Otway Basin. The Murray River and
many of its tributaries (including the Darling
River) may have been in existence since the Late
Paleocene (Stephenson & Brown, 1989) but its
mouth moved throughout history, depending on
the position of the coast, itself determined by both
structural movements and sea level variation,
which controlled the extent of marine trans-
gression into the Murray Basin.

The Eyre Formation is thin and widespread in
the Birdsville Basin of central Australia and has
been taken to indicate a climate that was ‘warm
temperate with seasonally high precipitation’
(Wopfner et al., 1974) and represents the depo-
centre of a significant drainage system. Sluiter
(1991) has provided a much more detailed analysis
of material from this region and differentiated a
Late Paleocene—earliest Early Eocene climate
with mean annual temperatures of 18—19 °C and
rainfall of about 1400 mm/year, giving way later
in the Early Eocene to warmer conditions (20 °C)
and increased precipitation. By the Middle
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Eocene, the temperatures had declined to 17-18
°C and rainfall to 1500 mm/year. Conditions were
consistently warmer than in the Gippsland Basin,
but the difference varied with time.

Middle-Late Eocene (Figure 3.11)

All major reviews (Savin et al., 1975; Savin, 1977,
Grant-Mackie, 1979; McGowran, 1979, 1989) of
this interval have suggested that it was a time of

marked general decrease in oceanic water tem-
perature, with surface and bottom water tempera-
ture decreasing by more than 5 deg.C, although
the timing of the change, as measured by oxygen
isotope studies, occurred at slightly different times
or with different gradients. This general decrease
followed a major stepwise change towards heavier
ocean water near the close of the prior cycle (see
e.g. Kennett & Barker, 1990). Oberhinsli (1986)
commented that this change at the Early/Middle
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Eocene transition is the ‘most striking feature in
the oxygen isotope record’ in the Indian Ocean.

Volcanism seems to have been relatively minor
in northern Queensland and throughout New
South Wales, except around Monaro. The so-
called Group 2 volcanics of southern Victoria
were produced largely during this time and were
voluminous in the totality of Australian volcanics.
Volcanic rocks of this interval occur in Tasmania
but this pre-dates the main episode of Tasmanian
Cenozoic volcanism (Johnson, 1989).

The Australian sediment record for this interval
is better than for most times in the Late
Cretaceous—Cenozoic and the sections are very
widely distributed. The sea entered between Aus-
tralia and Antarctica as the continents moved far
enough apart for the Southern Ocean to become
established, even if not with unrestricted access
south of Tasmania to the Pacific Ocean. Australia
moved farther away from the South Pole (Figure
3.3) and thus into a different atmospheric circu-
lation regime (Kemp, 1981), with the influence of
the westerlies decreasing even along the southern
reaches of the continent.

The marine carbonate regime established along
the western margin expanded into the Fucla Basin
and to the basins of South Australia. Generally
there is a major hiatus along both western and
southern margins between the sediments of the
Paleocene—Early Eocene and those of the
Middle-Late Eocene, although Apthorpe (1989)
suggested that there may be continuous sequences
in parts of the Northwest Shelf. The simple two
subcycle concept of cycle 2 introduced by Quilty
(1977) has been subject to revision, particularly
by McGowran (1989) for southern Australia. He
recognised four transgressions within the cycle
and related these to intervals of high sea level (due
to a variety of causes) and of warmer water, but
these cannot be differentiated in northwestern
Australia (Apthorpe, 1989). The interval appears
to have been one of decreasing oceanic tempera-
tures worldwide, but there was a short reversal of
this trend during the later Eocene around Aus-
tralia. Tropical conditions were widespread over
much of the western margin during times of sedi-
mentation and even penetrated to the Bremer

Basin, to judge by the occurrence there of charac-
teristic larger foraminifera (Cockbain, 1967).
Even though generally warm, there is evidence of
periodic cool water incursions along the south
coast (McGowran & Beecroft, 1985). Conditions
warm enough for the growth of larger foramini-
ferids existed along the northeastern margin
(Davies et al., 1991) during the early part of the
Middle Eocene but then deteriorated to the extent
that no tropical carbonates accumulated until the
Miocene.

For the northern half of the continent, vegeta-
tion data are very sparse. Vegetation was subtropi-
cal to tropical rainforest across the south
(Blackburn, 1981) and western coasts, even to the
northwest, and into central Australia (Lange,
1982; Truswell & Harris, 1982). Truswell (1990)
presented distribution maps of the various vegeta-
tion groups she had differentiated for this time,
including coastal mangroves. The pattern is con-
sistent with the hypothesis of deep weathering
prior to formation of the laterite and silcrete sur-
face material so widespread throughout southern
and western Australia. Apthorpe (1989) urged
caution in the too ready application of the tropical
concept to the northwest as some of the planktonic
foraminiferal faunas are more consistent with
warm temperate conditions. She suggested that,
in that region, rainfall decreased throughout the
interval and she differentiated more terrigenous
Middle and more carbonate-rich Late Eocene
subcycles, consistent with the views of Quilty
(1982). Central Australia continued to accumulate
sandstone as a result of internal drainage to the
Birdsville Basin, and all is consistent with the
warm—-hot humid climate hypothesis.

In southeastern Australia, there may have been
less tropical conditions, with changes in vegetation
reflecting the changes in marine water tempera-
ture. Kemp (1981) referred to a lack of tropical
forms there by the Late Eocene. Martin (1989)
indicated that this interval was one of rainforest
with high year-round humidity, perhaps with rain-
fall of the order of 1500-2000 mm/year, and
Macphail & Truswell (1989) referred to the flora
as being ‘complex evergreen forest dominated by
Nothofagus’ with high year-round precipitation.
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Figure 3.12 Reconstruction of the palaeogeography of Australia during the Oligocene—
Middle Miocene. (Modified from Quilty, 1982.)

Oligocene—Middle Miocene (Figure
3.12)

This is a key interval and marks the transition
from the essentially continuous Cretaceous—
Eocene regime described above to the
Oligocene—Neogene, which is strongly influ-
enced by a markedly different marine and
atmospheric circulation regime around Australia
and Antarctica and led directly to the modern cli-

mate of Australia. The oceanographic choke
between Australia and Antarctica, and the Drake
Passage between South America and Antarctica
opened in the mid-Oligocene, allowing, for the
first time, waters to circulate freely around Antarc-
tica. Australia became genuinely isolated from
influences from both Antarctica and South
America.

Volcanism was concentrated in central coastal
Queensland, the highlands of New South Wales
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and central and eastern Victoria. The principal
Cenozoic volcanics of Tasmania were formed in
this time, considerably after the uplift of the east-
ern highlands. The diversity of volcanic rocks and
forms of volcanism were very great during this
interval (Johnson, 1989).

There was significant cooling initially and
return of very warm water conditions for a brief
time at the end of this interval. Sea level varied
widely, and transgressions came and went. It was
a time of great variation in marine conditions
around Australia, perhaps more variable than had
been the case until that time. Consequently,
because of variation in sea level and sea water
temperature, it would be expected to be a time of
great variation in precipitation and runoff.

Oxygen isotope data (see e.g. Shackleton &
Kennett, 1975) suggest that after a marked change
at the Eocene/Oligocene boundary, conditions
were approximately stable in the marine environ-
ment south of Australia throughout the rest of this
interval.

There is a major hiatus in sedimentation
around Australia at the beginning of the Oligo-
cene (Quilty, 1977, 1982) described by Apthorpe
(1989), and Quilty (1975). This has been taken
to coincide with the main interval of formation
of the extensive laterite surface in large areas of
Western Australia (Johnstone et al., 1973), per-
haps indicating seasonal humidity. The sedimen-
tation history around Australia in the Oligocene
suggests that sea level fell at the end of the Eocene
and rose in the mid-Oligocene. As pointed out by
Apthorpe (1989), this is difficult to reconcile with
the sea level curves for the time proposed by Vail
et al. (1977) and Hagq ez al. (1987), which indicate
exactly the opposite to the Australian pattern. The
available data from the DSDP (Oberhinsli, 1986)
and the ODP results around Antarctica (Kennett
& Barker, 1990) indicate that the Indian Ocean
generally and the oceans around Antarctica
experienced major cooling at the same time as the
Australian sections suggest sea level fall. There is
a consistent pattern here. The apparent conflict
between Australian and global sea level curves
needs to be studied in detail and resolved.

There is ample evidence to indicate that the

Oligocene was the time when Antarctica began
its glacial phase, with sea ice development. The
degree of development of an icecap is still
debated. Forthcoming ODP data will add greatly
to the database for interpretation. Whatever the
case, the cooling of Antarctica clearly led to
increased gradients in temperature between
tropics and pole, and these increased gradients
led to greater wind strength. The Oligocene
seems to be a globally cool interval to judge from
the virtual absence of warm water morphological
features on such abundant marine fossils as the
planktonic foraminiferids.

Marine sedimentation during this interval was
widespread around the Australian margin but did
not extend far inland anywhere except in the
Murray Basin (Ludbrook, 1961). Two subcycles
can be recognised and they are separated by a
brief regression at the end of the Early Miocene
(N6-N7, according to Apthorpe (1989) and
Quilty (1982)). The products of the latter of the
two subcycles are the more widespread.

In the Late Oligocene, large warm water fora-
miniferids reappeared around north-western Aus-
tralia (Chaproniere, 1984) as a major new
transgression occurred there. From this time on,
the faunas indicate tropical conditions across
northern Australia during the time of initial colli-
sion of Australia with Southeast Asia and struc-
tural development, perhaps of the Kimberley
Block and some offshore structures, as a result.
The transgression is recorded elsewhere (Quilty,
1972, 1974b; Brown, 1986; Shafik, 1991) around
the Australian margin but information for much
of this interval is lacking over much of the
continent. At the end of the Early Miocene, sub-
tropical—tropical waters surrounded Australia
and Lepidocyclina faunas became established
briefly as a result, in virtually all sedimentary
basins where marine sediments of this age are
recorded.

Off northeastern Australia, conditions were
temperate to cool temperate early in this interval
and no tropical carbonates were formed (Davies
et al., 1991), although during the Early Miocene
warmer conditions reappeared and coral reefs
grew once again.
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Palynological data from southern and south-
eastern Australia are consistent with humid, cool
temperate conditions (Harris, 1971; Stover & Par-
tridge, 1973; Kemp, 1978, 1981; Truswell, 1990)
during the Oligocene, and macro- and micro-
fossil analysis (Macphail et al, 1991) suggests
humid, cool conditions at about 700 m elevation
in the Late Oligocene—Early Miocene of central
Tasmania. Vegetation records show that tempera-
ture fell from that of the Eocene (Truswell, 1990),
perhaps associated with some decrease in humid-
ity. Nothofagus forests expanded at the expense
of others and there is also the first evidence of
Australian alpine flora at this time. Towards the
end of the Oligocene, there seems to have been
a decrease in rainfall in the Murray Basin region
(Martin, 1989), although rainforest continued as
the dominant vegetation. Macphail & Truswell
(1989) found that the area had the greatest diver-
sity of habitats in southeastern Australia at the
time.

The Middle Miocene was a very different inter-
val, the last time when there is evidence of drain-
age and significant vegetation in Central Australia.
Vertebrate fossil localities there (Kemp, 1978;
Callen, 1977; Stirton et al., 1967) contain evi-
dence for the existence of large lakes and water-
courses lined by rainforest trees and otherwise
more open grassland. This indicates humid con-
ditions, the source of the precipitation being the
northern reaches of the westerlies. Conditions
were probably more equable there than at any
time since. Martin (1989) recorded a change dur-
ing the Middle Miocene to seasonal conditions
with a marked dry period, and Macphail & Trus-
well (1989) agreed with this judgement. This
change led to decreased importance of the Notho-
fagus-dominated forest and development of ‘drier
and more open forest types’ (Macphail & Trus-
well, 1989). Fire seems to have become an impor-
tant element in the environment (Martin, 1989).

Late Miocene—Recent (Figure 3.13)

Galloway & Kemp (1981) commented that the
database from Australia for interpreting the his-
tory of Australian climate through the Pliocene

and younger part of this interval is surprisingly
poor, and this is still so, although some effort is
now being concentrated here (Williams et al.,
1991). Some inferences can be made from global
patterns, from deep-sea carbonate sections, and
from Antarctic records, which are improving.
Hydrocarbon exploration wells generally are not
good sources of data as often this part of the col-
umn is thin, usually drilled without sample taking
and confined behind surface casing. For the Quat-
ernary, some intervals are better represented, but
there needs to be more effort to improve the data-
base, which is derived mainly in southeastern Aus-
tralia from the Murray Basin (Brown, 19894), and
such sources as the Lake George drillholes (Singh
et al., 1981; McEwen Mason, 1991).

During this time, Australia continued its steady
northward progression at about 6 cm/year with
relation to fixed ‘hotspots’ and some 6.5-7 cm/
year with relation to Antarctica (McDougall &
Duncan, 1988; Quilty, 1993). Collision with
Southeast Asia continued and provided an access
to Australia, not previously possible, of faunal and
floral influences. The modern circulation patterns
for both ocean and atmosphere became estab-
lished as the seaway between Australia and Ant-
arctica widened, and that between Australia and
Asia became more constricted. In the Quaternary,
these patterns varied rapidly. Open vegetation
became the norm for Australia, grasslands became
established, and in places there were rapid alter-
nations between rainforest and sclerophyllous
vegetation (Truswell, 1990). As Australia dried
out, the area inhabited by rainforest steadily
decreased but seems to have been roughly con-
stant throughout the Quaternary.

Volcanism was concentrated in northern
Queensland and eastern Victoria, with some activ-
ity in the highlands of New South Wales. Activity
in Tasmania was slight and marked the end of
volcanism in that state. A considerable amount of
volcanism in western Victoria and southeastern
South Australia formed the Western Plains of Vic-
toria and such volcanic edifices as Mt Schank and
Mt Gambier. A significant amount of volcanic
activity has occurred in the last 25 ka, even up to
4.5 ka.
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Figure 3.13 Reconstruction of the palaeogeography of Australia during the Middle
Miocene—Early Pleistocene. (Modified from Quilty, 1982.)

Marine water temperatures declined dramati-
cally south of Australia (Shackleton & Kennett,
1975), even well north of the Antarctic Conver-
gence as Antarctica entered its present glacial
phase, probably at about 2.4-2.6 Ma. Sediments
around Australia generally became more carbon-
ate rich as the influence of outflow to the oceans
decreased, reflecting the spread of arid conditions
and perhaps the soil-binding role of grasses.
Around northern Australia, tropical conditions

continued, with a northerly migration of reef
growth (Davies ez al., 1991) during a cooler Late
Miocene. In the Pliocene, such reef growth once
more moved south and the modern pattern of
high rainfall restricted to southeastern Australia
became established.

In northwest Australia, marine data give a clue
to some changes that occurred in the marine
environment (Quilty, 19744). There, changes in
planktonic percentage and coiling ratio patterns
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in planktonic foraminiferids suggest that the Early
Pliocene was warmer than the Late Miocene and
Late Pliocene and younger, and that there was a
marked shallowing of the continental shelf area,
either as a global sea level fall or as a migration of
the continental shelf edge over the area. Apthorpe
(1989) documented in significant detail what is
known of rocks of this age farther north from the
sections recorded by Quilty (1974b) and showed
that the influence of tectonics is strong in control-
ling the diachronous nature of the base of the
section, and that sea level fluctuations throughout
the interval were important in influencing sedi-
mentation, as was the strong tidal pattern that is
now so well known in the region. It is tempting
to link some of these changes to those globally,
but time differentiation is inadequate at present
at some key times.

In the Early Pliocene in the Murray Basin
(Martin, 1989), there was a brief resurgence of
the Nothofagus-dominated rainforest with high,
nonseasonal precipitation (the ‘warm, wet phase’
of Truswell (1990) in the Lake George region),
and this gave way to wet sclerophyllous forest dur-
ing the mid and Late Pliocene as the area began
to take on its present dry phase. This change to
drier conditions in the Murray Basin may have
coincided with the change recorded by McEwen
Mason (1991) in the Lake George region early
in the Late Pliocene, when the modern regime
became established. Lake Bungunnia developed
(Brown, 19895) between 2.5 and 0.7 Ma as the
southern reaches of the Murray River became
dammed because of structural movements
(Stephenson & Brown, 1989). This dam was
breached at the end of this interval and the
Murray River assumed its present form.

Recent discoveries in the Pliocene of Antarctica
(R. S. Hill and E. M. Truswell, personal com-
munication) of angiosperm fossils suggest that
Antarctica had a warm interval at the same time.

During the Late Pliocene, probably at about
2.4-2.6 Ma, the present polar glaciation pattern
became established and this seems to be con-
trolled by features of the earth’s orbit around the
sun — the Milankovitch hypothesis (Imbrie, 1984).
This pattern consists of an approximately 100 ka

cycle of increasing icecap volume, with associated
sea level fall (about 130 m lower than present
in the last two glacial maxima), followed by a col-
lapse of the icecap (dominantly in the northern
hemisphere) over some 10 ka. After an interval of
stable icecap volume and sea level (perhaps about
5-10 ka; we seem to be in one now), the cycle
begins again. Fink & Kukla (1977) identified 17
such cycles over the last 1.8 Ma.

Williams (in Veevers, 1984) summarised this
history as far as it applies to Australia and referred
to a near surface air temperature change of 5-10
°C between glacial and interglacial phases of each
cycle, commonly over 10 ka. This rate of change
is great compared with any other change through-
out the Tertiary (and incidentally with any
suggested change due to human-induced ‘green-
house’ change). The pattern consists of alterna-
tion between the modern style environment in
interglacial phases (e.g. over the last 10 ka), and
a glacial phase climate (e.g. about 18 ka ago) when
the continental arid zone expanded to its
maximum, sea surface temperatures were lower
in the south, west and northwest, windblown dust
level increased in marine sediment, there was a
much reduced incidence of tropical cyclones in
northern Australia, and Australia was generally
colder, windier and more arid. There was a higher
snowfall in Tasmania and the Mt Kosciusko area
and some significant glaciation there. Precipi-
tation in the lee of the Tasmanian icefield was
lower and the area shows evidence of being more
arid. With the lower sea level, migration between
presently low altitude areas via exposed continen-
tal shelves was enhanced and, during the last gla-
cial maximum, Aboriginal people could traverse
across a dry eastern Bass Strait between Victoria
and Tasmania.

It is clear that the changes within Australia
between glacial and interglacial times are very
great but the detailed chronology and history is
difficult to establish except in the most recent
cycles. At present, geological studies have trouble
differentiating time scale events this short, except
for the last few hundred thousand years, and also
correlating the events within each cycle con-
sistently.
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CONCLUSIONS

A gross understanding of the variation of Austra-
lian climate throughout the Cretaceous and Ceno-
zoic has emerged over the last few decades but
there are still very few data to document short-
term variations in general, particularly from sec-
tions in central and northern Australia where such
sections are very sporadic, poorly dated and other-
wise little studied at present. Data exist from the
offshore regions, particularly from oil exploration
activities, but the sections have not yet been
studied in sufficient depth to make use of all the
information they contain.

It is clear that, during a significant part of the
Cretaceous, global glaciation in its modern style
is rare and occupies only a small proportion of
geological time, even as an Antarctic phenom-
enon. The earth is today in one of the few glacial
periods in its history, but within the modern gla-
cial regime the globe is interglacial.

Early Cretaceous conditions in southeastern
Australia appear to have been cool and humid
with some seasonality. Winter sea ice was a feature
but no major glaciation is obvious. Volcanism was
widespread throughout eastern and southeastern
Australia and minor in south-western Australia.
There was a gradient of increasing but still cool
temperature towards the northwest. The conti-
nent was characterised by considerable runoff and
sediments were very dominantly of terrigenous
material. The continent was subject to the greatest
marine transgression of the Phanerozoic, with
generally increasing sea coverage throughout this
interval.

The Late Cretaceous saw a general retreat of
marine conditions from central Australia and data
for an interpretation of conditions there become
very rare. The drainage divide moved north and
runoff of most of Australia was generally to the
south central coast with a significant volcanogenic
content from the highlands of eastern Queensland
feeding through the ancestral Darling River
system. In southeastern Australia, cool conditions
continued until the Santonian, when the area
became much warmer and humid until the end
of the Cretaceous. Along the west coast, sedi-

ments are dominantly of biogenic carbonates with
fossils, indicating warm, and at times subtropical,
waters. Drainage was local around the cratonic
blocks in the region, but was relatively minor
except in the north.

In the Paleocene-Early Eocene, southern
Australia was a region of high rainfall, probably
seasonal, and temperate climate, while along the
northwest coast, there was a gradient from wetter
warm temperate to subtropical conditions in the
Carnarvon Basin to hotter, drier and even arid
conditions with seasonal rainfall to the northeast.
Central Australia was an area of internal drainage
to the newly formed Birdsville Basin.

There is a need for a great deal of oxygen iso-
tope analysis of onshore and offshore Cretaceous
and Cenozoic carbonate sections from many areas
around the Australian margin before Australian
marine temperature variation can be understood
to the extent it is in other parts of the world. The
same can be said for palaeoceanography, the study
of which is in its infancy in this country. The
offshore seismic stratigraphy around the margin
needs to be analysed using the same approach as
that employed by Haq ez al. (1987) and Vail ¢ al.
(1977) so that a better basis for comparison of
Australian and global sea level variation can be
assembled.

Antarctic sediments need to be searched for
evidence of glacial conditions, particularly during
the Early Cretaceous when seasonal sea ice
appears to have been present in parts of Australia.

It is essential that every effort be made to
increase the pool of data through scientifically led
and controlled data-gathering programmes such
as the ODP. Onshore equivalents are needed in
areas where data are rarest. Reviews akin to that
by Rich et al. (1989) need to be conducted for
other areas and ages throughout Australia, par-
ticularly from areas poorly known at present.

A particularly pressing need is for more data in
the Miocene, Pliocene and Quaternary, where the
database is very poor. The sections that exist
through this interval in hydrocarbon exploration
wells and in foundation drilling for many engin-
eering purposes should be studied in detail to
document changes in vegetation, precipitation and
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temperature, and there should be a com-
prehensive, dedicated coring programme from
geoscience research vessels in the marine
environment. Onshore sections should be drilled
and studied in detail for the same reasons. The
last five million years of this interval is of interest
to the International Geosphere Biosphere
Program, the Intergovernmental Panel on Climate
Change and the ODP.

Not only are samples of continuous sections
needed, but dating systems need to be established
in some cases so that ages can be more refined
and correlation effected between samples. Some
of these studies will need development of tech-
nologies that are not readily available yet in this
country and also funding to implement them.

I thank Prof. Hill for the invitation to contribute to
this compilation and Mr H. Hutchinson, Regional
Director, Bureau of Meteorology, Tasmania, for
discussion on the elements that contribute to climate.
Dr D. Griffin, Director, The Australian Museum,
Sydney kindly gave approval to use the palaeo-
geographical reconstructions originally published by
Quilty (1982) as a basis for most of Figures 3.5-3.13.
Dr H. G. Cogger of the same institution also helped
in this regard. Drs M. Bradshaw and E. M. Truswell,
Bureau of Mineral Resources, Geology and Geo-
physics, Canberra, helped with general information
and that on the state of forthcoming palaeo-
geographical publications from that organisation.
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4 Palaeobotanical evidence for
Tertiary climates

D. R. GREENWOOD

Climate is the primary framework within which
plant populations grow, reproduce and, in the
longer time frame, evolve. However, reconstruc-
tions of palaeoclimate are often based on the
marine record (e.g. Quilty, 1984 and Chapter 3,
this volume) or on computer modelling (Sloan &
Barron, 1990). The latter type, in particular, suf-
fer from their dependence on simplified scenarios
and must be tested against the terrestrial
palaeontological record. Individual species and
whole plant communities are morphologically and
physiologically adapted to their physical environ-
ment, most strongly to climate, and so plant mac-
rofossils are a proxy record of past climates
(Wolfe, 1971, 1985; Upchurch & Wolfe, 1987).
Several studies have indicated that plant macro-
fossils provide a potentially accurate record of
Tertary terrestrial palaeotemperatures (Wolfe,
1979, 1990; Read et al., 1990). Interpretation of
the climatic signal preserved in plant fossil assem-
blages is dependent on understanding (1) how
plants (and vegetation) interact with climate, (2)
how plant fossil assemblages were formed, and
(3) how these assemblages relate to the original
vegetation.

The use of terms such as tropical, subtropical
and temperate in palaeoclimatic discussions is
potentially confusing, as these terms are rarely
defined climatically and have geographical (lati-
tudinal) connotations that are inapplicable for
much of the Tertiary. Following Wolfe (1979,

1985; Upchurch & Wolfe, 1987), the terms mega-
thermal, mesothermal and microthermal are used
here to describe the temperature characteristics
of the vegetation of the main climatic zones. The
definitions of Nix (1982; Kershaw & Nix, 1988)
are used here,” although Wolfe’s (1979, 1985)
vegetation classification uses slightly different
definitions.

This discussion is restricted to the Tertiary,
since pre-Tertiary floras are dominated by plant
groups with no or few modern analogues and so
palaeobotanical indices of climate are (as yet)
unreliable. Numerous accounts of the Tertiary cli-
mate history of Australia based on palacobotanical
evidence have been published (Kemp, 1978,
1981; Christophel, 1981, 1988; Nix, 1982; Trus-
well & Harris, 1982; Christophel & Greenwood,
1989), in some cases as part of global accounts
(Axelrod, 1984; Wolfe, 1985). Many of these
interpretations have been based solely on nearest-
living-relative analogy (NLR) and provide qualita-
tive reconstructions of climate.

Many North American studies have used a
strong correlation between the proportion of
woody plant species with entire leaf margins and
mean annual temperature (MAT) in modern
mesic forests (leaf margin analysis, Wolfe, 1979,
1990), and other aspects of foliar morphology, to

* Modified from Nix (1982):; megathermal, > 24 °C (MAT);
meso-megathermal interzone, 20-24 °C; mesothermal, 14-20 °C
(14-24 °C if the interzone is included); microthermal, < 14 °C.
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reconstruct both the regional distribution of physi-
ognomically defined vegetation types and palaeo-
climates for the Late Cretaceous and Tertiary
(e.g. Wolfe, 1985; Upchurch & Wolfe, 1987;
Parrish & Spicer, 1988). Wolfe (1971, 1979,
1985) has argued that foliar physiognomic
approaches are preferred to NLR methodologies,
primarily due to inaccurate systematic treatments
for many Tertiary floras. However, foliar physiog-
nomic analysis is used here according to the meth-
odology proposed by Greenwood (1991g;
Christophel & Greenwood, 1988, 1989), in com-
bination with recent quantitative analyses of key
NLRs, of Tertiary taxa (Nix, 1982; Kershaw &
Nix, 1988; Read & Hope, 1990; Read ez al., 1990)
to interpret early Tertiary macrofloras from Aus-
tralia (Figure 4.1). Wood anatomy (Frakes &

135° 150°
10° o \@% -
.
MEGATHERMAL
———
0=
—/< /
2 interzone
1
MESOTHERMAL
40° 8
s g%
o MICROTHERMAL
10! (in part)
135° 150°

Figure 4.1 Location map of Australian Tertiary macrofloras
discussed in the text, and modern thermal regimes (adapted
from Nix, 1982; Christophel & Greenwood, 1989): 1, Stuart
Creek (silcrete floras); 2, Nelly Creek; 3, Golden Grove; 4,
Maslin Bay; 5, Nerriga; 6, Bacchus Marsh; 7, Anglesea; 8,
Latrobe Valley (Yallourn & Morwell); 9, Pioneer; 10, Cethana;
11, Monpeelyata.

Francis, 1990) and epiphyllous fungi found on
leaf cuticle (Lange, 1978, 1981, 1982) are other
sources of climatic information from plant fossil
assemblages. These approaches provide quantitat-
ive estimates for critical components of climate
that can be tested against estimates from the
marine record and climatic models.

THE NATURE OF THE PLANT
MACROFOSSIL RECORD

Leaf accumulations in streams or lakes constitute
a biassed, but nevertheless detailed, record of the
parent vegetation. This bias results from a
number of processes acting on the plant parts (pri-
marily leaves) from the time of abscission or trau-
matic loss to their eventual entombment in
sediment and lithification (Ferguson, 1985;
Spicer, 1989; Greenwood, 19914):

1. Deciduous and evergreen trees may have dif-
ferent representation in an assemblage if leaf-
fall is asynchronous with periods of maximum
sedimentation.

2. Different plant species may have leaves that are
dehiscent or nondehiscent (e.g. many palms,
herbs and forbs). Nondehiscent leaves are less
likely to be fossilised than are dehiscent leaves.

3. Plant organs may have varying capacities for
transport from the plant body. For example,
leaves with a low weight per unit area tend to
travel further in air than do denser leaves.

4. Leaves of individual species (e.g. sun versus
shade leaves) and different species decay at
different rates.

5. The varying productivity of the plants is sig-
nificant, with canopy trees producing copious
amounts of leaves, swamping the litter-fall.

Fossil leaf accumulations therefore reflect only
a subset of the original surrounding vegetation,
and in most situations represent only the local
plant communities (Greenwood, 19914). Further-
more, smaller plant macrofossil accumulations
may represent geologically instantaneous records
of past vegetation. Individual sedimentary facies
often reflect different components of the local
vegetational mosaic (see e.g. Christophel e al.,
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Table 4.1. Foliar physiognomic characteristics of leaf-litter from modern

Australian rainforest

A. Mean % leaves

Leaf size
Forest typee Micro- Noto-  Mesophylls % entire leaf margins
CMVF 6-25 50-70 11-39 90.0-98.3
CNVF 16-55 35-77  2-22 34.3-57.0
SNVF 59-85 14-36  0-11 87.0-95.3 (Qld)

7.0-37.0 (NSW)

MV-FF* 74-80 19-24  1-2 56.7-96.4
MFF? 90-96 4-10 O 1.0-13.0
NMF+ 96-99 1-4 0 not available
B. % taxa

Leaf size
Forest type#  Micro- Noto-  Mesophylls LSI % entire leaf margins
CMVF 11-18 58-78 11-30 47-59  82.4-95.0
CNVF 30-46 14-63  0-36 33-43 50.0-81.8
SNVF 40-75 25-50  0-20 13-38  84.2-90.0 (Qld)

14.3-25.0 (NSW)

MFF 100 0 0 0 33.3-40.0

s«CMVF, complex mesophyll vine forest; CNVF, complex notophyll vine forest;
SNVF, simple notophyll vine forest; MV—FF, microphyll vine—fern forest; MFF,
microphyll fern forest; LSI, leaf size index (from Webb, 1959; Tracey, 1982).

#Based on a single site (four samples).

‘Based on Macphail ez al., 1991, Table 3 (Lake Dobson and Precipitous Bluff).
Data from Greenwood, 1991z (Table 1, in part) and 1992.

1987). However, stratigraphically correlated
macrofloras may be separated in time (as a record
of the original vegetation, and hence climate) by
tens of thousands of years.

Palaeobotanical evidence of climate

Terrestrial plant fossil assemblages record local
climate usually over small time intervals. Each
plant assemblage represents a single datum of cli-
mate, with separate assemblages from a single
flora providing information about local variation.
However, continuous deposition of terrigenous
sediments within a single basin (e.g. the Latrobe
Valley) preserve climate records spanning millions
of years.

The present analysis uses a dataset derived
from modern Australian rainforest leaf-litter and
fluvially deposited beds (Christophel & Green-
wood, 1987, 1988, 1989; Greenwood, 1992;
Table 4.1). A multivariate foliar physiognomic
analysis for the Australian Middle Eocene macro-
floras is in preparation (D. R. Greenwood, unpub-
lished data), however, here temperature
characteristics are derived primarily from uni-
variate comparisons (e.g. Figure 4.2). Other Aus-
tralian Tertiary macrofloras are discussed
qualitatively using leaf size and margin data only,
as full data are not available. These analyses are
supplemented by quantitative and qualitative esti-
mates based on NLR analyses from Read et al.
(1990; Read, 1990) and Nix (1982; Kershaw &
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Figure 4.2 Relationship (least-squares regression) between leaf size index of forest-floor
leaf-litter from Australian rainforests and mean annual temperature (MAT), r = 0.94.

(Adapted from Greenwood, 1992.)

Nix, 1988). Forest nomenclature and typology in
this discussion follows those of Webb (1959,
1968), Tracey (1982; Table 4.1) and Wolfe
(1979).

Foliar physiognomy and climate

Greenwood (1992; Greenwood & Christophel,
1990, unpublished data) suggests that the
relationship between leaf margin type and MAT
for Australian forests is different from, and more
complex than, that derived by Wolfe (1979) for
east Asian forests. Leaf size is strongly correlated
with MAT in Australian rainforest canopies
(Webb, 1968), and, since the leaf size bias
between the canopy and forest floor litter is con-
sistent (Greenwood, 1991a), modern leaf-litter
from humid vegetation shows a strong relationship
between leaf size, calculated as the leaf size index

(LSI = (% microphylls + 2% notophylls + 3%
mesophylls — 100)/2; Wolfe, 1978; Burnham,
1989), and MAT (Greenwood, 1991a, 1992;
Figure 4.2). Mean leaf length (specimens) is also
strongly correlated with MAT (Greenwood,
1992).

The LSI of the Tertiary macrofloras (where
applicable) has been used to calculate the prevail-
ing MAT using a linear regression equation from
modern litter (Figure 4.2). These MAT values
must be considered to be minimum estimates; the
actual values are likely to be 1-3 °C higher, as
the taphonomic size bias is always towards smaller
leaves than are found in the parent vegetation.
The spread of MAT values in Figure 4.2 indicates
the uncertainty of this magnitude. New data from
the Australian rainforest litter are also used here
to calculate MAT using leaf margin analysis. The
use of separate foliar physiognomic indices to
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calculate MAT provides a check on the fidelity
of the estimates.

AUSTRALIAN TERTIARY
MACROFLORAS AND
PALAEOCLIMATES

This discussion is restricted to a small group of
macrofloras and is not a general review of the
Australian Tertiary climate. The macrofossil sites
(Figure 4.1) represent a few key points in time:
Middle-Late Eocene (Anglesea, Maslin Bay,
southern Lake Eyre Basin silcrete and Nelly
Creek, Nerriga), Oligocene (Cethana), Late
Oligocene—FEarly Miocene (Pioneer, Monpeely-
ata) and the Early—Middle Miocene (Bacchus
Marsh, Latrobe Valley), and can be considered to
be individual ‘snapshots’, where climate can be
inferred for local areas. Late Tertiary macrofloras
are scarce in Australia, and, apart from Bacchus
Marsh and the Latrobe Valley, are not considered
here.

Middle Eocene

Axelrod (1984) concluded that thermal regimes
in southern Australia in the Late Paleocene-
Eocene were comparable to the present regime.
Nix (1982) depicted a latitudinal zonation of ther-
mal regimes across Australia in the Middle
Eocene similar to that of the present, although
with MAT values in southern Australia 2°-4 °C
warmer than at present’. Wolfe (1985), however,
suggested a more southerly latitudinal extension
of tropical rainforest (megathermal), with para-
tropical rainforest (mesothermal-megathermal
interzone sensu Nix (1982)), in the southern half of
Australia, and notophyllous forest (mesothermal)
on the adjacent part of Antarctica, in contrast to
Nix’s (1982) suggestion of microthermal climates
in southernmost Australia and Antarctica. Early—
Late Eocene macrofloras from the Antarctic
Peninsula suggest that either cool temperate
Nothofagus and podocarp rainforest (nanophyll
mossy forest, NMF) or deciduous forests were
dominant over much of Antarctica at that time
(Tokarski et al., 1987; Case, 1988).

A common element in Nix’s (1982), Axelrod’s
(1984) and Wolfe’s (1985) interpretations is for
uniformly low seasonality (equable) climates in the
Eocene. More recently, Sloan & Barron (1990)
have suggested that the Eocene mean annual
range of temperature (MART) in continental
interiors should have been high. The new syn-
thesis presented here differs from Axelrod’s
(1984) and Wolfe’s (1985) interpretations in some
important details, and provides a quantitative
comparison with the estimations of Nix (1982)
and of Sloan & Barron (1990).

The Middle Eocene Maslin Bay (North Maslin
Sands; McGowran et al., 1970), Anglesea (East-
ern View Formation; Abeles et al., 1976) and
Golden Grove (North Maslin Sands: Alley, 1987)
macrofloras (Figure 4.1) occur in mudstone lenses
within fluvial sands (Christophel & Blackburn,
1978; Christophel & Greenwood, 1987, 1989;
Christophel ¢t al., 1987). Each clay lens is inter-
preted as an infilled abandoned channel (oxbow)
in a meandering stream sequence. A diverse
Middle Eocene macroflora also occurs in well-
laminated lake sediments (Titringo Siltstone) at
Nerriga (Hill, 1982). These macrofloras provide
arecord of vegetation at near sea level (Maslin Bay
and Anglesea) and at moderate elevations (Golden
Grove and Nerriga) for the continental margin
from which climate can be inferred (see Table
4.4, below). Eocene macrofloras from the Lake
Eyre Basin provide information on vegetation and
climate in the continental interior (Lange, 1982;
Greenwood et al., 1990; Christophel ez al., 1992).

The continental margin Middle Eocene macro-
floras have many taxa in common at the generic
level (Christophel & Greenwood, 1989) and are
typified by abundant leaf remains of Lauraceae.
A distinctive feature of the Nerriga macroflora
compared to other Australian Eocene macrofloras
is the common presence of hastate vine leaves of
Menispermaceae (Hill, 1989). This may reflect
disturbance in the local vegetation as vines are
commonly enriched in modern tropical rainforest
canopies after canopy disruption (Tracey, 1982),
or it may reflect vine-rich lake-edge vegetation.
Many of the identified common plants from these
Eocene  macrofloras have NLRs  with
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Table 4.2. The foliar physiognomic characteristics of the macrofloras (specimen-based observations)

% entire Leaf size (%)
No. of leaf Mean length

Site« leaves? margins ~ Micro- Noto- Mesophylls (mm) No. of taxac
Middle Eocene
Anglesea

(1) 81 73.0 320 460 22.0 — 41

2) 1548 79.7 82.9 16.1 0.9 49 a 35
Maslin Bay

) 1046 84.0 250 540 21.0 — 57

2) 90 76.7 432 411 15.7 88 —

3 210 70.0 240 530 23.0 100 80
Golden Grove

6) 338 474 526 409 6.5 77 30
Nerriga

) 129 66.0 240 550 21.0 — 38

@ 112 4.1 227 592 18.1 2102 25

576 39.6 (including fragmented leaves)

Deane’s Marsh — — 100.0 0.0 . — —
Nelly Creek (5) 160 88.0 80.0 200 0.0 — 16
Oligocene
Cethana 267 13.0 95.0 5.0 0.0 34 —
Pioneer 308 9.7 100.0 0.0 0.0 25 5
Early Miocene
Bacchus Marsh — — 100.0 0.0 0.0 — 6
Monpeelyata 630 575 100.0 0.0 0.0 7 >7

¢Cethana, Pioneer and Monpeelyata data; R. S. Hill & R. J. Carpenter, personal communication..
(1), Christophel, 1981; Christophel & Blackburn, 1978.

(2), Christophel & Greenwood, 1987, 1989.
(3), L. J. Scriven, personal communication.
(4), Hill, 1982, and personal communication.
(5), Christophel ez al., 1992.

(6), D. Barrett, personal communication; Greenwood, 1991a.

All other data: Christophel & Greenwood, 1987, 1988, 1989 and unpublished results.
#Number of whole leaves used to calculate the values.

‘Number of leaf taxa encountered in sample used; whole macroflora may be higher.

mesothermal-megathermal modern  ranges
(Kershaw & Nix, 1988; Christophel & Green-
wood, 1988, 1989; Hill, 19904).

Christophel (1981; Christophel & Blackburn,
1978) originally considered the Anglesea, Nerriga
and Maslin Bay macrofloras analogous to modern
complex notophyll vine forest (CNVF) or simple
mesophyll vine forest (SMVF). The initial analysis
of Maslin Bay was based on a large sample (1046
leaves); however, only the tallies presented by
Christophel & Blackburn (1978) were available

here. The Anglesea analysis was based on a small
sample (81 leaves) and Christophel’s interpret-
ations of all of the macrofloras were based on
direct comparisons with canopy values (from
Webb, 1959). Burnham (1989; Burnham et 4l.,
1992) and Greenwood (19914, 1992) suggested
that sample sizes in excess of 200-350 leaves are
required to sample leaf assemblages adequately.
Subsequent analysis of the Anglesea and Golden
Grove macrofloras used much larger samples
(267-1548 leaves; Tables 4.2, 4.3) and a more
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Table 4.3. The foliar physiognomic characteristics of the macrofloras (taxon-based observations)

% entire Leaf size (%)
No. of No. of leaf

Sites leaves  taxa margins  Micro- Noto- Mesophylls LSI?
Middle Eocene
Anglesea

1) 793 30 70.0 60.0 40.0 0 20.0

(2) 81 41 78.0 23.0 500 27.0 49.0
Maslin Bay (2) 1046 57 79.0 250 470 28.0 515
Golden Grove (5) 338 24 — 53.3  46.7 0 25.0
Nerriga

) 129 38 66.0 250 450 30.0 52.5

“) 116 25 80.0 56.5 39.1 43 23.8
Nelly Creek (3) 160 16 75.0 60.0 40.0 0 20.0
Oligocene
Cethana 267 — — 2100 0 0 —
Late Oligocene—Early Miocene
Pioneer 308 5 60.0 100 0 0 0
Monpeelyata 630 >7 >60.0 100 0 0 0
Early Miocene
Bacchus Marsh — 6 66.7 900 10.0 0 10.0

2Cethana, Pioneer and Monpeelyata data; R. S. Hill & R. J. Carpenter, personal communication.

(1), Christophel & Greenwood, 1987, 1988, 1989.

(2), Christophel, 1981.
(3), Christophel ez al., 1992.
(4), Hill, 1982, and personal communication.

(5), D. Barrett, personal communication; Greenwood, 19914.
All other data: Christophel & Greenwood, 1987, 1988, 1989 and unpublished data.

51.SI, leaf size index.

detailed comparison with modern leaf-litter
(Christophel & Greenwood, 1987, 1988, 1989).
In these later analyses, the Anglesea Site Il macro-
flora (Christophel ¢t al., 1987) matched simple
notophyll vine forest (SNVF) litter, and the Ner-
riga, Golden Grove and Maslin Bay macrofloras
compared most closely to CNVF litter; however,
in this instance the Maslin Bay analysis was based
on a sample of only 90 leaves (Tables 4.3, 4.4).
The Middle Eocene continental margin macro-
floras are dominated by simple, narrowly elliptic
(length: width > 2.0), microphyllous to notophyll-
ous leaves (Anglesea) or notophylls (Christophel
& Greenwood, 1988), with entire margins more
common than nonentire (Tables 4.2, 4.3). The
leaves in litter from SNVF, CNVF and complex

mesophyll vine forest (CMVF) from Queensland
are typically wider and there are fewer leaf speci-
mens and leaf species with nonentire margins pre-
sent than the leaves from the fossil macrofloras
(Christophel & Greenwood, 1988; Tables
4.1-4.3). Leaves from New South Wales SNVF
and CNVF are as narrow as the Anglesea and
Golden Grove leaves, but the proportion of leaves
and species with nonentire margins is much
higher in the New South Wales SNVF than in
the Anglesea macroflora. A significant number of
hastate-base and broad leaves (mostly Menisper-
maceae) gives the Nerriga macroflora a unique
foliar physiognomic signature compared to the
other Eocene macrofloras; however, narrowly
elliptic leaves also dominate this flora. The tend-
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Table 4.4. Summaries of the sedimentological and geographic setting of each macroflora and

the inferred palacoenvironment

Sedimentary Modern % entire MAT  Vegetation
Site environment  elevn (m) leaf margins LSI (°C) type«
Middle Eocene
Anglesea Oxbow pond 50 70 20.0 15-18 SNVF
Maslin Bay Oxbow pond 65 79 51.5 23-26 CMVF
Golden Grove Oxbow pond 120 — 250 17-20 CNVF
Nerriga Lake 535-570 66 238 16-21 CNVF
Nelly Creek River channel 8 75 200 >20 ScF/MVF
Oligocene
Cethana Lake 300 — 20 10-12 MVFF
Late Oligocene—Early Miocene
Pioneer Alluvial fan Sea-level 60 0 10-12 MFF/SNVF
Monpeelyata Lake 920 >60 0 4-8 NMF/T
Early Miocene
Bacchus Marsh  Oxbow pond 400 67 10 12-14 MFF

elevn, elevation; LSI, leaf size index; MAT, mean annual temperature.
4CMVF, complex mesophyll vine forest (mesothermal-megathermal rainforest)
MUVF, (?semideciduous) mesophyll vine forest (monsoon forest)

ScF, sclerophyllous forest (?marked dry season)

CNVF, complex notophyll vine forest (mesothermal rainforest)
SNVF, simple notophyll vine forest (mesothermal rainforest)

MVFF, microphyll vine—fern forest (microthermal rainforest)

MFF, microphyll fern forest (microthermal Nothofagus rainforest)
NMF /T, nanophyll mossy forest (subalpine rainforest or wet thicket).

ency towards narrower leaves in the Eocene
macrofloras versus analogous modern Queens-
land mesic vegetation (SNVF, CNVF and CMVF)
may reflect latitudinally controlled climatic differ-
ences, as indicated by the narrower leaves found
in New South Wales CNVF and SNVF; however,
the exact relationship is unclear.

The leaf size index for Anglesea (Table 4.3;
Figure 4.2) suggests a MAT of 15-18 °C. Using
leaf margin analysis (Wolfe, 1979, 1985; data from
Greenwood, 1992) the MAT is estimated to
be 17 °C. The LSI values for Maslin Bay and
Golden Grove suggest MAT values of 23-26 °C
and 17-20°C respectively (Figure 4.2). Mod-
ern SNVF has a range of MAT of 12-18 °C
(mesothermal), CNVF MAT of 17-22 °C (meso-
thermal) and CMVF MAT of 20-27°C
(mesothermal—megathermal interzone to mega-
thermal). Fungal epiphyllous germlings recorded

on Anglesea leaf cuticles are of type V, and type
6 manginuloid hyphae are also present, which
indicate a humid climate of the type restricted to
modern montane tropical rainforest (Lange, 1981,
1982). The floristic character of the Anglesea
macroflora is consistent with this interpretation
(Christophel & Greenwood, 1989; Christophel,
Chapter 11, this volume). Leaf cuticles from
Golden Grove and Maslin Bay have high grade
fungal epiphyllous germlings (A. I. Rowett, per-
sonal communication) indicative of warm humid
climates (Lange, 1978, 1982).

The leaf size index (Table 4.3) of the Nerriga
macroflora using Hill’s (1982, and personal com-
munication) data suggests a MAT of 16-21 °C
(mesothermal). If Christophel’s (1981) data are
used, the LSI is much higher, giving a MAT of
25-28 °C. Christophel’s (1981) original figures
were preliminary and probably overestimate
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species number (Hill, 1982; 38 versus c 20
species) and LSI is sensitive to both species
number and the proportion of mesophylls (Wolfe
& Upchurch, 1987; Greenwood, 1992). Leaf
margin analysis of the Nerriga macroflora based
on Hill’s data indicates a MAT of 21 °C. The
Nerriga macroflora sediments outcrop today at
moderate elevation (Hill, 1982; Table 4.4). If this
modern elevation is indicative of the Focene elev-
ation the Nerriga macroflora can be expected to
indicate a lower MAT than do lowland Middle
Eocene sites at similar palacolatitude (e.g. Maslin
Bay). The MAT estimate for Nerriga (16—21 °C)
compared to Golden Grove and Maslin Bay
(Table 4.4) is slightly higher than would be
expected on the basis of their present elevations.

Lake sediments may be enriched with the
smaller sun-leaves of the upper canopy (Roth &
Dilcher, 1978; Spicer, 1981) and so the MAT for
Nerriga based on LSI may be an underestimate.
However, the significant number of entire-
margined vine leaves may also bias the leaf margin
analysis, producing a MAT estimate that is too
high. Greenwood (1992; Greenwood &
Christophel, 1990) has demonstrated that tapho-
nomic and ecological factors introduce a signifi-
cant uncertainty in leaf margin analysis estimates
of MAT. The actual MAT value for Nerriga
probably lies between the estimates derived from
the LSI (Hill, 1982) and from leaf margins. In
either case, a mesothermal humid climate is
indicated.

There are several explanations for the relatively
high estimated MAT for Nerriga, and the appar-
ent discrepancy between Maslin Bay and Golden
Grove values. The Nerriga macroflora is older
than the other Middle Eocene macrofloras, so cli-
matic change over this interval may be the cause.
However, there is debate over the timing and
degree of uplift of the Great Dividing Range
(Ollier, 1986), including the upland area of the
Nerriga macroflora. It is possible that the Nerriga
macroflora was deposited at a lower elevation than
at present, as significant uplift in the area may
have occurred during and since the Oligocene
(Ollier, 1986). If this is so, the apparent similarity
between the Nerriga and Golden Grove MAT

estimates relative to Maslin Bay (Table 4.4) can
be explained.

The MAT values and elevation of the Maslin
Bay and Golden Grove macrofloras suggests that
either two distinct and climatically controlled veg-
etation types occurred within only a short dis-
tance, or that taphonomic bias is causing a
significant reduction in mean leaf size, resulting
in an underestimate of MAT for Golden Grove
(an overestimate for Maslin Bay is highly unlikely;
Christophel & Greenwood, 1988). Christophel &
Greenwood (1987) have suggested that there may
be a significant collection bias towards smaller
curated leaves for the Golden Grove macroflora.
The Maslin Bay macroflora is based solely on
compressions and impressions /7 situ on the mud-
stone matrix, whereas all of the other macrofloras
are based on mummified leaves that have been
isolated from the matrix. It is possible that this
preservational difference may enhance leaf size
taphonomic  biases. Casual inspection of
compression—impression facies of the Golden
Grove macroflora (see Christophel & Greenwood,
1987) was equivocal on this point. These factors
act to underscore the degree to which taphonomic
biases influence resolution of quantitative
variables.

The Lake Eyre Basin contains extensive fluvial
and fluvio-lacustrine sequences of Tertiary sedi-
ments (Wopfner e al., 1974; Ambrose et al.,
1979). An outcrop of the Paleocene—FEocene
Eyre Formation (Sluiter, 1991) within the
southern margin of present Lake Eyre (e.g. Nelly
Creek site, Figure 4.1) contains leaf and fruit
macrofloras (Wopfner et al., 1974). These macro-
floras are usually silicified and abundant capsular
myrtaceous fruits, including putative Fucalyptus
(Lange, 1978, 1982), have been recorded from
correlated sediments in the same region (Ambrose
et al., 1979; Greenwood et al, 1990). Middle
Eocene sediments of the Eyre Formation at Nelly
Creek contain mummified leaves and fruits
(Christophel ez al., 1992).

A significant number of taxa in the Lake Eyre
silcretes have leaves with broad lamina, large size
and entire margins, suggesting that they grew in
mesic environments; other taxa have very narrow,
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small leaves, with coarse serrations (to spinose),
or narrow-lobed leaves, which suggest dry or
seasonally dry climates (Givnish, 1984; Wolfe,
1985). The silcrete floras suggest a mosaic of
sclerophyllous vegetation and broad-leaved gal-
lery forests (Greenwood et al., 1990; Greenwood,
19915; Christophel er al., 1992). Beadle (1967)
suggested that adaption to low soil fertility during
the Tertiary may have produced sclerophylious
plants, pre-adapting many lineages of Australian
plants to seasonally dry and arid climates. It is
plausible therefore, that the sclerophyllous
clements in the Lake Eyre Basin floras do not
represent dry climate vegetation, but low fertility
soils.

The foliar physiognomy of the Nelly Creek
macroflora partly matches the silcrete macro-
floras; however, the presence of sunken stomata
and thick cuticles (Christophel ez al., 1992) on the
leaves of this mummified macroflora emphasise
the sclerophylious and/or xerophyllous character.
The floristic composition of both the silcrete
floras and the Nelly Creek macroflora also support
this interpretation, with some taxa commonly
associated with seasonally dry environments (e.g.
Brachychiton) and others associated with mesic—
humid environments (Christophel, Chapter 11,
this volume). Only scarce, low grade (types I and
II), epiphyllous fungal germlings occur on Nelly
Creek leaf cuticles (Christophel et al., 1992), indi-
cating that rainfall was low (Lange, 1978, 1982)
or markedly seasonal. The common presence of
both Gymnostoma and Brachychiton in some
exposures of Eyre Formation (Greenwood et 4l.,
1990; Greenwood, 19914) indicate low seasonal
and diurnal temperature variation in central Aus-
tralia in the Eocene as these genera today are
restricted to frost-free mesotherm—megatherm
areas (data from Webb & Tracey, 1982). On the
basis of MAT estimates for more southerly
Middle Eocene macrofloras (e.g. Maslin Bay,
Golden Grove) and the common presence of
mesotherm—megatherm taxa (e.g. Gymmnostoma),
the Lake Eyre Basin macrofloras probably reflect
a MAT of > 20 °C.

The foliar physiognomy of the Nelly Creek
macroflora is distinct from the Middle Eocene

macrofloras at continental margin  sites
(Christophel et al., 1992). Nelly Creek leaves are
significantly smaller overall (Tables 4.2, 4.3), with
a different assortment of leaf types. Important
floristic differences are discussed by Christophel
(Chapter 11, this volume). Lobed leaves and
species with toothed leaf margins are common in
both disturbed environments (early succession),
and in strongly seasonal environments (Givnish,
1984; Upchurch & Wolfe, 1987). The foliar
physiognomy of the Nelly Creek and silcrete
macrofloras compared to the other Eocene
macrofloras suggests the presence in central Aus-
tralia of seasonally dry (?monsoonal) palacocli-
mates where mesic broad-leaved vegetation
occurred in riparian corridors (Greenwood ¢t al.,
1990; Greenwood, 199154; Christophel et al.,
1992). This interpretation is supported by sedi-
mentological evidence that suggests periods of
aridity in central Australia in the early Tertiary

(Quilty, 1984).

Oligocene

The best-documented Early Oligocene macro-
flora occurs at Cethana in Tasmania (Hill & Car-
penter, 1991; Figure 4.1) in ’slumped lake
sediments at a present altitude of 300 m (R. ]J.
Carpenter, personal communication). The Late
Oligocene—FEarly Miocene Pioneer macroflora
occurs in lenses of organic-rich clays in coarse
braided fan (alluvial) deposits close to sea level in
north-eastern Tasmania (Hill & Macphail, 1983).
This macroflora represents the lowland vegetation
of the area at that time (Table 4.4). The Late
Oligocene—Early Miocene Monpeelyata macro-
flora occurs at 920 m above sea level and it is
probable that the original palacovegetation
occurred at this or a higher elevation (Hill &
Gibson, 1986; Macphail er al., 1991).

The Cethana macroflora is species rich and
contains a diverse association of microthermal lin-
eages including three of the four modern
subgenera of Nothofagus (Hill, 1984, 19904, 1991).
Many of the taxa found in the Cethana assemblage
are today restricted to the montane tropical rain-
forests of New Guinea and New Caledonia (Hill,
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19904). Physiognomically, these modern forests
are analogous to Australian (microthermal) micro-
phyll vine—fern forest (MV-FF) of upland areas
(>1000 m) in the northeast Queensland Humid
Tropical Region, and New Guinea montane
forests.

The Pioneer macroflora is dominated by leaves
of Nothofagus, with abundant conifer material and
several species of angiosperm. The single site
used for this analysis is less diverse than the
Cethana macroflora.

Initial analysis of the foliar physiognomy of the
Cethana and Pioneer macrofloras suggested a
match with Australian microphyll fern forest
(MFF) (Hill & Macphail, 1983; Christophel &
Greenwood, 1989). MFF in south eastern Aus-
tralia and Tasmania is species poor relative to the
tropical microthermal rainforests (MV-FF) and
appears physiognomically distinct (Webb, 1959,
1968; Tracey, 1982). Hill & Macphail (1983)
recorded grade V germlings (Lange, 1976) from
Pioneer and thus suggested that rainfall was in
excess of 1500 mm annually. The relative fre-
quency of the three main leaf size categories
(Tables 4.1-4.3) in both macrofloras matches
MFF. These Tasmanian macrofloras have a
higher frequency of species with entire leaf
margins than do modern Australian MFF, and
SNVF from New South Wales, and reflect more
the situation seen in modern MV-FF. Important
floristic differences contribute to these discrep-
ancies which in part reflect extinction events (Hill
& Read, 1987; Carpenter et al., Chapter 12, this
volume), and in part may reflect climatic differ-
ences (such as a change in MART).

Leaf sizes are predominantly microphyllous in
both macrofloras, although leptophyllous conifers
are also prominent. The LSIs of the Cethana and
Pioneer macrofloras are not meaningful as both
are zero. On the basis of modern leaf-litter studies
(Greenwood, 1992), mesic vegetation above 12 °C
MAT will have a LSI value > 0, and a LSI of
zero below 10—12 °C MAT (Figure 4.2). Modern
MFF in Australia ranges from a MAT of 4-15
°C, with Nothofagus moorei occurring over the
range 8.9-16.1 °C (Read, 1990). The presence
of leaves similar to those of modern N. mooret,

and the predominance of microphylls in both
macrofloras, suggest a MAT of 10-12 °C. On
the basis of analogous modern forests (MFF and
MV-FF) and particularly key taxa such as Notho-
Jagus (Read, 1990), the MART of the Oligocene
palacovegetation (particularly at Cethana) was
probably low, < 10 °C. The presence of cli-
matically sensitive taxa (e.g. Nothofagus subgenus
Brassospora) in the Cethana macroflora suggests
that freezing temperatures were unlikely (Hill,
19904; Read et al., 1990).

The Monpeelyata macroflora is characterised
by entire-margined leaves (Table 4.2) and imbri-
cate foliage conifers, including Araucaria (Hill &
Gibson, 1986; Hill, 199054). Significant numbers
of small-sized toothed Nothofagus leaves (N. micro-
phylla) related to N. cunninghamii are present
(Hill, 1991), in addition to leaves of the modern
deciduous species, N. gunnii. Overall leaf size is
very small, with nanophylls dominant (< 25 mm
length). This macroflora may represent alpine
shrub vegetation or low alpine woodland (Hill &
Gibson, 1986). Macphail ez al. (1991) have sug-
gested that the macroflora represents local cool
temperate rainforest (nanophyll mossy forest,
NMF) or rainforest scrub (nanophyll mossy
thicket, NMT), with a lakeside coniferous
microphyllous—angiosperm shrubby vegetation.
Significantly also, Macphail et al. (1991) suggested
that the Monpeelyata flora was deposited below
the alpine treeline. On the basis of the small size
of the N. microphylla leaves and the modern toler-
ances of N. gunnii (Read, 1990), a MAT of 4-8
°C is indicated, and a MART of ¢« 15 °C. The
presence of subalpine vegetation at Monpeelyata
reflects the elevation at the time (Hill & Gibson,
1986; Macphail et al., 1991).

Miocene

An Early Miocene macroflora occurs at Bacchus
Marsh in Victoria (Figure 4.1) in a single clay lens
in fluvial sands (Werribee Formation; Abele ¢t al.,
1976). It is likely this site was at an elevation simi-
lar to the present situation (400 m) in the Miocene
(Christophel, 1985). The macroflora is poorly
known but is dominated by leaves from only a few
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species (Christophel, 1985). Leaf sizes range from
microphyllous to nanophyllous, with toothed
leaves (Nothofagus) dominating, although the
second most common leaf type (Myrtaceae) has
an entire margin. Some nanophyllous conifers are
present, including Araucaria and Dacrycarpus
(Christophel, 1985, and personal communi-
cation). Today, Araucaria may be found in associ-
ation with N. moorei in the SNVF-MFF ecotone
at Mt Lamington in southeast Queensland under
microthermal regimes (Webb & Tracey, 1982),
and in Chile and Argentina with a winter decidu-
ous species of Nothofagus under winter snow cli-
mates (Veblen & Schlegel, 1982). Comparison of
the macroflora with modern leaf assemblages indi-
cates a match with N. moorei — MFF (Tables
4.2-4.3). This vegetation type (although with N.
cunninghamii, not N. moorei) is found today near
to the Bacchus Marsh site, implying a similar cli-
mate in the Miocene. The Bacchus Marsh macro-
flora LSI value indicates a MAT of 12-14 °C.

In the Latrobe Valley (Figure 4.1), a more-or-
less continuous sequence of coal formation from
the Eocene to the Pliocene has preserved a record
of swamp and terrestrial vegetation (Blackburn &
Sluiter, Chapter 14, this volume). In contrast to
the Latrobe Valley coal floras, most species from
the Middle Miocene Yallourn Clay macroflora
show no sclerophyllous features; cuticles are thin
with few or no trichomes and possess surficial
stomata (D. R. Greenwood, unpublished data).
However, there are floristic elements such as
Dacrycarpus latrobensis (Hill & Carpenter, 1991)
and Agathis common to the Late Miocene coals
and the clays. The Clay flora typically contains
mainly microphyllous entire-margined leaves. In
some samples microphyllous toothed leaves of N.
moorei type (aff. N. tasmanica) were common. The
cuticle flora is diverse (20-30 cuticle morpho-
types) and is dominated by several species in each
of the Lauraceae, Myrtaceae (aff. Syzygium),
Cunoniaceae and Proteaceae.

The predominantly microphyllous nature of the
macroflora of the Yallourn Clays, together with
the occasional presence of N. moorei type leaves
suggests that the Middle Miocene palaeoclimate
was similar to the present climate of the area,

although perhaps less seasonal. SNVF dominated
by Syzygium and MFF with N. cunninghamii are
found in the nearby Strzelecki Ranges. The rela-
tively higher diversity of the Yallourn Clays cuticle
and macroflora compared to Victorian MFF and
SNVF, and the presence of N. moorei type leaves,
however, suggests a better parallel with New
South Wales MFF and SNVF, and indicates a
MAT of 9-16 °C (see e.g. Read, 1990).

CONCLUSIONS

From the review and new analyses presented here,
it is apparent that climates were not uniform
across Australia during the Middle Eocene, and
that local topography in the Oligocene and the
Early Miocene influenced the climate and plant
communities in southeastern Australia (Table
44). Nix’s (1982) conclusion that increasing
seasonality in both temperature extremes and
rainfall and, less so, marked changes in the ther-
mal regime, was the primary driving force of biotic
change within Australia during the early to mid-
Tertiary is supported by the palaeobotanical evi-
dence of climate and vegetation patterns (e.g.
Christophel & Greenwood, 1989; Read et al,
1990).

The Middle Eocene macrofloras at Maslin Bay,
Golden Grove, Anglesea and Nerriga (Figures 4.1
and 4.3) reveal predominantly mesothermal—
megathermal humid climates ranging from MAT
values of about 16 °C (Anglesea, mesothermal) to
perhaps as high as 25 °C (Maslin Bay, megather-
mal) in the coastal lowlands and at moderate elev-
ations. Climates in the Middle Eocene were
markedly warmer in southern Australia than at
present. Rainforests analogous to SNVF, CNVF
and CMVF grew under these climates
(Christophel & Greenwood, 1989). There is evi-
dence that a transitional zone from mesothermal
to microthermal climates to the south, and meso-
thermal to megathermal climates to the north,
existed in an irregular band across southeastern
Australia (e.g. Nix, 1982; Christophel & Green-
wood, 1989); however, this interpretation and the
latitudinal position of such a zone remains specu-
lative until more macrofloras are described in
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Figure 4.3 Reconstruction of Australia and region for the
Middle Eocene showing palaeocoastline superimposed on
modern coastline. Based in part on Christophel & Greenwood
(1989). NMT, nanophyll mossy thicket or subalpine woodland
(microthermal); BDT, broad-leaved deciduous forest (micro-
thermal); MFF, microphyll fern forest (microthermal); SNVF/
CNVF, simple/complex notophyll vine forest (mesothermal);
CMVF, complex mesophyll vine forest (mesothermal—
megathermal); ScF, sclerophyllous forest (Pmegathermal);
MVF, ?semideciduous mesophyll vine forest (monsoonal
megathermal).

detail from a wider geographical area. The Lake
Eyre Basin macrofloras indicate a development by
the Middle Eocene of seasonally wet/dry ?mega-
thermal climates in the continental interior, and
that vegetation physiognomically pre-adapted to
aridity was in place in the interior at that time
(Greenwood et al., 1990; Christophel ¢t al., 1992).

Wolfe (1985) speculated on the nature of Aus-
tralian Early Miocene vegetation and climate.
However, the limited number of well-documented
Oligocene and Miocene macrofloras from south-
castern Australia precludes any extraregional syn-
thesis. What is clear is that this region experienced
cooler temperatures in the Oligocene than in the
Eocene (see e.g. Hill & Gibson, 1986; Hill,

19904). Microthermal lineages (sensu Nix, 1982),
particularly Nothofagus, were of increasing impor-
tance, compared to the situation in the Middle
Eocene (Hill, 1990q; Read er al., 1990). The foliar
physiognomic and floristic character of these
macrofloras suggests humid microthermal cli-
mates, although modern Australasian tropical
montane communities are better analogies for the
Cethana Oligocene vegetation than are modern
southern Australian humid microthermal forests
such as the Nothofagus-dominated MFF (Hill,
1990a; Read er al., 1990). In contrast, the Pioneer
and Miocene Bacchus Marsh macrofloras suggest
microthermal to modern Nothofagus-dominated
MFF, particularly the N. moorei-dominated
forests of montane New South Wales. The
absence from the Early Miocene macrofloras of
some key Oligocene taxa suggests increasing
seasonality with perhaps greater temperature
extremes during the Early Miocene than in the
Oligocene (Hill & Read, 1987; Hill, 19904). Sub-
alpine woodlands occurred at this time at moder-
ate altitudes in Tasmania (Hill & Gibson, 1986;
Macphail ez al., 1991).

The Middle Miocene Yallourn Clay macroflora
indicates mainly microthermal climates in south-
eastern Australia. Mesothermal humid vegetation
(SNVF) probably persisted in parts of thie Latrobe
Valley during the Middle Miocene, as it does
today. There is anecdotal evidence to suggest that
Middle Miocene climates in the Latrobe Valley
area were more cquable than today, but that
seasonal dryness became established by the Late
Miocene, and perhaps much earlier in the conti-
nental interior (Lange, 1982; Quilty, 1984;
Greenwood et al., 1990).

The poor knowledge of macrofloras of suitable
age and preservation over much of the continent
prevents a continental synthesis at this time.
There are further areas of research on palaeobot-
anical climatic evidence, such as wood anatomy
and dispersed cuticle (e.g. Upchurch & Wolfe,
1987), which remain largely untapped. Important
information on Australian Tertiary climates can
be gained from analyses of macrofloras. Work
continues on the well-preserved ecarly to mid-
Tertiary macrofloras of southeastern Australia
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and Tasmania; however, there is an urgent need
to find and analyse macrofloras from outside of
these areas and to apply a wider range of
approaches.
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5 Landscapes of Australia:
their nature and evolution

G. TAYLOR

It is oft said that ‘Australia is an old continent’.
Certainly Australia has many ancient landscapes
which have been exposed to the processes of
weathering and soil formation for very long
periods under very stable tectonic conditions. The
results of this are that many of our landscapes
have well-leached and infertile soils, a major fac-
tor in the evolution of the Australian flora. Having
said that, it is not true that all Australian land-
scapes are ancient. Many are very young, and of
course all our landscapes are still undergoing
modification, albeit some very slowly. Many land-
scapes that were thought to be comparatively
young, such as the Southeastern Highlands
(Andrews, 1911; Browne, 1969; Hill, 1975), have
recently been shown to be comparatively ancient
(Wellman, 1987; Bishop, 1988; Taylor er al.,
19904).

The Australian continent attained its present
outline between 150 and 50 million years (Ma) ago
(Wilford & Brown, Chapter 2, this volume), but
many of our landscapes are even older. Compari-
son of the major landform regions (Figure 5.1) and
the major geological structure of the crust or tec-
tonic provinces (Figure 5.2) demonstrates this well.

The tectonic provinces of Australia can be
divided into two along the Tasman Line (Figure
5.2; Veevers, 1984). West of this line the continent
is dominated by Precambrian blocks and fold belts
overlain by thin Phanerozoic basins, while to the
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east of it there are mainly Phanerozoic fold belts
overlain by younger basins. Broadly these funda-
mental geological divisions correspond to land-
scape regions. The Precambrian blocks
correspond to plateaux at elevations of up to about
500 m, the fold belts to upland areas up to 2000 m
and the basins to lowland plains with elevations
of generally less than 200—-300 m (Figure 5.3).
The distinction between these major landform
regions is reflected in the present drainage net-
works. Most integrated drainage occurs along the
coastal margins, particularly along the eastern
Phanerozoic fold belt. The drainage systems in
the western parts of the continent are, however,
generally uncoordinated. The Eastern Highlands
are wetter now than the western two thirds of the
continent and Veevers (1984) pointed out that this
has been a feature of the continent throughout
the Cenozoic, although the abundance of lignitic
sediments of early Tertiary age in the west, south
and centre of the continent suggest that the East-
ern Highlands were no wetter. Veevers also sug-
gests that in general the present drainage systems
reflect those of the Tertiary.

While it is difficult to speculate about the evol-
ution of soils in Australia much before the Ceno-
zoic, it is possible to reconstruct some soil history
throughout the Cenozoic, as there are sufficient
remnants of older soils to give some insight. The
soils naturally reflect the interaction between
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comprise what is referred to in the text as the southern sector of the Eastern Highlands,
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sector. (Modified from Jennings & Marbutt, 1977.)

parent material, climate and rates of erosion or
deposition, the last of these factors being generally
tectonically controlled.

This chapter begins with the relationship
between tectonic provinces and landscapes but
because data from many regions are sparse the
coverage is somewhat selective, concentrating on
areas for which data are available. Towards the

end of the chapter the evolution of regoliths and
soils is discussed. Because the evolution of climate
in Australia is discussed in detail by Quilty,
(Chapter 3, this volume), it is not discussed here,
except where climatic events are critical in land-
scape development.
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GEOLOGICAL EVOLUTION AND
LANDSCAPE REGIONS

The geological (or tectonic) evolution of Australia
is closely related to the nature and age of the
major landscapes. The division of the continent
into two along the Tasman Line is a convenient
division between the older landscapes of the
western two thirds of the continent and the

younger higher-relief eastern third. In both
the eastern and western regions the older rocks
are partly covered by comparatively thinner and
younger sedimentary basins, which form the
major lowland landscapes. It is convenient to
maintain these major subdivisions of the continent
in the discussion that follows.

The maximum possible age for landscapes is
determined by the ‘age of exposure’ of the rocks
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Figure 5.3 A topographic map showing how the topography generally follows the major
tectonic provinces. m.b.s.l, metres below sea level.

to terrestrial processes or when major episodes of
terrestrial sedimentation ceased. Figure 5.4 is a
map of the ‘age of exposure’ compiled by Beck-
mann (1983). This map does not give the age of
the landscape because after exposure the original
surface may be partially or wholly stripped by
erosion and there may be multiple erosional or
depositional surfaces of varying ages in the land-
scape. None the less the map does reflect the
gross geology and landscape ages of Australia.

Geological evolution and landscape
ages of the western plateaux

The cratonic blocks that so dominate the western
region of the continent are all made up predomi-
nantly of Precambrian granitic, metamorphic and
sedimentary rocks that comprise the Yilgarn—
Pilbara, Kimberley, Arnhem-Pine Creek—
McArthur-Mt  Isa and the Musgrave—
Amadeus—Arunta Blocks (Figure 5.2) and
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which correspond to major landscape provinces
(Figure 5.1). These regions have been prominent
landscape elements for most of the Phanerozoic,
forming important sediment sources for the
Phanerozoic basins which surround them.

Since their exposure the landscapes of the
western region blocks have been substantially
modified. The Yilgarn—Pilbara Plateau has been
degraded by 600—700 m or more throughout the
Phanerozoic (Veevers, 1984), probably a substan-
tial portion of this during the Late Carboniferous
and Permian, when glaciers swept across the
plateau from south to north. Veevers & Wells
(1962) reported glaciated pavements from this
time exposed in the Pilbara region, where relics
of glacially carved valleys can still be seen, and
Butt (1989) reported Permian glacial deposits in
valleys on the northern Pilbara. Substantial sedi-
ment was also shed west into the Perth Basin
between the Permian and Cretaceous, although
much of the Mesozoic sediment may be derived
from uplifted parts of the basin. Van de Graaf
(1981) calculated rates of denudation of between
4.5 and 5 m per Ma, which suggests that
considerable uplift must have occurred during the
Phanerozoic. It is unlikely that little if any
significant uplift occurred after the Permian
glaciation, as tills of that age remain on the surface.
Jackson & van de Graaf (1981) argued that the
relict drainage of the Yilgarn, now represented by
chains of lakes, developed between the late
Mesozoic and Eocene and involved some 100 m of
erosion, but R. P. Langford, G. E. Wilford & E. M.
Truswell (unpublished data) date the drainage as
Permian, which is in accord with other data. Van
de Graaf (1981) suggested that, during the late
Cenozoic, erosion has been only a few centimetres
per Ma. The Yilgarn—Pilbara Plateau has
therefore been uplifted and eroded significantly
during the Palaeozoic — early Cenozoic but since
then it has been extremely stable.

The Kimberley and Northern Australian
Plateaux and the Carpentaria Fall are underlain
by the Kimberley and Arnhem Blocks, the Pine
Creek Inlier, McArthur Basin and Mt Isa Block,
which collectively consist largely of geosynclinal
sediments and metamorphic and granitic rocks of

Precambrian age, and have formed landscapes
throughout much of the Phanerozoic (Veevers,
1984). Again these ancient high landscapes have
been uplifted through much of the Phanerozoic,
providing sediments for their marginal basins
(Figure 5.2). The present coastline of this area
approximates closely to that which has existed
through much of the Phanerozoic, except during
the Early Cretaceous, when the sea swept briefly
across the Pine Creek Inlier and Daly and
McArthur Basins, leaving a quartzose sheet sand
that has since been substantially removed
(Skwarko, 1966). This indicates the long-term lat-
eral stability of these cratonic areas over the last
500 Ma or so. Permian glacial debris in the Fitz-
roy Trough includes material derived from the
Kimberley Plateau to the north, showing that, dur-
ing the late Carboniferous and Permian the
plateau, like the Yilgarn, underwent some glacial
erosion. Young (1986) demonstrated that, in
addition to physical removal of detritus, the effects
of solution weathering can be substantial in
Devonian quartz sandstones of the Ord Basin,
and it would be surprising if similar chemical
effects were not just as prominent in landscape
denudation on the adjacent cratons.

The Central Australian Ranges (Figure 5.1)
have the highest elevation of any of the Precam-
brian cratonic areas of the western region, with
some peaks reaching 1500 m. The ranges are
made up of three major geological entities: the
Precambrian Musgrave Block, the Arunta Block
and the late Proterozoic—Palaeozoic Amadeus
Basin (Figure 5.2). To the northwest these
regions are connected to the Kimberley Block by
the Tanami Block, Birrindudu Basin and Hall’s
Creek Province. All these are composed of sedi-
mentary, metamorphic and granitic rocks. The
Central Australian Ranges are overlain around the
margins by Phanerozoic sediments of younger
sedimentary basins and partially divided by
Palaeozoic sediments in the Amadeus Basin
(Figure 5.2). Cambrian and Devonian sediments
of the marginal basins lap on to the Arunta Block
(Veevers, 1984), indicating that it was a feature of
some relief during the Cambrian and that its uplift
was complete by the Devonian. Both blocks acted
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as sediment sources for their surrounding basins.
Glacial pavements in the highlands and glaciog-
ene sediments in the surrounding basins indicate
that glaciers eroded the Central Australian
Ranges. Erosion during the late Mesozoic and
early Cenozoic etched a southeasterly drainage
network that is now partially filled with sediments
(Twidale & Harris, 1977). It is this drainage that
established features such as Uluru and the Olgas,
proving the antiquity of such landscape elements.
Minor fault-bounded Cenozoic basins occur
within the Central Australian Ranges, illustrating
the continued role of tectonism in these land-
scapes.

The Precambrian Gawler and Willyama
Blocks, with the Adelaide Fold Belt and Stuart
Shelf (Figure 5.2) make up the core of the Eyre
Peninsula and Gulf Ranges landscape region
(Figure 5.1). These regions are made up of vol-
canics, metasediments, flat-lying and folded sedi-
ments, and granitic rocks surrounded by basins
of Phanerozoic sediments that lap on to the older
cratonic platforms. This region has formed high
ground on and off since the late Carboniferous
(Veevers, 1984), but parts of the area formed high-
lands well before this. This high ground provided
sediments to the marginal Phanerozoic basins
(Figure 5.2) since their inception. Glacial activity
during the Permian significantly eroded the high-
lands. Renewed late Cenozoic faulting in the Gulf
Ranges region produced their present form
(Callen & Telford, 1976).

Geological evolution and landscape
ages of the Eastern Highlands

The Eastern Highlands of Australia, a complex
landscape region (Figure 5.1) about 400-500 km
wide, extends from Tasmania to North Queens-
land. It is a relatively high region with average
elevations in excess of 500 m and large areas in
excess of 1000 m. An obvious feature of the high-
lands is the asymmetric drainage, with short,
steep, east-flowing networks and very long, low-
gradient, westerly drainage with long sedimentary
records in the basins flanking the inland margin
of the highlands.

The Eastern Highlands are dominated by Early
to mid-Palaeozoic geosynclinal deep and shallow
marine sediments and granitoids with abundant
Cenozoic basalts. Some Mesozoic and Cenozoic
basins also occur within the highlands. They are
flanked by sedimentary basins that lap on to the
Palaeozoic rocks of the highlands. The highlands
have been providing sediment to these basins
throughout the Cenozoic.

The date of formation of the highlands is a
matter of considerable debate. Early workers
(Andrews, 1911; Browne, 1969; Hill, 1975)
believed most of the uplift was comparatively
recent (since the Late Miocene). These workers
based their conclusions primarily on the southern
highlands; however, more detailed work in the
highlands and flanking basins has shown that con-
siderable differences may exist between the his-
tories of the northern (Queensland and northern
New South Wales) and southern (southern New
South Wales, Victoria and Tasmania) highlands.
Wellman (1987) reviewed the erosional and uplift
history of the whole highlands and Bishop (1988)
provided a similar review, predominantly of the
southern portion.

Ollier (1977) showed that, in the southern sec-
tor, the highlands had a relief of at least 600 m
in the Eocene and Taylor et al. (1985, 19904)
demonstrated a relief of at least 500 m and prob-
ably 800 m by the Paleocene. Further studies of
the marginal basins (Macumber, 1978; Wooley,
1978; Veevers, 1984; Brown, 1989) show that
sediments derived from the southern highlands
began depositing during the late Mesozoic in the
Gippsland and Otway Basins and during the Pale-
ocene in the Murray Basin. Nott et a/. (1991) and
Young & McDougall (1982) showed that the
southern New South Wales coastal strip was
established by the mid-Tertiary and probably
earlier. Williams (1989) recorded Late Cre-
taceous and Paleocene sediments in basins along
the northern coast of Tasmania. These data
clearly show that the southern sector of the high-
lands was uplifted sufficiently by the earliest Ter-
tiary or Late Cretaceous to provide a major
sediment source for the flanking basins. There is
now a general consensus that the uplift of the
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southern sector is at least late Mesozoic, but there
is little evidence to suggest how much older it may
be. The absence of sediment in the flanking basins
older than late Mesozoic suggests the major uplift
dates from about 95 Ma, as suggested by Jones &
Veevers (1982) and favoured by Wellman (1987).
Lambeck & Stephenson (1986) however, argued
on the basis of a passive isostatic rebound model
that the highlands date from the late Palacozoic
and have risen more or less continuously since,
in response to erosional unloading. In contrast
Jones & Veevers (1982) argued for periodic uplift
through the Cenozoic, associated with volcanism
and accompanying sedimentation/sea level fluc-
tuations in the flanking basins. The Tasmanian
segment of the highlands possibly began to
develop its present form in the Triassic and the
present configuration was well established by the
Late Cretaceous (Williams, 1989). Whichever is
the correct model, the southern sector of the high-
lands was certainly well established by the
Cenozoic.

The northern sector of the Eastern Highlands
has Mesozoic sediments preserved on the high-
land summit, which suggests uplift was after the
Early Cretaceous in Queensland and after the
Triassic near Sydney (Wellman, 1987). The pres-
ence of abundant andesitic debris in sediments as
young as Cenomanian (90 Ma) in the Eromanga
Basin along the western highland flanks but
derived from volcanoes east of the present coast
(Veevers, 1984) shows that the highlands did not
exist until after this time. The presence of quartz-
ose sediments overlying the deeply weathered
Late Cretaceous—Paleocene surface (Doutch,
1976) suggests that by the Eocene the highlands
were shedding sediment into the flanking basins.
Grimes (1980) identified three periods of uplift
and basaltic volcanism, during the Paleocene—
Eocene, Late Oligocene to mid-Miocene and
Pliocene—Quaternary, similar to those in the
southern sector identified by Jones & Veevers
(1982). He also notes that Quaternary uplift with
basaltic volcanism occurred as recently as 13 ka
ago in northern Queensland. In the Ebor area of
New England, retreat of the Great Escarpment
must postdate the formation of the Ebor Volcano

18.5 Ma ago (Gleadow & Ollier, 1987). Elsewhere
Ollier (1982) argued that uplift in this region post-
dates 18 Ma. Schmidt & Embleton (1976) sug-
gested that the Sydney Basin was uplifted and
eroded between 100 and 180 Ma.

The southern sector of the Eastern Highlands
is probably older in general than the northern sec-
tor but both contain landscapes of considerable
antiquity with superimposed younger landscapes
in many areas. There is the unifying feature of
widespread occurrence of basaltic landscapes,
which, although highly dissected, frequently
preserve the topography and soils over which
the lavas flooded (Bishop, 1988). These basalts
range in age from Holocene in Victoria to Late
Cretaceous in central Queensland and northern
New South Wales. The overall rate of eruption
was more or less constant through the Cenozoic.
Lava field volcanism dominated until about 35
Ma, while after that time most activity was associ-
ated with central volcanic eruptions (Wellman &
McDougall, 1974).

History of landscapes in the basins
flanking highland regions

While many of the sedimentary basins which flank
the highland regions (Figure 5.2) have histories
which extend well back into the Palaeozoic, most
were inundated by the sea during the Early to
mid-Cretaceous (Figure 5.5). During this period
sedimentation alternated between marine and ter-
restrial due to global sea level changes (Morgan,
1980) or to uplift of the newly formed continent
(Veevers, 1984; Wilford & Brown, Chapter 2, this
volume). During the marine phases the highland
areas were separated by shallow seaways, which
Wasson (1982) suggested would have increased
spatial and habitat diversity on the continent. Cer-
tainly the shallow seas in which sea levels oscil-
lated would have led to a diversity of marginal
marine habitats through this period. On the
retreat of the Cretaceous seas during the late
Aptian, the basins generally had a low relief sur-
face, which, because of limited post-Cretaceous
tectonism, was retained through most of the
Cenozoic. There are remnants of this mid-
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Figure 5.5 The extent of the marine inundation of the conti-
nent during the Cretaceous. (From Wasson, 1982.)

Cretaceous surface preserved throughout many of
the major basins, particularly in the Eromanga,
Officer and Canning Basins. Much of the Cre-
taceous surface is covered or partially covered by
Cenozoic sediment, particularly in many of the
eastern and southern basins. Each major basin is
examined in turn and correlations are shown in
Figure 5.6.

Post mid-Cretaceous deposition began in the
Murray Basin during the Paleocene and continues
today. Jones & Veevers (1982) suggested that sedi-
mentation was initiated by the uplift of the Eastern
Highlands and concomitant subsidence of the
basin. Three major depositional cycles separated
by erosional intervals occurred during the
Paleocene—Early Oligocene, Oligocene—
Middle Miocene, and Late Miocene~Pliocene.
Marine incursions occurred during each cycle,
with the most extensive during the Late Miocene.
During each cycle a wide spectrum of environ-
ments existed, from shallow marine carbonate
platforms through lagoonal, tidal and deltaic
regions to riverine plains with lakes (Figure 5.7).
The cause of these depositional cycles is not cer-
tain, but Brown (1983, 1985, 1989) attributed
them to sea level changes accompanied by basinal
isostatic adjustment. The effects of these sea level
variations were restricted to the basin, but stream

valleys on the margins of the Eastern Highlands
eroded deeper during lower sea levels, were
backfilled during high sea levels as a result of
diminished erosion potential (Macumber, 1978).
The final regression of the sea from the Murray
Basin during the Late Miocene ~ Early Pliocene
formed a prograding series of beach ridges and
intervening fluvial and estuarine quartz sands
(Parilla sand). These ridges form prominent land-
scape features in the western parts of the basin.
Since the final regression of the sea, the basin has
been dominated by alluvial, lacustrine and aeolian
activity under oscillating cold and warm con-
ditions that characterise the last 2.5 Ma. During
this period the availability of water has varied, but
not in any systematic way with regard to tempera-
ture (Bowler, 1978), except that at this time gener-
ally arid conditions prevailed in contrast to the
generally humid conditions which had persisted
since the Late Cretaceous.

The Eucla Basin was dominated by limestone
deposition during the Eocene and Miocene.
Rivers draining from the Yilgarn and Musgrave
Blocks into the Eucla Basin were established after
the withdrawal of the Cretaceous seas. During
high sea levels in the Eocene, these channels were
inundated by the sea and alluviated with the depo-
sition of sands, lignite, spongolite and limestones
across the southeastern Yilgarn (Jones, 1990).
Across the Officer and southwestern Eromanga
Basins these channels were filled with quartzose
alluvium (Lampe Beds) and alluvium and mar-
ginal marine sediments (Pidinga Formation:
Benbow ¢t al., 1982). These palaecochannels now
form chains of playas on the Yilgarn and across
the Officer and southwestern Eromanga Basins.
After deposition of the Miocene limestone, the
Eucla Basin was uplifted and the sea withdrew,
leaving the flat surface of the Nullarbor Plain
exposed. Minor alluvial and lake deposits in shal-
low drainage lines separated by low hills of deeply
weathered Cretaceous rocks form the only Terti-
ary record in the Canning Basin. Longitudinal
dunes, formed during the Quaternary, overlie
these old drainage systems. The Eromanga Basin,
the largest of the flanking basins, saw the depo-
sition of the Winton Formation after the retreat
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of the sea during the Albian (95 Ma). This is a
terrestrial sheet of volcanogenic sandstone, shale
and coal deposited between about 95 and 90 Ma.
This low relief surface was deeply weathered dur-
ing the ensuing 20-30 Ma (the Mornay Profile
of Idnurm & Senior, 1978). This phase of weath-
ering was terminated by the deposition of the

quartz-rich fluvial Eyre Formation and its equiva-
lents during the Paleocene and Eocene. Another
break in deposition allowed time for the develop-
ment of further weathering and the formation of
silcrete (the Cordillo Silcrete of Wopfner, 1974;
and the Cordillo Surface of Doutch, 1976). Post
Eyre Formation warping and uplift during the
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Oligocene produced the major landscape
elements within the present basin. It also caused
subsidence of the Lake Eyre and Lake Frome
depressions with sedimentation in substantial
lakes during the Miocene. The depressions else-
where in the basin were the locus of deposition
of the Etadunna Formation (and its equivalents).
The Etadunna is a sequence of muds, carbonates
and evaporites deposited in streams and lakes.
Warping continued after the deposition of the Eta-
dunna, and the surface was once again deeply
weathered (the Canaway Profile and its equiva-
lents, Curalie and Strathgordon; Doutch, 1976).
The warped areas continued to be the locus of
fluvial and lacustrine sedimentation. The Cooper
Syncline beneath the channel country of Cooper
Creek and Lake Yama Yama are examples of this,
as are many other drainage lines of southern
Queensland (Senior et al., 1978). Sedimentation
in these loci consists of up to 160 m of quartz
sandstones and conglomerates, mudrocks and
thin gypsum layers, above the Etadunna Forma-
tion. These drainage lines are still the centres
of fluvial and lacustrine sedimentation. They are
separated by low ridges and mesas of deeply
weathered and silcreted Cretaceous rocks and
Eyre Formation. As fluvial and lake sedimentation
continued through the Quaternary, dune fields
swept across the interfluves, particularly in the
southwest in the Simpson and Strezlecki Deserts.
Evaporites and clastics accumulated in the lakes
and muds and sands in the rivers during drier and
wetter phases, respectively.

Other similar flanking basins such as the Gipps-
land, Otway and Perth Basins have post-
Cretaceous records of marine and terrestrial
sedimentation punctuated by tectonically or
eustatically induced breaks.

REGOLITH AND SOILS OF
THE CONTINENT

Regolith is a term used to encompass all the frag-
mental earth materials, residual or transported,
that overlie bedrock and usually forms the surface
of the land (Ollier, 1988). Soil forms the upper-
most part of the regolith.

From the earlier parts of this chapter it is clear

that much of the continent has elements of its
landscape that are very ancient whereas other
elements are comparatively young. The nature of
the regolith depends primarily on climate, time,
rate of stripping (erosion) and the type of rock or
sediment on which it has developed.

The last major glaciation to occur in Australia
was during the late Carboniferous and early Per-
mian. These glaciers produced pavements and
valleys still preserved in some of the old plateaux
of Western Australia and in the Eastern High-
lands of Victoria (Craig & Brown, 1984). After
this glacial episode, conditions suitable for abund-
ant plant growth persisted until the Jurassic, even
though southern Australia was in a high latitude
position. The climate began to dry about 160 Ma
ago, but at about 140 Ma it again became humid.
This humidity persisted and with it the landscapes
became forested (Frakes et al., 1987). There is
some debate about temperatures during the
Mesozoic. Frakes et al. (1987) suggested that the
Jurassic was generally temperate but that in
the Early Cretaceous there were ‘cooler than
expected’ temperatures. This is supported by
Francis (1990) for the southwestern Eromanga
Basin. This is not surprising, since between 175
and 40 Ma much of Australia lay within the Ant-
arctic Circle (Wilford & Brown, Chapter 2, this
volume). Taylor er al. (19905) also provided evi-
dence for cool climates in the southern sector of
the Eastern Highlands during the Late Paleocene.

Frakes et al. (1987) noted three warm to
cool cycles throughout the Tertiary: Late
Cretaceous—Middle Eocene, Middle Eocene—
Early Oligocene, and Early Oligocene-Late
Miocene. These broad climatic cycles gave way
to more arid climates during the period between
mid-Pliocene and the start of the Quaternary,
when temperatures oscillated between warm and
cold on an about 100 ka cycle, during which time
water availability also varied, but not necessarily
in consort with temperature (Frakes ¢t al., 1987).
Throughout this time the history of groundwater
is intimately related to regolith development (see
e.g. Butt, 1989; Brown, 1989). The groundwater
conditions are largely related to climate and
geology.

Variations in rock type across the continent
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have dramatically affected the nature of the land-
scape and regolith. Regions with rocks containing
labile minerals (igneous rocks and volcanogenic
or feldspathic sedimentary rocks) tend to have
generally deep regoliths, whereas those on quartz-
ose sedimentary rocks or limestones tend to have
thin regoliths and soils.

Minor tectonic activity has occurred in parts of
the continent from the Late Cretaceous. When
combined with sea level changes during this
period (Frakes et al., 1987) their effect has been
to cause much of the regolith to be stripped from
the cratonic blocks and the Eastern Highlands, or
to promote deposition in the flanking basins and
on to the margins of the cratonic blocks.

While there are undoubtedly regolithic
materials which pre-date the Late Cretaceous
(e.g. Permian glacial materials and pavements),
well-documented examples are rare. The majority
date from the time of the regression of Cretaceous
seas. Two major regolith-forming episodes can be
identified since this time. The first, from the Late
Cretaceous to the Late Miocene, gave rise to deep
lateritic weathering under humid and most would
argue warm (e.g. Frakes e /., 1987; Butt, 1988;
Ollier, 1988), conditions, although cooler phases
are recognised (Frakes er al. (1987) summarised
the evidence) based on micropalaeontological
records both onshore and offshore and on %0
values. The second began about 10-6.5 Ma,
when there was a rapid reduction in sea level
brought about by expansion in the Antarctic ice
sheets. By 2.5 Ma the Tertiary seas had retreated
and the climate was altered to cyclical repetitions
of cold (glacial) and warm (interglacial) periods in
which warm periods were wetter than the cold
periods and winds periodically became more
intense. During this last 2.5 Ma, the acidic deep
weathering environment gave way, at least in cen-
tral and southern Australia, to alkaline weathering
conditions with the production of widespread eva-
porites and calcareous regoliths.

Deep weathering

Many Australian land surfaces are covered by
deeply weathered in situ or sedimentary materials.

Doutch (1976) showed multiple ‘periods’ of ferru-
ginisation in the basins of Eastern Australia as did
Frakes et al. (1987) and Grimes (1980).

Such ‘weathering events’ are easily recognised
in depositional terrains, where the various ‘events’
are, at least in part, separated by intervening sedi-
mentary events. It would be reasonable to assume
that under the generally tectonically stable con-
ditions that existed through the period between
90 and 6.5 Ma, intense weathering would be con-
tinuously occurring, but Frakes et al. (1987) corre-
lated the deep weathering events with the warmer
parts of their three Tertiary climatic cycles, which
also happen to coincide with the uplift pulses of
Jones & Veevers (1982) in the Eastern Highlands.
The evidence of Francis (1990), Taylor et al.
(19904,6), Bird & Chivas (1988) and the postu-
lation of cooler Late Cretaceous climate in Frakes
et al’s paper suggest, however, that the widely
accepted belief that deep weathering needs warm
climates may not be true. Recent evidence from
Iceland (Gislason et al., 1990) shows clearly that
very rapid chemical denudation is possible in cool
to cold climates as also suggested by Reynolds
(1971). The idea of continuous weathering is cer-
tainly supported when the ages of deep weathering
for the whole continent are plotted (Figure 5.8).
Even considering the inaccuracies in the dating
of weathering profiles, the stratigraphic and
palaeomagnetic control is sufficient to place some
value on the data.

The deeply weathered profiles generally grade
upwards from parent rock through a zone of
increasingly kaolinite-rich saprolite (rock weath-
ered 7n situ that retains the original rock fabric),
which becomes increasingly palid upwards. This
is overlain by a mottled zone consisting of a white
or pale-coloured matrix containing ferruginous
red mottling and an uppermost ferruginous crust
(ferricrete, laterite or bauxite). This is the classical
‘laterite’ profile originally described in Western
Australia by Walther (1915).

These deeply weathered profiles show con-
siderable variability. Many have transported upper
horizons that are not related to the underlying
saprolite (e.g. Churchward & Bettenay, 1973;
Milnes et al., 1985; Taylor & Ruxton, 1987).
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Some are stripped, with the upper zones removed
(e.g. Senior, 1979; Butt, 1989; Ollier et al., 1988),
others have silicified upper zones (e.g. Ollier ez al.,
1988) or are partially stripped with a silcrete in
the pallid zone (e.g. Senior, 1979; Ollier, 1988)
or capped by silcreted sediments unconformably
overlying stripped profiles (e.g. Senior, 1979;
Taylor & Ruxton, 1987; Ollier ¢t al., 1988).

These highly leached deep weathering profiles
cover much of Australia, from east coast to west
and from Tasmania (where they are less common)
to Cape York. In places they are relatively thin
(e.g. Monaro, where they vary from 2 m on
basaltic lavas to tens of metres on surfaces
exhumed from beneath early Tertiary basalts); in
others very thick (e.g. southwest Queensland
where they exceed 100 m; Senior, 1979). Most
of these deeply weathered landscapes have been
eroded into a series of mesas and low plateaux,
protected somewhat by caps of ferricrete and/or
silcrete, separating broad valleys cut into the
weathered rocks. The cause of this erosion is tec-
tonic, eustatic or due to climatic change or a com-
bination of these. The products of the erosion
(mainly kaolinite and quartz) are deposited in the
lower parts of the landscape, particularly in the
valleys, but some products occur as widely distrib-
uted sheets of alluvial sediments (e.g. Eyre and
Glendower Formations). Some areas of the cra-
tonic blocks, most notably the Yilgarn, are covered
by sandplains. These are thought to originate by
solution of kaolinite from the deep weathering
profiles, leaving a lag of the solution-resistant
quartz sand (Butt, 1985).

Soils formed on the deeply weathered materials
and on sediments derived from them are highly
leached and acid, and consist largely of kaolinite,
quartz and sequioxides. The types of soil com-
monly associated with these parent materials are
shown in Table 5.1. The parent materials for
these soils are, in general, old (Figure 5.8), and
it is likely that many of these leached acid soils
have formed the substrate for vegetation in Aus-
tralia since the early Tertiary. Indeed because of
their significant erosion during the later Tertiary
and Quaternary and their partial burial during the
Quaternary they were more widespread than at

Table 5.1. Soil parent materials and soils resulting
largely from Tertiary decp weathering

Soil parent materials ~ Soils

Kaolinite, laterite,
bauxite, silcrete,
mottled and pallid
zone materials,
and deeply
kaolinitised rock

Massive red and yellow earths
(Gn2) and the associates the
earthy sands (Uc5.2), earthy
loams (Um5.3, UmS5.5), the
gravels and possibly the red
siliceous sands (Ucl.23), red
structured earths (Gn3)

The notations in brackets are Northcote’s soil forms.

present and as a consequence would have played
a major part in the evolution of our flora.

Deep weathering in landscapes underlain by
quartzose or limey sediments has not produced a
thick regolith. In quartz sandstone terrains (e.g.
eastern Kimberley, Arnhemland Plateau) the pre-
dominant form of weathering has been solution,
resulting in the development of karstic landscapes
dominated by solution channels along structural
weaknesses in the rocks. In extreme cases, such
as the Bungle Bungle Ranges (Young, 1986) and
Ruined City of Arnhemland (Jennings, 1983),
tower karst landscapes have been produced. Soils
are minimal in these landscapes, except in some
valleys that contain infertile quartz sand soils. The
Nullarbor Plain is underlain by Miocene marine
limestones, and, although it has only been exposed
to terrestrial weathering for a comparatively short
time, it has karstic landforms and discontinuous
drainage typical of limestone terrains. Soils here
are thin calcareous loams with extensive calcrete
development (Northcote & Wright, 1982).

Regoliths and soils of the Quaternary

The growth of the Antarctic ice sheet near the
end of the Miocene and the associated sudden
decrease in sea surface temperatures resulted in
an intensification of atmospheric circulation, initi-
ating conditions, similar to those of the present
day, that control the distribution of the mid-
latitude dry deserts. For the next 3 Ma, landscapes
and vegetation underwent the transition from
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those of the humid Tertiary to those of the more
arid Quaternary (Frakes et al., 1987). There is
widespread evidence of predominantly alkaline
weathering, associated with the post-Tertiary dry-
ing at about 2.5 Ma. Since then, oscillatory warm
and cool climatic phases have been associated with
widespread alluviation, lacustrine sedimentation
and aeolian activity, with hillslope instability, ero-
sion and valley alluviation in highland areas.

The Quaternary record for Australia prior to
the last glacial-interglacial cycle, which began
about 120 ka ago, is poor, but a good record for
the last cycle is preserved. The development of
the landscape and regolith during this phase was
well described by Bowler (1982), Wasson & Clark
(1987) and Frakes et al. (1987), so only a brief
summary is included here.

Between 120 and 60 ka, at the start of the last
cycle, landscapes and climates were very similar
to those of the present. Inland Australia was domi-
nated by stabilised longitudinal dunes (Frakes
et al., 1987). Major westerly flowing streams
drained the Fastern Highlands, carrying fine sedi-
ments out across the Murray Basin. Dry lake beds
were scattered across the landscape. About 60 to
36 ka, as the build-up of ice began in the northern
hemisphere, runoff from the Eastern Highlands
increased, rivers transported coarser sandy sedi-
ment across the Murray Basin, and the inland
lakes filled (Bowler, 1978). A brief drying at this
time reactivated the longitudinal dunes (Bowler
& Wasson, 1983) but wetter conditions rapidly
returned and persisted until 25 ka, when cooler,
dryer conditions became dominant.

During the glacial maximum from about 30 to
15 ka, glaciers covered much of central and
western Tasmania and a small area near Mt
Kosciusko, leaving behind them glacial land-
scapes and moraine when they retreated. In the
inland areas available precipitation decreased
(Bowler & Wasson, 1983). High wind velocities
enabled longitudinal dune fields to be reactivated
and develop to their present dimensions. Source-
bordering dune fields developed downwind of
major streams (even in the highlands, e.g. Can-
berra), and lunettes of clay-rich materials formed
on the leeward side of inland lakes and in Tas-

mania (Frakes et al., 1987). The dune fields in
many coastal regions also developed during this
time in Tasmania. Inland lake systems dried,
depositing increasing amounts of salt and gypsum,
which, with clays, were deflated and deposited in
the lunettes. During this same arid phase, dust
and salts were carried downwind and deposited
as blankets across much of Australia. Many of the
desert loams and parna (loess) were formed dur-
ing these arid climatic episodes and in the high-
lands, where they accreted in soil profiles (Walker
et al., 1988).

In the Eastern Highlands the cool, dry periods
were marked by widespread hillslope erosion, for-
mation of alluvial fans and valley alluviation with
gravels and sands (between about 30 and 15 ka),
followed by relative hillslope stability and the
accumulation of fine alluvium in valley bottoms
(Walker & Butler, 1983). The sand and gravel
and the fine alluvium typically have red to yellow
podzolic and earth soils and prairie soils, respect-
ively developed on them.

This arid phase (and those of previous Quat-
ernary cycles) generally produced alkaline weath-
ering conditions in the arid areas. Increased
quantities of expanding clays with high cation
exchange capacity, eroded from weathering pro-
files formed under changed conditions in the
Eastern Highlands, were deposited on the adjac-
ent lowlands. These produced soils such as the
alkaline, saline and cracking clay soils so typical
of much of inland Australia (Table 5.2). The dune
sands produced uniform red siliceous sands. This
dramatic change from leached acid soils to the
more alkaline, carbonate- and salt-rich soil of the
Quaternary must have had a significant impact on
vegetation, particularly when the climatic insta-
bility and changes in availability of water are con-
sidered.

Associated with the Quaternary climatic oscilla-
tions were sea level oscillations of 100 to 120 m.
These changes in sea level resulted in the complex
set of coastal environments and landscapes of the
present. Many of the large coastal plains were
built during this period, indeed many since the
last glacial maximum. Complex coastal dune
systems with complex soil landscape patterns
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Table 5.2. Soil parent materials and soils resulting
from Quaternary arid weathering

Soil parent materials  Soils

Calcareous earths (Gc soils),
crusty and hard red duplex

Sediments of
Quaternary age,

and all fresh soils (Drl, Dr2), saline clays
rocks and and cracking clays (Ufl,
sediments Ug)), shallow sands (Uc),
exposed by shallow loams (Um),

shallow calcareous loams
(Umb.11) and saline loams

(Uml)

erosion of the
deep weathering
profile, or else
always protruding
above it

The notations in brackets are Northcote’s soil forms.

developed during this period. Land-bridges
between the mainland and Tasmania and New
Guinea have formed and been severed on numer-
ous occasions and the coastal plains around much
of the continent have expanded and contracted
with sea level change.

The cool to cold, windy and dry conditions
which characterised the last glacial maximum gave
way to present conditions ca 10 ka ago, and sea
levels stabilised at about their present level ca 6
ka ago.

CONCLUSION

The interdependence of climate, vegetation and
landscape is well known. This chapter has briefly
examined the evolution of landscapes and the
regoliths and the soils developed on them. Many
of the landscapes of the Great Western Plateau
have developed their present character since the
region was swept by Permian glaciers. The retreat
of the Cretaceous seas shaped the landscapes of
the basins in this region. The Eastern Highlands,
although their age is uncertain, were uplifted
before the late Mesozoic. Hence all the major
landscape elements have existed for at least 90
Ma, and are certainly ancient compared to those
in most other continents.

Since the retreat of the Cretaceous seas, the
continent has been tectonically quiet, with only

minor uplift and sagging having any influence on
landscapes. Climatic changes during this interval
have, however, had a profound effect on the land-
scapes and their regoliths. The period from the
Cretaceous to the Pliocene was predominantly
humid, causing widespread deep weathering and
leached acid soils. The onset of arid conditions
about 2.5 Ma dramatically altered the weathering
regimes to predominantly alkaline, leading to salt-
and carbonate-rich soils. Intensified winds during
this phase built the extensive aeolian landscapes
that characterise much of the interior and coastal
landscapes.

These dramatic shifts in landscape and soil
development over a long time have caused equally
dramatic shifts in vegetation, from humid forests
during much of the Tertiary to the flora of today.
Equally it is likely that earlier changes in vegeta-
tion can be viewed in the same way, although data
on earlier landscape evolution and soil develop-
ment are sparse.
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6 Patterns in the history of Australia’s
mammals and inferences about
palaeohabitats

M. ARCHER, S. J. HAND & H. GODTHELP

During the last two decades, vertebrate palaeonto-
logical research in Australia has entered a new
phase of development, with more investigators
backed by a significant increase in financial sup-
port from government and private financial
sources. The consequences of this accelerated
phase of investigation has been rapid growth in
information about vertebrate diversity, phylogen-
etic relationships, biocorrelation, palaeobio-
geography and palaeoecology. In this review, we
consider highlights of the developing late Meso-
zoic—late Cenozoic record of Australian terres-
trial mammals, in part because the Cenozoic
record of these is better known than that for any
other group of vertebrates and in part because
the ability to infer aspects of palaeohabitats from
anatomical features is perhaps greatest for this
group.

Most modern orders of mammals underwent
adaptive radiations between the Late Cretaceous
and late Paleogene subsequent to the Early to
mid-Cretaceous diversification of angiosperms.
For this reason many aspects of the history and
structure of Australia’s mammalian herbivores
reflect the requirements of harvesting and con-
suming particular groups of flowering plants. In
so far as this correlation holds, it is possible to
infer from the structure of the dentition of extinct
herbivores aspects of the vegetation upon which
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they fed. Although experimental studies (e.g. San-
son, 1989) of the function of the teeth of living
Australian herbivores are few, deductive analysis
of the diets of extinct forms based on diets of
living species enables hypotheses about the timing
of key mid-late Tertiary changes in the structure
of Australia’s terrestrial communities.

Higher-level systematic nomenclatures used
here follow those of Aplin & Archer (1987; mar-
supials), Watts & Aslin (1981; rodents) and
Walton & Richardson (1989; bats and other mam-
mal groups). Biostratigraphic nomenclature,
unless otherwise indicated, follows those of
Woodburne ez al. (1985) and Archer et al. (1989,
1991). The positions of the major fossil sites dis-
cussed in this chapter are shown in Figure 6.1
and the current understanding of the ages of the
sites is shown in Figure 6.2.

AUSTRALIAN MAMMAL
DIVERSITY

There are 12 groups of ordinally distinct endemic
Australian mammals. Ten have still-living rep-
resentatives: the egg-laying monotremes (platy-
puses and echidnas; since Early Cretaceous),
marsupial dasyuromorphians (dasyures, numbats
and thylacines; from Early Eocene), bandicoots
(bilbies, ordinary and forest bandicoots; from
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Figure 6.1 Map showing the locations of the major fossil sites mentioned in this chapter.

Early Eocene), marsupial moles (from Early
Miocene), diprotodontians (koalas, wombats, pos-
sums and kangaroos; from Late Oligocene), bats
(from Early Eocene), whales (from Oligocene),
rodents (from Early Pliocene), sirenians (dugongs;

from late Tertiary), carnivores (dingoes from mid-
Holocene and seals from Late Pleistocene) and
primates (humans; from Late Pleistocene)
(Archer, 1984; Rich, 1991). Of the two extinct
ordinal-level groups known, yalkaparidontians
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{Archer ez al., 1988a) appear to have been a rela- ORIGINS OF AUSTRALIA’S

tively minor radiation of highly autapomorphic
marsupials that vanished between the Middle
Miocene and FEarly Pliocene while Australian
‘?condylarthrans’ (Godthelp e al., 1992) appear
to have been nonvolant placental terrestrial mam-
mals that died out on this continent between the
Early Eocene and Late Oligocene.

MAMMALS: SOURCE AREAS AND
DISPERSAL ROUTES

Until recently, monotremes were presumed to be
unique to Australia. This impression was furth-
ered with discovery of the Early Cretaceous
monotreme from Lightning Ridge (Archer et al.,
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1985), Australia’s oldest and only Mesozoic mam-
mal. However, discovery of a platypus-like mono-
treme from 61-63 Ma old sediments in Patagonia
(Pascual e al., 19924,b) demonstrates that the
group had a Gondwanan distribution prior to the
vicariated isolation of monotremes in Australia
between Middle Eocene and Late Oligocene
time. The possibility of extinct African and New
Zealand monotremes should not be dismissed.

Australian marsupials have been presumed to
have had a long, isolated history, one reflected by
endemic ordinal- and family-level diversity.
Recent discoveries in South America, however,
have led to a revision of this view. Bonaparté
(1990) demonstrated that the Late Cretaceous
Los Alamitos faunal assemblage of South America
contains no marsupials. Pascual & Ortez-
Jaureguizar (1993) have further suggested that
marsupials did not disperse to South America
from North America until the latest Cretaceous or
Early Paleocene because there are no undoubted
marsupial fossils from South America prior to
61-63 Ma ago. Given current understanding that
Australia’s marsupials are monophyletic and
descendants of microbiotheriids that are known
from only the Cenozoic of South America and
Antarctica (Aplin & Archer, 1987), the late
appearance in South America sets constraints on
the time for dispersal of marsupials from there,
through Antartica (prior to Late Eocene; Wood-
burne & Zinsmeister, 1984), to Australia, which
presumably occurred between 70 and 63 Ma ago.
The oldest known Australian marsupials, at 55
Ma (from Tingamarra, southeastern Queensland:
Godthelp et al. 1992), do not contradict this
hypothesis.

The source for the ?condylarth from Tingam-
arra, the only nonvolant placental from Australia,
is uncertain. Condylarths are known from the
early Tertiary of South America (Marshall &
de Muizon, 1988) and the Cretaceous of all
northern continents. The affinities of the Austra-
lian ?condylarth are unclear but it at least
resembles some condylarths known from the
Cenomanian of Asia and some from the early
Cenozoic of South America.

Australian  microchiropteran  bats  were

assumed, until recently, to have had a Eurasian
origin, probably arriving sometime in the Oligo-
cene. Discovery of bat-rich Oligo-Miocene sedi-
ments at Riversleigh, northwestern Queensland
(Hand, 1987, 1989) and a single microchiropteran
tooth from Late Oligocene sediments in the Lake
Eyre Basin (Archer, 1978) suggested that rhinolo-
phoid bats arrived sometime prior to the Late
Oligocene. Now, however, discovery of an archaic
(palaeochiropterygoid) bat from the Early Eocene
Tingamarra Local Fauna (F) (Hand ez al., 1993)
makes it clear that plesiomorphic bats were in
Australia at least 10 Ma prior to separation of the
continent from Antarctica. The source for these
oldest Australian bats is unclear but similar bats
are known from the Early and Middle Eocene of
Europe and North America. Considering palaeo-
geographical patterns of the continents in the
Early Eocene, there are two possible dispersal
routes for Australia’s microchiropteran bats: a
rather circuitous route through North and South
America and Antarctica, or a more direct route
from southeastern Asia, via an archipelago, to
Australia. There are no early Tertiary South
American or Antarctic bats despite faunas from
South America, at least, being reasonably
well-known. In contrast, evidence for an Asian/
archipelagic source is supported by the
palaeogeographic studies summarised by Audley-
Charles (1987) and by palaeobotanical studies by
Truswell and others (e.g. Truswell et al., 1987),
which suggest that good dispersers among plant
groups have used an archipelagic route to
exchange in both directions between Asia and
Australia since at least the Early Cretaceous.

Megachiropteran (‘fruit’) bats, common today
in areas of northern and eastern Australia, are
unrepresented in the Tertiary deposits of Aus-
tralia; hence the time of their dispersal to this
continent is unclear. This group of bats is rep-
resented in the mid-Tertiary of Africa and Europe
and today is largely restricted to the Equatorial
regions of the Old World. There can be little
doubt that the source area for Australia’s mega-
chiropterans was southeastern Asia.

Australian cetaceans, sirenians and seals are in
the main a subset of populations widespread in
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the southern oceans (Fordyce, 1991). The only
probable exception to this cosmopolitan associ-
ation is an endemic freshwater river dolphin
(rhabdosteid) recovered from the Late Oligocene
Namba Formation of the Lake Frome area (For-
dyce, 1991). It is likely that the prior source for
this freshwater linecage was the oceans bordering
the southern margin of the continent, presumably
via the ancestral Spencer Gulf.

Australian rodents, all of which are members of
the family Muridae, are undoubtedly of Eurasian
origin and probably arrived via island-hopping
through archipelagoes linking Australia to south-
eastern Asia, sometime after the Middle Miocene
and prior to the Early Pliocene (Godthelp, 1990).

Endemic Australian terrestrial carnivores
include only the dingo (Canis familiaris). New-
some & Coman (1989) suggested that the earliest
known specimens, approximately 3.5 ka old,
exhibit attributes indicating that they were
brought into Australia as domesticates of Abor-
igines.

Humans appear to have arrived sometime
between 60 and 140 ka ago. There is argument
about the timing, nature and number of human
invasions, although considerable evidence sug-
gests that there were at least two, an early one
from southeastern Asia and a more recent one
from mainland China.

THE STRATIGRAPHIC SOURCE
FOR AUSTRALIA’S MAMMAL
RECORD

As a continent, Australia has the second most
poorly documented record of early mammals
(exceeded only by Antarctica; Savage & Russell,
1983). Although mammals are distinguishable
from derived synapsids by the Late Triassic on
other continents and are diverse by the late Juras-
sic of the northern hemisphere, Australia’s record
for this class is mainly confined to the Cenozoic.
A single monotreme (Steropodon galmani; Archer
et al., 1985) from the Early Cretaceous Griman
Creek Formation at Lightning Ridge, north-
western New South Wales, is the only undoubted
Australian Mesozoic mammal, although a second

possible mammal has been reported from the
same deposit (Rich et al., 1989).

The only early Tertiary mammal-containing
assemblage from Australia is the as yet little-
known Tingamarra LF from Murgon, south-
eastern Queensland (Godthelp et al, 1992).
Marsupial and placental fossils from Tingamarra
were collected from an unnamed lacustrine clay
that contained illites dated (K~Ar) at 55 Ma old
(Godthelp et al., 1992).

The earliest mid-Tertiary records for terrestrial
mammals are arguably Late Oligocene or Early to
even Middle Miocene in age. Doubts about the
ages of the Oligo-Miocene central Australian
mammal assemblages hinge primarily on the
reliability of foraminiferal biocorrelation (Lindsay,
1987; Archer et al., 1989, 1991; Rich ez al., 1991).
One species (Buliminoides sp. ¢f. B. chattonensis),
recovered in abundance from the Etadunna For-
mation, is otherwise known from only Late Oligo-
cene deposits in other areas of the world. The
vertebrates from central and northern Australia
were derived from lacustrine and fluviatile clays
and conglomerates of the Tirari Desert (the Eta-
dunna and Wipajiri Formations) and the Lake
Frome Embayment, South Australia (the Namba
Formation — which is evidently significantly time
transgressive; Martin, 1990) and freshwater lime-
stones at Kangaroo Well, southern Northern
Territory, Bullock Creek of central Northern
Territory (Camfield Beds) and Riversleigh, north-
western Queensland (Plane & Gatchouse, 1968;
Stirton et al., 1968; Archer et al., 1989, 1991).
The central Australian deposits appear to span
the Late Oligocene to Middle Miocene, ?Late Pli-
ocene and Late Pleistocene (Callen & Tedford,
1976; Woodburne et al., 1985; Archer et al., 1989,
1991; Rich e al., 1991). Fossil plants are known
from the Middle Miocene Leaf Locality in the
Wipajiri Formation (Stirton ¢t al., 1967) but these
have not yet been comprehensively studied. The
Riversleigh deposits (Figures 6.3, 6.4) appear to
span the Late Oligocene to Middle Miocene (or
possibly early Late Miocene) and Early Pliocene
to Holocene. Fossil plants have just been recov-
ered from the ?Middle to early Late Miocene
Dunsinane Site at Riversleigh (Archer et al.,
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1992). Assemblages of this kind, dominated by
small omnivores, suggest that at least some of
these mammals were arboreal frugivores. In
modern Australia, most comparably small omniv-
orous marsupials are arboreal possums. Hence we
could suggest that the vegetation surrounding the
Tingamarra lake included fruiting angiosperms.
Other vertebrates in this deposit include unidenti-
fied small teleost fish, birds, frogs and a variety of
reptiles including a madtsoiid snake (J. Scanlon,
personal communication) and abundant large cro-
codylids (P. Willis, personal communication) and
trionychid turtles (Gaffney & Bartholomai, 1979).
Because large reptiles dominate this vertebrate
fauna, we conclude that the Early Eocene climate
of this area of southeastern Queensland was mild
to warm throughout the year.

Late Oligocene to Early Miocene

No mammals are known from Australia between
55 and 25 million years of age; this ‘dark age’
includes the time when Australia separated from
Antarctica, sometime between 45 and 38 Ma ago
(Veevers, 1984). It also spans the Late Eocene-
Early Oligocene, when on all other continents
there was a major decline and turnover in mam-
malian faunas (e.g. the ‘Grand Coupure’ in
Europe and the ‘Terminal Eocene Event’ of
North America).

Many fossil assemblages span the interval
between Late Oligocene and Early Miocene
(Woodburne et al., 1985; Archer et al., 1991; Rich
et al. 1991). Some of these provide reasonable
indications of the structure of Australia’s Tertiary
mammal communities.

In central Australia, it is clear that biotas of this
age from the Tirari Desert of the Lake Eyre Basin
and those from the Lake Frome Embayment east
of the Flinders Ranges share much in common,
including the only representatives of a number of
unique marsupial genera (e.g. llaria and Pilkipil-
dra). Differences in the mammalian biotas of these
two areas are generally at the species level except
for the occurrence of freshwater river dolphins
in the Namba Formation of Lake Pinpa, Frome
Downs Station (Fordyce, 1991). Most if not all of

these central Australian LFs have been recovered
from fluvio-lacustrine deposits and are dominated
by teleost fish, chelid turtles, crocodiles and some-
times water birds. It is presumed that the mam-
mals were either washed into the depositional
basins by streams (e.g. the Tarkarooloo LF; Rich
et al., 1991), accumulated from the edges of the
lakes possibly by aquatic predators (e.g. the Ditji-
manka LF; Rich et al., 1991) or, in the case of
larger animals sometimes found as articulated
skeletons, possibly trapped along the muddy
margins of drying lakes (e.g. the Pinpa LF; Ted-
ford et al., 1977). Arguments that pollens from
the Etadunna clays of the Tirari Desert indicate
abundant grasslands interspersed with rainforest
(Nothofagus subgenus Brassospora, W. Harris per-
sonal communication to Woodburne et al., 1985)
during the Late Oligocene to Early Miocene have
recently been challenged. Following reanalysis of
Harris’s material, Martin (1990) suggested that
the grasses in the samples may represent aquatic
species rather than evidence for mid-Tertiary
central Australian grasslands. The abundant
browsing marsupials and arboreal possums but
lack of grazing mammals in the central Australian
biotas corroborates Martin’s interpretation.

In northern Australia, as evidenced particularly
by the diverse Riversleigh assemblages, the bal-
ance of evidence from the older assemblages sug-
gests that during the Oligo-Miocene, the area was
covered in species-rich, lowland rainforest. Evi-
dence for this conclusion was summarised by
Archer et al. (1989, 1991) and includes a high
diversity of sympatric arboreal folivorous mar-
supials and abundance of vertebrate groups whose
living descendants inhabit only rainforest (e.g. log-
runner birds, musky rat-kangaroos and Pseudochi-
rops-type ringtail possums). Further, the structure
of the Riversleigh mammal communities, with
high taxonomic diversity but lack of markedly
dominant species, resembles modern rainforest
rather than mesic communities. There is some
geological evidence for more open forest com-
munities beyond the depositional basins contain-
ing the oldest of Riversleigh’s Oligo-Miocene
deposits (the ‘System A’ deposits; D. Megirian,
personal communication), but there is no
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Creek LF of the Northern Territory fide Wood-
burne ¢z al., 1985) are reasonably well known and
indicate at least local wet forest environments
characterised by browsing herbivores. It is poss-
ible that these are riparian assemblages and that
drier, more open habitats existed further from
these sites of deposition.

The earliest evidence for possible grazing adap-
tations in Australian Oligo-Miocene mammals
occurs in the Bullock Creek LF of the Northern
Territory and a few of the stratigraphically highest
of the ‘System C’ LFs at Riversleigh. In the
former LF, a single, relatively high-crowned
macropodid kangaroo molar appears to represent
an animal adapted to feeding on abrasive plant
materials (B. Cooke, personal communication),
although these need not have been grasses. In the
latter LF, the presence of a limited number of
high-crowned ‘proto-wombat’ teeth suggest that
these marsupials were already specialising on
abrasive grasses or were pre-adapted for this diet
by specialising on some other abrasive food avail-
able within the late Middle Miocene Riversleigh
forests. Modern wombats are all grazers but these
forms also have far more specialised, rootless and
high-crowned teeth than their Riversleigh ante-
cedents.

Late Miocene

There are only two significant Late Miocene
mammal-producing sites in Australia: Beaumaris
in southern Victoria, and Alcoota in the southern
Northern Territory. The Beaumaris LF, obtained
from a near-shore marine deposit, is depauperate
and provides little information relevant to inter-
preting palaeoclimates or palaeohabitats.
Although the Alcoota LF is the only reasonably
diverse Australian Late Miocene assemblage, it
lacks almost all representation of arboreal mam-
mals. Even the single possibly arboreal animal, a
species of Pseudochirops-like possum known from
a single dentary, is not certainly arboreal. A close
living relative, the folivorous rock-haunting ring-
tail possum (Petropseudes dahli) inhabits rock piles
in areas of northern Australia and is only partly
arboreal. Evidently, by Late Miocene time, the

rainforests of at least the southern Northern
Territory had given way to open sclerophyllous
forest or, more probably, woodland. Yet, in con-
trast to modern woodland herbivores, the few
kangaroos and diverse diprotodontoid marsupials
present in the Alcoota LF were mostly browsers,
suggesting that although the forests of that time
and place were no longer closed, abrasive grasses
were not a significant component of the emergent
understorey.

Pliocene

There seems to be a significant evolutionary gap
in the history of Australia’s mammals between
Late Miocene assemblages such as the Alcoota
LF and the Early Pliocene assemblages of north-
ern and southeastern Australia. The latter are
characterised by grazing as well as browsing
kangaroos, larger but less diverse browsing dipro-
todontoids and a variety of specialised grazing
wombats. This distinction increases through the
Middle and Late Pliocene assemblages of Aus-
tralia. The generalisation, however, may not hold
for New Guinea where some of the *Middle Plio-
cene Awe mammals (e.g. Kolopsis rotundus; Plane,
1967; Rich et al., 1991) more closely resemble
Australian Late Miocene forms. A possible expla-
nation for this may be that the Awe area of New
Guinea was ecologically more stable during the
Late Tertiary and as a consequence provided a
refuge for lineages that became extinct earlier in
Australia.

Early Pliocene assemblages such as the Bluff
Downs LF of northeastern Queensland, the Bow
LF of eastern New South Wales and the Sunlands
LF of South Australia are also the first to exhibit
a high percentage of mammals representing still-
living genera. The Late Miocene Alcoota LF has
only one taxon: the Pseudochirops-like possum. In
contrast, the Bluff Downs LF (for example) con-
tains species of Macropus (Macropus), M. (Osphr-
anter), Petrogale, Pseudochirops, Perameles and
Planigale. One Early Pliocene assemblage, the
Hamilton LF of southwestern Victoria (Rich ¢t al.,
1991) is the only one that appears to have accumu-
lated in a rainforest. It contains generic-level taxa
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Monotremes (egg-laying mammals)

Ornithorhynchidae (platypuses)

The record starts in the Early Cretaceous with
the possible ornithorhynchid Steropodon galmani
from Lightning Ridge, New South Wales. One
genus has recently been found in 61-63 Ma old
sediments in Patagonia (Pascual et al., 19924,b)
demonstrating a Gondwanan vicariance pattern.
No post-Early Paleocene monotremes are known
from anywhere other than the Australian region.
Obdurodon spp. occur in the Oligo-Miocene sedi-
ments of central Australia and Riversleigh, where
they reflect the presence of permanent fresh
water. Loss of inland waterways around the Lake
Eyre and Lake Frome areas meant the loss of
platypuses from central Australia. Ornithorhynchus
anatinus, the modern platypus, is the only survivor
of a lineage that appears to have undergone geo-
graphical and morphological decline since the
Middle Miocene. There is no evidence that platy-
puses ever existed in New Guinea.

Tachyglossidae (echidnas)

The record starts in the Late Miocene of New
South Wales. Three genera are known: Tachy-
glossus (short-beaked, termite-eating echidnas)
from Australia and New Guinea; Megalibgwilia
(giant long-beaked, ?large insect-eating echidnas)
from the Late Miocene to Pleistocene of Aus-
tralia; Zaglossus (long-beaked worm-eating ech-
idnas) from the Pleistocene of Australia and
Holocene of New Guinea (Griffiths ez al., 1991).
The reasons for the Pleistocene extinction of Zag-
lossus and Megalibgwilia from the Australian main-
land are unclear but two points may be relevant:
(1) modern Zaglossus bruijnii persists, albeit rarely,
in New Guinean rainforest; (2) it is a favourite
food item of the Papuans. Late Pleistocene
declines in Australia’s rainforests and the arrival
of humans may, therefore, have contributed to its
decline on the mainland.

Marsupials (‘pouched’ mammals)

Dasyuridae (dasyures), Thylacinidae
(thylacines), Myrmecobiidae (numbats)

These were the common carnivores and insecti-
vores of the late Tertiary and Quaternary. Dasy-
ure diversity expands in northern Australia
concomitant with a decline in bandicoot (perame-
loid) diversity. Thylacine diversity declined from
at least five species in the Late Oligocene—
Middle Miocene, ranging from small- to large-
dog in size, to one large species in the Late
Miocene (Alcoota) and the single modern species
from the Early Pliocene—Holocene. Geographi-
cal decline included loss from New Guinea
approximately 10 ka ago, loss from mainland Aus-
tralia at the time dingoes were introduced by
Aborigines about 4 ka ago and extinction from
Tasmania in the 1930s following intense per-
secution by Europeans. Numbats, like honey pos-
sums and fruit bats, have not yet been found in
the Tertiary.

Notoryctidae (marsupial moles),
yalkaparidontians (‘thingodontans’),
yingabalanarids (‘weirdodontans’)

Marsupial moles are represented today by the
single central desert species Notoryctes typhlops.
Discovery of the only known and relatively plesi-
omorphic fossil member of this family in Oligo-
Miocene rainforest deposits of Riversleigh
suggests that they pre-adapted within forests for
a subterranean lifestyle in deserts. The notion that
the Tertiary rainforests were the source for most
of Australia’s dry country animals has been called
the ‘Green Cradle Concept’ (Archer et al., 19885;
Archer, 1990). Thingodontans (Figure 6.11) and
weirdodontans exemplify another aspect of Aus-
tralia’s mammal record — the persistence of strik-
ingly distinctive, presumably archaic Gondwanan
groups of mammals until the Middle Miocene,
after which time they evidently vanished with the
great inland rainforests.
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species in single LE's. Even in the Oligo-Miocene
assemblages of central Australia there were as
many as three sympatric species, albeit rep-
resenting extinct groups. However, in the Oligo-
Miocene sediments of Riversleigh there are
diverse Pseudochirops-like and Pseudochirops ring-
tails, taxa that today exist only in the rainforests
of New Guinea and Australia (Figure 6.15).
Because of the rarity of Tertiary rainforest assem-
blages apart from Riversleigh, it is not until the
Early Pliocene Hamilton LF that rainforest ring-
tails are again visible in this remnant of declining
continental rainforest. In the drier parts of
modern Australia, only the common ringtail (a
decidedly autapomorphic taxon) is widespread,
the others being confined either to wet forests in
eastern Australia or to northern rocky habitats of
the Northern Territory, Queensland and Western
Australia. Ringtails also provide one (greater
gliders, Petauroides) of three lineages of possums
(pseudocheirids, petaurids, acrobatids) that have
developed gliding capacities presumably in
response to the late Tertiary widespread opening
of the forest canopy. The first sign in the record
of gliding possum /ineages comes from the Hamil-
ton LF of southwestern Victoria, where possible
ancestors or close relatives of the gliding ringtails
and gliding petaurids occur. Although it is far
from clear that these Early Pliocene species
(Petauroides stirtoni, P. marshalli and Petaurus spp.)
could glide, the possibility qualifies assumptions
that the Hamilton palaeohabitat was exclusively
rainforest.

Placental mammals

Palaeochiropterygoidea (archaic bats)

The presence of a ‘palaeochiropterygoid’ in the
Early Eocene Tingamarra LF of southeastern
Queensland may be a palaeoclimatic indicator.
Elsewhere in the world, microchiropteran bats of
this type are known only from warm, tropical—-
subtropical palaeoenvironments such as the Early
and Middle Eocene of southern Europe and cen-
tral North America.

Hipposideridae (leaf-nosed bats)

Oligo-Miocene bat assemblages of tropical and
subtropical middle Europe contained abundant
hipposiderid bats. In the Australian fossil record,
the bat-rich Oligo-Miocene deposits of Rivers-
leigh are similarly dominated by a wide variety of
hipposiderids (Figure 6.16), some of which persist
in the riparian Pliocene Rackham’s Roost LF
(Hand, 1989). Presumably by Pleistocene and cer-
tainly by Holocene time, hipposiderid diversity in
this region had steeply declined, with a concomi-
tant rise in the diversity and abundance of vesper-
tilionids, microchiropterans that today dominate
the Australian as well as world faunas, modern
hipposiderids having their centres of abundance
mainly in the wet, Old World tropics (e.g. the
lowland rainforests of Sarawak). Although hippos-
iderids no longer dominate the modern Australian
bat fauna, they remain common in parts of the
tropics. The overall phylogenetic and geographi-
cal decline in the Australian record presumably
reflects the decline in extent and diversity of Aus-
tralia’s tropical forests.

Muridae (rodents)

At least one uncommon mouse-sized rodent
(Pseudomys vandyckii Godthelp, 1990) is known
from the Early-Middle Pliocene Chinchilla
Sand of southeastern Queensland and a single
undetermined murid is represented in the Bluff
Downs LF (Archer & Wade, 1976). However, in
the ?Early—Middle Pliocene Rackham’s Roost
LF of Riversleigh, northwestern Queensland,
there is a plethora of plesiomorphic as well as
derived endemic murid taxa, suggesting an earlier
arrival and evolution in isolation for this group in
Australia. Modern species of the genera rep-
resented in the Rackham’s Roost deposit are only
known from nonrainforest habitats. Godthelp
(1990) suggested that murids first dispersed to
Australia sometime in the Late Miocene or earli-
est Pliocene via sclerophyllous forest or woodland
archipelagic corridors linking northern Australia
and southeastern Asia. Lineages that today inhabit
Australia’s rainforest (Uromys, Melomys and some
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7 Australian Tertiary phytogeography:
evidence from palynology

H. A. MARTIN

This chapter reconstructs Tertiary vegetation and
phytogeography from the fossil spore and pollen
record. Plants are constrained by their environ-
ment: they cannot grow outside of acceptable
environmental limits, and climate is the most
important of all environmental factors. For this
reason, past distributions are considered in con-
junction with the appropriate past climate and
other environmental factors that may have been
very different from those of today. Some well-
established phytogeographical hypotheses are dis-
cussed in the light of the fossil record.

The palynological record is comprehensive and
well suited to this purpose, but it has limitations.
Not all pollen preserves as fossils. For example,
the Lauraceae, an important Australian family and
common in the macrofossil record, is absent from
the fossil pollen record. When micro- (spores,
pollen) and macrofossil (leaves, flowers, fruit)
floras are compared, there is a core of common
taxa, but some taxa are restricted to one or the
other flora. For example, of the total flora identi-
fied in one deposit by Graham & Jarzen (1969),
27% were found as microfossils only and 17% as
macrofossils only, with a core of 56% found as
both. Furthermore, micro- and macrofossils from
six Eocene lenses at Anglesea (Victoria) contain
spore and pollen floras that vary somewhat, but
are generally similar. However, macrofossil per-
centages are markedly different between lenses,
and include taxa not identified as microfossils
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(Christophel ¢t al., 1987). The microfossil assem-
blage samples a broader area and gives a more
general picture of the vegetation, whereas macro-
fossils present more localised and variable facets.
Obviously, if both micro- and macrofossils are
studied, a better picture of the vegetation emerges
than from either one alone, but this has rarely
occurred. It is not always possible to study both
in the same deposit. Sediments deep underground
are accessible by bores, which is a great advantage,
especially in the Australian context where most of
the landscape is so flat. Microfossils may be
extracted from bore samples which are unsuited
for macrofossil recovery.

Studies of pollen assemblages collected from
the forest floor show that they are identifiable
with, and may characterise the vegetation at, a
general or formation level (Birks & Birks, 1980;
Sluiter & Kershaw, 1982). Small patches of differ-
ent kinds of vegetation, such as may be found
in sheltered gullies or gorges, are palynologically
invisible (Kershaw, 1973; Ladd, 1979). Such
patches, however, are very important biologically.
Thus, interpretations of the vegetation are those
of the dominant type in the landscape and exclude
small areas of different kinds of vegetation.

Most palynological sites are in southeastern
Australia. Evidence from elsewhere in Australia
is too sporadic for a detailed history, but is invalu-
able for comparisons with the southeast and for
illustrations of geographical variation.
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FIRST APPEARANCES

Fgure 7.1 shows the time ranges of taxa recorded
from southeastern Australia. Note that the level
of identification is not uniform. Some pollen types
are sufficiently distinctive to be identified with
species, e.g. Lagarostrobos franklinii, Dodonaea tri-
quetra and Gardenia chartacea, but they are few.
Others can be identified only to genus, family or
order.

This range chart applies to southeastern Aus-
tralia in a general sense. Pollen of some of the
taxa are found only in inland areas, such as the
Murray Basin and not in the coastal Gippsland
Basin, e.g. Alangium, Fuchsia, Caesalpinoides,
Guettarda, Alyxia, Malpighiaceae (Macphail &
Truswell, 1989). Ranges may differ elsewhere in
Australia. For example, Anacolosa pollen dis-
appeared from southeastern Australia at about the
end of the Eocene, but it was present in the Early
Miocene in Queensland (Hekel, 1972). Those
taxa not found in Australia today are given in
Figure 7.1. Most of the taxa, however, are present
in the modern vegetation, but their distributions
have changed drastically. One group given in
Figure 7.1 is now restricted to Tasmania but was
once widespread in Australia. Others are now
restricted to the north, e.g. llex (Martin, 1977) and
Nypa (Lear & Turner, 1977). Many once found in
inland areas are now restricted to the northern
and eastern coastal strip.

Figure 7.1 shows that there is a group of gym-
nosperms that range throughout most of the
Mesozoic. Angiosperm pollen types identifiable
with extant taxa appear within the Late Cre-
taceous, but these are not the very first angio-
sperms because there are a number of extinct
pollen forms that cannot be identified with extant
taxa (Dettmann & Playford, 1969; Dettmann,
1973). Figure 7.1 lists those pollen taxa that can
be identified with extant taxa, but there are many
fossil types, especially among the tricolpate or
tricolporate grains, that are not yet identifiable.

These first appearances may have been the
result of evolution in southeastern Australia, or
migration from elsewhere. Evoluton and
migration are discussed later.

Changes through time

The palynofloras through the Tertiary are
described in detail in Chapters 10 and 13. A brief
overview is necessary for the discussion here.

Pollen frequencies reflect the relative abund-
ance of some taxa in the vegetation, but this
reflection is biassed towards wind-pollinated taxa,
which produce large quantities of pollen. Insect-
pollinated plants usually produce smaller quanti-
ties of pollen with larger, heavier grains that may
not be transported by the wind at all. For example,
Ladd (1979) noted the absence of Acacia in the
pollen assemblage from the floor of a forest in
which it was classified as codominant. Acacia is
regularly found in the fossil record, but only as a
small percentage of the total assemblage, hence
little can be said of its abundance and any possible
variation in the vegetation. The Myrtaceae,
though mainly insect/bird/bat-pollinated (Chur-
chill, 1970; Crome & Irvine, 1986; McCoy, 1989),
produce copious pollen, and high percentages
may be found in fossil assemblages. Though the
taxa with the highest pollen percentages may not
have been the most abundant in the vegetation,
when percentages change, sometimes dramati-
cally, it indicates change in the vegetation. The
frequencies in the pollen diagrams are a ‘pollen
signature’ that characterises the vegetation.

In general, the spores of ferns and their allies
show no particular variation with time and prob-
ably reflect ecological conditions. The group con-
tains many taxa, but only a few may be abundant.
Cyathea, a tree fern, is probably the most abundant
taxon and is usually present in appreciable spore
frequencies in the Late Miocene—Pliocene
sequence. In the Late Pliocene—Early Pleisto-
cene, the bryophyte Anthocerotae is an important
spore type, although the composition of the group
may not be temporally and spatially uniform.

The gymnosperms, as a group, were most abun-
dant in the earliest Tertiary, and decreased in the
Early Eocene. For the remainder of the Tertiary
no particular pattern is observed, indicating geo-
graphical variation or a response to local ecologi-
cal conditions.

Casuarinaceae pollen may be abundant at any
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time during the Tertiary, reflecting local ecologi-
cal conditions. Pollen cannot be identified more
precisely than the family (Kershaw, 19704), but
the cones and foliage of Gymmnostoma, a rain-
forest taxon, are distinguishable from Casuarina—
Allocasuarina of open forests, woodlands and shru-
blands. Macrofossil evidence is therefore required
to determine the environmental significance of the
presence of this family.

Nothofagus pollen first appeared in the Late
Cretaceous and maintained relatively low percent-
ages until the Late Focene, when it increased
dramatically. Higher percentages continued
throughout the Late Eocene and Oligocene,
decreased a little in the Early Miocene and drasti-
cally in the Middle—Late Miocene. Nothofagus
subgenus Brassospora constitutes the bulk of the
pollen. There was a minor resurgence of Notho-
Sfagus in the Early Pliocene, but this did not include
subgenus Brassospora. Nothofagus disappeared
from inland regions after the Early Pliocene, but
persisted in highland regions until Plio-
Pleistocene time (McEwen Mason, 1989) and in
the most southeasterly part of Australia, east
Gippsland, where relict populations are found
today. Nothofagus is important in the extant vegeta-
tion of Tasmania.

The Myrtaceae contains fossil taxa with diverse
ecological requirements. One ecucalypt pollen
type, Myrtaceidites eucalyptoides, conforms to the
bloodwood eucalypt/Angophora morphology, but
other eucalypt pollen types are also present. Euca-
lypts are well-known indicators of open sclero-
phyllous forests and woodlands, but some of the
myrtaceous pollen is recognisable as Backhousia,
Syzgium, Tristania (Martin, 1978), Decaspermum,
Austromyrtus, Rhodamnia (Truswell et al., 1985),
Acmena and Syzygium—Cleistocalyx (Luly et al.,
1980), which are predominantly rainforest taxa.
Fire history provides indirect evidence about the
kind of vegetation this group represents. The
charcoal content parallels the abundance of Myrt-
aceae (Martin, 1987). Rainforests rarely burn,
except in drought periods when they are subjected
to exceptional drying (Webb, 1970; Luke &
McArthur, 1978), whereas eucalypt forests burn

on a regular basis (Ashton, 1981). Pollen evidence
indicates that eucalypts became dominant in the
vegetation at about Late Miocene time.

Proteaceae pollen was most abundant in the
Paleocene—Middle FEocene, decreased in the
Late Eocene and maintained relatively low per-
centages throughout the rest of the Tertiary. This
group consists of up to 23 pollen types and its
abundance is remarkable, given the low pollen
productivity of modern Proteaceae (Martin,
1978). These ancient Proteaceae were probably
rainforest trees, but in the extant rainforest of
northeastern Australia Proteaceae, although rela-
tively common, contributes only low percentages
to the pollen rain (Kershaw, 19705). Many of the
early Tertiary pollen species became extinct at
about the end of the Eocene. The geographical
diversity of early Tertiary proteaceous pollen
species is also remarkable, with whole suites
described from Western Australia (Stover & Par-
tridge, 1982), and Queensland (Dudgeon, 1983),
as well as from southeastern Australia. Some
species are common to each of these areas, but
others appear to be restricted to the area of their
description.

Asteraceae pollen, which first appeared in the
Miocene, remained low until the Late Pliocene—
Pleistocene, when it increased dramatically.

Poaceae pollen, which first appeared in the
Eocene, was rare until the Late Miocene—
Pliocene, when there were local increases. It
increased dramatically in the Late Pliocene—
Pleistocene.

THE VEGETATION

Tertiary vegetation is described in detail else-
where in this book (Chapters 10 and 13). Briefly,
it was rainforest, or closed forest throughout
the early to-mid-Tertiary, when Nothofagus was
common. In the mid-Late Miocene, the change
to abundant Myrtaceae and the higher charcoal
content, but with some rainforest taxa still present,
may indicate the presence of wet sclerophylious
forest, which has a tall canopy of eucalypts, some
rainforest taxa in the understorey and burns on a
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regular basis (Ashton, 1981). In the Early Pli-
ocene, there was a minor resurgence of rainforest,
which probably did not entirely displace the wet
sclerophyll. This return of rainforest did not last
long and wet sclerophyllous taxa became domi-
nant in the mid—Late Pliocene. With the increase
in Asteraceae and Poaceae, the vegetation was
probably more open, with the development of
woodlands and grasslands/herbfield in the Late
Pliocene~Pleistocene. Within these general types
of vegetation there is both temporal and spatial
variation.

Paleocene

Podocarpaceous gymnosperms dominated and the
proteaceous type was significant and diverse in the
Paleocene vegetation. Myrtaceae, Casuarinaceae
and Nothofagus were minor components and there
was a diversity of other angiosperms. The vegeta-
tion at Princetown suggests a cool temperate cli-
mate, similar to that of Tasmania today (Harris,
1965).

Late Paleocene floras from Bombala in the
Southeastern Highlands are probably slightly
younger than those of Princetown. Bombala
resembles Princetown in that podocarp pollen is
dominant, and there is a diversity of angiosperms,
including a low occurrence of Casuarinaceae, but
it differs in the greater abundance of Nothofagus
pollen, the absence of Myrtaceae and the greater
restriction of the proteaceous type. Bombala veg-
etation is interpreted as cool temperate rainforest,
with a suggested mean annual temperature of
14-20 °C and precipitation of 1200-2400 mm.
Fossil tree ring analysis indicates that the trees
grew in a favourable and uniform environment,
growth was slow, the growing season ended
abruptly and frosts and droughts did not occur.
These forests grew at palaeolatitudes of 57° S and
daylength would have had considerable seasonal
variation, but total availability of light was not
limiting. Growth increments were complacent,
which is a feature of extensive and dense forests
(Taylor et al., 1990).

Mount Royal Range, another Late Paleocene

highland site north of Bombala, also has gymno-
sperm pollen dominant but the angiosperm flora
is less diverse and Nothofagus is absent (Martin

et al., 1987).

Early Eocene

The pollen floras are very diverse and have a
wealth of angiosperms in the Early Eocene. When
compared with the Paleocene, gymnosperms were
less abundant and the proteaceous type remained
significant. Nothofagus and Myrtaceae were minor
elements in the vegetation.

Middle Eocene

Middle Eocene pollen floras are similar to those
of the Early Eocene, with diverse angiosperms and
a significant proteaceous component, but differ in
that Nothofagus frequencies increased.

Late Eocene

Nothofagus was the dominant pollen group in the
Late Eocene. Since Nothofagus is a high pollen
producer, trees in the forest were probably not as
abundant as suggested by the pollen diagrams.
While it may have been no more abundant than
some of the other taxa found in low frequencies, it
was more common than in the Paleocene~Early
Eocene. Many of the Early-Middle Eocene
angiosperms continued into the Late Eocene and
there was high diversity. By the end of the Eocene,
however, many of these older angiosperms had
disappeared.

Oligocene

Nothofagus pollen remained common in the Oligo-
cene. In comparison with the Eocene, the floras
are not as diverse, and the proteaceous type in
particular is much reduced. There are, however,
a number of angiosperms, currently of more tropi-
cal affinities, found in inland regions (Macphail
& Truswell, 1989).
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Early-Middle Miocene

Nothofagus pollen decreased somewhat in inland
regions during the Early—Middle Miocene, while
frequencies remained high in coastal and extreme
southeastern localities. Myrtaceae increased and
araucarians, Casuarinaceae or other angiosperms
may have been locally abundant, especially in
inland regions. The Early-Middle Miocene
appears to be a time of maximum diversity of
forest types (discussed further below).

Late Miocene

A drastic change occurred in Late Miocene, with
the disappearance of Nothofagus pollen and the
increase of Myrtaceae. Many of the rainforest
flora also disappeared. The Late Miocene marks
the end of widespread rainforest, although small
pockets probably remained in suitable habitats
such as sheltered gullies, etc. Wet sclerophyllous
forest, with a tall, open eucalypt canopy and rain-
forest species in the understorey replaced the
rainforest. In many respects, wet sclerophyllous
may be regarded as intermediate between rain-
forest and dry sclerophyllous forests, or open
eucalypt forests without rainforest taxa. Wet scler-
ophyllous forests require fire for regeneration.
Cyathea, the tree fern, is common in sheltered
gullies of extant wet sclerophyllous forests in
southeastern Australia (Ashton, 1981). The her-
baceous element, i.e. Asteraceae and Poaceae, is
present but in limited frequencies in open forests.
The fossil record is consistent with all of these
features.

Early Pliocene

In the Early Pliocene there was a brief resurgence
of rainforest, but it is only a fraction of that of the
Early—Middle Miocene and it did not completely
displace the myrtaceous forests. There was
probably a mosaic, with rainforest in the moister
habitats and wet sclerophyll in the drier parts of
the landscape. The composition of the rainforest
varied with locality.

In the Lachlan Valley, there is appreciable

Nothofagus pollen but very little at Jemalong Gap
(Martin, 1987). The latter site, however, has
Cupanieae, Macaranga/Mallotus, Helicia/Orites/
Macadamia and Symplocos, rainforest taxa not
found in the Lachlan Valley. Gymnosperms may
have been more abundant in the Early Pliocene.

Mid-Late Pliocene

The resurgence of rainforest in the Early Pli-
ocene was short lived and the vegetation returned
to its former state, i.e. wet sclerophyllous forest.
Towards the latest Pliocene, the rainforest taxa
including gymnosperms disappeared and the myr-
taceous forests became more dry sclerophyll. Pol-
len of herbaceous taxa also increased.

Latest Pliocene—Pleistocene

There was a dramatic change in the latest Pli-
ocene—Pleistocene. The vegetation opened, and
woodlands and grasslands/herbfields became
dominant.

CLIMATE

Quilty (Chapter 3, this volume) discusses climate
as deduced from oceanic evidence, but climate
may also be deduced from the vegetation. The
oceanic climatic record is one mainly of tempera-
ture, whereas precipitation may be deduced from
the vegetation. Temperature and precipitation are
not independent, and changes in oceanic tempera-
ture have repercussions far inland, and on precipit-
ation, as this discussion shows. A reconstruction
of the precipitation for the Late Eocene—
Plio-Pleistocene from the Lachlan Valley region
is shown on Figure 7.2. This reconstruction is
based upon the present-day requirements of a
number of taxa and the types of vegetation (see
Martin, 1987).

In the Late Eocene—Oligocene of the Lachlan
River region (Figure 7.2), rainfall was very high,
probably above 1800 mm annually. High humid-
ities would have been maintained throughout the
year and the forests rarely dried out sufficiently
to allow burning. There was a slight decrease in
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1987) and the surface water oxygen isotope temperatures, from Shackleton & Kennett,
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precipitation at about the Late Oligocene—Early
Miocene, but it was still above 1500 mm annually,
the lower limit for widespread rainforest in New
South Wales today (Baur, 1957). There would
have been no definite dry period to allow burning
on a regular basis.

In the Late Miocene, there was a further drop
in precipitation, probably to 1500-1000 mm
annually, between the lower limit for rainforest
and the lower limit for wet sclerophyllous forest
(Ashton, 1981). There was a definite dry period
and burning became a regular event.

In the Early Pliocene precipitation increased,
probably to just over 1500 mm annually for a brief
interval. It decreased again to 1500-1000 mm
annually in the mid—Late Pliocene. In the latest
Plio-Pleistocene, precipitation decreased further
to about 500—800 mm annually, the lower limit
for the major eucalypt species in wet sclerophyl-

lous forest (Ashton, 1981; Boland ez 4/., 1984) and
for isolated pockets of rainforest across northern
and northeastern Australia (Webb & Tracey,
1981). There were subsequent decreases during
the Pleistocene, but they are not pursued here.
The nature of sediments is strongly influenced
by the climate at the time of deposition. The cli-
matic record indicated by sediments strongly sup-
ports evidence deduced from the vegetation. In
the Late Eocene—Oligocene, carbonaceous clays
and lignites containing wood are common. Such
lignites would have been formed from swamp
forests, which require very wet conditions. In the
Early-Middle Miocene, pale grey clays with a
lower carbonaceous content indicate that con-
ditions of deposition were not as wet, but high
humidities were maintained around the year. In
the Late Miocene—Pliocene, grey clays are very
restricted, showing that permanent swamps, bogs
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etc. were not common in the landscape. Most of
the sediments contain variegated clays of reds,
browns, yellows, fawns and whites. The red-
brown colours indicate a well-marked dry season.
There is one horizon in this Late Miocene~
Pliocene sequence of the western slopes of New
South Wales, however, where carbonaceous clays,
some wood and lignite, are found and it is these
sediments that indicate the FEarly Pliocene
resurgence of rainforest. The Pleistocene sedi-
ments are almost entirely brown in colour and
grey clays are rare. The climate had become too
dry to support the permanently wet conditions
required for pollen preservation, except in a few,
rare localities (Martin, 1986).

The oxygen isotope sea surface temperature
curve (Shackleton & Kennett, 1975) is shown in
Figure 7.2. It depicts the decline of temperatures
throughout the Tertiary, from possibly the
warmest intervals in earth’s history during the
Cretaceous (Frakes & Francis, 1990), to the Pleis-
tocene glaciations. The Oligocene—Pleistocene
oxygen isotope temperatures roughly parallel the
precipitation curve. Thus, a decline in tempera-
ture was accompanied by a decline in precipi-
tation.

The light regime must also be considered. In
the early Tertiary, southeastern Australia was
much further south and would have experienced
long summer days and short winter days with low
light levels. Paleocene wood from the Monaro
region (discussed previously) has clear and well-
defined rings, showing that growth was controlled
by well-defined seasons. The end of the growing
season was abrupt, as shown by few late wood
cells. These characteristics are found today in
forests that are uniformly wet. The wood shows
that frosts did not occur. Since this locality was
at 57° S, these forests would have had the low
winter light levels of the high latitudes (Taylor
et al., 1990), which would have been the cause of
seasonality at this time.

GEOGRAPHICAL VARIATION

Where sufficient detail of the palynofloras has
been reported, geographical variation can be

described, both within southeastern Australia and
between southeastern Australia and other regions
of Australia. For the Paleocene—Middle Eocene,
there are only a few sites, but even so, some simi-
larities and differences emerge.

Late Paleocene-~Early Eocene palynofloras in
the Lake Eyre region of Central Australia are
strikingly different from those in southeastern
Australia. Here, the vegetation was dominated by
Cunoniaceae and there was probably a significant
gymnosperm content. In the Early Eocene there
was a major change to Myrtaceae forests, and in
the Middle Eocene Nothofagus subgenus Brasso-
spora became significiant (Sluiter, 1992). In south-
eastern Australia, Cunoniaceae pollen has not
been recorded and Mpyrtaceae is only a minor
component.

Middle Eocene palynofloras in the Eyre Forma-
tion of central Australia have a low frequency of
Nothofagus and high Casuarinaceae, but one, from
the late Middle Eocene, is dominated by Notho-
Jfagus (Wopfner ez al., 1974). A late Middle Eocene
palynoflora from the St Vincent Basin, South Aus-
tralia, has a diverse flora with a small amount of
Nothofagus pollen (Hos, 1977), far less than that
at Anglesea, which is a site of comparable age in
southeastern Australia (Christophel et al., 1987).
The Casuarinaceae pollen content is high, similar
to that of the basal sample at Anglesea. It has a
remarkable 26% of proteaceous pollen types, the
highest of any Australian locality, but Myrtaceae
pollen is a minor component.

Middle-Late Eocene palynofloras of the
Yaamba Basin in Queensland have a minor
amount of Nothofagus, but a rich diversity. The
most abundant pollen type is variously Casua-
rinaceae, Araucariaceae, ?palm (Arecipites sp.), or
unidentified tricolpate or tricolporate types
(Foster, 1982).

The Middle-ILate Eocene is of special inter-
est, as itis the time that Nothofagus increases in the
vegetation, but not uniformly over the continent.
There are a number of Middle-ILate Eocene
palynofloras outside of southeast Australia. In the
Eucla Basin, Western Australia, a coastal site of
Late Eocene—Early Oligocene age yielded a rich
flora that has abundant Nothofagus pollen and a
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great diversity of proteaceous species, in keeping
with south-eastern Australia. The most common
gymnosperm pollen is Lagarostrobos (Milne, 1988).
In the Officer Basin, pollen assemblages of latest
Middle Eocene—early Late Eocene age have an
appreciable content of Nothofagus, and Casua-
rinaceae may be abundant (Hos, 1978). Although
the proteaceous content is not high, it is extremely
diverse (Alley, 1985). These assemblages are thus
similar to those of southeastern Australia.

Pollen assemblages at Napperby, Central Aus-
tralia, reported as Middle Eocene (Kemp, 1976),
have appreciable Nothofagus, and Casuarinaceae
is sometimes abundant, similar to the palynofloras
in southeastern Australia. There is, however, a
significant proportion of the swamp taxa Spargani-
aceae, Cyperaceae and Restionaceae, which indi-
cate a swamp with open vegetation. Micrantheum,
a heath taxon, is also present (Kemp, 1976) and
this taxon is rarely seen in southeastern Australia
until the Late Miocene—Pliocene (Martin, 1987).
Thus, at this locality there were some open
swamps and shrubby vegetation as well as rain-
forest.

Lagarostrobos franklinii, the huon pine, has a
long history (Figure 7.1) and is often the most
common gymnosperm in Late Eocene assem-
blages in the Lachlan and Murrumbidgee regions
of New South Wales (Figure 7.3). In Late
Eocene—LEarly Oligocene coal assemblages of the
Gippsland Basin, Victoria, pollen of Lagarostrobos
may constitute more than 80% of the assemblage,
which is exceptionally high (Stover & Partridge,
1973). In the Early Oligocene, any abundance was
restricted to the more southerly part of New South
Wales, and by Late Oligocene—Early Miocene
time it was rare. In Early-Middle Miocene
assemblages of the Yallourn region, however, it
may be the most common gymnosperm pollen.
Thus Lagarostrobos, which was widespread and
frequently common in the Late Eocene (and some
earlier times), was restricted to the most south-
easterly part of the Australian mainland by the
Middle Miocene. Today, Lagarostrobos is endemic
to southwest Tasmania, which has an annual pre-
cipitation of up to 2500 mm (Boland et al., 1984).
This pattern of change suggests that the distri-

Late Eocene

vv

Early Oligocene

Late Oligocene-
Early Miocene

Pleistocene

Present distribution

Figure 7.3 Occurence of Lagarostrobos franklinii. Solid sym-
bols indicate where L. franklinii is the most abundant gymno-
sperm, open symbols where it is not. Greater abundance is
restricted earlier in inland regions where the climate is drier.
H, Hillston; L, Lachlan.

bution of Lagarostrobos became progressively
restricted to the wetter, more southeasterly
regions, as the climate became progressively drier.
There are many Early—Middle Miocene sites
within southeastern Australia and the distribution
of different abundances can be mapped (Figure
7.4). Vegetation with high Myrtaceae is found
mainly in inland regions. Some of these high Myr-
taceae assemblages have a considerable amount
of the bloodwood eucalypt/Angophora pollen type,
e.g. Lake Menindee (Figure 7.5). The northeast
coastal site, Alstonville (Figure 7.5), however, is
clearly different from the inland sites in that it has
a high proportion of a different myrtaceous grain,
which is more like the rainforest taxa Rhodamnia/
Avrchirhodomyrtus. Vegetation with abundant
Nothofagus was concentrated towards the wetter
regions at the coast and to the south.
Assemblages with Araucariaceae as the most
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Figure 7.4 Distribution of greater abundance of selected taxa
for the Early—Middle Miocene. 1, Alstonville, H. A. Martin
(unpublished data). 2, Namoi River, Martin (1980). 3, The
Warrumbungles, Holmes et al. (1983). 4, Castlereagh River,
Martin (1981). 5, Mudgee, H. A. Martin (unpublished data).
6, Home Rule, McMinn (1981). 7, Little Bay, A. D. Partridge
et al. (unpublished data). 8, Cadia, Owen (1975). 9, Lachlan
River Valley, Martin (1987). 10, Lachlan region of Murray

common gymnosperm pollen and high Casua-
rinaceae pollen frequencies are found in the
western part of New South Wales. This region,
the Murray Basin, was an inland sea during the
Early-Middle Miocene (Brown, 1989). The
highest frequencies of both these pollen types are
found in the more marine sediments (Martin,

H. A. MARTIN

© High Casuarinaceae
® High mixed angiosperms 1 Lemmme- Lo

Basin, Martin (19845). 11, Murrumbidgee area, Murray Basin,
Martin (19844). 12, Western Murray Basin, Truswell (1987).
13, Manilla, Macphail (1987). 14, Oakvale, Truswell e al.
(1985). 15, Lake Menindee region, Martin (1988). 16, Caneg-
rass, Martin (1986). 17, SADME MC(C63, Martin (19915).
18, Mallee Cliffs, Martin (1993). 19, Glenmore, A. McMinn
(unpublished data). 20, Latrobe Valley, Sluiter & Kershaw
(1982) and Luly e al. (1980).

199154) and were probably water transported. This
distribution suggests that these taxa may have
been associated with shorelines, deltas and river
banks. There is one high Araucariaceae pollen
record a long way from the Murray Basin (3 on
Figure 7.4), but, as pollen identification is only to
the family level, the Araucariaceae at this site need
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Figure 7.5 A comparison of the myrtaceous content of some Early Miocene pollen assem-
blages. When the Myrtaceae group is examined according to its component species, it
shows that the myrtaceous part of the vegetation was not uniform. (a) The total assemblage.
(b) The component pollen species of the Myrtaceae group.

not be the same species as that (those) in western
New South Wales. Today, Araucariaceae is
characteristic of drier kinds of rainforest, but it is
not restricted to this vegetation type.

Late Oligocene—Early Miocene floras at
Sandy Cape on Fraser Island, Queensland, have
a moderate amount of Nothofagus pollen. Spores
of the tree fern Cyathea dominate the assemblages
and there is one with Casuarinaceae pollen domi-
nant. Angiosperms are diverse (Wood, 1986).
Hekel (1972) reported on other palynofloras

in Queensland, but the dating is questionable.
At Lake Frome, central Australia, a Late Oligo-
cene—FEarly Miocene assemblage has pollen of
podocarpaceous gymnosperms as dominants and
a moderate amount of Cyathea spores. Microfos-
sils of the swamp taxa Sparganiaceae and Restion-
aceae and the freshwater algae Pediastrum and
Botryococcus are abundant (Martin, 1990)
Early-Middle Miocene assemblages from a
deep sea core on the Northwest Shelf give some
indication of the land flora. The palynoflora is
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very restricted and most of it is Casuarinaceae.
Cyathea spores are present, but there are no taxa
that would unequivocally indicate rainforest
(McMinn & Martin, 1992).

The Early—Middle Miocene is of special inter-
est as it immediately pre-dates the widespread
decline of rainforest. The taxa requiring the high-
est precipitation, Lagarostrobos and Nothofagus,
became rare and less common, respectively, in
drier inland regions.

There are few Late Miocene palynofloras
immediately postdating the disappearance of
widespread rainforest, since the Late Miocene
was a probably a time of nondeposition or erosion.
The few palynofloras found in southeastern Aus-
tralia (Martin, 1987) are dominated by Myrtaceae
and are very like the mid-Late Pliocene wet
sclerophyllous forest assemblages.

Late Miocene palynofloras of a deep-sea core
of the Northwest Shelf are dominated by Casua-
rinaceae, Acacia, Gyrostemonaceae, Restionaceae
and Haloragis/Gonocarpus. Small amounts of
Asteraceae and Poaceae pollen are also present
(McMinn & Martin, 1992).

The Early Pliocene resurgence of rainforest
was extremely variable. Nothofagus was most sig-
nificant in the southern part of the Western
Slopes, closer to the highlands (Figure 7.6).
Traces of Nothofagus pollen are found in the
northern part (Martin, 19914) and in one site to
the west in South Australia. Higher pollen counts
of gymnosperms, particularly Podocarpus and
occasionally Phyllocladus (the 2-saccate form)
and/or Cupressaceae, are frequently found at the
same stratigraphic level. This pattern suggests a
mosaic of rainforest communities, with Nothofagus
and/or gymnosperms, and/or other rainforest
angiosperms. The Late Miocene wet sclero-
phyllous forest was not entirely replaced, but was
probably confined to drier habitats.

When Nothofagus disappeared from the inland
areas in the Middle Miocene, it was most likely
restricted to the Southeastern Highlands, which
would have had a higher rainfall. With an increase
in precipitation in the Early Pliocene, rainforest
migrated westward. No doubt there was a rainfall
gradient down the Western Slopes, just as there

MT LOFTY RANGE

Figure 7.6 Percentages of Nothofagus in the Early Pliocene
rainforest resurgence. The sites with low percentages often
have rainforest taxa not found with the high percentages. For
further explanation, see the text.

is today, and the decreasing frequencies of Notho-
Jagus pollen with distance westward seen in the
Lachlan River Valley (Figure 7.6) is an expression
of this gradient. The low pollen frequencies
(below ?5%) are more likely to be the result of
being transported long distances than a reflection
of Nothofagus growing at that locality. Thus, on
the northern Western Slopes, Nothofagus was
probably growing to the east, further into the high-
lands than at the localities sampled. The occur-
rence of Nothofagus in the South Australian
locality (Figure 7.6) raises intriguing possibilities.
Is it the result of long-distance transport from
trees that grew in the Mount Lofty Ranges?

At Lake Tay, Western Australia, Early Pliocene
assemblages are generally similar to those of the
Late Miocene and mid—Late Pliocene of south-
eastern Australia. Myrtaceae or Casuarinaceae are
the dominant pollen groups and there is a small
amount of Asteraceae pollen. They differ in that
the rainforest element is lacking, except for trace
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quantities of pollen of Nothofagus subgenus Brasso-
spora and Podocarpaceae. These two taxa may
have been blown in from refugia elsewhere (Bint,
1981), or they may have been reworked from Early
Tertiary deposits in the lake catchment. More-
over, Podocarpus is not restricted to rainforest and
there is one species in the sclerophyllous vegeta-
tion of Western Australia today. Apart from these
two taxa, the assemblages indicate dry sclerophyll-
ous forest.

In the southern river valleys of the Western
Slopes, mid—ILate Pliocene pollen floras are
dominated by Myrtaceae. The rainforest element,
and especially the gymnosperms, dwindles
towards the top of the sequence (Martin, 1987,
19914). In the northern river valleys, however,
gymnosperm pollen may be conspicuous and
Araucariaceae usually accounts for most of it.
Casuarinaceae can also be abundant.

Rainforest persisted in the highlands in the late
Tertiary—Early Pleistocene. Assemblages at Lake
George, New South Wales, contain some Notho-
Sfagus subgenus Brassospora pollen immediately
prior to the increase of herbs and grasses
(McEwen Mason, 1989). In the Atherton Table-
lands, pollen assemblages contain a rich diversity
of rainforest taxa, including Nothofagus subgenus
Brassospora. The dominant pollen group is either
Nothofagus, or other rainforest taxa, or Myrtaceae,
or Casuarinaceae (Kershaw & Sluiter, 1982).

All this variation suggests that there was a rain-
fall gradient similar to that of today, i.e. it was
wetter on the coast and in the southeast of Aus-
tralia, and drier inland. A similar gradient is to be
expected if the landforms of Australia were much
the same during the Tertiary as they are today,
and all evidence indicates that this was so.

Grasslands, herbfields and woodlands became
widespread in the latest Pliocene—earliest Pleis-
tocene. There are two sites, of about the same
age, where this event has been dated, one at Lake
George in the Southeastern Highlands (McEwen
Mason, 1989) and the other on the Northwest
Shelf (McMinn & Martin, 1992). Available evi-
dence therefore suggests that grasslands became
widespread at about the same time throughout
Australia.

COMPARISONS WITH
AUSTRALIA’S NEIGHBOURS

Antarctica

Antarctica was forested during the Cretaceous
(Jefferson, 1982; Francis, 1990). Studies of fossil
tree rings indicate strong seasonal growth and a
lack of drought and frosts during the growing
period. Seasonality may have resulted from colder
winters when temperatures may have been below
freezing, but the light regime, with the long polar
winter, would certainly have determined seasonal-
ity. In the Late Cretaceous, gymnosperm pollen
of Araucariaceae, Lagarostrobos, Dacrycarpus, Dac-
rydium and Podocarpus was present. Pollen of the
angiosperms Ilex, Gunnera, Nothofagus (all four
subgenera), Myrtaceae, Macadamia, Gevuina/
Hicksbeachia, ?Xylomelum and Winteraceae were
present, and there were 12 taxa of ferns and their
allies and also some bryophytes (Dettmann,
1989).

Early Tertiary pollen is found in erratics and
in marine sediments, having been reworked from
the site of deposition. Since iz situ pollen deposits
are difficult to locate in Antarctica, these other
sources yield important information about the veg-
etation. The assemblages are not as diverse as
those of southeastern Australia. The floral compo-
sition, however, is very similar in its gymnosperm,
Nothofagus, proteaceous and myrtaceous content
(Kemp, 1972; Kemp & Barrett, 1975; Truswell,
1982). Antarctica was vegetated until the Eocene—
Oligocene, when glaciation reached major pro-
portions. Pliocene wood and leaves of Nothofagus
have been found (Hill ez al., 1991), and the species
must have survived until that time, at least as a
small alpine shrub (Francis, 1990). It is not known
when tundra shrublands developed. There is no
evidence of the herbaceous element that is so
common in modern tundras (Kemp & Barrett,

1975).

New Zealand

New Zealand vegetation throughout most of the
Tertiary bears a striking resemblance to that of
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Australia. The floral lists show some differences
and the first appearance of taxa common to both
may be different (Martin, 1982; Macphail ez al.,
Chapter 10, this volume), but the dominant pollen
groups are similar.

From the Paleocene to the Middle Eocene,
podocarps were very common. Casuarinaceae and
Proteaceac were probably the most abundant
pollen groups. Nothofagus pollen was present
throughout, but scarce, just as it was in Australia
{Mildenhall, 1980; Pocknall, 1989).

During the Eocene, Nothofagus became the
dominant pollen group, subgenus Fuscospora first
and then, in the Late Eocene, subgenus Brasso-
spora. Proteaceae was well represented and
included the tribe Banksieae, which is not native
to New Zealand today. Myrtaceae was sometimes
prominent. There are a number of tropical taxa
present in the pollen floras, although only in low
frequencies. Thus, in its general aspects, the
Eocene vegetation must have been remarkably
similar to that of Australia.

The Oligocene forests were dominated by
Nothofagus subgenus Brassospora, with Casua-
rinaceae often abundant and Myrtaceae, Palmae,
podocarps and Nothofagus subgenus Fuscospora
prominent. Tropical elements, such as Caesalpi-
neae, were also present. There was a variety of
Proteaceae, but never as abundant as in the Late
Eocene palynofloras, just as it was in Australia. In
the Late Oligocene, araucarians were prominent
in some localities.

Early-Middle Miocene New Zealand palyn-
ofloras are variable, as they are in southeastern
Australia. Assemblages are dominated by Notho-
fagus subgenus Brassospora, Myrtaceae, Podocar-
paceae, Palmae, Macaranga/Mallotus, Casuarin-
aceae, Sparganiaceae and occasionally tree ferns
(Mildenbhall, 1980; Pocknall, 1989).

There was a dramatic change in the Late
Miocene similar to what happened in south-
eastern Australia. Many herbaceous taxa appeared
and temperate taxa became prominent. Nothofagus
subgenus Fuscospora and podocarps were usually
dominant in pollen assemblages, but Nothofagus
subgenus Brassospora and Casuarinaceae were still

common and occasionally dominant. There were
a number of important extinctions, including
Lagarostrobos, Gardinia (‘Randia’) chartacea type
and Micrantheum (Mildenhall, 1980).

When compared with Australia, the Pliocene
marks a divergence in the types of environment.
Mountain forming commenced in New Zealand
in the Miocene and glaciations reduced some for-
ested areas to shrubland/grassland (Mildenhall,
1980), whereas developing aridity reduced forest
cover in Australia. In the Pliocene New Zealand
vegetation, the dominant pollen types were Myrt-
aceae, Dacrydium cupressinum and Nothofagus sub-
genus Fuscospora. Cyathea spores were more
abundant than today. The palynofloras were
extremely variable, even sequentially, indicating
rapid change in the environment. Grasslands were
present in some localities (Mildenhall, 1980).

The current New Zealand vegetation is sub-
stantially different from that of Australia, but this
difference is a relatively late development. It
should be noted that times of major change in
Australia were also times of major change in New
Zealand, e.g. the rise to dominance of Nothofagus
in the Middle-Late Eocene and its decline in
the Middle Miocene.

Southeast Asia and New Guinea

Records from Australia’s nearest neighbour, New
Guinea, are limited to the Neogene (Khan, 1974;
Playford, 1982). Palynofloras from the Central
Delta region of New Guinea extend back to the
Late Miocene and consist mainly of contempor-
aneous taxa. The spores of ferns and their allies
dominate. Gymnosperms form a very minor
component, with Microcachrys, Dacrydium, Podo-
carpus, Dacrycarpus and traces of Araucariaceae
present. The composition of the gymnosperm
flora is thus very like that of Australia. Nothofagus
pollen is usually present in appreciable amounts,
especially in the Pliocene, and almost all of it
belongs to subgenus Brassospora. There are rare
occurrences of subgenus Fuscospora, but it is not
known if they are the result of long-distance trans-
port or indicate that it was growing in New
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Guinea. Relatively minor amounts of Proteaceae,
Casuarinaceae and Myrtaceae are present. These
aspects of the assemblages are also like Australia.
There is, however, a substantial mangrove
component of Rhizophoraceae, Sonneratiaceae
(Khan, 1974) and Barringtonia (Playford, 1982)
in the New Guinea pollen assemblages, which is
unlike the Australian record.

Overall, the New Guinea Neogene flora is
substantially like that of Australia and the major
differences, the fern spore and mangrove
component, may be attributed to specific environ-
ments. These Neogene reports are from the sec-
tion of New Guinea that has always been part of
the Australian plate.

Borneo has a good Tertiary record. In the
Paleocene—Eocene, none of the dominant Aus-
tralian pollen groups, such as Proteaceae, Notho-
JSagus, or the austral gymnosperms, was present
and Myrtaceae were rare (Morley, 1977). There
were some taxa common to both, e.g. llex, Anaco-
losa, Nypa, Rhizophoraceae and Sapotaceae.

In the Oligocene—Miocene of Borneo, the
flora became more modern and most taxa are
related to the present flora. The affinities are
essentially Indonesian-Malaysian and the man-
grove flora is an important element. Asiatic mon-
tane taxa, such as Abies, Alnus, Ephedra, Pinus,
Picea and Tsuga also became common in the
Oligocene—Miocene (Morley, 1977). These fea-
tures of the vegetation are very different to that
of the contemporaneous Australian vegetation.

There are also some similarities with Australia.
Mpyrtaceae, rare in pre-Miocene time, increased
markedly in the Early Miocene and remained
abundant thereafter. Casuarinaceae and Dacryd-
ium, found in the unique heath forests today,
became more abundant in the Miocene (Muller,
1972). These heath forests are now found on
infertile sands and acid peats (Specht &
Womersley, 1979), environments similar to the
poor and acid soils of Australia (Bowen, 1981).
Podocarpus and Phyllocladus are found from the
Plio-Pleistocene onwards (Muller, 1966). Several
other taxa are found in both and these were fully
discussed by Truswell et al. (1987).

PHYTOGEOGRAPHY

Barlow (1981) presented an excellent review of
the development of Australian phytogeographical
thought. He divided phytogeography into the
‘old’, from Hooker (1860) to Burbidge (1960),
developed before plate tectonics became
accepted, and the ‘new’, based on a framework of
modern palacogeography and cytogenetics. This
section examines the main tenets of both old and
new in the light of the current fossil record.

In her analysis of the Australian flora, Burbidge
(1960) delimited the principal floristic zones
(Figure 7.7) as:

1. The Tropical Zone, extending across northern
Australia and half way down the east coast.

2. The Temperate Zone, across southern Aus-
tralia.

3. The Eremaean Zone, covering the whole of
arid Australia (approximates the Eyrian faunal
province). This zone is the largest in area.

There are interzones between the Tropical/
Eremaean and Temperate/Eremaean. In these
interzones, the wetter habitats along the water-
courses, floodplains, sheltered gullies etc., sup-
port the tropical or temperate taxa, while the drier

Tropical Zone

Eremaean (arid) Zone

‘ Interzone

Temperate
Zone

Interzone

Temperate
Zone

Figure 7.7 The phytogeographical zones of Australia. From
Burbidge (1960).
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slopes and ridgetops harbour the Eremaean taxa.
These phytogeographical zones are a reasonable
representation of the present-day flora and are
useful as such.

It is customary to consider the Australian flora
in terms of ‘elements’ or subfloras, i.e.:

1. The tropical, Malayan, Malaysian or Indo-
Melanesian element, whose affinities are with
Indonesia, Malaysia and the tropics in general.

2. The Australian or autochthonous element,
which developed in Australia.

3. The Antarctic element, with affinities to other
southern land masses. Alpine elements have,
at times, been included here.

There are other elements of a minor nature, e.g.
the cosmopolitan element and an element with
affinities to the northern hemisphere (Burbidge,
1960; Barlow, 1981).

The use of these elements as an expression of
present-day affinities is reasonable, provided that
origins are not implied. To use present distri-
butions as a measure of origins, migrations or
evolution is fundamentally unsound, because spa-
tial patterns cannot measure the time dimension.
They may, however, suggest hypotheses to be
tested. If the hypothesis is about origins or
migrations, i.e. the time dimension, then the fossil
record provides the test (Martin, 1984¢). The
theory that a taxon evolves somewhere and
expands by dispersal from its area of origin is
a sound working hypothesis. Expansion may be
channelled by barriers or migration routes. Wide-
spread distributions may become fragmented
(vicariance biogeography). While such hypotheses
assist our understanding of distributions, present-
day distributions cannot be extrapolated back-
wards, along migration routes, to a centre of
origin. This might be possible if all other factors
were equal, but they are not. Palacogeography,
climate and many other factors have all changed,
or rather change continuously, through time, in
such complex patterns that a backwards extrapol-
ation is impossible (Martin, 1984¢), as is shown
in the following assessment of such attempts in
the light of the fossil record.

The Tropical element and the
invasion theory

Taxa in the Australian Tropical Zone show affini-
ties with floras of the Indo-Malaysian region. As
they are limited to the north and northeast of Aus-
tralia, it was assumed that they were recent immi-
grants into Australia. This assumption ignores the
fact that the only environment in Australia with a
climate both warm enough and wet enough for
tropical taxa (more or less equivalent to tropical
rainforest) is found in the north and northeast.
The fossil record shows very clearly that many of
these taxa have been in Australia for a very long
time.

Truswell et al. (1987) examined the invasion
theory in depth and showed from the fossil record
that there has been almost continuous interchange
throughout the Tertiary. Macphail & Truswell
(1989) documented a number of tropical taxa in
inland Australia from the Middle Eocene
onwards. How this interchange was achieved is
not clear, for the Australian Plate and the Indo-
nesian—Malaysian island chain to the north were
separated by 3000 km of deep ocean at the begin-
ning of the Tertiary. Australia moved northward
to come into contact with the island chain in the
Middle Miocene. There may have been micro-
continents that acted as ‘stepping stones’ between
the two land masses. An examination of pollen
assemblages before and after contact of the two
land masses shows minimal interchange, which
might be attributed to immigrant taxa (Truswell
et al., 1987).

Quantitatively, taxa that entered Australia from
the north during the Tertiary account for only
minor proportions of the pollen assemblages. It is
difficult to assess their likely importance in the
vegetation, given that most of them were probably
pollinated by insects or other animals and thus
would be underrepresented in pollen assem-
blages. The dominant pollen groups, however,
remain essentially Australian and are not affected
by immigrants from the north. It is important to
consider the environment here. For the most part,
Australia has very poor soils (Martin, 1982),
unlike Indonesia—Malaysia. If the latitudinal dif-
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ference, which would have been large in the early
Tertiary, is added, then for the most part the
environment of the two land masses would have
been very different. This environmental differ-
ence constitutes a substantial barrier to any large-
scale migration, whether in the early Tertiary,
Middle Miocene or the present. Webb & Tracey
(1972) showed that structurally similar communi-
ties, in similar habitats, have similar floristics,
whether in northeast Australia or in New Guinea.
The rainforest communities on rich soils, how-
ever, are vastly different to adjacent sclerophyllous
communities on poor soils, and the difference is
far greater than between similar rainforest com-
munities in Australia and in New Guinea.

Mangroves are tropical—subtropical and it is
puzzling that they have so few records in the Aus-
tralian Tertiary. Macphail ¢z al. (Chapter 10, this
volume) have detailed the fossil pollen record for
the early Tertiary. The reason for the lack of any
coherent history of mangroves may be that there
are no studies along the northern coastline, the
region where a history is most likely to be found.
Another reason may be that, during the Tertiary,
Australia was in higher latitudes and it may not
have been truly tropical, although the presence of
large quantities of the dinoflagellate Polysphaerid-
ium zoharyi in the mid-Tertiary of the river estu-
aries of the Murray Basin show that temperatures
were comparable with those of Port Morseby and
the Gulf of Carpentaria today (H. A. Martin,
unpublished data). It may be that this tropical
interval in the Middle Miocene of southeastern
Australia was too brief for mangroves to migrate
all the way from tropical regions. If the mangrove
habitat existed, as it probably did in the Murray
Basin, it is unlikely that it was not colonised by
something. The mangrove habit has evolved many
times, and it may be that mangroves existed
in southeastern Australia but have not been
recognised.

The Australian or
autochthonous element

By definition, the taxa in this element originated
within Australia, and the term applies particularly

to sclerophyllous plants, although it is not restric-
ted to this group (Burbidge, 1960).

Eucalyptus, with approximately 800 species
(L. A. S. Johson, personal communication) is the
most significant genus. It is found in all vegetation
types, though rarely in rainforest, and is dominant
in all except the Eremaean Zone. The bloodwood
eucalypt/Angophora pollen type (Myrtaceidites euca-
lyptoides) is distinctive and, although other pollen
types within the genus may be distinguished with
detailed study (Churchill, 1968), such studies
have not been carried out on Tertiary pollen. Myr-
taceidites eucalyptoides occurs in Late Paleocene
deposits in the Lake Eyre Basin of inland Aus-
tralia (I. R. K. Sluiter & N. F. Alley, unpublished
data). When the Late Eocene—Early Oligocene
of the Port Kenny district is compared with sev-
eral typical sites in southeastern Australia (Figure
7.8), the Myrtaceae group is more common in the
former, except for one site in the latter (Hillston),
where it is about equal. When the Myrtaceae
group is divided into its component species
(Figure 7.9), however, M. eucalyptoides is much
higher at Port Kenny than at Hillston during both
the Late Eocene and Early Oligocene (Martin,
unpublished data). Assemblages with a similar
content of M. eucalyptoides are not found in
southeastern Australia until the Early Miocene
(Martin, 1988), see Figure 7.5.

Fruit and leaf remains of Middle Miocene
eucalypts show some advanced states, comparable
with extant taxa (Holmes ez al., 1983). A suite of
silicified moulds and casts of fruits like those of
Eucalyptus, Leptospermum, Melaleuca, Callistemon
and Angophora from inland Australia suggest that
the Leptospermoideae originated or diversified in
inland Australia (LLange, 1978). Unfortunately,
the age of these silicified fossils is equivocal, either
Eocene-Oligocene or Miocene (Ambrose ef al.,
1979) with a Miocene age more likely (Truswell
& Harris, 1982). This topic is discussed in detail
by Hill (Chapter 16).

The family Myrtaceae did not originate in Aus-
tralia. Late Cretaceous Myrtaceae are found in
Africa (Santonian), Borneo (early Senonian) and
South America (Maastrichtian) (Muller, 1981).
Myrtaceae pollen similar to Syzygium and Fugenia
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Figure 7.8 Comparison of the Late Eocene and Early Oligocene pollen assemblages at
Port Kenny with those from several selected sites in southeastern Australia. For further

explanation, see the text.

are found in Campanian and Maastrichtian sedi-
ments of the Antarctic Peninsula. These records
are younger than those from Africa and Borneo
and are about the same age as that of South
America. The Antarctic records pre-date the first
appearance of Myrtaceae in the Paleocene in both
Australia and New Zealand. The fossil record
suggests that Myrtaceae originated elsewhere in
the world and migrated into Australia via South
America and Antarctica. Australia has since
become an important centre of diversity

(Dettmann, 1989).

Acacia, with many more species than Eucalyptus,
is common in all types of Australian vegetation,
but very few species are found in rainforest. It
may be dominant in the Eremaean Zone. Acacia
pollen first appears in the Eocene in Australia (see
Macphalil et al., Chapter 10), and there are Late
Eocene records in Africa and Oligocene records
in South America (Muller, 1981). It is therefore
possible that Acacia originated in Australia, and
the subcontinent has become an important centre
of diversity.

Proteaceae is an important element in the
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Figure 7.9 Comparison of the component pollen species of
the Myrtaceae group at Port Kenny and Hillston. The blood-
wood eucalypt/Angaphora type (Myriaceidites eucalyptoides) is
more abundant at Port Kenny in both the Late Eocene and
Early Oligocene.

sclerophyllous vegetation. The Xylomelum pollen
type first appeared in Australia and New Zealand
in the Paleocene, but it was present in the Antarc-
tic Peninsula in the Campanian, suggesting that its
origin was not Australian. Knightia and Gevuina/
Hicksbeachia (rainforest taxa) probably originated
in southeastern Australia. The place of origin
of *Macadamia (also a rainforest taxon) is uncer-
tain, as pollen is found in both Antarctica and
southeastern Australia in Campanian sediments
(Dettmann, 1989). Unfortunately there are no
Tertiary Antarctic records suitable for tracing
origins and migrations.

The tribe Banksieae first appeared in the Paleo-
cene. The tribe contains the rainforest genera
Austromuellera and Musgravea, whose pollen can-
not be distinguished from Banksia and Dryandra.
Banksia cones are found in lignite at Yallourn
(?Oligocene—Middle Miocene), where the parent

plants grew in a swamp (Cookson & Duigan,
1950). There are swamp species of Banksia today.
Fossil Banksia fruits have also been found in the
Eocene of Western Australia (McNamara &
Scott, 1983). Pollen of the distinctively sclero-
phyllous Grevillea/Hakea complex (excluding Gre-
villea robusta, which is a rainforest species) is not
found until the Late Miocene—Pliocene. It
should be remembered that an environment suit-
able for sclerophyllous vegetation on a grand scale
only became available in the Middle-Late
Miocene in southeastern Australia.

Casuarinaceae are also distinctive in the Austra-
lian vegetation. Casuarinaceae pollen first appears
in the Paleocene in Australia (Stover & Partridge,
1973), New Zealand (Mildenhall, 1980) and
South America (Muller, 1981; Romero, 1986). Its
origin is thus equivocal. Casuarinaceae has also
been reported from South Africa, but these are
Miocene in age (Coetzee & Muller, 1984;
Coetzee & Praglowski, 1984).

The ‘Pan Australian’ flora and
east—west disjunctions

The sclerophyllous vegetation in western and
eastern Australia show many disjunct distri-
butions. Today, these distributions are disrupted
by the arid centre and the Nullarbor Plain, a lime-
stone plateau unsuited to most sclerophyllous
species. Such distributions led to the notion of
a Pan Australian flora that has been disrupted
(Burbidge, 1960). Barlow (1981), however,
pointed out that the only uniformity was struc-
tural, i.e. southern Australia was once covered by
closed forest, from east to west. Some superficial
interpretations of the fossil record have continued
a popular notion of a once uniform flora.

The fossil record clearly shows that the flora
was not uniform at any time, as discussed above
under Geographical variation. One more illustration
may be seen amongst the Eocene proteaceous
types. Descriptions of suites of pollen types in the
west (Stover & Partridge, 1982), southeast (Stover
& Partridge, 1973), central (Harris, 1972) and
northeast (Dudgeon, 1983) of Australia show
species in common but some of the species are
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not found, or rarely found, outside of the region
where they were described.

The vegetation may not have been structurally
uniform from east to west either. Casuarinaceae
and the bloodwood eucalypt/Angophora pollen
types are frequently more common in central Aus-
tralian regions, suggesting that there may have
been some sclerophyllous vegetation in the land-
scape. Moreover, some leaf assemblages are
dominated by quite small leaves, or there is a mix-
ture of small and larger leaves, suggesting that the
well-watered river flats supported rainforest types,
whereas the drier interfluvial areas may have been
dominated by sclerophyllous vegetation or stunted
vine forest, as seen in Arnhemland today (Green-
wood et al., 1990). Some pollen assemblages from
Port Kenny, at the eastern end of the Nullarbor
Plain (discussed above) are in accord with the
macrofossil evidence. These assemblages have a
higher Casuarinaceae and Myrtaceae pollen con-
tent than most in southeastern Australia (Figure
7.8), and the bloodwood eucalypt/Angophora type
component of the Myrtaceae group is much
higher at Port Kenny (Figure 7.9). The Casua-
rinaceae and bloodwood eucalypt/Angophora pol-
len type together suggest sclerophyllous forest, at
least in parts of the landscape.

All the fossil evidence indicates therefore that
there has never been a uniform flora across Aus-
tralia. Probably there was just as much variation
during the Tertiary as is seen today.

THE ANTARCTIC/SOUTHERN/
‘GONDWANAN’ ELEMENT

Taxa in this element show affinities to New Zea-
land, South America and Africa. This element
has been redefined and renamed the Gondwanan
element or flora (Barlow, 1981; Nelson, 1981),
unfortunately causing confusion. The Permian
Glossopteris and the Triassic Dicroidium floras,
which are found throughout the supercontinent
of Gondwana (Gould, 1983) and are extinct, are
also known as Gondwanan floras. Fragmentation
of the supercontinent into the present-day land-
masses was largely complete by the Early Cre-

taceous, when angiosperms first evolved. Thus
there are no Gondwanan angiosperms living
today.

When the origin of a taxon can be located, it
is on one or another, or several of the southern
landmasses (see Dettmann, 1989). Dettman’s
(1989; Chapter 8, this volume) excellent reviews
of Cretaceous austral temperate forests show that
Antarctica and adjacent land masses of Australia,
New Zealand and South America were almost
certainly the centres of origin for Lagarostrobos,
certain Dacrydium, Nothofagus, Gunneraceae and
the proteaceous taxa Beauprea, *Macadamia and
Gevuina/Hicksbeachia. Dacrycarpus probably orig-
inated in Antarctica/southern Australia and llex
and Chloranthaceae in southern Australia. ?Xylo-
melum probably originated in the Antarctic Penin-
sula, adjacent to South America. Microcachrys,
Winteraceae and Myrtaceae almost certainly orig-
inated outside of Antarctica and adjacent land
masses, but migrated into Australia through the
Antarctic pathway (Dettmann, 1989). Unfortu-
nately, the Tertiary record is fragmentary, but
Antarctica would have continued to function as a
corridor for interchange during the early Tertiary,
before extensive icecap development, and/or
development of a seaway, disrupted this avenue.
Interchange between the southern landmasses
continued throughout the Tertiary, particularly
between Australia and New Zealand (see dis-
cussion below).

Alpine/subalpine floras

The alpine/subalpine environment is today very
limited on the Australian mainland but is more
extensive in Tasmania (Galloway, 1986). In Aus-
tralia, the mountains are old though not very high
(Taylor, Chapter 5, this volume) and cold climates
are a relatively recent development. Alpine—
subalpine environments are only a few million
years old, having been shaped by Pleistocene
glaciations (Ollier, 1986).

Alpine—subalpine floras, with their preponder-
ance of shrubby and herbaceous taxa, show most
affinities with each other (Smith, 1986) and the
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cosmopolitan element is high. These floras,
isolated on mountains, are regarded as ‘islands’
that would have expanded and contracted with
the glacial/interglacial cycles. Migration be-
tween the ‘islands’ would have been by long-
distance dispersal (Smith, 1986), though this is
controversial (see below).

The alpine—subalpine floras have sometimes
been included in the Antarctic element (see e.g.
Hooker, 1860). This is inadvisable, as both the
environment and floristics are very different. Mac-
phail et al. (Chapter 10, this volume) and Carpen-
ter et al. (Chapter 12, this volume) provide a
detailed history of the origin of cool climate floras
in Australia.

The development of an arid zone flora

A review of early to mid-Tertiary assemblages in
the arid zone (Truswell & Harris, 1982) shows
that rainforest taxa were found throughout. Some
Pliocene assemblages are interpreted as open veg-
etation, but Dacrydium, Podocarpus, Phyllocladus
and rare Nothofagus are present (Truswell &
Harris, 1982). At Lake Frome, a Late Oligocene—
Early Miocene pollen assemblage has rainforest
taxa, including Nothofagus and abundant swamp
taxa of Restionaceae, Cyperaceae and Spargania-
ceae. The freshwater algae Pediastrum and Botry-
ococus are also abundant. A Late Miocene—
Pliocene pollen assemblage has the same algae
and swamp taxa, but rainforest taxa are absent.
Casuarinaceae dominate the assemblage with the
bloodwood eucalypt/Angophora subdominant and
Acacta, Dodonaea and Hakea/Grevillea are also pre-
sent. This assemblage is interpreted as dry sclero-
phyllous forest (Martin, 1990). In most of these
inland assemblages, Casuarinaceae is more abun-
dant than in southeast Australia, suggesting a
drier environment inland, in keeping with the
gradient seen in the southeast. However, in all of
these Tertiary records there are no assemblages
that could be classified as arid.

That inland Australia was well watered during
the Tertiary is attested by the permanent fresh-
water lakes that existed during that time. Krieg

et al. (1990) described a giant lake phase in the
Miocene of the Lake Eyre—Lake Frome region.
The lakes contracted through the Miocene—
Pliocene, but ancestral Lake Frome in ?Plio-
Pleistocene time was larger, and precipitation
higher, than today. Fish fossils of this time have
a rotted appearance reminscent of the present
situation on the shores of Lake Eyre, when fish
are killed by increasing salinity, float, are washed
onshore and decay (Callan, 1977), on the
occasions when Lake Eyre, normally a dry salina,
becomes filled with fresh water and dries out once
again. Thus, whereas the climate was becoming
drier from about the mid-Tertiary, it was wetter
than today at the beginning of the Pleistocene and
aridity reached its present proportions about 500
ka (Bowler, 1982). Unfortunately, there are no
palynological records of this crucial period.

Burbidge (1960) suggested that many arid zone
taxa may have developed from species of coastal
habitats. This suggestion was based upon the fact
that taxa such as Chenopodiaceae, common in
coastal saltmarshes and sand dunes, are common
in the arid zone as well. This has led to the notion
that shorelines of Cretaceous seas that covered
inland Australia were the cradle of the arid flora.
The chenopod pollen type, and other angiosperm
taxa in the arid flora, evolved long after the Cre-
taceous seas had disappeared (see Figure 7.1), ata
time when freshwater lakes were present in inland
Australia. Saltmarshes, however, are physiologi-
cally dry and sand dunes may be a desiccating
medium for plant growth; taxa that can tolerate
these environments are therefore able to grow in
the arid interior. Coastal and arid taxa may have
common ancestors, but they were not growing on
the Cretaceous shorelines of inland seas. Using
phylogenetic studies of Atriplex, Parr-Smith
(1982) defined five major lines of evolution, each
of which is either coastal or arid. The postulated
precursor of the evolutionary sequence is an edge
of the arid zone, near coastal species (Parr-Smith,
1982) growing today where these two environ-
ments are close to each other. There is no support
for an hypothesis of a coastal origin of Atriplex in
this study.
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The decline of rainforest as the
dominant vegetation

A striking feature of the palynological record is
the demise of rainforest as a major part of the
vegetation in southeastern Australia in the
Middle-Late Miocene. Did rainforest decline all
over Australia at the same time?

As discussed previously, Late Oligocene—
Early Miocene microfloras at Lake Frome, in
inland Australia, clearly indicate rainforest,
whereas the Late Miocene—Pliocene microfloras
represent dry sclerophyllous forest (Martin,
1990). Other Miocene sites reported very briefly
by Truswell & Harris (1982) contain at least some
rainforest taxa, but these sites will have to be re-
examined before their precise nature can be
assessed. Pliocene sites similarly reported by these
authors contain a few rainforest taxa but pollen of
Casuarinaceae, the eucalypt-type, Chenopodia-
ceae, Asteraceae, and Cyperaceae are locally
abundant. These sites require revision, particu-
larly the grass component (discussed below). Dat-
ing of these assemblages is somewhat uncertain
(Truswell & Harris, 1982). What evidence exists
suggests therefore that rainforest may have
declined at the same time in inland as in south-
eastern Australia.

In the offshore Capricorn Basin, Queensland,
Early Miocene pollen assemblages are dominated
by gymnosperms and Nothofagus, with lesser
amounts of Myrtaceae and Casuarinaceae. Chen-
opodiaceae, Asteraceac and Poaceae pollen are
present but in very low quantities. In the Middle
Miocene, Nothofagus became rare and in the Late
Miocene—Early Pliocene, Myrtaceae and gymno-
sperms were dominant. Asteraceae and Cheno-
podiaceae increased in the Late Pliocene (Hekel,
1972). Thus, the major changes in the vegetation
appear to be synchronous with those in south-
eastern Australia and there was a significant
decline in rainforest about the Middle-Late
Miocene.

In a deep-sea core offshore of northwest
Australia, Early-Middle Miocene microfossil
assemblages are restricted and contain only
Casuarinaceae, Cyathea, Restionaceae and

Asteraceae. There are no unequivocal rainforest
taxa present. Late Miocene—Pliocene microfossil
assemblages are more diverse and contain Casua-
rinaceae, Gyrostemonaceae, Acacia and rare Podo-
carpus, Dodonaea and Cyathea. Restionaceae,
Chenopodiaceae, Asteraceae and Poaceae pollen
are present in relatively low quantities, but
Poaceae increased towards the top of the Late
Pliocene. There are no unequivocal rainforest
taxa throughout the sequence (McMinn &
Martin, 1992). An Early and a Late Eocene site
in the northwest, reported briefly by Truswell &
Harris (1982), both contain pollen of rainforest
taxa generally typical of the period, including
Nothofagus in the Late Eocene site. Rainforest was
therefore present in the northwest at that time,
but appears to have declined before the Miocene,
suggesting an earlier decline here than elsewhere.

In all these sites the change was from rainforest
dominance to another, drier, kind of forest. As
far as can be judged, therefore, practically all of
Australia was forested through the Tertiary,
including most of the Pliocene.

The development of grasslands

Poaceae first appeared in the Eocene (Figure 7.1),
but it was rare throughout the Eocene—Middle
Miocene. Under a closed forest canopy, as would
have existed then, insufficient light reaches the
ground to support grasses and other herbaceous
plants. Older reports of Early Miocene grasslands
in central Australia (Martin, 1978; Truswell &
Harris, 1982) are based on a misidentification of
the Restio-type of Restionaceae, a swamp taxon
(Martin, 1990). Grasses increased somewhat in
the Late Miocene—Pliocene of southeastern Aus-
tralia, but it is uncertain whether they were dry-
land or swamp grasses. Some grasses are found
today under an open eucalypt canopy as would
have existed in the Late Miocene—Pliocene. It is
doubtful whether true grasslands existed until late
in the Pliocene.

The increase in grass pollen in the sequence
of assemblages is a recognisable horizon (Martin,
1979). Did this increase occur synchronously all
over Australia? McEwen Mason (1990), using
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palacomagnetic techniques, dated this increase at
2.5-3 Ma, i.e. Late Pliocene, at Lake George, in
the highlands of southeast Australia. In northwest
Australia, a well-dated deep-sea core shows an
initial, small increase in grass pollen during the
Late Miocene—Middle Pliocene sequence, con-
tinuing into the Late Pliocene, with a further large
increase during the Late Pliocene, continuing into
the Pleistocene. Thus this northwest sequence
shows essentially the same pattern as that of the
southeast. In the offshore Capricorn Basin of
Queensland, grass pollen is minimal and
Asteraceae increased during the Late Pliocene.
Chenopodiaceae, however, increased during the
Late Miocene—Early Pliocene, to about 6% of
total pollen (a very modest increase) in the Late
Pliocene (Hekel, 1972). It is not known whether
the Chenopodiaceae pollen indicates dryland or
saltmarsh taxa. Herbfields rather than grasslands
therefore developed in the northeast of Australia
during the Late Pliocene.

Available evidence suggests that grasslands and
herbfields developed at about the same time
across Australia. Concomitant with this increase
in herbaceous vegetation was forest decline.

The development of fire tolerance/
dependency

The ability to cope with burning on a regular
basis, even to the extent that many species are
dependent on fire for germination, probably
evolved throughout millions of years. Ridgetops,
the driest habitat in the landscape, would have
been subjected to lightning strikes and small,
limited fires, even while the major part of the land-
scape was covered in rainforest. When the climate
became too dry for rainforest, and burning
became an integral part of the environment, these
taxa rapidly expanded their distribution (see A
model for change, p. 131).

It is popularly believed that Aborigines, who
must have been the original (but purposeful) pyro-
maniacs, drastically modified the vegetation
through the use of fire. Any such modification
would have been limited to fire-prone vegetation,
where burning on short-term cycles, such as three

or five years, maintains a greater diversity of
species than burning on longer-term cycles such
as 20 or 30 years, when all the species with life
cycles shorter than the time between fires dis-
appear from the community (Specht et 4l., 1958).

Aborigines could not have caused the wide-
spread decline of rainforest by burning. Under
normal circumstances rainforest is too damp to
burn, and to do so requires exceptional drying,
such as a drought (Webb, 1970; Luke &
McArthur, 1978). Today, the frequent fires in
sclerophyllous vegetation bordering rainforest
usually stop when then they reach the rainforest,
and only burn the ecotone between the two, mod-
ifying the boundary between them. Rainforest may
be eroded at the edges by repeated fires (Barker,
1990), but it would require the assistance of a
change to a drier climate before wholesale
destruction by fire would be possible.

The fossil record, with the change from rain-
forest to wet sclerophyllous forest and the con-
comitant increase in charcoal particles, shows that
fire had become an integral part of the environ-
ment in the Late Miocene, some ?10 Ma before
Aborigines arrived in Australia. The decline in
rainforest was caused by climatic change.

ORIGINS AND MIGRATIONS

The fossil record may reveal the origins and likely
migrations of taxa, if there is sufficient evidence,
and this has been discussed where appropriate.
For many taxa with only a few fossil records, how-
ever, their origin is obscure.

Even if origins are obscure, the fossil record
may reveal some surprising distributions. Many
rainforest taxa with a restricted distribution today
once had widespread distributions in Australia.
Nonrainforest taxa may also have had a wider past
distribution. For example, Eucalyptus spathulata,
which has a distinctive pollen type and is now
endemic to southwest Australia, first appears in
the Late Oligocene (N. F. Alley, personal com-
munication), was once also in southeastern Aus-
tralia in the Early Pliocene (Martin & Gadek,
1988) and has been found off the Great Barrier
Reef (H. A. Martin, unpublished data).
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Figure 7.10 The distribution of the Dodonaea triguetra pollen
type, fossil and modern. 1, As Tricolporites sp. aft. Diplopeltis;
Bint (1981), Early Pliocene. 2, As Nuxpollenites aff. D. tri-
quetra; Martin (19915), Late Eocene. 3, As Tricolporites sp.
aff. Diplopeltis; Kemp (1976), Middle-?Late Eocene. 4, As
Nuspollenites sp.; Macphail & Truswell (1989), Late Eocene—
Middle Miocene. 5, As Nuxpollenites sp.; Truswell (1987),

Figure 7.11 Photos of Dedonae triguetra pollen. (a)—(k) Fossil
specimens. (2)—(c) From Port Kenny (site 2 on Fig. 7.10).
(d—(f) From the Western Murray Basin (site 6). (g)-(h)
From the Macquarie River Valley (site 8). () From a deep-sea
core off the Great Barrier Reef (site 10), a lightly thickened
form. (j)—(k) From New Zealand (site 9). (with kind permission
from D. C. Mildenhall.)

Modern pollen of Dodonaea triguetra is tricolporate, with
heavily thickened pores. It is distinguished from all other
species of Dodonaea by unique, thickened bands. These bands
are intercolpal, joining over the poles. The intercolpal bands
may be less thickened or unthickened in the equatorial region.
The variable aspect viewed and expansion/contraction of the
grain adds to the observed variability.

(v) Modern specimens. ()), (m) From Sydney. The pro-
truding pore membrane (m) is not seen on fossil specimens.

p))

Middle Miocene. 6, As Nuxpollenites aff. Dodonaea triquetra;
Martin (19914), Early—Middle Miocene. 7, Martin (unpub-
lished data), Early—Middle Miocene. 8, Martin (unpubl.),
Pliocene. 9, As Nuxpollenites sp. aff. Diplopeltis; Mildenhall &
Pocknall (1989), Miocene. 10, H. A. Martin (unpublished),
Early Pliocene. Shaded area, present distribution ‘of Dodonaea
triquetra. (From West, 1984).

(n) From Tilba Tilba, New South Wales. (o), (») From
Bundanoon, New South Wales, oblique polar view of a heavily
thickened grain showing thickened bands in the equatorial
region (arrows). (9)—(#) From Mt Coolum, Queensland. (g), ()
Polar view showing the outline of thickening over the pole (g)
but no thickening in the equatorial region (7). (s), (¢) Equatorial
view. Arrows in (s) indicate thickening over poles, and in (¢)
thinning of the exine towards the equator. (), (v) From
Glenbrook, New South Wales. The oblique view produces a
variable outline. The variability seen amongst the fossil
specimens thus falls within intraspecific variability observed in
D. triquetra. Scale bars represent 10 pm.

Note: Different chemical treatments cause differences in
swelling of the grains. All modern specimens and some fossils
(e.g. (@)—(0)) have been acetolysed, which is known to cause
swelling. Compression of fossils may alter their look also.
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Another example with a distinctive pollen type,
Dodonaea triguetra, now has a restricted distri-
bution along the southeast coastal strip (Figure
7.10) and is found in wet and dry sclerophyllous
forests. This species has been classified as a fire
weed because of its high rate of germination after
a hot fire (West, 1984). Dodonaea triquetra first
appeared in the Late Eocene, although the mor-
phology of the pollen grain is not exactly the same
as that of today (Figure 7.11). These differences
are thought to indicate an evolving lineage, such
that the Eocene species producing D. triguetra pol-
len, and possibly the late Tertiary species as well,
would not have been the same as that of today.
Fossil distributions (Figure 7.10) show that it was
present in northeastern, western and central Aus-
tralia, inland southeastern Australia and New
Zealand (Mildenhall & Pocknall, 1989). The
morphology of the New Zealand specimens, how-
ever, is different from any seen in Australia, but
given the range of variation amongst modern speci-
mens it is reasonable to include it in the lineage.

Acacia is widespread in Australia but is absent
from the modern flora of New Zealand, although
it was present there in the past. In the southern
part of Southland, Acacia pollen occurs in Early
Miocene assemblages that are typically rainforest,
with abundant Nothofagus (Pocknall, 1981;
Mildenhall & Pocknall, 1989). In the southern
part of the North Island, Acacia pollen is found
in Pliocene—Early Pleistocene assemblages from
what was coastal swamp/scrub/grassland with few
trees (Mildenhall, 1975). There was probably
more than one introduction of Acacia into New
Zealand from Australia.

Fuchsia, native to New Zealand, Tahiti and
Central and South America, but not Australia, is
found in the Australian fossil record from the Late
Oligocene to Early Miocene. It also reached New
Zealand in the Late Oligocene and has remained
there to the present day (Berry ez al., 1990). These
are only a few examples of former distributions
that would never be suspected from extant distri-
butions. They illustrate the complexity of past
migrations.

Plant migration is normally achieved through
seed or spore dispersal. Different strategies for

transport, longevity and germination will affect
migrations, and this may be illustrated with Notho-
Sagus and llex. Both originated in the southern
Australian and/or Antarctic region (Dettmann,
1989) in the Late Cretaceous (Figure 7.1), yet
Nothofagus has a strictly southern distribution
whereas Ilex is cosmopolitan and had achieved a
world-wide distribution in the Late Cretaceous
(Martin, 1977). The seeds of Nothofagus do not
remain viable for more than one year and rarely
disperse more than a few metres from the parent
tree. If birds and animals eat them, the kernel is
digested, and if they dry out they will not germi-
nate, all factors which slow down migrations. On
the other hand, the fruits of Jlex are eaten by birds
and the seeds are voided unharmed. The seed
requires an after-ripening period before germina-
tion, which may be two years but in one species
is eight years (Martin, 1977); the seed is therefore
effectively much longer-lived than that of Notho-
Jagus. All these factors enabled lex to disperse
widely and migrate rapidly.

The fossil record shows conclusively that long-
distance dispersal occurs, and would have
occurred, on a regular (geological) basis. How this
would have been originally achieved is unknown.
Much speculation has gone into devising island
stepping stones, land-bridges, etc., most of which
are impossible on current palacogeography. It is
likely that long-distance dispersal has occurred by
normal methods, such as birds, and cyclonic and
gale-force winds, which may transport quite large
objects and which occur on a regular basis. Ocean
currents may transport plant propagules for long
distances. Even if such events are rarely seen
today, they were common in geological time.

Transport is not the only criterion for
migration. Once transported, the seed must ger-
minate, establish and compete successfully with
the species already in possession of the site. Dis-
turbances caused by cyclones and gales may well
create openings in the vegetation that would allow
migrants to become established.

Migrants, once established, may not find the
environment conducive to permanent residency.
As examples, there have been at least two intro-
ductions of Acacia into New Zealand, but both
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eventually died out. The introduction of Fuchsia
into Australia did not become permanent.

It is very clear from the fossil record that taxa,
not communities, migrate.

A MODEL FOR CHANGE
Two kinds of change may be distinguished:

1. Changes in the flora occur more or less con-
stantly, as seen from records of first appear-
ances (Figure 7.1).

2. Changes through time in the vegetation, how-
ever, appear relatively slight for most of the
time, with some periods of drastic change.

The Oligocene was a time of slow and gradual
change, with the dominant features of the vegeta-
tion remaining much the same. When assem-
blages of earliest and latest Oligocene age in
inland New South Wales are compared, there are
considerable differences. Taxa that were relatively
abundant and usually present in the earliest Oligo-
cene were rare by the end of the Oligocene (e.g.
Lagarostrobos (Figure 7.3) and some of the protea-
ceous species). It may be inferred that the climate
was slowly becoming drier. In latest Oligocene—
earliest Miocene time, in a more abrupt change,
Nothofagus declined, especially in the more west-
erly localities and Myrtaceae, Araucariaceae and/
or Casuarinaceae became dominant, indicative of
a further step to a drier climate. It is difficult to
assess just how big this change was, as major kinds
of vegetation are found within a climatic range
and only change when some threshold is crossed.

In the Middle~Late Miocene, there was a
drastic change and widespread rainforest dis-
appeared from inland New South Wales, though it
would have remained in the highlands and coastal
regions where the climate was wetter than that of
the inland. Taxa that required wetter climates
were restricted to refugia in the highlands or to
small, favourable habitats such as sheltered gullies
and gorges. When the climate became wetter for
a brief period in the Early Pliocene, these rain-
forest taxa expanded their distribution.

The Late Pliocene—Early Pleistocene was
another time of drastic change, when the forests

opened up and grasslands/herbfields with some
woodlands developed.

These changes are undoubtedly driven by cli-
matic change. How does the vegetation respond
to these changes? In any given landscape, there
is a variety of habitats, from well-watered valley
bottoms to drier hillslopes and ridgetops that are
subjected to the most desiccation. Evolution is
occurring continuously in these different habitats.
For example, tolerance to burning was probably
developing on ridgetops subjected to lightning
strikes and small, limited fires for millions of
years, so that small, isolated communities, ‘nuclei
for change’ (Herbert, 1933), existed long before
the climate allowed burning on a regular basis.
When change comes, be it wetter or drier, the
vegetation responds rapidly with an expansion/
contraction of the different habitats. The fossil
record supports this model of change. Taxa, when
they first appear, are usually not common and
become abundant at some later time. As far as
can be assessed, all the major changes in the veg-
etation occur at a time of climatic change, and at
the same time across Australia, although the pre-
cise nature of the change differs with the geogra-
phical region.

Plants thus respond rapidly to change, either
expanding or contracting their distribution as
demanded by the climate. The little pockets of
rainforest taxa in favourable niches in an other-
wise unfavourable terrain, seen across northern
Australia today, will probably expand, should the
climate become wetter, as it may, if predictions of
the greenhouse effect are accurate. Most plants
are hermaphrodites but there are many mechan-
isms to promote outcrossing. Some taxa, however,
are able to self-pollinate if pollination by normal
outcrossing has not occurred, thus enhancing the
chances of survival (Crome & Irvine, 1986).
Experiments show that self-pollination results in
inbreeding depression in growth and competitive
ability, which, however, has not been observed
in the field, even though self-fertilisation may be
common. It is thought that the variance in habitat
is much greater than the variance in plant fitness
(Crome & Irvine, 1986). This ability to self-
fertilise is advantagous for survival in times of
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drastic change, should the population fall to very
low levels or be fragmented to isolated patches.

All animals are dependent, ultimately, on plant
life. How are the times of change likely to affect
animal populations? If change is slow, animals may
be able to adapt, but change may be too rapid for
this to happen. Today, many animal populations
suffer a shrinking habitat, the result of pressures
from the human population, and the deleterious
effects may be observed. Plants may be able to
survive a drastically fragmented distribution,
which, however, may be insufficient to support
the animal populations dependent on them. More-
over, animals do not have recourse to self-
fertilisation, as do plants. The Late Miocene
demise of rainforest on a grand scale must have
had a devastating effect on the animal populations.
At Riversleigh in northeastern Australia, species
diversity dropped markedly from a high in the
Late Oligocene—Early Miocene, to a low in the
Pliocene—Quaternary (Archer et al., 1989a).
Prior to this Late Miocene devastation, all the
species were rainforest inhabitants (Archer et al.,
19895).

If this model for change is accepted, then the
implications for conservation are clear. A
maximum of diversity should be maintained as the
nucleus for future change.

CONCLUSIONS

The landscape was almost entirely forested
throughout the Tertiary. The vegetation was
mainly rainforest prior to the Middle Miocene,
but afterwards drier kinds of forest dominated. In
the Late Pliocene—Pleistocene, the herbaceous
element increased and the forest opened up.
Woodlands/grasslands/herbfields were dom-
inant.

There was almost continuous change in the
flora with time. Vegetation changes were small for
most of the time, but there were several periods
of drastic vegetation change. The general trends
in the vegetation and times of change are recog-
nisable in different parts of Australia, but there
was variation in the vegetation, comparable with
that seen today. The times of major change
correspond with climate changes. A climatic
gradient parallel to that of today, i.e. wetter on
the coast and drier inland, existed throughout the
Tertiary.

Comparisons of Australia with neighbouring
land masses generally show differences commen-
surate with environmental differences. Thus, the
Tertiary vegetation of Australia and New Zealand
was generally similar until the Miocene, after
which considerable differences emerged. The
environment diverged during the late Tertiary:
aridity developed in Australia, whereas mountain
building and glaciation shaped New Zealand’s
environment. The flora and vegetation of the two
are very different today.

When the long-established phytogeographical
hypotheses are tested via the fossil record, they
are found to be almost totally inadequate. Present
distributions, taxonomy and cytogenetics cannot
be read backwards to deduce the origin and
migration routes of plant taxa. Evolution of taxa
would have occurred almost continuously. Each
taxon occupied its favoured niche in the land-
scape. Small patches of vegetation different from
the dominant type(s), such as that in protected
gorges or on ridgetops subjected to lightning
strikes, were ‘nuclei for change’. When climatic
change comes, an expansion or contraction of the
different communities rapidly accommodates the
change.
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Botanical name

Fossil name

Reference(s)

Acacia (Mimosaceae)

Alangium (Alangiaceae)

Alyxia (Apocynanceae)

Amylotheca (Loranthaceae)

Anacardiaceae/Simaroubaceae

Anacolosa (Olacaceae)

Araliaceae

Araucariaceae

Ascarina (Chloranthaceae)

Asteraceae

Austrobuxus (= Longetia)
Dissiliaria (Euphorbiaceae)

Banksieae (Proteaceae)

Beauprea (Proteaceae)
Bombax type (Bombacaceae)

Caesalpinoides (Caesalpiniaceae)
Calamus (Arecaceae)

cf. Callitriche (Callitrichaceae)
Canthium (Rubiaceae)
Carnarvonia (Proteaceae)

Casuarinaceae

Celtis (Ulmaceae)

Ceratopetalum (Cunoniaceae)

Chenopod type (Chenopodiaceae/
Amaranthaceae)

Coclebogyne (= Alchornea)
(Euphorbiaceae)

Coprosma/Opercularia (Rubiaceae)

Cunoniaceae

Polyadopollenites myriosporites
(Cookson) Stover & Patridge
Acaciapollenites myriosporites
(Cookson) Mildenhall
Alangiopollis sp.

Psilodiporites sp.

Amylotheca

2Striatocolporites minor Muller
Anacolosidites spp.

Araliaceae

Araucariacites australis Cookson,
?Dilwynites granulatus Harris
Clavatipollenites spp.

Tubulifloridites spp.

Malvacipollis spp.

Polyorificites oblatus Martin =
Heliciporites astrus Stover &
Partridge

Banksieaeidites sp.

Beaupreaidites spp. Cookson
Bombacidites bombaxoides Couper

Margocolporites vanwijhei Germeraad
et al.

Calamus Truswell et al.

Australopollis obscurus (Harris)
Krutzsch emend. Stover &
Partridge

Canthiumidites oblatus Pocknall &
Mildenhall

Proteacidites stratosus Pocknall &
Mildenhall

Haloragacidites harrisii (Couper)
Harris, Casuarinidites catnozoicus
Cookson & Pike

Celtis sim. Sluiter

Ceratopetalum comp.
Chenopodipollis chenopodiaceoides
(Martin) Truswell
Psilatricolporites operculatus van der
Hammen & Wymystra
Palacocoprosmadites Macphail &
Truswell, Coprosma sim. Sluiter
Cunoniaceae

Cookson (1954), Stover &
Partridge (1973)

Foster (1982), Macphail &
Truswell (1989), Reitsma (1970)

Macphail & Truswell (1989)

Martin (1978), Cookson (1956)

Sluiter (1984)

Cookson & Pike (19545), Stover &
Partridge (1973)

Luly et al. (1980), Sluiter (1984),
Truswell et al. (1987)

Martin (1978), Harris (1965),
Dettmann (1989)

Dettmann (1989), Muller (1981),
Macphail & Truswell (1989)

Stover & Partridge (1973), Martin
(19734)

Martin (1974), Stover & Partridge
(1973)

Cookson (1950), Stover &
Partridge (1973)

Cookson (1950), Dettmann (1989)

Stover & Partridge (1973), Muller
(1981) ,

Macphail & Truswell (1989)

Truswell et al. (1987)
Macphail (1990)

Macphail & Truswell (1989)
Sluiter (1984)

Cookson & Pike (19545), Stover &
Partridge (1973), Kershaw
(1970a)

Sluiter (1984), Truswell et al.
(1987)

Luly ez al. (1980), Sluiter (1984)

Truswell et al. (1985), Macphail &
Truswell (1989)

Germeraad et al. (1968), Martin
(1974)

Macphail & Truswell (1989),
Sluiter (1984)

Luly ez al. (1980), Sluiter (1988)
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Botanical name Fossil name Reference(s)
Cupaneae (Sapindaceae) Cupaneidites spp. Cookson & Pike (19545), Stover &
Partridge (1973)

Cupressaceae
Cyperaceae

Dacrycarpus (Podocarpaceae)
Dacrydium (Podocarpaceae)

Dodonaea (Sapindaceae)

Dodonaea cf. D. triguetra
(Sapindaceae)

Droseraceae

Ebenaceae
Elaeocarpaceae
Ericales

Eucalyptus, bloodwood/Angophora
type (Myrtaceae)
Eucalyptus spathulata

Exocarpus (Santalaceae)
Fuchsia (Onagraceae)

Gardenia = ‘Randia’ chartacea
(Rubiaceae)

Gardenia (triporotetrad)
(Rubiaceae)

Geissois/Eucryphia (Cunoniaceae/
Eucryphiaceae)

Gentiana (Gentianaceae)

Gerantum/Pelargonium
(Geraniaceae)

Gevuina/Hicksbeachia (Proteaceae)
Guettarda (Rubiaceae)
Gunnera (Gunneraceae)

Gyrostemonaceae

Hakea/Grevillea (Proteaceae)
Haloragis (Haloragaceae)

Tlex (Aquifoliaceae)
Isopogon (Proteaceae)

Cupressaceae
Cyperaceae, Cyperaceaepollis spp.

Dacrycarpites australiensis Cookson
& Pike

Lygistepollenites florinii (Cookson &
Pike) Stover & Evans

Dodonaea sphaerica Martin

Nuxpollenites sp. Truswell et al.

Droseraceae, Droserapollis

Ebenaceae, Diospyros sim. Sluiter
Elaeocarpus com. Elaeocarpaceae
Ericipites spp.

Myrtaceidites eucalyptoides Cookson
& Pike, Eucalyptus comp. Sluiter

Eucalyptus spathulata Martin &
Gadek, Myrtaceidites spp. C, Bint

Exocarpus sim. Sluiter

Diporites aspis Pocknall &
Mildenhall

Triporopollenites bellus Stover &
Partridge

Triporotetradites sp. Truswell et al.

Geissois/Eucryphia comp.

Gentiana sim.,

‘Tricolporites geranioides’ Couper,
Tricolporopollenites pelargonioides
Martin

Propylipollis (Proteacidites)
reticuloscabratus (Harris)
Dettmann

cf. Guettardidites

Rhoipites alveolatus (Couper)
Pocknall & Crosbie, Gunnerites
reticulatus Cookson & Pike

Gyrostemonaceae

Proteaceae cf. Grevillea Martin

Haloragacidites haloragoides Cookson
& Pike

Tlexpollenites spp.

Proteacidites isopogoniformis Couper

Martin (19734, 1978)

Martin (19734, 1978), Sluiter
(1988), Truswell et al. (1985)
Cookson & Pike (1953), Taylor et

al. (1990)

Martin (1978), Stover & Partridge
(1973)

Martin (19734)

Truswell e al. (1985), Macphail &
Truswell (1989)

Sluiter (1984), Macphail &
Truswell (1989), Truswell &
Marchant (1986)

Sluiter (1984), Truswell ez al.
(1987)

Luly et al. (1980), Truswell et al.
(1987)

Harris (1965), Stover & Partridge
(1973)

Cookson & Pike (19545), Martin
(1978), Sluiter (1984)

Martin & Gadek (1988), Bint
(1981)

Sluiter (1984)

Macphail & Truswell (1989), Berry
et al. (1990)

Stover & Partridge (1973), Martin
(1978)

Truswell et al. (1985), Macphail &
Truswell (1989)

Luly er a/. (1980), Martin (unpubl.),
Sluiter (1984)

Luly et al. (1980)

Martin (19735)

Dettmann (1989), Martin (1987)

Macphail & Truswell (1989)
Dettman (1989), Pocknall &
Crosbie (1982), Muller (1981)

Truswell er al. (1985), Macphail &
Truswell (1989)

Martin (19734, unpubl.)

Cookson & Pike (19544), Stover &
Partridge (1973)

Martin (1977)

Macphail & Truswell (1989)



Appendix 7.1. (cont.)

Tertiary phytogeography: palynological evidence 135

Botanical name

Fossil name

Reference(s)

Fasminum (Rubiaceae)
Lagarostrobos (Podocarpaceae)

?Liliaceae
Loranthaceae

Macadamia/Helicia/Orites comp.

(Proteaceae)

Macaranga/Mallotus
(Euphorbiaceae)
Malpighiaceae

Malvaceae
Meliaceae

Merrimia (Convolvulaceae)

Micrantheum/Neoropera
(Euphorbiaceae)

Microcachrys (Podocarpaceae)

Monotoca (Epacridaceae)

Myriophyllum (Haloragaceae)
Myrsinaceae

Mpyrtaceae

Nothofagus, ancestral type
(Fagaceae)

Nothofagus subgen. Brassospora
(Fagaceae)

Nothofagus subgen. Fuscospora
(Fagaceae)

Nothofagus subgen. Lophozonia
(Fagaceae)
Nypa (Araceae)

Omalanthus (Euphorbiaceae)

Phyllocladus 2-saccate type
(Podocarpaceae)

Phyllocladus 3-saccate type
(Podocarpaceae)

Fasminum comp.

Phyllocladidites mawsonii Cookson ex
Couper

Liliacidites spp.

Gothanipollis bassensis Stover
Tricolpites simatus Partridge

Propylipollis cf. scaboratus (Couper)
Dettmann, Proteactdites
wanhoensis Martin

Triporopollenites endobalteus
Mclntyre

Perisyncolporites pokornyi
Germeraad, Hopping & Muller

Makvacearumpollis sp.

Meliaceae, Dysoxylum sim.

Perforricolporites digitatus Gonzalez

Mabvacipollis spinyspora

Microcachrydites antarciteus Cookson
Monotoca sp.

Haloragacidites myriophylloides
Cookson & Pike
Myrsinaceae, Rapanea sim.

Myrtaceidites spp. Cookson & Pike,
Acmena comp., Baeckea/
Leptospermum comp., Syzygium—
Cletstocalyx comp., Rhodamnia
comp., Tristania/Meterosideros
comp. in Luly et 4. and Sluiter

Nothofagidites senectus Dettmann &
Playford, N. endurus Stover &
Partridge

Nothofagidites spp. (see Dettmann
et al. 1990)

Nothofagidites brachyspinulosus
(Cookson) Harris, N. flemingii
(Couper) Potonie

Nothofagidites asperus (Cookson)
Stover & Evans

Spinizonocolpites prominatus
(Mclntyre) Stover & Evans

Omalanthus comp.

Phyllocladidites palaeogenicus
Cookson & Pike

Trisaccites micropteris Cookson &
Pike, Podosporites microsaccatus
Dettmann

Luly ez al. (1980)

Martin (1978), Playford &
Dettmann (1979)

Stover & Partridge (1973)

Stover & Partridge (1973), Martin
(1978), Sluiter (1984)

Dettmann (1989), Martin (19734,
1978)

Martin (1974)

Macphail & Truswell (1989),
Germeraad ef al. (1968)

Macphail & Truswell (1989)

Sluiter (1984), Truswell ¢t al.
(1987)

Ferguson et al. (1977), Germeraad
et al. (1968), Macphail &
Truswell (1989)

Martin (19734, 1974, 1978), Kemp
(1976)

Martin (1978), Dettmann (1989)

Hill & Macphail (1985), Martin
(unpubl.)

Cookson & Pike (19545), Martin
(1978)

Sluiter (1984), Truswell ¢t al.
(1987)

Cookson & Pike (19544), Stover &
Partridge (1973), Luly ez al.
(1980), Sluiter (1984), Martin
(1973q)

Dettmann et al. (1990), Stover &
Partridge (1973)

Dettmann ez al. (1990), Cookson
(1958)

Dettmann et al. (1990), Cookson
(1958)

Dettmann et al. (1990), Cookson
(1958)

Stover & Partridge (1973), Muller
(1981)

Luly ez al. (1980)

Cookson & Pike (19544), Pocknall
(1981)

Martin (1978), Cookson & Pike
(19544), Dettmann (1963)
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Botanical name

Fossil name

Reference(s)

Poaceae

Podocarpus (Podocarpaceae)
Polygalaceae

Polygonum (Polygonaceae)
Polyosma (Escalloniaceae)
Portulacaceae

Quintinia (Escalloniaceae)
Restionaceae, Hypolaena type

Restionaceae, Restio type
Rhamnaceae

Rhipogonum (Liliaceae)
Rhizophoraceae

Rutaceae

Santalum type
Sapotaceae

Sparganiaceae
Sphenostemon (Aquifoliaceae)

Sterculiaceae
Symphyonema (Proteaceae)
Symplocaceae
Urticaceae/Moraceae
Vitaceae

Winteraceae

?2Xylomelum (Proteaceae)

Graminidites media Cookson
Podocarpidites spp.
Polycolpites esobalteus McIntyre

Polygonum, pantoporate pollen type

Polyosma sim.

Portulacaceae Martin, Lymingtonia
sp. Macphail & Truswell

Quintinia psilatispora Martin

Milfordia hypolaenoides Erdtman

Milfordia homeopunciata (Mclntyre)
Partridge
Rhamnaceae

Rhipogonum comp.

Zonacostites ramonae Germeraad
et al.

Melicope comp. Luly et al.,
Acronychia sim. Sluiter,
?Tricolporapollenites fvanhoensis
Martin, Euodia sim. Sluiter

Santalumidites cainozoicus Cookson
& Pike

Sapotaceoidaepollenites rotundus
Harris

Sparganiaceaepollenites spp.

Sphenostemon

Sterculiaceae, Brachychiton sim.
Sluiter

Proteacidites symphyonemoides
Cookson

Symplocoipollenites austellus Stover &
Partridge

Urticaceae/Moraceae comp. Sluiter

Vitaceae

Gephyrapollenites spp. Stover &
Partridge, Drimys tetradites
Martin

Propylipollis (Proteacidites) annularis
(Cookson) Dettmann

Martin (1978), Muller (1981)

Martin (1978), Dettmann (1989)

Stover & Partridge (1973), Sluiter
(1984)

Martin (1982)

Luly et al. (1980)

Martin (197354), Macphail &
Truswell (1989)

Martin (19734, 1978)

Martin (19734, 1978), Stover &
Partridge (1973), Sluiter (1988)

Stover & Partridge (1973), Martin
(1978), Sluiter (1988)

Luly et al. (1980), Sluiter (1984),
Truswell e al. (1987)

Luly et al. (1980)

Hekel (1972), Germeraad et al.
(1968)

Luly et al. (1980), Sluiter (1984),
Martin (19734; unpubl.)

Cookson & Pike (1954b), Stover &
Partridge (1973)

Stover & Partridge (1973), Muller
(1981)

Martin (1978), Sluiter (1988)

Sluiter (1984), Truswell ez al.
(1987) )

Sluiter (1984), Truswell et al.
(1987)

Cookson (1950), Stover &
Partridge (1973), Sluiter (1984)

Stover & Partridge (1973), Martin
(1978)

Luly ez al. (1980), Sluiter (1984),
Truswell et al. (1987)

Luly et al. (1980), Sluiter (1984),
Truswell ez al. (1987)

Dettmann (1989), Martin (19734,
1978)

Cookson (1950), Dettmann (1989)

The most pertinent references have been selected. Qualification of degree of confidence in identification used by
some authors is indicated thus: Comp., compares favourably with reference material; sim., bears a strong similarity

to present-day type.
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Appendix 7.2. Definition of the major pollen groups
used in the text

Major pollen group  Botanical names

Spores
Gymnosperms

Pteridophytes and bryophytes

Araucariaceae

Cupressaceae

Dacrycarpus

Dacrydium

Lagarostrobos

Microcachrys

Phyllocladus type 1 (3-saccate)

Phyllocladus type 2 (2-saccate)

Podocarpus

Casuarinaceae

Eucalyptus, bloodwood/
Angophora type

Eucabyptus spathulata

Myrtaceae

Nothofagus, ancestral type

Nothofagus subgen. Brassospora

Nothofagus subgen. Fuscospora

Nothofagus subgen. Lophozonia

Banksieae

Beauprea

Carnarvonia

Gevuina/Hicksbeachia

Hakea/Grevillea

Isopogon

Macadamia, Helicia/Orites
complex

Symphyonema

?Xylomelum

Many unidentified species

Many extinct species

Poaceae

Asteraceae

Casuarinaceae
Myrtaceae

Nothofagus

Proteaceae

Poaceae
Asteraceae

For fossil names and references, see Appendix 7.1
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8 Cretaceous vegetation:
the microfossil record

M. E. DETTMANN

During the past decade, the three-element
invasion theory that was initially advocated by
Hooker (1860) to explain the present-day Austra-
lian flora has been questioned or dismissed
(Barlow, 1981; Webb et al., 1986). Current con-
cepts developed from ecological evidence indicate
autochthonous differentiation from an ancient
Gondwanan flora during the Late Cretaceous and
early Tertiary (Webb et al, 1986). However,
Truswell et al. (1987) believed that the pollen
record known to them favoured a Late Cre-
taceous—early Tertiary phase of floristic
exchange between Australia and regions to the
north, with dispersal occurring in both directions.
Evidence that countered invasion from the north
during the Late Cretaceous has since accrued
(Dettmann & Thomson, 1987; Dettmann &
Jarzen, 1988, 1990; Dettmann, 1989; Dettmann
et al., 1990; Jarzen & Dettmann, 1990). From
patterns of pollen introductions in separate
regions of the southern Gondwana assembly, it
was concluded that many elements of the Austra-
lian Cretaceous flora either evolved within the
Austro-Antarctic region or entered Australia
using an Antarctic route (Dettmann, 1989;
Dettmann & Jarzen, 1990), as had been suggested
previously (Dettmann, 1981).

The earliest angiosperms in Australia were
almost certainly immigrants. The pollen record
emphasises a 5—10 million years (Ma) time lag
between initial inceptions of angiosperms in the
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southern  Laurasian—northern ~ Gondwanan
region (Hauterivian or earlier) than introduction
in Australia (late Barremian—Aptian). This evi-
dence argues against Australia as a cradle region
of the angiosperms (Takhtajan, 1969) and pro-
vides little support for inception and diversifi-
cation of earliest angiosperms on fragments of the
Australian plate that rafted northwards during the
Late Jurassic (Takhtajan, 1987). Migration routes
taken by the early angiosperms to Australia prob-
ably involved southern Gondwana (Dettmann
1981, 1989; Truswell et al., 1987); dispersal to
Australia from Southeast Asia via microcontinents
detached from northern Australia (Burger, 1981,
1990) has scant support from the pollen record.
The issues of introduction and Late Cretaceous
differentiation of angiosperms in Australia are
explored here using up-to-date pollen evidence.
This evidence, combined with knowledge of
palacogeography and palaeotemperatures, has
provided a basis for interpreting floristics and
structure of Cretaceous plant communities rep-
resented in Australia. The spore—pollen evi-
dence has been gathered from Cretaceous
sediments that occur in 22 of Australia’s Mesozoic
basins (Figure 8.1). In these have accumulated
successions of marine and nonmarine (fluvial and
lacustrine) sediments that reflect advancement or
retreat of seas resulting from progressive isolation
of Australia from the southern Gondwana
assembly, from oscillations in world sea levels, and
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Figure 8.1 Australian Cretaceous sedimentary basins.

from alterations to drainage patterns of riverine/
lacustrine systems that fed into the seas
(Dettmann et al., 1992). Diverse spores and pollen
represented in the sediments have been inter-
preted in a biostratigraphic context (Figure 8.2),
and have provided a mechanism for integrating
marine and nonmarine zonations (Helby et al.,
1987; Dettmann et al., 1992). Thus the spore-
pollen zones have been dated through associated
planktic marine faunas and dinocyst/nanno-
plankton floras, and have been related to the plant
macrofossil zones (Douglas, 1969, 1973) of south-
eastern Australia; for several of these dates there
is independent radiometric evidence (Figure 8.2).
While the spore—pollen record is complete for
the entire Cretaceous in southeastern Australia,

it has been evaluated only for the Early to mid-
Cretaceous in central, northeastern, and south-
western areas (Figure 8.2).

SPORE-POLLEN/PLANT
RELATIONSHIPS

In recent years considerable advances have been
made in elucidating relationships of spore—
pollen taxa represented in Australian sediments.
A range of cryptogam, gymnosperm and angio-
sperm components have been found in situ with
macrofossils of fertile organs in Australia and
overseas. Other spore—pollen taxa have been
shown after rigorous scrutiny and comparison
using electron and light microscopy to bear the
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Figure 8.2 Age and relationships of spore-pollen and
macroplant zones. Radiometric ages (*) are linked by arrow
to corresponding spore—pollen zonal determinations, but are
considered unreliable (Dettmann ez al., 1992). Spore—pollen
zones in ascending order are as follows: SW Australia: Biretispo-
rites eneabbaensis (Berriasian—early Valanginian); Balmeiopsis
limbata (Valanginian—Aptian), and Hoegisporis (latest Aptian
or Albian—Cenomanian). SE Australia: Crybelosporites stylosus
(Berriasian—early Valanginian), Cyclosporites hughesii (Valang-
inian—-Aptian), Crybelosporites striatus (latest Aptian—early
Albian), Coptospora paradoxa (mid-late Albian), Phimopollen-
ites pannosus (late Albian), Appendicisporites distocarinatus (latest
Albian—Cenomanian), Phyllocladidites mawsonéi (Turonian—
earliest Santonian), Tricolporites apoxyexinus (Santonian),

trademarks of extant taxa. Even so, the listing of
plant taxa that have entities in the Australian Cre-
taceous (Table 8.1; Figures 8.3-8.6) considerably
understates floristic diversity, as the affinities of
many Cretaceous spore—pollen taxa remain un-
resolved. The known ranges in Australia and on
a world-wide basis of selected taxa represented in
the Australian Cretaceous spore—pollen record
are detailed in Figure 8.7.

Nothofagidites senectus (early Campanian), Tubulifloriidites lilliei
(mid Campanian—early Maastrichtian), and Forcipites longus
(latest early—late Maastrichtian or earliest Danian). NE Aus-
tralia: Ruffordiaspora ausiraliensis (Berriasian—early Valangin-
ian), Foraminisporis wonthaggiensis (Valanginian—Barremian),
Cyclosporites hughesii (Aptian), Crybelosporites striatus (latest
Aptian—early Albian), Coptospora paradoxa (mid—late Albian),
Phimopollenites pannosus (late Albian), Appendicisporites distocari-
natus (latest Albian—Cenomanian). Macroplant zones for SE
Australia are: Ptilophyllum spinosum — Ptilophyllum castertonensis
(Berriasian), Ptilophyllum pachypteris — Pachypteris austropap-
illosus (Valanginian—Barremian), Ginkgoites australis (latest
Barremian—early Albian), and Phyllopteroides dentata (early—
late Albian).

VEGETATIONAL SUCCESSION

Throughout the Cretaceous much of the Austra-
lian landmass supported forests in which austral
conifers (Podocarpaceae and Araucariaceae) were
important elements. These two families were
established in Australia during the Jurassic
(Gould, 1975), and can be regarded as rep-
resenting the ancestral core of present-day















“I9J1u0d "uo?) (1861 ‘NN

woij pajepdn) uOXe) Yoeds I0j UMOYS OS[E JIE SISEQ-P[IOM B U0 safuer-duil], -Biensny

JO uomerdaa snoadeRI) Sy Ul paudsdidas exel parddpes jo safuer-owl], £°g dIndrg

LS B
5§ 8§ 8 8§ s =z 3F LEGEND
| | m— Australian r d
2Lz Z] > > nelnw| A z ustralian recor
% E_CI:E § % g%gg % )l: —— world record
g 5%‘ g z z )E)E,Eg 2 § -—-— absent from designated interval, but known
Z %E )Z> §ZJ2>)Z> )Z> e from the Tertiary in Australia
z|z z E ~ tentative record
r4
- OSMUNDACEAE
- GLEICHENIACEAE Gleicheniatype
SCHIZAEACEAE Actinostochys type Py
- DICKSONIACEAE Dicksania type 2
=——=—o—u DICKSONIACEAE Culcito type
e——— | SALVINIACEAE Azollo lype
——= BLECHNACEAE Blechnum/Doadia type
== ARAUCARIACEAE
- PODOCARPACEAE Podacarpustype 3
-pe PODOCARPACEAE Micracochrys type %‘ E
PODOCARPACEAE Llogarostrabustype “ >
PODOCARPACEAE Daocrycarpustype é
m
: AQUIFOLIACEAE  flex fype 2
CALLITRICHACEAE Callitriche type z
= PROTEACEAE 5
= PROTEACEAE Macodamia/Helicia type g
PROTEACEAE Guvuina/Hicksbeochia type :
PROTEACEAE Adenonthos type §
E——— PROTEACEAE Stirlingia type . g
e PROTEACEAE Carnarvonia type .;_ );
Eﬁ PROTEACEAE Telapeo type ‘.; b
PROTEACEAE Grevillea type il8
B PROTEACEAE Persoania type >
ﬁ FAGACEAE Nothafagus (ancestral) type
FAGACEAE Nathafagus (Fuscaspara) type
~— e \//INTERACEAE
GUNNERACEAE Gunneraotype
- TRIMENIACEAE Trimenio type
EPACRIDACEAE
RANUNCULACEAE Clematis type
m
- SCHIZAEACEAE Anemia type o1
LOPHOSORIACEAE Lophasaria type E 25
[a) >>
PODOCARPACEAE Dacrydium type S E;
_ 4
CHLORANTHACEAE Ascarino type -5
FAGACEAE Nathafagus (Brassospora) type '3 ;g
PROTEACEAE Beauprea type 'é :;
PROTEACEAE Knightio type 3 g




Cretaceous vegetation: microfossils

151

Table 8.1. Suggested relationships of spore—pollen taxa recorded from the Australian Cretaceous (selected taxa
are illustrated in Figures 8.3 10 8.6)

Extant and/or fossil plant taxa

Spore—pollen taxa

Cretaceous range in Australia

Musci
Sphagnaceae

Anthocerotae
Nothylas/Phaeoceros
Nothylas
?Anthocerotaceae

Hepaticae
Riella/Riccia/
aHepaticites disciformis

?Hepaticae
Lycopodiopsida

Lycopodiaceae
Lycopodiella

Lycopodium
Huperzia/Phylloglossum

Lycopodiaceae/
Selaginellaceae

Selaginellaceae

Isoetaceae

Isoetaceae/Equisetaceae
Filicopsida
Marattiaceae
Osmundaceae

«Cacumen expansa
Osmunda/Leptopteris

Schizaeaceae
Anemia subgen. Anemia

Anemia subgen.
Coptophyllum

Anemia

Stereisporites

Foraminisporis dailyi

F. wonthaggiensis

F. asymmetricus
Stoverisporites microverrucatus

Interlobites intraverrucatus

Triporoletes

Coptospora paradoxa

Camarozonosporites ambigens

C. amplus

C. ohiensis

Retitriletes

Sestrosporites pseudoalveolatus
Coronatispora

Ceratosporites equalis

Neoraistrickia truncata

Herkosporites elliottii

Densoisporites velatus

Perotrilites

Minerisporites marginatus

Paxillitriletes phyllicus

Perinomonoletes sp. (Dettmann, 19864)

Punctatosporites walkomii

Osmundacidites mollis
Baculatisporites comaumensis
Osmundacidites wellmanii

Appendicisporites cf. cristatus
A. cf. potomacensis

A. cf. problematicus
Plicatella distocarinata

P. cf. gigantica

P. cf. jansonii
Cicatricosisporites cuneiformis
C. hughesii

Ranges throughout Cretaceous

Berriasian—Campanian
Valanginian—Maastrichtian
Barremian—Campanian
Mid-Albian-Turonian (N Aust.)
Cenomanian—Campanian (SE Aust.)
Mid-Albian—Turonian (N Aust.)
Cenomanian—Turonian (SE Aust.)

Valanginian—Maastrichtian (N & W
Aust.)

Barremian—Maastrichtian (SE Aust.)

Mid-late Albian (N Aust.)

Mid-Albian—Cenomanian (S Aust.)

Mid-Albian—Cenomanian (N Aust.)
Turonian—Maastrichtian (SE Aust.)
Campanian—Maastrichtian (SE Aust.)
Campanian—Maastrichtian (SE Aust.)
Ranges throughout Cretaceous
Valanginian—Santonian
Valanginian—Albian

Ranges throughout Cretaceous

Ranges throughout Cretaceous
Maastrichtian (SE Aust.)
Ranges throughout Cretaceous
Ranges throughout Cretaceous
Valanginian—Albian
Valanginian (W Aust.)

Ranges throughout Cretaceous

Ranges throughout Cretaceous

Barremian—-Albian
Ranges throughout Cretaceous
Ranges throughout Cretaceous

Cenomanian

Cenomanian

Late Albian—-Cenomanian
Mid-Albian—Turonian (N Aust.)
Late Albian—Turonian (S Aust.)
Barremian—Aptian (N Aust.)
Albian-Cenomanian (N Aust.)
Mid-Albian-Turonian
Berriasian—Albian (W & N Aust.)
Aptian—Turonian (SE Aust.)
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Extant and/or fossil plant taxa

Spore—pollen taxa

Cretaceous range in Australia

“Ruffordia goeppertii

o} Ruffordia

Actinostachys
?Schizaeaceae

Pteridaceae
?Pteris

Gleicheniaceae
Gleichenia/Dicranopteris
?Gleicheniaceae

Dicksoniaceae
Dicksonia
Culcita

?Dicksoniales
sAdiantites lindsayoides
aSphenopteris travisii

Lophosoriaceae
Lophosoria

Matoniaceae

Blechnaceae
Blechnum/Doodia
Marsileaceae

Salviniaceae
2Azolla

Pteridospermophyta

Cycadophyta/Ginkgophyta

Coniferophyta

Cheirolepidaceae
aTomaxellia biforme

Araucariaceae
aBrachyphyllum mamillare
aApterocladus lanceolatus

“Brachyphyllum irregulare

Araucaria/Agathis

C. pseudotripartitus

C. venustus

Ruffordiaspora australiensis
R. ludbrookiae
Microfoveolatosporis fromensis
Ischyosporites

Klukisporites scaberis

Camarozonosporites bullatus
Polypodiaceoisporites elegans

Gleicheniidites circinidites
Clavifera triplex

Trilites tuberculiformis
Rugulatisporites mallatus

Diciyophyllidites crenatus
Cyathidites australis/C. minor

Cyatheacidites annulatus

Dictyophyllidites pectinataeformis
Matonisporites cooksoniae

Peromonoletes densus
Arecellites
Balmeisporites
Crybelosporites
Grapnelispora evansii

Alisporites
Vitreisporites pallidus

Cycadopites nitidus

Classopollis

Callialasporites dampieri
C. trilobatus

C. dampieri

Balmeiopsis limbata

Araucariacites australis

Hauterivian—-Albian (W Aust.)
Albian (SE Aust.)
Mid-Albian-Cenomanian
Valanginian—Campanian
Valanginian—Albian
Campanian—Maastrichtian
Berriasian—Cenomanian
Berriasian—-Ceonomanian

Santonian—Maastrichtian (SE Aust.)
Barremian—Cenomanian (N Aust.)

Ranges throughout Cretaceous

Mid-Albian—Maastrichtian (N & W
Aust.)

Cenomanian—Maastrichtian (SE
Aust.)

Berriasian—Maastrichtian
Maastrichtian (SE Aust.)

Ranges throughout Cretaceous
Ranges throughout Cretaceous

Albian—Cenomanian (W & N Aust.)
Turonian—Campanian (SE Aust.)
Albian (S Aust.)

Berriasian—Albian

Maastrichtian
Barremian—Cenomanian
Late Aptian—Turonian
Berriasian—Santonian

Maastrichtian (S Aust.)

Ranges throughout Cretaceous
Ranges throughout Cretaceous

Ranges throughout Cretaceous

Berriasian—Santonian

Berriasian—Cenomanian

Berriasian—Cenomanian

Berriasian—Cenomanian

Berriasian-Cenomanian (N & W
Aust.)

Ranges throughout Cretaceous
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Extant and/or fossil plant taxa

Spore—pollen taxa

Cretaceous range in Australia

Podocarpaceae

Dacrycarpus
Dacrydium

Microcachrys/Microstrobos

Lagarostrobos

Podocarpus/Dacrydium
aTrisacocladus tigrensis

Anthophyta
Aquifoliaceae
Tex
Callitrichaceae
Callitriche
Chloranthaceae
Ascarina

?Hedyosmum
Epacridaceae
Fagaceae
Nothofagus subgen.
Fuscospora
Nothofagus subgen.
Brassospora
Nothofagus (ancestral)
Gunneraceae
Gunnera
?Platanaceae
Proteaceae
Adenanthos
Beauprea
Carnarvonia
Grevillea

Gevuina/Hicksbeachia
Knightia
Macadamia/Helicia
Persoonia

Stirlingia

Telopea
Ranunculaceae

cf. Clematis
Trimeniaceae

Trimenia
Winteraceae

Belliolum/Bubbia
*Winteraceae

Dacrycarpites australiensis
Lygistepollenites spp.
Microcachrydites antarcticus
Phyllocladidites mawsonii

P. verrucosus

Podocarpidites
Trichotomosulcites subgranulatus

Hlexpollenites anguloclavatus
Australopollis obscurus

Clavatipollenites hughesii

Asteropollis asteroides
Ericipites scabratus

Nothofagidites brachyspinulosus
N. emarcidus
N. senectus, N. endurus

Tricolpites reticulatus
Tricolpites minutus

Proteacidites adenanthoides

Beaupreaidites

Proteacidites pseudomoides

Propylipollis sp.2 (Dettmann & Jarzen,
1991)

Propylipollis reticuloscabratus

Proteacidites amolosexinus

Propylipollis cf. crassimarginis

Proteacidites sp.A (Hill & Macphail,
1983)

Proteacidites sp.l (Dettmann & Jarzen,
1991)

Triporopollenites ambiguus

Tricolporites lilliei
Periporopollenites fragilis

Pseudomwinterapollis wahooensis

2Afropollis sp. (Burger, 1990)

Campanian—Maastrichtian (S Aust.)
Santonian—Maastrichtian (S Aust.)
Ranges throughout Cretaceous
Turonian—Maastrichtian (S Aust.)
Maastrichtian (S Aust.)

Ranges throughout Cretaceous
Ranges throughout Cretaceous

Turonian—Maastrichtian (S Aust.)
Cenomanian—Maastrichtian
Barremian/Early Aptian—Campanian
(S Aust)
Early Albian—Turonian (N Aust.)
Early Albian
Campanian—Maastrichtian (S Aust.)
Maastrichtian (S Aust.)
Maastrichtian

Campanian—Maastrichtian (S Aust.)

Campanian—Maastrichtian
Late Albian

Santonian—Maastrichtian (S Aust.)
Campanian—Maastrichtian (S Aust.)
Campanian—-Maastrichtian (S Aust.)
Maastrichtian (S Aust.)
Santonian—Maastrichtian (S Aust.)
Campanian—Maastrichtian
Santonian—Maastrichtian
Maastrichtian
Campanian—Maastrichtian (S Aust.)
Campanian—Maastrichtian (S Aust.)
Campanian—Maastrichtian

Campanian—Maastrichtian (S Aust.)

Campanian—Maastrichtian
Late Albian

sFossil plant taxa.
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perhumid forests (rainforests) that occur in
castern Australia. As revealed by the spore—
pollen record, floristics and structure of the mixed
podocarp/araucarian Cretaceous forests were pro-
gressively modified prior to, and after, the
introduction of angiosperms into the Australian
region. The successive vegetational changes have
been linked to environmental disturbances associ-
ated with break-up of southern Gondwana, world
sea level changes and climatic fluctuations
{(Dettmann, 19866). The history of the Cretaceous
vegetation of Australia is discussed below, with
reference to the changes in geography, climates,
and environments of the continent.

The flora prior to angiosperm invasion
(Berriasian-Barremian)

In earliest Cretaceous times Australia, Antarctica,
New Zealand, the Lord Howe Rise, the Queens-
land Plateau, and greater India were conjoined as
part of the Gondwana landmass, with Australia
situated between latitudes 50° and 80° S. Sea-
floor spreading initiated in the Late Jurassic on
the northwestern margin progressed southward
and eastward around the Australian continent
during the earliest Cretaceous (Figure 8.8). The
Canning, Carpentaria and Eromanga and Surat
Basins were drained by rivers that fed into the
sea on the newly formed northwest and northeast
coastlines. River systems occurred in the Perth
Basin in the southwest prior to rifting from India.
The southern rift valley between Australia and
Antarctica widened, and braided rivers flowed
south into it from the Eucla Basin. Further to the
west there were riverine systems and lakes in the
narrow depressions of the Otway, Gippsland and
Bass Basins (Figure 8.8).

The earliest Cretaceous spore—pollen record
from the Ruffordiaspora australiensis/Crybelosporites
stylosus Zones of eastern Australia and the
Biretisporites encabbaensis Zone of Western Aus-
tralia (Figure 8.2) reveals that araucarians and
podocarps were important elements in the
pre-angiospermous Cretaceous vegetation of
Australia. Abundant pollen of these austral coni-
fers, including pollen of the Araucaria/Agaihis-,
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BERRIASIAN & EARLIEST VALANGINIAN

Figure 8.8 Palaeogeographical reconstruction of Australia for
the Berriasian and earliest Valanginian, showing shorelines,
riverine/lacustrine systems and palynological sites (adapted
from Dettmann et al., 1992).

Podocarpus- and Microcachrys types (Table 8.1), are
associated with frequent pollen indicative of pteri-
dosperms and/or cycadeoids, and cycadophytes
and/or ginkgophytes. Classopollis and Corallina,
which are indicators of cheirolepidacean conifers,
occur in low frequencies in fluvio-lacustrine sedi-
ments, but are usually common in marginal
marine sediments. Quantitative data suggest that
mixed podocarp/araucarian forests surrounded
riverine/lacustrine systems, but in coastal regions
the forests gave way to cheirolepidacean wood-
lands. Cryptogam spores representing ferns, fern
allies and bryophytes are both abundant and
diverse in sediments that accumulated in coastal
and inland regions. Osmundalean ferns, which
probably occurred on forest margins and in the
understorey, are indicated by abundant Osmundac-
idites and Baculatisporites; one species, Osmundaci-
dites mollis, is known from fertile spikes of
Cacumen expansa, which has been assigned to the
Osmundaceae (Table 8.1). Also abundant are
Cyathidites and Dictyophyllidites which are known
in situ from Sphenopteris travisii and Adiantites lind-
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sayotdes respectively; affinities of the macrofossil
species may be with the Dicksoniales (Table 8.1).
Gleicheniidites, Matonisporites, Klukisporites and
Ruffordiaspora indicate the presence of the Gleich-
eniales, Matoniales, and Schizaeales (Table
8.1), present-day members of which occur in
streamside to dry-zone habitats. Equisetalean
and/or isoetalean reeds occupied intermittently
wet sites along streams and lake margins; these
are indicated in the palynofloras by microspores
of Peromonoletes spp. and the megaspores Mineris-
porites marginatus and  Paxillitriletes  phyllicus.
Sphagnum-type spores are represented, and are
occasionally common in the southern Eromanga
Basin. Meagre development of a floating aquatic
fern flora is suggested by the occurrence of Cryb-
elosporites (Marsileales). Also common are spores
of terrestrial and epiphytic lycopods (Lycopodium,
Lycopodiella, Huperzia and/or Phylloglossum, and
members of the Selaginellaceae) which would
have ranged from open sites to forest margins.

The floral evidence argues for some
regionalism amongst overstorey and understorey
communities in the earliest Cretaceous vegetation
of Australia. The broad riverine area of the
Eromanga and Surat Basins supported a more
diverse fern/lycopod/moss flora than the narrow
depressions of the Otway and Gippsland Basins
in the southern rift valleys, which appear to have
been more uniformly forested. In the Perth Basin
diverse assemblages of ferns were represented,
including several taxa that are unknown from the
southeast prior to the Barremian (Dettmann,
1986a; Helby et al., 1987; Dettmann ¢t al., 1992).
Migration of the plants from the west may have
been triggered by tectonic or volcanic disturb-
ances that heralded rifting of India from south-
western Australia and widening of the southern
rift valley.

A major rise in relative sea level during Late
Valanginian—FEarly Barremian times led to
marked changes in depositional patterns (Figure
8.9). The sea entered the Eromanga Basin, via
the Carpentaria Basin, from the north, following
pre-existing valleys. At the southern end of this
basin there was a broad zone of rivers and lagoons,
and to the east an embayment developed on the
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Figure 8.9 Palaeogeographical reconstruction of Australia for
the Barremian, showing shorelines, riverine/lacustrine systems
and palynological sites (adapted from Dettmann et al., 1992).

site of the Surat Basin. A fluvial system existed in
the incipient rift valleys of the Coral Sea and gran-
ites were intruded along the central Queensland
coast. The Perth Basin was invaded by the sea as
new ocean floor formed and India broke away
from the Australian continent. Widespread
faulting and extrusion of basalts accompanied this
event. The rift between Australia and Antarctica
slowly widened but drainage patterns changed
little.

Sediments deposited during this time (lower
and middle Cydlosporites hughesii Zone, southeast
Australia; Foraminisporis wonthaggiensis Zone,
northeast Australia; lower Balmeiopsis limbata
Zone, Western Australia) contain palynofloras
that indicate a response of the vegetation to these
environmental disturbances. The increase in
abundance of podocarp pollen and concomitant
decline in frequencies of araucarian pollen in flu-
vio-lacustrine sediments signifies increased rep-
resentation of the Podocarpaceae, possibly in
response to higher base levels and/or increased
precipitation. However, marine and marginal
marine sediments in the Perth Basin also have
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plentiful cheirolepidacean pollen (Backhouse,
1988), suggesting that cheirolepidacean wood-
lands developed in coastal regions. The Perth
Basin sediments also contain the earliest Austra-
lian occurrences of the fern Anemia, as confirmed
by the spore taxa Cicatricosisporites hughesii and C.
pseudotripartitus (Table 8.1).

Concepts of a uniform flora over Australia dur-
ing earliest Cretaceous times must be revised.
Distinct community associations recorded from
the disparate depositional areas indicate a
regionalised vegetation that reflects a latitudinal
control as well as habitat differences related to
topographical and substrate variations (Dettmann,
1986a,#; Dettmann et al., 1992). Forests of mixed
podocarp/araucarian conifers associated with
pteridosperms/cycadeoids and Ginkge and/or
cycadophytes occurred over much of the conti-
nent, but cheirolepidacean conifers appear to have
been more important in the vegetation of coastal
regions and Ginkgo/cycadophytes in northern
areas. Moreover, cryptogam communities varied
across Australia, with more diverse ferns in the
southwest, and greater development of lycopod
communities about the river systems in the south-
east and northeast.

The structure of the forests can be predicted
using present-day ecophysiological parameters,
combined with determinations of palaeolatitudes
and palacotemperatures (Specht et al, 1992).
Northern regions of Australia were situated at
45-50° S and southern areas in latitudes as high
as 75-80° S. At these latitudes, energy input is
sufficient to maintain forests, provided the mean
daily air temperature during the growing season is
above 13° C. In closed-forests situated at latitudes
higher than 60° S, the tree canopies would have
had low height:width ratios and there would be
no understorey. For an understorey to exist in
the earliest Cretaceous forests of Australia, canopy
taxa would have been widely spaced and have had
conical crowns of height: width ratios up to 4 : 1
(Creber & Chaloner, 1987), and the structure of
the forests would have been comparable to that
of present-day open forests in Australia (Specht
et al., 1992). There are no palaecotemperature
determinations for the Australian earliest Cre-

taceous, but computer models predict a strongly
seasonal climate for interior areas of southern
Gondwana (Schneider er al., 1985), and, on the
basis of leaf size and cuticle structures of macro-
fossils from the Otway and Gippsland Basins,
Douglas (1986) postulated humid environments
under temperature regimes similar to those of pre-
sent-day warm temperate—subtropical regions.

Early angiosperms in Australia (latest
Barremian—-Cenomanian)

Angiosperms were introduced into Australia dur-
ing latest Barremian or earliest Aptian times, with
magnoliid plants being the first invaders. Earliest
occurring pollen are monosulcate, retitectate
types referable to Clavatipollenites, which accom-
modates pollen comparable to that of Ascarina of
the Chloranthaceae (Table 8.1). Barremian—earli-
est Aptian occurrences of Clavatipollenites are
known from the Eromanga and Gippsland Basins
(Dettmann, 19864; Burger, 1990), and in the lat-
ter area the pollen is associated with the oldest
known flower branchlet, which has been inter-
preted to represent a plant of prostrate herbaceous
habit (Taylor & Hickey, 1990). Habitats of the
early angiosperms included lakeside and riverine
areas in the southern rift valley as well as the
broad coastal plains adjacent to the estuary of the
Eromanga Basin (Figures 8.9, 8.10).

There is general agreement that the earliest
angiosperms represented in the Australian region
migrated from a source in northern Gondwana
or southern Laurasia (Muller, 1981; Dettmann,
19864; Burger, 1990). Migration was more rapid
than initially postulated (e.g. Dettmann, 1973) for
there is only a brief time lag between latest
Barremian—Aptian introduction in Australia and
Hauterivian first appearances in the northern
Gondwanan - southern Laurasian region
(Brenner, 1984; Hughes & McDougall, 1987).
Radiation from the source region was concurrent
with early opening of the North and South Atan-
tic Oceans, and it has been argued that associated
environmental disturbances provided the trigger
for dispersal (Dettmann, 19864). The route to
Australia may well have been via Antarctica and
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Figure 8.10 Palaeogeographical reconstruction of Australia
for the Aptian, showing shorelines, riverine/lacustrine systems
and palynological sites (adapted from Dettmann et al., 1992).

thence into southern Australia, with the southern
rift valley forming the vehicle for floral chan-
nelling (Dettmann, 19864, 1989). Hypotheses for
migration from East Asia to northern Australia
using a series of postulated microcontinents
(Burger, 1981, 1990) await substantiation from
knowledge of early angiosperm history in Indo-
nesia and Papua New Guinea.

Vegetational modifications associated with
angiosperm invasion in Australia are reflected in
the pollen record, which emphasises changes to
understorey communities more so than to canopy
associations. The mixed podocarp/araucarian
forests in the southeast and in the Eromanga and
Surat Basins were associated with more diverse
hepatic communities than previously encoun-
tered, and several fern taxa including Pteris and
Anemia were introduced into the Eromanga and
Surat Basins.

With a major rise in sea level during the early
Aptian, shallow seas flooded the intracratonic
basins, and the Australian landmass was reduced
to several large islands, the eastern ones of which
retained connections with Antarctica, the Lord

Howe Rise and the Queensland Plateau (Figure
8.10). Palynofloras from sediments of the C.
hughesii Zone of the interior basins contain high
frequencies of Podocarpus- and Microcachrys-
type pollen with lesser proportions of Ginkgo/
cycadophyte, araucarian, cheirolepidacean, and
pteridospermous/cycadeoid pollen. A forest
vegetation in which podocarps were important
canopy components is inferred. Understorey in
the forests included pteridosperms/cycadeoids,
together with osmundalean and dicksonialean tree
ferns, and there were communities of diverse ter-
restrial ferns among which gleichenialean and
schizaealean taxa were well represented. Lyco-
podium, which today comprises mainly terrestrial
taxa, is represented by diverse and abundant
spores, and spores of sphagnalean mosses, isoeta-
leans and/or equisetaleans are locally common.
However, anthocerotalean and ricciaceous spores
are poorly represented and angiospermous pollen
is thus far unrecorded from the palynofloras. High
base levels and flooding of the formerly broad
coastal and lakeside plains may signify denudation
of habitats of the early angiosperm invaders within
the Eromanga Basin during the Aptian.

Podocarp forests also occurred on the western
island (comprising southwestern areas of Western
Australia), but knowledge of the vegetation is only
sketchily known, and except for the Perth Basin
(Backhouse, 1988) is based on preliminary
accounts (Balme, 1957, 1964; Helby et al., 1987).
Palynofloras from lower Aptian sediments (upper
B. limbata Zone) of the Perth Basin reflect a veg-
etation of podocarps (including substantial rep-
resentation of those that shed Microcachrys-type
pollen) and cheirolepidacean woodlands. High
representation of sphagnalean spores suggests
development of mosslands, whilst the diverse
spore suites imply dry-zone and riparian ferns
including substantial representation of the Gleich-
eniales, the spores of which are a common
component of the palynofloras. Angiospermous
pollen has not been reported.

By contrast, coeval sediments (upper C. hughesii
Zone) in the Gippsland and Otway Basins contain
Clavatipollenites, which confirms the presence of
shrubby or herbaceous angiosperms in the south-
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east during the Aptian. The forests of the rift
valley are interpreted to have been floristically
simpler than those surrounding the Eromanga,
Surat and Perth Basins, where terrestrial ferns
were more diverse and the Gleicheniales were
abundantly represented. Moreover, the coastal
vegetation of the Perth Basin included communi-
ties of Cheirolepidaceae, which were poorly
developed about the inland seas and in the
southern rift valley.

Near the Aptian/Albian boundary a regressive
phase produced major configurations of coastlines
(Figure 8.11). The inland sea retreated from the
Surat and Maryborough Basins, and in the Erom-
anga Basin the eastern exit was closed and the
southern limit advanced southwards. The south-
western seaway extended east of the Officer—
Eucla embayment to the Otway Basin, where
brackish conditions occurred in low-lying areas.
Volcanics were extruded in the Otway Basin, and
nonmarine deposition occurred in the Bass and
Gippsland Basins.

Spore—pollen evidence from the Crybelosporites
striatus Zone (early Albian) indicates increasing
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Figure 8.11 Palaecogeographical reconstruction of Australia
for the latest Aptian—early Albian, showing shorelines, river-
ine/lacustrine systems and palynological sites (adapted from
Dettmann et al., 1992).

regionalism of the Australian vegetation, and
more widely distributed angiosperms. Angio-
sperms persisted in the southeast, and after retreat
of the inland sea were re-established in the Erom-
anga Basin and had spread to the Surat Basin
(Burger, 1990). Only chloranthaceous types are
known; pollen represented include Clavatipollen-
ites and Asteropollis, the latter a trichotomosulcate
form similar to pollen of Hedyosmum (Walker &
Walker, 1984). The angiosperms are believed to
have colonised the newly exposed areas, which
were also invaded by aquatic, riparian, and dry-
zone communities of sphagnalean mosses and
ferns of the Marsileales, Gleicheniales and
Schizaeales. However, lycopods, whose spores
are infrequent in the palynofloras, appear not to
have advanced into the shoreline communities and
may have been confined to the mixed podocarp/
araucarian forests on better drained sites. In the
southeast portion of the Australian—Antarctic rift
valley podocarp/araucarian forests persisted, but
the floodplain flora expanded in response to
widening of the riverine/lacustrine systems. Even
s0, terrestrial and aquatic ferns were considerably
less diverse than those of northern regions, and
the vegetation retained a substantial lycopod
component as Lycopodium-type spores remain
quantitatively important in Gippsland and Otway
Basin palynofloras.

During the mid-Albian the sea in the Eromanga
and Surat Basins contracted further and was
fringed by brackish lagoons and estuaries. Inun-
dation of the Eromanga Basin by the sea occurred
in the early late Albian, but the sea regressed again
in the latest Albian, with re-establishment of
broad lagoonal and estuarine areas. To the east,
coal-forming swamps occurred in depressions of
the Maryborough and Styx River Basins. The
Eucla embayment was of lesser extent, but the
easterly-extending estuary was flanked by rivers
and lakes. River and lake systems occurred in the
Bass and Gippsland Basins (Figure 8.12).

Palynological evidence from the Coptospora
paradoxa and lowermost Phimopollenites pannosus
Zones (mid-late Albian) confirms that non-
magnoliid angiosperms were introduced into the
Australian vegetation by the mid-Albian and
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Figure 8.12 Palacogeographical reconstruction of Australia
for the mid—late Albian, showing shorelines, riverine/lacus-
trine systems and palynological sites (adapted from Dettmann
et al., 1992).

diversified rapidly during the late Albian (Burger,
1990; Dettmann et al., 1992). Diversification was
coincident with regression of the sea in the Erom-
anga and Surat Basins, and with widening of the
floodplain in the southern rift valley. In addition
to Clavatipollenites and Asteropollis, tricolpate and
tricolporoidate forms that represent nonmagnoliid
dicotyledons are represented. Precise affinities of
the majority are unknown, but Tricolpites minutus
has an in situ association with fossil flowers of the
Platanaceae in North America (Friis et al., 1988).
Several of the angiosperm pollen taxa have restric-
ted distribution, and assemblages from northern
areas of Australia are more diverse than those
from the southeast (Dettmann, 1973; Burger,
1990). There are few data from Western Aus-
tralia, but tricolpate angiosperm pollen occurs in
sediments containing the Hoegisporis Microflora
(Balme, 1964) of Albian age.

Cryptogam spore and gymnospermous pollen
fractions of Australian Albian palynofloras also
express regionalism of the vegetation, particularly
with respect to understorey communities

(Dettmann, 1981; Dettmann & Thomson, 1987;
Dettmann et al., 1992). Fern taxa with restricted
distribution included Lophosoria, which, as indi-
cated by Cyatheacidites annulatus, was confined in
Australia at this time to western and northeastern
areas (Dettmann 19865). Several Anemia and
gleicheniaceous spore taxa display a distribution
range similar to that of Hoegisporis, which is
thought to represent pollen of a brachyphyllous
conifer. Community associations were also
regionalised. Palynofloras of the intracratonic
basins imply heathland and aquatic associations
of diverse ferns, mosses and hepatics, whereas in
the Styx and Burrum coal swamps the moss/hep-
atic element was poorly represented (Barnbaum,
1976). Understorey of the Otway Basin forests
included dry-zone and aquatic ferns, hepatics and
lycopods, but the ferns were less diverse and the
gleicheniaceous types less prolific than in north-
ern regions.

Early in the Cenomanian there was a major
change in environmental patterns and Australia
began to assume its present shape. Lakes and
swamps developed in the Eromanga Basin after
retreat of the sea. Subsidence occurred along the
western margin and sea-floor spreading com-
menced along the southern margin, where marine
conditions were established as far east as the
Otway Basin. A lacustrine system persisted in the
Bass Basin, and, to the east of the Gippsland Basin,
the proto-Tasman Sea was initiated (Figure 8.13).

Palynofloras from the upper Phimopollenites
pannosus and Appendicisporites distocarinatus Zones
indicate that profound vegetational changes were
associated with the dramatic changes in environ-
ment. In the southeast riparian and aquatic com-
munities appear to have been largely replaced by
dry-zone associations. Notable is the increased
diversity and representation of Anemia and Selagi-
nella-type spores. Araucarian pollen is common
and canopy associates of the araucarians included
podocarps that shed pollen of the Microcachrys and
Podocarpus type. Classopollis is occasionally fre-
quent, implying the presence of cheirolepidacean
woodlands. Magnoliid and nonmagnoliid dicoty-
ledonous angiosperms are indicated by sulcate,

tricolpate, tricolporoidate and tricolporate pollen.
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Figure 8.13 Palaeogeographical reconstruction of Australia
for the Cenomanian, showing shorelines, riverine/lacustrine
systems and palynological sites (adapted from Dettmann et al.,
1992).

Also represented are sulcate types similar to lili-
aceous monocotyledonous pollen and there are
rare grains of Australopollis obscurus, a periporate
form reminiscent of pollen of Callitriche (Partridge
& Macphail, 1990).

There are notable differences between latest
Albian—Cenomanian palynofloras from the
southeast and those from the Eromanga Basin.
The gymnospermous fraction of Eromanga
palynofloras includes a high proportion of podo-
carp pollen, and the cryptogam spore assemblages
are more diverse and contain greater proportions
of Gleichenia- and Anemia-type spores than those
from the southeast. Also present are abundant
marsilealean, hepatic and equisetalean and/or iso-
etalean spores. Angiosperm pollen assemblages
share many features in common with those of
coeval sediments from the southeast but are more
diverse with respect to the tricolpates, tricolporo-
idates and tricolporates, and contain Afrepollis,
which includes zonasulculate pollen of wintera-
ceous affinity (Doyle ¢t al., 1990). Moreover, Cal-
litriche-type pollen has not been reported from

the latest Albian—Cenomanian of the Eromanga
Basin. Palynofloras similar to those of the Erom-
anga Basin are known from Bathurst and Melville
Islands, north of Darwin, Northern Territory, but
they contain higher frequencies of Classopollis,
Balmeiopsis and  Hoegisporis  (Burger, 1976).
Brachyphyllous pollen and common gleichenia-
ceous spores have been reported (Balme, 1964;
Ingram, 1968) from the latest Albian—
Cenomanian of the Perth and Eucla Basins, but
few other components of the palynofloras have
been detailed.

The palynological record confirms that there
were regional differences in the Australian vegeta-
tion during latest Albian—Cenomanian times.
The Eromanga lakes and swamps were sur-
rounded by mixed conifer/cycad woodlands and
heathlands of ferns. Lakes and swamps supported
aquatic and littoral communities of ferns, fern
allies and hepatics. Angiosperms probably ranged
throughout these habitats. The Cheirolepidaceae
appears to have been more strongly represented
in coastal vegetation than in inland areas. Com-
pared to the Eromanga Basin, the Otway and
Gippsland Basins had less diverse fern communi-
ties and only slight development of aquatic com-
munities. Cheirolepidacean conifers probably
occurred in coastal sites, but the brachyphylls that
shed Hoegisporis appear to have been poorly rep-
resented in the southeast.

The forests and heathlands of the Aptian-—
Cenomanian grew at high latitudes, and, as
implied by the palynological evidence, the forests
mostly had a well-developed understorey and the
canopy would therefore have had an open struc-
ture. Aptian palaeotemperatures of 12 °C for the
Eromanga sea (Stevens & Clayton, 1971) and 0-5
°C for the Otway Basin (Gregory et al., 1989)
confirm cool—cold climates, possibly with strong
seasonality (Dettmann et al., 1992). On the basis
of present-day ecophysiological parameters, forest
canopy taxa would have been mostly of micro-
therm groups having notophyllous and microphyl-
lous leaves in the leaf size classification of
Raunkiaer (1934) and Webb (1959). Mid-late
Albian palaeotemperatures signify warmer seas
than for the Aptian. The highest value (16 °C) is
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from the southwestern Eromanga Basin, where
circulation was restricted. In the northern part of
the basin, recorded temperatures (12 °C) are simi-
lar to those reported from the Carnarvon Basin,
Western Australia (Dettmann et al., 1992). Cool
to warm temperate climates with moderate to high
precipitation occurred in the forested areas of the
southeast and northeast, whereas in the Eromanga
and Surat Basins, where there was extensive
development of fern heathlands, rainfall may have
been less or seasonal (Douglas, 1986; Dettmann

et al., 1992).

Differentiation of Gondwanan elements
and evolution of Australian elements
(Turonian—Maastrichtian)

By Turonian times, most of the continent was
emergent. Uneven upwarping of eastern and
southern areas radically altered drainage patterns.
A riverine system developed in the former Erom-
anga Basin and drained south into the embryonic
Southern Ocean. Australia and Antarctica were
linked through Tasmania, which separated the
embryonic Southern Ocean to the west from the
advancing Tasman Sea to the east. Lacustrine
deposition continued in the Bass Basin and basalts
were extruded in the Gippsland Basin (Figure
8.14).

Profound vegetational changes involving under-
storey and overstorey communities occurred in
the southeast at or near the Cenomanian/Turon-
ian boundary. Lagarostrobos, Dacrydium and early
Proteaceae were introduced in the Turonian
(Phyllocladidites mawsonii Zone) followed by Dacry-
carpus in the Santonian (Tricolporites apoxyexinus
Zone); these are important components of pre-
sent-day austral floras. Jlex, which today is cosmo-
politan, may have originated in the region (Martin,
1977). As implied by the palynofloras, the mixed
podocarp/araucarian forests had angiosperms
associated in the canopy by at least Santonian
times. Amongst the canopy taxa were Macadamia
and Gevuina/Hicksbeachia of the Proteaceae
(Dettmann & Jarzen, 1990). Angiosperm pollen
assemblages display a steady increase in diversity
and there was considerable turnover of taxa
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Figure 8.14 Palaeogeographical reconstruction of Australia
for the Turonian, Coniacian and Santonian, showing shore-
lines, riverine/lacustrine systems and palynological sites
(adapted from Dettmann et al., 1992).

among the cryptogams. Ascarina-type and liliace-
ous-like sulcate pollen occur infrequently, but
Callitriche-type pollen is well represented; aquatic
and terrestrial herbs and shrubs are implied.
Spores of hepatics and Lycwpodium abruptly
declined in diversity, whereas those of Selaginella
were of increased diversity. The fern component
included Lophosoria, Gleicheniaceae, Osmunda-
ceae and Marsileaceae, but the Pteridaceae and
Schizaeaceae were poorly represented. Several of
the taxa evidently migrated into the region during
Turonian—Santonian times after earlier appear-
ances elsewhere in Australia or southern Gond-
wana. Lophosoria and the gleicheniaceous fern that
shed Clavifera triplex are both known from older
sediments outside the region (Dettmann, 19864;
Askin, 1989).

There are few published data from other areas.
Sediments on Melville Island, off the coast of the
Northern Territory, contain angiosperm pollen
assemblages with several taxa known from the
southeast, but the assemblages are more diverse
(Dettmann, 1973). Proteaceous-like pollen and
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abundant gleicheniaceous spores occur in
Santonian spore—pollen assemblages from the
Eucla Basin (Ingram, 1968).

During the Campanian and Maastrichtian, sea-
floor spreading continued along the southern
margin, but Australia remained linked to Antarc-
tica (Figure 8.15). Lakes occurred in the Bass
Basin, and drained into the estuaries of the Gipps-
land and Otway Basins. The river system empty-
ing into the Southern Ocean persisted and a
northward-flowing river is believed to have
developed in the Officer and Canning Basins.
Igneous activity occurred along the eastern margin
and may have been associated with the onset of
sea-floor spreading in the southeast and of rifting
in the northeast. Emergent areas existed in the
northeast, linking Australia to eastern Papua New
Guinea and New Caledonia (Figure 8.15).

Knowledge of the Australian Campanian-—
Maastrichtian vegetation is mainly from the
Gippsland, Otway and Bass Basins, but there are
limited data from the Perth Basin and from poss-
ible latest Cretaceous sediments from a site near
the Olgas, Northern Territory, and one in the
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Figure 8.15 Palacogeographical reconstruction of Australia
for the Campanian and Maastrichtian showing shorelines, riv-
erine/lacustrine systems and palynological sites (adapted from
Dettmann ef al., 1992).

Capricorn Basin, off the central Queensland coast
(Figure 8.15). Palynological data from the Notho-
Sagidites senectus, Tubulifloriidites lilliei and Forcip-
ites longus Zones of southeastern sequences
confirm that the area was clothed by forests com-
prising components of the older (Turonian-—
Santonian) vegetation together with newly intro-
duced taxa. There were araucarians, diverse
podocarps (Lagarostrobos, Dacrydium, Dacrycarpus,
Podocarpus, Microcachrys), newly introduced Notho-
fagus, and increasingly diverse Proteaceae.

Amongst the Proteaceae, several taxa (Knightia,
Macadamia, Gevuina/Hicksbeachia, Grevillea) were
probably in the canopy; others (Carnarvonia, Telo-
pea, Persoonia) in the forest understorey; and yet
others (Stirlingia, Adenanthos, Beauprea) in sclero-
phyllous communities on forest fringes and/or
nutrient deficient soils (Dettmann & Jarzen,
1991). Other rainforest associates included Win-
teraceae, Ascarina, llex and Gunnera. Pollen that
may represent Clematis (Ranunculaceae), Trimen-
iaceae, Callitriche and Epacridaceae also occur in
the palynofloras (Dettmann & Jarzen, 1990;
Specht et al., 1992). The cryptogam flora included
mosses, hepatics and diverse selaginellids. Gleich-
eniaceae, Osmundaceae, Culcita (Dicksoniaceae),
Blechnum/Doodia (Blechnaceae), Pteris (Pterida-
ceae), Actinostachys (Schizacaceae) and possibly
Azolla (Salviniaceae) were represented in fern
communities (Table §.1). Although the vegetation
was modified considerably at or near the Cre-
taceous/ Tertiary boundary (Helby ¢t al., 1987), a
‘mass’ extinction event is not evident. Many of the
Cretaceous taxa range into the Tertiary, but some
have broken stratigraphic ranges involving the
Paleocene. This phenomenon has been inter-
preted as indicating short-distance retreat of the
plants during the earliest Tertiary, followed by
advance during latest Paleocene—Eocene times
(Dettmann & Jarzen, 1991). Causative mech-
anisms may have involved alterations to drainage
patterns near the close of the Cretaceous.

A site near the Olgas, Northern Territory, has
yielded palynofloras rich in proteaceous pollen
associated with less frequent pollen of podocarps
and very rare Nothofagus (Twidale & Harris, 1977,
Harris & Twidale, 1991). Also represented are
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pollen of Gunnera and microsporangia of possible
Azolla. From another site, in the Capricorn Basin,
off the central Queensland coast, Hekel (1972)
reported common Casuarinaceae pollen and fern
spores associated with rare Clematis-type pollen
in assemblages that are questionably of latest Cre-
taceous age. Clearly the vegetation of the two
northern sites was dissimilar and distinct from
that in the southeast. It is uncertain whether these
dissimilarities represent geographical or age dif-
ferences.

During Turonian—Maastrichtian times Aus-
tralia slowly drifted northwards and by the close
of the Cretaceous the southeast was at latitudes
of 65° S. Evidence for types of climate in the
Turonian is conflicting; a single ammonite from
the Otway Basin provided a palacotemperature of
28 °C (Dorman, 1966), but associated foramin-
iferal faunas indicate cold waters (Taylor, 1964).
Whatever the temperature regime, the palyno-
logical evidence confirms forests dominated by
podocarp conifers (Podocarpus, Dacrydium, Lagaro-
strobos) in the canopy, which would have had
an open structure. During Santonian-—
Maastrichtian times, proteaceous angiosperms
(Knightia, Macadamia, Gevuina/Hicksbeachia) were
represented in the canopy. The cool temperate
conditions implied by palaeotemperature determi-
nations (16.5-19 °C) and foraminiferal faunas
(Taylor, 1964; Dorman, 1966) indicate tall open
forests (up to 30 m in height) with canopy taxa
(mainly podocarps and Proteaceae, but also rare
Nothofagus (subgenus Brassospora)) having conical-
shaped crowns and coriaceous, notophyll-sized
leaves (Specht et al., 1992). An open-forest struc-
ture at the high latitudes would allow some light to
penetrate to a shrubby understorey of Proteaceae
(Carnarvonia, Telopea), Winteraceae, Trimenia-
ceae, and llex, and a ground stratum of diverse
cryptogams. Many of the taxa represented in the
Late Cretaceous open forests survive today in
closed forests (rainforests) in the Australasian
flora and some (e.g. Dacrydium, Dacrycarpus of the
Podocarpaceae; and Knightia, Gevuina/Hickshe-
achia, Macadamia and Carnarvonia of the Protea-
ceae) are restricted to northeastern Australasia.
Although rarely dominant in present-day per-

humid forests, canopy taxa with a Cretaceous his-
tory have slender, conical crowns that are
sometimes emergent above the dominants which
have spreading, dome-shaped crowns. Perhaps,
as Australia drifted into lower latitudes during the
Tertiary, the gaps between the canopy taxa of the
Cretaceous forests were filled by invasive or newly
evolved autochthonous taxa with growth habits
that maximised solar absorption in mid to low lati-
tudinal regions.

SOUTHERN MID-HIGH
LATITUDINAL
PHYTOGEOGRAPHICAL REGION:
SOURCE AND DISPERSAL
CORRIDOR OF AUSTRAL PLANTS

Spore—pollen evidence confirms that close floral
relationships existed between Australia and
associated high latitudinal areas of southern
Gondwana throughout the Cretaceous (Det-
tmann, 1981, 19864; Dettmann & Thomson,
1987; Dettmann ez al., 1992). This region, termed
the Southern Gondwana Floristic Province
(Brenner, 1976), was characterised by a series of
mixed podocarp/araucarian forests, and was
invaded by early angiosperms during latest Barre-
mian—Aptian times from a source in northern
Gondwana. In the Antarctic Peninsula—South
American region, floral zonation across the lati-
tudes was steep, with an interfingering of austral
podocarp/araucarian and northern Gondwanan
cheirolepidacean communities (Figure 8.16(a)).
The geographical limits of the podocarp/arauc-
arian forests fluctuated during opening and
enlargement of the South Atlantic, Indian and
Southern oceans, and with progressive opening
of these oceans austral planktonic dinocyst floras
achieved circumpolar distribution (Dettmann &
Thomson, 1987).

The Cretaceous preangiospermous vegetation
of southern Gondwana was characterised by
mixed araucarian/podocarp forests. Other com-
munities included woodlands of cheirolepida-
ceans, heathlands of ferns, and aquatic or
semi-aquatic moss/hepatic/isoetalean/equiseta-
lean associations. Regionalism was evident within
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Figure 8.16 Maps of the southern hemisphere for (4), Barremian—Aptian, (5), Albian,
(¢) Cenomanian—Turonian, and (d), Campanian showing distribution of vegetational zones
delineated in southern Gondwana. Stars denote centres of origination and/or diversification.

both overstorey and understorey associations, and
the regionalism is believed to have been influ-
enced by climatic as well as topographical and
edaphic factors. Associated with the forests and
forest fringes of podocarps and araucarians were
ginkgos, cycads, taeniopterids, pteridosperms and
cycadeoids, together with ground communities of

ferns, lycopods and bryophytes. In northern areas
(India, Patagonia, northern Australia), araucarians
were more important in the canopy than were
podocarps. Cycads were more plentiful in interior
and northern coastal areas than ginkgos, which
appear to have preferred more humid habitats.
Woodlands of cheirolepidacean conifers inter-
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mingled with the forests in coastal regions of
northern and western Australia as the Indian
Ocean opened, and formed a substantive part of
the vegetation in the southernmost South
America—Falkland Plateau—southernmost South
Africa region during early opening of the southern
South Atlantic Ocean (Figure 8.16(a)). Crypto-
gam associations also varied across southern
Gondwana; fern spores are more plentiful and
diverse in what were coastal regions, whereas lyco-
pods (mainly Lycopodium) thrived in inland areas.
Spores of sphagnalean mosses and hepatics have
greater abundance in depositional basins that
were set in low relief terrains.

As the oceans opened, disturbances to adjacent
land areas appear to have been the driving force
for floral evolution and exchange (Dettmann,
1989). Many taxa migrated to Australia after orig-
ination elsewhere. Migration was in an easterly
direction from other land masses in the southern
Gondwanan assembly; South America, India and
Antarctica appear to have been crucial migrational
pathways during the earliest Cretaceous (Figure
8.16(a)).

Although inconclusive, the evidence for angio-
sperm introduction into Australia points to routes
involving southern Gondwana: radiation was con-
temporaneous with opening of the South Atlantic
and Indian Oceans. As in other regions of
southern Gondwana, the first angiosperms to
arrive in Australia were herbaceous or shrubby
chloranthaceous taxa, which would have com-
peted with taxa in the ground or shrubby strata at
forest fringes or those of the understorey within
the forests. The latest Barremian—Aptian vegeta-
tion existed under cool—cold, humid climates,
and the forests had open rather than closed can-
opies, as light regimes at the high southern lati-
tudes were insufficient for growth of closed forests
(Creber & Chaloner, 1987; Specht ef al., 1992).

A second wave of angiosperms migrated to Aus-
tralia during mid-Albian to Cenomanian times
and involved nonmagnoliid dicotyledonous taxa
whose lineages evolved in northern Gondwana
near the Barremian/Aptian boundary (Brenner,
1976; Doyle et al., 1982). Once again, migration
appears to have been in an easterly direction, and

involved southern South America and Antarctica.
India is believed to have become isolated from the
southern Gondwanan assembly, and the meagre
information on its mid-Cretaceous vegetation sug-
gests that floral links with Australia had dimin-
ished. Precise affinities of many of the immigrant
angiosperms are unknown, but Platanaceae and
winteraceous lineages are indicated in the Austra-
lian pollen record. Introduction coincided with
partial sea retreat in intracratonic basins, and with
widening of the floodplain in the southern rift
valley. Temperatures were warmer than for the
Aptian, but precipitation may have been less or
seasonal in interior regions. By the Cenomanian,
Australia had commenced its slow drift north
(Veevers & Eittreim, 1988), but remained in high
southern latitudes, and in southern areas the
forests would have had an open structure. Niches
occupied by the nonmagnoliid dicotyledons
included shoreline and floodplain situations, but
distribution patterns of the two separate pollen
associations delineated by Burger (1990) seem to
imply that some of the angiosperms were estab-
lished in the open forests of hinterland regions
of the Eromanga Basin. Near the Cenomanian/
Turonian boundary, angiosperms with pollen
similar to that of Callitriche (Callitrichaceae) were
introduced into the vegetation of the southern rift
valley. Callitriche, which today occupies aquatic
and semi-aquatic habitats, may well have had
origins in northern Gondwana, as the Callitriche-
like pollen taxon Cretaceiporites scabratus has been
recorded from older sediments (Albian—
Cenomanian) in Brazil (Herngreen, 1973).
During the Albian—Cenomanian, Australasia,
Antarctica, southern South America and the Falk-
land Plateau retained connections and formed the
southern Gondwana assembly (Figure 8.16(b) and
(¢)). Most regions of this assembly were situated in
high southern latitudes and the mixed podocarp/
araucarian forests would have had an open struc-
ture. As the South Atlantic Ocean opened, the
forests advanced over the Falkland Plateau and
partially replaced the cheirolepidacean com-
munities (Figure 8.16(5)). Here and on the
Antarctic Peninsula, the forests were associated
with ginkgos/cycadophytes, pteridosperms, and
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diverse terrestrial ferns, several of which are
unknown from Australasia (Dettmann & Thom-
son, 1987). Other taxa had restricted geographical
ranges within the southern Gondwana region. For
instance, the brachyphyll that shed Hoegisporis was
restricted to northern and western areas of Aus-
tralia where the flora was richer in angiosperm,
fern and hepatic taxa than was the vegetation of
south-eastern Australia. Cheirolepidacean coni-
fers were well represented in northern coastal
areas, but were only of local development about
the estuary in the southeast rift valley.

Angiosperm immigrants continued to arrive in
Australia from northern Gondwana during the
remainder of the Cretaceous (Turonian—
Maastrichtian), but many newly introduced taxa
differentiated from northern Gondwanan lineages
in the Australasian—Antarctic region. Northern
Gondwanan origins have been demonstrated for
Gunnera (Jarzen & Dettmann, 1990), and Belliol-
ium/Bubbia of the Winteraceae may have evolved
in the same region (Dettmann & Jarzen, 1990).
Pollen that may represent earliest Proteaceae
occur in the Cenomanian—Turonian of northern
Gondwana (Muller, 1981), but subsequent Late
Cretaceous diversification of the family was
centred in southern high latitudes (Dettmann &
Jarzen, 1991). Four of the five subfamilies of
extant Proteaceae are represented in the Cam-
panian—Maastrichtian pollen record of the Aus-
tro-Antarctic rift valley. Amongst diverse
assemblages of proteaceous pollen recorded from
the Otway Basin, southeastern Australia are pol-
len indicating Adenanthos, Beauprea and Stirlingia
(Proteoideae), Persoonia (Persoonioideae), Carnar-
vonia (Carnarvonioideae) and Grevillea, Telopea,
Macadamia, Gevuina/Hicksbeachia and Knightia
(Grevilleoideae). Diversification of the family
coincided with habitat changes associated with
early opening of the Southern Ocean. This region
may also have been the origination centre of Ilex
(Aquifoliaceae) in the Turonian (Martin, 1977)
and of lineages of the Trimeniaceae and Epacrida-
ceae in the Campanian (Dettmann & Jarzen,
1990).

Lagarostrobos, Dacrydium and  Dacrycarpus
{(Podocarpaceae) and Nothofagus, which are impor-

tant elements of temperate rainforests of the
southern hemisphere, evolved in the Austro-
Antarctic region during the Late Cretaceous
(Dettmann et al., 1990, 1992). The podocarps
had successive introductions during Turonian—
Santonian times, and ancestral Nothofagus
appeared in the Campanian. Differentiation of
Nothofagus, and appearance of its four extant
subgenera has been shown to have occurred dur-
ing the late Campanian-Maastrichtian in the
southern South America—Antarctic Peninsula
region. Diversification was concurrent with vol-
canic and tectonic activity under climates that
were cooler than those of southern Australasia,
the Late Cretaceous diversification centre of
the Proteaceae. Migration of extant lineages of
Nothofagus to Australia occurred during latest
Cretaceous—early Tertiary times and routes must
have involved Antarctica (Dettmann et al., 1990).
The same route may have been utilised by the
Myrtaceae, Olacaceae, Loranthaceae and Sapind-
aceae. Members of these families were established
on the Antarctic Peninsula during Campanian—
Maastrichtian times, but are unknown from Aus-
tralia prior to the Tertiary (Dettmann & Thom-
son, 1987; Askin, 1989; Dettmann, 1989).
Antarctica probably served as a dispersal route for
several other taxa, with migration in the opposite
direction. Present records indicate that several
Proteaceae and Epacridaceae were introduced
into Australia prior to their latest Cretaceous—
Tertiary arrival in western Antarctica (Askin,
1989; Dettmann, 1989).

It has been postulated (Truswell et al., 1987)
that several of these elements (Olacaceae, Sapind-
aceae, Myrtaceae) may have been introduced to
northern Australia using ‘stepping stones’ from
Southeast Asia. Whilst this route is not sup-
ported by the pollen record for the Olacaceae
and Sapindaceae, it should not be dismissed
for the Myrtaceae. In addition to Campanian—
Maastrichtian records from the Antarctic Penin-
sula, pollen of the Mpyrtaceae occur in the
Santonian of Gabon, Maastrichtian of Colombo,
and the Senonian of Borneo (Muller, 1981).
Migration from the north does not conflict with
the pollen record, but there is only meagre evi-
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dence for stepping stones between Borneo and
northern Australia in latest Cretaceous times
(Audley-Charles, 1990). Knowledge of Upper
Cretaceous palynofloras from northern depo-
sitional basins of Australia will be important in
elucidating whether floral exchange occurred
between Southeast Asia and northern Australia
during the Late Cretaceous.

The pollen record firmly establishes that sev-
eral important elements of the present-day vegeta-
tion were established by the close of the
Cretaceous. Most were derived from Gondwanic
stock; some evolved in northern Gondwana, and
others in the Austro-Antarctic region. Many of
the taxa are now associated in rainforests, but sev-
eral (Adenanthos, Stirlingia and some epacrids) are
restricted to nutrient-deficient soils in the Medi-
terranean climatic region of southern Australia.
Thus, the pollen record implies that sclerophylly
in the Australian vegetation dates to the latest
Cretaceous.

The southern Gondwanan lLate Cretaceous
vegetation was strongly regionalised within the
same latitudinal belt and across the latitudes
(Figure 8.16 (¢ and 4)). The Proteaceae appears
to have been important in the central Australian
vegetation, but at higher southern latitudes
(60—65° S) in southern Australia both podocarps
and Proteaceae were well represented in the can-
opy of the open forests (Specht er al., 1992).
Understorey to the forests included shrubby Pro-
teaceae, Winteraceae, Trimeniaceae and [lex, as
well as a ground stratum of diverse ferns. Tem-
perature regimes in southeastern Australia were
warmer (mean annual temperature 16.5-22 °C)
than at similar high latitudes in New Zealand
(15-18 °C) where canopy taxa of the open forests
were mostly podocarps, and the proteaceous
understorey taxa less diverse. The Antarctic
Peninsula was also situated at 60-65° S, but tem-
peratures were even cooler (11-13 °C) than those
of southern Australia and New Zealand. Podo-
carps and Nothofagus were the major canopy taxa
of the western Antarctic tall open forests, and the
Proteaceae was less diverse than in Australasia
(Specht e al., 1992). Moreover, the Antarctic
forests contained myrtaceous taxa and were

associated with wetland communities of sphagna-
lean mosses and salviniaceous ferns (Askin, 1990);
these wetland communities were poorly rep-
resented in southern Australasia. Nothofagus and
podocarps also occurred in southern South
America and on the Falkland Plateau (Dettmann
& Thomson, 1987). Palynofloras from these areas
are incompletely documented, but available evi-
dence suggests substantial representation of an
angiosperm element that was rare or absent in
other southern Gondwanic regions (Dettmann &
Thomson, 1987).

Although southern South Africa was separ-
ated from adjacent land masses of southern
Gondwana by the South Atlantic Ocean after the
mid-Cretaceous, latest Cretaceous—Paleocene
palynofloras contain pollen of podocarps (Podo-
carpus, Microcachrys and Dacrydium types), Gun-
nera, and several proteaceous taxa, including
possible Telopea/Embothrium. (McLachlan &
Pieterse, 1978; Scholtz, 1985). Podocarps were
established in the flora during Jurassic—Early
Cretaceous times and Gunnera probably migrated
to the region from the north contemporaneously
with radiation to other high southern latitudinal
regions (Jarzen & Dettmann, 1990). The pres-
ence of Telopea/Embothrium, pollen of which is
also known from the Late Cretaceous of southern
South America and Australia (Dettmann &
Jarzen, 1991), also implies evolution of one or
both taxa in northern latitudes of Gondwana.

CONCLUSIONS

From the foregoing it is evident that the southern
Gondwana vegetation, including that of Australia,
was floristically heterogeneous throughout the
Cretaceous. Much of the area was forested, but
woodlands, heathlands and aquatic communities
were also represented. The high latitude forests
had an open structure and podocarps and araucar-
ians were important canopy components. Under-
storey communities fringing and associated with
the earliest Cretaceous forests were invaded by
herbaceous and shrubby angiosperms during the
latest Barremian-Aptian, and by the Santonian
angiosperms had entered the canopy. Australia



168 M. E. DETTMANN

occupied a peripheral position in the southern
Gondwana assembly, and routes traversed by the
earliest angiosperm invaders from northern
Gondwana probably involved other landmasses
in the assembly rather than Southeast Asia. The
first migratory wave of magnoliid angiosperms
occurred no later than the latest Barremian, and
was coincident with lowered world sea levels, and
early opening of the South Atlantic and Indian
Oceans.

A subsequent invasion of angiosperms during
mid-Albian to Cenomanian times included non-
magnoliid lineages that had evolved in northern
Gondwana during the Aptian. Once again, the
angiosperms invaded shoreline communities after
regression of the Aptian sea in intracratonic basins
and widening of the floodplain of the Austro-
Antarctic rift valley. Angiosperm migration
from northern Gondwana continued during
Turonian—Maastrichtian times and was concur-
rent with #n situ evolution and differentiation of
austral groups in the Australian—Antarctic
region. Two loci of evolution and diversification
have been identified. Areas surrounding the
embryonic Southern Ocean were a diversification
centre of the Proteaceae and may have been the
cradle of Jlex. The diametrically opposite region
embracing southern South America and the Ant-
arctic Peninsula was a diversification centre of
early Nothofagus during phases of volcanic and tec-
tonic activity.

The pollen evidence counters Takhtajan’s
(1969) argument that Australia was an origination
centre for early angiosperms, and supports Webb
et al.’s (1986) thesis that Australian rainforests are
remnants of a heterogeneous Gondwanan flora.
Several of the proteaceous rainforest elements
with a Cretaceous history are today concentrated
in northeastern Australasia under temperate cli-
mates similar to those adduced for the Late Cre-
taceous in their likely cradle region in southern
Australia. Nothofagus and possibly some of the
podocarps differentiated in cooler climates which
is to some extent reflected by their present distri-
bution at higher latitudes and/or altitudes. Evi-
dence for evolution of sclerophylly is also
expressed in the Late Cretaceous pollen record.

The sclerophyllous taxa probably formed com-
munities on low nutrient or waterlogged soils on
forest fringes (Specht et al., 1992).

Support from the Australian Research Council during
tenure of an Australian Research Fellowship is
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9 Cretaceous vegetation:
the macrofossil record

J. G. DOUGLAS

Modern Australian vegetation was cradled in the
enormously long span of time termed the Cre-
taceous Period. The Early Cretaceous floras con-
tained the elements that had persisted throughout
the Mesozoic, but by the end of the period many
of these had become extinct and the angiosperms
had come into prominence. Some associations
would have looked very like their present-day
counterparts — the araucarian and podocarp coni-
fers that had dominated the forests from the Per-
mian, the tree fern glades, and the moss and
liverwort cover on the fallen logs and shaded out-
crop. Sediments preserved in over 20 major depo-
sition basins (see Dettmann, Chapter 8, this
volume) contain a record of this vegetation. The
most pertinent are those of lacustrine or fluvial
origin, but marginal marine beds also supplement
the story. During the Early Cretaceous more or
less continuous accumulation in several basins
resulted in thick sedimentary piles, and major
plant assemblages have been identified and used
to nominate floral zones. There were marked dif-
ferences between the floras of the dynamic inter-
continental troughs in the south and those of
the more stable inland depressions. The length
of the period, 80 million years (Ma) by some
calculations, easily the greatest time span of
the Phanerozoic, necessitates recourse to the
recognised subdivision or ‘Stage’ names, and
these are presented in Figure 9.1. As the Late
Cretaceous progressed, the inland basins became
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Figure 9.1 Stages (subdivisions) of the Cretaceous, with mac-
rofossil zonation applicable to southeastern Australia.

drastically reduced, and much of our knowledge
is from the sediments of the southeastern inter-
continental basins that have been drilled exten-
sively for hydrocarbons.

This chapter, dealing specifically with macro-
floras, seems the logical place to emphasise that
the palaeobotanist almost never has a whole plant
available for examination, and that those portions
which are preserved often provide very limited
information. Much palaeo-environmental specu-
lation is still based not on anatomical examination
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beds and hence the most meaningful correlation
is via invertebrate fossils, with the extinct cephalo-
pod group called ammonities very prominent in
this regard. The ages of spore—pollen (Chapter
8, this volume) and macroplant zones ultimately
depend on correlation with these marine fossil
zones. Finally, although the microfossil and
macrofossil records are allocated separate chap-
ters in this book, they provide complementary
information that must be coordinated to facilitate
definition of the Cretaceous vegetation.

EARLIEST CRETACEOUS
(BERRIASIAN-VALANGINIAN)

The continent should be examined, at the begin-
ning of the Cretaceous, in the context of Gond-
wana, a landmass composed of Australia,
Antarctica, New Zealand and India, from which
South America and Africa had earlier been
detached (see Wilford & Brown, Chapter 2, this
volume). Deposits in the great rift valley at the
Australia~-Antarctica conjunction, and extensive
fluviatile and lacustrine beds in the Eromanga—
Surat, Maryborough and Laura Basins
(Dettmann et al., 1992) provide most of our know-
ledge of the earliest Cretaceous biota.

Flora

All of the plant groups of the present-day contrib-
ute to the floral record of the earliest Cretaceous
in Australia, with the notable exception of the
angiosperms. It is possible that the dicotyledons
at least may have been a component of upland
assemblages, even though the environment of the
oldest fossils (see below) does not support this
suggestion. But this was the Mesozoic, separated
from the present by an enormous time gulf of over
a hundred million years, and with a host of species
now extinct (and not just species, even orders), or
certainly extinct on the Australian continent (see
Figure 9.3). These oldest Zone A (Douglas, 1969)
floras in the best-researched area, the Otway
Basin of southeastern Australia, are little known
because of poor preservation and fortuitous dis-
covery in the older subsurface part of the suc-

cession. The Zone A element we know most about
is the cycadeoids, represented as three leaf com-
pression taxa reminiscent of classical Jurassic (e.g.
Yorkshire) floras, which are considered to have
been understorey components. In central Aus-
tralia silcrete layers in the Algebuckina Sandstone,
Eromanga Basin (Hopgood, 1987) suggest a can-
opy of conifers (Brachyphyllum) with understorey
pteridosperms, cycads, cycadeoids, and crypto-
gams. Terrestrial ferns, an Isoetes-like fossil, and
two common leaves occur here (Rienitsia variabilis
and Taeniopteris spatulata (= T. daintreei ?Pentoxyl-
ales)), which have more affinities with the later
(Zone B) floras of the southeast, but any corre-
lation should take into account paucity of infor-
mation on these earliest floras. Collections from
the Surat Basin have not been studied in detail
(Cantrill & Webb, 1987) but indicate a conifer and
Ginkgo (Ginkgoites digitata) canopy over ferns
including  Phyllopteroides, an Equisetum-like
sphenopsid and pteridosperms. Rozefelds (1988)
reported the corystosperm Pachypteris (see below)
and cryptogams from the Laura Basin, North
Queensland. There have not been any detailed
studies on the Cretaceous flora of Western
Australia, but McLoughlin & Guppy (1993)
commented on plant remains from the Canning,
Carnarvon and Perth Basins.

NEOCOMIAN-BARREMIAN

Ten million years later, steadily rising sea levels
resulted in submergence of the Eromanga Basin.
In the immediate south, a lowland belt continued
to receive marginal marine, lacustrine and fluvial
deposits. High energy fluvial deposition continued
in the southeast, and deposits in the Gippsland
and Otway Basins provide a first good look at the
macroplants.

Flora

Zone B floras have been described from bore
cores obtained from several key sections, but the
most accessible are the Boola Boola Forest local-
ities in the oldest outcrop beds of the Strzelecki
Group (Gippsland Basin). In the Boola Flora,
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podocarps formed the canopy of the climax veg-
etation. Extremely digitate ginkgos may have
formed a second storey, with well-preserved
leaves of understorey pteridosperms and cycadeo-
ids providing some information on these typical
elements of the earlier Cretaceous assemblages
(Figures 9.4, 9.5, 9.6(a)).

The pteridosperms have been loosely defined
as ‘gymnospermous plants, with leaves, pollen
and seed organs built on a pinnate plan and
reproductive organs not aggregated into cones
or flowers’ (Townrow, 1965). The relationship
of several orders, for example Peltaspermales,
Corystospermales and Caytoniales, is not clearly
defined (Harland ez al., 1967). Pachypteris austro-
papillosa (Corystospermales), found as fern-like
foliage with very thick cuticle and pinnae, is very
similar to several other Pachypteris spp. from both
the northern and southern hemispheres of Juras-
sic and earlier Cretaceous age. These leaves have
cuticles so resistant and strong that they can often
be peeled or easily released from their siltstone
matrix. They belong to an otherwise unknown
plant preserved in lenses of mud that settled in
pools amid thunderous cascades and torrents
sweeping from uplands fringing the Australian
inland.

Xylopteris, another corystosperm with very thin
leaves, forked and phyllode-like (e.g. X. difformis),
appears to have been a very small herb. ?Rienitsia
variabilis, of uncertain affiliation (pteridosperm or
cycad), is found in larger siltstone bands and
seems to be derived from understoreys that
flourished around pond margins. Ptilophyllum
boolensis (Cycadeoidales), with beautiful fine
pinnate leaves, has been interpreted as a semi-
prostrate ground cover, or climber. For some
reason cycadeoids are not preserved as silicified
palm or cycad-like trunks as in many overseas
localities, and the only indication of their presence
is stem fragments bearing two or three pinnae,
or disseminated cuticular debris. This is readily
identifiable because of the syndetocheilic” nature

* The presence of a pair of subsidiary cells opposite the guard cells,
the whole group appearing to be formed by the division of a single
cell, enabling in almost all cases immediate distinction from other
Mesozoic gymnospermophyta.

of the stomata, which are massed in interveinal
rows on the underside of the pinnae, with the
upper side also very readily recognisable because
of the highly sinuous outlines of the cell walls.
Apart from a few rare occurrences in parts of the
section of disputed age, the order has not been
found in younger assemblages in southeastern
Australia. Leaf fragments (?Cenis coronata) pro-
vide one of the very few and tantalising glimpses of
the Cycadales in the Cretaceous of southeastern
Australia, where the order is not otherwise sighted
until the early Tertiary (see Christophel, Chapter
11; Carpenter ez al., Chapter 12, this volume).

Ginkgoites australis, a key zone fossil in younger
beds of the southeast of the continent, appears for
the first time in the fossil record, with Taeniopteris
and Phyllopteroides, in the Surat Basin in Queens-
land. Cantrill & Webb (1987) regarded the
Stanwell Coal Measures flora (Queensland),
which also contains these two latter genera, as
equivalent in age to the southeastern Zone B
assemblage.

McLoughlin & Guppy (1993), suggested that
the absence of ginkgophyte and certain pterido-
sperm index species from Western Australian
assemblages indicated that the closest similarity
of these was to the Victorian Neocomian-
Barremian assemblages.

Small dinosaurs formed part of the biota in the
Gippsland Basin at this time, notably Allosaurus
sp. (Molnar et al., 1981) and Fulgurotherium aus-
trale (Rich & Rich, 1989).

APTIAN

The sea transgressed still further until much of
the continent was submerged: the Eromanga-—
Surat southern shoreline remained many hun-
dreds of kilometres north of the Austro-Antarctic
Trough, where fluvial and lacustrine systems
drained the Eucla Basin and Great Australian
Bight in the western portion and the Otway, Bass
and Gippsland Basins in the east. Volcanism is
one of many factors that may have made major
contributions to floral change. The earlier of two
major volcanic episodes proposed by Gleadow &
Duddy 