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ABSTRACT 

The contents of this volume are not a PhD thesis in the conventional sense in 
that they do not represent a single major research theme. When the author 
approached the Higher Degree Committee of the University of Tasmania with 
the view of counting twenty-nine published papers towards a higher degree, 
he was instructed to enrol for a research higher degree (PhD), and to present a 
thesis not only containing the publications but critically reviewing them in 
the form of a thesis to be completed over a period of not less than one year. 

The thesis thus comprises a review of twenty-nine published papers on a 
common theme of "Quaternary Studies of Caves and Coasts". Most papers are 
concerned with aspects of cave sediments but some are focussed on the 
sedimentary history of coasts. For the sake of completeness it was found 
necessary to include one paper submitted for publication but not yet published 
as well as some unpublished data. 

Studies of caves commenced with an investigation of bone-rich deposits, 
many of which contained remains of Pleistocene megafauna. The thesis 
concentrates on aspects of stratigraphy, dating and interpretation of 
depositional environments. Discovery of an archaeological site led to the 
realisation that interior valleys of Tasmania had been colonised by aborigines 
during the Last Glacial. 

Later studies concentrated on the use of speleothems as an information source 
on past climates and environments and used analysis of stable isotope ratios 
and minor element concentrations to study temporal variations. The study 
commenced with a detailed analysis of the isotopic composition of 
precipitation and seepage waters - a vital prerequisite. Oxygen isotope 
composition of Tasmanian speleothems was found to be not directly 
controlled by temperature but by the isotopic composition of winter 
precipitation. It is best interpreted as a proxy for mean winter temperature. 
Carbon isotope variations are regarded as due predominantly to variations in 
plant productivity and appear to be partly controlled by the precessional cycle. 

Studies of minor element variations were focussed on magnesium and 
strontium with preliminary investigation of uranium and bromine. 
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Strontium isotope analysis was used to show that some of the strontium was 
derived from a non-limestone source - probably wind-borne dust derived 
from continental shelf areas when sealevels were low. The magnitude of the 
dating peak (h3) in electron spin resonance spectra was found to be strongly 

correlated with carbon isotope ratios and concentrations of uranium, 
magnesium and bromine. The signal has considerable potential as an 
indicator of changes in vegetation productivity and/or fire frequency. 

Coastal studies commenced with electron spin resonance analysis of marine 
gastropod shell from midden sites in sea caves at Klasies River Mouth, South 
Africa where the technique was developed as a relative dating method in good 
agreement with the cultural and stratigraphic sequence of the sites. 

Use of the method continued on coastal deposits in western Victoria, 
Tasmania and the Bass Strait Islands where it was calibrated against other 
dating methods especially amino acid racemisation dating. The Bass Strait 
study revealed that King and Flinders Islands had been tectonically uplifted 
during the Quaternary as was Tasmania, but uplift began earlier and had 
ceased 125,000 years ago. 

Age determination is a vital part of Quaternary studies and is reviewed in a 
separate chapter. Improvements in dating techniques and calibration during 
the review period are discussed and earlier age estimates have been updated. 
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CHAPTER 1 - INTRODUCTION 

1.1 NATURE OF THESIS 

The thesis presents a review and critique of twenty-nine papers the author has 
published on aspects of the Quaternary history of caves and coasts in the 
Southern Hemisphere. In addition it includes one paper submitted for 
publication. The papers have been bound in a separate volume and numbered 
in chronological order. Wherever they are referred to in the text they will be 
identified by number in bold type face. With one exception (15) all studies 
have been conducted in southern Australia with most of the work 
concentrated at Tasmanian sites. This chapter introduces the nature and 
significance of Quaternary studies and provides brief outlines of the studies of 
caves and coasts that have contributed to the content of the thesis. 

1.2 NATURE AND SIGNIFICANCE OF QUATERNARY STUDIES 

The Quaternary is the most recent time period in the geological record and is 
usually taken to extend from approximately 1.8 Ma to the present day. 
Although the Pliocene-Pleistocene boundary is formally defined as being 
located at the top of the "sapropel e" horizon at the Vicra stratotype in Italy, it 
is more conveniently identified on the palaeomagnetic time scale as the end 
of the Olduvai sub-chron. 

The Quaternary is sub-divided into two epochs: the Pleistocene (1.8 Ma - 11.5 
ka) and the Holocene (11.5 ka - present) where 11.5 ka marks the end of the 
Younger Dryas cold climate event which was particularly marked in north-
western Europe. The Quaternary is regarded as the period of the present Ice 
Age, the Quaternary Ice Age although it is now recognised that marked 
cooling began earlier than this even in the Northern Hemisphere - probably at 
about 2.5 Ma. In the Southern Hemisphere the Ice Age is more appropriately 
referred to as the Cainozoic Ice Age as ice sheet glaciation is believed to have 
developed in Antarctica by the early Oligocene (-35 Ma) (Domack and 
Domack, 1991). At about the same time glaciation appears to have occurred in 
the Forth River valley of northern Tasmania although the extent of ice cover 
is unknown (Macphail et al., 1993). 
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The Quaternary period is of particular interest because of the instability of its 

climate characterised by long periods (up to 10 5  years) of cold climate 

conditions (glacials) separated by much shorter periods (10 4  years) of mild 
climatic conditions (interglacials). It was also a period of profound change in 
the floras and faunas of the Earth. Also, during this period "bipedal, tool-
making, fire-using hominids emerged from Africa and gradually moved out 
to occupy Eurasia, Australia and the Americas, as well as the distant oceanic 
islands around the globe." (Williams et al., 1993). 

Quaternary studies have also made a major contribution to our 
understanding of climate change having identified cyclic patterns especially 
the long-wavelength components believed to be due to variations in the 
earth's orbital parameters (Bradley, 1985). Palaeoclimate studies provide 
information for climate modellers as well as giving us a better understanding 
of the "forcing" mechanisms that may give rise to rapid climate change. A 
good example of such a study is a paper by Lorius et al. (1990) where evidence 
from the Vostok ice core in Antarctica has been used to study the effects of the 
forcing of the planetary radiation balance by changing concentrations of CO2. 

This provided information to estimate a net feedback factor of f — 3 leading to 
an estimated temperature rise of 3 - 4 °C for climatic warming induced by 
doubled CO2 concentrations. 

1.3 QUATERNARY STUDIES OF CAVES 

Some of the earlier studies presented here have contributed information from 
caves on the early presence of Homo sapiens in Southern Africa and were the 
first to demonstrate the presence of Aboriginal people in inland Tasmania 
during the height of cold climate conditions at the time of the Last Glacial 
Maximum (25 - 15 ka). Information was also obtained concerning the timing 
of extinctions of elements of the Late Pleistocene megafauna in Tasmania. 

Many later studies were concerned predominantly with developing the use of 
speleothems from caves in Tasmania, eastern Victoria and the Nullarbor 
Plains as a source of information on changing palaeoenvironmental 
conditions during the Late Pleistocene and Holocene by examining their stable 
isotope and trace element composition. Some of the Nullarbor caves were 
shown to contain locally abundant speleothems of halite and gypsum, some of 
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them currently forming, that reflect the semi-arid environment. In contrast 
calcium carbonate speleothems are rarely forming at present. It had been 
anticipated that there would have been wetter periods during the Late 
Pleistocene and Holocene that would have given rise to carbonate speleothem 
deposition. Such a scenario had already been demonstrated in Missing Cave in 
the now hyper-arid Namib desert of southwestern Africa (Heine and Geyh, 
1984). However, all carbonate speleothems that were dated by uranium series 
analysis from caves under the Nullarbor were shown, with one possible 
exception, to be either at or beyond the limit of the dating method implying 
ages of greater than 400 ka (19). Consequently stable isotope and later trace 
element studies were concentrated on Tasmanian speleothems with stable 
isotope analyses subsequently being extended to a speleothem from a cave in 
the Buchan area in eastern Victoria (29). 

Prior to the commencement of a detailed isotopic study of Tasmanian 
speleothems it was considered necessary to do two other studies: 

(1) To gain a better understanding of the stratigraphic and temporal inter-
relationships of detrital and chemical deposits in Tasmanian caves. The 
results of this investigation were reported by Goede and Harmon in 1983 (11). 

The most significant finding was that chemical deposition in the form of 
speleothems was most widespread during interglacial times, including the 
Holocene, while high rates of detrital deposition appear to be associated with 
cold climate conditions during glacial times. 

(2) To examine, on a monthly basis for a period of one calender year, the 
isotopic composition of precipitation, cave drips and actively forming 
speleothems at three Tasmanian cave sites (10). The opportunity was also used 
to determine the seasonal variation in hardness of cave drip water as a 
measure of plant productivity at the surface above the site and to investigate 
its statistical relationships with mean monthly temperature and precipitation 
at the surface (9). 

These studies were followed by interval sampling of a number of dated 
uniform diameter stalagmites to measure temporal variations in the stable 

isotope ratios of oxygen and carbon (180/160 and 13c/12c) in speleothem 

calcite (12, 14, 17, 20, 29). In two of the speleothems the stable isotope ratio of 
hydrogen (D/H) in fluid inclusions was also examined (14, 20). In most of the 
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earlier studies the emphasis was on the interpretation of oxygen isotope ratios 
as proxy data for the interpretation of palaeotemperatures. It was 
demonstrated that in Tasmanian speleothems a positive relationship exists 
between oxygen isotope ratios and palaeotemperature. Such a relationship has 
also been found in speleothems from Vancouver Island, Canada and from 
Norway (Gascoyne et al. 1980, 1981; Lauritzen et al. 1990, Lauritzen, 1995) and 
is attributed to large temporal changes in the isotopic composition of 
precipitation due to the temperature induced changes at the sites of 
evaporation and precipitation as well as latitudinal changes in the 
geographical location of moisture source areas. At most other cave sites 
around the world where isotopic analysis of speleothems has been carried out 
a negative relationship appears to prevail between oxygen isotope ratios and 
temperature due to the dominance of the direct temperature effect of the cave 
atmosphere on the fractionation of oxygen during deposition of calcium 
carbonate. 

During the late 1980's the author began an investigation of the possible 
significance of variations in minor elements in speleothems (17, 23, 27). The 
first paper on this aspect (17) was published in 1989. In two stalagmites from 
Little Trimmer Cave in the Mole Creek area significant statistical correlations 
were found between variations in the carbon isotope ratio on the one hand 
and uranium concentrations and the intensity of the h3 peak in ESR spectra 
on the other hand. It was already known from the literature that the nature of 
ESR spectra in calcite can be strongly influenced by either organic or inorganic 
impurities. 

This was followed in 1991 by a paper on minor element variations in a 
speleothem from Lynds Cave , Mole Creek (23). This specimen, while 
unfortunately not deposited under conditions of isotopic equilibrium, was 
precisely dated to a period from 15 to 11 ka, a period of known rapid 
environmental change. Variations in fifteen minor elements were 
successfully measured in most or all of fifteen samples. Without exception 
they showed significant variations over time while four elements: bromine, 
magnesium strontium and barium showed significant time-related trends 
that strongly suggested the operation of an environmental control 
mechanism. 

The stage was set for both stable isotope and minor element analysis of a 
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speleothem that had developed under conditions of isotopic equilibrium. For 
the first time, continuous sampling rather than interval sampling was used 
with a half core being sliced into 5 mm slices (27) to provide a continuous 
record based on 170 samples The speleothem selected for analysis (code: FT) 
had been collected from Frankcombe Cave in the Florentine Valley in south- 

central Tasmania. All samples were analysed for 8 180, 813C as well as 
magnesium and strontium content. In addition twenty samples selected at 
regular intervals were analysed from a number of other minor elements. 

Significant correlations were found between the pairs 8 180, Sr and 813C, Mg. 
Variations in strontium concentrations did not appear to be related directly to 
changes in temperature, instead they showed a strongly bimodal distribution. 
These data caused this author to suggest control by a switching mechanism. It 
was tentatively suggested that the abrupt changes in concentration might be 
attributed to changing wind directions causing similar changes in the supply 
of calcitic dust to the ground surface above the cave site. This suggestion has 

since been confirmed by strontium isotope ( 87Sr/ 86Sr) analysis of both 
limestone and speleothem samples (30). 

Magnesium content shows wide variations characterised by periodic changes 
which are strongly correlated with changes in carbon isotope values. It will be 
argued here that variations in both are strongly influenced by changing partial 
pressures of carbon dioxide (pCO2) in the seepage water from which the 

speleothem is deposited. Such pCO2 variations in turn are believed to be 

strongly influenced by variations in microbiological activity in fine-grained 
soils overlying the limestone at the cave site. They in turn are likely to reflect 
changes in vegetation activity and moisture availability during the growing 
season (29). 

Also of interest are variations in bromine content. In speleothems from caves 
in coastal areas they may indicate changes over time in distance from the coast 
reflecting changes in sealevel (23). In inland areas bromine in speleothems 
may be derived from biomass burning at the surface producing methyl 
bromide (Mano and Andreae, 1994). Some of this may be absorbed in 
precipitation and washed down through soil and bedrock in seepage water to 
be co-precipitated with calcite to form speleothems. Further investigation is 
required to confirm its origin. 
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1.4 QUATERNARY STUDIES OF COASTS 

An early study of two sea caves on King Island developed in quartzite showed 
that they contained a wealth of detrital and chemical sediments including 
gypsum and carbonate speleothems. The latter were used to demonstrate, by 
means of uranium series dating, that cave formation predated the Holocene, 
while a detailed survey indicated that the caves had developed in relation to 
sealevels that were between 10 and 15 metres higher than today and believed 
at that time to be related to the Last Interglacial (7). The study makes an 
interesting comparison with much later investigations of the Quaternary 
coastal record of Tasmania and the Bass Strait islands (28) that suggest a 
Middle Pleistocene age for such high sealevels in King Island. 

With the exception of the study of King island sea caves (7) Quaternary studies 
of coasts included in this thesis involve the use of Electron Spin Resonance 
(ESR) of aragonitic marine shell as a relative dating method. The 
methodology of the use of ESR in this way has been discussed in detail 
elsewhere (16). The method is also reviewed in the thesis chapter devoted to 
age determination. 

The first time that the author applied ESR analysis was to marine gastropods 
(Turbo sarmaticus) recovered from four coastal archaeological cave sites at 
Klasies River Mouth by Professor Hilary Deacon, head of the Archaeology 
Department at the University of Stellenbosch. It was found that two peaks in 
the ESR spectrum (A and C) could be used successfully to calculate Equivalent 
Dose (ED) values to indicate a relative age. The results of this research were in 
excellent agreement with both the stratigraphic evidence and the different tool 
cultures described from the sites and gave confidence that the method could 
be successfully applied elsewhere to help solve problems of chronology in 
Quaternary coastal sites. The results confirmed the original time correlation of 
the sites proposed by Singer and Wymer (1982) and not the later contentions 
of Binford (1984). Consequently the results were important in supporting the 
antiquity of a mandible of Homo sapiens recorded from one of the sites. 

The fact that two peaks in the ESR spectrum could be used successfully for 
relative age determination was surprising as previous work on aragonitic 
marine bivalves had shown only one peak (C) to be suitable for such a 
purpose. As this study was the first to be published using marine gastropods, it 
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was assumed that this was a peculiarity of either marine gastropods generally, 
or alternatively, of those belonging to the genus Turbo. It was years later, after 
analysing a number of specimens of closely related species of Turbo from 
shallow marine and beach sediments in southern Australia that all showed 
spectra similar to aragonitic marine bivalves, that it became clear that the ESR 
spectra of the Turbo sarmaticus shells from the Klasies River Mouth sites in 
South Africa were indeed unusual. It was then realised that it might be related 
to the fact that these shells had all been recovered in an archaeological context 
and would have been exposed to the heat of cooking fires. The possible effects 
of this will be examined further in the thesis. 

The study of Quaternary sediments near Warrnambool, western Victoria, 
applying ESR as a relative dating technique was sparked by a report to the 
media by the late Mr Edmund Gill of Melbourne who announced the 
discovery of what he believed to be two aboriginal midden sites (Point Ritchie 
and Hopkins Estuary) of Last Interglacial age. My contribution (18) was to 
estimate the relative age of shells from a number of sites in the area to test the 
Last Interglacial age proposed by Gill. 

It was not possible to use one species at all sites and in the end two species of 
marine gastropods (Turbo spp.) and three species of bivalves were used as all 
showed similar spectra. The method was found to distinguish readily between 
modern, older Holocene, Late Pleistocene and older samples on the basis of 
their ED values leading to the development of the concept of ED zones. 

At neither of the two alleged aboriginal shell midden sites was convincing 
evidence found that they were of human origin and while the Point Ritchie 
site was shown to be of Last Interglacial age, the Hopkins Estuary site proved 
to be very much older. The relative age estimates obtained in the study were 
validated later in a comparative study involving a number of other 
Quaternary dating techniques (Sherwood et al., 1994). 

Subsequent studies (21, 22, 26, 28) using ESR as a dating technique were 
concentrated on the coastal Quaternary sediments of Tasmania and the Bass 
Strait Islands and were done as a joint project with Colin Murray-Wallace 
who applied amino-acid racemisation (AAR) to the same sites. 

Previous studies had revealed that Tasmania had not remained tectonically 
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stable during the Middle and Late Pleistocene (Van de Geer et al. 1979; Van de 
Geer, 1981; Bowden and Colhoun, 1984). A number of coastal sequences of 
raised shallow marine and beach sediments had been identified, some of these 
were known to contain marine shell. The aims of our joint project were: 

(1) An independent assessment of the ages of coastal strata. 

(2) To evaluate evidence for tectonic uplift. 

(3) To assess possible processes responsible for coastal emergence. 

The study commenced with sites on the Tasmanian mainland (21, 22 26) 

followed later by an extension of sampling and analyses to the major Bass 
Strait Islands (King and Flinders). Excellent agreement was obtained between 
the three dating methods used: ESR, AAR and radiocarbon dating. All sites on 
the Tasmanian mainland that had preserved shell were found to be either 
Holocene or Last Interglacial in age. With one exception (Mary Ann Bay) (21), 

Last Interglacial shell had been preserved only below the water table. Due to 
the siliceous matrix of Tasmanian coastal sediments and its consequent low 
uranium content the range of Last Interglacial ED values (60-120 gray) was 
significantly lower than had been found in previous studies in southern 
Africa, Western Australia and western Victoria (100-200 gray). 

Two sites proved to be of particular interest. At Mary Ann Bay in southeastern 
Tasmania richly fossiliferous marine sediments extend up to 24 metres above 
high water mark (HWM) and are amongst the most elevated occurrences of 
Last Interglacial coastal strata on the Australian continent (21, 22). 

The other site of particular interest was at Royal Park, Launceston where 
excavations had revealed a diverse molluscan fauna. It included the bivalve 
Anadara trapezia, and is its only known in situ fossil occurrence in Tasmania 
and the Bass Strait Islands. Both ESR and AAR analyses indicated that the 
shells were late Holocene in age, probably no older than 3000 years BP (26). 

A study of the raised marine deposits of the Bass Strait Islands provided 
several contrasts with the Tasmanian mainland. Sediment matrix was 
calcareous rather than siliceous and much older shell was preserved on both 
of the islands. While there were clear indications of Quaternary uplift on the 
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islands also, the high elevations reported for Last Interglacial strata in 
Tasmania were not evident, suggesting that Late Pleistocene and Holocene 
stability has characterised King and Flinders Islands. 

The study also indicated that erosional evidence for some of the raised 
shorelines on King Island attributed by Jennings (1959, -61) to Last interglacial 
high sealevels had to be significantly older. This is also supported by the 
dating of shell from the marine sediments underlying the Late Pleistocene 
peats of Egg Lagoon in northern King Island. ESR analysis showed ED values 
comparable with shells sampled from the Early Pleistocene Memana 
Formation on Flinders Island. This is in sharp contrast to the Last Interglacial 
age proposed for the Egg Lagoon marine deposits by Jennings (1959). It also 
indicates that the two King Island sea caves described in an earlier paper (7) are 
most unlikely to have formed during Last Interglacial high sealevels but 
must be significantly older. 

1.5 STRUCTURE AND AIMS OF THE THESIS 

Chapter 2 deals with the problems of age determination of Quaternary 
materials. A classification of dating techniques is provided. It is followed by a 

detailed discussion of two radiometric methods ( 14C and 230Th/ 234U) used 
for numerical dating and one radiogenic method (ESR) applied to relative 
dating. 

Chapter 3 examines the nature of cave deposits followed by a detailed 
investigation of some cave sites under the Nullarbor Plain of southern 
Australia and in Tasmania. It concludes with an assessment of hypotheses 
that have been advanced to account for Pleistocene faunal extinctions. 

Chapter 4 discusses monthly monitoring of three Tasmanian cave sites over a 
one year period to provide a framework for subsequent palaeoenvironment 
studies based on the analysis of the stable isotope content of speleothems. 

Chapter 5 deals with stable isotope variations in speleothems. It outlines the 
history of such studies and discusses the nature of stable isotopes. It is 
followed by the application of stable isotope analyses of speleothems from 
caves in Tasmania and eastern Victoria and an interpretation of the results. 
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Chapter 6 provides a brief history of minor element studies in speleothems 
followed by an examination of variations in minor elements in some 
Tasmanian speleothems. It concludes with an explanation for some minor 
element variations. 

Chapter 7 deals with Quaternary studies of some coasts of South Africa, 
western Victoria and Tasmania incuding the Bass Strait Islands. The nature 
and stratigraphy of the sites is discussed. The principal aim is to demonstrate 
the usefulness of ESR analysis as a relative dating method in providing 
temporal frameworks for human occupation in South Africa and for the 
occurrence of high sealevel events in southeastern Australia, including 
Tasmania. 

Chapter 8 presents conclusions drawn from the studies and examines 
prospects for further research. 
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CHAPTER 2 - AGE DETERMINATION 

2.1 PURPOSE AND NATURE 

The determination of age is of vital importance in Quaternary studies and this 
is particularly true when sources of proxy data for palaeoclimate 
reconstructions are being compared (Bradley, 1985). Precise and accurate dating 
is necessary for the following reasons: 

(1) to determine whether events recorded in different sets of proxy data are 
synchronous. 

(2) to determine the presence of leads or lags between different events. 

(3) to determine the rates at which events such as environmental changes and 
the rise, decline and extinction of plant and animal species have occurred. 

There are a large number of literature sources available that discuss a range of 
Quaternary dating methods. Amongst the most comprehensive are Bradley 
(1985) , Williams et al. (1993) and Smart and Francis (1991), but there are 
numerous others. Aspects of such reviews rapidly tend to become outdated as 
both new dating methods and new analytical techniques are devised. 

2.2 QUATERNARY DATING TECHNIQUES 

Age estimates may be classified as numerical  if they provide a numerical 
estimate of age or as relative  if they allow samples to be ordered with respect 
to age (Williams et al. 1993). Sometimes relative age assessments can be 
converted to numerical estimates by calibration with either numerical 
estimates or marker horizons of known age. Such age estimates are known as 
calibrated  age estimates (Colman et al. 1987). Correlated  age methods only 
provide evidence of age equivalence and are essentially nominal data (Smart 
and Frances, 1991). 

The term absolute  has been frequently used in the past to describe the results 
of radiometric dating methods. The writer strongly agrees with Colman et al. 
(1987) who stated that in their view "This term is more appropriate fo.  r despots 
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and deities than for dating methods, all of which carry inherent 
uncertainties." 

2.3 CLASSIFICATION OF DATING TECHNIQUES 

The following classification is based on methods that share similar 
mechanisms and assumptions. Classes are not necessarily mutually exclusive. 

2.3.1 Radiometric methods.  
They involve the measurement of changes in isotopic composition due to 
radioactive decay. In Quaternary studies the two methods used most widely 
are radiocarbon dating and uranium series dating. 

2.3.2 Radiogenic methods.  
They measure the accumulation of defects due to radioactive decay such as 
crystal damage and ionisation effects. Widely used methods are fission track 
dating (FT), thermoluminescence (TL) and electron spin resonance (ESR) 
techniques. 

2.3.3 Incremental methods.  
Time is measured by counting back regular cycles from the present. Most 
widely used is the annual cycle, the effects of which can be identified in some 
lacustrine sediments, ice cores, tree rings and corals. The astronomical cycles 
of eccentricity, precession and obliquity (orbital parameters) have been used to 
improve the estimated ages of marine oxygen isotope stage boundaries and 
termination events in deep sea cores (Hays et al. 1976; Kominz et al. 1979; and 
Morley and Hays, 1981). 

2.3.4 Palaeomagnetic methods.  
They rely on the fact that natural remanent magnetisation (NRM) is recorded 
in cooling igneous rocks as well as in sediments deposited under quiescent 
conditions. Secular variations in the declination, inclination and strength of 
the magnetic field can be used for correlation of sedimentary records on a 
regional scale. Palaeomagnetic reversals provide points in time whose age is 
accurately known due to radiometric dating of sequences of volcanic rocks. 

2.3.5 Chemical methods.  
They depend on the gradual alteration of either organic or inorganic materials 
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over time. Materials such as shell, bone and wood contain complex organic 
substances that can be dated by amino-acid racemisation (AAR) analysis while 
age estimates of rocks and minerals can be made on the basis of their degree of 
weathering. 

2.3.6 Biological methods.  
They are dependent on the size of an individual species of plant as an index of 
the minimum age of exposure of the substrate on which it is growing. The use 
of lichens for age determination has been particularly successful (Bradley, 

1985). 

2.3.7 Palaeoecological methods.  
They rely on the presence of characteristic plants and animals, of which some 
species may subsequently have become extinct, in order to provide an age 
estimate. Such methods have limited application to Quaternary dating, 
especially in the Southern Hemisphere. 

2.3.8 Historical methods.  
They depend on the use of either written records or the preservation of 
archaeological material to obtain age estimates of Quaternary sediments. 
These methods have only limited application to Australia because: 

(1) Historical records are available for only a short time period. 

(2) Prehistoric evidence such as stone tool assemblages are characterised by 
slow evolution and inadequate chronologies. 

2.4 APPLICATION OF DATING METHODS 

Three of the categories listed above have been used extensively in research 

discussed in this thesis and will be reviewed in detail. 

2.4.1 Radiometric methods.  
Two methods were widely used. Radiocarbon dating was applied to bone 
(unsuccessfully), charcoal, shell and speleothems while uranium series dating 
was confined to speleothems. Analytical results for both methods are listed in 

Tables 2.1, 2.2, 2.3 and 2.4. These are evaluated in terms of their reliability, 

accuracy and precision. 
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2.4.2 Radiogenic methods.  
The radiogenic method used extensively in this studies is electron spin 
resonance (ESR). For a detailed description of the technique see Smart (1991). 
The method is used as a relative dating method based on the estimation of the 
equivalent dose (ED), a measure of the amount of radiation that a sample has 
received since its formation (13, 16). It has been demonstrated to be an 
excellent technique for application to bone (13) and shell (16) but not to calcite 
speleothems. 

Many calcite speleothems were found to be unsuitable for dating by this 
method, firstly because of the very large range of uranium concentrations (0.2 

to 37.8 jig/g), and secondly because the spectral peak (h3) used for age 

determination shows extreme variation, in sensitivity to radiation, with some 
samples showing little or no peak development. Such variations can be 
attributed to variations in magnesium content (Barabas et al. 1989). 

2.4.3 Chemical methods.  
Two chemical methods have been employed in these studies. Measurements 
of the thickness of weathering rinds on buried dolerite clasts in Late 
Pleistocene alluvial gravels were made in several caves to obtain estimates of 
relative ages (11). 

Amino-acid racemisation was used by Bada to make age estimates of cave 
bone to be compared with ESR age estimates made by the writer (13). In a 
series of joint studies of Quaternary shallow marine and beach deposits along 
the Tasmanian coast and on the Bass Strait Islands, Murray-Wallace and the 
writer applied AAR and ESR analyses respectively to build up a picture of the 
relative ages of marine shell obtained from a variety of sites (21, 22, 26, 28). 

54 



2.5 RADIOCARBON DATING 

2.5.1 Methodology  
A brief outline of the method will be given here. For a detailed discussion the 
reader is referred to Bradley (1985) or Hedges (1985). The element carbon has 

two stable isotopes ( 12C and 13C) and a radioactive one (14C). The carbon in 

carbon dioxide in the atmosphere is composed predominantly of 12C (98.9%) 

and 13C (1.1%) with only traces of 14C. This radioactive isotope is produced by 

the capture of high energy neutrons produced by cosmic radiation by 14N in 

the upper atmosphere: 

14N ± 1n 	 14c ÷ 1H 

From there 14C is distributed as a trace isotopic component in CO2 throughout 

the atmosphere and hydrosphere (Figures 2.1 and 2.2). Radiocarbon is taken 
up by the biosphere through metabolic processes and incorporated as a 
component in plant and animal matter. 

As a first approximation the ratio 14C/ 12C is constant for nearly all 

components of the biosphere. When an organism dies, and provided that the 
remains are a closed system (no chemical exchange with the environment), 
the radiocarbon content decays with a half-life of 5,730 years so that the 

remaining concentration of 14C can be used to estimate the age of the sample. 

In conventional radiocarbon dating the sample to be measured is converted to 

a gas or a liquid and the number of 13 particles are counted per unit time and 
per unit weight of sample: 

14N ± 13 + neutrino 

In recent years development of accelerator mass spectrometry (AMS) has 

enabled direct measurement of the ratio 14c  / 12C leading to more efficient and 

precise age determination on much smaller samples since 14C isotopes do not 
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have to decay in order to be counted (Hedges, 1985, Linick et al., 1989). Costs 

are high and access to AMS facilities is restricted. All 14C age determinations 

reported here were done by conventional r3 particle counting (Table 2.1). 

2.5.2 Reliability of age estimates  
Reliability of radiocarbon dates is generally high, provided that care is taken to 
avoid contamination by younger or older carbon. If contamination is 
suspected, chemical pretreatment may be required to either remove the source 
of contamination (e.g. acid treatment of charcoal to remove secondary 
carbonates) or by extraction of the most stable organic fraction of the sample 
for counting. This may be cellulose in a wood sample or collagen in fossil 
bone. 

From early studies in cave bone deposits (1, 2, 3) four samples (one charcoal 
and three bone) were sent to a New Zealand laboratory where requests for 
pretreatment and collagen extraction were not followed. Consequently ages 
were obtained that were later shown to be much too young. These analyses 
(codes R5001/1 to R5001/4) gave rise to erroneous ideas about the late survival 
of some megafaunal elements in Tasmania until other methods of age 
determination were applied (8, 13). The four New Zealand analyses have not 
been included in Table 2.1. 

Special care must be taken in assessing 14C ages > 30,000 years BP as material 

well beyond the range of radiocarbon dating with 1% contamination by 
younger carbon will yield apparent radiocarbon ages of 37,000 years BP (Gupta 
and Polach, 1985). Three finite age determinations in Table 2.1 (SUA-2925, 
SUA-2834 and SUA-3000) (22, 28) are interpreted as Last Interglacial (-125 ka), 
or older because they were collected from raised marine sediments. Since the 
Last Interglacial (MIS 5e) apparent sealevels have been consistently lower 
until the mid-Holocene except in areas of rapid tectonic uplift. In tectonically 
stable areas sealevels between 30,000 and 40,000 years BP are known to have 
been between 70 and 80 m lower than today. (Chappell, 1996). 

2.5.3 Accuracy of age estimates  
Accuracy of age determinations refers to the extent to which an age estimate 
approximates to the actual age of the specimen. Accuracy may be affected by 
systematic error involving a number of samples due to calibration pioblems 
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Table 2.1. Radiocarbon age determinations. 
Laboratory no. 	Material 	 Age Estimate (yr BPI Reference 

26 

Site G, Titans Shelter OF-97), Florentine Valley, south-central Tasmania. 
GaK-6874 	 Charcoal 	 1140 ± 90 
GaK-6875 	 Charcoal 	 14,310 +2970, -2160 
Site P, Beginners Luck Cave (JF-79), Florentine Valley, south-central Tasmania. 
GaK-7081 	 Charcoal 	 20,650 ± 1790 
Bone Cave (W-3), Weld River Valley, southern Tasmania. 
SUA-2104 	 Charcoal 	 16,200 ± 1200,-1100 
Chamber B, Pleisto Scene Cave (MU-206), Montagu, northwestern Tasmania. 
Pta-2506 	 Calcite 	 17,670 ± 180 
LY stalagmite, Lynds Cave (MC-14), Mole Creek, northern Tasmania. 
Pta-2972 	 Calcite 	 14,500 ± 140 
Pta-3713 	 Calcite 	 14,200 ± 90 
Pta-3198 	 Calcite 	 13,000 ± 30 
Pta-2975 	 Calcite 	 10,300 ± 90 
Pta-2976 	 Calcite 	 8980 ± 90 
Pta-3199 	 Calcite 	 6400 ± 20 
Pta-2979 	 Calcite 	 5250 ± 70 
FC stalagmite, Frankcombe Cave (JF-7), Florentine Valley, south-central Tasmania. 
Pta-2499 	 Calcite 	 6320 ± 70 
Pta-2571 	 Calcite 	 5990 ± 70 
Pta-2574 	 Calcite 	 5790 ± 70 
Pta-2575 	 Calcite 	 5490 ± 65 
Pta-2505 	 Calcite 	 3630 ± 65 
FT stalagmite, Frankcombe Cave (JF-7), Florentine Valley, south-central Tasmania. 
SUA-2208 	 Calcite 	 >41,000 
LC stalagmite, Lynds Cave (MC-14), Mole Creek, northern Tasmania. 
Pta-3708 	 Calcite 	 13,450 ± 130 
Pta-3707 	 Calcite 	 12,770 ± 100 
Pta-3791 	 Calcite 	 11,800± 100 

Pta-3792 	 Calcite 	 10,980 ± 110 
Mary Ann Bay, southern Tasmania. 

SUA-2925 	Marine shell 	39,900 ± 800/-700 
The Spit, Ralphs Bay, southern Tasmania. 	 Calibrated age 

4, 5 
4, 5, 13 

8, 13 

13 

13 

12 

12 
12 
12 
12 
12 

20 
20 
20 
20 
20 

20 

23 
23 
23 
23 

21,22 

21,22, 

22 

22 

22,26 

28 

SUA-2294R 	Marine shell 	6150 ±60 	6510 ± 80 

Shelly Beach, Ralphs Bay, southern Tasmania. 

SUA-2293 	 Marine shell 	3140 ± 50 	2770 ± 110 

Five Mile Beach, southern Tasmania. 

SUA-2834 	 marine shell 	37,500 ± 600 

Shell Pits Point, northern Tasmania. 

SUA-2833 	 marine shell 	5700 ± 70 	6020 ± 140 

North East River estuary, Flinders Island 

SUA-3000 	 marine shell 	31,100 ± 300 
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or by chemical contamination of samples during preparation. 

Early radiocarbon ages were quite inaccurate because it had been assumed that 

the concentration of 14C in the atmosphere had remained constant over time. 

The assumption was tested by radiocarbon analyses of tree-ring sequences 
whose calender ages were known to a high degree of accuracy by the counting 
of annual rings back from the present and by cross-matching wood of living 
trees with that of sub-fossil specimens. Such tree-ring records go back 8,681 
years based on Bristle Cone Pine in California (Ferguson, 1970, Bradley, 1985) 
and 11,000 years based on German oak and pine chronology (Becker, 1993). 
Close radiocarbon dating of such sequences has provided correction tables for 
the last 11,000 calender years (Stuiver and Reimer, 1993). 

Beyond this range calibration is less accurate being based on radiometric dating 

of Barbados corals with the same specimens being analysed by both 14C and 

uranium series (U/Th) techniques, the latter using high precision thermal 
ionisation mass spectrometry (TIMS) (Bard et al., 1990, 1993). On this basis the 
atmospheric calibration tables for C14 have been extended to 19,262 yr BP 
(22,950 calender years) (Stuiver and Reimer, 1993). 

2.5.4 Reservoir effects  

The accuracy of radiocarbon dates of shells and speleothems requires special 
consideration. In the case of shells, estimated ages are affected by the "marine 
reservoir" effect. It is not constant due to local upwelling of deep ocean water 

low in 14C. Consequently modern seawater is not in equilibrium with the 

atmosphere but has "apparent ages" ranging from 400-2,500 years BP in 
different regions. Gillespie and Polach (1979) have determined that for 
Australian marine shell the best estimate for the apparent age is 450 ± 35 years. 
In the case of spelethems the problem of accurate age assessment is more 
difficult to solve satisfactorily. Speleothems, unlike other materials 

commonly dated by 14C, are not the remains of living organisms. Some of the 

carbon they incorporate is derived from the solution of overlying limestone 

and this usually contains no 14C at all. The remainder is derived from CO2 in 

the atmosphere and moisture content of the soil overlying the cave site where 
most of the CO2 is in turn derived from plant respiration and the 

decomposition of organic matter derived mostly from plants. 
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Hendy (1971) presented one of the first detailed studies of the isotopic 

geochemistry of speleothems. He has pointed out that the 14C concentration 
incorporated in speleothems will vary according to whether the limestone 
was dissolved under open or closed system conditions. He has also explained 
that these two situations represent extreme cases and that any real situation • 
would probably be intermediate between the two. He has calculated that under 
closed system conditions the first calcite to be deposited will contain between 

65% and 50% of the 14C concentration of the atmosphere with the actual 

value depending on the initial Pc02 in the soil atmosphere. In a completely 

open system the first calcite to be deposited will be in isotopic equilibrium 

with atmospheric 14C. It implies that theoretically the limestone reservoir 

effect may cause 14C age determinations of speleothem calcite to overestimate 

the radiocarbon age by anywhere between 0 and 5730 years (Hendy, 1970). 

Geyh (1970) has proposed an average 14C concentration of 85% in speleothems 
relative to surface organic matter based on numerous radiocarbon analyses 
requiring an average age correction of 1300 years to be subtracted from 
speleothem radiocarbon ages. Vogel (1983) carried out multiple age 
determinations on the upper part of an actively growing stalagmite from 
Cango Caves in southern Africa and estimated an age correction of 1500 years. 
This value was used in a joint paper to estimate radiocarbon ages in a 
Tasmanian speleothem (LC) from Lynds Cave, Mole Creek (23). Using the 
Calib 3.0 calibration tables of Stuiver and Reimer (1993) it is now feasible to 
estimate the age correction directly by converting the uranium series dates to 
C14 age estimates and comparing them with the paired apparent C14 ages 
reported by Vogel (23) on the same samples. This provides a reservoir 
correction of 1,074 years, somewhat less than the 1,500 years used by Vogel (23) 
based on Vogel (1983). 

The writer devised a method to estimate the age correction for an individual 
stalagmite by using a combination of radiocarbon dating and ESR analysis that 
will be discussed later in the chapter (12, 20). 

2.5.5 Precision of age estimates  

All radiometric measurements are estimates because radioactive 
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disintegration varies randomly about a mean value (Bradley, 1985). Because of 
statistical uncertainties in counting procedures dates are reported as the mid-
point of a Poisson probability curve together with the standard deviation (±) of 
error in the estimate of the sample age, which is always reported with the age 

estimate. Many of the 14C age estimates on speleothem calcite have a high 

level of precision, but the accuracy is low because of the problem of correcting 

for a variable contribution of carbon free of 14C from the limestone reservoir. 

This creates problems in converting estimates of radiocarbon years to 
estimates of calender years. 

2.6 URANIUM SERIES DATING 

Where applicable, uranium series dating provides a valuable tool for the 
dating of Quaternary materials beyond the range of radiocarbon. The term 
covers a number of techniques that have some potential but this study has 
been concerned mainly with the most widely used technique which is based 

on the activity ratios of 230Th/234u and 234u/ 238U and is commonly referred 

to as U/Th dating. All the analyses presented here (Tables 2.2, 2.3 and 2.4) have 
been made for the purpose of dating speleothems. 

As will be shown later, speleothems are a valuable source of information 
about past surface environments. They have a much greater chance of being 
preserved for hundreds of thousands of years from weathering, erosion and 
pedogenesis than terrestrial sediments exposed at the surface. Aspects of U/Th 
dating related specifically to speleothems have been discussed by the author 
(11) and a number of other researchers such as Harmon et al. (1975), Gascoyne 
and Schwarcz (1982) and Gascoyne (1985). 

2.6.1 Methodology  
Uranium and thorium are found in low concentrations in marine limestones. 
They are mobilised by solution of carbonate rocks but while uranium tends to 
form soluble complexes and remain in solution, thorium is rapidly removed 
by adsorption on to clay minerals. When cave dripwaters become 

supersaturated due to degassing of CO2, the uranyl ion UO2 2+ is co-

precipitated with calcite forming a thorium- free closed system. Any thorium 

that accumulates over time in the speleothem will be the daughter product 
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Table 2.2. Uranium series age determinations of Tasmanian speleothems by alpha particle 

spectrometry 

Sample 

UT7a 

Cave 	 230Th/234u U (j..tg/g) 

Beginners Luck C. 	0.05 	0.13 ± 0.08 

Beginners Luck C. 	0.06 	0.06 ± 0.15 
Beginners Luck C. 	0.05 	<0.001 

Frankcombe C. 	0.026 	0.44 ± 0.02 
/I 0.038 	0.49 ± 0.02 
11 0.041 	0.56 ± 0.03 
Id 0.075 	0.55 ± 0.02 
/1 0.098 	0.60 ± 0.03 
1/ 0.062 	0.50 ± 0.02 

Exit Cave 	0.15 	0.048 ± 0.03 
11 	11 0.18 	1.036 ± 0.08 

/1 0.14 	1.060 ± 0.30 
1/ 	 I/ 0.12 	1.015 ± 0.10 
I/ 	I/ 0.10 	0.901 ± 0.10 
11 2.44 	0.66 ± 0.01 
/I 	11 0.22 ± 0.02 

Pleisto Scene C. 	0.15 	<0.001 
/I 1.7 	0.17 ± 0.03 

Tinys Watch Hole 	0.10 	0.04 ± 0.03 

Ghengis Khan 	0.20 	0.88 ± 0.02 
11 	 /1 0.08 	0.23 ± 0.04 

Little Trimmer C. 	0.91 	0.68 ± 0.02 

	

I/ 	 I/ 0.94 	0.66 ± 0.03 
/I 	 I/ 1.1 	0.66 ± 0.02 
/I 	 1/ 0.8 	0.62 ± 0.02 

	

/./ 	 11 0.8 	0.59 ± 0.02 

	

11 	 /I 0.6 	0.57 ± 0.02 
0 1 0.7 	0.54 ± 0.03 
/ I 1.5 	0.58 ± 0.02 

	

11 	 /I 0.86 	0.56 ± 0.02 

0.80 	0.53 ± 0.02 

Kubla Khan C. 	0.12 	0.74 ± 0.04 
/I 0.21 	0.70 ± 0.02 

	

/ 1 	 11 0.19 	0.88 ± 0.03 

	

I / 	 11 0.21 	0.68 ± 0.02 
1 1 0.24 	0.72 ± 0.05 
11 0.14 	0.68 ± 0.03 
I/ 0.14 	0.65 ± 0.04 
11 	 /I 0.13 	0.62 ± 0.03 

Matchlight Cavern 	12:7 	0.56 ± 0.03 
1/ 0.18 	0.95 ± 0.02 

62 

234u/238u 	230Th/232Th 

1.46 ± 0.35 	> 1000 

0.84 ± 0.18 	> 1000 

1.24 ± 0.96 

1.23 ± 0.04 	76 

1.21 ± 0.03 	> 1000 

1.22 ± 0.05 	> 800 

1.17 ± 0.04 	16 

1.12 ± 0.04 	28 

1.28 ± 0.05 	> 1000 

3.17 ± 0.17 	> 1000 

1.43 ± 0.09 	16 

1.05 ± 0.11 	66 

1.88 ± 0.15 	28 

2.03 ± 0.27 	100 

1.13 ± 0.01 	54 

2.58 ± 0.03 	1000 

1.08 ± 0.06 

0.93 ± 0.04 	> 1000 

2.34 ± 0.05 	40 

2.04 ± 0.01 	28 
2.69 ± 0.05 	>1000 

2 28 ± 0.02 	62 

2.19 ± 0.01 	200 

2.37 ± 0.01 	44 

2.35 ± 0.02 	145 

2.35 ± 0.01 	234 

2.02 ± 0.01 	100 

2.51 ± 0.02 	229 

1.57 ± 0.02 	80 

2.31 ± 0.02 	83 

2.35 ± 0.03 	200 

1.44 ± 0.03 	28 

1.85 ± 0.06 	126 

1.68 ± 0.02 	43 

1.97 ± 0.05 	96 

1.84 ± 0.02 	51 

1.60 ± 0.02 	38 

1.84 ± 0.04 	48 

1.78 ± 0.03 	>200 

3.69 ± 0.03 	148 

3.66 ± 0.01 	49 

Age (ka) 

15 ±10 

7±17 

modem 

62 ± 5 

72 ± 5 

86±8 

85 ± 5 

97±8 

73 ± 5 

5±3 

315 +./70 

>400 

249 ±70 

181 ±60 

112± 3 

26±3 

modem 

20 ± 4 

5±3 

172 ± 9 

25±4 

110 ± 6 

102 ± 8 

102 ± 5 

93±4 

88±4 

82 ± 4 

78±6 

89±5 

82 ± 5 

75±5 

134 ± 12 

118 ± 6 

180 +171-14 

113±6 , 

120 ±15 

115 ± 9 

103 ± 11 

96±6 

80 ± 6 

189 +6/-12 

U17b 

UT7c 

FT3 

FT2 

FT1 

FU3 

FU2 

UT9 

UT10a 

UT10b 

UT10c 

UT11 

UT17 

UT16 

UT5 

UT12 

UT22 

UT21 

UT20 

LT7 

LT8 

LT2 

LT3 

LT4 

LT5 

LT6 

LX-Z 

LX Y 

LX-X 

KK 1 

KK1.5 

KK 2 

KK 2.5 

K K3 

KK 4 

K K5 

KK6 

UT29 

UT31 



UT32 
U-294 
U-293 
U-305 
U-295 
LA-T 
LA-B 
UT75 
UT77 
UT78 

KG-T 
KG- B 
NE-T 
NE-B 

/I 	 /I 

Lynds Cave 
I/ 

/I 	 /I 

/I 	 /I 

/I 

Iron Monarch, K.I. 
Blister Cave, K.I. 

King George V C. 
/I 

Newdegate C. 

4.9 
0.305 
0.262 
0.307 
0.0235 
0.026 
0.033 
10.4 
37.8 
8.0 
0.312 
0.191 
0.326 
0.270 

0.99 ± 0.03 
0.128 ± 0.003 
0.117 ± 0.003 
0.104 ± 0.004 
0.1075 ± 0.00476 
0.285 ± 0.023 
0.342 ± 0.020 

0.010 ± 0.003 
0.15 ± 0.03 
0.17 ± 0.04 

0.387 ± 0.012 
0.580 ± 0.017 
0.016 ± 0.002 
0.022 ± 0.002 

2.76 ± 0.02 
2.85 ±0.04 
2.97 ± 0.03 
3.12 ± 0.03 
2.855 ± 0.0865 
2.656 ± 0.115 
2.521 ± 0.087 
1.68 ±0.005 
1.64 ± 0.01 
1.46 ± 0.01 
1.126 ± 0.020 
1.301 ± 0.025 
1.842 ± 0.050 
1.820 ± 0.051 

135 
442 
236 
171 
20.4 
> 200 
> 200 
56 
782 
399 
> 200 
56 
7.8 
37.6 

231 +24/-20 
14.60 ± 0.42 
13.35 ± 0.36 
11.80 ± 0.50 
12.20 ± 0.57 
12.20 ± 1.20 
15.60 ± 1.10 
2 
17 ± 3 
19 ± 4 

52.70 ± 2.50 
62.50 ± 3.00 
0.97 ± 0.13 
1.29 ± 0.14 

Table 2.3. Uranium series age determinations of Nullarbor speleothems by alpha particle 
spectrometry. 

Sample 	Cave 	U 

Calcite specimens 

(nig) 230Th/234u 	234u/238u 	230-rh/232Th Age (ka) 

W-4 (w) 	Webbs Cave 0.54 1.00 ± 0.02 0.96 ± 0.01 > 530 c 
W-6 (w) Webbs Cave 0.65 1.03 ± 0.05 0.96 ± 0.01 229 > 480 c 
K-2 (w) Kelly Cave 1.34 0.93 ± 0.03 0.95 ± 0.03 114 335 +./-55 
KE-1 (b) Kelly Cave 1.93 1.01 ± 0.02 0.92 ± 0.01 40 d 
KC-1 (b) Kelly Cave 1.23 0.99 ± 0.06 0.93 ± 0.02 112 > 317c 
T-3 (p) Thampartna Cave 0.32 1.42 ± 0.09 0.86 ± 0.02 77 Not calc. * 
T-4 (p) Witches Cave 0.62 1.18 ± 0.03 0.95 ± 0.02 47 Not calc. * 
WIT-3 (f) 0.38 1.06 ± 0.03 0.94 ± 0.01 60 > 400 
M-1 (f) Mullamullang C. 1.26 1.16 ± 0.07 0.98 ± 0.02 210 Not calc. * 
KW-2 (b) Koomooloobooka C. 0.50 1.30 ± 0.08 0.99 ± 0.04 71 Not calc. * 
Gypsum stalactite 
1-1 	Thampartna Cave 0.06 0.87 ± 0.07 1.52 ± 0.05 18 185+481-33 t 
Halite stalagmites 

UEA299 	Webbs Cave 0.154 0.031 ± 0.005 0.731 ± 0.015 20 3.4 ± 0.6 

UEA300 „ 	„ 0.126 0.033 ± 0.006 0.752 ± 0.015 36 3.7 ± 0.6 
UEA301 „ 	„ 0.096 0.011 ± 0.014 0.777 ± 0.029 17 1.2 ± 1.5 
UEA302 „ 	„ 0.108 0.051 ± 0.019 0.743 ± 0.019 270 5.7 ± 2.2 t 

UEA303 „ 0.110 0.040 ± 0.005 0.726 ± 0.018 8 4.4 ± 0.5 
UEA304 „ 	„ 0.137 0.016 ± 0.008 0.734 ± 0.018 40 1.7 ± 0.9 
UEA? „ 	„ 0.0023 0.297 ± 0.014 0.636 ± 0.023 3.9 39.70 ± 2.3 

* excess of 230Th; t low thorium yield; (w), white calcite stalagmite; (b), black calcite 

stalagmite; (p), pool deposit; (f), flowstone; c, lower limit of 1-sigma age range, where this is 
less than 650 ka; d, lower limit of 1-sigma age range is greater than 650 ka. 
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Table 2.4. Uranium series age determinations of speleothems by mass spectrometry. 

Sample 	238U (pg/g) 

RO stalagmite, Buchan. Victoria 

230Th/  234u 234j /238U 230Th / 232Th 230Th (pg/g) Est. Age (ka) 

RO1 	79.53 ± 0.10 0.1160 ± 0.0041 1.34131 ± 0.00038 11.25 ± 0.31 0.2017 ± 0.0041 13.343 + 0.294 - 0.292 

RO1 (rep.) 76.00 ± 0.10 0.1121 ± 0.0056 1.36327 ± 0.00030 Not measured 0.1893 ± 0.0097 12.863 + 0.699 - 0.694 

R02 63.08 ± 0.08 0.1006 ± 0.0022 1.3616 ± 0.0019 33.36 ± 0.82 0.1414 ± 0.0032 11.540 + 0.293 - 0.292 
R02 (rep.) 81.70 ± 0.15 0.1001 ± 0.0013 1.3253 ± 0.0055 29.11 ± 0.41 0.1768 ± 0.0024 11.480 + 0.215 - 0.213 

R03 33.35 ± 0.10 0.02041 ± 0.00023 1.3154 ± 0.0018 4.35 ± 0.051 0.01465 ± 0.00023 2.253 + 0.030 - 0.030 

FT stalagmite, Florentine Valley, Tasmania 
11-5 	47.43 ± 0.04 	0.5147 ± 0.0047 1.2774 ± 0.0036 411 0.5084 ± 0.0045 76.17 ± 0.98 

FT4 91.79 ± 0.13 0.5437 ± 0.0025 1.2126 ± 0.0006 179 0.9865 ± 0.0046 82.91 ± 0.56 



230Th derived from radioactive decay of the parent isotope 234U. Uranium 

234 has a half-life of 2.47 x 105  years but the daughter product 230Th is itself 

radio-active with a half-life of 7.52 x 10 4  years and will over time grow towards 
equilibrium with its parent. 

If the activity ratios of 234u/238u and 230Th/234U are determined by alpha 

particle spectrometry, the age of the sample can be estimated as long as 

230Th/234u < 1.0, i.e. the system remains in disequilibrium. If detrital 

contamination has occurred this can be determined by estimating the ratio 
230Th/ 232Th since non-radiogenic 230Th is always accompanied by 232Th. A 

low ratio may require a correction to be made to the age estimate and also 
reduces the accuracy of the date (11). 

2.6.2 Reliability of age estimates  
The  230Th/234u has proved to be particularly reliable for the dating of 

speleothems provided that samples submitted for analysis meet certain basic 
criteria. They are: 

(1) Specimens must have sufficient concentrations of uranium, preferably 

greater than 0.1 [ig/g. 

(2) Specimens must have remained closed systems with respect to uranium 
isotopes and their daughter products since deposition took place. 

(3) Specimens should be free of any evidence of post-depositional alteration, 
e.g. aragonite to calcite. 

(4) There should be minimal detrital contamination during deposition. 

2.6.3 Assessment of Tasmanian analyses.  
Age estimates of Tasmanian speleothems obtained by alpha particle 
spectrometry are shown in Table 2.2. With one exception (sample UT10b), all 
samples dated were within the range of the method. Sample UT10b has an 

equilibrium value for the 234u/ 238U ratio (1.05 ± 0.11) indicating that it may 

be older than ca. 1.25 Ma. Where multiple dates have been obtained On the 
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Figure 2.3: Regression of distance above base on radiometric age for a uniform diameter 
stalagmite (KK) from Kubla Khan Cave at Mole Creek (Fig. 1 in 11). 
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Figure 2.4: Regression of distance above base on radiometric age for a stalagmite (LT) from 

Little Trimmer Cave at Mole Creek, Tasmania (Fig. 2 in 14). 
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same stalagmite, reliability of individual age estimates can be assessed by 
examining their chronological order in relation to the stratigraphy within the 
limitations of precision indicated by their standard deviation. In the case of 
KK2 the result appears to be unreliable and this was confirmed by subsequent 
analyses of samples KK1.5 and KK2.5 (Fig. 2.3). 

The precision of many dates is limited by their short counting times and low 
uranium content. Detrital contamination can also affect the accuracy of dates 
as shown by NE-T, the tip of an apparently actively growing stalagmite dated 
at 0.97 ± 0.13 ka (Table 2.2). Lead 210 analysis has shown subsequently that the 
age is <200 years (Elliott, pers. comm.). 

In these studies the use of stalagmites as proxy records for environmental 
change has been restricted to uniform diameter stalagmites because they grow 
rather quickly and at relatively uniform rates. Recent studies of such 
speleothems have used a combination of U/Th mass spectrometry (MS) 
dating and incremental dating based on annual luminescence banding to 
demonstrate significant temporal variations in growth rates (Baker et al., 1993; 
Shopov et al., 1994). However, such variations are normally too small to be 

detected by low precision a-spectrometry dating techniques. Multiple dates of 
this type usually show a linear relationship between height above base and age 
unless growth hiati are present. This enables the use of regression equations to 
calculate the approximate age range of such stalagmites (Figs 2.3 and 2.4). 

2.6.4 Assessment of Nullarbor analyses.  
Uranium series age determinations of Nullarbor speleothems are shown in 
Table 2.3. All calcite speleothems, with one possible exception (K-2), are 
beyond the range of the method, indicating that little or no carbonate 
deposition has taken place in the caves during the last 400 ka (Plate 2.1). Four 

samples showed a significant excess of 230Th, suggesting a loss of uranium 

from the system. Most speleothems show 234U/ 238U ratios <1.0, an unusual 

feature in speleothems (Harmon et al., 1975). The most likely explanation is 
that either  the uranium was derived from a source affected by previous 
leaching, possibly the calcrete capping that covers most of the surface of the 

Nullarbor Plain or 234U may have been leached from the speleothem 

preferentially to 238U after deposition. Two of the speleothems (M-1 and KW- 
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Plate 2.1: Cross-section of stalagmite (KC1) from Kellys Cave, Nullarbor Plain, showing two 
periods of growth separated by a significant corrosional disconformity. 

68 



• 2) show equilibrium values for 234u/ 238U which indicates that they may be 

older than 1.25 Ma. The age determinations on gypsum and halite 
speleothems are characterised by low levels of accuracy and precision because 
of low to very low uranium contents. In the case of multiple analyses on W-1 
this is compounded by its young age and in one sample (UEA303) also by 
detrital contamination. 

2.6.5 Mass spectrometric uranium series analyses.  
During the last decade the successful introduction of mass spectrometric (MS) 
analytical techniques, such as thermal ionisation mass spectrometry (TIMS), 
has revolutionised uranium series dating because it has enabled direct 
counting of radio-isotopes without being dependant on their decay. Recent 
improvements to this technique are discussed in Stirling et al. (1995) while 
applications of the method to speleothem dating can be found in (29, 30) as 
well as Ludwig et al. (1992), Lundberg and Ford (1994) and Baker et al. (1995). 
The advantage of the technique is that it achieves much better precision with 
very small samples. Accurate high-precision dating is essential in Quaternary 
studies when attempts are made to relate events recorded in speleothems to 
variations in solar radiation (Baker et al., 1995) or to identify the same climatic 
event in different speleothems. 

The author published a paper in 1994 (27) that examined continuous variation 
of stable isotope and minor element content in a Tasmanian stalagmite from 
the Florentine Valley. The speleothem had been dated by three alpha particle 
spectrometry dates (FT1 to FT3 in Table 2.2) but the basal date in particular had 
a large standard deviation. Regression of age against height above base 

indicated that this stalagmite had started to grow at ca. 98 ka with the 180 

palaeotemperature indicating relatively mild interstadial conditions. 

Comparison with 8 180 curves from the deep sea record and the GRIP ice core 

suggested that the true basal date ought to be significantly younger. 
Subsequently, two MS dates with a much higher level of precision were 
determined for the lowest part of the sequence (FT4 and FT5 in Table 2.4) 
confirming a significantly younger age of 84 ka for the commencement of 
growth (Goede et al., submitted) (Fig. 2.5). 

Isotopic analysis of a stalagmite from the Buchan area in eastern Victoria was 
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reported in 1996 (29) supported by three U/Th MS dates (R01 to R03 in Table 
2.4). This stalagmite had a low uranium content. Before being handed over for 
study, top and bottom samples had been U/Th dated by alpha spectrometry 
with a basal date of 102.5 + 9.0 - 8.5 ka (LH1831) and a top date of 117 + 48 - 34 
ka (LH1830). These dates not only had an extremely low level of precision but 
proved to be seriously in error when MS age determinations were 
subsequently carried out. MS dating enabled evidence of palaeotemperature 
change to be correlated with other records. 

2.7 ELECTRON SPIN RESONANCE (ESR) DATING 

2.7.1 Methodology  
The possibility of using electron spin resonance was first demonstrated by 
Zeller (1968) but it was not until years later that Ikeya (1975) showed that it 
could be used for dating speleothem calcite. Since then the technique has been 
applied to a wide range of materials with varying degrees of success. Although 
the method can be applied as a numerical dating technique, the author has 
restricted its use to relative dating of aragonite marine shell and bone. 
Experimental dating of speleothem calcite was discontinued because of the 
problems involved, but did lead to the discovery that ESR spectra could be 
used to assess variations of some minor elements in speleothems that appear 
to have palaeoenvironmental significance. This aspect will be discussed 
further in Chapter 6. 

Reviews of ESR dating can be found in Griin (1989), Smart (1991) and Ikeya 
(1993). ESR dating is closely related to thermoluminescence (TL) and optically 
stimulated luminescence (OSL) dating techniques in that it measures the 
accumulation of defects that are caused by exposure to natural radiation in 
minerals of chemical or biogenic origin. Radioactive elements are present 
within the sample and also in the immediate environment. A small dose 
contribution is also made by cosmic radiation. 

The defects generated by irradiation of the sample are ionised particles. They 
may be either free electrons (paramagnetic centres) or free radicals (hole 
centres) and each type builds up to lodge in certain locations within the 
crystalline lattice of the substance. Such positions are known as traps.  

The ionisation effect can also be regarded as a form of energy storage and is 
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produced by a range of high energy radiation: alpha and beta particles as well 
as gamma rays and X rays. A sample receives both an internal and external 
dose. The internal dose  is due to radioactive isotopes within the sample. They 
are predominantly those of uranium, thorium and potassium and their 
concentrations can be estimated by chemical analysis. The external dose  is due 
predominantly to radioactive impurities present in the immediate 
environment of the sample, especially within a distance of <300 mm but with 
a variable but minor contribution from cosmic radiation. Where the matrix is 
very uniform it can be measured by chemical analysis, alternatively it can be 
measured in situ  by chemical or instrumental dosimetry or by gamma 
scintillometry. The total dose received by a sample per annum is referred to as 
the annual dose rate.  

In TL analysis the energy stored due to ionisation is released in the form of 
light as the sample is heated from its ambient temperature to 500 °C at a 
uniform rate producing a spectrum of light output as a function of 
temperature. In the process the ionisation of the sample is destroyed. 

In ESR spectrometry the defects are recognised by the presence of characteristic 
energy absorption peaks in a spectrum that is obtained by exposing the sample 
to a fixed microwave frequency followed by scanning through a pre-
determined range of a continuously variable magnetic field. The advantage 
over the TL technique is that the analysis does not destroy the age related 
information contained in the sample. In the case of samples that have been 
exposed to low levels of natural radiation for a significant length of time (> 2 
ka), one or more peaks will be visible in the spectrum indicating trap sites 
with a relatively long half-life. 

Spectral peaks are identified by their position in the spectrum by means of 
their g-values. Since different authors vary somewhat in the g-values they 
quote for clearly identical peaks, other means of identification have been 
developed. Three natural peaks that commonly occur in speleothem calcite 
spectra have been labelled hi, h2 and h3 (Smith et al., 1985) (Fig. 2.6) while 

similar peaks that occur in shell aragonite spectra have been labelled A, B, and 
C (Ikeya and Ohmura, 1984) (Fig. 2.7). Artificial irradiation usually produces 
additional spectral peaks that do not occur in natural spectra because the 
corresponding traps are unstable, i.e. the peaks have a short mean life. After 
artificial radiation, samples are usually stored for one or two weeks before 
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Figure 2.6: ESR spectra of three samples of speleothem calcite from Britain showing 
designation of natural signals as h1, h2 and h3 (Source: Smith et al., 1985). Only signals h1 and 

h3 have been observed in Tasmanian speleothems. 
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Figure 2.7: ESR spectrum of a late Pleistocene marine gastropod (Turbo undulatus) from Point 
Ritchie, eastern Victoria (Fig. 3 in 18). Upper spectrum shows natural signals including the 
dating peak C. Lower spectrum shows the effects of an artificial radiation dose (ARD). Note 
the effect of irradiation on peak C. Peaks E and D are short-lived peaks induced by irradiation. 
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analysis to allow short-lived peaks to decay. 

One requirement for a peak suitable for dating is that its mean life should be 
an order of magnitude greater than the time range over which numerical 
dating is to be applied (16). The mean life is estimated by exposing sub-samples 
to elevated temperatures for different lengths of time and extrapolating the 
mean lives obtained to lower temperatures using an Arrhenius plot (Hennig 
and Grtin, 1984; Griin, 1985). This was the method used by the author to 
estimate the mean lives of ESR spectral peaks found in the South African 
shell species Turbo sarmaticus  (16) (Fig. 2.8). A second requirement for a 
suitable dating peak is that it should not only be sensitive to gamma radiation 
but should show a steady increase in size with increasing artificial radiation 
dose (ARD), preferably in a linear manner (Fig. 2.9). 

The equivalent dose (ED) can only be determined if the sensitivity  to radiation 
of the sample is also determined. Some substances such as calcium fluoride 
(CaF2) are highly sensitive and are used as detectors of low level radiation in 

the environment. Most naturally occurring minerals such as the ones used in 
these studies, apatite in bone, aragonite in shell and calcite in speleothems, 
have sensitivities that are several orders of magnitude lower. Even in the 
same mineral the sensitivity can vary dramatically depending on the nature 
and amounts of trace impurities present. In calcite, magnesium 
concentrations have a marked effect on the h3 peak (g = 2.0008) that is 

normally used for dating (Barabas et al., 1989). This is particularly relevant to 
Tasmanian speleothems as the author has shown that for three stalagmites 
sampled for magnesium, concentrations vary by a factor of between two and 

five times: 1813 to 3833 gg/g (n = 14) in stalagmite LC (23), 240 to 642 gg/g (n = 

170) in stalagmite FT (27) and 290 to 1648 gg/g in stalagmite KK (n = 212) 
(unpublished data). 

To determine both sensitivity and ED, the sample is crushed and the size 

fraction 125 to 250 gm extracted. After etching with dilute acetic acid to 
remove the "crushing signal" the sample is split into five or more sub-
samples. One of these is left in the natural state while the others are irradiated 
with progressively larger doses of gamma radiation. The strength of the signal 
in all sub-samples is measured on the ESR spectrometer and the signal 
strength plotted against the artificial radiation dose (ARD), measured in gray, 
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Figure 2.8: Arrhe_nius plot for midden specimen of marine gastropod Turbo sarmaticus  from 

Klasies River Mouth, South Africa to determine mean life of signal C in ESR spectrum that is 

used for relative dating (Details in 15, 168-170). 
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extrapolated to the horizontal axis to estimate the equivalent dose (ED) - an estimate of the radiation dose the sample has received since the death 
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that each sub-sample has received. In nearly all cases the points plot along a 
straight line and a linear regression line is fitted (Fig. 2.9). The intersection of 
this line on the horizontal axis determines the ED value of the sample. 

Determination of ED requires considerable extrapolation of the regression line 
and it is important to estimate the degree of error involved in its estimation. 
The method used calculates the 95% confidence limits for each ED value using 
the technique advocated by Franklin (1986) for TL dose data following a 
procedure originally proposed by Mandel (1964). Confidence limits of ED 
values were not included in two early papers dating bone and shell (13, 15), 
but were published in all subsequent papers involving ED estimates of shell 
(16, 18, 21, 22, 26, 28). 

For most of the studies included in the thesis, a Co-60 gamma radiation source 
was used. For safety reasons this was relatively weak and required long 
exposure times of up to two weeks for relatively small irradiation doses. For 
shell samples from the Bass Strait Islands where shells of early Pleistocene and 
Pliocene age were analysed, a superficial X-ray machine at the Royal Hobart 
Hospital was used for irradiation allowing much larger radiation doses to be 
administered over much shorter time intervals. This resulted in a much 
higher level of reliability and precision in the estimation of ED values >200 
gray than had been possible in previous studies. 

2.7.2 Numerical or relative dating of shell?  
The author has argued the case for numerical versus relative dating (19). 
Requirements for numerical dating are much more demanding than for 
relative dating since it requires a reliable and accurate assessment of both 
equivalent dose (ED) values and annual dose rates (ADR) since for numerical 
dating: 

AGE = ED/ADR 

In considering the relative merits of the two approaches the following points 
must be considered: 

2.7.2.1 Mean life of signal used for dating.  This is required to be much greater 
than the time range over which numerical dating is applied. The signal at g = 
2.0008 is used for dating both aragonite and calcite. Experimental work has 
shown that the mean life of this signal may be considerably shorter in 
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aragonite than calcite (Radke in Hennig and Griin, 1984) and also as reported 
here in (15). An additional problem is that in some cases the signal has been 
observed to contain a less stable component that decays more rapidly as 
observed by Smith et al. (1985) in speleothem calcite and by the author in 
aragonite molluscs from South Africa (15). 

2.7.2.2 Uranium uptake history. It also poses problems for numerical dating 
since fossil bone and shell are open systems with respect to uranium and 
almost invariably show post-mortem enrichment, although this is much less 
extreme in shell than it is in bone. Shell samples reported on in this thesis 
from South Africa, Victoria and Tasmania rarely showed uranium content in 

excess of 2 1.tg/g and many shells recorded values <1 nig. Numerical dating 
requires assumptions to be made about uranium uptake. One of two models is 
usually applied. The early uptake model (EU) assumes that all uranium 
present accumulated soon after the death of the organism while the late 
uptake model (LU) assumes gradual accumulation of uranium over the time 
period that the fossil has been buried. Other scenarios such as episodic 
enrichment over time are possible and are not readily modelled. 

2.7.2.3 Alpha efficiency factor (k-factor). Where internal dose assessment is 
based on chemical analysis, problems arise because while beta and gamma 
radiation are 100% efficient in producing defects, in the case of alpha particles 
only a small part of the energy is used in this way. When calculating the 
contribution of alpha particles to the dose rate it is necessary to provide a 
value for the k-factor. It has been claimed by Hennig and Griin (1984) that the 
k-factor for calcite shows large variations (k = 0.1 to 0.6). In contrast Lyons 
(1989) determined an average k value of 0.052 ± 0.026 for eighteen New 
Zealand speleothems. Brennan and Lyons (1989) have established that the 
effectiveness of alpha particles is a function of their energy and the density of 
the mineral. It means that the appropriate k value for bone dating would be 
higher than the value appropriate for dating calcite and aragonite since bone 
has a much lower density. Uncertainty concerning the most appropriate k-
value to use, and the low level of precision with which this value can be 
determined, pose real problems in numerical age determination. 

2.7.2.4 Temporal changes in sample sensitivity. Changes in sensitivity of the 
sample occur that are apparently related to the age of the sample. Both 
Katzenburger and Griin (1985) and the author (18) (Fig. 2.10) have found a 
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strong correlation between calculated ED values and sensitivity that is not 
related to the magnitude of the artificial radiation dose, indicating that it is not 
a saturation effect. Clearly there is some age-related diagenetic process taking 
place that may be related to the organic content of the sample. If this is not 
taken into account in numerical dating, it will lead to significant 
overestimation of ED values and consequently of age estimates. 

2.7.3 A case for relative dating.  
Because of the above factors, numerical age estimates obtained by ESR are 
unlikely to be consistently reliable or accurate even though they may show an 
acceptable level of precision. An alternative strategy is the determination of 
ED values for the purpose of relative dating. Because many of the 
requirements of numerical dating can be relaxed, a large number of analyses 
can be produced for a much smaller input of time and resources. Relative 
dating appears to be most successful when the following conditions are met. 

(1) Samples occur in a uniform matrix and show a narrow range of uranium 
content. 

(2) Samples are found in deposits relating to events that tend to recur at 
discrete time intervals separated by long periods of non-deposition, e.g. till 
deposits laid down during glacial maxima or marine deposits associated with 
interglacial high sealevels provided that associated coasts are not experiencing 
rapid tectonic uplift. 

Shells found in shallow marine and beach deposits relating to high sealevels 
in western Victoria, Tasmania and the Bass Strait Islands have been found to 
be ideal for the relative dating approach as Quaternary high sealevels tend to 
occur at discrete, widely spaced time intervals that are recorded and reliably 
dated in the deep sea oxygen istope record (Fig 2.11). 

The deposits from Klasies River Mouth are different in that they are shell 
midden accumulations. Such shell could well have been collected at times 
when sealevel was somewhat lower than today. Nevertheless, because of the 
amount of horizontal displacement of the shoreline at times of low sealevels 
the sites would only have been occupied when sealevels were relatively close 
to that of the present day. During the Late Quaternary this may well have 
allowed human occupation of the sites with consequent shell accumulation at 
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-80 and 100 ka when sealevels reached elevations of between -20 and -30 
metres (Chappell, 1996). 

In the Australian coastal studies, where ESR analysis is used, ED values of 
shell samples are all reported with 95% confidence limits. They almost 
invariably tend to fall into discrete age related groups (Figs 2.12 and 2.13). 

2.7.4 Calibration of C14 reservoir effect in speleothems.  
The author in Goede and Hitchman (12) has discussed age determination of 
the LY stalagmite from Lynds Cave (Mole Creek) in northern Tasmania. ESR 
analyses were used to obtain ED values at regular intervals along the length of 
the stalagmite (Fig. 2.14). These values were used to estimate the reservoir 
effect for the upper (younger) segment of the speleothem to estimate the 
reservoir effect. This required the following assumptions to be made: 

(1) The stalagmite has grown at a constant rate. 

(2) The reservoir effect has remained constant over time. 

(3)The annual dose rate is presumed to have remained constant so that ED 
values bear a linear relationship with time. 

The two C14 samples used for calibration are Pta-2976 and Pta-2979 with 
apparent C14 ages of 8980 ± 90 and 5250 ± 70 yr BP respectively (Table 2.1). 
Using the regression line in figure 2.14 we determine that the ED values 
corresponding to the median position of the two C14 samples have ED values 
of 3.05 and 1 31 gray respectively. Therefore, the ratio of the true ages between 
the two C14 samples will be 2.32. 

Let the reservoir effect be x years. Different values of x within the range 1000 to 
5500 years are applied to the C14 dates. For each value of x the dates are 
converted to an estimate of calender years using the calibration tables of 
Stuiver and Reimer (1993) followed by a calculation of the time ratio. The 
value of x which most closely matches the ED ratio of 2.32 was found to be 
2200 years and this value was adopted for the magnitude of the reservoir 
effect. The value is subtracted from the three C14 dates for the upper segment 
and the resulting age estimates are then converted to estimates of calender 
years using the calibration tables (Stuiver and Reimer, 1993). This yielded an 
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age range for the upper segment of 7.58 to 2.97 ka with a growth rate estimated 
at 171 mm/ka. 

When age estimates for LY were first published in 1984 (12) the same 
procedure could not be followed for the lower segment because its age range 
was outside the then available tree-ring calibrated timescale for C14 (Klein et 
al., 1982). Instead, the age scale was based on four uncalibrated radiocarbon 
ages from which the reservoir effect of 2200 years had been subtracted. This 
gave an estimated age range of 12.5 to 8.16 kyr. The age range can now be 

recalculated due to the availability of extended and revised 14C age calibration 

tables (Stuiver and Reimer, 1993). On this basis the age range of the lower 
segment of LY is now estimated to be 14.63 to 9.11 ka. 

In the case of another speleothem (PC) from Frankcombe Cave in the 
Florentine Valley, which was dated by C14 analyses (20), the ESR technique 
was also used to estimate the reservoir effect but there were two 
complications. 

The signal normally used for ESR dating of calcite h3 (g = 2.0008) was absent 

from all samples, but ESR spectra showed a peak at g = 2.006, referred to as hi 

(Smith et al., 1985) that was shown in this case to have a linear response to 
increments of gamma radiation from a Co60 source so it was used as the 
dating peak. 

Each ED determination requires at least 10 gm of calcite, while 200 mg is quite 
adequate for a peak intensity measurement. In order to minimise sample 
requirements it was decided to rely on peak intensity rather than ED 
measurements to determine the age ratio between top and bottom of the 
speleothem (Fig. 2.15). It can be seen that, while there is a long term linear age-
related trend, there are also obvious short-term periodic variations that may 
be due either to variations in the concentration of radioactive elements or 
more likely to changes in the sensitivity of different horizons to gamma 
radiation. Although the trend of the line is highly significant in a statistical 
sense (t = 3.8022, d.f. = 34, p <0.001) it explains only 30% of the variance. 
Consequently, the reservoir effect, determined as 2400 years, obtained by the 
same procedure as for the LY stalagmite at Lynds Cave (2160 years) cannot be 
considered as reliable and accurate as the LY estimate. Nevertheless, the fact 
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that the two estimates of the reservoir effect are so close is encouraging. 

2.7.5 Conclusion 
The successful use of electron spin resonance to determine the reservoir effect 
for C14 determinations of Holocene speleothems makes the use of 
radiocarbon dating much more attractive, especially as the alternative of 
uranium series dating such young material often produces unreliable and 

inaccurate dates especially when uranium content is <0.1 1.1g/g. 
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CHAPTER 3 - CAVE DEPOSITS 

3.1 GENERAL INTRODUCTION 

Cave deposits supplement erosional records of speleogenesis, may yield 
materials suitable for dating events and provide evidence of environmental 
change, both within the cave and in the surface environment above the cave 
(Bull, 1983; Jennings, 1985). It has been stressed by Ford and Williams (1989) 
that cave deposits "are the most richly varied deposits that form in 
continental environments and tend to be preserved for greater spans of time 
than most others do." They have received much attention because of their 
archaeological and palaeoenvironmental significance. 

3.2 CLASSIFICATION OF SEDIMENT TYPES 

3.2.1 Introduction  
A comprehensive classification of cave sediments is difficult to achieve 
because of their tremendous variety and will not be attempted here. 
Sediments may be classified on the basis of their mineralogy, lithology or 
provenance. Depositional phases are characteristically intermittent and may 
be separated by phases of erosion, cementation and alteration leading to 
complex stratigraphic relationships where the law of superposition does not 
always apply. 

Ford and Williams (1989) divide cave sediments into cave entrance deposits 
and cave interior deposits, but only the latter are discussed in detail. Their 
classification is reproduced in Table 3.1. The primary subdivision is between 
allogenic (allochthonous) and autogenic (autochthonous) sediments 
depending on whether the materials are derived predominantly from inside 
or outside the cave environment. 

Allogenic sediments are classified as either clastic or organic and are further 
subdivided according to their mode of origin. Autogenic sediments are 
classified as either clastic or chemical (precipitates and evaporites). Chemical 
deposits are frequently referred to as speleothems. Allogenic clastic sediments 
are further subdivided using mode of origin while chemical deposits are 
subdivided on the basis of chemical composition and mineralogy. An 
alternative classification is based on mode of deposition into dripstone, 
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Table 3.1: Classification of cave interior deposits (from Ford and Williams, 
1989, Table 8.1 on p. 317). 

A Allochthonous or allogenic 

Clastic 	1 Fluvial 	- many kinds - dominant allocht hone 
2 Filtrates 	- from seepage. Minor 
3 Lacustrine - rare 
4 Marine 	- beach facies 
5 Eolian 	- normally minor except at entrances 
6 Glacial and glacifluvial injecta 

- common in glaciated regions 
7 Dejecta, colluvium and mudflows 

- normally restricted to entrance areas 
8 Tephric 	- volcanic areas, inwashed ash and pumice 

Organic 9 Waterborne, windborne, etc. 
- scale ranges from spores to tree trunks 

10 Exterior fauna - sometimes cave-using species 
- bones, nests and middens, faeces 

B Autochthonous or autogenic 

Clastic 11 Breakdown - mainly by failure; minor thermoclastic 
12 Fluvial 

	

	- derived from breakdown or erosion of karst 
rock 

13 Weathering earths and rinds 
14 Eolian 	- derivatives of 11, 13 

Precipitates and evaporites - more tha 180 different minerals are known to be 
generated in caves. Dominant are 

15 Ice 	- as water ice, glacieres, frost and glacial injecta 
16 Calcite 	- most significant autochthone 
17 Other carbonates and hydrated carbonates 
18 Sulphates and hydrated sulphates 
19 Halides 
20 Nitrates and phosphates 
21 Silica and silicates 
22 Manganese and hydrated iron oxides 
23 Ore-associated and miscellaneous minerals 
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flowstone, rimstone, eccentric forms and pool deposits. 

3.2.2 Speleothems  
The most commonly occurring speleothem compound is calcium carbonate 
which can be found as two distinct minerals - calcite and aragonite, the first 
being by far the most common. Both are deposited following supersaturation 
of dripwater as CO2 diffuses from the solution into the cave atmosphere. In 

relatively arid cave environments evaporative minerals such as gypsum and 
halite may be found (Jennings, 1983). Many other minerals have been 
recorded from caves but are relatively uncommon (White, 1976). 

Dripstone may consist of stalactites  which grow downwards from ceilings and 
hanging walls at points where dripwater enters the cave. Most but not all 
stalactites begin their formation as "straws" where a circular ring of calcite is 
formed around the drip site and builds into a hollow tube about 5 mm in 
diameter (Curl, 1972). Conical stalactites are usually formed from straws by 
secondary deposition around the circumference. Stalagmites  are built upwards 
from the floor where water drips from the ceiling. They can also take many 
forms but the type most widely used for palaeoenvironmental studies is the 
uniform diameter stalagmite.  Contrary to popular belief (Jennings, 1985), 
observations of dripsites and internal structures of such speleothems does not 
support the notion that they formed under a constant rate of drip alhough the 
range of variation may be more restricted than in other types. Horizontal 
diameter of uniform diameter stalagmites is probably related to the maximum 
drip rate and has a minimum value of about 30 mm (Curl, 1973). 

Deposition of calcite in standing water (pool deposits) may occur either  in the 
form of crystals growing on the floor and sides of pools or at the surface of the 
water to form thin plates (floe calcite) which sink to the bottom as they 
thicken (Jennings, 1985) (Plate 3.1). 

Eccentric forms (helictites)  are growth forms that appear to defy gravity. Many 
owe their form to crystal growth forces but may be influenced by air currents 
and also by light-directed algal growth close to cave entrances (Jennings, 1985). 
Some helictites, composed of evaporite minerals, owe their form to slow 
extrusion from pore spaces in the bedrock as crystallisation proceeds (Plate 3.2). 
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Plate 3.1: Sequence of calcite pool deposits incorporating stalactites hanging from the ceiling 
and exposed by wall collapse, Thampanna Cave, Nullarbor Plain. 

Plate 3.2: Halite helictite formed by extrusion,The Saltcellars, Mullamullang Cave, Nullarbor 

Plain. 
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3.2.2.1 Time distribution of speleothem growth.  Conditions that favour the 
deposition of speleothems have changed over time. Information can be 
obtained by examining the frequency distribution of radiometric dates where 
a sufficient number of reliable dates is available. Early work, including that of 
the author (11) and figure 3.1 has been reviewed by Jennings (1985). This 
material comes from mid-latitudes and the evidence indicates that, in these 
environments at least, deposition was much more widespread in interglacial 
and interstadial times than it was under full glacial conditions. In northern 
hemisphere sites non-deposition under cold climate conditions may 
frequently be due to the presence of glacial ice or permafrost either inhibiting 
the passage of seepage water from the surface or allowing the cave 
temperature to fall below freezing point. In the sites studied in Tasmania they 
were not significant factors. Instead the most likely cause for periods of low 
frequency of speleothem deposition was a low level of vegetation activity at 
the surface associated with lower temperatures that would significantly reduce 
CO2 enrichment of seepage waters. At lower latitudes the frequency of 

speleothem deposition is more likely to reflect changes in moisture 
availability as has recently been shown by Ayliffe et al. (1997). 

In recent years several authors have used a cumulative distributed error 
frequency approach to assess growth frequency variations of speleothems 
(Gordon et al., 1989; Baker et al., 1993). This approach is particularly useful 
when a large number of age determinations is available for a region because it 
enables rigorous testing of the significance of individual peaks and troughs in 
the growth frequency distribution. 

3.2.3. Clastic Sediments  
These consist of accumulations of detrital particles made available by 
weathering and erosion. They are conveniently subdivided into exogenic  

(allochthonous) and endogenic  (autochthonous) categories depending on 
whether the detritus is derived from inside the cave or from without. In the 
latter case non-carbonate rocks overlying the limestone, or outcropping at 
higher elevations in surface catchments whose drainage flows underground, 
may be important sediment sources. Sediments may be transported into caves 
not only by water flow but also by mass movement, wind or glacial ice. While 
cave deposits may contain sediments from both exogenic and endogenic 
sources, the distinction remains a useful one since one source is usu4l1y 
dominant. 
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In middle latitude areas it appears that clastic sediments, in contrast to 
speleothems, are most abundant during full glacial times. This is to be 
expected, especially where limestones are overlain by or receive drainage from 
areas of non-carbonate rocks. Here the operation of glacial and periglacial 
processes combined with the elimination or reduction in vegetation cover 
ensure that mass movement and fluvial processes decant large amounts of 
sediment into the limestone caves into which they drain. A further source of 
sediment may be derived from frost weathering of limestone bedrock around 
cave entrances. Such deposits can be difficult to date. They sometimes contain 

charcoal but are frequently beyond the range of 14C dating. A maximum age 

can sometimes be obtained if they contain detrital or buried speleothems or a 
minimum age if they are overlain by younger speleothems. 

A large number of Tasmanian karst caves, which nearly always contain 
streams in their lowest levels, show a relatively late stage of alluvial infilling 
that may be many meters in thickness (11). They are predominantly matrix 
supported exogenic gravels that have accumulated rapidly under high flow 
conditions. A detailed description of such a deposit is given by Burns (1960). 
They are almost entirely exogenic in origin as demonstrated in figure 3.2 
where lithological composition of clasts is shown for four sites. 

Most deposits contain significant numbers of dolerite clasts which over time 
develop clearly defined weathering rinds. They appear to have evolved in a 
very similar manner to weathering rinds on andesitic and basaltic clasts in 
tills and glaciofluvial deposits examined by Colman and Pierce (1981) in the 
United States. Weathering rind thickness has been widely used to determine 
relative ages of glacial and glaciofluvial deposits in western Tasmania 
(Fitzsimons, 1988; Kiernan, 1983, 1990). The thickness of weathering rind they 
exhibit has been used by the author to determine relative ages of alluvial fills 
in caves (11). Where cave fills occur in close proximity to surface deposits of 
apparently similar age, it can be shown that their dolerite clasts have 
comparable rind thicknesses as long as samples are collected below the B 
horizon of the soil profile. For a comparison between a surface and 
underground site at Beginners Luck Cave see figure 3.3. 

In some cave fills, such as those found in Spider Cave at Mole Creek, dolerite 
clasts are found with minimal weathering rind thicknesses (.< 0.2 mm) and 
these are closely associated with glaciofluvial outwash fans with similar 
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(a) BEGINNERS LUCK CAVE 
	 (b) FRANKCOMBE CAVE 

O Dolerite 	 ID Siltstone & shale 

111 Sandstone & arkose I Quartzitic rocks 

• Limestone 	0 Other 

(c) MARAKOOPA CAVE 
	 (d) SPIDER CAVE 

•Figure 3.2: Lithological composition of alluvial gravels from four Tasmanian cave sites. The upper two 
samples are from the Florentine Valley and the lower two from the Mole Creek area. Note total absence of 
limestone clasts from three of the samples. Figure has been redrawn from Fig. 5 in 11. 
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weathering characteristics, believed to have been deposited during the Last 
Glacial Maximum (18 ky BP). Many caves contain alluvial fills with dolerite 
clasts characterised by rind thicknesses between 0.7 and 1.1 mm that are clearly 
related to an older aggradational phase (Beginners Luck phase). Examples of 
measurements from three such sites are shown in figure 3.3. 

The minimum age of the Beginners Luck phase can be estimated (11) if we 
assume an age of 18 ky BP (-21 ka) for fluvioglacial deposits associated with 
the Last Glacial Maximum, a constant weathering rate and a lag period of 7 ka 
for the initiation of rind development. The lag period is based on an estimate 
by Colman and Pierce (1981) that 7000 years may be required before the 
weathering rind is initiated. This would imply that the minimum weathering 
rinds (=<0.2 mm) found on dolerite clasts associated with sediments deposited 
during the Last Glacial Maximum requires approximately 14,000 years of rind 
formation. Colman and Pierce (1981) and Colman (1981) have also shown that 
the rate of rind formation tends to decrease with time so that the assumption 
of a constant weathering rate will give a minimum age estimate. The 
minimum age calculated in this way is approximately 56 ka. 

With rare exceptions, the pebbles are weathered uniformly, suggesting a lack 
of pre-depositional weathering. The faceted nature of many pebbles and the 
low degree of rounding (1) suggest derivation by physical weathering and 
transport by short, high energy streams under high flow conditions. 
Deposition most probably occurred during MIS stage 4, identified in the 
oxygen isotope profile of the FT stalagmite as the early last glacial maximum 
and dated at between 70 and 60 ka (20, 27). 

3.2.4 Biogenic deposits  
The only biogenic sediments t , 	discussed will be bone deposits. A brief 
outline of the nature of cave bone deposits will be given first. A full 
discussion of cave bone deposits is given in Goede (1990). Useful references on 
the topic are Brain (1967); Sutcliffe et al. (1976) and Wells et al. (1984). 

Bone material is frequently found in Tasmanian caves and has a variety of 
origins. The most common are accumulation by early humans who have 
occupied favourable sites in the Late Pleistocene (1, 3, 4, 8) (Sutcliffe et al., 
1976), accumulation by animal predation (5) and accumulation in natural 
traps (2). Except for some material of very recent origin it is usually found 
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embedded in a clastic matrix where it typically makes up only a small 
percentage of the total volume. 

3.3 THE NULLARBOR KARST 

3.3.1 Introduction  
The Nullarbor karst has been extensively studied (Dunkley and Wigley, 1967; 
Gillieson, 1996; Jennings, 1967a,-67b; Lowry and Jennings, 1967). The area has a 
semi-arid climate and is dominated by chenopod shrubland. The surface of the 
plain has only slight relief and is largely undissected by surface streams. The 
dominant feature is the Bunda Plateau which slopes from an elevation of 240 
m in the northwest to 90 m at the coastal cliffs (Plate 3.3). It is underlain by 
flat-lying marine limestones from Eocene to Miocene age. The central part of 
the plateau is separated from the Great Australian Bight by the Roe Plain, a 
younger, lower erosional surface cut into the Tertiary limestones and thinly 
veneered by a mantle of Pleistocene marine sediments. The two surfaces are 
separated by a degraded fossil seacliff - the Hampton Range (Plate 3.4). 

Several hundred caves are known and a distinction is sometimes made 
between shallow caves and deep caves with the latter reaching down to the 
present-day water table. A number of caves were visited (Fig. 3.4) but studies 
were concentrated on four caves in the Mundrabilla area (Webbs Cave, 
Witches Cave, Kelly Cave and Thampanna Cave), three of which had 
previously been reported to contain abundant calcite speleothems as well as 
some composed of halite (NaCl) and gypsum (CaSO4.2H20) (Plates 3.1 and 

3.2). Gillieson (1996) has recently reported a wide range of chemical deposits 
from caves in the region but these three minerals are dominant. 

3.3.2 Evidence for Environmental Change  
Actively forming carbonate speleothems are rare. They were observed in only 
two of the caves visited and in both cases occurred close to entrances where 
these were located in shallow rock basins that tended to concentrate surface 
run-off. In contrast, actively forming halite and gypsum speleothems were 
found at a number of sites in Kelly and Thampanna Caves although many 
relict forms were also observed. 

A considerable age, and formation under wetter conditions, is indicated for 
the bulk of carbonate speleothems, predominantly calcite, by a number of 
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Plate 3.3: Coastal cliffs of the Nullarbor Plain showing stratigraphy of Tertiary limestones. 

Plate 3.4: Hampton Range, a degraded seacliff forming the northern boundary of the Roe Plain, 
Nullarbor. 
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features observed: 

(1) Many speleothems had been partly weathered into angular fragments by 
salt wedging involving the crystallization of halite and less commonly 
gypsum. The same processes have also affected the ceiling bedrock causing the 
formation of "inverted pedestals" (Jennings, 1983) (Plate 3.5). Bedrock may 
weather either into angular fragments or sand depending on the degree of 
cementation. Flowstones can sometimes be seen to be overlain by the products 
of salt weathering (Plate 3.6). 

(2) Where halite or gypsum stalagmites are found, they are frequently 
superimposed on older carbonate speleothems. 

(3) Relict rimstone pools in Webbs Cave (Plate 3.7) and the presence of pool 
deposits in Witches and Thampanna Caves (Plate 3.1) all indicate the former 
presence of standing water in these caves. 

(4) Some stalagmites show tops that had been strongly corroded by aggressive 
percolation water. 

Wetter conditions in the past are also indicated by the tube passage in 
Thampanna Cave formed by dynamic phreatic flow (Plate 3.8). While the 
passage has been reported by cavers to fill up with water occasionally after 
heavy rain, fast-moving groundwater flow does not occur under the present 
climatic regime. 

3.3.3 Chronology of Chemical Deposition  
Fieldwork in the caves has identified three phases of calcium carbonate 
deposition but more may well be present. 'Black' calcite is widespread in caves 
of the Nullarbor. Caldwell et al. (1982) found a significant amount of organic 
carbon in one 'black' speleothem from Webbs Cave and the colour was 
considered by them to be due to disseminated organic matter. Because it is 
geographically widely distributed, the 'black' calcite is likely to reflect 
characteristic environmental (?vegetation) conditions at the surface. In 
several caves this phase was seen to be followed by a phase of white calcite 
deposition. A longitudinal section through a stalagmite from Kelly Cave 
shows that 'black' calcite deposition was preceded by a phase of lighter brown 
banded calcite (Plate 2.1). The two phases are separated by a marked erosional 
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Plate 3.5: Relict calcite column partly fragmented by salt weathering giving rise to floor 

accumulation of angular fragments, Witches Cave, Nullarbor Plain. 
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Plate 3.6: Phreatic tube partly filled with clastic sediment and carbonate flowstone overlain 
by angular limestone fragments derived from salt wedging. Tube is exposed in wall of Witches 
Cave, Nullarbor plain. 

Plate 3.7: Relict rimstone pools overgrown with some halite stalagmites and columns indicating 

change to drier conditions, Webbs Cave, Nullarbor Plain. 
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Plate 3.8: Tube passage formed by dynamic phreatic flow in Thampanna Cave, Nullarbor 
Plain. 
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disconformity. It is not known how widespread this early phase of calcite 
deposition was. 

Phases of calcite deposition were followed by subsequent deposition of gypsum 
and halite indicating a change to evaporative conditions in the cave 
atmosphere. In places, active deposition of evaporite minerals continues 
today, as observed in Kelly and Thampanna Caves (James, 1991). 

3.3.4 Age Determination of Speleothems  
The ages of a number of samples were determined by uranium series analyses 
that have been presented in Chapter 2. Calcite samples proved to be beyond 

the range of alpha spectrometry 230Th/ 234U dating with the sole exception of 
a sample of white calcite from Kelly Cave (K-2) that gave an age close to the 
limit of the method (335 + 00  - 55 ka). Analysis of three gypsum samples was 
attempted but only one (1-1) was successful yielding an age of 185 + 48 - 33 ka. 
Six analyses were carried out on a single 160 mm high halite stalagmite (W-1) 
from Webbs Cave (Figure 3.5). Age estimates varied between 5.7 and 1.2 ka 
showing no age related trend with height above base. Therefore, it is believed 
to have grown during a period no longer than the time resolution of the 
analyses, i.e. 1000 - 1500 years. Another halite stalagmite, 2780 mm tall and 
nicknamed "Big Salty" was recovered from Webbs Cave in a broken condition 
and was reconstructed from 10 major fragments (Fig. 3.6, Plate 3.9). Its collapse 
appeared to have been caused by partial resolution by aggressive drip water. 
Six samples spaced along the length of the speleothem were collected for 
dating. Initial analyses of top and bottom samples proved unsuccessful due to 
the very low uranium content coupled with detrital contamination. The 
remaining material was bulked and analysed as a single sample (Table 3.2). An 
uncorrected age of 39.7 ± 2.3 ka was obtained. Corrected age estimates were 

obtained by assuming different initial ratios for 230Th/ 232Th in the range of 

0.25 - 2.00 providing an estimated age range between 37.5 and 20.8 ka. The 
material is clearly Late Pleistocene in age. 

3.3.5 Discussion 
The occurrence in caves of speleothems that are predominantly composed of 
carbonate, sulphate or halide deposits can be seen as a logical sequence when 
progressing from humid to arid environments with no chemical deposition 
taking place at all under conditions of extreme aridity. 
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Plate 3.9: Reconstruction of "Big Salty" halite speleothem from broken fragments, Webbs Cave, 
Nullarbor Plain. 

Plate 3.10: Partial resolution shown by broken halite stalagmite from Webbs Cave, Nullarbor 

Plain. 
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Table 3.2: Age estimates of "Big Salty" halite stalagmite bulk samples in 

relation to a range of initial values of 230Th/ 232Th (From Table 2 in 25). 

Initial ratio 
230Th/232Th 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 

Corrected date 
(ka) 37.5 35.2 32.9 30.6 28.2 25.8 23.3 20.3 
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Figure 3.5: Longitudinal sections of halite speleothem (W-1) from Webbs Cave, Nullarbor 
Plain. (a) shows patterns of growth layers consisting of thin grey translucent horizons separated 
by thick opaque layers. Base and part of the outer surface show evidence of pitting indicating 
some resolution. (b) shows how stalagmite core was cut to provide the six UEA halite samples 
for uranium series dating. For details of analyses see Table 2.3. 
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Figure 3.6: Sketch of "Big Salty" halite speleothem sample localities for U/Th dating (Figure 2 

in 25). 
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When the study commenced, it had been anticipated that the Nullarbor caves 
would show significant variations in aridity during the Late Pleistocene 

analogous to those found in Namibia where 14C dating of speleothems in a 
small cave system near Rossingberge had shown that deposition of carbonate 
speleothems last occurred between 40 and 25 ka (Heine and Geyh, 1983). This 
is despite the fact that at present, the area experiences much more extreme 
aridity than the Nullarbor Plains. 

Lowry and Jennings (1974) had earlier postulated a similar scenario for the 
Nullarbor region by suggesting that aridity was characteristically associated 
with interglacial conditions during the Quaternary because of a combination 
of high evaporation rates and low precipitation. They suggested the possibility 
of greater moisture availability during cold phases of the Pleistocene because 
"effective precipitation, if not absolute precipitation, was in all probability 
greater than at present, though still low". 

On present evidence it appears that if glacial-interglacial variations in climate 
caused changes in available moisture, their impact on the Nullarbor caves has 
been minimal. Uranium series dating has shown that significant deposition of 
calcium carbonate had probably ceased by 400 ka. Since that time any change in 
available moisture that did occur must have been minor, perhaps causing 
periodic variation in the amount of evaporite deposition as suggested by 
evidence that minor resolution of evaporite speleothems has occurred. The 
clearest evidence comes from Webbs Cave where resolution has affected 
several older halite speleothems (Plates 3.9 and 3.10). The dating of "Big Salty", 
which was affected by this process, indicates that at least one such phase 
occurred in Late Pleistocene - Early Holocene times. 

3.4 TASMANIAN BONE CAVES 

3.4.1 Introduction  
Several Tasmanian cave sites have been examined in order to assess the 
nature and composition of the megafauna and to gain more reliable 
information on the time of extinction of megafaunal elements and the 
possible causes for their demise. Detailed excavations were made at three sites: 
Pleisto Scene Cave, Montagu in the northwest of the State (2); Beginners Luck 
Cave (1, 8) and Titans Shelter (4, 5) in the Florentine Valley in the central 
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south of the State (Figs 3.7 and 3.8). 

Excavation of site P in Beginners Luck Cave was carried out after examination 
of a matrix sample of the breccia revealed the presence of two human artifacts 
(Fig. 3.9). At that time no pre-Holocene archaeological sites were known from 
the Tasmanian mainland although a Late Pleistocene site had already been 
described from Cave Bay Cave, a raised sea cave on Hunter Island off the NW 

coast of Tasmania by Bowdler (1974a, -74b; 1975). A 14C date, obtained from the 

lowest occupation horizon within the cave, provided an age of 22,750 ± 420 yrs 
BP (ANU-1498) (Bowdler, 1975, 1977). 

3.4.2 Nature of Bones and Teeth  
Fresh bone consists of a mixture of inorganic and organic substances. The 
inorganic component consists predominantly of the mineral apatite, 
Ca5(PO4)3(F,C1,0H) in a non-crystalline form making up about 50% by weight. 

The organic component accounts for about 25 % consisting predominantly of 
the protein collagen. The remaining 25 % is water (Ikeya, 1988; Goede, 1990). 

Teeth are composed of enamel, dentine and cement. Dentine and cement are 
porous substances resembling bone in composition. In contrast enamel is a 
dense, impermeable, crystalline substance made up almost entirely of 
hydroxyapatite, Ca5(PO4)3(OH). 

Bone begins to change after the death of the animal and this process may 
continue for thousands of years. The following post-mortem changes have 
been listed by Griin and Schwarcz (1987): 

(1) Calcium phosphate minerals recrystallise and over time crystals grow in 
size. 

(2) Water is lost by dehydration. 

(3) Collagen and other organic matter breaks down over time. 

(4) Bone interacts chemically with groundwater leading to the accumulation 
of some elements such as uranium and fluorine. Hydroxyapatite may 
change to fluoroapatite. 
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(5) Phosphate minerals may be replaced by carbonates or silicates accompanied 
by gradual infilling of pore spaces. 

3.4.3 Difficulties of Dating Bone  
Since fossil bone behaves as an open system, it poses major problems for 

radiometric dating (14C ,  234u/230Th), because carbon and uranium may 

continue to be taken up from the depositional environment, usually a 
sedimentary matrix (Ayliffe and Veeh, 1988). 

Tooth enamel, because of its dense crystalline structure, is much more 
resistant to change and, with the advent of mass spectrometric dating methods 
such as AMS and TIMS that allow quite small samples to be analysed, is to be 
preferred for age determination. When the studies reported here were carried 
out these methods were not yet available. For the same reasons tooth enamel 
is preferred to bone for ESR dating (Grtin et al., 1987). Unfortunately, it 
involves destruction of some of the most diagnostic fossil material and 
requires the presence of sufficient teeth of large animals to provide samples of 
adequate size for analysis. 

Another method of dating bone directly is to make use of amino-acid 
racemisation (AAR) dating. The method is described in detail in Chapter 2 and 
in Bada (1985). Seven analyses of fossil bone from Tasmanian caves were 
carried out by Jeffrey Bada and provided a range of age estimates between 13 
and 130 ka (16). These measurements correlated well with equivalent dose 
(ED) measurements obtained by ESR (Fig. 3.10). Based on this relationship a 
dose rate of 0.01 gray/annum was used to convert ED values to age estimates 
(Table 3.3). 

3.4.4 Nature of Bone Deposits  
Bones may be deposited in caves in several ways. When excavations are made, 
it is important to determine the nature of the origin of the bone deposit 
(Goede, 1990). It has been pointed out that a study of the sediments in which 
the bones are preserved is important in providing clues to determine the 
origin of the bone content (Frank, 1971). A number of origins have to be 
considered: 

(1) Bones or carcasses of animals that die on the surface may be moved into 
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Table 3.3: Age estimates based on ESR analysis. Cave locations are included. 

Cave name and area Latitude Longitude Altitude 
(m) 

Estimated 
ESR age 

Other age 
estimates 

Published source 

Nanwoon Cave (1F-333), 42°42' 146°25' 400 7 200 
Florentine Valley 

Main Cave (MU-20I), Montagu 40°51' 144°54' 20-40 13 000 13 000 (A)* Murray & Goede (1977) 
Bone Cave (W - 3), Weld River 42°50' 146°28' 400 15 000 16 200 (C) 
Nelson River Cave (N-XI), 42°7' 145°41' 300 19 000 Kiernan (1983) 

Nelson River 
Boomer Cave (1F-9I), 42°34' 146°28' 400 20 000 

Florentine Valley 
Site P. Beginners Luck Cave (1F-79), 

Florentine Valley 
42°34' 146°28' 400 21 000 21 000 (A) 

20 650 (C) 
Murray et al (1980) 

Site G, Titans Shelter (1F-97) 42°35' 146°28' 400 27 000 40 000 (A) Goede & Murray (1979) 
Florentine Valley 14 310 (C) 

Site E (lower), Titans Shelter (JF-97), 42°35' 146°28' 400 44 000 Goede & Murray (1979) 
Florentine Valley 

Site F. Titans Shelter (JF-97), 42°35' 146°28' 400 49 000 Goede & Murray (1979) 
Florentine Valley 

Site 0, Beginners Luck Cave (1F-79), 42°34' 146°28' 400 61 000 
Florentine Valley 

Site M, Beginners Luck Cave (JF-79), 42°34' 146°28' 400 63 000 80 000 (A) Murray et al (1980) 
Florentine Valley 

Un-named cave (1F-155), 42°32' 146°27' 400 97 000 30 000 (A) 
Florentine Valley 

Exit Cave (IB-14), Ida Bay 43°29' 146°51' 60 270 000 >112 000 (I) Goede & Harmon (1983) 
Chamber B, Pleisto Scene Cave 40°51' 144°54' 20-40 310 000 130 000 (A) Murray & Goede (1977) 

(MU-206), Montagu 130 000 (A) 
110 000 (A) 

•(A) = aspartic acid date; (C) 	Clff date on charcoal; (I) = ionium date. 



caves by floodwaters or debris flows. 

(2) Caves with vertical entrances act as natural animal traps. They are most 
effective when entrances are small and partly obscured by vegetation. 

(3) Caves may serve as animal graveyards. Some European caves were used 
for hibernation or as birth shelters. Since some hibernating animals may 
die of starvation after a bad summer season or as a result of giving birth, 
they are sites of bone accumulation (Kurten, 1968). In Australia bats are the 
only hibernating animals using caves but cave inhabiting bats are absent 
from Tasmania and there is no evidence of past presence. 

(4) Predation and scavenging by animals bring bones into caves. In African 
caves hyenas are a common source. Locally the Tasmanian devil, 
Sarcophilus harrisii, and to a lesser extent the Tasmanian tiger, Thylacinus 

cynocephalus, have been known to accumulate bones in caves. Other local 
predators are owls which frequently roost in cave entrances and are 
believed to be responsible for accumulations of small bone regurgitated as 
pellets. A good description of such a deposit in an Australian context is 
given by Hall (1975). 

(5) Human predation has made a major contribution in many parts of the 
world to the presence of bone in caves. Limestone caves were used 
extensively for shelter, especially under cold climate conditions. It was first 
demonstrated by the author and Peter Murray that aboriginal people lived 
in limestone caves during the Last Glacial with the discovery of site P in 
Beginners Luck Cave in 1975 (8). Since that time many Pleistocene sites 
have been discovered in western Tasmania and a number have been 
excavated and dated (Cosgrove et al., 1990; Porch and Allen, 1995). Some 

one hundred 14C analyses have been summarised by Holdaway and Porch 

(1995) from more than forty archaeological sites documenting Pleistocene 
human occupation from ca. 10 ka to ca. 35 ka. 

3.5 PLEISTO SCENE CAVE 

The cave is developed in steeply-dipping Precambrian dolomites near 
Montagu in the northwest of Tasmania (Fig. 3.7). It is located in a six. metre 
high hill rising above the floodplain of the Montagu River (2). A small 
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vertical entrance in the side of the hill drops 2.5 m into a cave containing 
some 30 m of horizontal passage (Fig. 3.11). The two principal bone localities 
are Chamber A and Chamber B. The latter contained much large bone 
material, including extinct megafauna, and became the site of a major 
excavation. 

3.5.1 Sedimentary Stratigraphy  
The stratigraphic sequence of cave deposits is best seen in the western wall of 
Chamber A (Fig. 3.12) where three sedimentary units have been identified in 
the western wall. The oldest unit (Bed 1) consists of 1.5 m of clay-rich, fine-
grained alluvial sediments. The deposit contains colloidal organic matter, 
sporadic angular dolomite fragments and poorly preserved fragments of bone. 
The top 400 mm are dark reddish brown in colour and have been interpreted 
as a fossil soil, as they lie directly below the cave entrance. 

The next unit (Bed 2) consists of a dolomite breccia up to 500 mm thick and 
overlies Bed 1 with a sharp basal contact. It is a clast-supported sediment 
containing fragmented bone. Most of the deposit has a sparse matrix of fine-
grained sediment but locally an open framework is found. The angular 
dolomite clasts are mostly small and suggest derivation as a scree by a form of 
physical weathering, probably by frost. The unit is strongly cemented and juts 
out as a projecting shelf. 

The youngest unit (Bed 3) is exposed in the highest part of the roof and is also 
a dolomitic breccia but the sub-angular fragments are matrix-supported. Rock 
fragments range mostly from 10 to 100 mm in diameter with occasional blocks 
up to 400 mm. It contains abundant bone material, some of it in partial 
articulation, and is interpreted as a debris flow deposit derived from a pre-
existing soil mantle. 

The unit can be traced to Chamber B (Bed 3B) where it is represented by a 
dissected debris cone covered by flowstone. Exposed in the roof is a sediment-
filled fissure that appears to be the feeder of the cone deposit and contains 
similar material. The sediment was found to contain a few allogenic clasts, 
including a few water-rounded quartz pebbles, a water-rounded quartz crystal 
and a small number of lateritised non-carbonate sedimentary rock fragments, 
one containing a fragment of a fossil pectinid Mesopeplum antecedens 

(Singleton), a reasonably common Tertiary marine fossil. These clasts are 
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Plate 3.11: Left hemimandible of Thylacoleo carnifex recovered from Bed 3, Chamber B, 

Pleisto Scene Cave, Montagu, northwest Tasmania. 

Plate 3.12: Pleistocene bone breccia (Bed 3) overlain by flowstone in Pleisto Scene Cave, 

Montagu. Age of basal flowstone is estimated at 19 ka based on C14 essay. 
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had matrix adhering to it that appeared identical to that in Bed 3 exposed in 
the ceiling of the chamber. It was assumed that the specimen had broken off 
the roof when Bed 3 was being deposited and had been incorporated in the 
deposits, to be removed from it by roof collapse as the unit was being eroded 
from below. An age estimate of 20 ± 4 ka suggested a Last Glacial Maximum 
age. Partly on the basis of this evidence a late survival of megafaunal elements 
in Tasmania was postulated (4). 

Subsequent research, based on further attempts to date the bone content itself 
using AAR and ESR analyses did not support a Last Glacial Maximum age for 
the deposit. Three aspartic acid racemisation analyses on bone of the extinct 
browsing kangaroo, Sthenurus occidentalis, by Jeffrey Bada yielded age 
estimates of between 110 and 130 ka. Meanwhile ESR analysis of this material 
by the author yielded an age of between 155 and 310 ka, based on an annual 
dose rate between 0.01 and 0.02 gray/annum (13) (Fig. 3.10). 

The bone, if not the Bed 3 sediments themselves, appeared to be much older 
than had been supposed. The much younger age from the Chamber A 
stalactite may be explicable if the matrix adhering to it had been cemented to it 
by dripwater after the specimen had broken off from the ceiling. 

3.5.4 Conclusions  
The intensity of physical weathering and mass movement that led to the 
accumulation of Bed 3 at an elevation only 40 m above sealevel suggests full 
glacial climatic conditions at the site. The accumulation of Bed 3 is most likely 
to have taken place during the penultimate glacial stage (cf MIS-6) sometime 
between 190 and 130 ka when, based on the extent of glacier ice in Tasmania, 
climatic conditions are known to have been particularly severe (Colhoun and 
Fitzsimons, 1990). 

Not consistent with a glacial age for Bed 3 is the presence ot two teeth of an 
otariid (Neophoca sp.) from the base of the deposit. A seal is much more likely 
to have reached the site during interglacial times when sealevel was high. 
However, it is possible that either the presence of the teeth predated the 
accumulation of Bed 3 or that the teeth were derived from Tertiary sediments 
that appear to have overlain the Precambrian dolomite bedrock at the site. 
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3.6 TITANS SHELTER 

The cave is located in the Florentine Valley in south central Tasmania and 
has been developed in Ordovician limestone locally dipping SW at an angle of 
25° (Figs 3.13 and 3.14). The cave mouth is situated on a steep NE facing slope 
close to the crest of a hill and consists of a wide, low entrance (5 x 2.2 m) (Plates 
3.13 and 3.14). The cave floor slopes steeply inwards at a maximum angle of 
35°. The floor is partly covered by large slabs of roof fall. The low-roofed 
entrance chamber has dimensions of 8 x 9 x 2.3 m. At the lowest point of the 
entrance chamber a small opening has been enlarged to provide entry to a 
second chamber. Three sites were excavated within the cave, two in the 
entrance chamber (Sites E and F) and one in the second chamber (Site G) (Fig. 
3.13). 

3.6.1 Sedimentary Stratigraphy 
Three clastic sedimentary units have been distinguished within the cave fill: 

(1) The basal unit (lower unit in Fig. 3.15) was exposed prior to excavation at 
the lowest point of the cave in a circular erosion pit approximately 1 m deep 
and with a maximum diameter of 600 mm (Site G). The unit is partially 
capped by flowstone. Excavation has enlarged the pit to a rectangular shape 
with horizontal dimensions of 750 x 1200 mm of bright brown (7.5YR/4/6) 
(Standard Soil Color Chart, 1965) stony cave earth rich in small bone 
fragments in a highly variable state of preservation. The sediments were 
crudely bedded, dipping towards the SE at 25° to 35°, and appear to have been 
deposited as an alluvial fan by slowly moving water. 

(2) The next unit (upper unit in Fig. 3.15) consists of a stony colluvial fill 
containing abundant angular limestone fragments. The deposit is 
predominantly clast-supported with either a sparse yellow brown (10YR/5/4) 
to reddish brown (5YR/4/6) matrix or openwork texture. Clasts have a modal 
size range from 10 to 40 mm but some larger clasts up to 400 mm diameter are 
present. In places voids have been partly filled by subsequent deposition of 
spongy calcium carbonate. At Site F the sediments have been exposed by 
collapse to provide a natural exposure approximately 1 m in height. Whole 
and fragmented bones had been concentrated in the upper horizons of the 
deposit. 
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Plate 3.13: View of limestone hill with entrance to Titans Shelter visible below crest. 

Plate 3.14: Entrance to Titans Shelter, Florentine Valley. 
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(3) The youngest sediments consist of a shallow colluvial veneer (Fig. 3.15) 
overlying the older sediments at Sites E and G. They are uncompacted, rich in 
charcoal and contain numerous small bones. The unit overlies the older units 
with marked erosional unconformity. 

3.6.2 Bone Content  
The youngest sediments were exposed in the upper horizons at Site E, the 
stony colluvial fill was excavated at Sites E and F, while the alluvial fan 
deposits were excavated at Site G. 

3.6.2.1 Site E. The youngest sediments contained only small mammal bones 
characteristic of regurgitated owl pellets and were dominated by dusky 
antechinus, Antechinus swainsoni and long-tailed rat, Pseudomys higginsi 
remains. The stony colluvial fill has yielded remains of pademelon, Thylogale 
billardieri, red-necked wallaby Macro pus rufogriseus and native cat, Dasyurus 
viverrinus, all extant species. It has also yielded a single fragment of angular 
grey quartzite which may be a manuport. It showed no signs of having been 
worked and no other evidence of human presence was found. Bone content 
decreased with depth. 

3.6.2.2 Site F. It was excavated entirely in stony alluvial fill. The top 400 mm 
contained a sparse clay-rich matrix and was rich in bone yielding 659 
specimens of which nearly 10 c'/0 consisted of unbroken long bones (Plate 3.15). 
The material showed signs of both pre- and post-depositional alteration by 
predators and rodents. 

The site contains remains of one bird (Falco sp.) and seven mammal species 
including an unusually large number of elements (120) of native cat, Dasyurus 
viverrinus. The most common species is red-necked wallaby, Macropus 
rufogriseus, making up 44 % of identifiable remains. Other extant species 
present are pademelon, Thylogale billardieri and broad toothed rat, 
Mastocomys fuscus. The two extinct species represented are giant kangaroo, 
Macropus titan and browsing kangaroo Sthenurus sp. Most of the bone 
material appears to have been concentrated by the action of predators 
including owls. 

3.6.2.3 Site G. It has yielded.a very large sample (>5000) of highly fragmented 
bone, none of it with a long dimension > 100 mm (Plate 3.16). The bulk of the 
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Plate 3.15: Sample of bone material collected from Site F, Titans Shelter, Florentine Valley. 

Plate 3.16: Sample of bone material collected from Site G, Titans Shelter, Florentine Valley. 



fragments are <60 mm in length with one half < 20 mm. Many bone 
fragments have been chewed and cannot be identified. Identification of species 
and an estimate of the minimum number of individuals present have been 
based entirely on isolated teeth and jaw fragments with teeth. 

Extant species represented are native cat, Dasyurus viverrinus, Tasmanian 
devil, Sarcophilus sp., ringtail possum, Pseudocheirus perigrinus, wombat, 
Vombatus ursinus, pademelon, Thylogale billardieri, red-necked wallaby, 
Macropus rufigriseus, and broad toothed rat, Mastocomys fuscus. Extinct 
species identified are browsing kangaroo, Sthenurus sp., giant wallaby, 
Protemnodon sp., giant kangaroo, Macropus titan and marsupial rhinoceros, 
?Zygomaturus. 

The fragmented nature of the bone material is reminiscent of predation by 
Tasmanian devil, Sarcophilus harrisii (Douglas et al., 1966; Marshall and 
Cosgrove, 1990). The absence of larger bone fragments may also reflect 
transportation by running water leading to size sorting. The passage extending 
towards the source of the sediment is too narrow to negotiate but was 
observed during excavation to be occupied by a Tasmanian Devil. 

3.6.3 Palaeoecology  
The palaeoecology of the faunas preserved in the two older clastic units has 
been discussed by Peter Murray (5). He has pointed out the absence of a 
number of wet sclerophyll and rainforest species that are known from the area 
today and that have been recorded from Holocene cave deposits. They include 
tiger cat, Dasyurus maculatus, dusky antechinus, Antechinus szvainsoni, 
eastern swamp rat, Rattus lutreolus, potoroo, Potorous tridactylus and brush 
tailed possum,Trichosurus vu/pecu/a. 

The presence of some woody vegetation is indicated by the occurrence of 
Pseudocheirus, Sthenurus and Thylogale. Macropus titan is likely to have 
preferred an open sclerophyll and woodland savanna habitat while M. fuscus 
prefers open sedge and grassland habitats. 

The Titans Shelter assemblages suggest an open vegetation type community 
with some sclerophyll and scrub elements in a mosaic with grasslands. It 
contrasts with the modern natural vegetation of wet sclerophyll forest with an 
understory of rainforest species. 
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3.6.4 Age Determination 

It is based on three methods: 14C dating of charcoal and AAR and ESR 

analyses of bone fragments (5, 13). 

Carbon 14 analysis of charcoal from the recent colluvial veneer (Fig. 3.15) has 
yielded an age of 1140 ± 90 yrs BP (GaK-6874) and confirms a Late Holocene age 

for the deposit. The other 14C analysis came from Site G where a small sample 

from the uppermost layers of the alluvial fan has yielded an age of 14,310 + 
2970 - 2160 yrs BP (Gak-6875) which converts to a calender age estimate of 17.15 
ka (Stuiver and Reimer, 1993) and indicates a Late Pleistocene age. It can only 
be regarded as a minimum age for the Site G fauna as the charcoal may be 
intrusive and the bone has been reworked by running water and could be 
significantly older than the deposit in which it occurs (5, 13). 

Amino acid racemisation dating was carried out by Jeffrey Bada only on bone 
at Site G where it yielded an aspartic acid date of 40 ka. One ESR analysis on 
bone was carried out on each of Sites E, F and G and yielded age estimates of 
44, 49 and 27 ka respectively. While bone at Site G appears to be younger than 
at the other two sites, the difference is not regarded as significant considering 
the high level of uncertainty involved in estimating the racemisation rate. It 
does however appear unlikely that the bone in the alluvial unit is much if 
any older than that in the stony colluvial fill. The contact between the two 
units is not exposed and, without further excavation, it is not possible to 
determine whether one overlies the other, as suggested in Figure 3.15, or 
whether the two units interdigitate. They are both Late Pleistocene in age and 
have probably been deposited between 15 and 50 ka, equivalent to MIS 2 and 3. 

3.6.5 Conclusions  
The bone content in Titans Shelter has been deposited predominantly as a 
result of predation involving birds of prey, probably including owl, and 
scavenging by the Tasmanian Devil (Sarcophilus harrisii.). Bone material at 
Site G has been reworked by running water and could be somewhat older than 
the sediment in which it is found. 

The presence of a single allogenic fragment of angular grey quartzite in 
Pleistocene sediments at Site E may indicate the presence of humans'at Titans 
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Shelter but no convincing evidence of human predation has been found. 
Oblique and spiral fractures of long bone at Site F are likely to have occurred 
while the bone was fresh. They could be attributable to human activity but can 
also occur due to rock fall and the activity of carnivores. Human occupation of 
the area from 30,420 to 11,630 yrs BP is now known from Nunamira Cave, a 
shelter cave only 5 km SSW of Titans Shelter but no megafaunal remains 
have been recovered (Cosgrove, 1989; Cosgrove et al., 1990). The absence of 
such remains may indicate that the Pleistocene bone material in Titan Shelter 
is older than 30,000 yrs BP. 

3.7 BEGINNERS LUCK CAVE 

The cave is located in the Florentine Valley 1.5 km NNE of Titans Shelter (Fig. 
3.8). It is a complex but constricted horizontal cave system with four known 
entrances located in a limestone hillock rising 20 m above the valley floor. It is 
developed in Ordovician limestone dipping at 35° to 45° towards the WSW. 
The locality excavated is referred to as Site P and is located in a passage sloping 
towards the surface and partly filled with sediment (Fig. 3.16) (1,8). It has 
yielded clear evidence of Pleistocene human occupation but contains no 
megafauna other than Macropus titan. Megafaunal remains (Sthenurus sp.) 
were recovered elsewhere in the cave as surface scatters (Sites M and 0) and 
have been sampled for age determination. 

3.7.1 Sedimentary Stratigraphy  
Two clastic sedimentary units and one chemically deposited unit (Fig. 3.16) are 
present at the site: 

(1) The lower clastic unit consists of alluvial gravels of exogenic origin and is 
widespread throughout the cave. At Site P the maximum exposed thickness is 
1.7 m but nearby exposures indicate a maximum thickness of at least 5 m. 
Analysis of a sample of clasts shows the following composition: dolerite (63.9 
%), mudstone (29.2 ID/0), sandstone (5.4 %) and quartzite (1.5 To) while 
limestone clasts are absent (Fig. 3.2). Dolerite clasts show uniform chemical 
weathering indicating a post-depositional effect (Fig. 3.3). Similar deposits 
occur underlying the alluviated surface of a dry valley close to the cave. 
Surface exposure is poor but an excavation close to the cave revealed 1.8 m of 
alluvial sediment. Derivation under conditions of physical weathering (?frost) 
is suggested by lack of pre-depositional weathering, low degree of rounding 
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and the facetted nature of clasts. Sediments were derived from the mountain 
range to the east (Misery Range) and transported to the valley floor and into 
the caves by short streams with steep gradients. Uppermost horizons contain 
small amounts of fragmented bone and may be strongly cemented by 
secondary calcium carbonate. Where lower horizons have been eroded from 
below by subsequent stream activity the uppermost horizons may be left as 
"false floors". 

(2) A limestone bone breccia overlies the alluvial fill with slight erosional 
disconformity. It is clast-supported and consists of angular limestone clasts in 
a sparse matrix of dull brown (7.5YR/5/4) clay (Plate 3.17). At Site P, basal 
breccia contains limestone fragments down to 2 mm but with a few fragments 
up to 100 mm in length and bones of the broad-toothed rat (Mastacomys 
fuscus) are particularly abundant here. The limestone clasts coarsen upwards 
with some fragments up to 400 mm in longest dimension. The angularity of 
the limestone clasts suggests derivation by physical weathering (?frost). The 
deposit thickens rapidly upslope towards what appears to have been a former 
entrance, now blocked by both clastic and chemical deposition. In places the 
deposit is strongly cemented by subsequent calcium carbonate deposition. It is 
interpreted as a debris flow representing a typical cave entrance deposit. 

After initial sampling, which led to the recovery of two stone artifacts (1), the 
deposit was excavated systematically to obtain further archaeological and 

palaeontological material and to collect charcoal for 14C dating in a 

stratigraphic context. Excavation was made of a breccia exposure adhering to 
the northern wall of the passage. The section was subdivided into three 
arbitrarily defined horizontal sub-units (A, B and C), each approximately 250 
mm thick, 2 m wide and extending outwards up to 600 mm from the backwall 
(Figs 3.17 and 3.18). 

Sub-unit B contained the largest concentration of bone and artifacts and near 
the top a thin band of charcoal fragments was visible that had been reworked 
by running water. A number of the bone fragments had been charred by fire. 

(3) Speleothem deposition occurred during and following dissection of the 
clastic deposits by running water from below by upward stoping. They 
consisted of calcite deposited as dripstone, flowstone and rimstone. Some 
deposition is continuing at present (Fig. 3.19). 
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Plate 3.17: Clast supported angular limestone breccia exposed at Site P, Beginners Luck Cave, 
Florentine Valley. 
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3.7.2 Bone Content  
From the excavation five marsupial and one placental species are represented 
by 983 bone fragments. Most remains belonged to the red-necked wallaby 
(Macropus rufogriseus). Small bones belonging mostly to the broad toothed .  rat 
(Mastacomys fuscus) were common. Also identified were: native cat 
(Dasyurzis viverrinus); tiger cat (Dasyurits maculatus); wombat (Vombatus 
ursinus); long-tailed rat (Pseudomys higginsi); barred bandicoot (Perameles 
gunnii); pademelon (Thylogale billardieri) and a single cuboid bone of the 
giant kangaroo (Macropus cf. titan) (Fig. 3.20) (1, 8). While the latter is usually 
listed as a megafaunal species, it is better regarded as a larger Pleistocene 
'morph' of the extant eastern grey kangaroo (Macropus giganteus) (1). 

The greatest concentration of bone (75 %) was found in sub-unit B. Most of the 
larger bone shows 'greenstick' fractures - spiral fractures with sharp bevelled 
edges that are characteristic of bone broken when fresh. Burnt bone fragments 
ranged in colour from white to black, with white calcined fragments 
indicating exposure to high temperatures. 

The distal end of a left humerus of Macro pits rufogriseus showed long narrow 
cuts that Murray (8) has attributed to cutting with a stone flake on fresh bone 
(Fig. 3.20). The presence of articulated manus and pes elements of several 
macropods indicates that whole or partial carcasses were brought to the site. 
Since there is no evidence of chewing, they are regarded as representing 
remains discarded by humans rather than animal predators. 

From elsewhere in the cave (Sites M and N) bone material belonging to the 
extinct browsing kangaroo (Sthenurus occidentalis) has been collected from 
the floor of the cave (1, 4, 13). At Site M this material may have been eroded 
from fine-grained alluvial sediments that at one time almost completely filled 
the chamber. 

3.7.3 Artifactual Remains  
Initial sampling of Site P yielded two stone artifacts (Fig. 3.9) (1). A further 
sixteen artifacts were recovered during the excavation: thirteen from sub-unit 
B, one from sub-unit C and two from sub-unit A (8). The artifacts have been 
analysed by Murray (1, 8) who found that they were manufactured either from 
quartzite or one of three different types of cherty hornfels (Fig. 3.21). Quartzite 
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Figure 3.20: Bone material assigned to Macropus cf titan and M. rufogriseus from sub-unit B, 
Beginners Luck Cave, Florentine Valley. A, B and C: Dorsal, proximal and distal views of left 
cuboid bone of Nlacropus cf titan. D: Left humerus fragment of M. rufogriseus with cut marks on 
distal end indicated by arrows. E: drawing of cut marks enlarged 10x with arrow indicating 
inferred direction of cutting (Figure 8 in 8, drawn by P. Murray). 
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Figure 3.21: Flakes recovered from Site P. Beginners Luck Cave, Florentine Valley. All have 

been oriented with the striking platform up (Figure 6 in 8, drawn by P. Murray). 
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occurs in the local alluvium but no source of chert or hornfels is known from 
the Florentine Valley. Debitage is rare suggesting that artifacts were not 
manufactured on site. 

The origins of chert artifacts from nearby Nunamira Cave and other cave sites 
in southwestern Tasmania have recently been studied by Sheppard (1997) who 
concluded that most of the material had been derived from Cambrian rocks in 
the Ragged Range where cherts are found interbedded with greywacke, 
mudstone and volcanics 23 km SSW of Beginners Luck Cave. 

A single spatulate bone implement has been recovered during initial 
sampling. It has been manufactured from the left fibula of a small 
macropodid. The proximal end has been broken off while the distal end, . 
where nicks and fine striations are concentrated, has been produced by flaking. 
Similar bone implements have been recorded from other Pleistocene and 
Holocene sites. 

3.7.4 Age Determination  

Initial 14C dates on charcoal at Site P and bone at Site M were subsequently 

shown to have been unreliable and will not be discussed further (1, 8, 13). 
They can only be regarded as minimum ages. Charcoal collected from sub-unit 

B was subjected to 14C analysis after appropriate pre-treatment for post-

depositional contamination and has yielded an age of 20,650 ± 1790 yrs BP 
(GaK-7018) (Table 2.1) (8). 

Aspartic acid racemisation dating of bone by Bada (13) was conducted on 
material from both Sites P and M. At Site P an age estimate of 21 ka was 
obtained while Site M yielded an estimate of 80 ka. 

ESR analyses of bone from both sites was carried out by the author. The result 

at Site P cannot be regarded as an independent estimate as 14C and AAR were 

used for calibration (Figure 3.10) but at 21 ka it is entirely consistent with the 
other two estimates. At Site M an ESR estimate of 63 ka was obtained in 
reasonable agreement with AAR analysis. Site 0 yielded an age estimate of 61 
ka. 

Age determinations indicate that while the charcoal and bone at Site P are of 
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the order of 21 ka, the megafaunal remains at Sites M and 0 are three to four 
times older, probably in the range 60 to 80 ka. 

3.7.5 Conclusions  
Site P is interpreted as an archaeological site containing evidence of human 
occupation of the Florentine Valley by Aborigines some 21,000 years ago - at or 
near the Last Glacial Maximum (MIS 2) when cirque and valley glaciers would 
have been present in the Mt Field area to the southeast. The site contains 
reworked archaeological material that is believed to have been derived from 
an entrance that is now blocked but must have existed at the top end of the 
sloping passage in which Site P is located (Fig. 3.19). It is postulated that the 
material had been moved to its present position by a debris flow. Reworking 
detracts from its value as an archaeological site since much site information 
has been lost in the process. Nor is the site rich in bone and artifactual 
material when compared with many later discoveries (Kiernan et al., 1983). 

The significance of its discovery lay in the fact that it demonstrated human 
occupation of inland valleys in western Tasmania under full glacial 
conditions and pointed to the potential value of limestone caves as 
repositories of evidence of human activity during the Late Pleistocene. 
Twenty years after the first publication of the site (1) more than 40 Pleistocene 
archaeological sites have been identified from SW Tasmania. A number of 
these have been excavated, yielding a rich artifactual and faunal record that 
documents human occupation of the region from ca. 10 ka to 35 ka (Holdaway 
and Porch, 1995). 

Holdaway and Porch (1995) have demonstrated that the large number of 
radiocarbon determinations now available show marked temporal 
fluctuations as do the number of stone artifacts. They have suggested that 
these variations are due to fluctuating moisture conditions with low levels of 
human occupation coinciding with periods of cold and dry climate. Their 
figure shows very few age determinations between 19 and 22 thousand yrs BP, 
the time when the Beginners Luck Cave site appears to have been occupied 
(Fig. 3.22). 

Particularly intriguing is the presence of bone of Sooty Shearwater (Puffin us 
griseus) at Site P reported by Van Tets (1977) who has stated that: 
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Figure 3.22: Time distribution of one hundred radiocarbon age determinations from 
archaeological sites in southwest Tasmania compared with climatic record from Pulbeena 
Swamp in northwest Tasmania (from Holdaway and Porch, 1995). 
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"It is possible that the Sooty Shearwater was blown inland by a gale and its 
remains either washed into the cave or carried there by a predator. It is more 
likely, however, that it was picked up on the coast and carried to the cave by 
man as an ornament or as food." 

The occurrence of solifluction deposits and the faunal composition indicate a 
more open vegetation environment around the site than the present day 
natural vegetation of dense wet sclerophyll forest. Grasses were more 
widespread in western Tasmania during the Late Pleistocene (Macphail, 1975) 
and would have been more abundant in edaphically favourable areas such as 
limestone valleys which would have been able to support larger browsers and 
grazers. This would have attracted human populations that, from later 
excavations in SW Tasmania, are now known to have targeted red-necked 
wallaby (Macro pus rufogriseus) and, to a lesser degree, wombat (Vombatus 
ursinus) as their principal preys (Cosgrove et al., 1990). 

3.8 LATE PLEISTOCENE MEGAFAUNAL EXTINCTION 

The prefix 'mega' means large and megafaunal extinction refers to the 
extinction of predominantly larger animals from a variety of species that were 
present before the event. Megafauna species are not necessarily large in 
absolute terms but are frequently larger than their closest surviving relatives 
(Flannery, 1990). 

Some so-called extinct species are now believed to be larger 'morphs' of extant 
species. An example is the giant kangaroo (Macro pus titan) which was 
significantly larger than the eastern grey kangaroo (Macropus giganteus) but 
resembled it in every other aspect. 

Three major groups of hypotheses have been advanced to account for 
Pleistocene faunal extinctions: 

(1) Human Impact.  
This may be direct causation by hunting leading either to gradual attrition or 
overkill of a species (Flannery, 1994; Jones, 1968; Martin, 1984). Indirect 
causation may be due to human destruction or modification of habitat or 
increased competition for food resources. 
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(2) Catastrophic climate change.  
It may cause tolerance levels for survival or successful reproduction to be 
exceeded. It may also cause dramatic changes in the extent of suitable habitat 
and food resources (Horton, 1978). 

(3) Other catastrophic events.  
They may include meteorite impacts, volcanic eruptions, disease and inability 
to compete with newly introduced species. 

3.8.1 Australian Evidence  
In an Australian and Tasmanian context there is little evidence to support 
hypotheses (2) and (3) although Horton (1978) has argued that the onset of Late 
Pleistocene aridity caused the extinction of megafauna and that this event was 
the most severe of the Pleistocene epoch. He supplies no compelling evidence 
to support his hypothesis. A balanced review of extinction hypotheses as they 
relate to the Australian continent has been provided by Kohen (1995). 

Most of the evidence appears to favour human impact but lively debate 
continues on whether overkill or human induced changes in vegetation, 
principally by fire management, are the principal causes. To demonstrate the 
direct impact of people on the megafauna requires evidence of interaction 
between the two, such as butchering marks on bone or blood on stone tools 
(Head, 1995). To demonstrate the likelihood of overkill would at the very least 
require evidence of large scale massacres of megafaunal species at the hands of 
the human species. No such evidence has been documented from any 
Australian site. Proponents of overkill will argue that extinctions occurred so 
rapidly that the evidence from such a short time slice is likely to be invisible 
in the archaeological record (Head, 1995). 

Evidence of interaction between people and megafauna is uncommon in an 
Australian context and where it has been shown, both the nature of the 
evidence and the estimated age are often highly controversial topics. None 
more so then at Liverpool Plains in northern New South Wales where 
Wright (1986) has claimed evidence of survival of several megafaunal species 
well into the Holocene. One of the most reliably documented associations of 
megafauna with human artifacts has been documented from Cuddie Springs 
in the NW of New South Wales at about 30,000 yrs BP (Dodson et al., 1993). 
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3.8.2 A Tasmanian Perspective  

In 1978 the author claimed evidence of survival of elements of the Tasmanian 
megafauna perhaps as recently as 11 ka (4). The evidence was largely based on 

a batch of four 14C analyses that have subsequently been discredited by further 

analytical work. It also relied on the age obtained from a U/Th stalactite from 
Chamber A in Pleisto Scene Cave that was believed to have been eroded from 
Bed 3 in Chamber A. It has since been shown by both AAR and ESR analyses 
on bone that the fossil content of this bed is very much older (ca. 140 ka) than 
had been believed. The same methods were also used to demonstrate a greater 
age for the megafaunal remains in Beginners Luck Cave, now believed to be 
60 to 80 ka, and Titans Shelter which could be as old as 50 ka. At none of the 
excavated sites is there evidence of human presence in association with 
megafaunal remains except for the presence of a single bone of Macro pus titan 
from Site P in Beginners Luck, but this species in any case is better regarded as 
a Pleistocene megamorph of the extant species Macropus giganteus. One 
megafaunal site not yet excavated is Main Cave at Montagu in northwestern 
Tasmania. It has been sampled and bone of extant species dated by both AAR 
and ESR at 13 ka (13). The site is an alluvial one containing an extinct species 
of Zaglossus and remains of Sthenurus occidentalis (2). However, the site is in 
the same hill in close proximity to Pleisto Scene Cave where much older 
Pleistocene material of both species is known to occur. Reworking and 
incorporation of bone of different ages is a real possibility here. 

Since this work was done a number of Pleistocene cave sites containing 
stratified archaeological remains have been excavated, dated and their artifact 
and bone content analysed (Cosgrove, 1985; Cosgrove et al., 1990; Kiernan et 
al., 1983; Porch and Allen, 1995). At least four sites, including Nunamira cave 
in the Florentine Valley, have basal dates that extend beyond 30,000 yrs BP 
with the two oldest sites approaching ages of 35,000 yrs BP (Cosgrove, 1995). At 
not one of these sites have remains of megafaunal species been identified 
despite high concentrations of bone at most of them. It suggests that either the 
Pleistocene occupants of Tasmania did not hunt megafaunal species or more 
likely that extinction occurred before 35,000 yrs BP. 

The youngest cave bone deposits dated so far that contain extinct fauna appear 
to be those from Titans Shelter where four AAR and ESR age estimates range 
between 27 and 49 ka. The recovery of a single allogenic angular fragment of 
grey quartzite from Site E remains intriguing as it suggests a possible 
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manuport that may indicate the earliest human presence in the area. The 
youngest dated megafaunal remains from a non-spelean context are from the 
species Palorchestes azeal recovered from Late Pleistocene swamp deposits at 
Pulbeena close to the Montagu Caves, where a closely associated piece of wood 

has yielded a 14C age of 54,200 + 11,000 - 4,500 yrs BP (GrN-7322) (Banks et al., 

1976). This is best regarded as a minimum age since it challenges the limits of 
radiocarbon dating. 

With the recent development of mass spectrometric radiocarbon and 
uranium series dating techniques which are able to use much smaller samples 
and with further advances in AAR and ESR dating there are now good 
prospects of dating megafaunal remains in Tasmania directly and more 
reliably, especially where tooth enamel rather than bone can be used. 
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CHAPTER 4 - CAVE SITE MONITORING 

4.1 INTRODUCTION 

Monitoring of three Tasmanian cave sites was carried out on a monthly basis 
during the year 1979 to form a sound basis for subsequent palaeoenvironment 
studies based on stable isotope analysis. It still remains the most detailed study 
of its type to be published (9,10). 

The three cave sites were selected along a north-south transect in three karst 
areas that were known to contain decorated caves with good potential to yield 
palaeoclimatic information from isotopic analysis of speleothems. Details of 
the sites together with their nearest climatic stations are summarised in Table 
4.1 and their location is shown in Figure 4.1. 

4.2 NATURE OF MEASUREMENTS 

Both surface and underground measurements were made. At each surface site 
a monthly raingauge was installed. At Mole Creek and in the Florentine 
Valley they were located in close proximity to the cave. Dense forest at the 
Hastings cave site meant that the gauge had to be installed some 3 km SSE 
from the cave in close proximity to the nearest climatological station. 
Raingauges were visited monthly to determine precipitation amounts and to 
collect samples for stable isotope analysis. 

At each underground site plastic funnels connected to containers were placed 
under two cave drips in close proximity. Maximum amd minimum 
thermometers were also installed. At each monthly visit maximum, 
minimum and actual temperatures were read. Drip water samples were 
collected for hardness determination and stable isotope analysis. At King 
George V Cave, Hastings, underground drips dried up early during the sample 
period and were not re-activated by winter rain. At the other two locations 
instantaneous drip rates were measured during the last five or six months of 
the monitoring period after it had become obvious that the rates were too fast 
to allow all water to be collected on a monthly basis as had been planned. 
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Figure 4.1: Location map of cave monitoring sites (circles) and their nearest climatic stations 

(small squares) (Figure 1 in 10). 
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Table 4.1: Details of cave sites and nearest meteorological stations. 

Site Longitude Latitude Alt.(m) MAT(°C) MAP(mm) 

* Little Trimmer C., 146°15'E 41°34'S 460 9.2t 
Mole Creek 

Goderick, Deloraine 146°38'E 41°31'S 253 10.7 1061 

* Frankcombe Cave, 146°27'E 42°32'S 400 9.2t 
Florentine Valley 

Maydena 146°36'E 42°46'S 267 10.2 1230 

King George V Cave, 146°51'E 43°23'S 180 9.9t 
Hastings 

* The Chalet, 146°53'E 43°25"E 40 10.9 1367 
Hastings 

* Sites where monthly precipitation samples were collected. 
t Estimated from nearest meteorological station. 
MAT - Mean annual temperature, MAP - Mean annual precipitation 

Table 4.2: Mean annual temperatures (MAT) and annual temperature ranges 
of Tasmanian cave sites based on monthly measurements. 

Cave 	 MAT (°C) 	Temperature Range (°C) 

Little Trimmer Cave, 	9.5 	 1.0 
Mole Creek 

Frankcombe Cave, 	8.3 	 0.4 
Florentine Valley 

King George V Cave, 	9.4 	 0.15 
Hastings 
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4.3 SURFACE MONITORING 

4.3.1 Precipitation Patterns  
Monthly precipitation patterns for the year are shown in Figures 4.2, 4.3 and 
4.4 together with the long-term monthly precipitation and temperature 
records for the nearest meteorological stations. At Mole Creek precipitation 
was close to the mean annual value and also showed the trend towards a 
pronounced winter maximum that is characteristic of northwestern 
Tasmania. At the other two sites the precipitation was well below the long 
term average with late summer and early winter being particularly dry. 

4.3.2 Stable Isotope Patterns.  

Monthly 8180 (SMOW) values were published for all three stations but 8D .  

(SMOW) values were published for Mole Creek only (10). In all cases there 

was strong seasonal variation. When either 8180 or 8D monthly values are 

plotted against mean monthly temperatures, a strong positive relationship is 
found in each case but the slope of the regression line, indicating the strength 
of the temperature effect, increases from north to south (Fig. 4.5). 

A likely explanation for this becomes apparent when the relationship between 

8180 and monthly precipitation is plotted for all three stations (Fig. 4.6). 

When monthly 8180 values are >-5.5 %., a situation that occurs 

predominantly in summer, a highly significant negative correlation is found 

between the two variables (r = -0.65, p»0.001). It indicates that values of 8 180 

decrease by approximately 1 %o for every 40 mm increase in monthly 
precipitation. This phenomenon has been described as the amount effect by 
Dansgaard (1964) and is the dominant effect influencing isotopic composition 
of precipitation in low latitudes (IAEA et al, 1996). 

It has important implications for the interpretation of 8 180 values in 

Tasmanian speleothems. It will be shown in Chapter 5 that their oxygen 
isotope composition is strongly influenced by the indirect effect of 
temperature on the isotopic composition of precipitation. The documentation 
of a significant amount effect on the isotopic composition of summer 
precipitation in Tasmania suggests that the possibility must be considered that 
whenever and wherever summer precipitation contributes to cave seepage 
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wa;:ers, the isotopic composition of speleothems may be significantly affected 
by the amount of summer precipitation. Since a contribution of summer 
precipitation to seepage waters is most likely when summers are cool and 
when precipitation is intense such conditions could significantly affect the 
oxygen isotope record. 

4.4 UNDERGROUND MONITORING 

4.4.1 Cave Temperatures  
Cave temperatures were measured monthly at each of the sites but maximum 
temperatures at King George V Cave (Hastings) were disregarded because the 
thermometer there proved unreliable. It has been shown elsewhere (Wigley 
and Brown, 1976) that cave temperatures tend to be relatively constant and 
tend to approximate to the mean annual temperature at the surface above the 
cave. Exceptions are cave sites with strong air circulation and these were 
avoided in the study because they are unlikely to yield speleothems suitable 
for stable isotope studies (Gascoyne, 1992, Hendy, 1971). 

The monthly temperature variations are shown in Figure 4.7 while the mean 
annual temperatures and annual temperature ranges are shown in Table 4.2. 

In all three cases the MAT's were found to be within 1 °C of the mean surface 
MAT's estimated for the surface above the site based on records from the 
nearest climatological station (10). 

Long term temperature control on the cave atmosphere is believed to be by 
the surrounding bedrock (Lange, 1954a,-54b). In the absence of strong air 
currents seasonal temperature variations may be imposed by cave seepage 
waters. This would explain the low temperature range for King George V 
Cave, as it was unusually dry during the monitoring period. 

In addition to the three caves above, speleothem material was later collected 
from several other caves. Their temperature estimates are based on spot 
measurements or, in the case of the Victorian cave site, on a study done by 
Canning (1985). Estimated MAT's are given in Table 4.3. 
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Table 4.3: Estimated cave temperatures for other caves where speleothems 
were utilised for isotopic studies: 

Cave Name 	 Location 	 Estimated MAT (°C) 

---- n—d—s—&Tv—e -------Mole C—  --- Tasmania ----9.5 --------------  
Kubla Khan Cave 	Mole Ck., Tasmania 	9.5 
Royal Cave 	 Buchan, Victoria 	15.0 ± 1.3 

Table 4.4: Instantaneous drip rates of cave seepage waters (litres/hour). 

Little Trimmer Cave, Mole Ck. 
Valley 

Date 	Si 

- 

S2 

- 

Frankcombe Cave, Florentine 

Date 	Si 	S2 

24/7/79 	0.054 	1.147 
9/8/79 1.147 9.556 14/8/79 0.420 3.211 
11/9/79 0.459 14.556 17/9/79 2.918 6.040 
8/10/79 1.758 17.393 16/10/79 0.510 3.058 
9/11/79 0.076 0.917 15/11/79 0.031 0.287 
11/12/79 0.008 0.612 10/12/79 3.823 5.734 
Mean 0.690 8.601 Mean 1.293 3.246 

Table 4.5: Variations in total hardness of cave drips. 

Cave Drip Total Hardness (ppm) Number of Observations 

Little Trimmer Si 231 ± 43.3 13 
Little Trimmer 52 308 ± 17.9 12 
Frankcombe C. S1 198 ± 18.6 13 
Frankcombe C. S2 211 ± 15.5 12 
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4.4.2 Instantaneous drip rates.  
Instantaneous drip rates at two drip sites were measured in Little Trimmer 
from August onwards (n = 5) and in Frankcombe Cave from July onwards (n = 
6). The results are summarised in Table 4.4. 

It can be seen that the drip rates show extreme variability with very high rates 
occurring during and shortly after periods of heavy rainfall and very low rates 
following prolonged drought conditions. Drip site S2 in Little Trimmer Cave 
is associated with a 500 mm high uniform diameter stalagmite, refuting the 
suggestion (Franke, 1965, White, 1988) that such speleothems are deposited 
under the influence of a constant rate of drip. 

4.4.3 Variations in Drip Hardness  
Following the pattern of studies done by Pitty (1966) and Jennings (1979), both 
calcium and total hardness were monitored for the duration of the 
programme at two drip sites at each of Little Trimmer and Frankcombe Caves 
(9). Sampling differed in that the samples represented an integration of drip 
water collected over the month prior to sampling, The aim was to investigate 
possible causal relationships between climatic and climate controlled factors 
and variations in water hardness. 

Calcium and total hardness values were determined in the laboratory by 
titration with EDTA as soon as possible after collection (Douglas, 1968). 
Specific conductivity was also measured and was found to provide an 
excellent proxy for hardness variation at individual drip sites. As expected, 
calcium and total hardness values were very closely related. Variations in 
total hardness values are shown in Table 4.5 and in Figures 4.8 and 4.9. 

Hardness values in drip waters are generally related to the partial pressure of 

CO2 (PCO2), a function of biological activity in the soil, soil texture and the 

residence time of water in the soil (White, 1988: Harmon et al., 1975). The 
values obtained in Little Trimmer Cave are generally higher than those in 
Frankcombe Cave. The reason may be that the vegetation above Little 
Trimmer Cave has been little disturbed in recent decades leading to a high 
level of biological activity, while that above Frankcombe Cave had been clear-
felled only a couple of years before the monitoring period and was still in the 
early stages of recovery. 
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4.4.4 Climatic Influences on Hardness Variations  
Relationships to variations in mean monthly precipitation and temperature 
have been investigated (Figs 4.10 and 4.11) (9). At Little Trimmer Cave the two 
drip sites, although only two metres apart, differ vary significantly in their 
total hardness values (p «< 0.001). For site Si a non-linear relationship was 
found (Fig. 4.10) with the influence of monthly precipitation amounts for the 
same period best presented by the relationship: 

Hsi = 225.02 log Pm  - 222.91 (r = 0.680, p = 0.01) 	(4.1) 

which explains 45.9 % of the variance. In the case of S2 no significant 
relationship could be found with either mean monthly precipitation or mean 
monthly temperatures. This is possibly due to a very long residence time of 
water in the soil reflected in the very high hardness values. Both are difficult 
to reconcile with the rapid drip rate and the quick response observed to major 
precipitation events at this drip site. 

At Frankcombe Cave the two drip sites are approximately 10 metres apart but 
show much greater similarities to each other (r = 0.87, p « 0.001) than do the 
Little Trimmer sites. The following relationships were found: 

Hsi = 89.73 + 3.76 Tm-2 + 44.03 log Pm  (R = 0.77, p <0.01) 	(4.2) 

Hs2 = 185.08 + 3.77 Tm_i (r = 0.87, p <0.001) 	 (4.3) 

where Tm_i and Tm-2 represent mean monthly temperatures one and two 

months earlier respectively. The strong lag effect of mean monthly 
temperatures on hardness variations is in strong contrast to the Little 
Trimmer situation where the temperature effect is not significant. The 
temperature effect is presumed to reflect the exposure of soils to direct 
sunlight following recent clear-felling and burning. A lag effect is to be 
expected since it would take time for biological activity in the soil to respond 
to a change in temperature and for that response to be expressed as a change in 
Pc02 in the soil atmosphere which will then cause an adjustment in the 

PCO2 of soil water. This water will then need to percolate through the 

underlying limestone and emerge as dripwater with a hardness directly 
related to its Pax content. 
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The positive relationship observed at two of the drip sites between mean 
monthly precipitation and drip hardness is interesting. A negative 
relationship might have been expected on the grounds that heavy 
precipitation would cause rapid flushing of water through the soil not 
allowing it enough time to come into equilibrium with soil CO2. A positive 

relationship might have been expected if the amount of moisture in the soil 
was critical in controlling the rate of biological activity. However, at both sites 
the highest mean monthly precipitation values tended to occur in late winter 
and spring, a time unlikely to produce soil moisture deficits in these areas 
even with substantially less rain than actually occurred. 

Another possible explanation for the positive relationship between the two 
variables is that hardness is lowered rapidly by deposition when drip rates are 
low (9). In Table 4.6 mean drip rates for the four sites are compared 
qualitatively with the apparent influence of mean monthly precipitation on 
hardness. 

The evidence from Table 4.6 is suggestive of a possible relationship between 
hardness and drip rate but there are not enough drip sites for a quantitative 
assessment. 

Drip rates at the two cave sites can be seen to be highly variable in their 
behaviour. Hardness variations may be signifcantly influenced by temperature 
and/or precipitation conditions. The precipitation effect appears to be indirect 
in that it influences the drip rate with lower rates causing more rapid 
degassing of CO2 from the solution with a consequent rapid loss of calcium 

carbonate by deposition. 

4.4.5 Isotopic Composition of Dripwaters  

Monthly samples were analysed from all six cave sites for 5 180 and from Si 

sites in Little Trimmer and Frankcombe Cave for D. From the King George V 
Cave sites only a partial record is available. The data for the first two sites are 
shown graphically in Figures 4.12. Although there is a surprising amount of 

variation in the monthly 5 180 values from both sites there is no clear 

evidence of a seasonal pattern. In the 5D data for Little Trimmer Cave a 
seasonal pattern can be discerned but with a lag effect of approximately two 
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Table 4.6: Apparent effect of mean monthly precipitation on hardness 
variation of drip waters. 

------------------- 
Cave Location Drip Site Mean drip rates Precipitation 

(litres hour) Influence 

Little Trimmer Si 0.690 strong 

S2 8.601 not apparent 

Frankcombe Cave Si 1.293 significant 

S2 3.246 slight 

Table 4.7: Comparison of mean isotopic values (%0 SMOW) between 
precipitation and cave drips. 

Cave Location 

Little Trimmer Cave 

Drip Site 

Si 

Precipitation 
(weighted mean) 

-32.78 (SD) 

Cave Drips 
(arithmetic mean) 

-29.13 (SD) 

Si -5.40 (S180) -5.04 (S180) 

S2 -5.40 (8180) -5.04 (S180) 

Frankcombe Cave Si -29.97 (SD) -26.06 (SD) 

_5 . 27 (8180) -5.26 (6180) 

S2 _5 . 27 (5180) -5 .38 (8180) 

King George V Cave S2 -4.76 (8180) est. -5.82 (8180) 

The Chalet, Hastings -4.20 (S180) 
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months for both summer maximum and winter minimum when the record 

is compared with 8D data for precipitation. 

A comparison of the isotopic compositions of precipitation and cave drips is 
useful in order to assess whether significant fractionation of water occurs in 
the soil zone. Table 4.7 summarises the isotopic compositions of precipitation 
and cave drips for Little Trimmer and Frankcombe Cave. 

In nearly all cases the cave drip values are somewhat heavier isotopically than 
the corresponding precipitation values. However, this is probably not 
attributable to fractionation within the soil as the cave drip values are 
expressed as arithmetic means since the average drip rates between monthly 
sampling visits are not known. The use of arithmetic means will cause a bias 
towards isotopically heavy summer values associated with low drip rates. 
While a lack of fractionation cannot be demonstrated from the data, it is 
unlikely that significant fractionation of soil moisture has occurred. 

4.4.6 Isotopic composition of active speleothems  
To determine the isotopic composition of present-day calcite forming under 
conditions of oxygen isotope equilibrium, it is necessary to collect a number of 
actively growing tips of straw stalactites and to determine their oxygen and 
carbon isotope composition (Harmon, Schwarcz and Ford, 1978). Table 4.8 has 
been compiled from data contained in the following papers (10, 12, 29). 

Provided that modern speleothem material has been deposited under 
conditions of oxygen isotope equilibrium, the oxygen isotope value can be 
used to calculate a predicted cave temperature on the basis of its oxygen 
isotope value. 

In an early paper (10), the average 8180 value of speleothems measured from 

a particular site was used to predict a cave temperature using the following 
equilibrium constant for the system calcite-water determined by O'Neil et al. 
(1969) and subsequently modified by O'Neil et al. (1975) as: 

103  In occ .-w  = 2.78 *106  * T-2  - 2.89 	 (4.4) 

where ac-w  = (180/ 1 60)c /( 180/ 160)w  and where T = -273.15 °C (0 °K). 
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Table 4.8: Isotopic composition in %o PDB of actively growing speleothems 
from four Tasmanian sites and one Victorian sites. Except for two flowstone 
samples (OX-19 and OX-20) deposited on a funnel during the monitoring 
period, all samples are straw stalactites. 

Sample 

OX-2 
OX-3 
OX-7 
OX-1 

OX-9 

OX-11 
OX-12 
OX-15 
OX-19 
OX-20 
OX-21 
OX-22 
OX-23 
OX-24 
OX-25 
OX-26 
MS-1 
MS-2 

MS-4 

MS-6 

MS-7 
MS-9 

OX-5  

OX-10  

MS-3  

MS-5  

MS-7  

Cave site 

Frankcombe Cave 
/I 	 /I 

I/ 	 I/ 

King George V Cave 

,,  

,, 	,, 

Little Trimmer Cave 
/ I 	 II 	 II 

I/ 	 It 	 // 

II 	 /I 	 I/ 

Lynds Cave, Mole Ck. 
II 	 /I 	 I/ 	II 

II 	 I/ 	 /I 	II 

/I 	 // 	 I, 	/I 

// 	 I/ 	 /I 	/I 

// 	 I/ 	 /I 	/I 

Moons Cave, Buchan 
I/ 	 /I 	 I/ 

,,  

,,  

,,  
/I 	 II 	 II 

6180 (%. PDB) 

-4.0 
-3.6 
-3.7 
-3.7 
-3.1 
-3.7 
-3.7 
-3.8 
-4.0 
-3.8 
-3.5 
-3.8 
-3.5 
-4.05 
-3.76 
-3.62 
-3.47 
-4.16 
-3.66 
-5.74 
-5.59 
-5.76 
-5.85 
-5.82 
-5.68 
-5.55 
-5.35 
-5.62 

613C (°/.0 PDB) 

-8.4 
-6.2 
-5.7 
-12.0 
-10.1 
-10.4 
-8.7 
-7.9 
-10.3 
-8.0 
-9.7 
-13.7 
-13.5 
-8-57 
-6.86 
-7.19 
-6.90 
-7.82 
-6.72 
-9.31 
-7.50 
-8.86 
-9.53 
-9.61 
-8.26 
-8.42 
-7.03 
-9.40 
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An alternative method has been suggested by Craig (1965,-61) based on 
empirical studies of the isotopic composition of calcium carbonate deposited 
by marine organisms and has been applied to speleothems by Talma and 
Vogel (1992) and this author (29). The expression used is: 

t = 16.9 -4.2 (Sc - 8w) + 0.13 (Sc - 8w)2 
	

(4.5) 

where delta values of water and calcite are expressed relative to the PDB 
standard and t is water temperature (°C). Both methods require an estimate of 
the mean isotopic composition of the water from which the calcite was 
deposited at each of the sites. 

It was subsequently found that better agreement between predicted and 
observed temperatures was obtained by considering that some of the 
speleothem samples would not have formed under conditions of oxygen 
isotope equilibrium. However, by collecting and analysing a larger number of 
samples, there would be a high probability that one or more would have 
formed under conditions approaching oxygen isotope equilibrium. This value 

can be estimated by correlation, regression analysis of 8180 and 813C values 

with the regression representing the trend of fractionation. The method is 
demonstrated for Moons Cave, Buchan (Fig. 4.13). 

Both O'Neil's and Craig's methods were applied to all sites using not only the 
arithmetic mean oxygen isotope values of dripwater values, but also those of 
the weighted means of annual precipitation and winter precipitation. For the 
Tasmanian sites, temperature estimates obtained by O'Neil's method were 
between 1 and 2 °C lower than those obtained by Craig's method and provided 
a better approximation to cave temperature observations. All results for 
O'Neil's method are summarised in Table 4.9. Craig's method provided the 
closest temperature estimate (15.2 °C) for Moons Cave, Victoria. 

It can be seen from Table 4.9 that for the Tasmanian sites best agreement is 
obtained between observed temperatures and estimated temperatures based 
on weighted mean winter precipitation. This is not unexpected as during 
summer, evaporation rates and water demand from vegetation would be 
much higher leaving little surplus water for downward percolation into the 
limestone. The apparent exception appears to be at Little Trimmer Cave where 
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Table 4.9: Cave temperature estimates obtained by O'Neil's method compared 
with observed temperatures and data used in their calculation. 

Cave 018 

St 

Ratios (%0 SMOW) 

dw 	wma 	wmw ot 

Temperatures (°C) 

dw 	wma wmw 

LT 26.94 -5.04 -5.40 -5.68 9.5 10.8 9.2 8.0 

LC 26.57 -5.04 -5.40 -5.68 9.5 12.1 10.6 9.5 

FC 26.74 -5.32 -5.27 -5.70 8.3 10.3 10.5 8.7 

KG 26.74 -5.82 -4.76 -5.63 9.4 8.2 12.6 9.0 

MC 24.88 -6.44 15.0 13.2 

where: LT - Little Trimmer Cave, LC - Lynds Cave, FC - Frankcombe Cave, KG 
- King George V Cave and MC - Moons Cave; St - straw stalactite. dw - drip 
water, wma - weighted mean annual precipitation, wmw - weighted mean 
winter precipitation; ot - observed temperatures. 
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Figure 4.13: Correlation regression analysis of 8180 and 813C values of actively-growing straw 

stalactite tips from Moons Cave, Buchan, eastern Victoria, to estimate conditions of oxygen 

isotope equilibrium. 
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the isotopic composition of weighted mean annual precipitation appears to 
provide a closer temperature estimate. However, the most likely explanation 
for this appears to be that the isotopic composition of actively-forming 
speleothems has been overestimated (cf Lynds Cave). Two of these were 
flowstone samples obtained from a plastic funnel placed under drip site S2 

during the monitoring period. The highly negative 8 13C values obtained 

leave no doubt that the flowstone was deposited under conditions of isotopic 
equilibrium. The site has been shown to have a very fast mean drip rate (Table 
4.4) and was also observed to respond quickly to isotopically heavy summer 
rainfall which may well have biased the oxygen isotope composition of the 
flowstone towards a higher value. 

The conclusion is drawn that the oxygen isotope composition of actively-
forming speleothems is essentially determined by the weighted mean isotopic 
composition of winter precipitation. 

The calculated temperatures for Moons Cave in eastern Victoria are based 
only on cave dripwater. The results cannot be directly compared with those 
from the Tasmanian sites as dripwater was collected once only from five drip 
sites in the middle of summer (29), while Tasmanian sites were sampled 
monthly over the full year. The fact that Craig's method provided a better 
temperature estimate for the site than O'Neil's method may therefore be 
fortuitous. 
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CHAPTER 5 - STABLE ISOTOPE 
VARIATIONS IN SPELEOTHEMS 

5.1 INTRODUCTION 

The reconstruction of palaeoclimates has long been of interest to earth 
scientists because of the impact of changing physical environments on the 
evolution of life on Earth. In recent years new impetus has been given to such 
studies as concern has grown about the possibility of rapid climatic warming 
of the planet due to human activities leading to ever increasing production of 
greenhouse gases and their release into the atmosphere. With increasing 
sophistication of computer modelling of the global effects on climate of 
changes in atmospheric composition, the demand has grown for quantitative 
climatic data from the Late Quaternary against which such models can be 
tested (Anderson, 1995; Colman, 1996). 

5.2 HISTORY OF STABLE ISOTOPE STUDIES 

Since the early 1950's when studies of stable isotope ratios of foraminifera in 
deep sea cores were first commenced to document global environmental 
changes (Emiliani, 1955), there has been a rapid growth of such studies. 
Information about environmental change, based in many cases on stable 
isotope analysis, has been extended rapidly to include many other sources of 
proxy climate data with ice cores, tree ring sequences, lake records and 
speleothems among the most significant (Bradley, 1985). 

One of the pioneers in the field of using speleothems as a source of proxy 
climatic data was Chris Hendy who provided a theoretical foundation for 
stable isotope research on speleothems and published several oxygen isotope 
records of speleothems collected from caves in the Waitomo area in the North 
Island of New Zealand (Hendy, 1969,-70,-71; Hendy and Wilson, 1968). It was 
followed by a major research effort into speleothems led by Henry Schwarcz 
and Derek Ford at McMasters University, Hamilton, in Canada. Stable isotope 
analyses were supplemented by the development of dating facilities, especially 
uranium series and ESR, as well as palaeomagnetic studies (Harmon et al., 
1978: Karakostanoglou, 1982; Latham et al., 1986). In the last decade the 
number of studies involving stable isotope analyses has proliferated,. 
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especially in the USA, continental Europe and Britain. 

5.3 NATURE OF STABLE ISOTOPES 

Stable isotope ratios of three light elements (oxygen, hydrogen and carbon) are 
particularly relevant to speleothem studies and are based on the following 

ratiosH2 /1H  (usually referred to as D/H), 180/160 and 13c/12c .  

5.3.1 Oxygen and Hydrogen 
Stable isotope ratios of oxygen and hydrogen have long been used to label 
hydrological pathways since they are changed by fractionation processes (Gat 
and Gonfiantini, 1981). Such fractionation occurs during phase transitions 
(vapour-liquid-solid) with the degree of fractionation being a function of 
temperature. Oxygen isotope ratios also experience temperature dependent 
fractionation when compounds containing oxygen, such as silicates and 
carbonates, are deposited from solution either by chemical or biochemical 
processes. Biochemical processes can cause species-specific fractionation effects 
that are unrelated to temperature (vital effects). 

5.3.2 Carbon 
It occurs in the atmosphere predominantly in the form of carbon dioxide gas 
(-360 ppm/v). Carbon follows a complex pathway (carbon cycle) that involves 
interchange between the atmosphere, hydrosphere and biomass (Post et al., 
1990: Stuiver, 1978). Strong isotopic fractionation occurs when CO2 is taken up 

by vegetation, its extent determined by the biochemical pathway followed by 
different groups of plants (C3, C4, CAM) (Salibury and Ross, 1992). Plant 

respiration and decay of soil organic matter impart low 13C/ 12C ratios to soil 

CO2, which is usually present in much higher concentrations than in the 

atmosphere. Such concentrations are likely to vary with the amount of 
biological activity. This is especially true in finer-grained soil which limits 
exchange between soil and free atmosphere. Soil water tends towards 

equilibrium with soil CO2 and will transmit low 13C/ 12C characteristics to 

seepage waters penetrating the underlying bedrock. In the case of limestone, 
the ratio will be modified by solution processes with the extent of that 
modification depending on whether it occurs under open conditions (in 
contact with air) or closed conditions (in the absence of air). For a detailed 
description of these processes see White (1988). 
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5.3.3 Notation  

Stable isotope ratios are reported as 5 values in parts per thousand (per mil) 
and use the %o notation (Pearson and Coplen, 1978). Isotopic enrichment and 
depletion are measured as positive and negative values respectively relative 
to an internationally agreed standard. In general terms: 

sax (%.) = ((aX/bXsa - aX/bXst) / aX/bXst) *1000 	(5.1) 

where X refers to one of the elements, a and b are the isotopic weights of the 
heavier and lighter isotope respectively. Abbreviations sa and St refer to 
sample and standard. 

In the case of H20, in any of its three states, the isotopic ratios of 180/160 and 

D/H are referred to the V-SMOW standard (Vienna Standard Mean Ocean 

Water). When carbonates are analysed, the isotopic ratios of 180/ 160 and 

13C/ 12C are referred to the PDB standard (Belemnitella americana from the 
Cretaceous Pee Dee Formation, South Carolina, USA). For purposes of 
calculations it will sometimes be necessary to convert oxygen isotope values 
fro one standard to the other. To relate the two, Friedman and O'Neil (1977) 
provide: 

5sMOW = 1.03086 5pDB + 30.86 	 (5.2) 

5.3.4 Global Meteoric Water Line (GMWL)  
The term refers to the close proportionality (Schotterer et al., 1996) between 
deuterium and oxygen-18 in meteoric waters found in samples of monthly 
precipitation and is defined by the expression: 

SD = 8 * 5 180 +10 
	

(5.3) 

Significant departures from this relationship may be caused by evaporation, 
especially in tropical and semi-arid regions, which will increase the value of 
the intercept (d - deuterium excess) while reducing the slope of the line 
(Schotterer et al., 1996, Gat and Gonfiantini, 1981). Deuterium excess in 
precipitation is influenced by relative humidity (/o) relative to saturation for 
different water surface temperatures and can be used to identify vapour source 
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regions. It can also be increased by significant addition of re-evaporated 
moisture from continental areas to water vapour travelling inland (Schotterer 
et al., 1996). 

5.4 STABLE ISOTOPE COMPOSITION OF PRECIPITATION 

5.4.1 Latitudinal Variation  
Isotopic composition is strongly influenced by the temperature conditions 
prevailing in the source region and the major source regions are the tropical 
oceans. As atmospheric moisture moves poleward it is gradually depleted in 

deuterium and 0-18. When the global pattern of 8 18 0 is examined it is found 

that the values gradually decrease poleward from close to 0 %. in equatorial 
regions to –5 %. at about 50 0  N and S. At higher latitudes the decline becomes 
much steeper with mean values —10 %. at 70° N and S (Dansgaard, 1964). The 
rate of depletion of the heavy isotope also reflects the intensity of adiabatic 
processes and an increasing degree of continentality. 

5.4.2 Altitudinal Variation  
This is due to the fact that during orographic uplift the precipitation that 
results when the air mass becomes supersaturated preferentially removes the 
heavier isotopes of oxygen and hydrogen. In mid-latitude regions the effect on 

180/160 usually has a range of 0.15 to 0.30 %0/100 m increase in altitude 

(Schotterer et. al., 1996). No information is available for the altitudinal effect 
on the stable isotope composition of Tasmanian precipitation. 

5.4.3 Seasonal Variation  
When sampled monthly, the isotopic composition at many stations shows 
seasonal variation that can be correlated with changes in temperature and/or 
precipitation amount. At many tropical stations monthly precipitation 
amounts are the dominant control sometimes leading to a negative 

correlation of 8180 values with mean monthly temperatures (Schotterer et. 

al., 1996). In mid-latitudes 8180 values of precipitation usually show a positive 

relationship with mean monthly temperature. In the case of the European 
and South American continents it has also been shown that the seasonal 

range of 5180 values tends to increase with increasing continentality 

(Schotterer et. al., 1996) presumably because of increasing seasonal 
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temperature contrasts. 

5.4.4 Deuterium Excess  

Its definition is derived from the generalised expression that was used to 
determine the Global Meteoric Water Line (GMWL) where deuterium excess: 

d = 8D - 8 * 8180 	 (5.4) 

In the GMWL expression d has a value of 10. In reality the value of d has been 
found to vary seasonally especially in the Northern Hemisphere, when 
monthly precipitation records are examined (Schotterer et. al., 1996). 
Variations have also been found during the glacial-interglacial cycle where 
measurements on samples from the Dome C Antarctic ice core have shown 
that d values fall to 4 under full glacial conditions compared with 8.3 during 
the Holocene (Jouzel et. al., 1982). 

Variations in the value of d are attributed to kinetic effects caused by different 
diffusivities for isotopically different water molecules in air. The major 
controlling factors are relative humidity and windspeed at the site of 
evaporation (Schotterer et. al., 1996). 

5.5 APPLICATION OF STABLE ISOTOPES TO SPELEOTHEM STUDIES 

In order to obtain suitable material for analysis it is necessary to cut a uniform 
diameter stalagmite, usually composed of calcite, along its longitudinal axis to 
expose a stratigraphic sequence. The central part of the section, where layers 
are sub-horizontal, is termed the core. Samples are taken from the core either 
by drilling out samples at close intervals or by cutting the core into thin 
horizontal slices which are crushed and homogenised prior to analysis. 
Oxygen and carbon isotope ratios are both determined on the same samples. 

It ia also possible to extract fluid inclusion water for isotopic analysis in order 
to determine the isotopic composition of the seepage water but, until very 
recently, relatively large (- 4 gram) samples were needed. Because of the 
possibility of post-depositional exchange of oxygen in the inclusions with the 
surrounding calcite, it has been customary to analyse fluid inclusions only for 
D/H. The global meteoric water line (GMWL) relationship can then be used to 
estimate the oxygen isotope composition of the seepage water. 
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A detailed isotopic study usually also involves isotopic measurements of 
actively growing speleothems to determine present-day values for comparison 
with the historical isotopic records of speleothems collected from the same 
caves. In addition valuable information is obtained by monitoring the isotopic 
composition of modern precipitation and seepage waters over a period of 
time. Details of these have been reported in the last chapter. 

5.5.1 Deposition under conditions of equilibrium  
The stable isotope record of a calcite speleothem can only be interpreted in 
terms of environmental change if the mineral has been deposited under 
conditions of oxygen isotope equilibrium with the seepage water. If the loss of 
CO2 from the solution is too rapid, or if some of the water is lost by 

evaporation, isotopic equilibrium will be lost and the speleothem will not 
yield an isotope record that is meaningful in terms of environmental change. 

Hendy and Wilson (1968) first suggested two tests for deposition under 
conditions of isotopic equilibrium and with minor modifications they are still 
used today. Multiple samples, usually not less than seven or eight, are taken at 
intervals along an individual growth layer from the centre of the core 

outwards and analysed for their 8180 and 813C content. To demonstrate 

conditions of isotopic equilibrium it is required that: 

(i) The isotopic ratios do not show a significant trend towards heavier isotopic 
values with distance from the centre of the core. 

(ii) There should be an absence of strong positive correlation between values 

of 8180 and 813C determined within the one growth layer. 

The process is usually repeated for at least three different layers within one 
stalagmite. Examples of equilibrium and disequilibrium conditions are given 
respectively in Figures 5.1 and 5.2. Talma and Vogel (1992) have pointed out 
that the sample points in each growth layer should be spaced close together 
since it is only the core that will be sampled for palaeoenvironmental studies. 
Wide spacing in growth layers that extend well down the side of a stalagmite 

may lead to rejection of specimens that are in fact suitable for analysis. 
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Further confirmation of conditions of isotopic equilibrium may be obtained 

by sampling at intervals along the longitudinal axis. If values of 8180 and 

813C show an absence of strong positive correlation this is strong supporting 

evidence for isotopic equilibrium deposition (Figure 5.3) (12). However, the 
opposite situation does not necessarily prove disequilibrium conditions 
because a strong positive correlation between the two stable isotope ratios can 
be due to a common environmental factor causing variation in both. 

5.5.2 Interpretation of oxygen isotope ratios  
Once deposition under conditions of isotopic equilibrium has been 
demonstrated, interpretation can be made in terms of changing climatic 
conditions. In such a situation the isotopic composition of speleothems is 
determined predominanly by two factors: 

(i) The isotopic composition of the seepage water from which deposition has 
taken place. In tropical areas where seasonal temperature variations are 
minimal the dominant factor causing isotopic change over short time 

intervals (< 103  years) may be the amount of precipitation. Research in such 

areas has only recently begun (Fisher et al., 1996). It has been shown in 
Chapter 4 that in Tasmania at present the isotopic composition of seepage 
water best approximates the isotopic value of the weighted mean winter 
precipitation. The isotopic composition of precipitation has a positive  
relationship with temperature in non-tropical areas as demonstrated by 
monthly sampling. 

The same relationship also holds over glacial-interglacial cycles as 
demonstrated by oxygen isotope records from ice cores in Greenland and 
Antarctica (Bradley, 1985). However, on those timescales other factors come 

into play. Under glacial conditions ocean waters are enriched in 180 

(maximum 1.2 %o SMOW). It causes a corresponding increase in the isotopic 
composition of water vapour thus reducing the indirect effect of temperature 
lowering. 

In some situations, confined, as far as is known, to areas with a temperate 
maritime west coast climate, significant changes are believed to occur in the 
latitudinal location of the moisture source area (12, 14) (Gascoyne et al., 1980,- 
81; Lauritzen, 1995). This is attributed to a major change in the direction of 
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moisture bearing winds. Under interglacial conditions as prevail at present 
moisture is carried to these sites from a low latitude source area by winds with 
a significant meridional component. Under glacial conditions strong 
latitudinal flow is likely to have prevailed, carrying moisture that is 

significantly more depleted in 180, from a higher latitude source area. Such a 

change would enforce dramatically the impact of a positive relationship 
between temperature and the isotopic composition of precipitation and is 
believed to make it the dominant factor, especially in maritime areas where 
glacial-interglacial temperature changes were relatively small (6 to 8 °C). 

(ii) The cave temperature at which the cave calcite has been deposited which, 
at suitable sites, usually approximates to the mean annual surface 

temperature. For water of constant isotopic composition, 5180c  is inversely  

related to temperature and its magnitude at 10°C is 0.24 %0/°C (Harmon, 
Schwarcz and Ford, 1978). 

5.5.3 Relationship between oxygen isotope ratios and temperature  
It is clearly important to demonstrate without reasonable doubt that either a 
positive or negative relationship exists between palaeotemperature and 
oxygen isotope values in any speleothem used as a proxy temperature record. 
There are several ways in which this can be done: 

(1) Frequency distribution of oxygen isotope values relative to the modern 
5180c  value. The latter can be obtained either from direct measurement of 

active straw tips or by calculation of a theoretical value using either expression 
4.4 or 4.5, if the isotopic composition of the drip water and the current cave 
temperature are known. The method was first used by Emiliani (1971) to re-
interpret the sign of the relationship between temperature and oxygen isotope 
values in a speleothem record obtained by Duplessy et al. (1970) from southern 
France. It is based on the understanding that present interglacial temperature 
conditions are close to one extreme of the temperature range experienced 
during the Quaternary. The advantage of the method is that it does not 
require the speleothem to be dated. Examples of the frequency distribution of 
oxygen isotope values are shown for stalagmite FT (27) from Frankcombe 
Cave (Florentine Valley, southcentral Tasmania) (Figure 5.4) and for 
stalagmite RO from Royal Cave (Buchan, eastern Victoria) (Figure 5.5). It can 
be seen for FT that without exception the values lie below the present value of 
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Figure 5.5: Frequency distribution of oxygen isotope values relative to modern value for RO 

stalagmite, Royal Cave, Buchan, eastern Victoria. 
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-4.0 %o PDB. Since it is much more likely that conditions at any time in the 
past were colder rather than warmer than today, the relationship between 
temperature and the oxygen isotope value is believed to be positive. Similarly 
at Royal Cave, with a present value of -5.80 %o PDB, the values for RO lie 
invariably above this level suggesting a negative relationship between 
temperature and oxygen isotope values. 

(2) Comparison of trends and patterns of variation with other 
palaeotemperature proxy of records. This requires a relatively long record that 
has been accurately and precisely dated and can be compared with other data 
sources with reliable time scales. Obvious comparisons are with the oxygen 
isotope records of deep sea cores and ice cores for the same time period. In 
speleothems where oxygen isotope values bear a positive relationship to 
temperature, patterns -and trends should be positively related to ice core 
patterns and negatively to deep sea core patterns. In contrast, where the 
relationship between oxygen isotope values and temperature in a speleothem 
is negative, the relationships with ice cores and deep sea cores will be opposite 
to that described for the first case. The relationship of the FT oxygen isotope 
record with the GRIP and Vostok ice cores is shown in figures 5.6 and 5.7. 

It is inevitable that there will be some areas in the world where positive and 
negative effects are balanced and where similar oxygen isotope values are 
observed in a speleothem in both glacial and interglacial (Holocene) times 
(Harmon, 1982). Such a situation has been documented by Talma and Vogel 
(1992) in a speleothem from Cango Cave in the Cape Province, South Africa. 

These authors nevertheless maintain that variations in 8 180c  during the 

Holocene portion of the record can be interpreted in terms of temperature 
change. 

5.5.4 Palaeotemperature estimates from oxygen isotope data  
The assumption is made that the isotopic value of modern calcite and the sign 
of the relationship between temperature and oxygen isotope values are 
known. Three different approaches were made: 

5.5.4.1 Formula approach. A change in the oxygen isotope composition at a 
particular site can be described by the following relationship (Gascoyne et al., 
1981): 
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Figure 5.6: Comparison of oxygen isotope curves of FT stalagmite from south-central Tasmania 
and Grip 1 ice core from Central Greenland. Mismatch between two short cold periods seen in 
both records is attributed to limitations of age determinations. 
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Figure 5.7: Comparison of oxygen isotope curve of FT stalagmite from south-central Tasmania 
and record of calculated temperature depression for Vostok ice core, Antarctica. It illustrates a 
positive relationship between temperature and oxygen isotope values in Tasmanian 

speleothems. 

201 



A8180c  = (clAc-w/dT)AT + A6180sw  + (c18180p/dT)AT 	(5.5) 

where Ac_ vs,7 = 1000 in a c-w, the fractionation factor between calcite and water; 

5180sw  is the isotopic composition of seawater with an estimated interglacial-

glacial change of +1.2 %. (Dansgaard and Tauber, 1969). 

The expression c18 180p/dT refers to the change in temperature gradient 

between sites of evaporation and precipitation of the water. Its value is rather 
variable (Gascoyne et al. 1981 and references therein) and there are problems 
with its estimation from the temperature coefficient for seasonal precipitation. 
In the Tasmanian case this has been demonstrated by the author in Chapter 4 
because of the dependence of the isotopic composition of summer 

precipitation on rainfall amount. Dansgaard (1964) has shown that c15 180p/dT 

= 0.7 %o for oceanic precipitation sites. In areas where a positive relationship 
has been demonstrated between temperature and oxygen isotope variations in 
speleothems, this value has been used by several authors to obtain 
palaeotemperature estimates on a glacial-interglacial scale and gives results 
that are compatible with independently derived estimates (Gascoyne et al., 
1981; Lauritzen, 1995; Desmarchelier and Goede, 1996). 

5.5.4.2 Fluid inclusion approach.  Speleothem calcite contains small amounts 
of water as fluid inclusions, small isolated cavities up to 50 microns in 
diameter. They are believed to be remnants of the ancient drip water from 
which the stalagmite grew. Because of the possibility of post-depositional 

exchange of oxygen with the surrounding calcite it is usually the SIDfl content 

of the fluid inclusion water that is measured at points along the axis of the 
stalagmite (Schwarcz et al., 1976; Harmon et al., 1978,-79; Harmon, 1982). For 
the purpose of palaeotemperature estimation, the oxygen isotope composition 

of a sample is estimated from its SDfi value by using the GMWL equation 

given as expression 5.3. This value is then used in O'Neil's equation (4.4) to 
provide an estimate of palaeotemperature. 

The method was applied to the LT stalagmite from Litle Trimmer Cave (14). 
In order to provide enough material (4 grams per sample), while retaining 
reasonable stratigraphic correspondence with the 5 mm diameter samples 

drilled from the core for 180/ 160 analysis, five mm thick slices were cut from 
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the half core allowing for one duplicate sample. Initially, water was extracted 
by crushing under vacuum but in most cases this did not yield enough water 
for successful analysis. A change was made to the decrepitation technique 
proposed by Yonge (1981,-82) where samples were heated under vacuum to 
700 °C to cause decomposition of the carbonate and allowing the water vapour 
to escape. This significantly improved the sample yield but considerably 
complicated the analytical process. 

Instead of calculating palaeotemperatures from individual pairs of values of 
8180c  and SDfi, the two sets of eighteen values were plotted against each other 

to give a highly significant correlation (r = 0.85, p<<0.001) (Figure 5.8). The 
positive nature of the relationship provided further confirmation that oxygen 
isotope changes in Tasmanian speleothems were dominated by changes in the 
isotopic composition of precipitation, not by direct temperature effects. It also 
showed that the fluid inclusion extraction techniques used had a tendency to 

underestimate the true SDfl values by some 20 %., a problem that had also 

been encountered by Yonge (1982). He suspected the presence of structural or 
oriented water as a possible cause but investigation by infrared and neutron 
diffraction methods failed to reveal the presence of such water. He offered as a 
possible explanation that water within calcite is fractionated by selective 
absorption of deuterium onto crystal surfaces. The problem has subsequently 
been reviewed and claimed to have been overcome by Dennis (1996). 

In order to estimate palaeotemperatures from the adjusted relationship 

shown in figure 5.8, the locally derived relationship between SD and 8 180 (5.6) 

was used rather than the GMWL (5.3) thus: 

SD = 7 8180 + 7 	 (5.6) 

However, doubt had been expressed by Harmon and Schwarcz (1981) that the 
modern value for deuterium excess (d = 7 in our case) would necessarily have 
remained the same during glacial periods. Jouzel et al. (1982) provided 
confirmation from Antarctica where they found in a profile from the Dome C 
ice core that the value of d fell from 8.3 during the Holocene to 4 during the 
Last Glacial Maximum. Consequently, palaeotemperatures for the LT 
stalagmite were calculated using two different values (7 and 4) for deuterium 
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excess. The two approaches yield 180c /°C values of -0.26 and -0.25 %o 

respectively. The problem of this approach is the lack of a unique outcome for 
palaeotemperature estimation. 

Fluid inclusion analysis of a second stalagmite (FT) from Frankcombe Cave 

failed to yield a statistically significant relationship between 8 180c  and Dfl. 

Because of the complexity of the analytical process, poor reproducibility of 8Dfl 

analyses, and lack of sufficient material for more than one replicate sample, 
no further fluid inclusion analyses were carried out. 

5.5.4.3 Independent temperature calibration.  Provided that both modern and 

full glacial values of 8180c  for one or more speleothems at a site are known, 

the value of A8180c /°C can be calculated, provided that a reliable estimate of 

glacial-interglacial temperature lowering in Tasmania is available from 
independent evidence. This has been obtained by comparing the altitude of 
equilibrium lines of ice masses existing during the last glacial maximum with 
the estimated height of the modern snowline (Colhoun, 1985; Hannon, 1989). 
Such estimates range between 6 and 7 °C lowering of mean annual 
temperature. 

None of the speleothems that so far have been dated and analysed for their 
stable isotope content appear to have grown during the Last Glacial Maximum 
(LGM) (15 - 25 ka). One stalagmite, FT from Frankcombe Cave, continued to 
grow during the early last glacial maximum between 60 and 70 ka. This period 
of time appears to have been nearly as cold as the LGM as Fitzsimons (1988) 
has recognised glacial deposits in the King River Valley in western Tasmania 
that extend beyond the LGM ice limit. They are clearly younger than deposits 

belonging to the penultimate Henty glaciation but are beyond the range of 14C 

dating (>48.7 yr BP). His evidence indicates that at least locally a more 
extensive ice cover existed than during the late last glacial Margaret advance. 

Evidence from Antarctica also indicates that differences in 5 180 and 5D values 

are minor when the two last glacial maxima are compared (Lorius et al., 1985; 
Jouzel et al. 1987). A mean annual temperature depression of 6 °C would 
therefore appear to be a reasonable estimate for the early last glacial 
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maximum. 

When this is applied to the FT stalagmite acount has to be taken of the fact 
that its oxygen isotope content was sampled in two different ways. The 
original analysis (20) involved interval sampling with a 5 mm drill giving a 

minmum value for 8 180c  of -6.00 %.. Later continuous analysis based on 5 

mm core slices (27) provided a minimum value of -5.57 %.. With a modern 

value of -4.0 %. estimated for the site, the values obtained for 6,8 180c /°C are 

-0.33 and -0.26 respectively. 

5.5.4.4 Comparison of methods. The three methods show a high level of 
agreement, particularly if for FT only the continuous record is taken into 
account. In order to calculate palaeotemperatures for Tasmanian stalagmites 

from both Mole Creek and the Florentine Valley a modern value of -4.0 8180c  

is adopted with a change of -0.26 8180c  for every 1 °C lowering of 

temperature. 

In contrast to the Tasmanian speleothems, the RO stalagmite from Buchan, 
Victoria, exhibits a negative relationship between oxygen isotope ratios and 
temperatures (29). In this case the temperature differences cannot be 
quantified but it is possible to calculate the minimum amount of temperature 
lowering on the assumption that the isotopic composition of precipitation has 
not changed over time. For the least negative values measured for the oxygen 
isotope ratio it suggests a minimum amount of temperature lowering of 2.25 
°C relative to the present (29). 

5.5.5 Interpretation of carbon isotope ratios  
The causes of its variation within a single speleothem has been a contentious 
issue. Much relevant research has been done in recent years. The carbon 
isotope composition of speleothems may in part depend on whether the water 
passes through the limestone either as a closed or an open system. However, it 
is thought unlikely that such conditions would alternate during the growth of 
a single speleothem and this factor is therefore disregarded as a possible cause 
of internal variation. Explanations of temporal changes can now be 
considered in terms of three major hypotheses (29). 
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(1) Changes in the relative abundance of two groups of plants that follow 
different photosynthetic pathways: C3 and C4 (Brook et al., 1990; Dorale et al., 

1992; Talma and Vogel, 1992). C4 plants are predominantly tropical grasses 
(Teen i and Stowe, 1976; Tieszen et al., 1979) and they require high summer 
temperatures. Only a few species occur in eastern Victoria and Tasmania 
(Hattersley, 1983). One perennial C4 grass, Themeda triandra, is the dominant 
species of natural grasslands in the lowlands of eastern Victoria and the 
Midlands of Tasmania, a rainshadow area extending across the centre of that 
state (Kirkpatrick et al., 1988). However, it is unlikely to have ever been the 
dominant vegetation at Buchan in Victoria or the limestone areas of western 
Tasmania. During interglacial times these areas supported closed forest, while 
during glacial times summers would have been too cool for the species to 
become dominant. 

(2) Changes in vegetation productivity, that control the amount of isotopically 
light organic matter supplied to the soil, which is broken down to provide 
CO2 to the soil atmosphere, where it mixes with CO2 derived directly from the 

atmosphere. Isotopic variations in soil carbonates (Quade et al., 1989) and 
subaqueous wallcrust in a karst spring (Coplen et al., 1994) have also been 
attributed to this cause. 

(3) Changes in the isotopic composition of carbon in atmospheric CO2, with 

glacial periods being characterised by less negative values The most reliable 
estimate so far suggests a change of 0.7 %o (Marino et al., 1992). If this estimate 
is confirmed, the effect of changes in the isotopic composition of atmospheric 
CO2 on that of the soil is likely to be quite small. More significant are changes 

due to the burning of fossil fuels, estimated at -2.2 %. since 1900 (Baskaran and 
Krishnamurthy, 1993) while instrumental records from Cape Grim (NW 
Tasmania) show a change of -0.23 %. from 1982 to 1993 (Francey et al., 1995). 
Historical changes are not relevant to the speleothems examined in this thesis 
as none were actively forming when collected. 

Since the first hypothesis is not applicable to the conditions found in 
southeastern Tasmania it can be disregarded in these studies. The third 
hypothesis can only account for relatively minor changes. Major changes in 
carbon isotope ratios will therefore be interpreted in terms of changes in 
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vegetation productivity. 

5.6 STABLE ISOTOPE ANALYSES 

5.6.1 Oxygen Isotope Analyses  
Results are presented for six Tasmanian speleothems and one Victorian 
speleothem that were found to have grown under conditions of isotopic 
equilibrium. They are: FC (20), FT (20, 27), KK (results unpublished), LT (14, 
17), LX (17) and LY (12) in Tasmania and RO (29) in eastern Victoria. Full 
details of these speleothems are presented in Table X.Y. 

(1) FC record.  Estimated age range is from 4.3 to 2.9 ka. Range of isotope values 
is from -3.55 to -5.29 %o PDB (Fig 5.9). This a remarkably wide range for a 
Holocene record but indicates temperatures well below those at present (8.3 
°C) most of the time. 

(2) FT record.  Estimated age range is from 84 to 56.5 ka. Range of isotope 
values is from -4.14 to -5.57 %. PDB (Fig 5.10). Temperatures are below present 
day (8.3 °C) at all times with a gradual decline until 61 ka followed by a rapid 
rise. 

(3) KK record.  Estimated age range is from 127 to 97 ka. Range of isotope 
values is from -3.48 to -4.83 %o PDB (Fig 5.11). Temperatures are intermittently 
above present day but record indicates a period of rapid fluctuations. 

(4) LT record.  Estimated age range is from 109 to 76 ka. Range of isotope values 
is -5.25 to - 3.70 %o PDB (Fig 5.12). In the original paper on this specimen (14) 
analyses of the basal 350 mm were rejected for palaeotemperature analysis 
because of a strong positive correlation between oxygen and carbon isotope 
values. Subsequently a high resolution study carried out on the lower part of 
LT as an honours project has shown that this rejection was not justified so the 
entire record is accepted here (Desmarchelier, 1994, Desmarchelier and Goede, 
1996). It shows very cool conditions until 100 ka followed by a rapid 
temperature rise with temperatures reaching slightly above present day values 
several times between 95 and 75 ka. 

(5) LX record.  Estimated age range is from 95 to 69 ka. Apart from one 
anomalous value (-5.56 %.) the range of isotope values is from -5.24 to -4.66 
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Figure 5.10: Five-point running mean of oxygen isotope ratios of FT stalagmite from Frankcombe 
Cave, Florentine Valley, south-central Tasmania. Modern value (-4 %o PDB) coincides with 
upper boundary of graph. 
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Figure 5.11: Five-point running mean of oxygen isotope ratios of KK stalagmite from Kubla 

Khan Cave, Mole Creek, northern Tasmania. 
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Figure 5.12: Oxygen isotope record of LT stalagmite from Little Trimmer Cave, Mole Creek, 
northern Tasmania. 

Figure 5.13: Oxygen isotope record of LX stalagmite from Little Trimmer Cave, Mole Creek, 

northern Tasmania. 
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Figure 5.14: Oxygen isotope record of LY stalagmite from Lynds Cave, Mole Creek, northern 
Tasmania. 
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PDB indicating temperatures always substantially below those of today (Fig. 
5.13). The record does not show a significant trend over time. 

(6) LY record. Its age range is now estimated to be from 14.63 to 9.11 ka and, 
following a time gap due to non-deposition, from 7.58 to 2.97 ka. This is a 
revision of the original age range given in 1984 (12). See section 2.7.4 for 
details. The range of isotope values is from -4.91 to -3.82 %. PDB (Fig. 5.14). 
Interpreted as a palaeotemperature record, it would suggest variations around 
the modern value between 14 and 11 ka followed by a gradual decline that 
continued until about 4 ka with temperatures substantially below present day 
values. A moderate rise occurs between 4 and 3 ka when the record terminates 
(Fig. 5.14). 

(7) RO record. This speleothem did not experience continuous growth. On the 
basis of two MS uranium series dates the lower 180 mm formed between 13.5 
and 10.5 ka while the upper 70 mm dated by a single MS uranium series date 
may have formed between 3.2 and 2.1 ka on the assumption that the upper 
portion has grown at the same rate as the lower one. Oxygen isotope values 
appear to have a negative relationship with temperature (29) and range in 
value between -4.18 and -5.76 %o PDB, consistently isotopically heavier than 
the estimated modern value of -3.80 %. indicating temperatures lower than 
today throughout the period of record (Fig. 5.15). Temperatures were lowest 
during between 12.5 and 11.5 ka and also about 3 ka. The older period appears 
to be contemporaneous with the Younger Dryas in Europe and a glacial 
advance in the Southern Alps of New Zealand (Denton and Hendy, 1994). 

5.6.2 Interpretation of oxygen isotope analyses  
In Figure 5.16 the Tasmanian records discussed above are shown 
superimposed on the same time scale with the exception of FC which has too 
short a record to be shown. It must be remembered that while FT and KK 
show a continuous record of isotopic change, the others represent records 
obtained by interval sampling. As things stand there appears to be poor 
agreement between records that supposedly cover in part the same time 
interval such as FT, LT and LX. It has become increasingly apparent that the 
conventional U/Th dates based on alpha counting cannot be relied upon to 
provide a sufficiently precise, accurate and reliable time scale to allow records 
from different spelothems to be matched. At present some of these records are 
being redated by Desmarchelier as part of his Ph.D. project. The results cannot 
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Figure 5.16: Oxygen isotope records of Tasmanian speleothems on a common time scale. Poor 
agreement between records of FT, LT and LX is attributed to limitations of alpha spectrometry 
uranium series dating. 
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Figure 5.17: Comparison of oxygen isotope records of FT stalagmite, Frankcombe Cave, 
Florentine Valley, southcentral Tasmania, using two different sampling methods. Interval 
sampling at 20 mm intervals using a 5 mm drill is compared with continuous sampling based on 5 

mm core slices homogenised prior to analysis. The range of 8 180c  values is significantly greater 

when sampling is done by drill. 
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be discussed here in detail for obvious reasons. Nevertheless they are 
confirming our suspicions of many of the early dates. For example, LX had 
been collected from in situ because its top appeared to match the base of LT 
which was found nearby. Oxygen isotope analysis also supports this 
interpretation. However, following conventional U/Th dating the two had to 
be treated as separate records. In contrast TIMS dating now in progress 
supports the original impression that the two are parts of one and the same 
stalagmite (Desmarchelier, pers comm.). The dating of KK is also under 
suspicion because as it stands it represents a very long time period of 
essentially interglacial temperature conditions. 

Interval sampling is another factor that makes cross matching of some of the 
records difficult to achieve. When this work began this was the only feasible 
strategy because of the costly and time-consuming nature of individual stable 
isotope analyses. Rapid changes in the techniques of sample preparation and 
analysis have dramatically reduced the cost and time involved and have 
allowed continuous sampling. FT and KK stalagmites were re-analysed in this 
way allowing isotopic fluctuations over short time intervals to be identified 
with confidence. The difference can be clearly seen when the interval and 
continuous records of FT are compared (Fig. 5.17). 

Interpretation of the Tasmanian isotopic records will be confined to the FT, LY 
and FC stalagmites because they are the most securely dated. FT was selected 
because the lower half has been redated by two TIMS dates that are in good 
agreement with the two conventional U/Th dates for the upper half. LY and 

FC were chosen because their age estimates are based on 14C dating with 

appropriate corrections for the limestone reservoir effect and the discrepencies 
between the radiocarbon and calender timescales. 

The FT oxygen isotope curve provides a continuous record of temperature 
change with a temporal pattern that matches well various other proxy records 
covering the same time period. This match discussed in (27) has been further 
improved by the re-dating of the lower part of the record with the MS 
technique. The record compares particularly well with the equivalent part of 
the oxygen isotope record of the GRIP ice core which has a comparable level of 
time resolution (Fig. 5.6). 

Interpretation of the LY and FC records in terms of palaeotemperature records 
214 



is more problematical and has become more so as a result of the reassessment 
of the age range of LY. In the original paper (12) it was estimated that 
deposition commenced at about 12.6 ka. Age recalibration using the latest 
tables available suggests a revision of this date to 14.6 ka. The oxygen isotope 
curve interpreted as a palaeotemperature record suggests temperatures similar 
to today between 14 and 11 ka. The occurrence of fully interglacial 
termperature conditions at that time is not supported by any other records nor 
is there any evidence in the LY record of a Younger Dryas event during that 
time, an event now well dated and documented in the Northern Hemisphere. 
The occurrence of temperatures significantly lower than today is suggested by 
lower oxygen isotope values in both the LY and FC records although the 3 °C 
lowering they suggest may seem excessive. There is supporting evidence for 
cooler climates in the late Holocene in southeastern Australia. Costin (1972) 
has presented evidence from the Snowy Mountains in southern NSW for 
increased periglacial activity from 3000 to 1500 radiocarbon years BP. Williams 
(1978) found that in the Southern Tablelands of NSW hillslope instability and 
stream aggradation occurred between 4000 and 1500 radiocarbon years BP. As 
possible causes he suggested lower temperatures, drier and windier conditions 
and changes in rainfall seasonality. 

In interpreting the oxygen isotope record of Tasmanian speleothems it has to 
be remembered that they do not directly reflect changing temperatures but 
rather climatic control of latitudinal shifts in the moisture source. We also 
have to consider that at the present time at least they reflect the isotopic 
composition of winter precipitation rather than annual values. This may not 
always have been true in the past. It is a possibility that at certain times high 
oxygen isotope values reflect times when summers are both cool and wet and 
summer precipitation is able to make a significant contribution to cave 
seepage waters unlike today. Global climate change is believed by many (Veeh 
and Chappell, 1970) to be controlled by temporal variations in the amount of 
solar radiation received in higher latitudes of the Northern Hemisphere that 
are in turn controlled by orbital variations (See Bradley 1985, pp 217-219 for a 
detailed discussion). Even if this is confirmed, regional climates in the 
Southern Hemisphere must have been affected significantly by local 
variations in solar radiation. Between 14 and 9 ka summer solar radiation was 
reduced by more than 20 langleys/day relative to today at 40° South while at 
the same time winter solar radiation was increased by more than 20 
langleys/day relative to today so that seasonality would have been much 
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reduced (Vernekar, 1972). A combination of milder winters and summer 
conditions that were conducive to providing a summer moisture surplus 
could well be responsible for the high oxygen isotope values we observe over 
approximately the same time period. 

5.6.3 Carbon Isotope Analyses  
Results are presented for the same seven speleothems whose oxygen isotope 
records have just been discussed. 

(1) FC record (4.3 - 2.9 ka). The carbon isotope values are strongly negative and 
vary within the range -9.23 to -12.10 %o PDB (Fig. 5.18). The data show no 
obvious trend (20). 

(2) FT record (84 - 56.5 ka). A continuous 8 13C record shows a range from -2.57 

to -9.56 %o PDB (27). This is an unusually large range for a speleothem 
deposited under conditions of isotope equilibrium. Values are plotted as five-
point running means in Fig. 5.19. The curve shows two major peaks (84 - 81 
and 75 -61 ka) and two major troughs (81 - 75 and 61 - 56.5 ka). 

(3) KK record (127 - 97 ka). A continuous 8 13C record with a range of values 

from -6.28 to -10.63 %o PDB. The values are plotted as five-point running 
means (Fig. 5.20) and show strong temporal variation with a number of peaks 
and troughs but no long term trend. The record remains unpublished because 
of doubts about its age range. 

(4) LT record (109 - 76 ka). The 8 13C values range from -7.70 to -11.70 %. PDB 

(14, 17). Values trend upwards between 109 to 100 ka. They then drop abruptly 
followed by a slowly declining trend until 84 ka. Values then rise rapidly until 
the end of the record (Fig. 5.21). 

(5) LX record (95 - 69 ka). 8 13C values range from -8.02 to -11.25 %o PDB (17). 

The most negative values occur close to the base. Values rise rapidly between 
92 and 90 ka. Thereafter they continue to fluctuate between -10 and -8 without 
any obvious trend (Fig. 5.22). 

(6) LY record (14.6 - 9.1, 7.6 - 3.0 ka). The range of 8 13C values is relatively 

small: -8.15 to -10.76 (12). There is no obvious trend to the curve. Some of the 
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Figure 5.18: Carbon isotope record of FC stalagmite from Frankcombe Cave, Florentine Valley, 
south-central Tasmania. 

Figure 5.19: Five-point running mean of carbon isotope ratios of FT stalagmite from Frankcombe 
Cave, Florentine Valley, south-central Tasmania. 
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Figure 5.20: Five-point running means of carbon isotope ratios of KK stalagmite from Kubla 
Khan Cave, Mole Creek, northern Tasmania. 

Figure 5.21: Carbon isotope record of LT stalagmite from Little Trimmer Cave, Mole Creek, 

northern Tasmania. 
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Figure 5.22: Carbon isotope record of LX stalagmite from Little Trimmer Cave, Mole Creek, 
northern Tasmania. 
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Figure 5.23: Carbon isotope record of LY stalagmite from Lynds Cave, Mole Creek, northern 

Tasmania. 
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most negative values occur during the last 2000 years of record (Fig. 5.23). 

(7) RO record (13.5 - 10.5, 3.2 - 2.1 ka). Carbon isotope values are quite variable 
ranging from -4.24 to -10.11 %. PDB (29). The record is shown as five-point 
running means in Figure 5.15. In the older part of the stalagmite there is 
significant temporal variation with the heaviest values peaking at 
approximately 12 ka and after 11 ka. The most negative values peak at about 
11.3 ka. The younger part of the record shows relatively little variation. 

5.6.4 Interpretation of carbon isotope variations  
As was done for the oxygen isotope values, the Tasmanian records, with the 
exception of FC, were plotted on a common time axis (Fig. 5.24). There is an 
obvious contrast between the FT record and the other records including FC. 
The much more variable and predominantly heavier values of FT cannot be 
explained in terms of isotopic fractionation as the specimen has been shown 
to have been deposited under conditions of isotopic equilibrium. Rather the 
site appears to have been very sensitive to environmental changes, perhaps 
due to the presence of a thin soil cover. While the other records are much less 
variable most nevertheless show significant and frequently quite rapid 
changes. It has been argued earlier in this chapter that the changes reflect 
predominantly variations in plant productivity that control the rate of supply 

of organic matter. It is then broken down to yield CO2 enriched in 12C that is 

added to the soil atmosphere and absorbed by soil moisture. Temporal changes 
in the isotopic composition of atmospheric CO2 are believed to have made 

only a minor contribution. 

When comparisons are made between Tasmanian stalagmites we face the 
same problem apparent in the comparison of oxygen isotope records in that 
dating of many of the speleothems is inadequate and also in that records 
sampled at wide intervals are difficult to compare. There is also an additional 
problem in that the sites are likely to have varied in their sensitivity to 
changing environmental controls due to the aspect of the surface above the 
site and the depth and particle size composition of any overlying soils. It has 
not been practical to examine these aspects as most collection sites were 
considerable distances from cave entrances. This and the presence of a dense 
forest cover on the surface would have made any attempt to determine the 
nature of the soil cover immediately overlying the cave collection sites 
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Figure 5.24: Carbon isotope records of Tasmanian speleothems on a common time scale. Note 
anomalously high values for FT speleothem compared with other Tasmanian records. 
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Figure 5.25: Temporal variations in carbon isotope variations in FT stalagmite (Fig. 5.19) 
compared with the deviations of solar insolation in langleys/day in December relative to 

present day values at 40° S (Vemekar, 1972). 
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extremely difficult and time consuming. 

Explanations of carbon isotope variations will be attempted only for those 
speleothems that are considered to be reliably dated. The FT record is the 
longest, the only one sampled continuously and shows a high level of 
variability (Fig. 5.19). Between 65 and 75 ka there is cyclic variation with a 

wavelength of approximately 2500 years. Two prominent 8 13C minima at 

about 60 and 80 ka may indicate the presence of a 20 ka cycle. It may reflect the 
influence of the precessional cycle that has a mean period of —21,700 years 
(Bradley, 1985). The cycle has a strong effect on the seasonality of incoming 
solar radiation. At present this is close to a maximum in the Southern 
Hemisphere but prominent minima occurred at about 62 and 82 ka (Vernekar, 
1972). 

Deviations from present day values of summer insolation at 40° S have been 
superimposed on Figure 5.19 (Fig. 5.25). Within the limitations of dating the 

two periods of strongly negative 8 13C values coincide with summer 

insolation minima. Since they in turn coincide with winter insolation 
maxima they are times when seasonality of solar insolation was least 
pronounced. The LT record also appears to show a 20 ka cycle but is not yet 
sufficiently well dated for its pattern to be linked to variations in solar 
radiation although Desmarchelier (1994) has attempted to do this for the lower 
part of this speleothem (Desmarchelier and Goede, 1996). The LY stalagmite 

shows no evidence of a long-term trend in 813C values and may represent a 

record from an insensitive site (Fig. 5.23). The LC record covers only a 1200 
year timespan. Despite forming at a time of maximum seasonality in solar 

insolation its 813C values are very strongly negative. There is a hint of a 400 

year cycle but the record is too short to be confident. 

The RO record fron eastern Victoria covers only a short time span. The lower 
portion, which has the best age control, shows one prominant trough of 
strongly negative values that lasted about 500 years. It coincides quite closely 
with a period of minimum seasonality but the short duration of this peak 
makes it unlikely that the observed changes are related directly to the 
precessional cycle. 
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5.7 CONCLUSIONS 

Comparison of speleothem palaeoclimate records with each other, with 
different sources of proxy climate data and with orbital parameters depends on 
accurate and precise radiometric dating and also on sampling either 
continuously or at close intervals. Long records are more easily compared 
than short one because they allow a larger number of age determinations. This 
enables age estimates to be based on regression equations between age and 
stratigraphic position with the consequent minimisation of any errors due to 
the limits of analytical precision. 

Where oxygen isotope ratios bear a negative relationship to temperature, as at 
Buchan, the dominant factor causing variation is the cave temperature which 
can usually be equated with the mean annual temperature on the surface. The 
Buchan record can thus be readily interpreted in terms of such changes. 

In Tasmania, as in a few other temperate west coast environments, changes in 
oxygen isotope values are dominated by changes in the isotopic composition 
of precipitation that bear only an indirect relationship to temperature. Field 
observations in the previous chapter indicate that vadose seepage waters that 
deposit speleothems have an isotopic composition dominated by winter 
precipitation when there is a large imbalance between moisture supply and 
loss by evapotranspiration. If this is also true in the past as seems likely the 
variations in oxygen isotope values in Tasmanian speleothems should be 
interpreted in terms of winter temperatures rather than mean annual 
temperatures. There is an obvious discrepancy between the oxygen isotope 
records from RO at Buchan, Victoria and LY from the Mole Creek district in 
Tasmania between 11 and 13 ka that can be resolved if it is accepted that the 
Tasmanian record represents mean winter temperatures. At that time winters 
in the Southern Hemisphere may well have been milder than today during 
the Pleistocene-Holocene transition because at 40 0  S solar insolation in winter 
was up to 24 langleys/day higher than it is today (Vernekar, 1972). 

Carbon isotope variations have been more difficult to interpret and values 
cannot be directly compared between different speleothems covering the same 
time period. With respect to individual speleothem records it has been argued 
that in southeastern Australia the dominant factor causing variation .  has been 
temporal changes in the level of vegetation activity with the highest levels 
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corresponding to the isotopically lightest carbon isotope ratios. 

Some evidence has been presented in this chapter that 813C variations are 
modulated by climatic cycles. There are hints of some control by 400 and 2500 
year cycles while the -21 ka precession cycle is probably responsible for much 
of the carbon isotope variation seen in the FT stalagmite and probably also in 
LT. At this stage only the FT record is sufficiently well dated to show that the 
highest levels of vegetation activity tend to coincide with times of winter 
insolation maxima and summer insolation minima. 
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CHAPTER 6 - MINOR ELEMENTS IN 
SPELEOTHEMS 

6.1 INTRODUCTION 

Until recently, variation in minor element content in speleothems has not 
received much attention (Banner et al., 1996; various authors in Lauritzen, 
1996). Most of the earlier work done has been concerned with explaining the 
occurrence of coloured speleothems (Jakucs, 1961; White, 1976 and Caldwell et 
al. 1982). However, many minor impurities do not affect the normally white 
colour of calcite and their presence has been neglected by those primarily 
interested in explaining colour variations (23). 

In this thesis the author is primarily concerned to explore the possibility of 
using minor element variations as proxy sources of information about 
environmental change. 

6.2 PREVIOUS MINOR ELEMENT STUDIES 

With respect to calcium carbonates, most attention has been paid to the 
significance of trace element variations in marine carbonates (Rao, 1996 and 
references therein). Of particular interest has been the development of a 
palaeothermometer based on the discovery that in calcite the thermodynamic 
distribution coefficient of magnesium (Dm g ) bears a positive relationship to 

temperature of deposition (Katz, 1973: Fuchtbauer and Hardy, 1976). 

Chivas et al. (1986) examined the magnesium content of non-marine calcitic 
ostracod shells and found it to be a function of both temperature and salinity. 
At 3% salinity the atomic Mg/Ca ratio increased from approximately 0.015 at 
10 °C to 0.038 at 25 °C. Strontium uptake on the other hand was found to be 
related directly to the Sr/Ca ratio in water with little or no temperature effect 
over the range 10-25 °C. De Deckker et al. (1988) used Mg/Ca and Sr/Ca ratios 
of ostracod shells from cores of palaeolake sediments from the Gulf of 
Carpentaria to deduce changing palaeotemperature and palaeosalinity 
conditions from 40 to 13 ka. 

In contrast Sr/Ca ratios have been widely used in coral studies in recent years 
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to estimate quantitatively seasonal and secular changes in sea surface 
temperatures (Beck et al., 1997; McCulloch et al., 1996) although some 
reservations have been expressed about the results (de Villiers et al., 1995) 

At the time this research was first undertaken the only published study of 
minor elements specifically relating to speleothems was that of Gascoyne 
(1983) who compared the distribution coefficients of magnesium between 
temperate (7 'C MAT) and tropical (23 °C MAT) and obtained average Dm g  

values of 0.017 and 0.045 respectively. He made the assumption that these 
differences were entirely due to temperature change and concluded that Mg 
content varied directly with temperature and "in a sufficiently pronounced 
manner that a 1 °C rise in depositional temperature of a speleothem 
containing 500 ppm Mg, at —10 °C, would be seen as an increase of —35 ppm 
Mg - a readily determinable shift". The Dm g  values appeared little affected by 

variations in the Mg/Ca ratio, at least within the range 0.02 - 0.53, or by the 
degree of saturation of the dripwaters. 

In contrast to magnesium, he found no apparent relationship between the 
distribution coefficient for strontium and the temperature of seepage waters. 
In a later paper the same author (Gascoyne, 1992) attempted to correlate 
magnesium concentrations with oxygen isotope ratios in a speleothem from 
northern England deposited under conditions of oxygen isotope equilibrium 
but found no correlation between the two variables. 

6.3 INDICATIONS OF ENVIRONMENTAL CONTROL 

The first indications that stalagmites can show environmentally significant 
variations in minor element concentrations were presented in 1989 (17). Two 
uniform diameter stalagmites from Little Trimmer Cave in northern 
Tasmania (LT and LX) were sampled at regular intervals for their stable 

isotope content (8 180 and 813C). The same samples were also subjected to ESR 

analysis and the intensity of the h3 peak (Ih3) measured. Both the isotopic 

ratios and the Ih3 values were then plotted against height above base. It had 

been expected to see a gradual decrease in Ih3 with decreasing age. Instead both 

speleothems displayed a four-fold fluctuation in Ih3 (Figs 6.1 and 6.2) which in 

each case showed a highly significant positive relationship with 813C values 
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Figure 6.1: Relative ESR peak intensity (Ih3) as a function of age for LT stalagmite, Little 
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(Figs 6.3 and 6.4) when linear regression was applied to the relationships. 

Variations in the intensity of the h3 peak may be due to more than one cause: 

6.3.1 A function of age.  
If age were a significant factor, one would expect to observe a trend towards 
lower values with decreasing age. Such a trend has in fact been observed in a 
younger stalagmite from Lynds Cave at Mole Creek (12). In contrast no age 
related trend is apparent in either LT or LX. 

6.3.2 Influence of sensitivity to gamma radiation.  
Eight samples with a wide range of Ih3 values were selected and the 

sensitivity to gamma radiation (Sg) determined for each. Correlation 
regression analysis did not yield a statistically significant relationship (r = 
0.4292, p > 0.05) (17) but this may have been due in part to the small size of the 
sample. 

6.3.3 Variations in uranium content.  
The Ih3 values of fifteen samples of LT and twelve samples of LX were 

correlated with uranium content (p.g/g). In both cases correlation, regression 
analysis yielded a significant positive linear correlation (Figs 6.5 and 6.6). The 
levels of significance were p <0.001 for LT and p <0.01 for LX. 

However, these relationships cannot be explained as simple cause and effect 
because even with no uranium content (U = 0), Ih3 should still have a 

positive value due to ionisation induced by external gamma radiation from 
the immediate environment of the sample. When the results were first 
published (17) it was suggested that a possible explanation for this 
phenomenon could be the presence of a trace impurity whose concentration 
was related to the uranium content. It will be shown later that this impurity 
may be magnesium. 

Both LT and LX also show statistically significant correlations between 5 13C 

values and uranium content (Figures 6.7 and 6.8) with percentage 
explanations of 68.3 and 52.6 respectively. The levels of significance were p < 
0.001 for LT and p <0.01 for LX. It indicates the existence of a common factor 
strongly affecting both variables. 
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An unusual anomaly occurs in the ESR spectra of three consecutive samples 
in the profile of the LX stalagmite which show the presence of six hyperfine 
lines with a doublet of minor peaks between each pair. It indicates the 

presence of Mn2÷, an unusual pattern for stalagmite samples although it is 

frequently seen in ESR spectra of limestone samples. It may indicate anoxic 
conditions in the soil above the site due to waterlogging. 

6.3.4 Conclusions.  
The study clearly demonstrated that in speleothems deposited under 
conditions of oxygen isotope equilibrium there can be close relationships 
between carbon isotope values and minor elements such as uranium. Since 
variations in the intensity of the h3 peak in ESR spectra do not appear to be 

causally related to uranium content a likely explanation is that they are related 
to variations in another minor element that covaries with uranium. Since it 
has been argued earlier (section 5.5.5) that carbon isotope variations in 
Tasmanian speleothems are due predominantly to changes in vegetation 
activity, variations in certain minor elements may also be related to this 

factor. The localised presence of Mn2+ may also be an indicator of a change in 

environmental conditions and possibly indicates waterlogging of soils above 
the site. 

6.4 MINOR ELEMENT VARIATIONS IN LC STALAGMITE 

Full details of this study can be found in paper 23. LC is a uniform diameter 
stalagmite collected in a broken condition from an active stream passage in 
Lynds Cave, Mole Creek, northern Tasmania. It is 1002 mm tall with 
continuous deposition indicated for the basal 867 mm. Stable isotope analyses 
showed that it had not formed under conditions of oxygen isotope 
equilibrium (23). It had been precisely dated by Vogel (1983, -87) because of his 

interest in 14C variations during the Upper Pleistocene and was therefore 

known to cover a period of rapid environmental change during the Upper 
Pleistocene - Holocene transition. It was selected to investigate: 
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(1) The possibility that minor element variations indicating environmental 
change might be preserved despite the lack of conditions preserving oxygen 
isotope equilibrium. 

(2) To investigate any covariance between different minor elements that 
would indicate similarities in chemical behaviour or a common response to 
changing environmental conditions, especially changes in palaeotemperature 
conditions. 

6.4.1 Chemical Analyses  

Fifteen samples, spaced along the axis of the stalagmite core, were submitted to 
the CSIRO Division of Energy Chemistry for neutron activation analysis 
(NAA). Thirteen trace elements were found to be present in sufficient 
amounts for quantitative measurement in all, or nearly all, samples. 
Measurement precision was poor for Mg and Sr so their analyses were 
repeated using atomic absorption spectrophotometry (AAS) to provide 
adequate analytical precision (ca 2%). The highest and lowest values 
determined for each element and their standard errors are shown in Table 6.1. 
It can be seen that for every element examined there are significant variations 
in concentration over time. 

6.4.2 Interrelationships between minor elements  

In order to assess the degree of covariance between minor elements, a 
similarity matrix was produced (Table 6.2). The matrix shows a number of 
statistically significant relationships, both positive and negative. To 
investigate these relationships the minor elements were treated as OTU's 
(observed taxonomic units). A clustering procedure was applied to the matrix 
by average linkage using the pair group method first proposed by Sokal and 
Michener (1958). For a detailed discussion of the technique see Sneath and 
Sokal (1973). The clustering procedure takes account only of the magnitude 
and not of the sign of the similarity coefficient. The resulting dendrogram is 
shown in figure 6.9. 

At the 95% level of significance four groups can be identified. Group I contains 
the alkaline earth metals Mg, Sr and Ba which show a strong positive 
similarities in behaviour. It also includes Br which has a strong negative 
relationship to the other three. Group II contains Na, Sc, La and U while 
Group III includes the metals Co, Cr, Fe and Au. Group IV contains only one 
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Table 6.1. Minor element concentrations (nig) found in nuclear activation 
analysis (NAA) and atomic absorption spectrophotometry (AAS) of LC 
stalagmite samples. 

Element 	Highest value 	Lowest value 

Neutron Activation Analysis (NAA) 

Na 	87.8 ± 4.4 	31.5 ± 1.9 

Mg 	4000± 1300 	1300 ±800 

Cr 	9.61 ± 0.48 	3.82 ± 0.40 

Number of analyses 

15 

15 

15 

Fe 145± 15 40 ±12 15 

Co 0.085 ± 0.017 0.027 ± 0.017 10 

Zn 124 ± 37 13.1 ± 3.8 15 

Sr 253 ±46 128 ±42 15 

Ba 77 ±16 31.6 ±7.5 15 

Sc 0.0855 ± 0.0045 0.0335 ± 0.0022 15 

Br 1.16 ± 0.08 0.24 ± 0.11 13 

La 0.083 ± 0.016 0.045 ± 0.013 11 

Au 0.0631 ± 0.0031 0.0056 ± 0.00066 15 

U 0.66 ± 0.12 0.25 ± 0.096 12 

Atomic Absorption Spectrophotometry (AAS) 

(measurement precision ca. 2%) 

Mg 3833 1813 14 

Sr 252 153 14 
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Table 6.2. Similarity matrix of minor element concentrations in LC stalagmite, Lynds Cave, Mole Creek, northern 
Tasmania. 

N a 

Mg 

Cr 

Fe 

Co 

n 

Sr 

B a 

Sc 

Br 

La 

A u 

N a 	Mg 

0.1864 

Cr 

0.0558 

-0.5384 

Fe 

0.1517 

-0.7270 

0.7628 

Co 

-0.2226 

-0.1599 

0.8000 

0.7343 

Zn 

-0.0952 

0.2600 

0.3498 

0.0005 

0.7686 

Sr 

0.6523 

0.6315 

0.2558 

-0.1777 

-0.0942 

0.2515 

Ba 

0.1714 

0.4937 

-0.1731 

0.5491 

-0.1658 

0.2902 

0.5680 

Sc 

0.7873 

-0.3169 

0.1844 

0.5154 

-0.2925 

-0.0833 

0.3892 

-0.1025 

Br 

0.0595 

-0.8870 

0.3520 

0.6170 

-0.1611 

-0.4085 

-0.7731 

-0.6518 

0.7349 

La 

0.7635 

-0.2067 

0.1308 

0.0976 

-0.2490 

-0.3403 

-0.5493 

-0.3256 

0.7730 

0.5785 

Au 

-0.0327 

-0.5150 

0.5835 

0.5542 

0.6611 

0.1933 

-0.1293 

-0.1453 

0.1826 

0.2960 

-0.1679 

0.6164 

-0.3030 

0.0709 

0.3028 

-0.2022 

-0.3723 

-0.0716 

-0.6699 

0.5215 

0.6769 

0.6769 

-0.0589 
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Figure 6.9: Dendrogram showing degree of similarity of chemical behaviour of thirteen minor 
elements in LC stalagmite, Lynds Cave, Mole Creek, northern Tasmania. At the 0.05 level of 

significance four groups labelled Ito IV can be distinguished. 

242 



element Zn which shows significant similarity to only one other element 
(Co). 

6.4.3 Time -related changes  
Since the period of formation of the speleothem (15 - 11 ka) is known to have 
been one of rapid environmental change, special attention was paid to the 
four elements in Group I all of which show a significant correlation with 
height above base and therefore with time. In the case of magnesium, 
strontium and barium the relationship is positive, while in the case of 
bromium the relationship is strongly negative.These four elements have been 

plotted against age. Best fit curves and corresponding r 2  values are shown in 

each case (Figures 6.10 to 6.13). The significance of time-related changes in 
magnesium and strontium has been investigated in two later studies (27, 30) 

and will be discussed later. The trend for barium is weak and no further 
investigations of variations in this element have been made. The possible 
significance of variations in bromine content will now be considered. 

6.4.4 Variations in bromine content.  
The possibility is considered that the bromine might have been derived from 
marine aerosols. This appears unlikely because the bromine content shows a 
declining trend over a time period when sealevel is known to have been 
rising rapidly (Bard et al., 1990) with the sea invading Bass Strait to the north 
bringing Lynds Cave significantly closer to a marine source. 

After a draft of the paper (23) had been submitted for publication it was 
suggested by one of the referees that the marine origin of halides in the LC 
speleothem should be tested further by determining the Br/C1 ratio and 
comparing it with that of seawater given as 0.00348 by Millero (1974). The 
three LC samples with the highest Br content had their Cl concentrations 
determined by ion chromatography The Br/C1 ratios ranged from 0.1289 to 
0.2225, very different from the seawater ratio. 

In order to test if these elements are taken up in speleothems in a coastal 
environment in a ratio similar to that of seawater, similar analyses were 
carried out on a 19 ka stalagmite from a raised sea cave (Blister Cave) on the 
west coast of King Island, located off the NW tip of Tasmania (7). The 
continental shelf seaward of this site is quite narrow so that the cave would 
always have been in close proximity of the sea. Analyses yielded Br: 8.36 ± 0.63 
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Figure 6.11: Time-related changes in magnesium concentrations in LC stalagmite. 
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and Cl: 4320 ± 220 pg/g. The Br/C1 ratio of 0.0049 is not significantly different 
from the seawater ratio. These results are quite interesting because they show 
that the two halides are taken up by speleothems in significant quantities from 
marine aerosols in a coastal environment. It opens up the exciting prospect 
that, where caves occur close to a coast and where the continental shelf has a 
gentle gradient, it may well be possible to use temporal changes in the 
bromine and chlorine content of speleothems to monitor past sealevel 
changes. 

It is quite clear that the halide content of the LC stalagmite is not derived from 
a marine source. Since paper (23) was published, Mano and Andreae (1994) 
have shown that biomass burning is a major emission source of methyl 
bromide and methyl chloride. They estimate that global emissions of methyl 
bromide are in the range of 10 to 50 gigagrams per year, comparable to the 
amount produced by ocean emission and pesticide use. Methyl bromide could 
be washed out of the atmosphere and incorporated in seepage waters, where 
some could be incorporated in speleothems, possibly concentrated in fluid 
inclusions. 

If the progressive decline in Br concentrations from 15 to 12 ka (Figure 6.10) is 
due to biomass burning, it may well be related to a decline in the rate of 
burning by Tasmanian Aborigines in western Tasmania as the climate became 
warmer during the Pleistocene - Holocene transition (Porch and Allen, 1995). 
It was during this period that numerous limestone shelter caves in this part of 
the state were abandoned by their inhabitants (Kiernan, Jones and Ranson, 
1983). If this interpretation is correct, then the variations over time of 
bromine, and possibly chlorine, in Australian speleothems has the potential 
to provide detailed information about the fire history in different parts of the 
continent, and may shed some light on the time of first arrival of hominids 
on our shores. 

6.4.5 Relationships with ESR spectral characteristics.  
The values of the minor elements in Group I (magnesium, strontium, barium 
and bromine) were correlated with values of Ih3 (intensity of the ESR peak 

used for dating) as well as with the sensitivity of this peak to irradiation, 
referred to here as ESR sensitivity. The latter was obtained by exposing sub- 

samples (125-250 p.m size fraction) to progressively larger doses of artificial 
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radiation doses (ARD) and measuring the intensity of the h3 peak (Ih3) of each 

sub-sample to an arbitrary standard. A linear relationship is obtained between 
Ih3 and ARD and the slope of the regression line is taken as a measure of ESR 

peak sensitivity (Sh3) (Fig. 6.14). 

Three of the elements (Mg, Sr, Br) show a statistically significant correlation 
with ESR peak sensitivity. In the case of Br the relationship is negative 

exponential (r2  = 0.838, p <0 001) (Fig 6.15), while in the case of Mg and Sr the 

relationship is best expressed as a second order polynomial expression (r 2  = 

0.898 and 0.716 respectively, p <0.001 and <0.01 respectively) with maximum 

sensitivity when Mg - 3000 lig/g and Sr - 230 nig (Figs 6.16 and 6.17). It is 
impossible to be certain which, if any, of the three elements bear a causal 
relationship with ESR peak sensitivity. However, bromine would be the most 
likely in view of the simplicity of its relationship. On the other hand, varying 
magnesium concentrations have been identified as having a significant effect 
on the ESR spectra of calcite (Barabas et al., 1989,-92). 

6.5 MINOR ELEMENT VARIATIONS IN FT STALAGMITE 

Full details of this study are reported in papers 27 and 30. The FT stalagmite is 
907 mm tall with the basal 860 mm recording deposition without any apparent 
hiati (Fig. 2.5). It had previously been dated by three U/Th alpha spectrometry 
age determinations and had been shown to have accumulated under 
conditions of oxygen isotope equilibrium with stable isotope curves produced 
that were based on interval sampling (20). As the basal alpha spectrometry 
date (FT1) had a large standard error, the lower part of the stalagmite was 
redated by two U/Th TIMS analyses (FT4 and FT5) to provide a more accurate 
and precise timescale (Tables 2.2 and 2.4) (30). 

The aims of these two studies (27, 30) were: 

(1) To present high resolution records of stable isotope (6 180 and 813C) and 

minor element variations (Mg and Sr) based on continuous sampling in order 
to detect any short term variations in climate such as have been determined 
over the same time interval in recent Greenland ice cores (GRIP and GISP) 
(Dansgaard et al., 1993) and deep sea cores from the North Atlantic (Bond et 
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Figure 6.14: Technique used to determine both the peak sensitivity (Sh3) and the y-equivalent 

dose (ED) of four samples from LT stalagmite, Little Trimmer Cave, Mole Creek, northern 
Tasmania. Each sample is divided into five sub-samples, one is left unirradiated while the 
other four are given progressively larger doses of irradiation. The line of best fit is obtained by 
regression analysis of ESR peak intensity vs ARD. The slope of the line is termed the ESR peak 
sensitivity while the intercept on the horizontal axis estimates the equivalent dose. 

Figure 6.15: Correlation, regression analysis of ESR peak sensitivity and bromine concentration 

(p <0.001) in LC stalagmite. 
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Figure 6.16: Correlation, regression analysis of ESR peak sensitivity and magnesium 
concentration (p <0.001) in LC stalagmite. 
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Figure 6.17: Correlation, regression analysis of ESR peak sensitivity and strontium . 

concentration (p <0.01) in LC stalagmite. 
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al., 1993). 

(2) To investigate in detail any interrelationships between stable isotope and 
minor element variations in order to gain a better understanding of the 
significance of magnesium and strontium variations as proxy indicators of 
environmental change. 

6.5.1 Sampling and Analysis  
Continuous sampling was achieved by cutting a half-core into 5 mm slices 
that were then crushed and homogenised providing 170 samples. Oxygen and 
carbon isotope analyses were determined as % PDB using a VG SIRA Series 2 
mass spectrometer with an average measurement precision of - 0.01 (Yo. 
Magnesium and strontium analyses were done by AAS with a measurement 
precision of approximately 2%. 

6.5.2 Stable Isotope Variations  

These have been examined in detail in an earlier chapter. 5 180 values range 

from -4.14 to -5.57 %o PDB (Figs 5.6 and 5.7) and should be compared with a 
modern value of -4.0 %. corresponding to a mean annual temperature of 8.3' 
C. Palaeotemperatures are estimated on the basis of +0.26 %. 1°C. The record 
indicates that from the base of the stalagmite there is a long term trend 
towards colder conditions until a double temperature minimum is reached 
between 70 and 60 ka (et MIS 4). From 60 to 55 ka there is a rapid warming 
trend marking the beginning of a major interstadial (cf MIS 3). 

513C values show a range of -2.57 to -9.56 °/0. PDB (Figs 5.19 and 5.25). While 

their interpretation remains controversial it has been argued that the 
dominant factor in Tasmania and eastern Victoria is likely to be the level of 
vegetation activity at the surface above the site controlling the rate of 
production of isotopically light biogenic CO2 within the soil. There is no 

significant correlation between oxygen and carbon isotope values (r = -0.089, p 
> 0.20) confirming deposition under conditions of isotopic equilibrium. 

6.5.3 Minor Element Composition  

Magnesium concentrations range from 240 to 642 ug/g and strontium 

concentrations from 45 to 158 gg/g. Both show significant long-term patterns 
of change that must reflect changing environmental conditions (Figs 6.18 and 

250 



600 

a  500 - 
.--.. 
tl) 

400 - 
V) 
Li 
Z 
C.7 
< 

300 - 

I 	I 	I 	1 	1 
60 	65 	 70 

	
75 
	

80 

AGE (KA) 

200 
55 85 

ST
R

O
N

TI
U
M

 (g
g

/g
) 

I 	 I 	 I 	 I 	 I 
60 	 65 	70 

	
75 
	

80 

AGE (KA) 
55 85 

Figure 6.18: Time-series of five-point running means of magnesium content in FT stalagmite, 
Frankcombe Cave, Florentine Valley, south-central Tasmania. Record should be compared with 
that of carbon isotope variations (Fig. 5.19). 

Figure 6.19: Time-series of five-point running means of strontium content in FT stalagmite, 
Frankcombe Cave, Florentine Valley, south-central Tasmania. Record should be compared with 

that of oxygen isotope variations (Fig. 5.6). 
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6.19). Magnesium concentrations are much lower than in the LC stalagmite 
from Mole Creek and this is believed to reflect the lower magnesium content 
of the local limestone. While the LC stalagmite showed a very strong 
correlation between variations in Sr and Mg content, this is not the case in the 
much longer FT record as a whole where correlation is low (r = 0.186) (Table 
6.3). It shows the importance of looking at longer records when looking at 
minor element variations because strong correlations between the two 
elements do occur when short segments of FT are looked at in isolation. 

When variations in the two elements are correlated with the stable isotope 
values, highly significant correlations (p <0.001) do occur between the pairs 

8180, Sr and 813C, Mg (Table 6.3). However, percentage explanations are 

relatively low being 37.0 % for Sr/8 180 and 41.5 `)/0 for Mg/813C. Significant 

correlation is observed between the pair Mg/6180 (r = 0.247, p <0.01) but the 
percentage explanation is very low (6.1 cY0). There is virtually no correlation, 

between the pair Sr/813C (r = 0.044, p > 0.20). 

6.5.4 Explanation for Minor Element Variations  
6.5.4.1 Magnesium.  Chemical processes involved in then incorporation of 
magnesium in calcium carbonate have long been of interest to marine 
sedimentologists who have found that the distribution coefficient of 
magnesium bore a direct relationship to temperature (Katz, 1973; Fuchtbauer 
and Hardy, 1976). Gascoyne (1983) was the first to examine thermodynamic 
partition coefficients for magnesium (Dm g) and strontium (Ds r) in 

speleothem deposition. He analysed the trace element content of seepage 
waters and associated fresh calcite deposits at cave sites on Vancouver Island 
and Jamaica. The two sites were selected because of their temperature contrast 
(MAT 7° and 23°C). the average values for Dm g  were found to be 0.017 and 

0.045 respectively, a difference attributed by the author as being entirely due to 

temperature change. He estimated a value of +0.0017 for ADm g /°C, much 

greater than those obtained by Katz (1973) and Fuchtbauer and Hardy (1976) 
under controlled laboratory conditions, but did not consider the possibility 

that ADmg  might be affected by other factors. 

The lack of significant correlation between magnesium content and oxygen 
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Table 6.3: Correlation matrix (r) of stable isotope and minor element 
measurements (n = 170) in FT stalagmite. 

180 (cY.PDB) 	13C (%0PDB) 	Mg (nig) 	Sr (pg/g) 

180 (%0PDB) 	 41089 	 -0.247 	 0.608 

13C (%0PDB) 	 0.644 	 A1044 

Mg (nig) 	 0.186 

Sr (gg/g) 

Table 6.4 - Strontium isotope analysis of two limestone (LI) and ten stalagmite 
(FT) samples. 

Sample no. 	Strontium (gg/g) 
	87sr/86sr  

LI3 	 n. d. 	 0.70860 ± 3 

LI4 	 n. d. 	 0.70860 ± 2 

FT45 	 137 	 0.70898 ± 1 

FT75 	 142 	 0.70893 ± 2 

FT165 	 136 	 0.70895 ± 2 

FT220 	 116 	 0.70885 ± 2 

FT300 	 140 	 0.70887 ± 1.5 

FT590 	 58 	 0.70868 ± 1.8 

FT615 	 61 	 0.70879 ± 2 

FT640 	 57 	 0.70865 ± 2 

FT660 	 66 	 0.70875 ± 1 

FT755 	 55 	 0.70871 ± 2.4 
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isotope values in the FT stalagmite agrees with a later observation by 
Gascoyne (1992) who found no correlation between the two in a much 
smaller sample (n = 21) from a speleothem collected in northern England and 
also deposited under conditions of oxygen isotope equilibrium. It is now quite 
clear that despite earlier indications (Gascoyne, 1983 and 23) variations in 
magnesium content cannot be used as a proxy indicator for palaeotemperature 
changes. Instead we must look for a common factor which affects both 
magnesium content and carbon isotope variations. 

Burton and Walter (1991) have shown that when calcite is precipitated from 
seawater and from MgC12-CaC12 solutions, the partial pressure of CO2 has an 

important effect on the incorporation of magnesium in calcite. The 
thermodynamic distribution coefficient (Dmg) was found to have an inverse 

linear relationship with Pc02. At 25°C the value of Dm g  increases by 0.011 as 

Pc02 decreases from 10 -1  to 10-4 . 5  atmospheres. A reduction in temperature 

by 6 to 7 °C decreases Dm g  by only 0.002 to 0.003. This amount of temperature 

reduction is selected because in the Tasmanian environment the glacial-
interglacial mean surface temperature range, which directly controls the range 
of cave temperatures, is unlikely to exceed 7 °C (Colhoun, 1985, Hannon, 
1989). 

PCO2 in fine-grained residual soils is known to vary by several orders of 

magnitude (Atkinson and Smith, 1976; Trudgill, 1985) and is primarily 
controlled by the rate of organic breakdown and respiration, the same factors 

which are also believed to decrease the 813C values of CO2 in the soil 

atmosphere. One might therefore reasonably expect a significant positive 

correlation between 8 13C values and magnesium concentrations. This 

relationship should hold true as long as the seepage water from which the 
stalagmite has been deposited has remained in the soil zone for a sufficiently 
long time to approach equilibrium with the soil atmosphere. 

The apparent dominance of Pam variations in controlling the Mg content of 

Tasmanian speleothems may not extend to continental cave sites in the 
Northern Hemisphere where much larger glacial-interglacial changes are 
likely to have occurred. 
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6.5.4.2 Strontium.  While there is a highly significant positive correlation 
between oxygen isotope values and strontium content (r = 0.608, p <0.001), 
which statistically speaking explains 37.0 % of the variance, close examination 
of the two profiles (Figs 5.6 and 6.18) make it doubtful that this is one of cause 
and effect. The two short periods of climatic cooling indicated in the earlier 
part of the oxygen isotope record are not reflected in the strontium pattern. 
After 60 ka the oxygen isotope values rise steeply but the strontium values 
remain low. A trough in strontium values at 65 ka corresponds to a minor 
peak in oxygen isotope values. Another difference is that strontium 
concentrations, unlike oxygen isotope values, tend to change abruptly from 

relatively high values of -120 lig/g to much lower values of -60 nig and back 
again. When strontium values are plotted as a histogram they show a striking 
bimodal distribution pattern (Figure 6.20). The author has suggested (27) that 
this pattern is reminiscent of the "flickering switch" effect described by Taylor 
et al. (1993) for variations in the electrical conductivity of ice in the GISP2 
Greenland ice core. They attributed these variations largely to fluctuations in 
the concentrations of calcitic dust. This suggestion has been confirmed by the 
discovery of similar patterns by direct measurement of Ca concentrations in 
the same core (Mayewski et al., 1993,-94). It is difficult to explain such patterns 
in any other way than by an abrupt change in wind direction. The hypothesis 
had to be considered that there was an intermittent aeolian source 
contributing Sr as a component of dust or aerosol to the site above the cave. I 
am grateful to Dr Malcolm McCulloch for suggesting the use of strontium 
isotope analysis to test the hypothesis and for agreeing to carry out the 
necessary analyses. 

6.5.5 Strontium isotope analyses.  
The strontium isotope composition of speleothem calcite preserves a direct 

record of the 87Sr/ 86Sr composition of the seepage water, for unlike light 

stable isotope ratios (180/160, 13c/12c), there is no significant isotopic 

fractionation of strontium during deposition of calcite. The marine 
Ordovician limestone in which the cave is found can be expected to have a 
reasonably constant Sr isotope composition, representative of the Ordovician 
seawater from which the sediment was deposited. At the site the limestone is 
not overlain by younger rocks. Therefore any temporal variations in the Sr 
isotope composition of the stalagmite can best be explained by mixing of Sr 
derived from the limestone with a second component derived from an 
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Figure 6.20: Histogram showing bimodal distribution pattern of strontium concentrations in FT 
stalagmite. 

Figure 6.21: Mixing diagram of strontium concentrations 1/Sr (ug/g) -1  plotted against 875r/ 86Sr 

ratios. Data fall into two distinct groups that correspond to the two modal populations shown in 
fig. 6.20. Extrapolation of the relationship to 1/Sr = 0 indicates a strontium isotope ratio of 
=0.7091 for the exogenic source. Strontium isotope ratio of local limestone is represented by a 

value of 0.7086. 
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aeolian source either as fallout or rainout. 

Strontium isotope measurements are used most effectively to assess relative 
contributions of strontium where it is derived from two different sources each 
having a distinct and uniform isotopic composition (Faure, 1986, Graustein, 
1989) (30). Examples of such studies are found in soils where strontium 
derived from weathering bedrock may be mixed with strontium derived from 
aerosols of either marine or continental origin (Graustein, 1989; Quade et al. 
(1995). 

A search has yielded only two previous studies that have examined the Sr 
isotope composition of speleothems. Nakano et al., (1993) have analysed a 

stalactite in Gyokusendo Cave on Okinawa and found 87Sr/ 86Sr ratios in the 

stalactite to be consistently higher than in the limestone and ratios in the 
groundwater significantly higher than both. They estimated an input of some 
10 "Y. of non-limestone strontium believed to have been derived by 
groundwater circulation from older rocks in the vicinity. 

Banner et al. (1996) have examined the strontium isotope content of several 
speleothems from Harrisons Cave on the island of Barbados. They have 

documented a pattern of changing 87Sr/ 86Sr ratios over the last six thousand 

years and consider several possible mechanisms that are believed to be 
influenced by climatic change. 

In our paper (30) 87Sr/ 86Sr ratios are used to examine not only the mixing 

effect of strontium derived from the Ordovician limestone with that derived 
from an aerosol component but also to identify the likely provenance of such 
a component. For this purpose two limestone samples and ten speleothem 
carbonate samples ( five from each of the two modes) were submitted for 
analysis. Sub-samples were dissolved in dilute HC1 and Sr was separated from 
Ca using an exchange column. After purification and chemical separation 
samples were loaded onto single Ta filaments and strontium isotope values 
determined on a Finnigan MAT 261 solid-source mass spectrometer. The 
procedures are described in detail by McCulloch et al. (1989). Strontium 
concentrations were determined on the same samples by ICP-MS. 

The results of strontium isotope analyses are shown in Table 6.4. The isotopic 
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signature for the limestone (6, 87Sr = 0.70860 ± 2) was estimated from the 

analysis of two samples taken from the vicinity of the FT stalagmite and 
provides an estimate for the isotopic composition of strontium derived from 
the limestone. Ten speleothem samples were also selected for analysis, five 
from the lower mode and five from the upper mode of strontium 
concentrations. All speleothem samples have isotopic values significantly 
higher than that of the limestone indicating an external source of strontium 
with a distinctive isotopic composition. When strontium concentrations (Sr) 

are plotted as 1/Sr in mg/g -1  against 87Sr/ 86Sr ratios (Fig. 6.21) the strontium 

data fall into two distinct groups with average A 87Sr values of 0.70872 and 

0.70892. The results indicate a highly variable supply of strontium derived 
from an external source. On the assumption that this source has a constant . 

strontium isotope signature, its 6, 87Sr composition can be estimated from 

figure 6.21 when the linear relationship is extrapolated to 1/Sr = 0. The value 
obtained is 0.7091 which is indistinguishable from the isotopic ratio of 0.70906 
± 0.00033 for modern seawater and present day marine carbonates deposited 
from it. 

Assuming that the Sr isotopic variations reflect the result of mixing of two 
components of constant composition derived respectively from the limestone 
(0.70860) and from an external source (0.70913) then the relative proportions of 
strontium derived from each source can be calculated from Figure 6.21. For 
the lower strontium mode this corresponds to —10 To and for the higher mode 
to —70 `)/0 derived from an external source. 

It has already been suggested that the rapid transitions between two modal 
concentrations of strontium indicated in fig. 6.19 are indicative of the 
operation of a switching mechanism similar to that described for variations in 
electrical conductivity (Taylor et al., 1993) and calcium content (Mayewski et 
al., 1993,-94) in the GISP2 Greenland ice core. It therefore appears highly likely 
that the external source of strontium is an aeolian one and that sudden 
changes in wind direction are also responsible for the abrupt changes in Sr 
content seen in the FT stalagmite. 

An aeolian source of strontium may be derived from either sea salt aerosols or 
from terrestrial dust. If the latter, inland Australia is the obvious source. 
However, Gousset et al. (1992) sampled dust from Fowlers Gap and the Great 
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Sandy Desert and obtained a range of 6,87Sr values of between 0.7218 and 
0.7634. It indicates that this dust is derived from high radiogenic sources and is 
quite inconsistent with the estimate of 0.70913 obtained for the strontium 
isotope composition of the external source. 

The isotopic composition of the external source suggests derival from either 
sea salt aerosols or from wind deflation of Late Pleistocene marine carbonate 
sediments exposed on the ocean floor by the lower sealevels that would have 
prevailed during the period of deposition of FT (Chappell, 1996). Chappell's 
sealevel record is based on recently redated coral terraces on the Huon 
Peninsula in Papua New Guinea and on temperature corrected benthic oxygen 
isotope data from deep sea cores. It indicates that during the period of 
speleothem formation (84-55.5 ka) sealevels were at all times lower than today 
ranging from -20 to -80 meters at 80 and 65 ka respectively. 

A sea salt origin for the external strontium source can be discounted for the 
following reasons: 

(1) The site is some 100 km inland from the west coast of Tasmania at present 
and separated from it by north-south trending mountain ranges. The distance 
would have been greater during speleothem deposition because of lower 
sealevels and thus, the site would have been well removed from marine 
influences. 

(2) Abrupt changes in strontium content between two modal concentrations 
cannot be due to sealevel changes as the latter would be relatively slow to 
change. 

(3) Sea salt is rich in bromine and it has been shown (23) that bromine, like 
strontium, is readily incorporated in significant quantities in speleothems 
from caves in coastal areas. When twenty samples from FT were analysed for 
both bromine and strontium no significant relationship was found between 

them (r2  = 0.161, p > 0.05). Such a relationship would have been expected for a 

sea salt origin. 

It is concluded that dust blown from the continental shelf by strong winds is 
responsible for the highly variable addition of non-limestone strontium to the 
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stalagmite during its growth period. There would have been a large source 
area of dust from calcareous dune and marine sediments from Bass Strait and 
its islands with more distant sources along the present day coasts and on the 
shallow continental shelves of South Australia and Western Victoria. Lower 
sealevels would have exposed such extensive source areas but the 
concentration of fallout of aeolian dust at the surface above the cave would 
primarily have been a function of the direction of strong winds. Strong north-
westerly winds would have brought large quantities while westerly winds 
passing across the narrow continental shelf to the west of Tasmania would 
have deposited much smaller quantities (Fig. 6.22). 

The significant correlation between 8 180 and strontium content appears to be 

due mostly to the fact that under full glacial conditions there appears to be a 
pronounced zonal wind pattern with the strongest winds coming from the 
west rather than northwest. This fits in with the most probable explanation 
given for the pronounced change in the oxygen isotope composition of 
precipitation in that a marked latitudinal shift in the moisture source appears 

to be responsible for the positive relationship between 8 180c  values in 

speleothems and the mean annual temperature. Under interstadial conditions 
strong winds are believed to have had a stronger north-westerly component, 
even more so than is the case today under interglacial conditions. 

Hesse (1994) has demonstrated, on the basis of evidence from his Tasman Sea 
cores, that under full-glacial conditions the flux of aeolian dust would have 
been at a maximum. The fact that there is a tendency in the FT stalagmite 
towards a much larger aeolian component under interstadial conditions is in 
agreement with the suggestion that at those times the strongest winds came 
from the north-west rather than the west. 

In the past, strontium content in stalagmites has been suggested as a proxy for 
past temperature conditions (Gascoyne, 1983; 23) but the demonstration just 
given that aerosols can make a major contribution to the strontium content 
drastically diminishes its potential as such a proxy. 

In order to investigate the possibility further, correlation regression analysis 
was carried out only between oxygen isotope values and strontium 
concentrations for samples in the low strontium group in order to Minimise 
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Figure 6.22: Map of southeastern Australia and Tasmania showing the extent of exposed 
continental shelf with sealevels at -65 m and -130 m. During the growth period of the FT 
stalagmite sealevel varied from approximately -20 m to -80 m (Chappell, 1996). During 
interstadial periods dominant strong winds with a more northerly component are believed to 
have blown calcareous dust from the King Island region of what is now part of Bass Strait. 
Under full glacial conditions more westerly winds would have blown much smaller amounts of 
dust from the narrow continental shelf to the west of Tasmania with a possible long-distance 
dust component from the continental shelves of Western Victoria and S.E. South Australia. 

Information on bathymetry was obtained from Jones (1977) and Porch and Allen (1995). 
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the aeolian effect (Fig. 6.23). There was found to be a highly significant 
correlation between the two variables (r = 0.437, n = 79, p <0.001). When the 
same analysis is performed on the high strontium group no such correlation 
is evident (r = 0.194, n = 91, p > 0.05) (Fig. 6.24). It is concluded that in the FT 
stalagmite the temperature effect on the strontium content is minor compared 
to that of aeolian accession. 

In stalagmites collected from caves in coastal areas we can also expect to see a 
significant contribution to the strontium content from marine aerosols. 
Where such caves are located adjacent to a wide continental shelf with a 
gentle gradient it may well be possible to use strontium variations in their 
speleothems as an indicator of changing sealevels. 
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CHAPTER 7 - QUATERNARY STUDIES OF 
COASTS 

7.1 INTRODUCTION 

With the exception of one early paper (7), a study of King Island sea caves, all 
coastal studies involve the application of electron spin resonance (ESR) of 
aragonitic marine shell as a relative dating method. Details of the method 
have been discussed in Chapter 2. 

7.2 KING ISLAND SEA CAVES 

Two raised sea caves (Monarch Cave and Blister Cave) were investigated on 
the SW coast of King Island where they occur along the seaward margin of a 
cliffed plateau surface (Fig. 7.1, Plate 7.1). They were selected for study because 
their formation reflects significantly higher sealevels than prevail 'today. The 
caves are eroded in quartzite, dipping steeply to the SE, and contain abundant 
clastic and chemical deposits (Figs 7.2 and 7.3). The clastic component consists 
of beach sediments, angular breakdown deposits derived from crystal wedging, 
debris flow deposits and clay-rich pool deposits while the chemical component 
consists of calcite and gypsum speleothems. The calcite appears to be derived 
from overlying Quaternary aeolianites in the form of cliff-top dunes 
(Jennings, 1967) and the gypsum from the oxidation of pyrite present in 
strongly folded, mineralised, quartzites of probable Precambrian age. 
Mineralisation is likely to be associated with felsic igneous intrusion as granite 
outcrops at Cataraqui Point a short distance to the north. 

7.2.1 Sedimentary Stratigraphy.  
The oldest sediments exposed in Monarch Cave are breccias deposited as 
debris cones. They accumulated at the cave entrance as well as from roof shafts 
or fissures further in (Fig. 7.4). Deposition caused ponding of water giving rise 
to minor pene-contemporaneous deposition of laminated clays. After clastic 
deposition ceased there was a prolonged phase of speleothem growth giving 
rise to columns, stalagmites and stalactites, the latter including straw clusters. 
Wedging of wallrock by the growth of gypsum crystals also occurred about this 
time producing some accumulation of angular breakdown along the walls. 
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Figure 7.1: Locality map of raised seacaves on King Island, Tasmania.(Fig. 1 in 7). 
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Plate 7.1: Geo leading to entrance of Iron Monarch sea cave with cuffed debris cone, southwest 
coast of King Island, Tasmania. View from edge of cliff. Note figure on right. 

Plate 7.3: Cliffed debris cone below entrance to Blister cave, southwest coast of King Island, 

Tasmania. 
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As the post-glacial rise in sealevel reached its peak, the debris cone at the 
entrance was cuffed (Plate 7.2). This was followed by slight emergence causing 
the limit of wave activity to be displaced seaward (Fig. 7.4). 

At Blister Cave a cuffed debris cone (Plate 7.3), consisting of angular rock 
debris embedded in an earth matrix, slopes down steeply from the entrance. 
At the far end of the cave a beach deposit of well rounded boulders is found 
exposed in the floor. It is probably pene-contemporaneous with the excavation 
of the cave and can be presumed to predate the debris cone deposits although 
no contact is exposed. 

Calcite speleothems, consisting of columns, stalagmites and flowstone, are 
found in the inner part of the cave where they overlie the wave rounded 
boulders. Gypsum speleothems are found as crust and hollow blisters on the 
ceiling and upper walls (Plate 7.4). Crystal wedging by gypsum has given rise to 
angular breakdown. 

7.2.2 Age Determination.  
Three uranium series ages were obtained on calcite speleothems, one from 
Monarch Cave and two from Blister Cave. Both caves yielded one Late 
Pleistocene date indicating that their formation predates the Holocene (Table 

2.2). High 230Th/ 232Th ratios reflect low levels of detrital contamination. 

Uranium concentrations were unusually high varying between 8 and 37.8 

7.2.3 Cave Evolution.  
The caves are clearly formed by wave erosion and a Last Interglacial age was 
originally suggested as most probable for their formation (7). Jennings (1959) 
mapped fossil shorelines on King Island. He found erosional and depositional 
evidence for an "Old Shoreline System" characterised by a falling series of 
sealevels from 28 m down to the present level with marked stillstands at 12 to 
13 m and 6 to 9 m ASL. The lower levels were provisionally attributed by him 
to the Last Interglacial. This was subsequently supported by growing evidence 
from Tasmanian coastal areas as marine deposits, believed to be of Last 
Interglacial age, were identified at levels up to 20-30 m ASL (Bowden, 1978; 
Bowden and Colhoun, 1984; Van de Geer, 1981 and Van de Geer et al. 1979). 

Many years later, the author and Murray-Wallace (28) conducted a detailed 
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survey of shelly marine deposits on King and Flinders Islands and for the first 
time provided a chronological framework. They found that "sub-stage 5e" 
coastal sediments so far identified on the Islands had a maximum elevation 
below the widely cited de facto global 'eustatic' datum of 6 m ASL (Murray-
Wallace and Belperio, 1991). Of particular relevance is the age of the marine 
deposits at Egg Lagoon, King Island, that were provisionally assigned a Last 
Interglacial age by Jennings (1959) and that are overlain by Late Pleistocene 
freshwater peats and organic muds. The deposits were dated by us (28) using 
both AAR and ESR analyses and were found to be of similar age to the early 
Pleistocene Memana Formation which outcrops extensively on Flinders 
Island. 

The apparent absence of Last Interglacial marine sediments from Egg Lagoon 
(D'Costa et al., 1993) argues strongly against neotectonically superelevated Last 
Interglacial sealevels on King Island. It now appears likely that the raised 
seacaves on the SW coast of King Island are significantly older than Last 
Interglacial and may even have formed during the early Pleistocene. Further 
age determinations of both chemical and detrital sediments from these sites 
will be required to confirm this. 

7.3 KLASIES RIVER MOUTH CAVES 

The caves are a group of rock shelters and raised sea caves found on the 
southern coast of South Africa (Fig. 7.5) and have been eroded in Palaeozoic 
quartzite (15). In an archaeological context the sites are of international 
significance because they contain some of the earliest recorded remains of 
Homo sapiens, document important changes in stone age technology and 
provide the earliest evidence for the systematic exploitation of coastal marine 
resources, especially shellfish. The sites appear to have been occupied 
intermittently at times when sealevel was sufficiently high for the caves to 
provide a base camp with easy access to the shoreline. 

7.3.1 Age Determination.  
The writer was provided with sixteen shell samples of Turbo sarmaticus, a 
marine gastropod for ESR analysis from three sites (KRM1, KRMla and 
KRM5) by Professor J. H. Deacon of the University of Stellenbosch (Plates 7.5 
and 7.6). Fourteen samples were from excavations carried out by Deacon and 
his students while another two samples were obtained from the 
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Plate 7.4: Gypsum blisters in Blister Cave, a raised sea cave eroded in Precambrian quartzite on 
King Island, Tasmania (Photo: Dr Kevin Kiernan). 

Plate 7.5: Cliffed coast with pocket beaches near Klasies River Mouth, Cape Province, South 

Africa (Photo: Prof. Hilary J. Deacon). 
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Plate 7.6: Entrances to Klasies River Mouth caves lb and 2, Cape Province, South Africa 
(Photo: Prof. Hilary J. Deacon). 

Plate 7.7: Shells of marine gastropod, Turbo sarmaticus, collected from midden sites  in  raised 
sea caves at Klasies River Mouth. Columellae of shells were used for ESR analysis. 
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Figure 7.5: Locality map of Klasies River Mouth caves, southern Cape coast, Cape Province, 
South Africa (Fig. 1 in 15). 

Figure 7.6: ESR spectrographs of natural spectra of Klasies River Mouth shell samples GOE-4 
and GOE-8 (Fig. 2 in 15). When comparing the intensity of signal A between the two samples 
account must be taken of the fact that the spectrum of GOE-4 was run at five times the 

amplitude of sample GOE-8. 
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South African Museum from collections made by J. Wymer in 1967,-68. 

None of the shells submitted for analysis had been collected from ash layers 
and none showed evidence of having been burnt. Samples were analysed as 
described in Chapter 2.7. Wherever possible, the most massive parts of the 
shells, columellae and opercula, were used in the analysis as they would be 
less prone to contamination and alteration by percolating water (Plates 7.7 and 
7.8). 

Typical ESR spectra of a columella and an operculum are shown in figure 7.6. 
In both cases the A (hi) peak is significantly more intense than the B (h2) and 

C (h3) peaks, but in pre-Holocene shells the intensity of peak A in opercula is 

an order of magnitude greater than in columellae (Fig. 7.7). At the time of 
writing the original paper the reason for this was unknown, but was 
tentatively attributed to differences in content of organic radicals or trace 
element composition. 

Peak A is not normally used for ESR dating because in older samples it does 
not necessarily continue to grow in size with increasing age. However, since 
only relative dating is being attempted here and since peaks A and C both 
appear to continue to grow larger with increasing age, it was decided to use the 
peak heights of both in what is referred to in the paper as an EDAC diagram 
(Fig. 7.8). This diagram enables four distinct age related groupings to be 
distinguished. The groupings show a good level of coincidence with cultural 
groups distinguished by the archaeologists. Group 1 samples come from Late 
Stone Age cultural horizons. Group 2 samples show affinities with Howiesons 
Poort and Middle Stone Age II cultures while group III and IV relate to Middle 
Stone Age I cultures. The latter hints at the possibility that not all MSA 1 
deposits belong to the same time interval. This is discussed in full in the 
original paper (15). 

The result obtained for sample GOE-15 from the KRM1 cave site is of 
particular interest as the sample was collected from a stratigraphic position 
just below a horizon which has yielded a mandible of Homo sapiens. Its ED 
value places it clearly in Group 3 suggesting its temporal affinity with the 
MSA 1 culture. This is in good agreement with the temporal correlation 
proposed by Singer and Wymer (1982) which would make it amongst the 
oldest remains of Homo sapiens recovered anywhere in the world. 

281 



11111111111111111111 
51 	61 

1111111111111111111W1111111T11111111 
Io 1 1 	 4 

VELOS 18 
G11Pu .cii ,z11 	,or 

111 111111 	1 	111111111 111 
If 	I 

Plate 7.8: Opercula of marine gastropod, Turbo sarmaticus, provide excellent material for ESR 
analysis. 

Plate 7.9: Point Ritchie (PR2) site consisting of a scatter of broken shell fragments cemented to a 
sloping calcreted surface near Warrnambool, western Victoria, Australia. Site had been 
interpreted as an aboriginal midden. 
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Figure 7.8: EDAC diagram - a plot of ED values of peak C plotted against those of Peak A for 
data derived from ESR analyses of Klasies River Mouth samples (Turbo sarmaticus).  On both 
axes the cultural provenance of the samples is indicated and confirms that both EDC and EDA 

values increase with increasing age. Samples are arranged in four age-related groups, (Fig. 6 in 

15). 
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Binford (1984) on the other hand considered the horizon from which the 
human mandible has been recovered to be younger and regarded its cultural 
affinities as either MSA II or even Howiesons Poort. ESR analysis does not 
support such a young age. 

7.3.2 Possible explanation for anomalous ESR spectra.  
At the time paper (15) was written, we stated that "to the best of our 
knowledge there are no published papers on ESR analysis of marine 
gastropods" (p. 164). We were well aware that the presence of a very intense A 
peak in the spectra, especially in the opercula, made them significantly 
different from spectra published for marine bivalves but assumed that such 
differences were due to the fact that we were dealing with another taxonomic 
group. 

At a later time, after ESR analyses had been carried out two closely related 
species from southeastern Australia, Turbo undulatus and Turbo (Nine11a) 
torquata, it became clear that our original explanation was unlikely to be 
correct, as the spectra of these two species invariable resembled those of 
aragonitic bivalves (18, 22, 28). The writer was forced to consider the possibility 
that something had happened to change the South African Turbo material, 
especially the opercula, to account for the unusual behaviour of the A-peak. 

An obvious difference between the South African shell sites and the vast 
majority of Australian shell sites containing Turbo is that the former are all 
midden sites where shellfish had been heated in the shell to cook and extract 
the flesh. Such an explanation would account for the more extreme 
modification of spectra from opercula compared with those from columellae 
since the latter, being in the centre of the shell, would be insulated to a degree 
from external heating effects. 

There is no published information known to the author on the effects of 
heating on ESR spectra of aragonite. However, aragonite spectra show strong 
similarities to those of calcite where some information has been published. 
Yokoyama et al. (1982,-83) used ESR to date calcitic stalagmite material from 
palaeolithic caves but instead of using the C (h3) peak to determine the ED 

value on which to base their age estimates, they used the A (hi) peak after the 

samples were pre-annealed for 16 hours at 185° C causing radiation defects to 
be transferred from the C to the A position within the crystalline lattice. 
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Skinner (1983) was able to show that this method of dating leads to a 
considerable overestimate of ED values and consequently of age estimates. 
The importance of this literature lies in the fact that in calcite heating of the 
sample allows the transfer of radiation defects (a form of energy storage) from 
one trap position to another. 

The Turbo sarmaticus shells from the Klasies River Mouth middens represent 
a situation that is not directly analogous to the one described above in that the 
heating would have occurred before the shells received their environmental 
radiation dose. The shells have remained aragonitic but it appears that heating 
has changed the nature of accumulation of defects in the trap corresponding to 
Peak A. 

In the Klasies River Mouth Turbo shells we find that, except for Holocene 
shells, the EDA values are almost always significantly larger than the ED 

values and, if the former were used for numerical dating, they would be likely 
to yield ages that are too old. However, because the A peaks continue to grow 
with increasing age, they can be used together with the C peaks as indicators of 
relative age. 

The explanation that the anomalous ESR spectra are due to exposure to heat 
will require experimentation in the laboratory in order to confirm that 
heating of modern aragonite shell, followed by doses of artificial radiation, can 
reproduce the spectra found in the Klasies River Mouth Turbo shells. If this 
can be demonstrated it will provide a useful method of identifying midden 
shell material that has been exposed to heating. It may possibly also allow the 
assessment of the duration and intensity of such heating. 

7.4 WARRNAMBOOL SHELL SITES 

In May 1986 the late Edmund Gill of Melbourne announced to the media the 
discovery of two alleged aboriginal midden sites in western Victoria that he 
believed to be of Last Interglacial age. The sites were referred to as Hopkins 

Estuary and Point Ritchie (Fig. 7.9). At both sites 14C analyses had shown the 

presence of shell at or beyond the range of the dating method. Two research 
questions had to be addressed: 

(1) To determine beyond reasonable doubt whether or not the sites were 
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Figure 7.9: Locality map of the Warrnambool area, western Victoria with sample sites 
indicated. Letter codes stand for PR - Point Ritchie; GL - Goose Lagoon; TC - The Crags; HB - 
Hopkins River Bridge; HE - Hopkins Estuary; LI - estuarine terrace of Hopkins River (Fig. 2 in 
18). 

Figure 7.10: Fieldsketch of Point Ritchie coastal cliffs in Warrnambool area, western Victoria, 
showing relationships of sedimentary units, buried soils and calcrete horizons. Locations of 
samples PR2 and PR3 are indicated. Fieldsketch is redrawn and modified from Prescott and 
Sherwood (1988). Position of sample PR4 is not shown as it has been collected from a wave-cut 
notch in East Stack in front of the right hand side portion of the section shown. The notch has 

been cut in the stratigraphic equivalent of the lowest calcarenite unit (Fig. 5 in 18). 
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aboriginal middens. 

(2) To determine the age of the sites. 

The author's contribution to the project was the application of ESR analysis to 
fossil shells from the two sites and comparison of these sites with others of 
known age in the same area to test whether they were of Last Interglacial age. 

7.4.1 Nature of the Sites.  
7.4.1.1 Point Ritchie.  The site occurs on a slumped block of aeolianite (West 
Stack) on a rocky coast near the mouth of the Hopkins River east of the town 
of Warrnambool (Fig 7.10). It consists of a scatter of broken shell fragments, 
predominantly of Turbo undulatus, cemented to the sloping, calcreted upper 

surface of the block (Plate 7.9). Two 14C dates, on shell and charcoal 

respectively, had yielded ages close to the limit of the method. Taking into 
account the possibility of minimal sample contamination, the results could 
indicate the presence of much older material. A TL date on quartz grains taken 
from the calcarenite matrix provided an age of 80 + 25 - 15 ka (Prescott and 
Sherwood, 1988). 

7.4.1.2 Hopkins Estuary.  This site has a complex stratigraphy exposed in the 
eroding bank of the Hopkins River some 4 km upstream from the river 
mouth (Fig. 7.11). A major component were shelly silts containing an 
estuarine shelly fauna. The only specimens large enough for ESR analysis 
belonged to the species Irus crenatus and Mytilus edulis planulatus. With the 
latter species only the aragonitic inner shell was used for ESR analysis. 

7.4.1.3 Other sites.  For purposes of comparison a number of other coastal sites 
were also selected (Plate 7.10), stretching west along the coast from the 
Hopkins River Mouth to The Crags 10 km west of Port Fairy. Some of the 

Holocene sites had been dated by 14C and some of the Pleistocene sites by 

uranium series analysis (Gill and Sherwood, pers. comm.; Gill, 1977). 

7.4.2 Age Determination.  
As in the previous study, equivalent dose (ED) values were determined but 
on a variety of species. The analysis was limited to samples with a low 
uranium content (< 1 1.1g/g) in order to avoid those that had received a high 
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Figure 7.11: Stratigraphic section of Hopkins Estuary site in Warmambool area, western 
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overlies Tertiary limestone. The site was originally interpreted as an aboriginal midden and is 

at or beyond the range of 14C dating. Samples HE2 and HE5 were collected from both units SB 

and SES in order to obtain sufficient material for analysis (Fig. 7 in 18) 
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Plate 7.10: Shell-rich beach deposits (PR4) filling a notch cut in the side of East Stack, Point 
Ritchie consisting of older Pleistocene aeolianites. The notch is approximately 2 m above the 
level of spring tides. 

Plate 7.11: Shallow marine sediments raised up to 24.5 m above HWM at Mary Ann Bay, 

southeastern Tasmania. 
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level of post-mortem uranium enrichment. Another innovation was the 
calculation of 95 % confidence limits for each ED value (Mandel, 1964, 
Franklin, 1986) in order to provide a more objective assessment of the extent 
to which ED values tend to group into clusters. Such clusters were referred to 
as ED zones  analogous with the term amino-zones used by Murray-Wallace 
and Kimber (1987) in their amino-acid racemisation (AAR) study of 
Quaternary marine molluscs in South Australia. 

The results of ESR analysis have been shown in Figure 2.12. Zone I, the 
youngest, groups two Late Holocene samples from aboriginal midden sites 
while Zone II contains a single sample with a typical mid-Holocene value. 
Zone III contains seven samples which are interpreted to be of Last Interglacial 
age (sensu lato, equivalent to MIS 5). Most but not all are likely to correspond 
to the high sealevel(s) at MIS 5e since they require sealevels as high or higher 
than at present. An exception is the Point Ritchie site where material may 
have been carried up to its present level although not necessarily by humans. 
Sample PR2 from this site has the lowest ED value in Zone III and the site has 
been dated by TL at -80 ka, an age corresponding to MIS 5c. 

All six samples in ED zone 4 have ED values in excess of 290 gray and are 
considered to be of Middle Pleistocene age. This group includes two samples 
from the Hopkins Estuary site, interpreted by Gill (pers. comm.) as an 
aboriginal midden site. Its pre Last Interglacial age alone makes it extremely 
unlikely that this is the case. 

When examination of ESR analytical data is limited to the nine samples of 
opercula of Turbo undulatus and the sensitivity to radiation of the C peak in 
their spectra (S) is compared with the ED values, a highly significant negative 
relationship (d.f. = 7, t = 7.3231) is found (Fig. 2.10) where: 

S = 0.8058 - 0.2406 log ED (r = 0.941) 	 (7.1) 

As discussed in more detail in the paper (18, p. 27), the value of S appears to be 
an age related variable, at least for this particular species. It therefore has 
potential to be used in combination with ED values to distinguish age related 
groups as shown in figure 2.10. 

In the paper (18) the author claimed that : "ESR analysis is a powerful method 
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of relative dating of aragonitic marine and estuarine mollusc shells and 
distinguishes between modern, older Holocene, Late Pleistocene and older 
samples." 

Subsequent to this study, Sherwood et al. (1994) applied a range of dating 

methods (14C, uranium series, AAR and TL) to many of the same sites. Their 

study has essentially validated the relative age relationships established above. 
AAR in particular provided relative ages that were in good agreement with 
those obtained by ESR, despite the very different nature of the two methods. 

7.5 SHELL SITES IN THE TASMANIAN REGION 

Four papers have been published with Murray-Wallace as co-author (21, 22, 

26, 28) examining sites in the Tasmanian region, including the Bass Strait 
Islands (Figs 7.12 and 7.13). In what follows the term Tasmania is used to refer 
to sites on the Tasmanian mainland. This joint project followed independent 
studies by both of us in the Warrnambool region that indicated the value of a 
joint approach to relative age determination of coastal shell deposits. In these 
studies Murray-Wallace has been responsible for the application and 
interpretation of AAR analyses and the author for ESR analyses. 

7.5.1 Nature of the Sites.  
Tasmania and the Bass Strait Islands have many Holocene shell sites 
contained in beach, intertidal and shallow marine deposits at or close to 
present day sealevel. In addition a number of shell sites were known in raised 
marine and estuarine sediments that were believed to be Last Interglacial in 
age. In Tasmania these sites occurred well above the 6 m reference level 
regarded by many as de facto global eustatic sealevel datum for the Last 
Interglacial maximum sealevel corresponding to MIS 5e (Murray-Wallace and 
Belperio, 1991, 28). The highest level of fossiliferous shallow marine 
sediments observed was at Mary Ann Bay on the Derwent Estuary in 
southeastern Tasmania (Plate 7.11). Here they extended some 24.5 m above 
HWM (Fig. 7.14) (21). In the NW of the state at Broadmeadows, Mowbray 
Swamp and Montagu, shell-rich sediments had been found at between 11 and 
13 m above HWM but, unlike Mary Ann Bay, preservation of shell was 
restricted to below the water table. 

Sites reputed to be Last Interglacial in age had also been reported from King 
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Island (Yellow Rock River and Egg Lagoon) (Jennings, 1959) and from Flinders 
Island (North East River Estuary) (Sutherland and Kershaw, 1971, Kershaw 
and Sutherland, 1972). 

The sites of the Tasmanian region offer a special challenge to the use of both 
ESR and AAR as they range from beach deposits to lagoonal, estuarine, 
intertidal to shallow marine sediments. Consequently they contain a wide 
variety of species, none of them common to all sites. Both types of analyses are 
best confined to one species, but this was not feasible so possible variation 
between species had to be considered with respect to ED values and amino acid 
ratios. ESR analyses of shells of Placamen placida, common in sites in NW 
Tasmania, consistently yielded ED values significantly higher than any other 
species from the same deposit (22). For this reason the species was not used in 
later studies on the Bass Strait Islands. 

In contrast to the siliceous matrix of Tasmanian shells, those recovered from 
sites on the Bass Strait Islands were contained in a calcarenite matrix. This 
situation had also been found earlier in South Africa (15), Western Australia 
(Hewgill et al., 1983) and Western Victoria (18). A siliceous matrix tends to be 
characterised by a much lower concentration of radioactive elements than a 
calcareous one giving rise to a much lower external dose. This would be 
expected to produce lower ED values in Tasmanian shells than shells of the 
same age in areas of calcareous shell matrix, including the Bass Strait Islands 
and this proved to be the case (Fig. 7.15). 

7.5.2 Results of ESR Analysis.  
Ten Tasmanian sites were examined (Table 7.1) (21, 22, 26). With one 
exception, Five Mile Beach, they fell clearly into one of two ED zones, a 
younger zone with ED values between 5 and 30 gray and an older zone with 
ED values generally between 60 and 120 gray. Four sites within the younger 
group were radiocarbon dated with calibrated ages ranging between 2770 and 
7060 ca. BP (Table 7.2, Plate 7.12) with calibrations based on Klein et al. (1982). 
The age of this group is clearly Holocene. 

The older zone covers four sites, three in the NW known to be overlain by 
Late Pleistocene organic deposits (Gill and Banks, 1956; Van de Geer et al., 
1986). The fourth site, Mary Ann Bay, has a C14 shell date of 39,900 + 820 - 740 
(SUA-2925) indicating that it is beyond the practical limits of radiocarbon 
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Plate 7.12: Sub-tidal sediments of mid-Holocene age with paired bivalves in growth position 
are overlain by aboriginal midden disturbed by cultivation. Site is at The Spit, Ralphs bay, 
southeastern Tasmania. 

Plate 7.13: Fossiliferous beach sands of Holocene age overlain by dune sands at Five Mile 
Beach, southeastern Tasmania. Much of the shell content appears to be reworked from older 
deposits of probable Last Interglacial age. Elevation of beach sediments does not require a 

higher sealevel as they can be shown to have been deposited when the area was exposed to the 
open sea prior to the construction of the Seven Mile Beach barrier system. 
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Figure 7.15: Comparison of gamma equivalent dose (ED) values of Last Interglacial shell 
samples from sites on the Tasmanian mainland with sites from the Bass Strait Islands. Last 
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values that, for sites of similar age, are significantly lower for Tasmanian mainland sites than 
for samples from the Bass Strait Islands. Sample localities: M, Montagu; B, Broadmeadows; 
NIAB, Mary Ann Bay; MS, Mowbray Swamp; YRR, Yellow Rock River and NER, North East 
River. 
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Table 7.1: Summary of ESR analyses from Pleistocene and Holocene beach, shallow marine and 
estuarine sequences from the Tasmanian mainland. 
Sample no. 

Broadmeadows 

Species ED (gray) 95% conf. limits 

114 Glycymeris (T.) 	striatularis 94 83 - 105 

T27 Placamen 	placida 115 105 - 127 

T29 Tucetona flabellatus 81 75 - 87 

Five Mile Beach 

T17 Phacosoma 	coerulea 98 89 - 109 

124 Mactra rufescens 46 40 - 53 

T9 Fulvia 	tenuicostata 24 19 - 29 

Mary Ann Bay 
F54 Fulvia 	tenuicostata 133 99 - 149 

F56 Fulvia 	tenuicostata 112 102 - 123 

T6 Pecten 	meridionalis 104 94 - 116 

Montagu 
T8 Flavin 	tenuicostata 102 91 - 116 

T11 Glycymeris (T.) 	striatularis 66 60 - 71 

121 Placamen 	placida 161 148-176 

T30 Glycymeris (T.) 	striatularis 63 59 - 68 

F55 Fulvia 	tenuicostata 93 86 - 101 

F57 Fulvia 	tenuicostata 84 77 - 92 

Mowbray Swamp 
T13 Glycymeris (T.) 	striatularis 72 67 - 74 

118 Paphies 	(Atactodea) 	erycinaea 76 70 - 81 

T22 Placarnen 	placida 166 150 - 184 

Perkins Island 
T7 Fulvia 	tenuicostata 20 16 - 24 

112 Glycymeris (T.) 	striatularis 15 10 - 20 

Royal Park (Launceston) 
120 Katelysia 	rhytiphora 5.3 1.9 - 8.8 

Shell Pits Point 

110 	 Fulvia 	tenuicostata 
T16 	 Katelysia 	rhytiphora 
123 	 Placarnen 	placida 

26 
18 
40 

21 - 30 
14 - 21 
37 - 42 

Shelly Beach (Ralphs Bay) 

F68(1) 	 Fulvia 	tenuicostata 6 5 - 8 

F68(2) 	 Fulvia 	tenuicostata 10 8 - 13 

The Spit (Ralphs Bay) 

115 	 Katelysia 	scalarina 13 10 - 16 

F74 (1) 	 Flavin 	tenuicostata 19 16 - 22 

F79(1) 	 Katelysia 	scalarina 13 12 - 15 
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Table 7.2: Summary of radiocarbon age assessments of Holocene and Late Pleistocene mollusca 
from Tasmania and Flinders Island (modified from Table 1 in 22). 

Locality 	Species 	Lab. code 	Cony. age (BP) 	Calib. age (cal. BP) 

Shelly Beach, Katelysia 	SUA-2293 
	

3140 ± 50 
	

2770 ± 110 

Ralphs Bay 	scalarina 

The Spit, 	Katelysia 	SUA-2294 R 
	

6150 ± 60 
	

6510 ± 80 

Ralphs Bay 	scalarina 

Shell Pits 	Glycymeris 	SUA-2833 
	

5700 ± 70 	6020± 140 

Point 	(T) striatularis 

Shell Pits 	Fulvia 	SUA-2928 
	

6630 ± 80 	7060 ± 100 

Point 	tenuicostata 

Five Mile 	Phacosoma 	SUA-2834 
	

37,500 ± 600 	- 

Beach 	coeru lea 

Mary Ann 
Bay 

North East 
River Estuary, 
Flinders Is. 

Pecten 
meridionalis 

SUA-2925 39,900 + 820 
-740 

31,100 ± 300 Katelysia 	SUA-3000 
sp. 

-  
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dating with minor contamination by modern carbon giving an apparently 
finite age. These deposits are clearly Last Interglacial in age, a conclusion also 
supported by AAR analyses done by Murray-Wallace (22, p. 143). The ED 
values (60 - 120 gray) are significantly lower than those observed for Last 
Interglacial age shell in areas that provide a calcarenite shell matrix (120 to 250 
gray) but this is to be expected as already discussed. 

7.5.3 Sites of Special Interest.  
Two sites are of particular interest and warrant further discussion: 

7.5.3.1 Royal Park, Launceston. The shell material was collected from 
estuarine sediments at the head of the Tamar Estuary (Figs 7.16 and 7.17). It 
was exposed during road construction and contained a diverse molluscan 
fauna (26). An unusual feature was the presence of Anadara trapezia, a species 
of estuarine bivalve that is known to have gradually extended its range in 
southeast Australia during the Quaternary (Gill, 1977). The species has not 
been recorded in situ in any other Quaternary sediments within the State, but 
has been regarded as a useful index fossil for the Last Interglacial in Victoria 
(Gill, 1977). It was therefore expected that the Royal Park sediments would be 
of Last Interglacial age (Van de Geer, 1981). Surprisingly, ESR analysis of shells 
of Katelysia rhytiphora from the site provided an ED value of only 5.3 gray 
indicating a Late Holocene age. AAR analyis of a specimen of Anadara 
trapezia gave a numerical age estimate of 2.6 ± 0.4 ka. The southernmost limit 
of the species, probably controlled by water temperatures, is at present in Port 
Phillip Bay, Central Victoria (Gill, 1977). Its temporary Holocene colonisation 
of the Tamar Estuary may reflect a brief phase of water conditions somewhat 
warmer than at present. 

7.5.3.2 Five Mile Beach, near Hobart Airport. The site consists of fossiliferous 
beach sands up to 1.5 m above HWM and buried by a 1.2 m thickness of 
aeolian dune sands with immature podsol development (Plate 7.13). Both the 
degree of soil development and the geomorphological setting, the oldest beach 
ridge in a post-glacial barrier system, indicate a Holocene age. ESR analysis of 
three shell species gave mixed results: Phacosoma coerulea yielded a typical 
Last Interglacial ED value of 98 gray, Fulvia tenuicostata yielded a typical mid-
Holocene value (ED = 24 gray) while Mactra rufescens provided an 
intermediate value (ED = 46 gray). It is important to realise that each of the 
samples required several shells. 
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The analyses suggest a mixture of shell material of two different ages: mid-

Holocene and Last Interglacial. This was confirmed by 14C and AAR analysis. 

14C analysis of Phacosoma coerulea  provided an apparent age of 37,500 ± 600 
yr BP indicating a Pleistocene age while AAR on another shell of the same 
species indicated a Holocene age (22, p. 141). The site is clearly of Holocene age 
but with substantial reworking of shells of Last Interglacial age, especially 
those of Phacosoma coerulea.  

7.5.4 Sites on the Bass Strait Islands.  
Previous geomorphological and geological fieldwork on the Bass Strait Islands 
(Jennings, 1959; Sutherland and Kershaw, 1971) had led to the expectation that 
evidence for Last Interglacial high sealevels would be found at similar 
elevations to those documented in northern Tasmania. In particular, the 
lagoonal sediments in Egg Lagoon, overlain by Late Pleistocene peats, 
appeared to present a close analogy to sites in north-western Tasmania such as 
Broadmeadows, Mowbray Swamp and Montagu. Older marine shell sites had 
been recorded from the eastern coastal plain of Flinders Island by Sutherland 
and Kershaw (1971) and had been assigned either to the Memana Formation 
(early Pleistocene) or to the Cameron Inlet Formation (Pliocene) on 
palaeontological grounds. 

7.5.4.1 ESR Analysis of Shell Samples.  A number of sites (some shown in Fig. 
7.12), suspected to be of Holocene age on the basis of soil and 
geomorphological characteristics, were sampled on both King and Flinders 
Islands. ESR analyses yielded ED values between 6 and 26 gray, typical of mid 
and late Holocene shells (Table 7.3). A Holocene age was also confirmed for 
most of the sites by AAR analyses (28, p. 59). 

Three apparently older sites were investigated on King Island (Fig. 7.12, Table 
7.4). The Yellow Rock River site was first reported by Jennings (1959) who 
suggested a Last Interglacial age. This was confirmed by both ESR and AAR 
analyses. Reekara, a new site exposed in a farm dam, yielded significantly 
higher values for both ED and AAR ratios than the last site and a Middle 
Pleistocene age has tentatively been assigned. 

The third site was at Egg Lagoon where estuarine sediments, believed by 
Jennings (1959) to be of Last Interglacial age are overlain by Late Pleistocene, 
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Table 7.3: Summary of ESR analyses from Holocene and Later Pleistocene beach, shallow 
marine and estuarine sequences from sites from the Bass Strait Islands. 

Sample no. 	Species 

Cameron Inlet, Flinders Is. 

ED (gray) U content (gg/g) 95% conf. limits 

FL8 	Katelysia 	rhytiphora 11 2.5 5 - 17 

Sandy Lagoon, Flinders is. 

FL26 	Katelysia 	rhytiphora 24 rid • 21 - 27 

Fotheringate Bay, Flinders Is. 
FL27 	Soletellina 	biradiata 8 rid 1 - 15 

Trousers Point Beach, Flinders Is. 
FL6 	Katelysia 	scalarina 10 0.8 6 - 13 

FL7 	Katelysia 	scalarina 16 0.8 14 - 18 

British Admiral Beach, King Is. 
K13 	Turbo undulatus 22 0.2 0-89  

K23 	Turbo undulatus 11 0.2 1-21  

Three Rivers Ck. Bay, King Is. 
K18 	Cellana 	solida 24 <0.2 0 - 101 

K27 	Turbo undulatus 6 0.2 2-14  

Yellow Rock River, King Is. 

K24 	Fulvia 	tenuicostata 236 0.6 205 - 272 

K25 	Katelysia 	scalarina 121 0.4 114 - 129 

North East River, Flinders Is. 

FL2 	Katelysia 	rhytiphora 148 0.8 141 - 155 

FL3 	Katelysia 	rhytiphora 145 0.6 128- 164 

FL4 	Fulvia 	tenuicostata 190 1.5 183- 197 

FL5 	Fu!via 	tenuicostata 183 0.8 149 - 225 

Reekara, King Is. 
K17 	Katelysia 	scalarina 464 <0.2 312 -650 

The Patriarchs, Flinders Is. 
FL9 	Fulvia 	tenuicostata 415 1.3 318 - 544 

FL10 	Katelysia 	rhytiphora 540 1.5 455 - 637 

FL11 	Divalucina cumingi 241 0.6 219.- 253 

FL12 	Fulvia 	tenuicostata 681 1.7 653 - 708 
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Table 7.4: Summary of ESR analyses from Early Pleistocene and Pliocene shallow marine 
sediments from the Bass Strait Islands. 

Sample no. 	Species 	 ED (gray) 	U content (ug/g) 	95% conf. limits 

Tilba, Flinders Is. (Memana Formation - Early Pleistocene) 
FL13 Divalticina ctimingi 1086 0.8 
FL14 Dosinea 	coertilea 1776 2.5 
FL15 Katelysia 	rhytiphora 2263 1.1 

Melrose Road, Flinders Is. (Cameron Inlet Formation - Pliocene) 
FL16 Ctictillaea 	corioensis 00 <0.2 
FL17 Bassina 	pachyphylla 00 2.5 
FL18 Dosinea coertilea 00 2.3 
FL19 Glycymeris radians 00 8.0 

Nelsons Drain, Flinders Is. (Cameron Inlet Formation - Pliocene) 
FL20 
FL21 

Ctictillaea 	corioensis 
Citcullaea 	corioensis 

oo 
4751 

1.5 
1.3 

Egg Lagoon, King Is. 
K21 Katelysia scalarina 1184 0.4 1044 - 1300 
K22 Katelysia scalarina 1512 0.4 1313 - 1760 
K19 Katelysia scalarina 1789 1.0 1443 - 2273 
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organic-rich freshwater lake and swamp deposits containing megafaunal 
remains. A detailed stratigraphic study of the site was carried out by D'Costa et 

al. (1993) who provided shell material from their core sites for ESR and AAR 
analysis. Both dating methods yielded values similar to those obtained at Tilba 
on Flinders Island for shells from the early Pleistocene Memana Formation. 
ED values at Egg Lagoon ranged from 1184 to 1789 gray compared with 1086 to 
2263 gray at Tilba. AAR ratios from the two sites are also in close agreement 
(28, p. 59). 

On Flinders Island, where a number of Holocene, Pleistocene and Pliocene 
sites were examined (Fig. 7.12, Tables 7.3 and 7.4), the two dating methods 
were again in excellent agreement except for one newly discovered site, The 
Patriarchs. 

The most spectacular site occurred at North East River where shell-rich 
estuarine carbonate sands are well exposed in a cliff section up to 4.5 m above 
HWM (Plates 7.14 and 7.15). The site is briefly mentioned by Sutherland and 
Kershaw (1971) who tentatively correlated it with their "East River Coquina", 
a unit regarded as of probable Last Interglacial age. Both ESR and AAR 
analyses confirmed the Last Interglacial age of this site (ED values 148 - 190 
gray). 

The Patriarchs site consists of a shallow section of shelly sands, overlain by a 
nodular calcrete layer and exposed in recent excavations made for water 
storage. The sediments extend to 2.1 m above HWM. ESR analysis of four 
samples yielded ED values from 241 to 681 (Table 7.4), three out of four being 
well above the range to be expected for Last Interglacial sites with a calcarenite 
matrix (120 - 240 gray). The values are comparable to the single value obtained 
from Reekara (King Island), a site regarded as Middle Pleistocene. At the 
Patriarchs site AAR analysis of two shell samples has provided ratios that are 
regarded as typically Last Interglacial. 

Three of the four ESR samples from the Patriarchs show a relatively high 
uranium content (1.3 - 1.7 gg/g) and it may be that this, together with matrix 
enrichment by radioactive elements, accounts for the high ED values. The site 
is unusual among those studied in the Bass Strait Islands by being in close 
proximity to the colluvial footslope of a granite monadnock. Runoff from the 
weathering granite may have caused enrichment of the matrix and the 
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Plate 7.14: Section of shell-rich estuarine carbonate sands exposed in cliff section up to 4.5 m 
above HWM, North East River estuary, Flinders Island, Tasmania. 

Plate 7.15: Close-packed shell in part of section shown in plate 7.14, North East River estuary, 

Flinders Island, Tasmania. 
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overlying calcrete horizon by radioactive elements while the shallow depth of 
burial (0.4 - 0.9 m) may have exposed the shells to an unusually high dose of 
cosmic radiation. 

7.5.5 Discussion of Relative Dating Techniques.  
With the sole exception of the Patriarchs deposit, a high level of agreement 
was found when relative age indices obtained by ESR and AAR are compared. 
In the vast majority of cases the relative age sequence is in excellent 
agreement with evidence derived from morphostratigraphic and 
biostratigraphic criteria. The shell beds of Egg Lagoon are a notable exception 
where both dating methods indicate an early Pleistocene age instead of the 
Last Interglacial age that had been predicted (Jennings, 1959). 

The ages of a number of deposits identified as Holocene by either one or both 
relative dating methods have been verified independently by radiocarbon 
dating (Table 7.2). 

ED values for Last Interglacial shell samples from the Bass Strait Islands are 
similar to those found in other Last Interglacial sequences in southern 
Australia (Hewgill et al., 1983, 16). In contrast, Last Interglacial sites in 
Tasmania are characterised by significantly lower ED values that are attributed 
to the fact that Tasmanian sites have a siliceous matrix with a low content of 
radioactive elements. ED values for sites in Tasmania and the Bass Strait 
Islands have been compared in figure 7.15. 

7.6 NEO TECTONICS 

Determination of the Last Interglacial maximum sealevel (MIS 5e) is of 
considerable interest because it plays a key role in assessing the Quaternary 
neotectonic history of continental margins (Murray-Wallace and Belperio, 
1991). The Last Interglacial sealevel can be reconstructed from coastal deposits 
where they are well preserved, amenable to dating and suitable for the 
estimation of palaeo sealevels. 

Recent age estimates based on MS U/Th dating suggests 125 ± 5 ka for the Last 
Interglacial maximum sealevel (Edwards et al., 1987, Stirling et al., 1995) and 
its elevation is estimated at +6 m ± 3 m ASL on stable coasts well away from 
plate boundaries. 
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ESR and AAR analyses of fossil shell have confirmed the Last Interglacial age 
of elevated shorelines in NW and SE Tasmania. Three sites in the northwest 
have shells preserved at elevations between 11 and 14 m above HWM (28) 

while at Mary Ann Bay in the southeast they extend to 24.5 m above HWM 
(21). This is claimed to be the highest documented occurrence on the 
Australian continent (Murray-Wallace and Belperio, 1991). Elsewhere in the 
state claims have been made for a +32 m Last Interglacial sealevel at Stumpys 
Bay in the northeast (Bowden and Colhoun, 1984) and at +22 m on the West 
Coast at Strahan Airport (Banks et al., 1977, Van de Geer et al., 1979) but there 
is no preservation of shell and no age determinations are available. In contrast 
to the Bass Strait Islands there are no shell-bearing beach or marine deposits 
known in Tasmania that are of Middle or Early Pleistocene age. 

Evidence for earlier Pleistocene high sealevels at +49 and +71 m above HWM 
are claimed by Bowden and Colhoun (1984) on the basis of the Rockbank and 
Ringarooma deposits in the northeast of the state. A marine origin is 
suggested by the presence of abundant marine sponge spicules but the 
sediments have not been dated. 

In contrast with Tasmania, there is no evidence on King and Flinders Islands 
of neotectonically elevated Last Interglacial coastal sediments. The highest 
level found was +4.5 m above HWM for estuarine sediments at North East 
River on Flinders Island. Also in contrast to Tasmania, the oldest post-
Miocene shelly marine sediments found on the islands are early Pleistocene 
on King Island and Pliocene on Flinders Island where outcrops were recorded 
up to 18 m above ASL but with the upper limits unknown. 

Combined evidence from the two regions has led to the suggestion (28) that 
neotectonic uplift between Tasmania and the Bass Strait Islands has not been 
in phase (Fig. 7.18). Such uplift may have begun in the Islands by Pliocene or 
early Pleistocene times but appears to have terminated by the Last Interglacial 
(MIS 5e). In Tasmania uplift has clearly continued since then but may have 
commenced later. Curiously, there is no evidence that it continued during the 
Holocene since no convincing evidence has been found so far of Holocene 
coastal emergence anywhere along the Tasmanian coast. 
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Figure 7.18: Elevation-time plot of Quaternary coastal strata from Tasmania, King Island and 
Flinders Island (Fig. 7 in 28, compiled by C. V. Murray-Wallace). Localities include: 1, British 
Admiral Beach and 2, Three Rivers Creek Bay, King Is.; 3, Shell Pits Point, Tasmania; 4, 
Cameron Inlet, 5, Trousers Point, 6, Sandy Lagoon, 7, Fotheringate Bay, Flinders Is.; 8, Mary Ann 
Bay, 9, Montagu, 10, Broadmeadows, 11, Mowbray Swamp, Tasmania; 12, Yellow Rock River, 
King Is.; 13, North East River, Flinders Is; 14, Reekara and 15, Egg Lagoon, King Is.; 16, Memana 
Formation and 17, Cameron Inlet Formation, Flinders Is.; a, Stumpys Bay and b, Rockbank and 
Ringarooma deposits of Bowden and Colhoun (1984). PL, Pliocene; EP, Early Pleistocene; and 
MP, Middle Pleistocene. The dashed lines are included to highlight the contrasting trends in 
elevation for coeval deposits, from different geographic settings. A de facto eustatic sea-level 
datum for the Last Interglacial Maximum of +6 m above present sea-level is indicated. 
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7.7 MECHANISMS FOR NEOTECTONIC MOVEMENT 

Possible mechanisms were first discussed by Bowden and Colhoun (1984). 
Glacial isostatic adjustment was ruled out as a cause because during the Last 
Glacial glacier ice was confined to the Central and Southwestern Mountains of 
Tasmania. Hydro-isostatic adjustments were also dismissed as they could not 
account for the magnitude of the movement. The authors also pointed out 
that Tasmania has high values of geothermal flux compared with much of 
mainland Australia (Cull, 1982) and suggested that Tasmania could lie over a 

southward moving convection plume associated with deep intrusion or 
crustal underplating. Uplift could be caused by thermal expansion of the crust 
and/or magmatic upwelling. However, there is little or no independent 
evidence to support this hypothesis. 

Another hypothesis has been advanced by Bryant (1992) who has suggested 
that differential uplift in Australia was associated with continental-scale 
tilting but this hardly explains the contrary behaviour of the Tasmanian 
region with that of the Bass Strait coast of Victoria where there is little 
evidence of Quaternary uplift. There is clearly a lot more research to be done 
before the geophysical nature of the processes responsible for geotectonism in 
the Tasmanian region can be properly understood. 
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CHAPTER 8 - CONCLUSIONS 

8.1 INTRODUCTION 

In Chapter 1 the author has pointed out that the thesis is a review of twenty-
nine papers published over a twenty year period as well as some unpublished 
material all dealing with aspects of Quaternary research. Consequently it lacks 
the narrow focus that might be expected of a PhD thesis based directly on a 
single research topic. The conclusions drawn and the lessons learnt are varied. 
Some research questions have been answered but many new questions have 
been raised that will have to be pursued by further research. 

8.2 AGE DETERMINATION 

Age determination is a vital aspect of all the Quaternary studies included in 
the thesis and for this reason Chapter 2 was devoted to those methods of 
numerical and relative dating that were used extensively by the author. 

8.2.1 Uranium Series Analysis.  

Some a-spectrometry uranium series dates were obtained on speleothems 
from Tasmanian caves in the early 1980's at a time when dating of 
speleothems by this method was still in its infancy (11, 19). Short counting 
times were used giving rise to low levels of precision. Reliability and accuracy 
were sometimes for this reason unsatisfactory, especially when uranium 

content of samples fell below 0.1 ig/g. Alpha spectrometry reported in the late 
1980's by Goede, Veeh and Ayliffe (20) as well as Goede and Vogel (23) provide 
examples of the improved levels of accuracy and precision that could be 
achieved by this time. 

By the early 1990's mass spectrometric (MS) dating had become accessible to 
the author and a limited number of samples was analysed from the RO 
stalagmite, Buchan, eastern Victoria (29) as well as from the lower part of the 
FT stalagmite from the Florentine Valley in Tasmania (30) (Table 2.4). The 
high precision afforded by these dates for the first time made it feasible to 
compare the two speleothem records confidently to other reliably dated stable 
isotope records such as those of the ice cores from Greenland and Antarctica. 
For the FT record these relationships have been illustrated in figures 5.6 and 
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5.7. 

Uranium series dating has enabled the examination of frequency distributions 
over time of speleothem growth in various regions. In northwestern Europe 
and North America, where large numbers of precise age determinations are 
available, it has been shown that frequency variations are essentially a 
function of changing temperatures (Baker et al., 1993; Gordon et al., 1989). 
Using much smaller samples, the author and Harmon (11) using Tasmanian 
material and Ayliffe and Veeh (1988) using South Australian specimens came 

to similar conclusions. The low precision of a-spectrometry age 
determinations, the small sample size and the slow growth of many 
speleothems in the Australian environment made the interpretations of the 
two Australian studies much less certain. 

Ayliffe et al. (1997) have begun a survey of caves in the Naracoorte area of 
South Australia using high precision TIMS dating of speleothems. 
Preliminary results confirm a virtual absence of speleothems under full 
glacial conditions, but high frequencies tend to coincide with interstadial 
rather than with fully interglacial conditions (Fig. 8.1). The authors interpret 
this to mean that, in their area, moisture availability is a more important 
determinant of speleothem growth than temperature. This may well prove to 
be the case in Tasmanian caves but an adequate sample of highly precise MS 
uranium series determinations will be required before a revised assessment 
can be made. 

8.2.2 Radiocarbon Analysis.  

Conventional radiocarbon dating based on 13 counts was used successfully on 
charcoal and speleothems from caves and on marine shell associated with 
shoreline deposits. 

When the author first became involved in radiocarbon dating there was 
considerable uncertainty about the reservoir effect of limestone on age 
determinations of speleothems. The reservoir effect influences the accuracy of 
the dates and for this reason C14 dating has been little used for speleothems. 
Estimates of the reservoir effect have ranged from 5730 years (Hendy, 1970), 
representing a dead carbon proportion (dcp) of 50 To, to as little as 1074 years 
(dcp = 12.5 %), the latter an estimate obtained by the author on the LC 
stalagmite from Lynds Cave, Mole Creek (Section 2.5.4). 
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In the early 1980's the author developed a method of combining radiocarbon 
measurements with dose estimates obtained from ESR analysis to estimate the 
reservoir effect for the Tasmanian LY stalagmite from Mole Creek. The 
procedure has been discussed in Section 2.7.4 and has provided an estimate for 
the reservoir effect of 2200 years (dcp = 24 %), approximately double the value 
obtained for the LC stalagmite from Lynds Cave. 

Previous work on the reservoir effect in speleothems has recently been 
reviewed by Genty and Massault (1997). They also made measurements on 
nine speleothems of recent origin, whose ages were known accurately due to 
the presence of annual laminations. They found a range of dcp values from 
9.2 to 21 % with a mean value close to 15 (Yo, corresponding to an average age 
correction of 1300 years. Unfortunately, the age correction for individual 
speleothems may depart significantly from this figure. Genty and Massault 
(1997) make it clear that the value may also vary with time along the axis of a 
single speleothem. The method devised by the author (11) remains a useful 
approach to estimating the average reservoir effect of any speleothem for 
which multiple radiocarbon analyses are available. 

8.2.3. Electron Spin Resonance Dating.  
In Section 2.7 of the thesis a strong case has been argued for the use of ESR as a 
relative rather than a numerical dating method. In most cases it has been 
combined with amino-acid racemisation (AAR) analyses that have not been 
discussed in detail as they are the domain of co-workers - Dr Jeffrey Bada in 
the case of bone (8, 13) and Dr Colin Murray-Wallace in the case of shell (21, 

22, 26, 28). Like ESR, AAR analyses are also used most effectively as a relative 
dating method because the extent of amino-acid racemisation is strongly 
affected by the temperature history of the sample. 

When ESR and AAR are used in combination, they provide a powerful tool 
for the grouping of samples into a number of age related classes. This can be 
particularly effective in coastal and continental situations where sediments 
accumulate intermittently at discrete time intervals, either under the 
influence of high sealevels or under full glacial climatic conditions, due to the 
operation of glacial or periglacial processes. Section 2.7.3 should be refered to 
for a fuller discussion. 
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8.3 ARCHAEOLOGICAL RESEARCH ASPECTS 

8.3.1. Time of arrival of early humans.  
The Klasies River Mouth (KRM) rock shelter sites in Southern Africa were of 
particular interest because of the presence of early Homo sapiens remains, the 
estimated age of the remains being based on stratigraphic correlation between 
several sites in close proximity that were excavated by Singer and Wymer 
(1982). Their correlation had been challenged by Binford (1984) who proposed 
a much younger age for the human remains. ESR analysis was important in 
supporting the original stratigraphic correlation and, in so doing, 
substantiated the antiquity of the human remains (15). 

Later ESR research by the author has led to the realisation that the ESR spectra 
of the KRM Turbo sarmaticus shells were unusual and probably the result of 
heating. Experimental research is required to investigate the quantitative 
relationships between aspects of the spectrum and the duration and intensity 
of heating. 

Investigation of shell sites near Warrnambool in western Victoria was the 
result of an invitation to examine what were alleged to be two aboriginal 
occupation sites of Last Interglacial age (Section 7.4). Age comparisons were 
made with a number of other shell sites in the area. It was shown that the 
Hopkins Estuary site was Middle Pleistocene in age, much too old to be a 
midden accumulated by humans. The Point Ritchie site was found to be a Last 
Interglacial midden site but no evidence was found to indicate accumulation 
by humans. It has been interpreted as an animal midden. 

8.3.2. Extinction of Tasmanian megafauna.  
The investigation of bone-bearing clastic deposits in Tasmanian caves was 
made in an attempt to determine the time of extinction of the megafauna and 
to see if evidence could be found that the actions of humans had contributed 
to their demise. Early indications pointing to late survival of megafaunal 
elements in Tasmania (4) has not been substantiated. The research did 
however lead to the discovery of the first Pleistocene archaeological site on the 
Tasmanian mainland at Beginners Luck Cave in the Florentine Valley. It lead 
to the realisation that the interior of Tasmania had been occupied by 
Aboriginal hunters during the Last Glacial Maximum. Extensive 
investigations carried out subsequently by archaeologists throughout western 
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Tasmania have extended human occupation to the limit of radiocarbon dating 
(35 ky BP) but no evidence has yet been found of any interaction between early 
humans and elements of the megafauna. 

8.4 NEOTECTONICS OF TASMANIA AND THE BASS STRAIT ISLANDS 

Firm evidence that Tasmania had experienced Quaternary uplift appeared as 
the result of detailed coastal studies by Bowden (1978, 1981) in the northeast 
and by Van de Geer (1981) in the northwest of the island. The depositional 
evidence was summarised by Van de Geer et al. (1979). It included brief 
descriptions of sites at Mary Ann Bay in the southeast and Strahan on the 
West Coast. Shallow marine, beach and lagoonal sediments reaching 
elevations above sealevel (ASL) of between 20 and 30 m were tentatively 
identified as Last Interglacial (MIS 5a) (125 ± 10 ka) in age on the basis of 
pedogenic and morphostratographic criteria. Such elevations must be 
compared with observations from tectonically stable areas from around the 
world that indicate that the Last Interglacial (MIS 5e) sealevel stood 
approximately 6 metres higher than the sealevel at present (Williams et al., 

1993). 

Prior to the study by the author and Murray-Wallace, the Bass Strait Islands 
were believed to have experienced a history of Quaternary uplift similar to 
that of the Tasmanian mainland (Section 7.2.3). A sealevel study of King 
Island by Jennings (1959, 1961) relied heavily on erosional evidence and 
shorelines ranging in elevation between 6 and 15 m ASL were tentatively 
identified as Last Interglacial in age. Jennings was aware of marine sediments 
underlying deep peats at Egg Lagoon in the north of the island and 
provisionally assigned to them a Last Interglacial age. 

On Flinders Island the stratigraphy and palaeontology of Pliocene and 
Pleistocene shallow marine sediments was well documented by Sutherland 
and Kershaw (1971) but no reliable information was provided on the 
elevations reached by associated sealevels. The early studies suggested that 
uplift history of both King and Flinders Islands had followed a similar pattern 
to that of the Tasmanian mainland. 

When the author and Murray-Wallace extended their studies of Tasmania (21, 

22, 26) to the Bass Strait Islands (28) it became apparent that the uplift histories 

318 



of the two areas were not the same. The shelly fauna of the estuarine 
sediments underlying deep peats at Egg Lagoon, although consisting entirely 
of extant species, was shown, by both ESR and AAR analyses, to be equivalent 
in age to the early Pleistocene marine fauna of the Memana Formation on 
Flinders Island. It appears that the Last Interglacial seas did not invade Egg 
Lagoon despite an elevation of only — 6 m ASL prior to peat accumulation. 
Shelly estuarine sediments of Last Interglacial age have been identified at 
Yellow Rock River on King Island and Northeast River on Flinders Island. 
They do not extend to more than 4.5 m ASL in marked contrast to Last 
Interglacial sediments in the northwest and southeast of Tasmania. 

Tectonic uplift in Bass Strait may have been initiated in the Pliocene as 
indicated by the widespread occurrence of shallow marine sediments of the 
Cameron Inlet Formation on Flinders Island. The time of commencement of 
uplift of Tasmania is uncertain. Two suites of pre-Last Interglacial raised 
marine sediments have been identified in northeastern Tasmania. The older 
suite extends up to 70 m ASL. Their age cannot be ascertained since they are 
lacking in fossils other than siliceous sponge spicules (Bowden and Colhoun, 
1984). 

Research by the author and Murray-Wallace suggests that tectonic uplift had 
all but ceased on the Bass Strait Islands by 125 ka while substantial uplift of the 
Tasmanian mainland continued after that date. It is curious that neither the 
Tasmanian coast or that of the Bass Strait Islands provide convincing 
evidence of any neotectonic uplift of Holocene shorelines. 

Hypotheses to explain Quaternary uplift of the Tasmanian region remain 
speculative. They include seismic activity, a hotspot moving south from 
Victoria (Bowden and Colhoun, 1984) and differential uplift associated with 
continental-scale tilting of the Australian plate (Bryant, 1992). To test these 
hypotheses, considerable geophysical research will be required. 

8.5 SPELEOLOGICAL EVIDENCE FOR ENVIRONMENTAL CHANGE 

8.5.1 Mineralogical evidence from the Nullarbor Plain.  
Investigation of speleothems from caves under the semi-arid Nullarbor Plain 
and their radiometric dating has provided evidence for a long term trend 
towards more arid conditions during the Pleistocene (Section 3.3). Deposition 
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of at least three phases of calcite speleothems was associated with the presence 
of standing water in the shallow caves. The absence of such speleothems from 
the deep caves suggests that carbonate deposition ceased before they were 

drained. Uranium series dating by a-counting indicates that little carbonate 
deposition occurred after 400 ka (Section 3.3.4). During the last 400 ka 
significantly drier conditions are associated with evaporative conditions in the 
caves causing the formation of gypsum and halite speleothems, some of 
which are still actively forming under the present-day climate. Of particular 
interest was the discovery of "Big Salty", a 2780 mm tall halite stalagmite 
found in a broken condition in Webbs Cave and later removed for analysis. 
Precise age determination was not possible because of the extremely low 
uranium content but uranium series analysis indicates an estimated age range 
of between 37.5 and 20.8 ka. Its survival, with only minor evidence of re-
solution, indicates continuously dry conditions in Late Pleistocene and 
Holocene times. 

8.5.2. Evidence from stable isotope analysis.  

Stable isotope ratios in speleothems, mainly 180/160 and 13c/12c, have 

proved to be a valuable source of information on environmental change. 
Interpretation was greatly assisted by a monthly cave monitoring programme 
of one year's duration at three Tasmanian cave sites. It has provided 
information on surface and cave temperatures, seasonal variations in the 
hardness of drip waters, isotopic composition of precipitation, cave seepage 
waters and actively growing speleothems. Monthly monitoring was not 
feasible at Buchan, eastern Victoria but information was obtained on the 
isotopic composition of cave seepage waters and actively growing 
speleothems. 

At all three Tasmanian sites a close relationship was observed between the 

180/ 160 ratio of precipitation and mean monthly temperature (Fig. 4.5), but it 

was also shown that the 180/160  ratio of summer precipitation was strongly 

influenced by the monthly precipitation amount, the larger the amount the 

more negative the 8180 values (Fig. 4.6). It was found that the oxygen isotope 

composition of actively-growing speleothems in Tasmania was largely 
determined by the mean isotopic composition of winter precipitation (Fig. 8.2). 

Several Tasmanian speleothems, as well as one Victorian specimen, were 
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Figure 8.2: Model of oxygen isotope composition of precipitation and speleothem calcite for 
both interglacial (present day) and full glacial conditions based on research in Frankcombe 
Cave, Florentine Valley, Tasmania. All terrestrial figures are based on laboratory measurement 
of samples collected in the field. An exception is the glacial maximum value for precipitation 
and seepage which has been calculated using a mean annual temperature estimated from other 
information sources (Colhoun, 1985), the known isotopic composition of calcite during the oarly 
Last Glacial Maximum and the fractionation effects of calcite deposition (Friedman and 
O'Neil, 1977). The mean isotopic composition of ocean water is equated with the SNIOW 
standard and the change for full glacial conditions estimated from isotope studies of deep sea 

cores (Diagram modified from Figure 1 in 24). 
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found to have formed under conditions of isotopic equilibrium (Section 5.5.1). 
In the Victorian speleothem, oxygen isotope values were found to have a 
negative relationship with temperature and are interpreted as a palaeorecord 
of mean annual temperature. In Tasmanian speleothems oxygen isotope 
ratios showed a positive relationship with temperature reflecting its 
dominant influence on the isotopic composition of precipitation. This 
relationship has also been observed in some other temperate west coast 
environments such as Vancouver Island and Norway (Section 5.5.2). Since 
oxygen isotope composition in Tasmanian speleothems is determined 
predominantly by winter precipitation, the records must be interpreted as 
variations in winter temperature. 

Out of the records obtained, those of the FT stalagmite from Frankcombe Cave 
in the Florentine Valley of Tasmania, and the RO stalagmite from Royal Cave 
in the Buchan area of eastern Victoria, are of particular value. They have both 
been dated by mass spectrometry uranium series analysis providing precise 
time control. FT was sampled continuously and RO at close intervals. This 
enabled ready comparison with isotopic records obtained from ice cores 
obtained from Greenland and Antarctica (Figs 5.6, 5.7 and 5.15). The FT record 
clearly identifies the early Last Glacial temperature minimum between 60 and 
70 ka, preceded by two short duration cooling events that appear to correlate 
with Dansgaard-Oeschger events (Grootes et al., 1993) in the GRIP 1 ice core 
(Fig. 5.6). 

In the RO record from Buchan, a period of lower temperatures between 12.5 
and 11.5 ka appears to correlate with the Younger Dryas stadial in the 
Northern Hemisphere, while Neoglacial cooling at about 3 ka is indicated in 
the Holocene (Fig. 5.15). Cooling at about the same time has also been 
observed in the oxygen isotope records of two Tasmanian speleothems: LY 
and FC (Figs 5.9 and 5.14). 

Carbon isotope variations in both Tasmanian and Victorian speleothems 
have been interpreted as reflecting predominantly changes in the level of 
vegetation activity with the highest levels corresponding to the isotopically 
lightest carbon isotope ratios (Section 5.6.4). In the FT record from the 
Florentine Valley in Tasmania, some influence of the orbital parameters may 
be observed with the -21 ka precession cycle appearing to be responsible for 
much of the carbon isotope variation (Fig. 5.25). Maximum vegetatiOn activity 
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appears to coincide with times when insolation induced seasonality was least 
in the Southern Hemisphere. 

8.5.3 Evidence from minor element analysis.  
The author has made significant progress towards an understanding of the 
environmental significance of temporal variations of magnesium and 
strontium in speleothems. It has been shown that variations in magnesium 
content cannot be used as a palaeotemperature indicator. The dominant factor 
causing variation within a single speleothem is believed to be the partial 
pressure of CO2 in the depositing solution. It explains significant positive 

correlations between magnesium concentrations and 8 13C values found in 

two Tasmanian speleothems (FT and KK) (Section 6.5.4.1). Carbon isotope 
ratios can be expected to be affected by partial pressure of CO2 in the depositing 

solution since both would be strongly influenced by the rates of organic 
deposition and respiration in the soil. In turn, both of these are indicators of 
the level of vegetation activity. 

Strontium/calcium ratios have been used very successfully in aragonitic 
tropical corals as a proxy for sea surface temperature (Alibert and McCulloch, 
1997) and in the calcitic carapaces of lake ostracods as a proxy for palaeosalinity 
and palaeotemperature (Chivas et al., 1985). In this thesis (Sections 6.5.4 and 
6.5.5) it has been shown that strontium concentrations in the FT stalagmite are 
affected significantly by temperature (Fig. 6.23) but that most of the temporal 
variation can be accounted for by input of strontium from an external source 
that is believed to be derived from either fallout or rainout of atmospheric 
dust. 

The significance of this source was demonstrated by the measurement of 

87Sr/ 86Sr ratios (Fig. 6.21). The technique also enabled the estimation of the 

strontium isotope composition of the external source and led to the 
suggestion that the dust was derived predominantly from calcareous 
sediments exposed on the continental shelf at a time of lower sealevels. The 
significant correlation between oxygen isotope ratios and strontium 
concentrations is believed to be due partially to the likelihood that the 
direction of the dominant strong winds in the Tasmanian region is itself a 
function of the climatic conditions. A more westerly wind has been postulated 
for full glacial conditions and a more northwesterly direction for interstadial 
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conditions (Fig 6.22). This study indicates that strontium isotope studies have 
great potential for the detection of strontium from external sources 
incorporated in speleothems. In inland areas this may provide information 
on changing wind strengths and directions and in coastal areas on variations 
in distance from the sea that may reflect changes in sealevel. 

Only preliminary investigations have been made into the variation of 
bromine concentrations found in speleothems but initial indications are very 
promising (Section 6.4.4). In the LC stalagmite from Mole Creek in northern 
Tasmania bromine content showed a highly significant decline between 15 
and 11.5 ka (Fig. 6.10). It has been shown that a marine origin for bromine at 
this site is highly unlikely. It has also been demonstrated that bromine from 
an external source is readily incorporated in speleothems by analysing a 
stalagmite sample from a raised seacave on the coast of King Island, NW of 
Tasmania. The dominant non-marine source of bromine is in the form of 
methyl bromide derived from biomass burning (Mano and Andreae, 1994). 
Methyl bromide is a gas that can be dissolved in atmospheric moisture and 
washed out of the atmosphere by precipitation. From there it will be 
incorporated in seepage waters and eventually speleothems, probably 
concentrated in fluid inclusions. 

The LC record (Fig. 6.10) is suggestive because the decline in bromine is 
contemporaneous with the gradual abandonment of aboriginal cave sites in 
western Tasmania. It has been suggested that this was due to inability of 
Aborigines to keep the vegetation open by burning as the climate ameliorated 
and the area became recolonised by wet forest during the Late Pleistocene - 
Holocene transition (Porch and Allen, 1995). 

Further investigation of bromine in speleothems will require the 
demonstration of a causal relationship between a bromine peak in a precisely 
dated, currently active speleothem and a bushfire event on the surface above 
the site. Straw stalactites, because of their fast growth rates (Ford and 
Williams, 1989) are promising candidates for such studies. Precise age 

determination can be achieved either by the use of bomb 14C analysis (Genty 

and Massault, 1997), 210Pb dating (Baskaran and Iliffe, 1993) or by the counting 

of annual layering through the identification of either visible or luminescent 
banding (Genty et al., 1997; Baker et al., 1993; Shopov et al., 1994). Annual 
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layering may also be identified by cyclic variations of either stable isotope 

ratios (e.g. 8 13C) or minor elements (e.g. Mg). A PhD candidate, under the 
supervision of the author, is currently investigating aspects of this approach. 

Chlorine should also be investigated as a minor element in speleothems as it 
appears to be derived from the same sources (seasalt and biomass burning) as 
bromine. A few samples analysed for both elements (23) indicate that chlorine 
is incorporated in much higher concentrations than bromine, probably 
because of its greater abundance in nature. 

The halide analyses from a seacave on King Island (Iron Monarch) indicate a 
potential to use variations in halide content of speleothems from caves in 
coastal regions to monitor past changes in sealevel, especially where a wide, 
gently-sloping continental shelf gives rise to extensive horizontal 
displacement of the shoreline. Suitable sites could be found in western 
Victoria and the southeast of South Australia. 

Another minor element worthy of further investigation is uranium. In two 
stalagmites with a relatively high uranium content, collected from caves at 
Mole Creek (17), strong correlations were established between uranium 

content and values of 8 13C suggesting the possibility of a biogenic signal. Most 
Australian and many Tasmanian speleothems have such low uranium 
concentrations (<100 pg/g) that, unfortunately, only mass spectrometric 
techniques are capable of providing precise measurements. 

The h3 signal in ESR spectrographs of calcite has been widely used for age 

determination. The research presented here indicates that the magnitude of 
the peak (Ih3) is not just a function of age but is strongly influenced by minor 

element composition which effects the sensitivity of the peak to radiation 
(Sh3). This factor becomes the dominant one in causing variation in Ih3 when 

longitudinal profiles of Pleistocene speleothems are measured (17). 

Significant correlations have been found between either Ih3 or Sh3 on the one 

hand and 8 13C , uranium, bromine, magnesium and strontium values on the 

other (Figs 6.3 to 6.6; Figs 6.15 to 6.17). Barabas et al. (1989, 1992) have presented 
experimental evidence that would indicate that the sensitivity of peak h3 to 
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radiation (Sh3) is primarily a function of the magnesium content of calcium 

carbonate but further investigation is required before 1h3 and Sh3 can be 

interpreted confidently as proxy data for environmental change. 

The author has established the potential value of trace element analyses of • 
Tasmanian speleothems in providing a source of meaningful proxy data for 
the reconstruction of palaeoenvironmental conditions. Several promising 
directions for further research have also been identified. 
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