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ABSTRACT

"•;•.•? •;.i.-.;..̂  , ..'. -f highly r_iitM:t.i'>: w - t e

Jctijj underground in suitable -jeological

formations is proposed by many countries to
protoit public- health anil safety. The study
oi n.itur.ii Î.-L 1 SAJUC.S ci" iiu.luji waste reposi-
tories.- is one method of validating mathemati-
cal ni',..-iel.-5 .siiti assuring that a proposed
V'ji'. i-'.jit,.rv sits and design will bo safe.

Sin;-.- 1981, the AAEC lias studied the
r., ] ^ ur.ii.iuri «epo.jito m Uic Alligator Rivers
region of the l^.Tthurn Territory of Australia
as natural analogues of radioactive waste
repositories. Results have been obtained on

. the migration of uranium, thorium and
radium isotopes;

. the- behaviour of naturally occurring
levels of selected fission products
and transuranium nuclides, e.g.
l.cchnetiura-'j'J, iodinc-123 and
plutonium-239;

. the role of specific minerals in
retarding migration; and

. the importance of colloidal material,
in the migration of thorium.

All this information is important to
estimating the rate of migration of radio-
nuclides from potential repositories and in
applying and verifying modelling codes.

The AAEC has initiated a wider inter-
national project entitled "The Alligator
Rivers Analogue Project" which will enable
participating organisations to obtain
additional results and to apply them in
modelling, planning and regulating waste
repositories.

INTRODUCTION

The nuclear industry and nuclear research
organisations worldwide are planning to dispose
of a variety of radioactive wastes by burial
underground in stable geological formations.
Many industrial and nuclear research and
regulatory organisations are carrying out
research and development work to ensure that
the objective of safe disposal of these wastes
can be achieved. The wastes contain transu-
ranium nuclides and fission products, many of
which arc- long-lived and will posse a risk to
mankind if they return to the biosphere in
the future.

Some of these nuclides t/ist naturally at
very low concentrations in the geosphere
especially in and around uranium ore bodies
due to the interaction of neutrons with
uranium and transuranium nuclides. Methods
are available and are being improved to
determine these nuclides in rocks and natural
waters. Uranium deposits can be considered as
analogues of radioactive w=>stc repositories
and a detailed study of the migration of radio-
nuclides around them can provide valuable
information for the planning of repositories
and the assessment of their performance.

The Australian Atomic Energy Commission
(AAEC) has extensively evaluated uranium ore
bodies in the Alligator Rivers region of the
Northern Territory of Australia as analogues
of radioactive waste repositories. This work
was partly supported with a research contract
from uhe US Nuclear Regulatory Commission
from 1981-87. Accounts of the work have been
presented in Annual Reports to the USNRC1 ,
in presentations to the Meetings of the
Natural Analogue Working Group in Brussels,
November 1985 , and Interlaken, June 19866"8,
and in scientific journals 9 » 1 0 .

Uranium ore bodies in the Alligator Rivers
region were chosen for study even though there
is no question of locating a repository in that
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area. Specifically, there are no plans to bury
waste in chloritic schists. However, the
geological settings of the deposits make them
suitable for a critical evaluation of radio-
nuclide migration theories in both weathered
and unweathered rocks. These rocks contain a
variety of radionuclides arising from the decay
series of uranium-238, uranium-235 and thorium-
232 and migration of these radionuclides under
groundwater flow can therefore be studied. In
addition, it is possible to study the behaviour
of long-lived transuranium nuclides, e.g. *39I'u,
and long-lived fission products, e.g. 1-!9I and
9 Tc, which arise naturally from nuclear reac-
tions with uranium isotopes.

The research work was carried cut by the
AAEC in its laboratories at Lucas Heights, NSW,
and with extensive field trips in the Alligator
Rivers region, particularly at the uranium
deposits at Ranger, Jabiluka, Nabarlek and
Koongarra. There was extensive cooperation
with uranium mining companies and with officers
of the Northern Territory Department of Mines
and Energy. Sub-contracts were also provided
for consulting and specialised research to the
University of Sydney, the University of Arizona,
and the Los Alamo.; National Laboratory, USA.

DESCRIPTION OF THE URANIUM DEPOSITS

The location of the principal uranium
deposits in the Alligator Rivers region of the
Northern Territory of Australia is shown in
Figure 1. The geology has been described
in detail and only an outline is given
below. The Nabarlek deposit was mined and
stockpiled in 1979 and a large part of the ore
has been processed through a mill at the
site. The Ranger deposit is currently being
mined and the ore processed on site. The
Jabiluka and Koongarra deposits have been
explored and plans proposed for mining but
no government approval has yet been given.

The uranium deposits are the most signi-
ficant mineral resources in the Pine Creek
Geosyncline which comprises about 14 km of
Lower Proterozoic sediments with interlayered
tuff units renting on granitic late Archaean
complexes. *" The environment of deposition of
the sediments ranges from shallow marine to
supratidal and fluvial for most of the
sequence. Cover rocks of Middle Proterozoic
and younger ages restunconformably en all of
these rocks, in this region, most of the
uranium mineralisation is at the base of the
Cahill Formation within the Lower Proterozoic
sediments. The deposits are located in zones
of chloritization and adjacent to lenses of
massive dolomite and magnesite.
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FIG. 1. The location of the principal uranium
ore bodies and prospects in the East
Alligator River region of the •
Northern Territory of Australia
(Map 9, reference 11).

The region has a nionsoonal climate, in
common with much of far northern Australia.
Almost the entire rainfall occurs in the wet
season between November and March, Both the
East and South Alligator Rivers have their
headwaters in a rugged sandstone formation in
the southeast of the region, which rises about
250 m above adjoining lowlands. Wet season
flow comprises a series of peak floods super-
imposed on a base flow which, in a normal year,
begins about December and ends in June.

Some water from the Magela Cre^k system
(Figure 1) infiltrates to deep aquifers asso-
ciated with faults in the basement rock.
Several major fault lines have been identified
within the catchment. Other types of ground-
water storage include porous limestone, shallow
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aquifers in weathered rock, and old sand
deposits in and along stream channels. Water
tables oscillate annually and frequently inter-
sect the surface during the wet season.

The main types of host rocks for the
uranium mineralisation are as follows:

Main host rocks

microgneiss, chlorite schist,
silicified carbonatite

Jabiluka chlorite schist, graphite schist
and brecciated equivalents

Nabarlek chlorite schist and hematite

Koongarra quartz-chlorite schist.

The' initial studies of migration of radio-
nuclides in this region were carried out at
all four of the above deposits. This was to
ensure that generic rather than site-specific
properties of the migration were being studied.
More recently, studies have been concentrated
on the Koongarra deposit and this is described
in more detail below from the work of
Snelling.

The Koongarra Deposit

The uranium mineralisation occurs in two
distinct ore bodies separated by a barren gap.
Both consist of primary zones containing
uraninite veins within steeply dipping quartz-
chlorite schists of the Cahill Formation. la
the No 1 ore body (Figure 2), which is the
main subject of the investigation, secondary
mineralisation is present in the weathered
schists virtually from the surface to the base
of the weathering at a depth of about 30 m.
The secondary mineralisation in the weathered
schists forms a tongue-like fan of ore grade
material extending down-slope for about 80 m.

The groundwater hydrology in the area of
the Koongarra deposit has been studied exten-
sively by Australian Groundwater Consultants
and McMahon, Burgess and Yeates. Their data,
interpreted by Snelling-1-^ a r e shown schemati-
cally in Figure 2B. The groundwater is
believed to recharge along a major fault line
and flow in a generally southerly direction
away from the escarpment. The locations of the
sampling wells are shown in Figure 2A.

RESULTS AND CURRENT STATUS OF WORK

The results of the work, their interpreta-
tion and their significance to the modelling
of the migration of radionuclides in the
geosphere are discussed under five main
headings:

•
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FIG. 2. A. Location of sampling wells at the
Koongarra deposit.

B. A section between wells PH 78 and
PH94 showing the location of a
major fault, the extent of the
uranium deposits, the bovndary of
surface oxidation and the ground-
water flow paths (adapted from
Figure 1, reference 13).

. Distribution of Uranium and Thorium
Series Nuclides>

. The Role of Groundwater Colloidsj

. The Study of Selected Fission Productsi

. The Study of Transuranium Nuclides;

. The Application and Verification of
Modelling Codes.

Distribution of Uranium and Thorium Series
Nuclides

Systematic studies of the radionuclides in
the uranium and thorium decay chains in solid
samples taken from drill cores and water
samples from drill holes up-gradient of, within
and down-gradient of, several uranium deposits
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have provided a large amount of basic data.
Activity ratios (ARs) of 23OTh/23''u wcx~e meas-
ured as a function of depth for rock samples
from the Ranger One, Jabiluka One and Nabarlek
deposits. These ARs were between 1 and 3 in
the top few metres and approached 1 at depths
greater than 10 m at Nabarlek or greater than
40 m at Ranger One and Jabiluka One.

These data and related mineralogical data
were interpreted with a model of the uranium
redistribution between four zones:

Zone I - zone of leaching; unsaturated
in the dry season.

Zone II - permanently saturated within
the weathered rock.

Zone III - a transition zone between the
weathered and unweathered rock.

Zone IV - unweathered crystalline rock.

The ARs for ? 30Th/2 3"u and 2 3"U/ 2 3" U were
also measured in whole rock samples and water
samples at the Koongarra deposit. ' These
data were in marked contrast to the data for
the other deposits referred tc above. Large
thorium excesses were observed close to the
surface at all of the deposits except Koongarra.
A well-defined region of secondary mineralisa-
tion (see Fig. 2B) has been formed in the
weathered zone by deposition of uranium leached
from the primary ore by groundwater infiltrating
mainly from the region of the boundary fault.
The data at Koongarra have been intsrpreted as
showing a roll front deposit. The conclusion
from recent modelling studies is that a time
of 1-3 million years has elapsed since the
uranium was initially mobilised. '

Experimental evidence has been obtained for
extensive £ 3 V 2 3 e U , 23OTh/231tn and " 6Ka/ 2 3 0Th
fractionation between the amorphous iron,
crystalline iron and clay/quartz phases of the
weathered ore body schists. ' ARs have been
measured on selected phases extracted by
chemical and physical methods from weathered
rock samples from various depths at several
deposits. Laboratory studies have also been
made on the chemical equilibria between uranium
isotopes in solution and in selected mineral
phases from the samples.

From these inter-related studies it
appears that:

. the uranium of the amorphous, but not
of the crystalline, iron phase is
directly accessible to groundwater;

. on the geological timescale, exchange
occurs between the amorphous and
crystalline iron phases;

. the bulk of the.uranium and thorium is
associated with the iron phases, and
an excess of radium accumulates in the
clay/quartz phase; and

. the alpha recoil effect leads to an
accumulation of radium in the clay/
quartz phase.

In addition to the techniques of radio-
chemical analysis of uranium and th'orium.series
nuclides on relatively large samples, several
additional techniques suitable for small
samples are now being applied:

. proton-induced X-ray emission (PIXE);

. proton-induced gamma emission (PIGME);

. fission track and alpha-track analysis;

. optical mineralogical analysis; and

. electron microscopy and electron
microprobe analysis.

The PIXE data provide information on major
elements such as Si, K, Ca, Ti and Fe and
minor elements such as Cu, Zn, Ga, As, Y, Rb,
Sr, Zr, Kb, Th and U. The PIGME data provide
information on Na, Mg, AI, Li, B and F. The
PIXE/PIGME equipment has been developed to
provide two-dimensional element distribution
maps by scanning solid samples with a 50 x 106m
diameter proton beam.'' The fission track and
alpha-track methods provide information mainly
on uranium and uranium daughter products.

These techniques are contributing to a
study of the extent of diffusion of radio-
nuclides into selected rocks, which is an
important factor in determining the extent of
retardation of the radionuclides through the
geosphere.

The Role of Groundwater Colloids

The mobility of radionuclides in ground-
water depends on their distribution coefficients
which are a function of the chemical state of
the elements, and the physico-chemical nature
of the accessible mineral surfaces. Consider-
able progress has been made in understanding
the migration of solute species, but little
work has been carried out on the nature or
mobility of natural colloids containing the
relevant species.

The potential significance of colloids in
the transport of radionuclides was recognised
in the early stages of the work. Methods
were developed for concentrating colloids in
the field from large volumes of groundwater
taken from drill holes. • Measurements of
uranium and thorium series nuclides in the
concentrates and the associated aqueous phases
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showed that a few per cent of the uranium and
up to 3Si of the thorium activity w is associa-
ted with the colloids.' A comparison of a
range of common elements in the colloid concen-
trates and aqueous phases indicate-, that iron
was significantly enriched in the colloids.
A further series of samples was obtained in a
field trip to Koongarra in August 10HG .ird
these are being analysed by a range of methods
mainly by the AAEC, the University of Sydney
and Harwell.

The Study of Selected Fission Products

A detailed understanding of the migration
of fission product and transuranium elements in
the geosphere is essential to ensure that a
repository site and technology for disposal of
radioactive waste will be safe for future
generations. Very small amounts of fission
products and transuranium elements occur
naturally from nuclear reactions with uraniun
isotopes, e.g. induced fission ar.n rpontnneous
fission. However/ the concentrations of
natural levels of products of these reactions
are usually too low to be measured satisfac-
torily in potential repository sites in which
the uranium concentration is low.

Sufficiently high levels of these
elements occur in and close to uranium ore
deposits. It is therefore possible to measure
the concentrations and migration behaviour of
these elements and compare them with other
indicator elements, e.g. lanthanides (which
can be measured at potential repository sites).
The long-lived fission products 99Tc (half life
2xlO5 years) and 1 X 9I (half life 1.6xlO7 years)
were selected for study because consequence
analyses of possible repository failures had
identified them as contributing significantly
to the dose to man if they reached the
biosphere.

Concentrations of a 2 9i were measured in
samples of rocks from drill cores from the
Koongarra and Ranger deposits and in large
volumes of water extracted from drill holes,
A large part of this work was carried out by
the University of Arizona under contract to the
AAEC, and using the tandem accelerator mass
spectrometer equipment at the University of
Rochester. Models were developed to predict
the rate of production of 1 2 9i from the spon-

? 3 8

taneous fission of U and the neutron-
induced fission of ?'35U in the geologic envi-
ronment of the deposits. A preliminary model
of the leaching of 1 2 9i from the rocks was also
developed.

4
The conclusions from the initial studies

were that 1 2 9i contents and 129I/I ratios were
lowest in samples up-gradient of the deposits
and highest in drillholes intersecting the

12 9

primary ore bodies. Concentrations of I in
groundwater appeared to decrease more rapidly
with distance than can be explained by dilu-
tion alone; this is consistent with substantial
Sorption on solid phases. Production and
leaching mechanisms will be studied in greater
detail in future work.

The work has been extended to study the
production and migration of Tc. The
University of Arizona and the Los Alamos
National Laboratory (LANL) are using the
technique of mass spectrometry in collaboration
with the AAEC in this work.

The Study of Transuranium Nuclides

The significance and concept of studying
the behaviour of fission products and trans-
uranium nuclides in analogue systems has been
referred to above. An initial study to
measure plutonium-239 in and around the
Koongarra deposit was commenced using isotope
dilution mass spectrometry with the assistance
of LANL under contract to the AAEC. Samples
were obtained in 1985 from selected drillcore
in primary and secondary ore zones at Koongarra
as well as samples from drillcore down the
hydraulic gradient. Large volumes of ground-
water were also treated to extract plutonium
and to obtain colloid concentrates for
analysis. All of these samples are currently
being analysed for plutonium-239 at LANL.

Application and Verification of Modelling
Codes

A number of mathematical approaches have
been developed to model radionuclide migration
in and around uranium ore bodies in the Alli-
gator Rivers region. These have been applied
to data obtained on both a macro-scale, e.g.
activity of uranium and thorium nuclides as a
function of depth and distance from the ore
bodies, and on a micro-scale, e.g. distribution
of activity between different mineralogical
phases within a small section of drillcore.
A quantitative description has been developed
for the redistribution of uranium within the
ore bodies under the influence of groundwater
flow and erosion. The main ore bodies have been
classified into various zones in which
weathered and unweathered rocks occur. Multi-
phase modelling has also been used to explain
observed uranium series nuclide fractionation
between various phases which can be selectively
extracted, e.g. amorphous and crystalline iron
phases and clay/quartz phases. The studies
have identified and modelled both generic and
site-specific classes of information and shown
how they can be applied to proposed repository
sites.
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FUTURE WORK IN PROPOSED INTERNATIONAL PROJECT

Background

The work described in the Alligator
Rivers region has been carried out by the AAEC
with considerable support from the USNRC in
the form of a research contract from 1981-87.
The AAEC provided sub-contracts to the several
organisations referred to in the Introduction.
The study of colloids has also been carried
out recently by the AAEC in collaboration with
Harwell* under a research contract provided by
the UK Department of the Environment (UKDOE).
In addition, the Japan Atomic Energy Research
Institute (JAERI) agreed in 1986 to collabor-
ate with the AAEC in future analogue studies
and a formal bilateral collaboration agreement
will commence in April 1987.

The AAEC proposed in 1985 to initiate a
wider international collaborative project
entitled "The Alligator Rivers Analogue Project"
under the sponsorship of the OECD Nuclear
Energy Agency (NEA). Discussions have continued
since then with several potential participating
organisations . The objective and advantages
of the project and the current situation are
outlined below.

Objective and Advantages of the Project

The objective of the Alligator Rivers
Analogue Project is to contribute to the under-
standing of radionuclide migration from poten-
tial radioactive waste repositories. The
results will have applications not only to
deep high-level waste repositories but also to
near-surface repositories and uranium mill
tailings piles.

The value of analogue studies has been
recognised in several countries, some of which
have collaborative programs under way or have
contractual arrangements with external organi-
sations. More extensive international colla-
boration is advisable for the following
reasons:

(i) Generic factors can be identified
and studied more effectively by
bringing together a range of
expertise and specialised tech-
niques.

(ii) Access will be facilitated to
selected analogue study areas
which can provide data relevant
to future repositories. This
will provide greater confidence
in the transferability of infor-
mation from natural analogue
sites to proposed repository sites.

(iii) Geochemical transport codes
developed in different countries
to explain and predict the beha-
viour of selected radionuclides
over geological time can be
compared more effectively.

(iv) Duplication of effort can be min-
imised.

The proposed Alligator Rivers Analogue
Project has the following advantages for inter-
national collaboration:

(a) The study of uranium deposits is
particularly appropriate to the
identification of generic factors
and the transferability_ of data
-to-potential repository sites.
Uranium and its daughter products
are widely distributed and
analytical methods are very
sensitive. These ra'dionuclides
are at present at high levels in
ore deposits and may also be
present at low levels at potential
repository sites. The significance
of generic factors in radionuclide
transport can therefore be studied
in detail at uranium deposits and
the data transferred with confidence
to repository sites at which the
low levels of radionuclides would
not allow such detailed study
directly.

(b) Many of the mechanisms identified
and quantified in the current
study are-believed to be generic,
rather than site specific; examples
are: the role of iron minerals
in retardation of radionuclides,
the effect of colloids in radio-
nuclide transport, and the effect
of o-recoil on distribution
coefficients,

(c) The analogue deposits in the Alli-
gator Rivers region have features
of interest to a number of national
programs. The deposits include
weathered clay zones and unweathered
crystalline rock zones, and provide
data relevant to repositories in a
range of geological media. The
Koongarra uranium deposit is of
particular interest because it is
a relatively rich deposit, is
undisturbed and-the hydrology has
not been altered by mining.

UK Atomic Energy Research Establishment
at Harwell.
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(d) The JVAEC and its technical collabora-
tor? at Los Alamos National Laboratory,
UKAEA, University of Arizona and the
University of Sydney, have over the
last six years brought together a
range of techniques for the investi-
gation of the Alligator iviverö
uranium deposits.

(e) There is an existing data base from
the uranium mining companies and
from the extensive AAEC work which
will facilitate further rapid
progress. Drillcore is available.
However, it is ageing and therefore
some fresh drilling will need to be
considered.

(f) An open-system model, and migration
models that include the effect of
transport by groundwater, have been
used with uranium diseguilibria data
and iodine-129 data. A study of how
major codes can be applied to the
prediction of behaviour of selected
radionuclides at the deposits is
under way.

Proposed Organisational Framework

The organisational framework allows for
cooperation between government agencies and other
organisations in the participating countries, and
for the organisation of field trips, laboratory
studies, research contracts, technical meetings,
reporting of results and the financial manage-
ment of the Project. The framework is modelled
on that used in the International STRIPA Project
which has been in existence since 1980 under the
sponsorship of the OECD Nuclear Energy Agency.

The Agreement provides for the control of
the Project to be vested in a Joint Technical
Committee (JTC) consisting of one member desig-
nated by each Participant, with one additional
member designated by the AAEC as Managing
Participant. The JTC will adopt each year a
technical program of work prepared by the
Managing Participant in consultation with the
Participants. Each Participant will provide
funds to the Project for the basic technical
program in amounts laid down in the Agreement.

Technical Program and Budget

A detailed technical program and associated
budget is being discussed by the AAEC with potential
participants with a view to commencing the
project on 1 July 1987. This program will enable
the work carried out over the last few years to
be extended and modified to incorporate the
specific interests of the participants, many of
which are planning to construct radioactive
waste repositories in their own countries.

SUMMARY

The extensive evaluation of uranium ore
deposits in the Alligator Rivers region of
Australia by the AAEC and its collaborators
has provided significant new information on
radionuclide migration in the geosphere.

Results of generic interest to the
modelling of radioactive waste repositories
in geologic formations include the following:

. the distribution of uranium and thorium
series radiomiclides in rocks, ground-
water and separated rock phases has
shown that iron minerals play an
important part in retarding the migra-
tion of uranium and thorium;

, significant quantities of thorium are
carried by colloidal material in ground-
waters in thesa deposits which has
implications for the migration of other
heavy me.tals;

. naturally occurring levels of important
long-lived fission products, e.g. 9 9Tc

129I, and transuranium nuclides,
239'

and
2 3 9

e.g-. Pu, can be measured in and
around the deposits, and their migration
studied.

. the demonstration of time-dependent
coefficients for the distribution of
radionuclides between aquaous and solid
phases has implications on the use of
constant coefficients in most simple
models for migration of radionuclides
in the geosphere,

A number of models have been developed to
describe the migration of uranium and thorium
series radionuclides on a macro-scale in uranium
deposits and on a micro-scale in rock samples,
Quantitative estimates of rates of uranium
leaching and deposition in these uranium
deposits have been made. There is evidence to
indicate that the initiation of the mobilisation
of uranium from the primary ore body at Koongarra
occurred 1-3 million years ago.

Progress has been made in international
collaboration in extending the analogue
studies in the Alligator Rivers region,
with work being concentrated on the Koongarra
deposit. In addition to continued contract
support to the AAEC from the USNRC in 1986/87,
collaborative work commenced between the AAEC
and Harwell with funding from the UKDOE,
Collaboration between the AAEC and JAERI will
commence formally on 1 April 1987. It is inten-
ded to combine these several bilateral studies
into an international study entitled "The Alli-
gator Rivers Analogue Project"
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