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ENVIRONMENTAL GEOCHEMISTRY AND GEOCHRONOLOGY

Research of the Environmental Geochemistry and Geochronology Group focuses on the
long-term interaction between mankind and its environment. Investigations are directed towards
two main aspects: firstly, determination of the timing and rate of change of major environmental
and earth surface processes, and secondly utilising isotopic systems that provide basic
constraints on past and present environments.  The Group emphasises the study of records
spanning a few tens to several hundred thousand years of the Earth’s recent history, which serve
as a guide to the understanding of the past, present and future environments.  

Our studies of the modern environment are aimed at tracing the provenance and fluxes of
sediments and associated nutrients that are entering waterways and near-shore environments and
quantifying how these have changed since European settlement.  These environmental changes
are compared with those that occurred with the arrival of Australia’s first human occupants,
some 60,000 years earlier.  Complementary research topics include the timing of extinction of
Australia’s  megafauna, hominid evolution in Africa and Australasia, and climate and sea level
changes over the past several glacial/interglacial cycles.  All these activities are underpinned by a
unique combination of laboratory facilities consisting of thermal ionisation mass spectrometry
(TIMS), laser ablation ICP-MS, optically stimulated luminescence (OSL), electron spin
resonance (ESR), and gamma-ray counting equipment.

A highlight of the past year was the achievement of fully quantitative elemental abundance
measurements on corals by laser ablation ICP-MS, which are in excellent agreement with precise
but more labour intensive TIMS measurements. In addition to higher spatial resolution, laser
ICP-MS has the advantage of rapid, simultaneous measurement of elements such as B, Mg, Sr,
U, as well as Mn, Ba and P, the latter group being important indicators of flood plumes and
nutrient fluxes that are entering the Great Barrier Reef.  This work formed a major part of both
Dr Sinclair’s and Mr Fallon’s PhD theses, and was undertaken in collaboration with Dr Alibert,
Mr Kinsley and Professor McCulloch.  Following the initial developmental work of Dr Sinclair,
which was based on a synthetic wollastanite coral standard, a significant improvement has
resulted from the development by Mr Fallon of a well characterised coral powder standard
together with the reduction of other uncertainties. Complementary studies of oxygen, carbon
Sr/Ca and Ba/Ca have been undertaken by Ms Hendy for her PhD thesis in collaboration with
Dr Gagan and Dr Lough.  This work has examined 5-year increments of complete 300–400
year long sections of coral cores collected from the Great Barrier Reef and is aimed at
determining the long-term robustness of climate proxies in corals. For his PhD thesis, Mr
Marshall is examining the teleconnections between the Indian and Pacific Oceans during El
Nino events, using oxygen and Sr/Ca records in coral cores from the Cocos-Keeling and
Christmas Islands.

Dr Martin, Dr Canals, a School visitor in 1999, Ms Watson and Professor McCulloch
have been using Nd-Sr isotopic ‘fingerprints’ for tracing the source of suspended sediments
and associated particle reactive nutrients that are entering the Great Barrier Reef as well as inland
waterways.  This approach is based on the geochemical similarity of Nd and P and the relatively
well understood Nd-Sr isotopic characteristics of different geologic provenances. Investigations
of the Chaffey Dam reservoir near Tamworth NSW (Martin and McCulloch, 1999), and the
Johnstone River catchment of northern Queensland, have shown that the major contributor of P
into rivers is from increased erosion of the basalt derived soils which are the subject of intensive
agriculture.

Another highlight of 1999 was the publication of ages of between 56,000 and 68,000
years for the Lake Mungo III skeleton now shown to be Australia’s oldest human remains
(Thorne et al., 1999).  In a related study Miller et al., (1999) showed that the extinction of the
large flightless bird Genyornis occurred at about the same time; providing strong circumstantial
evidence for human involvement in the demise of the megafauna. A distinctive feature of both of
these studies was the comprehensive, integrated chronological approach, using ESR and U-
series (mass spectrometric and gamma counting) dating of teeth, bones and eggshells
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(Professors Grün, McCulloch, Dr Mortimer and Ms Taylor), together with OSL dating of the
surrounding sediments (Dr Spooner).

During his PhD studies, Mr Marianelli has completed a re-assessment of models of
oxygen isotope systematics in speleothems as well as work on TIMS U-series dating of the
spectacular cave deposits of South-Western Australia.  The work has resulted in an unexpected
finding that the present-day, interglacial climate is much wetter than previous interglacials;
probably indicating shifts in the westerly wind systems.  Work on sea-level changes focuses on
the Last Interglacial with collaboration between Dr Esat (ARC Senior Fellow) and Professor
McCulloch.  A new project has been initiated on Barbados with Professor Radtke (University of
Cologne).

Laboratory facilities are developed on several fronts.  The solid state photon counting
imaging system now being tested by Dr Spooner is showing extremely promising results and
will allow for the first time simultaneous OSL analyses of relatively large numbers (up to 52) of
individual grains.  This is in many ways analogous to the improvement made by SHRIMP
single grain compared to conventional multi-grain U-Pb  zircon geochronology.  The new solid
state detector for OSL, together with the refurbishment of associated laboratories has now made
this a world class facility with unique capabilities.  Additional laboratory and office space has
also been obtained in the new RSES extension.  This will enable the TRITON thermal ionisation
mass spectrometer and NEPTUNE ICP-MC to be housed in the same laboratory complex, both
pieces of equipment being supplied by Finnigan MAT as part of a next generation instrument
development program.

During 1999 there have been a number of personnel changes.  Drs Daniel Sinclair and
John Hellstrom have both graduated with PhD degrees.  Dr Hellstrom has now taken up a Post-
Doctoral position at Royal Holloway University of London and Dr Sinclair at ANSTO.  Dr
Sinclair is also to be congratulated for his award of the Robert Hill memorial prize.
Unfortunately, due to financial stringencies it has not been possible to replace the Research
Fellowship post formerly occupied by Dr Alibert and the OSL technical post occupied by Mr
Hill has now been reduced to a part-time, short-term position.  It is hoped that these positions
can be restored by a combination of external sources and new strategic development funds.

Variations of trace metal concentrations (Mn and P) in seawater as derived from Porites
coral records from the Great Barrier Reef, Australia and the western equatorial Warm
Pool, PNG

C. Alibert, L. Kinsley, S.J. Fallon and M.T. McCulloch

Within the carbonate skeletons of corals an essentially continuous chemical record is
preserved of the ambient marine environment.  In order to better understand how these
geochemical records are incorporated into coral skeletons we report here trace element
abundances measured by laser ablation ICP-MS for corals living in two contrasting
environmental regimes; the oligotrophic waters of North Papua New Guinea (Kavieng: 150E,
2.5S) in the western pacific Warm Pool versus the turbid waters of the inner shelf of the central
Great Barrier Reef (GBR).

In the central GBR, the U/Ca and Mg/Ca ratios in a coral from Pandora Reef (Figure 1)
track the sea surface temperature (SST) seasonal variations of about 7°C.  For the PNG coral,
both the amplitude and average value for U/Ca variations (and also Sr/Ca) are higher than those
expected based on the calibration derived from GBR corals. This indicates that processes other
than SST (e.g. trade winds) are the main forcing mechanism for U and Sr variations in the PNG
coral.  The second figure compares Mn and P at the two sites. Both Mn and P are much higher
in the in-shore coral skeleton from the GBR (Mn > 0.2 ppm, P > 100 ppm), an expected
consequence of the large plumes from the Burdekin River.  Both Mn and P also exhibit seasonal
variations similar to those displayed by U and Mg.  Seasonal fluctuations have also been
reported for inorganic soluble P in GBR rivers (Furnas et al., 1997) which has been interpreted
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as being due to slow desorption of P from fine suspended sediments.  In the GBR coral, Mn
shows narrow positive spikes that are probably  related to the re-suspension of sediments during
the passage of tropical cyclones (e.g. 1994 Tropical Cyclone “Sadie” that occurs at a distance
of ~73 mm from top of the coral PAN 98-2).

Western Pacific Warm Pool,  Kavieng (NEP1 # 4-5)
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Figure 1:  Mg/Ca, U/Ca ratios and Mn and P concentrations in two Porites corals from
Kavieng (left) and Pandora Reef (right, 2 runs for U/Ca and Mg/Ca). Note the different
scale for Mn between the two sites.

For the Kavieng coral, P concentrations are low (10–30 ppm) and do not show seasonal
variations. In spite of its very low content, Mn, displays seasonal maxima in phase with those
indicated by U/Ca, suggesting a link to trade winds.  In the absence of any significant riverine
source, an alternative source is proposed such as hydrothermal fluids and particulates associated
with the under-sea smokers of the Manus back-arc basin. This hypothesis will be tested on other
corals from the same region.

Fine-scale chronology of major flood plumes from the Burdekin River as deduced from
coupled Sr/Ca (TIMS) and Ba (LA-ICP-MS) measurements in a coral from the inner shelf
of GBR.

C. Alibert, S.J. Fallon, M.T. McCulloch,  L. Kinsley and  R. Berkelman1

A high-precision record of Sr/Ca (TIMS), has been obtained at nearly weekly resolution,
for a large Porites coral head collected at Pandora Reef in Oct 1998. The top 5 years has been
calibrated against in-situ sea surface temperatures measured at the nearby Orpheus Island, as
part of a GBRMPA long-term monitoring program.  The time-series shown in figure 2 (top)
was obtained by fitting ~10 points per year of the Sr/Ca record to fine structure in the SST
curve. This allows corrections to be made at approximately monthly scale to variations in the
coral extension rate which ranges between 30–65 microns/day, with a minimum in July–August
and a maximum in October. A least-square regression provides the following relationship: Sr/Ca
= A – B*T, with A = 10.3 (±0.01), B = 0.0542(±0.0005), Sr/Ca in mmol/mol and T in °C.
Realistic errors are equivalent to a temperature uncertainty of ±0.25°C and encompasses all the
data. This calibration is within errors of an earlier calibration (Alibert and McCulloch, 1997)
found for mid-shelf corals of the GBR, suggesting that the Sr/Ca partitioning between coraline

                                                
1 Great Barrier Reef Marine Park Authority



RESEARCH SCHOOL OF EARTH SCIENCES – ANNUAL REPORT 1999

128

aragonite and seawater is not significantly influenced by environmental parameters such as light
intensity or availability of nutrients. It is noted that the high-temperature peak in mid-Feb 1998,
responsible for a major bleaching event in the GBR, is well recorded by Sr/Ca variations.
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Figure 2:  (top) Time fit for a Porites coral from Pandora Reef, central GBR and least-
square fit between TIMS Sr/Ca and in-situ measured temperatures at Orpheus Island (dark
grey) from GBRMPA; also reported are satellite-derived SSTs (pale grey) from IGOSS
corrected to in-situ data for winter. (middle) Laser ablation ICPMS Ba (black) and Mn
(grey) concentrations versus distance along a 500 µ wide track, using the NIST #614 as
external standard. (bottom) Burdekin River weekly flow data (ML) from Queensland Natural
Resources.

Ba was measured by laser ablation ICP-MS (Figure 2, middle) along a track close to that
used for TIMS measurements and shows an average concentration close to 5 ppm. Well defined
peaks are associated with the fresh water plumes of the Burdekin River, 130 km to the south-
east. Depending on the path of the plume and the river flow, salinity of surface waters in the
vicinity of Pandora Reef can drop from 33 (average) down to 28 (for the 1991 event), according
to data and modelling developed at AIMS. As an example, during the 1994 event, the Burdekin
River discharge (Figure 2, bottom) peaked around the 15th March and the plume reached the
region of Pandora Reef in late March-early April. The fine time-fit derived from the Sr/Ca TIMS
record was used to determine the date and duration of the coral Ba peak: the maximum of the Ba
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peak occurred in early to mid April for a duration of ~30 days, in excellent agreement with
observations, especially when errors on the distance along the laser coral track are considered.
The Ba levels in the corals provide a semi-quantitative estimate for suspended sediment loads
reflecting the role of Ba desorption from suspended sediments as the flood plume enters the
marine environment. This is in contrast with Mn which generally shows a seasonal pattern with
only tropical cyclone “Sid” in early January 1998 being in phase with the Ba peaks.  From this
short record, it is concluded that coral Ba at Pandora Reef gives a precise timing for past major
flood events and provides a semi-quantitative proxy for the Burdekin River discharge and
suspended sediment flux.

Testing the reproducibility of coral environmental proxy records

E.-J. Hendy, M.K. Gagan, M.T. McCulloch, C. Alibert and J. Lough2

The combination of a number of records over a wide area is a basic technique in
dendrochronology to enhance spatially significant environmental signals, while suppressing
those that are localised or caused by non-optimal characteristics of individual trees. Such
composites are rare in other climate proxy research, and yet the need to demonstrate replication
in coral proxy data is just as important. Physiological effects and the three-dimensional
architecture of coral skeletons mean proxy records are vulnerable to distortion through growth
effects.  In addition, proxies often reflect more than one variable, complicating their
interpretation.  

The most reliable environmental reconstructions should therefore be gained by combining
information from several independent records.  This approach has been applied to the stable
isotope records from eight long Porites coral cores spanning the last 120 to 420 years and
analysed in 5 year increments. The cores, selected from the Australian Institute of Marine
Science’s collection, come from seven reefs in the central Great Barrier Reef (between
17.78–18.51°S, 146.13–147.06°E). The combined records presented in Figure 3(A) and (B)
were calculated from the normalised δ18O and δ13C core data.  The number of cores contributing
to the curves are plotted at the base of the graphs.

Both sea surface temperature (SST) and seawater isotopic composition are influencing the
coral δ18O record.  The Kaplan SST data set for the 5° grid containing the central Great Barrier
Reef correlates well with the coral record (r=0.52), however the instrumental warming trend
measured for the 20th century is half that suggested by the δ18O record.   Sharp decadal
variations in δ18O of up to 0.3‰ are clearly replicated between cores, and if interpreted in terms
of temperature, are equivalent to improbable 1.5°C shifts in SST.  The isotopic composition of
seawater is fractionated through evaporation, precipitation and freshwater input from river
discharge.  These processes are obviously influencing the δ18O record.  Further evidence is that
the offset between the δ18O record and the Kaplan SST data set occurs during the wet decades
of the 1890s, 1950s and 1970s.

The complicated and poorly understood behaviour of δ13C in corals has limited its use as
a reliable environmental indicator. Combining the eight δ13C records (Figure 3) strengthens the
common feature; a depletion in values (-0.72‰ for  1840–1990), steepening towards present.
The coral δ13C curve strongly mirrors the change in atmospheric δ13C CO2 as recorded in ice
cores (-1.03‰ from 1840 to 1990), which is attributed to the release of CO2 depleted in 13C by
the combustion of fossil fuels and reduction of forest and soil carbon reservoirs.  This research
has shown that corals can resolve the atmospheric δ13C CO2 signal, a result that has been
difficult to identify in previous coral records.

                                                
2 Australian Institute of Marine Science, Townsville Qld
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Figure 3:  (A) δ18O record calculated from eight Great Barrier Reef Porites corals (resolution
of 5 year intervals), normalised to the period 1860–1985.  The grey bounding area
represents the 95% confidence interval for the curve.  The number of cores contributing to
each interval is plotted at the bottom of panel B.  (B) δ13C record calculated as for (A), and
smoothed to 20 year resolution (solid curve).  The 50 year smoothed δ13C CO2 curve
measured in the Law Dome ice core (Francey et al. 1999, dashed curve) is shown for
comparison.

Porites corals as environmental recorders of mining activities on Misima Island, PNG

S.J. Fallon, M.T. McCulloch D.J. Barnes2  and  J.M. Lough2

In 1989 open pit gold mining commenced on the island of Misima in Papua New Guinea.
Open pit mining by its nature causes a significant increase in sediment transported into the
nearby coral reefs.  In Misima this was exacerbated by direct dumping of soft mine waste into
the ocean.  This increased sedimentation and affected the nearby fringing reef to varying degrees
and in some areas caused coral mortality.  Sediment dumped into the reef consists of soft mine
waste which is made up of quartz feldspar, greenstone and schist.  These rocks have distinct
chemical constituents (rare earth elements [REE], zinc and lead etc.), that are entering the near-
shore environment in considerably higher than normal concentrations.  In this study we evaluate
whether Porites corals can be utilized as a tool for recording environmental input of trace
elements into near-shore environments.
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Figure 4:  Ce/Ca ratios from the two high sedimentation corals.  Both show dramatic increase of
cerium levels after mining began in 1989.

Coral density, extension and calcification has been examined by Drs Barnes and Lough
(AIMS) for the same Porites coral colonies as used in this study.  These workers concluded,
that high sedimentation did not significantly perturb coral growth characteristics. However, they
did note a positive correlation between decreasing coral tissue layer thickness and proximity to
the highest sedimentation, which is consistent with corals under stress.  Using laser ablation
inductively coupled plasma mass spectrometry (LA-ICP-MS) we analyzed four colonies (2 from
high sedimentation, 2 from control sites) for uranium, cerium (REE), zinc, manganese, lead and
barium.  The two “severely” affected corals show low steady “background” levels prior to the
commencement of mining.  After 1988 they show dramatic increases of the cerium, zinc,
manganese and to some degree lead.  The Ce/Ca ratios from the two high sedimentation area
corals are shown in Figure 4.  The control sites, which are distal from the mining operations, do
not show similar increases in these elements after mining commenced.  In mid 1993 dumping
ceased, and this study shows that the cerium and other elemental concentrations may be
returning to pre-mining concentrations. This study indicates that trace element studies of Misima
Island corals clearly record the dramatic changes in the environmental conditions at this site and
provide a basis to evaluate whether subtle anthropogenic influences are occurring on corals in
the GBR.  

Analyzing a new technique: Measurements of Sr/Ca in corals using LA-ICP-MS and
TIMS

S.J. Fallon, C. Alibert,  M.T. McCulloch and J. Marshall

Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) is gaining
wide acceptance as an analytical tool for the analysis of trace elements in diverse range of sample
materials. Semi-quantitative and quantitative elemental concentrations using LA-ICP-MS are
being reported using chemically and matrix matched standards.  Recent investigations using
NIST glasses have shown their value as calibration standards, but there are limitations from
matrix dependent biases.  In order for this technique to become fully quantitative, more testing
and comparison with other techniques (thermal ionization mass spectrometry (TIMS), solution
ICP-MS, ion/electron microprobe etc) are needed.  Here we compare TIMS versus LA-ICP-MS
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measurements of Sr/Ca in corals and LA versus isotope dilution ICP-MS measurements of
U/Ca and Ba/Ca in corals and coralline sponges.

Using an in-house standard prepared from a finely crushed and cleaned coral we are able
to provide accurate measurements of the ratios Sr/Ca, U/Ca and Ba/Ca in corals. To test our
accuracy for Sr/Ca we compared the TIMS to LA-ICP-MS measurement of four corals from the
Great Barrier Reef (Figure 5).  The corals were from different locations and they have different
growth rates, in order to test the spatial resolution characteristics of the LA-ICP-MS. The annual
average and intra-annual variation are reproduced by the LA-ICP-MS with the fine scale
variations having slightly higher amplitude when measured by LA-ICP-MS (Figure 5).  This
higher amplitude probably reflects the ~×1000 smaller sampling size of the LA-ICP-MS
compared to TIMS.  Whether these fine scale fluctuations represent changes in SST or growth
related phenomenon remains to be ascertained.
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Figure 5:  TIMS and LA-ICP-MS measurements of Sr/Ca at a resolution of 0.25 mm from
four corals collected in the Great Barrier Reef.  

Figure 6 shows the comparison between ID-ICP-MS and LA-ICP-MS estimates for U/Ca
and Ba/Ca from a coral at Huon, PNG, an aragonite coralline sponge (Ribbon Reef, GBR) and a
calcite coralline sponge (North Direction Island, GBR).  All of these ratios are within error for
the two methods.  This demonstrates the accuracy of the method over a wide range (>×10) of
concentrations.
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Figure 6:  U/Ca (a) and Ba/Ca (b) measured by LA-ICP-MS and ID-ICP-MS in two
coralline sponges and one coral from Huon, PNG.

Decadal-scale, high resolution record of sea surface temperature in the eastern Indian
Ocean from proxy records of the strontium/calcium ratio of massive Porites corals

J.F. Marshall and M.T. McCulloch

Global climate has become a matter for international concern, mainly as a result of
projected warming brought about by the Greenhouse effect. While this has focused world
attention on the potential problems of climate change, it is also apparent that natural interannual
climatic variations can have a profound impact on mankind. The most prominent of these
variations is known as the El Niño/Southern Oscillation (ENSO). While centred on the
equatorial Pacific Ocean, ENSO tends to perturb climates worldwide. Comparison of sea surface
temperature (SST) anomalies between the Indian and Pacific Ocean suggests that ENSO does
affect both, and it has been argued that the ENSO cycle cannot be fully understood without
considering the effect of the Indian Ocean on SST, and whether or not the Indian monsoon
modulates the ENSO signal. Records of past SST from the eastern Indian Ocean could provide
clues  to teleconnections between the Indian and western Pacific Oceans.

The top 25 cm of a 1.48m core of modern Porites coral, collected from Cocos (Keeling)
atoll (12º 12’S, 96º 54”E), was measured for Sr/Ca using isotope dilution thermal mass
spectrometry (TIMS), and stable isotopes (δ13C and δ18O) using gas source mass spectrometry.
The Sr/Ca ratio is considered to be a proxy for SST, whereas δ18O acts as a proxy for both SST
and salinity.   A  twenty two year  record of  SST  is  shown by  the  Sr/Ca record  in Figure 7.

Both the Sr/Ca ratio and δ18O records show a more variable SST record compared with
satellite derived SSTs for the region (1x1) degree grid) and air temerature records at Cocos
(Keeling) Atoll.  This suggests that much of this variation is controlled by local heating and
cooling within the lagoon.
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Figure 7:  Plot of Sr/Ca (black) and δ18O (grey) vs distance from the top 25 cm of a coral
core from Cocos (Keeling) Atoll.  Odd years are marked, and asterisks denote periods when
the coral is considered to have undergone bleaching.  Numbers on the inner left hand axis
are indicative SSTs (ºC)

The Sr/Ca record shows summer/winter variations of 1ºC to 4ºC, whereas the δ18O record
shows evidence of increased summer rainfall during 1989–92 (Figure 7). Apart from these
anomalies, both Sr/Ca and δ18O show a reasonably good correspondence, particularly in 1994
where summer SSTs did not exceed 27ºC. Measurement of the Sr/Ca ratio in another coral
shows a similar cooling at this time.  In general, the extension or growth rate of the coral is about
10 mm yr-1, but during some years only about half this growth is recorded. This appears to be a
result of bleaching of the coral during the onset of increasing SSTs within the atoll. The onset of
the bleaching has brought about a cessation or slowdown in coral calcification. Bleaching has
occurred during 1981–83 and 1992–96. These periods coincide with large-scale El Niño events,
but there is insufficient evidence at this stage to associate the two phenomena.

Rummaging around in the black box: fine scale trace element variations in coral skeletons
challenge calcification models

D.J. Sinclair and M.T. McCulloch

A coral skeleton has been analysed at high spatial resolution (70 µm spot) using laser-
ablation ICP-MS. The analysis reveals large amplitude fluctuations in uranium and magnesium
over distances corresponding to days to months of coral growth. These fluctuations are strongly
negatively correlated, with a slope approaching -1 (see Figure 8).

The magnitude of the Mg and U variations are too large to be caused by rapid variation in
sea surface temperature or seawater chemistry. Contaminants within the coral (such as centres of
calcification, microborings, and detrital phases) may explain some of the variation, but
contaminant phases make up only a small volume percent of the coral skeleton, and cannot
therefore account for a strong negative correlation with a 1:1 slope. This suggests that the Mg
and U variations are a feature of the bulk skeletal aragonite.
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Daily to monthly variation in the rate at which the coral calcifies might explain the large
Mg and U fluctuations. There is still much debate over the biochemical mechanism of coral
calcification. One of the leading models proposes that aragonite precipitates freely from a
membrane bound pocket of supersaturated calcifying fluid. This fluid is essentially seawater,
and the coral enhances calcification by raising the CaCO3 supersaturation. This is achieved
through an enzyme mediated exchange of two H+ ions in the calcifying fluid for one Ca2+ ion.
This increases the Ca2+ concentration in the fluid, while the raised pH results in an increased
CO32- concentration.

A trace element substituting for a major structural ion in CaCO3 will be incorporated in
proportion to it's ratio to that structural ion in the precipitating fluid. There remains some
uncertainty about the mechanism for Mg and U coprecipitation with aragonite; however, the
literature tentatively concludes that Mg2+ substitutes for Ca2+, while UO2(CO3)22- substitutes
for CO32-. The effect of increasing calcification rate would be to increase the amount of Ca2+

and CO32- pumped into the calcifying fluid by the coral. The higher concentration of these two
ions would mutually dilute both Mg and U, leading to a positive (and nonlinear) correlation,
rather than the negative relationship that is observed.

The simple discussion presented above ignores many of the complexities of coral
calcification chemistry. Inorganic partitioning of trace elements within a crystal is expected to be
reaction rate dependent. The poor understanding of the mechanisms controlling U and Mg
coprecipitation prevents us modelling this rate dependence. The model presented above assumes
that trace elements are passively transported to the calcifying surface in seawater taken from
outside the coral. In reality, trace ions can be transported via a number of independent
biochemical pathways each of which may be under a different physiological control. We hope
that further analyses concentrating on a broader range of trace elements will allow us to deduce
more of the physiological chemistry underlying coral calcification.
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Figure 8:  Mg/Ca vs. U/Ca in the Davies 8 coral. A number of short sections of the
‘Davies 8’ coral were analysed for Mg and U by laser-ablation ICP-MS using a 70 µm
diameter spot. The data has been filtered to remove broad trends, leaving just the fine-scale
variations (< 1.25 mm: equivalent to less than 1 month of coral growth). These variations
are graphed as proportional deviations from the mean. The fine-scale variations are large:
when converted into temperature equivalents, they span more than 20°C compared with
observed daily to monthly water temperature variations of at most 4°C.
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Tracing the source of sediments and nutrients (P) into the great barrier reef lagoon

M.T. McCulloch, C. Pailles3, Philip Moody3, C.  Martin and G. Watson

An enhanced level of nutrients, especially phosphorus, is one of the main factors
contributing to the degradation of near-shore coral reefs.  In order to determine the sources and
flux of P entering the central Great Barrier Reef (GBR) lagoon, P dynamics and Nd-Sr isotopic
systematics have been investigated in sediments from the Johnstone River catchment and in
several offshore transects into the central GBR lagoon.  The P flux into the GBR is dominated
by  the transport  and  dispersal of  fine-grained  basaltic  solids  which have high P(3000-4000
ppm).   In the Johnstone River catchment the soils are derived from alkali basalts with Nd-Sr
isotopic signatures typical of plume basalts (εNd ~ +3 to +5 and 87Sr/86Sr ~ 0.705).  In contrast
the more common Paleozoic granitic/metamorphic soils have lower P (300–600 ppm), negative
εNd ~ -8 and radiogenic 87Sr/86Sr >0.72 to 0.82.  Using these distinctive isotopic characteristic it
is shown that the coarse grained fluvial sediments of the estuary and near-shore marine
environments (<5 km from the coast) are derived mainly from granitic derived detritus.  Further
offshore (~20 km to 30 km), adjacent to the coral reefs, fine clay-sized basalt derived soils (εNd ~
-4 to -5) become increasing important, contributing >90% of the P, although making up only
~40% of the total terrigenous component.  Phosphorus abundances and equilibrium
measurements in the marine sediments, indicates that P enters the GBR lagoon by a two-stage
process.  Firstly, during episodic flood events,  P is transported into the GBR lagoon via P
retentive fine-grained suspended sediments of predominantly basaltic origin. Secondly, after
deposition of the flood-plume sediments, desorption of P occurs mainly in regions of sediment
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Figure 9:  Plot of the Nd isotopic composition of marine bottom sediments (solid)
estuarine sediments (open) and suspended sediments, the latter collected during the 1994
cyclone Sadie from the North (NJ) and South (SJ) Johnstone Rivers.  In the coral reefs
basalt derived soils contribute ~40% of the total terrigenous sediment, but >80% of the
phosphorus.

                                                
3 Department of Natural Resources, Indooroopilly Qld
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anoxia, resulting in release of PO4
3+ via reduction of particulate ferric phosphates.  Phosphate

release into the seawater maybe enhanced during sediment re-suspension events associated with
cyclones.  This study demonstrates that conservation strategies that minimise loss of P-rich
basaltic soils into river systems is a key element in the preservation of coral reefs in the GBR.

Strontium isotopes trace the supply of fertilizer to waterbodies

C.E. Martin and M.T. McCulloch

The inland waterways of Australia are extremely sensitive to excess nutrients especially
from phosphate based fertilisers.  In order to better constrain the influence of P fertilisers on
catchments, Sr isotopes have been measured in storm water samples from Bundella Creek in the
Liverpool Range.  The catchment is dominated by Tertiary basalt (<65 million years age) and
includes a number of different land-uses including native vegetation (forest), pasture, and
cultivation.  In addition, samples were collected at the channel near the house of the farmer
undertaking the sample collection, preparation and storage.  The creek, upstream of the cultivated
site, drains predominantly the forested regions of the catchment but also some pasture regions as
well.  Some samples were also taken at the lower end of Bundella Creek.

The range in 87Sr/86Sr in these samples is quite small, from about 0.70360 to 0.70395, but
clearly distinguishable relative to the analytical precision (±0.00002 or better).  These values are
all quite similar to the isotopic composition of basalts and pristine basalt soils from Chaffey
Reservoir catchment to the east (Martin and McCulloch, 1999).  However, there is a significant
difference in isotopic composition of waters draining areas of different land use.  The Sr
isotopic composition increases from the forested site (0.7036–0.7037) to the pasture
(0.7037–0.7038) to the cultivated site (0.7039).  There is greater scatter in the P concentrations
of the waters from each site than in their Sr isotopic compositions.  The variation in P
concentrations may be a seasonal effect, or it may reflect a variable dilution effect.  However, in
general, higher P concentrations are related to higher Sr isotopic compositions.  The reason for
this is almost certainly the application of fertilisers to the agricultural (cultivated and pasture)
lands.  Phosphate fertilisers have 87Sr/86Sr ratios of 0.708–0.709 (Martin and McCulloch, 1999),
much higher than the natural basaltic sources in the catchment.

native forest
pasture
pasture gully
cultivated
cultivated 
channel
main channel
channel
at house

Figure 10:  Plot of wt% fertiliser P calculated using Sr isotopic compositions of the
dissolved load.
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The Sr isotopic composition of these waters may be used to estimate the proportion of
their dissolved load that is derived from fertiliser.  For the fertiliser, we used the average
elemental and isotopic composition of phosphate fertilisers from the Chaffey Reservoir study,
87Sr/86Sr=0.70871 and for the natural catchment a value of 0.7036, which is close to the lowest
measured valued.  In order to relate the wt % fertiliser to the P contribution, it is necessary to
make the same assumptions about proportional contributions as for Sr.  This calculation shows
that about 50% of the P in the stormwaters draining the pasture is derived from fertilizer, and for
the cultivated land it increases to about 60%.  Waters derived from different landuse areas have a
fairly constant proportion of their P derived from fertilizer, despite large differences in absolute
concentration  There are some uncertainties in the calculations, particularly in the ‘natural’
catchment endmember, but nevertheless these results illustrate the utility of this tracing approach.

Tracing the source of contaminants in the Llobregat River, Barcelona, Spain

A. Canals4 , C. Martin and M.T. McCulloch

Surface and river waters are a valuable resource that needs to be protected. The processes
that affect their contamination are complex, demanding the use of new field and laboratory
methods. The study of the strontium and neodymium isotopic composition of the dissolved and
suspended load of the Llobregat River, Spain, is part of a project that links standard chemical
parameters used in hydrological studies with isotope analyses. of light elements such as sulfur,
oxygen, nitrogen. The study aims to trace not only the source of chemical components of the
river but also to better understand the geochemical processes (mixing, reduction-oxidation,
uptake or release by precipitation or dissolution) occurring within the river. The Llobregat River
is the main recharge source of an aquifer system, by means of infiltration through the river bed
in the lower valley and delta, and is an important part of the water resource for the city of
Barcelona and its metropolitan area.

Strontium and neodymium isotope measurements have been performed on suspended
sediment and water from the Llobregat river. The Llobregat, located in the NE of Spain, is a
typical Mediterranean river with a drainage area of 4948.4 km2 and a mean discharge of 100
m3/s.  The river crosses a number of distinct geological units, with its source situated in the
Eastern Pyrenees, about 150 km north of Barcelona on Devonian limestones. In its central part
the river flows through a Paleogene Basin where evaporites outcrop and where potash-mining
activity has taken place since Neolithic times. The chemistry of the river clearly shows the
influence from the evaportites, with high concentrations of chloride (up to 783 ppm) and
potassium (up to 411ppm). Close to the Mediterranean sea, the river crosscuts the Catalonian
Coastal Ranges, made up of Hercynian basement and Mesozoic to Cenozoic cover. The
Hercynian basement consists of Paleozoic sedimentary rocks and late Hercynian granites and
was completely peneplaned by a pre-Triassic erosion surface, upon which the Mesozoic
sedimentary sequences were deposited. The Quaternary delta is comprised of conglomerates,
sandstone and marine marls.    

All samples analyzed  in this study were collected in June 1997 and 1998. The month of
June was chosen because it has the lowest rainfall and therefore results in the least dilution of
any anthropogenic input.   The strontium isotopic ratios of the suspended load range from
0.70784 to 0.71375. The observed variation can be explained by variation in the proportion of
minerals as well as differences in the ages of the mineral provenance. Most of the data fall in a
restricted band on a plot of 87Sr/86Sr ratio versus illite content of the suspended load, with the
87Sr/86Sr ratio increasing with increasing illite content. Only three samples, located in areas
where the waters drain Paleozoic age materials, plot out of the band. The homogeneity of the εNd
values (-11.5, n=5) is consistent with a simple two component mixing for the suspended
sediments, as there is little influence on the Nd isotopic composition of the unradiogenic
strontium end-member (carbonates and sulfates).

                                                
4 University of Barcelona, Spain
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The waters have a high concentration of strontium, in accordance with a natural source
dominated by high solubility chemical sediments, evaporites and carbonates. Strontium
concentrations range from 0.2ppm in the headwaters to 7.7ppm in one main tributary and
87Sr/86Sr ratio varies from 0.70784 to 0.70916. Although nearly all the data plot between the
87Sr/86Sr ratios for Devonian and Paleogene sea water values, which could be interpreted as a
result of a natural source for the strontium, most of them plot outside of any mixing line that can
be generated from these two sources. A number of samples have a very limited range of
87Sr/86Sr along with highly variable strontium concentrations. The similarity of the isotopic
composition of these samples to that of fertilizers used in the area and the positive correlation
between the nitrogen content of the waters and their strontium concentration provide strong
evidence of a fertilizer input. On the other hand, the most radiogenic samples, with values higher
to the Devonian sea water value, correspond to the ones with highest phosphorus content. In
most cases phosphorus and nitrogen positively correlate, but for these particularly high
concentration samples no clear correlation exists. This, together with the location of the samples
near population centers, points to an additional source for phosphorus, most likely from
detergents.
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Figure 11:  87Sr/86Sr ratio of suspended sediment versus the illite proportion of this
sediment. The box is a mixing band between an unradiogenic member with low illite
content and a high radiogenic member with high illite content. Horizontal arrows point
towards samples related to an older source. Vertical arrow indicates that sample 46 has
mineral phases not considered on the illite ratio.

Correlated Uranium and Sea Level Fluctuations in Late Quaternary Oceans

T. Esat and Y. Yokoyama

Residence time of Uranium in the oceans with respect to riverine inflow is estimated to be
about 300-600 thousand years, a time span accessible to U-series disequilibrium dating of
corals which concentrate U from seawater in their skeletons. The principal supply of dissolved
U to the oceans is derived from chemical weathering of continents and is transported by rivers.
Radioactive decay and alpha recoil of 238U and  subsequent preferential leaching from damaged
sites results in excess of 234U relative to equilibrium levels and 234U/238  activity ratios greater
than unity are found in river waters. Current oceanic 234U/238U activity ratio measured in modern
corals is 1.149±0.002.
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Uranium is unique among other dissolved chemical elements in the oceans in several
respects. It carries an in-built clock in 234U, enabling high precision dating of corals that grew
during the late Quaternary. The 234U/238U ratio in seawater, at the time of coral growth, can be
derived from coral age measurements and provides a precise chronology of U abundance in
seawater as isotope ratios are less affected by variations in local conditions compared to
concentration measurements. Uranium is highly soluble under oxidizing conditions, in reducing
environments it can be particle reactive and insoluble. Therefore, global climatic changes
influencing the extent of oxic, anoxic zones in ocean sediments can influence U concentrations.
Variations in the 234U/238U ratio of  corals, ranging in age from 80 to 200 ka, have been
identified but are mainly attributed to diagenetic effects. Last Interglacial coral reefs in Western
Australia show a tight clustering of ages between 128 ka and 122 ka at elevations  of +3m
relative  to  present  sea-level.    When  strict  selection criteria are applied to select samples
within a range of  ±4‰ in δ234U they form a band that is displaced higher from the modern
149‰ value by about 4‰. As several different WA reefs have consistent distribution of similar
LI ages, the data is best explained by assuming a 4‰ difference in the 234U abundance of the
oceans between 125,000 years ago and at present. In contrast to positive excursions in δ234U,
systematic negative variations have not been clearly established.

We have measured 234U/238U ratios of 30,000 to 50,000 year old corals from the Huon
Peninsula terraces II and III, including sub-terraces, that have systematically low δ234U.
Additional coral data  from the last two major terminations, from the last glacial to Holocene and
from the penultimate glacial to Last Interglacial show significant and rapid fluctuations in δ234U
correlated with sea level change and require mechanisms to allow global variations in δ234U on
short, millennial timescales.

Results from Huon Peninsula for the period from 90 ka to 140 ka, that includes the
transition from the penultimate glacial to last interglacial and the 105 ka interstadial, are shown in
Figure 12. The lower panel in Figure 12 represents the sea level curve, derived mainly from
consideration of ages and location of corals in Aladdin’s Cave at Huon Peninsula. The upper
panel in Figure 12 shows the variation in δ234U over the same time interval. There is a striking
resemblance between the variations in δ234U and changes in sea-level that is unlikely to be
coincidental. All of the major features of the sea-level curve are reproduced in δ234U and there is
a 25‰ difference between the highest and lowest values or a 17% variation relative to the present
concentration.  Corals from Aladdin’s cave and vicinity at reef tract VI record several snap-shots
of sea-level change as the sea level passed through the Cave location and surrounding area at
least four times from 145 to 90 ka. Because of the uplift rate of 1.6 m/ky at this location the
Cave kept up with sea-level rise for longer periods than would be the case for a stable site.
Conversely, during periods of sea-level fall the time window for coral growth at a particular
elevation would be shorter. Assuming that δ234U was rapidly changing, corals that grew at the
Cave site during any one transit maybe be expected to record variable δ234U concentrations as
shown in Figure 12.   Within the analytical precision of the data, there are no variations in δ234U
during interglacial periods, when sea levels are relatively stable and δ234U is constant over
periods of 10,000 years. This last observation imposes severe constraints on any proposed
mechanism to explain the connection between sea-level change and δ234U. Just  prior to the start
of the Last Interglacial at 130 ka, there appears to be a significant overshoot in δ234U well above
the 153‰ steady state value. There is a hint for a similar overshoot at the start of the Holocene.
Clearly, a linear relationship between sea-level change and δ234U is not appropriate. However, the
correspondence between δ234U and sea-level change as depicted in Figure 12 may give new
insights into both the residence time and recycling of U within the oceans.
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Figure 12:  Plot showing rapid fluctuation in 234/238U ratios correlated with changes  in sea
level.

A 500 ka high resolution effective precipitation record for South-West Western Australia
from speleothem formation event

P.C. Marianelli, L.K. Ayliffe and M.T. McCulloch

High-resolution long-term records of climate are essential for our understanding of the
evolution of Australian terrestrial environments, as well as for the validation of climatic models.
Most of the evidence for past changes in rainfall, in particular, the balance between precipitation
and evaporation, comes from the south-east of the continent, with comparatively little information
available from the western margin. Some of the most significant changes in Australia’s climate
has occurred beyond the limit of radiocarbon dating (30,000–40,000 years) with most of the
evidence being restricted to the last glacial cycle. Because the processes controlling speleothem
formation are closely linked to water availability, and because they can be accurately dated by the
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TIMS 230Th/234U method back to ~500 ka, the timing of speleothem deposition can be used to
document long term fluctuations in regional water balance. High resolution records can be
obtained by constructing cumulative frequency distributions of speleothem deposition events
over time. The method was successfully applied to the Naracoorte region, in south-east SA., and
has now been applied to the Margaret River region, south-west WA. Results from a data set of
50 230Th/234U TIMS dated speleothem samples  (37 being shown in  Figure 13  with  the
SPECMAP normalised δ18O record) indicate that deposition occurred mostly during stadials
and interstadials of the last 4 glacial-interglacial cycles. Four principal depositional events are
identifiable: 0–16 ka; 22–35 ka; 170–200 ka and 280–360 ka. Deposition is initiated sometime
after the interglacial, and in 3 of the last 4 cycles occurs right up to the glacial maxima. Glacial
maxima appear as comparatively arid, as do the previous 4 interglacials. Significantly, the
Holocene is the only interglacial that appears comparatively wet. The record suggest that the
Holocene, at least for south-west Western Australia, is a poor analogue for past interglacials.
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Figure13:  Cumulative frequency distribution of speleothem deposition in southwestern
WA over the last 500 ka, with the SPECMAP normalised δ18O record (solid line). The
dashed lines represent the timing of previous 4 interglacials.

Border Cave revisited: revised ESR chronology and an update on hominids BC1 to BC8

R. Grün and P. Beaumont5

The Border Cave in South Africa is an important archaeological site because it contains
some of the earliest modern human remains. In 1990 we published an elaborate ESR
chronology on tooth enamel samples recovered from the sedimentary sequence at Border Cave.
Although spanning between 28 to 140 ka, the results were disputed because the ESR data were
somewhat younger than expected. The major points of contention were:

1)  the ESR results were significantly lower than the radiocarbon data on the same layers;
2)  the ESR results were significantly younger than the amino acid chronology;
3)  the age for the Howieson’s Poort industry was too young and its duration too long.

                                                
5 McGregor Museum, Kimberley, South Africa
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There are a number of reasons for re-assessing the 1990 data. First of all, the data set
represents the most detailed ESR sequence published so far. Furthermore, the site is ideally
suited for ESR dating, because no samples contain significant amounts of uranium, thus,
differences caused by modelling U-uptake are virtually negligible. Border Cave is therefore an
ideal test case for ESR dating.

Since 1990, the following has changed in ESR data evaluation:

1.  The fitting of the dose response curve is now carried out with a more appropriate
algorithm and errors are calculated with an analytical method;
2.  In 1994, we carried out a detailed gamma survey of the cave, showing that the earlier
measurements were correct but some layers have a more complex gamma ray distribution
than originally supposed.
3.  In 1997, experiments and Monte Carlo simulations were carried out at McMaster
University for the  assessment of beta attenuation factors. These new attenuation factors
are significantly smaller than those previously used.
4.  In 1998 new dose rate values were published by a research group at the University of
Oxford which are slightly different from previous values.

Figure 14 shows the revised chronology for Border Cave. It also includes samples 753
and 754 from 5WA which were analysed after the original study.

Samples from Border Cave were also analysed by a variety of other dating techniques,
particularly radiocarbon and amino acid racemisation:

Table 1:  Comparison of ESR data with independent age estimates

Unit          14C (Beaumont)        14C (Miller)          AAR (Miller)        Revised ESR         

1 BS LRC 31-40 38±1 33±1 ka
1 WA 31-48 38-40 35-42 ka
2 BS up 43->49 > 49 47±5 41±2 ka
2 BS LRC 56±6 48±1 ka
2 WA 69±7 63±2 ka
4 BS/4 WA1                                                                >100                  80-122  ka       
AAR = amino acid racemisation

The comparison of the revised ESR data set with independent chronologies shows now
good agreement. A recent compilation of amino acid racemisation data from other sites
concluded that the age of the Howieson’s Poort industry was centred on 66±5 ka. The revised
data set confirms this estimate with a time span of between 60 and 79 ka.

The study demonstrates that ESR can provide precise and accurate dates for at least the
last 200,000 years. The two modern hominid remains that were found in sedimentological
contexts, BC5 and BC3, have ages of about 66 ka and 34 to 79 ka, respectively. BC1 and BC2,
which were tentatively correlated with layers 4 BS or 5BS may be as old as 200,000 years.
However, the exact age of BC1 and BC2 can only be established by precise, direct dating
analysis, possibly combined Th/U - Pa/U dating.
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Figure 14:  Revised ESR chronology for Border Cave. Lowercase letters following the
sample number denote sub-samples of a single tooth, capital letters separate enamel
fragments. The two bracketed results were not used for the calculation of the average ages
of the units.

The Photon-counting imaging system (PCIS)

N.A. Spooner

Optical dating of sediments has conventionally relied on the detection of composite
signals from multiple-grain aliquots, and more recently on new single-aliquot (single-grain)
protocols relying on sequential measurements performed on the same aliquot. However these
approaches suffer disadvantages: uncertainty of complete resetting when multiple-grain aliquots
are used; considerable laboratory time required to measure each individual grain for single-grain
dating. The latter means that statistically sound single-grain data sets are in practice awkward to
collect, and furthermore, properties of the quartz dose response curves make some quartz not
amenable to dating by the regenerative methods which form the basis of these techniques.

These handicaps, among others, presently inhibit single-grain dating from realizing its full
potential, but progress may be made through the continued development of single-grain dating
protocols with the PCIS, using simultaneous measurement of arrays of individual grains (see
Figure 15). Observations of quartz single-grains have also revealed a range of previously
unknown but apparently ubiquitous luminescence emission bands at wavelengths > 650nm;
these are now under investigation to determine their potential for dating and dosimetric
applications.
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The PCIS is currently a unique facility, and while its main purpose is simultaneous dating
of arrays of individual mineral grains, the dual advantages of the PCIS over conventional
photomultiplier-based luminescence readers, namely spectral response extending from the UV
into the near-IR, and spatial resolution enabling identification of the position of origin of
detected photons, open up numerous novel applications for this system in Quaternary science,
particularly to fluvial and marine environments, and the use of single quartz grains as small as 1
µg as tracers in studies of soil processes. Also now possible are the dating of slices of suitable
stone artifacts, and ground-breaking investigation of the use of man-made phosphors,
particularly Al2O3:C, for environmental dosimetry. The latter has great value for in-situ gamma
ray and cosmic ray dose-rate measurement for luminescence dating and, along with porcelain,
for retrospective nuclear accident dosimetry.  

Investigation of luminescence mechanisms can also be uniquely performed. For example
the phenomenon of short-timescale charge loss in feldspar from apparently deep trapping sites
is well known and has been widely studied previously but the mechanisms governing this effect
remain little-known, with debate as to whether they are thermally-assisted or athermal quantum
mechanical tunneling processes. The PCIS permits direct observation of this fading by detection
of the red recombination phosphorescence, and so is enabling laboratory testing of the
competing theoretical models. The intended benefits for optical dating of feldspathic materials
are dating protocols designed to account for this serious effect.

1

100

200

300

400

500

1 100 200 300 400 500
Pixel

Figure 15:  An array of 52 quartz grains of 350–425 µm diameter, from Lake Woods,
Northern Territory, are imaged in their own thermoluminescence following a 3 Gy test
dose. The emissions detected range from 390– 610 nm. The brightest grain here has a light
sum of approximately 330,000 photons.
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