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AINSE/ANSTO workshop on Quaternary Dating Methods
Welcome to the Lucas Heights Science and Technology Centre, home of both
the Australian Nuclear Science and Technology Organisation (ANSTO) and the
Australian Institute for Nuclear Science and Engineering (AINSE). Remember
that most Australian Universities are members of AINSE and so is ANSTO.
Access to the ANSTO facilities is best organised through AINSE. There are two
ways of accessing our Quaternary dating facilities through AINSE- firstly,
through a grant-scheme (closing date 30 September) and secondly a postgraduate scholarship (for APA-holders or equivalent award) with a closing date
31 December. In addition, for undergraduate students there is the annual
AINSE-winterschool, during which the student gets to perform a wide range of
experiments in different Divisions of ANSTO. Each university is encouraged to
nominate one student to attend (all expenses paid!).
This is the second workshop at Lucas Heights and I am delighted that we are
able to report significant progress, innovation and excitement in the field of
Quaternary dating since our first workshop in 1994. In fact, ANSTO itself has
changed from a somewhat service oriented organisation back to a research
organisation. Since 1996, ANSTO has been running four collaborative projects
under the banner of Global Climate Change. Since most of these projects are
now coming to an end we are able to report on new exciting research. Hopefully
we can demonstrate to you, during this two day workshop that we are no longer
the "nerds" that do the measurements for you, but have become truly grown-up
(?) partners in Quaternary research.
Enjoy the workshop and ask AINSE people about access and ANSTO people
about collaboration.
Henk Heijnis, 30 March 1999
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THURSDAY 8 APRIL

10.00- 10.30

Registration

10.30-11.10

Pb-210 & Cs-137 dating

AINSE Foyer

Henk Heijnis, ANSTO

11.10-11.50

Thermoluminescence-dating
David Price, University of Wollongong

11.50-12.30

Optical stimulated

luminescence

Deba Banerjee, University of Wollongong

12.30-13.30

Lunch and posters

13.30-14.10

Amino acid racemisation
Colin Murray-Wallace, University of Wollongong

14.10-14.50

Stable isotopes
Allan Chivas, University of Wollongong

15.00

Transport to University of Wollongong

15.40-16.00

Afternoon tea/coffee

16.00-17.30

Tour of facilities

17.30

Transport to Lucas Heights

18.30 for 19.00

Drinks and dinner

Stevens Hall

FRIDAY 9 APRIL
9.00 - 9.40

Direct dating of hominids using ESR and U-series dating
Rainer Grun, Australian National University

9.40-10.20

TIMS U-series dating
Malcolm McCulloch, Australian National University

10.20-10.50

Morning tea/coffee and posters

10.50-11.30

AMS measurement techniques Ewan Lawson, ANSTO

11.30-12.10

AMS/C-14 chemistry
Geraldine Jacobsen, ANSTO

12.10- 13.10

Lunch and posters

13.10- 13.50

C-14 in soils
John Head, University of Wollongong

13.50-14.30

Surface exposure dating using 10Be, 26AI and 36CI with AMS
David Fink, ANSTO

14.30-15.10

Tree rings and radiocarbon

calibration

Mike Barbetti, University of Sydney

15.10-15.30

Afternoon tea/coffee and posters

15.30-17.00

Tour of Lucas Heights facilities

17.00-17.45

Transport to Mascot airport

POSTER PAPERS

VENUE:

AINSE Council Room

Radiocarbon and thermofuminescence dating of quaternary sediments in Deception
Bay, southeast Queensland: some problems encountered
M M Cotter

A developing chronology for prehistoric "Moated sites" in northeast Thailand
R J McGrath and W E Boyd

The reconstruction of late holocence environmental change at Redhead Lagoon,
NSW, using a multiple-method approach
N Franklin, S Gale and H Heijnis

Dating Fossil opal phytoliths
C Lentfer and W E Boyd
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The use of

•3'T

Pb and

Cs in environmental studies.

Henk Heijnis, Environmental Radiochemistry Group, Environment Division,
Australian Nuclear Science and Technology Organisation, New Illawarra Road Lucas Heights,
2234 NSW, Australia (e-mail: hhx@ansto.gov.au)
The use of natural radioactivity in environmental studies has proven a very powerful tool to
determine the dynamics of both natural and antrophogenic processes in our environment. The use
of I4C in archaeology and past climate studies has led to many scientific discoveries (the shroud
of Turin & Utze "the ice-man from Austria are two examples). The use of the 238U-decay series is
of at least equal value to studies in archaeology and of past climates. Some of the Isotopes studied
supplement 14C (which is limited to 40,000 years) data and allow dating of samples formed up to
500,000 years ago (see McCullough, this book of abstracts, pages 19-23), others can be utilised to
date very young sediments, which can't be dated by 14,C.The so-called Pb dating method has
been used over the past 3 decades to date recent sediment. The method uses the disequilibrium in
222
238
the ' U decay chain, caused by the escape of the intermediate daughter Rn, a noble gas, from
the earth's crust. In the atmosphere the 222Rn decays via short-lived daughter isotopes to 210Pb.
This 210 Pb with a very convenient half-life of 22,3 years decays to stable 206Pb (see figure 1). By
measuring the surface activity of a sediment core and subsequent samples at regular intervals, a
chronology for the sediment core can be established (relative to the surface). In addition to 210Pb
T

T

1 "XI

dating one could analyse the samples for Cs to establish an independent chronology based on a
pulse of radioactive Caesium. The pulse of 137Cs originates from the atmospheric atomic-bomb
test of the early sixties. The maximum of Caesium activity found in a core should correspond to
the height of the tests (approximately 1963 in the Northern hemisphere). A combination of the
two dating methods often leads to more reliable results in the chronology. Another use of l37Cs is
to test if the sediment has been subject to bio-turbation or other mixing. In the case of disturbance
the proper pulse of Caesium would be smeared out and would not look like a specific peak at a
certain depth in the core. By studying other proxies in the core like trace metals or pollen, it is
possible to reconstruct a contamination or land-use history for the region (see reference list).
The pathway of 222Rn and 210Pb is explained in figure 2.
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Figure 1: The 238U-decay chain
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Figure 2: Pathways of 222 Rn and 2 1 0 Pb

Theoretical considerations: Isotopes to measure are I37Cs,226Ra, 214Bi, 210Po or 210Pb There are
two methods to determine concentrations of the isotopes we are interested in: gammaspectrometry and alpha-spectrometry.
Gamma-spectrometry is used to determine the gamma-activity of sediment samples directly.
Different isotopes such as 137Cs, 210Pb, 214Bi and 226 Ra have different gamma-ray energies and
can thus be distinguished by using a multi-channel analyser. Since gamma rays have a high
penetration capacity the sample could be counted in an almost unaltered (except for drying) state.
Figure 3 gives an example of a gamma-spectrum. Since the observed counting rate in counts per
second (cps) is not a true measure of disintegration's per second, a standard with a known activity
and similar matrix and configuration needs to be counted to calibrate the germanium
gamma-detector.
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Figure 3: Example of a Gamma-spectrum

Alpha-spectrometry is used to determine the alpha-activity of sediment samples. Different
isotopes such as o and 226Ra emit alpha-particles (He-ions) (note: not 210Pb!). In order to measure
activity of 2I0Po (a proxy for 2I0Pb, as they are in equilibrium) and 226Ra at high resolution it is of
great importance to chemically isolate both elements in order to produce ultra-thin, ultra-pure
alpha-sources. Since the separation/isolation of both lead and radium out of the sediment matrix
is a tedious task and chemical losses could go undetected, a tracer solution with a known activity
of an artificially produced alpha-emitting isotope (209Po) is added to each core sample. This
allows us to correct for chemical recovery and detector efficiency. In the case of 22 Ra there is no
suitable artificial isotope available and we therefore use a chemically similar gamma-emitter,
133
Ba, for yield tracing.
Useful references:
Ivanovich, M. And Harmon, RS., (Editors) "Applications to Earth, Marine and Environmental
Sciences", 2nd Ed., Clarendon Press, Oxford, 1992. See: Chapter 21: "Application of 2I0 Pb to
sedimentation studies".
Haworth, E,Y and J.W.G. Lund (Eds), Lake sediments and environmental history, University of
Minnisota Press 1984, 411 pp. See: Chapters 3 & 4
McMinn, A, Gustaaf M. Hallegraeff, Paul Thomson, Andrew V. Jenkinson, Henk Heijnis, 1997.
Cyst and radionucleotide evidence for the recent introduction of the toxic dinoflagellate
Gymnodinium catenatum into Tasmanian waters. Marine Ecology Progress Series, 161:165-172.
Haworth, R. J., S.J. Gale, S.A. Short and H. Heijnis, 1998. Land use and lake sedimentation on
the New England Tablelands of New South Wales. Australian Geographer (in press).
McMinn, A, H. Heijnis and D. Hodgson: Minimal effects of UV-B radiation or. Antarctic diatoms
over the past 20 years. Nature, VOL 370, 18 August 1994, pp 547-549.
Heijnis, H, G. W. Berger and D. Eisma: Accumulation rates of Estuarine sediment in the Dollard
Area: Comparison of 2I0pb anc j pollen influx methods. Netherlands Journal of Sea Research, 21
(4), 1987. p. 295-301.
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Thermoluminescence Dating
David M Price, School of Geosciences,
University of Wollongong, Northfields Avenue, Wollongong, NSW 2522,
Phone: (02) 42213632, Fax: (02) 42214250 Email: david_price@uow.edu.au
Basic Principles
Thermoluminescence (TL) dating of sediments depends upon the acquisition and long term stable
storage of TL energy by crystalline minerals contained within a sedimentary unit. This energy is
stored in the form of trapped electrons and quartz sand is the most commonly used mineral
employed in the dating process. Prior to the final depositional episode it is necessary that any
previously acquired TL is removed by exposure to sunlight. After burial the TL begins to build up
again at a rate dependent upon the radiation flux delivered by long-lived isotopes of uranium,
thorium and potassium. The presence of rubidium and cosmic radiation generally play a lesser but
contributory roll, and the total radiation dose delivered to the TL phosphor is modified by the
presence of water. The period since deposition is therefore measured by determining the total
amount of stored TL energy, the palaeodose (P), and the rate at which this energy is acquired, the
annual radiation dose (ARD).
TL Age = Palaeodose (P)
(ARD)
Sampling techniques and strategies
TL samples may be collected in open ended or opaque PVC tubes approximately 12cm in length
and 6cm in diameter. Whilst it advisable to protect the sample from direct sunlight there is no
need to sample at night and the orientation of the specimen is not important. The sample is taken
by introducing the tube into a freshly cleaned back surface; if this proves difficult a block may be
cut from the unit of interest. The specimen tube or block should then be wrapped in black plastic
to prevent further exposure to light and to preserve the environmental moisture content. The
exposed material at either end of the tube is used in the determination of the annual radiation dose
and the internal unexposed portion for the palaeodose determination.
The sample collected should be taken from the centre of a homogenous sphere of 30cm radius. In
the absence of a field gamma spectrometer this is extremely important as the presence of rock or
any other dissimilar material within this distance may have an effect upon the radiation dose
received by the sample. This effect cannot be determined in the laboratory from the sample
submitted. If a field gamma spectrometer is available measurements should be made in the field
by placing the gamma probe into the hole from which the sample has been removed. This
correction will subsequently be applied to the laboratory measured radiation dose value.
A sample of recently deposited similar material should also be submitted in order that the "TL
starting point" at the time of deposition can be measured and a suitable correction applied. In the
case of an aeolian deposit this may collected as a surface peel on adhesive tape or from the
subsurface of the deposit. This correction becomes a little more difficult in the case of water
borne sediments but may be determined from a subsurface sample of recently deposited similar
material. In general the older the sediment the less significant the surface residual correction
becomes. The technique is best suited to the age determination of sediments which have
undergone long transport distances and, in the case of water borne sediments, as suspended load

under shallow water, low energy conditions. Aeolian sediments are more likely to have
undergone considerable solar exposure prior to deposition and therefore are more likely to have
been effectively zeroed. Care must also be taken ensure that the sample is taken from a
undisturbed site and has not been subject to re-exposure by bioturbation.
Laboratory sample processing
Upon arrival in the laboratory TL samples normally consist of two parts: the sample to be dated
and a modern analogue sample for the surface residual correction. Both specimens are carefully
sieved to separate the 90 - 125 micrometre grain size fraction, chemically cleansed in dilute HC1,
etched in 40% w/w HF and finally subjected to heavy liquid separation. The sample so prepared
consists of better than 99% pure quartz grains.
The quartz from the specimen under investigation is divided into two parts one of which is
heavily bleached under a UV sunlamp. This exposure effectively removes all of the previously
acquired TL leaving only what is termed as the "unbleachable TL". Aliquots of both the bleached
and the unbleached quartz are deposited onto a series of aluminium planchettes and a number of
these are incrementally irradiated using a calibrated 90Sr plaque source. Each planchette,
complete with its sample aliquot, is heated to 500°C at a controlled rate and in an oxygen free
atmosphere. The light emitted (TL) is recorded and in this way it is possible to a establish TL
growth curve which relates TL output and the absorbed radiation dose. With reference to this
curve the measured naturally accumulated sample TL may be converted to absorbed radiation
units (Palaeodose P). The surface residual TL correction is determined from the modern analogue
sample by means of a similar procedure and this correction is applied to the palaeodose value. In
the absence of a suitable modern sample the laboratory induced unbleachable TL level is assumed
which has the effect of maximising the resultant TL age determined. In the case of a older sample
this correction may only represent a small proportion of the total age.
The radiation dose received annually by the sample is measured by means of calibrated thick
source alpha counting which determines the specific activity of the uranium and thorium decay
chains assuming that secular equilibrium exists. This process requires that the sample be crushed
to an extremely fine grain size such that all of the short range alpha particles may be detected.
The crushed sample is placed in immediate contact with a scintillation screen which is sealed in
an alpha counting cell which in turn is positioned on a photomultiplier tube assembly. Because
certain of the daughters within the uranium and thorium decay chains are gaseous it is necessary
to wait a period of three weeks before introducing the cell into the counter. This period allows the
decay chains to be re-established. The amount of potassium present in the sample is determined
by means of atomic emission spectroscopy and the rubidium content by X-ray fluorescence.
Thus, assuming the cosmic contribution and applying a correction for the modifying effect of the
sample moisture content, the radiation dose received upon an annual basis (ARD) may be
computed and the depositional age of the sample determined from the equation shown.
Dateable material
TL dating as practised in the Wollongong laboratory may be applied to aeolian, fluvial, coastal
and, in some cases, marine sediments. The technique is also successfully applied to volcanic
materials and heated firehearth samples and therefore may be directly applicable in certain
archaeological contexts. The age determination of pottery is also undertaken and the method may
also be applied to casting core material removed from bronze artefacts. Certain of these analytical

procedures may make use of the polymineral 1 - 8 micrometre fine grain sample fraction rather
than the 90 - 125 micrometre quartz grains.

Cost and turn around time
The full cost of a sedimentary age determination is currently $600 although in certain
circumstances a reduced collaborative rate may be applicable. This charge includes the analysis of
the modern analogue sample which may be applicable to more than one sediment. A charge of
$200 is made for the authentication of pottery and bronze artefacts the purpose of which is to
establish the originality of the piece rather than to accurately determine the age.
The turn around time for authenticity work is generally around two weeks. Often a verbal result is
available within a week of submission of the ware. It is preferable to bring the item for test to the
laboratory such that it can be sampled and taken away on the same day. Sediments may be sent to
the laboratory but full field data must also be submitted. It is essential to work closely with the
laboratory to ensure a full understanding of the processes involved in the analysis and also to
provide any special information that may have an effect upon the dating of the sample. TL dating
is both a costly and time consuming process and, as with all dating methods, good samples give
good dates, poor samples seldom provide reliable ages. By the nature of the procedure practised
TL dating of sediments cannot be achieved reliably in less than a month and because of the
backlog analysis will generally take longer. Small numbers of samples are normally analysed
rather more promptly than larger batches which tend to reduce the flexibility of the laboratory.
Every effort is made to meet all agreed realistic deadlines.
Australian quarantine regulations
Australia necessarily has strict quarantine regulations which prohibit the entry of unauthorised
soil/sand samples from other countries. Before submitting such a sample to the laboratory it is
necessary to obtain an import permit. These may be obtained from Australian Quarantine and
Inspection Service at a cost of AUD$60 and are valid over two years. Additionally the laboratory
possesses a permit of approval to work upon imported samples which is renewed upon an annual
basis. When sending such samples to the laboratory it is essential that a copy of the import permit
is attached to the package and that it is clearly marked with the laboratory permit number P398.
It is also necessary to clearly label sample packages to prevent x-ray or exposure to light. The
addition of the laboratory phone number may also assist in the case of problems encountered
during quarantine inspection.
Other applications and advantages
TL is an electron trap method of dating as opposed to a radiometric technique such as carbon
dating. This has the advantage that the TL signal increases with time rather than decreasing. At a
palaeodose level, dependent upon the physical properties of the quartz grains, a saturation point
is reached beyond which there is no further increase in the TL with additional irradiation. This
saturation level represents the point at which all of the electron traps are full. Once this
palaeodose level has been reached a finite depositional age for the sediment cannot be determined
and it is only possible to determine a minimum age value. This level frequently occurs at around
250 Grays in the case of quartz but this value may vary from one sample to another. An
accumulated palaeodose of this level may be reached as soon as 50ka or in exceptional cases
almost lma dependent upon the operative radiation flux level.

Naturally occurring quartz grains contain chemically inbuilt impurities such as silver and
manganese and it is from within these electron trap sites that TL is emitted. Pure quartz in fact
does not emit a TL signal. Quartz is the often the preferred phosphor employed in the TL dating
process because of the stability of the electrons within the crystalline lattice ie long life time clO9
years. Feldspars may be subject to loss of TL signal over a period of time and certainly must be
treated with caution.
Because of the finite electron trap energy levels associated with each of the inbuilt impurities
within the quartz crystals, TL peaks are exhibited at defined temperatures as the quartz crystals
are heated and the trapped electrons released. Thus a TL spectra may be taken as being indicative
of the impurities contained within the quartz grains which in turn may represent the formation
conditions and history of the quartz grains. This property, in some instances, may be utilised in
the detection of changes in provenance of the quartz and the sediment in which it is contained
which can indicate a change in palaeowind direction or an altered water flow regime.
Electrons stored at low energy electron trap levels are more easily released and thus, upon
heating, a naturally accumulated TL spectrum will not contain TL peaks in these regions. When a
quartz sample is irradiated in the laboratory and fairly quickly heated these low energy TL peaks
are immediately evident in the so-called second glow curve. If the amplitude of this spectrum is
compared with a natural TL glow curve over a range of temperatures a plateau region will result
over the region where the trapped electrons are stored in a stable fashion, usually between 200
and 500°C.
If a sediment is only partially exposed during its transport phase or, perhaps, has been re-exposed
by a process of bioturbation electrons stored at less stable, lower energy electron traps, may be
released leaving only those trapped at the higher energy levels. If the TL spectrum displayed by
such a sample is compared with that emitted by a recently laboratory induced spectrum then a
stepped temperature plateau characteristic may well result. This is sometimes evident in the case
of tsunami deposited sediment where there is little time and solar exposure to enable the complete
resetting of the previously acquired TL signal. A similar process may take place if a sediment is
partially re-exposed perhaps as a result of bioturbation or other processes.
Recent literature references and handbooks
Extremely readable accounts of TL dating, processes and application may be found in
Thermoluminescence Dating by M.J. Aitken, Academic Press, 1985 and Science-based Dating in
Archaeology, Longman, 1990 by the same author. There is also a users newsletter available,
Ancient TL, in which recent developments are reported. This appears three or four times a year
and is available from the Laboratoire de Physique Corpusculaire, IN2P3-CNRS Universite
Blaise-Pascal, 63177 Aubiere Cedex, France. The results of the application of TL in its many
aspects are reported in many international and Australian scientific journals, Australian
Geographer, Australian Journal of Earth Sciences, Quaternary Research, Geomorphology,
Marine Geology etc. An international meeting of TL and related electron capture practitioners is
held every three years and the proceedings of these meetings are reported in Radiation
Measurements and Quaternary Science Reviews. The next such meeting is to be held in Rome 610 September 1999 and the proceedings of the 1996 meeting held in Canberra appear in vol 27, 2
and vol 16, 3-5 respectively. These provide the most up to date information regarding the state of
the art.
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Optical stimulated luminescence (OSL) dating
Dr Debabrata Banerjee, School of Geosciences,
University of Wollongong,
Wollongong, NSW 2522, Australia.
Introduction
Since the pioneering work by Huntley et al. (1985), optical dating is being increasingly
recognised as an important technique for establishing a time frame of deposition of sediments
(Aitken, 1998). Optical dating differs from thermoluminescence (TL) dating in that
visible/infrared light from lasers or LEDs (light-emitting-diodes) is used as a means of
stimulation, in contrast to thermal stimulation. It has several advantages over TL dating: (i) the
resetting of the OSL (optically stimulated luminescence) clock is more effective than that of TL
clock; for sediments transported under water or in other situations where the sediment grains have
undergone inhomogeneous bleaching, this property ensures that ages based on optical dating are
generally more reliable than TL ages, (ii) the optical dating technique is non-destructive, and
multiple readouts of the optical signal is possible; this feature has resulted in the development of
single-aliquot and single-grain protocols (Murray and Wintle, 1999; Banerjee et al. 1999), (iii)
the sample is not heated as in TL; thus, spurious luminescence is avoided and there is a
significant reduction in blackbody radiation. Dating of materials which change phase on heating
is also practical, and finally, (iv) thermal quenching of luminescence is negligible, allowing
accurate estimation of kinetic parameters using standard techniques and providing access to deep
OSL traps. This characteristic may be helpful in extending the limits of optical dating beyond the
last 150 ka from a global point of view.
Stimulation systems
The initial studies in optical dating were performed using green laser-based stimulation systems;
in the late 1980s, Hutt et al (1988) demonstrated the possibility of using infrared light-emittingdiodes for stimulation of feldspar-rich extracts. These authors noted that feldspar exhibit a strong
resonance in their stimulation spectrum at about 880 nm. However, experience with LEDs has
shown that quartz was not stimulated by infrared radiation; thus, to provide a more inexpensive
option for luminescence practitioners, Risoe National Laboratory developed a stimulation unit
consisting of a halogen lamp, mounted in a remote lamphouse and equipped with an
electromagnetic shutter and a filter pack which restricted the stimulation wavelengths to 420-550
nm (Boetter-Jensen, 1997). Perhaps an even better choice is the use of filtered blue (475±45 nm)
LEDs developed again at Risoe. The switch-on and switch-off times are much shorter compared
to shutters operating with halogen lamp-based systems. Besides, the stimulation power can be
controlled electronically.
Premise
The luminescence dating techniques estimate the time of the most recent 'zeroing' event in the
history of the sample; this may be a thermal or a sun-bleaching (exposure to solar radiation)
event. In the case of deposition of sediment, it is assumed that transport prior to emplacement
resets the OSL clock so that the sediment has 'near-zero' luminescence. On burial, the
surrounding radioactivity provides energy to the sediment grains at a constant rate. This energy is
stored in the form of trapped electrons within the mineral grains. The number of trapped electrons
(or luminescence) accumulate with time, and is proportional to the dose acquired by the sample

since the last zeroing event. Thus, on excavation of the sample, the luminescence age of the
sample is given by the expression
Equivalent dose
Dose rate
where equivalent dose is the laboratory dose required to produce luminescence equal to that
induced in the sample since the last resetting event.
The three main assumptions in age estimation are the following:
(i)
optical or thermal zeroing of luminescence of the mineral during the event being dated
(ii)
negligible loss of luminescence during storage (absence of anomalous fading)
(iii)

the mineral's environment acts as a closed system in respect of radioactivity

Recent developments: multiple-aliquot vs single-aliquot protocols
Until the early 1990s, all TL and OSL studies were based on the use of multiple-aliquots (or subsamples). Duller (1991) proposed the first single-aliquot additive-dose protocol for estimation of
equivalent dose (De) in feldspar-rich extracts. Recently, Murray and Wintle (1999) have proposed
a single-aliquot regenerative-dose protocol for the estimation of De in quartz; in this protocol, an
additional measurement of the OSL signal from a test dose (-10-100% of the natural dose) is
performed between measurement of natural or regenerated OSL signals. This OSL measurement
is used to correct for any changes in luminescence sensitivity of the sample. Single-aliquot
procedures are preferable to multiple-aliquot ones because of several reasons: (i) there is no need
for normalization of luminescence since all measurements are carried out on the same aliquot;
this results in improved precision on the estimate of the equivalent dose (ii) the amount of quartz
or feldspar necessary for a De estimate is typically less than 150 mg, which suggests that a precise
De estimate is achievable even in situations where sample quantity is limited (iii) the De estimate
based on single-aliquot protocols is more accurate in comparison to multiple-aliquot protocols, as
they enable a study of distribution of dose in a suite of aliquots (or even individual grains) from
the same sample and (iii) they require much less measurement time for each estimate of De,
which allows the investigation of the dependence of De on measurement parameters.
Datable materials using OSL
OSL dating is applicable to aeolian, fluvial/alluvial, lacustrine and glacial environments. In an
aeolian depositional environment, it is quite likely that all sediment grains are bleached
homogeneously and that there is complete resetting of luminescence at deposition. However, this
may not be an a priori assumption in the case of waterlain sediments. Dose-distributions based on
single-aliquot analyses using small quartz aliquots (<100 grains) can be used to derive
information about the bleaching conditions at deposition.
At least 150 mg of quartz (grain diameter between 100 and 200 urn) should be available after
chemical processing of the sample; in favourable situations (high S/N ratio and young quartz), a
precise De estimate is feasible with around 50 mg of quartz. The OSL technique is applicable to
an age range of 0-100 ka; the upper limit being dependent on the saturation dose of quartz.
Nevertheless, if the radioactivity content in a particular site is unusually low (e.g. <1 mGy/a), it
may be feasible to date depositional events upto 1 Ma (see e.g. Huntley et al. 1993). Dating of
young samples (<500 a) is plausible provided that (i) the natural luminescence signals are

significantly higher than background levels and (ii) recuperation/thermal transfer effects are
negligible.
Besides the above applications, OSL can be used to date archaeological pottery, heated sediment
and volcanic products. Some laboratories are also presently using -100-200 |j,m feldspar-rich
extracts for De analysis. Potentially, feldspar dating may be even more preferable than quartz
dating, as the luminescence signals of feldspars saturate at much higher doses (-1000 Gy), and
because the luminescence intensity per unit mass is typically about 50 times that of quartz. But,
most feldspars exhibit anomalous fading implying an upper age limit of about 100 ka.
Sampling techniques
In any luminescence dating project, it is extremely important to establish the correct relationship
between the samples chosen and the stratigraphy or geomorphology of the section/site; any field
sites where post-depositional deformation has occurred should be avoided. One may look for soil
formation, groundwater leaching, bioturbation, clay formation and transportation, compaction;
these signatures can be regarded as manifestation of diagenetic alterations. In these situations, the
closed system assumption may not be valid in age estimation.
Further, the estimation of dose-rate is based on the infinite matrix assumption, i.e. if the size of
sample is larger than the ranges of alpha, beta and gamma radiation, then, conservation of energy
implies that the energy emitted per unit mass is equal to the energy absorbed per unit mass. This
suggests that (i) the ambient radioactivity is homogenous and (ii) the absorption coefficient per
unit mass is a constant for the sample and its surroundings. The presence of rocks close to the
section may provide an indicator of inhomogeneties in ambient radioactivity; this should be
complemented by on-site gamma-spectrometry measurements.
Finally, a word about the water-content in a particular sample. Some users measure the present
day water-content and the saturation water content (or porosity) in their samples, and use the
average of these two measurements. It is also advisable to be aware of the seasonal and annual
variations in the water-content of the respective site, and a good discussion between the
geologist/geomorphologist about the time-averaged water-content over the history of the sample
is deemed necessary.
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Amino acid racemisation dating
Colin V Murray-Wallace
School of Geosciences, University of Wollongong, NSW, 2522
The potential of the time-dependent amino acid racemisation reaction as a method of age
assessment was first reported by Hare and Abelson (1968). They noted that in specimens of the
bivalve mollusc Mercenaria sp., greater concentrations of amino acids in the D-configuration
with increasing fossil age. Hare and Abelson (1968) also reported negligible racemisation in a
modern specimen of Mecanaria sp. On this basis they suggested that the extent of amino acid
racemisation (epimerisation in the case of isoleucine) may be used to assess the age of materials
within and beyond the range of radiocarbon dating. For the past thirty years amino acid
racemisation has been extensively applied in Quaternary research as a method of relative and
numeric dating, and a particularly large literature has emerged on the subject (see summaries in
Miller and Brigham-Grette, 1989; Murray-Wallace, 1993; Rutter and Blackwell, 1995).
The racemisation (epimerisation) reaction
During diagenesis amino acids and their precusor peptides may undergo numerous reactions that
include oxidation, decarboxylation, deamination, hydrolysis and racemisation (epimerisation). In
the protein of living organisms, amino acids are bound in peptides as left-handed molecules (Lamino acid: levorotatory), a phenomenon that has been related to enzymic reactions (Williams
and Smith, 1977). Following the death of an organism, the enzymic reactions that formerly
maintained the disequilibrium state cease (i.e. exclusively L-amino acids) and amino acids then
slowly and progressively interconvert from a left-handed to a right-handed counterpart (D-amino
acid: dextrorotatory). In this context, the event dated by the racemisation reaction is the time of
death. Exceptions to this, however, relate to teeth and eye lenses, matrices in which racemisation
is known to occur in during life. This process is termed amino acid racemisation for amino acids
with only one chiral carbon centre {i.e. enantiomers such as aspartic acid) and epimerisation for
amino acids with two carbon centres {e.g. isoleucine). The interconversion of L- to D-amino
acids continues until equilibrium (i.e. D/L=l for enantiomers and approximately 1.3 for
diastereoisomers such as isoleucine).
Parameters that influence racemisation in natural systems
As the amino acid racemisation reaction is senstive to a variety of environmental parameters,
considerable caution should be exercised when collecting samples for analysis. Broadly, in order
of significance the major environmental parameters which may impinge on the utility of the
method for a particular field setting include: (1) diagenetic temperature history; (2) fossil genus
and matrix; (3) moisture regime; (4) hydrolysis state of peptides; and (5) pH and clay mineral
catalysis.
Diagenetic temperature history
The most important parameter influencing amino acid racemisation in natural systems is the
diagenetic temperature history. This refers to the integral of all temperatures a sample has
experienced from the onset of racemisation to the time of sampling. Most significantly,
•

'

*

o

temperature changes have an exponential influence on racemisation rate, such that for every 1 C
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increase in temperature, the racemisation will increase by approximately 20%. Accordingly,
o

racemisation rates double for every 5 C increase in temperature, a phenomenon predicted by the
Arrhenius equation (Williams and Smith, 1977). This relationship is also apparent in fossil
marine molluscs of Last Interglacial age (ca. 125 ka; Oxygen Isotope Substage 5e; MurrayWallace, 1995). The temperature dependence of racemisation reactions is also illustrated by the
o

fact that aspartic acid will undergo ten times the extent of racemisation in 1000 years at 25 C than
in 2000 years at 12.5°C (Davies and Treloar, 1977).
As temperature is such a significant consideration for amino acid racemisation dating, it is
imperative that samples be obtained from well-buried situations (i.e. > 1 m). This will reduce the
influence of diurnal and seasonal temperature extremes, such that the temperature changes which
will have influenced racemisation in the materials selected for dating relate to longer-term
climatic change.
Other considerations that relate to temperature centre on whether the fossils have been subaerially
exposed for a lengthy part of their diagenetic history. In such situations, high summer
temperatures will have disproportionately influenced racemisation rate. In some circumstances,
however, this may be useful as it provides an additional means for assessing whether the
materials have been exhumed and then re-buried. From an archaeological perspective, there is
the further question of whether the materials have been burnt. Here, issues such as the intensity
and duration of the heating event become important. For example, a short-term heating event
from a low intensity fire might have a negligible influence on the extent of racemisation for
archaeological materials that are several thousand years old. Evidence for heating events are
more likely to be identified in younger materials and include: (1) unusually high extents of
racemisation with respect to age, and (2) rapid loss of unstable amino acids such as threonine and
serine.
Fossil genus and matrix
Rates of racemisation vary according to fossil genus and the nature of the matrix host to the
residual protein (e.g. molluscs, bone, teeth and wood). The genus-effect in marine molluscs
relates specifically to the original make up of proteins and polypeptides.
A strong
correspondence between racemisation rates in different mollusc genera, and the classical
taxonomic subdivision of the phylum mollusca has been documented (Wehmiller, 1984).
Accordingly, amino acids that are bound in polypeptides with stable peptide-linkages will
undergo slower rates of racemisation. This is because more time is required for hydrolysis
reactions to break down polypeptides, such that amino acids located in the newly created
terminal positions of peptides may undergo racemisation.
Moisture regime
The presence of water within deposits also influences racemisation rate as well as the measured
extent of racemisation. The very low extent of racemisation in bones from the La Brea tar pits,
(California), for example, has been attributed to the anhydrous nature of this environment
(McMenamin et ah, 1982). Thus the presence of water has been frequently cited as an important
determinant of racemisation. Samples that are permanently within the the water table and hence
permanently saturated do not appear to present a major difficulty for racemisation studies.
However, materials that experience significant changes in moisture regime, especially on a
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diurnal basis may be difficult to date by amino acid racemisation. Materials from such contexts
are often characterised by highly degraded surfaces that crumble readily and have lost a portion of
their free amino acids as well as amino acids bound in lower molecular weight peptides. This is
generally evident by the low concordance of results for the extent of amino acid racemisation for
sample replicates from a single deposit. Thus, the moisture regime is significant for not only
influencing the rate of racemisation, but also the measured extent of amino acid racemisation.
Hydrolysis state ofpeptide residues
Rates of racemisation also vary according to the location of amino acids within peptide chains
(Mitterer and Kriausakul, 1984). Accordingly, the relative rates of racemisation follow the
relation:
NH2-terminal > diketopiperazine » COOH-terminal ~= interior positions ~= free amino acids
pH and clay mineral catalysis
Although pH and clay mineral catalysis are known to influence racemisation, for many natural
matrices such as aragonitic and calcitic fossil shells, the matrix protects the residual protein from
these effects. The calcium carbonate matrix of shells, for example, prevents catalytic surface
effects from clays such as montmorillonite. In addition, the range of pH typically experienced in
archaeological and geological deposits (pH 5 to 9) appears not to influence racemisation (Bada,
1985).
Applications of amino acid racemisation
Amino acid racemisation has a variety of applications in Quaternary studies. The method has
been used in relative and numeric age assessments of Quaternary fossils (Wehmiller, 1984;
Murray-Wallace, 1995), idenification of reworked fossils (Murray-Wallace and Belperio, 1994),
palaeotemperature calculations and for screening samples before analysis by uranium-series
disequilibrium or radiocarbon dating and assessing the veracity of finite ages close to the practical
limits of radiocarbon dating.
Sampling requirements
Samples for amino acid racemisation analysis should be from well-buried contexts (i.e. > 1 m).
The materials should be well-preserved and not exhibit chalky surfaces or crumble readily. At
least 1 g of matrix is required (e.g. shell calcium carbonate). Larger samples are preferred,
however, as this permits a more rigorous pretreatment before isolation of the residual protein, as
well as the opportunity to analyse free amino acids in addition to the total hydrolysate. Replicate
samples should also be collected to assess within-deposit enantiomeric ratio variation between
fossils. In the case of materials such as fossil molluscs, sample selection should involve single
species. As with any dating method a very detailed site description is required so that the results
may be evaluated.
Sample processing: Chemical and Physical
Several analytical approaches may be used for the separation and quantitation of amino acid
isomers. The method adopted at Wollongong University, and widely used overseas, involves ionexchange separation of the residual protein followed by gas chromatography of Npentafluoropropionyl D, L-amino acid 2-propyl esters. Both the total acid hydrolysate and free
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amino acid fractions are analysed. This analytical scheme permits the analysis of nearly all the
twenty protein amino acids as well as their diagenetic break-down products. This analytical
scheme is particularly useful in assessments of contamination, as unstable amino acids such as
serine and threonine, as well as amino acids associated with bacterial cell walls such as diaminopimelic acid may be identified.
Price, turn around times
A limited number of samples are processed for researchers outside the university on a fee for
service basis. A standard analysis (total acid hydrolysate) is A$500. At present the turn around
time is approximately three months.
Further inquiries may be directed to: Colin Murray-Wallace
School of Geosciences
University of Wollongong
NSW, 2522
Tel: (02) 4221 4419
Fax: (02) 4221 4250
Email: colin_murray-wallace@uow.edu.au
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Stable Isotopes
Allan R Chivas
School of Geosciences, University of Wollongong NSW 2522

The term "stable isotopes" in the Earth Sciences is commonly, but not strictly correctly, taken to
refer to the light-element isotopes that does not decay. These are typically represented as ratios of
minor/major isotopes of a given element, e.g. H-2/H-1, O-18/0-16, C-13/C-12, N-15/N-14, S34/S-32, C1-37/C1-35, Si-30/Si-28, etc. Because these isotopes are stable, their ratios do not
provide numerical age determinations, although some are required as an adjunct for other
numerical methods (e.g. the C-13/C-12 ratio is required for C-14 dating to correct for mass
fractionation).
The average stable-isotope abundances of some of the pertinent light elements (Hoefs, 1997) are:
0-18 0.1995%
0-16 99.763%
0-17 0.0375%
C-12 98.89%
C-13 1.11%
N-15 0.36%
N-14 99.64%
99.9844%
H-1
H-2 0.0156%
S-32 95.02%
S-33 0.75
S-34 4.21%
S-36 0.02%
The standard nomenclature for reporting these ratios is in delta units of parts-per-thousand (per
mil) deviations from an international standard,
e.g. for 5180 :
8180 (Th °/oo) = [{(180/I60) samp,e - (180/160) standard} / {(18O/16O) standard }]. 1000

Where for delta 0-18 and delta H-2, the standard is V-SMOW (Vienna Standard Mean Ocean
Water) for water samples and silicate minerals, but V-PDB (Vienna Pee Dee Belemnite) for delta
0-18 and delta C-13 in carbonates, and with respect to C-13, for all other forms of carbon. For
nitrogen isotopes, the standard is Atmospheric Nitrogen (AN).
By far the principal use of stable-isotope ratios is in palaeotemperature studies, and natural
isotopic tracing studies. Often these data are linked to independent dating methods (e.g. C-14,
U/Th) to produce a time-series of environmental change (e.g. past temperature, salinity, icevolume changes, atmospheric humidity, etc).
The use of stable isotopes to date or correlate geological/oceanographic/atmospheric events, lies
in the fact that independent time-series exist for several media and environments thereby
permitting the stable-isotope signal (usually delta 0-18, but in some cases C-13 or N-15) to be
usefully compared among Quaternary records.
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Colman et al. (1987), refer to this use as a "correlated age" dating method which, in some
respects, is not unlike conventional palaeontological dating, or the matching/correlation of
wiggles in palaeomagnetic curves or in magnetic reversal stratigraphy.
The Marine 0-18 record
The principal correlative use of 0-18 is the now well established Marine Isotope Stages (MIS).
These have been documented for at least the last 5 Ma to numbered stages beyond 100, and are
best defined for the Quaternary. Here the oscillating 0-18 pattern is caused by both ocean
temperature changes and changes in the 0-18 content of ocean water itself as ocean and ice
volumes vary on glacial/interglacial time scales.
Thus delta 0-18 values of marine organisms (typically the calcareous Foraminifera) are lowest in
interglacial time and highest in glacial times. The sensitivity of these two principal factors, i.e.
temperature and ice-volume, is respectively -0.23 per mil/degree Celsius, and -0.011 per
mil/metre sea-level change. The best defined marine 0-18 records are based on benthic (rather
than planktic) Foraminifera, because in the deep ocean the temperature changes are less, and there
is less possibility of mixing by surface-water ronoff from rivers or direct rain. Indeed, salinity
changes (by evaporation or fresh-water dilution) in the ocean, will affect the O-18 values of water
bodies, and in turn, the organisms that grow in such waters. The best documented of the marine
0-18 chronologies are those of Martinson et al.(1987).
Other 0-18 records
Local isotopic correlations or global-to-local age correlations have been attempted with
speleothem records, tree-rings, lacustrine records, ice-cores (both polar and lower-latitude
montane). Care must be exercised in not simply 'forcing' correlations to occur without some
independent age control. Correlation of the O-18 marine record to terrestrial data, particularly of
non-isotopic origin, e.g. pollen abundances, may produce "correlations" that tend to restrict
knowledge rather that add to it. A more unusual application, specific to Australia because of its
northwards continental drift, particularly since the Tertiary, allows the correlated 0-18 dating of
weathering minerals (e.g. kaolinite from laterites) to distinguish between Quaternary and older
weathering events (Bird and Chivas, 1989; Chivas and Bird, 1995).
Strontium isotopes
The principal isotopes of strontium (Sr-87 and Sr-86) are both stable, although Rb-87 decays to
Sr-87, thereby changing the Sr-87/Sr-86 ratio with time. This variation has been calibrated for
ocean water for the past 200 Ma with some detail, however the residence time of Sr in the ocean
is too long to permit useful dating in the Quaternary, or to distinguish between glacial and
interglacial environments. Strontium isotopes are powerful discriminators among marine and
non-marine environments.
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Preparation methods for the stable isotopes
Sample size: Typically 100 micrograms CaCO3 (or 3 milligrams for older equipment); 10
micrograms of organic matter; 10 milligrams of silicate or oxide minerals, or approx 100
micrograms if analysis is by laser extraction; 300 microlitres of water for 0-18 or H-2.
Chemical preparation: carbonates + phosphoric acid; organic matter is heated with excess
oxygen; water samples are equilibrated with CO2 or H2 for delta 0-18 or delta H-2, respectively:
silicates are heated with a fluorinating agent such as chlorine trifluoride.
Mass spectrometry: Typical methods use pure gases such as CO2,H2,N2,SO2,CH3Cl,SiF4,SF6
in a double- or triple-collecting gas source (electron bombardment) dual-inlet or continuous-flow
isotope-ratio mass spectrometer.
Laboratories (in the Geosciences realm)
A partial list follows, and note that not all laboratories undertake research of relevance to
Quaternary studies. U of Queensland, U of Sydney, CSIRO North Ryde, U of Wollongong, U of
Tasmania, Monash U, U of Adelaide, CSIRO Land and Water, Adelaide and Perth. Costs are
approximately A$60 per analysis for most materials, but up to A$200 for silicate minerals.
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Direct dating of hominids using ESR and U-series dating
Rainer Griin
RSES, Australian National University, Canberra ACT 0200
Dating studies on palaoeanthropological sites is usually carried out on material associated with
the human remains, such as the sediment, charcoal or other fauna rather than the human specimen
itself. The reason lies in the fact that most dating techniques are destructive and because the
hominid remains are too rare to be sacrificed for dating. This indirect dating approach is in many
cases not satisfactory, because:
(i)
(ii)
(iii)

the human remains are often buried into the sediments and the association with other
materials is uncertain (e.g. Skhul, Qafzeh, etc.);
faunal remains or minerals from the sediment are re-worked from older deposits (see e.g.
present discussion of the age of the Homo erectus remains in Indonesia)
the hominid specimen was discovered at a time when no careful excavations were carried
out and it is impossible to correlate the specimen with other datable material (nearly 90%
of all palaeoanthropological specimen).

For example, the hominid burial site of Qafzeh in Israel has been dated by several independent
dating laboratories with a multitude of methods. However, the data are still not accepted by some
because the dating has not been carried out on the hominid specimen.
Until recently, hominid fossils could only be dated by radiocarbon. This method reaches back to
about 40,000 years. As a consequence, all the older fossils could not be analysed and many
important questions in our understanding of human evolution could not be addressed.
Human remains are scarce and extremely valuable, therefore any sort of destruction has to be kept
to an absolute minimum. This is of particular importance in Australia where any human fossils
are sacred. Thus, for the analysis of hominid material it was necessary to develop a more or less
non-destructive techniques. This has been accomplished in recent years by the application of ESR
dating of tooth enamel and a combination of gamma spectrometric and TIMS U-series dating of
bones. The examples of Florisbad and Mungo 3 are used to illustrate the potential of these
methods in palaeoanthropology.
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U-Series Dating Using Thermal Ionisation Mass Spectrometry (TIMS)
Malcolm T McCuIIoch
Research School of Earth Sciences, ANU
Introduction
U-series dating is based on the decay of the two long-lived isotopes U (T1/2 = 4.47 xlO9 years)
and 235U (Tl/2 = 0.7 xlO9 years). 238U and its intermediate daughter isotopes 234U (%m = 245.4 ka)
and 3 Th (X1/2 = 75.4 ka) have been the main focus of recently developed mass spectrometric
techniques (Edwards et al., 1987) while the other less frequently used decay chain is based on the
decay 235U to 231Pa (TI/2 = 32.8 ka). Both the 238U and 235U decay chains terminate at the stable
isotopes Pb and Pb respectively. Here we will describe some of the applications of the U
decay chain that have been made possible with TIMS. TIMS has a number of inherent
advantages, mainly the ability to measure isotopic ratios at high precision on relatively small
samples. In spite of these now obvious advantages, it is only since the mid-1980's when Chen et
al., (1986) made the first precise measurements of 234U and 232Th in seawater followed by
Edwards et al., (1987) who made combined 234U-230Th measurements, was the full potential of
mass spectrometric methods first realised. Interestingly the procedures for U isotopic
measurements came from isotopic studies of U in meteorites.
Basic Principles
The basic equation of radioactive decay is given by:
Np = Nje^1 and Nd = No - Np where p = parent and d = daughter and Ns refers to the initial
number of parent atoms N at time T and X the decay constant. The halflife (x1/2) of Np is given by
Np = No/2 and hence T"2 = In2/X.. The activity is defined as the number of atoms decaying per
unit time and is given by A = N X.
Thus in the case of the U chain:
30
Th = 234U(\- e" 23°T) where the isotopes are given as activities (italics) and at secular
equilibrium 238U = 2S4U and hence 230Th = 238U(\ - e"X23°T). In general since 234U is produced by
alpha decay of ' U, there is recoil, which damages the lattice at the site of U and hence often
leads to preferential loss of this isotope. For this reason most fossil systems generally
incorporate additional U and hence the assumption of secular equilibrium is usually not valid.
If we assume a closed system with no initial ' Th then a more complicated expression is
required to determine the daughter activity:

1 -23oTh/38U = ex™T- {8 2 3 4 U(o)/1000}{W(W;W}{l - e ( X 2 3 4 - w } ... 1
where 5234U(o) = {(234U/238U)/ (234U/238U)eq -1 JxlOOO where 234U/238Ueq is the atomic ratio at
secular equilibrium in parts per thousand and S234U(T) = 8234U(o) eX2MT. If the value of 8234U(T)
is reasonably well known, as for example in seawater then this ratio can be used as an
independent check on whether for example the system (e.g. coral) has acted as a closed system.
See Dickin (1995) for more details.
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Thermal Ionisation Mass Spectrometry (TIMS) U-series Dating
TIMS U-series dating relies on the direct measurement of the isotope (radioactive or stable) and
thus represents a different approach to counting methods. At secular equilibrium:
234
U = 208Th = 226Ra. Using the definition of the activity we have:
234
U ln2/Tl/2(234) = 230Th ln2/X"2(230) = 226Ra ln2/T1/2(226)
Thus the atomic ratio of 234U/230Th = T1/2(234/T)/2(23o) = 245.4/75.4 = 3.25
And 23OTh/226Ra = T1/2(230)/T1/2(226) = 75.4/1.6 = 47.1. That is the abundance is inversely proportion
and to the half-life and hence for the short-lived more active isotopes, such as
Ra
measurements by TIMS are increasingly difficult.
In addition to the abundance of the isotope there are several other factors which are important in
TIMS measurement. The ionisation efficiency is of key importance and despite its very low
abundance the high ionisation efficiency of 226Ra had made possible some TIMS applications.
The The ionisation efficiency is probably the single most important factor which limits the
precision of 23OTh-238U ages, in particular the measurement of the 230Th activity (equation 1).
Measurements of 23 Th are undertaken using isotope dilution methods with Th being used as
the reference isotope i.e. the 2 Th/230Th ratio is measured. Th is itself unstable with a halflife
of ~7 ka, which for laboratory purposes is essentially infinite. For the isotope measurement of
8
U enriched isotopes 2~ U and/or 236U are used. For U it is also possible to correct for the mass
fractionation correction that occurs during the thermal ionisation process using the known ratios
of either 235U/238U in the sample or 233U/236U from the spike. At ANU the former method is
generally used. Note however that for Th there is only one ratio available (229Th/230Th) and
hence it is not possible to correct for mass fractionation. The difficulty of producing a relatively
long lived enriched isotope for the other systems (e.g. 233Pa has a halflife of 28 days and 228Ra
5.7 years) has made TIMS applications of these latter systems much more restricted.
Some Examples of TIMS Applications
The following examples taken for convenience from the RSES laboratory are given to illustrate
various aspects of TIMS U-series.
(i) Duration of the Last Interglacial Using TIMS U-Series Dating of Corals
U-series dating of corals has been the main means by which the duration of the Last Interglacial
has been estimated. Due to problems of coral diagenesis, a relatively wide range of ages has
been published leading to a long-standing problem that is obviously important to resolve
especially in the context of our current interglacial climate regime.
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Figure 1 Illustrates the use of 8 " 4U criteria to recognise partial open system behaviour of U-series
ages. Using the criteria of 5234U = 149±5 the age range for the Last Interglacial is reduced from
145-105 ka to 130-110 ka. Closer scrutiny of the Hawaii data shows that some of the younger
samples were not in situ. The current best estimate for the duration of the Last Interglacial is from
129 to 118 ka (Esat et al., 1999).
Seawater has 8234U = 149 ± 2 per mil and due to the long residence time of uranium in the oceans
this ratio is unlikely to have changed by more than ±5 per mil over the last 105 years. If coral
samples have an initial 8 U(T) ~ 149±5 (the shaded area in Figure 2 a below) then this is a good
criteria to indicate that the age is 'reliable'. The precision of a TIMS 8234U measurement for
corals (~3 ppm U) is typically ±1 to 2 per mil, a marked improvement over counting methods (±10
to 20 per mil). The age uncertainty (95% CL) is typically ±1 ka which is needed to make useful
statements about the duration of the period (-10 ka). Corals can also be dated using the 8234U(T)
ratio alone. After four half-lives of 234U (~1 million years) a sample can be dated with a
theoretical precision of -10% (ie ~l,000±100 ka). Diagenesis is however a major limitation of
this approach.
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(ii) TIMS U-Series Dating of Speleothems and Growth Rate Determinations
Speleothems often have low initial Th, but also very low U concentration, many <0.1 ppm.
Furthermore growth rates of cm per 103"4 years are typical, so that larger samples tend to average
large-time intervals. This is an especially important limitation in determining growth rates from
which hydrological information is inferred. An example is shown in Figure 3 a given below. For
TIMS it is possible to determine precise ages on <1 gram of sample at the -0.1 ppm level (or less).
The other use of TIMS U-series ages where greater precision is helpful is in relating the abundance
of speleothems to climate stages. For the Last Interglacial to Glacial cycle this requires a precision
better than ±5 ka as the Marine Isotope Stages (e.g. interstadials) are typically only separated by
10-15 ka. An example from Ayliffe et al, 1998) is given below (Figure 4).
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Figure 2. Ages of flowstones constraining the age of bone-bearing sedimentary units in the
limestone caves at Naracoorte (large black dots) compared with (1) massive speleothem growth
phases, (filled black curve) and (2) SPECMAP composite 8 O curve for marine sediments.
Error bars shown are ± 2a. The filled black curve is an age-probability histogram of U/Th ages
for 45 massive speleothem samples from caves in the Naracoorte region, and is thought to
represent an increase in effective precipitation and soil CO2 productivity.
(iii) U-Series Dating of Genyornis Shells
The shells of the now extinct megafuana Genyornis provide one of the few opportunities to place
age constraints on the timing of this event/s. The difficulty however is that the shells fragments
are typically 0.1-0.5 grams, have low U (0.1 ppm) and occasionally contain significant quantities
of detrital 232Th. Despite these limitations TIMS dating using the U-Th isochron approach (e.g.
Bischoff and Fitzpatrick, 1991) has provided valuable information (Miller et al., 1999) and an
example is shown below.
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Figure 3. U-Th isochron diagram for Genyornis eggshell fragments from the same stratigraphic
horizon in a Quaternary dune sequence in South Australia.
fiv) TIMS Dating of Open Systems?
It is sometimes assumed that because an analytical method is relatively precise and that analysis
can be undertaken on small samples, that it is an inherently accurate result regardless of whether
the sample has in fact been a closed system (ie not open to exchange of U or Th). In fact all that
is achieved is a more precise measurement of the degree of open system behaviour. Whether this
can be translated into a more reliable age constraint is debateable, but in any case it is necessary
to use another system such as ESR so that some modelling of the extent of open system
behaviour can be undertaken with several independent parameters (e.g. Grun and McDermott,
1994). In some systems where redistribution of U ands Th can be shown to occur on a restricted
spatial scale, a closed system may in fact be better approximated by a larger sample size.
Demonstrating the scales over which redistribution of U and Th occurs is itself a challenging task
and fraught with uncertainties and not generally recommended for TIMS applications.
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Prologue: My talk will focus on the most common use of accelerator mass spectrometry (AMS),
namely radiocarbon dating. Since other talks given at this Workshop will deal with (1) classical
or radiometric radiocarbon dating and calibration, with (2) the dating by AMS using other (not
radiocarbon) long-lived radioisotopes, and with (3) the preparation of samples for AMS, I will
only touch briefly on these topics where necessary.
My intention is to address this talk to the students who come to this workshop; students who
work in fields such as archaeology, palaeo-ecology and palaeo-climatology, palynology, etc and
who I suspect have little or no background in Physics and probably only a minimal understanding
of radiocarbon dating and in particular of radiocarbon dating by accelerator mass spectrometry
(AMS).
Introduction: Let us first consider the production of radiocarbon - or 14C in the language of a
nuclear physicist. This occurs in the outermost regions of our atmosphere due to the
bombardment of cosmic rays. This bombardment produces neutrons which in turn may interact
with an atmospheric nitrogen nucleus to form 14C and a proton. This can be written
n + I4N -» 14C + p
where I4C is unstable i.e. radioactive. This radiocarbon rapidly combines with oxygen to form
carbon dioxide 14CO2 which in turn is rapidly dispersed throughout the atmosphere. Via the carbon
cycle the I4C is taken up by life on our planet. When alive the life form is in equilibrium with the
atmosphere but on death there is no further uptake and the amount of I4C decreases through
nuclear decay. It is this decay which allows us to determine its 'age' (actually the time since
death). Radiocarbon also enters the oceans, and thus life in the oceans, via surface exchange and
carbonate dissolution. The dating situation is more complicated for life in the oceans because of
the delay in the transfer of I4CO2 (the so-called 'reservoir effect').
Figure 1 introduces the principal of nuclear decay. If we want to determine the age, t, of a sample
we must know the half life, •, the original number of radioactive atoms, No, and must determine
by measurement the number of radioactive atoms left, N, after the time t. Furthermore, we
should have a closed system - no atoms are added or removed by other means.
Measurement of 14C : AMS is an ultra sensitive analysis technique using a system based on a
nuclear particle accelerator (for us the ANTARES tandem accelerator here at ANSTO) and its
beam transport system to detect and measure individual 14C ions. Extreme sensitivity is required
because of the very low abundance of I4 C. Remember that the abundance of the stable isotope
12
C is 98.89 % while that of 13C is 1.11%. But note that in our present day atmosphere and in life
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on our planet, the abundance of I4C is 1.2 x 10~10 %. AMS is the only mass spectrometric
technique which has sufficient sensitivity to detect the 14C. Furthermore, its sensitivity allows the
measurement of samples where the 14C abundance is a factor of 1000 lower, i.e. lxlO"13 %. In
principle this permits measurement of ages of 55ka. However, the practical situation is that the
limit is more like 45 ka.
Chemical extraction of carbon from the original samples is first required and this is then used as
the target in the sputter ion source of the accelerator. Because AMS measures actual 14C ions
rather than looking for a decay signature the sample size and the counting times can be much
smaller (by a factor of about 1000) than the same parameters in the radiometric technique. In
practice the mass of carbon required for an AMS analysis need only be 1 mg, perhaps even less.
The time required to make a precise measurement is usually less than 15 min. Note, however, that
this time is dependent on the output from the source (the rate at which the l4C ions are extracted),
and on the sample age (the number of I4C atoms present). Precisions of 0.5 % - equivalent to 40
years - can be obtained for young samples, say less than 5 ka. For old samples it may not be
meaningful to attempt such precise measurements because of the running times required. In some
situations, where the sample is both small and old, the amount of I4C available may preclude such
a precise measurement.
The AMS system is shown in Figure 2. Key components are the ion source, the injection magnet,
the high voltage terminal and the gas stripper in the accelerator tank, the analysing and switch
magnets, the beam line and the gas detector. In AMS a I4C abundance is obtained by comparing
the measurement rates of I4C and 13C ions. This is not as simple as it sounds. The enormous
difference in the numbers of the two isotopes makes it very hard to uniquely detect I4C ions. For
modern samples, those with the most I4C, some 1010 I3C ions leave the source for every I4C ion.
However, the use of an accelerator and various high energy techniques makes it possible to the
detect the I4C and to reject the 13C. As part of the methodology to achieve this high rejection
efficiency the injection magnet is set to transmit only one isotope, namely 14C. However, a
subsequent measurement of I3C must be made. The number and the rate of arrival of 13C ions is
such that individual ions cannot be measured, instead a I3C current is measured in a Faraday cup.
It is possible to alternate the injection magnet field between that to transmit MC and that to
transmit I3C. This method is known as slow cycling but suffers from significant dead (not useful)
periods while the magnet field is changed and stabilises. Furthermore and more significantly,
during this dead time changes in ion source output may occur distorting the I4C/'3C ratio. We
instead employ a method known as fast cycling which involves rapidly increasing the energy of
the 13C ions as they enter the injection magnet. This is achieved by the use of a high voltage (6.7
kV) pulser. We can also inject I2C by this method although a 14.7 kV pulse is required. The
switching time from one carbon isotope to another is only a fraction of a millisecond in this fast
cycling method. Hence one has quasi-simultaneous measurement of I4C and 13C
Standards : Measurements of the 14C/13C ratio from a sample are always compared to the same
ratio from an internationally accepted standard. The primary standard is Oxalic Acid 1 (HOx 1)
which was prepared from a crop of 1955 sugar beet and whose activity was determined by the US
National Institute of Standards and Technology (NIST). One can then quote the sample l4C
content as a fraction or percent of Modern (pMC) where Modern has the strict meaning of the I4C
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content of 1890 wood (thus not including fossil fuel effects) corrected for decay to 1950. There
are a number of secondary standards; the most important being Oxalic Acid II (HOx 2). One can
now obtain an estimate of the sample age based on the assumption that the rate of production of
14
C in the atmosphere has been constant. The conventional radiocarbon age = -x. In (pMC/100) ,
where % has the meaning in Figure 1 While the accepted value of t = years, the Libby lifetime
(named after the discoverer of radiocarbon dating) of 8033 years is used in most situations, and
certainly when calibration is required.
Precision and Accuracy : It is important to distinguish between the two terms. Precise
measurements are grouped tightly together, accurate measurements are centred on the real value.
In AMS radiocarbon dating precisions of 0.5 % (40 years) can be obtained for young samples In a
stable and well behaved system the precision depends on the number of MC ions detected in the
detector. More completely the precision in the radiocarbon age depends on the precision obtained
on the standard as well as the sample. Finally it should be pointed out that for the result to be
meaningful the accuracy must be as well known as the precision. This implies that all corrections
must be applied - and applied accurately.
Some common and well understood corrections deal with mass fractionation (the 5'3C correction),
the accelerator background, and the chemistry background. Usually the 813C correction is
obtained from measurements on a stable isotope mass spectrometer. Currently these
measurements are performed for us on the facility at the University of Wollongong using a small
amount of CO2 collected after the combustion or hydrolysis step. The machine background is
obtained by analysing a sample of 14C-free graphite and the chemistry background by first
subjecting this material to the combustion (or hydrolysis) and graphitisation procedures.
Conclusions : My intention has been to provide an introduction which will be useful to
researchers, and students in particular, in those fields which require AMS radiocarbon analyses.
In addition I hope that researchers involved with other dating techniques fields will find the
information useful. If you want more detailed information I suggest you lock at the following
references:
Tuniz et al.(1995) Radiocarbon 37, No 2, 663-673
Hotchkis et al.(1996) Nucl. Instrum & Methods in Phys Res B, 113, 457-460
Tuniz et al.(1997) Nucl. Instrum & Methods in Phys Res B, 123, 73-78
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N = No exp (-t/T) or N = N 0 (l/2) t/T
Where

N is the no of radioactive atoms left after time t
No is the initial no. at time t = 0
T is the mean lifetime of the radioisotope, and
T is the half life of the radioisotope
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AMS Radiocarbon Chemistry at ANSTO
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Introduction
The purpose of this paper is to demystify the 'black box' of AMS chemistry. For many, a sample
is sent and eventually a date is received. Little is known of what happens to the sample beyond
that it is treated chemically and then measured in the tandem accelerator.
In this overview I will discuss the fate of your radiocarbon samples once they have arrived here at
ANSTO with a focus on the chemistry. The AMS measurement of radiocarbon samples has been
discussed previously (Lawson 1999).
There are three main aims when it comes to the chemistry.
1
To remove extraneous carbon, ie contamination
2
To convert the carbon to a form suitable for measurement in the tandem accelerator
3
Not to contaminate the sample while doing 1 and 2.
Before measurement the sample goes through a number of distinct stages, these being
registration, pretreatment, carbon extraction, graphitisation and pressing. Of these I am going to
deal mainly with the pretreatment stage, as it is at this stage that contamination is removed for
which the accuracy of the final measurement is dependant.
Registration
Sample registration occurs on the arrival of the sample at ANSTO. The sample is checked
against the information provided on the sample submission form, a unique identifying number is
assigned (the OZ number) and the client is notified of the receipt of sample. All information
relating to the sample is logged into our Radiocarbon Database and a hard copy file is created.
The sample and the file are then sent to the Chemistry Labs.
Pretreatment
During pretreatment the sample undergoes both physical and chemical procedures designed to
remove any extraneous carbon, more commonly termed contamination. Polach and Golson
(1966) have illustrated the dependence of the accuracy of the final age on removal of
contamination. For example, a sample with a true age of 20000 yr will give an age of 16500 yr if
contaminated with 5% modern carbon and an age of 20400 yr if contaminated with 5% old
carbon.
The procedure required depends on the sample type, sample size, the quality of the sample (e.g.
the degree of diagenesis and/or degree of contamination), type of contamination (if known) and
the needs of the client. An excellent review on the philosophy, methods and problems of the
pretreatment of organic samples has been written (Van Klinken and Hedges, 1998). They define
two categories of pretreatment. The first, called the 'M method' encompasses all techniques
where the extraneous carbon is removed from the bulk of the sample, i.e. essentially the sample
is 'cleaned' of contamination. The 'S method' is used to describe all procedures where a specific
component of the sample is isolated. In general, this is a more complex, labour intensive and
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expensive method, and is not suitable for very small sample sizes. It is however, required for
those samples that are heavily contaminated and have undergone diagenesis.
As an illustration of the 'S method', various procedures for the isolation of specific components
of bone will be reviewed. Since Longin (1971) first proposed a method for the extraction of
collagen from bone for radiocarbon dating, there has been numerous efforts to understand and
resolve the problem of contamination, especially for degraded bone (Brown et al. 1988; Hedges
and Law 1989; van Klinken and Hedges 1992 and 1995; van Klinken, Bowles and Hedges 1994).
Carbon Isolation
After pretreatment, organic samples are combusted and carbonate samples undergo hydrolysis,
using standard techniques. Combustion is achieved by heating to 900°C with CuO and Ag wire
catalyst in sealed Vycor tubes for two hours (Bouton et al. 1983) and hydrolysis by the reaction of
85% phosphoric acid with the carbonate in a sealed, evacuated vial (Gupta and Polach, 1985,
MJ.Head, person, comm.).
The resulting carbon dioxide is purified, its yield determined monometrically in a known volume
and collected cryogenically ready for graphitisation.
Graphitisation and Pressing
At ANSTO, we currently reduce the resulting CO2 using a modification of the method of Slota et
al. (1987). The CO2 is reduced to graphite in a, using freshly treated iron powder (600°C) in the
presence of molten zinc (420°C) and a small amount of hydrogen.
The reaction pressure is monitored throughout to ensure complete reduction. The resulting
graphite/iron mixture is then pressed into a precleaned, labelled aluminium holder using a
hydraulic press to 2000 Kpa. The graphite sample is then sent to the Tandem Accelerator for
measurement (Lawson, 1999).
Conclusion
I have outlined the progress of a sample from registration through its processing in AMS
Chemistry. The primary aim of the processing is to remove contamination. The effect of
contamination on the accuracy of the measurement has been addressed. Ultimately, the
procedures that are used to remove contamination are dependant on a number of factors including
the type of contamination, sample size, the condition of the sample and the requirements of the
client.
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University of Wollongong
Introduction
The organic component of soils is basically made up of substances of an individual nature (fats,
waxes, resins, proteins, tannic substances, and many others), and humic substances (Kononova,
1966). These are complex polymers formed from breakdown products of the chemical and
biological degradation of plant and animal residues. They are dark coloured, acidic,
predominantly aromatic compounds ranging in molecular weight from less than one thousand to
tens of thousands (Schnitzer, 1977). They can be partitioned into three main fractions:
(i) Humic acid - soluble in dilute alkaline solution, but can be precipitated by
acidification of the alkaline extract.
(ii) Fulvic acid - soluble in alkaline solution, but is also soluble on acidification.
(iii) Humin - cannot be extracted from the soil or sediment by dilute acid or
alkaline solutions.
It has mostly been assumed that the humic and fulvic acid components of the soil are part of the
mobile, or "active" component, and the humin component is part of the "passive" component.
Other types of organic sediments are likely to contain chemical breakdown products of plant
material, plant fragments and material brought in from outside sources. The outside material can
be contemporaneous with sediment deposition, can be older material, or younger material
incorporated into the sediment long after deposition. Recognition of "foreign" material is
essential for dating, but is mostly extremely difficult.
Problems
The overriding problem for absolute dating of soils is that an exact numerical soil age may be
impossible. Absolute ages can be linked only to the I4C measurement of buried palaeosols, to
charcoal, wood fragments, or plant remains. All other 14C measurements yield model age levels,
expressed as Apparent Mean Residence Time of the dated organic carbon fraction (Scharpenseel
and Becker - Heidmann, 1992). Geyh et al. (1971, 1983) indicated that age determinations of the
organic component of soils originating in calcareous parent materials could be affected by an
unknown amount of fossil CO2 formed by the decomposition of soil carbonates, resulting in a I4C
age older than the true age. Alternatively, with non calcareous soils, the 14C age would be
younger than the true age because of continuous incorporation of younger organic material
coming from continuous surface decomposition of plant material. Scharpenseel and Schiffmann
(1977) came to the same conclusion.
Radiocarbon dating of the organic component of soils, lake sediments and other organic deposits,
is often complicated by inclusion of "foreign" organic matter. Most classic pretreatment
techniques commonly used for removing "foreign" organic material from samples of charcoal or
wood have been shown to be inadequate for completely eliminating contamination. Occasionally,
charcoal or plant fragments may be found in the sediments, and these may provide a useful dating
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medium. However, material that was originally collected as charcoal has often been found to
consist of a thin black organic layer covering a small rock fragment or clay aggregate. This
phenomenon has been shown to be common in meadow soils or swampy sediments, where
aeration may have been restricted, and degraded plant material has been reduced to a "charcoal"
like component (Kononova, 1966). Similarly, Skjemstad et al., (1994) have examined layers of
fine grained charcoal fragments that have most probably moved down relatively loose textured
sandy soil profiles, and have become concentrated at a specific level within the profile. These
fragments, when examined using electron microscopy, indicate a woody origin, yet 13C CP MAS
nuclear magnetic resonance spectrometry indicates that this material basically contains a
condensed aromatic structure.
Soil component modelling
Soils have been considered as consisting of a complex mix of organic molecules whose turnover
times range from a few years to thousands of years. Harrison (1996) estimated the passive soil
turnover time from soil 14C measurements made at depths where little or no active soil carbon
was present. He found that the average value for a series of sites was 4700 yr. He also estimated
the active soil carbon turnover time using the postbomb increase in soil I4C concentrations, and
found that a 25 yr turnover time produced the best fit to the available data. He then used a timestep one-box model containing atmospheric I4C values and CO2 concentrations for every year
from AD 1800 to the present, together with bulk soil I4C measurements. The model was arranged
so that the user could select the carbon inventory divided by the exchange flux, which is added to
the box (photosynthesis) or is lost from the box (respiration). The model could be run in either a
steady state or a nonsteady state mode. Extensive modelling experiments using 14C measurements
have also been carried out by Wang et al., (1996), Chichagova and Cherkinsky (1993),
Cherkinsky and Brovkin (1993), and many others, but space limitations do not allow them to be
considered here.
Pretreatment techniques
Olson and Broecker (1958) considered that the most useful technique to remove organic
contamination from soils was to separate soil humic acids from the more inert chemical
component of soil organic matter. Humic acids were considered to be the most mobile component
within the soil. They outlined a technique where the soil sample was treated with boiling 2%
NaOH solution, the black NaOH soluble material was then filtered off and acidified to a pH of <
1. The humic component formed a precipitate, and could be separated by filtration or
centrifugation, rinsed and dried. The NaOH insoluble residue, or non - humic component of the
sample, was treated with a boiling solution of 5% HC1, then was filtered, rinsed and dried. This
was assumed to be the most likely fraction to produce a reliable 14C age. This basic technique
continues to be used in the preparation of chemical fractions even though many of the concepts
used in setting up the technique have been found not to apply. There is a distinct likelihood of
introduction of atmospheric CO2 into the fraction to be dated thus providing ages that are younger
than they should be.
Head et al., (1989) and Zhou et al., (1990) used a solvent extraction technique similar to that used
in the pretreatment of wood (Head, 1979), after decalcification of sediment samples before using
the normal (Olsen and Broecker) alkali leaching technique for separation of humic acid and
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humin fractions from swamp sediment and palaeosol samples at Bei Zhuang Cun, China. The
humic acid fractions of swamp sediment samples from the bottom of the profile gave l4C ages
that were not significantly different from 14C ages of wood fragments found in the sediment
samples, but gave significantly older ages than the corresponding humin fractions. For palaeosol
samples in the upper part of the profile, the humin fractions gave older ages, but even these were
younger than the ages of corresponding materials and historically dated pottery. Palaeosols from
the Baxie loess / palaeosol sequence at Baxie and other sites in China (Zhou et al., 1992, 1994)
gave similar results in that the humin fractions were older, but were still significantly younger
than corresponding thermoluminescence ages. In these cases most of the organic material was
very tightly bonded with the considerable clay component, which meant that the chemical
fractionation techniques could not work efficiently.
A comparison of 14C measurements from soil organic matter fractionated using different physical
and chemical separation methods was made by Trumbore and Zheng (1996). All samples are
sieved to remove components >2 mm. Density separation procedures used involve flotation in
Na-polytungstate (2.0-2.1 g/cc). Low density material consists of plant matter and charcoal. The
more dense fractions consist of mineral associated organic matter, and some microbial cell debris.
In general, the low density material has higher 14C values and turns over more rapidly than much
of the soil organic matter. Chemical fractionation procedures often rely on extraction using acids
and bases. More labile components are assumed to be soluble, leaving behind more refractory
(and therefore more I4C depleted) constituents. These procedures will also affect soil mineral
content and can cause changes in soil organic matter chemistry and structure. Extraction with Napyrophosphate and 6M HC1 will dissolve sesquioxide minerals and remove organic matter
complexed with Fe and Al. heating SOM in strong acid can cause condensation reactions
Recently, a further evaluation of separation techniques for humic and non humic components has
been carried out following a technique suggested by Tan, (1996). The method used is as follows:i)
The sample (100 g to 1 kg, depending on C content) is washed with hot
dilute HC1 to remove carbonates, and to remove calcium from the soil, then is rinsed
and air dried. The acid treatment needs to be thorough to ensure all calcium salts are
removed. Sometimes, further treatment with dilute H2SO4 may be deemed necessary,
ii)
0.1M NaOH solution is added and the slurry is shaken for 24 hr in a
nitrogen atmosphere,
iii) The dark coloured supernatant solution is collected by centrifugation, and
the soil is rinsed with distilled water. The residue is acidified, rinsed and dried as the
NaOH insoluble (humin) fraction,
iv) The black liquid is then acidified to pH 2, and the resulting precipitate
(humic acid) is separated and rinsed by centrifugation.
v)
The humic acid precipitate is redissolved with 0.1 M NaOH under
nitrogen, and is centrifuged to separate any undissolved fraction, which is
discarded. The dissolved humic acid is then reacidified to pH 2, and centrifuged. The
supernatant liquid is discarded,
vi) The humic acid precipitate is then shaken with a HC1/HF mixture to make
sure no colloidal clays have managed to stay with the sample. The humic acid is
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washed with distilled water and centrifuged, then is dried at a low temperature
(3O°C).
vii) The solvent extraction procedure mentioned previously (Head 1979) is
carried out at this stage, and the humic acid sample is dried at a low temperature.
viii) The humic acid is again redissolved using 0.1 M NaOH solution under
nitrogen and is centrifuged. Any solid material is discarded.
ix) The humic acid solution is purified further by passing it through a H saturated cation exchange column (Dowex 50 - X8), then is freeze - dried. The
interesting result of the ion exchange step is that the pure acid form of the humic acid
is produced, which is soluble at acid pH, as against the sodium salt, which is
insoluble at acid pH. Preliminary analyses indicate this humic fraction may represent
a much purer form of humic acid and may be a potentially useful dating fraction, as
against the acid and alkali insoluble humin fraction which is still tightly bound within
the soil clay fraction.
x)
The humic acid, after freeze-drying or drying at a low temperature, is
subjected to a decarboxylation procedure, where the sample is heated in O2 (about 1/3
atmospheric pressure) at about 150°C for one hour. This step is very necessary and
should not be disregarded.
Many other pretreatment procedures have been used (Gillespie et al., 1992), but space does not
allow me to go into any detail.
Conclusions
The whole concept of soil and sediment dating is still somewhat tenuous, and depends on the
information required by the sample submitter. Each sample must be regarded as a research project
in its own right. In most cases, detailed examination, analysis, and preliminary separation of soil
components is needed before a pretreatment strategy can be decided upon. Hence, the 14C dating
of soils cannot be regarded as a routine operation, as useful results may not be forthcoming, even
after much work has been carried out on the samples.
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Surface exposure history using in-situ cosmogenic 10Be, 26A1 & 36C1
- applications to the Australian environment
David Fink, Physics Division, ANSTO, Australia
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Introduction

Production of the long-lived cosmogenic radionuclides, 10Be (Ti/2=1.5Ma), 26A1 (0.7Ma) and 36C1 (0.3Ma),
is dominated by the interaction of cosmic-rays with the upper atmosphere. They are also produced in
exposed surface rocks and within the first meter or so of the Earth's crust. This is called in-situ production
and although only a million atoms or so of 10Be are produced within a ten thousand year exposure period
per gram of surface rock, the technique of Accelerator Mass Spectrometry (AMS) can be applied to
measure this tell-tale signal. The build-up over time of these radionuclides can be utilised as radiometric
clocks to elucidate the exposure history of geomorphic formations and surfaces that have experienced
some event or process that delivers previously unexposed material to cosmic-ray irradiation. Hence the
reconstruction of glacial chronologies (ie time a bedrock surface was uncovered by ice retreat, or
deposition age of glacial moraines), development of raised river terraces and paleo-beach ridges, age of
meteorite impact craters and volcanic eruptions have been addressed with the in-situ method. Moreover,
geomorphological processes of landscape evolution such as surface erosion rates, continental weathering,
sediment transport and deposition, uplift rates can also be studied. A comprehensive presentation of the
in-situ model and methods is given by Lai (1988; 1991). A review of applications of cosmogenic exposure
dating will not be included in this paper and the reader is directed to excellent reviews from a geomorphic
perspective by Nishiizumi (1993), Ceding and Craig (1994), Bierman (1994) and Harbor (1999). For a
review of AMS techniques, laboratory practices, and a discussion of exposure age applications see Tuniz
et al (1998),
2
Model Exposure Ages and Erosion Rates
The in-situ method is a direct radiometric dating technique to construct exposure histories for rocks and
surfaces. In this context, an exposure history means an estimate of the length of time the rock was exposed
to cosmic rays and the average erosion rate experienced during exposure.
The build-up in concentration of in-situ produced radioisotopes can be expressed by
C0(t)= P ( 9 , A , t ) ( l - e * ) a

(1)

A, = radioisotope decay constant (a1),
C = concentration (atoms/g) at the present rock surface at time t, with no erosion, and
P = production rate (atoms/g/a) at the Earth's surface as a function of latitude, 9,
altitude, A, and possibly of time, t.
C increases with time during cosmic-ray exposure, at first linearly (ie C~Pt for t « I/A,) and then ever
more slowly until, after a few half-lives, the system reaches secular equilibrium where production equals
decay. Thus by knowing the rate of production and measuring the concentration we can estimate a surface
exposure age as:
A.
(2)
where:

After a time t » I/A,, the clock ceases to define a unique age and the saturation concentration is reached,
given by:
C,,(t->oo) = Cn(max) = Po/ X

(3)
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In the presence of a constant erosion rate given by £ (cm/a), equation (1) becomes:
C£(t) = P(6, A,t) (1 - e^+E(VA)l) / (X + ep/A)
(4)
where p = density of the material (about 3 g.cm'for rocks) and A = macroscopic attenuation length of
cosmic-rays, which for p = 3 represents a distance of -50 cm depth (or equivalently ~ 150 g cm"2). A
determines the effective penetration depth of active cosmic rays and represents the thickness of rock that
reduces the cosmic ray flux by 1/e of its surface value.
For exposure over times t » 1/(A. + ep/A), the surface concentration reaches an erosional equilibrium
value given by:
Ce( t-»«>) = PJ(k + ep/A)
l)

(5) and thus
(6)

where Co = the equilibrium concentration of the radioisotope with no erosion and CE is the
measured value.
The in-situ method works best over the time period from 5 ka to 5 Ma and can identify erosion rates
ranging from 0.1 to 10 mm/ka. The lower limit of ~ 5 ka is set by the present sensitivity of AMS. Short
irradiations necessarily produce low concentrations of cosmogenic radionuclide and the attainment of a
high level of analytical precision in AMS measurement then requires undesirably large samples.
3
Geomorphic Interpretation
Figure 1 shows the in-situ build-up curve for I0Be concentrations (in units of atoms / g of quartz / year) as
a function of exposure age for different erosion rates using the 'accepted' production rate of 6 atoms of
l0
Be /gram-quartz / year. As the erosion rate increases, the time to reach erosion equilibrium is shorter and
the maximum surface concentration is smaller. In simpler terms, high erosion rates imply that a sample
from today's surface has been uncovered rapidly, and its effective residency time at the 'surface' prevents
high concentrations. Thus for constant erosion and prolonged exposure, the in-situ secular equilibrium
concentration is determined only by the erosion rate itself. For young surfaces, say of lOka, typical
erosion rates have little influence, however for exposure ages > 100 ka it can have an important influence
on the observed concentration. If one assumes zero erosion then the model exposure age is necessarily a
minimum age. If on the other hand one assumes sufficient time for the surface to achieve erosional
equilibrium, then the model erosion rate is necessarily a maximum one (see points A and B respectively
on figure 1).
Using two radionuclides with different half-lives constrains the model further and allows a better
simultaneous estimate of the erosion rate and exposure age variables. Figure 2 shows the set of loci for
erosion and age using the concentration ratio of 26Al/'°Be plotted against 10Be content. The two curves
represent limiting cases; the upper curve is for finite exposure without erosion (or the minimum exposure
line), the lower curve for steady state ( t » T !/2) conditions of exposure with finite erosion (or maximum
erosion line)[Nishiizumi, 1991]. Thus samples from sites undergoing 'simple' exposure are expected to
fall within the region between the two curves, while points below them would indicate periods of sample
burial. For the former case, the model age is well-defined and represents the exposure time of the original
surface (equation 2). For a 'surface' in erosional equilbrium, this interpretation is no longer truely valid as
the original surface has long been replaced by layers from below. Here, the term surface is more aptly
looked apon as an evolving landform. The measured concentration cannot be interpreted as an exposure
age per se but a mean effective or apparent age Tapp= \/(k + ep/A) [Lai 1991] (equation 5). This is the time
required to remove a thickness of rock equivalent to the mean attenuation length A of cosmic rays,
typically about 50 cm Thus, even in the simplest cases, the final concentration is determined by two
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parameters - an age and an erosion rate. The major challenge is then to correctly interpret the model
results according to the geomorphic and geologic setting.
4
Measurement of production Rates
Precision and accuracy of exposure histories can only be as good as those of the production rates on
which those histories depend. AMS measurement errors of isotopic ratios typically range from 2 to 4%,
half-lives are determined to better than 2% - while, in contrast, accepted in-situ production rates are
determined to no better than ~ 10%. Hence absolute exposure ages necessarily come with 8-10% error..
Theoretical and computational approaches have been used to estimate production rates of 10Be, 2<iAl and
J6
C1 from data on the energy and intensity distributions of cosmic rays, nuclear cross sections and target
densities in various rocks. More appropriately, production rates can be estimated from select and wellcharacterised geologic sites if and only if the age of an exposed rock surface or outcrop is accurately
known. In exploiting such geologic sites for calibration, simple exposure must be clearly evident as the
uncertainty in determining P is dominated by the uncertainty in the accepted exposure age, t, of the
surface. Typically radiocarbon dating is used for age control and thus production rate calibration of insitu cosmogenic radionuclides is usually not available past ~20ka. This means that exposure ages of older
surfaces are based on the assumption that the average P measured over the past 20ka or so has remained
constant over the whole period of exposure. Improvements to this approach using paleomagnetic records
to estimate temporal variations in production rates is now in progress ( see section 6). A full review of
production rates for "'Be and 26A1 is given by Kubik et al 1999 and for 36C1 by pPillips et al 1996.
Quartz samples associated with the Tioga deglaciation period (-11 ka BP) from the Sierra Nevada Mnts
(USA) were used by Nishiizumi et al. [1989] to obtain production rates normalized to sea level and high
latitude (> 50 ) of 6.03±0.29 Be atoms/g-quartz.a and 36.812.7 Al atoms/g-quartz.a.. However recent
work by Bierman [1996] on samples from glacial erratics from the Laurentide ice sheet, New Jersey
(which were radiocarbon dated to 21.5 ka BP) present '°Be and 26A1 production rates which are 20%
lower. Data from Kubik et al 1999 confirm this.
Production rates for 36C1 are more difficult to determine as the target elements of Ca, K and Cl may
reside in different minerals. The 36C1 calibration sample set [Phillips, 1996; Evans, 1997; Swanson, 1996]
span ages from 5 ka to > 1 Ma and employ radiocarbon and Ar-Ar techniques for time calibration.
Rather than rely on mineral separates to decouple production rate contributions, Stone et al. [1996] and
Evans et al. [1997] readdressed the 36C1 production rate calibration problem by selecting materials that
strongly favor a given production mode by virtue of their composition. Ca calibration was carried out on
calcite (Ca 40%, Ca/K > 103 and Ca/Cl > 104) from Tioga Pass, Sierra Nevada. For an assumed
deglaciation age of 10.3 ka, they obtained P(Ca) = 733 atoms 36ci/kg/year/.%Ca,. Similarly, P(K) was
estimated to be 1770 atoms 36Cl/kg/year/%K using K-rich feldspars (K/Ca > 250, K/Cl > 5xlO4) in
Antarctic moraine boulders
5
Sample collection and Preparation Procedures
The choice of isotope depends on the time-scale estimated for the exposure history and available rocktype. Quartzites and quartz in sandstones and granites are applicable for 10Be and 26A1 studies; limestones,
calcite and Ca- and K-rich feldspars for 3 Cl studies. Typically sample sizes of 0.5 to 1 kg are sufficient.
Sample masses for 10Be and 26A1 should be taken with the aim of obtaining -50 grams of final pure quartz
after chemical treatment. Quartz is characterised by a tightly closed crystalline structure, making it
impervious to intrusion from atmospherically produced (meteoric) I0Be . Were it otherwise, meteoric 10Be
would swamp in-situ production. The major constituents of quartz - Si and O - act as sole targets for
production of 26A1 and l0Be respectively. Remarkably, in contrast to the high abundance of Al in the
Earths' crust, quartz can be pretreated to trace quantities of stable Al that are typically at a level of less
than 200 ppm. As a result, the 26A1 in-situ signal is not diluted by native Al to levels below AMS
detection limits. A complete description of processing quartz samples is given by Kohl and Nishiizumi
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[1992] and by Brown [1991]. Following quartz extraction from crushed rock powder ( 200 to 700 micron
size) using heavy liquid mineral separation, systematic selective dissolution or teachings in dilute HF is
used to remove both traces of Al-bearing minerals and also to remove meteoric 10Be. About 1 mg of 9Be
carrier is added and Be is then extracted by ion-chromatography using ion- exchange resins. For 36C1,
whole rock samples can be used. However as 36C1 is produced both via neutron capture on Cl and
spallation of Ca and K, it is necessary to accurately assay the cleaned rock powder for Ca and K and also
for stable Cl which is a non-trivial task. In addition, to estimate the fraction of available neutrons absorbed
by native Cl, the abundance of elements with large thermal neutron cross-sections (such as Fe, Mn, Gd,
Sm, B, etc.) must be assessed. .If the rock contains high levels of chlorine, then the addition of Cl carrier
during processing may be unnecessary. For example, 100 g of granite containing 200 ppm of native Cl will
supply sufficient AgCl (20 mg Cl) for 1 to 2 AMS targets..
A proper understanding of the geomorphologic context of the sampling site is essential to make a realistic
assessment as to the number and type of samples required to reliably determine an exposure age or erosion
rate. In general, studies have concluded that older surfaces require more care in choosing samples and a
larger sample set to estimate the true mean age and spread.
6

Correction Factors
To use the above model equations of simple exposure to experimentally determine a reliable
exposure age, the sampled site must satisfy three conditions:
1) continual exposure to cosmic rays from time of 'event' without soil, till coverage or burial
2) minimal effects of erosion; or surface lowering.
3) absence of an inherited cosmogenic nuclide signal from a previous exposure episode.

The presence of glacial polish, rock varnish or demonstrably 'fresh' surfaces provide evidence that
minimal weathering has occurred. Large boulders perched on moraine crests indicate little or no
reorientation over time. Sampling flat horizontal surfaces or centrally atop large meter-sized boulders at a
distance from edges, reduces the importance of geometric corrections to production rates.. But there are
many pitfalls that must be considered which challenge these assumptions. There are also a number of
factors which alter the assumed constancy of production rates over the exposure period.
Age estimates based on conditions where (a) erosion is taken as zero, (b) till, soil and snow cover is not
accounted for, and (c) cosmic ray shielding due to sloping surfaces or the topography of the surrounding
terrain is ignored, will result in an underestimate of the true exposure age.. Material in which an in-situ
signal from a previous exposure episode has not been removed leads to an age overestimate. In order to
zero an inherited signal, glacial scouring during advance or delivery of a fresh surface must incur removal
of ~1.5m of rock. Thus although glacial striations may indicate no erosion, it does not guarantee that the
clock has been reset. A proper grasp of the geomorphology and geology of the sampling environment are
crucial factors in minimising these effects. Measurement of large sample populations from a defined site
or formation (and even multiple samples from a single surface or rock) is essential to map the apparent
age distribution in order to extract a good estimate of the true age.
The cosmic ray flux is a function of altitude due to atmospheric absorption and of latitude due to the
effects of the Earth's magnetic field. Thus production rates also vary accordingly and scaling factors have
been determined [Lai, 1991] (see fig 3) to calculate the specific production rate for a given latitude and
altitude at the sampling site in order to get an exposure age.
An added complication results from variations over time of the both the intensity of the Earths magnetic
field and of pole position. A production rate determined at a site where a sample had been irradiated
during the last 10 ka may not be correct for a sample irradiated, say over the past 100 ka (Clarke eta 1
1995 and references therein). Records of paeleomagnetic intensity over 200 ka comes from marine cores.
This data can be used to better estimate the time-averaged production rate by integrating variations in
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paleomagnetic intensities over the exposure period. Modelling these secular variations of production rates
is an important aspect in improving the accuracy of the iri-situ dating method
7
Cosmogenic dating projects at ANSTO
In parallel with a successful MC AMS program, the ANTARES AMS facility at ANSTO is coordinating
two major programs which involve applications of 10Be, 26A1 and 36C1 to surface exposure studies. The first
program is the application of in-situ cosmogenic radionuclides to the study of glacial histories during the
Quaternary in the Southern Hemisphere. The emphasis is on a comprehensive and unified investigation to
determine and improve the glacial chronology (both relative and absolute) in order to support modeling
for global climate change studies in our region. The second program involves studies focussed on
landscape evolution and geomorphology of the Australian continent. For both, collaboration with glacial
geomorphologists and geologists is essential to assure project success We have constructed and operate a
fully equipped geochemistry laboratory for processing and preparation of in-situ AMS rock samples and
have developed AMS techniques at ANTARES to measure these cosmogenic radioisotopes at the required
sensitivity.
Glacial chronologies
Three geographic regions are targeted - Tasmania, New Zealand and Antarctica. Glacial
geomorphologies evidenced in these regions are the result of different aspects of climate change both regional and global.
•

•

•

The controversial discovery of beechwood and marine fossil remnants in the TransAntarctic Mts
suggests an intense deglaciation about 3 Ma ago and thus a dynamic behaviour of the East Antarctic
Ice Sheet. Exposure ages from the Prince Charles Mts at Lambert Glacier, whose advances and
retreats reflect changes in Ice Sheet size, will add to an understanding of the Pliocene history of the
Ice Sheet. Initial results give exceptionally low erosion rates of 0.2mm/ka consistent with other
measurements elsewhere in Antarctica. Exposure ages from 2.2Ma on nunatak peaks (altitude
(1200m) to 0.1 Ma for moraine boulders near the coast (altitude 150m) indicate that for the past IMa
at least, surfaces 500m above today's Lambert Glacier have been ice-free.
The Tasmanian ice cap and its piedmont glacier systems tends to archive regional climatic effects.
We are dating the complex glacial history of the Plateau Ice cap and the extent of glacial advance
over the West Coast Ranges during the Pleistocene. Our preliminary results are consistent with the
qualitative chronology and are most encouraging. 36Cl-ages for dolerite erratics on the Plateau
moraines range from -16 ka to 80 ka and 10Be-ages on quartz samples from Cradle Mt cirque
(altitude 1300m) are 16-26 ka while erratics at trim lines a few kilometres northward following the
ice flow range from 65 to 75 ka. This indicates that the Last Glacial Maximum in Tasmania was in
recession by at least 16ka ago. l0Be-ages along the major river outlet valleys (Arm, Forth and Mersey
) range from 50 ka at the youngest ice limit to 380 ka at the oldest identified glacial advance. Results
from the West Coast region show a far more complex history with l0Be-ages spanning from 16ka to
850ka.
The Younger Dryas is a major short-term climatic reversal to glacial conditions superimposed on the
last deglaciation between 11-13 ka ago and appears throughout climatic records in the Northern
Hemisphere. Gosse et al [1996] show evidence for the Younger Dryas in the USA using in-situ
cosmogenic dating methods, which is the most direct means to accurately date this important change
(see figure 4). Evidence for such a reversal in the Southern Hemisphere is equivocal. Two sites, one
in Tasmania and the other in New Zealand have been identified as excellent candidates to prospect
for the Younger Dryas and have been sampled for in-situ exposure dating of their terminal moraines
sequences.
-1'-
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Landscape Geomorphology
The antiquity of the Australian landscape generally precludes the application of exposure dating. In this
context we can apply the in-situ method to evaluate long-term average erosion rates, arid region process
related to sand or sediment transport, deposition and burial stages.
• The in-situ method can distinguish between material persistently buried to those experiencing
periods of exposure. The Victorian Plateau, along the Western Australia coastline contains
extensive upstanding relief of sand regolith escarpments. Their formation process can be
explained by either subsurface weathering and laterization of existing sandstone or
contrastingly, by deposition and accumulation of transported material onto bedrock. In order to
distinguish between these processes, we have measured two 10Be depth profiles of 3.5m
through the regolith to bedrock. Results convincingly indicate that these escarpments are
accumulation zones for transported sand with a surprisingly high deposition rate.
• The subaerial preservation of remnants of the Australian craton, and in particular of the Ashburton
surface in Davenport province in central Australia, is believed to be the result of its geomorphic and
tectonic stability over the past 700 Ma or more. This would make them perhaps the oldest persistent
landform on Earth and implies exceptionally low rates of weathering that stands in conflict with
recent studies that suggest denudation of several kilometres of relief over the that period. Our studies
focus on using two independent but complimentary methods - apatite fission track and in-situ
cosmogenic isotopes - to measure, respectively, long term (1-100 Ma) and short term (<1 Ma)
continental weathering rates of these features and similar ones found in Africa.
• Desert dunefields occupy nearly 40% of land area of Australia. The origins of dune material,
their mobility and turnover periods are not well identified. In a novel approach to using in-situ
produced l0 Be coupled with thermoluminescence, we are investigating the formation,
movement and relative histories of dunes in the Simpson desert and at Cape Flattery,
Queensland. Select dunes have been sampled over their external surface and also cored to upto
10 meters in depth.

FIGURE CAPTIONS
Figure 1
Concentration build-up curve of 10Be in units of l0Be atoms /gram-quartz as a function of exposure age
for different values of erosion rate. As the erosion rate increases, saturation occurs at earlier times and
results in an erosional equilibrium concentration value lower than the secular equilibrium concentration
under zero erosion. A measured concentration of 3xlO6 atoms/g requires a minimum exposure age
(assuming zero erosion) of 300,000 a (point A), or if exposure was sufficient to arrive at equilibrium (
> 2Ma) a maximum steady state erosion rate of 10"4 cm/a (1 mm/ka)

Figure 2
Calculated values of the 26A1/10Be ratio (atoms/atoms) plotted as a function of the l0Be concentration for
steady state irradiation histories for different erosion rates and exposure ages. The upper curve
represents the locus for surface exposure at zero erosion and the lower bound, the locus for surfaces
undergoing prolonged exposure at constant erosion (erosional eqquilibrium). Curves are based on
production rates for l0Be and 26A1 of 6 and 36 atoms/g.a respectively at sea-level and high latitudes
(>60°).The region bounded by the two curves locates all surfaces which experience an exposure history
within these limits and without burial or uplift.[Nishiizumi, 1991]

Figure 3
Variation of in-situ production rates as a function of latitude and altitude, P(A, 0), normalized to the
sea-level, high latitude production rate (P)(latitude >60°). The polynomial parameterization given by
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Lai [1991] for latitude and altitude variations of the cosmic ray flux were used. For example the
production of lOBe at 2 km altitidue in Antarctica is 5 times higher than at sealevel, while for the same
altitude at the equator it is only 2 times larger.

Figure 4
Schematic representation of Younger Dryas exposure ages from in-situ 10Be measurements on erratics
and bedrock surfaces from the Titcomb Lakes moraine, USA. The full squares mark minimum
exposure ages (based on production rates of Nishiizumi, [1989]). Circles mark maxiumum exposure
ages using calibration data from Clark [1995]. The vertical lines denote the time period of the Younger
Dryas cooling event [Gosse, 1996].
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Tree Rings and Radiocarbon Calibration
Mike Barbetti
NWG Macintosh Centre for Quaternary Dating, Madsen Building F09,
University of Sydney, NSW 2006
Only a few kinds of trees in Australia and Southeast Asia are known to have growth rings that
are both distinct and annual. Those that do are therefore extremely important to climatic and
isotope studies.
In western Tasmania, extensive work with Huon pine (Lagarostrobos franklinii) has shown that
many living trees are more than 1,000 years old, and that their ring widths are sensitive to
temperature, rainfall and cloud cover (Buckley et al. 1997). At the Stanley River there is a forest
of living (and recently felled) trees which we have sampled and measured. There are also
thousands of subfossil Huon pine logs, buried at depths less than 5 metres in an area of
floodplain extending over a distance of more than a kilometre with a width of tens of metres.
Some of these logs have been buried for 50,000 years or more, but most of them belong to the
period between 15,000 years and the present. In previous expeditions in the 1980s and 1990s,
we excavated and sampled about 350 logs (Barbetti et al. 1995; Nanson et al. 1995).
By measuring the ring-width patterns, and matching them between logs and living trees, we have
constructed a tree-ring dated chronology from 571 BC to AD 1992. We have also built a 4254ring floating chronology (placed by radiocarbon at ca. 3580 to 7830 years ago), and an earlier
1268-ring chronology {ca. 7,580 to 8,850 years ago). There are many individuals, or pairs of
logs which match and together span several centuries, at 9,000 years ago and beyond.
New calibration data
Because it can be dated to the exact year, tree-ring dated wood is the prime material used to
determine the radiocarbon content of the Earth's atmosphere in the past. Radiocarbon levels are
influenced by production from cosmic rays entering the atmosphere (modulated by the Sun and
the Earth's magnetic field) and the exchange of carbon dioxide between the oceans, atmosphere
and biosphere. Comparative tree-ring and radiocarbon data are used to construct calibration
curves, and a correction can then be applied universally to radiocarbon dates (Stuiver et al. 1993;
1998). The shape and fine structure of the calibration curve also contains much information on
the cause of the variations.
We have measured radiocarbon variations on Huon pine for selected periods of time. It should
be noted that this can be done as a time-series on individual logs with a few hundred rings, or on
segments of the tree-ring chronologies which are currently floating (not yet connected into a
continuous chronology anchored to the present). Of prime interest is the period at ca. 10,000
years ago, where radiocarbon measurements on Huon pine have been matched with those on
German oak from 10,120 to 9,670 years ago (Kromer et al. 1998). This work is currently being
extended to 10,345 years by radiocarbon measurements on another, cross-dated Huon pine log
(with C. Tuniz, ANSTO; see Fig. 1).
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Figure 1. Comparison of radiocarbon data for Tasmania with German oak and pine. Huon pine
logs SRT-416 and SRT-447 were cross-dated by ring-width measurements on multiple sections.
The SRT-416 radiocarbon data was measured by high-precision gas counting, and wigglematched to the oak and pine data (Kromer et al. 1998), while the SRT-447 data were recently
obtained by Accelerator Mass Spectrometry at the Australian Nuclear Science and Technology
Organisation (Barbetti and ANSTO AMS team, work in progress).
The calibration data from German oak and pine shown in Fig. 1 differ significantly from the
1993 versions (Stuiver et al., eds.) which have been widely used. For the German oak tree-ring
chronology, rings were missing in the chronology at 7190 cal BP and at 9740 cal BP (Kromer
and Spurk 1998). The corrections lead to (cumulative) shifts of 41 and 54 years, respectively, to
older ages, and the chronology has been extended to 10,430 cal BP. The 1941-yr-long German
pine chronology is floating, but 14C-wiggle-matched to the absolute oak chronology; it is shifted
200 years to older ages, compared with the 1993 version, and it now reaches back to 11,871 cal
BP (Kromer and Spurk 1998). Further small adjustments within this part of the time-scale can
be expected. The results from Tasmanian Huon pine (Fig. 1), despite being 14C-wiggle-matched,
are a replication of this portion of the calibration curve.
Just beyond the current reach of the continuous tree-ring chronologies are other periods of great
interest, associated with major climatic boundaries or events: at ca. 13,000 cal BP (onset of the
Younger Dryas cold period), and at ca. 14,600 years ago (the beginning of the Bolling/Allerod
warm period; Hughen et al. 1998). Within the Bolling/Allerod period, varve and coral data
(Hughen et al. 1998; G.S.Burr, pers. comm.) suggest a plateau in the calibration curve
(equivalent to a drop in atmospheric radiocarbon level, possibly due to increased ocean
ventilation of carbon dioxide) between 13,800 and 13,500 years ago; radiocarbon measurements
are being made on consecutive 5-ring samples from the floating Hupn pine tree-ring chronology
of this period (with D.J. Donahue, University of Arizona).
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Inter- and intra-hemisphere offsets
14c
There is a growing body of data on small but measurable differences in atmospheric 14
C
concentrations in different regions of the Earth. Four studies have used tree-ring dated wood
samples and high-precision radiocarbon measurements, with pairs of samples from two or more
regions measured in the same laboratory; the results are summarised in Table 1.
Table 1. Differences in l4C-ages between various pairs of localities in recent centuries.
Difference in 14C yr

Reference

South Africa AD 1835-1900

+41 ±5

1

Siberia

AD 1545-1615
AD 1615-1715

-26 + 6

+2 ±6

2
2

Reference region

Region

The Netherlands
Washington, USA

Period

Washington, USA

Alaska

AD 1884-1932

+14±3

2

Washington, USA

South Chile

AD 1670-1722
19th Century

+38 ± 5
+21 ± 5

2
2

Washington, USA
Washington, USA
South Chile

Tasmania
Tasmania
Tasmania

AD 1600-1800
19th Century
AD 1895-1950

negligible
+25 + 5 (inferred)
+5 + 5

3
2
2

British Isles

New Zealand AD
AD
AD
AD

+23 + 7

4
4
4
4

1725-1795
1805-1865
1725-1885
1895-1935

+35 ±7
+27 + 5
-5 + 9

Reference 1 = Vogel et al. 1993; Reference 2 = Stuiver and Braziunas 1998;
Reference 3 = Barbetti et al. 1992; Reference 4 = McCormac etal. 1998.
The three reference regions (Washington, British Isles, Netherlands) may differ by 8 I4C yr or more (Ref. 2).

The data from Germany and Tasmania (Fig. 1) also suggest a variable 14C-age offset between the
hemispheres (near zero at 10,100 cal BP; southern hemisphere older by several decades from
10,000 to 9,800 cal BP). Regional variations in I4C levels may be larger and more variable
during the Late Pleistocene deglaciation and the early Holocene, because of large changes in sealevel, ocean circulation and atmospheric carbon dioxide levels.
14

C from atmospheric explosions of nuclear weapons
C data from atmospheric sampling and measurements on wood from annual tree rings, for the
period AD 1945-1997, has recently been compiled and evaluated by Hua et al. (1999). A new
project to measure variations on tree ring samples from Tasmania, mainland Australia, Indonesia
and Thailand is in progress (with Quan Hua, ANSTO).
I4
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Radiocarbon and Thermoluminescence dating of Quaternary sediments in
Deception Bay, southeast Queensland: some problems encountered.
M M Cotter
School of Resource Science and Management
Southern Cross University, Lismore, NSW, Australia.
email: mcotter@scu.edu.au

Radiocarbon and Thermoluminescence dating of sediment facies were utilised to develop a
chronometric framework for the quaternary coastal evolution of Deception Bay southeast
Queensland (Cotter 1996). This chronometric framework was developed in the context of a
broader geoarchaeological and palaeogeographical investigation of the indigenous cultural
landscape of the area. The TL analysis confirmed the presence of previously undated
Pleistocene sands within the study area. However in the course of dating one sedimentary
sequence, conventional radiocarbon analysis of Notispisula shells produced an age of 5190±
90 years BP (Beta-85415) whilst an overlying sandy unit (shown by particle size analysis and
SEM surface textural analysis to be aeolian transported) subject to TL-dating produced an age
of 14, 900 ± 3300 years BP (W1942).
This poster highlights the considerations made in order to reconcile this obvious anomaly. In
effect, previously obtained radiometric data within the study area (Flood 1981; Hall 1996), in
conjunction with an examination of the adequacy of the sampled materials for radiocarbon
and TL age determinations point to the TL determination being in error. Similar anomalies
have been shown to occur elsewhere in southeast Queensland (Tejan-Kella et al. 1990)
explanations for which have been related to selective rather than total bleaching of Holocene
sands Prescott pers comm). Re-dating of the sand sequence using the selective bleach method
is required to examine whether the dating anomaly shown for Deception Bay parallels
selective bleaching effects determined for other sequences within southeast Queensland.
Unfortunately this is beyond the scope and funds of this geoarchaeological study.
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A developing chronology for prehistoric "Moated Sites" in
northeast Thailand
RJMcGrath&WEBoyd
Southern Cross University
Many mounded Iron Age occupation sites in the Mun River Valley N.E. Thailand are
characterised by distinctive encircling earthworks, these are commonly known as "moated
sites". The first excavations of any significance within the moats themselves at six sites —
Noen U-Loke, Non Muang Khao, Ban Non Khrua Chut, Ban Non Ngiu, Ban Makham Thae
and Ban Non Wat — in the form of long trenches have been carried out to enable detailed
examination of their structure. Significantly the surficial morphology of the moats, and the
notable regularity of shape and patterning of the moats in plan, usually does not accurately
reflect the buried sectional morphology of incised channel features, which are in no way
expressed on the surface. Buried channels beneath the edge of the mounds as well as the
surrounding moat banks have also been revealed. Stratigraphic and geomorphic relationships
of the buried features imply critical chronological relationships which need to be tested to
allow full development of a model for the evolution of the archaeological sites. Extremely
small quantities of charcoal and shell obtained from the buried features has necessitated the
need for AMS dating to develop the chronology for the development, use and decline of the
moated features and channels. The dating is an ongoing process, however, results thus far
obtained supports the development of older channels towards the archaeological mounds, and
yet older buried channels under the sites.
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The reconstruction of late holocene environmental change at Redhead
Lagoon, NSW, using a multiple-method approach
Nicola Franklin1, Stephen Gale1 and Henk Heijnis2
'Division of Geography, School of Geosciences, University of Sydney, Sydney, NSW 2006
2
Australian Nuclear Science and Technology Organisation, Australia.
The aim of this project is to reconstruct the late Holocene history of environmental change at
Redhead Lagoon, an enclosed lake basin located to the northeast of Lake Macquarie in
eastern New South Wales. The project focuses on the relationship between land use changes
and the quantity and quality of sediment deposited within the basin over time.
Twenty-nine cores between 3 m and 6 m deep were taken from a 50 m grid across the lake
basin. Variations in magnetic susceptibility were employed to correlate the cores across the
lake. A representative 'master core' was selected for detailed laboratory analysis, including
bulk density, mineral bulk density, plant organic content, mineral magnetic properties and
geochemistry.
Critical for the success of this study is the establishment of a reliable and accurate chronology
of sedimentation. To achieve this, the radioisotope Caesium-137 was used as a dating
technique in combination with measurements of various chemical and physical properties of
the sediments - which were used as chronological markers.
The I37Cs analysis has provided a chronology extending back to -1955 at a depth of 0.20 m.
The dates have been verified by comparison with geochemical markers and documented
records of land use changes in the area. However, the technique was unable to provide
reliable dates lower down the core, so a tentative chronology for the rest of the sequence has
been assigned using the results of the geochemical analysis. Records of well-documented
historic events with distinct physical/chemical signatures, such as the rise in heavy metal
concentrations resulting from the opening of the lead-zinc smelter at Cockle Creek in 1897,
provided a reliable chronological framework.
The results show that human activity has had a profound effect in disturbing the natural
pattern of deposition in the lake basin. Agricultural and coal-mining activities within the
catchment had the greatest effect on rates of sediment accumulation. However, since the
1960s, urbanisation has also contributed to accelerated sedimentation and urban pollution
within the basin. The sedimentary record also illustrates dramatic and sudden changes in
sediment chemistry. In particular, atmospheric pollution from industrial activities has affected
lake sediment quality. Increases in heavy metal trace elements such as lead, zinc, arsenic,
nickel and copper have been attributed to fallout of atmospheric particulate matter from the
nearby smelter at Cockle Creek and the coal-fired power stations around Lake Macquarie.
This study shows that a multiple-method approach is capable of yielding important insights
into the history of environmental conditions within a single catchment. A combination of
analyses together with documented records of land use changes can improve the reliability of
the dates obtained by the more established chronological techniques.
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Dating Fossil Opal Phytoliths
Carol Lentfer1, Bill Boyd1 and Robin Torrence2
'School of Resource Science and Management, Southern Cross University, Lismore NSW
2
Division of Anthropology, Australian Museum, Sydney, NSW

Opal phytoliths are microscopic silica bodies formed by the precipitation of hydrated silica
dioxide (SiC^n^O) in, around and between cell walls. They are relatively resistant to
degradation in most environments and thus, can occur in large quantities in palaeosediments.
Consequently, they are valuable tools for environmental reconstruction. Furthermore,
phytoliths are often the only recoverable organic material in well oxidised sediments, the
occluded carbon provides the opportunity for dating sediment whose ages have previously
been difficult to determine, and thus, increase the potential for fine resolution determination
of environmental change.
This poster describes the results of an investigation assessing the viability of AMS
radiocarbon dating of fossil phytolith inclusions using samples from Garua Island, West New
Britain, PNG. Thirteen phytolith samples, isolated from sediments previously dated using
tephrastratigraphy and C14 dating of macroremains of nutshells and wood charcoal, were
used in the analysis. As a control measure, thirteen parallel samples of microscopic charcoal
were also dated using AMS. The results show that the AMS dates for the microscopic
charcoal samples are consistent with ages anticipated from the other dating methods, for all
but one sample. However, the dates for eight of the thirteen phytolith samples are
considerably younger than expected. This bias could be explained by several factors,
including downwashing of phytolith through soils, bioturbation, carbon exchange through the
siliceous matrix of the phytolith bodies, and contamination from extraneous sources of
modern carbon retained in the samples. Research is currently focusing on the investigation of
these issues and selected samples are in the process of being retreated with strong oxidising
agents to clear contaminants prior to re-dating. Further to this, a full investigation of one
profile with a long sequence is underway. High concentrations of phytoliths in the palaeosols
within this profile, contrasting with low concentrations in associated tephras, suggest
phytolith stability. Microscopic examination of samples have yet to be undertaken to
determine size distributions and weathering patters, but at this stage, contamination from
carbon, possibly derived from modern root material, is thought to be the major factor
contributing to the young dates.
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