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Abstract

The Australian Nuclear Science and Technology Organisation (ANSTO) has for many
years been involved in applying nuclear science-based and related technologies to the
understanding of environmental processes and to the development and implementation
of practical and effective solutions to site specific problems, for a broad spectrum of
industry, government regulatory agencies, and other organisations in Australia,
Europe, North and South America and South East Asia. ANSTO's environmental
science program arose out of the need for research to predict, measure evaluate and
monitor the environmental impacts associated with: uranium mining and processing in
Australia; the operation of the research reactor at Lucas Heights; and the safe
treatment and disposal of radioactive and conventional wastes associated with these
activities. The expertise developed in these activities, has found application to a much
broader range of environmental concerns.

This paper provides an overview of ANSTO's application of nuclear science-based
techniques to a range of environmental studies. The examples given are the result of
work carried out by a large number of present and past ANSTO staff.

1. INTRODUCTION

Although nuclear weapons testing in the atmosphere has contributed a number of
radionuclides to the global environment, radioactivity is by and large a natural part of
our environment. Of the more than 5000 known nuclides some 95% are radioactive,
arising primarily from primordial elements such as uranium and thorium and their
daughter products, as well as from elements continuously being produced by
interactions with solar and cosmic radiation. These radionuclides, together with
measurement and analytical techniques developed over the years to understand and
quantify nuclear processes, provide a powerful suite of tools that are being effectively
applied to the study and understanding of processes occurring in the environment.

In the case of application of radioisotopes as tracers of environmental processes, some
of the earliest studies were carried out by scientists in the UK approximately 40 years
ago to investigate the fate of dredge spoils in the Thames River estuary. Advances over
the intervening years have been such that today highly accurate and specific
information on physical, chemical and biological processes in rivers, estuaries and
coastal environments may be obtained, often in real time, by selection of a proxy
isotope with the appropriate properties. Radioactive tracers may be naturally occurring
isotopes characteristic of the particular process under investigation, artificial isotopes
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introduced as analogues of natural products, or as labels on substances retrieved from
nature.

2. TRACER TECHNIQUES IN COASTAL ZONE PROCESS STUDIES

Nuclear techniques have a wide utility in coastal zone studies. Applications include
studies of the offshore dispersal of sewage, the migration of sand and sediment,
biological productivity and migration, and processes important to the biogeochemical
cycling of elements in the marine environment. They are particularly suited to
elucidation of the compartmentalisation and rates of processes, both presently
occurring and in past times.

Sustainable development in the coastal zone frequently involves complex decisions,
requiring balancing factors associated with competing land use claims with the impact
of associated engineering works on the environment. The investigation phase of a
major coastal engineering project is of critical importance. It normally involves the
development of a predictive mathematical model to define the impact of the proposed
works on local sand movement, where a coastal structure is involved, or the dispersal
of an effluent plume, where deepwater disposal of sewage is proposed. Radiotracer
techniques are important in verifying and calibrating such models.

2.1 Physical Processes

Sand mobility studies

Sand movements on the continental shelf, along or offshore from beaches, within
estuaries and river systems have been characterised using radiotracers.

ANSTO has carried out a wide range of tracing projects in Australia and South East
Asia including:

• sand mobility studies to optimise the location of dredging channels in port
developments;

• assessment of location of dredge spoil grounds by determining the proportion of
dumped material re-entering the shipping channel over periods of up to one year;
and

• the dynamics of sand migration in estuaries to assess the impact of proposed
development on the coastal zone.

The technique involves preparation of the labelled material, its injection in the area
being studied and subsequent monitoring of transport and deposition. The
investigations can extend from a few days to over a year, depending on the coastal
processes of interest. The artificial radioisotopes commonly used in sand and pollutant
dispersion studies are given in Table 1. Particular isotopes are chosen to suit the
duration of the investigation: 198Au (useful life 2 weeks), 51Cr (4 months), 46Sc (9
months), "OmAg (>1 year) and 192Ir (8 months).
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Table 1. Artificial isotopes commonly used in sand and pollutant dispersion studies

Radioisotope

Gold-198

Chromium-51

Iridium-192

Scandium-46

Principal
y-Energies

(MeV)
0.41

0.32

0.47
0.32
1.12
0.89

Half-life
(days)

2.7

27.7

74.0

83.8

Label Form

Surface coat
native sand

Surface coat
native sand

Glass grains -
integral

Glass grains -
integral

%
Label

0.3

0.3

0.3

0.3

The isotope is either adsorbed onto the surface of the natural material or incorporated
into a glass and ground and sieved to match the particle size distributions of the natural
material. The radioactively labelled material is released using remote handling
techniques and monitored on the sea bed with calibrated probes attached to a sled or
other device to ensure reproducible geometry. Quantitative estimates of the rate of bed
load transport can be made.

Figure 1 shows details of ANSTO's injection technique for tracer labelled sand. At
each release site, a single glass vial containing the radioactive tracer sand is transferred
from its shielded transport container into a brass holder previously loaded with two ICI
No 6 electric detonators. The vial is locked into the holder, lowered to the estuary
floor and the vial broken by detonation. This procedure releases the tracer sand and
induces preliminary mixing with the native bed sand.

Figure 2 illustrates the mathematical relationship between current velocity, threshold
velocity and sand movement in a tidal environment. The results of such sand movement
studies in a New South Wales river channel are shown in Figure 3.

Offshore sewage dispersion processes

The disposal of sewage and other effluents from large coastal cities in a way which
does not negatively impact on sustainable development is a major engineering
challenge. Typically, solutions to this problem involve some chemical treatment of the
sewage with subsequent dispersion through deep ocean outfalls. Radiotracer studies
provide 'highly accurate' three dimensional information on the transport and dispersion
of the plumes, and have been frequently used for post commissioning validation of
deep ocean outfall performance.

Two of the isotopes normally used for such studies are tritium and gold-198. The
gamma emitting 198Au can be measured in situ with immersed probes. The information
is combined with accurate positioning and depth data to provide a 3D picture of the
dispersing plume. Tritiated water (HTO) is an ideal tracer for the aqueous phase but
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must be measured in the laboratory. Also, separate isotope labels may be placed on
distinct plume components, such as tritiated water for aqueous phase, chromium-51 for
particulate material and gold-198 for the grease component. Water samples are
typically collected within the plume for subsequent tritium, chemical and
bacteriological assay in the laboratory.

The technique employed by ANSTO for in situ localisation of a sewage plume is
illustrated in Figure 4.

Figure 5 shows the results of a tracer study carried out by ANSTO for Sydney Water
on the sewage plume from the Malabar deep ocean outfall. In this study, the
radiotracer was metered over a three hour period into the sewage flow at the Malabar
Treatment Plant. The dilution of sewage was monitored at the diffusers, located at a
depth of 80 m and 4 km out to sea, and its fate studied over the next 30 hours. In
general, depending on the local current conditions, the sewage may rise to the surface
or remain trapped at depth and migrate southward or northward along the NSW coast.
In this case, it migrated southward. In this study the transport and dispersion data were
used to validate of the mathematical models for offshore sewage flow developed by
Australian Water and Coastal Studies Ltd (AWACS). The tritium data was used to
correct the measured concentrations of indicator bacteria for dilution effects and
thereby obtain a reliable measure of die-off rates in the ocean.

Similar investigations have been carried out on the much smaller system in Penang,
supported by AusAID and made in collaboration with the Malaysian Institute of
Nuclear Technology. Recently similar studies were undertaken by ANSTO with
AWACS of the Urmston Road sewage outfall in Hong Kong for the Environment
Protection Department.

2.2 Chemical Processes

Little is presently known of the natural concentrations and behaviour of trace elements
in marine systems, particularly in the case of Australian coastal waters. ANSTO is
utilising both natural and artificial radioisotopes to determine the in situ
biogeochemical behaviour of these elements, often associated with industrial and
sewage discharges, in several coastal systems. These studies have mainly focussed on
undisturbed systems in order to gain an understanding of natural processes needed to
interpret the behaviour of substances introduced by man.

Studies have employed artificial isotopes of trace elements, such as 59Fe and 54Mn for
example, to follow the behaviour of specific elements at extremely low concentrations,
typical of their naturally-occurring levels.

The in situ behaviour of manganese has been studied in detail using 54Mn. Along with
iron, this element is an important chemical scavenger in the ocean and thereby
influences the geochemistry of several other trace metals. Ferromanganous and
organic coatings on marine particles provide sites for adsorption and complexation of
dissolved trace metals and in general terms, marine particles grow through
accumulation of successive layers of these oxyhydroxide precipitates with surface-
bound organic and inorganic species. Once formed particles may remain in suspension
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as small colloids, aggregate, or associate with other particles until their density is such
that they fall vertically through the water column. These chemical processes account
for, in part, the ultimate removal of trace metals from surface waters to the sediment.

The results of these investigations have led to a better understanding of the behaviour
of trace elements discharged into coastal waters and of the mechanisms of particle
formation and adsorption, and have shown that the scavenging mechanisms can vary
considerably over very short temporal and spatial scales.

Further understanding of ocean particle scavenging processes have been developed
through studies of naturally occurring radionuclide tracers. Particularly suited to
studies of chemical scavenging in marine systems is the observed disequilibrium in
234Th/238U activities. 234Th, a daughter isotope of 238U with a half-life of 24.1 days,
provides a mechanism to trace processes with temporal ranges of days to months. The
activity of this tracer has been applied to determine the residence times of particles in
seawater and to interpret the behaviour of several dissolved trace elements.

The residence times (x) of suspended marine particles is calculated from measurements
of the 234Th/238U activity ratio using the equation:

T = TmxR/(l-R)

where xm is the mean-life of 234Th (I/decay constant = 34.8 days) and R is the
235Th/238U activity ratio. 234U activity is relatively constant at 2.41 dpm/L.

Residence times deduced for suspended particles in a recent study of northern
Australian coastal waters were found to vary considerably over a period of five
consecutive days. Residence times ranged from 0.66 to 9.2 days for large particles
(>10|im) and 4.2 to 23.4 days when all particles >0.5|im were considered. Dissolved
residence times ranged from 30 to 64 days. At each sample site the residence time of
dissolved 234Th was much longer than that of particulate 234Th implying the rate of
uptake is much slower than the rate of removal and limits the ultimate, or total,
scavenging of 234Th from the water column. These results are comparable to data from
the North Atlanatic, rather than to coastal and shelf systems reflecting the extremely
oligotrophic nature of tropical northern Australian coastal waters.

Results of dissolved trace metal analyses of samples corresponding to 234Th sites
showed trace metal concentrations to vary from values typical of urbanised coastal and
shelf waters to the very low values typical of open ocean systems. Furthermore they
were found to decrease in concentration in synchrony with observations of decreasing
particulate 234Th residence times and differences in scavenging efficiency and possibly
mechanisms were evident.

3. INVESTIGATIONS OF BIOLOGICAL PROCESSES

Radioactive isotope tracers can be used to study a variety of biological processes in
coastal systems. For example, they can be used to assess spatial and temporal
fluctuations in carbon assimilation for any selected components of the ecosystem to be
studied. These measurements give insight into the autochthonous primary productivity,
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which is the basis for a sustainable environment in most cases. Tracers can also be used
to track the dispersion of organisms from a point of release. In addition, field and
laboratory studies of bioaccumulation and distribution between organs of labelled
chemical species fan be made using radioisotopes. These studies can give information
relevant to the underlying mechanisms by which organisms and their environment
interact. The same work can also give information on the rates and extent of uptake
and loss by the organisms. For these the biological half-times for retention can be
determined and, with estimates of distribution and abundance, the flux rates for
compounds through biological systems can be assessed.

4. RADON AS A TRACER FOR ATMOSPHERIC TRANSPORT
STUDIES

While ANSTO's earlier research activities concentrated on the investigation of physical
processes controlling radon and radon decay product transport in various
environments, current emphasis is on transport in the atmosphere and in porous media
and on associated environmental applications.

Until recently climate change research has focussed on the effects of greenhouse gases
and model predictions of global warming have not matched well the observational data
over the past 30 years. Currently, there is renewed interest in atmospheric fine particles
and the effects of sulphate aerosols - a by-product of coal burning for power
generation - in the lower atmosphere, as well as a general ozone depletion in the
stratosphere. The incorporation of the three factors, fine particles, ozone depletion and
greenhouse gases into climate models provides better matching with observational
data. To predict properly global climate warming a better understanding and
characterisation of all factors included in these atmospheric models is required.

Radon is being used to trace the movement of air masses on a global scale. This use is
based on three properties of radon: it is emitted from land but not from the ocean, so
that air masses bearing radon have been in contact with a continent; it has a half life of
about 4 days, which means that air long away from land is free from radon; and it is
inert, free from complex interactions in transit which would confuse interpretation of
measurements. At baseline atmospheric observatories, set up to monitor global
changes in greenhouse gases, air masses free from radon can be considered to
represent a large proportion of the atmosphere at the measurement latitude. Samples
bearing radon are likely to be polluted by recent passage over cities.

Prior to 1980, radon detectors were either not sufficiently sensitive or impractical for
continuous operation. ANSTO has developed and deployed highly sensitive radon
detectors which are suitable for use at baseline atmospheric monitoring stations.

ANSTO currently is participating in an international program of monitoring long-term
trends in concentration of anthropogenic pollutants in the atmosphere. The high
sensitivity radon detectors developed at ANSTO operate continuously at Cape Grim,
Tasmania, Macquarie Island and, in cooperation with the US Climate Monitoring and
Diagnostic Laboratory, at Mauna Loa Observatory on Hawaii. The radon monitoring
program at Cape Grim has been expanded by commissioning a detector which is
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capable of continuous detection in air of very low concentrations of radon-222 and
radon-220 (thoron) decay products.

ANSTO is also collaborating in an international program to document the chemical,
physical, and radiative properties and determine the controlling processes of the
aerosol in the remote marine atmosphere. The objective is to understand the effect of
anthropogenic pollution on climate, which can only be done if we understand the
"clean" atmosphere and can separate anthropogenic effects from natural ones. It is
therefore necessary to know if the air samples have been affected by recent pollution
events. Most anthropogenic particles and gases are produced on land. Radon also
comes from the land, and decays with a half life of 3.8 days. Therefore an air mass with
radon present has been in recent contact with land, and thus is likely to have been
subject to pollution.

5. RADON AS A PREDICTOR OF OUTBURSTS IN COAL MINES

Radon-222, a naturally occurring radionuclide which is present in trace quantities in
all geological formations, is increasingly used as a tracer of geophysical events, both
natural and technologically induced, which involve a build-up of the stress in the rock
formation. This is because radon concentration in rock pore air is inversely
proportional to the effective grain size of rock. Hence, a change of stress in the
formation leading to build-up of microcracks with the resulting decrease of the
effective grain size can be monitored using radon as a natural tracer of the process.
Also, changes of the permeability of the conducting rock will either amplify the
signal resulted from the build-up of microcracks, or affect the signal themselves.
Other properties of radon are also important for geophysical tracing: as an inert gas
with a half-life of 3.8 days radon does not react chemically with the surrounding rock
and does not accumulate in rock pore air which narrows the observed changes in
radon concentration to recent events.

In broad terms, the ANSTO method relies on monitoring the change of radon
concentration in ventilation air which passes along a roadway towards the mined face
(intake air) and then back to the main headings (return air). Two radon detectors are
involved in a monitoring setup. The first detector samples the intake air (with the
radon concentration C,=C()) and the second, through a sampling header mounted in the
stopping, evaluates the changed radon concentration C, = C() + C. Here, C is the radon
concentration change caused by the contact of the ventilation air with radon exhaling
surfaces which occurs during the passage of air between the two sampling points. By
subtracting C, from C,, the detection system directly monitors the change in radon
flux which occurs in the monitored area

The exact location of the two detectors depends on ventilation arrangements. In
longwall districts both advancing and retreating longwall mining can be instrumented.
In a coal heading, the detectors are positioned at the low-hazard site of the stopping in
a cut-through, typically several hundreds of meters away from the mined face.

The preliminary results already validated all relevant assumptions concerning
expected absolute and incremental radon levels in underground air. The radon signal
has been determined with the designed precision with the required time resolution.
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The sensitivity proved to be adequate even for the gateroad development where the
mining face area is relatively small. The detectors' dynamic range accommodates
environmental changes in radon concentration and the instrumental performance has
fully validated the choice of construction materials required for underground
environment.

The method, alone or in combination with other methods presently in use will
improve the ability of the mine operator to predict an incoming outburst or rock
failure leading to methane emission and thus to allow the implementation of
preventive and/or protective methods in a focused, not over-cautious, and timely
manner. The method and its instrumentation are directly applicable to a range of
related problems in the industry including monitoring of the stability of highwall
mining.

The present approach capitalizes on a 17 year long radon research at ANSTO which
led to the present range of sophisticated radon detectors. These detectors are
internationally acknowledged as unique implementations of super-sensitive radon
technology. The characteristic in the configuration for the coal mine project include
(i) a huge dynamic detection range of 109 starting from concentrations as low as 100
mBq m' (which is approximately equal to 0.5% of normal levels), (ii) a response time
of less than 1 hour and (iii) fully automatic, continuous routine monitoring .

6. PALEOCLIMATE STUDIES

ANSTO in collaboration with scientists from the University of Tasmania, Monash
University, Wollongong University and Adelaide University is carrying out a research
project to improve the chronologies for and correlate key palaeoenvironmental records
in the region spanning the last 350,000 years. The project is a major contributor to the
International Geosphere Biosphere Program (IGBP).

Older sediments from terrestrial records in the project are being dated using the
uranium/thorium disequilibrium method, which has been successfully applied to peat
and organic lake sediments up to approximately 350 kyr. Initial analyses of samples
from Australian sequences carried out by the Environmental Radiochemistry Group at
ANSTO have proved encouraging and will help resolve chronological problems
experienced for the study region.

The younger sediments are being dated using AMS radiocarbon analysis of pollen. This
technique has been shown to produce more accurate dates than those obtained through
conventional radiocarbon methods. The development and application of this technique
is being carried out by the ANSTO AMS Radiocarbon Group.

The principle of the U/Th method is based on the fact that the natural isotope 238U
decays to 234U, which in turn decays into 230Th (with a half-life of 248 kyr) by emitting
an alpha-particle. The 230Th itself decays (also emitting an alpha particle) with a half life
of 75 kyr. This decay is the only source in nature of 230Th. Thus, as long as the
production of 230Th exceeds its radioactive decay, 230Th accumulates and the 23oTh/234U
ratio is a measure of age. Equilibrium is reached after a period of 350 kyr when the
decay of 230Th balances its production.
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Lake organics are able to absorb large amounts of uranium from groundwater. The
humic, humin and fulvic acids, in particular, absorb uranium and together with clay
minerals, form large stable complexes. Since thorium is insoluble in water, the 230Th
concentration should be zero at the time of deposition of the lake organics. The
observed present day 23OTh is therefore solely attributable to the decay of its
radioactive precursor 234U. Any violation of this assumption will be traced by the
presence of the long-lived isotope 232Th (t1/2=1.39.1010a). Detection of this thorium
enables corrections to be made.

7. ADVANTAGES OF RADIOTRACER TECHNIQUES

In elucidating natural processes or solving environmental problems, nuclear science-
based techniques and, in particular, radioisotope tracers have a number of advantages
over conventional techniques. For example, in cases, such as working in turbid waters
or deepwater diffuser systems, where dilutions are high and effluent discharges exceed
1000 x 106 litres/day, dye techniques simply do not have the necessary sensitivity to
trace dispersion patterns. In studies of chemical processes, where trace elements have
natural levels of less than 1 ppb, analytical detection is both costly and difficult with
results typically not available until some time later. In biological productivity studies
temporal rates of uptake between ecosystem compartments often cannot be
distinguished. Radiotracer techniques, on the other hand, can provide real time data on
specific environmental processes or compartments under investigation, and enable in
situ modification of the experimental strategy, as all too often, local factors may
necessitate a change in the experimental conditions previously considered as optimum.

Some of the principal advantages of radioisotope tracer techniques in environmental
studies can be summarised as follows:

Uniqueness - Rarely will any type of radionuclide, let alone the specific one chosen for
a particular investigation, be already present in the system. The radionuclide will
uniquely and unambiguously define material originating from a particular source.

Chemical analogue - In processes where a particular chemical species needs to be
monitored, use of the appropriate radionuclide analogue will ensure that the tracer
behaves exactly like the chemical under investigation because, with few exceptions, all
the isotopes of an element (radioactive or stable) have the same chemical behaviour.

Sensitivity - Because of the high sensitivity and stability of modern electronic nuclear
radiation detection equipment, radiotracer techniques are in most cases much more
sensitive than conventional techniques typically using fluorescent dyes.

External monitoring - Many radionuclides emit gamma rays which can be readily
monitored using a variety of detectors. Two benefits accrue from this feature; (1) the
behaviour of a system can be monitored externally and the perturbations caused by
sampling therefore avoided; and (2) the movement of the tracer can be followed
directly thus allowing real time measurements. This latter feature allows complex
systems to be studied in the most cost-effective way.
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Limited memory effect - Since each radionuclide is unstable and decays at a known
rate, the interval for it to become effectively "dead" can be readily calculated. Thus
careful selection of a radionuclide tracer can allow multiple experiments to be
undertaken over a period without cross-contamination or "memory effects".

Minimal tracer mass - In general, radionuclide tracers are required only in small
amounts which do not constitute a major perturbation (eg. milligrams of solid,
millilitres of liquid). This is because a large amount of radioactivity can be introduced
into many elements through nuclear reactor or cyclotron irradiation.

Figure 1 ANSTO detonation technique for releasing tracer onto the sea floor



Figure 3 Results of sand movement studies in the Swansea Channel, NSW



Figure 5 Results of Malabar (NSW) Deepwater Outfall plume tracer study


